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Abstract—Titanium dioxide (TiO,) and doped TiO, have emerged as efficient photocatalytic materials for the
degradation of harmful dyes released in water. The doping significantly increases the photocatalytic activity
of TiO, by enhancing light absorption in visible region and by alteration of structure, surface area and mor-
phology etc. The doping of TiO, has been achieved with various elements from the transition metal series,
ions, nitrogen, with rare earths and other metallic nanostructures. Recently, significant new developments
were noticed in the literature about doping of TiO, with new materials using different strategies. In this
review, the basic information of TiO, as a photocatalyst is presented and the importance of doping to improve
the photocatalytic performance of TiO, is highlighted. Recent reports about the doped TiO, from the litera-
ture are listed in tabular format and critically analyzed. The collective information presented will help to
design new doping strategies and to come up with novel and more efficient TiO, based photocatalysts to

develop a water purification technology.
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1. INTRODUCTION

The increased industrialization all over the world
has caused serious environmental issues, affects the
life of people as large amount of the industrial efflu-
ents containing hazardous waste such as dyes are dis-
posed directly into water bodies. These effluents vio-
late the environmental sustainability [1, 2]. According
to estimation of World Bank, the major contributors
for water pollution are the dyeing and textile indus-
tries. They contribute about 17—20% of the total water
pollution [3]. The pollutants may have very adverse
effect on human health. For instance, certain organic
pollutants present in water above the allowed concen-
tration levels can harm the human system. In addition

39

to humans, marine entity as well as to various useful
microorganisms get affected by most of the dyes pres-
ent in water. To tackle this serious issue, most of the
different techniques like physical, chemical and bio-
logical methods where scientists are working on
decontamination of water bodies [4]. However, it is
observed that these techniques are inefficient and have
various constraints such as high cost or need of repro-
cessing of the materials used etc. Therefore, there is
need to develop a feasible and an economic technique
for removal of such unsafe pollutants from water [5, 6].
There do exist some biological water treatment but
they also have their limitations. The biological meth-
ods can be substituted by heterogeneous photocata-
lysts for dumping of the pollutants by their photodeg-
radation [7]. Recently, there is great interest in the use
of TiO, based photocatalysts for the degradation of
dyes in water.

In recent years, advanced oxidation processes
(AOPs) are promising, efficient and ecofriendly meth-
ods flourished to oxidize pollutants from wastewaters
[8]. Photocatalysis has become an essential part of the
AOPs, which is an in situ chemical method (oxida-
tion) to remove organic (and sometimes inorganic)
materials present in water by oxidation through reac-
tions with highly reactive hydroxyl radicals ("OH) [9].
These radicals are built up with the help of catalysts
(e.g. TiO,). The major organic compounds that com-
prise the industrial wastewater include dyes, carbox-
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Fig. 1. The photocatalytic dye degradation process assisted by TiO,.

ylic acids, phenols, chlorophenols, aliphatic alcohols,
aromatics, and polymers. Among those, methylene
blue (MB) [10], toluene [11], salicylic acid (SA) [12]
and 4-chlorophenol (4-CP) [13] etc. are discharged
from industries in water bodies including paper mill-
ing, textile, cosmetics etc. The presence of these com-
pounds in water cause awful odor to the water. There-
fore, a large number of semiconductors have evolved
as photocatalysts to degrade these dyes and com-
pounds mentioned above [14].

Photocatalysis is employed in various area such as
solar cells [15], water splitting [16], and pollutant deg-
radation [17]. Photocatalysis plays a significant role
for degradation of organic compounds into less harm-
ful compounds likes CO, and H,O etc. The genera-
tion, dissociation, recombination, and surface capture
of photogenerated electrons and charge carriers
(e~/h™ pairs) are the main steps tangled in photocata-
Iytic process [18]. Photocatalytic reactions occur on
the surface of semiconductors [19]. The basic opera-
tions of the photocatalytic process comprise the
reduction and oxidation reactions, along with some
secondary reactions, which set up the driving force of
a number of main photocatalytic applications as
shown in Fig. 1 [20]. For the oxidation of various
organic compounds such as Methyl orange (MO),
Congo red (CR), bisphenol A, tetracycline etc. a pho-
tocatalytic process utilizing a semiconductor as photo-
catalyst (ex. TiO,) under UV irradiation [21].

A semiconductor electrode should meet some pre-
requisites such as suitable band gap and appropriate
valence and conduction band (CB) positions relative
to water oxidation and reduction potential where OH
radicals and O, are generated at respective electrode
upon incidence of photon. For energetically conceiv-
able water splitting reaction the CB of the semicon-
ductor should be more negative than reduction poten-
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tial of H"/H,, and the valence band (VB) maximum
should be more positive than the oxidation potential of
0,/H,0. Therefore, the band gap energy of photocat-
alyst should be more than water splitting potential
1.23 eV with suitable band position. The band edge
positions of various semiconductors relative to water
redox potential are shown in Fig. 2 [22]. Among vari-
ous semiconductors, the strong oxidation ability of
photo-excited TiO, has gained more attention due to
its intrinsic properties [8] such as TiO, is an inorganic
semiconducting metal oxide, efficient for degradation
of pollutants received to its enormous advantages
including its high photocatalytic activity, good chemi-
cal inertness, non-toxicity, low cost and strong chem-
ical stability in a large pH range [23]. TiO, exists in
three polymorphs such as rutile, anatase and brookite.
Anatase phase is recommended due to its high elec-
tron affinity, more effectiveness for best catalytic per-
formance [24]. The mechanism of photocatalysis in
TiO, reported elsewhere [25]. The photocatalytic per-
formance and recombination rate of carriers in TiO,
depends on its crystallinity, size, and surface area [26].

However, the use of TiO, for industrial application
is inadequated due to its activation under ultraviolet
light (UV) irradiation, its wide band gap, high recom-
bination, and weak separation efficiency of carriers
[27]. Various strategies were adopted to enrich the per-
formance of photocatalyst towards red shift [28] i.e. to
broaden absorption of the light to the visible region
[29]. Doping is an effective method. The life time of
carriers is increased by dopants which act as electron
hunters. Doping of TiO, with transition and rare earth
metals has received much attention for improving the
photocatalytic performance [30]. For instance, the
photocatalytic degradation of dyes having pure, Ce
and Mn doped TiO, were assessed by using Lang-
muir—Hinshelwood (LH) kinetic model where photo-
Vol. 17
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Fig. 2. Various semiconductors band edge positions in contact with aqueous electrolyte at pH 0 relative to vacuum and NHE.
Reproduced with permission from [22]. Copyright ©2016 Royal Society of Chemistry.

degradation rate of dyes follows pseudo-first-order
rate [30]. Li et al. [31] summarized palladium
enhanced plasmonic photocatalysis. Juma et al. [32]
studied Zr-doped TiO, thin films employing the
chemical spray pyrolysis (CSP) method to scrutinize
the effect of doping on their properties for application
as a dielectric layer in thin film transistor.

In this review, basic information about TiO, based
photocatalysts is presenteowed by the detailed
explanation of doping strateégies. The latest reports
from the literature about the synthesis and use of
doped TiO, for dye degradation are collectively
reported in tabular form to provide the readers with
important achievements at a glance.

2. TITANIUM DIOXIDE
AS A PHOTOCATALYST

Among all semiconducting materials, TiO, is the
most popular semiconductor used as photocatalyst
due to its unbeatable properties as discussed earlier as
high chemical stability, non-toxicity, high reactivity,
low cost and anti-corrosive property [33]. It works in
UV region, with wide band gap (approximately 3.0—
3.2 eV). It has very unique properties such as strong
capacity of oxidation and strong affinity for water. As
discussed earlier, TiO, appears in three polymorphs:
rutile (tetragonal), anatase (tetragonal) and brookite
(orthorhombic) [34]. A light of wavelength 415 nm is
captivated by rutile phase. Whereas near-UYV region,
light of wavelength 385 nm is captivated by anatase
phase. Different methods are used to synthesize TiO,
photocatalyst such as sol-gel method, atomic layer
deposition (ALD), chemical vapor deposition (CVD),
spray pyrolysis, flame hydrolysis, plasma assisted
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pyrolysis, mechanical alloying, metal organic chemi-
cal vapor deposition, hydrothermal methods, the wet
impregnation technique etc [35—37]. Based on the
growth process the structural, optical and electronic
properties of Tianged. From the structural point
of view, these materials are usually nanocrystalline in
a network of oxide particles implying their electronic
structure where the pavement of charge carriers is
depend on the electronic structures of oxide materials
(TiO,) [38]. The development of various Ti-oxide-
based photocatalytic materials, the underlying reac-
tion mechanisms and kinetics were analyzed by using
a number of molecular spectroscopies.

In photocatalysis, absorption of UV light by semi-
conductor is followed by the charge carrier-pairs
(electrons (e™) and holes (h*)) separation and interfa-
cial charge transfer (CT). Generally, without O, the
photocatalytic degradation of organic compounds
does not proceed [20]. In actual process, Water
adsorbed on the surface of TiO, reacts with holes to

produce hydroxyl radicals ("OH) and electron reacts

with O, to produce superoxide anions (O, ~ and "OH)
which helps to deteriorate organic pollutants exist in
the water [18]. The transfer of electrons from VB to CB
via band to band transitions is allowed by leaving
behind hole in VB. Generally, electrons are trapped at
the surface and in the bulk of TiO,. Once the electrons
gets trapped, Ti*" cations are reduced to Ti*" states
and the holes oxidize O, anions to O~ states [39]. So
often the charge carrier kinetics determines the photo-
catalytic efficiency. TiO, is a mixture of 80% anatase
and 20% rutile [34]. Anatase has a shallow donor level,
high electron mobility, and more defects in the lattice,
producing more oxygen vacancies and capturing the
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Fig. 3. The time scales and oxidative reactions in TiO, photocatalysis. Reproduced with permission from [45]. Copyright 2014

American Chemical Society.

electrons [40]. Therefore, there is a higher proportion
of anatase, the form of TiO, which absorbs UV light,
used for applications in photocatalysis, water splitting
and dye-sensitized solar cell. Diebold et al. [41]
reported most stable anatase TiO, particles of band
gap of approximately 3.2 eV. The detailed electronic
and optical properties of TiO, in the anatase structure
reported elsewhere [42] where molecular orbital struc-
ture helps to find out the band structure, density of
states (DOS) and charge densities. The VB of TiO, is
constructed by energetic O p at the top level of the
valence band. Meanwhile its CB is from Ti 3d and 4s.
Such unique electronic structure in anatase TiO, has
led to the high mobility of n-type charge carriers [43].
It displays a more surface adsorption capacity to
hydroxyl groups and a lower charge carrier recombina-
tion rate which is much better for photocatalytic activ-
ities [44].

The photoinduced reaction occur inside and on
TiO, surface in the time scale region from femtosec-
onds to microseconds are illustrated in Fig. 3 [45].
Moreover, the reaction occurs on the surface of the
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material and surface reactivity affects the catalytic per-
formance of the material.

TiO, at nanoscale having the high surface area, and
more active sites (Fig. 4). Its reactivity is associated
with its particle shape, which va cording to the
preparation condition. The anatas‘ﬁ@ the {101} sur-
face facet, for which only 50% of the T1 atoms are five-
coordinated (Ti5c), both the {001} and {100} surfaces
facets consist of 100% Ti5c atoms. These atoms act as
active sites in the photocatalytic experiments, so by
this reason, the facets {001} and {100} should be more
active than {101} facets [40]. TiO, can be prepared in
mobilized and immobilized form via different tech-
niques on which different properties are reliable which
are beneficial for photodegradation. The pH value also
influences different properties in photodegradation
process. Under high acidic OR basic conditions, reac-
tions are not favored. Where at optimal pH, hydroxyl
groups on the surface of TiO, producing OH radicals

by speeding the oxidation of pollutant using OH~
groups and improve the photocatalytic efficiency [46].
In spite of all TiO, properties and the good photocat-
Vol. 17
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alytic performance, its use is hindered due to its low
adsorption, results in low catalytic efficiency. The bot-
tleneck in photocatalysis is to enhance efficiency by
alleviating the present limitations. The following dis-
cussion is focused on the enhancement of photocata-
lytic performance of TiO, by new doping strategies.

3. DOPED TITANIUM DIOXIDE
AND ITS ADVANTAGES

Although TiO, has a wide range of applications in
photocatalysis, its use is hindered due to its wide band
gap, low light utilization efficiency and high carrier-
recombination rate. Various possible ways improve the
photocatalytic activity and shift the action of TiO, to
visible range. One of the possible way to solve this
issue is by changing the interfacial charge through
the doping process. Doping is an unusual way to
alter the surface morphologies (nanowires/nano-
tubes/nanoparticles), chemical modifications (incor-
poration of additional components in the TiO, struc-
ture) and particle size of photocatalyst [47]. The main
intend of doping is to change its large band gap and
electronic structure; reducing recombination of pho-
togenerated charge carriers, and enhancing surface
and interface characteristics. The crystal lattice face
can be inflected by doping [29] where photoactivity
strongly depends on the crystal faces. Hence, its pho-
tocatalytic applications can be enhanced by shifting
the absorption edge of TiO, towards the visible region
(400—800 nm). Doping hampers the charge recombi-
nation and ameliorates photocatalytic activity [48].
Low et al. [49] reported the surface modification of
TiO, for photocatalytic CO, reduction via impurity
doping, metal deposition, alkali modification, hetero-
junction construction and carbon-based material
loading. Black phosphorus doped (¢ O, nanotubes
leads to the production of promising materials. Com-
pared to pristine anatase 3.2 eV TiO, nanotubes, the
creation of heterojunctions in the hybrid material
results in 1.5—2.1 eV photoelectrocatalysts [50]. Simi-
larly, co-doping and tri-doping different metals as well
as a mixture of metals with non-metals have been
more effective than mono-doping, in certain cases, for
increasing visible-light absorption [51—53]. Ullattil et
al. [54] developed Mn(II) assisted sol solvothermal
technique for the synthesis of positively surface
charged defective brown TiO,_, flower aggregates
with porous nature. Moreover, the photocatalytic effi-
ciency of these materials have been carried out using
methyl orange-methylene blue (MO-MB) dye mix-
ture model system under solar irradiations shown in
Fig. 5, resulted in the selective photocatalytic revers-
ibility such that MB and MO photodegradation have
been selectively performed by yellow TiO, and brown
TiO,_, respectively. Different strategies have been
adopted to alter TiO, for improvement in photocata-
lytic efficiency by utilization of visible light. Stabiliza-
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(001)

Fig. 4. Various Crystallographic places of anatase TiO,
crystal in equilibrium shape. Reproduced with permission
from [41] Copyright 2003 Elsevier.

tion of the anatase form is carried out in different
ways; one of them is cationic or anionic doping of the
material, dye sensitization, coupling semiconductors
and creating heterojunctions based on it are some of
the most efficient ways to overcome this drawback.

3.1. Metals

3.1.1. Doping. The doping of TiO, especially with
metals enrich its electronic and optical properties.
Amongst a potential effect in metal doping is the shift-
ing of the energy band gap of the anatase TiO, to the
visible region, creates carrier trap density and oxygen
vacancy or increasing the free-carrier density. This
effect increases the photosensitivity of the anatase
TiO,. It improves the performance of TiO, in photo-
catalysis, sensing, dye sensitized solar cell etc. [43].
The most commonly used metal dopants are alkaline
earth metals, transition metals (Fe, Mn, V, Cu, and
Cr, both delocalized and localized impurity states),
post-transition metals, and rare earth (RE) metals.
Among transition metals, first-row transition metals
as well as d8 and d9 transition metals are most com-
monly employed, where the 3d orbitals of the dopant
metal introduce electronic states in between the origi-
nal band gap.

Alkali- Alkaline earth metals. Among all the doping
strategies, several papers have reported based on
alkali-earth-metal doping with the mechanism for the
enhanced photoactivity. The systematic understand-
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Fig. 6. Influence of Cesium concentration (0.02 A Current, 150 mg Lt Na,S0,4) and pH on the degradation of 4-CG (a). Results
of toxicity treated 4-CG solution against E. coli and B. subtillus (b). Reprinted with permission from [56]. Copyright 2019 Elsevier.

ing and mechanism of the doping effect of alkali earth
metals on TiO, to improve the photoactivity has stud-
ied. AM-TiO, _, (Mg, Ca, Sr, and Ba) with different
doping contents were prepared and tested in photo-
degradation. Lv et al. [55] reported alkaline-earth-
metal (Mg, Ca, Sr, and Ba) doped TiO, to furnish the
photodegradation and H, evolution with honeycomb-
like inverse opal structure. Subsequently both the CB
and VB of TiO, were switched to more negative values,
which subscribed to the formation of O, -, emanating
in photodegradation (RhB) being significantly pro-
moted.

Rajput et al. [56] synthesized a novel Caesium (Cs)
loaded TiO, nanotube (Cs/TiO,NTs) electrode by
anodization method for the removal of 4-chloro-
guaiacol (CG). A comparative evaluation between
photoelectrocatalytic (PEC), photocatalytic (PC) and
electrocatalytic (EC) process where Cs/TiO,NTs

NANOBIOTECHNOLOGY REPORTS

(2.5 Mm) showed highest PEC activity than bare TiO,
electrode in terms of (92%) degradation of 4-CG in
6 h under sunlight and mineralization (TOC = 70.2%)
as shown in Fig. 6a. The boost in degradation rate
constant was due to Schottky barrier at the interface of
metal and semiconductor facilitating the reduction in
rate of recombination of charged species. Also the suc-
cessful PEC treatment of 4-CG also confirmed by tox-
icity test which did not showed any toxic effects
against the selected bacterial species (E. coli, Bacillus)
as shown in Fig. 6b.

Transition metals. A transition metal is an element
whose atom has an incomplete d sub shell or it can give
rise to the cations with an incomplete d sub shell.
There are also several reports about the transition
metal doped TiO, materials for photocatalytic appli-
cations. Li et al. developed a novel method, hydrody-
namic cavitations (HC) combined with Fe**-doped
Vol. 17
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TiO,, for the degradation of Rhodamine B (RhB). The
reaction mechanism of Fe3*-doped TiO, is as dis-
cussed in [57]. Moreover, doping of Fe into TiO, lat-
tice forming Fe3*-doped TiO, to further improve the
catalytic performance of TiO, by catalytic degradation
of RhB. Fang et al. [58] revealed the synergistic study
between Ti’* self-doping and dual-facets exposure
results in the more photocatalytic performance for
degradation of RhB and formic acid under solar irra-
diation. The dual facets which act as holes and elec-
trons collectors separate the charges of the reduced
TiO, catalyst. Qiu et al. [59] developed new idea for
the design of surface Oxygen vacancies enriched semi-
conductive catalysts Pt-Ovs/Ti**/TiO, (PVTT) for
photocatalytic degradation of Acid Orange II (AO-)
which shows photocurrent density and rate constant
are about 3.9 times and 4.44 times higher than that of
Pt-TiO,. Natarajan et al. [60] and Li et al. [61] pre-
pared Bi-doped TiO, to increase the photocatalytic
activity for the degradation of different organic pollut-
ants. The higher mineralization of sulforhodamine-B
(61.6% of TOC removal) and degradation rate of RhB
(more than 90 at 0.25% of Bi-Ti0O,) had been recorded
under visible light. The incorporation of Bi induces
the Bi**/Bi’* species, which ensure the separation of
the electron-hole pairs. Santamariaet et al. [35]
reported sol gel synthesized Fe (5 wt %) doped TiO,
where the Fe favors the action of TiO, in the degrada-
tion of SA under UV light. Hinojosa—Reyes et al. [62]
reported titania doped (Ni, Cu, and Fe) nanomaterials
were synthesized by sol gel method to degrade 4-chlo-
rophenol (CP) and naproxen (NPX) sodium as pollut-
ants under UV illumination. The photocatalysts: T—
Cu 1.0 and T—Fe 1.0 were degraded 4-CP (90%) and
NPX (97%) pollutants in 6 hr, shows remarkable cata-
Iytic performance due to a higher concentration of
Ti3" species.

Localized Surface Plasmon Resonance (LSPR)-
induced absorption in the visible region was success-
fully achieved by Mo—TiO, and W—TiO,. The free
electron concentration in Mo-doped TiO, nanocrys-
tals was comparable to noble metals, and the peak
shape closely resembled that for Au NPs. On the con-
trary, the LSPR peak of W-doped TiO, was much
wider, covering a larger portion of the visible to near-
IR regions. It is observed that on varying the size (13—
5 nm) of the W-doped nanocrystals, gave rise to a
blue-shift in the peak maximum from 1700 to 980 nm
[63]. Takle et al. [64] reported sol gel based V-TiO,
photoelectrode for degradation of spent wash and
Jakofix red dye under natural sunlight using aqueous
titanium peroxide with titanium isopropoxide as the Ti
precursor and V,0Os as the V precursor. Optical study
showed red shift in the absorption edge of TiO, upon
V doping narrow the band gap. Therefore, the absorp-
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tion band (Fig. 8) observed in the visible region due to
V4# and V3 states in TiO,.

Figure 71 shows the degradation of color with vari-
ously doped TiO, material. From Fig. 711, it is quite
evident that the degradation of spent wash was 54 and
65% under the Xe lamp and natural sunlight respec-
tively. The color degradation rate was faster under sun-
light than under a xenon lamp as luminous efficiency
under sunlight is higher than that of Xe lamp. The
photocatalytic activity of a 1% V—TiO, catalyst in the
degradation of Jakofix red dye (100 ppm solution)
shows 90% of Jakofix red dye degraded under solar
radiation after 3.5 h which is more than that pure TiO,
and Dessuga P-25 shown in Fig. 71I1. The increase in
photocatalytic activity showed the combined effect of
the doping of V into TiO, and the hierarchical nano-
structures formation in V-doped samples.

Rare earth metals. Electronic and crystal structure
of TiO, can be changed by RE elements as dopants due
to their 4f electronic configuration and spectroscopic
properties. Electrons in CB of TiO, were trapped by
lanthanide ion where it acts as electron scavenger.
Moreover, researcher studied doping of TiO, with RE
ions (S3*, Ce3**, Er’t, Pr’*, Gd**, Nd**, and Sm?")
which improved photocatalytic activity in the degra-
dation of nitrite. The doping with lanthanide ions
(La**, Er*t, Pr3*, Nd**, and Sm?*), improves the pho-
toelectrochemical properties as well as increased the
photocurrent response and the photon current con-
version efficiency in the range of 300—400 nm [65].
Stengl et al. [51] reported the synthesis of rare earth
(La, Ce, Pr, Nd, Sm, Eu, Dy, Gd) doped TiO, by sol
gel method where Nd3*-doped TiO, (approx. 10 wt %)
shows the best photocatalytic activity among all rare
earth doped samples due to the transitions of 4f elec-
trons of rare earth and red shifts of the optical adsorp-
tion edge of titania and dye sensitization enhanced vis-
ible-light photocatalytic activity of TiO,. Pawar et al.
[66] reported case study on degradation of MB dye
using Ce—TiO, photocatalysts. Ce-TiO, is more cata-
Iytic to oxidize it from Ce3* to Ce** states. Redox cou-
ple of Cerium (Ce3*/Ce*") shifts between CeO, and
Ce,0; under redox conditions which makes it active
under UV-Vis range. Therefore, its optical as well as
catalytic properties is changed by different electronic
structures between Ce3* and Ce*". Reli et al. [67]
reported synthesis of novel cerium-doped TiO, with
sol—gel method within surfactant Triton X-114 in
cyclohexane and showed 1.2 wt % Ce gives the maxi-
mum photocatalytic activity for the decomposition of
ammonia under UV light radiation. Phattepur et al.
[68] developed bare and Gd doped (0.5, 2, 4 and 6 wt %)
TiO, thin films by sol—gel and spin coating techniques
for the degradation of RhB (99%) in 50 min under UV
illumination. Choi et al. [69] synthesized three-
dimensional (3D) Gd-doped TiO, nanofibers using a
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of Chemistry.

simple electrospinning technique. SEM micrographs
of Gd—TiO, nanoparticles and Gd—TiO, nanofibres
along with its respective TEM images are shown in
Figs. 8a, 8b. The Gd-doped TiO, nanofibers showed a
higher photocatalytic activity as well as nearly five-
fold raise in the photocatalytic degradation rate due to
higher electron transport than 10, nanoparticles

due to the fast electron transport and “OH production
as shown in Fig. 8c.

3.1.2. Codoping. The co-doping is an effective
strategy that can be used for tuning the dopant popu-
lations and electronic properties of a material. The
physicochemical properties of sol-gel and hydrother-
mally prepared new bimetallic Cu—Ni/TiO, photoan-
ode by varying calcinations duration (60, 90, 120 min)
showed enhanced crystallinity, diminished CT resis-
tance as well as better photocurrent densities for solar
hydrogen production (SHP) [70]. The synergetic
effect of Zr, Ag codoped TiO, promoted decoloriza-
tion of MB dye under fluorescent light, with the high-

NANOBIOTECHNOLOGY REPORTS

est degradation efficiency (98%) as well as the
improved antibacterial (E. coli) efficiency [71]. The
details of decoloration efficiencies from this report are
presented in Table 1.

There are also various examples in the literature
about co-doped TiO, synthesis and its use as efficient
photocatalyst. Lv et al. [72] reported the photodegra-
dation activity of MB by V, Co codoped TiO, via sol-
gel method, indicates MB degradation in one hour
with efficiency to be 92.12% which is more than
Desugga P-25. The increase in efficiency is due to lat-
tice distortion by co-doping of V and Co ions. XPS
analysis showed shift of Ti 2p;, and Ti 2p,,, peak
towards higher binding energy by V, Co doping in
TiO,, which is due to the transfer of electrons from
Ti** to V** and Co?". Iihoshi et al. [73] synthesized
composite photocatalysts with copper ion loaded
tungsten trioxide (Cu/WO;) and copper ion loaded
nitrogen-doped titanium dioxide (Cu/N-TiO,) to
study the photocatalytic activity by decomposing acet-
2022
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Fig. 8. SEM micrographs of Gd-TiO, nanoparticles (a), Gd-TiO, nanofibres and insets represents TEM images of respective
electrode (b), Photocatalytic dye degradation (MO) response of pristine (c), G-TiO, nanoparticles and nanofibres under visible
light illumination. Reproduced with permission from [69] Copyright 2014 The Royal Society of Chemistry.

aldehyde gas under visible light by time resolved visible
to mid infrared (IR) spectroscopy. It showed enhance-
ment in catalytic activity due to longer hole lifetime. A
novel Ni** and Ti** codoped porous anatase TiO, was
developed by Zhang et al. [ 74] via a facile sol—gel tech-
nique combined with an in situ solid-state chemical
reduction approach accompanied by mild calcinations
(350°C) in Ar atmosphere. The doping of Ti** and
Ni?* species in TiO, results in narrowing the band gap
of anatase TiO,. Codoped (Ti, Ni) porous black ana-

tase TiO, resulted in higher photocatalytic perfor-
mance for MO and RhB respectively.

3.1.3. Composites. Transition metals. The intro-
duction of transition metal ions in TiO, leads to an
intermediate steps between the band gap, changes the
carrier concentration by trapping electron hole pairs.
This suppresses the electron hole pairs recombination
rate and boost the degradation performance. There-
fore, the photocatalytic performance of TiO, is effec-
tively improved through transition metal composites
[29]. El-Yazeed et al. [75] reported the mesoporous

Table 1. De-coloration efficiencies and Kinetic rate constants of Zr, Ag co-doped TiO, under UV and Visible light

uv Fluorescent light
Samples
Kinetic constant, h—!| De-colorization efficiency, % | Kinetic constant, h—! | De-colorization efficiency, %

TiO, 0.4045 98.11 0.0080 11.38
AsT 0.0966 65.48 0.0197 29.52
ZsT 0.5753 98.98 0.0287 42.63
Z, T 0.7207 99.14 0.0481 62.52
ZsAsT 0.2437 98.24 0.1250 95.16
Z,0AsT 0.5443 98.07 0.2274 98.07
Z5AsT 0.5264 98.11 0.2212 98.61

NANOBIOTECHNOLOGY REPORTS  Vol.17 No.1 2022
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Fig. 9. Schematic of charge transfer mechanism of photoexcited WO3/TiO, composites. Reproduced with permission from [75].

Copyright 2019 Elsevier.

WO,/TiO, photocatalysts with different loadings of
WO; (5, 10 and 15) wt % were used to remove MB
from aqueous solution. The presence of hydroxyl
groups yield OH (%) confirmed by FTIR analysis
onto the surface of the sample enhances the photodeg-
radation of MB to 99% in 3 h and in addition TiO,
decrease the band gap energy from 3.11 to 2.92 eV
(Fig. 9). It is confirmed from the result that the pho-
tocatalytic degradation of MB follows the kinetics of
the pseudo-first-order model.

Liu et al. [76] fabricated dense and uniform
Cu,0/TiO, composite films by different methods
(Sol—gel, Spray pyrolysis and Hydrothermal), shows
the highest efficiency for photocatalytic degradation
of M B dye due to reduction in band gap and larger sur-
face area. Hossain et al. [77] synthesized multiwalled
carbon nanotubes (MWCNT) coupled with silver- or
iron-doped TiO, via a facile two-step sol—gel route at
low temperature. Incorporation of metals (Fe, Ag)
and CNT in the TiO, matrix inhibits recombination of
e~/h™ pairs, resulting in improved efficiency which
reduces the band gap and high adsorption capacity of
the CNT. These results show that the SCT nanocom-
posite thin film may show enhanced effects for MB
degradation catalyzed by TiO, as well as adsorption of
MB by CNTs. In addition, SCT also clearly acted as a
strong disinfectant for use in environmental protec-
tion applications. Li et al. [78] developed novel ternary
MoS,/Mo00,/TiO, visible catalysts for evaluating the
visible photocatalytic performance of the composites
for degradation of RhB under visible-light. Over 90%
RhB was photodegraded under visible light irradiation
due to the novel band alignment of the composite

NANOBIOTECHNOLOGY REPORTS

which restrained the recombination of electron—hole
pairs (O, and h*).

Rare earth metal. Compared to transition metals,
RE metals are considered to be as an ideal to modify
crystal structure and optical and electronic properties
of TiO,. To achieve above mentioned goal, other way
to improve photocatalytic performance is RE compos-
ite. TiO, nanomaterials include most of the metals
from Lanthanide series and most research on TiO,-
lanthanide composites is limited to a few applications.
TiO, composites with La,0; have been investigated for
catalysis in reactions such as NO, reduction. However,
there are few reports on TiO, composites with Er,O;,
Nd,0;, and Eu,0; Therefore, CeO, has attracted
more attention to improve both the UV and the visible
photocatalytic degradation of organic molecules [79].
Zhan et al. [80] reported synthesis of RE (Nd) ions
doped TiO,@Si0O,, combining with meso-porosity
and sulfation, can enhance photocatalytic activity in
the degradation of MO. Photo-degradation results
revealed, RE-doped samples could greatly improve
the photocatalytic activity, and the experimental deg-
radation rates were higher than that catalyzed by
undoped samples and Degussa P-25, obeyed the order
of Nd3* > La3* > Y3*. Nd-doped sample expressed the
highest photoactivity. The increase in activity is prob-
ably due to the higher adsorption, red shifts, and pre-
vention of electron—hole pairs recombination. There
are some disadvantages of metal ion doped photocat-
alysts. For instance, the metal-doped nanomaterials
suffered from unstable optical properties and thermal
instability, in addition to the need to use expensive ion
implantation equipment to produce these sophisti-
Vol. 17
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cated materials. Furthermore, the localized d-electron
state formed in the band gap of TiO, may become the
recombination center of photogenerated electron—
hole pairs, thereby leading to a decline in the photo-
catalytic activity [18].

3.2. Non-Metals

The non-metal dopant can substitute either at the
oxygen or parent metal atomic sites, or also exist as an
interstitial dopant. The 2p orbital contributions from
these non-metal dopants gives rise to the creation of
mixed or localized states near the edges of the VB or
CB that can lead to the narrowing of the band gap and
visible light activity. The incorporation of anion spe-
cies in the titania structure leads to the extension of
TiO, optical absorption towards visible region through
the formation of intragap energy states. The most
commonly used non-metal dopants are nitrogen, car-
bon, phosphorus, fluorine, chlorine, iodine, sulfur
and other tellurides such as selenium and tellurium.

3.2.1. Doping. There are several examples in the lit-
erature about doping TiO, with non-metals. Vasu et al.
[81] employed ALD technique to prepare p-type epi-
taxial bare and N-doped anatase TiO, (001) thin films
at 300°C on Aluminum oxide (Al,O;) substrate. The
band gap of N-TiO, film vary from 3.23 to 3.07 eV and
the mobility and hole concentration increases. The
epitaxial relation between TiO, and Al,O; was con-
firmed by transmission electron microscopy (TEM).
The epitaxial films exhibited a room-temperature fer-
romagnetism and photo-response. Atomic force
microscopy (AFM) executed the smooth and granular
morphology of TiO, and N-TiO, films. Xiong et al.
[82] demonstrated the higher photocatalytic activity of
S-TiO, under solar illumination as compared to that of
bare TiO, during the photodegradation of MB dyes as
the S induces the formation of well-ordered meso-
structures in the films which results in a more porosity,
bigger pores, hydrophilic surface, and a narrowing the
band gap. Wang et al. [83] reported the tailored photo-
catalytic activity of S—TiO, under visible light irradia-
tion prepared by a simple hydrothermal green
approach for the photodegradation of RhB compared
to that of bare TiO,. It has a larger surface area as well
as decreased the band gap of TiO, as the 3p level of S
is greater than O, orbital of TiO,. Hosseinzadeh et al.
[84] synthesized transparent Sulphur (S)-doped TiO,
thin films by Ultrasonic-assisted spray pyrolysis tech-
nique. The morphology of the prepared sample exhib-
its high uniformity and monodispersity nature of film
with semi-cubic nanostructures. S-doped TiO, thin
film showed higher photocatalytic activity than pure
TiO, under visible-light for MB dye degradation as S
dopant creates few oxygen vacancies and structural
defectsin TiO, which @ charge trapping center and
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inhibits electron—hole recombination rate and narrow
the band gap of TiO,.

Rasoulnezhad et al. [85] reported the nanostruc-
tured transparent TiO, and N-doped TiO, thin films,
were deposited on glass and quartz substrates by
sonochemical—-CVD method for photocatalytic para-
oxon pesticide degradation in visible light. N-doped
TiO, has nanocubic morphology (glass) which leads to

formation of stable oxidation state (Ti’") where it acts
as hole trapping centers because of the substitution of
O atoms with N ones. The estimated rate constants
calculated to be 0.0228 min~! for N—TiO, thin film.
Samsudin et al. [86] prepared bare and N-doped TiO,
via a sol—gel technique where incorporation of N in
TiO, enhances the hydrophilicity of TiO, surface
which increases the photocatalytic degradation activ-
ity of polluted water. Ti—O—N or Ti—N—O linkages
induces local states above the valence band which was
responsible for the visible light response and effec-
tively narrowing of the band gap. Low content (%) of
nitrogen in TiO, hindered the number of electron-
hole trapping sites, which drives higher concentration
of active radicals for atrazine degradation and miner-
alization. Cho et al. [87] developed highly efficient
and recyclable photocatalyst made of 3D nanostruc-
tured N-doped TiO, monolith as seen in Figs. 10a,
10b, represents the modification in the band structure
by insertion of N in TiO, with 3D nanostructure. The
improvement in photocatalytic activity is 2.5 times
more than bare TiO, (Fig. 10d) due to N-doping and
augmentation in the performance accelerated by the
3D nanostructure.

3.2.2. Codoping. The synergistic effect of co-dop-
ing may be associated with a decrease in the recombi-
nation of electron-hole pairs in materials. The syner-
gistic effect of N—F codoping of TiO, prepared by dip
coating and hydrothermal method on stainless steel
showed a significant effect on the PEC degradation of
cyanide ions (CN™) from aqueous solutions [88].
These dopants (N, F) allow the activation of TiO,
under visible light by reforming the electronic band
level of TiO, and generate the localized states within
its band gap. Therefore, the modification of TiO,
using (NH4F) and (TEA) precursors leads to more
crystallinity of anatase phase and shows absorption
edge towards red shift region. Bayan et al. [89]
reported sol gel synthesized Zn—F co-doped TiO,
nanomaterials to study the photocatalytic degradation
performance of MB under UV light (99%) and visible
light (96%). Furthermore, this catalyst exhibited
excellent stability thatswhy the development of such
photocatalysts may be considered a breakthrough in
large-scale utilization of heterogeneous photocatalysis
via visible light to address water contamination and
environmental pollution.
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Fig. 10. Illustration of fabrication process of N-TiO, (a). Comparison of band energy level diagram between undoped and N-
doped TiO, films (b). Cross-sectional view of a 3D N-doped TiO, film (c). Normalized decomposition ratio of MB solutions
with unstructured and undoped, unstructured and N-doped (d), 3D undoped, and 3D N-doped TiO, films under UV and solar

irradiation for 3 h. Reprinted with permission from [87]. Copyright 2018 Royal Society of Chemistry.

Kmentova et al. [90] described the synthesis of
hybrid nanostructure sulfur-, nitrogen-, and oxygen-
doped carbon (SNOC) nanosheets-based TiO,
Nanorods by combined hydrothermal and spin coat-
ing technique which shows much higher photocurrent
density (795 UA cm™2), and enhanced the separation
of photogenerated charges due to the band-bending
developed at the interface between TiO, and SNOC.
Raman spectroscopy showed crystalline structure of
composite depicted with inset shows cross sectional
image of TiO, nanorods of 1um length in Fig. 1la.
Figure 11b shows the successful loading of SNOCI1
over the titania nanorods which was studied by high
resolution transition electron microscopy (HRTEM).
The composites exhibits highest photoelectrochemi-
cal and photocatalytic activity towards decomposition
of RhB as shown in Figs. 11c, 11d.

3.2.3. Composite. Graphene has many extraordi-
nary properties such as high electron mobility and sur-
face area. Over the past decades, it has studied heavily
with respect to composites with TiO,. Electron injec-
tion in graphene sheets helps to enhance the charge
separation, with higher wave function (~4.9—5.2 eV)
with respect to TiO, By reduction of graphene oxide
(GO) sheet chemical utilization of graphene has been
established, which is synthesized by the Hummers

NANOBIOTECHNOLOGY REPORTS

method [79]. Wang et al. [91] fabricated GO/TiO,
(TGO-x %) composites using hydrothermal method,
where GO prepared from natural graphite powder by a
modified Hummers method fend off the TiO,
nanoparticles from agglomeration. The large specific
surface area and effective charge carrier separation
ability of composites raised the adsorption capacity for
organic pollutants. With increase of GO content, the
adsorbability of TGO composite ameliorated. How-
ever, GO shows the highest adsorbability -@ MB.
This is attributed to increase oxygen-containing func-
tional groups and porous structure of TGO-20% com-
posites. TGO-20% composites exhibit the synergy
effect of adsorption and photocatalysis, leads to highly
efficient MB degradation. The superior photodegra-
dation activity of TiO,/GO composites is mainly
attributing to the strong absorption of visible light and
the photoluminescence (PL) shows the effective
charge separation. The total removal rate of MB is
97.5% after 35 min adsorption and 140 min degrada-
tion, which is 3.5 times higher than that of TiO,.
Recently, there are different reports as discussed above
on metal and non-metal doped TiO,. This comparable
study of dopants helps to determine the best photocat-
alyst to degrade the organic pollutants.
Vol. 17
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Fig. 11. Raman spectrum of TiO, NRs with SNOCI. Inset shows cross sectional view of TiO, on FTO (a). HRTEM of TiO, and
TiO,/SNOC (b). Photocatalytic degradation performance of TiO,, TiO, P-25, SNOCI1 and SNOC?2 samples (c, d). Reprinted

with permission from [90] Copyright 2019 Elsevier.

Recently, many works reported the use of doped
TiO, nanostructure for the degradation of various
dyes. The collective information with main observa-
tions and results from the latest reports (years 2019 and
2020 mostly) are reported in Table 2.

4. CONCLUSIONS AND FUTURE PROSPECTS

In this review, we have summarized the signifi-
cance of doped TiO, for photocatalytic degradation of
pollutants (dyes). Several different strategies have been
adopted to achieve the doping of TiO, to transform it
in to more efficient photocatalyst. One of the main
disadvantages of TiO, photocatalyst is the need of the
UV radiation for its activation. This requirement is an
obstacle in term mercialization of this technol-
ogy since it is nb ergy efficient. Modifications of
TiO, can resolve this issue to some extent by narrowing
the band gap and by shifting the activation wavelength
in visible region. Doping seems to be an effective strat-
egy as proved by many examples in the literature to
overcome the main drawbacks of the TiO, photocata-
Vol. 17
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lyst. Hence continued research with new dopants and
doping strategies will be observed in near future.

Although there is an increased interest in the use of
doped titanium oxide for photocatalytic degradation
of various pollutants, the research is far from develop-
ing a cost effective and highly efficient water purifica-
tion technology. The challenges and future directions
of research will be:

—The development of highly efficient doped TiO,
nanomaterial that can be easily prepared and scaled
up;

—The development of a suitable material to com-
pletely degrade the pollutants in minimum time and
maximum efficiency;

—The development of a suitable photocatalytic
material that can operate at simple working conditions
and that do not need special requirements such as UV
irradiation OR high temperatures etc;

—It will be ideal to find a material with suitable
doping that can degrade most of the types of dyes used
in industries from their mixture. This is because most
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Table 2. Important latest reports about doped TiO, for dye degradation application

Material or Dopant/s

Dye used

Main observation/s results

Citation

Bi-doped TiO, supported on
powdered activated carbon

MO

The material exhibits 71.2% photocatalytic efficiency under visible
light irradiation for 1 hr with an intensity of 750 W/m? and at pH 7

[92]

(Bi,05/TiO,/PAC)
TiO, nanorod arrays deco- MO Ternary TNR@CN-C3N4/FTO photoelectrode indicated the highest | [93]
rated by nitrogen-doped car- photocurrent density (0.45 mA/cm? at 0.6 V) and the best PEC degra-
bon TNR@CN-C;N,/FTO dation rate 94.2% at 1.5 V of methyl orange
Fe-doped TiO, AO, The Fe doping showed enhanced photocatalytic activity of TiO, for [94]
AO; degradation, due to the increase in surface area, the facilitated
charge transfer via Fe-dopant, and a red shift of absorbable wave-
length. Fe-doped TiO, under UV irradiation for 6 h shows 50% effi-
ciency for AO; degradation.
Active nitrogen doped titania MB The mesoporous N/TiO, (1:1 N/Ti, 42% A, 58% R with 2.91 eVband | [95]
(N/TiO,) gap energy) demonstrated 97% photodegradation activity along with a
highest photodegradation rate of 0.033 min~!, which was 17 times
faster than the undoped TiO,.
Titanium dioxide nanoparti- Rh B |The 100% degradation of dye was achieved at optimum condition of [96]
cles dual doped with zinc and 1 mol %-Zn and 2 mol%-Mn molar ratios. The highest photodegra-
manganese dation rate constant was 0.0238 min~"
Pristine and chromium (Cr) |Malachite | The pristine TiO, showed better photocatalytic activity as comparedto| [97]
metal ion-doped titanium green | Cr-doped TiO, irrespective of the Cr concentration. The degradation
dioxide panopartlcles efficiency of Cr-doped (10%) TiO, is reduced by 10% compared to
[CY(X)TIO2(1 — x)] bare T102
Mesoporous N-doped TiO,/ MB The mesoporous N-doped TiO, nanocomoposite manifested high [98]
Si—O—C—N ceramic nano- adsorption capacity and visible light photocatalytic activity for degra-
composites dation of methylene blue. The doping reduces the band gap, there by
harness more light in the visible light wavelength regime. The hydroxyl
radicals and the superoxide anions formed degrade the dye
Boron Doped TiO, Rh B | B—TiO, showed high photocatalytic degradation ability toward [99]
organic dye of rhodamine B under visible light irradiation.
N-doped TiO, MO | The N—TiO,/ASep(N,)/PMS system degraded about 95% of the [100]
methyl orange within 60 min.
Mixed phased titania co- Acid The UV-Vis-DRS analysis showed an energy band gap value of [101]
doped Sm**/Er3* compos- | Blue 113 |3.26, 3.02, and 2.80 eV, for un-doped, (3.0 mol %) Sm>* doped,
ites and (0.6 mol %) Er**/(3.0 mol %) Sm** codoped TiO, monoliths.
The model organic dye pollutant dissipated within 30 min of visible
light irradiation
Au-modified N, S-doped MB In this work, plasmonic photocatalyst has been developed by a clay- [102]
TiO, nanoparticles supported anisotropic Au nanoparticle-deposited N, S-doped TiO,. It
showed a 9-fold increase in the degradation rate constant and the
complete degradation of MB was done under sunlight after 5 h in the
presence of an electrolyte (Na,HPO,).
Dy-doped TiO, nanoparti- MB Heterogeneous nanostructured Dy-doped TiO, nanoparticles hybrid [103]
cles with Monoclinic TiO, nanobelts (Dy/TNBs) was fabricated via hydro-
thermal method. Enhanced photocatalytic activity under both UV and
fluorescence irradiation was found on Dy/TNB samples. Complete
degradation of the dye was achieved in 120 min.
NANOBIOTECHNOLOGY REPORTS  Vol. 17 No. 1 2022
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Material or Dopant/s

Dye used

Main observation/s results

Citation

Nitrogen-doped carbon
enhanced mesoporous TiO,

MO

N-doped carbon (NC) and mesoporous TiO, (mTiO,) interpenetrat-
ing hetero-structured nanospheres revealed the photodegradation
efficiency of methyl orange was up to 97.7%.

[104]

N and Ag doped and co- MB Single and co-doped TiO, with nitrogen and silver were prepared by in-| [105]
doped TiO, situ solvothermal methods. The N doping significantly enhanced
homogenous surface morphology and specific surface area of the pho-
tocatalyst and Ag doping was narrowed the band gap energy. The highest
photocatalytic activity and recyclability were reached in 5% N/Ag—TiO,
showed the efficiency of 98.82% for methylene blue (MB) dye degrada-
tion and 37.5% for NH3 removal in 6 h.
Dye doped TiO, nanocom- MB One-pot in situ synthesis of titanium nano-particles were carried out | [106]
posite in the presence of N719 dye. The dye doped TiO, showed exceptional
dye degradation efficiency as in 25 min, 99% of methylene blue was
degraded.
Fe**-doped TiO, RhB | At 3.0 bar inlet pressure for 10 mg/L initial conc. of RhB solution at [57]
40°C in the presence of Fe**-doped TiO, with 0.05:1.00 M ratio of Fe
and Ti, the best hydrodynamic cavitations degradation ratio obtained
was 91.11%.
Ti3" self-doped rutile/ana- MO The photocatalyst consisted anatase/rutile TiO, nanoparticles and 1D [107]
tase/TiO,(B) mixed-crystal TiO, (B) single-crystalline nanorods, which formed rutile/ ana-
tri-phase heterojunctions tase/TiO, (B) tri-phase heterojunctions. The visible-light-driven photo-
catalytic degradation rates of methyl orange and phenol observed were
~98 and 97%, which are 2.2 and 1.8 times higher than that of commer-
cial Degussa P25, 2.3 and 2.2 times higher than that of pure TiO,.
Nitrogen-doped carbon Rh B | The degradation testing of rhodamine B under visible-light irradia-| [108]
quantum dots/TiO, compos- tion (A =400 nm) shows that the photocatalytic performance of
ites (N-CDs/TiO, N-CDs/TiO, _ , substantially improved relative to pure TiO,. The
optimal photocatalytic performance of N-CDs/TiO,_; totally removed
the RhB in 120 min, which is 11.42 times over that of TiO,.
Rhodium/Antimony co- Orange | Synergistic removal and degradation was tested in this study with vari-| [109]
doped TiO, nanorod and (I7) ous heavy metals, Orange (II) dye, and Bisphenol A. The adsorbed
titanate nanotube (RS- metals were found to enhance the photocatalytic degradation of the
TONR/ TNT) organic pollutants; Cu was most effective, with degradation exceeding
70% for the dye and 80% for Bisphenol A after 5 h of treatment.
Europium Doped TiO,— Indigo | In this work, europium doped TiO,—Ta,05 mixed oxide heterostruc- | [110]
Ta,O5 Heterostructure carmine | ture was prepared by wet impregnation method. Europium doping in
TiO, and corresponding 0.5 Eu 90%—TiTa composite showed impro-
ved visible light absorption and enhanced photoactivity. It showed
90% degradation of the dye in 30 min and with the highest rate con-
stant 0.073 /min
Ce and Mn doped TiO, co- Acid | The results obtained showed that the doped TiO, are efficient for deg-| [30]
ated carbon nanospheres Yellow 29 | radation of dyes under visible light as compared to bare TiO,. The
(CNS) (AY-29) | doped TiO, 3.0% (Ce) and 1.5% (Mn) showed the highest photocata-
and Acid Iytic efficiency.
Green 25
(AG-25)
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Material or Dopant/s

Dye used

Main observation/s results

Citation

L-cysteine doped TiO,/CdS

MO, MB
and Rh B

Photocatalytic activity of the nanocomposites (pure TiO,, L-cysteine
doped TiO, and L-cysteine doped TiO,/CdS) was evaluated during
degradation of methyl orange (MO), methylene blue (MB) and
rhodamine B (RB) as azo dyes. As a result, L-cysteine (2%) doped
TiO,/CdS (10%) was completely removed 10 mg of MO, MB and RB

under visible light irradiation after 210, 200 and 180 min, respectively.

[111]

TiO, nanoparticle-doped Ag
(Ag/TNPs)

MO

This study reports the negative effect of effluent organic matter
(EfOM) on photocatalytic activity of the photocatalyst. It revealed a
nonsynergistic effect between nanomaterial and EfOM for photoca-
talysis. EfOM would have a negative effect on photocatalytic degrada-
tion of organic compounds by Ag/TNPs in the aquatic environment.

[112]

N-doped TiO, and TiO,-
CoS Nanostructures

The N-doped TiO, nanofibrous (NTNF)-CoS nanocomposite sho-
wed superior photocatalytic degradation of RhB under visible light.
The NTNF-CoS nano-composite showed highest photocatalytic acti-
vity among all photocatalysts. The composite degraded about 80%
RhB in 60 min.

[113]

Ni-doped and Ni/Cr co-
doped TiO, nanotubes

MB

The un-doped, doped and co-doped TiO, nanoparticles, the 6Ni/4Cr
co-doped TiO, sample exhibited an efficiency of 95.6% and excellent
stability towards the photocatalytic degradation of the dye.

[114]

Gd-doped TiO, nanoparti-
cles

MB

The results showed that the doping with Gd could reduce the radiative
recombination process of photogenerated electron-hole pairs in TiO,
and induce a significant enhancement in photocatalytic activity. The
photocatalytic degradation rate of MB was found to be improved when
Gadolinium dopant be in the 0.1—1 mol % ranges. In particular,

0.1 mol % Gd-TiO, nano-particles s@he best photocatalytic activ-

ity with a reduction of 80% of MB con ation after 6 h of irradiation.

[115]

Eu** doped TiO,-carbon
core-shell nanohybrids

MB
(2-CP)

This work reports sustainable synthesis of Eu3* doped TiO,-carbon

core-shell nanohybrids (0.5—2.0 mol % Eu3*) using a simple green-
chili-based biogenic method. 1.5 mol % Eu’* doped core shell nano-
hybrid, annealed at 600 °C exhibits highest removal efficiency 91.5
and 76.8% for MB and 2-CP respectively. The Eu*" proved to boost
the photcatalytic performance.

[116]

N doped TiO,—SiO,

MB

Photo degradation of toluene gas and methylene blue (MB) dye under
UV light confirmed that the sample heat treated at 450°C shows a high
photocatalytic activity. The sample calcined at 450°C decomposes
MB dye up to 95% within 5 h while the the sample calcined at 180°C
decompose 65% of the dye.

[117]

Fibrous Sm3*-Doped Tita-
nium Dioxide

MO

— —
@is work, Fibrous Slg—doped Ti@'Sm/TiOz) were synthe-
sized using collagen fibers as a template. The highest photocatalytic
activity was shown with a dopant amount of 4% samarium calcined at
600°C, and the degradation rate of methyl orange reaches 98.22%
after 40 min using metal halide lamp (350 W) as illuminant.

[118]

Mn2*-Ni?* Co-doped
nanotitania

Allura red
(AR)

The results revealed that AR degrades in 60 minutes at doping con-
centrations 0.25 wt % of Mn?* ion and 1.0 wt % of Ni?* ion in TiO,

(NMT?2) at pH 4, catalyst dose 0.070 g/L and at AR initial dye con-
centration 0.010 g/L.

[119]
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Table 2. (Contd.)

Material or Dopant/s Dye used Main observation/s results Citation
Ag, Sn or Zn doped TiO, MB, MO | In this work, nanocrystalline anatase TiO, thin films doped with silver | [120]
thin films (Ag), tin (Sn) or zinc (Zn) with up to 5 mole percent were prepared.

The photocatalytic degradation of methylene blue and methyl orange

was achieved. The films showed pseudo first-order kinetics. The ap-

parent rate constant values were 4.30 x 1073/S for MB and 5.34 x

1073/S for MO)
Gd** doped TiO, and Gd,0;| MB, | Gd3*/TiO, and Gd,0+/TiO, nanoparticles were prepared by ball [121]
modified TiO, prepared via Rh B milling, degraded MB (25 mg/L) with degradation reaction rate con-
ball milling stants of 0.0713 and0.0588 min~! respectively. The degradation rates

of RB (30 mg/L) in 60 min were 97.9, 90.1% for Gd**/TiO, (2.5 mol %)

and Gd,0;/TiO, (0.5 mol %) respectively.
Rutile-Anatase Fe-doped Azucryl | Excellent photocatalytic degradation of azucryl red was achieved by [122]
TiO, red 0.2% Fe doped TiO, sample. The complete degradation (100%) of the

dye was achieved within only 10 min.

of the studies have been concentrated on degradation
of one or two dyes only;

—The development of a photocatalyst that can be
repeatedly used (recyclability) for several cycles of the
degradation of the pollutants;

—Cost aspect of the material is also going to be a
crucial point because although doping with some

fancy—=aterials such as rare earth may increase the
phtoytic activity but the cost of these materials are

ry high.
@ Therefore, although very intense research has been
carried out on TiO, and doped TiO, based photocata-
lysts for dye degradation all above challenges still
exists. Hence, the research will continue until a suit-
able material will be invented to develop a water puri-
fication technology based on it.
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