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Abstract: While modern industry has contributed to the prosperity of an increasingly urbanized
society, it has also led to serious pollution problems, with discharged wastewater and exhaust gases
causing significant environmental harm. Titanium dioxide (TiO;), which is an excellent photocatalyst,
has received extensive attention because it is inexpensive and able to photocatalytically degrade
pollutants in an environmentally friendly manner. TiO, has many advantages, including high
chemical stability, low toxicity, low operating costs, and environmental friendliness. TiO, is an
N-order semiconductor material with a bandgap of 3.2 eV. Only when the wavelength of ultraviolet
light is less than or equal to 387.5 nm, the valence band electrons can obtain the energy of the photon
and pass through the conduction band to form photoelectrons, meanwhile the valence band forms
a photogenerated hole. And light in other wavelength regions does not excite this photogenerated
electrons. The most common methods used to improve the photocatalytic efficiency of TiO, involve
increasing its photoresponse range and reducing photogenerated-carrier coupling. The morphology,
size, and structure of a heterojunction can be altered through element doping, leading to improved
photocatalytic efficiency. Mainstream methods for preparing TiO, are reviewed in this paper, with
several excellent preparation schemes for improving the photocatalytic efficiency of TiO; introduced.

lclr;:?la(t?sr TiO, is mainly prepared using sol-gel, solvothermal, hydrothermal, anodic oxidation, microwave-
Citation: Yang, H.; Yang, B.; Chen, assisted, CVD and PVD methods, and TiO; nanoparticles with excellent photocatalytic properties
W.; Yang, J. Preparation and can also be prepared. Ti-containing materials are widely used to purify harmful gases, as well as
Photocatalytic Activities of contaminants from building materials, coatings, and daily necessities. Therefore, the preparation and
TiO,-Based Composite Catalysts. applications of titanium materials have become globally popular research topics.
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1. Introduction

Several environmental pollution problems have become increasingly prominent since
the beginning of the 21st century, a result of the rapid development of industry and
technology, with air pollution attracting considerable attention as a societal problem [1].
Increasing quality-of-life demands have focused attention on the control and remediation of
air pollution as urgent problems that need to be solved. Statistical surveys show that people

spend more than 80% of their time in indoor spaces, such as office buildings, shopping
malls, and residential buildings. Modern upholstery, adhesives, paints, and other building
materials, as well as furniture, continuously release a variety of pollutants, especially
volatile organic compounds (VOCs), including alkanes, aromatic hydrocarbons (such as
This article is an open access article  toluene), esters, olefins, and aldehydes (such as formaldehyde) [2]. Humans can experience
distributed under the terms and  chest tightness, nausea, dry mouths, coughing, fatigue, dizziness, various cardiopulmonary
conditions of the Creative Commons ~ diseases (in severe cases), and even cancer when exposed to polluted air for prolong
Attribution (CC BY) license (https:// times [3—5]
creativecommons.org/licenses /by / In 1972, Fujishima and Honda first proposed that TiO, can be irradiated with light to
40/). split water and generate hydrogen [6]. TiO; photocatalysis has been extensively researched
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over the ensuing decades, which has promoted the progress of TiO, photocatalysis tech-
nology. At the same time, this technology has been used to treat sewage and purify air [7],
with photocatalytic oxidation technology used to degrade various pollutants and thor-
oughly mineralize organic matter, thereby avoiding secondary pollution; in addition, TiO,
inhibits airborne bacteria. Continuous scientific exploration has led to photocatalysts
that exhibit high pollutant-degradation efficiencies, are simple to maintain, are relatively
cost-effective, and are widely applicable, which makes this technology promising as a
purification method.

Photocatalysis effectively uses solar energy to degrade pollutants and reduce carbon
dioxide, and it is a potential means of solving environmental problems, including the
greenhouse effect [8-12]. Although many semiconductor materials are photocatalytically
active, some semiconductor catalysts are poorly reactive, photocorrode, and exhibit other
factors that limit their wide applicability; such semiconductor materials include TiO,,
WQO3, FexOy, V205, MnO,, ZnO, CdS, and PbS, among others [13-20]. Among the many
photocatalytic semiconductor materials, TiO, materials have been widely studied and used
to photocatalytically produce hydrogen and in photodegradation applications, which is
ascribable to their excellent properties, including wide availability, chemical stability, high
catalytic activity, resistance to photocorrosion, and lack of toxicity [21]. TiO, is considered
to be one of the most promising materials in the photocatalysis field and has attracted
significant attention [22-25].

Despite the outstanding advantages of TiO,, some disadvantages limit its air-purification
applications. For example, TiO, has a wide bandgap and can only be excited by UV light,
which results in a low visible light utilization rate. Secondly, the electrons and holes gener-
ated by the excitation of TiO, easily recombine, which results in a low quantum efficiency.
The photocatalysis reaction is slow in practical applications, which leads to a low pollu-
tant degradation efficiency. Many reports aimed at improving the photoresponse range
and quantum efficiency of TiO; by compounding with non-metallic [26-29] and noble
metal [30-36] dopants, or by modifying the morphology of TiO; [37-39], have appeared
in the literature, along with other methods for improving the adsorption performance of
the photocatalyst.

This paper mainly reviews research progress on titanium dioxide, in terms of its
preparation and applications (as shown in Figure 1). Titanium dioxide photodegradation
catalysts with specific electronic structures are prepared by doping, isomerization, particle-
size control, and other means, and they are used to purify air by removing harmful gases,
as well as contaminants from building material, medicines, and other daily necessities.
Problems and challenges that face titanium dioxide research into air-pollution and water
remediation are analyzed and discussed.

Figure 1. TiO, preparation methods and applications.
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2. Photocatalysis Mechanism for TiO;

A photocatalysis reaction refers to a process in which the photocatalyst itself does not
change when irradiated with light; rather, it converts light energy into chemical energy
to promote the production or decomposition of compounds. While photosynthesis is the
most representative example of photocatalysis in nature [40], the most widely studied and
applied photocatalysts are semiconductor-based. A semiconductor is a material whose
conductivity lies between that of a conductor and an insulator. The lowest energy level
occupied by valence electrons in the electronic energy band structure of a semiconductor is
referred to as the “valence band”, and the lowest unoccupied energy level is referred to as
the “conduction band”. The energy region between the conduction and valence bands is
referred to as the “forbidden band”, which is a discontinuous region whose width depends
on crystal structure and interatomic relationships and is a characteristic parameter of a
semiconductor material [41]. The energy band structure of a semiconductor affects light
absorption and the photocatalytic performance of the material. When a photocatalyst
is irradiated with photons with energies greater than the forbidden band width of the
semiconductor, the electrons (e ™) in the valence band are excited and transition to the con-
duction band, with holes (h*) simultaneously created in the valence band. Photogenerated
electrons are reductive, and photogenerated holes are oxidative; these photogenerated carri-
ers migrate to the catalyst surface to participate in catalytic redox reactions, as shown in the
schematic diagram in Figure 2 [42]. The photocatalytic reaction initiates from the generation
of electron—hole pairs upon light irradiation. When a semiconductor photocatalyst absorbs
photons with energy equal to or greater than its Eg, the electrons in VB will be excited to
CB, leaving the holes in VB. In contrast, photogenerated electrons and holes are trapped by
defect sites in the bulk or surface of the catalyst, where they recombine to release photons
or heat [43]. Carrier lifetime depends on the rate of photogenerated-carrier recombination;
fast recombination leads to short lifetimes, which, in turn, limits the photochemical energy
conversion efficiency of the catalyst.
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Figure 2. Proposed mechanism for a photocatalytic reaction on a semiconductor photocatalyst.
Reprinted /adapted with permission from Ref. [42]. 2014, ACS publications.

As TiO; is a good semiconductor photocatalyst, its photocatalytic advantages, deficien-
cies, and preparation methods have been reviewed on many occasions [13,44-58]. Anatase
TiO; has a forbidden bandwidth of 3.2 eV; therefore, energies greater than this bandwidth
will excite electrons (e™) to the conduction band (CB), while leaving h* in the top of the
valence band (VB) to form electron-hole pairs. The photogenerated electrons and holes are
effectively separated by the space-charge layer, with holes transferred to the TiO, surface.
The photogenerated holes are the main photon energy-derived components that react with
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the H,O or OH™ adsorbed on the surface to form *OH through strong oxidation [59-62],
as shown in the following equation:

TiO, + hv ——> h' + ¢

h* + HLO — OH + H'
h"+ OH ——» OH

The photogenerated electrons can react with O, on the surface to form superoxide

radicals (*O; ™) that are strongly oxidizing. The *OH on the surface is also formed in a
similar manner:

€ +0, —> Oy

0, + H" — HOO
2HOO" ——— H,0, + O,
¢ +H,0, — ‘OH + OH’

This reaction generates active free radicals (*OH, *O, ™, and HOO®) and strong oxidiz-
ing properties. These radicals can directly mineralize pollutants (mainly organic pollutants)
into small inorganic molecules, such as CO, and H,O, by exploiting their strong oxidizing
properties, which completes the water treatment process [63-70].

The diagram in Figure 3 shows a typical photocatalytic mechanism for the TiO,
semiconductor that includes several important processes, including the generation of
electron-hole pairs, charge transfer, electron-hole-pair recombination on the body or
surface, and chemical reactions promoted by electrons and holes on the surface. After
electron-hole pair separation, only the separated electrons or holes that migrate to the
surface successfully have opportunities to drive the reduction or oxidation reactions,
respectively (processes 1 and 3 in Figure 3). However, most of the electrons and holes
recombine on the surface or in the bulk, and the energy of the charge carriers is converted
to vibrational energy of lattice atoms (phonons) or photons (processes 2 and 4 in Figure 3).
Specifically, the entire process involves three steps: (I) the absorption of photons with
energies greater than the bandgap energy to generate electron-hole pairs, (II) charge
separation and migration to the surface, and (III) redox reactions involving charges and
reactants adsorbed on the surface [71-77].
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Figure 3. Photocatalytic mechanism associated with TiO5.
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3. Methods for Preparing TiO;

The low photocatalytic degradation efficiency of TiO, is somewhat limiting. The
main factors that determine efficiency include light-absorption capacity, electron-hole
separation efficiency, the surface catalytic reaction rate, adsorption capacity for the target
reactants, and photochemical stability, and various methods for modifying TiO, have
been studied with these factors in mind [78-81]. For example, highly crystalline TiO; can
be prepared using hydrothermal or high-temperature calcination methods to improve
the separation efficiency of photogenerated carriers [82,83]. Reducing the number of
crystal defects and the photogenerated-carrier-recombination probability, or preparing
one-dimensionally structured TiO, (i.e., TiO; nanobelts or nanowires), can improve the
electron-hole separation efficiency.

Nanomaterials with various sizes, morphologies, and properties have been increas-
ingly studied and used in various applications, due to the rapid development of nano-
material preparation technologies [84-88]. TiO, photocatalysis mainly depends on the
photocatalytic material and light source, based on the TiO, photocatalysis principles in-
troduced above. Because the light source is an external condition, semiconductor TiO,
photocatalysis research has focused on the photocatalytic material [89-91]. In this paper,
the current methods used to prepare TiO, are briefly classified and reviewed to provide the
reader with an understanding of how TiO; is prepared and how new high-performance
photocatalytic materials are developed. TiO,-preparation processes are divided into three
types, according to the medium used, namely solid-phase, gas-phase, and liquid-phase.

3.1. Solid Phase

Solid-phase methods involve the preparation of raw materials, intermediates, and
solid products and have been traditionally used to manufacture TiO, nanomaterials, with
solid-phase synthesis and comminution techniques commonly used. Solid-phase methods
are simple and suitable for mass production on the industrial scale. Although such methods
are associated with disadvantages that include high energy consumption, the formation of
large particles, and the introduction of impurities, they are still commonly used to prepare
TiO, nanomaterials [92-94].

Abbas et al. used solid-state reaction technology to prepare Cu-doped TiO, by mixing
various concentrations of Cu and TiO, nanoparticles, followed by calcination, and investi-
gated the surface morphology, size, hardness, roughness, thermal conductivity, and other
mechanical properties of each prepared pellet. The prepared Cu-doped TiO, contained
particles that were approximately 20-30 nm in size [95]. A solid-state reaction method was
used to synthesize G-C3Ny/TiO; using graphite, carbon nitride, and titanic acid as raw
materials. The G-C3N4/TiO, catalyst delivered a 59% methylene blue (MB) degradation
rate when irradiated with a 300-W mercury lamp for 5 h [96].

3.2. Gas Phase

Gas-phase methods use gaseous raw materials or convert raw materials into their
gaseous states in various ways, after which solid nanoparticles are formed through conden-
sation and deposition by physical or chemical methods. Gas-phase methods are divided
into two types: physical and chemical. Gas-phase-prepared nano-TiO; is highly pure,
contains small particles, and is well-dispersed [97-102].

Wang et al. used a gas-phase oxidation method to prepare TiO, nanoparticles by
placing TiCly in an oxidation reactor and the studied reaction conditions, such as the
reaction temperature, residence time, and toluene flow rate. Larger TiO; particles were
formed at higher toluene flow rates, higher reaction temperatures, and longer residence
times. In addition, the TiO, particle size was effectively controlled by the addition of KCl
during the reaction [103]. Yuan et al. prepared Ag/TiO, thin films using two different
magnetron sputtering methods and by taking advantage of the characteristics of nano-TiO,
films that are easily oxidized in air. The surface microstructure of the Ag/TiO, composite
film deposited on a fabric surface was observed to be uniform, compact, and smoother than
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that of the TiO;/Ag composite film. The Ag/TiO, composite film also exhibited higher
photocatalytic activity than the TiO,/Ag composite film [104].

3.3. Liquid Phase

Liquid-phase methods are advantageous because they use simple equipment, are
easy to operate, involve low reaction temperatures, and consume less energy than other
methods. These methods can be further subdivided into sol-gel, liquid-phase precipitation,
hydrothermal-synthesis, microemulsion, and other operational technologies.

3.3.1. Sol-Gel Method

The sol-gel method mainly uses organic titanates to control hydrolysis, the conditions
of which are controlled by stirring and the addition of an acid inhibitor to form TiO; sols
with various crystal forms and morphologies. The sol is converted into a gel upon aging,
from which TiO, powder is obtained upon heat treatment. TiO, samples prepared by the sol-
gel method are highly pure, require simple processing equipment, contain small particles,
and are highly crystalline, which are clear advantages [105-107]. The organic titanate is
hydrolyzed in a step-by-step manner, with particle size and crystalline form regulated by
controlling the reaction conditions. The following reactions are involved in this process:

Ti(OR)4 + H,0 —— (RO);Ti—OH + ROH
Ti(OR)4 + (RO);Ti—OH —— (RO);Ti—O—Ti(OR); + ROH

(RO);Ti—O—Ti(OR); + H,0 —> (RO)3Ti—O—Ti(OR)z + ROH

OH
Ti(OR)4 + (RO)3Ti—O—”|Fi(OR)2—> (RO)sTi—O—lTi(OR)z + ROH
OH O—Ti(OR);3
OH
(RO);Ti—O—Ti(OR), + H,0 —> (RO)3Ti—O—”|FiOR * ROH
(l)—Ti(OR)3 O—Ti(OR);
_________________________________________________________ !
—--O—Ti---- i
P
- s ----Ti—O—il"i—O—Ti—O—H
)
~—--O—1|"i—0—1|"i—O—H
b0

Ahmad et al. used the sol-gel method to prepare a metal-oxide-doped TiO, composite;
the formed nanoparticles were determined to have the anatase structure by XRD and were
spherical, 18.3 nm in size, and exhibited an 80.9% photodegradation efficiency for MB [108].

3.3.2. Precipitation Method

The precipitation method mainly involves an inorganic titanium salt solution that
reacts with a precipitant to form a precipitate, which is then calcined at high temperature
to produce TiO, powder. Inexpensive and readily available inorganic salts, such as TiCly,
TiOSOy4, and Ti(SOy),, are generally used as raw materials. Insoluble Ti(OH), is formed
upon the addition of the precipitant to the reaction system; the precipitate is collected by
filtration and washed to remove the anions from the original solution. TiO, powders with
various crystal forms can be obtained by calcination at various high temperatures [109-113].
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3.3.3. Hydrothermal Synthesis

The hydrothermal synthesis method involves creating a high-temperature and high-
pressure reaction environment by heating a reaction autoclave containing an aqueous
solution as the reaction medium, which promotes the dissolution and recrystallization of
ordinarily insoluble materials. The hydrothermal method is cost-efficient, requires simple
equipment, and produces particles with narrow size distributions, which are advantages.
However, the high reaction temperatures and pressures of the hydrothermal method
require strict equipment safety protocols. The crystal structure and size of the TiO, particles
are controlled by varying the reaction conditions. TiO, powder or a newly prepared
titanate hydrolysis gel is often used as a precursor. On the one hand, crystal structure
and performance can be further controlled by adjusting the hydrothermal conditions; on
the other hand, the recrystallization step in the hydrothermal synthesis protocol produces
highly pure products using relatively simple reaction processes and equipment. Yugan
et al. studied the morphologies of TiO, particles formed at various hydrothermal reaction
times, the results of which are shown in Figure 4 [114,115]. Xiao et al. prepared Ce?*-doped
mesoporous TiO, nanomaterials with high specific surface areas using a hydrothermal
method. Doping with Ce?* ions was found to not only increase the specific surface area of
the mesoporous TiO; nanoparticles, but also effectively inhibit the mesoporous collapse
and transformation of the anatase phase into the rutile phase [116]. Zhiru et al. prepared
a graphene-TiO, photocatalytic material using a hydrothermal method, which delivered
degradation rates of 89% and 91% for MB and rhodamine B (RhB) under xenon lamp
light source (Xe300UV) within 60 min, respectively, which are higher than those of pure
TiO, nanoparticles. Graphene, as a carrier, effectively improves the photodegradation
performance of TiO, toward pollutants [117].

Figure 4. SEM images of products obtained in various reaction stages (1 h,3h,5h,7 h,15h, 20 h) [114].
3.3.4. Microemulsion Method

The microemulsion method mainly uses emulsifiers, such as surfactants, weakly polar
organics, and alcohols, to generate an immiscible emulsion that forms a homogeneous
latex that then reacts to produce amorphous TiO,; subsequent calcination produces nano-
TiO, particles. The microemulsion method can be divided into water-in-oil (O/W) and
oil-in-water (W/O) micro-latex techniques [118,119]. The microemulsion method does
not require heat, uses simple equipment, and produces controllable particles (etc.), which
are advantages; however, the stability of the microemulsion is hard to control, and the
post-treatment procedure requires washing with an organic solvent, which results in higher
costs. Nanoparticles prepared by the microemulsion method are generally spherical or
quasi-spherical in shape. Because surfactants and co-surfactants are adsorbed on the
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surfaces of the TiO, particles, they find it difficult agglomerate during high-temperature
heat treatment, which is conducive to producing well-dispersed TiO, nanomaterials. This
method produces small particles, is simple to operate, consumes little energy, and is stable,
which are advantages; however, removing the organic substances from the surfaces of
the particles is difficult because large amounts of surfactants are used. At present, the
structures and properties of the microlotions used in this method need further study, low-
cost and easily recycled surfactants need to be sourced, and a production system suitable for
industrialization needs to be established [120,121]. Karbasi et al. used the microemulsion
method to prepare a series of uniformly shaped Si-TiO; particles with narrow particle-size
distributions and high photocatalytic activities. Reducing the water content of the system
was found to improve the photocatalytic activity of TiO,. Higher calcination temperatures
led to higher crystallinities, larger particles, and higher MB degradation rates [122].

With the rapid development of scientific research, a variety of physical and chemical
methods can be used to prepare TiO, particles. Table 1 summarizes the advantages and dis-
advantages of the common preparation methods of TiO;, and the corresponding synthesis
methods can be adopted according to the use requirements.

Table 1. The advantages and disadvantages of preparation methods of TiO;.

Preparation Methods Advantages Disadvantages
. 1. Simple process 1. High energy copsumptlon,
Solid phase . 2. Large particle size and uneven
2. Large scale production .
3. Low purity
1. High purity 1. Particles easy to agglomerate
Gas phase 2. Small particle size 2. High production cost
1. Simple process
Sol-gel method 2. Umfo.rfn chemical 1. High raw matgnal price
composition 2. Long process time
3. Controllable microstructure
Precipitation 1. Simple process 1. Low purity
method 2. Large scale production 2. Large particle size and uneven
Liquid phase 1. High purity 1. High equipment requirements
Hydrothermal 2. Good dispersion, good 2. Technical difficulties
synthesis crystal shape and 3. High costs
controllability 4. Difficulties in mass production
Microemulsion 1. Simple equipment L D}ff%cult'prqcess control .
. 2. Difficulties in mass production
method 2. Controllable particles .
3. High cost

4. Methods for Modifying TiO, Materials

Despite being a green and environmentally friendly photocatalytic material, TiO; has
some limitations when used to photocatalytically degrade organic pollutants. Sunlight
energy is essentially inexhaustible and can provide continuous light energy for oxidative
photocatalytic degradation reactions; it is, therefore, an ideal and economical source of
light. The energy in the solar spectrum is mainly concentrated in the visible light region,
with the infrared region (wavelength: 400-700 nm) accounting for 50% of the total solar
light, and the ultraviolet region accounting for approximately only 5%. Unfortunately, the
bandgap width of TiO, means that it can only absorb ultraviolet photons; consequently, its
photocatalytic activity is limited to the ultraviolet region, which leads to a very low solar
energy utilization rate. Therefore, improving the responses of TiO, materials to visible light
and stimulating high photocatalytic activity in the visible region have become research
hotspots in the TiO; photocatalysis field.
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Doping is a powerful method for improving the performance of TiOy; it can change the
crystal and electronic structure of the metal, as well as the bandgap of the semiconductor,
as a consequence. Generally speaking, doping is considered to be an effective strategy
for promoting the absorption performance of visible light, as is mainly reflected in the
following three points: (1) the bandgap redshifts to the visible region, (2) the band-edge
absorption widens to include the visible region, and (3) a new visible-region absorption
process is introduced. While doping typically enhances the abilities of metal oxides to
absorb visible light, doping may promote aggregation of the photocatalyst, which reduces
light absorption and increases charge recombination, thereby inhibiting catalytic perfor-
mance. Excessive doping can lead to structural changes and Moss—Burstein transfer that
widens the bandgap [123]. Therefore, optimizing the amount of dopant is very important.
The energy band structure of TiO; can be adjusted by regulating defects, non-metal-ion
doping, and transition-metal-ion doping, among others. Surface dye sensitization, noble-
metal deposition, semiconductor recombination, and other means can also promote the
absorption of light and the separation of photogenerated carriers by TiO,. In addition, the
photogenerated carrier recombination efficiency can be improved by controlling the TiO,
crystal structure, crystallinity, surface morphology, and grain size. Doping can increase the
number of defects in the TiO, lattice, which changes the structure and properties of the
TiO, photocatalyst surface, narrows the TiO, bandgap, and enhances the photocatalytic
efficiency of TiO;. The methods used to modify TiO, can roughly be divided into categories
that include excessive metal doping, noble-metal and rare-earth doping, non-metal doping,
semiconductor recombination, organic dye photosensitization, and catalysis [124-128].

4.1. Metal Doping

Metal doping can be categorized into transition-metal, noble-metal, and rare-earth-
metal doping, according to the mechanism used by the metal-ion dopant to influence the
photocatalytic activity of TiO,. An intermediate state energy level is typically introduced
into the TiO, bandgap by metal doping, which changes the motional states of the carriers;
consequently, the energy band structure of TiO; can be controlled by adjusting the dis-
tributed states of electrons and holes, in order to change the photocatalytic activity of TiO,.
On the one hand, appropriate metal ions are selected to replace Ti** in the TiO, lattice, and
impurity energy levels are introduced near the conduction band. Hence, valence band
electrons can be excited by photons with energies less than the original forbidden band
width (3.2 eV) to impurity energy levels, and the photogenerated electrons in the conduc-
tion band can also transition to impurity energy levels, which promotes photogenerated
electron-hole pair separation [129]. On the other hand, some transition metal ions act as
electron traps and form intermediate valence ions after capturing electrons, which also
realizes photogenerated electron-hole separation [113]. The energy levels of most dopant
ions lie between the valence and conduction bands of TiO,; consequently, the introduction
of dopant ions not only increases the electron-hole-pair capture rate in the crystal, but
also prevents electron-hole recombination, thereby improving the photocatalytic ability of
TiO; [130]. The introduction of metal dopants into the TiO; lattice leads to the formation
of new energy states below the conduction band and above the valence band, and these
new energy states act as charge-trapping sites that improve the charge-separation efficiency
(Figure 5) [131]. However, the TiO, lattice becomes seriously distorted when the amount
of dopant exceeds a certain level, which hinders further improvements in photocatalytic
performance. Therefore, determining the optimal position and amount of the dopant
element remains challenging.
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Figure 5. Schematic representation of the electronic band structure of (a) undoped anatase TiO, and
(b) Fe-doped anatase TiO,. Reprinted /adapted with permission from Ref. [131]. 2018, Elsevier.

4.1.1. Excessive Metal Doping

Metal doping helps to produce doped nanoparticles with fewer defects, and more
recombination centers when the metal dopant is chemically similar to the metal in the
metal oxide; therefore, the great potential of transition metals for modifying TiO, cannot
be overlooked [44-50]. The addition of a transition metal can result in a shift in the
TiO, absorption window to the visible region, with the transition metal creating a new
energy level between the valence and conduction bands of TiO,. Doping with Mn [132],
Cr [133], Fe [134-140], Cu [141-143], or V [112] effectively reduces the bandgap of TiO,,
such that it responses to visible light. The type and amount of dopant ion are important
factors that affect the photocatalytic oxidation activity of TiO,. While an appropriate
amount of dopant ion can promote the separation of photogenerated electrons and holes,
thereby enhancing visible light absorption, TiO; crystallinity is destroyed when excessively
doped, and impurity ions become recombination centers for electrons and holes that
reduce catalytic activity [144]. Mohammed et al. elucidated the photocatalytic mechanism
of a 10% NiO/TiO, catalyst through the photodegradation of brilliant green (BG) and
phenol; p—n heterojunctions are formed between the two oxides that effectively separate
the photoinduced electrons and holes, thereby improving the light utilization efficiency.
Figure 6 shows a photodegradation diagram for NiO/TiO, composite nanoparticles [145].
In a similar manner, Nadia et al. synthesized a bimetallically modified Cu—Ni/TiO,
photodegradation catalyst and studied its photodegradation efficiency toward Orange II
under various preparation conditions [146].
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BG 7 products
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H'"
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Figure 6. Postulated mechanism for electron transfer in NiO/TiO;, nanoparticles [145]. Reprinted /
adapted with permission from Ref. [131]. 2021, ACS Publications.
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A small amount of Fe effectively reduces the TiO, bandgap width and promotes
visible light absorption by TiO,. Doping with Fe3* effectively improves the catalytic
activity of TiO,, which is mainly attributable to the fact that Fe>* is capable of capturing
photogenerated electrons and holes to form intermediate Fe?*, as shown in Figure 7, thereby
promoting photogenerated carrier separation [147]. In addition, Fe** has an ionic radius of
0.63 A, which is close to that of Ti** (0.64 A). Therefore, Fe>* becomes uniformly doped
into the TiO; lattice without creating excessive distortion, thereby reducing the number
of photogenerated electron-hole recombination centers [135]. The manner in which Fe3*
traps electrons can be expressed as:

Fe  + ¢ 5 Fe?t

2t + 0y —> Fe** 4 Oy

Yang et al. prepared an Fe-doped TiO; composite on glass fiber using the sol-gel
method and studied the photodegradation performance of the composite toward ben-
zene, toluene, ethylbenzene, and o-xylene. The GF-Fe-TiO; composite doped with 0.01
at% Fe exhibited better photocatalytic oxidation activity under visible light than the un-
doped GF-TiO, material [134]. Tieng et al. prepared an Fe**-doped TiO, nanocoating and
studied its photodegradation behavior toward ethylene gas. These authors believed that
both photogenerated electrons and holes are captured by Fe3* and proposed an optimal
size of approximately 8 nm for the TiO, nanocoating, based on the localization range of
photogenerated electrons in the CB [148].
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Fe?

Figure 7. Schematic diagram showing the energy levels of TiO, doped with Fe (transition metal).
Reprinted /adapted with permission from Ref. [147]. 2018, Elsevier.

Lu et al. synthesized a green Fe-doped TiO; photocatalyst on a Ti net by chemical
impregnation and anodic oxidation and studied, in detail, the influence of the Fe content
in the synthesized material on photocatalytic performance [149]. Compared with TiO,,
the green Fe-doped TiO, photocatalyst absorbed more light, with a redshifted absorption
peak and a narrower bandgap observed. Details of the charge-transfer and photocatalysis
mechanisms are shown in Figure 8. Fe-doped TiO, exhibited a higher visible light response,
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with an improved photodegradation rate of 87.9% for MB observed in a photocatalysis
experiment with Fe-doped TiO; (0.6 wt%) under simulated sunlight irradiation for 2.5 h.

0,

'()2_

‘*‘_Jo

H,O/OH"

‘OH

TiO,

Figure 8. Simulated charge-transfer and photocatalysis mechanism for the Fe-doped TiO, photocata-
lyst. Reprinted /adapted with permission from Ref. [149]. 2021, Elsevier.

4.1.2. Noble- and Rare-Earth-Metal Doping

The reported noble metals mainly include Pt [150], Ag [151-157], Ru [158,159], Ir [160],
Pd [161-165], Au [166-172], and W [173], which are most commonly used and are strongly
corrosion- and oxidation-resistant. Doping not only improves the photocatalytic activity
of TiO,, but also increases its photochemical stability; consequently, noble-metal ions
are ideal dopants. The Schottky barrier formed at the interface between the noble metal
and TiO, promotes photogenerated electron transfer and reduces photogenerated carrier
recombination [174]. Noble metal deposition on a semiconductor surface is considered to
be an effective modification method for capturing excited electrons; it effectively reduces
oxygen and improves photocatalytic activity. Noble metal deposition methods mainly
include immersion reduction and photoreduction. The noble metal on the surface of a
catalyst effectively forms a short-circuit microcell, with TiO; as the semiconductor and
the metal as the electrode on the TiO, surface. The h* is generated by the TiO, electrode
oxidizes organic matter in the liquid phase, whereas the e~ flows to the metal electrode
and reduces oxidized components in the liquid phase, thereby lowering the e~ /h* ratio
in the composite. Consequently, more *OH and *O,~ are produced on the TiO, surface,
which improves catalytic activity [175,176].

Rare-earth metals, including Sc, Y, and the 15 lanthanide metals, have incomplete 4f
and empty 5d orbitals. This electronic structure enables metal ions to act as intermediates
that capture and transfer photogenerated electrons, which reduces photogenerated electron—
hole recombination and improves photocatalytic activity [177,178]. Rare-earth metal-ion
doping can also affect the activity of the catalyst by altering the phase structure, specific
surface area, and surface morphology of TiO, during synthesis. The introduction of a
rare-earth element into a TiO, crystal not only promotes crystal formation and lattice
distortion, but also affects the crystal form, energy band structure, grain size, movement
state, and photogenerated electron-hole-pair lifetimes in TiO; [179]. Doping with rare-
earth elements also improves many properties of TiO,, including adsorption performance
toward visible light and interfacial charge-transfer efficiency, with TiO, exhibiting an
improved photocatalytic ability following this series of changes. Meng et al. prepared a
Gd-La co-doped TiO, composite catalyst by simultaneously doping La,O3 and Gd;Oj3 into
the TiO; lattice to generate abundant O vacancies and surface defects, which increased
the absorption wavelength and improved the light-conversion efficiency of TiO, [180].
Wang et al. co-doped Fe and La into TiO,; the composite showed excellent photocatalytic
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performance, compared to single-element-doped TiO; [181]. Li et al. simultaneously doped
five elements, namely Co, Ce, La, Eu, and Sn, into the TiO; lattice to form a transition and
rare earth element co-doped photodegradation catalyst [182]. Jiang et al. hydrothermally
prepared anatase-TiO, photocatalysts co-doped with Pr, N, and P without post-sintering
treatment; the material exhibited an improved UV-light-absorbing ability, owing to the
high hydroxyl content on the surface, which also reduced photogenerated electron-hole
recombination [183]. Eskandarloo et al. prepared a mixed catalyst by physically mixing
and reheating TiO, and CeO, powders and studied the photodegradation performance
of the catalyst for phenazopyridine [184]. Thiruppathi et al. doped Ce metal into a TiO,
lattice to prepare Ce@TiO, nanocomposites and studied the photodegradation of diclofenac
sodium [185]. Xu et al. synthesized TiO; catalysts co-doped with Y, Yb, and Tm and
extended the light-sensitive range to the near-infrared region [186]. A (Yb%*, Er®") co-
doped TiO, / AgsPO4 hybrid composite that exhibited enhanced visible light photocatalytic
activity was prepared; this composite degraded phenol when irradiated with visible or near-
infrared (NIR) light. Possible intermediate products generated during the photodegradation
of phenol were also investigated, and a plausible photodegradation pathway for phenol
and a mechanism for the observed enhanced photocatalytic activity were proposed [187].

Doping the TiO, lattice with a rare-earth metal can also enhance the adsorption of
organics on the catalyst surface, thereby improving the photocatalytic activity of TiO; [188].
Trujillo-Navarrete et al. prepared Nd**-doped TiO, nanoparticles using the Stober method
and studied the effect of doping on the crystal structure and micromorphology of anatase
TiO,. The addition of Nd** was found to affect the Ti-O bond length and reduce octahedral
distortion, with the TiO, structure found to be more stable after doping and more conducive
to charge transfer [189]. Zhao et al. studied the degradation of phenolic compounds using
Nd-TiO, photocatalysts [190], while Feng et al. synthesized a Gd-5iO,-TiO; catalyst using
the sol-gel method; this catalyst exhibited a degradation efficiency of approximately 90%
for MB under sunlight [191] for 150 min.

4.2. Nonmetallic Doping

A non-metallic dopant can be substituted into an O site or a parent-metal-atom site, or
it may exist as a gap dopant. The 2p orbital of a non-metallic dopant reduces the bandgap
width and enhances visible light absorption [192-194], which is mainly ascribable to the
generation of more mixing or local states near the edge of the valence or conduction band of
the semiconductor. Therefore, doping with non-metallic elements has always been a TiO,
modification research hotspot. Doping with N [195-199], C [200-205], S [206-208], B [209],
F [75,114,115], I [210-212], and other elements has been shown to successfully expand the
light-response range of TiO; to include the visible region. When doping non-metallic ions,
the TiO; lattice is generally believed to change the energy-level structure of TiO; to form
new doping levels near the valence band edge, which narrows the bandgap. S and N,
as dopant examples, replace the lattice O in TiO, to form new energy bands through the
hybrid mixing of the p and O 2p orbitals, which reduces the bandgap. Zhou et al. doped
S into TiO, to narrow its bandgap and provided an effective method for improving the
photocatalytic efficiency and expanding the absorption window of TiO, from ultraviolet to
the visible region; they also showed that disulfide macro-rings (DSMs) are ideal candidates
for highly doped TiO,. A series of characterization studies showed that S exists in its S®*
form when it replaces Ti** on the surface of the TiO, lattice to form SO42~. S-TiO, has a
bandgap of 2.3 eV, which is less than that of the original TiO, (3.2 eV); hence, it absorbs in
the visible region [213].
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In addition, the doped state does not act as a charge carrier in a non-metallic-doped
system; consequently, it does not become a photogenerated electron-hole recombination
center in the lattice, unlike metal ions [214]. Therefore, non-metal-element doping is
considered to be more effective than metal-element doping for improving the photocatalytic
performance of TiO,. Research has favored non-metal-doped TiOj, especially using N, C, S,
F, and other elements [215].

4.2.1. N Doping

N doping endows TiO, with catalytic properties when irradiated with visible light
and is, therefore, an important non-metal-doping subject. N has a low ionization potential
and an ionic radius close to that of O; hence, N easily replaces O in the TiO; lattice [216].
N doping not only reduces the TiO; bandgap width, leading to a material that responds
to visible light, but also changes the physical properties of TiO,, including its hardness,
refractive index, conductivity, and elastic modulus [217]. Albrbar et al. proposed that the
N in N-doped TiO; enters gaps in the TiO; lattice (gap type) or replaces lattice oxygens
to become incorporated into the lattice (displacement type) [218]. Pandian et al. prepared
three kinds of N-doped TiO, films (chemisorption, gap, and displacement) using DC
magnetron sputtering technology at various oxygen partial pressures and studied their
electronic energy band structures. They observed that displacement-type N has an acceptor
level of 0.14 eV, which is above the valence band of TiO,, while that of gap-type N is
0.73 eV [216]. The N 2p orbitals of displacement-type N and the O 2p orbitals of the
lattice oxygen are generally believed mix to form a localized N 2p state that lies above the
valence band; visible light catalysis occurs because this localized state has a low electron-
transition energy. In addition, the N 2p orbital of N and the S 2p orbitals of S can also
mix. For example, N enters the lattice more easily when Ti** is replaced by S** or S¢*
to form (N, S)-co-doped anatase TiO, that exhibits photocatalytic activity under visible
light [206]. Yang et al. prepared N-doped TiO,, loaded it onto carbon foam, and studied
the photodegradation performance of the prepared catalyst toward phenol [219].

4.2.2. C Doping

C-doping is also an effective method for modifying TiO,. C has been reported to
not only reduce the bandgap by forming intermediate energy levels in the TiO, bandgap,
but also promote the adsorption of organic substances and transport of photogenerated
carriers within TiO, [220]. Valentin et al. studied the structure of C-doped TiO, using
density function theory. A low C content and a lack of oxygen in the reaction is believed to
facilitate the entry of C into the TiO, lattice by replacing lattice O. C is more likely to enter
the lattice in the form of interstitial atoms or by substituting Ti atoms when insufficient
O is present [221]. Chen et al. experimentally compared C-doped and N-doped TiO,,
with the former exhibiting better photocatalytic activity for the degradation of MB under
visible light. These researchers proposed that doping TiO, with C inhibits the growth
of TiO; crystals, with active carbon materials or other carbides deposited on the surface
of the catalyst, which help to adsorb organic pollutants [216]. Kavitha et al. prepared
C-doped TiO; using anhydrous D-glucose as the carbon source and confirmed that the C
atoms were mainly incorporated into the lattice gaps of TiO, through Ti-O-C bond and
O-Ti-C bonds. The valence band edge was observed to move in the negative direction
and increased the photogenerated-hole oxidation potential when the amount of the carbon
concentration was increased [222]. Photodegradation performance toward 4-chlorophenol
under ultraviolet and visible light revealed that that C-doped TiO, exhibited better catalytic
activity under visible light because the carbon-containing compounds on the surface of
the catalyst were removed under ultraviolet light, which weakened the catalytic synergy
between the carbon-containing substances on the surface of the catalyst and the crystalline
carbon. The selection of an appropriate amount of dopant can effectively improve the
catalytic activity of TiO,. On the one hand, too much dopant leads to a large number of
defects in the TiO, lattice, which inhibits the photogenerated carrier separation; on the other
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hand, too many carbides are formed on the TiO, surface, which affects light absorption,
hides active sites, and reduces photocatalytic activity.

Depositing a C-point on the surface of the catalyst is equivalent to forming a short-
circuit microcell with a semiconductor heterojunction and a carbon layer as the electrode.
For example, Figure 9 shows the photodegradation catalysis mechanism that operates after
doping a C-point with ZnO/TiO,. The h* generated by the TiO; electrode oxidizes the
organic matter in the liquid phase, while the e™ flows to the metal electrode and reduces
the oxidized components in the liquid phase, thereby lessening the e~ /h* recombination
rate and improving the activity of the catalyst [223].

A

\/ 4S|mulated sunlight 2 g 7
-~ L ,\* C Reactive species
P A *«OH h* Oy

\J - .
q / /-02 RhB‘i

e eeeN, AN\
ZnO EcB 0 l

Evs l TiO, Intermediate

\h+ h* h* h* b \ B u
k +ht ht ht+

H,0 <OH CO,+H,0

Figure 9. Schematic diagram showing the photocatalytic degradation mechanism associated with
Zn/Ti-2%-MOF-600. Reprinted /adapted with permission from Ref. [223]. 2021, Elsevier.

4.3. Co-Doping

Modifying TiO; by elemental co-doping can compensate for the shortcomings of single-
element doping and has attracted significant attention in recent years as a consequence.
Elemental co-doping can be divided into non-metal, metal /non-metal, and metal co-doping,
among which, metal co-doping has been somewhat less studied.

4.3.1. Nonmetallic Co-Doping

Non-metallic co-doping methods for modifying TiO, have been widely studied to
date. Mesoporous carbon nitride and titanium dioxide (C3N4-TiO,) nanocomposites were
prepared using urea as the C3N4 precursor and titanium tetraisopropoxide as the titanium
source. The prepared nanocomposites were yellow, in contrast to the white TiO, and C3Ny
nanomaterials. Tauc plots derived by UV-Vis absorption spectroscopy revealed that the
C3N4-TiO; nanocomposite has a significantly narrower bandgap energy, compared to that
of the individual TiO; (B3.2 eV) and C3Ny4 (B2.8 eV) samples, leading to a high visible light
response [224]. Using thiourea as a dopant, Lei et al. prepared NSC-TiO, co-doped with N,
S, and C using the sol-gel method, followed by calcination. XPS revealed that the N in the
product is mainly doped as Ti-O-N and Ti-N bonds, while S is mainly doped as Ti-O-S
bonds, and C is mainly doped as Ti-O-C bonds. Elemental co-doping and the calcination
temperature were found to significantly influence the TiO, microstructure and size, with
the catalytic activity of TiO; under visible light improved, owing to N, S, and C doping
synergy [225].
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Li et al. used ammonium fluoride (NH4F) as a dopant and TiCly as the titanium source
to prepare N and F co-doped TiO, powder by spray pyrolysis and studied its photodegra-
dation performance for gaseous acetaldehyde and trichloroethylene under visible light.
Compared with samples doped with N or F alone, the co-doped TiO; sample exhibited
higher catalytic activity [226]. These researchers proposed that N doping promotes visible
light absorption and that the formed oxygen vacancies promote the formation of *O,~,
while F doping affords more active *OH sites. Therefore, catalysis through N and F co-
doping synergy improves material performance. Pan et al. prepared N, N&S and N&F
doped hierarchical macro-/mesoporous TiO, with tetrabutyl titanate, urea, thiourea, and
ammonium fluoride as raw materials. Morphological changes and RhB degradation were
also studied [227]. Zeng et al. synthesized N-doped and B/N-co-doped TiO, photocatalysts
and TiO, using a liquid-phase precipitation method combined with a solid-phase thermal-
decomposition method. XPS revealed that B occupies the TiO, gap position. In addition,
the specific surface area of the TiO, NPs was significantly higher, and their photocatalytic
activity was enhanced by B/N co-doping [228]. He et al. synthesized F-doped TiO, using
HF as the raw material. The morphologies of TiO, particles doped with various amounts of
F were observed to completely different, as shown in Figure 10. However, TiO, prepared at
different hydrothermal reaction temperatures exhibited different morphologies when the
same addition amount of F was added, as shown in Figure 11.

Figure 10. SEM images of TiO, samples prepared with different amounts of HF: (a) pure-TiO,,
(b) T-1F, (c) T-3F, (d) T-5F, (e) T-7F, and a high magnification image of (f) T-7F [114].

Figure 11. SEM images of T-7F hydrothermally prepared at various temperatures: (a) 150, (b) 170,
and (c) 200 °C [114].
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4.3.2. Metal/Nonmetal Co-Doping

Table 2 can be controlled by metal/non-metal co-doping. Metal ion doping is believed
to mainly replace Ti atoms to form an impurity level below the conduction band, whereas
non-metal doping forms an impurity level near to, but above, the valence band. Therefore,
co-doping with a metal and a non-metal can effectively reduce the TiO, bandgap width
and improve its responsiveness to visible light. Fang et al. prepared Mo and C co-doped
TiO, materials using a hydrothermal method involving pre-calcination. C was found to
mainly exist on the surfaces of the TiO, particles, in the form of carbides, whereas the
Mo was mainly present in the lattice in the form of Mo®* (replacing Ti*"). The Mo®*-
formed impurity level was determined to lie at 0.4 eV, which is below the TiO, conduction
band. This impurity level captures photogenerated electrons (Mo®*/Mo>*) and promotes
carrier separation [229]. In addition, metal-ion/non-metal-element synergy promotes
photogenerated carrier separation to a certain extent. Fan et al. prepared N and Fe co-
doped TiO; using a two-step method, with Ti and N as precursors. Fe was found to mainly
exist on the TiO, surface in the Fe3* /Fe?" form; the presence of Fe also enhanced the
photochemical stability of the N dopant in the TiO;. Fe-N-TiO; was observed to be more
stable and more catalytically active than N-TiO, toward the photodegradation of gas-phase
toluene, with EPR and PL experiments showing that Fe>* /Fe?* is capable of effectively
promoting photogenerated carrier separation [230].

Table 2. Summary of TiO; modification methods.

Doping Type Action Mechanism
Noble metal Pt, Au, Ag, Pd, W, Ru, Re, Os, Ir, Schottky barrler formed
et al. between interfaces
Metal doping Rare earth metal Ce, La, Eu, Pr, Y, Yb, Er, Nd, Sm, Changing TiO, crystal
Tm, et al. structure

Changing TiO; crystal

Transition metal Fe, Mn, Cr, Cu, V, et al.
structure

Changing TiO; crystal

Nonmetallic doping C,N,S,B,E 1 etal

structure
Nonme.talhc C-N, N-5-C, S-N, N-F, B-N, et al. Changing TiO; crystal
co-doping structure
Co-dopin Metal metal Gd-La, Yb-Er, Y-Yb-Tm, Yb-Er, Changing TiO; crystal
ping co-doping Co-Ce-La-Eu-Sm, et al. structure
Nonmetal and Changing TiO, crystal

Pr-P-N, Mo-C, Fe-N, Co-N, et al.

metal co-doping structure

Zn0, ZnS, CdS, Fe, 03, Fe30y,
MOSz, ZI‘OZ, SI’IOZ, A1203,
WO;, et al.

Forming semiconductor

Semiconductor doping heterojunction

Anthocyanins, Red sandalwood

pigments, Carotenoids, Porphyrins, Improve the absorption
Tetracarboxy phthalocyanines, of sunlight

Squaraine dye, polyaniline, et al.

Photosensitization of organic dyes

Carbon and iron doping were found to modify the absorption edge of the TiO, photo-
catalyst, which shifted toward the visible region. Fe** can be doped into the TiO, matrix,
which hinders the recombination of excited electrons/holes. The carbon- and iron-modified
TiO, was observed to exhibit superior photocatalytic activity for the decomposition of Acid
Orange 7 under visible light [231]. The cobalt and carbon co-dopants in TiO, act in synergy
to lower the bandgap energy level to 2.81 eV, which encompasses the visible light region.
At the same time, it stimulates electron-hole-pair separation to produce more *OH, thereby
improving the light-conversion efficiency, as shown in Figure 12 [232]. Similarly, iron and
carbon co doped TiO; photocatalysts have obtained similar conclusions [233]. The cobalt
and sulphur doped TiO, photocatalysts shows stronger photocatalytic degradation ability
than the pure TiO; [234].
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Figure 12. Schematic representation of the proposed photocatalytic degradation mechanism of TiO,
co-doped with Co and C under visible light [233]. Reprinted /adapted with permission from Ref. [233].
2021, Elsevier.

4.4. Semiconductor Recombination

Two semiconductor structures can be coupled to form a semiconductor heterojunction.
Photogenerated electrons and holes are separated at the heterojunction interface, owing to
the different energy band structures of the two semiconductors. Photogenerated electrons
transfer from the semiconductor with the higher conduction band to the semiconductor
with the lower conduction band, while photogenerated holes transfer from the semicon-
ductor with a lower valence band to the semiconductor with the higher valence band [235].
Heterogeneous photocatalysts mostly use TiO,, ZnO, ZnS, CdS, and Fe,O3, with two
semiconductors with matched energy band structures combined to reduce electron-hole
recombination, improve the light-absorption range, and promote photogenerated carrier
migration [236]. Many types of heterojunctions have been studied, with the aim of ef-
fectively improving the photoactivity of the material. The mechanism associated with
heterojunction photocatalysis can be divided into three steps: (1) photons absorption on
the surface to generate electron—hole pairs, (2) the separation and transfer of photogener-
ated electron-hole pairs, and (3) redox chemistry involving adsorbed reactants and the
carriers [237].

Figure 13 show a plausible visible light-driven reaction mechanism for the photodegra-
dation of bisphenol A(BPA) by the p—n heterojunction of the ZnFe;O4—TiO; nanocomposite
when irradiated with 465 nm (visible) light. Electrons in the VB of ZnFe,O, are photoexcited
to the CB to produce electron-hole pairs when exposed to visible light (pathway 1). The
excited electrons in ZnFe, Oy easily transfer across the nanocomposite interface to the CB of
anatase TiO, because the redox potential of the CB of ZnFe,O4 (1.54 eV) is higher than that
of anatase TiO, (0.29 eV), leaving holes in the ZnFe,O, VB (pathway 2). Therefore, p-type
ZnFe;O4 and n-type TiO; coupling effectively reduces the electron-hole recombination
rate, which lowers the internal resistance and enhances interfacial charge-transfer efficiency
as a consequence. Therefore, the photogenerated holes (h*) in the VB of ZnFe,Oy directly
photodegrade BPA when irradiated with 465 nm (visible light) (pathway 3) [238].
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Figure 13. Schematic illustrating the visible light-driven photodegradation of BPA by a ZnFe,O4-TiO,
photocatalyst under visible light [238].

Photogenerated electron-hole recombination is another important factor that affects
photocatalytic activity because electron-hole pairs generated by photoexcitation very easily
recombine; hence, reducing the photogenerated carrier recombination rate also improves
photocatalytic efficiency. Other types of semiconductor material can also improve pho-
togenerated carrier separation efficiency and the light-absorption rate when combined
with TiO,, thereby improving photocatalytic efficiency. The semiconductor composite is
essentially TiO, modified by another particle. Studies have shown that composite semi-
conductors have many advantages, including: (1) the bandgap and spectral-absorption
range of the semiconductor are easily controlled by adjusting the particle size, (2) the light
absorption of semiconductor particles is a banded edge, which benefits effective sunlight
collection, and (3) photostability is improved by surface-modifying the particles [239].
Further studies have shown that the energy bands of the two semiconductors bend at the
heterojunction interface, which creates a strong internal electric field between the interfaces
and separates photogenerated carriers. Hu et al. built a heterojunction that expanded the
response range of the material to include the visible region (>450 nm) by combining TiO,
with a small amount of BiVO,, which increased the degradation efficiency for gaseous
benzene by a factor of three. The high degradation efficiencies of heterojunction materials
can be maintained for more than 50 h [240]. Using molybdenum disulfide as a raw mate-
rial, Hunge et al. prepared a composite MoS, /TiO; catalyst with various MoS, contents
using a hydrothermal method; one of the catalysts exhibited a photodegradation rate of
84% for 10 mg/L tetracycline within 100 min under 400 W metal halide lamp used as the
UV-Vis light source [241]. Lu et al. prepared a Bi;Mog/GQDs/TiO, double-heterojunction-
structured material with an expanded absorption-wavelength range and limited photo-
generated electron-hole recombination, thereby improving the solar-energy conversion
efficiency [242]. Yang et al. showed that TiO,-ZnO composite particles attached to diatomite
surfaces exhibit a higher absorption wavelength than pure ZnO/diatomite [243]. Modifica-
tion with ZnO was shown to move the absorption window of TiO, to the visible region, with
improved light conversion efficiency also observed [244,245]. Similar behavior was also
reported for CdS/TiO; [246], CoSe/TiO; [247], SnO, /TiO; [248,249], ZrO, / TiO, [250-253],
Ang/TiOz [254], FE304 /Ti02 [255,256], C0304 /TiOz [257], WO3 /TiOz [258,259], Ti02 /Bi203 /
TiO;, [260], BiOXs/TiO; [261], TiO2-WOs3-BipO3/Si0, [262], SiO,/TiO, [263-266], and
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Al,O3/TiO; [267], among others, with the formed heterojunction also observed to improve
the absorption wavelength and light-conversion efficiency of each composite material.

4.5. Photosensitizing Organic Dyes

TiO, only absorbs approximately 4% of the solar spectrum; consequently, extending
the excitation wavelength of the catalyst material is an important photocatalysis research
topic. Colored organic or inorganic compounds can be chemically or physically adsorbed
by a TiO, semiconductor material with a high specific surface area to sensitize the wide-
energy-gap semiconductor surface. On the one hand, the surface of a TiO, thin film adsorbs
a single layer of sensitizer molecules, while the interior of the sponge-like film adsorbs
additional sensitizer molecules; consequently, sunlight that is reflected many times on
the rough surface is repeatedly absorbed by the sensitizer molecules, which improves the
sunlight utilization rate [268]. On the other hand, sensitization increases the efficiency
of the light-excitation process and expands the excitation wavelength window to the
visible region, thereby improving the photoelectric energy-conversion efficiency, which
is the purpose of the sensitizer. In this sense, dye molecules act as semiconductors. The
ground state is equivalent to the valence band of the semiconductor, while the excited
state is equivalent to the conduction band, with the following specific process adhered
to: dye molecules are excited when the photon energy is less than that of the forbidden
bandwidth of the semiconductor. Dye-excited electrons are injected into and transported
by the semiconductor, which is a long-distance electron-transport system. The electron-
trapping agent finally captures the electrons on the surface of the semiconductor to realize
electron-hole separation; the carriers then become involved in photocatalysis chemistry.
Photosensitizing a catalytic semiconductor material involves the physical or chemical
adsorption of active compounds on the semiconductor surface. Sensitizing materials can
be divided into pure-organic and metal-organic dyes; the former does not contain central
metal ions and includes polymethyl chuan, oxazolium, and some natural dyes, such as
anthocyanins, red sandalwood pigments, and carotenoids. These substances have large
excitation factors toward visible light, which results in the excited state exhibiting a more
negative potential than that of the conduction band of the semiconductor; consequently,
the excitation factor is injected into the conduction band of the semiconductor material,
thereby expanding the excitation wavelength range of the semiconductor and improving
sunlight utilization [269,270]. Porphyrins [271,272], tetracarboxyphthalocyanines [273],
squaraine dyes [274], and other organic dyes are especially chemically stable and have
outstanding redox properties, good excited-state reaction activities, long emission lifetimes,
exhibit good luminescence performance, and strongly affect energy and electron transport
through photosensitization. Maximizing dye loading on the semiconductor surface does
not always lead to improved performance; consequently, the influence of dye concentration
on the photocatalytic performance of a semiconductor needs to be screened [275-277]. The
tris(2,2’-bipyridyl)dichloruthenium composite with titanium-pillared saponite increases
the specific surface area and pore size of TiO,, with photocatalytic activity extending to the
visible region as a consequence [159]. Samuel et al. sensitized TiO, using a dye sensitization
method and a variety of natural dyes. The use of chlorophyll was shown to lead to the best
degradation effect, with a degradation rate of 60% for MB recorded [278]. Koodali et al.
used an iron(IIl)-phthalocyanine-modified TiO, catalyst to study the photodegradation
of p-aminobenzoic acid, p-nitrobenzoic acid, p-chlorophenoxyacetic acid, salicylic acid,
and aniline and found that synergy between iron(IlI) phthalocyanine and TiO, contributes
to the production of *OH [279]. The optical bandgap energy of TiO, surface-modified
with polyaniline (PANI) was observed to decrease with increasing amounts of PANI.
TiO,-PANI loaded onto polystyrene (TiO,-PANI-PS) exhibited an appreciably accelerated
photodegradation rate, compared to the PS-TiO, composite and pristine PS, when irradiated
with UV light [280].

The doping can change the crystal and electronic structure of TiOy, inhibit the recom-
bination rate of photogenerated electron-hole pairs to improve its quantum efficiency, and
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broaden the response range of light wavelength, which is a powerful factor for improving
the photocatalytic performance of TiO,. The summary of different TiO, modifications is
shown in Table 2.

5. Applications

Emissions generated by economic development and human activity have greatly
polluted the air that we all rely on. Processes used to fabricate products, tail gases from
vehicles, emissions from indoor decorations, and oil smoke from catering activities, among
others, have all contributed to a decline in air quality. In addition, water is arguably
the most valuable resource offered to life by nature; it plays an integral role in the lives
of all living organisms and is an essential material for life itself. However, economic
development and population increases have seriously polluted water resources through the
massive use of pesticides, the discharge of pharmaceuticals and their metabolites, and the
seemingly unlimited use of dyes. Consequently, organic pollutants in water are a problem
that needs to be urgently addressed, with TiO, photocatalysts widely studied and used in
water-treatment applications.

TiO, photocatalysis is an energy-saving and environmentally friendly technology
for the highly efficient catalytic oxidation of organic pollutants. It uses the energy of
solar radiation to excite photoelectron-hole pairs on the TiO; surface, which results in the
generation of highly reactive radicals, such as superoxide (*O, ) and hydroxyl (*OH), and
the oxidation of organic gases, liquids, and other pollutants into carbon dioxide and water.
The selective photocatalysis field has undergone rapid development in recent years and now
extends to include several new applications. This review focuses on the overall strategies
that improve photocatalysis selectivity and encompasses a wide variety of photocatalysts
and their modifications, as well as the vital related processes of industrial significance,
such as the reduction and oxidation of organics and inorganics and transformation of CO,.
After optimizing various procedures, the ultimate challenge of this field involves the use of
natural sunlight to remediate real wastewater [281-284].

5.1. Volatile Organic Compounds (VOCs)

VOCs are common outdoor and indoor air pollutants, and their levels determine air
quality. People in developed countries spend more than 90% of their lives indoors; however,
the construction and assembly of synthetic materials has resulted in serious VOC pollution
problems that directly affect human health. Therefore, indoor air treatment is receiving
increasing levels of attention. Formaldehyde is a prominent air pollutant in a newly deco-
rated room; it ranks second in the list of controlled toxic chemical, with only dioxin (strong
carcinogen) above it in the list. Formaldehyde is referred to the “first killer” of the indoor
environment. Long-term exposure to formaldehyde (even small amounts) can greatly
harm the human body. Various measures have been taken to remove formaldehyde from
indoor air, mainly through the use of the ventilation, filtration, adsorption, and catalytic
purification methods [285,286]. However, these methods are associated with disadvantages
that include ease of saturation during adsorption, regular adsorbent replacement, harsh
conditions, high costs, and very limited formaldehyde-removal abilities. Recent studies
have shown that photocatalytic methods can effectively degrade formaldehyde to harmless
CO; and H,O in indoor air. Such methods use little energy, are simple to operate, use mild
reaction conditions, and produce no secondary pollution. Pure semiconductor TiO, only
generates electron—hole pairs when excited by ultraviolet light, with low light-conversion
efficiency. Narrow-bandgap TiO, (after modification) can be excited by visible light, with
delayed charge carrier recombination improving the light-utilization rate, thereby improv-
ing photocatalytic activity and the formaldehyde-degradation rate [287-289].

Song et al. prepared a composite photodegradation catalyst by loading Au-Pt alloy
nanoparticles onto TiO, and examining indoor formaldehyde degradation [290]. Lama et al.
prepared a Cr/TiO, photocatalyst and investigated its performance for the photocatalytic
degradation of formaldehyde gas using singly polluted air flowing through Cr/TiO, [85].
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Lan et al. studied the photodegradation of formaldehyde at 65 °C using TiO,-M (M = Cu,
In, Pd, and Pt) catalysts and proposed the degradation mechanism shown in Figure 14 [291].
Korologos et al. studied the photocatalytic oxidation performance of 0.25% (w/w) Pt-, Fe-,
and Ce-doped TiO; materials toward gas-phase benzene, toluene, ethylbenzene, and m-
xylene under various UV-irradiation conditions. Ce-doped TiO, was shown to exhibit the
best degradation activity for benzene and ethylbenzene [292]. The erbium in an Er-doped
TiO, material occupies the Ti sites in the crystal lattice, which leads to the formation of
oxygen vacancies (VO) and Ti** that significantly enhance the photocatalytic performance
of the catalyst. The presence of Er,Oj3 also increases the specific surface area, which also
improves the VOC-adsorption capacity of the catalyst. Moreover, *O,~ was found to play
a dominant role in the degradation of acetaldehyde and ethylene, with *OH being the
dominant species responsible for the degradation of xylene [293].

quasi-continuous energy
levels for O-Pd-Cl or O-
Pt-Cl surface species

Co,

h*  h™ =77

CH,0

TiO,

Figure 14. Schematic diagram depicting the thermal catalysis mechanism of a TiO,-M (M = Cu, In,
Pd, and Pt) catalyst. Reprinted /adapted with permission from Ref. [291]. 2021, Elsevier.

Rao et al. used the sol-gel method to prepare Tm3*-modified TiO, nanoparticles that
exhibited improved photoinduced electron-hole separation efficiency, higher hydrophilicity,
increased adsorption capacities for acetaldehyde and o-xylene, and better photocatalytic
activities than pure TiO; for the gas-phase degradation of acetaldehyde, o-xylene, and
their mixtures [294]. The 0.5 mol% Tm-TiO, sample showed the highest photodegradation
efficiency (>90.0%) for the abovementioned vapors, thereby providing an effective method
for the degradation of VOCs using a TiO,-based catalyst, and it has important guiding
significance for the future design of photocatalysts that degrade mixed VOCs. Ji et al.
prepared mesoporous TiO, using a one-step hydrolysis method and various calcination
temperatures and used it to photocatalytically degrade gaseous benzene. Mesoporous
TiO, is more catalytically active and degradation stable toward benzene [67]; the use of
mesoporous TiO, in a VUV environment is a promising and efficient benzene-removal
method that reliably and conveniently degrades indoor organic pollutants. Mahmood
et al. prepared carbon-quantum-dot-decorated TiO, (CQDs/TiO;) nanocomposites and
proposed the photodegradation mechanism shown in Figure 15 [295]. The CQDs adsorbed
on the TiO, facilitates strong hybridization between the TiO, CB, and the 7 electrons of
the aromatic rings present in the CQD framework, which increases the light-absorption
capacity. In addition, the C 2p states of the CQDs incorporate new energy states within the
lower CB that shrink the bandgap; therefore, the CQDs/TiO, bandgap is narrower than
that of pure TiO,. The new states within the CB act as reservoirs for the photoinduced
electrons in the nanocomposite, which improves the charge-separation process. The CQDs
improve the charge-separation and light-harvesting properties of TiO,. CQDs/TiO, showed
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significantly different photodegradation efficiencies toward benzene, xylene, and toluene
in photodegradation experiments.

Figure 15. Schematic illustration depicting the surface interactions between CQDs and TiO, NPs.
Ilumination with light excites charges in TiO; that transfer to the CQDs. Reprinted /adapted with
permission from Ref. [295]. 2021, Elsevier.

5.2. Dyes and Coatings

Ceramic matrices have become preferred substrates for TiO; thin-film coatings because
they are resistant to high temperatures, very chemically stable, and corrosion resistant, and
self-cleaning ceramic films are becoming increasingly researched. The Toto Company in
Japan began plating metallic (Ag and Cu) layers on ceramic surfaces loaded with TiO, in
the 1980s; the products exhibited good antibacterial properties when irradiated with visible
light or in the dark and were commercially produced from 1994 onwards. The United
States, South Korea, and other countries are also following the lead of Japan by investing in
self-cleaning ceramics. China is a large country, in terms of ceramic production and use, and
the pollution of ceramic products and their cleaning have also received extensive attention.
A TiO; film-layer coating on a ceramic surface can decompose VOCs; such coatings are
mainly used for air purification (nitrogen oxide, sulfur oxide, alcohols, aldehydes, etc.),
anti-fogging, self-cleaning, decontamination, sterilization, and disinfection purposes [296].

Antibiotic residues and toxic organic molecules from the chemical, textile, and pharma-
ceutical industries are extremely toxic to aquatic ecosystems and human health. Semiconductor-
based photocatalysts have been shown to provide significant advantages, owing to the
simple methods used to prepare them, their cost-effectiveness, and lack of toxicity, etc.,
which improves their yields and utilization rates in practical applications [125]. Dyes
may be carcinogenic and/or mutagenic and can impact humans, water-balance systems,
and animals in the long-term [60]. Therefore, methods for degrading organic dyes are
of paramount importance. Although membrane separation technology has been widely
used in water treatment [297], photocatalytic treatment is among the best methods for
reducing water pollution from colored dyes used in the textile industry [120,298-300].
Anila et al. reviewed dye pollution, dye classification, and dye decolorization/degradation
strategies and introduced the degradation mechanism associated with the well-known TiO,
photocatalyst, while concurrently discussing the latest research into metal-, non-metal-,
transition-metal-, noble-metal-, and lanthanide-ion-doped TiO, aimed at improving pho-
tocatalytic efficiency. Structurally modified TiO;, photocatalysts have become a flexible,
economical, and effective commercial dye-treatment technology and represent the best
catalytic materials for the degradation of various pollutants and sustainable environmental
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remediation. Such catalysts are expected to be widely used in dye photodegradation re-
search [9], with dyes such as methyl orange [301-305], MB [306-315], and RhB [316-326]
having already been studied. Mohamed et al. compared the degradation efficiencies of
mesoporous TiOp nanoparticles and commercially available P25 TiO, for the photodegra-
dation of organic pollutants [327]. Perfluorooctanoic acid was photodegraded by 99.5%
(100 mg/L) using spherical BiOBr-modified TiO,, which maintained a high h* content on
the photocatalyst surface [328].

A heterojunction structure is formed when TiO; is grown on a diatomite carrier, which
generates Si-O-Ti active sites in the boundary space between TiO, and the diatomite,
thereby improving the charge-transfer process, as well as the photocatalytic degradation
activity for dyes as a consequence [94,329]. Yang et al. grafted TiO, onto the inner wall of a
quartz capillary, followed RhB-degradation products by mass spectrometry, and studied
the mechanism responsible for the photocatalytic degradation of RhB (see Figure 16) [330].
Singh et al. prepared zinc oxide nanosheets (ZNFs) functionalized with TiO, nanoparticles
(TNPs) and studied their abilities to detoxify molecular solutions of MB, rhodamine 6G, and
oxytetracycline. The ZnO-TiO; nano-hybrid material exhibited excellent 3D photodegra-
dation performance, which is ascribable to charge separation and TNP/ZNF synergy
that increases the electron density in the conductive band. This study provided a simple
method for preparing a ZnO-TiO; heterojunction photocatalyst capable of significantly
photodegrading organic azo dyes and medical waste [125].
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Figure 16. Investigating the mechanism responsible for the degradation of RhB by subjecting an
initial RhB solution and solutions containing degradation products formed after 5 and 30 min to mass
spectrometry [330].

5.3. Drugs and Daily Necessities

The production and use of medical drugs and their metabolites, psychotropic drugs, other
abusive drugs, and agricultural drugs are continually increasing. These compounds greatly
impact the aquatic ecosystem, with significant toxic side effects exhibited by microorganisms,
algae, invertebrates, and vertebrates in the environment. Among these drugs, sulfamethox-
azole [331-337], metronidazole [338-343], carbamazepine [344], ciprofloxacin [242,345], and
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tetracycline [346-348], etc., and hormones such as 17x-methyltestosterone [349], have been
most researched from a photodegradation perspective. Awfa et al. reviewed the use of
carbon-TiO, composites as catalysts that photodegrade drugs and personal care products
in aqueous media [350].

Mouele et al. used mass spectrometry to study the mechanism associated with the
degradation of sulfamethoxazole drugs by a Ti/C-N-TiO; catalyst [351], while Hoi et al.
used mass spectrometry to study the intermediates formed by the degradation of sul-
famethoxazole drugs using a TiO, ceramic catalyst [330]. Eskandarian et al. studied
the decomposition of acetaminophen, diclofenac, ibuprofen, sulfamethoxazole, and other
model drugs by direct photolysis and TiO, photocatalysis and investigated the effect of the
UV-LED wavelength on their decomposition [22]. The UV wavelength was found to be a
more important parameter in the decomposition process than the light intensity. The de-
composition effect of shorter-wavelength UV light followed the order: UVC > UVB > UVA.
Photocatalytic decomposition was observed to be much more significant than direct photol-
ysis. The results of this study are expected to promote the use of UV-LEDs for the treatment
of water polluted by toxic chemicals that are difficult to degrade. Akter et al. optimized
UV/TiO; photodegradation processes for metronidazole, ciprofloxacin, and sulfamethoxa-
zole in aqueous solutions and determined their kinetics. The UV /TiO, photodegradation
process was found to be applicable to the treatment of wastewater contaminated with
pharmaceuticals [334].

Several issues associated with the photocatalytic degradation of antibiotics need to
be resolved. Firstly, many antibiotics are not completely degraded into nontoxic sub-
stances. More effort needs to be directed toward evaluating eco-toxicity and designing
photocatalysts with higher redox activities for antibiotic photodegradation. Secondly, more
attention needs to be paid to recycling and regenerating photocatalysts, particularly for
practical applications. Thirdly, previous studies into antibiotic photodegradation were
mainly laboratory-based; therefore, larger-scale systems need to be evaluated to increase
their applicability to real wastewater treatment projects [352].

6. Conclusions

Photocatalysis is a green and safe technology that converts light into chemical en-
ergy and has broad prospects for solving two global problems, namely environmental
pollution and the energy crisis. TiO,-based photocatalysts show significant developmental
potential and have many advantages, including high chemical stabilities, low costs, low
toxicities, abundance, and high catalytic activities. Such catalysts have been widely used
to photocatalytically degrade pollutants and purify harmful gases, coatings, and other
daily necessities.

This paper reviewed TiO,-preparation methods and discussed the advantages and
disadvantages of various methods, and several methods for modifying TiO, were also
introduced. Finally, the use of these materials to degrade harmful gases, coatings, dyes,
drugs, and daily necessities were summarized. To conclude, TiO,, as a typical representative
photocatalytic semiconductor, has many advantages and shows great potential for further
development and modification. Future scientific research is expected to result in further
major solar photocatalytic technology breakthroughs that will benefit mankind, while also
realizing a low-carbon economy.
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