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The ever-increasing world population and the rapid growth of industrialization globally make necessary the development of
clean technologies and aﬀordable materials for remediating environmental pollution from petroleum-based hydrocarbons
and dyes, among others. Advanced photocatalytic materials may provide an excellent solution for environmental cleanup
without generating toxic byproducts as they allow for the complete oxidation of the pollutants and their conversion to
benign species. In this review, the basic principle of photocatalyst operation and the importance of bandgap engineering
are discussed. TiO2 has been the default photocatalyst although it has several shortcomings. Doping of TiO2 with Ce has
been explored extensively in the literature as a way to enable visible-light-activated photocatalysis and enhanced eﬃciency.
Recent advances in the synthesis of Ce-modiﬁed TiO2 photocatalytic materials along with photocatalytic reaction mechanisms
are summarized.

1. Introduction
The sun is radiating clean energy without any pollutants
from billions of years, and it is the most crucial source of
energy for life on our planet earth. Amount of solar energy
reach on the earth’s surface in a single day can satisfy the
energy requirement of mankind for a decade. It is of utmost
importance to utilize the abundance of solar energy for a
variety of applications such as energy production and environmental cleanup. Wastewater recycling via photocatalyst
may pose a solution to the long-standing shortage of fresh
water in many countries. A photocatalyst is a material that
helps to accelerate and enhance a light-induced reaction
without being consumed in the process [1]. Recently, there
has been signiﬁcant interest in the development of novel
photocatalytic technology covering an extensive range of
environmental applications such as water remediation and
environmental cleanup of oil spills and other pollutants.
There have also been some energy-related studies, which

focus on the use of photocatalysts for fuel production
(e.g., H2), speciﬁcally through water splitting. Environmental
cleanup by using photocatalysts oﬀers many beneﬁts [2]:
conversion of pollutants from complex molecules into simple
and nontoxic substances and avoidance of secondary treatment, disposal, or use of any expensive oxidizing chemicals
by utilization of solar energy. Numerous studies were published on the photocatalytic applications of titania (TiO2)
for the decomposition of organic compounds due to the ability of TiO2 to oxidize organic and inorganic substances in
water and air through redox processes [3–5]. TiO2 only
absorbs ultraviolet (UV) light of broad solar spectrum due
to its large bandgap energy (λ < 388 nm), which was comprised of only 3% of the entire solar spectrum. In order to
overcome this issue, cerium- (Ce-) doped TiO2 photocatalysts are explored extensively for utilization of visible light
to activate TiO2 photocatalyst. This review is focused on
Ce-doped TiO2 photocatalysts for advanced oxidation
process (AOP) of degradation of organic dyes. Complex
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Table 1: Bandgap energies of semiconductors as photocatalyst.

Photocatalyst

Bandgap energy (eV)

ZrO2
ZnS
TiO2 (anatase)
TiO2 (rutile)
WO3
SnO2
Fe2O3
GaP
V2O5
CuO
CdSe
MnO2
CeO2

5.0
3.6
3.2
3.0
2.8
2.5
2.3
2.25
2.6
1.7
1.7
0.25
2.94

reaction mechanisms involved in Ce-doped TiO2 proposed
by various researchers in the ﬁeld are summarized to provide
a comprehensive review.
1.1. Basic Principle of Oxide-Based Photocatalysts. An ideal
photocatalyst should be activated by photons, chemically
nonreactive, easily available, nontoxic, and able to utilize a
broad solar spectrum [6]. Energy diﬀerence of valence band
(VB) and conduction band (CB) is known as bandgap (Eg),
which determines if the material is a conductor, a semiconductor, or an insulator. Unlike insulators or metals, semiconductors have the bandgap that allows producing electron
(e−)/hole (h+) pairs when they absorb a photon with energy
equals to their bandgap or higher than that. Semiconducting
metal oxides are commonly used as photocatalysts due to
their favorable bandgap (Eg) and band edge positions. In
semiconductors, the electronic structure plays an important
role where the valence band (VB) of the semiconductor is
completely ﬁlled with electrons and the conduction band
(CB) is empty. The bandgap of diﬀerent semiconductor
materials varies as per their electronic structure. Some of
the semiconductor oxide materials bandgap is presented in
Table 1.
The underlying mechanism of semiconductor photocatalysts (TiO2, ZnO, ZnS, and Fe2O3) is shown in Figure 1. As
shown in Figure 1, when a photon with adequate energy
(≥bandgap energy of semiconductor) is absorbed by the
semiconductor, an electron from valence band (VB) gets
excited and jumps to the conduction band (CB), which
generates a hole in the valence band. This process of
electron-hole pair generation is known as photoexcitation.
Photoexcited electrons can be utilized in the reduction of
oxygen, and similarly, holes can be utilized in oxidizing water
molecules which are adsorbed on photocatalyst surface.
Photoexcitation: hν ≥ Eg, TiO2 (photocatalyst) + hν
(photon) ➔ h+VB (hole in valence band) + e−CB (electron
in conduction band).
Here, h: Planck’s constant 6.62607004 × 10−34 m2 kg/s; v:
frequency of incident light.

Following the photoexcitation process, as shown in
Figure 2, several paths can be followed by the photogenerated
electron and hole because of adsorbed species on the photocatalyst surface. Here, electron acceptor species can be
reduced by electron (pathway [a]: A + e− ➔ A−); similarly,
electron donor species can be oxidized by combining with
the hole (pathway [b]: D ➔ D+ + e−). Recombination of electron and hole may occur on the surface of semiconductor
particle (pathway [c]: h+ + e− ➔ photocorrosion) or within
the volume of the semiconductor particle (pathway [d]) [1].
The process of electron and hole recombination is known
as photocorrosion, where electron and hole lose their redox
ability by generating thermal energy or a photon.
Adsorbed water on photocatalyst surface splits into ⋅OH
and H+ when oxidized. These hydroxyl radicals can easily
oxidize organic contaminants. Cationic radicals ⋅RH+ can
be produced by direct oxidation of adsorbed organic pollutants (RH) with holes in VB. On the other side, the generation
of superoxide radical anions (⋅O2−) occurs due to the reduction
of oxygen by the electron. Hydrogen dioxide in conduction
band can be produced by the reaction of radical anion
and H+. Reactive oxygen species (ROS) that result from
chain reaction are as shown in Figure 3 [7].
1.2. The Bandgap Position. The redox potentials and the
bandgap position of a photocatalyst are important factors
controlling the photo-induced electron excitation. Semiconductors should allow for diﬀerent redox reactions under light
irradiation. The conduction band of photocatalyst should be
at positive potential as compared to the acceptor’s potential
in order to transfer an electron to the acceptor. Similarly,
the potential level of the valence band is required to be more
negative than the donor in order to accept electron [8].
Figure 4 illustrates the valence and conduction band positions for various semiconductors. The bandgap energy determines which semiconductor material can be activated by the
light of diﬀerent wavelengths. TiO2 has been extensively
explored because of its photocatalytic activity under ultraviolet and visible light. TiO2 has two primary phases: rutile and
anatase. Anatase has higher bandgap with 3.2 eV, which is
equivalent to an excitation wavelength of 388 nm, capable
of absorbing light near the UV range. Rutile exhibits 3.0 eV
with 410 nm wavelength, which absorbs visible light.
The factors aﬀecting the eﬃciency of photocatalysis are
as follows:
(i) Intensity of Light Source. The photocatalytic activity of
semiconductor oxides depends on the intensity of light
absorption. Better photocatalytic eﬃciency can be achieved
with an increase in the intensity of light as it improves charge
separation [9].
(ii) Nature of the Photocatalyst. Kogo et al. reported that
photocatalytic reaction eﬃciency can be aﬀected by the number of absorbed photons by photocatalysts surface [10]. It
implies that photocatalytic reactions take place on the
adsorbed surface. Surface morphologies such as particle size
and shape are important factors aﬀecting the function of
nanomaterials’ photocatalysis process [11]. Diﬀerent synthesis methods have been developed to exhibit the necessary
size, shape, and stability for their applications [12].
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Figure 1: Basic mechanism of semiconductor photocatalyst.
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Figure 2: Schematic of charge separation and photogenerated hole
and electron (adopted with permission from Linsebigler et al.) [8].

(iii) pH of the Solution. Surface charge properties can be
governed by pH of solution and size of aggregates [13] due
to the diﬀerent charge of the semiconductor surface.
(iv) Temperature. When the temperature of the reaction
raises, the photocatalytic eﬃciency decreases due to the
enhanced recombination of e−/h+ pairs and enhanced
desorption of adsorbed species from the exterior of the
photocatalyst.
(v) Quantity of the Photocatalyst. It is considered that
the photocatalytic activity can be increased with increasing the concentration of the catalyst [14]. However, the
level of catalyst concentration has to be determined
because the excess catalyst prevents the diﬀusion of the light
into the solution which might result in unfavorable light
scattering [15].

1.3. TiO2 Photocatalyst. As a photocatalyst, titanium dioxide
(TiO2) has attracted substantial attention for a long time and
is considered as one of the most promising materials for
commercial use due to its outstanding optical and electronic
properties, photoactivity, high chemical stability, low cost,
nontoxicity, reusability, and eco-friendliness [8, 16, 4]. Much
more attention has been focused on the diﬀerent preparation
methods of TiO2 in order to improve its performance compared to commercial TiO2 powders (for example, Degussa
P25).
The crystallographic structure of TiO2 is shown in
Figure 5 [17]. Well-known phases of TiO2 are anatase, rutile,
and brookite. Rutile is a tetragonal (a = 4.5937 Å,
c = 2.9587 Å), anatase is also a tetragonal (a = 3.7845 Å,
c = 9.5143 Å), and brookite is an orthorhombic crystal
(a = 5.4558 Å, b = 9.1819 Å, c = 5.1429 Å). C coordinate of
anatase is higher than other phases, and c/a ratio of its unit
cell is greater than rutile and brookite phases. Among all
these phases, anatase is the most active allotropic phase
regarding photocatalytic activity when compared to rutile,
brookite, and TiO2-B (artiﬁcial phase).
Rutile is thermodynamically stable at ambient conditions, whereas anatase is kinetically stable, and it transforms
to rutile at higher temperatures [18] depending on the particle size, ambient pressure, and other parameters [19]. Brookite phase is also metastable but diﬃcult to synthesize, hence it
is seldom studied [20]. Table 2 represents the oxide polymorphs of TiO2 with experimental condition and method
for synthesis as well as particle size. Among the three diﬀerent crystalline phases of TiO2, anatase shows the highest stability for particle size less than 11 nm. Similarly, rutile shows
thermodynamic stability for particle size greater than 35 nm,
and for brookite, it is 11–35 nm which are summarized in
Table 2 [21].
At room temperature, the rutile phase is thought to be a
more stable phase as compared to the anatase in the case of
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Figure 4: Band edge position with redox potentials for diﬀerent semiconductors (adapted from Zhang et al.) [81].

bulk TiO2. However, it was suggested by Zhang and Banﬁeld
and independently conﬁrmed by Gouma that anatase
becomes a more stable phase due to lower total free energy
as compared to rutile if the particle size is smaller than
14 nm [21, 22]. Subsequently, some studies have claimed
that rutile and anatase together have higher photocatalytic
activity as compared to 100% anatase. For example, the

commercial TiO2, Degussa P25, is a mixture of anatase
(~75%) and rutile (~25%) phases, and it is the most widely
used photocatalyst for environmental applications [23].
Anatase can be synthesized at lower temperatures (40°C)
to nanoscale size; it shows better photocatalytic properties
because nanoscale size increases the number of pores and
enhances solid-solid interactions. On the contrary, at higher
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Figure 5: Common polymorphs of TiO2 (reprinted with permission
from Dambournet et al.) [17].

temperatures (above 300°C) nano-TiO2 has worse photocatalytic activity [24]. The properties of brookite are poorly
known because of the diﬃculties associated with synthesis
of pure brookite phase. Tay et al. also shows that the synthesized two phases (anatase/brookite) have higher photocatalytic activity due to the electrons transfer from brookite
conduction band (CB) to anatase CB resulting in eﬃcient
electron-hole separation [25].
1.4. Modiﬁed TiO2. Two primary factors must be taken into
account while designing the systems for conducting photocatalytic reactions. The ﬁrst one is the eﬃciency of e− and
h+ pair generation when the photocatalyst is illuminated with
solar radiation. Second is the eﬃciency of the e−/h+ pair
separation before they lose their redox ability due to recombination. The photocatalytic eﬃciency can be enhanced
signiﬁcantly by addressing the following primary issues:
(i) increase the time of charge separation and recombination,
(ii) broaden the solar spectrum range for photocatalyst, and
(iii) changing the yield of a particular product [1, 8].
Semiconductor photocatalysis system can be designed by
considering the stability of the material under the light, product selectivity, and activation wavelength range [8]. TiO2 has
been the most widely studied photocatalyst for many years.
However, the main barriers of the TiO2 are its activation by
ultraviolet light (λ ≤ 400 nm) because of the wide bandgap
of TiO2 (~3.2 eV for anatase and ~3.0 eV for rutile), for which
it only absorbs UV light (only about 3% of overall solar spectrum) [26]. Another major drawback of TiO2 is photogenerated electron-hole recombination, which deteriorates the
photocatalytic activity [27]. Therefore, an apparent goal is
the reducing bandgap of TiO2 in order to shift the absorption
band to the visible region and to enhance the electron-hole
separation process. The modiﬁcations of TiO2 have been
accomplished by diﬀerent strategies such as doping, codoping, sensitization, and coupling [28–32]. The coupling of
two semiconductors provides diﬀerent energy levels, which
give a chance to improve a more eﬃcient charge separation
to enhance the lifetime of charge carriers and to increase
interfacial charge transfer [33].
Rare-earth elements are ideal dopants because of their 4f
electronic conﬁguration and spectroscopic properties [34].
Modiﬁcation of electronic structure as well as crystal structure of TiO2 can be performed by doping rare-earth

elements. Lanthanide ions could act as eﬀective electron
scavengers to trap the CB electrons from TiO2. Xu et al.
[35] studied doping with rare-earth ions including La3+,
Ce3+, Er3+, Pr3+, Gd3+, Nd3+, and Sm3+ in TiO2 which
improved photocatalytic activity in the degradation of nitrite.
Wang et al. [36, 37] also illustrated doping with lanthanide
ions (La3+, Er3+, Pr3+, Nd3+, and Sm3+), which improved
the photoelectrochemical properties as well as increased the
photocurrent response and the photon current conversion
eﬃciency in the range of 300–400 nm.
1.5. Cerium-Modiﬁed TiO2 Photocatalyst. Cerium is one of
the most reactive rare-earth metals and can be utilized in a
broad range of applications in the ﬁeld of catalysis and
photocatalysis. It is also one of the most generous rareearth elements, making up about 0.0046% of the Earth’s crust
by weight (64 ppm), even more abundant than copper
(60 ppm) [38]. Cerium has Ce3+/Ce4+ redox couple, which
can shift between CeO2 and Ce2O3 under reducing and oxidizing conditions [39, 40]. Furthermore, diﬀerent electronic
structures between Ce3+ (4f15d0) and Ce4+ (4f05d0) electronic
conﬁguration would lead to changed optical as well as catalytic properties [41]. The ability of Ce3+ to oxidize to
Ce4+ states leads to high oxygen mobility that could result
in strong catalytic potential [42], and because of this
reason, it commonly applied in heterogeneous catalysis.
However, CeO2 does not show good thermostable behavior
because of its rapid sintering under inﬂuence of elevated
temperatures [43, 44].
Cerium oxide (ceria), CeO2 has the face-centered cubic
(fcc) ﬂuorite structure with eight coordinate cations (oxygen
atoms) and four coordinate anions (Figure 6). The complete
unit cell, Ce4O8, measures 0.51 nm (5.1 Å) on edge [44]. Ceria
being an n-type semiconductor has a bandgap of 2.94 eV. The
favorable bandgap of ceria makes it active under UV-Vis
range and its utilization as a photocatalyst in advanced
oxidation processes.
Ceria is used in numerous catalytic reactions such as photocatalytic reactions and water splitting reactions, to name a
few [45]. Recently, ceria has been explored as a dopant in
aqueous phase photocatalytic reactions [36, 46].
The photocatalytic activity of Ce-TiO2 for degradation of
2-mercaptobenzothiazole was reported by Li et al. [39]. The
activity of Ce-TiO2 was higher in comparison with pure
TiO2, and this was attributed to the higher surface area and
better charge separation of photocatalyst [39]. Optical
absorption was shifted to visible range 400–500 nm because
of the introduction of Ce 4f level. Formation of 4f level and
defect level were considered as a reason for delayed
electron-hole recombination and activation of photocatalyst
under UV visible light range [39].
The phase transformation of anatase to rutile was
hindered by Ce ions for low concentrations [47, 48]. Liu
et al. produced Ce-TiO2 (3–7 wt % Ce) with sol-gel process
and ﬁnally calcined at a diﬀerent temperature. With increasing temperature, anatase phase showed growth for lower
temperature domain for both pure TiO2 and Ce-TiO2 systems; however, when the temperature was increased from
600°C to 800°C, the transformation of anatase to rutile phase
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Table 2: Particle size eﬀect on phase stability of TiO2.

TiO2

Phase

Conditions

Particle size (nm)

Techniques

References

Brookite
Anatase
Rutile

—
Room temperature
Above 850°C

11 to 35
Below 11
Higher than 35

Sol-gel
Sol-gel
Sol-gel

[21, 73]
[21, 73]
[21, 73]

Ce

O

(100)
(a)

(b)

(110)

(111)

(c)

(d)

Figure 6: (a) Unit cell of the CeO2 crystal structure; (b–d) (100), (110), and (111) planes of CeO2 structure (reprinted with permission from
Wang and Feng) [82].

was inhibited in the Ce–TiO2 oxide. The main importance of
this study was to show the shifting of light absorbance to the
range of 380–460 nm in Ce–TiO2 [48]. For higher amount of
Ce, phase segregation of ceria on the surface of TiO2 and
rutile was formed [49].
López et al. represented the structure and morphology of
the CeO2–TiO2 oxides that were prepared by the sol-gel
method as 10 wt % and 90 wt % and then calcined at 473,
673, 873, and 1073 K temperatures [50]. Experimental results
showed that better thermal stability for TiO2 can be achieved
by doping Ce ions to prevent particle sintering and subsequent pore collapsing [50]. Positive impact on crystallographic characteristic as well as sintering of photocatalyst
was achieved by Ce doping. Distribution of cerianite on
TiO2 caused substitution of Ti4+ by Ce4+ within the TiO2
anatase structure [50].
Cao et al. [51] synthesized 0.2% Ce-TiO2 by the sol-gel
method. The photodegradation test of methylene blue (MB)
was carried out to assess the photocatalytic activity of Ce-

TiO2. Interesting behavior of ﬁrst rising and then falling the
degradation eﬃciency with an increase of Ce content was
found. At low Ce content in the Ce-TiO2, it is very easy for
Ce4+ to capture the photogenerated electron and be reduced
to Ce3+, which in turn separates the electrons and holes eﬀectively and subsequently improve the photocatalytic activity of
TiO2. However, when the Ce content exceeds a certain
amount, the TiO2 crystal lattice reduces the crystallinity
because of high impurities and defects. This causes shortening of the trapping center distance, increases the chance of
recombination of the photogenerated charge carriers in the
trapping center, and thus reduces the photocatalytic eﬃciency in return.
Reli et al. [52] prepared novel cerium-doped TiO2 with
sol-gel method within surfactant Triton X-114 in cyclohexane and showed that 1.2 wt % Ce gives the maximum photocatalytic activity for the decomposition of ammonia under
UV light radiation. Hierarchical CeO2/TiO2 nanoﬁbrous
mats were prepared by Cao et al. [53] via electrospinning
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method. Photocatalysts prepared by electrospinning technique showed better photocatalytic eﬃciency for CeO2/
TiO2 nanocomposite as compared to TiO2 for the degradation of RB dye under UV light irradiation.
Eskandarloo et al. [54] represented TiO2/CeO2 hybrid
photocatalysts, which were prepared from a powder mixture
of titania and ceria. It was found that mixing TiO2 with CeO2
could facilitate eﬃcient charge transfer, which can ease the
separation of the photogenerated charge and in return
increase photocatalytic eﬃciency [54]. Apart from here mentioned synthesis methods for Ce-TiO2 photocatalyst, their
morphology and particle size are summarized in Table 3.
1.6. Photocatalytic Degradation Mechanism of Ce-TiO2
System. Various photocatalytic reaction mechanisms have
been proposed so far depending upon the morphology and
phases present, diﬀerent mechanisms apply for photocatalytic reactions. Xie and Yuan [55] studied the cerium ion
(Ce4+) modiﬁed TiO2 sol and nanocrystallites, which were
prepared by chemical hydrothermal synthesis methods.
Figure 7 illustrates the photosensitized photocatalysis mechanism of dye in the Ce4+-TiO2 sol system. In this reaction
mechanism, an excited electron from dye due to visible light
transfers to Ce ion. The hole left on dye can extract electrons
to form hydroxyl radicals (HO⋅). In this process, the electrons
are trapped by Ce4+ ions and are subsequently utilized for
the formation of superoxide radicals [56]. The presence of
Ce4+ on the surface of nanoparticle could develop the
below reactions:
Ce4+ + e− → Ce3+ and Ce3+ + O2 → Ce4+ + ⋅ O2
Photocatalytic degradation of dyes through semiconductor materials follows a complex path. Many researchers presented dye sensitization and subsequent charge transfer as a
major reaction mechanism. Verma et al. presented photocatalytic reaction mechanism for the presence of ceria at the
interface of anatase and rutile. Dependence of the catalyst’s
architecture and Ce content was explored by Verma et al.
[57]. The unique architecture of Ce-TiO2 system was synthesized via simple sol-gel method with varying Ce content.
Doping of Ce inhibited transformation of anatase to stable
rutile phase. As it was mentioned earlier that anatase has better photocatalytic activity, Ce doping showed a positive eﬀect
on photocatalytic activity which was measured by degradation of MB. Novel architecture material showed enhanced
activity under a combination of ultraviolet and visible light.
Reason for higher photocatalytic activity was sought to be
the presence of CeO2 at the interface of anatase and rutile,
which thus facilitates excellent interfacial charge transfer as
shown in Figure 8. In such systems, excitation of electron
from valence band to conduction band of CeO2 occur due
to photoactivation via visible light (Eg = 2.94). However, CB
electron of CeO2 is not capable of reduction of O2 due to its
unfavorable redox potential position. This electron can transfer to CB of anatase and subsequently to rutile via interfacial
charge transfer. An electron in CB of rutile can thermodynamically have accepted by O2 adsorbed on the surface and
create highly reactive superoxide anions by reduction reaction. On the contrary, holes can migrate to VB of CeO2 to

7
accept electron from adsorbed water and create ⋅OH−
(hydroxyl cation) [57].
Reaction mechanism can be summarized as follows:
(1) Photoactivation: Ce-TiO2 (system) + hv ➔ e− + h+
(2) Ce4+ ➔ Ce3+ + e−
(3) Interfacial charge transfer: e−(CB Ce) ➔ e−(CB anatase) ➔ e−(CB rutile)
(4) Reduction: O2 + e−(CB rutile) ➔ ⋅O2−
(5) ⋅O2− + organic dye ➔ degradation of dye
(6) Interfacial charge transfer: h+ (VB rutile) ➔ h+ (VB
anatase) ➔ h+ (VB Ce)
(7) Oxidation: h+ (VB Ce) + H2O ➔ HO⋅ + H+
(8) HO⋅ + Organic dye ➔ degradation of dye
1.7. Photocatalytic Activity Assessment by Methyl Blue
Degradation. Some studies suggest that the hydroxyl radicals
play a key role as reactants for oxidation of organic substrates
in aqueous photocatalysis. Therefore, hydroxyl radicals yield
is essential to determine the photocatalytic eﬃciency and for
comparison of diﬀerent photocatalytic materials. In order to
assess the photocatalytic eﬃciency of a TiO2-based catalyst,
an organic and inorganic pollutant can be used as the environment. They can be divided into three categories: azo dyes
[58], organic compounds [59], and inorganic gases [60]. Dye
degradation is a popular method for assessing the eﬃciency
because of its being fast and easy. Dyes have relatively high
extinction coeﬃcients to activate the photocatalyst, and they
consequently will absorb a signiﬁcant amount of the incoming light, which makes it diﬃcult to assess the full photocatalytic activity [61].
Methylene blue (MB) is most commonly used as a model
dye for the adsorption of organic dyes from aqueous solution
[62]. It is a heterocyclic aromatic hydrocarbon with a
molecular formula, C16H18N3SCl [63] (molecular weight
319.85 g/mol, maximum absorption wavelength 640). Methylene blue dye is commonly used in the textile, food, and
chemical industries [64, 65]. As it is a commonly used dye
in numerous industrial sectors, it can mix up with domestic
water and pollute it. Therefore, it is crucial to remove this
toxic dye from contaminated water by converting it to inorganic benign compounds by adding photocatalyst materials
to wastewater [66, 67].
C16H18N3SCl + 25.5O2 ➔ 16CO2 + 6H2O + 3HNO3 +
H2SO4 + HCl [68, 69].
Methylene blue is found to give several environmental
and health damages through contamination of water. Toxicity rate of MB is four and acute exposure by intravenous
injection causes sweating, dizziness, confusion, vomiting,
chest pain, and nausea [70].
The structures of the dye molecules directly decide the
absorption characteristic of dyes for light. In the electron
absorption spectra of dyes, there are several absorption
bands, which reﬂect the state of motion of the electrons.
The absorption wavelength, absorption intensity, and the
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Table 3: Literature review on various preparation methods with process parameters of Ce-TiO2 catalyst.

Materials

Dopant

Dopant concentration

Morphology

Bandgap, eV

Rate of degradation of
MB dye (10−3 min−1)

References

Ce

3 mol

Nanoparticle
Nanoparticle

2.46

24

[72]

2.5

15.4

[74]

2.99

15

[75]

3.1

13

[75]

16.6

[76]

Fe/Ce

Nanoﬁber

Ce

1 wt %

Nanoﬁber

Nd

1 wt %

TiO2

Nanoparticle

Ce

5 wt %mol

Ce/N

0.6 mol

Nanoparticle
Nanoﬁbrous mats

2.52

Ce

[77]

49.5

[53]

1.6

[71]

Microsphere

Ce

5 mol %

2.49
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Table 3: Continued.

Materials

Dopant

Dopant concentration

Morphology

Bandgap, eV

Rate of degradation of
MB dye (10−3 min−1)

References

Nanoparticle

Ce/Pt

6.6 wt %

2.3

Thin ﬁlm
Nanobelt

Ce

Ce

2 mol

Degussa P25

O2−¡¤

Ce3+
O2
Ce4+

O2

TiO2
sol
particle

O2

[78]

2.6

2.5

[79]

2.51

34.8

[80]

3.2

6.3

hv

ISC
dye⁎(T1)
dye⁎(S1)
+
dye
e
Dye+/dye⁎
Ce4++e
Ce3+
3+
Visible light
Ce4++O2−¡¤
Ce +O2
Dye+
dye + h+
Dye+/dye h+ + H2O
•OH + H+
h+
¡¤
+
−
Dye +O2 (O2 or •OH)
Peroxide or hydroxyl intermediates
Degraded or mineralized products
Dye(S0)
Dye⁎ −e

Figure 7: Photosensitized photocatalysis of Ce4+-TiO2 sol system (reprinted with permission from Xie and Yuan) [55].

O2−
.O2/O2 O
2
CeO2
H2O

.OH/OH−
Rutile

Anatase

.OH

Figure 8: Interfacial charge transfer mechanism (adopted with permission from Verma et al.) [57].

shape of the absorption band are related directly to the structure of dye molecules. Therefore, it is possible to evaluate the
structural variation of dyes by investigating the variation of
the electron absorption spectra during the process of degradation of the dyes.

It has been reported that the photodecomposition of RhB
aqueous solution in the presence of TiO2 particles as a photocatalyst has two pathways: (1) the photocatalytic pathway
which would occur under UV irradiation. In this pathway,
TiO2 would be activated to generate electrons under UV

10
irradiation (λ ≤ 385 nm) to drive the process of photodegradation; (2) the photosensitization pathway which usually
occurs under visible light irradiation. The bandgap of anatase
TiO2 is 3.2 eV; therefore, the energy of visible light
(λ > 400 nm) is not enough to excite TiO2 to produce electrons to drive the process of photodegradation. In the photosensitization pathway, where TiO2 cannot be activated by
visible light, dyes will absorb visible light irradiation and
can be excited, which will drive the process of photodegradation. However, the existence of TiO2 photocatalyst is a
prerequisite and a crucial requirement to ensure electron
carriers to contact with electron acceptors adsorbed on
the TiO2 surface, which will help in the process of
photodecomposition.
Xie et al. [71] showed that doping content of Ce microspheres improved photocatalytic activity on the degradation
of MB under visible light irradiation. Priyanka et al. [72]
studied the photocatalytic activity of TiO2 and Ce-doped
TiO2 nanoparticles in solar light, and the degradation of
MB was monitored. Within 10 min of sunlight irradiation,
the 3 mol % Ce-doped TiO2 sample could degrade about
90% of MB dye and then the degradation was almost complete in 30 min.

2. Conclusion
TiO2 being extensively used as a photocatalyst for degradation of organic dyes, modiﬁcation of it by Ce doping for
visible light activation has been presented in this review.
Various synthesis processes along with diﬀerent morphologies of Ce-doped TiO2 are also summarized. Complex
reaction mechanisms involved with Ce-doped TiO2 with
important aspects were discussed. Even though the abovementioned reaction mechanisms occurred simultaneously, it
is very diﬃcult to conclude which mechanism is more dominating during photocatalytic degradation of dye. It would be
a mere oversimpliﬁcation of complex reaction mechanism to
present with any one of above-mentioned reaction mechanism alone. Photocatalytic reaction mechanisms for brookite
and complex systems require more elaboration. When contributions from surface area, bandgap, presence of phases,
concentration of Ce, and morphology of nanomaterial are
included, the complex yet complete reaction mechanism of
Ce-doped TiO2 system can be modeled. Such reaction mechanism provides the ground basis for designing better material
for utilization of visible light for novel applications of visible
light active photocatalysts. It is expected that this review will
provide a fundamental understanding of remedies to overcome bare TiO2 limitations.
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