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Preface

Titanium dioxide (TiO,) has emerged in recent decades as a highly versatile material
whose unique properties have placed it at the forefront of scientific and technological
research. Its ability to interact with light, its chemical stability, and its low cost make
it an ideal candidate for a wide range of applications, from the pigment industry to
the treatment of contaminated water.

This book delves into the fascinating world of titanium dioxide, thoroughly explor-
ing its properties, preparation methods, and most promising applications. Within
its pages, the reader will find a detailed description of the mechanisms underlying
heterogeneous photocatalysis, a phenomenon in which TiO,, when irradiated with
ultraviolet light, can generate highly reactive species that can decompose a wide
variety of organic and inorganic contaminants present in water.

In addition, the optical properties of titanium dioxide will be discussed, making it an
essential material in the manufacture of high-purity white pigments and the develop-
ment of photovoltaic devices. The latest advances in synthesizing new TiO,-based
materials, such as nanostructures and doped composites, will also be discussed, which
offer great potential for improving the efficiency of photocatalytic processes.

This book is aimed at students, researchers, and professionals interested in chemistry,
engineering, and environmental sciences. We hope the book provides an updated

and comprehensive overview of titanium dioxide and stimulates research in this
constantly evolving field.

Carlos Romero Montalvo and Claudia Aguilar
Faculty of Chemistry,

Autonomous University of Carmen,

City of Carmen, Campeche, Mexico

Edgar Moctezuma

Faculty of Chemistry,

Autonomous University of San Luis Potosi,
San Luis Potosi, Mexico






Chapter 1

Perspective Chapter: Titanium
Oxide — Uses and Applications

Leskey Mduduzi Cele

Abstract

This chapter discusses the uses and application of TiO, in industry covering the
more well-known including uses in foods and catalysis as well as in construction but
focusing more attention on energy storage and Li-ion cells, photocatalysis,
sonodynamic therapy, and medical treatment of cancer and in diagnostic sensors. The
conclusion drawn is that TiO, remains a widely used material although concerns
remain about the possibility of toxicity and cytotoxicity and ultimate fate in the
environment.

Keywords: titanium oxide, anatase, rutile, photocatalysis, drug delivery,
heterogeneous catalysis

1. Introduction

TiO, is a ubiquitous metal oxide found in many consumer products and used
widely in various industries. It is found in many cosmetic products including tooth-
paste, deodorants, sunscreens, face creams, lip balms, shampoos and shaving cream
and even in foods such as sweets, coconut curd, donuts, gum, chocolate, white icing
and sugar toppings [1]. Some of its most important uses are a consequence of its
ability to serve as a transparent barrier to UV light and as a whitening agent in the
products to which it is added.

According to Ayorinde et al. [2], 98% of TiO, is pigmentary and involve the use of
particle sizes above 250 nm mainly pigmentary, while nanoparticles smaller than
250 nm generally have properties unique to those of bulk TiO, and are used in fields
including catalysis, photocatalysis, nanomedicine, batteries and solar cells as well as in
sensors and biosensors. It is estimated that 10,000 tons of nanoTiO, are produced
annually.

TiO, particles come in various shapes including spheres, spheroids, wires and
nanotubes and it has been demonstrated that many properties are size- and shape-
dependent.

Concerns have been raised about the possible toxicity and cytotoxicity of TiO, and
these have been addressed by many researchers. TiO, nanoparticles can penetrate
biological barriers and make their way through or into skin, gastrointestinal tract,
kidneys, brain and lung deposition, which has also been confirmed. Setyawati et al. [3]
showed that titanium dioxide nanoparticles in the lower size range (~25 nm) are
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implicated in endothelial cell leakiness (ECL) even when they are not excited by light,
while microcrystalline TiO, particles (~650 nm) do not disrupt the endothelial cell
layer. Endothelial cell leakiness was found to be a consequence of the disruption
interaction of endothelial cells with TiO, nanoparticles and to be implicated in tumour
cell metastasis and chronic vascular disease. Other studies also indicate that very small
bare anatase nanoparticles (10 and 20 nm) can induce DNA damage and micronuclei
formation in a human bronchial epithelial cell line in the absence of photoactivation.
While the above-discussed are of extreme concern and suggest the necessity for
careful assessment of the risks associated with exposure to TiO,, it should be noted
that other results emphasise that human studies have not been able to detect any
relation between TiO, occupational exposure and the cancer risk and that the toxicity
of TiO, particles at concentrations below 1 mg/mL has not been proved. This makes
the current status of our knowledge inconclusive [4-6].

Rajh et al. [4] and Irshad et al. [5] report on two approaches in the industrial
synthesis of TiO,. In the older sulphate process, lower-grade ores are used in a batch
process to synthesise mainly anatase and rutile in a process following the steps below:

TiOSO4(aq) + 2H,S0, — TiOSO4 + FeSO, (aq) + 2 H,0. 1)
TiSO4 + H,0 — TIOZ(S) + H,S0,. 2)
Ti02.nH20(S) — TlOz(S) + 1’1H20. (3)

The process is characterised by a large amount of waste and the requirement for
expensive pollution control measure.

The relatively newer chloride process produces only rutile and requires higher-
grade ores. It is a continuous process resulting in small amounts of waste and the
possibility.

TiCl(aq) + O, — TiO,(s) + 2CL,. (4)

Other smaller-scale synthesis routes include both physical and chemical methods.
Physical methods include gas phase condensation, metal alloying, thermal
crystallisation and molecular beam epitaxy (MBE) [5]. Chemical methods include
sol-gel technique, hydrothermal process, chemical precipitation and solid-state
metathesis [7].

This brief review of the uses and applications of TiO, is not exhaustive but is meant
to merely provide examples of the broad use of TiO, in many sectors of human
activity. The more widely known traditional uses of TiO, are covered in passing while
more attention will be paid to those that are still in the earlier stages of development
and likely to be less known. This includes uses in photocatalysis, degradation of
recalcitrant organic molecules, energy storage devices and medical applications.

2. Structure general properties and chemistry

The crystal structural, optical and electrical properties of rutile, anatase and
brookite are summarised in Table 1 below (Figure 1) [8, 9].

The optical gaps for the three forms are all slightly above 3 eV with rutile ~3.0 eV,
anatase ~3.4 eV and brookite ~3.3 eV [9], and as a result, natural TiO, is only
photoactive in the UV region of the electromagnetic spectrum and not particularly
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Properties Rutile Anatase Brookite
Crystal structure Tetragonal Tetragonal Orthorhombic
Lattice constant (A) a = 4.5936 a=3.784 a=9.184
¢ =2.9587 c=9.515 b = 5.447
c=5.154
Molecule (cell) 2 2 4
Molecular volume (A%) 3121 34.061 32172
Density (g cm ™) 413 3.79 3.99
Ti-O bond length (&) 1.949-1.980 1.937-1.965 1.87
Ti-O bond angle 81.2°-90° 77.7°-92.6° 77.0°-105°
Band gap at 10 K 3.051eV 3.46 eV
Conductivity n-type semiconductor
Table 1.

Crystal structurval, optical and electrical properties of TiO, crystal structures.

y 0

RUTILE ANATASE BROOKITE

Figure 1.
The crystal structures of anatase, brookite and rutile (Stanford Advanced Materials, 2024).

efficient as an active solar cell material. The same property makes TiO, more effective
as a skin barrier against UV radiation.

It is well established that the optical, chemical and electronic properties of TiO,
particles are significantly influenced by their size and shape. Generally, particles
larger than 250 nm are used mainly in relation to food and pigments (constituting
roughly 98% of TiO, use) and those lower than 250 nm account for the rest. Further-
more, size reduction below 20 nm has been found to cause surfaces of metal oxide
materials including TiO, to experience rearrangement of atom positions compared to
bulk materials. The coordination sphere on the surface is incomplete and surface sites
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participate in atom trapping. Surface atoms are coordinated with solvent molecules
resulting in weaker covalent bonds. This moves the energy levels of surface atoms to
the mid-gap region and reducing their reducing and oxidising ability. Surface Ti atoms
also adjust coordination environment in the nano-range resulting in compression of
TiO bonds and extension of Ti-Ti bonds.

Rajh et al. [4] reported that size and shape have been successfully used to control
electronic and chemical properties. Both influence particle crystallinity that makes it
possible to control electron-hole transport and charge separation and regulate redox
properties. They also determine the exposure of crystal planes that control selectivity
and efficiency of photocatalytic properties.

Many of the most interesting properties and applications of TiO, are a consequence
of its ability to produce OH™ and O, radicals, and positive holes when irradiated with
light as shown below (Figure 2).

According to Rajh et al. [4], the use of TiO, in environmental applications has its
basis in the following reactions:

TiO, ™ e, + h, (5)

H)O +h), — OH" +H" (6)

0, +ey, — 05" 7)

O, +H" — HO, (8)

0, +hy — 10, 9)

2HO; — H,0, + 0, (10)
H,0,+0;" — OH' + OH™ + 0, (11)
hy, +20," = Oy (12)

The reactions above show the formation of positive holes and promotion of valence
bond electrons to the conduction band. These, in turn, react with water molecules to

Conduction band

Light (h E e- e e e- e-
i e +0;, 2 0
S 7N
L T N
\’\\
N\ N
AR
* N\
NN N
NN N e Eg TiO;
N\
N\ \\
b 3 N
»
b \
NN h* + H,O = OH*
yélg or

h* + OH — OH*
Valence band

Figure 2.
The mechanism for the generation of OH* and O,* radicals from TiO, under irradiation by UV light [9].
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produce various radicals including OH’, O," and O, * which are capable of
decomposing many organic species.

3. Applications
3.1 Cosmetics

TiO, owes much of its use in pigments to the fact that it does not absorb in the
visible region of the electromagnetic spectrum (380-700 nm) and therefore appears
white to the eye. In terms of reflection, the amount of reflected light is given by the Eq.

(nP - nm)z

R = 3
(nP +nm) )

(13)

where R is the amount of light reflected and np and n,, are the refractive indices of
TiO, and the medium, respectively [8]. The equation shows that the amount of
reflected light increases as the difference in the refractive indices increases. TiO; has a
refractive index of 3.6-4.0 and is used in sunscreens where it is well known for its
natural opaqueness, effective UV-blocking efficiency and the fact that it causes no
skin irritation [10]. In addition to that, it is commonly found in cosmetic products
including toothpaste, deodorants, sunscreens, face creams, lip balms, shampoos and
shaving cream where its main role is to enhance the white colour [11].

In TiO,-ZnO composites where its concentration is as low as only 5%, TiO, has
been observed to increase the refractive index by a factor of 7. TiO, absorbs UVB,
while ZnO absorbs more UVA-1. The explanation is that the TiO, valence band has
many densely packed electronic states that allow many adsorption possibilities, while
for ZnO below 100 nm, electronic energy levels behave like discrete energy levels
resulting in a blue shift and less opaqueness [12].

3.2 TiO, in photocatalysis

Solar energy is viewed as a better alternative to fossil-based fuels since it is clean,
abundant and inexhaustible [11]. New semi-conducting materials are increasingly
required for use in solar cells and nano-TiO; is increasingly viewed as an important
material of the future in this regard [13-19]. Indeed, a lot of work on improving and
refining TiO, for this purpose is proceeding and showing promise. The use of TiO,
includes its incorporation into dye-Sensitised solar cells (DSSCs) and, lately, perov-
skite solar cells (PSCs). In all similar applications, TiO, promotes device efficiency
and improves operational stability.

Dye-sensitised solar cells convert solar energy to electric energy by light sensitiza-
tion. They typically consist of a semiconducting metallic oxide such as TiO; is a setup
similar to the one shown in Figure 3 below. In addition to the two electrodes, the cell
contains a dye-sensitised nanostructured TiO, mesoporous layer and a liquid electro-
lyte. The mesoporous TiO, layer with a monolayer of the dye at its surface is placed in
contact with the redox electrolyte. When irradiated with solar energy, the dye injects
electrons into the TiO, conduction band and the electrical power is produced by
conducting these to the external circuit. The superior effectiveness of the TiO,
mesoporous layer is a consequence of its large surface area [9].
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Conducting Glass TiO: Dye Electrolyte Electrode
Conduction S*/S*

band , -~
&,

Fermi level

Figure 3.
Working principle of dye-sensitised solar cells [9].

Liu et al. [11] also reported extensively on TiO, in dye-sensitised solar cells. Their
work shows the importance of particle size and indicates that brookite has very low
Li-ion intercalation capacity above 30 nm size, while the rest of the TiO, polymorphs
actually have active Li-ion storage capabilities. Compared to bulk TiO, that has a
specific capacity of 160 mAhg ' (but drops below 50 mAhg ™' during use) with
intercalation level 0.5 Li per Ti, the specific capacity for nano-TiO, remains stable at
150 mAhg ' amounting to 1 Li per Ti. The reason is that there is a different phase
transformation mechanism in operation for nano-TiO,. For TiO, nanotube and
nanowire arrays, the values exceed 456 mAhg " [9].

TiO, has also proved useful in photocatalysis when used in conjunction with other
nanoparticles and metallic oxides including those containing bismuth. In our own
laboratory, Mahhumane et al. [20] used a ternary z-scheme heterojunction of Bi,WOq
with carbon nanoparticles (CNP) and TiO, nanotube arrays to remove paracetamol
from water by photoelectrocatalysis. The results showed that at optimal conditions,
the electrode was applied for photoelectrocatalytic degradation of paracetamol, which
gave a degradation efficiency of 84% within 180 min. The total organic carbon
removal percentage obtained when using this electrode was 72%. Scavenger studies
revealed that the holes played a crucial role during the photoelectrocatalytic degrada-
tion of paracetamol. The electrode showed high stability and reusability therefore
suggesting that the z-scheme Bi;WO¢-CNP-TiO, nanotube array electrode is an effi-
cient photoanode for the degradation of pharmaceuticals in wastewater.

Perovskite solar cells (PSCs) consist of a substrate made of transparent and
conducting glass onto which an electron-sensitive or hole-sensitive contact is placed
followed by a perovskite absorbing layer, another electron- or hole-selective layer and
a metal contact. In these, TiO, functions as the mesoporous contact. Seo et al. [21]
were able to demonstrate that the incorporation of TiO, into TiO,-PSC resulted in
significant improvement over PSC-only cells. In their work on PSCs, Correa-Baena
et al. [22] also demonstrated that substances such as CH;NH,PbI; could be used to get
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electrons into the conduction band of TiO, to improve cell efficiency beyond 20%.
Furthermore, perovskites ate tunable and have better tolerances for structural defects
compared to silicon that needs to be of exceptionally high purity. The only major
drawback is the low durability of perovskite solar cells which will have to improve
significantly to compete with existing competing technologies (Figures 4-8).

As shown above, these results show that the TiO, nanocomposites were successful
in the degradation of paracetamol and prove the fact that the electrodes are reusable.

Annealing @ Bizw.os a’.CNP_[- B
N Anodisation of
s00°¢ Ti sheet RE| Jce Iwe
z-scheme photoanode (WE)

Visible Light
Irradiation

CNP = carbon nanoparticles
RE = Reference electrode
CE= Counter electrode

WE = Working electrode

Paracetamol
Solution

4

Degradation efficiency
with UV Spectroscopy and Total
Organic Carbon measurements

Figure 4.
Schematic diagram of prepared Bi, WO4-CNP-TiO, NTA z-scheme photoanode used for photoelectrocatalytic
degradation of paracetamol in a three-electrode cell [20].

0.3 =

0.2 4

Intensity (a.u)

0.1+

200 300 400 500 600
Wavelength (nm)

Figure 5.
UV-—vis degradation of paracetamol [20].

7



Titanium Dioxide — Uses, Applications, and Advances

1.2

0.8

0.4

0.2

e Seriesl = Series2 =@ Series3 Series4

0 20 40 60 80 100 120 140 160 180 200

Time (min)
Figure 6.

Normalised concentration decay versus time plot for photocatalytic, electrocatalytic and photoelectrocatalytic
degradation of paracetamol on of Bi, WOs-CNP-TiO, NTA electrode [20].

3.5

@ Photoelectrocatalysis ®
® Electrocatalysis
@ Photocatalysis

In(cy/cy)

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Figure 7.
Kinetics plots for photocatalytic, electrocatalytic and photoelectrocatalytic degradation of paracetamol on of
Bi,WO4CNP-TiO, NTA electrode [20].

The results indicate that the hole and hydroxyl radicals play a major role in the
degradation of paracetamol, while superoxides play a minor role. The photoelectro-
catalytic degradation of paracetamol may be considered to follow the equations below:
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1.2
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Figure 8.
Reusability cycle experiments for the degradation of paracetamol on of Bi, WO4-CNP-TiO, NTA electrode [20].

hv + Bi;WOs — CNP — TiO, NTA — Bi; WO — CNP — TiO, NTA (hvs™ + ecs™) (14)

ecg” +0; — "0y (15)

hyg" + H,0 — "OH + H* (16)
‘OH + Paracetamol — CO, + H,0 17)
‘O,~ + Paracetamol — CO, + H,0 (18)
hyg" + Paracetamol — CO, + H,0 (19)

The final example of the use of TiO, in photocatalysis is the use of TiO,
nanoparticles in the photodegradation of methylene blue dye which revealed the
unexpectedly higher degradation efficiency with biosynthesised TiO, nanoparticles
when compared with their chemically synthesised counterparts [23]. This was also
found to be true for antibacterial activity against gram-positive and gram-negative
bacterial strains. This confirms to the important of the structural features of TiO,
nanoparticles in their chemistry.

3.3 Production of hydrogen and Li-ion batteries

A more recently reported use of TiO, is in the photocatalytic production of hydro-
gen which occurs according to the mechanism depicted below (Figure 9).

The process starts with the excitation of electrons by photons of sufficient energy (e.g.
exceeding the band gap) to the conduction band (CB) which creates holes (h*) in the
valence band of TiO,. The holes and electrons can combine to release energy in the form
of heat or photons but if they do not, they may migrate to the surface where they reduce
and oxidise adsorbed water molecules to generate molecular hydrogen and oxygen.

For energy storage, the use of TiO, is exemplified by its use in Li-ion batteries. The
reaction in operation is:
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Energy levels Light (hv > Eg) Conduction band
LI
AN
A \ A e e e Hz
\ \‘ [ )
EHa/H,0 \\ X H20
\ 0
AE=1.23 eV \ A
\ e’| Eg TiO;
A
E0,/H,0 T\
AV
\\ \‘ H20
. |
h* h* h* 0.
Valence band
Figure 9.
The mechanism for the photocatalytic production of hydrogen by TiO, [9].
xLi + TiO, + xe~ — LIxTiO,, where 0 <x<1 (20)

and the specific capacity is typically in the range of 335 mAhg ' (Wu). The
limitations for these are low electrical conductivity and poor rate capability [9].

In studies on the Li-ion intercalation capacity, Liu et al. [11] observed that brookite
has a very low capacity once the nanoparticles go above 30 nm in size, while anatase
and rutile have active Li-ion capability even above that. While bulk TiO, has a
measured specific capacity of 160 mAhg ", corresponding to an intercalation level of
0.5 Li per Ti. For nano-TiO,, values exceeding 300 mAhg ' have been reported,
which correspond to intercalation levels of 1 Li per Ti. This is explained in terms of the
different phase transformation mechanism in operation [11]. When fabricated by
hydrolysis of titanium alkoxide and heat-treated above 250°C, nano-TiO, particles
show specific capacities stable at 150 mAhg . TiO, nanotube and nanowire arrays
have yielded specific capacities of >356 mAhg " [11].

3.4 Heterogeneous catalysis

In heterogeneous catalysis, the objective is to use the support to improve the stability
of the active nanoparticles (usually metallic or bimetallic), optimise performance,
reduce the amount of metal (which is usually expensive) and improve activity through
metal-support interactions. TiO, has proven to be quite useful in heterogeneous
catalysis because of its tunable porous surface mechanical strength and thermal stability
[24-26]. The drawbacks include low surface area and its low adsorption ability.

Examples of the many uses of TiO, in heterogeneous catalysis are given in Table 2
below.

* Use as supports for V,05-WO3/TiO, for selective catalytic reduction of NOx
(excellent thermal stability and lower oxidant activity for conversion of SO, to

NOx — Nz + Hzo (21)
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Catalyst Reaction

Cu/TiO, Oxidation of CO

V,05/TiO, Oxidation of o-xylene to phthalic anhydride Hydrogenation of propane
Pollution abatement of NO

Pd/TiO, Oxidation of methanol
Acetoxylation of toluene

PdNi/TiO, Oxidation of methanol

CoMn/TiO, Fischer-Tropsh synthesis

Au/TiO, Hydrosulphurization of hydrocarbon oils
Selective reduction of NO

Co/TiO, CO conversion

Ni/TiO, Hydrogenation of maleic acid

Pt/TiO, Oxidation of acetaldehyde

Table 2.

TiO, in heterogeneous catalysis [22].

3.5 Construction

TiO, is used for the manufacturing of coatings capable of decomposing adsorbed
organic under the action of sunlight and rain water. This makes it ideal for use in the
production of self-cleaning windows and tiles that are now used widely in the con-
struction industry. Furthermore, tiles containing TiO, have been demonstrated to be
useful as photocatalytic surfaces for decompositions of bacteria and viruses. The
addition of silver to form TiO,-Ag results in enhanced photocatalytic properties [9]. In
these construction materials, hydroxyl radicals decompose adsorbed organic sub-
stances on TiO, surface. Since TiO, is hydrophilic, the contaminates are easily washed
off by rainwater. Pilkington glass has already successfully debuted to the marked self-
cleaning windows that are coated with TiO, for photocatalysis and hydrophilicity
which allow photocatalysis to destroy contaminants that are then washed off as thin
water layers instead of droplets [9].

3.6 Medicine
3.6.1 Cancer treatment

In biomedical applications, the important properties of TiO, are its extraordinary
stability, exceptional photo-reactivity and biocompatibility [27-35]. As has been
already established, TiO, responds to light to produce reactive oxygen species (ROS)
which are capable of altering cell functioning and can be directed to selectively target
cancer cells [9].

Photodynamic therapy (PDT) and sonodynamic therapy (SDT) are two broad
methods that have been employed in cancer treatment. Photodynamic therapy is an
antitumor method in which a photosensitive agent is applied to the target area which
is then illuminated for the activation of the therapeutic agent. In sonodynamic
therapy, ultrasound irradiation is used to promote the production of OH" radicals

11
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even in the absence of light. In this way, localised heating is generated or activation of
drug release on site is achieved. The advantage of this method is that it is capable of
acting deep below the skin surface and therefore allows the targeting of deeper lying
tissues.

Here are some examples of the use of TiO, in ways that are advancing cancer

treatment:

* HelLa cells were shown to be susceptible to exposure to UV light in the presence

of TiO, [9].

* TiO,-PEG (polyethylene glycol) on glioma cells. TiO,-PEG could be a novel

sensitiser for SDT because cell damage was found to be enhanced by TiO,-PEG.
Sonotoxicity was found by Yamaguchi et al. to be almost proportional to the
duration of ultrasound (US) exposure.

* Catalysis of oxidative DNA damage in human fibroblasts.

* Chlorine e6 and hypocrellin B used in visible-light-induced cell death in which

the significant damage in thymic lymphoma cells was demonstrated.

* Zinc phthalocyanine molecules in TiO, porous networks shown to be active

against tumour cells [4].

A major limitation in the use of TiO, is its poor absorption in the visible range. In

this regard, effective ways of extending the optical absorption of TiO, into the visible
region have been found and they include the following:

12

* The synthesis of TiO,-enediol composites by combining TiO, with enediol

molecules, which facilitates the repair of uncoordinated Ti surface atoms to
restore the six-coordinated octahedral geometry. The excitation of electrons from
chelating enediol ligands lowers the TiO, band gap.

* Dye-sensitisation of TiO, nanoparticles entails the modification of TiO,

nanoparticles with a monolayer of chlorin e6 trisodium salt followed by
irradiation with visible light in the range 550-750 nm. This results in
improved effectiveness in this range, which has been demonstrated by Rajh
et al. [4] to enable significant damage to EL-4 cells. The dye-conjugate TiO,
particles are demonstrably more effective than the dyes alone, and this
confirms that a cooperative interaction between the dye and TiO, particles is

in play.

* Sensitisation by anionic and cationic doping and by doping with nitrogen

to produce N-TiO, has shown enhanced absorbance up to 600 nm.
Visible-light induced photolysis results in induced cytotoxicity, which has
been proven for hepatocellular carcinoma cells, HeLa cells and nasopharyngeal
carcinoma cells.

* Surface modification with inorganic complexes to produce composites such as

Ti0,-0-PtCl4(H,0) has been proved to result in phototoxic effects when
compared with TiO, against mouse melanoma cells.
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Bogdan et al. [34] have written extensively on the use of electroporation as part of
cancer treatment. Electroporation is a physical method of introducing molecules into
cells as part of therapy. In their work, electroporation resulted in improved selectivity
and effectiveness of photoexcitation of cancer cells which, in turn, improved the
delivery of the agent to the target area. Xu et al. [36] also demonstrated the high
efficiency of antibody-TiO, composites (Ab-TiO,) in killing cancer cells with even
low concentrations of Ab-TiO,. This makes it possible to use this method against a
wide range of cancer cells without changing the antibody used.

All in all, the following three steps are accepted to be crucial in all oxidative stress
tumour therapies:

1.Increased levels of ROS and oxidative products as a result of excitation of a
suitable agent such as TiO, or TiO,-composite.

2.ROS reaction with lipids in cellular membranes and nucleotides in proteins and
DNA.

3.Cell death.

The importance of shape and size is crucial since work on rat cells has shown a
strong correlation between the TiO, diameter and its genotoxicity [37-39].

Photodynamic therapy and sonodynamic therapy are thought to be the future of
cancer therapy and believed to be aiding the progress toward less invasive and more
site-specific treatment with less side effects. The remaining difficulties include diffi-
culties in the preparation of drug formulas that allow targeted delivery on TiO,
nanoparticles to target cancer cells and this has, so far, restricted the application of
both methods.

3.6.2 Drug delivery

The main goal of ongoing work on drug delivery systems is to improve controlled
time release and site selectivity. Shape and size-selected TiO, nanoparticles aid in
control of electronic and chemical properties. This is achieved by using light to acti-
vate the action of TiO, in what is referred to as light-induced drug delivery.

Examples of TiO, in drug delivery:

* Binding of a protein to TiO, to target the TiO,-protein conjugate to a specific cell
protein or organelle. In this manner, monoclonal antibodies have been linked
TiO, semiconducting nanoparticles, which are able to bind to cells and alter cell
functioning through redox interactions. Antibodies linked to TiO, promise to
provide future platforms for targeting therapy such as cancer treatment [4].

* TiO;, linked to T-cell-specific antibodies irradiated with UV-vis showing light-
induced redox chemistry. This has been shown to result in the light-induced
death of targeted T-cells without affecting healthy cells. Definite binding to
targeted cells has been confirmed [4].

* Rozhkova et al. [27] studied glioblastoma multiform (GBM) cells targeted with
TiO,-multiclonal Abs and confirmed concentration-dependent phototoxicity
toward targeted cells. Furthermore, this toxicity was proved to be mediated by
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superoxide radical anions. It was further observed that the superoxide triggers
call apoptosis, while singlet oxygen causes photosensitised damage to plasma
membranes.

* The use of polylactic coglycolic acid (PLGA) /TiO, advanced 3D-printed systems
and nanosystems for drug delivery and tissue engineering applications by
Rasoulianboroujeni et al. [28].

Two broad approaches are recognised in the use of TiO, in drug delivery:

1. Use of TiO, nanotubes containing hydrophilic drugs surface-modified with
hydrophobic ligands to control release [29].

2.Use of physisorption to attach oxygen-rich drug on TiO, whiskers. Integration of
drugs with TIO, resulted in altered uptake mechanism [30].

3.6.3 Imaging-guided therapy

In image-guided therapy (IGT), the therapeutic effect is monitored and the
therapeutical accuracy improved by imaging the affected area to visually locate the
therapeutic agent in a living system. This makes it possible to regulate the treatment
plan in time and reduce the damage to health tissues [31].

Examples that illustrate this include the coupling TiO, with dyes such as alizarin
red results in the formation of a complex that has different optical properties to the
free dye and fluoresces red to show accumulation of the complex within the
targeted area and allows imaging that shows the expected accumulation [23] and
the imaging of Flavin-TiO, composites localised in the cytoplasm of BT-20 cancer
cells [24].

3.6.4 Sonodynamic therapy (SDT)

Ninomiya et al. [37] and others have reported on the use of protein-modified TiO,
nanoparticles in sonodynamic therapy. This uses ultrasound irradiation to enhance
OH radical generation resulting in the degradation of some substances and inactiva-
tion of microorganisms. The HEPG2 cell line has been targeted successfully in this way
and it was found that the effect of ultrasound is an important factor in the effective-
ness of the process.

In other studies, OH* and hydroperoxyl (HO,*) radicals are produced by illumi-
nation from H,O in the presence of TiO,. Also, oxidation of cells is by photogenerated
holes. TiO, particles have been observed localised on cell membranes and cytoplasm.

3.7 Sensors

Electrical biosensors are used for drug discovery, diagnostics, environmental
applications and food safety. High-surface area electrodes significantly increase
signal-to-noise ratio in electrochemical detection of metabolically relevant redox pro-
teins or tumour markers.

Examples on the use of TiO, in biosensors:
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* The report by Wang et al. [35] proved the detection of NADH with
dopamine-modified TiO, nanocrystals films excited by VIS light, while Lin et al.
reported on the use of TiO, composites in the detection of IgG secondary
antibodies.

* The use of 3-aminopropyl bimetoxysilane (APTMS) and glutaraldehyde coupling
linkers to link CDH peptides to TiO, films for the detection of HIV-1 viruses
[40]. Importantly, other studies also show that DNA mismatches can be detected
using charge separation in TiO, nanoparticles. During DNA sensing, DNA
mismatches occur when template (probe) DNA is bound to target DNA with an
altered base pair [4].

3.8 Other applications and fate in soil

TiO; is found in many common edible items including sweets, coconut curd,
donuts, gum, chocolate, white icing and sugar toppings where it is mainly used as a
whitening agent [1]. Further uses include in the manufacturing of high-end paper
where it improves whiteness, increases density, smoothness and strength but also
causes high abrasion and increases costs. It is also used in coatings, printing inks,
chemical fibres, rubber, fabrics and textiles where its role is mainly as a white
pigment [24].

The ultimate fate of TiO, in soil is a matter of concern, which requires further
study. Weir et al. [1] and Thiagarajan [10] found that this is affected by NOM, clay
content, microbial activity, ionic strength and pH.

3.9 TiO, nanotubes, nanowires and nanoribbons: Synthesis and applications

The synthesis of fullerenes, carbon nanotubes and carbon nanorods in the mid- to
late 80s and early 90s opened up interesting possibilities in the synthesis and use of
TiO, polymorphs other than the long-known particles and nanoparticles. In particular,
the arrival of TiO, nanotubes, nanowires and nanoribbons has opened up possibilities
beyond what could be envisaged in the recent past.

Among many others, Yuan and Su [41] and other researchers [42-47] reported on
titania nanotubes and, generally, the nanotubes were well crystallised with a shell
spacing of 0.78 nm and ranged from 10 to 15 nm in diameter 1-5 layers.

Various synthesis methods have been reported and, predictably, the properties of
the resulting nanotubes differ in many structural and other properties. Yuan and Su
[41] synthesised titania nanotubes by hydrolysis of triisopropoxide in ethanol
followed by calcination. They obtained yields of 80-90% and observed that in some
cases, the number of layers, as viewed under TEM, was unequal, which suggests that
the nanotubes are formed from rolled up sheets of TiO, and not concentric as gener-
ally observed with carbon nanotubes. In the hydrothermal treatment process, they
also reported that the ultimate product depends on the source of titania used. While
titania nanotubes were the major when crystalline rutile and anatase were used in the
temperature range 100-150°C, amorphous TiO, produced no nanotubes but mainly
non-tubular, needle-shaped fibres in the temperature range 100-160°C, nanoribbons
between 180 and 250°C and nanowires when KOH was used instead of NaOH during
hydrothermal treatment.

This was confirmed by Kustiningsih et al. [48] who synthesised nanotubes with
surface areas of up to 123 m’g ™" with NaOH and nanowires with surface areas up to
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115 m°g~ " when KOH was used instead. In all cases, no change in the band gap energy
was measured but better photocatalytic activity for hydrogen production was
observed with TiO, nanotubes presumably because of more effective contact between
the active sites and water molecules, which improves the photocatalytic activity.

Lim and Choi [49] and Tan et al. [50] demonstrated the synthesis of anodically
grown titania nanotubes through anodic oxidation of titanium in ethylene glycol. Tan
et al. [50] went further to compare different synthetic methods and experimented
with the assisted template method, anodic oxidation and hydrothermal treatment.
They found that the assisted template method produced large nanotubes with uniform
sizes and achieved dimensional control by varying the properties of the porous alu-
mina templates used. Hydrothermal treatment produced higher purity nanotubes
with good crystallinity and dimensional control was possible through control of syn-
thesis parameters such as pH and synthesis time. Anodic oxidation produced amor-
phous, aligned nanotubes with the high aspect ratios. In terms of applications, they
were able to grow osteoblasts into the nanotubes and found that adhesion was
improved as a result of the filopodia of osteoblasts growing into the nanotube pores.
Successes on the use of these nanotube on dental implants, pacemakers, knee and hip
joints, bone plates and heart valves have been confirmed.

Lee et al. [51] were able to use TiO, nanotubes for applications in dye-sensitised
solar cells (DSSCs), photocatalysis, sensors and Li-ion batteries. They also confirmed
control of tube dimensions through control of anodisation parameters.

Wang et al. [47] reported applications in photovoltaics, DSSCs, solid-state sensors
and energy storage through LI-ion batteries and supercapacitors. They found that the
band gap increases with decreasing nanotube diameter as a result of quantum con-
finement effects and that TiO, nanowires have better electron diffusion coefficients as
a result of reduced grain boundaries, which eliminates electron trapping and avoids
charge recombination. This results in between DSSC performances. In fact, their
results demonstrated that TiO, nanowires were far superior to TiO, nanoparticles in
terms of DSSC performance. Finally, in work on gas sensors for water, NH3;, NO, and
ethanol, they reported better sensitivity when TiO, nanotubes and nanowires were
used instead of TiO, nanoparticles.

4, Conclusion

TiO, is widely used in many sectors of human activity and innovative applications
are coming to the fore as more is discovered about the capabilities of the various forms
especially newly discovered forms such as nanoparticles, nanotubes and nanowires.
The size and shape of these is of crucial importance in the optical and electronic
properties as well as their chemistry. Although concerns have been raised concerning
human exposure, risk assessment has produced inconclusive results. There is no doubt
that more applications will result from current work and that continued refinement of
present applications is likely to result in improved efficiency and efficacy.

While it is expected that the more traditional uses of TiO, will continue to expand,
the arrival to the scene of other one-dimensional polymorphs including nanotubes,
nanowires and nanoribbons has opened up new possibilities. It has been demonstrated
that these one-dimensional structures perform better in many applications and the
fact that their properties may be tuned to specific applications by varying the synthe-
sis parameters is of particular importance. This makes it possible to synthesise and

16



Perspective Chapter: Titanium Oxide — Uses and Applications
DOT: http://dx.doi.org/10.5772 /intechopen.1008366

modify materials in such a way that surface areas, band gaps and other properties are
predictable and suited to specific requirements.
Judging from current trends and ongoing work, it is clear that TiO, in its various

forms will continue to be an important compound in the development and
applications of new technologies.
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Abstract

Advanced oxidation processes (AOPs) have been extensively studied, with the goal
of eliminating a wide range of organic pollutants (OPs). Examples of AOPs include
ozone, the Fenton process, photo-Fenton, photolysis, photocatalysis, and photolysis
of hydrogen peroxide (H,0,) and ozone (O;). AOP without ultraviolet (UV) radiation
may not be able to completely eradicate a whole class of OPs. AOPs produce more free
radicals when coupled with UV radiation, which improves the effectiveness of the
OPs. The specific AOPs and their limitations in light of the complexity of photocata-
lytic oxidation are briefly discussed in this paper.

Keywords: advanced oxidation processes, photo catalytic, catalyst, oxidation, reaction,
optimization and application

1. Introduction

Advanced oxidation processes can totally destroy the organic contaminants to
carbon dioxide and water. Amongst the many AOPs, heterogeneous photocatalytic
squalor has been originated to be an extremely active treatment skill [1]. The acti-
vation of a semiconductor particulate material (such as cadmium sulfide (CdS),
titanium dioxide (TiO,), zinc oxide (ZnO), etc.) by radiation at the right wavelength
is the foundation of heterogeneous photocatalysis [2]. The semiconductor particle
absorbs photons with sufficient energy to facilitate the conduction of an electron
(e”) from its valence band (VB) to the conduction band (CB), a transition known
as band gap energy [3]. This process creates holes in the valence band (h*) that will
function as oxidizing sites, thereby achieving this activation [4]. The heterogeneous
photocatalytic degradation can be considered as a significant process among the
other approaches including AOPs that are used to treat the wastewater remediation
due to its capacity for crushing bunches of inorganic and organic contaminants at the
surrounding pressure and temperature [5, 6]. Furthermore, knowledge related to the
photocatalytic reactions pertains to interactions of photons that might be having a
suitable wavelength with a semiconductor element [7].

Also, photocatalytic degradation procedure under optimum conditions (light
power, catalyst loading, pH, and oxidants’ concentration) might mineralize the
organic contaminations to carbon dioxide (CO,) and water (H,;O) [8, 9].
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Standard mechanisms of photocatalysis [10].

A standard mechanism that is related to photocatalysis is provided in Figure 1.
In the case when the energy of photons (hv) has been comparable to the band
gap energy, Eb, related to a photocatalyst, the electrons have been energized and
exchanged from the valence band (VB) to the conduction band (CB). Such progres-
sion makes openings in the valence band (h) and free electrons (e”) in the conduction
band. Such approach has been stated through the following Equations [11-13]:
Photoexcitation:

TiO, + hv —>e +h" (1)
Charge-carrier trapping of e-:
e—CB—>e 2)

Charge-carrier trapping of h*:

b’y > h'py €)
Electron-hole recombination:
e, +h',; > heat 4)
Photoexcited e” scavenging:
(0,)ads+e” - 02 )
Oxidation of hydroxyl radicals:
OH +h' ->'OH 6)
Photodegradation by "OH:
R-H+'OH —»R"+H,0 )
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The e rr and h'yg values given in Eq. (4) are those of the surface-trapped valence
electron and the conduction band hole. Without electron acceptors, the e rgp/h"ygp
recombination is extremely anticipated, thus; attendance of the electron scavengers
is extremely significant for avoiding such unwanted reaction [14]. Heterogeneous
photo-catalytic treatment has been effectively utilized to completely degrade organic
contaminations in refinery wastewater by free radical that produced by Eq. (6), the
organic photo-catalytic debasement involves the type regarding specific intermedi-
ates, for instance, the carboxylic acids and the aldehydes before producing last items
CO; and H,0 (Eq. 8) [15, 16]:

Organic pollutants —22=”_, htermediates — CO, + H,0 (8)

Figure 2 shows the overall complete photocatalytic reactions involving the five
steps in the following way [17]:

1. The mass transmission regarding organic contaminant (A) in bulk phase to
semiconductor surface.

2. Adsorption related to an organic contaminant on to a photon-activated semicon-
ductor surface.

3.The photocatalysis reaction of adsorbed phase on to a semiconductor surface.
4. Desorption of that of products from a semiconductor surface.

5.The mass transfer of products from the interface area to the bulk fluid (B).

Stages 1 and 5 speak to the mass exchange and the reaction rates that are making
physical strides for exchanging contamination between mass and particle surface. In the
event these means happen gradually, the mass transfer procedures are constraining and
are going to diminish general rate of photocatalytic reaction and conversely [18, 19].

The creation of electrons in the conduction band and positive holes in the valence
band often results from the photocatalyst’s surface being exposed to a photon with
energy, h, equal to or greater than the band gap energy, Ebg [20].

Liguid phase .
a 3 External Diffusion

Iaternal Diffasion

]
rz)\v @
(&)
A—>E
Phorocatalyst Surface
Figure 2.

Steps of heterogeneous catalytic reaction [15].

Solid phase
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1.1 Semiconductors’ photocatalytic degradation

Tungsten trioxide (WO;), zinc sulfide (ZnS), tungsten disulfide (WS,), zirconium
dioxide (ZrO,), cadmium selenide (CdSe), iron (III) oxide (a-Fe,03), cadmium
sulfide (CdS), and magnesium sulfide (MgS,) are just a few of the many metal oxides
and chalcogenides that have been used as photocatalysts [21-23]. Regarding the
efficiency of semiconductors, the redox capability associated with photogenerated VB
opening ought to be positive in order to produce hydroxyl radicals, and it ought to be
negative in relation to CB electrons in order to produce superoxide radicals [23].

1.1.1 Titanium dioxide/UV oxidation

TiO, has demonstrated great promise as an n-type semiconductor because of its
broad band gap (3.2 eV) when exposed to UV light [24]. TiO,-based materials are
important in electrochemistry because of their excellent conductivity and stability in
both acidic and alkaline conditions. TiO, can be found in three different crystalline
phases; the two most prevalent ones are rutile and anatase, and the rutile phase’s crys-
talline size is consistently greater than that of the anatase phase. The third structural
type, an orthorhombic structure called brookite, is infrequently used and uninterest-
ing for the majority of applications [25, 26].

Of the three phases, the rutile phase has the highest thermal stability. Above
600°C, the crystalline forms of brookite and anatase undergo a phase transition and
become rutile [27, 28]. Whereas the rutile is made up of linear chains with opposite
edge-shared octahedral structure, the anatase phase is made up of zigzag chains of
octahedral molecules connected to one another [28, 29]. The anatase-to-rutile phase
transition normally happens between 600 and 700°C; nevertheless, TiO, anatase
must be stable at 900°C for some uses [30]. In order to convert the amorphous mate-
rial into one of the phases of TiO,, such as rutile, anatase, or brookite, the synthesis
methods for TiO, normally call for high temperatures. This results in bigger particles
and generally nonporous materials [31, 32].

In the process of TiO,/UV light, titanium peroxide semiconductor will be absorbing
the UV light and producing hydroxyl radicals. Especially, throughout UV enlighten-
ment of the TiO,, the conduction band electrons as well as the valence band gaps have
been initially yielded (Eq. (8)). Band electrons interacting with the surface adsorbed
subatomic oxygen for yielding superoxide radical anions (Eq. (9)), whereas the band
openings are interacting with the water for delivering hydroxyl radical (Eq. (10)) [33]:

TiO, + hv —>e, +h" 9)
e, +0, >0; (10)
h* +H,0 >H" + HO' (11)

It is suggested that the first stage of TiO,-mediated photocatalytic degradation is
the production of an (e”/h*) pair, which results in the formation of radicals that act
as oxidizing agents in photocatalytic oxidation processes: hydroxyl radicals ("OH),
superoxide radical anions (O, ), and hydroperoxyl radicals (' OOH) [34]. The organic
mixtures could experience oxidative degradations through their reactions with the
valence bond opening, whereas the hydroxyl and peroxide radicals could experience
reductive cleavage via their reactions with electrons. Recently, TiO,/UV light process
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is majorly applied with regard to the treatment of wastewater. The major desired
conditions regarding such a process feature the lack of mass transfer limitation in
the case when the nanoparticles are utilized as photocatalysts, and the operations at
the ambient conditions are also using solar irradiations. Furthermore, TiO, is costly
and promptly provided materials and photogenerated gaps, which are remarkably
oxidizing. Furthermore, TiO, has been used for oxidation regarding a lot of organic
combinations entering into innocuous combinations, for instance, CO, and H,O [35].
The main factors affecting TiO,/UV light process are the amount that is related to
the catalyst, design of the reactor, the initial organic loads, the UV irradiation time,
pH solution, temperature, existence of ionic species, and intensity of light. Using
extreme measures of the catalyst might reduce energy measure moved into medium
due to opacity provided via catalyst particles [36].

TiO, is greatly impacted by the pH of the aqueous solution, which also impacts the
charge on the particles, the size of the aggregates it forms, and the locations of the
valence and conductance bands [37].

Nanocrystalline TiO, as a photocatalyst has shown a great many advantages, such
as low cost, non-toxicity, high catalytic efficiency, long-term stability, recoverability,
etc., and becomes a very promising material for photocatalytic degradation of water
pollutants [38].

TiO, is known as an excellent photocatalyst due to its properties. It has been used
in a variety of applications, for example, electroceramics, glass, and degradation of
chemicals in the water and in the air. It has been used in the form of a suspension or in
an immobilized water treatment [39].

2. Zinc oxide/UV oxidation

A lot of benefits indicated through ZnO have been specified [40]. That was the
focus for most recently the approach that the ZnO has been a semi-conductor with an
immediate band gap of 3.44 eV [41, 42]. Magnetic, electrical, and optical properties
related to ZnO might be altered or enhanced through using ZnO on a nanoscale [43].

ZnO can be considered as one of the natural friendly materials since it is of high
importance to human beings, which lends itself for carrying out daily general appli-
cations and which will not be dangerous to the health of humans and the ecological
effects [44]. ZnO has a lot of focus on degradation as well as on the complete mineral-
ization of environmental contaminants [45].

It has been suggested that ZnO’s photocatalytic capability is equivalent to TiO,’s
due to their similar band gap energy (3.2 eV). Moreover, ZnO is less expensive than
Ti0,, although TiO; has proven to be pricey to use for routine water treatment jobs
[46]. The major benefit related to ZnO is the capacity for ingesting sun spectrum
ranges and more light quanta in comparison to certain semiconducting metal oxides
[47]. The considerable drawbacks of ZnO are photocorrosion and the wide band gap
energy. ZnO’s light absorption has been constrained in visible light district that arises
due to its wide band gap energy. This outcome in the quick recombination regarding
the photogenerated charges, therefore, resulted in low photocatalytic productivity
[48]. As regards the optimum photocatalytic approach, the organic contaminants
have been mineralized into carbon dioxide (CO,), water (H,0), and the mineral acids
in the attendance of the ZnO particle, also reactive oxidizing types, like oxygen or air
[49]. The general approach related to ZnO can be seen in Figure 3.
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The geneval mechanism of photocatalysis [49].

2.1 Important parameters affecting photocatalytic oxidation

The following are the key operating factors that influence the heterogeneous
photocatalytic oxidation process’s total destruction efficiency [50].

2.1.1 Amount and type of the catalyst

Because of the opacity that the catalyst particles provide, employing too much
catalyst lowers the quantity of photoenergy transported in the medium. Therefore,
the catalyst concentration should only be utilized up to its optimal value. It should be
emphasized that laboratory-scale studies are necessary to determine the optimal value,
which will be greatly influenced by the kind and concentration of the pollutant as well
as the rate of free radical formation (which is determined by the reactor’s operating
conditions). The most advantageous catalyst is Degussa P-25 Ti0,. Moreover, catalysts
or sensitizers, such as ferrous ions, silver ions, manganese ions, etc., can be employed
to raise the photocatalytic oxidation process’s treatment effectiveness [51].

2.1.2 Reactor design

Reactor designs typically aim to ensure uniform irradiation of the whole catalyst
surface at the intensity of the incident light. This is a significant issue related to the
large-scale designs. A high density of the active catalyst in contact with the liquid to
be treated inside the reactor, as well as the maximum amount of activated immobi-
lized catalyst exposed to the lighted surface, are essential components of an efficient
reactor design [52].

2.1.3 Wavelength of the irradiation

The optimal wavelength for the TiO, catalyst, which has a band gap energy
of 3.02 eV, is 400 nm. The threshold wavelength for semiconductor catalysts is
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corresponding to their band gap energy. In certain situations, sunlight can also be
utilized to excite the catalyst, which saves a significant amount of money [53].

2.1.4 Initial concentration of the pollutant

Lower starting pollution concentrations are typically preferred. Before the dilu-
tion ratio is determined, the drawbacks of treating a high volume of effluent must be
examined. When it comes to actual industrial wastes, dilution is frequently required
before any degradation is noticeable. Herrmann [17] has said that for actual sewage
with a chemical oxygen demand (COD) of 800,000 mg/kg, no degradation was seen
and that COD reduction required 1000 times diluting the effluent.

2.1.5 Temperature

Normally, photocatalytic systems are run at normal temperature, but as energy is
released during the electron-hole pair recombination process, temperature might rise.
Since the pace of reaction drastically decreases after 80°C, interim cooling is advised if the
temperature is projected to rise above that point. Exothermic adsorption of the pollutant
becomes unfavorable and often acts as the rate-limiting step at temperatures above 80°C,
which lowers activity and, consequently, reaction rates [54]. Generally, there is a slight
temperature dependence of the degradation rates reported in the 20-80°C range [55].

2.1.6 Radiant flux

The rate of reaction is directly proportional to the radiation intensity; at low inten-
sities, this variation is typically linear; however, beyond a certain intensity magnitude
(which depends on the characteristics of the reactor and the effluent), the rate of
reaction exhibits a square root dependence on the intensity.

Reduced reliance on radiation intensity is typically ascribed to a higher contribu-
tion from the recombination process between electrons and holes produced at high
electron densities. The irradiation wavelength is another crucial aspect of the incident
light. It is advised to use shorter wavelengths for optimal outcomes. Moreover, as
maximum rates are noted at this angle of incidence, the UV light’s angle of incidence
should always be 90 degrees [56].

2.1.7 Medium pH

The effects of medium pH on photocatalytic oxidation rates are complex, and the
observed effects are typically dependent on the kind of pollutant and the semicon-
ductor’s zero point charge (zPc), or more precisely, on the electrostatic interaction
between the pollutant and catalyst surface. The pollutant’s adsorption and, thus, the
rates of degradation, will peak close to the catalyst’s zPc [57].

Because of an increase in the amount of adsorption in acidic conditions, the rate
of photocatalytic oxidation increases at lower pH for particular pollutants, which are
weakly acidic [58]. A higher pH may cause some pollutants to hydrolyze in an alkaline
environment or to decompose across a specific pH range, which could result in an
increase in the rate of photocatalytic oxidation [59].

Fox and Duley [60] have revealed that, throughout the pH range they examined in
their investigation, pH had a negligible impact on the degree of deterioration. Since
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the impact of pH cannot be broadly applied, it is advised that investigations con-
ducted on a laboratory scale be necessary to determine the ideal operating pH values.

2.1.8 Aeration

In order to stop the recombination reaction between the produced positive holes
and electrons, the presence of electron acceptors is advised [61]. For this reason,
aeration is typically employed since it offers consistent mixing, catalyst suspension in
slurry reactors, and an affordable supply of oxygen. Chen and Ray [62] have demon-
strated that at partial pressure of 0.2 atm, about 70% of the highest rates of 4-nitro-
phenol degradation (using pure oxygen) are seen. As a result, air can be utilized safely
in place of pure oxygen in commercial operations, significantly lowering operating
costs.

2.1.9 Effect of ionic species

Ions can influence the degradation process by UV light absorption, hydroxyl radi-
cal ion reactivity, and/or adsorption of pollutants. This is a crucial feature that must
be taken into account because, in actual industrial effluents, several salt types will be
present at varying concentrations, and these salts are typically ionized.

The chapter contains numerous images that show the effects of different anions
and cations. Generally speaking, ions like carbonate (COs), bicarbonate (HCOs), and
chloride (Cl) (which greatly influence the adsorption step and partially absorb UV
light) can be said to operate as radical scavengers and have an impact on the adsorp-
tion process. Ions significantly hinder the degradation process, but only slightly
impact the efficiency of degradation when combined with other anions like sulfate,
phosphate, and nitrate. Yawalkar et al. have investigated how the ions like sulfate
(SO,), CO;5, Cl, and HCO; affect the overall rates of degradation and have found that
the negative impacts are seen in the following order: SO, < CO; < Cl < < HCO;3 [63].
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Chapter 3

Study of Properties and
Applications of Titanium Oxide

Ioana Stanciu

Abstract

Titanium dioxide nanocrystals are characterized by the following general consid-
erations: very good chemical stability, transparent thin films, nontoxic, bioactive, low
production costs, and the possibility of material regeneration. Some of the general
applications of silicon dioxide nanocrystals are: in the manufacture of solar cells, in the
decontamination of water, in the decontamination of air, as sensors, gene therapy, and
anticorrosion protection. TiO, or doped TiO, is the most commonly used catalyst in the
photocatalytic oxidation of pollutants present in water or air because it is very photo-
sensitive, photostable, biologically and chemically inert, nontoxic, with a good rate of
adsorption/desorption of reactants (especially oxygen), being also inexpensive.

Keywords: applications, titanium dioxide, biomaterials, nanomaterials,
nanotechnologies

1. Introduction

Biomaterials represent natural, synthetic, or composite materials in contact with
living tissues and their biological fluids. They are used to help with the tasks of the
affected tissue or the affected functions of a diseased organ.

It is possible to interface the biological environment with medical devices through
ID biochips that can teleinteract or improve impaired function of an organ. The
premise is that the biomaterial-organism interaction is beneficial [1-3].

Nanomaterial is a fine material made with the help of nanotechnologies.

Nanomaterials are those materials whose component parts have a size between 1
and 100 billionths of a meter (Figure1).

Fortunately, nanomaterials cover a wide range of materials: polymers, metals,
and ceramics. They can also have very varied morphologies: spheres, fibers, vanes,
dendritic structures, tubes, etc.

Nanotechnology is the set of techniques aimed at the production, manipulation,
and use of objects and materials on a nanometric scale (10-9 m), more precisely with
dimensions between 1 and 100 nanometers (nm). It can be defined as the ability to
transform matter by precisely ordering atom by atom and molecule by molecule to
finally produce nanostructures from which nanoproducts will be formed [4-9].

Synthesizing and processing nanostructures have as their object the replacement
of various types of organic, inorganic, and biological materials, better than those
made until now.
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Figure 1.
Appearance of some nanomaterials (nanoparticles-nanopowders): (a) Co; (b) copper oxide; (c) zinc oxide;
(d) Ag. https://www.romnet.net/nano/2010.02.03_prezentari/12_Grozescu%20prezentare%20bucuresti.pdf.

TiO,-based nanomaterials have been intensively studied for water decomposition
and the production of hydrogen due to the suitable structure of the electronic band
having inseeing the redox potential of water. Other photochemical and photophysical
applications of dioxide of titanium include the photolysis of water, the decomposition
of organic pollutants in the presence of light, specific catalytic reactions and light-
induced superhydrophilicity. Another use interesting of TiO,-based nanomaterials
sensitized with dyes or with metal nanoparticles is represented by the construction of
photochromic devices.

Examples of nanomaterials curvently being studied or used

¢ Carbon nanotubes or boron nitride.

* Ceramic nanopowders (silicates or titanium oxide): obtained by vaporizing
metallic and/or organic precursors in a flame at high temperature. They are
used in the treatment of hardening surfaces, in the production of biocompatible
materials for bone implants, and in good electrical conducting polymers.

* Nanofibers, especially carbon: they have electrically conductive properties and
high mechanical resistance.

* Glass nanosheets: in the field of optical disks. Obtaining a much higher density
of stored information four times by exploiting the deposition of cobalt oxide on
the surface of the disk.

* DNA nanofilms: These films have filtering properties useful in the field of
environmental protection.

* Nanocrystals: artificial diamond crystals or other natural crystals with electrical
properties for making microprocessors.
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* Nanocomposites: composite materials with high hardness or transparent.
The advantages of nanometric dimensions

* The structuring of matter at the nanometric level is essential for biological
systems

* Nanotechnologies will allow the placement of devices inside cells.

* Nanotechnologies will allow the creation of new materials using self-structuring
methods, following the model of those in nature.

* The very high surface/volume ratio characteristic of nanostructures makes them
ideal for applications in the fieldcomposite materials, chemical reactions, drug
release, energy storage.

* Nanostructured ceramic materials are more mechanically resistant and less
fragile.

* Nanoscale catalysis will improve the yield of chemical reactions, combustion in
particular, while significantly reducing pollution.

* More than half of the new substances with a therapeutic effect are not soluble in
water at the micrometric level, probably dissolving at the nanometric level.

¢ It thus becomes possible to design new medicines in usable form.

* Nanostructures allow the construction of systems with a significantly increased
density of components.

* Electrons will need much shorter times to circulate between components.

1.1 Titanium dioxide

Titanium dioxide, chemical formula TiO,, also called “titanium white,” is an
artificial pigment with good covering power, used since 1920. It is chemically inert
(Figure 2) [10-14].

Formula: TiO,

Density: 4.23 g/cm’

Molar mass: 79.866 g/mol.

Boiling point: 2972°C

Melting point: 1843°C

IUPAC number: Titanium dioxide, Titanium (IV) oxide

It generally comes from ilmenite, rutile, and anatase

1.2 Ilmenite

e Itisagray-black mineral, an oxide of iron and titanium, with the chemical
formula FeTiOs.
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Figure 2.
Titanium dioxide. https://www.samaterials.com/content/application-of-titanium-dioxide-in-the-paper-industry.htmi.

* Composed of 52.65% of TiO, and the rest is FeO.

¢ Itis found in metamorphic and magmatic rocks and crystallizes in the
rhombohedral system.

* Ilmenite is the most important titanium ore (Figure 3).
1.3 Rutile

* Itisa mineral from the group of oxides.

* It has a red-brown color with variants up to black.

* It crystallizes in the tetragonal system.

* It has a hardness of 6-6.5 on the Mohs scale (Figure 4).
1.4 Athanasius

¢ Itis found in the form of small and sharp crystals.

* Itisan ore that crystallizes in a tetragonal system.

¢ Its color varies depending on contamination with impurities: dark gray, brown,
red-brown, and blue.

* Pure Athanasius is colorless, but it is very rare to find naturally (Figure 5).

40



Study of Properties and Applications of Titanium Oxide
DOI: http://dx.doi.org/10.5772/intechopen.1005733

J L ILMENIT
/ . Miask /Ural

Figure 3.
Ilmenite. https://en.wikipedia.org/wiki/Ilmenite.

Figure 4.
Rutile. https://rockidentifier.com/wiki/Rutile.html.
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Figure 5.
Athanasius. https://ro.wikipedia.org/wiki/Biomaterial #Bibliografie.

1.5 TiO, nanocrystals

There is a great interest in obtaining nanomaterials in general and those based on
semiconductor oxides in particular, due to their diverse applications. Among semicon-
ductor oxides, titanium dioxide (TiO,) is the most important material, having been
studied a lot in recent years and improved in several variants, one of these being doping
with various chemical elements (metallic, nonmetallic ions, or other oxides) following:

a.Influencing the processes involved in the dynamics of quantum mechanisms
(generation, movement, recombination of charge carriers—stimulating their
participation in the creation of the reactive chemical environment).

b.Expanding the spectrum of the activating radiation toward the visible range,
making it possible to activate the material more efficiently in sunlight. In recent
years, significant progress has been made in obtaining nanocrystals. Many com-
mon materials, such as metals, semiconductors, and magnets, can be obtained
from nanocrystals based on colloidal physical processes.

2. Characteristics of titanium dioxide

Titanium dioxide is a fine white powder with very good stability to light, heat,
oxidation, and pH changes. It does not present toxicity; it is bioactive. Thin films are
transparent.

Acquisition costs are low. Another great advantage is the possibility of regenera-
tion it gives to the materials. Titanium dioxide has the highest refractive index, even
higher than that of diamond.

2.1 Applications of titanium dioxide

TiO, is used in paints, plastics, or paper to obtain maximum whiteness and opac-
ity, with greater covering power with the ability to mask or hide a substrate.
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Domain

Effects

Health

* Anticancer effects
* Stimulators of the immune system

* Stress protectors

Environment protection

* Air purification

» Water treatment for drinking water

Car construction industry

* Antifungal
* Antibacterial

* Self-cleaning

The glass industry * Self-cleaning windows
Detection equipment * Sensors and biosensors
Table1.

Applications of titanium oxide.

Methods of synthesis

Applications

* Precipitation

TiO, accounts for 70% of all pigments worldwide and is widely used to impart whiteness
and opacity to various products such as paints, plastics, paper, inks, food products, and
toothpaste, as well as cosmetics and skincare that help protect against ultraviolet light.

* Sol-gel

Production of nanomaterials starting from alkoxide solutions or colloidal solutions.
Ceramic materials, glass, amorphous and nanostructured materials, and complex oxides.

¢ Microemulsion

It is used in cosmetics because it improves the adhesion of other ingredients to the skin,
being approved for use in cosmetic preparations for lips, eyelids, and skin. TiO, is mainly
used as a pigment because it has a strong whitening effect. It whitens the prepared
compositions or can be used to lighten other pigments. It is also used in make-up products.

¢ Combustion

* Hydrothermal

It is a method that is widely used for the production of small particles in the ceramic
industry.

¢ Electrochemical

Table 2.
Methods of synthesis.

It is also used in the food industry in the manufacture of candies, for white-
opaque finishes, or as a base for other colors, for coloring some assortments of
cheese, creams, and bakery products. Table 1 shows the main applications of

titanium dioxide.

2.2 Synthesis methods

Table 2 shows the main synthesis methods of titanium dioxide.

3. Testing the immunostimulatory and stress-protective effect

Following the treatment of laboratory animals with undoped and doped titanium
dioxide nanocrystals concluded the following:
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* Among the classes of immunoglobulins tested, the IgG class presented the high-
est values compared to those found in the control, suspecting the installation of
an immune reactivity expressed by antibodies with a high affinity.

* The increased number of platelets in mice treated with doses of 1 mg undoped
TiO, indicates an inflammatory process, and it may suspect that undoped TiO,
in the doses used causes a chronic inflammation unfavorable to the body, while
TiO,-Au and TiO,-Ag cause an increase in the number of lymphocytes with a
stimulating role of the system immune.

* The increased values of IgG in the variants of mice treated with TiO,-Au, Ag, Fe,
and Pt in all experiments support the presumption that doped TiO, stimulates
immune reactivity [14-20].

4. Titanium dioxide: photocatalyst

A semiconductor is a material whose valence band and conduction band are sepa-
rated by an energy gap or band gap. When a semiconductor molecule absorbs photons
with an energy equal to or greater than its band gap, electrons in the valence band
can be excited and can pass into the conduction band, thus generating charge carriers
[21]. This semiconductor characteristic of different semiconductor particles, such as
Ti0,, W03, ZnO, CdS, and SnO,, allows them to be used in photocatalytic studies.
Among these semiconductors, TiO, or doped TiO, is the most commonly used catalyst
in the photocatalytic oxidation of pollutants present in water or air because it is highly
photosensitized, photostable, biologically and chemically inert, nontoxic, with a good
adsorption/desorption rate of reactants (especially oxygen), being also inexpensive
[22]. The study of the physico-chemical principles of the semiconductor-liquid
interface demonstrated when using TiO, for wastewater treatment is particularly
suitable for low concentrations of pollutants [23]. Titanium dioxide has three poly-
morphs: anatase (tetragonal), rutile (tetragonal), and brookite (orthogonal). There is
increasing evidence to suggest that anatase is more active than rutile in the oxidative
photocatalytic reaction. Rutile is the thermodynamically stable form of TiO,, in which
anatase and brookite transform upon heating above 500°C or 750°C, respectively
[24]. There are many methods to obtain TiO, nanopowders, such as chemical vapor
deposition (DCV) [25], oxidation of titanium tetrachloride [26], sol-gel technique
[27], thermal decomposition, or hydrolysis of titanium alkoxides [28]. The most com-
mon TiO, used in photocatalysis is the commercial product Degussa P25, produced
by flame hydrolysis of TiCl, at temperatures higher than 1200°C, in the presence of
hydrogen and oxygen. P25 is a mixture of anatase and rutile in a ratio of 70:30. The
individual P25 particle is nonporous with rounded edges. While the particle size is in
the nanoscale, the average diameter of the aggregates is about 1 micron [29].

In numerous investigations, an aqueous suspension of catalyst particles was used.
The use of TiO, in suspension is somewhat efficient due to the large surface area
of the catalyst available for reaction and is common in early-stage photocatalytic
research work. Some researchers have even developed pilot-scale wastewater treat-
ment systems using TiO, in aqueous suspension [29]. However, the use of suspensions
requires the separation and recycling of the ultrafine catalyst from the treated solu-
tion. This is usually an inconvenient, time-consuming, expensive process that adds to
the overall capital and operating expenses of the facility. In addition, the TiO, powder
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easily agglomerates in the aqueous solution, thus losing its activity. Another problem
is that the penetration depth of UV light is very small in the nontransparent titanium
suspension due to the strong absorption of the catalyst and dissolved pollutants; thus,
the illumination area of the catalyst is still limited. To avoid the separation process,
the catalyst can be immobilized on a fixed support. When the catalyst is immobi-
lized, a decrease in the surface area available for reaction is inherently observed. In
addition, the reaction takes place at the liquid-solid interface, and the overall rate
may be limited to the mass transport of the pollutant on the catalyst surface, with the
overall removal efficiency also decreasing [30]. The photocatalyst can be deposited in
different substrates, such as reactor walls, a support matrix, or a housing containing
the light source [31]. The most common method of TiO, immobilization is deposition
by immersion in TiO, suspension, followed by drying and calcination, because it is
simple, cheap, and effective. However, to obtain a uniform film, the coating proce-
dure must be repeated several times to consolidate any significant layer [32-35].

5. Conclusions

Nanomaterials have numerous applications in medicine and the environment,
and these are found in various forms: spheres, fibers, pallets, dendritic structures,
tubes, etc.

Titanium dioxide, chemical formula TiO, has density: 4.23 g/cm3, molar mass:
79.866 g/mol, boiling point: 2972°C, melting point: 1843°C. It is found as ilmenite,
rutile and anatase.

Titanium dioxide is a well-known photocatalytic material that possesses the ability
to degrade various organic pollutants and destroy bacteria under the influence of UV
irradiation. The band gap energy value of the anatase form of TiO, (3.2 eV) is not
suitable for solar applications, a fact that practically limits the wide application in the
visible range. Development photocatalysts that can be excited in visible light (v > 400
nm) present a special interest and considerable efforts have been made recently
regarding their synthesis methods. One of the methods for obtaining these types of
photocatalysts is based on doping them with cations or anions.
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Chapter 4

Perspective Chapter: An Overview
of Titanium Dioxide, Uses,
Applications and DFT Study of the
Optoelectronic Properties of TiO,
Brookite Clusters

Ife Elegbeleye, Edwin Mapasha, Evic Maluta and
Regina Maphanga

Abstract

Titanium dioxide (TiO;) also known as titania belongs to the class of transitions
metal oxides. Titanium dioxide has become a metal oxide of fascinating significance in
the research sphere due to its numerous environmental and industrial applications. This
chapter presents an overview of the physical, crystal, structural and semiconductor
properties of TiO, while delving into direct and indirect band gaps, fermi levels in
semiconductors, density of states and carrier concentration. The environmental, phar-
maceutical, deodorization, photovoltaic and water purification applications of TiO,
were also discussed. Although TiO; clusters have become the focus of several computa-
tional studies, typical hardware has a higher processing power, giving way for the
simulations of cumbersome systems, some cluster sizes used for some studies are rela-
tively small and are not fit to handle specific problems or complex systems significant
for photovoltaic applications. First-principle density functional theory calculation using
computational software and GPAW that implements electron density represented on
real space grids and the projector-augmented wave method were utilized in this study to
investigate the optical and electronic characteristics of TiO, brookite clusters. The
results of computational investigations on the optical and electrical characteristics of
different-sized TiO; clusters and intricate systems for the purpose of simulating charge
transfer mechanisms in hybrid organic-inorganic photovoltaics and photocatalytic
obliteration of contaminants were presented in this chapter.

Keywords: titanium dioxide, photocatalysis, pharmaceutical applications, TiO,
clusters, density functional theory

1. Introduction

Titanium dioxide (TiO,), also known as titania, is a member of the transition metal
oxides family [1]. Due to its application in pigments, demonstrated capacity as a
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photocatalyst, and ability to support significant reactions, which are beneficial to the
environment, like the production of hydrogen through water splitting, contaminated
air and water treatment, and semiconductor material in dye-sensitized solar cells
(DSSCs), TiO; has attracted increasing attention [2, 3-5]. It has also been
extensively utilized in the fields of medicine, environmental protection, and renew-
able energy [6].

(a) Anatase (b) Rutile

(c) Brookite

Figure 1.
Crystallographic forms of TiO, (a) anatase (b) rutile, and (c) brookite. The color scheme used throughout the
study designates the atoms: ved balls indicate oxygen atoms and gray balls indicate titanium atoms.
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1.1 Polymorphs of TiO,

Figure 1 shows the well-known polymorphs of TiO, structural models. The structures
of the three TiO, polymorphs were imported from Dassault Systémes BIOVIA Material
Studio Accerlrys Inc. [7]. The structures of anatase, rutile, and brookite presented in
Figure 1 describe titanium atoms bonded by six oxygen atoms in a distorted octahedral
configuration. While brookite crystalline structure is basically orthorhombic with each
orthorhombic cell comprising eight formula unit. Anatase and rutile building blocks
consist of a titanium atom surrounded by six oxygen atoms arranged in an octahedral that
is distorted. The octahedral in the rutile phase forms chains that share vertices in the ab-
plane and edges along the c-direction, while in the anatase structure, each octahedron
shares four edges and forms zigzag chains along the a- and b-directions [1, 3, 8]. The two
bonds between the octahedron of the oxygen and titanium atoms are slightly longer in
each structure.

2. Applications of titanium dioxide

Titanium dioxide has so many applications ranging from deodorization, air purifi-
cation, and photocatalysis, as shown in Figure 2.

2.1 Environmental improvement applications
Due to the nontoxic nature of TiO,, it is considered safe for the environment.

Additionally, when exposed to sunlight, TiO, is a powerful photocatalyst that pro-
duces the supra-band gap photon excitation, which improves the breakdown and

Strong Oxidation Power

Odors from tobocco ond gorboge,
oldehyde, ommonia, mercopton,
chloroforme, p-discholorobezene,
gosoline, and more are ofl neutrolized.

NOx, SOx, CO, Formaldehyde, etc.
r are broken down and neutrolized.

Purmcfmon
|

Sterilizes areos of bocterio, fungus,
mold, duckweed, pest infestation, etc.

Figure 2.
Applications of titanium dioxide [9].
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removal of inorganic matter that is hazardous like SO, in the atmosphere and envi-
ronmental pollutants like NO, released into the air by exhaust gas [9].

2.2 Deodorization applications

TiO, excellent photocatalytic properties makes it suitable to be utilized in antibacterial
and antiseptic compositions, where it breaks down organic pollutants and microorgan-
isms. By breaking down the odor’s source, which is ammonia and aldehyde gas (smoke),
as shown in Figure 3, it essentially targets the source of the stench. When titanium
dioxide is exposed to sunlight, it initiates a chemical reaction that breaks down organic
poisons, smells, and other substances in the immediate vicinity [9].

2.3 Water purification applications

TiO, results in the breakdown of toxins produced by blue green algae and inhibi-
tion of other dangerous substances in water, leading to the elimination of organic
matter from water, including organic chlorine compounds, trihalomethane,
tetrachlorethylene, and methyl-tert-butyl ether trichloroethylene [10]. The following
process illustrates how chloroform decomposes.

H,0 + CHCl; + (1/2) O, — CO;, + 3HCI 1)
2.4 Pharmaceutical applications

TiO, photocatalyst can to break down cell membranes, harden virus proteins, and
inhibit virus activation. In the pharmaceutical industry, it is frequently utilized to
sanitize equipment that contains viruses. According to a study, TiO, can eradicate up
to 99.97% of bacteria [11]. TiO, can eliminate mildew, suppuration fungus, green
suppuration bacillus, and golden grape coccus. The golden grape coccus and coliform
have been used to test the sterilizing process. At the start of the experiment, there
were 3.2 x 10° golden grape coccus and 3.3 x 10° coliforms, but only 10 remained
after the reaction with TiO, for 24 hours [11].

2.5 Photocatalytic application

Photons are emitted from the surface of a chemical compound that is light sensi-
tive, when light strikes the compound, a chemical reaction known as photocatalysis

14 - - -
12 \
>

Aldehyde (PPM)
-]

o 10 20 30 40 50 60

Time (minute)

Figure 3.
Decomposition of aldehyde by titanium dioxide [9].

52



Perspective Chapter: An Overview of Titanium Dioxide, Uses, Applications and DFT Study...
DOI: http://dx.doi.org/10.5772 /intechopen.1007568

Photocatalysis process

G

@ @)

@

@ Organic toxin
(32 Neutrolized/destroyed toxin

saunos 33N

Using energy from light, T-2 creates two oxidation reactants:
hydroxyl radicals and superoxide anion.
These reactants decompose toxic organic substances through oxidation.

Figure 4.
Photocatalysis of titanium dioxide [9].

occurs. Photons with energy up to or greater than their band gap energy (A < 385 nm)
are absorbed by TiO, photocatalyst when exposed to light. A valence electron will be
delocalized and excited to the semiconductor’s conduction band as a result. Through
one or more types of electron transfer processes, the photoexcited charge carriers can
initiate the decomposition of the chemical species absorbed. They can, however,
recombine radiatively or non-radiatively and release heat as a byproduct of the input
energy, as shown in Figure 4. Additives can be added to TiO, to increase its efficiency
by light illumination, thereby enabling it to become sensitive in the visible region with
a decreasing band gap [9].

TiO, thin films have been the subject of much research because of their intriguing
optical, electrical, and chemical features. TiO, nontoxicity and strong stability under
light are properties that make it suitable as a dye-sensitized solar cell semiconductor
[2, 3, 12, 13]. The most research material for DSSCs photoelectrode application is thin
films of TiO, despite the existence of metal oxides such as SnO, and ZnO semiconduc-
tors with large band gaps. This is owing to its less susceptibility to photodegradation
when exposed to sunlight. Moreover, the incident photon conversion efficiency (IPCE)
and Isc, Voc, and 1 values are high in DSSCs fabricated using TiO; electrodes [14].

3. Properties of TiO,
3.1 Physical properties of TiO,

In nature, titanium oxide is found in abundance in mixture with other elements
like iron. It can be found in trace levels in rocks that are sedimentary, igneous, and
metamorphic. Black hexagonal crystals are the form that titanium dioxide
nanoparticles exhibit. TiO, is the chemical formula for titanium dioxide, which has a
composition of 40.55% oxygen and 59.55% titanium atoms [15]. The electronic con-
figuration is displayed as follows:
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Ti — [Ar] 3d*4s.

0, — [He] 2522p4‘

Having a density of 4.23 g/cm?, a melting point of 1.843°C, and a boiling point of
2.972°C, it has a molar mass of 79.938 g/mol.

3.2 Crystal structural properties of TiO,

Figure 1 depicted the three well-known titanium dioxides in crystalline phase:
rutile, anatase, and brookite. Anatase and brookite are metastable, while rutile is very
stable. Table 1 shows the properties of these polymorphs and as a result of their
varying properties, their photocatalytic activities also vary [1].

The space group Pbca describes the unit cell of brookite, which has eight formula
units in the orthorhombic cell and an orthorhombic crystalline structure [8, 16, 17]. As
seen in Figure 5, the formation of brookite can be seen as the connection of three
distorted octahedral sharing edges of TiOg, each with an oxygen atom at the corners
and a titanium atom at the center. The crystal’s proper chemical composition is
provided by the octahedral’s extensive sharing of edges and corners. The oxygen
atoms are shown in two distinct places in the distorted octahedral [16]. Every titanium
and oxygen atom has a distinct bond length [17]. The architecture of DSSCs has made
extensive use of rutile and anatase polymorphs [13, 18], while brookite has received
less attention and use due to its challenging synthetic process.

3.3 Semiconductor properties of TiO,

When atoms of large groups come together to form a solid mass or molecules,
atomic contact results in changing energy levels because of the mass quantities of

Lattice parameter (A) Space group System type Energy band gap (eV)
Rutile a=4.59% P4,/ D 14 Tetragonal 3.0
c=2.958 2T
Anatase a=3784 4wamd—D 19 Tetragonal 3.4
c=9:515 WA 4
Brookite a=9.166 b D 15 Orthorhombic 3.3
b = 5.436 -
c=5135
Table 1.

Properties of rutile, brookite, and anatase polymorphs of TiO,.

Figure 5.
(TiO,) s brookite nanocluster.
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Valence bands (pink), conduction bands (blue), band gaps, Fermi energy levels for insulators, semiconductors,
and conductors Eq. (1).

distinct molecular orbitals, which may be near or even entirely degenerate. Electrons
in an isolated atom have definite, defined energy levels. It is claimed that these energy
levels form continuous energy bands. The valence band (VB) is the energy band in the
highest energy molecular orbital (HOMO) that contains all of the valence electrons. It
can be filled entirely or partially. The energy band where mobile charge carriers,
either positive or negative, are present is the conduction band (CB). EV stands for the
greatest attainable valence-band energy, and EC stands for the lowest attainable
conduction-band energy. Figure 6 shows an illustration of the energy of the band gap,
also known as the band gap (EG), which is the difference in energy between the
margins of these two bands.

Eg =Ec—Ey (2)

The conduction band is empty, and the valance band is full at low temperatures.
Whereas mobile charge carriers that are negative are electrons, positive mobile charge
carriers are holes. The process of conduction in semiconductor materials begins when
electrons get sufficient energy to leave a hole in the valence band and jump into the
conduction band, where they can flow freely within the crystal lattice [19].

The highest occupied energy level is located at the border between the conduction
and the valence in metals, as depicted in Figure 6. Very little energy is required by
electrons at the top of the valence band to escape into the conduction band [19]. There
is a wide energy gap between the conduction bands and valence bands in insulators. It
is typically impractical to gain enough energy to excite electrons from the valence
band to the conduction band due to the forbidden gap, which is on the order of a few
electron volts. Atomically tiny energies are produced in a material via thermal excita-
tions and typical electric circuit voltages. In insulators, the energy difference between
the valence and conduction bands cannot be filled with this amount of energy. Semi-
conductors can be made more conductive by adding tiny amounts of doping material.
As a result, the band gap between the valence and conduction bands narrows, leading
to a noticeable increase in conductivity. Charge carriers, namely electrons and holes,
define semiconductors. The charge carriers show conductivity that is halfway
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between that of insulators and conductors. They have resistivity in the range of 10°-
1072 Qcm [20]. As temperature rises, there is an increase in concentration of free
electrons and holes. Intrinsic semiconductors, such as silicon and germanium, conduct
in chemically pure states.

3.3.1 Direct and indirvect band gaps

Phonons and photons interactions (holes and electrons) and energy-momentum
(E-k) relationship for carriers in a lattice where momentum and energy must be
conserved lead to the concepts of band gaps. Schrédinger equation of an
approximate one-electron problem shown in Eq. (4) is solved in order to estimate
the energy-momentum (E-k) relationship, or the band structure of a crystalline
solid [21].

(% v2 4 V(R)) @(r,k) = E(k)p(r, k) 3)

For semiconductor material to be applied in solar cells, lasers, thermoelectric
devices, and electronic devices, its band gap is essential. Direct and indirect band gaps
are the two types of band gaps seen in semiconductors. In direct-band gap semicon-
ductors, the valance band maximum and conduction band minimum are situated at
the same momentum (k) values, as shown in Figure 7. There would not be change in
momentum values when a hole at the top of the VB recombines with an electron at the
bottom of the CB. Radiative transitions are those in which energy is conserved by
means of photon emission. As seen in Figure 3, the CB minimum and VB maximum in
indirect band gap material are located at distinct k-values. Phonons are required for
conservation of momentum during the recombination of an electron and a hole in an
indirect-band gap semiconductor material [22, 23].

E E

Conduction band Conduction band

phonon (AR2) ’."
I

W,

Eg indirect

photon (hv) :
v
Valence band Valence band
k=0 k k=0 k

Figure 7.
Photon emission in direct and indirect band gap semiconductors [22].

56



Perspective Chapter: An Overview of Titanium Dioxide, Uses, Applications and DFT Study...
DOI: http://dx.doi.org/10.5772 /intechopen.1007568

3.3.2 Fermi levels in semiconductors

A semiconductor material’s conduction band is made up of numerous permitted
empty energy levels. The likelihood that an electron will fill a level with energy E at
thermal equilibrium is represented by the Fermi-Dirac distribution function, or f (E).
The Fermi-Dirac distribution function f (E) can be expressed using this (Eq. (4)):

1

f<E):W

(4)

where T is the temperature in Kelvin, Eg is the Fermi energy or Fermi level, and kg
is Boltzmann’s constant. Fermi energy is the electrochemical potential of the electrons
in a semiconductor material. It stands for the material’s average electron energy. The
chance that an electron will occupy an energy level E is represented by f(E), but the
probability that it will remain empty or that it will have an equivalent hole in the
valence band is represented by (1-f(E)) [24].

3.3.3 Density of states and carrier concentration

An energy band is a collection of discrete energy states. Every state in quantum
physics corresponds to a unique spin (up and down) and unique solution to the
Schrédinger’s wave equation for the periodic electric potential function of the semi-
conductor [22]. The number of electrons (occupied conduction-band levels) for an
intrinsic semiconductor is given by Eq. (6), which is the total number of states N(E)
multiplied by the occupancy F (E), integrated over the conduction band as presented
in (Eq. (5)).

"= JWN(E)F(E)dE 5)
E,

None or one electron can be present in each state. The density of states, as pro-
vided by (Eq. (6)), is the number of states in a narrow range of energy AE in the
energy bands.

numberofstates € AE
D(E) =
() AE x Volume

(6)

The valence-band VB and conduction-band CB’s density of states, denoted by
Dc and Dv, respectively, are functions of E, the location of AE, according to
(Egs. (7) and (8)).

_ 8amy/2m,(E — E,)

D.(E) s

E>E¢ @)

_ 8rmy/2my(E, — E)

DH(E) h3

E<E, (8)

where mn and mp are electrons and holes effective masses, respectively, averaging
over a number of orientations to account for anisotropy. Dc(E) and Dv(E) have
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dimensions of one number per cubic centimeter per electron Volt. The products Dc
(E) dE and Dv(E) dE represent the number of energy levels in the energy range
between E and E + dE per cubic centimeter of the semiconductor volume. The sepa-
ration of charge carriers in semiconductors and the photovoltaic effect are the princi-
ples that govern the production of electricity by photovoltaic technology.

TiO, performs better as a photocatalyst in nanoparticle form than in bulk struc-
ture; extensive research indicates that the charge carrier of a crystalline semiconduc-
tor particle behaves quantum mechanically like a simple particle in a box when its
diameter is lowered to a threshold radius of 10 nm [25]. Quantized semiconductor
particles are more photoactive than microcrystalline semiconductor particles,
according to Mill and Le Hunte [26]. This is because the absorption edge blue shifts as
particle size decreases, raising the redox potential of the particle’s photogenerated
holes and electrons.

4. Adsorption of dyes to TiO, surfaces and anchor group

One or more anchoring groups anchor dyes to the surface of nanocrystalline semi-
conductors. The adsorption modes that dyes append to the TiO, surface and the
electronic coupling that takes place between the dye-excited states and the unoccu-
pied states of the semiconductor are factors that determine the efficiency of DSSCs.
There are several methods in which adsorbate oxygen atoms and surface metal atoms
can bond an adsorbate to a metal oxide surface. The molecule can bind itself to the
surface metal atom via mono (1 M), bi (2 M), or tridentate (3 M) coordination. When
there are several metal-oxygen linkages, the number of metal atoms (1 M, 2 M)
involved in the adsorption process can also be utilized to differentiate between the
adsorption modes.

The most employed anchor groups for attaching sensitizers to semiconductor sur-
faces are phosphonic acid and carboxylic acid [27, 28]. Some of the potential configu-
rations for the different carboxylic acid adsorption modes are depicted in Figure 8.

Recent research on the adsorption of dyes comprising of carboxylic on TiO, sur-
faces indicates that bidentate bridging (BB), shown in Figure 8c, is the most favorable
adsorption mechanism. In this adsorption mode, one proton is transferred to a neigh-
boring surface oxygen [27, 30-32].

0”0 o o 0 o”C"“
l \\ ; :
Ti Ti’ Ti Ti
(a) (b) (c)

Figure 8.
(a) Monodentate, (b) bidentate chelating, and (c) bidentate bridging [29].
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5. Review of related works

Studies using density functional theory on the surfaces of brookite (210) and
anatase (101) showed that the building blocks of the two surfaces are comparable. One
of the most relaxed and stable surfaces of brookite polymorphs is the brookite (210)
surface [33].

A comprehensive density functional theory study on the adsorption geometry of
Ru and YEOS5 sensitizer on TiO, substrate for DSSC application was published by
Fillipo et al. [30]. The results showed that the dyes functionalized with four carboxylic
groups and contained two bipyridine ligands absorbed onto the TiO, surface through
these carboxylic groups [30].

Density functional theory was used by Prajongtat et al. [34] to examine the elec-
tronic and structural characteristics of eight distinct azo dyes (Ar-N=N-Ar, where Ar
and Ar’ indicate the aryl group, including benzene and naphthalene skeletons) as well
as their absorption into anatase TiO,. The adsorption energies obtained show that the
adsorbed dyes preferentially adopt chelating or monodentate geometries over
bidentate bridging configurations. Additionally, the azo compounds containing two
carboxyl groups are more selectively coupled to the TiO, surface, with the carboxyl
group connecting to the benzene moiety rather than the naphthalene moiety [34].

Babara et al. used a vacuum spectrometer and vacuum-tight attenuated total
reflection infrared (ATIR-IR) to measure the impact of the anchor and backbone of
perylene dye molecules as well as the infiltration of dye molecules unto porous TiO,
film at a high degree of sensitivity. Their findings showed that dyes with anhydride
groups absorb less readily to thin films than dyes with acidic anchor groups. Overall,
the simulation findings indicate that the anchoring group has a major effect on the
rate of adsorption [35].

With the aid of computer simulations and FT-IR measurements, Chiara et al.
examined the energetically favorable TiO,-adsorption mode of acetic acid as a helpful
model for real-world organic dyes. The findings showed that a bridging bidentate
adsorption mode was the most durable binding, closely matching the Fourier Trans-
form Infrared Spectroscopy (FT-IR) frequency pattern, for real organic dyes with
cyanoacrylic anchoring groups. While the bridging bidentate mode produced a stron-
ger coupling and faster electron injection, the undissociated monodentate adsorption
mode for the rhodamine-3-acetic acid anchoring group was shown to be comparably
stable. The investigation revealed a relationship between the different electron injec-
tion/recombination properties of the oxidized dye and the structural changes caused
by the different anchoring groups [36].

Jun et al. [37] investigated alkaline earth metal Ca and N co-doped anatase TiO,
sheets with exposed (001) facets made using hydrothermal methods. It was con-
firmed by the X-ray diffractometer and X-ray photoelectron spectroscopy results that
the N monodoped TiO; is less crystallin than the Ca and N co-doped TiO,. The study
confirms that co-doping Ca and N can successfully lower the generation of recombi-
nation centers, increase the efficiency of separating photo-induced electrons and
holes, and improve TiO,’s photocatalytic activity based on the hydroxyl radicals (OH)
produced during the photocatalytic experiment [37].

In order to alter the photoelectrochemical characteristics of anatase TiO,, Xu et al.
investigated co-doped anatase TiO, with transition metals (V or C) and non-metals
(N or C). First principles plane wave ultrasoft pseudopotential calculations were used
to evaluate the stability and visible light photoactivity, formation energies of the
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dopant and electronic structures. The results of the investigation demonstrated that
co-doping with transition metals makes it easier to increase the p-type dopant con-
centration. In addition to maintaining the edge of the conduction band oxidation—
reduction potential, compensated co-doping lowers the energy gap, increases optical
absorbance, improves carrier mobility, and increases conversion efficiency [38].

Puyad et al. studied two model croconate dyes, designated CR1 and CR2, one with
an electron-donating substituent (CR1) and the other with an electron-withdrawing
group (CR2). They used the periodic density functional theory to study the adsorption
of the diketo (-COCO-) groups on the surface of stoichiometric TiO, anatase (101).
Their findings showed how strongly the acidic group (-COOH) could adhere to the
surface of TiO,. Further theoretical studies also anticipated that the binding strength
of the diketone group would be substantial and comparable to that of the -

COOH group. This causes a competitive binding of the acid groups on the TiO,
surface and the diketone groups of croconate dyes [39].

Reports on two croconate dyes, CR1 and CR2, were provided by Chitumalla et al.
The researchers used periodic density-functional theory (DFT) simulations and den-
sity functional theory to calculate the electrical and optical properties of these dyes.
They also examined the adsorption behavior of the two dyes on the TiO, (101) anatase
surface. Periodic and electronic-structure calculations show that the diketone group of
CR1 bonds to the TiO, surface more strongly than that of CR2, with a binding strength
comparable to that of a typical organic dye. The substituent has a major effect on the
croconate dyes’ adsorption, optical, and electrical properties [40].

Leonardo et al. [41] reported a periodic density study of a tertiary trimethylamine
adsorption on the three most exposed surfaces of stoichiometric anatase TiO,
nanorods. Following an investigation and characterization of the energetic, structural,
and electrical properties, it was found that trimethylamine introduced unique molec-
ular states close to the edge of the TiO, valence band [41].

Density functional theory was used by Hao Yang et al. [12] to examine the ruthe-
nium (N3) sensitizer’s adsorption behavior on the anatase TiO, (001) surface.
According to the study’s findings, N3 interacts with the (001) surface more strongly
than the (101) surface, which causes the (001) surface to have a higher dye coverage.
When the N3 sensitizer was adsorbed, its energy gap was reduced, indicating a wider
absorption spectra range than when the N3 sensitizer was separated. Furthermore, it
was discovered that the TiO, (001) surface had a greater conduction band minimum
than the TiO, (101) surface, indicating a higher open circuit voltage. The findings
provided helpful hints and insight into the excellent solar to power DSSCs conversion
efficiency including exposed surface TiO; (101) nanocrystals [12].

Monique et al. investigated the CO, interactions with the (210) surface of brookite
TiO, by means of first principle simulations on cluster and periodic slab systems.
Charge spin density tests were performed to determine the charge transfer to the CO,
molecule, and the results were compared with the charge transfer to the anatase TiO,
(101) surface. The study found that the anatase (101) surface and the brookite (210)
surface provide CO, interactions that are equal in terms of energy. The findings
suggested that increasing the amount of oxygen vacancies on the brookite surface
might enhance CO, absorption. Large levels of CO, are verified to be present in the
oxygen-deficient brookite based on diffuse reflectance-generated laboratory data and
Fourier transform infra-red spectroscopy [33].

Elegbeleye et al. investigated the electronic state energy, optical properties, and
energy level alignment of the ruthenium (N3) sensitizer adsorbed on brookite TiO,
cluster in order to comprehend the electron injection efficiency and kinetics of the
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dye/TiO, complex. The light absorption maximum red shifting to higher wavelength
was attributed to the ruthenium N3 dye’s absorption on a brookite cluster, which
resulted in the distribution and shifting of the lowest unoccupied molecular orbital
(LUMO) from the dye to the TiO, cluster. The results indicated that the dye-
stimulated state of TiO, semiconductors can benefit from favorable electron injection.
Based on their findings, TiO, brookite has the potential to become a new candidate in
the DSSC semiconductor market [42].

Many investigations on surface modification of TiO, crystals employing atoms or
sensitizing dye molecules have been carried out in order to lower the band gap and
boost the activity of TiO, crystals in the visible and near-infrared parts of the solar
spectrum. Anatase and rutile polymorphs of TiO, have been used as models in these
kinds of studies to improve photocurrent yield and light harvesting in DSSC [12, 24].
The results showed enhanced spectrum responsiveness and increased TiO,
photocatalytic capabilities. TiO, oxide basic research has made substantial use of the
surfaces of anatase and rutile polymorphs, which have been employed as a paradigm.
The rutile and anatase polymorphs of TiO,, which are widely used, have been inves-
tigated extensively, while the brookite form has gained little or no attention [13].

An investigation on TiO, brookite recently suggests that TiO, brookite might have
higher photocatalytic activity [13]. According to a previous study, brookite’s absorp-
tion edge is wide and reaches the visible region of the solar spectrum, in contrast to
the sharp edges in the visible displayed by the TiO, rutile and anatase polymorphs.
Considering the dearth of studies on brookite surfaces and their alleged enhanced
photocatalytic properties, optimizing photon current density in dye-sensitized solar
cells via investigation of dye-brookite TiO, interactions is highly desirable.

6. Optical and electronic properties of TiO, brookite clusters
6.1 Computational procedures

Using Materials Studio BIOVIA, the bulk structure of the brookite TiO,
exported from the CASTEP module was optimized to obtain the ground-state struc-
ture of the TiO, brookite semiconductor [43]. 4x7x7 and 650 eV, respectively, were
the convergence energy cut-off and k-points employed for this study. An optimal
ground state bulk structure was cleaved to obtain three brookite clusters. The modeled
clusters that were cleaved are (i) a brookite nanocluster of size 5 A in x, y,and z
directions; (ii) a cluster with a stoichiometry of (TiO;) ,,, where n = 8; and (iii) a
cluster with a stoichiometry of (TiO,) n, where n = 68. Repeating the unit cell
supercellby2x2x 2 Ainthe x, y, and z directions led to the formation of (TiO,) , - s
cluster. All the structures were viewed using Avogadro software and exported to
GPAW software via the crystallographic information format (cif), for further calcu-
lations and analysis.

All DFT calculations were executed within an atomic simulation environment
(ASE) using GPAW software [44]. Avogadro was used to display the formations.
GPAW is a computer package written in Python that combines the grid space
projector-augmented wave (GPAW) with density-functional theory (DFT).

Figures 5-10 show the three TiO, brookite clusters that were considered for this
study. As mentioned in the preceding section, Figure 5 shows a (TiO,)s brookite
nanocluster made up of ten oxygen atoms and five titanium atoms that have been
cleaved from the bulk structure of brookite. The structure of brookite (TiO,)g, which
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Figure 9.
(TiO,) g brookite cluster.

Figure 10.
(TiO,) g5 brookite supercell.

is composed of eight titanium and sixteen oxygen atoms, is shown in Figure 9. The
structure was imported into the Avogadro visualizing interface using the crystallo-
graphic mode (cif) without periodicity. A periodic brookite (TiO,)eg supercell mea-
suring 2 x 2 x 2 A is shown in Figure 10. It is made of 136 oxygen atoms and 68
titanium atoms. A cluster or supercell of any size can be formed by repeating unit cells
in the %, y, and z directions, which together make up the bulk structure known as the
periodic structure.

With the PBE exchange correlation functional, GPAW was used to relax each
structure in vacuum. The structures were taken to have converged when all of the
atoms were exposed to maximal stresses of roughly 0.05 eV for the non-periodic
brookite (TiO,)s and (TiO,)g cluster models. In the relaxation process, the periodic
boundary conditions were applied to the supercell. The atoms in the cluster were
rearranged during the relaxing process until the ground state configuration was
reached, where the forces converged to a maximum of 0.05 N and the cluster was
stable. The nanocluster structures’ UV/Vis, total density of states, and partial density
of states were computed using the trajectory data obtained from the relaxed
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structures. The Total Density of States (TDOS) and Partial Density of States (PDOS)
from the GPW files were computed using the Perdew-Burke-Ernzerhof (PBE) func-
tional, and the UV/Vis was calculated in vacuum.

6.2 Optical properties of (TiO,)s and (TiO,)g brookite clusters

The absorption spectra of the (TiO,)s and (TiO,)g brookite clusters were simulated
in vacuum using the TD-DFT method. The TD-DFT calculations were performed
while using the PBE exchange correlation functional. The absorption spectra of
(TiO,)eg was not computed due to its periodicity. The UV/Vis absorption spectra of
(TiO;)s brookite nanoclusters and (TiO,)g brookite clusters are displayed in
Figures 11 and 12, respectively. The absorption spectra of (TiO,)s seen in Figure 11
were computed using the hybrid density functional theory B3LYP approximation, and
the GPAW was employed to construct the absorption spectra of the complex depicted
in Figure 11 using the PBE exchange correlation functional. The results indicate that
both (TiO,)s and (TiO,)g brookite clusters display absorption in the UV region.
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Figure 11.
UV/Vis absorption spectrum for (TiO,) ; brookite cluster.
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Figure 12.
UV/Vis absorption spectrum for (TiO,) g brookite cluster.
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TDOS (upper) and the estimated DOS (lower) for the (TiO,) s nanocluster, where the blue line represents the
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Figure 14.
TDOS (upper) and the estimated DOS (lower) for the (TiO,) g nanocluster, where the blue line represents the
oxygen contributions to PDOS and the red line represents the titanium atom contributions.

Figure 11 shows more prominent peaks, although this might be because a different
functional was used to compute the absorption spectra. (TiO;)s and (TiO,)g brookite
clusters, both show absorption in the UV region of the solar spectrum as shown in
Figures 11 and 12. Although (TiO;)s displays a small absorption peak at 400 nm,
notable absorption peaks were mostly situated at 200 nm. An increased peak height
observed for (TiO,)g brookite absorption spectra relative to the (TiO,)s absorption
spectra indicates higher absorbance. Due to the wide band gap (3.0-3.2 eV), the
absorption spectra of (TiO,)s and (TiO,)g demonstrate that TiO, is primarily sensitive
in the UV region of the solar spectrum, which is generally consistent with findings
from literature [16].
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Figure 15.
TDOS (upper) and the estimated DOS (lower) for the (TiO,)ss nanocluster, where the blue line represents the
oxygen contributions to PDOS and the red line represents the titanium atom contributions.

6.3 Electronic properties of (TiO,) n n =5, 8, 68 brookite clusters

The density of states and projected density of states were computed using GPAW
and PBE exchange correction functional in order to better understand the electronic
structure of the (TiO,)s, (TiO,)g, and (TiO,)eg nanoclusters. The TDOS and PDOS
shown in Figures 13-15 denote the total and partial density of states for (TiO,)s,
(TiO3)s, and (TiO;)es, respectively. The DOS illustrates the wide band gap that sepa-
rates the surface valence and conduction bands.

The PDOS signatures for the clusters show that the valence state contributions
emanate from the oxygen and titanium atomic orbitals. Figures 10-12 illustrates that
the oxygen 2p atomic orbitals contribute mostly to the highest occupied valence band
(VB) state, while the titanium 3d atomic orbitals predominantly contribute to the
lowest unoccupied state of the conduction band. With the exception of a tiny amount
from the titanium p atomic orbitals, the oxygen p atomic orbitals predominate the
valence band. The bulk of the titanium orbitals, especially the d and p ones, contribute
to the conduction band; the contributions of the oxygen atoms are minimal.

7. Conclusion

TiO, is suited for industrial, environmental, medicinal, deodorization, photovol-
taic, and water purification applications due to its intriguing physical, chemical,
optical, electronic, and spectrum properties. Rutile and anatase polymorphs of TiO,
have been thoroughly investigated and used in a variety of applications, particularly
for the fabrication of photoanodes for dye-sensitized solar and hybrid organic and
inorganic solar cells. As far as we are aware, not much research has been conducted on
brookite TiO,, which has limited its potential for broad use as a semiconductor in
solution-processed-based metal organic and hybrid organic-inorganic solar cell device
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architecture, as well as DSSC photoanodes. Extensive research is required to
completely comprehend TiO, brookite polymorphs’ UV-Vis absorption, electronic
excitation energies, and light harvesting efficiency, as well as the related adsorption
on dye molecules. Enhancing their optoelectrical and industrial applications will
require more knowledge about the optical and electronic properties of the dye/brook-
ite TiO, complex. These properties include their formation energies, UV-Vis absorp-
tion, HOMO-LUMO energy levels and energy gap, energy level alignment and free
energy of electron injection, density of states and projected density of states, photon
current densities, and I-V characteristics. Optimizing the optical characteristics of the
dye/brookite TiO, interface will help to increase the photon to current conversion
efficiencies and gain a better knowledge of the absorption mechanisms. This can be
accomplished by the thorough study of the TiO, brookite polymorph.
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Abstract

Energy-effective smart windows, mirrors, display devices, and automobile sunroofs
have been considered as applications of electrochromic materials. This chapter focuses
on the electrochromic behavior of Ti-based mixed metal oxides. Transition metal oxides
such as Titanium oxide (TiO,) have been used as promising electrochromic material for
this purpose since a smart window contains solid electrolyte and electrochromic mate-
rial layers (commonly metal oxide layers) sandwiched between transparent conductive
layers. However, relatively few publications studied the possible advantages (higher
colorization efficiency) of the mixtures of different metal oxides as electrochromic
material. This chapter aims to assess the results of investigations of Ti-based
multicomponent materials (TiO,-WOj3, TiO,-V,0s5, TiO,-Mo0O3, TiO-Sn0,) showing
enhanced electrochromic properties compared to the pure TiO,.

Keywords: mixed metal oxides, reactive sputtering, electrochromic materials,
coloration efficiency, TiO,

1. Introduction

Air conditioning, heating, and ventilation in buildings account for 30-40% of the
world’s energy consumption [1]. Improving the thermal and optical properties of
windows can reduce a building’s energy deficit by up to 40% [2]. Therefore, it is
important to develop technologies that dynamically control the transparency of win-
dows to reduce energy consumption in buildings. Electrochromic windows are among
the favorable solutions to this problem, as they change their light-transmitting prop-
erties when exposed to DC bias [3-5]. Dynamic control of sunlight transmission pro-
vides an opportunity to reduce energy and lighting costs by 20-50% for commercial
buildings [1, 6, 7]. The active components of such electrochromic window technolo-
gies are metal oxide layers or organic films [3, 8-11] that display electrochromism, a
phenomenon where a material changes its optical properties upon charge injection or
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extraction. There are many types of such as Titanium Dioxide (TiO,), Chromium
Oxide (CrO), Niobium Pentoxide (Nb,Os), Tin Oxide (SnO,), Nickel Oxide (NiO),
Iridium Oxide (IrO,), Tungsten Trioxide (WO3), Molybdenum Trioxide (MoQOs), and
Vanadium Oxide (V,05) [12-19].

The color change caused by applied direct electric current (DC) is the
definition of electrochromic phenomena. Transition metal (Tungsten and Molybdenum)
oxide films are the most widely investigated materials for this purpose. The solid-state
electrochromic device consists of the electrochromic, charge storage, and electrolyte
layers sandwiched between transparent conducting electrodes (TCO).

Electrochromic properties, mainly coloration efficiency, kinetics of the coloration-
bleaching process, and cyclic durability of metal oxides strongly depend on its com-
positional morphological, structural, and characteristics. It is important to study the
effect of deposition techniques and growth parameters. Important parameter for EC
films is the coloration efficiency (CE) which refers to the optical density change
(AOD) at a certain wavelength induced when a unit area is injected with charge (Qq).
The CE is calculated using the following equation, and AOD is equal with the change
of transmittance according to the Beer-Lambert law:

CE(1) = AOD/Qd = log(T},/T./Qy, (1)

where T}, is the transmittance of the bleached state, T\ is the transmittance of the
colored state, and Qg is the density of the charge inserted into or extracted from the
electrochromic material (cm”/C, square centimeter per Coulomb). CE has been calcu-
lated by specific absorption wavelength (1) and the transmittances (T}, and T,) have
been dependent on this wavelength. The coloring process evaluated the power
requirements by CE and the CE was clear about the electronic efficiency of the ECDs.
The result of the CE was presented by a plot of optical change vs. charge density
which fitted the linear part of the graph, or alternatively, the relative transmission vs.
input charge curves were plotted and CE values can be determined from the fitted
exponential curves, see Figure 1 [20].

Due to possible electron transitions between two sets of electrons, the EC effect
can be more pronounced in mixed oxides. Despite this, only a small number of studies
can be read about the possible optimization of the EC parameters in mixed oxide-type
films. The purpose of this review is to summarize the results of such investigations on
Ti-based mixed oxide layers.

2. “Pure” metal oxides
2.1 Tungsten oxide (WOj3)

The most widely studied EC oxide is Tungsten oxide (WOj3), and films of this
material have been prepared by several different methods. “Traditional” thin film-
making methods include for instance: chemical methods (spin-coating, sol-gel depo-
sition, chemical bath deposition, Langmuir-Blodgett technique, etc.), chemical and
physical vapor deposition, electrochemical methods (anodization, plating), see Ref.
[10] and references therein. Examples of physical vapor deposition: sputtering
[20-22], thermal evaporation [23-27], and pulsed laser deposition [28, 29].
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Figure 1.

Relative transmission vs. input chavge curves at five wavelengths for a pure WO3 sample (a), for a WO3-MO3
(Mo-60.3%) mixed sample (b), and for a pure MoO3 sample (c). CE values were determined from the fitted
exponential curves (ExpFit). From Ref. [20].
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Specific examples of chemical methods are the following: chemical vapor deposi-
tion [30-32] and related spray pyrolysis [33-37], and many investigations based on
chemical methods to make W oxide films [38—40]. Other researchers used electrode-
position [40, 41], anodization [42-45], and electrophoretic deposition [46]. The CE
was found to be more than 60 cm?/C in the red region in most cases [10, 47].

2.2 Molybdenum oxide (MoO3)

Electrochromic Mo oxide (MoQj3) shows similar behavior to W oxide, and wide-
spread studies used films prepared by evaporation [48, 49], chemical vapor deposition
[50], wet chemical techniques [51, 52], and electrodeposition [53]. CE was measured
34 cm?/C at 630 nm [49].

2.3 Titanium oxide (TiO,)

EC properties of Ti oxide (TiO,) were also extensively studied prepared by the
following methods: sputtering [54], chemical vapor deposition [55], and spray pyrolysis
[56, 57], various wet chemical techniques [58-60], and anodization [61-63]. The CE was
~25 cm?/C for reactive DC magnetron sputtering deposited TiO, films. TiO, films have
been also deposited by different chemical techniques and those films were used to deter-
mine the CE values, and verified that such films can show the same values of CE [54].

Different deposition methods as radio frequency (RF) reactive sputtering tech-
nique [64] and thermionic vacuum arc method have been reported for TiO, [65].

3. Mixed oxides
3.1 Ti0,-WO,

TiO, and WOj; core/shell nanorod arrays were prepared by the combination of
hydrothermal and electrodeposition methods, in the work of Cai et al. [66]. The
deposition solution was prepared by dissolving Na,WO, salt in deionized water (con-
centration: 12.5 mM) and adding hydrogen peroxide to the solution maintaining a
concentration ratio of 3 with sodium tungstate. Fluorine-doped tin oxide (FTO) glass
coated with TiO, nanorod array was used as the deposition electrode. Remarkable
enhancement of the electrochromic properties was found in the nano-array films.
Significant optical modulation (57.2% at 750 nm, 70.3% at 1800 nm, and 38.4% at
10 pm), excellent cycling performance (65.1% after 10,000 cycles) and high CE
(67.5 cm? C — 1 at 750 nm), fast switching speed (2.4 s and 1.6 s), have been achieved
for the core/shell nanorod arrays. Since a larger surface area for charge-transfer
reactions was available for ion diffusion, the improved electrochromic properties were
mainly attributed to the core/shell structure and the porous space among the nanorod
arrays. The presented data made the TiO, and WOj3 core/shell nanorod arrays a
promising material for practical electrochromic purposes.

Patil et al. [67] have used spray pyrolysis technique at 525°C to deposit TiO,-doped
WOj5 thin films onto FTO coated conducting glass substrates. Tungsten trioxide
(WOs3) and titanyl acetylacetonate (C;oH1405Ti) were used as base materials for the
deposition of TiO,-doped WOj5 thin films. The WO3 powder was dissolved in liquid
ammonia at 80°C to obtain an ammonium tungstat solution. The titanyl acetyl
acetonate powder (C;0H;405Ti) was mixed with methanol separately at room
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temperature. The two solutions were stirred in different volume % to form a homo-
geneous 100 ml precursor solution, at pH = 9. Volume percentage of the dopant varied
between 13% and 38% v/v of TiO,. (For greater than 38% doping percentage of TiO,
in WO3 homogeneous solution could not be formed and precipitation dominates.) The
thin film samples were uniform, transparent, and strongly adhesive to the substrates.
With the help of chronoamperometry (CA), cyclic voltammetry (CV) and
chronocoulometry (CC) techniques, electrochromical properties of TiO,-doped WO;
thin films have been studied. They concluded that within the studied range, TiO,
doping enhances the electrochromic performance of WO3 and samples exhibited
increasingly high reversibility with TiO, doping concentrations.

Dhandayuthapani et al. [68] reported a low-temperature making of WO5/TiO,
films via a combined chemical bath deposition and nebulized spray deposition
method. The WO; layer influenced the compositional, morphological, structural, and
electrochemical properties of TiO, films. The layered WO3 nanoplates on the TiO,
layer significantly improved the current density of the TiO, films. The electrochemical
investigation of the annealed WO3/TiO, films displayed a CE of 128.3 cm°C ", optical
modulation (AT) of 78%, and reversibility of 77.2%. Excellent durability for
1000 cycles was exhibited with a fast response of 6 s for coloration and bleaching. This
enhancement could be explained by the interconnected nanoplate bundles which
accommodate more charges and facilitate faster charge transport. The complemen-
tarity of the WO3-TiO; layers leads to efficient electrochromic character [68].

In a recent work, Ashok Reddy et al. [69] investigated the preparation of Titanium
dioxide (TiO;) nanorods/Tungsten oxide (WOj3) hybrid thin films and the effect of
nanostructures on the electrochromic characteristic of the films. They deposited WO;
thin films at the substrate temperature of 400°C. The partial pressures of oxygen were
varied. Tungsten nanorods were prepared on FTO coated glass sheets by hydrother-
mal process. Optimized WOj; layers were deposited on the TiO, nanorod film by
sputter deposition. They performed electrochemical, optical, and material analysis on
the films using CV, UV-visible spectrometry, x-ray diffraction (XRD), Raman, and x-
ray photoelectron spectroscopy (XPS). The enhanced CE of the optimized WOj; films
was attributed to the big active surface area which favored H" ions intercalation in the
layers. The TiO, nanorods/WO; hybrid films showed a good electrochemical property
in terms of the diffusion coefficient of 1.8 x 10~7 cm?/s better than those of pure WO;
(0.6 x 1077 cm?/s) and TiO, nanorods (0.4 x 10~/ cm?%/s).

Nah et al. [70] demonstrated that homogeneous and well-ordered arrays of
TiO, — WOj3 nanotubes can be layered by anodization of Ti alloys in an ethylene
glycol/fluoride-based electrolyte under special electrochemical conditions. They grew
nanotube films on different substrates [Ti, Ti-0.2 at% W (Ti-0.2 W), and Ti-9 at% W
(Ti-9 W)] by anodization at 120 V in a solution of ethylene glycol with 0.2 Mol HF.
The growth time was controlled to achieve a comparable thickness of the layers.
Ordered oxide nanotube layers were obtained with a thickness of 1.1-1.2 pm and 85—
95 nm tube diameter. These aligned mixed oxide nanotube structures are very good
for enhanced electrochromic reactions. It was shown that only small amounts of WO,
(such as 0.2 at %) can drastically improve the electrochromic properties (cycling
stability, contrast, onset potential) of nanotube layer-based devices, see Figure 2.

3.2 TiO.SOVO.SOOx

Burdis et al. [71] used RF sputtering from metallic targets for deposited thin films of
Vo0.50Ti0.500x. They used this film as a potential counter electrode in investigating
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(a) Cyclic voltammograms of the oxide nanotube (ONT) layers on Ti, Ti-0.2 W, and Ti-9 W performed between
—0.7 and 1.0 V with a scan rate of 50 mV in 0.1 Mol HCIO, electrolyte; (b) current density — time curves
acquirved by pulse potential measurement applied between —o.7 and 1.0 V with 30 s duration; (c) in situ
reflectance curves of Ti, Ti-0.2 W, and Ti-9 W ONTSs obtained during potential pulsing applied between 1.0

and — 0.7 V; and (d) optical images of the electrochromic effect of the different nanotube surfaces during
polarization cycling between 1 and — 0.7 V. The inset of (b) shows integrated charge density (Q,) for the samples.
Reprinted (adapted) with permission from Ref. [70]. Copyright 2008 American Chemical Society.

electrochromic device behavior. They concluded that the film can reversibly store
relatively large amounts of charge and it is slightly yellow-looking in transmission, while
showing acceptably low electrochromic CE. The electrochemistry of V 50Tio 500x is
found to be simple, in fact rather the same as that of WO3, for those reasons, they found
that this material was considered almost exemplary to use in such a variable transmis-
sion device. Charge capacities were measured to 60 mC/cm” for 300 nm film thickness.
The authors planned to characterize further the electrochromic coloration of these films
up to high levels of charge insertion and to determine the effect of repeated charging
and discharging on the lifetime of such films.

Marcel et al. [72] used the lamination of two tungsten and vanadium-titanjium
oxide thin films to reduce the blue absorption of vanadium oxide prepared by roll-to-
roll radiofrequency sputtering technique. To produce flexible devices adaptable for
eyewear applications, an ITO-coated mylar substrate was used. The working electrode
has been set as Tungsten oxide, while the counter-electrodes that were examined
vanadium-titanium oxide mixtures. The electrolyte used to assemble both electrodes
was a polymer gel lithium ionic conductor constituted of a lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI, LiC2F6NO4S2) lithium salt dissolved in propylene
carbonate (PC) and incorporated within a photopolymerized acrylate matrix. They
investigated the electrochromic properties of the counter electrode at four different
atomic ratios of titanium in the (0-100%) range increased at 25% steps. A blue shift
effect in the transmittance spectra of as-deposited films was first observed as the
titanium amount was increased. In situ, optical behavior was investigated while the
potential range for cycling was (1.5-4 V), and the sample with equal proportion of
vanadium and titanium displayed a noteworthy neutrality of coloration. Complete
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devices were prepared with different Ti/V ratios of 0, 1:3, 1:1, and 3:1 in the counter
electrode. The film thickness of tungsten oxide has been fixed to 300 nm, and the
thickness of vanadium-titanium oxide films has been set based on their respective
electrochemical capacity. The obtained electrochromic performances together with
their cycling lifetimes and response times were evaluated to find the optimal
vanadium-titanium composition.

33 TiOZ: MOO3

Shrestha et al. [73] fabricated self-organized TiO,~MoO3 composite oxide
nanotubes with tunable characteristics by anodization of a Ti-Mo alloy and these
nanotube layers exhibited a considerably enhanced electrochromic color contrast
compared with simple TiO, nanotubes. They prepared self-organized binary oxide
nanotube layers: a single phase Ti-Mo (7 wt%) alloy sheet was polished to a mirror
finish, and it was used as a working electrode in a classical anodization assembly. This
consists of a traditional 3-electrode system with an Ag/AgCl (3 Mol KCI) reference
electrode and a Pt mesh as a counter electrode. The color contrast in terms of reflec-
tivity for the amorphous Ti-Mo-nanotubes is 2.5-fold higher than that of the amor-
phous TiO2-nanotubes for the same charge density.

Ezhilmaran and Bhat [74] prepared a bilayer electrode with nanoparticulate TiO2
in the bottom layer and randomly oriented MoO3 nanostructures as the top layer to
obtain electrochromic device. The TiO,, MoO3 and TiO,/MoOj5 films were prepared
using simple solution methods by spin-coating the precursor solutions on conducting
FTO substrates. After the spin-coating, the samples were dried and annealed. The
heterojunction film was prepared by spin-coating MoO3 precursor solution on the
TiO, film. The electrode showed a superior behavior in terms of higher current
density and charge storage capacity as well as rate capability as compared to the
similar reports in the literature. A color contrast of 38%, switching response of ~2 s
and high CE of 72.5 cm2/C were obtained.

To enhance the CE, Ismaeel et al. [75] have performed electrochromic measure-
ments to the full composition range of reactive magnetron sputtered mixed Titanium
oxide and Molybdenum oxide (TiO,-MoO3). Spectroscopic ellipsometry (SE) has
been used to determine and map the composition and optical parameters. To check
the results of SE, scanning electron microscopy (SEM) with energy-dispersive x-ray
spectroscopy (EDS) has been used. Ti and Mo targets were put separately from each
other (see Figure 3a), and the indium-tin-oxide (iTO) covered glass sheets and Si-
probes on a glass holder (30 cm x 30 cm) were moved under the two separated targets
(Ti and Mo) in a reactive argon-oxygen (Ar-O,) gas mixture, as it can be seen in
Figure 3. After one sputtering process, all the compositions (from o to 100) % have
been achieved by using this combinatorial process, in the same sputtering chamber.
Transmission electrochemical cell has been used to determine the CE (the change of
light transmission for the unit electric charge) for the mixed metal oxides (TiO,-
MoOs3) that are deposited, see Figures 3 and 4. The two maximums in CE (see
Figure 4) can be explained by the fact that the Ti-rich side was at a much more higher
temperature during the deposition process, so the Ti-rich oxide is polycrystalline
while the Mo-rich side remains amorphous or nanocrystalline [75]. CE has been
considered an important parameter in this study. The maximum value of the CE is
222 cm? C* (at A = 600 nm) at ~60-40% Ti-Mo ratio on the Ti-rich polycrystalline
material, while CE is 19.8 cm? C™! (at A = 600 nm) at ~20% - 80% Ti-Mo ratio on the
Mo-rich amorphous (or nanocrystalline) material.
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(a) Schematic of the two targets’ arrangements in a closer position (35 cm from each other) and the chamber for
the DC magnetron sputtering device; (b) TiO,-MoOy; layers on ITO-covered glasses after-electrochromic-
experiments. From Ref. [75].
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Figure 4.
CE vs. Mo% for wavelengths from (400-800) nm of TiO,-MoO;. From Ref. [75].
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These results are concordant with the results of Habashyani et al. [76] which are
published in a recent paper. Using radio frequency magnetron sputtering (RFMS), the
authors have grown undoped and Ti-doped vertical nanowall structured MoS, thin
films and thermally oxidized these films to a-MoOj3 using the following deposition
parameters: 45 min oxidation at 380°C under 500 sccm of O, gas ambient. Sample
names’ labeling was the following: undoped MoOj3 - > MBO, Ti:MoO; with 20 W RF-
power - > MTO,, Ti:MoO3 with 30 W RF-power - > MTO30, Ti:MoO3 with 40 W RF-
power - > MTOy.

Ti has led to denser nanowall formations. Optical modulation (OM) in the visible
region was enhanced with increasing Ti concentration within the coloring potential
range of —0.2 to —0.45 V. This is relatively low working voltage, which makes the
signals energy efficient in electrochromic materials. The highest Ti-doped MoO;
(MTO,40) and undoped (MTO) samples showed 52.2% and 37.6% OM at A = 700 nm
(47.8% and 25.7%, respectively, at A = 550 nm) under —0.45 V applied potential. On
the other hand, the coloring times for MBO, MTO,g, MTO30, and MTO,o were 4.7,
4.1, 6.2, and 2.9 s, respectively, while the bleaching durations were 3.1, 1.4, 1.1, and
1.2 s for samples. MBO sample is the undoped while the Mo/Ti ratio in sample MTO5q
is 79.5, in MTO3 is 17.0, in MTO,y is 6.7 (highest Ti-doped).

Although the nanowall structure of the highest Ti-doped thin film (MTO,,) was
destroyed, this thin film showed the best coloring response time and OM at the visible
wavelengths. MTO,q and MTOj3, samples, on the other hand, have performed better
at longer wavelengths with higher OM and CE. As a result, Ti-doping has a beneficial
effect on the electrochromic behavior such as OM, CE, and response times during
coloring and bleaching of the MoOs. These Ti-doped MoOj electrochemical charac-
teristics demonstrate the suitability of these materials for device applications.

3.4 Ti022 Sl’l02

Ismaeel et al. [77] determined the optimal composition of reactive magnetron-
sputtered combinatorial mixed layers of titanium oxide and tin oxide (TiO,-SnO,) for
electrochromic purposes. SE was used to obtain the thickness and composition maps
of the sample. They also compared the performance of different optical models, such
as 2-Tauc-Lorentz multiple oscillator model (2 T-L) or the Bruggeman effective
medium approximation (BEMA) to map the sample parameters. To check the results
of SE, SEM, with EDS was used. It was shown that in the case of molecular-level
mixed layers, 2 T-L is better than an EMA-based optical model. By using SE, the
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Figure 5.

(a) The imaginary part of the refractive index (k Amplitude) as a function of time for highly conductive Si in the
liquid cell duving coloration (time-scan, simple 2-layer Cauchy model). From o to 4 min, there is low absorption,
however, from 4 to 8 min, there is a growing absorption; and (b) Map of the k parameter after coloration (simple
1-layer Cauchy model). From Ref. [77].
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X(cm) k Amplitude (Error + 0.005)
-3.5 0.0002
-3 0.0025
—-2.5 0.044
-2 0.004
-1.5 0.015
-1 0.025
-0.5 0.056
0 0.041
0.5 0.092
1 0.105
1.5 0.075
Table 1.

k Amplitude vs. Position at the center line after the colorization in the dry state. From Ref. [77].

electrochromic efficiencies of mixed metal oxides (TiO,-Sn0O,) deposited by reactive
sputtering were also mapped, too, see Figure 5.

The coloration process was followed in situ by SE at the center point of the mixed
metal oxide — highly conductive Si sample. They could map the colorized layer using a
simple one-layer Cauchy dispersion optical model after the coloration +process. For
the Cauchy model, the k Amplitude (extinction) parameter has been considered a
good indicator of the CE, as it is shown in Figure 5b. The maximum k value exhibits
that the optimal composition is at (30%) TiO,— (70%) SnO,. See Table 1.

4, Conclusions

Many binary oxides were studied as potentially promising EC materials. However,
most of the studies have investigated only a few compositions. Some of them studied
only the role of adding a single percentage of a secondary material, emphasis of
research was put on studying the effects of doping. Only a few examples can be found
where a comprehensive investigation spanning the full compositional range between
the component oxides was made. Note, that in most cases the mixed metal oxides
showed better EC properties than the pure oxides. For example, Ismaeel et al. [75]
found a fourfold enhancement of CE in Titanium-Molybdenum oxide mixed films.
Therefore, in order to enhance the EC performance of materials further focus should
be put on studying properties of mixed oxide materials in the full (0-100%) compo-
sition range. Combinatorial sputtering techniques offer a feasible way to prepare
samples for this purpose.
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Chapter 6

Perspective Chapter: Modification
Engineering of Titanium
Dioxide-Based Nanostructured
Photocatalysts for Efficient
Removal of Pollutants from Water

Martina Kocijan and Matejka Podlogar

Abstract

Titanium dioxide (TiO,) is a semiconductor photocatalyst with remarkable
attention due to its prospective environmental remediation applications. TiO,’s
unique properties, such as photocorrosion resistance, chemical stability, and low
toxicity, have prompted significant interest from worldwide researchers over the last
decades. TiO,, with its wide band gap of ~ 3.2 eV and a recombination rate of photo-
induced charge carriers, possesses low quantum efficiency and photocatalytic activ-
ity when using the overall solar spectrum. To improve photocatalytic performance
with the solar spectrum, it is necessary to strengthen the number of active sites
on the material surface to promote its adsorption capacity, separation, and carrier
transport. This chapter aims to give an overview of recent research work developed
with TiO,-based nanostructured photocatalysts to create high-throughput technolo-
gies for water treatment of a wide range of pollutants. Here, the novel engineering
modifications of TiO,-based photocatalyst nanostructures are summarized, and
discussed. This review intends to provide robust information on the modification
strategies of TiO,-based nanostructured photocatalysts to remove persistent pollut-
ants from water and develop sustainable environmental technologies.

Keywords: titanium dioxide, modification engineering, photocatalysis, persistent
pollutant, wastewater remediation

1. Introduction

The most crucial component of life on Earth, water controls the well-being of the
entire ecosystem. However, water quality is becoming increasingly endangered due
to pollution from various organic and inorganic compounds resulting from growing
urbanization and industrialization [1, 2]. The availability of clean water and energy
sources is among the highest priorities for sustainable economic growth and human-
ity. In addition, the lack of drinking water is a global problem that can be solved by
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implementing a water conservation policy, the primary goal of which is the purifica-
tion of wastewater and its reuse in industrial processes for irrigation or livestock feed-
ing, which would save drinking water [3, 4]. The presence of pollutants in water has
a harmful effect on the environment and human health. Therefore, using advanced
oxidation processes, which imply the effective removal of contaminants, is necessary
to preserve the environment and human health. Consequently, there is a request for
effective and sustainable removal of pollutants from water because conventional
methods of removing contaminants from wastewater are not sufficiently efficient,
economical, and environmentally sustainable due to the use of enormous resources
such as energy consumption, time, infrastructure, labor, and capital, more attention
is giving to advanced water treatment processes as promising processes for the effec-
tive removal of persistent pollutants from wastewater without creating secondary
pollutants [5]. Photochemistry has become a fundamental sustainable development
goal for clean water and energy [6].

Advanced oxidation processes attract attention due to the possibility of completely
removing many pollutants through oxidation and reduction reactions in water [7, 8].
The hydroxyl radical ("OH) is advanced oxidation’s processes main reactive oxygen
species. This radical can degrade various pollutants with its high reactivity and strong
oxidation potential (E° = 2.8 V). ‘'OH is an extremely unstable radical with a short
half-life of only 10" s. In terms of reactivity, it is right behind fluorine, which has an
oxidation potential of E° = 3.03 V, which gives it the ability to degrade a wide range of
pollutants with a high degradation rate constant of the order of 10°-10° M s™* [9, 10].
Figure 1 shows the specific properties of hydroxyl radicals. Among them, photoca-
talysis based on semiconductors is an effective process in wastewater treatment due to
its potential in purification wastewater where photons assist the reaction process with
a catalyst [11]. The photocatalytic process is surface-driven, so its efficiency depends
primarily on the photocatalyst’s particle size, morphology, and specific surface area.
Nowadays, nanostructured materials are most often used because they have a higher
surface-to-volume ratio than their bulk materials, which are more compact [12].

Among the available catalysts, TiO, is a well-known photocatalyst among metal
oxides due to its exceptional properties. TiO, belongs to n-type semiconductor

Powerful
oxidants

Highly
reactive

Easily
generated

Figure 1.
Schematic illustration of hydroxyl radical properties.
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materials. From 1972 until today, TiO, has been considered the most efficient
semiconductor photocatalyst and one of the most frequently used benchmarks of
standard photocatalysts in the field of environmental protection due to their excellent
properties such as exceptional photocatalytic activity, non-toxicity, good mechanical,
chemical, thermal stability, and low price [13, 14]. Semiconductor nanomaterial TiO,
has a wide range of applications in areas such as photocatalysis (hydrogen production,
wastewater treatment, and disinfection), pigments, solar cells, medicine, especially
cancer therapy, sensors, cosmetics, electrodes for photovoltaic cells, protection of met-
als from corrosion and antibacterial surfaces which are activated by light [15, 16]. TiO,
has unfavorable charge carrier dynamics and a wide band gap energy (~3.2 eV for the
anatase and brookite phase and ~3.0 eV for the rutile phase), and modification of TiO,
is required to improve the separation of charge carriers and the absorption of a broader
spectrum of light for more efficient photocatalytic activity [17, 18]. To overcome the
lack of TiO, and improve solar energy use as a green energy source, extensive research
is being done to develop new methods to modify TiO, nanostructures. Modifying the
optical and physicochemical properties of TiO, nanostructure is imperative to use a
broader spectrum of solar illumination, increasing photocatalytic efficiency and sav-
ing energy. Modified TiO,-based nanostructured photocatalysts significantly impact
the narrowing of the band gap energy and the configuration of the surface structure,
which provides a significant quant efficiency and reaction rates for the decomposition
of organic and inorganic pollutants from water under solar illumination [19, 20].

2. Modification strategies for enhanced photoactivity of TiO, under solar
irradiation

The preparation methods are essential in synthesizing TiO,-based nanostructured
photocatalysts with extraordinary photocatalytic properties. The synthesis pathways
for TiO,-based nanostructured photocatalysts are diverse, and the intention is to
enhance the photocatalytic performance of these materials. Hence, the development
of TiO,-based nanostructured photocatalyst is an innovative approach to improve the
application of nanomaterials in solar photocatalysis.

Principal preparation methods of TiO,-based nanostructured photocatalysts can
be classified as (i) in-situ and (ii) ex-situ crystallization [21, 22]:

In-situ crystallization involves synthesizing an additional component directly on a
substrate or precursor material through reaction preparation steps. Furthermore, the
functional groups on the substrate can control the size, morphology, and crystallinity
of the grown semiconductor crystals. Additionally, the direct contact of the substrate
with semiconductor nanoparticles promotes electron transfer [22].

In the ex-situ crystallization method, two or more components are mixed and
combined using various preparation techniques. This method allows for the co-
assembly of nanoparticles with different textures, sizes, and shapes on substrates.
However, the ex-situ approach is limited by nonuniform distribution and low density
of semiconductors on the substrate surface [22].

Accordingly, the modification strategies that are adopted to improve and enhance
the light absorption, charge separation, and TiO, surface reactivity are nonmetal
(N, C, B, S, B) and metal (Ag, Sn, Au, Fe, Pd, Cu) doping [19-21], defect structures
(oxygen vacancies and Ti*") in the crystal lattice [22], chemical coupling with other
semiconductors (WO;, SnO,, ZnO, ZnS, CdS, CeO,, Fe,03) [23, 24], and carbon-
based materials (graphene, GO, rGO, g-C3N,) [25-28].
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Several well-known synthesis methods are most utilized to prepare TiO,-based
nanostructured photocatalysts. The hydrothermal method is commonly used for in
situ synthesis [21]. High pressure and temperature during hydrothermal processes
promote strong interactions between compounds, forming solid interfacial bonds.
Hydrothermal technique has been increasingly accepted for synthesizing TiO,-based
nanostructured since it provides advantages compared with other synthesis processes,
such as low energy consumption, high reactivity, mild reaction conditions, simple set-
up, and solvent control. Reaction synthesis is sensitive to experimental conditions,
such as reaction temperature and time. However, it can still produce high efficiency
TiO,-based nanostructured photocatalysts with effective properties at a low cost [23].
Maleti¢ et al. conducted a synthesis reaction at 160°C for 12 h, combining a glucose
solution with hydrochloric acid and titanium isopropoxide. This result obtained is
aTiO,/HTC composite with higher porosity, firmly linked through Ti-O-C chemi-
cal bonds [24]. Sahoo et al. synthesized the pure rutile phase of TiO, nanorods with
microflower morphology using a hydrothermal method and decorated them with
Au to enhance photocatalytic degradation efficiency [25]. Further, a defect-oriented
hydrothermal approach synthesizes manganese-doped titanium dioxide nanoparticles
(MnTiO,-NPs) [26].

The sol-gel approach is a wet chemical method for synthesizing TiO,-based nano-
structures. It is based on the phase transition of a reaction from a colloidal liquid “sol”
into a solid gel through hydrolysis and polycondensation reaction [21, 27]. Ma et al.
adopted a sol-gel approach to fabricate N-TiO,/RGO nanocomposites. They added
tetrabutyl titanate and acetylacetone into ethyl alcohol under vigorous magnetic stir-
ring. After stirring the mixture for 2 h at room temperature, a nanocolloid (sol-TiO,)
was obtained. The urea solution was added to the nanocolloid sol-TiO, under vigorous
magnetic stirring for 2 h to form nitrogen-doped gel-TiO,. Then, a solution of GO was
added to the nitrogen-doped gel-TiO,, with a mixture of nitric acid and ethyl alcohol
added to avoid destroying the stable gel system. The mixture was stirred for 1.5 h and
then dried at 80°C, and dried powders were calcined in a nitrogen atmosphere for
1h [28]. The sol-gel route’s advantages include a low process temperature, the abil-
ity to control the molecular-scale composition, and the final product’s homogeneity
and high purity. However, a significant drawback is that the synthesis product is in
an amorphous rather than a crystal phase and, thus, requires an annealing step for
crystallization [29].

Recently, the microwave-assisted method for nanoparticle synthesis has gained
popularity because it involves homogeneity and rapid heating of the reaction mix-
ture at the required temperature, leading to time savings and producing smaller
and more uniform particles than other iz situ approaches. Still, microwave-assisted
methods require high-power microwave heating, with high energy consumption.
Also, the microwave-assisted approach does not allow for monitoring the growth of
nanoparticles over synthesis time or for the preparation of large quantities of photo-
catalysts [30]. Hardiansyah et al. reported a microwave-assisted synthesis of reduced
graphene oxide/titanium dioxide nanocomposites. In the experiment procedure,
water-dispersed GO and TiO, (anatase) powder were reduced simultaneously during
microwave irradiation [31].

The ex-situ crystallization method involves mixing commercially available or
already synthesized nanomaterials with colloidal suspension of graphene-based
templates, where nanoparticles attach to the graphene materials through oxygen
functional groups [21]. The mechanochemical method for nanoparticle prepara-
tion is obtained without using organic solvents or high temperatures. Therefore, it
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could reduce the negative impact on the environment. Nevertheless, high energy ball
milling may require high energy consumption [32]. Disadvantages of mechanochemi-
cal synthesis compared to other methods include the susceptibility of the synthesis
products to contamination from the production of by-products, milling balls, or
milling reactors. Synthesis products may contain low crystallinity due to defects
caused by mechanical energy input. When preparing highly soluble metal oxides that
decompose after contact with washing liquids, they cannot be easily separated from
the synthesis by-products [33]. Gonzalez et al. reported the synthesis of a few layers
of graphene (FLG) decorated with TiO, nanoparticles-hybrid nanocomposites using a
mechanochemical approach [34].

A synthesis technique can modify the morphological and optical properties of
TiO,-based nanostructured photocatalysts, and it is imperative to find the optimal
synthesis strategy for preparing TiO,-based nanostructured photocatalysts to remove
persistent pollutants from water efficiently. However, different photocatalytic param-
eters, such as the intensity of light irradiation, pH of the solution, the structure of the
contaminants, water environments, etc., can also affect the photocatalytic efficiency,
and it is necessary to investigate those parameters.

3. Application of TiO,-based nanostructured photocatalysts for
wastewater remediation

Organic contaminants, a persistent issue in textile, pharmaceutical, and agricultural
wastewater, as well as in groundwater, surface water, and municipal sewage, are a cause
for concern due to their potential adverse environmental effects over time [35, 36]. TiO,-
based materials suggest a promising solution for the efficient photocatalytic degradation
of contaminants. Possible benefits include strong interaction between materials, accel-
erating charge migration, large specific surface area, and boosting the adsorption of
pollutants. However, up till now, research offers hope for its practical application. This
chapter presents the latest TiO,-based nanostructured photocatalysts, which generally
exhibit superior photocatalytic performances compared to pure TiO,.

The new structure’s intense interaction between materials will enhance its chemi-
cal and physical properties and the separation and migration of photoinduced charge.
This will improve the lifetime of charge carriers and reduce recombination. Moreover,
TiO,-based nanostructured photocatalysts can increase the production of reactive
oxygen species, thus improving the photocatalytic activity. Given that the photo-
catalytic oxidation process primarily occurs on the exterior of the photocatalyst, a
superior surface-based adsorption performance is a prerequisite for efficient con-
taminant decomposition. The catalyst surface (oxygen functional groups) is essential
for adsorption. Their presence significantly enhances the ability to adsorb and
decompose more pollutants in wastewater, particularly near the photocatalyst surface.
This, in turn, leads to high photocatalytic efficiency, a crucial factor in the successful
application of photocatalysts in wastewater treatment.

The oxidation rate and the photocatalysis reaction’s efficiency for pollutant deg-
radation depend on various process factors. It was observed that the photocatalytic
activity increases with a decrease in the particle size, which results in a higher surface-
to-volume ratio and, consequently, a higher surface photoactivity [37, 38]. However,
some studies prove that particle size and surface area do not have a direct effect on
the photocatalytic activity of the photocatalyst but that the photocatalytic activity is
more influenced by surface properties such as the isoelectric point and pH value of
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the solution [39, 40]. In addition, synthesis parameters such as the selected precursor,
synthesis temperature, time, and heat treatment temperature can significantly affect
the photocatalytic activity [41, 42].

The surface morphology of the catalyst is a crucial factor in its use as a photo-
catalyst; since all chemical processes take place on the surface, an attempt is made
to increase the specific surface area of photocatalysts. The optimal amount of each
material in the nanocomposite plays a crucial role in obtaining a large specific surface
area of the photocatalyst [43]. An excessive amount of the added material in the
nanocomposite prevents light from reaching the TiO,, limiting the photocatalyst’s
activity. Suppose the number of components in the nanocomposite is too small. In that
case, TiO, nanoparticles create clusters on the surface, of which only a tiny number
of TiO, nanoparticles interact with the added material, forming a bond between the
materials, which limits electron transfer [44]. The nanocomposite with the optimal
ratio of the number of components in the nanocomposite has the highest rate of
electron charge transfer. Consequently, it improves the degradation of pollutants from
the aqueous medium. Fu et al. investigated the optimal amount of GO (3-28 wt%)
in GO/TiO, composite photocatalyst [45]. It was found that the best photodegrada-
tion rate of methylene blue (MB) reached 91% using 15 wt% of GO in the GO/TiO,
nanocomposite. Yadav et al. reported the degradation of rhodamine B by using a
type II heterojunction of titanium dioxide/graphitic carbon nitride (TiO,/g-C3Ny)
photocatalyst. The synthesized TiO,/g-C;N4 nanocomposite (5 wt% g-Cs;N,) showed
enhanced photocatalytic activity for the rhodamine B dye degradation compared to
pristine TiO, and g-C;N, nanoparticles. This was attributed to the synergetic effect
between TiO, and g-C3N, in the synthesized type II heterojunction TiO,/g-CsN, nano-
composite [46]. Najafi et al. prepared TiO,-GO nanocomposites with nanoparticle and
nanowire morphologies of TiO, using a hydrothermal route. In the tetragonal struc-
ture of TiO,-GO nanocomposite, covalent bonds were established between GO sheets
and TiO, nanostructures. The highest removal rate of MB was found using nanowire
Ti0,-GO nanocomposites [47].

The amount of catalyst in the photocatalytic process for the decomposition of
pollutants from the aqueous medium affects the overall rate of the photocatalytic
reaction, where the amount of catalyst is directly proportional to the overall rate of
the photocatalytic reaction. By increasing the amount of catalyst, the specific surface
area of the catalyst increases; that is, the number of active sites on the surface of the
photocatalyst increases. Consequently, more reactive radicals are produced for the
pollutant decomposition reaction [48]. Linear dependence exists to a certain degree
when the reaction rate begins to deteriorate and becomes independent of the added
amount of catalyst. However, the linear relationship ceases to be valid if the dose of
photocatalyst is above the optimal amount, that is, in excess, because the pollutant
decomposition reaction slows down. High turbidity occurs when the amount of cata-
lyst increases above the saturation level. This process can be explained by the fact that
the radiation can no longer penetrate the solution due to photocatalyst agglomeration.
As a result, photocatalyst agglomerates hinder and limit the penetration of light into
the solution on a sizable catalytic area; that is, more radiation will be scattered, which
leads to a decrease in the efficiency of the photocatalytic reaction and the percentage
of pollutant degradation will decrease [49].

The decomposition rate of pollutants depends on the pH of the solution that
controls the adsorption of the pollutant, that is, the organic compound on the surface
of the photocatalyst, since pollutant degradation reactions depend on the forma-
tion of radical species but also the electrostatic interaction between pollutants and

94



Perspective Chapter: Modification Engineering of Titanium Dioxide-Based Nanostructured...
DOI: http://dx.doi.org/10.5772/intechopen.1007375

photocatalysts [50]. Different photocatalysts have different points of zero charge
(PZC), and the surface charges depend on the pH value. The PZC of the photocatalyst
is defined as the threshold pH when the total surface charges of the catalyst are equal
to zero [51]. Pollutants in the aqueous medium can be cationic, anionic, or ampho-
teric, and depending on the molecular interaction, the reaction will either speed up
or slow down [52]. The point of zero charge (PZC) is formed where the zeta potential
is zero and the catalyst has no charge. As a result, photocatalyst agglomerates are
formed, which reduces the active surface between the organic pollutant and the
photocatalyst surface, and the formed agglomerates inhibit the penetration of light,
which leads to a decrease in the rate of dye decomposition [53, 54]. The surface of the
photocatalyst will be negatively charged when pH > pH,,,, positively charged when
pH < pH,,, and neutral when pH ~ pH,,.. Different pH values in the solution modify
the electrical double-layer photocatalyst, consisting of a charged photocatalyst
surface and pollutant molecules [55]. A schematic representation of the absorption

of cationic and anionic pollutant molecules on the photocatalyst surface in acidic

and alkaline conditions is shown in Figure 2. For example, Deshmukh et al. studied
the degradation of methylene blue from an aqueous solution at different pH values
(2.3,4.0,12.1, and 13.2) [50]. At lower pH values, that is, under acidic conditions,

the surface of the TiO,@rGO photocatalyst acquires a positive charge, leading to the
active sites’ protonation. As a cationic dye, MB creates electrostatic repulsion with
positively charged dye molecules and the surface of the TiO,@rGO photocatalyst. At
higher pH values, the TiO,@rGO photocatalyst surface becomes alkaline, leading to
deprotonation. Under alkaline conditions, there is a more significant number of nega-
tive sites on the outer surface of the TiO,@rGO photocatalyst, and complex formation
occurs due to the interactions of dye cations with the negative sites of the TiO,@rGO
photocatalyst. Electrostatic attraction of dye molecules with TiO,@rGO photocatalyst
is significant at higher pH values. It was determined that PZC = 2.62 for TiO,@rGO
photocatalyst. The PZC value confirms the presence of a negative charge on the sur-
face of the TiO,@rGO photocatalyst at a higher pH value. In this case, the hydroxyl
ions interact with the holes, which results in an increased formation of radicals and

a decrease in the recombination of electron-hole pairs. The consequence is faster
degradation of MB dyes at higher pH values, that is, in a basic medium. Chang et al.
investigated the influence of initial pH values (2, 3, 4, 6, and 8) for phenol degrada-
tion in the presence of TiO,/Fe;0,. The PZC of Fe;0,4/TiO, was around pH = 10.9.
Therefore, pH 2 is conducive to phenol degradation [53].
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Figure 2.
Schematic illustration of the absorption of cationic and anionic dye molecules on the photocatalyst surface under
acidic (left) and alkaline (vight) conditions. Reprinted with permission from Ref. [56].
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From a practical point of view, it is essential to investigate the pollutant removal
efficiency as a function of the initial pollutant concentration because, in natural
wastewater, the pollutant concentration continuously varies [57]. Different initial
pollutant concentrations require different irradiation times to achieve a certain degree
of removal of pollutants from the aqueous medium due to the ratio between the
active, reactive sites on the surface of the photocatalyst and the polluted molecules.
At alow initial concentration of pollutants, the number of reactive radicals on the
surface of the photocatalyst is greater than the number of pollutants. The absence of
pollutant molecules reduces the number of adsorbed molecules on the surface of the
reacting photocatalyst with free radicals. By increasing the dye concentration, a more
significant amount of pollutant molecules adsorbs on the surface of the photocatalyst.
As a result, fewer photons are available and reach the catalyst’s surface, resulting in
less radical formation, that is, photocatalyst deactivation occurs, resulting in a lower
percentage of pollutant decomposition from aqueous solutions. Therefore, the initial
concentration of the pollutant should be optimized with the number of active, reac-
tive sites, increasing the possibility of collision between the organic pollutant and the
corresponding radical species to achieve the fastest removal of the pollutant from the
aqueous media [57-59].

Light radiation (wavelength and light intensity) significantly impacts the pho-
tocatalytic process in the degradation of pollutants from the aqueous medium [60].
The photocatalytic activity of semiconductor oxides depends on the intensity of light
absorption. The wavelength of light is related to Eg and the photon energy of the
energy gap. Suppose the photon energy is too small, that is, smaller than the energy
gap of the catalyst (Eg). In that case, the electrons will not be excited, and the surface’s
oxidation process will not occur [61]. Better photocatalytic efficiency can be achieved
by increasing the light intensity to a specific value because it improves the charge
separation of electrons and holes. Artificial radiation is more favorable than sunlight
and can increase efficiency in degrading pollutants from water. Photocatalytic pro-
cesses can also be carried out regardless of weather conditions. However, solar energy
is emerging as an alternative and economical light source due to its abundance and
safety. Solar photocatalytic reactions of pollutant degradation are carried out using
direct sunlight. The main disadvantage of the solar photocatalytic reaction is the
weather conditions required for the process’s implementation [62-64].

Ollis summarized the effect of light intensity on the kinetics of photocatalytic deg-
radation of dyes [65]. At low radiation intensities (0-20 mW cm™?), the degradation
rate increases linearly with increasing light intensity, while at medium light intensities
(25 mW cm™), the rate depends on the square root of the light intensity. The speed is
independent of the light intensity at high light intensities because there are more pho-
tons per unit of time and area. Thus, they increase the possibility of photon activation
on the catalyst’s surface, making the photocatalytic process more efficient. However,
as the light intensity increases, the number of activation sites remains the same so
that the reaction rate only reaches a certain level, even as the light intensity continues
to increase [64, 66]. Pirgholi-Givi et al. investigated the influence of irradiation
intensity and stirring rate on the photocatalytic activity of titanium dioxide nano-
structures prepared by the microwave-assisted method for photodegradation of MB
from water [67]. The photocatalytic activity of TiO, nanostructures increasing light
intensity increases. It used a UV and Hg lamp located 15 cm above the surface of the
reaction process. The stirring rate significantly affects the photocatalytic activity of
TiO, nanostructures at low-intensity radiation. On the other hand, at high-intensity
radiation, the stirring rate has a negligible influence on the photodegradation of MB.
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Kocijan et al. monitored the photocatalytic degradation of MB from aqueous solution
under simulated solar, UV-A, and natural sunlight irradiation using 32% g-C;N,@
TiO, nanocomposite [68]. It was found that the MB removal depends on the light
source and its intensity. The MB degradation rates decreased in the order of natural
sunlight > simulated solar > UV-A irradiation.

In the literature, most of the photocatalytic degradation of organic pollutants was
carried out with distilled or ultrapure water, aqueous media containing a minimal
number of ions that do not inhibit the photocatalytic process, and the degradation of
pollutants is very efficient. Real water media have more ions, with higher conductiv-
ity than ultrapure water [69]. Various ions in the aqueous medium can negatively or
positively affect the photocatalytic efficiency of pollutant degradation [70]. From a
practical point of view, the efficiency of the photocatalytic process should be tested
in different natural water matrixes such as tap water, river water, lake water, seawater,
industrial wastewater, etc. [43]. Natural waters usually contain inorganic salts as
well as other organic substances. The water quality influences the degradation rate
of pollutants; that is, the ions present can slow down or speed up the photocatalytic
reaction [71]. The photocatalytic effect of pollutant removal from different natural
water bodies should be studied before optimizing the process for commercial applica-
tion. Kocijan et al. investigated the photocatalytic degradation of MB dye in different
water matrixes such as ultrapure, river, lake, and seawater using 32% g-CsN,@TiO,
nanocomposite [68]. The MB degradation rate was above 95% in all water matrixes
under simulated solar irradiation. The degradation rate decreased in the order of
ultrapure water > river water > lake water > seawater. A slight inhibition of the MB
degradation rate in natural water bodies influences the presence of different ions,
which act as scavengers in the photocatalytic process. Further, Kocijan et al. moni-
tored MB degradation in natural water bodies using TiO,@rGO_8 wt% nanocom-
posite under simulated solar irradiation [72]. The removal efficiency decreases in the
order of tap water (95.98%) > ultrapure water (86.13%) > river water (78.07%) > lake
water (67.48%) > seawater (56.22%), showing a significant dependence on the water
medium used.

Photocatalytic drinking water disinfection is commonly performed by an ultravio-
let light source that provides only 5% of the solar energy, making the process costly.
To address this issue, functionalized nanostructured TiO,-based photocatalysts are
currently being developed, which can take advantage of visible light, speeding up
the disinfection procedure cost-effectively. The unique physicochemical properties
of TiO, semiconductors can be beneficial for disinfection applications. Graphene
also plays a significant role in the photocatalytic inactivation of pathogen cells. Using
graphene materials, particularly reduced graphene oxide in composites with TiO,
nanoparticles, operate as a photogenerated electron transporter and acceptor, suc-
cessfully suppressing the recombination of the photoexcited pairs, thus increasing the
quantum efficiency of the microbial inactivation process [73].

Ch-Th et al. proposed a cost-effective and eco-friendly method to prepare GO/
TiO, nanocrystals with high efficiency in deactivating Escherichia coli (E. coli) K12
under simulated visible light exposure. The study demonstrated that a small amount
of the prepared photocatalyst achieved an impressive 99.9% deactivation of E. coli
K12 in only 30 minutes. The research also emphasized the important role of the
interaction between GO and hydroxyl ("OH)/superoxide (O,") radicals from TiO, in
the disinfection process [74].

Zhou et al., tested the antibacterial activity of the rGO-modified TiO, catalysts
against Entervobacter hormaechei under UV-visible light illumination. The adsorption
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and the lower recombination of photoinduced electron-hole pairs in the prepared
photocatalyst improved charge separation, which enhanced the antibacterial pro-
cess. The survival ratio of Enterobacter hormaechei was reduced to about 10% within
90 minutes under visible light illumination. Structural and morphological character-
ization showed physical contact and disruptive interaction between prepared rGO-
TiO; catalyst and Enterobacter hormaechei, mostly on rGO, which oxidized a cellular
structure. Moreover, it was found that hydroxyl radicals were the main reactive
oxygen species in the antibacterial process’s mechanism [75].

Wanag et al. found that TiO, modified with reduced graphene oxide could
effectively be utilized against E. coli bacteria’s antibacterial activity under artificial
solar light. Notably, the E. coli inactivation process is strongly related to the amount
of reduced graphene oxide. The complete inactivation of E. coli was noticed after
75 minutes of illumination [76].

In summary, it is demonstrated that the efficient photocatalytic degradation rate
of various organic pollutants and inactivating pathogens in water using photoca-
talysis depends on factors such as the extended light absorption range, separation of
photogenerated charge carriers, the concentration of rGO in the nanocomposite, and
formation of ROS.

4, Conclusion

Due to reduced potable water, water purification is imperative for future genera-
tions. The remarkable properties of titanium dioxide semiconductor material and
simple synthesis approaches make titanium dioxide materials acceptable for creat-
ing diverse nanocomposites. Titanium dioxide-based nanostructured composites
are acceptable for diverse engineering applications. The presented photocatalysts
indicate the trend of preparing TiO,-based materials to achieve synergetic effects of
nanocomposites that typically exhibit enhanced structural, morphological, optical,
and photocatalytic properties for the newly prepared nanocomposites compared to
the pure TiO, nanoparticles. This approach has been widely accepted and utilized in
solar-driven photocatalytic applications for water purification. Improved or novel
synthesis methods, especially green ones, should be developed to conduct TiO,-based
nanocomposite photocatalysts to their full application potential. This could enable
environmentally and cost-effective acceptable upscaling of laboratory synthesis,
which could then be monitored in real applications for water purification and poten-
tially contribute to society’s sustainable development.
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Perspective Chapter: TiO, Electron

Transporting Layers for Perovskite
Solar Cells

Abimbola Jacob Olasoji and Sang Hyuk Im

Abstract

TiO, is a very useful material for the fabrication of solar cells such as dye-sensitized
solar cells, quantum dot-sensitized solar cells, organic-inorganic hybrid solar cells, and
perovskite solar cells. Among these, perovskite solar cells have been of great interest
over the last decade because of their prominent properties such as high absorptivity,
ambipolar charge transportability, convenient bandgap tunability, and solution pro-
cessability. To obtain high-performance perovskite solar cells (PSCs), using effective
electron transport layers (ETLs) of TiO, is crucial to ensure efficient charge separation,
which occurs mainly at the interface between the ETL structure and the perovskite
photoactive layer. Therefore, this chapter will introduce TiO, ETLs and cover how to
prepare and modify the TiO, ETLs to achieve high-efficiency perovskite solar cells.

Keywords: titanium oxide, electron transporting layers, TiO, synthesis,
TiO, deposition, perovskite solar cells

1. Introduction

Metal halide perovskites (MHPs) have been of great interest over the last decade
because of their excellent properties, such as high absorptivity due to direct bandgap,
convenient bandgap tuneability by compositional and structural engineering, long carri-
ers’ lifetime by low trap density, high open circuit voltage due to the formation of shallow
traps, and solution processability. Metal halide perovskite solar cells are generally com-
posed of transparent conducting oxide (TCO) substrate/electron transport layer (ETL)/
MHP/hole transport layer (HTL)/counter electrode. These perovskite solar cells (PSCs)
can be classified, for example, into mesoscopic, bi-layer, and planar types in terms of
device architecture, as shown in Figure 1 [1-4]. The basic operating mechanisms of these
mesoscopic, bi-layer, and planar type PSCs are the same because the electrons and holes
are generated in the perovskite layer, and the electrons are transported into TCO through
both the ETL and perovskite layer, while holes are transported into the counter electrode
through HTL. Hence, irrespective of the ETL form used, the electrons generated in the
perovskite layer are transported into ETL. However, the structure of the ETL can be a
contributing factor to improving transportation. Time-resolved photoluminescence
(TRPL) spectra of MAPbI; (methylammonium lead triiodide) perovskite, perovskite/
TiO, ETL, perovskite/PTAA (poly-triarylamine) HTL, and ETL/perovskite/HTL samples
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Figure 1.

(a—c) Schematic illustration of device architecture of (a) mesoscopic, (b) bi-layer, and (c) planar PSCs and
(d) time-vesolved photoluminescence (TRPL) spectra of perovskite, pevovskite/ETL, perovskite/HTL, and
ETL /perovskite/HTL samples (ETL = TiO,, HTL = PTAA (poly-triarylamine) ).

in Figure 1(d) confirm that the greatest photoluminescence (PL) quenching happens at
the TiO, ETL/perovskite interface [5]. This indicates that when illuminated light enters
through the TCO/ETL side, charge separation occurs mainly at the TiO, ETL/perovskite
interface. Hence, physical as well as chemical and electronic properties of ETL are very
important to determine and enhance the performance of PSCs.

Liquid junction mesoscopic perovskite-sensitized solar cells were first reported by
the Miyasaka group in 2009. The mesoscopic devices were composed of mesoscopic TiO,
ETL/MAPbDI; or MAPbBr; perovskite/liquid electrolyte/counter electrode, and their
power conversion efficiencies (PCEs) were 3.8 and 3.1%, respectively [6]. However, their
device stabilities were very poor because perovskite is quickly corroded by liquid electro-
lyte. To solve this problem, a solid HTL such as spiro-Meeta (2,2,7,7 -tetrakis (IN,N-di-
p-methoxyphenylamine)-9,9’-spirobifluorene) was used in the mesoscopic PSCs, and
aremarkable 9.7% of PCE with improved stability was achieved [7]. Heo et al. reported
that mesoscopic TiO, PSCs are heterojunction solar cells with main charge separation
taking place at mesoscopic TiO,/MAPDbI; perovskite junction [8]. As coating technology
for the formation of pinhole-free perovskite film emerged, mesoscopic device configura-
tion was changed to bi-layer or planar type. Currently, the PCEs of single-junction PSCs
and PSC-Si tandem solar cells have reached 26.1 and 33.9%, respectively [9].

TiO; is the most widely used ETL material by different research groups for PSCs.
An ETL serves the purpose of transferring electrons and blocking the transport
of holes to the TCO electrode in PSCs. An eligible ETL must have an energy band
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position that aligns with the perovskite photoactive layer such that it is upper conduc-
tion band position should be slightly below the conduction band minimum of the
perovskite layer to ensure electron injection, while the lower valence band stands at

a deeper position to efficiently block holes. Also, the ETL should have high transpar-
ency for strong light transmittance and uniform film morphology to reduce losses due
to leakage. An ideal ETL promotes high-quality perovskite film by ensuring well-
crystalized pinhole-free compact morphology, effective electron transfer, and lowers
recombination tendencies and charge losses, as it indirectly curbs the hysteresis effect
and enhances device stability [10, 11]. Metal oxides that are often used as ETL include
but are not limited to TiO,, ZnO, SnO,, Nb,Os, WO, and WO,-TiO, [12-19]. Among
these, TiO, is the most commonly used ETL in PSCs due to its suitable band structure,
good electron mobility, non-toxicity, stability in air, and low cost [20-23].

TiO, is an n-type metal oxide semi-conductor which has wide band gap of ~3 eV.
Polymorphs of TiO, exist as rutile, anatase, and brookite in their natural and synthetic
crystalline forms, with anatase and rutile being the thermodynamically stable crystal
phases. Like other transition metal oxides, oxygen vacancies in TiO, serve as sources
of structural point defects where oxygen atoms are missing within the structure as
interstitial atoms fill the cavity space between the regular atomic sites. Vacancy is
formed by transferring oxygen atoms from atomic site to gaseous state. The oxygen
vacancy point defects foster electrical conductivity by acting as electron donors, aid-
ing ionization, and also generating ionic current in response to an electric field [24].

2. Deposition processes for the preparation of TiO, ETL

Following an increase in demand for different types of TiO, ETLs in perovskite
solar cells, a range of synthesis methods for the ETL have emerged over the years,
as shown in Figure 2, that can be used to enhance electron transporting and light
harvesting efficiency in perovskite solar cells. Generally, methods of preparing TiO,
are broadly classified under solution chemistry and vapor deposition methods.

2.1 Solution phase depositions

Chemical strategies that utilize solution chemistry techniques, which are other-
wise known as wet processes, include sol-gel chemistry, co-precipitation, hydrother-
mal, etc. The standard mechanisms for some examples of synthesis approaches used
for fabrication of semi-conductor metal oxide nanomaterials that provide excellent
control over many of the governing parameters are shown in Figure 3.

Deposition processes

Vapor phase Solution phase

Hydrothermal ¥ e Spray
a Solvothermal B pyrolysis
Figure 2.

Deposition processes used for preparation of TiO, ETL.

CVD/PVD

Sputtering
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Figure 3.

Schematic representation of the chemical synthesis routes of semi-conductor metal oxide nanomaterials via

(a) sol-gel, (b) hydrothermal, and (c) co-precipitation methods. Reproduced from Ref. [25] with permission from
the Royal Society of Chemistry licensed under a creative commons attribution.

2.1.1 Sol-gel method

The sol-gel method is commonly used to synthesize metal oxides such as TiO,
nanostructured materials, which have excellent optical and electronic properties
useful for photovoltaic energy conversion. This strategy consists of hydrolysis and
polymerization of an inorganic metal salt or metal organic compound known as a
precursor (typically metal alkoxides) to form an amorphous polymeric network of
titanium oxides and hydroxides upon completion of the polymerization step. The
liquid gel obtained can further undergo hydrothermal treatment or be used as it is
to produce TiO, thin films (by spin-coating, dip-coating, or chemical bath deposi-
tion) and 3D porous scaffolds (by using 3D templates). The presence of water in the
colloidal suspension/precursor solution of Ti(OR) leads to hydrolysis of the precur-
sor. Building of Ti-O-Ti bonds and further polymerization of the precursor can be
promoted by the addition of catalytic agents (usually solutions of inorganic acid) to
enhance peptization of the colloid. Adjustment of experimental parameters such as
pH, temperature, and water content makes it possible to achieve the formation of long
polymeric Ti-O-Ti chains that possess a narrow size distribution [26].

The three major techniques of depositing TiO, on substrates using precursor
solutions include spin-coating, dip-coating, and chemical bath deposition (CBD).
Spin-coating involves rapid deposition of thin film onto a substrate held by some
rotatable spindle where vacuum is used to fix the substrate into place, and the coat-
ing fluid is centrifugally spread on the surface radially outwards based on spin speed
applied until the thin film is formed. While the initial volume of dispensed fluid on
the substrate and dispensation rate have very little effect on the final thickness of
the film, the thickness is controlled by key parameters such as spin speed (rotation
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velocity) and viscosity of the solution. Dip-coating is done by deposition of a wet
liquid film through gradual withdrawal of a substrate from the solution medium. This
method is economically advantageous and simple to do. Key parameters for this depo-
sition are the viscosity and withdrawal speed of the substrate during deposition [24].
The chemical bath deposition technique has advantages such as cheap cost, large-area
adaptability, and no need for complex instruments. Factors that affect film growth
rate, film thickness, and quality of crystallites on substrate include pH of solution,
immersion time, temperature, and bath concentration [27].

In 2016, Liang et al. used a chemical bath to deposit a rutile TiO, compact layer on
the substrate to achieve an efficient planar heterojunction perovskite solar cell (with
a PCE of 12.62%). The rutile TiO, thin films were grown on fluorine-doped tin oxide
(FTO) substrate at 70°C using an optimized concentration of 200 mM TiCl, precursor
solution and subsequent UV/O; treatment to reduce carrier charge recombination to
achieve over 12% PCE. This work offers use in flexible substrate perovskite solar cells
where low temperature is required to deposit TiO, thin film as an effective transport
layer [28].

Ma et al. applied sol-gel chemistry to fabricate craterlike dual-functioning
(porous/blocking bi-layer) TiO, ETL for high-efficiency perovskite solar cells (with a
PCE of 16%) in 2018. Ti alkoxide-based sol-gel ink consisting of titanium isoprenoid
(Ti(OPr)4) modified with acetylacetone (Acacia), ammonium nitrate (AN), and
2-methoxyethanol (2ME) was used in the spin-coating deposition process of TiO,
films, which have craterlike surface pores of 100-300 nm diameter and ~50 nm
depth. The presence of the craterlike porous structure decreased the difference
between refractive indices of fluorine-doped tin oxide (FTO) and TiO,, thus leading
to a reduction in reflectance and increasing light transmission. Interstitially doped
nitrogen was also noticed in the structure lattice, which increased the conductivity
of the ETL. Compared to conventional dense TiO, based PSC, this craterlike porous/
blocking bi-layer-structured ETL showed an improvement of 14.5% in photocurrent
density and 19.5% enhancement in PCE [29].

2.1.2 Hydrothermal and solvothermal methods

Processes that involve hydrothermal and solvothermal processes rely on the use
of an autoclave at high pressure and moderate temperature. A process is said to be
hydrothermal or solvothermal if the solvent used is aqueous or organic respectively.
A unique characteristic of both techniques is the elevated range of processing
temperature, which operates above the boiling point of the solvent. Also, the crystal-
linity of particles synthesized through the sol-gel route can be improved through
hydrothermal and solvothermal methods. For instance, it was discovered that 1 hour
hydrothermal processing at 250°C drastically improved the crystallinity of the TiO,
nanoparticles that were previously prepared via three different sol-gels using TTIP
or TiCl, as precursors [30]. It was also reported that at 240°C in an autoclave, well-
dispersed and phase-pure anatase TiO, nanoplatelets via hydrolysis of TiCl, solution
were synthesized using ethylene glycol solvent via solvothermal method [31].

Liu et al. prepared modified anatase TiO, nanoparticles (NPs) via hydrothermal
method at 150°C for low-temperature fabrication of efficient ETL in perovskite solar
cells, and the cells exhibited reduced charge transport resistance, enhanced electron
extraction, and suppressed charge recombination. The anatase TiO, NPs of 15 nm
average diameter were synthesized using a tetrabutyl titanate precursor in an ethanol
solvent and subsequently modified using acetic acid (AA) as well as oleic acid (OA).
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The modified NPs dispersed in precursor solution were spin-coated into TiO, ETL
thin film to make PSC of 20.15 and 19.41% PCE with AA and OA, respectively [32].
Supraja et al. synthesized biphasic TiO, NPs using the solvothermal method for
the fabrication of TiO, ETL to enhance the photovoltaic performance and stability of
perovskite solar cells. The NPs in the biphasic TiO, mixture were synthesized in an
autoclave at 180°C using titanium precursor in n-propanol solvent, hydrolyzed with
deionized (DI) water, and catalyzed with HCI. An optimum of 75% brookite and 25%
rutile TiO, particles solution spin-coated into TiO; ETL in PSC exhibited the high-
est PCE of 14% which has an open circuit voltage of 1.1 V and a current density of
174 mA/cm? [33].

2.1.3 Co-precipitation method

Co-precipitation is a chemical strategy technique for fabricating TiO, nanostruc-
tures such as nanoparticles and nanorods based on the condition of using a super-
saturated aqueous solution to precipitate metal hydroxides and subsequent thermal
treatment to crystallize the oxide. It is a wet chemical solution method that is scale-up
adaptable. The major factors that affect the synthesis of micro- or nanostructures of
multiphase TiO, include reaction conditions, reactivity of starting or intermediate
materials, pH of the reaction medium, and reaction parameters such as temperature
and time of reaction [25].

Maryam et al. employed the use of co-precipitation to synthesize TiO, nanopar-
ticles used in the TiO,/ZnO photoanode as ETL material in a perovskite solar cell. The
ETL film was achieved by the screen-printing method using composited TiO, and
ZnO based on variations of the TiO,/ZnO powder mass ratio to combine the advan-
tages of both materials. The TiO, powder was synthesized by reacting TiCl;, HCI,
water, and ammonia for 24 hours until TiO, residue is precipitated, washed, dried at
100°C, and annealed at 450°C for 2 hours. The PSC with higher TiO, had good and
stable photosensitivity [34].

2.1.4 Spray pyrolysis deposition method, SPD

While gas phase methods employ a chemical vapor deposition process, the spray
pyrolysis method directly employs the use of TiO, precursor solutions by spraying the
metal salt solution onto a heated substrate. In this case, the surface temperature of the
substrate is the key parameter, as it influences the film roughness, cracking, and crys-
tallinity of the thin film deposited. As droplets fall on the heated substrate surface,
they usually spread into a disk-shaped structure as they undergo thermal decomposi-
tion. Spray pyrolysis deposition is a cost-effective and easy method employed for the
preparation of dense films. Major components of spray pyrolysis equipment include a
substrate heater, a precursor solution-fed atomizer (hand-spray or ultrasonic), and a
temperature controller [35].

Sun et al. utilized ultrasonic spray deposition of TiO, ETL as a hole-blocking layer
to fabricate reproducible and high-efficiency hybrid perovskite solar cells. Unlike the
simple airbrush approach, scalable ultrasonic spray was adopted to ensure film homo-
geneity across larger device areas. The dense TiO, blocking layer was fabricated on
FTO substrate heated at 500°C by ultrasonic spray pyrolysis of titanium (IV) diisop-
ropoxide bis(acetylacetonate) (Ti(acac),0iPr,) precursor solution for about 10 min-
utes, after which it was let to cool down. Compared to hand-spray deposition of TiO,
with macroscopic mean thickness deviation of up to +15%, ultrasonic spray yielded
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coatings of significantly reduced thickness variation to less than +5%. Coupling the
ultrasonic spray (200 kPa) blocking layer to a mesoporous TiO, nanoparticle scaffold
yielded improved charge transport with a reproducible PCE of 17.4% [36].

2.2 Vapor phase depositions

In the vapor deposition method, materials in their gaseous state are deposited as
functional materials to yield excellent thin film nano/microstructure through chemi-
cal reaction or condensation. Also, this deposition requires controllable transfer
of atoms for film growth to proceed epitaxially. Vapor deposition techniques (also
known as dry processes) include chemical vapor deposition, physical vapor deposi-
tion, sputter deposition, etc. These techniques are used to deposit uniformly thin
films. However, they are quite energy intensive and release poisonous gas as their

by-products [37].

2.2.1 Chemical, atomic layey, and physical vapor deposition methods (CVD, ALD,
PVD)

Atomic layer deposition (ALD) is a type of chemical vapor deposition (CVD) in
which thin films are fabricated by stacking atomic layers one after the other. CVD
and PVD deposition methods employ the use of high temperatures under vacuum to
vaporize liquid or solid precursors and subsequently condense the resulting vapor
into solid-phase material on a substrate. Condensation takes place due to the dif-
ference in temperature between the plasma used to vaporize the precursor and the
substrate. These methods have been used to successfully deposit nanostructured TiO,
thin films on different substrates. However, unlike CVD, no chemical reaction takes
place during deposition via PVD. A case study of well-aligned and perpendicularly
oriented homogenous TiO, nanorods (200-300 nm) thin films was achieved by con-
densation of a titanium acetylacetonate precursor vaporized at 500-700°C in an N,/O,
gas flow on a silica substrate [38]. Though both methods yielded good results for TiO,
deposition, high costs of production due to temperature conditions and expensive
equipment constitute significant drawbacks for their use. ALD is characterized by
better film uniformity and thickness controllability. Hence, the ALD method is more
frequently used (among the other vapor deposition methods) for the fabrication of
TiO, ETL used in perovskite solar cells.

Shalan et al. fabricated a uniform and pinhole-free blocking layer of TiO, via
atomic layer deposition for mesoporous perovskite solar cells. The TiO, blocking
layer deposition was done inside an ALD reactor by alternating exposure of TiCl, and
deionized water vapor at a process temperature of 300°C at 1.6 kPa for a precursor
carrier and N, purge gas operating at pulse and purge times of 0.1 and 4 seconds,
respectively, while giving an atomic deposition rate of 0.43 A per cycle. Mesoporous
m-TiO, was further spin-coated and annealed at 450°C for 30 minutes. At an opti-
mized thickness of 200 nm, the ALD-TiO, compact layer promoted efficient electron
transfer with the highest PCE of 15% [39].

2.2.2 Sputtering method

Production of a TiO, compact layer can also be done via Ti sputter deposition.
This is achieved via radio frequency (RF) reactive magnetron sputtering from a
high-purity Ti target in an Ar/O,/N; atmosphere, which is deposited on a substrate
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following subsequent oxidation. A case study of deposited compact TiO, involves
using constant sputtering pressure (10 mTorr), RF power (100 W), substrate tem-
perature (300°C), variable flow rates for argon, oxygen, and nitrogen, and an 80 mm
distance between the substrate and the target [40]. To achieve the Ti sputtering
process, there is a need for very expensive equipment and the provision of a strong
vacuum. Hence, this method is not readily available for use [41].

Ke et al. applied TiO, compact film fabricated by thermal oxidation of sputtered
Ti film. The Ti films were coated on FTO glasses by radio frequency (RF) magnetron
sputtering from a Ti target (99.9% purity) with RF power and sputtering pressure
at 100 W and 1 Pa, respectively. Thermal oxidation into the TiO, compact layer took
place during the one-step sintering process together with the spin-coated TiO, porous
layer at 500°C for 30 minutes. At an optimized thickness of 15 nm of dense compact
layer, the recombination process at the interface in PSC was greatly inhibited to give
the highest PCE of 15.07% [42].

3. Types of TiO, ETL nanostructures

Various types of TiO, nanostructures have also attracted much attention for
application in perovskite solar cells. Jarwal et al. produced TiO, nanorod arrays with
improved surface-to-volume ratio and direct carrier transportation [43] by solvo-
thermal etching and/or TiCl, treatment. Nanowire arrays and nanoflower composites
of TiO, film were fabricated by Lu et al. [44] using TiCl, precursor solution. The
resulting composite structure showed improved light harvest, short direct charge
transmission path, small leakage current and charge transmission resistance, and slow
recombination rate. Also, doping is an excellent method for improving the quality
of TiO, films. The commonly doped materials [45] include but are not limited to Nb
[46], Ta [47], Li [48], Ce [49], Mg [50], Zn [51], EuAc; [52], Zr [53], and graphene
quantum dots (QDs) [54]. Bi-layer ETLs consisting of TiO, are also employed, like the
following: TiO,/NiO [55], TiO,/ZnO [56], TiO,/Sn0, [57], TiO,/graphene [58], TiO,/
WO; [59], and TiO,/fullerene [60].

3.1 TiO, nanorods, nanotubes and nanowires

According to recent reports, tuning of size and shape of TiO, nanostructures can
be achieved under high degree of synthetic control from spherical nanoparticles to
nanostructures such as 1-dimensional (1D) nanorods, nanowire arrays, and nano-
tubes. Bottom-up routes of fabricating enormously complex nanostructures have
attracted key interest due to their versatility and potential to fabricate good-quality
TiO; nanostructures. Routes such as sol-gel, hydrothermal, and co-precipitation
methods achieve excellent chemical synthesis of multiphase TiO, nanostructures due
to (1) good control of structural phases and stoichiometry, (2) narrow dispersion in
homogeneity, size, and morphology, and (3) large-scale adaptability, inexpensive-
ness, time efficiency and low impurity in the production of nanomaterials [25].

Figure 4a [61] shows the Scanning electron microscopy (SEM) morphology of
anatase-TiO, nanorods by the co-precipitation method [25]. TiO, nanowires were
synthesized via the hydrothermal method, as shown by the SEM micrograph in
Figure 4b [61]. Also, SEM and transmission electron microscopy (TEM) images
of TiO, nanotubes synthesized through the hydrothermal method are shown in
Figure 3c, which indicates a fibrous texture of length up to 1-3 pm, outer diameters
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Figure 4.
(a) TiO, nanorods [61]: (b) TiO, nanowires [61]: (c) TiO, nanotubes [62]. Reproduced from Ref. [25] with
permission from the Royal Society of Chemistry licensed under a creative commons attvibution.

extending between 7 nm and 10 nm, inner diameters at 5 nm, and an inter-wall
spacing up to 0.5 nm [62].

Park et al. synthesized novel TiO, nanorods (NRs), which serve as excellent
building blocks for ETLs of mesoscopic perovskite solar cells. Various lengths of
70-200 nm and uniform widths of 46-48 nm were synthesized via solvothermal
reaction in basic medium, and these lengths can be reproducibly tuned by varying
concentrations of tetramethylammonium hydroxide (TMAH). Compared to conven-
tional TiO, nanoparticles, NRs showed superior photovoltaic performance with fewer
defects and significantly reduced defect-mediated charge recombination, as TiO; NRs
of 110 nm length showed the highest efficiency of 23.18% PCE [63].

Elseman et al. synthesized TiO, nanotubes via hydrothermal method as
advanced ETL for enhancing the efficiency and stability of perovskite solar cells.
TiO, NPs of 90 nm were first synthesized by co-precipitation of Ti(OCH(CHj3),) 4
and then moved to an autoclave for hydrothermal processing at 160°C for 16 hours
in a basic medium to produce the TiO, nanotubes. After purification, the nanotubes
were spin-coated on FTO to make TiO, ETL films. Compared to ETLs produced
from TiO, nanoparticles (PCE of 17.18%), TiO, nanotubes suppressed charge
recombination and reinforced transport pathways for carriers in PSC to give a
higher PCE of 19.14% [64].

Jiang et al. reported a rutile TiO, nanowire (NW)-based perovskite solar cell. Single
crystal rutile TiO, NW arrays were grown on FTO substrate using a tetrabutyl titanate
precursor via a ketone-HCl solvothermal process in an autoclave. As a result of high
electron diffusivity in the rutile nanowires, electron transport via the TiO, ETL was
enhanced. At 900 nm long rutile nanowires, which allow additional loading of perovskite
material for high light absorption, a higher current density was attained with a PCE of
11.7% which outperforms a counterpart mesoporous-based PSC [65]. Asadzade, Amir,
and Shabnam Andalibi Miandoab used FDTD (finite-difference time domain) and FE
(finite element) simulation methods to analyze the optical and electrical properties of
TiO, nanowire scaffold ETL in perovskite solar cells. At a period and height of 100 nm
and 400 nm of the nanowires, maximum PCE of 18.9% was achieved [66].

3.2 Porous TiO, scaffold (mesoporous TiO, and inverse opal TiO, ETLs)

Several concerted efforts have been put in place to investigate new strategies to max-
imize the use of solar energy since solar light is one of the most readily available renew-
able energy resources on earth. Porous scaffold is considered an option since it could
enhance light-matter interactions due to the high surface area inherent in its structure.
While mesoporous TiO, and inverse opal TiO, ETLs are the major examples of porous
TiO, scaffolds, inverse opal thin films are considered more versatile and worthy of study
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due to their unique periodic structure that effectively extends light propagation path-
ways, as they show enormous potential in harvesting solar energy [67].

Inverse opal thin films are photon-manipulation nanostructures, which are a sub-
class of photonic crystals that have a refractive index differing periodically in space and
are characterized by a stopband that prevents transmission of photons within a certain
energy range known as a band gap. The high porosity and periodic interconnected pore
network structure induces multiple light scattering effects, which promote light flow
extension and absorption efficiency of light absorbers deposited in it. This enhanced
light-trapping ability, coupled with a high surface area, has the ability to improve the
performance of solar cells [68]. The fabrication process of TiO, inverse opal follows a
bottom-up approach [69], and it consists of major three-steps, which include fabrica-
tion of colloidal template by self-assembly of monodisperse nanoparticles of polymers
such as polystyrene (PS) or polymethylmethacrylate (PMMA); defect-free infiltration
[70] of interstices of the sacrificial template via soaking or spin-assisted infiltration
using TiO, precursor solution, which solidifies as matrix phase in the composite
infiltrated opal template; inversion via etching or calcination, which leaves a replica
inverted structure of the colloidal crystal template. The template-directed fabrication
method has the tuning ability to vary dimensions of the pores of the inverted thin film
by using different sizes of polymer nanospheres in the sacrificial templates [71]. Olasoji
et al. from Im group applied template directed process through immersion infiltration
(soaking) of opal template in prehydrolyzed TiCl, precursor solution to prepare crack-
free, uniform, open top surface and improved matrix phase quality TiO, inverse opal
thin-film [70]. A mesoscopic inverse opal (meso-IO) film with a three-dimensionally
interconnected porous structure was fabricated and used as an electron-conducting
scaffold in perovskite solar cells (Figure 5). It was recorded that applying this inverse
opal scaffold increased light harvesting efficiency to give an efficiency of 17% PCE
together with reduced pinholes in the deposited perovskite layer [72].

3.3 Doped TiO,

Doping a TiO, photoelectrode can help to effectively absorb photons and better
enhance band alignment between layers and subsequent electron injection into the

TiO, 10

Figure 5.
Schematic of the architecture of the mesoscopic MAPbI, PSC with TiO, inverse opal (I0) electron-conducting
scaffold. Reproduced from Ref. [72] with permission from the Royal Society of Chemistry.
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electrode. For instance, N-type doping helps to reduce charge recombination by
increasing the conduction band and CB edge to allow smooth electron charge injection
from the perovskite layer to the ETL [73]. An example is using Y-doped TiO, (0.5%

Y) to increase the conduction band edge close to the conduction band of perovskite
[74]. Also, pure anatase TiO, mesoporous ETL hasa 3.2 eV band gap with 3.2 eV
HOMO and 5.4 eV LUMO. n-doping this TiO, ETL improved electron injection from
perovskite to the ETL, which resulted in increased V,, which consequently improved
the PCE. With this concept, many n-type doped TiO, have been used to achieve higher
Vo n-doping can be done with a few elements, such as Sn, Mg, etc. Zhang et al. [75]
doped TiO, using Sn to tune up the band gap of TiO,. This improved the efficiency of
the perovskite solar cell by 67%. Also, Manseki et al. doped TiO, with Mg to increase
the band gap of TiO, and CB edge, leading to an increased bandgap of 1 eV and
improved V,. from 587 to 802 meV [76]. Giordano et al. n-doped mesoporous TiO,
ETL via posttreatment with lithium salts to achieve superior electronic properties by
reducing electronic trap states, which promoted faster electron transport. Compared
to undoped electrodes, the Li-doped TiO, ETL films improved the PCE of CH;NH;Pbl;
perovskite solar cells from 17 to 19% with negligible hysteresis (lower than 0.3%) [77].

3.4 Low deposition temperature TiO, ETL for large-area application

Conventional TiO, ETL fabrication methods limit large-scale application on flexible
substrates due to the high heat treatment (> 450°C) required for the annealing step,
which also results in high fabrication costs based on energy consumption. To address
this issue, Yoo et al. applied low-temperature UV treatment in place of thermal anneal-
ing to sinter thin TiO, film prepared via the sputtering deposition method. The result-
ing sintered TiO, ETL showcased enhancements in carrier concentration, electron
mobility, hole-blocking ability, defect diminution, and good band alignment compared
to thermally sintered films. These sputtered and UV-treated TiO, films were applied to
large-area perovskite solar cell modules using rigid and flexible substrates, and power
conversion efficiencies of 18.82 and 14.61% respectively, were recorded [78].

3.5 High-efficiency TiO, ETL-based PSCs

In early-stage research of developing high-efficiency PSCs, TiO, ETLs were applied
using the normal (n-i-p) configuration to obtain the highest efficiency of over 25% as
summarized in Table 1, due to effective charge separation at the TiO, ETL/perovskite
interface. Yang et al. prepared a compact TiO, layer via chemical bath deposition to

TiO, ETL Synthesis Deposition Voo Jse FF PCE

method method ) (mA/cm?) (%) (%)
Compact [79] Sol-gel CBD 118 26.04 82.2 25.3
Mesoporous [80] Sol-gel Spin-coating 119 26.35 817 25.6
Nanorods [63] Solvothermal Spin-coating 114 24.06 81.0 232
Inverse opal [72] Sol-gel Template- 1.07 20.30 78.8 171

directed
Li-doped TiO, [77] Calcination Doping 111 23.00 74.0 193
Table 1.

Performance summary of high-efficiency TiO, ETL-based PSCs.
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fabricate a PSC device and achieved a PCE of 25.3% (certified 24.8%) [79]. Jeong et al.
applied mesoporous TiO, ETL to PSC and recorded a certified efficiency of 25.2% [80].
Also, Park et al. synthesized 110 nm long TiO, nanorods (NRs) ETL for perovskite solar
cells to give a PCE of 23.18% [63]. Ha et al. fabricated mesoporous inverse opal scaffold
using a template-directed process and applied it to perovskite solar cells at a PCE of
17.1% [72]. Giordano et al. did a lithium doped mesoporous TiO; layer in a PSC cell, and
they recorded 19.3% efficiency [77]. Lately, TiO, ETLs are being gradually replaced
with SnO, ETLs to fabricate better-performing perovskite solar cells with over 26%
PCE because SnO, has better transmittance and electron mobility than TiO,.

4, Conclusion

This chapter provides insights to showcase recent trends on TiO, nanostructures,
ranging from their synthesis methods to state-of-the-art modification approaches
through various chemical routes. Also, the importance and advances in adopting TiO,
ETL and how the photoactive metal oxide material contributes to the overall enhance-
ment of PSCs for improved efficiency, reduced hysteresis, and increased stability via
enhanced charge transfer, reduced defect density, and modified energy (bandgap) lev-
els were explored. Ultimately, this work shows the significance of employing TiO, ETL
in PSCs. Although TiO, has good chemical stability and proper electronic properties
for ETL in PSCs, currently it is being gradually replaced with other metal oxide ETLs
such as Sn0,, Zn,SnOy, etc., because intrinsic TiO, has relatively lower conductivity.
To expand the utilization of TiO, ETL for PSCs, it is necessary to enhance its mobility
and conductivity by doping or multiple stacking with other types of ETL. In addition,
presently PSC-based multi-junction solar cells have captured great attention to realize
highly efficient and cost-effective tandem solar cells with PCE > 35% because they can
be used for green hydrogen production, carbon capture, and solar fuel conversion.
Following these new frontiers, newly designed and modified TiO, ETLs, which can be
prepared via solution phase and/or vapor phase depositions, can be utilized.
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Abstract

This chapter presents a general overview of titanium dioxide (TiO,) as a key
component in photocatalytic degradation processes with emphasis on water quality
improvement focusing on the degradation of organic, toxic, persistent, and water-
diluted pharmaceutical waste molecules. They are often linked to emerging contami-
nants such as drug residues and byproducts from significant anthropogenic activities.
Throughout the text, there is an emphasis on physical, chemical, and optical proper-
ties of titanium dioxide that make it essential in photocatalytic applications. It also
introduces fundamental concepts and principles of photocatalysis, facilitating the
analysis of optimal experimental parameters and conditions for efficient degradation
processes. Additionally, the interaction between titanium dioxide and some pharma-
ceuticals is examined to understand potential side effects that may impact its efficacy.
Finally, the chapter discusses current challenges in the study of titanium dioxide as
part of the photocatalytic processes for pharmaceutical waste. Overcoming these
challenges would enhance its performance while ensuring its widespread implemen-
tation in water treatment systems.

Keywords: photocatalyst, photodegradation, oxidation, TiO,, pharmaceutical,
wastewater, emerging contaminants

1. Introduction

Water quality issues vary significantly across countries depending on regional eco-
nomic and social conditions. Anthropogenic activities such as agriculture, livestock
farming, urbanization, and industrial processes have contributed to the presence
of toxic molecules in the environment over time. These emissions are often referred
to as emerging contaminants (ECs) when they are deposited in water bodies. The
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increasing frequency and concentration of these contaminants have become a global
concern due to their potential for bioaccumulation [1]. These contaminants pose
significant risks to both living organisms and the environment even at low concentra-
tions (ug/L or ng/L). Conventional water treatment methods often fail to address
or completely eliminate ECs [2, 3]. Consequently, wastewater treatment plants
(WWTP) are usually identified as the major sources of pollution. This is because they
release these contaminants into aquatic systems such as oceans, rivers, and streams
[4]. Researchers have focused on identifying the primary ECs present in municipal
discharges [5, 6]. These studies aim to evaluate the impact of these contaminants on
water, sediments, and sludge, as well as to assess the quality of major water bodies
posttreatment by WWTP. Among the main ECs identified in municipal waters are
industrial and household chemicals, including artificial sweeteners [7, 8], personal
care product ingredients [9, 10], pharmaceuticals [11, 12], hormones [13, 14], UV fil-
ters [15, 16] pesticides [17, 18], plasticizers, and flame retardants [19]. More sensitive
analytical technologies [20, 21] have facilitated the detection of these contaminants,
raising concerns about their potential environmental and health implications [22, 23].
In recent years, the development of various technologies aiming to minimize or
degrade emerging contaminants (EC) has increased. These new technologies have
become a complementary approach to conventional physical, chemical, or biologi-
cal treatment carried out in WWTP. These posttreatments are based on adsorption
processes [24, 25] and on the degradation of molecules through advanced oxidation
processes [26], using nanoparticles or nanomaterials as adsorbents [27] or photocata-
lysts [28, 29]. Titanium oxide (TiO,) is being widely used due to its efficiency in the
degradation of ECs when it is exposed to ultraviolet (UV) light [30, 31]. Currently,
research is oriented to improve photocatalysts to promote further development of
its application in water treatment [32] and its implementation in WWTPs. In recent
years, various interest groups have promoted research on wastewater treatments
[33, 34], seeking an innovative, efficient, economic, and low-energy alternative for
use at a domestic scale. These initiatives intend to ensure implementation and main-
tenance of technological infrastructure that meets the water consumption require-
ments. Therefore, this chapter presents the environmental impact caused by the
presence of pharmaceutical waste and its byproducts in water bodies. Properties that
characterize a photocatalyst are also presented in the following sections. Also, topics
such as water pollution, titanium oxide (TiO,) as a photocatalyst, and catalytic photo-
degradation of pharmaceuticals are also analyzed. Finally, some advantages of TiO, as
a catalyst are addressed. The chapter closes analyzing the challenges and perspectives
of this element as a “new-proposed stage” in water treatment plants.

2. Water pollution

Water pollution by ECs is becoming an environmental problem of global rel-
evance. These contaminants have multiple and varied origins, including personal care
products, agrochemicals, hormones, textile dyes, fire retardants and pharmaceuticals,
among others [35]. In addition, these contaminants can interact with organic matter;
they are soluble in water and persistent in the environment and they are bioaccumula-
tive. Even at low concentrations (from ngL —1 a pgL —1), they can significantly affect
the ecosystem [36]. In particular, pharmaceuticals represent an important problem
that requires immediate action. Their chemical stability, their extensive global
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consumption, their incessant arrival into the environment, and their difficult deg-
radation through biodegradable processes or conventional technologies place them
among the emerging contaminants of interest for some researchers [37]. Additionally,
emerging contaminants derived from pharmaceutical products represent a growing
concern due to their negative impacts on the environment and human health [38].
For example, hormonal compounds can alter the endocrine system of fish result-

ing in phenomena such as feminization of males and changes in reproduction and
growth patterns [39, 40]. Another example occurs when the presence of antibiotics
in the aquatic environment can promote the appearance and proliferation of resistant
bacterial strains, complicating the treatment of infections in humans and animals
[41]. The bioaccumulation of pharmaceutical products affects the food chain of fish,
which can cause risks to human health [42]. A worrying aspect of this problem is the
presence of pharmaceutical products and their transformation products in various
surfaces, underground, residual, and drinking water sources. These products enter
the aquatic environment through multiple sources, including landfills, incineration,
pharmaceutical waste from livestock, domestic waste, and hospital and industrial
waste (Figure 1). These primary sources generate waste products that affect the

soil, water, and atmosphere. Contaminants can filter into groundwater after passing
through various soil layers and treatment systems [43].

Most of the emerging contaminants are not easily biodegradable and have
complex chemical structures that allow them to pass through the filtration processes
of WWTPs without being effectively removed [44, 45]. That is why advanced
oxidative processes (AOPs) are proposed for the treatment of these contaminants.
These processes include techniques such as electrochemical processes, ozonation,
photolysis, the Fenton process, photo-Fenton, and photocatalysis, among others.
These methods are proven to be highly effective for the degradation of molecules
with characteristics like those of emerging contaminants. This effectiveness lies in
their ability to generate highly reactive free radicals, such as the hydroxyl radical
(*OH). These methods can break down the complex chemical structures of these
compounds and transform them into less toxic and simpler end products such as
carbon dioxide and water [46, 47].
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3. Titanium oxide (TiO,) as photocatalyst

Catalysis is a field of chemistry that studies changes in the rate of chemical
reactions. These changes are attributed to the incorporation of a material, called a
catalyst, which is added in a chemical reaction with the intention of transforming
one molecule into another one. Catalysts must have physical and chemical proper-
ties that allow the acceleration of the transformation process. Physical properties
include surface area, porosity, pore size, and volume. These properties allow the
incorporation and availability of the active sites, as well as the circulation of the
reactants. The chemical properties are the chemical composition, the active sites,
and acidity. The active sites favor lower activation energy (Eq. 1), to reach the
transition state necessary for the reaction to occur. These characteristics make the
catalyst specific, special, or unique for certain reactions and stable under differ-
ent conditions. This is why chemical and physical properties define the catalytic
performance of the catalyst in a reaction [48]. On the other hand, catalysts must
also have catalytic properties such as activity, selectivity, and stability. The activ-
ity of a catalyst refers to its ability to accelerate a chemical reaction. This property
is measured as a rate where the reaction progresses in the presence of the catalyst
[49]. Also, the Turnover Number (TON, Eq. 2) and Turnover Frequency (TOF,
Eq. 3) are used to evaluate its effectiveness. These frequencies allow the com-
parison of catalytic performance with other catalysts under different conditions.
These measurements consider the number of active molecules converted per
catalytic active site and per second [50]. If the catalyst does not present activity in
a particular reaction, even if it apparently has certain chemical or physical prop-
erties, it cannot be considered a good catalyst.

Amount of substance converted (mol) )
—r, =
4 mass of catalyst (g)xtime(s)

_ number of moles of product obtained

ON (2)

moles of catalyst

number of moles of product obtained

TOF = 3)

time xmoles of catalyst

The selectivity property of a catalyst refers to its ability to favor the production
of a specific product. This production can be carried out at a higher rate or in greater
quantity over other undesired products that can also be formed during a reaction.
This property is crucial for obtaining specific products with high purity and depends
on the structure, phase, and chemical composition of the catalyst, specifically on the
active sites that interact with the reagents. The property of chemical stability during
the reaction of a catalyst is also crucial. Catalysts should not degrade, transform,
undergo structural alterations, or accumulate impurities under the reaction condi-
tions (temperature, pH, agitation, time, and toxic substances, among others). The
deactivation of the catalyst and the loss of catalytic activity are favored by these
factors. On the contrary, a good catalyst must be stable and capable of being regener-
ated after each reaction cycle; that is, it must be able to be recovered and reused with
the same efficiency.
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Catalysis can be carried out in two ways: homogeneous or heterogeneous.
Homogeneous catalysis is distinguished by the fact that the catalyst and the reactants
are in the same phase, either in the liquid phase (most commonly used) or in the gas
phase. In heterogeneous catalysis, the catalyst is in a different phase than the reac-
tants. For example, it is common for the catalyst to be in the solid phase, while the
reactants can be in the liquid or gas phase. In general, these two approaches have their
advantages and disadvantages when carrying out a chemical reaction (Table 1). In the
case of homogeneous catalysis, the main advantage is that there is a uniform distribu-
tion when it is in the same phase and also a greater contact with the reagents. This
distribution favors the efficiency of the reaction and obtains a better catalytic activity
as well as greater selectivity. Meanwhile, heterogeneous catalysis has the advantage
of its easy separation and recovery of the catalyst. This favors the purity of products
from contaminating substances or molecules [51].

During the chemical reaction, the catalyst is in direct contact with the reactants
and activated to facilitate or accelerate the reaction. Catalysts can also be classified
by the element that activates them. For example, catalyst activation can be carried
out by exposing the mixture to a specific temperature or light source. Activation is
mostly promoted by a thermal process. The temperature required for this to occur can
vary and depends on the chemical molecule or active site to be activated [52]. On the
other hand, there are catalysts that are activated when exposed to light (photons),
mainly ultraviolet (UV), visible (VIS), or solar light. Photocatalysts are activated
when exposed to photons of light. These photons excite electrons on the surface of the
material, creating electron-hole pairs (negative electrons and positive holes). During
excitation, reactive species (free radicals) are produced to participate in the reactions,
favoring the breakdown of organic molecules. The effective activation of a photocata-
lyst depends on the type of light (wavelength, intensity, and duration of exposure).
For a photocatalyst to have good catalytic activity, it must have certain optical proper-
ties that favor the interaction of light with the active sites. The band gap is one of the
important properties of photocatalysts since it defines the wavelengths of light that
can be reflected, scattered, or absorbed in the material, playing an important role in
the excitation of the active sites [53].

Photocatalysis is an advanced oxidation process (Figure 2). During the reac-
tion, the photocatalyst promotes the formation of reactive species (hydroxyl
radicals) that interact with reactants (organic molecules). The photocatalyst first
absorbs photons to form the electron-hole pair and then promotes the migration
of the electron-hole pair to the catalyst surface. Then, it interacts with the water
molecules (H,0) and oxygen (O,), oxidizing water to form the hydroxyl radical

Features Homogeneous Heterogeneous
Activity High Variable
Selectivity High Moderate
Stability Low High
Recovery Difficult Easy
Reusable Low High

Table 1.

Advantages and disadvantages of homogeneous and heterogeneous catalysis.
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Photocatalyst mechanism diagram.

(*OH) or reducing oxygen to form the superoxide radical (O2), respectively.
Hydroxyl radicals are very reactive in the presence of organic molecules (e.g.,
contaminant molecules), until mineralization can be achieved, forming molecules
such as carbon dioxide (CO,) and water (H,0) [54, 55]. Titanium oxide (TiO,) is
the most widely used material as a photocatalyst. This material has ideal proper-
ties to be activated in the presence of photons. The main properties of this mate-
rial are its optical characteristics, which classify it as a good semiconductor in

the presence of light. TiO, has a band gap of approximately 3.0 eV for the anatase
phase and 3.2 eV for the rutile phase, active within this range of ultraviolet (UV)
light, and generates electron-hole pairs necessary for photocatalysis. Additionally,
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Publication of research works related to titanium oxide [58—60].
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TiO, is stable and resistant in corrosive environments, nontoxic, and naturally
abundant, which makes it economical, with good performance throughout the
process [56, 57].

In the last 20 years, many research works are related to the use of titanium oxide
(Figure 3). These studies range from the design of the photocatalytic material or its
improvement, to its application in the degradation or conversion of molecules, and
only 22% are focused on its application as a photocatalyst. As explained, photocata-
lysts, due to their optical properties, are ideal materials for the degradation of toxic
organic molecules classified as emerging contaminants. Therefore, the number of
studies related to the application of TiO, as a photocatalyst in the degradation of
emerging molecules has also increased, and only in the case of pharmaceuticals,
it is around 5%. This result represents a large area of opportunity that should be
developed.

4. Catalytic photodegradation of pharmaceuticals

Pharmaceuticals are chemical compounds used for the treatment and prevention
of diseases in humans and animals. These compounds are designed to be biologi-
cally active and persistent, ensuring their therapeutic efficacy. Their classification
is wide and includes antibiotics, analgesics, antifungals, anticonvulsants, beta
blockers, hormones, and lipid regulators, among others [61, 62]. Monitoring studies
detected the presence of pharmaceutical compounds in the environment, resulting
from the inappropriate excretion and disposal of medicines by consumers [63]. The
literature reports their presence in various bodies of water, such as surface water,
underground water, drinking water, and affluents from wastewater treatment plants.
This phenomenon varies according to the region, time of year, climatic conditions,
and consumption patterns of each country. Among the main compounds detected are
acetaminophen, ibuprofen, diclofenac, naproxen, codeine, gemfibrozil, sulfamethox-
azole, erythromycin, triclosan, trimethoprim, metoprolol, and carbamazepine.
These compounds appear in low concentrations, ranging from ng/L to g/L, and their
presence has been increasing in recent decades [64]. The negative effects of drugs and
their metabolites on the ecosystem are attributed to their physicochemical proper-
ties, such as high polarity, volatility, lipophilicity, and adsorption capacity [65]. Their
continuous release into the aquatic environment through various pathways, such
as treated or untreated wastewater from municipal, hospital, and industrial plants,
landfill leachates, and surface runoff from urban or agricultural areas, classifies them
as emerging and pseudopersistent microcontaminants [66, 67]. The persistence of
these compounds in the environment is due to their resistance to degradation by natu-
ral processes, and conventional treatments are not effective in reducing their levels or
eliminating them. The potential risk of pharmaceutical compounds at environmental
concentrations on aquatic organisms and human health is not yet fully understood.
However, studies have revealed that even at trace concentrations, many pharmaceuti-
cals cause negative effects, such as reproductive alterations due to hormonal activity,
diabetes, obesity, endometriosis, and antibiotic resistance, among others [68].

Removing or reducing molecules from pharmaceuticals presents a significant
challenge due to the complexity of environmental mixtures and matrices [69].
Experimental parameters such as the amount of catalyst, the concentration of the
pharmaceutical compound, the presence of electron acceptors, and the pH are crucial
to maximize the removal and mineralization efficiency of the pharmaceuticals, and
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their intermediates generated during the process [70]. Research studies showed a
relationship between the percentage of degradation and the concentration of pharma-
ceutical compounds, attributed to the saturation of the active sites on the TiO, surface
by high concentrations of organic molecules and their byproducts, limiting the sites
available for the generation of hydroxyl radicals [71]. The mass of TiO, also influences
the percentage of degradation of pharmaceutical compounds. Although a higher
catalyst loading provides more surface area for adsorption of molecules, a screening
effect can occur in the center of the reactor, where internal particles do not contribute
to electron-hole pair production due to the excess of TiO, [72]. This phenomenon has
been observed in the case of paracetamol, where the optimal photocatalyst load was
determined to avoid this effect under specific conditions [73]. pH is another factor
that can affect molecule degradation rates with TiO,. The photocatalyst surface can be
positively charged in solutions with pH below 6 (zero charge point of TiO,) or nega-
tively charged above this value, which influences the adsorption of pharmaceuticals
on the TiO; surface. It is essential to monitor the pH behavior in the degradation of
specific molecules, as it affects its photocatalysis [74]. In addition, the composition of
TiO, plays an important role in its photocatalytic activity. The anatase phase has been
shown to degrade clofibric acid more quickly than rutile catalysts and the commercial
Aeroxide P,s, which contains mixed fractions of both phases [75]. Many research
studies indicate that commercial TiO, P,s (70:30, anatase:rutile) degradation is more
efficient due to reduced recombination of electron-hole pairs on the surface or bulk of
the photocatalyst in the presence of UV light [76].

TiO, doping is an effective strategy to reduce the band gap, allowing its activa-
tion with lower energy and facilitating the photocatalysis of pharmaceuticals under
visible light [77]. The radiation source and intensity used to activate the photocata-
lyst are also crucial factors [78, 79]. The photodegradation mechanisms of drugs
with TiO, have been widely described. In some cases, it has been reported that the
products generated by oxidation may have a higher toxicity than the original com-
pound, as in the case of diclofenac and ibuprofen; in other cases, complete mineral-
ization of the drugs has been demonstrated [80, 81]. Regarding the efficiency and
conditions of drug degradation using exclusively TiO, as a photocatalyst, pharma-
ceuticals are classified into groups: analgesics and anti-inflammatories, antibiotics,
antiepileptics, antidepressants, lipid-lowering agents, and beta-blockers, among
others [82]. Nonsteroidal anti-inflammatory drugs (NSAIDs) are a group of mol-
ecules used to reduce fever, pain, and inflammation. Their high consumption has
turned them into emerging microcontaminants in bodies of water. The degradation
of ibuprofen, naproxen, diclofenac, acetaminophen (paracetamol), acetylsalicylic
acid (aspirin), ketoprofen, and metamizole, among others, has been widely studied
in the presence of TiO,, varying the process conditions, obtaining kinetic param-
eters of the degradation rates, and considering them as model molecules to test
new photocatalysts [83].

Antibiotics are designed to reduce microbes, safeguarding human and animal life.
Examples of these antibiotics include azithromycin, sulfamethoxazole, ofloxacin,
trimethoprim, ampicillin, doxycycline, tylosin, sulfathiazole, chloramphenicol,
vancomycin, amoxicillin, cloxacillin, metronidazole, tetracycline, ciprofloxacin, moxi-
floxacin, clarithromycin, and erythromycin. Photocatalysis with TiO, is an efficient
method to degrade these compounds in water. However, the byproducts generated
must be tested for ecotoxicity [84]. During the degradation of antiepileptic drugs such
as carbamazepine and antidepressants such as benzodiazepine, venlafaxine, sertraline,

132



Perspective Chapter: Titanium Dioxide as a Photocatalysts for Pharmaceutical Waste Degradation...
DOI: http://dx.doi.org/10.5772/intechopen.1007736

and promazine, the porous structure of the photocatalyst has been observed to
improve the degradation efficiency. The kinetic data match the first-order reaction rate
law during the first few minutes of irradiation [85]. Lipid control drugs, which lower
plasma cholesterol and triglyceride levels, have also been studied in photocatalysis.
The family of fibrates (bezafibrate, fenofibrate, and gemfibrozil) and atorvastatin

and simvastatin have shown complete degradation using solar simulators to activate
TiO,, reporting pseudo-first-order kinetics [67]. Beta blockers, used to reduce blood
pressure, include compounds such as metoprolol, propranolol, and atenolol. High
percentages of mineralization have been reported due to the attack of hydroxyl radicals
on the aromatic benzene ring of these molecules in the presence of commercial TiO,
and UV light [63]. In addition, contraceptives, antidiabetics, stimulants, and opiates
have been studied due to their presence in wastewater, developing scientific interest

in their elimination through advanced oxidation processes [61]. These studies clearly
suggest that organic molecule degradation processes in aqueous solution using TiO, are
successful. Parameters such as initial drug concentration, catalyst dosage, pH, catalyst
nature (doped/undoped), light source, stirring speed, and photoreactor design are
crucial to achieve high efficiency and complete oxidation of drugs into less polluting
products [86].

5. Advantages, challenges, and prospects

The management and treatment of various environmental contaminants have
driven the development of sustainable proposals and strategies. One of the most
promising alternatives in environmental technology is AOPs, specifically heteroge-
neous photocatalysis [87]. This technology offers significant advantages compared
to conventional wastewater treatments [88, 89]. The remarkable acceptance of TiO,
is due to its large surface area, adsorption capacity, photostability [90], chemical and
thermal stability, low cost, environmental friendliness and, mainly, its high photocat-
alytic activity [91]. However, there are some important limitations in the application
of TiO, as a photocatalyst, which directly affect its performance. These limitations are
related to the properties of the photocatalyst and engineering aspects of the design
of water treatment equipment [92]. The crystalline structure of TiO,, specifically the
anatase phase, provides a higher surface area [93] and greater photocatalytic effi-
ciency. However, the incidence of light photons with wavelengths less than 400 nm
is essential; that is, TiO, specifically requires ultraviolet (UV) light energy for its
proper activation [94]. This necessity represents a limitation for the use of TiO, in
photocatalytic processes under solar radiation, since TiO; can absorb approximately
only 5% of the energy coming from solar radiation, corresponding to the UV light
region. Therefore, the rest of the visible light energy (~43%) and infrared light
energy (~52%) is not used, which does not provide an additional benefit in chemical
transformations (redox reactions) or in the photocatalytic process [95].

Another aspect to consider is the high percentage of recombination of charge
carriers (electron-hole pairs) within or on the surface of the photocatalyst. The
recombination rate can reach up to 90%, which counteracts the expected efficiency
of the photocatalytic process. The efficiency of photocatalysis can be affected by the
concentration of contaminants and the adsorption of inorganic ions on the surface
of the photocatalyst. These contaminants can compete with the photocatalyst for
the absorption of light photons, necessary for its activation and photocatalytic
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performance, as previously mentioned. Similarly, the adsorption of inorganic ions
(phosphates, nitrates, and/or sulfates) on the surface of the photocatalyst can block
its active sites and form a thin film that hinders the effective adsorption of the con-
taminants to be degraded [92]. From a technical approach, establishing a wastewater
treatment system using photocatalytic processes (on a pilot or industrial scale) may
require a considerable investment due to its maintenance and consumption of chemi-
cal reagents. This aspect arises from the need to perform various experimental tests
to determine the optimal operating conditions (catalyst, pH, etc.) and obtain the
best results in the process. However, the greatest challenge lies in the demand for UV
light energy needed for its implementation. To address this energy need, efforts have
been directed toward harnessing renewable energy sources, such as solar radiation
[96]. In this context, the equipment used must meet the following conditions: favor
the capture of solar radiation, inhibit recombination reactions, regulate temperature
conditions, and ensure that the investment is the most economical option [97]. It is
important to mention that the technical aspects are crucial, but they do not cover all
the drawbacks. An additional complication is the complete recovery of the photocata-
lyst from the treated aqueous medium through a filtration process, since not doing
so and releasing it directly could generate a new problem due to the toxicity of TiO,
at the environmental level [98, 99]. The volumes of treated water obtained through
this alternative technology are usually small compared to conventional systems. In
response to these areas of opportunity and with the aim of proposing photocatalytic
processes as a viable technology for wastewater treatment, various studies have been
developed to improve the performance of the photocatalyst [96].

Experimental results indicate the inhibiting the recombination process and
enhancing chemical transformations is performed on the surface of the photocatalyst,
hence the importance of the synthesis process, where the surface characteristics
(physical and chemical) are defined. Regarding the use of solar radiation as a renew-
able energy source for photocatalytic processes, most strategies focus on improving
the physicochemical and optical properties of TiO,, mainly by increasing the absorp-
tion of visible light photons. To achieve this goal, it is necessary to dope and codope
TiO,, as well as the incorporation of dyes to sensitize the surface of the photocatalyst
[100]. For the modification of TiO, (doping or codoping), various types of ions are
used, and most of them come from transition metals (vanadium, nickel, copper, and
iron), noble metals (ruthenium, palladium, platinum, gold, and silver), and rare
earth metals (cerium, gadolinium, terbium, and europium, among others). These
modifications reduce the band gap value of pure TiO,, allowing its activation with
visible light photons (>400 nm) from solar radiation. It has been reported that an
additional benefit is the inhibition of electron-hole pair recombination reactions
[101]. On the other hand, the incorporation of dyes aims to sensitize the surface of
the photocatalyst and increase the absorption of visible light, improving its photo-
activation [102]. The most notable equipment is parabolic trough collector reactors
(PTC). These reactors have been shown to cover various operational needs, such as
solar radiation collection and temperature control. In addition, they have overcome
intrinsic physicochemical limitations by minimizing recombination processes, also
achieving the degradation of emerging contaminants [103]. These equipment’s are
used in process of water disinfection, detoxification, and degradation of emerg-
ing contaminants derived from pharmaceuticals [104, 105] and pesticides [106].
PTC reactors are promising for water decontamination, although they only allow
treating small volumes of water, from 0.4 L to approximately 10 L. Therefore, an
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industrial-scale wastewater treatment system with PTC reactors would require a large
surface area and a high economic investment [107]. It is necessary to assess the techni-
cal and economic feasibility of installing these photocatalytic systems.

Another important factor is determining the amount of energy that can be used,
since solar energy depends on the geographic location. This technology is more
attractive in regions with greater exposure to solar radiation, achieving a greater
economic and social impact [108]. Heterogeneous photocatalysis has driven the
development of numerous studies at the laboratory level, extending to commercial
and industrial applications as a sustainable alternative for the treatment of vari-
ous contaminants. This type of catalysis also guarantees adequate disposal of the
generated products. Therefore, a more practical way of using TiO, has been sought,
avoiding its recovery by filtration and optimizing work time. One of the best options
is the immobilization of commercial TiO, powder on different types of substrates.
Additionally, borosilicate glass tubes or low-density polyethylene supports are used
as necessary elements in this type of catalysis [109]. Usually, the deposition of the
photocatalyst (immobilization) on different substrates is recommended to avoid its
leaching during the degradation of contaminants in aqueous solution. This helps
to counteract the concern about TiO, contamination in the environment [110]. The
use of TiO, can become a crucial element in these advanced oxidation processes
directing the sector toward materials science and the application of nanotechnology.
Modifications to pure TiO, (doping, codoping, sensitization, and immobilization)
should pursue compelling benefits, such as the use of solar radiation to position het-
erogeneous photocatalysis as a sustainable technology [111]. It is essential to respond
to the morphological, physicochemical, and optical properties of the photocatalyst
in relation to the percentage of degradation of the contaminants. Therefore, it is
suggested to carry out the necessary characterizations of these materials and under-
stand the reaction mechanism. It is necessary to know the separation and capture of
the charge carriers as well as to look for strategies to prolong their lifetime. There is
still much work to be done, from the technical aspects to the intrinsic properties of
the photocatalyst. There cannot be immediate responses to all needs, but collabora-
tive and multidisciplinary work by the scientific community is crucial to promote
scientific and technological development, contributing to social, economic, and
environmental benefits.

6. Conclusion

Titanium oxide is a widely studied material that has proven its effectiveness as
a photocatalyst. Over the past twenty years, the number of studies focusing on its
performance in the degradation of toxic organic molecules present in water has
increased significantly. Greater effort and knowledge from multidisciplinary teams
are required for this type of technology to become a reality. It is expected that they
can be implemented in wastewater treatment processes and used for their effective-
ness in eliminating multiple emerging contaminants.
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Appendices and nomenclature

-Ra activation energy

POA advanced oxidative processes
Cco, carbon dioxide

eV electronvolts

CE emerging contaminants
*OH hydroxyl radical

0O, oxygen

0 superoxide radical

TiO, titanium oxide

TON turnover number

TOF turnover frequency

uv ultraviolet

VIS visible
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in Diverse Industries
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Abstract

In modern industry, interest in nanomaterials has grown significantly over the
decades, and nanotechnology stands as a cutting-edge approach that has revolutionized
industries worldwide. However, the current challenges related to nanomaterials synthe-
sis revolve around replacing existing raw materials and processes with more sustainable
alternatives while also addressing the need for scaling up production. One widely used
compound is titanium dioxide (TiO,), known for its chemical inertness, low cost, and
high availability. It exhibits remarkable catalytic and distinctive semiconducting prop-
erties. This chapter will address the main physicochemical properties of TiO,, which
form the basis for its utilization across various fields, spanning a wide range of current
and emerging applications. The case study will compare and discuss both conventional
and sustainable preparation methods, considering material characterization and
techniques to upscale production.

Keywords: TiO,, SiO,@TiO,, core shell, upscaling, adsorption, photocatalysis,
antibacterial

1. Introduction

Nanotechnology has rapidly advanced the development of a new generation of
smart and innovative products and processes, creating tremendous growth potential
for various sectors such as energy [1], health [2], environment [3], and agriculture
[4]. The excitement around nanomaterials is driven by their unique and often supe-
rior properties, such as higher strength, lighter weight, better conductivity, and
greater reactivity compared to their bulk counterparts. These properties are deter-
mined by factors such as the size, shape, surface area, composition, and structure of
the nanomaterials.

147 IntechOpen



Titanium Dioxide — Uses, Applications, and Advances

The production of nanomaterials involves their synthesis, processing, characteriza-
tion, and integration into larger systems and products. This process is characterized by
a high degree of variability, uncertainty, and complexity, making it challenging to con-
trol, optimize, and scale up the quality and quantity of nanomaterials. Consequently,
nanotechnology and the production of nanomaterials pose significant challenges,
both technical and ethical, that need to be addressed before their full potential can be
realized. Among these challenges are the complex and uncertain risks and benefits to
human health and the environment, which are difficult to assess, predict, and man-
age [5], as well as the need to replace existing raw materials and processes with more
sustainable alternatives. One factor hindering the scale-up of production is the scarcity
and high cost of equipment specific to the processing of nanomaterials.

2. Titanium dioxide (TiO,)

Titanium dioxide (TiO,), an inorganic compound also known as titanium (IV)
oxide, titanium white, or white pigment 6 in architectural paints and E171 in food
additives, has been extensively studied and reported on by several authors in recent
years [6]. As widely recognized, the use of materials in their nanoform offers distinc-
tive and enhanced properties compared to the same material at the microscale due to
their high surface area-to-volume ratio. TiO, nanoparticles possess unique properties
that depend on factors such as particle size, distribution, and agglomeration [7].

TiO, finds widespread use in various applications due to its versatile properties,
including chemical stability, optical characteristics, electrical behavior, thermal
resistance, nontoxic nature, biocompatibility, photocatalytic properties, and low
production cost [8-13]. The integration of TiO, is highly advantageous in pigments
and dyes [14-16], since it is widely used as a white pigment in paints; plastics and
cosmetics; air and water purification processes [13, 17-21], enhancing the removal of
volatile organic pollutants, bacteria, viruses, and degradation of organic compounds;
hydrogen production as an energy source [22, 23]; self-cleaning coatings [24]; photo-
voltaic cells [25, 26]; and batteries [27, 28].

The photocatalytic capacity of TiO, is its most important property due to its
various technological and industrial applications, including air and water purification
systems, soil remediation, and the sterilization of medical equipment and fabrics with
antimicrobial properties [29-32]. The photocatalytic activity of TiO, is influenced by
factors such as size, surface area, pore structure and volume, and crystalline phase
[13]. In this context, the optimization of some of these properties has been the focus
of the development of new forms of TiO,.

2.1 Methods of synthesis

The main properties of TiO, can be fine-tuned during the synthesis of the materials.
Obtaining different morphological forms of TiO, (i.e., nanoparticles, nanotubes, nano-
buttons, and nanosheets), for example, is influenced by the synthesis process, depending
on the type of precursors and solvents, pH, pressure and temperature, degree of crystal-
lization, and duration of synthesis [33-36]. Conventional synthesis methods have some
limitations, as they involve the use of hazardous chemical products and the production of
toxic by-products that are not safe for the environment and also require high energy costs
[37-40]. In this context, the approach of green, ecological, and sustainable methods is
emerging to overcome the existing limitations.
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The processes typically used for TiO, synthesis include the sol-gel method
[33, 35, 36, 41], chemical precipitation [42, 43], hydrothermal [44-46], and
chemical vapor deposition [47-49]. The sol-gel method is a promising alternative
due to its simplicity, versatility, and low associated costs [33, 35-37]. Briefly, the
synthesis of TiO, nanomaterials using the sol-gel method starts with the hydrolysis
of a titanium precursor, followed by condensation and curing. It should be noted
that the formation of Ti-O-Ti chains is favored by low water content and excess
titanium alkoxide in the reaction [35]. This method also allows for stoichiometric
control of the reaction, synthesis at low temperatures, incorporation of dopants,
and the achievement of complex structures, making it suitable for large-scale
production [33]. On the other hand, it is necessary to optimize certain conditions
due to particle agglomeration. The use of surfactants can be an alternative to obtain
nanoparticles with good size distribution and dispersion [35, 41]. Surfactants have
a significant effect on the crystalline structure, uniformity, and distribution of the
particles [35, 41, 50, 51].

The hydrothermal (HT) method is a more environmentally friendly alterna-
tive to conventional methods. This synthesis method begins with the formation of
a homogeneous mixture by combining the precursor and the solvent [33, 44]. The
mixture is then heated in a closed system at a specific pressure and temperature. The
use of a closed reaction system allows for greater stability in the process, resulting in
a high degree of crystallinity. HT processes are a promising alternative for the upscale
production of nanomaterials, as they contribute to the sustainable production of
nanomaterials, fuels, and materials from biomass [52]. HT processes use water as the
reaction medium, eliminating the need for an energy-intensive drying step [53, 54].
As this route is aqueous based, the particles can be easily recovered from the reac-
tion medium. It also improves the hydrophilicity of materials by increasing surface
hydroxyl groups and allows access to photocatalytically active crystalline phases at
much lower temperatures.

Nowadays, greener and more environmentally friendly methods of synthesizing
TiO, are widely investigated, as they can overcome the limitations of conventional
methods. In 2021, Aravind et al. reported the synthesis of TiO, nanoparticles (NPs)
using jasmine flower extract as a reducing agent [38]. The color change from white to
yellowish-gray confirmed the successful formation of TiO, NPs [38]. Another study
explores the synthesis of TiO, NPs using different phytochemical sources obtained
from various parts of plants (roots, leaves, flowers, and fruits) [55]. The secondary
metabolites in the phytochemical extract are responsible for the conversion of metal
ions into NPs [55, 56]. In this context, new greener synthesis methods for TiO, NPs
are promising and are being explored, as they use natural sources and overcome some
disadvantages of conventional methods.

2.2 Properties of TiO, nanomaterials

The widespread use of TiO, at nanoscale is due to its high surface area, permeability,
and refractive index compared to conventional TiO, [57]. However, the use of these
nanomaterials also raises concerns regarding toxicity and environmental impact, includ-
ing ecotoxicity and bioaccumulation [8]. Therefore, the continuous optimization of TiO,
properties, such as enhancing photocatalytic efficiency under visible light, ensuring
medium- to long-term stability and durability, promoting sustainability, and addressing
safety and environmental impact, is essential to meet future challenges and achieve the
most suitable and favorable properties for TiO, applications.
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TiO, exists in at least 11 different crystalline forms [12]. Anatase, rutile, and
brookite are the most studied and widely used in various applications. Figure 1 shows
the crystal system of the main forms. The crystal structures correspond to Ti atoms sur-
rounded by six O atoms in an octahedral configuration with small distortions [11, 59].

Anatase and rutile have a tetragonal crystal system, whereas brookite has an
orthorhombic crystal system. Anatase contains chains of octahedrons that share
edges in a single orientation, whereas rutile and brookite have two orientations [12].
The type of bonding in each crystal structure influences the properties of TiO,.
Anatase and rutile are the most commonly used polymorphic structures, as they
have greater photocatalytic activity due to their highly ordered and oriented crystal
structures [60]. Thermal stability increases in the order: anatase < brookite < rutile
[8-12, 35, 60]. Anatase and brookite are metastable phases and can therefore undergo
irreversible transformation to rutile at high temperatures [10, 11, 61]. The transfor-
mation of anatase to rutile occurs at temperatures between 400°C and 1200°C [60].
This range depends on the size of the crystallites and the presence of impurities. The
transformation of brookite to rutile occurs at 800°C [60].

TiO, is also a semiconductor material, exhibiting a band gap of 3.0-3.2 eV [12].
The band gap of anatase is 3.20 eV (385 nm) and that of rutile is 3.02 eV (400 nm)
[11, 59]. Only a small percentage of the solar spectrum (<5%), corresponding to UV
light, can be utilized by TiO, in photocatalytic processes. However, this limitation can
be mitigated by incorporating other elements and/or interacting with other photo-
catalytic materials [35, 61]. Indeed, the incorporation of different elements into TiO,
allows for better performance and efficiency of the material, as reported by Jang and
Yu, who found that the SiO,@ material is more efficient for the photocatalytic decom-
position of Rhodamine-6G due to the adsorption capacity of SiO, [62, 63]. However,
TiO, doping introduces impurities into the material, which causes a decrease in
crystallinity and, consequently, a decrease in the efficiency of the photocatalytic
activity [64].

Several studies have been carried out to optimize the properties of TiO,. The
approach is to dope TiO, with different elements (metals and nonmetals) in order to
increase its photocatalytic activity by creating new energy levels near the conduction
band [65-68]. The production of black TiO, is a promising approach for future needs,

u*f*_ ;::‘!‘0.

(@ (b) (c)

Figure 1.
Crystal system of (a) rutile, (b) anatase, and (c) brookite TiO, [58].
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as its optical properties have been highly optimized. For example, Chen et al. first
reported the production of black TiO, by exposing white TiO, to a temperature of
200°C under 20 bar H, pressure for 5 days [69]. These conditions led to the formation
of defects with high visible light absorption [69, 70].

2.3 Upscaling the production of TiO, nanomaterials

The upscaling of nanomaterials, particularly TiO,, has been a focal point of
research due to its broad applications [71-77]. In 2024, for example, Wu et al.
reported a highly reproducible upscaled synthesis of 200-800 nm amorphous and
anatase TiO, NPs based on a combination of the sol-gel method with a hydrothermal
process, performed on a 100-mL scale [77].

Nevertheless, the transition from laboratory-scale synthesis to industrial-scale
production presents significant challenges, and the commonly used fabrication tech-
niques for TiO, nanomaterials, such as sol-gel processes, hydrothermal methods, and
chemical vapor deposition, face issues related to cost, uniformity, and reproducibility
when scaled up [78]. Moreover, the control of nanoparticle size, morphology, and
crystalline phase becomes increasingly difficult in large-scale production, which can
significantly impact the performance of the final product [78]. Innovative approaches
and continuous advancements in synthesis techniques are crucial to overcoming these
obstacles, ensuring that the high-performance characteristics of TiO, observed at the
laboratory scale can be maintained in industrial applications.

3. Case of study

The project NanoTheC-Aba — CECs and AMR bacteria pre-concentration by ultra-
nano filtration and Abatement by ThermoCatalytic Nano-powders implementing circular
economy solution is a European project aimed at developing an integrated system that
provides abatement of a wide spectrum of contaminants of emerging concern (CEC)
and antimicrobial resistant (AMR) pathogens, along with the complete reuse of process
effluents, thereby minimizing the disposal of wastewater into the environment [79].

The project will deliver an energy-efficient, new integrated prototype system for
water purification, composed of the first-to-be-realized ultra-stable silicon carbide
(SiC) ultrafiltration/nanofiltration (UF/NF) membrane, an innovative nano-enabled
thermocatalytic energy-efficient packed-bed reactor (TPBR), and a nano-enabled
antimicrobial microfiltration (MF) membrane (Figure 2).

One of the components of the integrated system is a microfiltration prefiltering
unit with antibacterial functionality (AM-MF), achieved by using antimicrobial
nanomaterials immobilized on an SiC flat membrane.

In line with circular economy principles, SiO,@TiO, core-shell nanomaterial
was developed using sustainable synthesis strategies. The viability of scaling up the
synthesis of these materials was assessed by comparing them with those produced
through laboratory-scale synthesis [21].

As a case study, results from the characterization of nanomaterials developed and
reported in Ref. [21] will be presented and discussed. Conventional pollution reme-
diation methods have limited effectiveness. For example, water treatment techniques
like adsorption or coagulation only transfer pollutants to other phases, while sedi-
mentation, filtration, chemical, and membrane technologies incur high costs and can
produce toxic secondary pollutants [80]. Consequently, scientific interest has shifted
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Figure 2.
Illustrative scheme of the NanoTheC-Aba prototype system for water purification.

toward alternative methods, such as advanced oxidation processes (AOPs), which
include strategies like semiconductor-based photocatalysis. These methods offer
innovative alternatives by aiming to fully mineralize organic pollutants into harmless
by-products like O,, H;O, N, and mineral acids [81, 82].

The synthesis of TiO, nanoparticles plays a crucial role in the production of
wastewater treatment membranes. These nanoparticles exhibit excellent photocata-
lytic properties, enabling the degradation of organic pollutants and enhancing overall
treatment efficiency. Scaling up their production ensures wider application and more
effective water purification. Therefore, as part of the NanoTheC-Aba project, one of
the main objectives of this work was to assess the viability of scaling up the synthesis
of SiO,@TiO, core-shell nanomaterials by comparing the obtained particles with
those produced using laboratory-scale synthesis. To this purpose, the hydrothermal
(HT) method was chosen to obtain the core-shell material, and SiO, and TiO, P25
(commercial) were used as comparative and reference materials. The improved
properties of SiO,@TiO, core-shell NPs result from the synergy between the pho-
tocatalytic and self-cleaning properties of TiO, and the adsorptive and mechanical
properties of SiO,. As aresult, enhanced performance in both photocatalysis and
adsorption is anticipated.

The SiO,@Ti0, core-shell synthesis process can be divided into the following
steps: first, the monodisperse SiO, cores are prepared by the classical Stéber method
[83]; then the synthesized SiO, core is coated with a thin layer of TiO,, followed by
calcination (Calc., 650°C for 2 h) or HT treatments (140°C for 6 h) [84]. Although the
upscale process has several reported limitations, a tenfold upscaling of the SiO,@TiO,
core-shell NPs was achieved in this work. The physicochemical properties, as well as
the performance of the obtained materials, were assessed.

3.1 TiO, physicochemical characterization
The morphology was analyzed using high-resolution transmission electron

microscopy (HR-TEM) and field emission scanning electron microscopy (FE-SEM).
Figure 3 shows the spherical, well-formed particles of SiO, with a smooth surface and
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Figure 3.
HR-TEM (left) and FE-SEM (right) of SiO, core, SiO,@TiO, calcined core-shell NPs, SiO,@TiO, core-shell
NPs HT, and SiO,@TiO, core-shell NPs HT upscaled.

no evident defects. In contrast, the synthesized SiO,@TiO, core-shell nanoparticles
(NPs), both calcined and hydrothermally treated (HT), exhibit a rough and textured
surface, suggesting that the TiO, was successfully coated on the silica particles.
Furthermore, it is evident from the images that the shell formed during the HT treat-
ment is larger than that formed by the calcination process.

Additionally, the morphology of the upscaled NPs is similar to that obtained at
the laboratory scale. These results suggest that the upscaling process was successful,
demonstrating its feasibility and reproducibility. Upscaling is known to be one of the
main challenges in nanoparticle synthesis development.

As presented in Table 1, the size of the core-shell NPs increases compared to
the SiO, core, due to the formation of the TiO; layer. The SiO,@TiO, NPs prepared
by calcination method show a slightly increased average diameter compared with
those produced by the hydrothermal process, and as evidenced by the morphological
analysis (Figure 3).

The specific surface area (SSA), determined by N, gas-volumetric adsorption at
77 K, increases for SiO,@TiO,, in both thermal treatments, suggesting the presence of
nanocrystalline TiO, particles, since they have a larger surface area due to their small
size [84]. A higher increase in SSA was observed for the HT treatment, indicating that

Size (nm) BET SSA (m%/g)
Si0, 185+ 11 18
TiO, P25 21 (datasheet) 52
Si0,@TiO, Calc. 211+ 33 52
Si0,@TiO, HT 333+ 30 304
Si0,@TiO, HT UP 284+ 24 280

Table 1.
Nanomaterials size and specific surface area (SSA) obtained by BET analysis.

153



Titanium Dioxide — Uses, Applications, and Advances

this method contributes to the formation of smaller TiO, particles in the shell of the
composite materials, resulting in a greater SSA.

The chemical composition analysis, obtained by attenuated total reflectance
Fourier transform infrared (FT-IR ATR) spectroscopy, is presented in Figure 4. In
the spectra, symmetric and asymmetric stretching modes of the Si-O-Si bond are
observed around 790 and 1110 cm™ [85]. The intensity of the Si-O-Si bond is higher
in SiO,@TiO, samples that have been calcined compared to the HT samples. This dif-
ference can be attributed to the thinner TiO, shell in the calcined sample, as opposed
to the thicker shell in HT samples.

The band around 1400 cm™ is attributed to Ti~O-Ti vibration and is observed
for both TiO, and all SiO,@Ti0, samples. The intensity of this band is higher for the
HT samples compared to the calcined and reference samples, which can be related to
the thickness of the TiO, shell. The band around 970 cm™ is attributed to the Ti-O-Si
bond structure and is present in all core-shell NPs [86], confirming the formation of
the titanium shell bonded to the silica core [87].

The spectrum of the SiO,@TiO, (HT) upscaled sample presents identical peaks to
those of the sample synthesized at the laboratory scale, suggesting that scaling up the
production process does not affect the chemical composition of the NPs.

The crystalline structures and phases were confirmed by X-ray diffraction (XRD)
analysis (Figure 5). The synthesized SiO, and SiO,@TiO, NPs exhibit broad XRD peaks
typical of amorphous and/or nanometric powders, while commercial TiO, is a fully
crystalline powder composed of anatase and rutile phases [88, 89]. Although the SiO,@
TiO, core-shell NPs show lower crystallinity compared to the commercial TiO,, the main
characteristic peaks of the anatase (101, 200) and rutile (110) phases are still observable.

3.2 TiO, performance evaluation

The dye removal capacity, relevant for wastewater treatment applications, was
evaluated for the developed nanomaterial. The adsorption capacity and photocatalytic
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Figure 4.
Normalized FT-IR ATR spectra of the synthesized SiO,@TiO, NPs compared with pure SiO, and TiO,.
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X-ray diffraction patterns of synthesized SiO,@TiO, NPs, compared with pure SiO, and TiO,.

properties of the synthesized nanomaterial were assessed using methylene blue (MB)
in an aqueous solution as a model dye. The removal efficiency of the nanomaterials
was examined through their ability to remove MB under UV light irradiation. The
obtained results are presented in Figure 6. After UV light exposure, the total concen-
tration of MB was determined from the maximum absorption measurements using
UV/Vis spectroscopy, with the characteristic peak of MB dye at 663 nm being used to
study its catalytic degradation [90].

The SiO, and SiO,@TiO, NPs presented a remarkable adsorption capacity com-
pared to commercial TiO,. This effect was even more pronounced for the HT samples,
which can be attributed to their higher SSA compared to the calcined and commer-
cial samples. Before UV exposure, under dark conditions, the HT samples almost
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Figure 6.

Methylene blue removal efficiency (left) and images of the vials containing the MB solution before (o min) and
after 480 min of UV exposure with the powdered samples (right).
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completely degraded the MB dye. After UV exposure, the core-shell NPs demon-
strated higher MB removal and outperformed commercial TiO, in MB removal. This
fact illustrated the synergistic effect of both adsorption and photocatalysis.

Although TiO, is the most commonly used semiconductor material for photo-
catalysis due to its chemical stability [91], this work demonstrates that an SiO,@
TiO; core-shell structure improves dye degradation by leveraging the adsorption
capacity of SiO,.

Following the successful upscaling of the nanomaterial, which exhibited physi-
cochemical properties and performance similar to those observed in the laboratory
batch, the antibacterial activity was evaluated under dynamic contact and dark condi-
tions according to the standard ASTM E2149:2020. The results showed a reduction of
97.4% for Staphylococcus aureus and of 92.7% for Escherichia coli.

4, Conclusions

TiO,, a versatile nanomaterial renowned for its photocatalytic, antibacterial, and
adsorption properties, stands out due to its high stability, nontoxicity, and cost-
effectiveness, making it an ideal candidate for various industrial applications.

The sustainable synthesis of TiO, promises to reduce environmental impact while
maintaining the material’s superior properties. However, upscaling the production of
TiO, from laboratory to industrial scale presents significant challenges. These include
maintaining the uniformity and reproducibility of nanoparticle size, morphology,
and crystalline phase, as well as managing the high costs and complexities associated
with large-scale manufacturing processes.

When it comes to producing SiO,@TiO, core-shell nanoparticles, the choice
between calcination and HT treatment significantly impacts environmental sus-
tainability. Although the particles exhibit excellent photocatalytic properties and
adsorption capacity regardless of the production method, the HT method is more
energy efficient. HT typically uses lower temperatures, thus reducing the energy
consumption associated with the calcination process. The HT method has proven to
be a promising, sustainable alternative for the upscaled synthesis of nanomaterials,
ensuring reproducibility of production.

In conclusion, the unique properties and diverse applications of TiO, underscore
its significant potential in driving technological innovations and addressing global
challenges. Future research and development in sustainable synthesis methods,
as well as overcoming upscaling challenges, will be crucial for unlocking the full
potential of TiO, in various fields.
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