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Abstract

As a kind of highly effective, low-cost, and stable photocatalysts, TiO, has received
substantial public and scientific attention. However, it can only be activated under
ultraviolet light irradiation due to its wide bandgap, high recombination, and weak
separation efficiency of carriers. Doping is an effective method to extend the light
absorption to the visible light region. In this chapter, we will address the importance of
doping, different doping modes, preparation method, and photocatalytic mechanism in
TiO, photocatalysts. Thereafter, we will concentrate on Ti* self-doping, nonmetal doping,
metal doping, and codoping. Examples of progress can be given for each one of these four
doping modes. The influencing factors of preparation method and doping modes on
photocatalytic performance (spectrum response, carrier transport, interfacial electron
transfer reaction, surface active sites, etc.) are summed up. The main objective is to study
the photocatalytic processes, to elucidate the mechanistic models for a better understand-
ing the photocatalytic reactions, and to find a method of enhancing photocatalytic
activities.

Keywords: TiO,, doping, photocatalytic properties, mechanism, carrier transfer

1. Background

As the best known photocatalyst, TiO, has attracted more attention and interest of many
researchers due to its exceptional properties, such as high refractive index and ultraviolet (UV)
absorption, excellent incident photoelectric conversion efficiency and dielectric constant, good
photocatalytic activity, photostability, chemical stability, and long-time corrosion resistance as
well as nontoxicity [1-4]. It has been widely used to solve a variety of environmental prob-
lems for the water-based solution utilization.
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However, there are three key drawbacks for TiO, materials to limit their practical application.
Firstly, one shortcoming is related to their large bandgap (3.0 eV for rutile and 3.2 eV for anatase
TiO,, respectively). It is well known that the photon absorption of semiconductors depends
greatly on their bandgap energy. The photons can only be absorbed by the photocatalyst if the
photon energies are higher than the semiconducting bandgap energy. Consequently, its
surface photoactivation can be exclusively done under UV radiation (A<390 nm) or it only can
respond and generate electron-hole pairs under UV light [5]. However, solar light consists of
5% UV light (300-400 nm), 43% visible light (400-700 nm), and 52% infrared light (700-2500
nm). That is, the UV light only occupies a small portion of the sunlight and a large part of solar
energy cannot be utilized. In the future, one of the most urgent tasks is finding or modifying
the photocatalysts with proper semiconducting bandgaps to maximize the absorption of solar
energy. Secondly, a high recombination rate of electron-hole pairs is another disadvantageous
effect on the photocatalytic efficiency for TiO, photocatalysis, resulting in a low quantum yield
rate and a limited photooxidation rate. Thirdly, the weak separation efficiency of photocarries
results in low photocatalytic activity. All three limitations induce great influence for a wide
practical application.

To overcome above-mentioned problems, many studies have been conducted in the past 5
years based on the idea of extending the wavelength range of the photoactivation of TiO,
photocatalysts towards visible light region and enhancing the utilization efficiency of solar
energy. That is, an increased amount of energy from the solar light spectrum is well utilized.

Recently, a path to achieve above-mentioned goal is represented by alien ion doping to
improve the adsorption capacity and photocatalytic activity, such as self-doping [6-8],
nonmetal doping [9-11], transitional metal doping [12, 13], and rare-earth metal doping [14,
15]. Usually, the doped ions introduce additional energy levels into the band structure, which
can be used to trap electrons or holes to separate carriers from the bands, thus allowing more
carriers to successfully diffuse to the surface. It has also been suggested that the required red
shift of the absorption edge might be done by increasing the impurity ion concentration or
increasing the oxygen defects in TiO,. That is, the purpose of doping is relatively straightfor-
ward: modifying its large bandgap and electronic structure to optimize its optical properties
for visible light harvest, improving each step in the charge kinetics to reduce the massive
recombination of photogenerated carriers, and improving the interface and surface character-
istics [16]. On the contrary, the photocatalytic activity depends strongly on the exposed
crystalline faces [17, 18]. Given that different crystal surfaces have different surface energy
levels for the conduction band (CB) and valence band (VB), such differences in the energy
levels will drive the electrons and holes to different crystal faces. Obviously, doping can
effectively modulate the lattice face structures.

To make clear the original question about the photocatalytic mechanism for doped TiO,, it is
important to explain and understand the doping process, doping method, and defect chem-
istry, especially the physics of the energy levels induced by the incorporation of dopants. This
chapter comprises the following four sections to elaborate above concerns and recent pro-
gresses:

1. Ti* self-doping in TiO, crystals and its photocatalytic mechanism,
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2.  Nonmetal doping in TiO, crystals and its photocatalytic mechanism,
3. Metal doping in TiO, crystals and its photocatalytic mechanism, and

4. Codoping in TiO, crystals and its photocatalytic mechanism.
2. Self-doping

It is widely accepted that the degradation of pollutants in water proceeds by oxidation either
reacting directly with generated holes or indirectly with OH free radicals [19, 20]. Moreover,
the photocatalytic activity of TiO, is often dependent on the nature and density of surface
defectssites. Usually, incorporating dopants into TiO, crystals at the oxygen (O) and/or titanium
(Ti) sites can generate midgap states [21]. Furthermore, interactions of photogenerated carriers
with impurities in TiO, can also alter the electric structure and energy band structure, which
enhances the photocatalytic performance [22]. Of course, excess doping also increases crystal
defects (for example, oxygen vacancies, titanium vacancies, and interstitial titanium), thermal
instability, carrier trapping, and carrier recombination centers [23, 24]. In other words, system-
charge equilibria and/or geometric structure optimization should be considered during the
doping process, especially the doping level or doping concentration and dopant distribution.

Recently, both experimental results and theoretical predictions have demonstrated that Ti*
self-doped TiO, could obviously increase concomitant intrinsic oxygen vacancies in TiO,
crystals because the surface chemistry of nonstoichiometric TiO, containing Ti** differs
markedly from that of perfect TiO,. Different from traditional impurity incorporation, Ti** self-
doping has been reported as an effective way to extend the visible light absorption of TiO,,
which can avoid the mismatching of atomic diameters with other foreign elements [25-28].
Self-doping can easily modulate and realize the system-charge equilibria just through synthe-
sis method, process control, and raw material selection. Theoretical calculations evidence that
interstitial Ti can cause impurity energy levels at 1.23 to 1.56 eV below the CB, whereas vacant
Ti just makes impurity energy levels above the VB [29, 30]. Usually, the two defects can result
in extra shoulder absorption or a tail absorption, which is the root cause for the enhancement
of photocatalytic performance [31, 32].

2.1. Preparation of Ti* self-doping

The basic process of self-doping includes that the electrons can be trapped and tended to reduce
Ti* cations to Ti*" state [33], the holes oxidize O* anions for the formation of O trapped hole
or even O, gas, and the charge transfer steps are as follows:

TiO, +hv > ez +h™ (1)

e oyt Tit"— Ti** (trapped electron) (2)
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h,+ O — O (trapped hole) (3)

4n*,, + 20" - O, (4)

Subsequently, many methods are developed according to the above mechanism, such as
hydrothermal method [25, 34-37], solvothermal method [38, 39], metallic reduction method
[28, 40], solution-based oxidative method [41, 42], solution-based reduction method [43, 44],
ionothermal method [26], vapor-fed aerosol flame synthesis [27], combustion method [33], and
evaporation-induced self-assembly (EISA) method [45].

The hydrothermal method is widely used to synthesize Ti* self-doped TiO, compared to other
methods. Wang et al. changed hydrothermal conditions to treat a gel precursor and obtained
Ti** self-doped TiO, nanoparticles [34]. They found that the contents of Ti** and oxygen vacancy
(O,) in TiO, crystals could be reasonably adjusted. Xin et al. demonstrated that the oxidation-
based solvothermal synthesis of Ti*" self-doped anatase TiO, was an effective strategy to
prepare uniform Ti** self-doped anatase TiO, nanocrystals. Both the concentration and location
of the Ti** defects could be well managed by simply controlling the annealing temperature.
This temperature-mediated management of the location and concentration of Ti** defects was
achieved through a Ti* reversible diffusion mechanism [38]. The metallic reduction method
was also used to synthesize Ti** self-doped TiO, with dominant (001) facets, and the presence
of Zn obviously caused the formation of Ti** ions coming from the reduction of Ti*" [40].

Liu et al. successfully synthesized anatase Ti** self-doped TiO,, nanoparticles by a simple
interface ion diffusion-redox reaction, and the resulting Ti** self-doped TiO,, had high
crystallinity and showed enhanced visible light-driven photocatalytic oxidation [41]. Tian et
al. used NaBH, as a reduced source and prepared TiO, nanobelts, and the theoretical calcula-
tions and experimental results indicated that the oxygen vacancies and Ti* ions were success-
fully formed by reduction [43].

2.2. Mechanism of enhanced photocatalytic

It is well known that the Fermi level is much closer to the CB tail at a high oxygen vacancy
concentration. Therefore, it is reasonably deduced that the higher oxygen vacancies can lead
to an enhanced absorption of photon energy below the direct bandgap. The midgap states
below the CB edge turn broad at an enhanced oxygen vacancy concentration (Figure 1).
Meanwhile, the band of defect states resulting from oxygen vacancies is close to the CB edge,
allowing photogenerated electrons to easily exchange between two bands. Namely, the
electrons from the VB can easily transfer to the oxygen vacancy level under visible light
irradiation. In other words, the electron transfer takes place from both VB and oxygen vacancy
level localized states to the tailed CB. Consequently, the onset of optical absorption of the
TiO, nanocrystals is lowered to 900 to 1100 nm [46—48].
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Reduction:
O +e — 0,

Oxidation:
H,0 + h* — - OH+H*

Figure 1. Schematic diagram of a proposed photocatalytic mechanism of Ti** self-doped TiO, for the visible-light re-
sponse [27].

Many theoretical data from calculation and simulation also confirm that the local electrostatic
balance is broken when host Ti*" ions are reduced to Ti** ions, and oxygen vacancies are
introduced because of charge compensation [49-51]. Because the effective charge of the oxygen
vacancy is positive, the central Ti** is expected to shift away from the oxygen vacancy, forming
a special sublevel electric state. Conversely, the shift Ti*" also forces the four O* ions to move
towards the oxygen vacancy to keep the electrostatic balance. The electrons can be photoex-
cited to CB under the irradiation of visible light. Meanwhile, the oxygen vacancies can inhibit
the photogenerated electron-hole recombination. Furthermore, those Ti*" ions act as hole traps
and suppress the recombination of carriers and therefore extend the lifetime of the charges.
That is, the higher light absorption in Ti* self-doping may come from the strong distortion of
the outer orbitals of the Ti* ions.

In other words, Ti** self-doped TiO, exhibits a remarkable activity and enhanced performance
as a photocatalyst. However, it is difficult to implant Ti*" into TiO, crystals in practical
application because Ti** species are usually unstable and can be easily oxidized by O. Therefore,
it is still challenging to develop a simple and phase-controlled method to synthesize stable
Ti** self-doped TiO, photocatalysts in the future. Moreover, it is important to have a compre-
hensive understanding of the methods and the techniques of Ti** generation and monitoring
as well as Ti** property exploration.

35
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3. Nonmetal doping

Nonmetal elements with high ionization energies and high electronegativity, such as nitrogen
(N) [52-54], carbon (C) [55, 56], boron (B) [57-59], sulfur (S) [60, 61], fluorine (F) [62—64], and
chlorine (Cl) [65, 66], are an efficient strategy to enhance the visible light photocatalytic activity,
which results in higher photocatalytic activity in the visible light region owing to the bandgap
narrowing and the shift of absorption edge.

The basic process is that the nonmetal dopants influence the VB through interaction with the
O 2p electrons. The localized states or p states of nonmetallic dopants generally form the
impurity levels and lie above VB, which extends the optical absorption edge of TiO,. On the
contrary, nonmetal dopants within a surface can exist as isolated atoms rather than clusters.
Consequently, the distribution of dopant states is above the VB maximum, which has greater
potential for realizing visible light photoactivity.

3.1. N doping

Among all nonmetal elements, N element has been proven to be one of the most efficient
dopants for visible light-responsive TiO, photocatalyst. Since Asahi et al. made a breakthrough
work in 2001 and found that doped TiO, with N could enhance its photocatalytic activity for
the photodegradation of methylene blue under visible light irradiation [67]. Many theoretical
calculations and experiments have demonstrated and confirmed that N is one of the most
promising dopant candidates for red shift of the absorption edge so far. Some authors
suggested a model in which the incorporation of N via O substitution results in bandgap
narrowing due to the mixing of the N 2p and O 2p states, which shows a remarkable red shift
of the spectrum onset [68, 69]. In most of the reported studies, only N dopant concentration
below 1 at.% are mentioned, and surface photoactivation with visible light is less effective
compared to UV [70-72]. In other words, N-doped TiO, is a promising candidate photocatalyst
for enhanced light harvest in the visible region because it has strongly localized N 2p states
(0.3-0.5 V) at the VB maximum [73].

3.1.1. Preparation

The formation mechanism of N-doped catalysts obtained via different preparation methods is
usually different. Moreover, N doping plays an important role on the exposed high-energy
facets to a certain extent, which is apparently influenced by different preparation methods.

Generally speaking, there are two kinds of processes to prepare N-doped TiO,. One process
can be ascribed as one-step direct incorporation of N atoms into TiO, lattice, such as sol-gel
method [74-76], chemical vapor deposition (CVD) [77, 78], atomic layer deposition (ALD) [79-
81], hydrothermal method [82-84], solvothermal method [85-88], sol-hydrothermal process
[89], hydrolysis-precipitation process [90], bioprocess-inspired method [91], electrochemical
method [92-94], ion implantation [95, 96], combustion method [97-99], mechanochemical
method [100, 101], low-temperature direct nitridization method [102], and microwave-assisted
method [103].
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Samsudin et al. synthesized undoped and N-doped TiO, via a sol-gel technique using Ti(IV)
isopropoxide and triethylamine as the Ti and N precursors, respectively [74]. N was doped
interstitially forming Ti-O-N or Ti-N-O linkages, and induced local states 0.23 to 0.26 eV above
the VB, which was responsible for the visible light response between 400 and 550 nm. Gao et
al. prepared N-doped TiO, films by the dielectric barrier discharge enhanced CVD method
using Ti tetraisopropoxide and NH; as Ti precursor and doping gas [77]. It was found that N
doping sources changed the growth orientation, affected the surface microstructure, narrowed
the bandgap, and improved the photocatalytic activity in the visible light region. Liu et al.
conducted an ALD method to fabricate N-doped TiO, hollow fibers with polysulfone fibers as
a template [79]. The results showed that N was successfully inserted into the anatase TiO,
lattice to form impurity levels above the VB top that narrowed the bandgap.

Therein, the hydrothermal method and solvothermal method are most frequently used
because of their low cost, perfect crystallinity, and good repeativity. Wang et al. prepared N-
doped TiO, nanoparticles by a facile one-pot hydrothermal treatment in the presence of L-
lysine, and the results showed that N-TiO,/C nanocomposites increased absorption in the
visible light region and exhibited a higher photocatalytic activity than pure TiO,, commercial
P25, and previously reported N-doped TiO, photocatalysts [82]. Li et al. prepared a series of
N-doped anatase TiO, samples using a solvothermal method in an organic amine/ethanol-
water reaction system [85]. Both the degree of N doping and oxygen vacancies made contri-
butions to the visible light absorption of the sample.

Recently, Cheng et al. synthesized N-doped TiO, nanoparticles through a hydrolysis-precip-
itation process using ammonia water as the doping species [90]. They found that the light
absorbance edge of N-doped TiO, nanoparticle was obviously red-shifted to visible light
region and the separation rates of photogenerated carriers were greatly improved. Further
analysis implied that the VB maximum of O 2p was 2.3 eV. Hu et al. also developed a facile
low-temperature direct nitridization method to synthesize colloidal N-doped TiO, nanocrys-
tals in triethylamine solution during the hydrolysis of tetrabutyl titanate followed by acidic
peptization at 70°C [102]. The N-doped TiO, exhibited higher photocatalytic activity both in
the UV and visible light regions in contrast to the undoped TiO, because of the improved light
response in the range of 400 to 500 nm, narrowing bandgap, more production of e-h* pairs,
and inhibiting recombination of the photo-induced carriers.

The other important preparation process of N-doped TiO, can be ascribed as two-step
oxidization of Ti nitride, such as sputtering method [104, 105], thermal annealing [106-108],
and plasma-enhanced microarc oxidation [109]. As for two-step methods, there are less
research compared to one-step methods due to its higher cost and more complex technique
process. Abadias et al. thought that the visible light activity of these materials mainly depended
on the location of this impurity states and the microstructure of the N-doped TiO, materials
[104]. They synthesized N-TiO, films through reactive magnetron sputtering method under a
mixture gas of argon (Ar), N, and O. N diffusion was suggested to be responsible for the more
complex crystallization and a better photocatalytic activity. Ha et al. prepared a new type of
N-doped TiO, mesoporous inverse opal structure via heat treatment in the presence of an N-
rich precursor, and the N doping with 9.4 wt.% concentration narrowed the bandgap from 3.2
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to 2.4 eV, which corresponded to light absorption at wavelengths as long as 520 nm [106]. Jiang
et al. developed a novel plasma-enhanced microarc oxidation process for preparing a high
concentration substitutional N-doped TiO, compared to the traditional thermal annealing, and
the process provides a possibility to increase the N doping concentration up to 3.21 at.% in
TiO, N,, which exhibits a significant red shift in the bandgap transition and narrows bandgap
to 2.6 eV [109].

3.1.2. Photocatalytic mechanism of N-doped TiO,

The mechanism, especially the origin of visible light photoactivity for N-doped TiO,, is still in
debate up tonow. Valentin et al. [111] and Gao et al. [101] studied substitutional and interstitial
N impurities in bulk anatase TiO, lattice (Figure 2). They thought that the N atom replaced
lattice O in TiO, for the substitutional case and showed positive oxidation state ranging from
hyponitrite species (NO'), nitrite (NO,), to nitrate species (NOy). The visible light responses
for substitutional N-doped anatase TiO, came from occupied N 2p localized states, which were
slightly above the VB maximum. The N-O bond showed localized mt-bond states. The two
bonding states were found in deep energy level and lay below the top of the O 2p band. The
other two antibonding states were found located over the O 2p band. In other words, the
localized states were responsible for the excellent optical adsorption when the N atom was
located at the substitutional site. On the contrary, interstitial site for N doping had some
disadvantageous effects on the photocatalytic reaction because of the hole trapping.

Figure 2. Supercells of (a) pure, (b) substitutional, and (c) interstitial TiO, [111].

Energy bandgap models also predict that substitutional (interstitial) N generates shallow
(deep) midgap states above the top of the VB due to the mixing of N 2p and Ti 34 orbitals
(Figure 3). Usually, N doping is associated with the formation of oxygen vacancies and
electrons to maintain lattice neutrality. From this perspective, it has been suggested that the
presence of extra oxygen vacancies might be the key factor allowing for better photocatalytic
performances to be achieved, which causes a red shift of the absorption band edge due to a
positive shift of VB and improves electron injection [112-114]. Under visible light irradiation,
electrons of the localized N 2p states can be excited up to the individual CB, leaving holes on
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the localized states. The energy barrier between midgap states would suppress electron
transfer. This can also inhibit the recombination of photoelectrons and holes to some extent
[115]. In other words, the efficient separation of photo-induced carriers under visible light
excitations enables N-doped TiO, to have higher photocatalytic activity in a wide wavelength
ranging from UV to the visible region.

Potential (eV)
S e
289 eV

e N

nanorod

Figure 3. Schematic illustration of electron migration in anatase/brookite structures: under visible light irradiation
(path a) and under UV light illumination (path b) [114].

3.2. C doping

Among the nonmetal elements, C doping has also been proposed as one of the best candidates
[116]. The origin of C doping is mainly incorporated interstitially, narrowed bandgap and
resulted in a red shift in the UV-visible (UV-vis) spectrum, resulting in an increase in adsorp-
tion of near-infrared (NIR) spectrum [117, 118]. Khan et al. first reported that C-doped TiO,
was visible light active, and found that that the three kinds of C species could influence the
photocatalytic activity, namely, elemental C, carbonate species (C-O bond) as interstitial
dopant, and C substituted for O (Ti-C bond) in TiO, lattice [119].

Subsequently, a lot of researches were conducted to synthesize C-doped TiO, photocatalysts
[120-124]. Shi et al. prepared nanometer-sized C-doped TiO, nanoplates with exposed {001}
facets via the hydrothermal treatment of TiC powder in an HF-HNO; mixed aqueous solution
and found that C doping also obviously presented red shift absorption edge towards visible
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light [120]. Further analysis found that the electrons in the localized C states could be excited
to the CB under visible light irradiation and effectively scavenged by molecular O to produce
the superoxide radical anion (®O,) and hydrogen peroxide (H,O,), which could interact to
produce hydroxyl radicals (¢OH). Recently, Shao et al. prepared amorphous C-doped TiO,
with visible light photocatalytic activity by a facile sol-gel route for the first time. The results
also indicated that the most active sample with oxygenic groups had a narrower bandgap and
lower recombination of electron hole, significantly broadening its potential for many practical
applications [122].

About the mechanism of photocatalytic activity for C-doped TiO, catalysts, it is similar to N-
doped TiO, catalysts, except some little differences. Liu et al. investigated that C doping in the
TiO, lattice had graphite- and carbonate-like species at interstitial positions [125]. They thought
that the two C states could narrow the bandgap of anatase TiO,, serving as a photosensitizer
to absorb visible light and promote the charge carrier separation, which enhanced the visible
light photocatalytic activity remarkably. Zhang et al. insisted that the substitutional C (C,) at
Ossites modified the electronic band structure of TiO, by mixing C 2p orbitals with O 2p orbitals,
resulting in bandgap narrowing [123]. Under visible light irradiation, electrons can be excited
directly into the CB and transferred to the adsorbed O molecule to produce ¢O, and subse-
quently *OH with strong oxidation power. Recently, Sun and Zhang investigated the C doping
of anatase TiO, in detail using density functional theory (DFT) calculation [126]. They found
that C; and C; with a shallow donor had no effect on the bandgap, whereas the (CO),,, Co-Vo,
and (G,),o defect reduced the bandgap to about 1.1, 1.7, and 1.4 eV, respectively. Based on the
electronic structure analysis of the C defects, they excluded the possibility of C occupying Ti
sites or interstitial sites to be responsible for the enhancement of photoactivity in the visible
light region.

3.3. S doping

S doping in TiO, structure also shows bandgap narrowing effects [127]. However, its large
ionic radius makes it difficult to incorporate into TiO, crystals due to the large formation
energy. Therefore, the key issues are to find a facile, low-cost, and stable process to synthesize
S-doped TiO,.

Goswami and Ganguli developed a novel approach to synthesize sulfated TiO, nanoparticles
using 15% Ti trichloride and thiophene in the presence and absence of oxalic acid [128]. They
found that S-doped samples had higher surface area, smaller crystallite size, greater thermal
stability, and better photocatalytic performance. Li et al. demonstrated a facile nonhydrolytic
thermolysis route for monodisperse S-doped TiO, nanocatalysts in hot boiling organic solvents
of oleic/oleyl-amine/1-octadecene [129]. Compared to the undoped TiO, nanocatalysts, S-
doped TiO, nanocatalysts presented obviously enhanced visible light activation for the
degradation of rhodamine B and methylene blue dyes under the artificial visible light irradi-
ation. Recently, Ramacharyulu et al. synthesized S-doped TiO, catalysts by a sol-gel process
followed by hydrothermal treatment at low temperature and tested for catalytic activity by
natural sunlight photocatalytic degradation of a toxic chemical warfare agent [130]. It was
observed that S-doped TiO, exhibited superior photocatalytic activity under sunlight irradia-
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tion. Further analysis indicated that the superior photocatalytic activity could be attributed to
the presence of S*/S° or N impurity levels. Lin et al. [131] and Sharotri and Sud [131, 132]
further found the importance of S** for S-doped TiO, photocatalysts, which could form h*/e
trapping centers, delay the phase transition from anatase to rutile, promote photocatalytic
activity, and prevent h*/e’ recombination.

3.4. Halogen doping

Halogen doping in TiO, crystals is another important approach to improve photocatalytic
performance, such as F doping [133-135], Cl doping [136-138], and iodine (I) doping [139-
141]. Pan et al. developed an effective bottom-up synthesis strategy to prepare monodisperse
F-doped TiO, mesoporous spheres by integrating sol-gel and solvothermal processes [133].
The photocatalytic experiments showed that the formation of surface fluorination was helpful
to improve and enhance light harvesting in the UV-vis range. Fang et al. also synthesized F-
doped rutile TiO, with tunable solar absorption via one-pot hydrothermal method [142]. They
found that the optical bandgap of the catalyst could be easily manipulated from 3.05 to 2.58
eV through altering the initial F:Ti molar ratio.

The origin of the visible light activity of F-doped TiO, has been systematically investigated by
many researchers via comprehensive theoretical and experimental studies [134, 143-145]. It is
widely accepted that the three-coordinated surface F atoms with higher 1s binding energy are
identified to be the origin of the visible light activity. The surface group can also trap the CB
electrons by tightly holding electrons due to the strongest electronegativity of F. The calculated
results using DFT principle show that F implantation resulted in Ti** self-doping and contrib-
utes to the enhancement photocatalytic activity. Moreover, the strong electron-withdrawing
ability of the surface three-coordinated surface F also reduces the recombination of photogen-
erated electrons and holes.

Similarly, Cl doping has the same role in TiO, crystals with F doping. Wang et al. prepared Cl-
doped TiO, nanocrystalline via a simple single-step method by sonicating a solution of
tetraisopropyl titanate and sodium chloride in water/ethanol at 70°C and found that the CI
doping of TiO, shifts the absorption edge toward a higher wavelength [136]. The photodegra-
dation rates of butyl benzyl phthalate reached 92% under visible light irradiation for 240 min,
which was much higher than undoped TiO,.

Doping with I element in TiO, crystals also can enhance light absorption and decrease
recombination [146-149]. Lin et al. synthesized I-modified TiO, nanocrystallites through a
combination of sol-gel process and solvothermal process in the presence of HI solution [146].
The results showed that the I in the form of I, was responsible for the visible light response.
Liu et al. developed a new strategy for homogeneous doping of I molecules (I,) to achieve
bandgap narrowing of TiO, nanosheets and investigated the extension of the intrinsic absorp-
tion edge into the visible light region through a shifting of the VB maximum [149]. Importantly,
the geometric structure of the host retained its integrity. The experiment together with first-
principles calculations revealed the molecular nature of adsorbed I atoms and implied that the
mechanism of electronic structure modulation in the TiO, layers changed depending on the
concentration of I, molecules.
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3.5. Other doping

B* is incorporated both substitutionally and interstitially in TiO, crystals. Usually, the
replacement of B> for Ti** generates one hole in O 2p orbital, which can also be accompanied
by a blue shift of the UV-vis absorption spectrum and an increase in oxygen vacancies [150,
151]. Xu et al. developed a new method allowing a clean one-step synthesis to obtain B-doped
TiO, for the first time [150]. B doping resulted in a shift of the absorption edge up to 460 nm
with a concomitant reduction of the bandgap energy. The narrowing bands were attributed to
ionized oxygen vacancies and defect states in anatase for the presence of interstitial B tricoor-
dinate and tetracoordinate to O.

Another concerned nonmetal dopant is phosphorus (P). Many papers indicated that P dopant
could also improve the photocatalytic activity [152, 153]. Zheng et al. synthesized a novel
thermally stable P-doped TiO, by liquid hydrolysis of TiCl, using hypophosphorus acid as the
precursor of the dopant [152]. They found that increased surface P content led to a linear
enhancement of the specific adsorption capacity of methylene blue because of the Coulombic
attractive force between the cationic dye and the negatively charged P-doped TiO, surface.

4. Metal dopants

It is well known that the photoexcitation of TiO, catalysts involves excitation, diffusion, and
surface transfer of photogenerated carriers. Therefore, the carrier's lifetime is vital in deter-
mining the photoactivity during the photodegradation process. Usually, the surface properties
of TiO, intrinsically could be influenced by the preparation method, process, and doping,
which determines the surface separation and transfer of charge carriers by generating surface
states where electrons and holes are spatially trapped and transferred for subsequent redox
reactions.

Compared to nonmetal dopant, substitution of metal ions can introduce an intraband state
close to CB edge, which results in an obvious red shift in bandgap adsorption due to sub-band
gap energies, such as transition metal doping [154-156], rare-earth metal doping [157-159],
and other metal doping [160-162].

However, the diffusion of metal atoms is difficult in solid materials under low temperature.
Consequently, it leads to inhomogeneous distributions of dopants and limited depth near a
subsurface region. To obtain metal-doped TiO, nanoparticles with good homogeneity,
sintering has to be conducted at a high temperature, which leads to particle agglomeration.
Moreover, the metal dopants also provide more trapping sites for electrons and holes com-
pared to nonmetal dopants. Furthermore, electron trapping occurs at a much faster process
compared to hole trapping. In other words, trapping an electron or a hole is always ineffective
for carrier separation because immobilized charge species rapidly recombine with its mobile
counterparts. Last, metal doping has also some other drawbacks, especially thermal instability,
which reduces the repeativity of TiO, photocatalysts. That is to say, it has a detrimental effect
if the process is not under the control. Therefore, many researchers focused on the resolution
of the above four problems in recent several years.
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4.1. Transition metal element doping

Various properties of transition metal with 3d or 4d electron structure are influenced by many
factors, such as the number of d-electrons on transition metal ions, crystalline structures,
oxygen defects, and preparation methods [163-165]. Usually, the bandgap energy and band
positions, Fermi level, and d-electron configuration of the electronic structure in TiO, can be
effectively modulated when transition metal ions were introduced into TiO, lattice. Subse-
quently, it forms a wide range of new energy levels below CB arising from their partially filled
d-orbitals, which results in an obvious red shift in bandgap and increases its visible light
harvest [166, 167]. In addition, transition metal ions alter the carrier equilibrium concentration
by serving as electron-hole trapping, suppress the recombination rate of electron-hole pairs,
and enhance the degradation rates. That is, the photocatalytic performance for TiO, can be
effectively improved through transition metal doping.

However, transition metal ions-doped TiO, appears to be a complex function of dopant
concentration, energy level of dopant within the lattice, the d electron configuration, distribu-
tion of dopants, electron donor density, and incident light intensity. Every transition metal ion
has different d electron configurations and its own characteristics. Therefore, it is important to
further elaborate the process for every transition metal ion.

4.1.1. Iron (Fe) doping

Fe-doped TiO, shows superior activity due to its unique half-filled electronic configuration
and shallow trapping compared to other metal dopants with closed shell electronic configu-
ration, which can be more effective to influence the photoactivity [168-176]. Theoretical and
experimental studies show that Fe doping can effectively reduce the trapping density and
charge recombination, resulting in drastically improved adsorption.

Manu and Khadar synthesized Fe-doped TiO, nanocrystals at different atomic ratios through
the hydrothermal method [168]. They found that the concentration of Fe dopants was more
near the grain boundary because the dopant atoms were incorporated into the lattice at
substitutional positions. The energy level associated with the peak at 2.63 eV was the deepest
defect level. Consequently, the photocatalytic activity was enhanced greatly. Yan et al.
developed a facile fast hydrolysis route to prepare a three-dimensional flow-like Fe-doped
rutile TiO, nanostructure and investigated the relation between Fe doping and crystal planes
[169]. Because the ionic radius of Fe was smaller than that of Ti, and the corresponding
interplanar spacing distance of TiO, (110) was reduced with the replacement of Ti atoms by
Fe atoms, as reflected by the shift of the (110) diffraction peak, which was similar with Liu and
Zhang's result [170]. With Fe species doping into both the bulk phase and the surface, the
bandgap narrowing of rutile TiO, was realized and the dissociative adsorption of water on the
surface was promoted, which accordingly led to greatly enhanced activity in visible light-

driven water oxidation.
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4.1.2. Chromium (Cr) doping

Cr doping of TiO, also leads to a clear red shift in the UV-vis absorption spectrum, evidencing
a decrease in bandgap and VB shift. Moreover, the Fermi level is also shifted to a higher energy
by ~0 to 1 eV. With the change of preparation method and doped concentration, Cr-O anti-
bond orbitalslocated slightly below the CBM in the region of ~3.0to 2.2 eV and the unsaturated
nonbonding d orbitalslocated in the middle of the gap region of ~2.5to 1 eV.Italsois suggested
that Cr** doping is attributed to the increase of conductivity due to more free charges [177-180].

Li et al. synthesized Cr-doped TiO, via a hydrothermal method and found that Cr** ions could
replace the Ti atoms in the lattice with oxygen vacancy compensation [177]. It was interesting
that Cr doping also could prolong the lifetime of photogenerated carriers because the doped
Cr®* ions might act as the recombination centers of carriers.

4.1.3. Niobium (Nb) doping

Over the past few years, Nb-doped TiO, has received special attention due to its excellent
electrical conductivity at room temperature. The ionic radius of Nb** of 0.064 nm is slightly
larger than Ti*" of 0.0605 nm. Therefore, Nb>* works as an n-type dopant in TiO, lattice and
generates additional carriers in its CB, which can notably increase photocatalytic performance
[181-186].

Joshi et al. successfully prepared Nb-doped TiO, transparent films on glass substrates using a
nonaqueous sol-gel spin coating technique [181]. Photocatalytic experiments showed that the
films with 12 at.% Nb doping had excellent photocatalytic activity with 97.3% degradation of
methylene blue after 2 h of UV irradiation. Archana et al. reported the high electron mobility
and optical transparency of Nb-doped TiO,, giving rise to the enhancement in charge transport
behavior after 2 at.% Nb doping, which could assist the speedy initial reaction of the organic
decomposition process and enhance the overall photocatalytic activity [182].

4.1.4. Other transition metal doping

Except above transition metal dopants, other transition metal atoms, including tungsten (W)
[187-191], silver (Ag) [192-197], copper (Cu) [198, 199], cobalt (Co) [200-202], tantalum (Ta)
[203-205], molybdenum (Mo) [206—-208], zinc (Zn) [209-213], manganese (Mn) [214, 215], nickel
(Ni) [216, 217], and vanadium (V) [218, 219], are also investigated by many researchers.

Recently, considerable enhancements of photocatalytic activity with W-doped TiO, in aqueous
systems for the degradation of organic compounds have also been reported [187-191]. Liu et
al. synthesized ordered mesoporous crystalline TiO, with various W doping level using SBA-
15 as a hard template [187]. The existence of W ions expanded the range of useful excitation
light to the visible spectra, greatly inhibited the recombination of electron-hole pairs on
mesoporous TiO,, and played an important role in improving the photocatalytic activity in the
visible light region. The enhanced photocatalytic activity for W-doped TiO, could also be
especially attributed to the presence of much higher Lewis surface acidity of a W-doped
TiO, surface with a higher affinity for chemical species having unpaired electrons than pure
TiO,.
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Ag is another important dopant in TiO, crystals and Ag doping can also cause an obvious shift
towards narrowing the bandgap. Zhang et al. successfully synthesized Ag-doped TiO, with a
novel hierarchical architecture via a combination of an electrospinning method and a hydro-
thermal process [192]. They found that Ag doping played a great role in the photocatalytic
activity. Electron transfer to the Ag sites reduced the carrier recombination rate and allowed
a more effective reaction between the surface trapped holes and electrons. However, excessive
Ag dopant could also cause a decrease in the activity of TiO, because they occupied the active
sites on the surface of the TiO,. Moreover, the photogenerated electrons on the Ag sites
attracted holes and recombined together.

Cu, as a kind of transition metal, is also found to be an effective dopant for TiO, to enhance
the photocatalytic activity. Sajjad et al successfully prepared mesoporous Cu-doped TiO, via
a sol-gel method at low temperature using water-immiscible room-temperature ionic liquid
organic materials as a template and an effective additional solvent [198]. The results showed
that Cu-doped TiO, samples exhibited superior visible light photocatalytic activities compared
to undoped TiO, and P-25 [199, 200]. Further characterization indicated that Cu*/Cu?" sites as
interfacial Ti-O-Cu surface linkages reduced bandgap energy as well as efficient charge
separation due to the formation of Ti-O-Cu bonding at the surface and the associated appear-
ance of oxygen vacancies, resulting in higher degradation rate.

Usually, Co dopant concentrations show weak influence on photocatalytic performance,
whereas the oxygen vacancy concentration and distribution in the system show much stronger
influence on the optical performance due to the shift of Fermi level up by ~0.75 eV [201]. Cai
et al. presented a controllable and reliable method to synthesize Co-doped TiO, nanowires
through a combining versatile solution phase chemistry and rapid flame annealing process
[202]. They found an enhanced catalytic activity in Co-doped TiO, crystals. However, Co
doping was also shown to drastically deteriorate performance at high doping concentration
due to the formation of sub-band gap states that act as recombination centers.

Sengele et al. obtained Ta-doped TiO, via a sol-gel route and found that the Ta doping could
induce significant modifications on the structural, morphological, surface, electronic, and
optical properties of TiO, [203]. Total diethylsulfide elimination could be reached for 100 min
under continuous contaminant flux before deactivation and the conversion maintained to 80%
of degradation after 200 min, which was higher than undoped TiO, catalysts [204-208].

Recently, many researchers found that transition metal could effectively modulate the crystal
face, which could improve photocatalytic performance [209-213]. Saad et al. synthesized Zn-
doped TiO, nanowall with a (001) facet and porous structure [209]. They found that the samples
with a (001) facet exhibited enhanced photocatalytic activity and Zn-doped TiO, had better
degradation rates compared to other samples.

4.2. Rare-earth metal doping

Another path to achieve the abovementioned goal is represented by rare-earth doping [214-
219]. Compared to transition metals, rare-earth metals with 4f, 5d, and 6s” states are considered
as the ideal dopants to modify the crystal structure, electronic structure, and optical properties
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of TiO,, which can effectively influence the positions, widths, and density of states of CB and
VB [220, 221]. Furthermore, rare-earth metals can form complexes with various Lewis-based
organic compounds through interaction of the functional groups with their f orbital, thereby
improving the photoactivity. Last, the functional integration of upconversion luminescent
rare-earth ions with photocatalyst provides a potential for wavelength conversion and efficient
utilization of solar energy for this purpose [222, 223]. This approach appears to be a completely
new alternative for enhancing the efficiency of the photocatalytic process. In other words, the
applications of the upconversion process by phosphor-like systems can optimize the photo-
catalytic performance of traditional UV active photocatalysts.

Therein, lanthanide (La) has been widely used and investigated in the field of optical appli-
cation (LED light, laser, photocatalytic, solar cell, etc.). Particularly, the ability of these
nanomaterials to release high-energy photons after NIR laser-light stimulation allows deep
tissue imaging and luminescent nanoparticles [224, 225]. Du et al. prepared pure and La-doped
TiO, thin films via a sol-gel method using tetrabutyl titanate as Ti precursors [224]. The results
showed that the content of La was the key factor for hydrophilic and photocatalytic activity.
LaTiO; could be formed in La-doped TiO, thin films, which caused the TiO, lattice distortion
and restrained the transition from anatase to rutile. By adding 0.3 wt.% La to the TiO, thin
films, 92.02% methylene blue was finally degraded.

Cerium (Ce), as a typical rare-earth metal, is widely used to dope TiO, because of its unique
electronic structure. The main feature of Ce ion doping is the different electronic structures of
4f states, such as Ce* with 4154° and Ce*" with 4/°54°. The visible light photoactivity of Ce-
doped TiO, nanoparticles is mainly due to the presence of 4f level in the mid-bandgap of
TiO, crystals, which leads to the optical absorption between 400 and 500 nm. The possible
transition of d and f orbital electrons can also reduce the recombination rate of electron-hole
pairs, thereby making TiO, more feasible for photocatalytic response under visible light [226—
229]. Maddila et al. prepared Ce-doped TiO, catalysts using a wet impregnation method [226].
The results indicated that Ce-doped TiO, exhibited an obvious red shift, reducing the bandgap
and improving the photocatalytic efficiency. Photocatalyzed ozonation with 1at.% Ce/TiO,
yielded 100% degradation in 2 h under basic pH conditions.

Among various upconverting nanomaterials, erbium (Er) can be excited by NIR or visible light
[230-232]. Obregon and Colon synthesized Er-doped TiO, through a surfactant free hydro-
thermal method, which exhibited good photoactivities under sun-like excitation for the
degradation of phenol [231]. The presence of Er’* did not affect the structural and morpho-
logical features of the TiO, significantly, whereas photocatalytic experiments clearly evidenced
that Er introduction into TiO, matrix would promote the profiting of NIR photons, enhancing
the photoactivity of the catalyst.

Gadolinium (Gd) doping raises VB maximum with respect to the Fermi level and thus turns
the intrinsic virgin phase into a p-type semiconductor. Choi et al. synthesized three-dimen-
sional Gd-doped TiO, nanofibers using a simple electrospinning technique [233]. The pristine
Gd-doped TiO, nanofibers showed a higher photocatalytic activity than the TiO, nanoparticles,
which could be attributed to the fast electron transport. In addition, Gd-doped TiO, nanofibers
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showed nearly five-fold enhancement in the photocatalytic degradation rate due to synergis-
tically higher electron transport.

Europium (Eu) is also a good candidate for upconversion materials and is widely used in the
field of photocatalyst, laser, solar cell, etc. Recently, many researchers also attempted to dope
Eu into TiO, lattice [234-236]. Leroy et al. prepared periodic mesoporous Eu-doped TiO,
through the EISA process [234]. They found that strong fluctuations existed in the intensity of
the °D,—F, transition under UV light exposure. Correlation of the emission with the photo-
catalytic activity of the semiconductor for the photodegradation of an organic molecule could
also be firmed.

Yttrium (Y) doping usually shows weak influence on bandgap energy and does not alter the
Fermi level. However, it can increase hole mobility to generate p-type TiO,, which is helpful
for the carrier transport. Wu et al. prepared a novel mesoporous Y-doped TiO, nanosheet array
via a low-cost, facile, and template-free solvothermal method by employing waste tricolor
fluorescent powder (WTFP) as a dopant Y source and acetic acid as a mesopore template [237].
The 2.5 and 5 wt.% Y-doped TiO, films showed higher photocatalytic activity for the methyl
orange, with 82.6% and 81.3% reduction within 6 h irradiation, respectively. The enhanced
photocatalytic activity of Y-doped TiO, film was attributed to the large surface area and the
low electron-hole recombination rate as well as enhanced absorption of organic pollutants on
the semiconductor surface. Li et al. also confirmed that ytterbium (Yb) doping was also a kind
of route to improve the NIR photocatalytic degradation of rhodamine B [238].

4.3. Other metal dopants

Recently, many researchers found that lithium (Li) doping plays an important role in the
inhibition of activity in the TiO, network acting as an electron trapping or hole trapping [239-
241]. Bouattour et al. reported Li-doped TiO, nanoparticles through a sol-gel process and
investigated their potential application as a photocatalyst for degradation of different organic
compounds [240]. Results showed that an inhibition of activity is presented in the Li doping
network. However, the surface accumulation of Li* on TiO, particles could favor better
interfacial charge transfer.

Long et al. calculated the electronic structures of silicon (Si)-, germanium (Ge)-, tin (Sn)-, and
lead (Pb)-doped anatase and rutile TiO, systematically using DFT calculations [242]. Doping
with Si, Ge, Sn, and Pb elements also narrowed the bandgap of rutile TiO, due to a shift far
away from the CB minimum. The reduction of the bandgap is 0.20 and 0.15 eV in Si- and Ge-
doped anatase TiO,, respectively. However, there were enlargements of 0.06 and 0.02 eV in
the bandgap of Sn- and Pb-doped anatase TiO,, respectively. They predicted that Ge-doped
TiO, was efficient for the overall water splitting using visible light irradiation.

Doping with bismuth (Bi) ions can also decrease the bandgap of TiO, and thereby extend its
absorption into the visible light region, enhancing its photocatalytic efficiency [243-245]. The
impurity energy level from the hybrid of Bi 6s, O 2p, and Ti 3d orbitals is the cause of the red
shift of the absorption edge. Therefore, Bi-doped TiO, systems are more effective for the
photodegradation of organic pollutants under visible light irradiation, such as methyl blue

47



48 Semiconductor Photocatalysis - Materials, Mechanisms and Applications

and methyl orange. Wu et al. developed a facile method to prepare Bi-doped TiO, through
hydrothermal synthesis followed by thermal annealing treatment [243]. Bi doping caused the
formation of Bi,TiO, and reduced bandgap widths. Moreover, some special structural defects
created by the migration of Bi** ions were also responsible for the high photoactivity. Bi-doped
TiO, catalysts with high doping concentration (such as 5 and 10 mol%) showed the highest
activity for the catalyzed photodegradation of methyl orange under visible light irradiation.

Sn doping is another important supplementary form to improve photocatalytic performance
[246, 247]. Oropeza et al. investigated the influence of Sn doping on the anatase to rutile phase
transition, as well as the photocatalytic performance [246]. They found that Sn-doped TiO,
exhibited enhanced visible light region photocatalytic activity compared to undoped TiO, in
dye degradation experiments, even it was higher than that of N-doped TiO,. This was
attributed to the narrowing of the bulk bandgap at low doping levels. The Sn surface states
laid above the VB top and could therefore act as trapping sites for holes.

5. Codoping

Although the monodoped nonmetal or metal atoms can obviously enhance photocatalytic
performance, they always act as the recombination centers because of the partially occupied
impurity bands. It has been recognized theoretically that codoping using two or more foreign
atoms can passivate the impurity bands and decrease the formation of recombination centers
by increasing the solubility limit of dopants. Furthermore, codoping can also modulate the
charge equilibrium. Consequently, codoping can effectively enhance the photocatalytic
activity. Based on the research of doping effects, two or more elements are introduced into
TiO, lattice to check the changes of electronic structure and bandgap energy, including
nonmetal and nonmetal atoms [248-250], nonmetal and metal atoms [251-253], and metal and
metal atoms [254-256].

Regardless of whether doping is based on single heteroatoms or coupled heteroatoms, the
spectral distribution and localized states in the bandgap essentially determine the visible light
absorbance and redox potential of the photo-induced charge carriers. Therefore, it is a
challenge and hot topic to introduce different dopants, which can realize substantial syner-
gistic effects.

5.1. Nonmetal-nonmetal doping

5.1.1. N-nonmetal codoping

To improve the photocatalytic performance of N-doped TiO, catalysts, the modification
strategy has been extensively adopted and investigated by many researchers, such as N-
nonmetal codoping, C-nonmetal codoping, and other nonmetal-nonmetal codoping. The
modified N-doped TiO, usually showed favorable effects for improving the photocatalytic
activity in the range of visible light compared to N-doped TiO,.
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Therein, the (N, S) codoping TiO, can play a vital role in significantly improving photocatalytic
activity because of the strong synergistic interaction between S and N, in which the surface
separation of photoexcited electron-hole pairs is promoted [257-259]. Consequently, the VB of
TiO, shifts to a positive direction, which leads to higher oxidative ability and degradation
ability towards pollutant under visible light irradiation. Etacheri et al. further proved that the
formation of isolated S 3p, N 2p, and 7* N-O states between the VB and CB was responsible
for the visible light absorption [260].

Chung et al. synthesized the (N, S) codoped TiO, with an anatase phase using a simple
solvothermal treatment and investigated their visible light photocatalytic activity associated
with the thermal behavior [257]. They found that the (N, S) codoped TiO, had better visible
light photocatalytic activity and adsorptivity than the commercially available P25. The S
dopants effectively assisted the surface reaction by adsorbing cations of organic dyes on the
codoped TiO, surface. The N dopants formed a delocalized state in the bandgap, which led to
the enhanced solution bulk reaction by increasing visible light absorbance (Figure 4).
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Figure 4. Schematic illustration of the suggested effects of N and S dopants on the enhanced visible light photocatalytic
activity of TiO, [257].

It is noteworthy that (N, S) codoping can also effectively modulate the preferential growth
plane of TiO, crystals. Xiang et al. prepared (N, S) codoped TiO, nanosheets with exposed {001}
facets by a simple mixing-calcination method using the hydrothermally prepared TiO,
nanosheets as a precursor and thiourea as a dopants [261]. The first-principles DFT proved
that the electrons could be easily excited in the impurity states and then migrated between VB
and intermediate. These resulted in stronger absorption with a red shift in the bandgap
transition.

Recently, Samsudin et al. used (N, F) codoping to improve the intrinsic properties of the
TiO, catalyst and found that the (N, F) codoping not only introduced activity in the visible
light region but also improved the performances of intrinsic TiO, itself. The high activity could
be attributed to the presence of N and F, which resulted in the change in the morphology and
increasing presence of {001} facets [262]. Subsequently, a great number of experiments and
theoretical calculations were carried out to further discuss (N, F) codoping in TiO, crystals
[263-267]. Rahul and Sandhyarani synthesized three-dimensionally ordered (N, F) codoped
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TiO, by templating with polystyrene colloidal photonic crystals using nitric acid and trifluoro-
aceticacid as raw materials and found an obvious red shift due to (N, F) codoping [263]. Further
investigation showed that the enhancement of photocatalytic activity could be attributed to
the bandgap scattering effect and the slow photon effect, leading to a significant improvement
in solar light harvesting.

(N, B) codoped TiQO, is also an effective approach to improve photocatalytic activity [268—
270]. Usually, N and B atoms are interstitial species connected to the same O lattice. The energy
level of the [NOB] species is located close to edge of the VB and lies below the corresponding
level of [N;O]e® because of the electrostatic stabilization. In other words, the photocatalytic
activities are influenced not by [NOB] center but by [NOB]e center located at higher energy
level. Moreover, the presence of N and B species can effectively narrow the bandgap and inhibit
the transformation of anatase TiO, to rutile phase [269].

Other N-nonmetal codoping includes (N, C) codoping [271, 272] and (N, H) codoping [273,
274]. Liu et al. exploited (N, C) codoped porous TiO, nanofibers by a combination of electro-
spinning and controlled calcination technologies [271]. The codoping of N and C in TiO, not
only led to a shift of the absorption edge to lower energy by inducing new band levels but also
created a large amount of single electron-trapped oxygen vacancies. Recently, Wei et al.
demonstrated a new chemical approach to prepare black anatase TiO,., and yellow anatase
TiO, nanoparticles by doping with N and H [273]. The substitutional nonmetal doping of N
and H, especially the p states of N, contributed to the bandgap narrowing by mixing with O
2p states and formed the new VB. Theoretical work suggested that the adequately high
concentration of Ti*" could induce a continuous oxygen vacancy of electronic states just below
the CB edge of TiO,, which strongly enhanced visible light absorption and the photocatalytic
performance of the catalysts under visible light. The bandgap energy of the samples also
decreased substantially, which was narrowed to about 2.0 eV.

5.1.2. C-nonmetal codoping

C-nonmetal codoping is also a kind of common approach to improve photocatalytic activity,
such as (C, B) codoping [275, 276], (C, F) codoping [277], and (C, S) codoping [278].

Yu et al. investigated the geometry structures, formation energies, and electronic properties
of the C, B and (C, B)-doped anatase TiO, using DFT calculations [275]. The results implied
that (C, B)-codoped anatase TiO, could markedly influence the photocatalytic activity and light
adsorption due to the change of the energy gaps (E,) and Fermi levels (Ef). Moreover, the
separation efficiency of carriers could be improved because of the existence of Ti** ions. Lin et
al. systematically investigated the electronic and optical properties of several possible (C, B)
codoped models of anatase and rutile TiO, using DFT calculations [276]. The further calculation
indicated that B 2p and C 2p decreased the bandgap by about 0.8 eV and the couples of the two
hybridized states could also result in a downward red shift for spectrum response.

Deng et al. prepared F-modified C-doped TiO, composites via a simple sol-gel method using
NaF as the F source followed by heat treatment at 700°C in N atmosphere [277]. The C atoms
and F species interacted in the TiO, lattice and resulted in the narrowed bandgap (2.50 eV),
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which could inhibited the recombination of photo-induced irradiation and resulted in a
superior photocatalytic activity.

5.1.3. Other nonmetal-nonmetal codoping

Except for the above N-nonmetal codoping and C-nonmetal codoping, other nonmetal atoms,
including (B, P) codoping [279], (B, F) codoping [280], and tridoping [281-284], are also
investigated by many researchers. Yu et al. prepared a series of TiO, hollow sphere catalysts
with or without nonmetal (B, P) dopants through a sol-gel process with styrene-methyl
methacrylate copolymer microspheres as the template [279]. They found that both B and P
dopants could also narrow the bandgap of the TiO, catalyst.

Recently, many researchers found that tridoping in TiO, crystals is an effectively supplemental
tool. Ramanathan and Bansal synthesized (N, C, F) tridoped rutile TiO, nanorods that not only
displayed enhanced photocatalytic performance in UV light but also allowed a significant level
of visible light photocatalytic activity [281]. In visible light, pure TiO, only got 6% photode-
gradation of Congo red over 30 min, whereas (N, C, F) tridoped TiO, caused 56% dye degra-
dation.

5.2. Metal-metal codoping

Although monometal doping can improve the bandgap structure, the serious recombination
centers also deteriorate carrier transport due to its partially occupied impurity bands. Hence,
many researchers want to improve carrier transport through codoping with two different
metal elements, such as (Ti, Ni) codoping [285], (Ti, Fe) codoping [286], (Ag, W) codoping [287],
(Ag, Zr) codoping [288], (Zn, Mn) codoping [289], (Cu, V) codoping [290], and (Fe, Ce)
codoping [291].

Zhang et al. developed a novel Ni** and Ti** codoped porous anatase TiO, via a facile sol-gel
technique combined with an in situ solid-state chemical reduction approach followed by mild
calcinations (350°C) in Ar atmosphere [285]. The results showed that the doping of Ti** and
Ni* species for TiO, could result in the tail states and significantly narrowed the bandgap of
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Figure 5. Schematic diagram of the photocatalytic process for Ni** and Ti** codoped TiO, under visible light irradiation
[285].
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anatase TiO, due to the formation of midgap states. Namely, Ti** state below CB minimum
and Ni* state above VB maximum would be helpful in light adsorption and slowed the carrier
recombination (Figure 5). In other words, (Ti, Ni) codoped porous black anatase TiO, resulted
higher photocatalytic performance for methyl orange and rhodamine B.

Chen et al. found that Fe*/Ti* codoping was also a good way to further improve Ti** self-
doping TiO, photocatalyst [286]. Fe** doping could result in a blue shift for the VB edge by 1.0
eV. The synergistic effects between Ti** and Fe** dopants in the samples significantly narrowed
the bandgap, leading to efficient photocatalytic performance in the visible light range.

Khan et al. synthesized (Ag, W) codoped TiO, with different W doping concentrations using
the hydrothermal method [287]. The codoped TiO, displayed pure anatase phase with strong
absorption in visible light region. Among all the codoped samples, the one with W doping
concentration of 3.5 at.% possessed the best photocatalytic activity, which was attributed to
the synergistic effect between the dopants and optimal doping concentration.

Benjwal and Kar investigated (Zn, Mn) codoped TiO, photocatalysts through varying dopant
concentrations and found that the highest photocatalytic degradation of methyl blue was
obtained with 1.0 at.% (Zn, Mn) codoped TiO, [289]. Further analysis showed that the incor-
poration of Zn* and Mn?" ions into TiO, lattice caused a decrease of the energy bandgap due
to the formation of impurity levels below VB, which resulted in an enhancement of light
absorbance in the UV region. With further increasing codoping concentration, the density of
new energy levels also increased, which ultimately enhanced the recombination possibilities
of electron and holes because they could be easily trapped on these recombination centers.

Christoforidis and Fernandez-Garcia prepared two series of Cu?** and V* codoped anatase
TiO, samples using the microemulsion synthetic route by varying the metal/Tiratio [290]. They
found thatisolated and highly dispersed Cu* and V* species favored the hole formation while
at the same time decreased the amount of Ti** centers under irradiation. Therefore, it could be
deduced that (Cu, V) codoping contributed to the better photocatalytic performance due to
the faster carrier separation.

Visible light-sensitive Fe** and Ce** codoped nano-TiO, photocatalyst was also investigated by
Jaimy et al. [291]. They concluded that Fe doping and Ce doping could improve the light
adsorption through trapping carriers and bending the VB and CB, respectively. In other words,
the recombination of photoexcited electrons and holes was obviously prevented. Consequent-
ly, the codoped TiO, compositions exhibited higher photocatalytic activity than that of pure
TiO, and commercial Degussa P25 under visible light.

5.3. Nonmetal-metal doping

5.3.1. N-metal doping

Recently, many researches about metal and N comodified TiO, indicate that metal assist N
doping into the lattice TiO, and enhanced the shift of absorption edge to the visible light range,
such as La, Ti, Zn, W, Cu, Fe, Ni, V, Cr, Ce, and Mn. Usually, N doping can form new states
lying just above the VB, whereas the metal ion incorporated into the lattice TiO, or dispersed
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on the surface of TiO, can enhance the separation rate of photogenerated charges. Under visible
light irradiation, the electron can be excited from the N impurity level to the metal ion impurity
level or from the N impurity level to the CB or from the VB to the metal ion impurity level.
This strategy has been extensively adopted to design visible-active photocatalysts with high
efficiency.

Sun et al. [292] and Yu et al. [293] investigated the interaction between substitutional N and
implanted La at the (101) and {001} facets of TiO, using first-principles DFT calculations and
analyzed the origin of enhanced visible light photocatalytic activity of (N, La) codoped TiO,.
They found that substitutional probability of N atom obviously decreased due to La implan-
tation. However, oxygen vacancies were greatly enhanced because of the synergistic effects of
La doping and N doping. For the substitutional La/N codoped surface, the charge compensa-
tion between the substitutional La and substitutional N led to the formation of two isolated
occupied N(s)-O * impurity levels in the gap, forming the acceptor-donor-acceptor compen-
sation pair and providing a reasonable mechanism for the enhanced visible light photocatalytic
activity of (N, La) codoped TiO, anatase.

Li et al. developed a facile solvothermal strategy to simultaneously realize N doping and
Ti** self-doping in TiO, crystals [294]. N doping and concomitant Ti** incorporation accounted
for the reduction of the bandgap and realized photocatalytic activity in the visible light region.
In other words, the introduced Ti* ions could form a new sublevel state below the CB and thus
generate more electrons and holes, which combined with the midgap state induced by N
doping, synergistically reduced the bandgap to a lower level and finally improved the
response to visible light. Consequently, (N, Ti) codoped hierarchical anatase TiO, catalysts
manifested an excellent photocatalytic activity, deriving from its superior light harvesting
ability, narrowing bandgap from the codoping strategy, enhancing adsorption capacity, and
accelerating carrier transport rate.

A new type of (N, Zn) codoped TiO, photocatalyst was prepared by Wang et al. via a simple
sol-gel technique, which exhibited a higher photocatalytic activity than pure TiO,, N-doped
TiO,, and Sn-doped TiO, under both visible and UV light irradiation [295]. This implied that
(N, Zn) codoping was a more efficient way to improve the photocatalytic activity than doping
with just one type of ion. Hu et al. further confirmed the above results through nitridation and
hydrogenation of a zinc titanium precursor [296].

(N, W) codoping is also an efficient way to improve the recombination of photogenerated
carriers [297, 298]. Lai and Wu prepared (N, W) codoped TiO, nanobelt through a facile and
low-temperature route followed by a subsequent calcination [297]. The achieved nanobelt film
possessed a reduced bandgap of approximately 2.3 eV at approximately 2.6 at.% W and 3.1 at.
% N. Moreover, the single N-doped, W-doped, and (N, W) codoped TiO, induced photode-
gradations of 88%, 73%, and 95% rhodamine B molecules, respectively. The higher activity of
the (N, W) codoped TiO, further supported the positively synergetic effects arising from the
codoping.

Recently, some researchers develop a novel (N, Cu) codoped TiO, photocatalysts and also find
that the photocatalytic effect was good. For example, Wang et al. found that 7.7% of methyl
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blue were adsorbed on the surface of (N, Cu) codoped TiO, nanosheet when the adsorption
reached equilibrium in the dark, whereas 5.9% of methyl blue were adsorbed on the control
sample [299]. The relatively low adsorption of methyl blue might be attributed to the low
surface area of the N-doped TiO, nanosheet, and the slightly enhanced adsorption for (N, Cu)
codoped TiO, nanosheet might be attributed to its modified surface by the Cu doping.

Zhang et al. prepared TiO, nanotubes codoped with Fe and N using a one-step hydrothermal
method [300]. Compared to the commercial TiO, powders and pure TiO, nanotubes, (N, Fe)
codoped TiO, nanotubes exhibited a stronger visible light absorption capability and an
enhanced photocatalytic activity under visible light irradiation. The increase in photocatalytic
activity could be ascribed to the narrowing of the bandgap and the promoted separation of the
photogenerated electrons and holes. Fe** ions were thought to occupy the active sites on the
surface of (N, Fe) codoped TiO, as recombination centers for the electrons and holes.

Other N and metal codoping also includes (N, Ni) codoping [301], (N, Bi) codoping [302], (N,
V) codoping [303], and (N, Mo) codoping [304]. Liu et al. reported the facile synthesis of
reduced (N, Ni) codoped TiO, nanotubes and their photocatalytic activity application [301].
The narrowed bandgap of TiO, due to the doping of N and Ni elements could enhance the
light absorption effectively. The electrochemical characterization revealed that photo-induced
carriers were more efficient charge separation and transportation in reduced (N, Ni) codoped
TiO, nanotubes photoanodes.

5.3.2. S-metal codoping

Recently, S-metal codoping has also been widely researched, such as (S, Fe) codoping [305],
(S, Mo) codoping [306], and (S, Cu) codoping [307]. He et al. found that S and Fe could be easily
implanted into the lattice of TiO, via a precipitation method [305]. Compared to undoped
TiO,, (S, Fe) codoped TiO, showed a higher photocatalytic activity under both UV and visible
light irradiation, and the optimal methyl blue degradation level was 96.92%.

Zhang also developed for the first time a one-step hydrothermal process to synthesize (S, Mo)
codoped TiO, mesoporous nanospheres [306]. The photodegradation ability towards rhoda-
mine B was 3.8 times higher than that of the only S-doped samples.

5.3.3. Other nonmetal-metal doping

(F, Ca) codoped TiO, also caused several beneficial effects, including the enhancement of
surface acidity, creation of oxygen vacancies, and increase of active sites as well as an impurity
energy state (2.0 eV) below the CB of TiO,, which could shorten the excitation path of electrons
and reduce the apparent bandgap [308]. The smaller crystal size caused by doping with Ca
could exhibit more powerful redox ability and the efficient separation of photogenerated
electron-hole pairs. This implied that (F, Ca) codoping might be a kind of efficient way to
improve the photocatalytic activity of TiO,.

(B,Co) codoped TiO, was also investigated by Jaiswal et al. via DFT calculations [309]. They
found that B occupied the interstitial site at low concentration (1 at.%), whereas it occupied
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substitutional O position as the concentration increased (2 and 3 at.%). Both these B-doped
TiO, showed improved photocatalytic activity due to the formation of shallow energy level,
whereas higher visible light absorption was achieved owing to the presence of two deep energy
levels in the bandgap according to DFT calculations.

Recently, a series of tridoped has also been developed [310, 311]. For example, Li et al. prepared
(Cu, Ce, B) tridoped TiO, nanotubes via a hydrothermal method assisted by cetyl trimethyl
ammonium bromide [310]. They found that Cu, Ce, and B could be intercalated into the
interlayer spacing of the nanotubes besides the substitution for the Ti** or O,. The synergetic
effect of narrowing the bandgap of (Cu, Ce, B) tridoping exhibited the highest photocatalytic
activity, which greatly inhibited the recombination of electrons and holes and enhanced the
concentration of photogenerated carriers.
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