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Abstract: Photocatalysis is a multifunctional phenomenon that can be employed for energy
applications such as H, production, CO, reduction into fuels, and environmental applications
such as pollutant degradations, antibacterial disinfection, etc. In this direction, it is not an exaggerated
fact that TiO, is blooming in the field of photocatalysis, which is largely explored for various
photocatalytic applications. The deeper understanding of TiO, photocatalysis has led to the design
of new photocatalytic materials with multiple functionalities. Accordingly, this paper exclusively
reviews the recent developments in the modification of TiO; photocatalyst towards the understanding
of its photocatalytic mechanisms. These modifications generally involve the physical and chemical
changes in TiO; such as anisotropic structuring and integration with other metal oxides, plasmonic
materials, carbon-based materials, etc. Such modifications essentially lead to the changes in the energy
structure of TiO, that largely boosts up the photocatalytic process via enhancing the band structure
alignments, visible light absorption, carrier separation, and transportation in the system. For instance,
the ability to align the band structure in TiO, makes it suitable for multiple photocatalytic processes
such as degradation of various pollutants, H, production, CO; conversion, etc. For these reasons,
TiO, can be realized as a prototypical photocatalyst, which paves ways to develop new photocatalytic
materials in the field. In this context, this review paper sheds light into the emerging trends in TiO,
in terms of its modifications towards multifunctional photocatalytic applications.

Keywords: TiO,; semiconductors; photocatalysis; redox reactions; band gap engineering;
nanostructures

1. Introduction

Since the observation of an enhanced electrolysis of water (H,O) molecules into Hy and O; using
TiO, as photo-anode and Pt as cathode under UV light irradiation, [1] the research on TiO; is gaining
significant momentum towards its ‘photocatalytic’ process, which is coined later on. In 1977, Schrauzer
and Guth reported the Pt/Rh metal modified-TiO, powders for the photocatalytic splitting of water
molecules [2]. Followed by such pioneering work in the field, a range of semiconducting materials have
been explored for the photocatalytic properties towards various photocatalytic applications [3-12].
Accordingly, there has been prompt progress in developing various photocatalytic systems to convert the
chemical energy through water splitting [13-16] into Hp and O, and other associated reactions [17,18].
Specifically, diverse binary oxide-based photocatalysts have been developed and demonstrated as
reliable photocatalysts [19-21].

Despite the emergence of various binary oxide photocatalytic systems, TiO, is considered as the
most promising material due to its unprecedented stability, excellent physiochemical properties with
ease of synthesis, availability, and relatively lower cost [22-24]. In addition to this, TiO, exhibits three
polymorphs, namely anatase, rutile, and brookite [25], in which the anatase phase is widely used
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because of its photocatalytic efficiency as its conduction band has been positioned in the appropriate
negative potential, which is the favorable band edge position for redox reactions [26]. Despite
such merits and reliable properties, TiO, lacks in some of the other specific crucial properties for
photocatalysis, such as wide bang gap energy, rapid charge recombination, insufficient transportation,
etc. [27]. To surpass such limitations, TiO, has been modified in many different ways through
chemical and physical modifications, where the former involves doping, composite formation, defects
creation, functionalization, plasmonic sensitization, co-catalyst loading, etc., and the other involves
size, morphology, and shape modifications, etc. [28].

In this review, we have essentially focused on the versatile modifications of TiO, such as
morphology modifications, doped TiO,, hetero-junctions, Z-scheme, plasmonic, ferroelectric/perovskite,
chalcogenides, metal-organic frameworks, carbon-based TiO,, defective TiO,, etc. TiO, may be the
only material that has been used to construct the any given aforementioned photocatalytic systems and
investigated for almost all the photocatalytic applications such as dye degradations, pharmaceutical
degradations, H, evolution, O, evolution, CO, reduction, heavy metal reduction, N fixation, organic
synthesis, antimicrobial disinfection, etc. Unlike other existing reviews, which merely provides
TiO, modifications such as doping, etc., this review paper gives insights into the modifications of
TiO, towards developing various photocatalytic systems as a whole, which can be prototyped using
other materials.

2. Mechanics of TiO, Photocatalysis

Photocatalysis (PC) is the process of performing a chemical reaction in the presence of light and a
photoactive catalyst, where the charge carriers (electron hole) get separated by the incident photons
with sufficient energy and transferred to the respective bands and involved in the redox reactions. The
following equations show the reaction mechanism of the photocatalytic process [29,30].

Incident photon: Photocatalyst + hv — e™ + h* (1)
Reduction: 2H" + 2e” > H, AE=0V (2)
Oxidation: 2H,O + 4h* — O, + 4H* AE=1.23V 3)
Overall: 2H,0 — 2H, + O, (AG = + 237.2 kjmol ™) (4)

As mentioned in the reaction equations, the incident photons generate the photo-induced electron
hole (e7/h*) pairs in the semiconductor and the electron involved in the reduction reactions, while the
holes are involved in the oxidation reactions. The first and foremost prerequisite for a photocatalyst
is to have an appropriate band edge potential (valence band/VB, conduction band/CB) to induce the
required redox species. Considering the PC process in TiO,, the VB and CB level of TiO; lies at +2.9
and —0.3 eV, respectively, which leads to the band gap energy of 3.2 eV. It should be noted that the VB
and CB level of TiO; lies at more positive and more negative values in comparison with the standard
redox potential of O,/H,0O (1.23 eV) and H+/H; (0 eV) vs. normal hydrogen electrode (NHE), which is
one of the more favorable conditions for the photocatalytic redox reactions [31,32].

Apart from the band edge positions, the photocatalytic process also requires enhanced surface
reactivity, charge separation, and transportations mechanisms [33]. Upon excitation, the photocatalyst
should facilitate the transportation of electrons to the surface, which essentially determines the surface
chemistry and reactivity of the photocatalyst. The surface of TiO, typically contains more defects,
which are often found to be oxygen vacancies; the unpaired electrons in such defects are transferred to
the conduction band of TiO, and facilitate the catalytic reactions in the system [34]. Interestingly, the
accumulation of electrons leads to the band bending phenomenon in TiO, that considerably redesigns
the transportation of charges or energy to the surrounding molecules [35]. Charge recombination
dynamics is one of the serious issues in a photocatalyst. Regarding TiO,, with its indirect band gap, it
is proposed that the recombination process occurs via non-radiative pathways and, thus, the lifetime
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of charge carriers in TiO, varies from picoseconds to milliseconds [36,37]. In addition, the observed
relatively enhanced PC efficiency of TiO, can also be ascribed to its electron and hole trapping [38].
Generally, the photo-induced charge carriers do not tend to recombine directly due to the factors such
as carrier trapping, band bending, etc. Accordingly, it is predicted that the holes in TiO; can be trapped
either at the “bridging” O?~ or “surface bound” OH~ anions, which results in the generation of O~
and/or OH® centers, respectively. Similarly, the photo-induced electrons can be forced to migrate
into the bulk from surface, where they can be delocalized in possible Ti sites. Furthermore, it is also
predicted that in TiO; it is of more possible for bulk trapping rather than surface trapping and thereby
TiO, shows relatively enhanced photocatalytic activities as compared to the other semiconducting
oxide-based photocatalysts [38—-40].

3. Versatile Modifications of TiO; and Their Photocatalytic Mechanisms

TiO, as a photocatalyst has been modified in a variety of ways that generally includes (i)
morphological, (ii) defective, (iii) elemental doping (cationic/anionic), (iv) plasmonic metal-loading,
composites with (v) binary oxides, (vi) perovskite systems, (vii) metal-organic frameworks, (viii)
carbon materials, (ix) chalcogenides, etc. These modifications essentially lead to development of
new photocatalytic systems, enhancing (i) the overall visible light/full-sunlight absorption, (ii) charge
separation, (iii) recombination resistance, (iv) charge transportations, and (v) tuning of the band
edge potential of the system. Accordingly, the following section presents some of the recent studies
that mainly highlight the photocatalytic mechanism/functions in such chemically and physically
modified TiO,.

3.1. Morphology-Dependent Photocatalytic Properties of TiO;

Photocatalysis can be influenced by the size, shape, and morphology of the photocatalyst due to
the spatial confinements of electrons in the system [41,42]. For instance, compared to bulk, the surface
reactivity is higher for the nanoparticles, where their high surface area/energy facilitates the enhanced
(i) catalytic activity on the surface, (ii) surface adsorption of the molecules, and (iii) promotion of
charge carriers to surface. The size parameter also considerably influences the band-gap energy as well
as band-edge position in a photocatalyst. Similarly, the geometrics of photocatalyst also influences
the PC process. For instance, compared to the particles, the one-dimensional nanostructures show
improved activity due to the enhanced “delocalization of electrons” in the conduction band of the
photocatalyst [43,44]. Further, photocatalysts also demonstrate the crystal-facet-dependent efficiencies
towards various photocatalytic applications. TiO, nanocrystals with different shapes, as shown in
Figure 1a—f, have been synthesized and demonstrated for photo-reforming of methanol into hydrogen
under UV light [45].

Figure 1. TEM images of TiO, NCs synthesized using the precursor TiFy (a,d), a mixed precursor of
TiF4 and TiCly (b,e), and TiCly (c,f). Those depicted in a—c and d—f are synthesized in the presence of
OLAM and 1-ODOL, respectively. (reproduced with permission from ref. [45]).
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In another study, the synthesis of TiO, solid and hollow nanocubes have been demonstrated, as
shown in Figure 2, and applied for the photocatalytic-mediated synthesis of benzimidazole under
UV and visible conditions [46]. Similarly, TiO, with different morphologies such as nanospheres,
nanocubes, nanotubes, nanorods, nanoflowers, nanosheets, and nanofibers have been synthesized
and studied for their photocatalytic applications [47-53]. The size and morphology control over TiO,
photocatalyst exhibit significant influences over their (i) optical properties such as tunable band-gap
energy, repositioning of band edge positions, visible light absorption, etc., (ii) electronic properties
such as increased carrier lifetime, enhanced photocurrent conduction, reduced recombination, and (iii)
surface properties such as enhanced surface energy, porous structures, enhanced surface adsorption,
etc. Realizing the photocatalytic phenomenon, these properties are very much important to achieve
the enhanced efficiencies in the photocatalytic materials.

© @ (A)|(B)

Figure 2. (A) Overall flowchart for fabrication of black hollow nanocubic (BHC)-TiO, (a—p),
(B) Comparison photocatalytic activity of different TiO, nanostructures in the synthesis of benzimidazole
under UV and visible conditions; (C) Schematic diagram of the light scattering effect caused by BHC-TiO,
nanocubes (a) and schematic of the proposed mechanism for benzimidazole preparation by BHC-TiO,
architecture (b) (reproduced with permission from ref. [46]).

3.2. Doped TiO;,

Doping can be essentially classified into two categories, (i) cationic and (ii) anionic doping.
Accordingly, TiO; has been widely modified through doping under both categories. The cationic and
anionic doping in TiO; leads to the formation of new energy levels underneath the conduction band
and above the valence band [54]. The former doping has often been found to reduce the band gap
energy and facilitates the visible light absorption and charge separation in TiO,, whereas the latter
often helps in shifting of the VB position, mitigates the defects, and enhances the chemical stability of
TiO, [55]. The anionic dopants such as N, C, S, and P have been largely doped in TiO,. Among them,
the N doping showed relatively enhanced photocatalytic activity due to the increased stability in the
system. Similarly, there are variety of elements doped at the cationic site of TiO, and explored for their
photocatalytic activities under UV-visible light.

3.2.1. Anionic Doping inTiO,

Chen et al. reported the origin of visible-light absorption characteristics of C-, N-, and S-doped
TiO, nanomaterials [56]. In their studies, the TiO,-P25 showed the typical band-edge absorption
around 390 nm with band gap energy of 3.2 eV, while the C and S doping also showed the same values,
however the N-doping showed an absorption around 415 nm with band gap energy of 3.0 eV. Further,
their valence band-X ray photoelectron spectra revealed an interesting feature that the doping of C, S,
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and N created additional states in the TiO; system, as shown in Figure 3A [56]. These additional states
were attributed to the C 2p, S 3p, and N 2p orbitals and they were found to add deeper states into
the band gap of TiO; in the order of C > N > S. Emy et al. reported the band gap engineering in the
anionic co-doped TiO; [57]. According to their investigations, they have explained that in F-doped
TiO,, the band gap reduction is mediated by the presence of surface Ti** defects underneath the CB,
while in N-doped TiO;, the mid-band states have been formed as the N species fill voids as impurities
above the VB. On the other hand, the co-doping of N and F into TiO, leads to the biggest band gap
reduction to 2.24 eV from 3.19 eV, where it is attributed to the doping induced creation of defects and
shifting of the VB tail towards Fermi level as shown in Figure 3B [57].
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Figure 3. (A) Valence band (VB) XPS spectra of pure and (C, S, N)-doped TiO,; (B) proposed band
gap engineering structure for all (F, N) doped TiO, (reproduced with permission from refs. [56,57],
respectively).

Based on the available experimental evidences and theoretical results obtained by Wang et al. [58],
we have concluded that both the bang gap narrowing and the overlapping of O 2p state with the
dopant-induced states strongly affect the photocatalytic activities of anion-doped TiO,. However,
Kuznetsov et al. [59] have reported that the visible light absorption happening in these doped-TiO,
may be due to the formation of color centers and may not be due to the band gap narrowing. Further,
they have also argued that the red shift in the absorption edge could be due to the emergence of color
centers and the doping (heavily) may completely lead to the formation of material with completely
different chemical composition from TiO; with different electronic band structures. However, it should
be noted that the anion-doped TiO, is considered as the second-generation photocatalysts [60].

3.2.2. Cationic Doping in TiO,

As described, the cationic doping essentially introduces the intra-band energy levels close to the
CB of TiO,, which leads to the red shift in the optical property of the system and it is also observed in
various cations such as transition metal, [61-63], rare-earth [64-66], and other metals [67-69] doped
TiO,. However, the main drawback of the cation doping is the creation of more trapping sites for
charge carriers (both electrons and holes) that considerably reduces the efficiency of the photocatalyst.
This is because the trapped carriers tend to recombine with the respective mobile carriers in the system.
The mechanism of cation doping is essentially to tune the Fermi level and electronic structure of
d-electron configuration in TiO,, thereby to tune the energy levels to absorb the visible light energy
and to enhance the overall photocatalytic efficiency of the system as shown in Figure 4a—c [70-72].
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Figure 4. Band gap engineering in TiO, via (a) Fe, (b) Ce, (c) Cu doping, showing the formation
of dopant energy states underneath the conduction band of TiO, and associated carrier dynamics

(reproduced with permission from refs. [70-72], respectively).

Consequently, there have been many cations doped in TiO;, towards enhancing its PC activities.
In such cation doping, TiO, has been doped with the (i) transition metals such as Sc, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Y, Zr, Nb, Mo, Cd, and W [73-84]; (ii) rare-earth metals such as Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Er, Yb, and La [85-89]; and (iii) other metals such as Li, Mg, Ca, Se, Sr, Al, Sn, and Bi [90-97]. In the
case of rare earth elements doping, the electronic configurations such as 4f, 5d, and 6s are found to be
favorable to tune the band edge positions, density of states, and width of VB and CB via altering the
crystal, electronic, and optical structures in TiO, [98-100]. In addition, the rare earth elements tend to
form complexes through their f-orbital and form various Lewis-based organic compounds, thereby
improving the photocatalytic activities of TiO, [101,102]. For instance, lanthanum (La) leads to the
NIR absorption in TiO, [103], cerium (Ce) owing to its tunable electronic configuration of 4f states,
such as 4f%54° (Ce**) and 4f°d° (Ce3*), where it leads to the formation of mid-band gap in TiO; that
facilitates the absorption of in the visible region 400-500 nm [104,105].

3.3. Hetero-Junction TiO,

Coupling of TiO, with other semiconductors, especially narrow band gap semiconductors to form
a heterojunction, is considered to be one of the promising strategies to improve the photocatalytic
efficiencies of the system [106,107]. The selection of semiconductors towards forming the heterojunction
should be made in such a way that they have different band edge potential and conducting types.
For instance, Figure 5a,b depicts the charge transfer mechanisms in the p-n and non p-n junctions
between the semiconductors [107]. Such configuration provides several features to the system, such
as it helps improve the (i) charge separation, (ii) life time of the charge carriers, (iii) recombination
resistance, and (iv) interfacial charge transportations towards the adsorbed molecules [106,107]. The
semiconductor that coupled with the host-semiconductor would typically act as a sensitizer. In such
cases, it is the sensitizers that get excited and transfer/inject the carriers into the host-semiconductor
and, therefore, the VB of the sensitizer should be more cathodic than the VB of TiO,, so that the holes
cannot migrate to the TiO,; thereby, the charge separation remains in the system [108]. These kinetics
facilitate the phenomenon of electron injections into TiO, as demonstrated in Figure 5c,d [109]. Based
on such thermodynamics of heterojunction formations, Bessekhouad et al. developed Cuy,O/TiO;,,
BiyO3/TiOy, and ZnMnyO4/TiO; heterojunctions towards the photocatalytic degradation of multiple
organic pollutants Orange II, benzamide, and 4-hydroxybenzoic under UV-visible light [109]. In this
study, they have discussed that the CB of Cu,O is positioned at —1.54 eV, which is more negative
than the CB of TiO; (—0.41 eV) that favored the transfer of electrons to TiO, from Cu,O. Importantly,
such electrons-transfer kinetics led to the faster degradation of Orange II molecules as compared
to benzamide and 4-hydroxybenzoic molecules as they require more holes oxidation. The same
results were also observed in the case of BiyO3/TiO; heterojunction. In the case of ZnMnyO4/TiO,
heterojunction, the CB position of ZnMn, Oy is estimated to be +0.062 eV, which is greater than the
CB of TiO,. Under such circumstances, the electrons excited to the CB of ZnMn,Oy4 could not be
transferred to TiO,, but the opposite would happen when the TiO, is excited. However, ZnMnyO4/TiOp
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heterojunction was not found to be effective and, in fact, it had a tendency to decrease the efficiency of
TiO,. From their results, they finally concluded that the band edge positions of the semiconductors
involved should be compatible for an effective inter-particle electron injection to happen in the system
and, more importantly, the generated holes must be promoted and react highly at the surface to have
an improved carrier separation process.

(a) p-type Electric field (b) gt
R cB
oo/

cB hy o

Figure 5. Schematic diagram showing the energy band structure and electron-hole pair separation in
the (a) p-n heterojunction; (b) non p-n heterojunction; (c) energy diagram illustrating the coupling of
two SC in which vectoral electron transfer occurs from the light-activated SC to the non-activated TiO,;
(d) diagram depicting the coupling of SC in which vectoral movement of electrons and holes is possible
(reproduced with permission from refs. [107,109]).

As aforementioned, the charge transportation mechanism in heterojunction structure is dependent
upon the band-edge levels of the semiconductors forming the heterojunction. For instance, the
Fe304/TiO; has been widely studied in this direction. Liu et al. [110] reported the 3D flower-like
a-Fe,O3@TiO; core-shell nanostructures, in which the observed photocatalytic efficiency was attributed
to the interfacial charge transportation.

As shown in Figure 6a, where they have irradiated the photocatalyst under UV-visible light,
it will excite both the semiconductors. Upon the contact of «-Fe,O3 with TiO; system, the excited
electrons in «-Fe; O3 get injected into the CB of TiO, due to the relative work function of «-Fe,O3 (5.88
eV) and TiO; (4.308 eV) system as it leads to the positioning of CB of TiO; to be positioned below
the CB a-Fe,O3. The study by Xia et al. [111] proposed the charge transfer kinetics in x-Fe,O;@TiO,
system under UV and visible light irradiation separately, as shown in Figure 6b. They explained that
under visible light irradiation, the carriers get excited in «-Fe,O3 and transferred to TiO,, whereas
no excitation would happen in TiO, as the system is irradiated by visible light and, subsequently,
the charges carrier would be promoted to the surface and perform the photocatalytic redox reaction.
On the other hand, it was observed that the system was irradiated under UV light, carriers in TiO,
get excited, and the a-Fe;O3 becomes recombination center of the photo-induced carriers; as a result,
x-Fep O3@Ti0O, exhibits relatively poor photocatalytic activity. To address such issues and towards
making the x-Fe,O3@TiO; to work efficiently, Lin et al. [112] developed TiO, with abundant oxygen
vacancies via self-doping, which greatly shifted the VB edge position to 2.50 eV (vs. NHE), which is
very close to that of x-Fe;O3 (2.48 eV) and unaltered CB position with respect to the CB position of
«-Fep O3, as shown in Figure 6¢c. However, despite the considerable amount of research that has been
done on TiO,-based heterojunction photocatalyst, the carrier dynamics and their transportation, and
thereby the photocatalytic process, should be studied in detail [113,114].
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Figure 6. (a,b) Schematic diagram of the band edge positions and charge transfer mechanism in
various x-Fe;O3@TiO, photocatalytic systems under UV and visible light irradiation. (c) The presence
of abundant oxygen vacancies in TiO, shifts its VB edge position and aligns it to the VB of Fe,O3
(reproduced with permission from refs. [110-112], respectively).

3.4. Z-Scheme-Based TiO,

The concept of Z-scheme photocatalytic process is essentially derived from the natural
photosynthesis process, which demonstrated a significantly enhanced potential towards accomplishing
high photocatalytic efficiencies [115]. The Z-scheme photocatalyst is typically constructed by
coupling two photocatalytic semiconductors, which is likely similar to the conventional heterojunction
photocatalyst [116]. However, Z-scheme has a unique mechanism for the injection/transfer of charge
carrier into the adjacent semiconductor, as shown in Figure 7a,b [117]. Notably, among the two coupled
photocatalysts in Z-scheme, one will be an oxidation and the other will be a reduction photocatalyst. The
selection of such oxidation and reduction photocatalyst will be based on the VB and CB edge position,
which is dependent upon the specific applications [118]. As a result of such meticulous construction,
Z-scheme systems demonstrate exotic features such as (i) simultaneous strong reduction-oxidation
abilities, (ii) spatial separation of reduction and oxidation active sites, (iii) enhanced carrier-separation
efficiency with high redox abilities, and (iv) extended light absorption range [119,120].
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Figure 7. Schematic illustration of the (a) typical heterojunction and (b) Z-scheme photocatalysts
(reproduced with permission from ref. [117]).

In the Z-scheme-based systems, TiO; has been largely used as oxidation photocatalyst owing
to their low VB position and accordingly, it has been coupled with the other photocatalytic systems
such as CdS [121,122], g-C3Ny [123-125], NiS [126], ZnIn,S4 [127], CupO [128], and WO3_, [129] owing
to their high CB position that act as the reduction photocatalysts. As shown in Figure 7a [117], in
the typical heterojunction photocatalyst, the separated electron holes in PCI will be injected into the
respective CB and VB of the PCIL In contrast, the charge transfer mechanism in Z-scheme always
follows a signature pathway in which the electrons excited to the CB of low VB photocatalyst will be
injected into the VB of the high CB photocatalyst (Figure 7b) [117]. As listed above, Figure 8a—d shows
the mechanism of various TiO,-based Z-scheme photocatalysts. Interestingly, Fu et al. [128] proposed
a Z-scheme system mediated by Ag located at the interface of the TiO, and Cu,O. They observed that
the TiO; and Cu,O coupled photocatalyst demonstrated a relatively poor photocatalytic performance;
as a result, they proposed that upon the irradiation of TiO, and Cu,O, the electrons in the CB of Cu,O
get transferred into the TiO, and meanwhile, the holes in VB of TiO, get transferred to Cu,O. Such a
process essentially led to the depletion of hole density in the VB of TiO, and it increased in the VB of
Cu,0. Under such circumstances, due to the low positive VB edge position of Cu,0, it has insufficient
energy to oxidize the OH or H,O molecules. To address such an issue, they introduced Ag into the
interfacial contact of TiO, and Cu,O, as shown in Figure 8e [128].

In this TiO;—Ag—Cuy O system, firstly, the equilibrium in Fermi levels has been established; thereby,
upon irradiation, the excited electrons in the TiO, CB get injected into Ag and due to the localized electric
field created by Ag, these electrons are further injected into the Cu,O and enhanced the photocatalytic
efficiency of the system. Further, they proposed that this system keeps the photo-induced holes on
more positive potential (VB of TiO;) and electrons on more negative (CB of Cu;0), which essentially
enhance the redox ability as well as the charge separation efficiencies of the system as a whole.
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Figure 8. Charge transfer mechanism in various Z-scheme-based TiO, photocatalysts, (a) CdS/TiO,,
(b) g-C3Ny4/TiOy, (c) NiS/TiOy, (d) ZnlnySy/TiO,, and (e) TiO,—Ag-Cu,O (reproduced with permission
from refs. [121,124,126-128], respectively).

3.5. Plasmonic TiO,

Plasmonic photocatalysis is one of the emerging and interesting concepts in this field [130]. These
types of photocatalysts make use of the plasmonic nanoparticles to harvest energy in the visible
region [131]. It extends the absorption range of the photocatalyst in UV-visible-IR region [132]. The
plasmonic nanoparticles also play an important role in alerting the charge transfer mechanism in the
host photocatalysts. The plasmon-mediated process in photocatalysts can occur in four different ways,
(i) direct migration of carriers from the plasmonic particles to photocatalyst, (ii) indirect migration of
carriers between the plasmonic particles and photocatalyst via the localized surface plasmon resonance
(LSPR), (iii) localized plasmonic heating, and (iv) radiative transfer of photons from the plasmonic
particles to the photocatalyst, where these photons will excite the photocatalyst to generate the electron
hole pairs in the system [131-133]. However, the origins and functions of plasmonic photocatalysts are
under hot debate.

Noble metals such as Ag, Au, Pd, and Pt have been integrated with TiO; to produce the
TiO,-based plasmonic photocatalysts. Among them, Ag-TiO, has been relatively largely studied with
different configurations [134-137]. Plasmonic sensitization conventionally happens by the deposition
of plasmonic nanoparticles (NPs) onto the surface of the host photocatalyst. However, there have
been other configurations such as core-shell structuring [137], filling up the plasmonic NPs into the
pores of the host photocatalyst, and composite-like formation [135]. As aforementioned, the plasmonic
nanoparticles can extend the light absorption in the visible region and they can also substantially
influence the charge transfer kinetics the photocatalyst. However, there are essentially two pathways



Catalysts 2019, 9, 680 11 of 32

proposed regarding their charge transfer, which is either from the (i) plasmonic NPs to photocatalyst or
(i) photocatalyst to plasmonic NPs [130]. As a result, it has also been proposed that the scheme of such
charge transfer is also determined by the relative band edge potential, conducting type (n/p-type), and
work function of the photocatalyst and plasmonic metal, respectively, and also determined by the light
source that is used to excite the plasmonic photocatalyst system, as shown in Figure 9a-b [134,138].

metal p-type s.c.

Ev Ev
metal n-type s.c. metal p-type s.c.
«OH -+ +00H H* Visible light .o . . oo - l UV light
(b) \6./ 0: l \6/ O

OH- *OH

Figure 9. (a) Band bending occurs in the metal-semiconductor junction and (b) charge transfers in
plasmonic photocatalyst, depending upon the light source irradiated (reproduced with permission
from refs. [134,138], respectively).

As depicted in Figure 9a [138], the work function of the metal nanoparticle with respect to the host
semiconductor also directs the course of charge transfer in the plasmonic photocatalyst. For instance,
the work function of Au, Ag, and anatase TiO, has the work function of 5.23, 4.25-4.37, and 5.10 eV,
respectively, where the Au-TiO, and Ag-TiO, follow the Schottky-junction and Ohmic-junction,
respectively, for the charge transfer in the system, as shown in Figure 10a,b [139]. Compared to the
Ag and Au, the surface plasmon resonance (SPR) properties of Pt/Pd-deposited TiO; has been less
explored [140]. However, these metal NPs have been explored as a co-catalyst for various photocatalyst
systems [141-143]. This is because the plasmonic peak of Pt NPs appears below 450 nm, while the SPR
properties of Ag and Au can be well tuned in visible to IR region, and therefore, the Pt and Pd NPs
have not been typically used for developing the plasmonic photocatalysts [144-146].
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Figure 10. Work function dependent band-bending in (a) Au/TiO;,, (b) Ag/TiO, plasmonic systems
(reproduced with permission from ref. [139]).

3.6. Ferroelectrics Modified TiO,

Ferroelectrics are defined by the spontaneous electric polarization that can be induced by an
external electric field, where the induced spontaneous polarization will be permanent in the material
and it essentially originates from the off-center displacements of ions in a non-centrosymmetric crystal
system [147]. In ferroelectric materials, the internal screening induced by the free carriers and the bulk
defects lead to the distribution of charge carriers in the near surface of the material, which essentially
creates a space-charge region and band bending in the system [148]. These features greatly help in
the photocatalytic process. The bands of ferroelectrics bend at the near the surface or interface region,
depending upon the positive or negative spontaneous polarizations, as shown in Figure 11a,b [149].

(a) ] (b) ]
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o . & | Ebs

E ‘ﬁ/ e
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> ' E-field ” 'E-field
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Figure 11. Schematic diagram of band bending in a ferroelectric material; (a) a surface with negative
polarity and (b) a surface with positive polarity.

For instance, in a negatively polarized surface, the electrons will be depleted from the surface,
which leads to a creation of a spatial-charge layer (depletion layer) with “upward” band-bending. On
the other hand, in a positively polarized surface, the electrons will be accumulated for screening, which
leads to a “downward” band bending in the system along with formation of a spatial accumulation
charge layer. Thereby, these interesting features in ferroelectric, along with such deformed migration
of charge carriers, largely helpful to exhibit exotic photo-active chemical properties [150,151]. The
features such as the spontaneous polarization, deformed migration of carriers, surface charges, band
bending process, and the external and/or internal screening effects altogether direct the photo-induced
charge carriers in a ferroelectric toward an effective oxidation and reduction reaction for various
photocatalytic applications [152-158].
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Ferroelectric materials such as BaTiO3 [159-161], BiFeO3; [162,163], PbTiO3 [164] have been
successfully integrated with TiO; to produce ferroelectric-TiO, photocatalysts. Zhang et al. have
explained how the ferroelectric phenomenon influences the photocatalytic activity of the system, where
they demonstrated it using BiFeO3/TiO, system [162]. They proposed a plausible energy level for the
BiFeO3/TiO, system, as shown in Figure 12a,b. According to this diagram, the energy levels at the
interface of BiFeO3 (BFO) and TiO, are strongly influenced by the induced polarization in BiFeOs,
where it bends the band of BFO upward when the polarization in negative (i.e., away from the surface)
and downward when the polarization is positive (i.e., towards the surface). Under such circumstances,
the photo-induced electrons in negative domains are impeded by the energy barrier at the interface;
meanwhile, in positive domains, the electrons are moved to the interface, in such a way that it facilitates
the photocatalytic activity with enough redox abilities of the excited charge carriers in the system [163].
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Figure 12. The energy bands at the BiFeO;3/TiO, interface bend (a) upward and (b) downward
corresponding to the applied polarization (reproduced with permission from ref. [162]).

3.7. Carbon-Based TiO, Composites

Carbon-based materials-modified TiO, photocatalysts demonstrate significant enhancements
in the photocatalytic process due to various reasons such as (i) high surface area, (ii) enhanced
electrical conductivity, (iii) tunable optical properties, (iv) improved surface adsorption efficiency, and
(v) controllable structural features [165-167]. These properties essentially help improve the overall
properties of the photocatalysts. For instance, the enhanced surface area populates more catalytic-sites
on the surface of the catalysts. The enhanced electrical conductivity improves the charge separation
and transportation characteristics of the system. The tunable optical properties help activate the
photocatalyst under a desirable light source such as visible light and/or sunlight. The improved
surface adsorption essentially paves the way for the adsorption of surrounding molecules onto the
surface of the photocatalyst that eventually enhances the interfacial interaction of the photocatalyst
and molecules. Finally, the controllable structural features of carbon materials such as quantum dots
(fullerenes) [168-170], 2D materials (graphene, g-C3Ny) [171,172], 1D materials (carbon nanotubes
(CNTs), carbon fibers) [173-176], and 3D materials (carbon spheres, flowers) [177,178] offer unique
charge transportations and improve the overall efficiency of the carbon-based photocatalytic materials.

TiO, has been modified by the variety of carbon-based materials such as carbon doping, carbon
coating, composites with activated carbon, graphene/graphene oxide/reduced-graphene oxide, g-C3Ny,
CNTs, carbon fibers, anisotropic carbon structures, etc. [165-178]. The general photocatalytic
mechanisms of these carbon-based TiO, systems are summarized in Figure 13a—d [168,179-181]
Yu et al. [168], have reported the mechanism of carbon quantum dots (CQDs)-integrated TiO, towards
photocatalytic H, production. The CQDs play a dual vital role in the improved photocatalytic properties.
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During the photocatalytic excitation under UV light, the CQDs act as (i) electron reservoirs and (ii)
photo-sensitizers. The former role of CQDs essentially plays a role in trapping the photo-generated
electrons from the conduction band of TiO, and facilitates the enhanced process of electrons-holes
separation. On the other hand, the latter characteristics of -conjugated CQDs is to sensitize the TiO,
as similar to the organic dyes, towards making it a visible light active “dyade”-like structure, where
it gives the electrons to the CB of TiO, and leads to the visible light-driven hydrogen production
(Figure 13a) [168].
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Figure 13. Photocatalytic mechanism in various carbon-TiO, systems, (a) carbon QD-TiO,, (b)
carbon nanotubes (CNT)-TiOy, (c) g-C3Ny-1Go-TiO,, (d) rGO-TiO; (reproduced with permission from
refs. [168,179-181], respectively).

The carbon nanotubes (CNTs), owing to their large electron-storage capacity (per electron for every
32 C-atoms), accept the photo-induced electrons from the supported semiconductor and, thereby, they
largely hinder the recombination of charge carriers [179]. It is believed that the excellent conductive
nature of the CNTs promotes the electron-hole separation via the formation of a heterojunction between
CNTs and semiconductors. For instance, as similar to the carbon QDs, the CNTs also play a dual role in
the photocatalytic process. Accordingly, the freely moving electrons in the excited TiO, get transferred
into the CNTs scaffolds, where the excess holes in the VB in TiO, are set to reach and react with the
H,0O and OH™ to generate radicals such OH® as shown in Figure 13b [179]. On the other hand, it is
known that TiO, is UV-driven, but it is observed that the CNTs-TiO, nanocomposites have become
visible light driven, which is attributed to the photo-sensitizing effect of CNTs. In this scenario, the
photo-induced electrons in CNTs (sensitizers) get injected into the CB of TiO; and lead to reducing the
adsorbed molecular oxygen to form the superoxide species. In parallel, the holes in these positively
charged CNTs react with H,O and form OH® radicals, as shown in Figure 13b.

Yu et al. [180] have demonstrated that the coupling between TiO, and g-C3Ny4 cannot lead to the
formation of heterojunction; rather, it always tends to form the Z-scheme-based photocatalyst system.
Based on their experiments, they have explained the phenomenon that if TiO, and g-C3Ny form a
heterojunction, then the following scenario will emerge. Under the UV exposure, the photo-induced
holes will get transferred from the VB of TiO; to that of the g-C3Ny4 and the electrons will get transferred
from CB of g-C3Njy to that of the TiO,. As a result, the holes of g-C3Ny cannot oxidize the adsorbed
H,0O or OH™ to form the OH® radicals due to the higher potential of VB of g-C3N, with respect to the
H,O/OH™ couple. Such a process eventually leads to the lower oxidation, thereby the photocatalytic
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efficiency of the system is much lower than the TiO,. However, the observed photocatalytic efficiency
of TiO,/g-C3Ny is higher than the individual counterparts, which essentially means that this system
forms a direct Z-scheme system without the electron mediator, as shown in Figure 13c [180].

The photocatalytic mechanism in the reduced graphene oxide (rGO)-TiO; composite has been
proposed by Tan et al. [181] as shown in Figure 13d. In the rGO-TiO, composite, the d and 7t orbital of
TiO, and rGO, respectively, matches well in their energy levels and they overlap each other well (d-7).
As a result, rGO is bound to serve as an electron-collector as well as a transporter towards effectively
separating the photo-induced electron-hole pairs, which eventually enhances the lifetime of the charge
carriers as well, and thereby the photocatalytic efficiency of the rtGO-TiO, system [182-185].

3.8. 2D-Transition Metal Chalcogenides Modified TiO,

It is well established that the large surface-to-volume ratio of 2D nanostructures can provide more
surface-active sites for the photocatalytic reactions. The planar structure of 2D materials essentially
favors the charge transportations across the interfaces of the catalyst and surrounding phases and
thereby it drastically improves the photocatalytic efficiencies [186]. Moreover, as compared to other
nanostructures, the 2D nanostructures exhibit exotic properties owing to the atomic arrangements
with surface atomic elongation and structural-disorder characteristics [187]. These interesting physical
structure-induced properties of 2D materials largely contribute in enhancing the photo-stability and
chemical durability of the photocatalyst. Furthermore, 2D materials, due to their flat band potential
and effective band bending at the interface, help tune the band gap energies and band-edge positions
of the photocatalysts [188]. Specifically, when these 2D materials couple with the other metal and metal
oxides, their unique 2D structures serve as a matrix for those integrated materials and enhance the
optical and electrical properties of the system as a whole [189-191]. In this direction, the 2D transition
metal chalcogenides (2D TMC) with general chemical formula of MX;, M = Mo, or W and X =S, Se, or
Te serve as both the independent or composite photocatalytic materials [191]. Accordingly, TiO, has
been modified with these 2D TMC materials to avail their structural features and unique properties
towards various photocatalytic applications.

Among the listed 2D TMC materials, the MoS,/TiO, system has been largely explored for the
photocatalytic applications [192-197]. Interestingly, the charge transfer in this system depends upon
the photon energy used to excite the system. The Figure 14a,b shows the charge transfer in a MoS,/TiO,
system that irradiated under UV and visible light, respectively [198,199]. When the MoS,/TiO,
system irradiated under UV light, the electrons that were excited in TiO, will be transferred to the
attached MoS; nanosheets; thereby, this process significantly limits the electron hole recombination
and promotes carrier separation by effectively transporting to the adsorbed H* ions to reduce them
to produce molecular hydrogen. On the other hand, when the MoS,/TiO; system is irradiated under
visible light, the electron transfer occurs from the MoS; to TiO,, as shown in Figure 14b [199]. It should
be noted that the TiO; used in this study is doped with N species that facilitates visible light absorption
in TiO; as well. Therefore, the coupling of MoS, with TiO, promotes the excited electrons to the CB of
TiO, from the CB of MoS,. The further photocatalytic reactions essentially occur via the conventional
redox reactions on the surface of the photocatalyst.
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Figure 14. Photocatalytic charge transfer process in MoS,/TiO, under the irradiation of (a) UV light
and (b) visible light (reproduced with permission from refs. [198,199]).

Zhang et al., have reported the possible charge transfer mechanism in P25-TiO,/MoS, and
P25-TiO,/WS, systems under UV-visible irradiation [200]. Accordingly, the excited electrons in
P25-TiO,/MoS; migrate from the CB of TiO, to the CB of MoS,, while it occurs vice versa in the
P25-TiO,/WS; system, as shown in Figure 15a,b [200]. The observed charge transfer mechanism is
essentially due to the relative band-edge potentials of the semiconductors involved in the composite.
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Figure 15. Photocatalytic charge transfer mechanism in (a) P25-TiO,/WS, and (b) P25-TiO,/MoS,
(reproduced with permission from ref. [200]).

Similar to the aforementioned systems, there are alternative hypotheses to explain the charge
transfer mechanism in MoSe,/TiO; system. Chu et al. [201] and Shen et al. [202] have proposed that
the MoSe,/TiO; follows the heterojunction mechanism towards the charge transfer process in the
system, as shown in Figure 16a [201]. Accordingly, the type-II heterostructure, which formed between
MoSe; and TiO,, facilitates the electron transfer from the CB of MoSe; to that of TiO, and reduces the
recombination process, prolongs the lifetime of the carriers, and provides an enhanced conductivity
in the system towards transporting the carriers to the surrounding for the effective photocatalytic
process. On the other hand, Zheng et al. proposed that this system follows the Z-scheme to transfer
the charges from the TiO, to MoSe; [203]. According to their hypothesis, the MoSe;/TiO, (nanotubes)
photocatalyst could not form a type-II heterojunction. This may be because of the reason that the
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holes in TiO, VB are likely to migrate into the MoSe, VB if type-II has been formed. However, their
experimental investigations using ESR and PL demonstrated that the proposed charge is not possible,
owing to the low potential of 0.98 V that cannot effectively oxidize the adsorbed surface H,O to produce
OH?* radicals. Therefore, the photo-generated electrons in the CB of TiO, might have been transferred
and recombined with the holes in MoSe; VB, leaving the holes in the VB of TiO; and electrons in the
CB of MoSe; via constructing a ‘direct Z-Scheme’ to augment the photocatalytic redox reactions in
the system, as shown in Figure 16b [203]. Similarly, the WS,/TiO, system has also been explored for
various photocatalytic applications and their mechanisms [204-210].
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Figure 16. Charge transfer mechanism in MoSe,/TiO, (a) heterojunction and (b) Z-scheme (reproduced
with permission from refs. [201,203]).

3.9. Metal-Organic Framework-TiO, Composites

Metal-organic frameworks (MOFs) are an exotic class of crystalline materials with inherent porous
structures. MOFs are constructed using the metal clusters that interconnected by organic ligands
built into a 3D networked structure. Their unique properties, such as the well-ordered porosity, very
high specific surface area, and tunable surface chemistry, have made them a promising material for
various applications, including photocatalysis. MOFs can be reliable photocatalytic materials due
to semiconductor-like properties. In addition, they possess high surface area that largely facilitates
enhanced surface catalytic activities; the metal clusters play a role in the effective absorption of incident
photons and charge separation, while the ligands favor the charge transportations in the system.
However, the major issue in MOFs is the moderate charge separation that considerably reduces the
overall photocatalytic efficiency of the MOFs [211-216].

Yao et al. proposed the observed superior photocatalytic efficiency of TiO,@-NH,-UiO-66
composites towards the degradation of styrene [217]. According to their findings, (i) the plenty of
available interconnected nanopore facilitated the enhanced and rapid diffusion of the surrounding
styrene molecules into the pores of MOFs, where the encapsulated TiO, effectively oxidized the
molecules with the produced oxidation radical species, and (ii) the linkers in MOFs acted as antenna to
augment the light absorption and sensitize the TiO; and led to the effective absorption of light towards
the transportation of charge carriers in the system; thereby, it demonstrated excellent photocatalytic
activity [217].

Similarly, the photocatalytic efficiency of TiO,/NH,-UiO-66 nanocomposites towards CO,
reduction has been demonstrated by Crake et al. [218]. Based on their observations, the composite
of NH,-UiO-66 and TiO; can lead to the formation of type-II heterojunction. This could essentially
be because of the factor that the CB position of NH,-UiO-66 lies at —0.6 eV, while the TiO, CB lies
at a more negative potential at —0.28 eV, as shown in Figure 17a [218]. They have further proposed
that the photocatalytic activity of TiO,/NH;-UiO-66 nanocomposites was mainly ruled out by (i) the
concentration of TiO;, (ii) the effective charge separation characteristics of NH,-UiO-66, and (iii) the
enhanced availability of charge carriers at the interface of the TiO,/NH;-UiO-66 system. Ling et al.
have synthesized a ternary nanocomposite composed of TiO,/UiO-66-NH,/graphene oxide and studied
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towards the photocatalytic dye (RhB) degradation and Hj evolution [219]. They have reported that,
under the visible excitation, the electrons tend to transfer from RhB* to CB of MOFs to CB of TiO, due
to the cascading potential of these systems. Under such circumstances, the integrated GO captures the
electrons from the CB of TiO, that eventually enhances charge separation, thereby accelerating the
dye removal. On the other hand, the electrons from GO further migrate to the Pt and lead to the Hj
production. It is also possible that the electrons from RhB* can get directly injected into Pt and produce
Hj, as shown in Figure 17b [219]. Similarly, there have been other TiO,/MOFs-based photocatalytic
systems reported [220-225].
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Figure 17. Photocatalytic charge transfer process in (a) TiOp/NH,-UiO-66 for CO, reduction and
(b) TiO,/NH,-UiO-66/GO/Pt for dye removal and H; production (reproduced with permission from
refs. [218,219]).

3.10. Reduced/Defective/Colored TiO,_, Photocatalysts

The off-stoichiometricity in TiO,, which is induced by processes such as self-doping by Ti** ions
and oxygen vacancy creations (V,), plays an important role in enhancing the visible light absorption
and photocatalytic efficiency of the TiO, materials [226-230]. Based on such a modification approach,
TiO, has been synthesized in a variety of “colors” such as black, blue, red, and yellow. The reduced
band gap energy in off-stoichiometric TiO, essentially originates due to the formation of localized
energy states (0.75-1.18eV) underneath the CB minimum of the TiO, [231]. As compared to any
other modification strategies, the self-doping and/or oxygen vacancy creation is more favorable for
maintaining the intrinsic properties of the TiO, as well as to introduce the visible light absorption
characteristics and enhance the photocatalytic efficiencies of TiO, [232-234].

The first black-TiO, was produced by Chen et al. with band gap energy of around 1.0 eV via
high-pressure hydrogenation process in the crystalline TiO, [235]. The general mechanism for the
formation of black TiO, is broadly attributed to the presence of Ti>* by self-doping, formation of
hydroxyl groups on the surface, oxygen vacancies, Ti-H bonds, and the formation of H-energy states
in the mid-gap of the TiO, band structure, which eventually dispersed the VB in TiO,, as shown in
Figure 18a [235]. Zhu et al. synthesized the stable blue TiO, nanoparticles [236] and proposed the
origin that the observed blue color could be due to the high concentration of Ti** defects in the bulk
and the formation of mid-gap electronic energy states beneath the band gap of TiO,. As a result,
the observed enhanced photocatalytic properties were attributed to their unique structural features,
which is the disordered-core/ordered-shell-like structure. This essentially means that the TiO, was
stoichiometric at the surface while it was off-stoichiometric in the core. These features collectively
improved the overall photocatalytic efficiencies of the blue TiO;, by enhancing the charge separation
and transportation, as shown in Figure 18b [236].
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Figure 18. Band gap structure of (a) black-TiO; and (b) blue-TiO; (reproduced with permission from
refs. [235,236]).

Wau et al. developed ultra-small yellow TiO, nanoparticles via simple sol-gel process with UV
treatment technique. Based on their experimental findings, the origin of the observed yellow color of
TiO; could be due to titanium vacancies (Vr;) and titanium interstitials (Ti;) as shown in Figure 19a [237].
Interestingly, Liu et al. prepared the red anatase TiO, via a gradient co-doping of B-N into the system.
It was observed that the band gap energy varied from 1.94 eV on the surface to 3.22 eV in the core, as
shown in Figure 19b [238].

(a) Relaxation Expansion (b) B/N rich D BIN free

Figure 19. (a) Structure of yellow-TiO, and (b) anatase red TiO, via gradient B-N co-doping (reproduced
with permission from refs. [237,238]).

Ren et al. reported that the NaBH, reduced TiO, photocatalysts with a range of colors such as
white, light-yellow, light-grey, and dark-grey, which were prepared by varying the concentration of the
reducing agent NaBHy, as shown in Figure 20a [239]. The observed color variation was attributed
to the self-doping of Ti** ions into the TiO,. Similarly, Fan et al. reported the synthesis of TiO,
with white, dark brown, light brown, yellow, light yellow, gray, yellowish gray, and yellowish white
color (Figure 20b) that were derived from the amorphous hydrated TiO, through hydroxylated and
N-doping process with a controlled degree of disorders using a heating treatment technique [240]. In
this study, the observed color variation was attributed to the heating process that turned the Ti-OH
bonds in amorphous TiO; into the Ti-O bonds that transformed the disordered TiOg octahedron into
a regular 3D structure. As a result, the formed hydroxylated anatase TiO, with enhanced degree of
disorder strongly influenced the optical transition in TiO, and narrowed down the band gap energy.
Further, these colored TiO, materials have also demonstrated enhanced photocatalytic efficiencies
towards the degradation of acid fuchsin under visible light.
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Figure 20. Photographic images of the (a) chemically reduced TiO, with increasing concentration of

NaBH, and (b) hydroxylated and N-doped anatase TiO, that were derived from the amorphous hydrate
TiO; at the increasing processing temperature (reproduced with permission from refs. [239,240]).

4. Summary and Outlook

Undoubtedly, TiO, is indeed an interesting material for various photocatalytic applications. As
described, the fundamental photocatalytic process involves the excitation of photo-induced carriers
and their successful transfer to the surface to produce the desired redox species towards the designated
photocatalytic application. The versatile applications emerge essentially due to the produced redox
species with appropriate energy, which is dictated by the band edge potential of the photocatalyst.
Since TiO, inherently meets such requirements, it has been successfully used for various photocatalytic
applications. However, TiO; has limitations such as its wide-band gap, moderate charge separation
efficiency, etc. To overcome such limitations, TiO; has been both physically and chemically modified.
Accordingly, herein we provided a glimpse on the various modifications that were performed on
TiO, towards enhancing its photocatalytic efficiencies. These modifications include morphological
modifications, anionic-cationic doping, heterojunction formations, Z-scheme formations, plasmonic
integrations, ferroelectric integrations, carbon-based materials integrations, 2D transition metal
chalcogenide integrations, metal-organic framework integrations, and defects inducements in TiO5.
We also have discussed the charge transfer mechanism that manifests in these various modified-TiO,
photocatalytic systems.

TiO; can be a prototype photocatalyst, which can be used to design new photocatalytic materials.
The meticulous investigations on TiO, for their photocatalytic mechanism can be better applied
towards its effective applications in photocatalysis. In this direction, the further improvement in TiO,
could be the establishment of techniques to intrinsically modify the TiO, towards their photocatalytic
enhancements. Such known techniques are the inducement of defective structures in TiO, through
self-doping, atoms in interstitial positions, oxygen-, and Ti-vacancies. For instance, instead of doping
the N atoms into TiO,, the O atoms can be partially replaced by N atoms to form oxy-nitrides
and so the oxy-phosphates, oxy-sulfur, oxy-carbon, etc., can be formed by partially replacing the
O atoms with P, S, and C, respectively. These modifications may lead to the formation of entirely
different TiO,-based materials with possibly new crystal phase and structure and can exhibit enhanced
photocatalytic efficiencies. Towards applications, TiO, can be explored for new photocatalytic processes
such as the production of H,/O; from the atmospheric vapor, dark-photocatalysis, hydrogen storage,
biodiesel productions, etc. TiO, should be consistently explored towards further understanding of
their photocatalytic mechanisms and finding new photocatalytic applications.
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