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Abstract

- Muhammad Azeem Ashraf? - Azam Ali’

TiO,-based nanomaterials have attracted prodigious attention as a photocatalysts in numerous fields of applications. In this
thematic issue, the mechanism behind the photocatalytic activity of nano-TiO, as well as the critical properties have been
reviewed in details. The synthesis routes and the variables that affect the size and crystallinity of nano-TiO, have also been
discussed in detail. Moreover, a newly emerged class of color TiO,, TiO, in aerogel form, nanotubes form, doped and undoped
form, and other forms of TiO, have been discussed in details. Photocatalytic and photovoltaic applications and the type of nano-
TiO, that is more suitable for these applications have been discussed in this review.
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HRTEM High-resolution transmission
electron microscope
CHFS Continuous hydrothermal flow synthesis
FTO Fluorine-doped tin oxide
AFM Atomic force microscopy
TENOH Tetraethylammonium hydroxides
TANOH Tetraalkylammonium hydroxides
Ag Silver
Fe Ferric
Au Gold
TBNOH Tetrabutylammonium hydroxides
NaOH Sodium hydroxide
P25 Commercially available TiO,
EN Ethylenediamine
FSP Flame spray pyrolysis
TGA-DTA Thermogravimetric-differential thermal
analysis
Cu Copper
BTCA Butane tetracarboxylic acid
CA Citric acid
NDMA N-Nitrosodimethylamine
DSSC Dye-sensitized solar cell
QDSSC Quantum dot-sensitized solar cell
DSPC Dye-sensitized photoelectrochemical cell
FTIR Fourier transform infrared spectroscopy
NSUN Solar light-to-power conversion efficiency
Jsc Short-circuit photocurrent
Introduction

During past few decades, TiO, (titanium dioxide, titania) has
been widely researched and used in numerous fields under
diverse applications ranges from sunscreens to photovoltaic
cell. This happens because of its physicochemical properties,
i.e., absorption of ultraviolet (UV) light and higher refractive
index which enables TiO, to work as a multifunction material.
The essential applications of TiO, such as photocatalytic deg-
radation and splitting, photovoltaic cells, electrochromic de-
vices, hydrogen storage, and sensing instruments have encour-
aged massive interest and extensive advancement in the syn-
thesis of TiO, NMs (nanomaterials) in the last few years
(Chen et al. 2012; Chen and Mao 2007; Fujishima et al.
2000; Henderson and Lyubinetsky 2013; Pang et al. 2013;
Schneider et al. 2014; Thompson and Yates 2006; Zhang
and Yates 2012). The main objective of this thematic study
is to demonstrate a comprehensive review on the synthesis
and applications of TiO, NMs that can provide a complete
information about this interesting material to newcomers and
experienced researchers as a valuable reference in research
field. During the last years, many review papers have been
published on TiO,, i.e., He and Chen reviewed the properties
of nano-TiO, and analyzed its role in photodegradation of

organic pollutants. They also explained the effects of doping,
surface modifications, synthesis techniques, and many other
operational parameters (He and Chen 2012). But we still be-
lieve that this approach is unique one in its scope and it pro-
vides a complete image for synthesis and applications of TiO,
NMs. It looks pretty reasonable to assume that this review will
stimulate new concepts in different research related areas.

The following articles describe the theoretical and experi-
mental studies regarding principle physicochemical properties
of different TiO, NMs. In some cases, bulk TiO, is considered
as a reference. Zhang and Banfield explained thermodynamic,
mechanical, and structural properties of TiO, NMs which in-
volved numerous crystalline phases, phase stability, disloca-
tions, contraction, and expansion of lattice parameters as illus-
trated in Fig. 1 (Zhang and Banfield 2014). Coppens et al.
reported a brief overview on the properties and crystal mor-
phologies of polyoxotitanate nanoclusters that involved chro-
mophore attachment (Coppens et al. 2014). Kapilashrami
et al. reviewed electronic and optical properties of TiO, NPs
(nanoparticles). They discussed the doping effect and ex-
plained the correlation among optical and electronic properties
of TiO, NMs with their crystal facets (Kapilashrami et al.
2014).

In another article regarding the properties of TiO, NMs,
Angelis et al. discussed theoretical studies of bulk and nano-
TiO,. They presented the optical and electronic properties of
anatase TiO, in bulk and nanoforms, modeling of TiO, NPs,
nanotubes, and nanosheets in their bare and sensitized forms
(De Angelis et al. 2014). Bourikas et al. presented the solid-
liquid interfacial chemistry of rutile and anatase crystals of
TiO, and deposition of catalysts on their surfaces. They sum-
marize the surface chemistry by TiOg octahedron distortion
between anatase and rutile, difference between lattice param-
eters and space group as illustrated in Fig. 2 (Bourikas et al.
2014). The synthesis methods used for the fabrication of NMs
have a significant effect on the dimensions of NMs. Overall,
NMs vary from 0 to 3 in dimensions and normally different
NMs are recognized by specific dimensions such as spherical
NPs have zero dimension; nanorods, nanowires, nanotubes,
and nanobelts have one dimension; nanosheets have two di-
mensions; and porous nanostructures have three-dimensional
structures. Sang et al. described synthesis, characterization,
and charge separation properties of zero dimensional TiO,
NPs (Sang et al. 2014). Solution-based synthesis of TiO,
NPs is reported by Cargnello et al. They designed fundamen-
tals for synthesis of TiO, NPs and proposed the effect of
different precursors under aqueous, non-aqueous, and tem-
plated methods for producing TiO, NPs (Cargnello et al.
2014). Wang et al. reported one-dimensional TiO, nanostruc-
tures, i.e., nanorods, nanobelts, and nanowires. They
discussed and summed up different growth mechanisms like
solid-liquid-vapor and vapor-based synthesis, oriented attach-
ment, evaluated different solutions, and described a detailed
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Fig. 1 Structures of different TiO, phases. a Rutile, b anatase, ¢ brookite,
d TiO,(B), e TiO,(H), f TiO(R), g TiO,(Il), h baddeleyite phase, i OI
phase, j OII phase k cubic phase. Reprinted with permission from Zhang

thematic picture of the properties and applications of these
NMs in energy storage and photovoltaics (Wang et al. 2014c).

In another review article, Lee et al. added another important
type in one-dimensional TiO, family, i.e., nanotubes. They
summarized their growth mechanisms; electronic, optical, and
structural properties; and applications in electrical, optoelec-
tronic, and biomedical areas (Lee et al. 2014). Wang and
Sasaki reviewed the two-dimensional nanosheets of TiO, and
elaborate the synthesis methods and properties of up given
nanosheets, summarized the mechanisms of designing complex
structures created by two-dimensional nanosheets, and present-
ed their applications in different fields, i.e., photocatalytic, pho-
tochemical, dielectric, biomedical, and electrochemical (Wang

Fig.2 a Schematic representation (@)
of the distorted TiO4 octahedron

of TiO, (anatase and rutile). b

Tetragonal structure of rutile

described by using two cell edge
parameters, (a) and (c), and one

internal parameter, (d). ¢

Tetragonal structure of anatase

described by using two cell edge
parameters, (a) and (c), and one

internal parameter, (d). Reprinted

with permission from Bourikas )
et al. (2014)). Copyright 2014,

with permission from the

American Chemical Society
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and Banfield (2014). Copyright 2014, with permission from the
American Chemical Society

and Sasaki 2014). Fattakhova et al. reported a detail article on
the synthesis of three-dimensional porous nanostructures. They
summarized different synthesis methods for developing TiO,
nanoporous films, porous fibers, porous spheres, and ordered
hollow spheres, etc. (Fattakhova-Rohlfing et al. 2014). The
development of TiO, nanocrystals with specific facets is a cru-
cial concept in recent literature. Liu et al. reported a compre-
hensive review on the up given theme. They sum up the pri-
mary methods to synthesize the crystals of rutile, anatase, and
brookite and explained the exceptional electronic, structural,
and absorption properties of various facets. Anatase and rutile
crystals’ shape at equilibrium are illustrated in Fig. 3 (Liu et al.
2014a).
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(a)

Fig. 3 Equilibrium crystal shapes of TiO, through the Wulff construction, (a) rutile and (b) anatase. Reprinted with permission from Liu et al. (2014a)).

Copyright 2014, with permission from the American Chemical Society

To increase performance of TiO, NMs, structural modifi-
cations have been done by different techniques such as dop-
ing, compositing, and self-structured modifications. Doping
with non-metals has gained considerable attraction in the last
few years as it reduces the absorption threshold to visible light
region. Asahi et al. reported an overview on N,-doped TiO,
NMs. They sum up the synthesis of nitrogen-doped TiO,
NMs, strategies for absorption of visible light, and their utili-
zation in interior, textile, water, and air purification (Asahi
et al. 2014). Dahl et al. presented the modified TiO, NMs by
developing composites with metal oxides, metals, semicon-
ductors, and carbon nanostructures. The development of a
heterojunctions between TiO, and other materials is one of
the major advantages of this technique that favors the separa-
tion of photoexcited charge carriers. They reported that pho-
tocatalytic process occurs in three steps: (i) absorption of pho-
tons on the surface to produce electron-hole pairs, (ii) separa-
tion of charge carriers and migration towards the surface, and
(iii) redox reactions with adsorbed reactants. The mechanism
of photocatalysis on the surface of bare and composite TiO, is
illustrated in Fig. 4 (Dahl et al. 2014). Recently, Liu and Chen
presented a hot topic on the modifications induced by self-
structured alterations. They summarized lattice defects, strain,
lattice deformation in hydrogenated and amorphous phases,
and property changes in the hydrogenated phases with con-
cerned physical and chemical features (Liu and Chen 2014).

The applications of TiO, NMs range from photocatalysis to
bio-sensing. Schneider et al. observed the effects of TiO,-
based photocatalysis on environmental applications. They
sum up time-resolved analysis, the synthesis of doped TiO,
NPs, photoinduced surface changes, and visible light reactive
thin films (Schneider et al. 2014). Ma et al. examined the
photocatalytic fuel generation applications of TiO, NMs and
summarized the various aspects regarding photocatalytic

hydrogen production from splitting of water, photocatalytic
reduction of CO, into fuels, along with the influences of re-
action mechanisms and reaction conditions (Ma et al. 2014).
Liu et al. discussed the influence of bioinspired nano-TiO,
with special wettability and summarized fundamental theories
about super hydrophobic, super hydrophilic, and super
oleophobic TiO, surfaces and their antimicrobial, antifogging,
self-cleaning, anticorrosion, water condensation, and biomed-
ical applications (Liu et al. 2014b). Bai et al. reported a detail
overview on the role of TiO, NMs for photovoltaic applica-
tions and summarized the fundamental theories about surface
treatments in different kinds of solar cells, their organic-
inorganic interactions, and charge carrier transport and their
recombination (Bai et al. 2014). For sensor applications such
as biosensors, gas sensors, and COD (chemical oxygen de-
mand) sensors, TiO, NMs have been reviewed by Bai and
Zhou (2014). Rajh et al. explained a comparatively new con-
cept of TiO, NMs in biomedical applications. They focussed
on the importance of ROS (reactive oxygen species), photo-
toxicity, TiO,-protein hybrid, nanoparticles redox active cen-
ters, TiO,-DNA hybrid, imaging guided therapy, surface sites,
and drug delivery (Rajh et al. 2014).

Colfen and Antonietti reviewed the mesocrystallization
forms of inorganic structures developed by self-controlled
crystallization that follow nanobuilding block strategy that
gives a more independent crystallization which provides
new openings for crystallization morphologies (Célfen and
Antonietti 2005). In recent years, a newly emerged class of
colored, i.e., black, blue, brown, red, TiO, nanostructures has
been reported by different researchers. Ullattil et al. recently
reported a class of colored TiO, nanomaterials consisting of
black TiO, that helps to maximize the solar energy absorption
from UV to IR by improving optical properties of TiO,
(Ullattil et al. 2018). Ullattil and periyat developed a one pot
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Fig. 4 General model of photocatalysis of a bare TiO, and b composite TiO, exhibiting a heterojunction and charge trapping on TiO, and the second
component. Reprinted with permission from Dahl et al. (2014)). Copyright 2014, with permission from the American Chemical Society

gel combustion method for the synthesis of self-doped black
anatase TiO, that enhanced 33% more photocatalytic efficien-
cy than P25 (Ullattil and Periyat 2016). In a previous investi-
gation, Ullattil and Periyat developed black and yellow TiO,
NPs in their anatase form through a rapid green microwave
method in which Mn (II) was used as a phase purifier (Ullattil
and Periyat 2015).

Properties of nano-TiO,

Among all other semiconductor metal oxides family, TiO,
NMs have gained much appreciation and seems to be a dis-
tinctive candidate due to their high structural, electronic and
optical stability, nontoxicity, corrosion resistance, and low
cost. TiO, has three natural polymorphs commonly known
as rutile, anatase, and brookite. The available literature indi-
cates that brookite is more difficult to synthesize, so rarely
studied.

Figure 5 describes the unit cell structures for rutile and
anatase TiO, respectively (Diebold 2003). Both rutile and
anatase TiO, have tetragonal crystal structure linked by a
chain of TiO4 octahedra, i.e., each unit cell contains six oxy-
gen atoms around one Ti atom. The crystal structures
discussed above are different in assembly pattern of their oc-
tahedra chains and by distortion of their octahedron. In rutile
TiO,, TiOg4 octahedron exhibits an irregular orthorhombic dis-
tortion while it exhibits its symmetry lower than orthorhombic
in anatase. Moreover, each octahedron is connected with ten
neighboring octahedrons in rutile structure, from which two
octahedrons share edges oxygen pairs and eight share corners
oxygen atoms but in anatase, each octahedron is connected
with eight neighboring octahedrons from which four share an
edge and four share a corner respectively. Furthermore, Ti-O
distances are larger in rutile than those in anatase while Ti—Ti
distances are shorter in rutile structure. These differences in

@ Springer

octahedron arrangement make the crystal structures of the up
given polymorphs different by changing electronic band struc-
tures and mass densities of the two forms of TiO,.

Barnard et al. reported phase stability of TiO, NPs by a
thermodynamic model in different environments by performing
a series of theoretical studies. They summarized that surface
passivation has a crucial effect on phase stability and morphol-
ogy of nanocrystals and concluded that surface hydrogenation
triggers significant changes in rutile nanocrystals. The results
also explained that size of rutile nanocrystal drastically in-
creased when surface undercoordinated titanium atoms is H-
terminated. The crossover point for spherical NPs is 2.6 nm.
They also reported that anatase is more stable than rutile phase
below crossover point (Barnard and Zapol 2004). Their study
about TiO, NPs in water environments reported that transition
size is larger in water than that under vacuum. They summa-
rized transition enthalpy of rutile and anatase nanocrystals and
concluded that thermochemical results for different facets could
be different for size and shape of these nanocrystals. They ex-
plained that the size of TiO, NPs under varying pH conditions
increased from 7 to 23 nm. The shape of the TiO, NPs is also
changed as described in Fig. 6 (Barnard and Curtiss 2005).

Direct interband transition of electron in pure semiconduc-
tors is the core mechanism for light absorption. In indirect
semiconductors such as TiO,, this absorption phenomenon
is very small because the crystal symmetry of such semicon-
ductors could not allow the direct electron transitions among
the band centers. Braginsky and Shklover described the light
absorption enrichment in the crystallites of TiO, by momen-
tum non-conservation with indirect electron transitions at the
interface. When the interfacial atoms have a larger share, this
effect increases at the interface. Moreover, electron’s density
of states and a large dipole matrix element are responsible for
indirect electron transitions. This expected light absorption
enrichment is considerable in nanocrystalline TiO, as well as
microcrystalline and in porous semiconductors only when the
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Fig. 5 Rutile and anatase unit cell
structures. Reprinted with
permission from Diebold (2003)).
Copyright 2003, with permission
from Elsevier

[00;]

interfacial atoms have large share. At low photon energy, i.c.,
hv < Eg + Wc, a fast increase takes place in light absorption
and at any given point in conduction band, electron transitions
are only possible when hv = Eg + Wc, in which Wc refers to
conduction band width. The further increase in the absorption
is due to the increment in the electron density in valance band.
So, the absorption interface becomes the backbone for light
absorption for smaller crystallite having size less than 20 nm
(Braginsky and Shklover 1999).

It is obvious for NMs that band gap energy increment and
decrease in size turns the electronic band structure more dis-
crete (Anpo et al. 1987). Quantum mechanical behavior was
observed by charge carriers if size of NPs compared to them

Fig. 6 Morphology predicted for
anatase and rutile respectively. a, f
hydrogenated surfaces; b, g
hydrogen-rich surface adsorbates;
¢, h hydrated surfaces; d, i
hydrogen-poor adsorbates; and e,
j oxygenated surfaces. Reprinted
with permission from Barnard
and Curtiss (2005). Copyright
2005, with permission from the
American Chemical Society
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having same de Broglie’s wavelength that led to a number of
discrete electronic states (Henglein 1989). But an inconsisten-
cy occurs with size for which TiO, NMs perform quantization
effects. Sakai et al. and Sato et al. calculated band gap of nano-
and bulk TiO, and concluded that lower dimensionality such
as 2D or 3D transitions leads larger band gap to NMs. They
found through calculation that for nano-TiO,, lower edge of
conduction band was 0.1 V higher as compared to bulk ana-
tase TiO,. Electronic band structure and densities of states of
TiO, are illustrated in Fig. 7 (Sakai et al. 2004; Sato et al.
2003). When the photons of equal or higher energy levels
(>3 eV) strike on the surface of TiO, NMs, electrons are
released from valence band to unoccupied conduction band
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Fig. 7 a Electronic band (a) (b) ~
description: (a) TiO, nanosheets N ] B
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leaving positive holes in the valance band. These excited elec-
trons and holes are commonly known as charge carriers that
try to recombine or may get trapped on the surface and react
with absorbed species. The overall output of TiO, NMs for
different applications is determined by the competition of the
following processes (Szczepankiewicz et al. 2000).

Absorption of photon is described in Eq. 1, whereas pho-
tocatalytic redox reactions are illustrated in Egs. 2, 3, 4, 5, and
6, while Egs. 7, 8, and 9 emphasize on recombination path-
ways. Equations 3 and 4 explain the reaction mechanisms for
holes that lead to attach O vacancies and OH radicals
(Szczepankiewicz et al. 2000). The generated charge carriers
(electrons, holes) are confined in various defect sites available
on the surface of TiO, NPs. Hurum et al. reported the results
of EPR (electron paramagnetic resonance) that electrons are
localized as two Ti>* centers, whereas holes get imprisoned
like oxygen-centered radicals linked covalently with surface
titanium atoms (Hurum et al. 2005).

Ti0; + hd—e” 44t (1)
Ti(IV)O-H + ¢ —Ti(Il)O-H" 2)
Ti(IV)O-H + h*—>Ti(IV)O-H* 3)
A 1/2oﬁtice‘—’l/402(g) + Vacancy (4)
e + 0235_)05,8 (5)
Og,s + H+(_>H02As (6)
Ti(IN)O-H™ + A" —Ti(IV)O-H 7)
Ti(IV)O—H" + ¢ —>Ti(IV)O-H (8)
Ti(IV)O—H" + 0p—Ti(IV)O-H + O, 9)

Berger et al. investigated electron-hole pair excitations under
UV light by EPR and IR (Infrared) spectroscopy for anatase
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TiO, NPs. They found that the electrons trapped at
coordinatively unsaturated cations Ti>*, whereas holes (local-
ized states) trapped at oxygen anions which were accessible to
EPR spectroscopy. They summarized that the photogenerated
electrons get trapped either at localized sites and gave paramag-
netic Ti** centers or remain in conduction band and act as EPR
silent species (Berger et al. 2005).

Eskandarloo et al. worked on different morphologies and
size uniformity of TiO, hollow shells. They used a novel
microfluidic droplet-based technique for the fabrication of
hollow shells of TiO, that further decorated with platinum-
based nanostructures which increase their photocatalytic effi-
ciency (Eskandarloo et al. 2018). Afshar et al. synthesized
SrTiO; and TiO, NPs with cube, irregular, and some other
morphologies under in situ solvothermal and impregnation
methods that improvise the charge separation during the pho-
tocatalytic redox reactions (Afshar et al. 2016). In another
study, Eskandarloo et al. used an ultrasound-assisted sol-gel
technique for the synthesis of pure ZnTiO3 and Ce-doped
ZnTiO; novel catalysts that exhibited higher sonocatalytic ef-
ficiency than P25 against p-nitrophenol degradation
(Eskandarloo et al. 2016). Behnajady and Eskandarloo devel-
oped TiO, NPs under different pH conditions which give the
required crystal phase and crystal size to TiO, NPs. They used
the artificial neural network for the modeling of photocatalytic
efficiency of the developed samples (Behnajady and
Eskandarloo 2015). Ultrasonic assisted sol-gel synthesis was
used to prepare pure TiO,, samarium, cerium mono-doped
and co-doped TiO, by Eskandarloo et al. The developed
NPs showed excellent sonocatalytic activity against model
organic pollutant, i.e., MO (methyl orange) (Eskandarloo
etal. 2015). Hydrothermal treatment was utilized for the prep-
aration of novel TiO, nanotubes (TNTs) by Sattarfard et al.
These TNTs provide higher adsorption capacity and larger
surface area. Basic violet 2 was used as a model pollutant to
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investigate the adsorption capacity. Some important opera-
tional variables were also investigated and their results were
used to analyze the adsorption kinetics and isotherms
(Sattarfard et al. 2018). The consumption of electrical energy
has been minimized by Eskandarloo et al., in photocatalytic
reduction of Cr (VI) to Cr (III) which is considered as an
important factor in wastewater treatment. They used Mg and
Ag co-impregnated TiO, NPs for this study (Eskandarloo
et al. 2014). Behnajady et al. prepared stable anatase form of
TiO, NPs by using sol-gel process under different conditions
and at low temperature and investigated the photocatalytic
activity of the synthesized samples. They utilized TTIP as a
precursor of titanium in their study (Behnajady et al. 2011b).
Behnajady et al. investigated the synthesis variables and their
effect during a sol-gel process on the structural properties of
TiO, NPs. Their results showed that the synthesized NPs in-
dicate high photocatalytic performance than commercially
available P25 (Behnajady et al. 2011a).

Synthesis of nano-TiO,

This thematic study enlightens the synthesis methods mostly
used in the fabrication of nano-TiO, for photocatalytic and
photovoltaic applications. Our main aim is to enlighten the
scope of sol-gel and hydrothermal and sonochemical methods
and their advantages, disadvantages, and research progress.

Sol-gel synthesis

Sol-gel is most versatile method used in fabrication of numer-
ous ceramic materials (Lu et al. 2002; Pierre and Pajonk 2002;
Wight and Davis 2002). In a distinctive process, hydrolysis of
precursors formed a colloidal suspension named as sol.
Precursors used are inorganic metal salts or metal alkoxides.
The loss of solvents and completion of polymerization process
guide liquid sol to transform itself into solid gel. The sol is cast
into a mold to produce gel which further changed itself as a
dense ceramic through heating. An aerogel which is known as
an extremely low-dense and highly porous material is formed
when the solvent is removed in a wet gel form under super-
critical conditions. From the sol, ceramic fibers can also be
drawn if viscosity is adjusted in an appropriate viscosity
range. Uniform and ultrafine powder can be obtained by spray
pyrolysis, precipitation, or emulsion processes and NMs can
be obtained by using suitable conditions.

Bessekhouad et al. and Znaidi et al. described the synthesis
of TiO, under sol-gel technique (Bessekhouad et al. 2003;
Znaidi et al. 2001). Titanium precursors were hydrolyzed by
an acid catalytic step followed by condensation to complete
the mechanism. Ti—O-Ti chains growth in the mixture is fa-
vored with excess amount of titanium precursors. The growth
in Ti—O-Ti chain results in the development of 3D polymeric

skeletons with close packed particles. Medium water content
with high hydrolysis rates lead the development of Ti (OH),.
The existence of Ti~OH bond in bulk and insufficient growth
results loosely packed particles (Anderson et al. 1988;
Banfield 1998; Barbé et al. 1997; Choi et al. 1994; Look
and Zukoski 1995; O’regan and Gratzel 1991). Oskam et al.
studied the growth kinetics in aqueous solution and reported
that increase in rate constant of coarsening with increasing
temperature is because of equilibrium solubility of TiO, and
viscosity of the solution. With higher temperatures and longer
times, primary particles are transformed into secondary parti-
cles by their epitaxial self-assembly. A linear increment in the
radius of TiO, NPs has a good accord with coarsening model
provided by Lifshitz-Slyozov-Wagner (Oskam et al. 2003).
Chemseddine and Moritz found that TiO, NPs with pure an-
atase form and with different shapes and sizes and with higher
crystallinity can be obtained by polycondensation of titanium
precursors with tetramethyl ammonium hydroxide
(Chemseddine and Moritz 1999; Moritz et al. 1997). During
the process, titanium precursor is mixed with base in the pres-
ence of a solvent and heated at 100 °C for 6 h. In order to
improve crystallinity, TiO, NPs were heated again at 200 °C
in an autoclave.

Sugimoto et al. studied the synthesis of TiO, NPs for dis-
tinctive shapes and sizes by changing process variables via
sol-gel process. In the synthesis mechanism, a stock solution
is prepared with TEOA (triethanol amine) and TTIP (titanium
tetraisopropoxide) mixed in a ratio of 1:2. The pH of the stock
solution was maintained with NaOH or HCIO,. The dilution
of the stock solution was carried out by adding amines solu-
tions into it. These amines are utilized as shape controllers and
work as surfactants for TiO, NMs. They summarized the ef-
fect of pH in the adsorption of shape controller which further
controls the growth rate of crystal lattice attributed to a crystal
plane. Typical TEM images of the resulting solid product are
presented in Fig. 8 (Sugimoto et al. 1997; Sugimoto et al.
2003a, b). El-Shafei et al. explained sol-gel synthesis of
TiO, NPs for antimicrobial and flame-retardant cotton fabric
by using chitosan phosphate and TTIP in the presence of poly
carboxylic acid and sodium hypophosphite as a catalyst. The
results explained that treated fabric showed excellent antimi-
crobial properties against S. aureus (Staphylococcus aureus),
E. coli (Escherichia coli), C. albicans (Candida albicans) and
Aspergillus flavus (El-Shafei et al. 2015). In another study,
Roy et al. developed TiO, NPs by using citric acid and alpha
dextrose and examined the effect of TiO, NPs on antimicro-
bial efficiency of different antibiotics. They used different
concentrations of TiO, NPs to achieve the best output for
antimicrobial activity. They used disk diffusion method in
their study. They summarized that the antimicrobial resistance
of methicillin-resistant S. aureus against various antibiotics is
decreased with TiO, NPs and increased without TiO, NPs
(Roy et al. 2010). Li et al. developed a crack free mesoporous
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Fig. 8 a—f TEM micrographs of the solid product at different times (0 h to 24 h) during the second aging under the standard conditions. Reprinted with
permission from Sugimoto et al. (2003a)). Copyright 2003, with permission from Elsevier

membrane with TiO, NPs by using a polymeric sol-gel meth-
od. They reported that developed crack free mesoporous
membrane possesses high flux and deliver excellent separa-
tion performance. Moreover, the stiffness and toughness of the
synthesized gel were significantly improved by adding TiO,

Fig. 9 TEM micrographs of TiO, o a
particles synthesized with
different acetone/water volume
ratio. 2 95/5,b 98/2, ¢ 99/1,and d
99.5/0.5 using diethylene glycol.
The scale bar is 500 nm.
Reprinted with permission from
Wang et al. (2014b)). Copyright
2014, with permission from
Elsevier
== "]
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NPs and the toughened gel was more capable of avoiding
membrane cracking in early stages of sintering and during
the drying process (Li et al. 2014).

Wang et al. utilized a sol-gel approach at room temperature
to develop monodisperse spherical TiO, NPs modified with
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EG (ethylene glycol). The photocatalytic performance of
resulting photocatalyst was evaluated against MB (methylene
blue) degradation under UV light irradiations. They summa-
rized that the photocatalytic performance of the developed
photocatalyst depends upon calcination and sample calcined
at 600 °C exhibited excellent performance in dye degradation.
TEM images of fabricated TiO, NPs are presented in Fig. 9
(Wang et al. 2014b). Uddin et al. established a low tempera-
ture sol-gel technique for the preparation of TiO, films on
cellulosic fibers with enhanced photocatalytic properties.
The photodegradation of heptane-extracted bitumen fraction
and adsorbed MB was sustained with numerous impregnated
photodegradation cycles. Interestingly, the surface of fiber
was not changed upon light exposure. Moreover, the
photoactive film was firmly attached with the fiber surface
leading a retained photocatalytic performance even after 20
washing cycles (Uddin et al. 2007).

Jiu et al. produced single phase pure nanocrystals of anatase
TiO, with average diameter 3—5 nm by using sol-gel process.
TEM and XRD analysis confirmed pure anatase form of the
resulting nanocrystalline TiO, (Jiu et al. 2007). Cai et al. synthe-
sized highly porous TiO, microspheres by using cellulose
nanofibril-based aerogel templates under sol-gel process. They
reported that the developed TiO, microspheres had a super hy-
drophobic nature. Figure 10 represents the SEM images of
nanofibril aerogels with TiO, microspheres (Cai et al. 2015). A
sol-gel coupled with solvothermal process was utilized by
Valencia et al. for developing highly photoactive nano-TiO, for
photocatalytic applications. They stated that pure anatase phase

Fig. 10 SEM images of cellulose
nanofibril aecrogel microsphere
and TiO, porous microspheres. a
Cellulose nanofibril aerogel
microsphere template. b TiO,
porous microsphere prepared by
the hydrolysis and
polycondensation of titanium
precursors in templates loading
three times. ¢ TiO, porous
microsphere prepared by the
hydrolysis and polycondensation
of titanium precursors in
templates loading seven times. d
TiO, porous microsphere under
higher magnification. Reprinted
with permission from Cai et al.
(2015)). Copyright 2015, with
permission from Elsevier

was obtained at low temperature and short crystallization time by
using 2-propanol as a solvent and tetraisopropyl orthotitanate as a
precursor. The photodegradation of MO (methyl orange) showed
the potential of synthesized nano-TiO, for their photocatalytic
performance. SEM images of the developed nano-TiO, are de-
scribed in Fig. 11 (Valencia et al. 2013). Mohammadi et al. re-
ported that nanocrystalline TiO, powder with anatase form can
be obtained by controlling the peptization and drying tempera-
tures. The average size of the crystallite for the prepared powder
was 4 nm after annealing (Mohammadi et al. 2008).

Mutuma et al. developed TiO, NPs from different mixtures
of TiO, crystal polymorphs via low temperature sol-gel pro-
cess. The samples were obtained by calcination at 200—
800 °C. Anatase-rutile-brookite mixture was obtained at tem-
perature > 600 °C while at 800 °C, anatase-rutile mixture was
obtained under controlled pH. The photocatalytic activities of
the developed photocatalysts in comparison with commercial-
ly available Degussa P25 photocatalyst was significantly
higher indicating the smaller particle sizes and higher crystal-
linity which are required for heterogeneous photocatalysts.
The XRD analysis of the developed samples at different pH
is presented in Fig. 12 (Mutuma et al. 2015).

Chibac et al. described the preparation of hybrid
photocross-linked nanocomposites incorporated with TiO,
and silsesquioxane via sol-gel process combined with
photopolymerization processes and photoinduced develop-
ment of metal NPs in the polymer network. The results
showed good photoreactivity of the monomer in
photopolymerization reactions. The proposed method offers
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Fig. 11 SEM images of prepared TiO, samples. Reprinted with permission from Valencia et al. (2013)). Copyright 2013, with permission from Elsevier

a proper photocatalytic capability that recommends its usage
in water purification applications (Chibac et al. 2015). Prasad
et al. developed TiO, by using sol-gel process modified by
ultrasound as a reaction aid with varying amplitude and power
of ultrasonic energy. The best results were obtained by using
40% amplitude with input power of 751 kW m > for the syn-
thesis of pure rutile form of nano-TiO,. Moreover, the crystal-
linity was also very high under these conditions (Prasad et al.
2010). In another study, Kale and Meena synthesized TiO,
NPs by sol-gel method and deposited on nylon fabric to in-
vestigate the antimicrobial properties. The durability of used
process was evaluated after successive washing cycles indi-
cating its effectiveness (Kale and Meena 2012). Wang et al.
described the synthesis of TiO,/diatomite composites by using
a modified sol-gel process. Diatomite is a mineral utilized to
develop these nanocomposites. The synthesized composites
comprise a mixture of anatase and rutile. Photocatalytic per-
formance and adsorption capacity of synthesized nanocom-
posites was assessed against photodegradation of RB
(Rhodamine B) in UV irradiations. Photodegradation of RB
followed pseudo-first-order kinetics (Wang et al. 2015a).

@ Springer

Qiu and Kalita synthesized nanocrystalline TiO, powder via
simple sol-gel method. The synthesized powder was further
calcined at 400 °C and had pure anatase form as confirmed
by XRD study but rutile and anatase both phases were present
at 600 °C with high phase content of rutile. A schematic illus-
tration of developed nano-TiO, is presented in Fig. 13, while
HRTEM micrograph of nano-TiO; is presented in Fig. 14 (Qiu
and Kalita 2006). Velhal et al. described the synthesis of TiO,
NPs by reacting butanol and HCI1 or H,SO, with TiCly (titani-
um tetrachloride) under a rapid sol-gel process. Amorphous and
crystalline samples were obtained as confirmed by XRD anal-
ysis. The developed NPs were further utilized in antimicrobial
applications and the results showed good antimicrobial efficien-
cy than commercially available TiO, named Degussa P25
(Velhal et al. 2014). Caratto et al. utilized different methods to
synthesize iron-doped TiO, NPs with different reagents ratios
to estimate the effect of reagents on chemical and physical
properties of Fe-doped TiO, NPs and on the photocatalytic
activity. In a typical process, TTIP, 2-propanol, and iron chlo-
ride were used as titanium precursor, solvent, and dopant re-
spectively (Caratto et al. 2016).
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Fig. 12 XRD analysis of the synthesized TiO, samples at pH 2, 4, 7, and
9 and calcined at 200 °C. Reprinted with permission from Mutuma et al.
(2015)). Copyright 2015, with permission from Elsevier

The formation of TiO, nanotubes doped with Fe was re-
ported by He. The author studied the photocatalytic properties
and operational parameters in dye degradation process. The
author results explained that hybrid structures showed much
higher surface area and excellent functional properties (He

Isopropanol + H,0

|1

Titration into TTIP

J Lddition of HNO,
| Peptization (12 h)

Ij!

Drying (110°C) ]

Yellow block crystal

Crushing and grinding

4

‘ Calcination ] [ Calcination ] [ Calcination ]

400°C, 3h 600°C, 3h 800°C, 3h
1l
Nanopowder Nanopowder
(Anatase) (Rutile)

Nanopowder
(Anatase + Rutile)

Fig. 13 Flow chart for the synthesis of nano-TiO, powders by sol-gel
process. Reprinted with permission from Qiu and Kalita (2006).
Copyright 2006, with permission from Elsevier

2016). He and Tian prepared doped and undoped TiO, nano-
tubes under hydrothermal sol-gel method in aqueous NaOH
solution. Their results showed that doping of Fe increased the
photocatalytic performance of nanotubes (He and Tian 2016).
In another study, He synthesized MoS,/TiO, and MoS,/Si-
doped TiO, nanotubes that exhibit 1 T structure. The synthe-
sized nanotubes showed much higher electrocatalytic and
photocatalytic performance with higher interface-induced ef-
fect and higher light absorbance effect than normal nanotubes
(He 2017a). In a different study, He and He used hydrothermal
process for the fabrication of N-doped TiO, nanotubes with
higher content of nitrogen, i.e., 25.7% that narrowed down the
band gap which gives the extended absorption towards the
visible and infrared regions (He and He 2011). He prepared
ultrafine nanocrystalline Bi,S; Fe-doped TiO, nanotubes with
different approaches that provided good optical, structural,
and photocatalytic properties (He 2017b). He et al. worked
with transition metals that provide good catalytic performance
for H, generation. They fabricated TiO, nanotubes in doped
and undoped forms that showed excellent performance in pho-
tocatalytic H, evolution than other nanotubes (He et al. 2018).

Hydrothermal synthesis

This method is conducted in autoclaves under controlled at-
mospheric conditions (pressure and temperature). The temper-
ature raised above 100 °C and reaches to saturated vapor pres-
sure. In ceramics industry, this technique is usually used for
synthesis of small particles. Many researchers have utilized
this method to prepare TiO, NPs (Andersson et al. 2002;

and calcined at 400 °C. Reprinted with permission from Qiu and Kalita
(2006). Copyright 2006, with permission from Elsevier
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Chae et al. 2003; Cot et al. 1998; Yang et al. 2004b). Chae
et al. prepared TiO, NPs by reacting TTIP in an acidic
ethanol-water solution via hydrothermal method. In a typical
approach, a dropwise addition of TTIP in a mixture of ethanol-
water and reacted for 4 h at 240 °C. The synthesized TiO, NPs
possessed the primary assembly of anatase. The size range of
NPs was 7-25 nm which was controlled by adjusting the
composition of the solvent and the concentration of precursor
(Chae et al. 2003). Zhang and Gao synthesized TiO, nanorods
by hydrothermal method. They reported that TiO, nanorods
can be obtained by reacting titanium precursor with acid or
inorganic salts at 333—423 K. TEM images of the synthesized
TiO, nanorods by hydrothermal method are illustrated in
Fig. 15 (Zhang and Gao 2003). Feng et al. reported an assem-
bled TiO, nanorods films on glass wafer. They prepared these
nanorods by reacting titanium trichloride with NaCl at 160 °C
for 2 h via hydrothermal process (Feng et al. 2005).
Makwana et al. used the pilot plant scale CHFS (continu-
ous hydrothermal flow synthesis) to control crystallite size
and surface area of prepared nano-TiO,. In a typical proce-
dure, boric acid and titanium oxysulphate were mixed with

Fig. 15 TEM images of nano-
TiO, prepared by the
hydrothermal treatment of TiCly
solutions: a sample A, b sample
C, ¢ sample J, d sample K, e
sample L, and f sample M.
Reprinted with permission from
Zhang and Gao (2003). Copyright
2003, with permission from
American Chemical Society
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KOH (potassium hydroxide) solution at room temperature
under pressure 24.1 MPa. After that, this solution was mixed
at 400 °C with superheated water in a closed mixer. Moreover,
boric acid concentration was affected by pH of the solution
which defines crystallite size. This increased the crystallite
size of TiO,. The photocatalytic activity of the synthesized
nano-TiO, was estimated in water splitting system. The results
revealed that mild acidic conditions used for the preparation of
nano-TiO, yielded the highest photocatalytic performance.
HRTEM micrographs of nano-TiO, synthesized by CHFS
are presented in Fig. 16 (Makwana et al. 2016).

Kobayashi used water-soluble titanium complexes during a
hydrothermal process to produce different polymorphs of
TiO, by adding different additives to control the morphology
of different structures. The developed polymorphs with con-
trolled structures had excellent properties (Kobayashi 2016).
Fan et al. synthesized mesoporous Ce-doped TiO, NPs with
pure anatase form through one step hydrothermal process.
They summarized that Ce doping reduced the crystallite size
of TiO, NPs and the prepared samples showed highly signif-
icant photocatalytic performance than P25 and pure TiO,
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Fig. 16 HRTEM image of nano-
TiO, synthesized by CHFS (a)
with 1.5 mol% H;BOs (b) with
10 mol% H3BOs;. Reprinted with
permission from Makwana et al.
(2016)). Copyright 2016, with
permission from Elsevier

(101)
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against Rhodamine B dye degradation under UV light. This
unique photocatalytic property of the synthesized samples en-
hanced generated charge carriers (electron-hole pairs) effi-
ciency as well as more formation of ROS (Fan et al. 2016).
Dong et al. developed a super hydrophilic film with TiO,
nanorods on glass substrates by using hydrothermal process.
They explained that TiO, nanorods in rutile phase with differ-
ent diameter, orientation, and dispersing density were depos-
ited on glass and FTO (fluorine-doped tin oxide) plates under
the assistance of TiO,/SiO, primary film. Typical TEM, SEM,
and AFM images of the prepared TiO, NPs are presented in
Fig. 17 (Dong et al. 2015). The ternary nanocomposites of
PANI/C/TIiN (polyaniline/carbon/titanium nitride) nanowire
array were prepared by Xie et al. for flexible supercapacitor
applications. These nanocomposites were used as
electroactive electrode material in many devices. In a typical
synthesis of these nanocomposites, titanium nitride nanowires
array was formed by ammonia nitridation treatment under
seed-assisted hydrothermal reaction. Then a sequentially car-
bon and polyaniline coatings were deposited on TiN nano-
wires surface. These PANI/C/TiN nanowires had an excep-
tional shell/shell/core architecture. These nanowires provide

y " amL
4 % .

2015, with permission from Elsevier

\/(101)
\0435 nm

ion diffusion channel and electron transfer route among the
neighboring nanowires. A schematic representation of synthe-
sis process is illustrated in Fig. 18 (Xie et al. 2015).

Sarkar and Chattopadhyay prepared hierarchical TiO,
nanobelts with controlled branches by varying the reaction
time and temperature under hydrothermal conditions. These
TiO, nanobelts were first synthesized in a Teflon autoclave
which further assembled by branches via chemical bath depo-
sition method. Photocatalytic activity of developed nanobelts
was estimated against photocatalytic degradation of MO dye.
The obtained results recommend the use of these nanobelts in
hydrogen generation, water splitting, sensors, devices, and
many other applications. FESEM and HRTEM micrographs
of the synthesized samples are presented in Figs. 19 and 20
respectively (Sarkar and Chattopadhyay 2014). Li et at. re-
ported a synthesis of anatase TiO, nanoflowers assembled
on rutile nanobelts framework via simple hydrothermal pro-
cess. These novel nanocomposites exhibited significant higher
photocatalytic performance than pure TiO, nanobelts and
Degussa P25 NPs against organic pollutants. The higher pho-
tocatalytic activity of these complex nanostructures increases
photogenerated charge carriers transport. Moreover, these

. 0.5um

x50, 000 0, Som M

Fig. 17 Micrographs of TiO, NPs. a TEM, b SEM, and ¢ AFM images of the film. Reprinted with the permission from Dong et al. (2015)). Copyright
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Hydrothermal growth
of TiO, NWA

Annealing in NH;

TiN NWA

Coating Carbon

Carbon cloth (CC)

Electrodepositing
PANI

PANI shell
Carbon shell

TiN core

PANI/C/TIN NWA

Fig. 18 The synthesis process for PANI/C/TiN NWA supported on CC
substrate. Reprinted with the permission from Xie et al. (2015)).
Copyright 2015, with permission from Elsevier

results showed that the prepared TiO, complex nanostructure
possesses higher crystallinity and a double-crystal phase
which enhance the photocatalytic performance for these nano-
structures (Li et al. 2013). Wu et al. fabricated hierarchical
nanowire arrays of anatase TiO, on FTO glass comprising
long nanowire trunk associated with several short nanorod
branches by utilizing hydrothermal process. The applications
of these TiO, nanowire arrays showed 7.34% power conver-
sion efficiency which was the highest reported value for TiO,
nanowire photoelectrode. The higher photovoltaic perfor-
mance was due to high surface area that adsorbed greater
number of dye molecules with more light scattering capacity
to increase light-harvesting efficiency (Wu et al. 2013). Zhang
et al. described the synthesis of immobilized TiO, NPs on
polyester fabric by using urea and titanium sulfate as reaction
medium under hydrothermal conditions. The results con-
firmed the existence of pure anatase nanocrystals of TiO, on
the surface of polyester fiber. Moreover, the anatase TiO, de-
posited fabric absorbed more UV light even after 30 washings.
The hydrophilic nature was slightly increased and degradation
of MO showed good photocatalytic performance of the
resulting fabric (Zhang et al. 2012).

Yang et al. synthesized nanocrystalline anatase TiO,
films under hydrothermal treatment by using TENOH
(tetraethylammonium hydroxide)-peptized TiO, sols (as a
novel stock precursor for synthesizing TiO, film) on silicon
substrates with different solvents. They reported that highly
homogeneous diluted TiO, sols were obtained by using ac-
etone alone but the best combination of good wettability and
high homogeneity was achieved by mixed solvents for sil-
icon substrates (Yang et al. 2004a). In their previous study,
Yang et al. prepared TiO, nanopowders through hydrother-
mal treatment of TiO, sols with different categories of
TANOH (tetraalkylammonium hydroxides). The use of
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different peptizers enhances the particle growth. The mor-
phology was significantly affected by changing concentra-
tions of peptizers. They reported pure anatase form of TiO,
with all peptizers as confirmed by TEM analysis and illus-
trated in Fig. 21 (Yang et al. 2001).

In another study, Yang et al. synthesized weakly flocculated
anatase aqueous suspensions in an in situ manner from amor-
phous TiO, peptized with different amounts of TENOH by
using hydrothermal process. The results revealed that the use
of TENOH peptize the amorphous TiO, and stabilize the sus-
pensions (Yang et al. 2003). Zhang et al. reported a successful
anatase TiO, synthesis in single crystalline nanowires manners
with diameter 3045 nm by hydrothermal method from TiO,
NPs. These nanowires exhibited photoluminescence property
as emitted green-blue light. A typical SEM micrograph of these
nanowires is presented in Fig. 22 (Zhang et al. 2002).
Kalpagam and Kannadasan reported a hydrothermal synthesis
of TiO, NPs for wastewater treatment. Their focus was on the
optimization of autoclave time. For varying autoclave time,
temperature was adjusted at 150 °C. The results confirmed
the presence of pure anatase phase and more autoclave time
provided more crystallinity to the resulting NPs and enhanced
their photocatalytic activity (Kalpagam and Kannadasan 2014).
Kolen’ko et al. described successful production of TiO, and
710, crystalline nanopowders from aqueous solutions of the
corresponding hydroxides and their amorphous gels at high
temperature under hydrothermal treatments. They investigated
particles size, morphology, and phase configuration of formed
powders as well as their variations in response to temperature,
pressure, solution concentration, and process duration
(Kolen'ko et al. 2003).

Hebeish et al. prepared TiO, nanowires from TiO, NPs un-
der strong alkaline medium by hydrothermal method. Further,
the doping the silver on nanowires and NP surfaces was suc-
cessfully done by reduction of Ag" ions into Ag metal.
Moreover, nanocomposites developed by these nanowires and
Ag-doped nanowires showed high photocatalytic efficiency
against MB degradation under direct sunlight. The prepared
nanocomposites exhibited good performance against
S. aureus and E. coli as well as fungi that recommends their
use in medical and industrial applications (Hebeish et al. 2013).

Nawaz et al. worked on graphene oxide/TiO, aerogel and
developed strong coupling among graphene oxide and TiO,.
They used a single-step hydrothermal method for their study.
The photocatalytic activity of the prepared aerogel was inves-
tigated in the photodegradation of carbamazepine (Nawaz
et al. 2017).

Sonochemical synthesis
Sonochemical approach has been utilized in the synthesis of

various nanostructured materials including colloids, alloys,
oxides, carbides, and high surface area transition metals.
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Fig. 19 FESEM micrographs of synthesized samples illustrate the
progress of TiO, hierarchical structures under varying conditions. Bare
TiO, nanobelts (a—d), hierarchical hydrogen titanate nanobelts (e-h),
hierarchical TiO,(B) nanobelts annealed at 400 °C (i-1), and

Ultrasonic irradiations follow the principle of acoustic cavita-
tion, i.e., rapid formation, growth, and collapse of unstable
bubbles in liquids. These conditions raised local pressure
and temperature up to 20 MPa and 5000 K with a cooling rate
10" Ks™! respectively (Suslick 1986).

Many researchers have applied this method to prepare nu-
merous TiO, NMs. Jhuang and Cheng developed Ag/TiO,
composite NPs in the presence of EG under alkaline condi-
tions by using sonochemical method. They summarized that
Ag* ions reduction in alkaline mixture of EG by ultrasonic
irradiations is an autocatalytic reaction. The development of
silver NPs on TiO, was observed through light absorption
peaks of Ag NPs by UV-vis spectrophotometer. A schematic
representation to the synthesized Ag/TiO, composite NPs is
presented in Fig. 23 (Jhuang and Cheng 2016). Sadr and
Montazer reported an in situ sonochemical synthesis of TiO,
NPs on cotton by using TTIP as a titanium precursor. They
summarized that at low temperature, TiO, NPs were success-
fully prepared and incorporated on cotton fabric. EDX and

hierarchical mixed phase TiO, nanobelts annealed at 550 °C (m—p).
Reprinted with the permission from Sarkar and Chattopadhyay (2014).
Copyright 2014, with permission from the American Chemical Society

XRD analysis confirmed the existence of TiO, NPs with pure
anatase phase on cotton. Moreover, the developed nanocom-
posites exhibited excellent self-cleaning, UV protection, and
antimicrobial properties (Sadr and Montazer 2014). Arami
et al. synthesized rutile TiO, NPs with average crystallite size
15 nm, diameter 20 nm, and surface area 78.88 m* g~ through
sonochemical method. They reported that aqueous NaOH
broke Ti—~O-Ti bonds in TiOg¢ octahedra during initial reaction
and then new octahedra were produced after ultrasonic irradi-
ations (Arami et al. 2007).

Guo et al. described a novel sonochemical process for direct
synthesis of anatase through hydrolysis of titanium alkoxide in
ethanol and water at 90 °C for 3 h. They reported that the size
and structure of NPs are dependent on reaction time, tempera-
ture and pH of the medium. Columnar shape of resulting NPs
with average size 3—7 nm was found in TEM analysis (Guo
et al. 2003). Behzadnia et al. reported TiO, NPs synthesis on
wool fabric through hydrolysis of titanium alkoxide in acidic
medium under a novel idea of in situ sonochemical synthesis at
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Fig. 20 HRTEM micrographs for synthesized TiO, nanostructures. Bare
TiO, nanobelt (a—¢), TiO»(B) branched nanobelts (d—f), and mixed phase
nanobelt with branch structures (g—k). Reprinted with the permission

6065 °C. The TiO, deposited wool fabrics possess significant
self-cleaning and antimicrobial properties. This novel process
had no negative effect on strength and cytotoxicity of TiO,
coated wool fabric. In addition, more amount of titanium pre-
cursor results more photocatalytic performance of the
sonotreated fabrics (Behzadnia et al. 2014b). In another study,
Behzadnia et al. developed N-doped TiO, NPs on wool fabric
by the hydrolysis of titanium isopropoxide in ammonia at low
temperature by using in situ sonochemical method. The treated
fabric had no negative influence on fibroblasts. The presence of
TiO, NPs on wool was confirmed by EDX, elemental mapping
and FESEM analysis. Moreover, the sonotreated wool fabric
indicated some improved properties, e.g., tensile strength.
Antimicrobial properties of the developed nanocomposites
were evaluated against S. aureus and E. coli and good results
were obtained (Behzadnia et al. 2014a). Blesic et al. prepared
TiO, nanofilms by using TiO, NPs through ultrasonic spray
pyrolysis. The appearance of the developed films revealed with
rutile phase of TiO, as confirmed by XRD analysis. They
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from Sarkar and Chattopadhyay (2014). Copyright 2014, with permission
from the American Chemical Society

concluded that morphology of the prepared films solely de-
pends on temperature. In addition, ultrasonic spray pyrolysis
provides an easy way to preparer a film with a porous structure
or a compact smooth structure (Blesi¢ et al. 2002). Meskin et al.
developed different metal oxides nanopowders by ultrasonic
assisted hydrothermal method using precipitated amorphous
hydroxides as precursors (Meskin et al. 2006). Gedanken pro-
vided a detail review on the fabrication of NMs by using
sonochemical method. The major focus of his work was on
the synthesis of one-dimensional NMs, e.g., nanowires, nano-
rods, nanobelts, and nanotubes (Gedanken 2004). In our previ-
ous investigation, we utilized ultrasonic acoustic method to
synthesize TiO, NPs with anatase form and average particle
size 4 nm. We also developed a mathematical model based on
interaction between individual factors and related responses. A
comparative analysis of RNP (resulting nanoparticles) with P25
recommends them a strong candidate for photocatalytic indus-
trial applications. The results of SEM analysis are presented in
Fig. 24 (Noman et al. 2018b).
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Fig. 21 TEM micrographs of the synthesized TiO, NPs.
Tetramethylammonium hydroxides TMNOH/Ti ratio is taken as 0.25,
0.5, and 1.0 in samples M1 to M3. Tetracthylammonium hydroxides
TENOH/Ti ratio is taken as 0.25, 0.5, and 1.0 in samples E1 to E3.

Fig. 22 SEM micrograph of TiO, nanowires. Reprinted with permission
from Zhang et al. (2002)). Copyright 2002, with permission from Elsevier

Tetrabutylammonium hydroxides TBNOH/Ti ratio is taken as 0.25, 0.5,
and 1.0 in samples B1 to B3 respectively. Reprinted with permission
Yang et al. (2001)). Copyright 2001, with permission from Elsevier

Xue et al. described a novel ultrasound-assisted precipitation
synthesis of Agl/TiO, nanocomposites with enhanced light ab-
sorption intensity and antimicrobial activity. Agl NPs coupling
extended the photoresponse of the Agl/TiO, nanocomposites
till visible range. The photocatalytic results revealed that O,
(superoxide anion) and /" (holes) are the key constituents for
the photodegradation of MO (Xue et al. 2015).

Wei et al. synthesized TiO, in aerogel form under ultrasonic
assisted sol-gel technique that provides high surface area and
special photocatalytic properties without annealing. Stannous
chloride was used as a dopant in this study (Wei et al. 2018).

Miscellaneous methods

Fathy et al. reported a polyol-mediated solvothermal process
for large-scale preparation of anatase TiO, with different

@ Springer



3280

Environ Sci Pollut Res (2019) 26:3262-3291

OH.CH;-CH-OH
(J

+ —

(a)

Fig. 23 The schematic representation of synthesized Ag/TiO, NPs: (a)
Ag" ions attracted towards the OH group of TiO, and OHCH,CHOH free
radical. (b) Crystal nucleus Ag,O formed on TiO, and by products of H*
ions and acetaldehyde. (c) Reduction of Ag* ions on crystal nucleus. (d)

morphologies (nanorods and NPs) by using TTIP as a precur-
sor and EG as a surfactant. Calcination process had a prodi-
gious influence on anatase nanorods production. Higher tem-
perature provides higher phase stability of TiO, (Fathy et al.
2016). Yeung and Lam used an easy chemical vapor deposi-
tion method for the hydrolysis of TiCly at 130-250 °C to
produce TiO, films. The increased deposition temperature in-
creases the refractive index of the developed films from 2.1 to
2.4 indicating the use of these films in antireflection coating
for n-type semiconductors (Yeung and Lam 1983). Zhang
et al. reported a rapid microwave-assisted method for synthe-
sis of anatase TiO, nanocrystals with tuneable percentage of
reactive exposed [001] facets. Photocatalytic performance was
estimated through photodegradation of brilliant red X3B dye
and photoluminescence of coumarin which is used as a probe
molecule. These results revealed that surface chemistry and
crystal planes perform an important role on photocatalytic

Fig. 24 SEM analysis. a P25 and
b RNP with optimal conditions
TTIP 10 mL, EG 4 mL,
Sonication time 1 h. Reprinted
with permission from Noman

et al. (2018b)). Copyright 2017,
with permission from Elsevier
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Ag NPs growth on TiO, in the sonochemical process. Reprinted with
permission from Jhuang and Cheng (2016). Copyright 2016, with
permission from Elsevier

performance of nanocrystals (Zheng et al. 2012). Hossain
et al. described a steam-assisted process for large scale pro-
duction of mesoporous uniform TiO, with pure anatase form.
The photocatalytic performance of uniformly ordered anatase
against MB and 4-chlorophenol decompositions were signif-
icantly higher to randomly mesoporous anatase and anatase
NPs, indicating a solid reason to synthesize anatase in uniform
mesoporous forms. A schematic representation of the three
common forms of anatase TiO, is illustrated in Fig. 25
(Hossain et al. 2015). Wang et al. used a facile water-
assisted technique for fabrication of anatase TiO, nanocrystals
at low temperature with average size 2—4 nm. In a typical
process, H,O was used as a key reagent for fast crystallization
of anatase formation under mild conditions while EG controls
the rate of hydrolysis and condensation of titanium
isopropoxide. The resulting anatase nanocrystals exhibited a
quick response to oxygen under UV light illumination at room

4
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temperature (Wang et al. 2008b). Dominguez et al. investigat-
ed the effect of microwave irradiations on stabilization and
luminescent properties of TiO, and samarium-doped TiO,
nanocrystals. In a typical study, benzyl alcohol was utilized
as a solvent while annealing temperature range was 200—
1000 °C. The results revealed that microwave irradiations
allowed successful embedding of Sm*? ions in crystal lattice
of TiO, which distorted TiOg octahedron to replace Ti** ions
(Dominguez et al. 2016). Zabova et al. demonstrated the syn-
thesis of TiO, and V/TiO, nanocrystalline layers by utilizing
microwave-assisted drying and calcination methods. The
functional and photocatalytic properties of the nanocrystalline
TiO, and V/TiO; thin layers were compared with convention-
al thin layers and quantified by the degradation rate of RB
(Zabova et al. 2009).

Zhou et al. used an evaporation induced self-assembly pro-
cess to synthesize thermally stable and highly mesoporous an-
atase TiO, having higher crystallinity attributed to encircling
EN (ethylenediamine) protectors for sustaining mesoporous
framework of TiO, primary particles. The results revealed that
the developed samples exhibit higher photocatalytic perfor-
mance than P25 for photodegradation of 2,4-dichlorophenol
(Zhou et al. 2011). Teoh et al. introduced a facile one-step
synthesis of TiO, and TiO,/Pt NPs by FSP (flame spray pyrol-
ysis). The resulted powders mostly composed of anatase TiO,
with specific surface area and controlled crystallite size. The
photocatalytic mineralization of sucrose showed that NPs syn-
thesized by FSP follow a fast and different reductive pathway
than Degussa P25 (Teoh et al. 2005). In another study, Teoh
et al. synthesized Fe-doped TiO, with enhanced light activity
through a direct FSP process for the photomineralization of
oxalic acid. The results revealed that the rate of oxalic acid
photomineralization under visible light irradiations by Fe-
doped TiO, was 6.4 times higher than Degussa P25 and simi-
larly prepared bare TiO,. The minimal loss of Fe from TiO,
surface after each run showed that Fe-TiO, photocatalyst was
stable and reusable. Moreover, the UV-vis spectrum was un-
changed after repeated photocatalytic runs. Typical TEM im-
ages of FSP-made NPs are presented in Fig. 26 (Teoh et al.

2007). Kadam et al. described a microwave-assisted technique
to synthesize N-doped nano-TiO, with average size 10 nm. The
developed NPs were thermally stable as confirmed by TGA-
DTA (thermogravimetric-differential thermal analysis). A
photodegradation of malathion showed that photodegraded
products were less toxic than malathion as confirmed by
cytotoxicological studies (Kadam et al. 2014).

Applications of nano-TiO,

The most promising applications of nano-TiO, are photocat-
alytic and photovoltaic applications. The band gap of nano-
TiO, is usually larger than 3.0 eV. The optical properties of
nano-TiO, enables it a good choice for UV protecting
applications.

Photocatalytic applications

TiO, is an environmentally benign and efficient material and
extensively used in the photodegradation of numerous organic
pollutants. Fujishima et al. described the mechanism of
photocatalysis on surface of TiO, and discussed its practical
interest in water purification, self-cleaning, self-sterilizing sur-
faces, and light-assisted H, production (Fujishima et al. 2008).
Xiao et al. applied an inorganic TiO,/Al,O3 nanolayers onto
dyed blend of polyamide/aramid fabric by atomic layer depo-
sition process to develop multifunctional fabrics that exhibit
resistance to UV light. The successful deposition of TiO,,
Al,0O3, and TiO,/Al,O3 nanolayers on the surface of fiber
was confirmed by EDX. The nanolayer-coated fabric showed
excellent UV-resistant properties under high-intensity UV
light (Xiao et al. 2015). Gaminian and Montazer investigated
the self-cleaning of Cu,O/TiO, on polyester fabric for auto-
motive and upholstery applications. The results confirmed that
the developed fabric displayed significant photocatalytic effi-
ciency during the photodegradation of MB for both washed
and unwashed samples. Moreover, the alkaline hydrolysis
produces EG which acts as reducing agent for synthesis of

NP anatase RM anatase UM anatase
00% ¢ _ o L O
og‘w" © T Tt
Q @ - .l
“0, 0% ¢ o 4 oo 1t
Individual Wormhole-like Hexagonally ordered Cubically ordered
nanoparticle randomly mesoporous uniformly mesoporous uniformly mesoporous
(NP) anatase (w-RM) anatase (A-UM) anatase (c-UM) anatase

Fig. 25 The different forms of anatase TiO,. Reprinted with permission from Hossain et al. (2015)). Copyright 2015, with permission from Elsevier
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FelTi=0.30

Fig. 26 TEM images. a TiO,, b Fe/Ti=0.05, and ¢ Fe/Ti=0.30 at different magnifications. Reprinted with permission from Teoh et al. (2007)).

Copyright 2007, with permission from Elsevier

Cu NPs (Gaminian and Montazer 2015). Harifi and Montazer
prepared iron-doped Ag/TiO, nanocomposites by a facile
photodeposition/wet impregnation process for photocatalytic
applications under UV-vis light irradiations. Photocatalytic
efficiency of developed photocatalyst was estimated by
photodegradation of MB under different light irradiations.
The Fe** doping on TiO, structure and deposition of Ag
NPs on TiO, surface were confirmed by XPS analysis. Ag
and Fe** synergistically enhanced the photocatalytic perfor-
mance of TiO, for photodegradation of MB under both UV
and visible light regions. The proposed photocatalytic mech-
anism of Fe**:Ag/TiO, is described in Fig. 27 (Harifi and
Montazer 2014).

Ghanem et al. described photocatalytic performance of
hyperbranched PET/TiO, nanocomposites. In a typical pro-
cess, first TiO, nanowires were synthesized in alkaline

@ Springer

medium from TiO, NPs by hydrothermal method which fur-
ther hyperbranched with polyester by polycondensation. The
results summarized that the developed nanocomposites have
extensively higher photocatalytic performance than the pure
TiO, nanowires and degradation time was also reduced to
great extent (Ghanem et al. 2014). Arain et al. studied antimi-
crobial efficiency of cotton fabric treated with chitosan/AgCl-
TiO, colloid. In their study, they used diverse blend ratios of
chitosan and AgCl-TiO, colloid to obtain maximum antimi-
crobial efficiency against microorganisms. The results re-
vealed that the AgCl-TiO, colloid with chitosan provides
much better antimicrobial properties to cotton fabric than the
fabric treated without chitosan (Arain et al. 2013). Senic et al.
produced smart textiles modified with TiO, NPs for self-
decontaminating properties. They summarized the results by
producing TiO, NPs at low temperature with different
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Fig. 27 The photocatalytic mechanism of Fe**Ag/TiO, photocatalyst
under a UV light and b visible light irradiations. Reprinted with
permission from Harifi and Montazer (2014). Copyright 2014, with
permission from Elsevier

methods and then incorporate them on different textile sub-
strates by different methods (Seni¢ et al. 2011). Gupta et al.
applied TiO, and ZnO NPs on cotton fabric by using low
amount of binder and studied the functional properties of the
finished fabric. These results revealed that TiO,-coated cotton
fabric exhibited significant self-cleaning efficiency on light
exposure which could be improved by adding more amount
of TiO, NPs (Gupta et al. 2007).

Wang et al. worked on surface modification of TiO, NPs to
increase photocatalytic performance. They synthesized novel
metal hydroxide/TiO, NPs by a simple wet precipitation route
at low temperature and photocatalytic ability of synthesized
nanocomposites was estimated against photodegradation of
MO which was considered as an organic pollutant. The results
explained that photocatalytic performance of modified TiO,
was five times higher than the neat TiO, without modification
(Wang et al. 2008a). Wiener et al. deposited TiO, NPs on the
surface of glass fabric by a novel laser light irradiations method.
The morphology of the treated fabric was evaluated by SEM,
XRF, and EDX spectroscopies. The results showed that TiO,
NPs deposited glass fabric showed a continuous decreasing
trend in concentration of orange II dye under UV light irradia-
tions which confirmed a promising photocatalytic activity of
the TiO, NP-treated glass fabric (Wiener et al. 2013).

Montazer et al. investigated the antimicrobial and antifelting
properties of wool fabric treated with nano-TiO,. In a typical
study, fabric shrinkage after washing was estimated to study the
antifelting properties while antimicrobial activities were evalu-
ated against microorganisms. They used BTCA (butane
tetracarboxylic acid) and CA (citric acid) as cross-linking
agents to link TiO, NPs on the wool surface (Montazer et al.
2011b). Karahaliloglu et al. developed TiO,/PP nanocompos-
ites by melt electrospinning process as a photocatalyzer for
dyeing wastewater decolorization. SEM results confirmed the
uniform distribution of TiO, NPs on PP. Photocatalytic perfor-
mance of developed nanocomposites was investigated against
MO and the results revealed that TiO, NP-loaded GA (glutar-
aldehyde)-treated samples showed better photocatalytic proper-
ties and can be used as photocatalytic filter to decolorization of
wastewater (Karahaliloglu et al. 2014). Qi et al. prepared a
transparent thin layer of TiO, NPs on cotton fabric by using
dip-pad-dry-cure process and investigated photocatalytic self-
cleaning properties of developed cotton textiles. The results
revealed that TiO,-coated cotton exhibited excellent photocat-
alytic performance against coffee stains and red wine and col-
orant decomposition under UV light irradiations and significant
antimicrobial performance was observed against S. aureus in
comparison with untreated cotton (Qi et al. 2006). Behzadnia
et al. reported a direct sonochemical synthesis of TiO, NPs on
wool fabric by using titanium butoxide or titanium
isopropoxide as titanium source to investigate functional prop-
erties of wool fabric. The results revealed that wool fabric with
TiO, NPs exhibited significant antimicrobial and self-cleaning
properties by degrading MB stains under sunlight irradiation
(Behzadnia et al. 2014b). Wu et al. prepared self-cleaning fab-
rics by modifying cotton fabric with TiO, NPs at low temper-
ature under an aqueous sol process. Pure anatase nanocrystals
with 3—5 nm in size were successfully obtained by this ap-
proach as confirmed by HRTEM and XRD analysis. The results
showed that the prepared cotton-TiO, nanocomposites pos-
sessed significant self-cleaning properties. The photocatalytic
degradation of dyes and antimicrobial performance of the treat-
ed fabrics were sustained upon several numbers of reused cy-
cles (Wu et al. 2009). Perelshtein et al. deposited TiO, NPs on
cotton fabric by using a simple one-step ultrasonic irradiation
process and investigated the antimicrobial properties of the de-
veloped cotton-TiO, nanocomposites against microorganisms.
The antimicrobial results showed that developed nanocompos-
ites had a significant effect against S. aureus bacteria
(Perelshtein et al. 2012). In our previous study, we developed
an in situ deposition of TiO, NPs on cotton fabric by ultrasonic
acoustic method by using TiCly and isopropanol as reactants
and investigated the functional properties of the developed
nanocomposites. The results of self-cleaning, antimicrobial ef-
ficiency, and UPF (ultraviolet protection factor) showed that the
developed nanocomposites have highly photocatalytic activi-
ties. In addition, the washing durability results showed a strong
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Fig. 28 Photocatalytic process on the surface of CT nanocomposites. Reprinted with permission from Noman et al. (2018c)). Copyright 2018, with

permission from Elsevier

attachment of TiO, NPs with cotton surface. The mechanism of
photocatalysis on surface of TiO, deposited cotton fabric is
presented in Fig. 28 (Noman et al. 2018c).

Zhou et al. investigated photocatalytic activity of iron-
doped mesoporous TiO, NPs prepared by sol-gel process
against acetone. Their results explained that photocatalytic
oxidation of acetone in air was significantly higher for iron-
doped TiO, NPs as compared to bare TiO, and P25.
Moreover, the doping of Fe in the mesoporous TiO, powders
reduces recombination rate of charge carriers during hetero-
geneous photocatalytic reaction (Zhou et al. 2005). El-Roz
et al. prepared luffa/TiO, nanocomposites from the hydrolysis
of TiO, precursor for photocatalytic applications. The photo-
catalytic performances of the developed nanocomposites were
investigated against methanol. The results showed a good sta-
bility of luffa/TiO, nanocomposites with enhanced photocat-
alytic performance under UV light irradiations, which provid-
ed a new class of green photocatalysts for photodegradation of
organic pollutants (El-Roz et al. 2013). Doakhan et al. inves-
tigated the effect of TiO,/sericin nanocomposites on cotton
fabric for enhanced antimicrobial properties. In a typical syn-
thesis, sericin was extracted by boiling raw silk in hot water
and then nano-TiO, was dispersed in it which was further
applied to cotton fabric with or without cross-linking agent
by pad-dry-cure process. Antimicrobial property of modified
cotton was estimated against gram-positive and gram-negative
bacteria. The treated fabric showed more effective results
against S. aureus than E. coli (Doakhan et al. 2013). Adnan
and Moses developed U V-resistant fabrics by coating TiO, on
silk/lyocell union fabrics. The results showed that TiO, as a
UV finish significantly improve the UV absorbing activity of
treated fabrics. Samples treated with TiO, showed good fast-
ness properties up to 25 washing cycles (Adnan and Moses
2013). Montazer et al. developed antimicrobial finish for wool
fabric with silver-loaded nano-TiO, under UV irradiations in
an ultrasonic bath. The synthesized nanocomposite was
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stabilized on surface of wool by cross-linking with citric acid.
The results of antimicrobial activity showed that increasing
concentration of Ag/TiO, nanocomposite enhances the anti-
microbial performance of the treated fabrics. In addition, citric
acid enhanced adsorption of Ag/TiO, on surface of wool to
improve antimicrobial performance (Montazer et al. 2011a).
Guo et al. synthesized anatase TiO, nanotubes from TiO,
powder in terms of the production of ROS and photocatalytic
degradation of NDMA (N-nitrosodimethylamine) was evalu-
ated. The synthesized nanotubes showed significantly higher
NDMA degradation efficiency than nanopowder. The tubular
morphology was responsible for higher NDMA removal be-
cause of its confinement effect leading to NDMA molecules
within nanotube being attacked by ROS (Guo et al. 2015).
Pistkova et al. investigated the photocatalytic degradation of
five different (3-blockers (acebutolol, propranolol, atenolol,
nadolol, and metoprolol) by using immobilized TiO, as a
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Fig. 29 Operating principle and energy level diagram of DSSC.
Reprinted with permission from Grétzel (2004)). Copyright 2004, with
permission from Elsevier
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photocatalyst in an aqueous media. Evonik P90 and Degussa
P25 were used for the synthesis of photocatalyst coatings on
glass slides. The results showed that P25 exhibited higher
photocatalytic activity compared to P90 as all 3-blockers were
completely degraded in 2 h (Pistkova et al. 2015). Dougna
et al. studied photocatalytic degradation of phenol by using
different commercial catalysts under laboratory reactor and
UV-A lamp. The results described the best conditions for pho-
tocatalytic degradation of phenol when using Ahlstrom paper.
In addition, P25 deposited glass showed the best phenol re-
moval efficiency (Dougna et al. 2015). Ashraf et al. fabricated
maghemite glass nanocomposite and use it for MB removal in
wastewater treatments (Ashraf et al. 2018). In our previous
study, we stabilized TiO, NPs onto cotton to increase the
washing fastness and other functional properties of cotton
fabric (Noman et al. 2018a).

Photovoltaic applications

The second most important use of TiO, NMs is in photovol-
taics applications. Gratzel discussed heterojunction variants
involved in the fabrication of DSSC (dye-sensitized solar
cell) and investigated the perspectives for future development
in DSSC. He sum up that DSSC have become a credible
alternative to conventional p-n junction semiconductor de-
vices (Gritzel 2003). In another review, Gratzel investigated
the phenomenon behind the harvesting of solar energy into
electrical energy by using nanocrystalline TiO, in DSSC. In
a typical DSSC, a sensitizer is anchored on the surface of a
semiconductor by which light is absorbed. At the interface,
charge separation takes place from dye into the conduction
band of semiconductor through photoinduced electron injec-
tion. Charge carriers are transported to the charge collector.
Sensitizers with broader absorption band permits to harvest a
large fraction of sunlight extended from UV to the near IR
region. The operating principle of a DSSC is illustrated in
Fig. 29 (Gritzel 2004). Perera et al. constructed a DSSC by
depositing TiO, nanofilms on conductive glass plates sensi-
tized with different dyes. The results revealed that for all three
dyes, heterojunction produces photovoltaic response to light
absorption. This method extended the spectral response range
and increased the efficiency of DSSC (Perera et al. 2005).
Wa et al. utilized hydrothermal method to fabricate hierar-
chical anatase nano-TiO, comprised of ultra-thin nanosheets
exposing high percentage (001) facets. The developed struc-
tures were utilized as a photoanode in QDSSC (quantum dot
sensitized solar cells) with a power conversion efficiency of
3.47% (Wu et al. 2015). Xie et al. prepared an up-conversion
luminescence electrode to fabricate DSSC by using TiO,
(Er’*, Yb**) powder under hydrothermal conditions. The pre-
pared powder converts infrared light into visible light which
the dye can easily absorb with wavelengths of 510-700 nm,
resulting in an increase in the photocurrent of the DSSC. The

maximum efficiency of 7.28% was achieved by DSSC with 1/
3 of the ratio of TiO,/luminescence powder in the lumines-
cence layer (Xie et al. 2011). Gokilamani et al. prepared
DSSC by using natural dyes due to their cheap production
and eco-friendly properties. In a typical procedure, TiO, thin
films were prepared by using a sol-gel method which were
further sensitized by the dyes extracted from Basella alba
rubra spinach having an absorption at about 665 nm. The
XRD analysis confirms the formation of anatase nanocrystals.
The prepared DSSC showed 0.70% working efficiency
(Gokilamani et al. 2014). Tesfamichael et al. investigated the
characterization of a DSSC electrode made by TiO,
nanofilms. The results related to the optical properties of the
DSSC were investigated which showed a decrease in trans-
mittance and an increase in absorbance for dyeing times up to
8 h (Tesfmichael et al. 2003). Ferber and Luther prepared TiO,
photoelectrode for DSSC in which particles are sintered to-
gether with particle size 10-30 nm. The computer simulations
of light absorption and scattering showed an increase in ab-
sorption by optimizing the size of the TiO, NPs. The results of
these simulations showed that a mixture of small particles
provide effective surface and larger particles are effective light
scatterers with a potential to enhance solar absorption signif-
icantly (Ferber and Luther 1998). Wang et al. reported a si-
multaneous production of electricity and hydrogen with si-
multaneous urban wastewater contaminants removal by a
DSPC (dye-sensitized photoelectrochemical cell). Ag and
AgCl NPs supported on chiral TiO, nanofibers were used as
a photoanode in DSPC. The results showed that developed
DSPC significantly degrade the wastewater effluents with
98% conversion of electricity to hydrogen (Wang et al.
2015b). Al-Alwami et al. investigated the effects of different
solvents on the extraction of natural dyes and evaluate the
higher dye adsorption on TiO, NPs. They sum up that all
extracted dyes adsorbed well on the surface of TiO, as con-
firmed by FTIR (Fourier transform infrared spectroscopy).
Moreover, the highest adsorption of dyes was achieved by
mixing them with TiO, with methanol/water ratio 3:1.
However, Pandanus amaryllifolius dye showed its maximum
adsorption at 2:1 of ethanol/water ratio (Al-Alwani et al.
2015). Sayama et al. used different cyanine and merocyanine
organic dyes to investigate the efficient sensitization on TiO,
nanocrystalline electrodes by producing Jgc (short-circuit
photocurrent) and nsyy (solar light-to-power conversion effi-
ciency). They sum up that nsyn and Jsc were improved by
simultaneous adsorption of different dyes on a TiO, electrode
with maximum power conversion efficiency 3.1% (Sayama
et al. 2003). Jang et al. modified the surface of TiO,
photoelectrode through hydroxylation treatment with
NH,4OH solution at temperature 70 °C for 6 h to enhance the
dye adsorption and power conversion efficiency of DSSC.
The results revealed that NH4OH solutions provide hydroxyl
groups on the surface of TiO,. More concentration of NH,OH
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increasing the values of nsyn and Jsc because the amount of
adsorbed dye increased (Jang et al. 2013). Ito et al. reported
the fabrication of TiO, thin film with having a solar light to
electric power conversion efficiency over 10% for DSSC. The
fabrication of photoelectrode was done by the variation of
TiCl, in layers of nanocrystalline TiO, which induced me-
chanical strength and adhesion of TiO, layer. This novel meth-
od exerts a substantial influence on the overall parameters and
performance of DSSC resulting in improvements in energy
conversion efficiency. The schematic configuration of a
DSSC is described in Fig. 30 (Ito et al. 2008).
Subramanian and Wang used TiO, in a hierarchal
multilayer-structured photoelectrode for DSSC and the com-
parison was made with Degussa P25. The results showed a
superior performance for multilayer-structured photoelectrode
as compared to other three electrodes. The improvement was
attributed to higher dye adsorption, higher current conversion
efficiency because of more fraction of light scattering, and
good charge transportation (Subramanian and Wang 2014).
Gomez et al. prepared highly efficient nanocrystalline DSSC
by incorporating sensitizer into sputter deposited TiO, films.
They achieved 7% solar light to electrical power efficiency
after a pyridine treatment which is almost similar to conven-
tional cells prepared with colloidal TiO,. They sum up that the
integral Jgc for the sputter deposited TiO, films was higher
and the dye incorporation was uniform (Gomez et al. 2000).
Gu et al. reported an improvement in photoelectric conversion
efficiency by coupling TiO, with SnO, under a modified FSP
process. In a typical procedure, TiO; is sealed in SnO, and the
recombination losses are effectively suppressed because of
negative shift of the Fermi level. The prepared TiO,—SnO,
DSSC showed a photoelectric conversion efficiency 3.82%
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Fig.30 Configuration of DSSC. Reprinted with permission from Ito et al.
(2008)). Copyright 2008, with permission from Elsevier
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which is significantly better than bare TiO, and SnO, devices.
They sum up that photoelectric conversion efficiency could be
further improved to 7.87% after surface modification (Gu
et al. 2014). Liu et al. reported a novel synthesis of single
crystalline TiO, nanorods by electrospinning and hydrother-
mal treatment to improve the light-harvesting and photovolta-
ic properties of DSSC. They explained that TiO, nanorods
showed higher light utilization behavior as electron transfer
received less resistance in TiO, nanorods than TiO, NPs. A
thin layer of TiO, nanorods on TiO, NP working electrode
significantly improved light-harvesting capacity and photo-
electric conversion efficiency (Liu et al. 2015). Mashreghi
and Ghasemi used a Pechini sol-gel process for the fabrication
of TiO, NP pastes with different amounts of TTIP to investi-
gate the effect of molar ratio on photovoltaic performance of
DSSC. They sum up the results that with increasing amount of
TTIP, the photovoltaic performance of DSSC was first in-
creased and then decreased due to the microcracks in the
mesoporous TiO, layers with high content of TTIP
(Mashreghi and Ghasemi 2015). Barbe et al. prepared a novel
DSSC based on photoelectrochemical method with nanocrys-
talline TiO, electrode. The light absorption was done by a
sensitizer (monolayer of dye) that is adsorbed chemically on
the surface of TiO,. The obtained photovoltaic efficiency by
using mesoporous nanofilms of anatase TiO, was almost 10%
(Barbé et al. 1997). Wang et al. reviewed 1D (one-
dimensional) TiO, nanostructures and their use in DSSC.
They sum up the synthesis methods used for 1D TiO, nano-
structures and their applications in DSSC. 1D TiO, nanostruc-
tures provide rapid and direct electron transfer which suggest
them a promising choice for DSSC while conventional NP-
based DSSC have several grain boundaries and surface de-
fects that increase the electron recombination from
photoanode to electrolyte (Wang et al. 2014a).

Summary

During the past decades, nano-TiO, have been intensively
investigated in photocatalytic and photovoltaic fields due to
its compatibility with current technologies. The continuous
innovations in the fabrication of nano-TiO, have brought in-
novative properties in the up given fields with enhanced per-
formance. In this thematic review, the main advantages of
using nano-TiO, in photocatalytic and photovoltaic applica-
tions including self-cleaning coatings, self-sterilizing coat-
ings, photodegradation of dyes, and DSSC have been
discussed. The up given improvements have confirmed that
nano-TiO, play a significant role in low-cost and efficient
applications. In photocatalytic and photovoltaic applications,
the generation, trapping, and transfer of charge carriers is a
basic mechanism behind all photocatalytic processes which is
closely connected with the properties of nano-TiO, as well as
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its interface. However, the unique properties of nano-TiO, can
be controlled through modification in size, crystal structure,
and shape. We believe that high-quality and low-cost synthe-
sis of nano-TiO, on large scale can be developed with more
innovative applications besides the up given discussed funda-
mental achievements.
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