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Abstract: TiO2 exists naturally in three crystalline forms: Anatase, rutile, brookite, and TiO2 (B). These
polymorphs exhibit different properties and consequently different photocatalytic performances.
This paper aims to clarify the differences between titanium dioxide polymorphs, and the differences
in homophase, biphase, and triphase properties in various photocatalytic applications. However,
homophase TiO2 has various disadvantages such as high recombination rates and low adsorption
capacity. Meanwhile, TiO2 heterophase can effectively stimulate electron transfer from one phase
to another causing superior photocatalytic performance. Various studies have reported the biphase
of polymorph TiO2 such as anatase/rutile, anatase/brookite, rutile/brookite, and anatase/TiO2 (B).
In addition, this paper also presents the triphase of the TiO2 polymorph. This review is mainly
focused on information regarding the heterophase of the TiO2 polymorph, fabrication of heterophase
synthesis, and its application as a photocatalyst.

Keywords: titanium dioxide; heterophase; polymorph; anatase; rutile; photocatalysis

1. Introduction

Titanium dioxide, also known as titania, is a naturally occurring transition metal oxide
of titanium with the chemical formula TiO2 [1]. Titanium dioxide is the most effective and
efficient semiconductor material as a photocatalyst, has good stability, and has high ultra-
violet absorption compared to other materials [2–6]. In addition, TiO2 is a commercially
available materials for applications in various fields due to its wide availability, biocom-
patibility, and non-toxicity [7–9]. TiO2 has a white colour which is used as a pigment in
paints, printing inks, plastics, ceramics, and cosmetics [10–13]. TiO2 is the most effective
and efficient semiconductor material, and has also been reported in the photoelectrical
devices [14,15]. TiO2 also has electronic and optical properties that can be utilized in the
field of photocatalysts [16], self-cleaning materials [17], and solar cells [18].

Titanium dioxide has many applications as a photocatalyst, for example, in hydrogen
production [19–22], degradation of organic compounds [23–27], remediation of metal
ions [28–30], and synthesis of organic compounds [31–34]. Most of the research on TiO2
has been carried out to increase its photocatalytic efficiency [35]. Many studies have also
been devoted to the synthesis of various forms of nanomaterials [36–38], engineered with
doping [39–42] or composites [43–45].
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TiO2 exists naturally in three crystalline forms, anatase, rutile, and brookite [46–49].
Besides that, there is another polymorph, namely TiO2 (B) [50,51]. These polymorphs
exhibit different properties and, consequently, different photocatalytic performances [52].
In general, many studies have stated that anatase has the best photocatalytic activity [53].
However, in some cases, rutile is more active as a photocatalyst [54]. In addition, the binary
mixture of TiO2 polymorphs showed a significant increase in the rate of catalytic activity
for several reactions. Among these phases, the binary phase of anatase and rutile is the
most studied phase [55,56].

The main drawback of photocatalyst application is the high recombination rate of elec-
trons and holes which will reduce the quantum efficiency and decrease the photocatalytic
activity [57,58]. One way to overcome this problem is to use multiphase TiO2 because it
exhibits higher photocatalytic activity than single-phase due to the possible charge transfer
generated between different TiO2 polymorphs (with different levels of electronic bands),
leading to an effective separation of charge carriers thereby preventing recombination of
electrons and holes [59,60].

The TiO2 heterophase can effectively stimulate electron transfer from one phase to
another cause superior photocatalytic performance [61,62]. For example, TiO2 P25 Degussa,
which consists of ∼20% rutile and ∼80% anatase, is an excellent photocatalyst [63]. Several
studies have succeeded in synthesizing TiO2 heterophase which shows better photocat-
alytic abilities than pure anatase, namely, anatase/rutile [64] and anatase/brookite [65].
Growing research efforts have recently been devoted to new TiO2 heterophase composites
including anatase/TiO2 (B) [66,67] and rutile/brookite [68], as well as the three-phase
anatase/rutile/brookite [69] and anatase/rutile/TiO2 (B) [70]. Wang et al. [71] reported
a novel approach to fabricate heterophase anatase/TiO2 (B) in which heterophase can be
obtained at 550 ◦C. The results show that although in many cases the photocatalytic activity
of TiO2 (B) is lower than that of anatase, a suitable composition between anatase and TiO2
(B) will lead to increased activity [72].

As described in detail by other researchers previously, the most obvious advantage
of the multiphase photocatalyst is that it can promote electron–hole separation, thereby
enhancing the photocatalytic activity of materials. Therefore, in the photocatalytic sys-
tem, it is very important to synthesize a photocatalyst with a multiphase structure and
high degradation efficiency. This review mainly addresses reports related to TiO2 het-
erophase over the past 10 years, in which a wider field of research has been reported.
This work aims to clarify the differences between titanium dioxide polymorphs, and the
differences in homophase and heterophase (biphase and triphase) properties in various
photocatalytic applications. This review includes information on TiO2 polymorph het-
erophase, the fabrication of synthetic heterophase, and their applications as photocatalysts.
This review ends with conclusions and perspectives, which may stimulate further devel-
opment of the utility of TiO2 heterophase. Review articles covering heterophase with
thorough explanations have not been reported. Other reviews have focused on anatase and
rutile [73–75] with other composite or doped materials [76–80].

2. Homophase TiO2

2.1. Photocatalysis Mechanism of TiO2

TiO2 is a semiconductor material, which is a substance that lies between conductors
(such as metals) and insulators (such as ceramics) [81]. In semiconductor, the distance
between the position of the valence band (VB) and the conduction band (CB) determine
the ability of the semiconductor material in the light absorption process and its oxidation-
reduction ability [82–85]. In general, the photocatalytic reaction of TiO2 includes several
basic processes, such as the formation of charge carriers, separation, relaxation, capture,
transfer, recombination, and transport [86–88]. This process must be thoroughly observed
to understand the workings of TiO2 photocatalysts and is useful for the development of
new photocatalysts [89,90].
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In general, the mechanism of photocatalysis using TiO2 is illustrated in Figure 1. When
TiO2 material is subjected to photon irradiation with an energy greater than the band gap
of TiO2, the electrons in VB will be excited to CB resulting in holes in VB [91–95]. The
process of photoexcitation of pairs of electrons (e−) and holes (h+) will participate in redox
reactions with adsorbed species which will form superoxide radical anions (•O2−) and
hydroxyl radicals (•OH), respectively, which will play a role in the degradation of organic
pollutants in water [96–99]. Only photons with energies greater than the band-gap energy
can excite electrons and drive reactions to occur. The activation of TiO2 by UV light can be
written as Equations (1)–(3) [100–102]. In this reaction, h+ and e− are strong oxidizing and
reducing agents.

TiO2 + hν→ e− + h+ (1)

e− + O2 → O2•− (2)

h+ + H2O→ •OH + H+ (3)
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Figure 1. Schematic diagram of TiO2 photocatalytic principle.

Reactive oxygen species (ROS) produced during the photocatalytic process vary
greatly, mainly the ROS that is formed is the superoxide radical O2•− and the hydroxyl
radical •OH. However, other species such as •OOH and H2O2 may be formed through
further oxidation processes, dimerization, or disproportionation [103–105].

2.2. Phase of TiO2

TiO2 is widely available in nature as rutile, anatase, and brookite polymorphs; these
three types are octahedral TiO6 with different distortions [106,107]. The structures of
anatase, rutile, and brookite are shown in Figure 2 [108]. While rutile is a stable phase,
both anatase and brookite are metastable phases. In addition, this brookite is difficult to
synthesize, so it is rarely studied [109–112]. There is another polymorph found from TiO2,
namely TiO2 (B) [113–115]. The characteristics of the Ti-O bond determine the differences
in the structural and electronic properties of the different TiO2 phases [116]. Table 1 shows
the different properties of the TiO2 polymorph [117].
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Table 1. Crystal structure and physical parameters of TiO2 polymorphs.

Phase Crystal System,
Space Group

Lattice
Parameter Density (g/cm3)

Band Gap
Energy (eV) Ref.

Brookite Ortorombik, Pbca

a = 9.148 Å

4.12 3.14–3.31 [117]b = 5.447 Å
c = 5.145 Å

V = 257.38 Å3

Rutile Tetragonal, P42/mnm
a = b = 4.594 Å

4.25 3.02–3.04 [117]c = 2.959 Å
V = 62.45 Å3

Anatase Tetragonal, I41/amd
a = b = 3.784 Å

3.89 3.20–3.23 [117]c = 9.515 Å
V = 136.24 Å3

TiO2 (B) Monoclinic, C2/m

a = 12.179 Å

3.73 3.09–3.22 [113]
b = 3.741 Å
c = 6.525 Å
β = 107.054

V = 284.22 Å3
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In general, anatase showed higher photocatalytic activity than rutile. However, the
reason for the difference in photocatalytic activity between these phases is still being
debated [118,119]. Zhang et al. [120] showed that anatase is a semiconductor with an
indirect band gap, while rutile and brookite are included in the category of direct band gap
semiconductors. In addition, photocatalytic effects such as organic pollutant decomposition
will be successful if the semiconductor material has a band gap energy of redox potential
at the hole that is VB positive enough to produce hydroxyl radicals and electrons in CB,
which must be negative enough to produce superoxide radicals (E0(H2O/•OH) = 2.8 V vs.
NHE) and (E0(O2/O2

•−) = −0.28 V vs. NHE). Figure 3 shows the band gap energies of
anatase, rutile, and brookite TiO2 [121–123].
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2.2.1. Anatase

Anatase polymorph has better photocatalytic activity than other TiO2
polymorphs [124–128]. Anatase has a larger band gap than rutile. This increases the ox-
idizing ability and facilitates electron transfer. Recent results show that the anatase has
a lower conduction band than the rutile [129]. Moreover, the indirect band gap of the
anatase form is smaller than the direct band gap. Thus, the indirect band gap is used for the
photocatalysis process of the anatase form. For rutile, on the other hand, the fundamental
band gap of indirect band gap is very similar to the direct band gap. Thus, the rutile type
tends to excite electrons in a direct band gap. Indirect band gap materials generally exhibit
a longer charge carrier lifetime compared to direct band gap materials [130–133], thus
making anatase have better activity in most cases compared to rutile and brookite.

Anatase has a much wider specific surface area, so it has more active sites than rutile.
Anatase also has a higher oxygen vacancy concentration than rutile, which is the reason for
anatase’s higher charge separation efficiency [134]. The adsorption affinity of anatase for
organic compounds is higher than that of rutile, and anatase shows a lower recombination
rate than that of rutile because of its higher hole-trapping rate [135]. The adsorption affinity
is defined as the equilibrium ratio of the solid-phase concentration to the liquid-phase
solute concentration, also known as adsorption equilibrium constant [136]. However, even
though it has better photocatalytic activity, the single anatase phase has low thermodynamic
stability when compared to the rutile phase, so it can only be synthesized in several types
of synthesis [137,138].

Bubacz et al. [139] synthesized anatase TiO2 with TiOSO4 precursor in ammonia water
as a phenol degradation and azo dye. The decreased concentrations of the dye and phenol
was measured by UV/VIS spectroscopy and a TOC analyzer. Polycrystalline of anatase was
produced with a crystalline size of 12.7–13.0 nm and a particle size of 195.7 nm. The material
produces satisfactory activity with an optimum pH of 6.5. In addition, Etacheri et al. [140]
synthesized anatase with a band gap that can be reduced (without doping) and can works
in visible light. This is achieved by generating oxygen in situ via the thermal decomposition
of the peroxo–titania complex (H2O2-TiO2). The increased strength of the Ti–O–Ti bond
and the maximum shift of VB are responsible for the stability in high temperature and
visible light activity (Figure 4).
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In the report of Lv et al. [141], anatase is modified using fluorine as a shape guide for
surface modification. This modification produces various morphological forms such as
nanotubes, titania sheets with {001} high-energy facets, and hollow spheres. This form
results in increased diverse photocatalytic activity. In this regard, regarding the effect of
fluoride on the structure and photocatalytic activity of TiO2, many questions remain open.
In another report, Wang et al. [142] reported the differences in the photocatalytic activity
ability between anatase and rutile mesopores. Mesoporous anatase results in long-lived
electron generation and allows for efficient electron transfer. Meanwhile, mesoporous rutile
is substantially less efficient and more reversible than anatase.

2.2.2. Rutile

The rutile phase becomes an attractive polymorph TiO2 for photocatalytic applications
because it can absorb UV light near the visible region. The band gap of rutile is 3.0 eV,
lower than that of anatase (3.2 eV). However, the rutile phase has not been widely studied
as a photocatalyst because of its lower photocatalytic activity than anatase. Its low specific
surface area, fast recombination, and the positive location of its minimum conduction band
make it have a poorer reducing ability than anatase [143–147].

Rutile is the most stable TiO2 polymorph and is easily produced at high temperatures.
However, rutile has rarely been studied as a photocatalyst for the oxidation of dyes/organic
compounds, due to poor oxygen uptake due to the lower valence band position compared
to anatase [148]. In the research by Wang et al. [149], rutile was successfully synthesized
using low temperatures. Pure rutile was synthesized by hydrolysis of an aqueous TiCl4
ethanol solution at 50 ◦C. The results show that rutile synthesized at low temperatures
exhibits much higher photocatalytic activity than commercial P25 photocatalysts in the
degradation of rhodamine B. Applications of rutile photocatalysis include water separation.
In contrast to anatase, rutile allows preferential water oxidation, which is useful for the
construction of Z-scheme water separation systems [150]. In addition, in another study,
rutile nanoparticles with large specific surface areas and abundant oxygen vacancies were
designed for photocatalytic nitrogen fixation [151]. Meanwhile, in a study conducted by
Yurdakal et al. [152], rutile was used for the selective oxidation of aromatic alcohols to
aldehydes in an aqueous suspension.

The photocatalytic abilities of rutile and anatase were compared by Jung and Kim [153]
to stearic acid and measured the rate of decrease in the integrated absorbance of the
ensemble of the C−H stretching vibrations using FTIR spectroscopy. The results show that
although rutile nanoparticles have a higher specific surface area than anatase nanoparticles,
the photocatalytic properties of rutile nanoparticles are much lower than those of anatase
nanoparticles. This is attributed to the intrinsic radiative recombination of photogenerated
electrons and holes in rutile. However, other studies have shown that the presence of the
vacancy-oxygen defect (VO) in rutile can significantly increase the ability of photocatalytic
activity. VO is known to suppress the charge recombination process [154]. Although in
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many studies anatase shows higher activity, in some cases, rutile can be superior [155].
For example, the research by Zhang et al. [156], compared the photocatalytic activity of
anatase, rutile, and brookite for Rhodamine B (RhB) degradation. The results show that
rutile provides a faster photocatalytic reaction rate than anatase for the same particle size
and specific surface area.

2.2.3. Brookite

Brookite has an orthorhombic crystal structure with the Pbca space group [157].
Brookite will turn into rutile at high temperatures. This conversion can occur directly
to rutile or through the formation of anatase first. This depends on several factors such as
crystallite size, size distribution, and crystallite contact area. [158]. For crystal sizes larger
than 11 nm, brookite is more stable than anatase, while for sizes larger than 35 nm, rutile is
the most stable phase [159]. Xie et al. [160] synthesized pure-phase brookite by hydrother-
mal method using Ti(SO4)2 as the precursor. Phase formation is achieved by hydrothermal
treatment at 180 ◦C [161]. Kandiel et al. [162] observed that a direct transformation of
anatase and brookite to rutile was observed, while in the case of anatase–brookite mixture,
anatase changed first to brookite and then to rutile.

The photocatalytic activity of brookite was studied by Khan et al. and its activity is
highly dependent on the level of disability. The results of the DFT calculations show that the
Ti4+ defect is the main defect in increasing the photocatalytic activity of brookite [163,164].
One of the main reasons for the different catalytic performances of the TiO2 polymorph
is the depth of charge carrier trapping. Electrons in brookite are trapped in shallow traps
and not photogeneration, which reduces the amount of free electron, but on the other hand,
this extends the life span of hole [165].

Bellardita et al. calculated the absolute crystallinity of brookite. This value was
calculated from the ratio between the full width at half maximum (FWHM) intensity
peak XRD pattern (121) of brookite and peak (111) of CaF2 as an internal standard. The
results showed that crystallinity had a positive effect on the oxidation of 4-nitrophenol
and 4-methoxybenzyl alcohol [166]. Choi et al. [167] synthesized pure brookite TiO2
films as a photocatalyst. The brookite phase was synthesized on titanium foil using a
hydrothermal reaction. The results show that the brookite phase exhibits significantly
higher photoactivity among the TiO2 polymorphs, despite its smaller specific surface area
compared to anatase [168]. Tetramethylammonium (TMA) can be degraded in pure anatase
and brookite phases, but not in rutile, where TMA concentration was measured by ion
chromatograph [167].

2.2.4. TiO2 (B)

TiO2 (B) is a polymorph of titanium dioxide discovered in 1980 which was prepared
from the hydrolysis of K2Ti4O9 followed by heating at 500 ◦C. TiO2 (B) has a host covalent
framework of NaxTiO2 bronze [169]. In 2004, Armstrong et al. [115] successfully prepared
TiO2 (B) nanowires. The synthesis was carried out involving a hydrothermal reaction
between NaOH and TiO2, followed by acid washing and heating at 400 ◦C. The synthesized
TiO2 (B) has the potential to be a material in lithium-ion batteries because it has the
advantage of having a relatively open structure. Therefore, it is an excellent host for Li
intercalation [170–173]. TiO2 (B) nanoparticles were also developed with various sizes. The
small particle size causes the dimensionality reduction to increase the amount of Li and
hence the charge that can be stored [174].

The use of TiO2 (B) as a photocatalyst was carried out by Chakraborty et al. [175].
The results show that H2Ti5O11.H2O is a prerequisite for the formation of TiO2 (B) phase.
The photocatalytic activity of TiO2 (B) showed 1.35 and 1.95 times higher in decomposing
4-chlorophenol than Degussa P25 and 25 nm sized anatase nanoparticle. This is due to
the high crystallinity of TiO2 (B). In addition, in other studies, TiO2 (B) doped with Ti3+

provided increased photocatalytic performance in rhodamine B (RhB) decomposition,
which was measured using a UV spectrophotometer and hydrogen evolution, which was
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measured using gas chromatography. The RhB degradation rate is ∼6.9 and the hydrogen
evolution rate is 26.6 times higher compared to titanium dioxide nanoparticles [176].

2.3. Disadvantages of TiO2 Homophase Photocatalysis

TiO2 has great potential as a photocatalyst for the degradation of organic pollutants
and microorganisms. However, in practice, there are many limitations, namely, high h+

and e− recombination rates, low adsorption capacity, and low thermal stability of the
anatase TiO2 phase (Figure 5). TiO2 has a wide band gap of 3.0−3.2 eV, meaning this
photocatalyst mainly absorbs ultraviolet photons, while indoor lamps only emit visible
light photons [177,178]. This causes the use of indoor photocatalysts such as disinfection to
be very limited because they require UVA irradiation. Strategies that can be implemented
to overcome this challenge include adding metals (Cu, Ag, Eu, Fe, Zn, and La) [179–182],
adding non-metallic dopants (N, F, S, and C) [183–186], or the use of the photon induction
method [187].
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Figure 5. Limitations of TiO2 as a photocatalyst material.

The crystallite size and phase of TiO2 are aspects that affect the photonic efficiency
and recombination dynamics in the photocatalytic process. Samples with a single anatase
phase showed a high percentage of recombination due to the influence of crystallographic
and microstructural parameters [188]. Meanwhile, samples with a mixed phase, such
as anatase/rutile, have a more prominent crystallography and microstructure between
anatase (011) and (110) rutile, which causes a decrease in the recombination rate due to
the presence of hole and electron transfers [189]. Meanwhile, in the single rutile phase,
there is a decrease in the formation rate of •OH and e− due to the less efficient formation
of •OH species during the oxidation of water on the rutile particles, as well as the shorter
lifetime and lower reactivity of e− in the single rutile phase. This phenomenon indicates
that the photocatalytic synergy associated with anatase/rutile mixtures is not always
present, but depends on the relationship between the fermi level of the anatase and rutile
particles and the characteristics of the particles [190]. Photocatalytic junctions, especially
type-II heterojunctions between semiconductors, are considered a potential pathway to
improve photocatalytic performance [191]. The homojunction heterophase that exploits
polymorphism has potential advantages. It has homogeneous components and nearly
perfect lattice matching, and they can conduct efficient charge transfer at the interface [192].
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3. Heterophase TiO2 in Photocatalysts
3.1. Photocatalysis Mechanism of TiO2 Heterophase

TiO2 with mixed phases such as anatase and rutile showed better photocatalytic
activity than TiO2 with 100% anatase phase. This increase in activity generally comes from
the interaction between the two forms; the interaction reduces recombination due to a bulk
structure of anatase/rutile. This mixed phase has an interfacial electron trapping site that
enhances the photocatalytic activity of TiO2 [193]. Meanwhile, in the anatase structure, the
oxidation process is limited, while in contrast to the rutile structure, the reduction process
is limited. Thus, when it is TiO2 with the mixed phase, the oxidation-reduction process
can be accelerated [194]. This is illustrated in Figure 6. When different phases of TiO2
are mixed, the rate of recombination is reduced, the lighting efficiency is increased, and
the energy band gap can be activated by light with energies lower than UV [135]. Due to
its high activity, P25 Degussa, a commercial TiO2, is frequently used as a benchmark in
photocatalytic processes. It has a mixed phase of anatase and rutile with a ratio of 80% and
20%, respectively [195].
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At semiconductor heterojunctions, energy bands of two different materials come
together, leading to an interaction. Both band structures are positioned discontinuously
from each other, causing them to align close to the interface [196]. This alignment is
caused by the discontinuous band structures of the semiconductors when compared to
each other and the interaction of the two surfaces at the interface [197]. In research by
Scanlon et al. [198], there are signs that when there is contact, the valence band energy and
conduction band energy are higher in the rutile phase than in the anatase phase. Electrons
will go to the anatase because of the lower conduction band minimum energy, and holes
will move to the rutile because of the higher valence band maximum energy, according
to the alignment of the bending energy bands at the anatase/rutile interface. Then, the
holes in the valence band will react with water to generate hydroxyl radicals, while the
electrons in the conduction band will concurrently react with oxygen to generate superoxide
anions [199,200]. Figure 7 shows that the energy band changes at the interface of the
anatase/rutile heterojunctions can lead to electron–hole separation and band bending until
the Fermi levels of the anatase and rutile are aligned, and the density of the heterojunction
and the toxicity of the nanoparticles can be determined by the degree of the band bending.
The degree of band bending can be used to experimentally show that the heterojunction
density of the TiO2 mixed phase is theoretically proportional to the quantity of electron–
holes at the heterojunction interface. Heterojunction density is the local density of state and
charge density for heterojunction semiconductor (usually composites), which is calculated
using computational software such as the Vienna ab initio simulation package (VASP)
and Cambridge Sequential Total Energy Package (CASTEP) [201]. Furthermore, the ROS
generated during the photocatalytic process and its potential in the oxidation process can
be estimated by the band bending value [202]. Band bending value or degree of band
bending is proportional to the amount of accumulated electrons or holes that depend on the
density of heterojunction; this value can reflect the density of heterojunction in mixed-phase
TiO2 [203].
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the anatase phase to rutile.

3.2. Computational Study of Heterophase TiO2

Surface structures and interfacial sections are very important for photocatalytic pro-
cesses because these points are considered as the focus of transfer and trapping of charge
carrier species [204,205]. The possible arrangement at the interfacial point between anatase
and rutile was analyzed by stacking the atomic layers of the anatase (011) plane and the
(110) rutile plane [189]. In a study by Denkins et al. [206], two plates were prepared, one
anatase and one rutile, each 30 Å thick, separated from each other by 5 Å. Then, MD
simulations were carried out for 400 ps at 1300 K. An illustration of the initial and final
structures is shown in Figure 8. As shown, a vacuum distance of about 25 Å is present to
minimize interactions between non-interfacial surfaces.
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The band gap of the structure of the TiO2 mixture measured using HSE06 is around
3.0 eV which comes from the alignment band between the anatase (3.5 eV) and rutile (3.2 eV)
phases [207]. The quantum size effect is responsible for the distinction in the band-gap
values (approximately 0.2 eV) of each phase. The energy level of the Ti d orbitals can be
adjusted by various coordination configurations, which makes this plausible. Additionally,
a significant component in determining the photocatalytic activity linked to geometric and
electrical structures is the absorption of photons from a semiconductor photocatalyst [208].
There is no significant change for the absorption curves of the mixed structure compared to
the individual components of anatase and rutile. It shows that there is little orbital overlap
and little electronic transition between rutile and anatase, and that direct electronic infusion
of rutile into anatase hardly ever occurs during the excitation process. The structural
changes that form the interface have no significant effect on the absorption of light by
mixed-phase TiO2 and the optical absorption of this structure occurs in the anatase and
rutile phases, respectively [205]. In another study, anatase/rutile (A/R) and interlayer
amorphous (Am) films A/Am/R were synthesized using atmospheric pressure chemical
vapor deposition (APCVD) to produce the absorption and bandgap shown in Figure 9. The
gap energy of the band for the anatase/rutile heterojunction (2.78 eV) appears red-shifted
from the pure component [209].
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and Sons, 2014.

3.3. Fabrication Methods of Heterophase TiO2
3.3.1. Sol–Gel Method

In general, the sol–gel process involves a system transition from a liquid ‘sol’, which
is mostly in the colloidal form, to a solid ‘gel’ phase. The starting materials used in the
manufacture of ‘sol’ in the synthesis of TiO2 are usually metal alkoxide compounds such
as titanium tetraisopropoxide (TTIP) and inorganic metal salts such as TiCl4 [210–212].
Arnal et al. [213] prepared titania by the sol–gel method from TiCl4 in diethyl ether, at
110 ◦C, to produce anatase. Meanwhile, for TiC14 with ethanol, it leads to rutile as early
as 110 ◦C, whereas the reaction of tert-butyl alcohol at 110 ◦C leads to the formation of
a single brookite. The TiO2 polymorph heterophase synthesized by Castrejón-Sánchez
et al. [214] which can control the anatase/rutile ratio. Initially, anatase-amorphous TiO2
powder was synthesized by the sol–gel method. Then, annealing was carried out with a
time ranging from 35 to 200 min at 475 ◦C. By adjusting the annealing duration, it is feasible
to manage the anatase/rutile ratio in nanostructured TiO2 powders from pure anatase to
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rutile. Figure 10 shows the sol–gel synthesis process with Ti(Obu)4 precursor using isobutyl
alcohol and the addition of HNO3 to produce anatase/rutile heterophase.
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3.3.2. Hydrothermal Method

The hydrothermal process has strengths over other procedures, including excellent
purity and crystallinity in the synthesized materials. Additionally, this technique yields a ho-
mogenous particle size distribution with a performance of more than 90% [215–219]. In the
hydrothermal method, the trigger for the appearance of the rutile phase is pH [220], using
the precursor [221], and using certain solvents [222]. The addition of additives can also
trigger the appearance of the rutile phase in TiO2, such as adding urea as a nitrogen source
in g-C3N4/TiO2 [222], tartaric acid (C4H6O6) [223], or adding metal impurities [224–226].

In a study conducted by Wang et al. [227], mixed-phase TiO2 was prepared by the
hydrothermal method from TiOSO4 and peroxide titanic acid (PTA). The findings demon-
strated that anatase and rutile phases made up the mixed-phase TiO2 powder, and that
the PTA sol was crucial to the development of the rutile core. By adjusting the quantity
of PTA sol utilized in the synthesis process, it is simple to control the amount of rutile
in the TiO2 mixed phase between 0% and 70.5%. Figure 11 shows the hydrothermal
method with addition of PTA to produce anatase/rutile heterophase. Meanwhile, in a
study by Yang et al. [228], rutile, anatase, and brookite TiO2 nanorods were obtained by
the hydrothermal method using PTA with different pH values. Rutile forms at pH values
below 10, but anatase TiO2 can form at pH values over 10. Once the pH is 10, brookite
can form.
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3.3.3. Sonochemical Method

Sonochemistry has been widely used to synthesize nano-sized materials [229–233].
Arami et al. [234] synthesized TiO2 nanoparticles with an average diameter of about 20 nm
via a simple sonochemical method. The results indicated the nanoparticles consisted
of a pure rutile phase. Meanwhile, for the mixed phase, anatase/rutile was prepared
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by a sonochemical process in which titanium(IV) isopropoxide (TTIP) was used as a
precursor. The transformation of the anatase phase to the rutile phase in TiO2 powder was
initially obtained by calcining the sample at 600 ◦C. The complete rutile phase occurs at the
calcination temperature of 800 ◦C [235]. The best photocatalytic activity was demonstrated
by an anatase/rutile composite with the proper ratio in a TiO2 photocatalyst that was
calcined at 700 ◦C as a result of improved charge transfer at the mixed phase junction and
reduced electron–hole pair recombination [236]. In addition, anatase/brookite composites
have also been synthesized at 50 ◦C using sonochemical methods with similar crystal size
and specific surface area, the photocatalytic activity of anatase/brookite for CH3CHO
degradation is 5.4 times higher than in pure anatase. According to the electron energy
loss spectrum, the collision of brookite and anatase crystals caused this high activity [237].
Figure 12 shows the sonochemical method with the TTIP precursor using ethanol and water
as solvent to produce the anatase/rutile heterophase.
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3.4. Transformation of Polymorph TiO2

The initial crystalline phase of TiO2 that forms during the various processes used to
synthesize it is typically anatase. This may be owing to the usual TiO6 octahedral’s easier
organization into a typical anatase structure when compared to rutile from a structural
perspective [238]. From a thermodynamic perspective, the faster recrystallization of anatase
can be due to the lower surface free energy compared to rutile [137]. However, some studies
have been able to form rutile at room temperature conditions. The hydrothermal synthesis
approach makes it possible to control the precipitation of rutile while facilitating the direct
deposition of TiO2 crystals from the liquid phase. Rutile can only be obtained using this
technique and high-temperature processing otherwise [239]. As the calcination changes
in temperature, the proportions of rutile and anatase will progressively change as well.
With higher calcination temperatures, the proportion of the rutile phase increases, which
causes the proportion of the anatase phase to diminish [240]. Without any precursor or
dopant modification, when making TiO2, the anatase to rutile conversion typically takes
place between 600 and 700 ◦C [241]. Yuangpho et al. [242] examined the temperature
of the anatase–rutile transformation and its impact on the material’s physical/chemical
characteristics and photocatalytic activity. The photocatalytic activity of TiO2 decreases
with increasing annealing temperature. These findings suggest that the phase composition
influences the photocatalytic activity of TiO2 particles.
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4. Photocatalytic Activity of Heterophase TiO2

4.1. Biphase of TiO2
4.1.1. Anatase/Rutile

Anatase and rutile are the most common phase of TiO2 [243]. As a single phase, anatase
has better photocatalytic activity than rutile [244]. However, the mixed anatase/rutile
phases showed higher photocatalytic activity than single anatase [245]. Rutile is the most
stable form compared to the other two forms that are metastable, brookite, and, anatase so
at high temperatures it will turn into rutile [246]. It is common to regulate the calcination
temperature to produce TiO2 with a mixture of anatase and rutile phases [247–251]. How-
ever, there are also other factors that can be used to control the appearance of these two
phases such as the pH and the solvent used [252,253]. Several reports on the formation of
mixed phase anatase/rutile structures are summarized in Table 2.

Table 2. Various methods for synthesis TiO2 anatase/rutile.

Precursor Method Phase Controller Application Ref.

TiO2 P25 Hydrothermal Calcination temperature Water splitting [63]

TTIP Hydrothermal Calcination temperature Methylene blue
degradation [247]

TTIP Sol–gel Calcination temperature Oxalic acid degradation [248]

TBOT Hydrothermal pH Hydrogen generation [252]

TiOSO4
Urea precipitation

method Calcination temperature 4-chlorophenol degradation [250]

TiCl4
One step

condensing reflux Solvent Rhodamine B degradation [253]

TiCl3 Hydrothermal Calcination temperature Hydrogen generation [251]

TiO2 with anatase/rutile can be used for the production of hydrogen, water split-
ting, and the degradation of organic pollutants. The factors that influence the increase
in anatase/rutile photocatalyst activity are numerous energy-level staggered interfaces
between the anatase and rutile, large specific surface area, and an enhancement in bridged
hydroxyl functional groups on the surface [253].

Photocatalysis activity and degradation pathways from TiO2 with mixed phases are
dependent on organic substances targeted by photocatalysis [254]. In many cases, increased
anatase content tends to result in better TiO2 photocatalysis activity [255]. When combined
with rutile, which is large in size and has high crystallinity, it will be an excellent photocat-
alytic. This is because degradation is a reaction that requires oxygen and anatase is a good
oxygen absorber when compared to rutile. In addition, rutiles that have high crystallinity
can also increase intrinsic photocatalysis activity [256]. The synergistic interaction between
the anatase (011) and (110) rutile fields, which can also enhance the separation of electron
holes and suppress electron and hole recombination, resulting in good photocatalysis
activity [257]. Table 3 shows the performance of anatase/rutile photocatalytic degrada-
tion for the organic pollutants. Photocatalytic activity against the degradation of organic
compounds is carried out by adding photocatalysts to the solution of organic compounds;
then, concentration reduction was observed with a UV–vis spectrophotometer [247], or
by measuring the conductivity of CO2 resulting from degradation [248]. For hydrogen
generation, the hydrogen formation is measured with gas chromatography (GC) [249].
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Table 3. Photocatalytic activity of heterophase anatase/rutile.

Pollutant Optimum
Composition (%) *

Dye
Concentration Light Source Irradiation Time

(min)
Efficiency

(%) Ref.

Methylene blue A 78.5
R 21.5 1 × 10−5 M UV lamp 20 ~94% [248]

Rhodamine B A 48.0
R 52.0 4.8 mg/L 300 W Xenon lamp

(365 nm) 60 99% [253]

Methyl orange A 70.0
R 30.0 20 mg/L 125 W Mercury lamp

(365 nm) 40 90.6% [258]

Methylene blue A 30.8
R 69.2 2.92 × 10−5 M 175 W UV lamp 90 85.8% [220]

Crystal violet A 81.6
R 18.4 100 ppm UV lamp (365 nm) 300 92.65% [259]

Methylene blue A 81.6
R 18.4 100 ppm UV lamp (365 nm) 300 94.77% [259]

* A: Anatase, R: Rutile.

According to Ding et al. [63] the photocatalytic activity for the production of hydrogen
(H2) and oxygen (O2) from pure water was significantly increased by the anatase/rutile syn-
thesized using the hydrothermal/calcination method. It proves that rutile/anatase performed
significantly better than pure rutile and pure anatase. In another study, anatase/rutile nanopar-
ticles were modified with oxygen vacancies (TiO2−x). This heterophase TiO2−x nanoparticles
exhibit superior photocatalytic activity for converting CO2 to methane and can accelerate
electron–hole separation [260].

4.1.2. Anatase/Brookite

Among the three main crystallographic forms of TiO2, metastable brookite has received
the least amount of research due to the difficulties with its synthesis in a pure form [261].
However, the development of several successful methods such as hydrothermal and sol–gel
methods, pure brookite now exists. For photocatalytic activity, pure anatase exhibits a
higher activity compared to other phases because the indirect band gap can exhibit lower
recombination rates due to the longer lifetimes for photo-excited electrons and holes [70].
However, phase mixtures of various polymorphs are known to have synergistic effects and
exhibit improved photocatalytic activity [56]. Compared to anatase/rutile, mixed-phase
titania containing brookite has received less attention [262]. Table 4 summarizes a few stud-
ies on the preparation of mixed-phase TiO2 nanostructures with a tuned ratio of brookite
in the titania mixtures. Meanwhile, Table 5 shows the performance of anatase/brookite
photocatalytic degradation for the organic pollutants.

Table 4. Various methods for synthesis TiO2 anatase/brookite.

Precursor Method Additive Application Ref.

TALH Hydrothermal Urea Hydrogen production and
dichloroacetic acid (DCA) degradation [263]

TiCl3 Hydrothermal Tartaric acid Rhodamine B degradation [264]

TiCl3 Hydrothermal NaCl and
NH4OH Rhodamine B degradation [265]

TiS2 Hydrothermal NaOH Hydrogen generation [266]

Ti2(SO4)3 Hydrothermal Glycine with NH4OH or
NaOH

Cylindrospermopsin
degradation [267]

TTIP Sol–gel HNO3 Methylene blue degradation [268]

TTIP Microwave assisted sol–gel HCl and CH3COOH - [269]

TTIP Ultrasonic-assisted sol–gel HNO3 and CH3COOH Methylene blue degradation [270]

TTIP Sol–gel complex hydroxycarboxylic acids Hydrogen generation [271]

Ti(Opr)4 Sol–gel complex Lactic acid Hydrogen generation [272]

Ti2(SO4)3 Hydrothermal Glycine with NH4OH or
NaOH Diclofenac degradation [273]
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Table 5. Photocatalytic activity of heterophase anatase/brookite.

Pollutant Optimum
Composition (%) *

Photocatalyst
Loading

Dye
Concentration Light Source

Irradiation
Time
(min)

Efficiency
(%) Ref.

Rhodamine B A 78.7
B 21.3 - 20 mg/L 300 W Hg lamp

(365 nm) 120 98 [264]

Rhodamine B A 46.6
B 53.4 - 20 mg/L 300 W Hg lamp

(365 nm) 100 95 [265]

Methylene blue A 80.0
B 20.0 0.6 g/L 32 mg/L 100 W mercury

lamp 70 98 [268]

Methylene blue A 79.0
B 21.0 1 g/L 5 mg/L 100 W UV lamp

(365 nm) 240 60 [270]

Cylindrospermopsin (CYN) A 61.8
B 38.2 0.25 g/L 1 × 10−6 M

15 W florescence
lamp

(310–720 nm)
15 100 [267]

Diclofenac (DCF) A 61.8
B 38.2 1 g/L 10 mg/L UV-A

irradiation 120 100 [262]

* A: Anatase, B: Brookite.

Anatase/brookite is successfully produced by hydrothermal method using titanium
bis(ammonium lactate) dihydroxide (TALH) in the presence of high concentrations of
urea (≥6.0 M) as an in situ OH− source. Lower urea concentrations lead to the formation
of anatase/brookite mixtures. According to the results, pure anatase is less effective for
hydrogen evolution than mixtures of anatase/brookite or pure brookite. On the other
hand, pure brookite and mixtures of anatase and brookite show lower photocatalytic
activity compared to pure anatase for the photocatalytic degradation of dichloroacetic
acid (DCA) that performed at pH 3 [263]. However, TALH is neither affordable nor
environmentally friendly (causing a release of ammonia) [262]. Another research work
used titanium trichloride (TiCl3) as the titanium source, which can be easily manipulated,
and uses tartaric acid (C4H6O6), which is low-cost and safe [265]. The as-prepared TiO2
that consisted of 78.7% anatase and 21.3% brookite showed the highest photocatalytic
activity for Rhodamine B degradation, which was 1.2 times greater than commercial
P25. A UV–Vis spectrometer was used to measure the maximum absorbance in order to
determine the concentration of Rhodamine B. Meanwhile, anatase/brookite synthesized
by an alkalescent hydrothermal treatment of TiCl3 by adjusting the NaCl concentration
and NH4OH/H2O volume ratio showed that the product containing 53.4% brookite and
46.6% anatase shows the highest photocatalytic activity for degradation Rhodamine B,
which is higher than pure phase [266]. For synthesized via a simple hydrothermal method
with titanium sulfide (TiS2) as the precursors in sodium hydroxide solutions showed
anatase/brookite TiO2 is 2.2 times more active—when measured by the H2 yield per unit
area of the photocatalyst surface—than commercial P25 [267]. Another research work using
titanium(III) sulfate (Ti2(SO4)3) in the presence of glycine through hydrothermal treatment
shows that a sample containing 38.2% brookite and 61.8% anatase exhibited the highest
efficiency for the removal cylindrospermopsin (CYN) and diclofenac than pure anatase,
pure brookite, and commercial P25. The concentration of CYN was analyzed by high-
performance liquid chromatography with a photodiode-array detector (PDA). Meanwhile,
diclofenac concentration is measured by the UV–vis spectrophotometer [262,267].

TiO2 nanoparticles with anatase/brookite were also synthesized using a modified
sol–gel method at low temperatures [268]. The mixture obtained at pH 2 and calcined at
200 ◦C had the highest activity for methylene blue degradation that measured by UV-Vis
spectroscopy at 660 nm compared to commercial P25. The modified conventional sol–gel
method is using the microwave-assisted sol–gel technique [269]. The phase transformation
of TiO2 was investigated by hydrochloric and acetic acid. Three titania polymorphs were
found when hydrochloric acid was used as a catalyst. On the other hand, a single anatase
phase was obtained when acetic acid was added after only 15 min of reaction time. The
ultrasonic-assisted sol–gel method [270], which used weak and strong acids, demonstrated
a significant effect on their morphology, size, crystallinity, and photocatalytic performance.
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The photocatalytic activity showed that anatase and rutile phases with a high proportion of
anatase (69:31 and 93:7, respectively), had the highest photoactivity for the degradation of
MB compared with anatase/brookite (70:30).

According to Cihlar et al. [271], anatase/brookite is produced using the sol–gel com-
plex method. This method consists of sol–gel, hydrothermal, and solid-state reactions that
used titanium tetraisopropoxide (TTIP) as the precursor and the complex-forming (chelate-
forming) substances used were glycine, EDTA, acetylacetone, and hydroxycarboxylic acids
(lactic acid (LA), citric acid (CA), and tartaric acid (TA)) and their salts. These materi-
als use to produce hydrogen by photocatalysis. The results show that anatase/brookite
nanoparticles with 36% brookite, which were made using lactic acid, catalyzed the max-
imum rate of H2 evolution. The presence of anatase particles made using acetylacetone
was found to have the lowest rate of H2 evolution. Another research work investigated
the phase composition of TiO2 using lactic acid/Ti molar ratio ranging from 0.02 to 3.0
ratio via sol–gel complex synthesis [272]. Anatase/brookite was formed at low LA/Ti
molar ratios, followed by anatase/brookite/rutile particles at average molar ratios, and
pure anatase at high molar ratios. Anatase/brookite nanoparticles made at LA/Ti molar
ratios between 0.03 and 0.1 showed the highest photocatalytic activity in the production
of hydrogen by water splitting. Table 6 shows the performance of heterophase TiO2 for
hydrogen production.

Table 6. Photocatalytic activity of heterophase TiO2 for hydrogen production.

Optimum
Composition (%) *

Amount of
Catalyst Light Source H2 Evolution Rate Ref.

A 73.5
R 26.5 20 mg/100 mL 300 W Xe lamp 584 µmol g−1 h−1 [63]

A 12.0
R 88.0 20 mg/80 mL 350 W Xe lamp 74,400 µmol g−1 h−1 [252]

A 72.0
B 28.0 37.5 mg/75 mL 1000 W Xe lamp 4267 µmol g−1 h−1 [263]

A 88.4
B 11.6 45 mg/100 mL 800 W Xe−Hg lamp ~3500 µmol g−1 h−1 [266]

A 74.0
B 36.0 20 mg/100 mL 450 W Xe lamp 101.4 µmol g−1 min−1 [271]

A 54.0
B 46.0 20 mg/100 mL 450 W Xe lamp 101.4 µmol g−1 min−1 [272]

* A: anatase, R: rutile, B: brookite.

4.1.3. Rutile/Brookite

Rutile/brookite as a photocatalyst was reported in 2008 by Di Paola et al. [273]. The
sample was synthesized by thermohydrolysis of TiCl4 in HCl or NaCl aqueous solutions.
Rutile mixtures were obtained depending on the acidity of the medium. The photocatalytic
activity was evaluated by 4-nitrophenol degradation and quantitative determination was
performed by measuring its absorption at 315 nm with a spectrophotometer UV. The
highest photocatalytic activity for 4-nitrophenol degradation corresponded to the powders
consisting of heterophase, compared to the pure phase [274].

Another way to synthesize a controlled rutile/brookite is by the hydrothermal method.
This method uses titanium tetrachloride as a titanium source and triethylamine as a “regu-
lating reagent” to adjust the ratio of brookite to rutile. The research found that the TiO2
sample with the highest photocatalytic activity for RhB degradation was obtained in a
solution of 3 mL triethylamine and 10 mL water and contained 38% brookite and 62%
rutile [275].
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In another study, brookite/rutile was obtained using the solvothermal method. The
morphology and structure of the samples were greatly changed by varying the ratio of
TiCl4 to t-BuOH precursors. The phenol degradation measured by HPLC system showed
that the highest photocatalytic activity was obtained from a composition of 72% brookite
and 28% rutile. The highest phenol degradation activity was obtained from a composition
of 72% brookite and 28% rutile. This indicates that the biphase of brookite/rutile with
optimized phase proportions is responsible for the efficient synergy effect [276,277].

4.1.4. Biphase of TiO2 (B)

TiO2 (B) is a less stable phase of TiO2 than anatase and rutile [114]. When compared to
anatase, rutile, and brookite, TiO2 (B) is the least dense polymorph of TiO2 [278]. TiO2 (B) is
suitable for use as a place of Li intercalation because it has a structure that is relatively open,
with free space and continuous channels [115]. The synthetic TiO2 (B) nanowire-based
electrode exhibited unique electronic properties, e.g., favourable charge-transfer ability,
negative-shifted appeared flat-band potential, the existence of abundant surface states or
oxygen vacancies, and high-level donor density [279,280]. There is an alternative synthesis
of TiO2 (B), through the formation of a titanium complex obtained from the reaction between
titanium metal powder and H2O2, NH3, and glycolic acid which produces a yellowish gel.
The resulting gel is then added to H2SO4 to change the pH and put into the autoclave for
hydrothermal treatment [173]. According to research by Wang et al. [73], the right quantity
of HF could prevent the phase transition of TiO2 (B) to anatase. The mechanism of this
phase transformation occurs because the F anion adsorbed on the surface of TiO2 (B) can
efficiently reduce the surface energy from 0.63 J/m2 for a clean surface to −0.22 J/m2 for
the surface adsorbed on F anion. Several methods for synthesizing TiO2 (B) are shown in
Table 7.

Table 7. Various methods for synthesis TiO2 (B).

Precursor Method Additive Application Ref.

Titanium metal
powder

Post-synthetic Hydrothermal
crystal growth H2SO4 - [281]

Titanium metal
powder Hydrothermal H2SO4 - [282]

TiCl4 Solvothermal - Lithium-ion
batteries [173]

TiO2 P25 Hydrothermal - DSSC [278]

TiO2 P25 Hydrothermal - Humidity sensors [279]

TTIP Surfactant-assisted
nonaqueous sol–gel route Oleic acid Lithium

ion-batteries [283]

However, TiO2 (B), as a photocatalyst composited with another TiO2 polymorph, was
performed by Li et al. [67]. The biphase of TiO2 was synthesized from K2Ti2O5 through ion
exchange and calcination. The nanofiber of core–shell crystal structure had a thin TiO2 (B)
shell and an anatase core. The core–shell anatase/TiO2 (B) nanofiber showed increased
photocatalytic activity in iodine oxidation reactions, with a reaction increase of 20–50%
compared to single crystal anatase nanofiber or single crystal TiO2 (B). The same m was
also conducted by Yang et al. [61], by synthesizing core–shell TiO2 (B)/anatase. A number
of characteristics of this unusual structure improve the photocatalytic activity against the
degradation of sulforhodamine B when exposed to UV light.

The advantage of having a biphase of TiO2 (B)/anatase is that TiO2 (B) and anatase
will form a heterojunction; the photogenerated electrons and holes can be transferred to
the anatase phase and TiO2 (B) phase, respectively (Figure 13), thereby reducing recom-
bination [195,284]. In the study of Mikrut et al. [285], TiO2 (B)/anatase was synthesized
in the form of nanobelts. Similar to the anatase/rutile composite, a synergistic effect of
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the presence of the two phases was observed for TiO2 (B)/anatase (2:98). It is well known
that TiO2 (B) is regarded as an optimized photocatalyst component for oxidation reactions
involving hydroxyl radicals rather than promoting hydrogen evolution reactions.
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Figure 13. Schematic diagram illustrating the charge transfer across the TiO2 (B)/anatase
heterophase junction.

Zhu et al. [286] reported another TiO2 (B) heterophase. In their research, the disinte-
gration of TiO2 (B)/rutile used hydrothermal and calcination methods. The two phases are
connected by an angle division at the phase interface (Figure 14). Electrons and holes are
effectively separated across the phase interface as a result of the different conduction band
and valence band positions between the two phases. The best results as photocatalysis
were obtained at a TiO2 (B)/rutile ratio of 2/1, indicating the highest photocurrent and the
best H2 evolution performance.
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4.2. Triphase of TiO2

Numerous studies have been conducted to improve the activity of TiO2, but the two
most significant findings are increasing the specific surface area and using the mixed
phase [287]. The triphase of polymorph TiO2 shows a significant increase in photocatalytic
activity compared to the pure and biphase phases [71]. Allen et al. [288] reported the
effect of thermal treatment of heterophase polymorph TiO2 prepared by hydrolyzing
titanium tetraisopropoxide at room temperature, dried at 382 K, and calcined at different
temperatures for 1 h up to 1172 K. The results demonstrate that a mixture of brookite and
anatase phases were seen up to 772 K, while a mixture of all three phases (anatase, brookite,
and rutile) was present at 872 K, and a rutile-only phase was present at 1097 K and above.

Fischer et al. [70], synthesized a mixture of TiO2 phases (anatase, rutile, and brookite)
on a polyethersulfone (PES) membrane via low-temperature dissolution-precipitation.
In order to achieve that, the concentration of titanium precursor (titanium(IV) isopropoxide)
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was held constant while the amounts of hydrochloric acid and reaction temperature were
adjusted to range from 0.1 to 1 M and 25 to 130 ◦C, respectively. The result showed that
the best degradation rate of methylene blue were measured via microplate reader at a
wavelength of λ = 660 nm, showing the highest activity that was obtained by 79% anatase
and 21% brookite. Meanwhile, the recovery test showed that anatase, brookite, and rutile
samples (70, 26, and 4%, respectively) did not degrade and completely recovered their
photocatalytic abilities after at least nine additional cycles.

In a different study by Kaplan et al. [289], the formation of TiO2 that consists of anatase
(43%), rutile (24%), and brookite (33%) was obtained by synthesizing TiO2 mixed phase
using the sol–gel method and then hydrothermally treating it at a mild temperature (175 ◦C,
24 h). It was discovered that the photocatalytic activity of TiO2 nanocomposite successfully
converted nearly 60% of the pollutant bisphenol into CO2 in H2O after being irradiated by
UV light for 60 min. In contrast, only a lower level of mineralization was attained by the
TiO2 P25 Degussa benchmark catalyst. This is due to a significantly reduced resistance to
the accumulation of carbonaceous deposits on the catalyst surface.

5. Conclusions

This review summarizes most of the papers on TiO2 polymorphs (anatase, rutile,
brookite, and TiO2 (B)), pure-phase TiO2 photocatalytic mechanisms, mixed phase, syn-
thesis methods, and photocatalytic activities. This paper explains how to obtain pure
phases from various TiO2 polymorphs and examples of their application in photocatalysis.
In many cases, anatase has better activity than rutile and brookite. However, several studies
have shown that rutile and brookite may have better activity in certain cases. Even thus,
one-phase TiO2 has some drawbacks, such as high recombination and low specific surface
area. TiO2 mixed phase shows better activity than the pure phase. This is due to good
charge separation due to the formation of junctions around the interface. In addition, the
synthesis methods that are often used to prepare mixed-phase TiO2 are sol–gel, hydrother-
mal, and sonochemical methods. Although the phase controller is usually the annealing
temperature for anatase/rutile, in the hydrothermal method, additives are usually used as
phase controllers.

Photocatalytic activity shows that anatase/rutile has much better activity than pure
anatase or rutile. In addition, development continues to see the activity of other het-
erophases, such as anatase/brookite, rutile/brookite, and the heterophase TiO2 (B). How-
ever, in the case of brookite and TiO2 (B), the synthesis tends to be more difficult, these
heterophase results show good photocatalytic activity. In addition, the triphase of poly-
morph TiO2 showed good photocatalytic activities for organic pollutants degradation.
However, further studies to determine the exact number of compositions for each poly-
morph for the best activity in triphase TiO2 have not yet been investigated. In conclusion,
further investigations are recommended to explore an easy method to synthesize TiO2
polymorphs with a high specific surface area and investigate the best composition of each
TiO2 polymorph for photocatalytic activity, especially for triphase.
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Highly active rutile TiO2 nanocrystalline photocatalysts. ACS Appl. Mater. Interfaces 2020, 12, 33058–33068. [CrossRef] [PubMed]
156. Zhang, J.; Song, Y.; Lu, F.; Fei, W.; Mengqiong, Y.; Genxiang, L.; Qian, X.; Xiang, W.; Can, L. Photocatalytic degradation of

rhodamine B on anatase, rutile, and brookite TiO2. Chinese J. Catal. 2011, 32, 983–991. [CrossRef]
157. Pauling, L.; Sturdivant, J.H., XV. The crystal structure of brookite. Z. Kristallogr. Cryst. Mater. 1928, 68, 239–256. [CrossRef]
158. Di Paola, A.; Bellardita, M.; Palmisano, L. Brookite, the least known TiO2 photocatalyst. Catalysts 2013, 3, 36–73. [CrossRef]
159. Zhang, H.; Banfield, J.F. Understanding polymorphic phase transformation behavior during growth of nanocrystalline aggregates:

Insights from TiO2. J. Phys. Chem. B 2000, 104, 3481–3487. [CrossRef]
160. Xie, J.; Lü, X.; Liu, J.; Shu, H. Brookite titania photocatalytic nanomaterials: Synthesis, properties, and applications. Pure Appl.

Chem. 2009, 81, 2407–2415. [CrossRef]
161. Thuong, H.T.T.; Kim, C.T.T.; Quang, L.N.; Kosslick, H. Highly active brookite TiO2-assisted photocatalytic degradation of dyes

under the simulated solar−UVA radiation. Prog. Nat. Sci. Mater. Int. 2019, 29, 641–647. [CrossRef]
162. Kandiel, T.A.; Robben, L.; Alkaima, A.; Bahnemann, D. Brookite versus anatase TiO2 photocatalysts: Phase transformations and

photocatalytic activities. Photochem. Photobiol. Sci. 2013, 12, 602–609. [CrossRef]
163. Khan, S.; Je, M.; Kim, D.; Lee, S.; Cho, S.H.; Song, T.; Choi, H. Mapping point defects of brookite TiO2 for photocatalytic activity

beyond anatase and P25. J. Phys. Chem. C 2020, 124, 10376–10384. [CrossRef]
164. Zhuang, B.; Shi, H.; Zhang, H.; Zhang, Z. Sodium doping in brookite TiO2 enhances its photocatalytic activity. Beilstein J.

Nanotechnol. 2022, 13, 599–609. [CrossRef] [PubMed]
165. Žerjav, G.; Žižek, K.; Zavašnik, J.; Pintar, A. Brookite vs. rutile vs. anatase: Whats behind their various photocatalytic activities?

J. Environ. Chem. Eng. 2022, 10, 107722. [CrossRef]
166. Bellardita, M.; Di Paola, A.; Megna, B.; Palmisano, L. Absolute crystallinity and photocatalytic activity of brookite TiO2 samples.

Appl. Catal. B 2017, 201, 150–158. [CrossRef]
167. Choi, M.; Lim, J.; Baek, M.; Choi, W.; Kim, W.; Yong, K. Investigating the unrevealed photocatalytic activity and stability of

nanostructured brookite TiO2 film as an environmental photocatalyst. ACS Appl. Mater. Interfaces 2017, 9, 16252–16260. [CrossRef]
168. Do, H.H.; Tran, T.K.C.; Ung, T.D.T.; Dao, N.T.; Nguyen, D.D.; Trinh, T.H.; Hoang, T.D.; Le, T.L.; Tran, T.T.H. Controllable

fabrication of photocatalytic TiO2 brookite thin film by 3D-printing approach for dyes decomposition. J. Water Process. Eng. 2021,
43, 102319. [CrossRef]

169. Marchand, R.; Brohan, L.; Tournoux, M. TiO2 (B) a new form of titanium dioxide and the potassium octatitanate K2Ti8O17. Mater.
Res. Bull. 1980, 15, 1129–1133. [CrossRef]

170. Dylla, A.G.; Henkelman, G.; Stevenson, K.J. Lithium insertion in nanostructured TiO2 (B) architectures. Acc. Chem. Res. 2013, 46,
1104–1112. [CrossRef]

171. Fehse, M.; Ventosa, E. Is TiO2 (B) the future of titanium-based battery materials? ChemPlusChem 2015, 80, 785–795. [CrossRef]
[PubMed]

172. Hua, X.; Liu, Z.; Bruce, P.G.; Grey, C.P. The morphology of TiO2 (B) nanoparticles. J. Am. Chem. Soc. 2015, 137, 13612–13623.
[CrossRef] [PubMed]

173. Liu, S.; Jia, H.; Han, L.; Wang, J.; Gao, P.; Xu, D.; Yang, J.; Che, S. Nanosheet-constructed porous TiO2–B for advanced lithium-ion
batteries. Adv. Mater. 2012, 24, 3201–3204. [CrossRef] [PubMed]

http://doi.org/10.1016/0021-9517(73)90311-4
http://doi.org/10.1039/C6CY00296J
http://doi.org/10.1021/jp065744z
http://doi.org/10.1021/jp994365l
http://doi.org/10.1039/D0CY01111H
http://doi.org/10.1021/jp066519k
http://doi.org/10.1002/chem.201800799
http://doi.org/10.1021/acsanm.1c02184
http://doi.org/10.1021/ja709989e
http://doi.org/10.3365/eml.2009.06.073
http://doi.org/10.1007/s12274-015-0917-5
http://doi.org/10.1021/acsami.0c03150
http://www.ncbi.nlm.nih.gov/pubmed/32602695
http://doi.org/10.1016/S1872-2067(10)60222-7
http://doi.org/10.1524/zkri.1928.68.1.239
http://doi.org/10.3390/catal3010036
http://doi.org/10.1021/jp000499j
http://doi.org/10.1351/PAC-CON-08-11-12
http://doi.org/10.1016/j.pnsc.2019.10.001
http://doi.org/10.1039/c2pp25217a
http://doi.org/10.1021/acs.jpcc.0c02091
http://doi.org/10.3762/bjnano.13.52
http://www.ncbi.nlm.nih.gov/pubmed/35874441
http://doi.org/10.1016/j.jece.2022.107722
http://doi.org/10.1016/j.apcatb.2016.08.012
http://doi.org/10.1021/acsami.7b03481
http://doi.org/10.1016/j.jwpe.2021.102319
http://doi.org/10.1016/0025-5408(80)90076-8
http://doi.org/10.1021/ar300176y
http://doi.org/10.1002/cplu.201500038
http://www.ncbi.nlm.nih.gov/pubmed/31973331
http://doi.org/10.1021/jacs.5b08434
http://www.ncbi.nlm.nih.gov/pubmed/26422761
http://doi.org/10.1002/adma.201201036
http://www.ncbi.nlm.nih.gov/pubmed/22605490


Nanomaterials 2023, 13, 704 27 of 31

174. Ren, Y.; Liu, Z.; Pourpoint, F.; Armstrong, A.R.; Grey, C.P.; Bruce, P.G. Nanoparticulate TiO2 (B): An anode for lithium-ion
batteries. Angew. Chem. 2012, 124, 2206–2209. [CrossRef]

175. Chakraborty, A.K.; Qi, Z.; Chai, S.Y.; Lee, C.; Park, S.Y.; Jang, D.J.; Lee, W.I. Formation of highly crystallized TiO2 (B) and its
photocatalytic behavior. Appl. Catal. B 2010, 93, 368–375. [CrossRef]

176. Zhang, Y.; Xing, Z.; Liu, X.; Li, Z.; Wu, X.; Jiang, J.; Li, M.; Zhu, Q.; Zhou, W. Ti3+ self-doped blue TiO2 (B) single-crystalline
nanorods for efficient solar-driven photocatalytic performance. ACS Appl. Mater. Interfaces 2016, 8, 26851–26859. [CrossRef]
[PubMed]

177. Lee, J.S.; You, K.H.; Park, C.B. Highly photoactive, low bandgap TiO2 nanoparticles wrapped by graphene. Adv. Mater. 2012, 24,
1084–1088. [CrossRef] [PubMed]

178. Peighambardoust, N.S.; Khameneh Asl, S.; Mohammadpour, R.; Asl, S.K. Band-gap narrowing and electrochemical properties in
N-doped and reduced anodic TiO2 nanotube arrays. Electrochim. Acta 2018, 270, 245–255. [CrossRef]

179. Sharma, P.K.; Cortes, M.A.L.R.M.; Hamilton, J.W.J.; Han, Y.; Byrne, J.A.; Nolan, M. Surface modification of TiO2 with copper
clusters for band gap narrowing. Catal. Today 2017, 321–322, 9–17. [CrossRef]

180. Vargas Hernández, J.; Coste, S.; García Murillo, A.; Carrillo Romo, F.; Kassiba, A. Effects of metal doping (Cu, Ag, Eu) on the
electronic and optical behavior of nanostructured TiO2. J. Alloys Compd. 2017, 710, 355–363. [CrossRef]

181. Zhang, J.; Tian, B.; Wang, L.; Xing, M. Photocatalysis; Springer: Singapore, 2018.
182. Huang, Y.; Cao, J.J.; Kang, F.; You, S.J.; Chang, C.W.; Wang, Y.F. High selectivity of visible-light-driven La-doped TiO2 photocata-

lysts for NO removal. Aerosol Air Qual. Res. 2017, 17, 2555–2565. [CrossRef]
183. Marques, J.; Gomes, T.D.; Forte, M.A.; Silva, R.F.; Tavares, C.J. A new route for the synthesis of highly-active N-doped TiO2

nanoparticles for visible light photocatalysis using urea as nitrogen precursor. Catal. Today 2019, 326, 36–45. [CrossRef]
184. Liu, D.; Tian, R.; Wang, J.; Nie, E.; Piao, X.; Li, X.; Sun, Z. Photoelectrocatalytic degradation of methylene blue using F doped TiO2

photoelectrode under visible light irradiation. Chemosphere 2017, 185, 574–581. [CrossRef]
185. Boningari, T.; Inturi, S.N.R.; Suidan, M.; Smirniotis, P.G. Novel one-step synthesis of sulfur doped-TiO2 by flame spray pyrolysis

for visible light photocatalytic degradation of acetaldehyde. Chem. Eng. J. 2018, 339, 249–258. [CrossRef]
186. Payormhorm, J.; Idem, R. Synthesis of C-doped TiO2 by sol-microwave method for photocatalytic conversion of glycerol to

value-added chemicals under visible light. Appl. Catal. A-Gen. 2020, 590, 117362. [CrossRef]
187. Nagaraj, G.; Raj, A.D.; Irudayaraj, A.A.; Josephine, R.L. Tuning the optical band Gap of pure TiO2 via photon induced method.

Optik 2018, 179, 889–894.
188. Hu, J.; Zhang, S.; Cao, Y.; Wang, H.; Yu, H.; Peng, F. Novel highly active anatase/rutile TiO2 photocatalyst with hydrogenated

heterophase interface structures for photoelectrochemical water splitting into hydrogen. ACS Sustain. Chem. Eng. 2018, 6,
10823–10832. [CrossRef]

189. Lu, S.; Yang, S.; Hu, X.; Liang, Z.; Guo, Y.; Xue, Y.; Cui, H.; Tian, J. Fabrication of TiO2 nanoflowers with bronze (TiO2 (B))/anatase
heterophase junctions for efficient photocatalytic hydrogen production. Int. J. Hydrogen Energy 2019, 44, 24398–24406. [CrossRef]

190. Jimenez-Relinque, E.; Castellote, M. Hydroxyl radical and free and shallowly trapped electron generation and electron/hole
recombination rates in TiO2 photocatalysis using different combinations of anatase and rutile. Appl. Catal. A-Gen. 2018, 565,
20–25. [CrossRef]

191. Xu, X.; Guo, Y.; Liang, Z.; Cui, H.; Tian, J. Remarkable charge separation and photocatalytic efficiency enhancement through TiO2
(B)/anatase heterophase junctions of TiO2 nanobelts. Int. J. Hydrogen Energy 2019, 44, 27311–27318. [CrossRef]

192. Ruan, X.; Cui, X.; Cui, Y.; Fan, X.; Li, Z.; Xie, T.; Ba, K.; Jia, G.; Zhang, H.; Zhang, L.; et al. Favorable energy band alignment of
TiO2 anatase/rutile heterophase homojunctions yields photocatalytic hydrogen evolution with quantum efficiency exceeding
45.6%. Adv. Energy Mater. 2022, 12, 2200298. [CrossRef]

193. Foster, H.A.; Ditta, I.B.; Varghese, S.; Steele, A. Photocatalytic disinfection using titanium dioxide: Spectrum and mechanism of
antimicrobial activity. Appl. Microbiol. Biotechnol. 2011, 90, 1847–1868. [CrossRef]

194. Zhang, C.; Li, Y.; Shuai, D.; Shen, Y.; Wang, D. Progress and challenges in photocatalytic disinfection of waterborne Viruses:
A review to fill current knowledge gaps. Chem. Eng. J. 2019, 355, 399–415. [CrossRef]

195. Luo, Z.; Poyraz, A.S.; Kuo, C.H.; Miao, R.; Meng, Y.; Chen, S.Y.; Jiang, T.; Wenos, C.; Suib, S.L. Crystalline mixed phase
(anatase/rutile) mesoporous titanium dioxides for visible light photocatalytic activity. Chem. Mater. 2015, 27, 6–17. [CrossRef]

196. Franciosi, A.; Van de Walle, C.G. Heterojunction band offset engineering. Surf. Sci. Rep. 1996, 25, 1–140. [CrossRef]
197. Tung, R.T.; Kronik, L. Charge density and band offsets at heterovalent semiconductor interfaces. Adv. Theory Simul. 2018, 1,

1700001. [CrossRef]
198. Scanlon, D.O.; Dunnill, C.W.; Buckeridge, J.; Shevlin, S.A.; Logsdail, A.J.; Woodley, S.M.; Catlow, C.R.A.; Powell, M.; Palgrave,

R.G.; Parkin, I.P.; et al. Band alignment of rutile and anatase TiO2. Nat. Mater. 2013, 12, 798–801. [CrossRef] [PubMed]
199. Singh, M.K.; Mehata, M.S. Phase-dependent optical and photocatalytic performance of synthesized titanium dioxide (TiO2)

nanoparticles. Optik 2019, 193, 163011. [CrossRef]
200. Sato, T.; Taya, M. Enhancement of phage inactivation using photocatalytic titanium dioxide particles with different crystalline

structures. Biochem. Eng. J. 2006, 28, 303–308. [CrossRef]
201. Zhu, W.; Kong, L.; Long, W.; Shi, X.; Zhou, D.; Sun, L.; Zhou, L.; Yang, G.; Liu, X.; Liu, H.; et al. Band Structure Engineering of

Black Phosphorus/Graphene/MoS2 van der Waals Heterojunctions for Photovoltaic and Op-toelectronic Device Application.
J. Phys. Conf. Ser. 2021, 1865, 022021. [CrossRef]

http://doi.org/10.1002/ange.201108300
http://doi.org/10.1016/j.apcatb.2009.10.010
http://doi.org/10.1021/acsami.6b09061
http://www.ncbi.nlm.nih.gov/pubmed/27652448
http://doi.org/10.1002/adma.201104110
http://www.ncbi.nlm.nih.gov/pubmed/22271246
http://doi.org/10.1016/j.electacta.2018.03.091
http://doi.org/10.1016/j.cattod.2017.12.002
http://doi.org/10.1016/j.jallcom.2017.03.275
http://doi.org/10.4209/aaqr.2017.08.0282
http://doi.org/10.1016/j.cattod.2018.09.002
http://doi.org/10.1016/j.chemosphere.2017.07.071
http://doi.org/10.1016/j.cej.2018.01.063
http://doi.org/10.1016/j.apcata.2019.117362
http://doi.org/10.1021/acssuschemeng.8b02130
http://doi.org/10.1016/j.ijhydene.2019.07.212
http://doi.org/10.1016/j.apcata.2018.07.045
http://doi.org/10.1016/j.ijhydene.2019.08.174
http://doi.org/10.1002/aenm.202200298
http://doi.org/10.1007/s00253-011-3213-7
http://doi.org/10.1016/j.cej.2018.08.158
http://doi.org/10.1021/cm5035112
http://doi.org/10.1016/0167-5729(95)00008-9
http://doi.org/10.1002/adts.201700001
http://doi.org/10.1038/nmat3697
http://www.ncbi.nlm.nih.gov/pubmed/23832124
http://doi.org/10.1016/j.ijleo.2019.163011
http://doi.org/10.1016/j.bej.2006.01.004
http://doi.org/10.1088/1742-6596/1865/2/022021


Nanomaterials 2023, 13, 704 28 of 31

202. Sun, X.; Chang, Y.; Cheng, Y.; Feng, Y.; Zhang, H. Band alignment-driven oxidative injury to the skin by anatase/rutile
mixed-phase titanium dioxide nanoparticles under sunlight exposure. Toxicol. Sci. 2018, 164, 300–312. [CrossRef]

203. Zhang, Z.; Yates, J.T., Jr. Band bending in semiconductors: Chemical and physical consequences at surfaces and interfaces. Chem.
Rev. 2012, 112, 5520–5551. [CrossRef]

204. Vittadini, A.; Casarin, M.; Selloni, A. Chemistry of and on TiO2-anatase surfaces by DFT calculations: A partial review. Theor.
Chem. Acc. 2007, 117, 663–671. [CrossRef]

205. Ju, M.G.; Sun, G.; Wang, J.; Meng, Q.; Liang, W. Origin of high photocatalytic properties in the mixed-phase TiO2: A first-principles
theoretical study. ACS Appl. Mater. Interfaces 2014, 6, 12885–12892. [CrossRef] [PubMed]

206. Deskins, N.A.; Kerisit, S.; Rosso, K.M.; Dupuis, M. Molecular dynamics characterization of rutile-anatase interfaces. J. Phys. Chem.
C 2007, 111, 9290–9298. [CrossRef]

207. Davlatshoevich, N.D.; Ashur, K.M.; Saidali, B.A.; Kholmirzotagoykulovich, K.; Lyubchyk, A.; Ibrahim, M. Investigation of
structural and optoelectronic properties of N-doped hexagonal phases of TiO2 (TiO2-xNx) nanoparticles with DFT realization:
Optimization of the band gap and optical properties for visible-light absorption and photovoltaic applications. Biointerface Res.
Appl. Chem. 2022, 12, 3836–3848.

208. Liang, B.; Mianxin, S.; Tianliang, Z.; Xiaoyong, Z.; Qingqing, D. Band gap calculation and photo catalytic activity of rare earths
doped rutile TiO2. J. Rare Earths 2009, 27, 461–468.

209. Quesada-Cabrera, R.; Sotelo-Vazquez, C.; Bear, J.C.; Darr, J.A.; Parkin, I.P. Photocatalytic Evidence of the Rutile-to-Anatase
Electron Transfer in Titania. Adv. Mater. Interfaces 2014, 1, 1400069. [CrossRef]

210. Ullattil, S.G.; Periyat, P. Sol-gel synthesis of titanium dioxide. In Sol-Gel Materials for Energy, Environment and Electronic Applications;
Pillai, S.C., Hehir, S., Eds.; Springer Cham: New York, NY, USA, 2017; pp. 271–283.

211. Wang, C.C.; Ying, J.Y. Sol− gel synthesis and hydrothermal processing of anatase and rutile titania nanocrystals. Chem. Mater.
1999, 11, 3113–3120. [CrossRef]

212. Permana, M.D.; Noviyanti, A.R.; Lestari, P.R.; Kumada, N.; Eddy, D.R.; Rahayu, I. Enhancing the photocatalytic activity of
TiO2/Na2Ti6O13 composites by gold for the photodegradation of phenol. ChemEngineering 2022, 6, 69. [CrossRef]

213. Arnal, P.; Corriu, R.J.; Leclercq, D.; Mutin, P.H.; Vioux, A. Preparation of anatase, brookite and rutile at low temperature by
non-hydrolytic sol–gel methods. J. Mater. Chem. 1996, 6, 1925–1932. [CrossRef]

214. Castrejón-Sánchez, V.H.; López, R.; Ramón-González, M.; Enríquez-Pérez, Á.; Camacho-López, M.; Villa-Sánchez, G. Annealing
control on the anatase/rutile ratio of nanostructured titanium dioxide obtained by sol-gel. Crystals 2018, 9, 22. [CrossRef]

215. Noviyanti, A.R.; Asyiah, E.N.; Permana, M.D.; Dwiyanti, D.; Eddy, D.R. Preparation of Hydroxyapatite-Titanium Dioxide
Composite from Eggshell by Hydrothermal Method: Characterization and Antibacterial Activity. Crystals 2022, 12, 1599.
[CrossRef]

216. Aruna, S.T.; Tirosh, S.; Zaban, A. Nanosize rutile titania particle synthesis via hydrothermal method without mineralizers. J. Mater.
Chem. 2000, 10, 2388–2391. [CrossRef]

217. Li, G.; Ciston, S.; Saponjic, Z.V.; Chen, L.; Dimitrijevic, N.M.; Rajh, T.; Gray, K.A. Synthesizing mixed-phase TiO2 nanocomposites
using a hydrothermal method for photo-oxidation and photoreduction applications. J. Catal. 2008, 253, 105–110. [CrossRef]

218. Sun, C.; Wang, N.; Zhou, S.; Hu, X.; Zhou, S.; Chen, P. Preparation of self-supporting hierarchical nanostructured anatase/rutile
composite TiO2 film. Chem. Comm. 2008, 28, 3293–3295. [CrossRef] [PubMed]

219. Bao, Y.; Wei, P.; Xia, X.; Huang, Z.; Homewood, K.; Gao, Y. Remarkably enhanced H2 response and detection range in Nb doped
rutile/anatase heterophase junction TiO2 thin film hydrogen sensors. Sens. Actuators B Chem. 2019, 301, 127143. [CrossRef]

220. He, J.; Du, Y.; Bai, Y.; An, J.; Cai, X.; Chen, Y.; Wang, P.; Yang, X.; Feng, Q. Facile formation of anatase/rutile TiO2 nanocomposites
with enhanced photocatalytic activity. Molecules 2019, 24, 2996. [CrossRef] [PubMed]

221. Lin, X.; Sun, M.; Gao, B.; Ding, W.; Zhang, Z.; Anandan, S.; Umar, A. Hydrothermally regulating phase composition of TiO2
nanocrystals toward high photocatalytic activity. J. Alloys Compd. 2021, 850, 156653. [CrossRef]

222. Mohamed, M.A.; Jaafar, J.; Zain, M.F.M.; Minggu, L.J.; Kassim, M.B.; Salehmin, M.N.I.; Rosmi, M.S.; Salleh, W.N.; Othman,
M.H.D. Concurrent growth, structural and photocatalytic properties of hybridized C, N co-doped TiO2 mixed phase over g-C3N4
nanostructured. Scr. Mater. 2018, 142, 143–147. [CrossRef]

223. Li, J.; Xu, X.; Liu, X.; Qin, W.; Wang, M.; Pan, L. Metal-organic frameworks derived cake-like anatase/rutile mixed phase TiO2 for
highly efficient photocatalysis. J. Alloys Compd. 2017, 690, 640–646. [CrossRef]

224. Peng, F.; Gao, H.; Zhang, G.; Zhu, Z.; Zhang, J.; Liu, Q. Synergistic effects of Sm and C co-doped mixed phase crystalline TiO2 for
visible light photocatalytic activity. Materials 2017, 10, 209. [CrossRef]

225. Jacob, K.A.; Peter, P.M.; Jose, P.E.; Balakrishnan, C.J.; Thomas, V.J. A simple method for the synthesis of anatase-rutile mixed
phase TiO2 using a convenient precursor and higher visible-light photocatalytic activity of Co–doped TiO2. Mater. Today Proc.
2021, 49, 1408–1417. [CrossRef]

226. Li, H.; Shen, X.; Liu, Y.; Wang, L.; Lei, J.; Zhang, J. Facile phase control for hydrothermal synthesis of anatase-rutile TiO2 with
enhanced photocatalytic activity. J. Alloys Compd. 2015, 646, 380–386. [CrossRef]

227. Wang, Q.; Qiao, Z.; Jiang, P.; Kuang, J.; Liu, W.; Cao, W. Hydrothermal synthesis and enhanced photocatalytic activity of
mixed-phase TiO2 powders with controllable anatase/rutile ratio. Solid State Sci. 2018, 77, 14–19. [CrossRef]

228. Yang, Z.; Wang, B.; Cui, H.; An, H.; Pan, Y.; Zhai, J. Synthesis of crystal-controlled TiO2 nanorods by a hydrothermal method:
Rutile and brookite as highly active photocatalysts. J. Phys. Chem. C 2015, 119, 16905–16912. [CrossRef]

http://doi.org/10.1093/toxsci/kfy088
http://doi.org/10.1021/cr3000626
http://doi.org/10.1007/s00214-006-0191-4
http://doi.org/10.1021/am502830m
http://www.ncbi.nlm.nih.gov/pubmed/24964379
http://doi.org/10.1021/jp0713211
http://doi.org/10.1002/admi.201400069
http://doi.org/10.1021/cm990180f
http://doi.org/10.3390/chemengineering6050069
http://doi.org/10.1039/JM9960601925
http://doi.org/10.3390/cryst9010022
http://doi.org/10.3390/cryst12111599
http://doi.org/10.1039/b001718n
http://doi.org/10.1016/j.jcat.2007.10.014
http://doi.org/10.1039/b805072d
http://www.ncbi.nlm.nih.gov/pubmed/18622448
http://doi.org/10.1016/j.snb.2019.127143
http://doi.org/10.3390/molecules24162996
http://www.ncbi.nlm.nih.gov/pubmed/31430852
http://doi.org/10.1016/j.jallcom.2020.156653
http://doi.org/10.1016/j.scriptamat.2017.08.044
http://doi.org/10.1016/j.jallcom.2016.08.176
http://doi.org/10.3390/ma10020209
http://doi.org/10.1016/j.matpr.2021.07.104
http://doi.org/10.1016/j.jallcom.2015.05.145
http://doi.org/10.1016/j.solidstatesciences.2018.01.003
http://doi.org/10.1021/acs.jpcc.5b02485


Nanomaterials 2023, 13, 704 29 of 31

229. Luthfiah, A.; Permana, M.D.; Deawati, Y.; Firdaus, M.L.; Rahayu, I.; Eddy, D.R. Photocatalysis of nanocomposite titania–natural
silica as antibacterial against Staphylococcus aureus and Pseudomonas aeruginosa. RSC Adv. 2021, 11, 38528–38536. [CrossRef]
[PubMed]

230. Duvarci, Ö.Ç.; Çiftçioğlu, M. Preparation and characterization of nanocrystalline titania powders by sonochemical synthesis.
Powder Technol. 2012, 228, 231–240. [CrossRef]

231. Garibay-Febles, V.; Hernández-Pérez, I.; Arceo, L.D.B.; Meza-Espinoza, J.S.; Espinoza-Tapia, J.C.; González-Reyes, L. Microstruc-
tural study by electron microscopy of sonochemical synthesized TiO2 nanoparticles. Acta Microsc. 2017, 26, 56–64.

232. Hernández-Perez, I.; Maubert, A.M.; Rendón, L.; Santiago, P.; Herrera-Hernández, H.; Díaz-Barriga Arceo, L.; Garibay Febles, V.;
Palacios Gonzalez, E.; González-Reyes, L. Ultrasonic synthesis: Structural, optical and electrical correlation of TiO2 nanoparticles.
Int. J. Electrochem. Sci. 2012, 7, 8832–8847.

233. Noman, M.T.; Militky, J.; Wiener, J.; Saskova, J.; Ashraf, M.A.; Jamshaid, H.; Azeem, M. Sonochemical synthesis of highly
crystalline photocatalyst for industrial applications. Ultrasonics 2018, 83, 203–213. [CrossRef]

234. Arami, H.; Mazloumi, M.; Khalifehzadeh, R.; Sadrnezhaad, S.K. Sonochemical preparation of TiO2 nanoparticles. Mater. Lett.
2007, 61, 4559–4561. [CrossRef]

235. Ibrahim, A.; Mekprasart, W.; Pecharapa, W. Anatase/Rutile TiO2 composite prepared via sonochemical process and their
photocatalytic activity. Mater. Today: Proc. 2017, 4, 6159–6165.

236. Yu, J.C.; Zhang, L.; Yu, J. Direct sonochemical preparation and characterization of highly active mesoporous TiO2 with a
bicrystalline framework. Chem. Mater. 2002, 14, 4647–4653. [CrossRef]

237. Ozawa, T.; Iwasaki, M.; Tada, H.; Akita, T.; Tanaka, K.; Ito, S. Low-temperature synthesis of anatase–brookite composite
nanocrystals: The junction effect on photocatalytic activity. J. Colloid Interface Sci. 2005, 281, 510–513. [CrossRef]

238. Matthews, A. The crystallization of anatase and rutile from amorphous titanium dioxide under hydrothermal conditions. Am.
Mineral. 1976, 61, 419–424.

239. Hanaor, D.A.; Sorrell, C.C. Review of the anatase to rutile phase transformation. J. Mater. Sci. 2011, 46, 855–874. [CrossRef]
240. Sikong, L.; Damchan, J.; Kooptarnond, K.; Niyomwas, S. Effect of doped SiO2 and calcinations temperature on phase transforma-

tion of TiO2 photocatalyst prepared by sol-gel method. Songklanakarin J. Sci. Technol. 2008, 30, 385–391.
241. Pillai, S.C.; Periyat, P.; George, R.; McCormack, D.E.; Seery, M.K.; Hayden, H.; Colreavy, J.; Corr, D.; Hinder, S.J. Synthesis of

High-Temperature Stable Anatase TiO2 Photocatalyst. J. Phys. Chem. C 2007, 111, 1605–1611. [CrossRef]
242. Yuangpho, N.; Le, S.T.T.; Treerujiraphapong, T.; Khanitchaidecha, W.; Nakaruk, A. Enhanced photocatalytic performance of TiO2

particles via effect of anatase–rutile ratio. Physica E Low Dimens. Syst. Nanostruct. 2015, 67, 18–22. [CrossRef]
243. Scarpelli, F.; Mastropietro, T.F.; Poerio, T.; Godbert, N. Mesoporous TiO2 thin films: State of the art. In Titanium Dioxide-Material

for a Sustainable Environment; Yang, D., Ed.; IntechOpen: London, UK, 2018; Volume 508, pp. 135–142.
244. Liu, L.; Zhao, H.; Andino, J.M.; Li, Y. Photocatalytic CO2 reduction with H2O on TiO2 nanocrystals: Comparison of anatase, rutile,

and brookite polymorphs and exploration of surface chemistry. ACS Catal. 2012, 2, 1817–1828. [CrossRef]
245. Hurum, D.C.; Agrios, A.G.; Gray, K.A.; Rajh, T.; Thurnauer, M.C. Explaining the enhanced photocatalytic activity of Degussa P25

mixed-phase TiO2 using EPR. J. Phys. Chem. B 2003, 107, 4545–4549. [CrossRef]
246. Mancinelli, R.; Botti, A.; Bruni, F.; Ricci, M.A.; Soper, A.K. Hydration of sodium, potassium, and chloride ions in solution and the

concept of structure maker/breaker. J. Phys. Chem. B 2007, 111, 13570–13577. [CrossRef]
247. Zaw, Y.Y.; Channei, D.A.D.; Threrujirapapong, T.; Khanitchaidecha, W.; Nakaruk, A. Effect of anatase/rutile phase ratio on the

photodegradation of methylene blue under uv irradiation. Mater. Sci. Forum 2020, 998, 78–83. [CrossRef]
248. Wetchakun, N.; Phanichphant, S. Effect of temperature on the degree of anatase–rutile transformation in titanium dioxide

nanoparticles synthesized by the modified sol–gel method. Curr. Appl. Phys. 2008, 8, 343–346. [CrossRef]
249. Liu, Y.; Zou, X.; Li, L.; Shen, Z.; Cao, Y.; Wang, Y.; Cui, L.; Cheng, J.; Wang, Y.; Li, X. Engineering of anatase/rutile TiO2 heterophase

junction via in-situ phase transformation for enhanced photocatalytic hydrogen evolution. J. Colloid Interface Sci. 2021, 599,
795–804. [CrossRef] [PubMed]

250. Bakardjieva, S.; Šubrt, J.; Štengl, V.; Dianez, M.J.; Sayagues, M.J. Photoactivity of anatase–rutile TiO2 nanocrystalline mixtures
obtained by heat treatment of homogeneously precipitated anatase. Appl. Catal. B 2005, 58, 193–202. [CrossRef]

251. Yaemsunthorn, K.; Kobielusz, M.; Macyk, W. TiO2 with tunable anatase-to-rutile nanoparticles ratios: How does the photoactivity
depend on the phase composition and the nature of photocatalytic reaction? ACS Appl. Nano Mater. 2021, 4, 633–643. [CrossRef]

252. Xia, X.; Peng, S.; Bao, Y.; Wang, Y.; Lei, B.; Wang, Z.; Huang, Z.; Gao, Y. Control of interface between anatase TiO2 nanoparticles
and rutile TiO2 nanorods for efficient photocatalytic H2 generation. J. Power Sources 2018, 376, 11–17. [CrossRef]

253. Lei, Y.; Yang, Y.; Zhang, P.; Zhou, J.; Wu, J.; Li, K.; Wang, W.; Chen, L. Controllable one-step synthesis of mixed-phase
TiO2 nanocrystals with equivalent anatase/rutile ratio for enhanced photocatalytic performance. Nanomaterials 2021, 11, 1347.
[CrossRef]

254. Bernardini, C.; Cappelletti, G.; Dozzi, M.V.; Selli, E. Photocatalytic degradation of organic molecules in water: Photoactivity and
reaction paths in relation to TiO2 particles features. J. Photochem. Photobiol. A: Chem. 2010, 211, 185–192. [CrossRef]

255. Bojinova, A.; Kralchevska, R.; Poulios, I.; Dushkin, C. Anatase/rutile TiO2 composites: Influence of the mixing ratio on the
photocatalytic degradation of Malachite Green and Orange II in slurry. Mater. Chem. Phys. 2007, 106, 187–192. [CrossRef]

256. Cong, S.; Xu, Y. Explaining the high photocatalytic activity of a mixed phase TiO2: A combined effect of O2 and crystallinity.
J. Phys. Chem. C 2011, 115, 21161–21168. [CrossRef]

http://doi.org/10.1039/D1RA07043F
http://www.ncbi.nlm.nih.gov/pubmed/35493220
http://doi.org/10.1016/j.powtec.2012.05.022
http://doi.org/10.1016/j.ultras.2017.06.012
http://doi.org/10.1016/j.matlet.2007.02.051
http://doi.org/10.1021/cm0203924
http://doi.org/10.1016/j.jcis.2004.08.137
http://doi.org/10.1007/s10853-010-5113-0
http://doi.org/10.1021/jp065933h
http://doi.org/10.1016/j.physe.2014.11.006
http://doi.org/10.1021/cs300273q
http://doi.org/10.1021/jp0273934
http://doi.org/10.1021/jp075913v
http://doi.org/10.4028/www.scientific.net/MSF.998.78
http://doi.org/10.1016/j.cap.2007.10.028
http://doi.org/10.1016/j.jcis.2021.04.127
http://www.ncbi.nlm.nih.gov/pubmed/33989932
http://doi.org/10.1016/j.apcatb.2004.06.019
http://doi.org/10.1021/acsanm.0c02932
http://doi.org/10.1016/j.jpowsour.2017.11.067
http://doi.org/10.3390/nano11051347
http://doi.org/10.1016/j.jphotochem.2010.03.006
http://doi.org/10.1016/j.matchemphys.2007.05.035
http://doi.org/10.1021/jp2055206


Nanomaterials 2023, 13, 704 30 of 31

257. Ohno, T.; Sarukawa, K.; Matsumura, M. Crystal faces of rutile and anatase TiO2 particles and their roles in photocatalytic reactions.
New J. Chem. 2002, 26, 1167–1170. [CrossRef]

258. Zhang, Y.; Chen, J.; Li, X. Preparation and photocatalytic performance of anatase/rutile mixed-phase TiO2 nanotubes. Catal. Lett.
2010, 139, 129–133. [CrossRef]

259. Almashhori, K.; Ali, T.T.; Saeed, A.; Alwafi, R.; Aly, M.; Al-Hazmi, F.E. Antibacterial and photocatalytic activities of controllable
(anatase/rutile) mixed phase TiO2 nanophotocatalysts synthesized via a microwave-assisted sol–gel method. New J. Chem. 2020,
44, 562–570. [CrossRef]

260. Xiong, J.; Zhang, M.; Cheng, G. Facile polyol-triggered anatase–rutile heterophase TiO2-x nanoparticles for enhancing photocat-
alytic CO2 reduction. J. Colloid Interface Sci. 2020, 579, 872–877. [CrossRef] [PubMed]

261. Lin, H.; Li, L.; Zhao, M.; Huang, X.; Chen, X.; Li, G.; Yu, R. Synthesis of high-quality brookite TiO2 single-crystalline nanosheets
with specific facets exposed: Tuning catalysts from inert to highly reactive. J. Am. Chem. Soc. 2012, 134, 8328–8331. [CrossRef]
[PubMed]

262. Khedr, T.M.; El-Sheikh, S.M.; Kowalska, E.; Abdeldayem, H.M. The synergistic effect of anatase and brookite for photocatalytic
generation of hydrogen and diclofenac degradation. J. Environ. Chem. Eng. 2021, 9, 106566. [CrossRef]

263. Kandiel, T.A.; Feldhoff, A.; Robben, L.; Dillert, R.; Bahnemann, D.W. Tailored titanium dioxide nanomaterials: Anatase nanoparti-
cles and brookite nanorods as highly active photocatalysts. Chem. Mater. 2010, 22, 2050–2060. [CrossRef]

264. Shen, X.; Zhang, J.; Tian, B.; Anpo, M. Tartaric acid-assisted preparation and photocatalytic performance of titania nanoparticles
with controllable phases of anatase and brookite. J. Mater. Sci. 2012, 47, 5743–5751. [CrossRef]

265. Shen, X.; Tian, B.; Zhang, J. Tailored preparation of titania with controllable phases of anatase and brookite by an alkalescent
hydrothermal route. Catal. Today 2013, 201, 151–158. [CrossRef]

266. Tay, Q.; Liu, X.; Tang, Y.; Jiang, Z.; Sum, T.C.; Chen, Z. Enhanced photocatalytic hydrogen production with synergistic two-phase
anatase/brookite TiO2 nanostructures. J. Phys. Chem. C 2013, 117, 14973–14982. [CrossRef]

267. El-Sheikh, S.M.; Khedr, T.M.; Zhang, G.; Vogiazi, V.; Ismail, A.A.; O’Shea, K.; Dionysiou, D.D. Tailored synthesis of anatase–
brookite heterojunction photocatalysts for degradation of cylindrospermopsin under UV–Vis light. Chem. Eng. J. 2017, 310,
428–436. [CrossRef]

268. Mutuma, B.K.; Shao, G.N.; Kim, W.D.; Kim, H.T. Sol–gel synthesis of mesoporous anatase–brookite and anatase–brookite–rutile
TiO2 nanoparticles and their photocatalytic properties. J. Colloid Interface Sci. 2015, 442, 1–7. [CrossRef] [PubMed]

269. Andrade-Guel, M.; Díaz-Jiménez, L.; Cortés-Hernández, D.; Cabello-Alvarado, C.; Ávila-Orta, C.; Bartolo-Pérez, P.; Gamero-Melo,
P. Microwave assisted sol–gel synthesis of titanium dioxide using hydrochloric and acetic acid as catalysts. Bol. Soc. Esp. Ceram.
Vidr. 2019, 58, 171–177. [CrossRef]

270. Quintero, Y.; Mosquera, E.; Diosa, J.; García, A. Ultrasonic-assisted sol–gel synthesis of TiO2 nanostructures: Influence of synthesis
parameters on morphology, crystallinity, and photocatalytic performance. J. Sol-Gel Sci. Technol. 2020, 94, 477–485. [CrossRef]

271. Cihlar, J.; Kasparek, V.; Kralova, M.; Castkova, K. Biphasic anatase-brookite nanoparticles prepared by sol–gel complex synthesis
and their photocatalytic activity in hydrogen production. Int. J. Hydrogen Energy 2015, 40, 2950–2962. [CrossRef]

272. Cihlar, J.; Navarro, L.K.T.; Kasparek, V.; Michalicka, J.; Cihlar Jr, J.; Kastyl, J.; Castkova, K.; Celko, L. Influence of LA/Ti molar
ratio on the complex synthesis of anatase/brookite nanoparticles and their hydrogen production. Int. J. Hydrogen Energy 2021, 46,
8578–8593. [CrossRef]

273. Di Paola, A.; Cufalo, G.; Addamo, M.; Bellardita, M.; Campostrini, R.; Ischia, M.; Ceccato, R.; Palmisano, L. Photocatalytic activity
of nanocrystalline TiO2 (brookite, rutile and brookite-based) powders prepared by thermohydrolysis of TiCl4 in aqueous chloride
solutions. Colloids Surf. A Physicochem. Eng. Asp. 2008, 317, 366–376. [CrossRef]

274. Luo, B.; Li, Z.; Xu, Y. The positive effect of anatase and rutile on the brookite-photocatalyzed degradation of phenol. RSC Adv.
2015, 5, 105999–106004. [CrossRef]

275. Xu, H.; Zhang, L. Controllable one-pot synthesis and enhanced photocatalytic activity of mixed-phase TiO2 nanocrystals with
tunable brookite/rutile ratios. J. Phys. Chem. C 2009, 113, 1785–1790. [CrossRef]

276. Cao, Y.; Li, X.; Bian, Z.; Fuhr, A.; Zhang, D.; Zhu, J. Highly photocatalytic activity of brookite/rutile TiO2 nanocrystals with
semi-embedded structure. Appl. Catal. B 2016, 180, 551–558. [CrossRef]

277. Kim, M.G.; Lee, J.E.; Kim, K.S.; Kang, J.M.; Lee, J.H.; Kim, K.H.; Cho, M.; Lee, S.G. Photocatalytic degradation of methylene blue
under UV and visible light by brookite–rutile bi-crystalline phase of TiO2. New J. Chem. 2021, 45, 3485–3497. [CrossRef]

278. Qi, L.; Liu, Y.; Li, C. Controlled synthesis of TiO2-B nanowires and nanoparticles for dye-sensitized solar cells. Appl. Surf. Sci.
2010, 257, 1660–1665. [CrossRef]

279. Wang, G.; Wang, Q.; Lu, W.; Li, J. Photoelectrochemical study on charge transfer properties of TiO2−B nanowires with an
application as humidity sensors. J. Phys. Chem. B 2006, 110, 22029–22034. [CrossRef] [PubMed]

280. Feist, T.P.; Davies, P.K. The soft chemical synthesis of TiO2 (B) from layered titanates. J. Solid State Chem. 1992, 101, 275–295.
[CrossRef]

281. Yamamoto, K.; Tomita, K.; Fujita, K.; Kobayashi, M.; Petrykin, V.; Kakihana, M. Synthesis of TiO2 (B) using glycolato titanium
complex and post-synthetic hydrothermal crystal growth of TiO2 (B). J. Cryst. Growth 2009, 311, 619–622. [CrossRef]

282. Kobayashi, M.; Petrykin, V.V.; Kakihana, M.; Tomita, K.; Yoshimura, M. One-step synthesis of TiO2 (B) nanoparticles from a
water-soluble titanium complex. Chem. Mater. 2007, 19, 5373–5376. [CrossRef]

http://doi.org/10.1039/b202140d
http://doi.org/10.1007/s10562-010-0425-x
http://doi.org/10.1039/C9NJ03258D
http://doi.org/10.1016/j.jcis.2020.06.103
http://www.ncbi.nlm.nih.gov/pubmed/32679384
http://doi.org/10.1021/ja3014049
http://www.ncbi.nlm.nih.gov/pubmed/22559221
http://doi.org/10.1016/j.jece.2021.106566
http://doi.org/10.1021/cm903472p
http://doi.org/10.1007/s10853-012-6465-4
http://doi.org/10.1016/j.cattod.2012.04.038
http://doi.org/10.1021/jp4040979
http://doi.org/10.1016/j.cej.2016.05.007
http://doi.org/10.1016/j.jcis.2014.11.060
http://www.ncbi.nlm.nih.gov/pubmed/25514642
http://doi.org/10.1016/j.bsecv.2018.10.005
http://doi.org/10.1007/s10971-020-05263-6
http://doi.org/10.1016/j.ijhydene.2015.01.008
http://doi.org/10.1016/j.ijhydene.2020.12.080
http://doi.org/10.1016/j.colsurfa.2007.11.005
http://doi.org/10.1039/C5RA24312B
http://doi.org/10.1021/jp8089903
http://doi.org/10.1016/j.apcatb.2015.07.003
http://doi.org/10.1039/D0NJ05162D
http://doi.org/10.1016/j.apsusc.2010.08.118
http://doi.org/10.1021/jp064630k
http://www.ncbi.nlm.nih.gov/pubmed/17064173
http://doi.org/10.1016/0022-4596(92)90184-W
http://doi.org/10.1016/j.jcrysgro.2008.09.041
http://doi.org/10.1021/cm071370q


Nanomaterials 2023, 13, 704 31 of 31

283. Giannuzzi, R.; Manca, M.; De Marco, L.; Belviso, M.R.; Cannavale, A.; Sibillano, T.; Giannini, C.; Cozzoli, P.D.; Gigli, G. Ultrathin
TiO2 (B) nanorods with superior lithium-ion storage performance. ACS Appl. Mater. Interfaces 2014, 6, 1933–1943. [CrossRef]

284. Cai, J.; Wang, Y.; Zhu, Y.; Wu, M.; Zhang, H.; Li, X.; Jiang, Z.; Meng, M. In situ formation of disorder-engineered TiO2 (B)-anatase
heterophase junction for enhanced photocatalytic hydrogen evolution. ACS Appl. Mater. Interfaces 2015, 7, 24987–24992. [CrossRef]

285. Mikrut, P.; Kobielusz, M.; Indyka, P.; Macyk, W. Photocatalytic activity of TiO2 polymorph B revisited: Physical, redox,
spectroscopic, and photochemical properties of TiO2 (B)/anatase series of titanium dioxide materials. Mater. Today Sustain. 2020,
10, 100052. [CrossRef]

286. Zhu, J.; Zhu, S.; Kong, X.; Liang, Y.; Li, Z.; Wu, S.; Luo, S.; Chang, C.; Cui, Z. Rutile-coated B-phase TiO2 heterojunction nanobelts
for photocatalytic H2 evolution. ACS Appl. Nano Mater. 2020, 3, 10349–10359. [CrossRef]

287. Chalastara, K.; Guo, F.; Elouatik, S.; Demopoulos, G.P. Tunable composition aqueous-synthesized mixed-phase TiO2 nanocrystals
for photo-assisted water decontamination: Comparison of anatase, brookite and rutile photocatalysts. Catalysts 2020, 10, 407.
[CrossRef]

288. Allen, N.S.; Mahdjoub, N.; Vishnyakov, V.; Kelly, P.J.; Kriek, R.J. The effect of crystalline phase (anatase, brookite and rutile)
and size on the photocatalytic activity of calcined polymorphic titanium dioxide (TiO2). Polym. Degrad. Stab. 2018, 150, 31–36.
[CrossRef]
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