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Abstract

In the last few years, titanium dioxide (TiO2) based various dimensional (0D, 1D, 2D, and
3D) nanostructures (NSs) have been extensively investigated due to their outstanding physio-
chemical properties and multifunctional applications in a variety of fields, including energy,
environment, biomedicine, etc. Particularly, one-dimensional (1D) TiO2 NSs have gained much
attention among researchers as these nanomaterials can be explored in various morphologies, such
as nanorods, nanotubes, nanofibers, nanowires, etc. In addition to their unique 1D shape and large
specific surface area, these 1D NSs show confinement in the radial direction making them more
valuable as compared to other dimensional NSs. However, due to their large band gap, these NSs
show inability of exploiting visible light and lower charge recombination rate becoming less
efficient materials for practical applications in society. To achieve the high efficiency of these
materials and to improve their visible light activity, considerable efforts have been made by
narrowing the band gap through doping or nanocomposite formation with other functional
nanomaterials. This review article is mainly focused on the rare-earth metal-doped 1D TiO2 NSs
with the detailed mechanism of action, improved optoelectronic properties, and their
multifunctional applications in the energy and environmental fields. It includes photocatalytic
(photodegradation/surface-enhanced Raman scattering detection of organic pollutants,
photocatalytic CO; reduction, photocatalytic water splitting and upconversion based
photocatalytic activities), environmental gas sensing, solar cells, supercapacitors, lithium-ion
batteries applications with an emphasis on their fundamental working principles. Also, synthesis
methods of rare earth metal doped 1D TiO2 NSs, the doping effect on the microstructural and
optical properties, recent advances in these directions followed by challenges and future

opportunities, have been discussed.
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applications.



1. Introduction

The field of nanotechnology that deals with nanostructures (NSs) and their interfacial
interaction with materials of different functionalities have encouraged the scientific community to
develop nanomaterials with multifunctional applications [1-8]. To produce multifunctional
nanomaterials, a great deal of research has been focused on the development of novel synthesis
strategies [9-14] for controlling dimensions (size and shape) of nanomaterials which not only
improve the various properties but also tailor the various surface functionalities [1, 6, 15-18].
Furthermore, recent technological advancements provide various aspects of materials
modifications i.e. structural, surface, transport properties, etc. to improve their functional
properties [19-27]. After the discovery of carbon nanotubes (NTs) [28], one dimensional (1D)
NSs in different shapes and sizes such as nanorods (NRs), nanofibers (NFs), nanobelts (NBs),
nanoribbons (NRbs), and nanowires (NWSs) have gained considerable attention in various fields
for basic research as well as for their potential technological applications in industries [29-35].
Particularly, 1D NSs are very promising for fabricating nanodevices due to their unique physio-
chemical properties [15, 32, 34, 36, 37]. These 1D NSs are mainly preferred due to their specific
geometries, shape, tunable, and large aspect ratios which are promising and provide ample
opportunities to tune various properties such as morphological, electrical, structural, magnetic,
optical etc. [29, 32, 35, 38, 39]. Furthermore, in addition to all these properties, due to the high
surface area to volume ratio and the confinement in the radial direction, these 1D NSs exhibit
attractive properties [1, 2, 34, 40].

Titanium dioxide (TiO3) is one of the semiconductor photocatalysts which is being used in
almost all fields of sciences [41-44]. It exhibits tremendous properties such as higher chemical
stability, lower toxicity, better chemical resistance etc. and follows cost-effective preparation
strategies for mass productions [4, 42, 45-47]. TiO: is the most efficient metal oxide semiconductor
being used as multifunctional nanomaterials due to its unique properties including good recycle
ability and high energy conversion efficiency [48-51]. However, TiO. is widely used as a
photocatalyst and shows potential applications in other fields such as sensor, antibacterial agent,
solar cell component etc. [2, 4, 38, 39, 41, 52-55]. Various TiO2 NSs such as 0D, 1D, 2D, and 3D
have been extensively studied on account of their outstanding physical and chemical properties in
the last decades. Out of these 0-3D NSs, 1D TiO2 NSs have gained considerable attention as these



can be explored in various morphologies such as NRs, NFs, NBs, NWs, NRbs, NTs etc. and have
been implemented in many fields including energy, environmental remediation and biomedical
etc. [34, 38, 39, 56-59]. In addition to the unique 1D geometry, large specific surface area and high
crystallinity, these 1D NSs show confinement in the radial direction which makes them more
valuable as compared to other dimensional NSs [39, 60, 61]. These different morphologies of 1D
TiO2 NSs have different abilities for a particular application. For example, TiO2 NFs are promising
for photocatalytic degradation of dye molecules [62]. Shao et al. [63] studied the effect of arrays
of various 1D TiO2 NSs such as NRs, NBs and other kinds of rod-like NSs on the performance of
for dye-sensitized solar cells (DSSCs). It was found that maximum power conversion efficiency
(PCE) was achieved for NRs based DSSCs devices. Similarly, TiO. NBs are very promising for

multifunctional applications such as photoelectric, photocatalytic and sensing applications [35,
64].
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Figure 1. Properties and multifunctional applications of 1D TiO2 NSs.

Several research papers reveal that tailoring morphology, size, and shape of 1D TiO2 NSs,
their optoelectronic as well as surface properties, and hence multifunctionality can be tuned into
several directions. 1D TiO2 NSs show many fascinating properties and enhanced functional
activities as compared to the pure TiO2 nanoparticles with a potential to be applied in several fields
shown in Figure 1. However, these 1D TiO2 NSs still show some disadvantages such as wide band



gap, higher electrons, and holes combination rate, slow charge carrier transfer, visible light
inactivity, etc. which restrict their proper implementation as visible light active and multifunctional
materials in the field of solar energy technology [42, 65, 66] and environment remediation [15, 43,
48, 56]. The reason is that TiO has a wide band gap of 3.2 eV and can be activated by UV radiation
only while remains inactive under visible light radiation [4, 43, 46, 51, 67]. TiO2 gives low
quantum yield as a result of the fast recombination of electrons and holes in its normal form. Also,
the sunlight contains hardly 5% of UV radiation that makes TiO2 based nanomaterials less efficient
under solar radiation [4, 15, 68]. These characteristics of TiO> NSs need to be improved for the
proper utilization of 1D TiO, NSs for their real practical application. It could provide better
performance to the functional properties of these NSs in addition to their novel properties due to
their special 1D geometry and different morphologies [7].

In recent years, extensive research has been carried out to overcome the drawbacks of TiO>
which make it unsuitable for solar energy harnessing through the development of novel preparation
techniques and materials modifications using several physical and chemical routes. The
modifications which have been carried out to improve the functional properties of 1D TiO2 NSs
for several applications include surface functionalization, doping, composite formation with
metals, semiconductors, 2D functional materials, dye sensitization etc. [4, 38, 68-76]. These
modifications not only enhance their optoelectronic properties by absorption of visible light
radiation but also reduce the recombination of photo-generated charge carriers along with
improvement in their structural, electrical, surface and intrinsic properties suitable for various
applications in the field of energy and environmental applications.

Among these various strategies, doping is one of the most studied and simple way to
modify the structural, intrinsic and surface properties of TiO2 NSs for such applications [77-82].
For example, Li et al. [78] performed a systematic study on doping TiO2 with metal and non-metal
ions using Gd, F and N ions for high-performance photocatalytic activities. It was reported that
there was an excellent enhancement in the photodegradation of dye molecules that was attributed
to the doping-induced higher surface area, narrowing of band gap and creation of defects and
oxygen vacancies. Gd co-doping played a major role in the improvement of structural and
optoelectronic properties and achieving higher photocatalytic efficiency. Doping of rare-earth
(RE) metal ions into TiO2 shows great potential to improve the photocatalytic activity by

efficiently utilizing the broad region of the solar spectrum (UV to NIR) in addition to their activity



under UV light [48, 83, 84]. For example, Song et al. [85] demonstrated the excellent and enhanced
photocatalytic activities of RE doped TiO> NRs as compared to the undoped TiO> NRs and
commercial TiO2 nanoparticles. Similarly, RE doped TiO> based methanol sensor has also been
developed which showed better optoelectronic properties and selective response due to RE doping
[86]. Keskin et al. [84] performed the comparative study of morphological, structural and optical
properties of Ce and N doped 1D TiO> based NSs and found that Ce doping is more prominent for
the improvement of optical and photocatalytic properties. Similarly, RE doped TiO, NSs were
studied for various photocatalytic applications such as photocatalytic CO> reduction [87, 88],
photocatalytic water splitting [67, 89] and upconversion based photocatalyst activities [90].
Furthermore, doping with RE metal ions into TiO> provides better transport properties useful in
solar cell devices [58, 91-94]. Akman et al. [91] studied the RE doped TiO, and its role in
improving photovoltaic properties of dye-sensitized solar cells (DSSCs). They synthesized Eu and
Tb co-doped TiOz and studied interfacial charge transfer which was found to be superior providing
higher efficiency as compared to individual RE doped TiO- as well as undoped TiO». Similarly,
Wang et al. [94] studied the Er and Yb RE co-doped TiO2 NRs as an electron transport layer in
perovskite solar cells. The solar cell device exhibited enhanced conversion efficiency as compared
to the device made of only NRs due to doping induced visible and infrared light driven activities
along with improved current density. Similarly, various RE metals have been used for doping TiO>
NSs for improved photovoltaic properties and harnessing solar energy for various energy
applications. RE doping in metal oxides has also been used for improving the luminescence
properties of these materials. The f—f electronic transitions within the partially filled 4f orbitals of
RE metal ions result in luminescence properties [95, 96]. The shielding of 4f orbitals by the filled
5s and 5p orbitals results in narrow transition emission bands without any perturbation [48, 91,
97]. Due to this unique phenomenon of RE metal ions, they are also useful for various other
potential energy applications.

Although researched extensively, TiO> nanomaterials with short and long-term
multifunctional activities in various fields of energy and environment have rarely been reviewed
because of the synergic effect including their 1D geometry and doping effect using RE metals. In
this review article, the synthesis, modification, and engineering of 1D TiO2 NSs through RE metal
ion doping along with their enhanced properties and multifunctional applications in various fields

of energy and environment have been addressed. A brief introduction of various 1D TiO2 NSs and



their properties/characteristics are followed by the introduction of RE metals and their doping
mechanism. Various synthesis methods along with the recent advancement in the synthesis
processes of 1D TiO2 NSs have been discussed in detail. Various applications of RE metal ions
doped 1D TiO2> NSs in the field of energy and environment such as photocatalytic
degradation/ultrasensitive detection of organic pollutants, photocatalytic CO» reduction,
photocatalytic water splitting, solar cells, supercapacitors, environmental gas sensing, lithium-ion
batteries, etc. have been discussed with an emphasis on their fundamental mechanisms.
Furthermore, recent advances in these directions followed by challenges and future opportunities,

have been discussed.

2. Characteristics of 1D TiO2 NSs
TiO2 is mainly found in three different forms i.e. anatase, rutile, and brookite.
Anatase and rutile forms both have tetragonal crystal structures whereas brookite has orthorhombic
crystal structures (Figure 2 A) [98]. In all these forms of TiO», Ti cations are coordinated to six O
anions and form a distorted TiOs octahedron with the different spatial arrangement of these
building blocks. The research shows that rutile form is most thermodynamically stable in bulk
whereas, at nanoscale both anatase and brookite are known to be more stable. Out of these different
forms, anatase is mainly used in photocatalysis, and rutile form is mainly used in the paint industry
[1, 4, 29, 98]. The wide band gap this semiconductor restricts its functional activities beyond the
UV region [4]. TiO2 in nanoscale shows better functionality as compared to the bulk TiO2 material
due to its enhanced surface area and broadened band gap which leads to improved functionality as
a result of enhanced active sites on the surface [38, 98]. It has also been reported that at the
nanoscale, OD spherical TiO2 nanoparticles are not much influenced in terms of their
multifunctional applications due to large interfacial area slowing down the transport of the charge
carriers, wide band gap limiting their applications under sun light radiation and also resulting in
fast recombination of photo-generated charge carriers. Furthermore, these nanoparticles are
difficult to recycle especially during the photocatalytic applications in water treatment and give
rise to water pollution indirectly [1, 52, 98, 99].
Among various TiO2 NSs, 1D TiO2 NSs have a high aspect ratio, large specific surface
area, the shorter distance for electrons and holes diffusion, enhanced light adsorption, enhanced

light scattering properties, specific interface effect excellent electronic or ionic charge transport



properties, etc. [56, 61, 100]. 1D TiO2 NSs exist in different morphologies which results in
different properties of the material. 1D TiO» exists majorly in the form of NRs, NTs, NFs, NBs,
NRbs, NWs, etc. as shown in Figure 2B. Figure 2B shows the secondary electron microscopy
(SEM) images of various 1D TiO2 NSs. Most commonly used 1D NSs are solid except NTs which
are hollow structures. NFs are the kind of NSs which possess two dimensions in the nm range with
another as a longer dimension. If we look at the geometry of all the solid 1D NSs, all these are
types of NFs and only the difference is that of their aspect ratio [87]. NRs are with length sizes
ranging between 1-100 nm and an aspect ratio of around 3-4. NRs are found to be thermally stable
and are similar to NTs except for not having an internal surface [65, 101]. This is true for all the
solid 1D NSs that these are lacking hollow-core [102]. NRs have a smaller length than NWs which
are of micron lengths with an aspect ratio of 1000 or more [103]. Apart from these NSs, NBs, and
NRbs are similar to NWs but these are wide with a width of 30-500 nm. They show a high aspect

ratio and their ends are rolled and are thinner [103].

Figure 2. (A) Crystal structures of different forms of TiO,: rutile and anatase (tetragonal,
P42/mmm), and brookite (orthorhombic) polymorphs. Permission is required from [98]. (B) SEM
images of various 1D TiO2 NSs: (a) NRs Permission is required from [104] (b) NRbs Permission is
required from [105] (c) NFs [2] (d) NWs Permission is required from [106] (€) NTs Permission is
required from [107] (f) NBs Permission is required from [108].



1D TiO2 NSs have shown to be very advantageous for the photocatalytic and other
functional activities as a result of larger surface area due to the 1D geometry as compared to their
bulk providing more reaction sites, reduced electrons, and holes recombination rate [62].
Furthermore, the 1D geometry facilitates a high interfacial charge carrier transfer rate and
promotes charge separation efficiency due to the shorter distance for the diffusion of these carriers
[29, 62]. Rosales et al. [62] demonstrated the photochemical performances of various 1D TiO>
NSs and reported that TiO> NFs showed a better response in terms of reactive oxygen species
(ROS) generation and also observed the following trend, NFs > NT s> NRs > NWs. Similarly, 2D
NSs have a high aspect ratio, high adhesion to substrates, smooth surfaces and show low turbidity
and exhibit great potential as self-cleaning surfaces and surface functionality. However, the
synthesis of 2D NSs is complex and requires harsh experimental conditions [99]. 1D TiO2 NSs are
promising as energy transport nanomaterials due to their ability to conduct the quantum particles
(photons, phonons, and electrons) as a result of their large aspect ratio and this transportation is
very much influenced by the 1D geometry [1, 40, 60]. Similarly, 1D TiO2 NSs are promising in
several fields as multifunctional nanomaterials.

As discussed in the last sections, despite having several good characteristics, some factors
limit the wider and potential applications of 1D TiO2 NSs in several fields. Literature indicates
that for making these 1D TiO, NSs more promising for various applications and further
improvement of their properties, several kinds of modifications, particularly rare-earth metal
doping strategy have extensively been carried out resulting in improved properties and
functionality. For example, Zeng et al. [109] performed a comparative study of La-doped OD TiO:
nanospheres and 1D TiO2 NBs for their structural and sensing properties and found that these
properties could be improved by tailoring the shape of the NSs by introducing TiO> NBs and
further by doping with La. Similarly, Singh et al. [2] studied Ta doped TiO2 NFs to demonstrate
that doping improves the dual functional properties of photocatalytic degradation and
ultrasensitive detection of organic dye molecules as compared to undoped TiO2 NFs. Also, Hassan
et al. [110] performed the effect of doping of La, Ce, and Nd in 1D TiO2 NSs for photocatalytic
dye degradation and found that doping prevented the phase transformation at a higher temperature
from anatase to rutile. This could be beneficial for photocatalytic activities as it is eminent that the
anatase phase is more active than the rutile phase. RE metal doping also decreased the band gap

along with the recombination rate of charge carriers leading to enhanced photocatalytic activity



particularly with Nd-doped TiO, as compared to undoped one. This review article is mainly
focused on such doping effects with RE metals into 1D TiO, NSs and their multifunctional
applications. The details of doping and its mechanism have been discussed in detail in the next

section.

3. RE metal doping of 1D TiO2 NSs: Fundamentals and mechanism

As discussed above, TiO2 based NSs are required to modify due to their wide band gap
energy, fast recombination of photo-generated charge carriers, and low efficiency of their
separation because of their potential applications in a variety of fields. There have been many
efforts including coupling with functional materials, sensitization, and doping to reduce the band
gap and to increase the charge carrier separation efficiency of TiO2 NSs. Interestingly, doping is
one of the most extensively used methods to achieve these goals among others using several metals
(transition or noble or RE metals) or non-metals [29, 41, 111-115]. Extensive research has been
carried out in the last few years to improve or modify the optical, electrical, structural, surface,

and interface properties of 1D TiO2 NSs by doping with RE metals.
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Figure 3. (A) Position of RE elements (in blue color) in periodic table. Titanium and oxygen are
shown in green color. (B) Improved properties of 1D TiO2 NSs as compared to 0D TiO2 NSs and
RE doping mechanism with further improvements in the properties of TiO2 1D NSs.

There are 15 lanthanide elements ranging from atomic number 57 (lanthanum) to 71
(lutetium) as shown in Figure 3A. Since scandium and yttrium are showing similar chemical
behavior as lanthanides, thus they may also be considered under RE elements. Here, we have
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discussed the fundamentals and mechanism of doping TiO2 nanocrystals with RE metals leading
to the improved optoelectronic and photocatalytic properties for multifunctional applications.
Figure 3B shows modifications and improvements of various properties of TiO2> NSs due to RE
metal ions doping. The RE metals have the involvement of 4f, 5d, and 6s states and these are the
ideal dopants for the modification of the optical, electrical and structural properties of
semiconductor nanomaterials [110, 116]. RE metal doping is very beneficial for TiO, based
semiconductor NSs because of visible light activity with improved photonic efficiencies [29].
These metals are very promising dopants for TiO2 NSs because of the enhancement of their optical
absorption properties and thermal stability of the anatase to rutile phase transformation [73].

Doping is a process of the addition of impurities into the crystal lattice of a host
semiconductor material which results in the modification of its optical, electrical, and structural
properties. Doping with RE metal ions creates additional energy levels into the band structure of
Ti0z. These additional energy levels in between the conduction band (CB) and valence band (VB)
are mainly used to trap the charge carriers to separate them from the bands and facilitate their
diffusion towards the surface for the various processes to occur on the surface of the TiO, (Figure
3B) [2, 4]. These sub-energy band gap levels which are formed leads to the red shift in their
absorption spectra and reduce the band gap energy of the materials promoting the visible light
absorption. Interestingly, the reduction in band gap energy could be tuned by varying the dopants
and their concentrations [2, 117]. Along with the concentration of the dopants, the ionic radius of
the dopants is also an important factor that decides the position of the dopant within the crystal
lattice of TiO2[22, 118, 119].

In the case of RE metal ion doping in TiO. based NSs, there are many possibilities for
dopants to be incorporated within the crystal lattice or accumulated on the surface. These dopants
may occupy the interstitial site of the TiO; lattice or substitutional doping may occur or it can form
an oxide layer on the surface [29, 61]. Generally, substitutional or interstitial doping occurs if the
ionic size of the dopant ions is equal or smaller to the ionic size of Ti*" in TiO, respectively. On
the other hand, when the ionic radius of the dopant is larger, the dopant ions form their oxide layers
on the surface of TiO2 NSs [29]. It mainly affects the growth and structural properties of the 1D
TiO2 NSs leading to several advantages to the doped semiconductor photocatalysts. Since, the RE
metal ions are of a larger ionic radius as compared to that of the Ti**, in the case of RE metal ion

doping in TiO2 NSs, an oxide layer formation is expected [29, 120]. However, each type of doping
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feature involving substitutional, interstitial, and oxide layer formation on the surface has been
reported in the case of RE metal doping in 1D TiO2 NSs depending on the various experimental
conditions as discussed in detail below. These doping effects are attributed to the presence of 4f
states of RE metal ions in the bandgap of TiO> through charge transfer between 4f states and CB
or VB of TiO2[68, 113, 120, 121]. Here, we provide a brief about the doping of various RE metals

in 1D TiO2 nanostructures and the involved mechanisms of their distribution.

3.1 Doping with RE metals in 1D TiO2 NSs

As shown in figure 3A and discussed above, there are several RE metals listed in the
periodic table. Some of the RE metals have been extensively used as dopants for doping various
TiO2 NSs and have shown promising results in improving optoelectronic, structural, surface, and
photocatalytic properties. Doping of various RE metals in TiO> NSs is discussed herewith in

details:

3.1.1 Ladoping in 1D TiO2 NSs

La is the most widely used RE metal for doping TiO2 NSs to improve their properties for
a wide range of applications in the field of energy and environment. La®* ions have an ionic radius
of 1.15 A that is larger than the ionic radius of Ti** (i.e. 0.68 A). Because of its larger ionic radius,
there is more possibility that La®" will not enter into the lattice of TiO2 [122-124]. Meksi et al.
[122] studied La doping in TiO2 NRs and NTs was given doping effect on the structural growth of
1D TiO2 NSs. It was concluded that doping of La into TiO- lattice had no evidence and no effect
on the morphology of 1D TiO, NSs but it prevented the phase transition of TiO> from anatase to
rutile and crystal growth even at a higher post-annealing temperature [123]. Even though, there
was no formation of any oxide layer as evidenced from x-day diffraction (XRD) data. Furthermore,
it was found that La was dispersed over the surface of the NSs which significantly enhanced the
lifetime of photo-generated charge carriers through the maintaining of smaller anatase crystalline
domains and creating oxygen vacancies limiting the volume recombination rate [122]. In most
such cases when there is no doping evidence of La ions into TiO; lattice, it has been found that La
forms a very thin oxide layer on the surface. Whereas, at the interface between the oxide layer and
TiO,, there is a substitution of La®" ions by Ti*" in the lattice of the oxide layer leading to the
formation of chemical bonds i.e. Ti-O-La [61, 123, 124]. For example, Wu et al. [61] reported La

13



doping in TiO2 NTs wherein La®" formed nanoclusters of La,O3 over the surface of NTs attributed
to the Ti-O-La bond formation and La substitution by Ti ions in La2O3 formed at the interface. The
RE metal doping produces charge imbalance, oxygen defects and Ti®* species (Figure 3B) leading
to the bandgap reduction and enhanced visible-light photocatalytic activity. On the other hand,
contrary to the results shown by Meksi et al. [122] and Wu et al. [61], a few results are
demonstrating the introduction of La into the TiO> lattice during the formation process and
influenced the TiO- lattice parameters and cell volume resulting in the structural defects [61, 125,
126]. However, this is the case only when a very little amount of doping is taken place and when
doping is increased, there is a formation oxide layer on the surface at the higher doping
concentration [125]. Sadhu et al. [126] studied the growth of La doped TiO2 NRs and demonstrated
that even though XRD did not exhibit any signature of oxide formation or doping La into TiO>
lattice due to mismatch of ionic radius of La®*" and Ti**, scanning transmission electron microscopy
(STEM) showed the homogeneous distribution of La ions into TiO2 NRs. However, the reason
was not very clear. There was an insufficient change in the shape of absorption and
photoluminescence spectra of doped TiO2 NRs except for a little enhancement in the visible light
activities and optoelectronic properties. It is expected that due to the size variation of their ionic
radius (La%* and Ti*"), there may be the possibility of doping of La®*" ions interstitially into TiO;
lattice [127]. Similarly, Rajabi et al. [128] reported very recently on the La®>* doping in TiO: lattice
as evidenced through the distortion in XRD peaks. The La®*" doping in TiO2 NRs improved the
nonlinear optical properties of NRs exhibiting a potential application of 1D TiO2 NSs in nonlinear

optical device applications.

3.1.2 Ce doping in 1D TiO2 NSs

Ce is another widely used RE metal for doping TiO> NSs and emerges as a promising
dopant for improving their optoelectronic properties for many applications. Ce has a unique
electronic structure that makes it special for doping TiO2 NSs i.e. different electronic structures of
4f states. Unlike other RE metal ions, Ce ions exist in two redox states Ce®* and Ce** with
electronic structures 4f'5d° and 4f°5d°, respectively. Similarly, the ionic radius of Ce** and Ce*
ions is 1.03 A and 0.93 A, respectively [129, 130]. As similar to La®" ion doping in TiO; lattice,
doping of Ce ions into TiO2 crystal lattice is also difficult due to larger ionic size as Ce®*" and Ce**

ions as compared to Ti*" in TiO- lattice [130-132]. Therefore, Ce ions also do not enter into the
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TiO2 lattice to form stable solid solutions ruling out the possibility of substitutional or interstitial
doping. Generally, Ce ions spread over the surface of the TiO2 NSs and tend to bond to the oxygen
anion on the surface forming a bond like Ce-O-Ti at the interface between Ce and TiO> [132].
Another possibility of Ce ions is to form an oxide layer CeO,/Ce;O3 over TiO, surface which
facilitates the migration of Ti** ions into the lattice of the oxide layer and substitution of Ce ions
take place by Ti** ions as size of Ti*" ions is less than that of Ce ions. Most of the literature has
reported the formation of oxide layer CeO2/Ce20z on the surface of TiO2 NSs that facilitate the
diffusion of ions as discussed above [130, 132, 133]. This is the best-accepted mechanism provided
in the literature for the Ce doping in TiO2 NSs leading to the suppression of the crystal growth and
phase transformation. However, there are only a few reports which demonstrate the interstitial
doping in the TiO; lattice of Ce ions. For example, Sun et al. [129] and Li et al. [131] proposed
that a little amount of the Ce®" ions were possibly localized in the octahedral interstitial site of Ce
doped-TiO2 NTs based on energy-dispersive x-ray spectroscopic (EDS) and X-ray photoelectron

spectroscopic (XPS) analyses.

3.1.3 Eu doping in 1D TiO2 NSs

Eu is another important dopant for TiO2 based 1D NSs for improving optical, structural,
and photocatalytic properties. One of its special features is that it is a very suitable dopant for
upconversion or luminescent materials and is widely used in lasers, light-emitting diodes, solar
cells, etc. along with photocatalysis [134-136]. Unlike other RE metals, extensive research has
been carried on in the literature exhibiting the doping of Eu®" ions in the lattice of TiO;
nanocrystals. It has been found that some of Eu* ions may replace or occupy the interstitial site
in the TiO; lattice irrespective of the size difference (ionic radius of Eu® = 0.95 A) with Ti*" and
causes distortion in the TiO; lattice [137-140]. For example, Li et al. [96, 137] studied the synthesis
of Eu doped TiO2 NTs, NBs for enhanced optical properties mainly the luminescent properties. It
was observed that there was a little shift in the main characteristics peak of TiO2 towards the lower
angle side due to the substitution of Eu with Ti ions. Similarly, Eu doping also restricts the phase
transformation and decreases the crystallite size by the formation of Eu-O-Ti bond. Experimental
evidence through the luminescence spectra of Eu doped TiO2 NSs were proposed that certified the
presence of Eu ions into TiO lattice [136, 141]. Bianco et al. [136] studied the mechanism of Eu

doping in NFs and confirmed the uniform distribution of Eu®* ions in lattice of TiO2 NFs with the
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detection of new phase Eu,Ti»O7 by Fourier transform infrared spectroscopy (FTIR), EDX and
XRD analyses. These Eu-TiO2 NFs exhibited strong luminescence of Eu®" ions due to the notable
distortion within the crystal due to incorporation of Eu ions. More details on Eu doping in 1D TiO>
NSs are given in the further sections on the mechanism and upconversion or luminescent-based

applications.

3.1.4 Er doping in 1D TiO2 NSs

Er has been mostly used for TiO2 based optical materials [142-145] but recently Er doped
TiO2 NSs have been considered in many other directions mainly in photocatalytic activities [143,
146-149]. It has been reported that Er-doped TiO2 NSs show typical absorption peaks in the visible
region such as at 490 nm, 523 nm, and 654 nm, which is attributed to the transition of 4f electrons
[146-148]. It has been reported that Er doping causes improvement in the structural and optical
properties of 1D TiO2 which is mainly effective for photocatalytic degradation of organic
molecules [146]. In most of the studies, substitutional doping has been achieved, for example, as
in the case of Er¥*-TiO, NFs, replacement of Ti* ions by Er®* ions into TiO; lattice has been
reported resulting in the distortion, the expansion of crystal lattice, and the charge imbalance [148].
Similar to other RE metal ions doping, Er-O-Ti bond formation at the interface due to oxide layer
(Er.03) formed on TiO surface and direct doping without forming oxide layer have also been
reported in the literature [144, 146]. In some of the studies, it was found that Er doping had no
effect on the lattice structure or shape of the 1D TiO2 NSs on increasing temperature but doping

formed dense structure and showed enhanced optoelectronic properties [145, 149].

3.1.5 Gd doping in 1D TiO2 NSs

Gd*" has the stable half-filled electronic configuration among the lanthanide series
elements which has significant importance in the stability of the Gd** doped TiO, NSs [113]. The
ionic radii of Gd®* are 0.94 A and similar to other RE metal ions, it cannot enter the lattice of TiO;
completely. Therefore, it also mainly forms a uniformly dispersed oxide layer on the surface of
the TiO, NSs and some of Ti*" may substitute this Gd®" in its oxide layer through the interface
between them. Due to its extra stability, it shows the highest photocatalytic activity and enhanced
hydrophilicity among all the RE elements [113, 150]. Moreover, Gd** doping provided higher
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crystallinity as reported in the literature [150-152]. Recently, Liu et al. [150] studied the Gd doping
in TiO2 NTs and demonstrated that Gd doping greatly influenced the particle size growth and phase
transformation without affecting the morphology of the NTs. Gd doping exhibited higher
crystallinity in TiO2 NTs resulting in remarkably enhanced photocatalytic properties under the
extended visible light. Furthermore, the incorporation of Gd into TiO> lattice greatly influenced
the hydrophilic properties of the doped TiO2 NSs [113, 152].

3.1.6 Other RE metal doping in 1D TiO2 NSs

As discussed above, due to the variation in the ionic radius of the RE metals ions with Ti**
(in TiO2), most of them mainly forms oxide layers on the surface of TiO2 NSs and a few RE metal
ions also enter into the TiO> lattice and sit at the interstitial position or substitute Ti such as in the
case of Th, Sm, Pr, Tm, Dy, Yb, etc. [153-158]. Pal et al. [154] demonstrated the replacement of
Ti* ions (in TiO2) by Yb** by estimating the Ti concentration with increasing Yb®" amount. A
decrease in Ti concentration with increasing Yb3* dopant concentration was evidence by EDS
which was further confirmed by XRD data that showed a shift in the characteristic peak of TiO>
towards the lover diffraction angle as a result of Ti substitution by Yb. This shift of the diffraction
peak indicates the doping within the lattice of the TiO>. Similar results were reported recently by
Liao et al. [159] in the case of Yb doped TiO2 NFs. Similar substitution doping was also reported
in the case of Sm doped TiO2> NTs [153] along with the traces of Sm20s on the surface of TiO:
[160]. Dy doping in 1D TiO2 such as NBs, NTs, or other NSs leads to the substitution of Ti along
with the formation of the oxide layer and change of the final morphology with increased Dy
concentration [161-163]. In some cases, Ti** replaces RE metal ions in the oxide layer at the
interface leading to the formation of bonds between RE metal-O-Ti as discussed above in the case
of La, Ce, etc. While in some cases it has been reported that RE metal ions are fully doped within
the TiO- lattice without forming an oxide layer on the TiO> surface. For example, Ho doping in
TiO2 NWs [164], Nd doping in TiO2 NFs [110], NRs [93] and other NSs [111, 165]. It has been
proposed that Nd occupies the octahedral interstitial site of Nd-doped TiO2 [111]. Tb doped TiO>
NSs showed emission bands in the blue and green regions attributed to the presence of Ti®** and
oxygen defects as well as the emission from Th*®" transitions. The emitting colour could easily be
tuned in the blue region by varying the Tb** concentration [166]. The overall picture of the RE

17



doping mechanism in 1D TiO2 NSs and improvement in various properties have been shown in
Figure 3B.

The RE doping mainly creates lattice distortion, charge imbalance, oxygen vacancies, etc.
All these doping effects lead to the inhibition of crystal growth, phase transformation, and charge
recombination in TiO2 NSs. Most of the RE doping does not affect the morphology of the final
doped TiO2 NSs as compared to the undoped one. Furthermore, RE metal ions doping provide
doped TiO2 NSs with decreased bandgap, higher crystallinity, and surface area leading to visible
light activity. Also, it improves the structural, optical, and electrical properties promising for their
multifunctional applications in various research fields including energy and environmental

application as discussed in detail in further sections.

3.2 Co-doping with rare-earth metals in 1D TiO2 NSs

As discussed above, RE metal ions provide abundant energy levels originating from their
special electron/photon transitions between 4f and 5d orbitals. Doping with RE metal ions has a
great impact on TiO2 NSs as a result of the reduction in their absorption threshold and utilization
of solar light making them visible light active materials [167, 168]. Although these modifications
are very sensitive to the materials properties, structures and compositions, doping with RE metals
leads to the enhancement of structural and optoelectronic properties [167, 168]. However, studies
reveal that these dopants may also act as recombination centers for the photo-generated electrons
and holes that promote their recombination by reducing the charge carrier separation [167, 169,
170]. These mono-dopants may also disturb the TiO> lattice and act as trapping centers for photo-
generated electrons and holes in place of visible light absorbance source [167, 169].

To overcome these issues, co-doping of RE metal-doped TiO2 NSs with another dopant is
very effective and has also been investigated extensively [77, 167-171]. Co-doping could be
carried out with another RE, transition, or noble metals or non-metals which exhibits enhanced
photocatalytic properties of co-doped TiO, NSs as compared to the mono dopant TiO2 NSs [167,
170, 172]. There is extensive research carried out to study the effect of doping and co-doping using
other metals such as transition/noble metals and non-metals and readers are encouraged to go
through the relevant literature [4, 173-176]. Additionally, RE doping improves the structural,
optoelectronic, and conducting properties of the TiO2 NSs along with the stability of the systems
[168, 177-179]. In a review by Chen et al. [169], the synergistic effects of co-doping of TiO2 NSs
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are discussed which reveals that the co-doping is promising for the improvement in their optical
absorption, transport properties, and surface trapping of the photo-generated electrons and holes.
Interestingly, metal co-doping has been shown to have a great impact on the photoelectric
properties of 1D TiO2> NSs [77, 94, 168, 180, 181].

Very recently, Wang et al. [94] studied the effect of Yb%*, Er** co-doping in TiO2 NRs for
their improved transport properties. These doped TiO2 NRs were used as an electron transport
layer in the perovskite-based solar cell device and found to be very promising for the enhancement
of photovoltaic properties of solar cell devices. It was also found that co-doped TiO2> NRs enhanced
the absorption of light from visible to NIR region and reduced the band gap along with 25%
enhancement in the current density of the solar cell. It also enhanced the efficiency of the solar
cell by 17% as compared to the undoped TiO2 NRs based solar cell. All that attributed to the higher
recombination resistance of the photo-generated electrons and holes and a lower transfer resistance
than those of the undoped NRs based device. Shanying et al. [182] reported that co-doping of La
with Co enhanced the electrical conductivity of TiO2 NWs due to an increase in the carrier
concentration which showed great potential for nanoelectronic devices. Similarly, co-doping has
a great impact on the improvement of the various properties of the 1D TiO2 NSs making it versatile

for several applications and is discussed in section 5 in more details.

4. Synthesis of RE doped 1D TiO2 NSs

There are several promising physical and chemical methods that have been using for the
synthesis of various 1D TiO2 NSs as well as RE doped 1D TiO2 NSs. These methods are briefly
discussed here along with the recent advancement carried out in fabrication strategies by the

researchers:

4.1 Hydrothermal synthesis

There are several techniques for the synthesis of 1D TiO2, NSs. These include
hydrothermal, solvothermal, anodic oxidation, chemical vapor deposition, etc. [2, 62, 183-189].
Among, these techniques, hydrothermal synthesis route is one of the promising techniques which
provide the possibility of synthesizing all kind of 1D TiO2 NSs through varying the various

experimental parameters [62, 185, 190]. Since the last decade, this technique has become one of
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the advanced nanomaterials synthesis techniques for NSs of various dimensions for different
applications [4, 144, 191-193]. It also helps to learn fundamentals for manipulating materials at
nanoscale varying physical and chemical parameters. Especially, 1D TiO2 NSs as discussed in
Figure 2B, transition metals /RE metals/ non-metals doped 1D TiO2 NSs, their nanocomposites,
etc. could be simply prepared by hydrothermal method [4, 112, 135, 190, 194-196]. Kasuga et al.
[184] developed a new way to synthesize 1D NSs specially NTs with high surface area using the
hydrothermal method and demonstrated that their optoelectronic properties could be greatly

enhanced by incorporating metallic, organic, or inorganic materials.
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Figure 4. (A) Schematic illustration of the synthesis of 1D TiO2 NSs using hydrothermal process.
(B) Doping of RE metals in 1D TiO2 NSs using sol-gel hydrothermal synthesis. Permission may
be required from [197].

In the hydrothermal synthesis technique, 1D TiO> NSs are prepared using a stainless-steel
autoclave reaction vessel. Simply, TiO2 precursors or nanopowder either commercial or
synthesized by any other methods such as sol-gel, are used for the preparation of 1D NSs. Various
precursors such as titanium alkoxides, titanium isopropoxide, tetrabutyl titanate, titanium ethoxide,
titanium halides (TiCls, TiFs), titanium (IV) bis (ammonium lactate) dihydroxide, etc. are
generally used in the hydrothermal method. These starting materials are first dissolved in either
concentrated aqueous or alkaline solutions (or their aqueous solutions are prepared), followed by
stirring, and then the final solution is poured into the autoclave. The autoclave is then kept in the

furnace at elevated temperature for calcination and or pressure to obtain the final product (Figure
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4A) [197-199]. To prepare 1D TiO2 NSs, generally acidic or alkaline solvents are used for
dissolving TiO2 precursors. Particularly alkaline solvents are used in case of hydrothermal
synthesis of NRs and NTs [56, 198, 200]. This method is very simple and cost-effective. This is
also very important to note that various parameters play an important role in the production of the
final product. Various experimental parameters such as temperature, pressure, solvent
concentration, pH of the solutions, etc. have a great impact on the morphologies. Similarly, these
parameters also affect various properties like thermal conductivity, viscosity, dielectric constant
and heat capacity, etc. that could be tuned by changing these parameters [1, 198, 201-204]. For
example, Yuan et al. [103] demonstrated that the morphologies of various TiO2 NSs such as NFs,
NTs, NWs could be controlled due to the different precursors, alkaline solutions and their
concentrations along with changing the duration of the reaction and operating temperatures.

RE metal-doped 1D TiO2 NSs could also be synthesized similarly using a hydrothermal
technique. However, to synthesize RE doped 1D TiO2 NSs, the following two strategies are
applied:

(i) direct doping of RE metal ions by mixing the appropriate amount of metal precursors in TiO>
precursors/nanopowder before dissolving it to the suitable acidic or alkaline solvent followed by
the thermal treatment as shown in Figure 4A (in red color) [205, 206];

(i) the sol-gel hydrothermal method in which, first using sol-gel method, TiO2 gel is prepared
followed by addition of the RE metal ion as its precursor as shown in Figure 4B [197]. Various
RE doped 1D TiO2> NSs have been prepared using the hydrothermal method for several

applications and are discussed in detail in section 5.
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4.2 Solvothermal synthesis

Solvothermal synthesis of 1D TiO2 NSs is similar to that of the hydrothermal method as
discussed above. The major difference is the solvents used in the synthesis process. It includes the
use of non-aqueous solvents and autoclaves in an almost similar manner with control of various
experimental parameters for producing 1D NSs of a variety of materials [207, 208]. For example,
Das et al. [208] demonstrated the synthesis of various 1D TiO2 NSs such as NRs, NTs, and NWs
using different non-aqueous solvents and studied their effect on the morphologies and structural
properties (Figure 5).
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In the solvothermal process, Ti salt is treated with a highly alkaline aqueous solution that
gives layered sodium titanate nanosheets which are converted into 1D sodium titanates NSs in
different organic solvents. The further procedure is the same as in the hydrothermal method
followed by post-synthesis calcination at high temperature to obtain the high crystalline and
retained morphology [4, 208-210]. Similarly, RE metal-doped 1D TiO2 NSs have also been
synthesized using a solvothermal process [121, 126, 210]. For example, Sadhu et al. [126] reported
on the solvothermal synthesis of La-doped TiO2 NRs with excellent optoelectronic properties.
Using an organic solvent, the solvothermal process has been proved to be beneficial over the

hydrothermal process because of better control of morphology and structural properties [4].

4.3 Anodic oxidation synthesis

Another important method of synthesizing 1D TiO: is the anodic oxidation method which
is mainly applied for the preparation of vertically aligned undoped or doped 1D TiO2 NTs [120,
183, 211-215]. In this method, as starting material, titanium (Ti) foil or alloy is used. The
anodization of the Ti foil or alloy is generally carried out at constant potential within an
electrochemical cell after a rigorous cleaning process [183, 216, 217]. The electrochemical cell
includes a working electrode as Ti anode, Pt, or C as a counter electrode in an electrolyte solution
which is a mixture of generally deionized water, ethylene glycol, and ammonium fluoride
solutions. During the synthesis process, when high voltage is applied, either the Ti metal gets
oxidized forming an oxide layer or dissolves in the electrolyte leading to the formation of TiO>
NTs. At the cathode, there is a production of H> gas [216, 218].

Ti — Ti*'+ 4e” (at anode)...(1)

Ti + 22 H:O — TiO2 + 2H" + 2¢~ (oxide formation)...(2)
TiO2 + 6F + 4H" —H2[TiFs ]+ H.0 (Dissolution)...(3)
zH' + ze— z/2H> (at cathode)...(4)

Li et al. [218] also explained the similar mechanism of anodic TiO2 NTs formation. It was
mentioned that the oxide layer thus formed reacts with the fluorinated electrolyte leading to the

etching and pores formation for the further development of the NTs as shown in Figure 6A [219].
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This is further followed by rinsing by methanol, drying process, and calcination at higher
temperature to produce well vertically aligned TiO2 NTs [120, 183, 211, 213, 214, 216]. These
TiO2 NTs arrays and RE doped NTs have been potentially applied for various applications [61, 85,
107, 120, 220, 221]. There are various experimental parameters such as anodizing time, applied
potential, pH, temperature, electrolyte concentrations, etc. which influence the final morphology
and thus the structural properties of TiO2 NTs [183, 216, 222]. For example, Jedi-Soltanabadi et
al. [213] studied the influence of anodizing time on mainly morphological properties of TiO2> NTs
and found that morphology was purely dependent on the anodic time. Morphology with higher
NTs length could be possible like the formation of NWs but increasing time would damage the

morphology leading to the formation of grass-like structures [213, 215, 223].
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RE metal-doped TiO2 NTs using the anodic oxidation method can be obtained by either
one-step or two-step anodization. In one-step anodization, either RE metal-doped Ti foil/substrate
can be used as an anode or RE metal precursors can be added in the electrolyte for a similar process
to be occurred as in NTs formation [120, 172, 224]. For example, Parnicka et al. [120] produced
various RE metal-doped TiO2 NTs using their alloy as anodic material. On the other hand, two-
step anodization involves the first synthesis of anodic TiO2 NTs followed by doping of RE metal
ions after immersing NTs in corresponding precursor solutions of RE metal [218, 225] (Figure
6B).

4.4 Electrospinning synthesis

Electrospinning is an important and the only method for the synthesis of NFs structures out
of all other 1D NSs [2, 226-229]. This method is known to create NF structures of a variety of
materials such as semiconductors, polymeric, metals, nanocomposites materials, etc. for several
applications ranging from environment, sensing, energy to biomedical applications [228, 230-
233]. This is also a suitable method to produce doped NFs of a variety of materials including TiO>
NFs using various dopants [2, 232, 234-236]. Using the electrospinning method, various RE
metals doped and undoped TiO2> NFs have been prepared for many applications. The main
characteristics of TiO2 NFs produced by using method include high aspect ratio, low density, high
pore volume, etc.[229, 237]. Its handling is not so simple but this method has a very simple

processing technique for NFs synthesis using electric force.
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A typical electrospinning instrument components contain mainly, a syringe with a metal
needle, high voltage power supply, and a conductive collector for collecting the NFs as shown in
Figure 7 [227, 229, 233]. Generally, a polymer such as Polyvinylpyrrolidone (PVP), is used in the
TiO2 NFs fabrication process in the electrospinning method because it provides better solubility to
the TiO2 precursor with alcoholic solvent for making a homogeneous mixture. Acetic acid is
another important component that is used for stabilizing the mixture solution that also controls the
hydrolysis reaction of TiO> precursor within the solution [2, 229]. As shown in Figure 7, the
solution thus prepared, is then injected with the help of a syringe pump into the system and a high

voltage is applied at the tip of the needle. As a result of the applied voltage, the polymer solution
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at the tip of the needle gets polarized and distributes the induced charge over the surface. The drop
as formed at the tip of the needle has a surface tension which overcomes by the electric force
giving rise to a Taylor cone leading to the formation of tiny jets. The conducting collector serves
as the receiver of the NFs thus produced from the Taylor cone (Figure 7). The NFs thus produced
are calcined at higher temperature to remove the polymer and finally, NFs with the reduced
diameter is obtained [186, 238-241]. Someswararao et al. [239] have simply demonstrated the
fabrication procedure of TiO2 NFs using TTIP as Ti precursor, methanol as the alcoholic solution
with PVP polymer. Similarly, Li et al. [186] demonstrated the synthesis of TiO> NFs with the

various diameter ranging between 20 to 200 nm by varying several parameters during the
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Figure 8: Schematic representation of fabricating TiO> NFs with different morphologies and
surface areas using electrospinning method. Permission is required from [238].

However, as explained by Liu et al. [237], the electrospinning technique for fabricating
NFs can be carried out in many different ways resulting in a change in morphologies of NFs. For
example, He et al. [238] demonstrated that the co-axial spinneret electrospinning method could be
used for fabricating NFs with different morphologies and surface areas (Figure 8). In some cases,
NFs could be useful for fabricating other 1D TiO2 NSs just by thermal treatment, for example,
TiO2 NTs from TiO2 NFs [216]. The morphologies, as well as various properties of doped or

undoped TiO2 NFs, could be altered by varying several parameters which are polymer
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concentration, applied electric voltage, the distance between the tip and the conducting collector,
flow rate of the solution, etc. [2, 242].

Doping of TiO2 NFs with RE metals is proved to an important aspect of improving their
multifunctional properties [2, 110, 141, 234, 243]. Doping of TiO2 NFs with RE metal ions is a
similar process using an additional precursor of RE metals [2, 141, 243] as shown in Figure 7. For
example, Singh et al. [2] exhibited the fabrication of Ta doped TiO. NFs for multifunctional
applications using electrospinning technique as described above with the addition of Ta precursor
tantalum ethoxide with TTIP and PVP. The synthesized Ta doped TiO> NFs showed enhanced
photodegradation as well as sensing properties for dye molecules. The doping TiO2 NFs with RE
metals has been shown to enhance their optoelectronic, sensing and surface properties for various

applications which have been discussed in the next section.

4.5 Template assisted method

Template assisted method is another promising and common method for the synthesis of
1D TiO2 NSs [244]. As discussed above, like hydrothermal synthesis, the template-assisted method also
combines the sol-gel with pre-prepared templates. In this method, 1D NSs are prepared with morphology
using known shaped templates [245-248]. Either the template is dipped into the prepared TiO-sol or
sol is poured into the pre-shaped templates [248]. This method is used to synthesis controlled
morphologies of 1D NSs that depend upon the deposition temperature, concentrations or
composition of a sol, template shape, and size, and also the duration of the process [248-252].
Generally, nanoporous materials (i.e. nanoporous alumina, silica, zeolites, zinc oxide, etc.) are used
for preparing templates [250, 253-255]. After deposition and completion of the process, the used
template is removed by some process such as chemical etching or combustion [244, 248, 250].
This process leads to the formation of desired NSs as a duplicate morphology of the template [248].
Atomic layer deposition is found to be very important for controlling the shape and size of the NSs
during the use of the template-assisted method [256].

This method is classified as a negative and positive template-assisted method if the material
is deposited or coated on the inner walls or outer wall of the template respectively [248, 257-260].
Doped 1D TiO- nanostructures are also formed by this method using the same procedure as in the
case of undoped, where, dopant metal ion is added to the precursor solution before filling the pore

into the template. The template-assisted method has some drawbacks due to which its use is
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restricted such as it is a time-consuming process, require removal of the template after the

formation of nanostructure which may damage the nanostructure [248, 261].

4.6 Chemical vapor deposition method

Chemical vapor deposition (CVD) is another interesting method for producing 1D NSs
with good quality and uniformity for a variety of materials over a large surface area [189, 262].
Various modified and advanced CVD methods have been developed in the last few years [262-
264]. Recent developments in this field show great potential for large-scale synthesis of 1D TiO»
NSs arrays on substrates surface along with control over the shape, size, and various phases [262].
Simply, it is based on catalyzed growth of the solid 1D NSs i.e. through vapor-solid growth
mechanism using a precursor of the metal oxide materials or metal itself [265]. Normally, a
substrate is used where the volatile materials are deposited at a higher temperature depending on
the type of material used [189, 266]. In the case of TiO., generally, Ti metal or any of its precursors
is used. Using the CVD method, several 1D TiO2 NSs such NRs [189, 264], NWs [262], NBs
[267], etc. have been reported with uniformity. It has been found that CVD is a promising
technique for producing 1D NSs with uniform morphology and large surface area deposition on
the substrates. However, this method is known to be a little bit expensive and also involves harsh
experimental conditions [262]. This technique still needs to explore more on doping 1D TiO2 NSs

as only a few reports are available [268-270].

5. Multifunctional applications of RE metal-doped 1D TiO2 NSs
5.1 Photocatalytic degradation and ultrasensitive detection of organic pollutants

TiO2 based NSs is one the most used semiconductor nanomaterials for photocatalytic
degradation of dye molecules for wastewater treatments. However, the major challenge in
photocatalysis is to develop a cost-effective way to enhance its spectral sensitivity up to the solar
spectrum for its potential applications. Furthermore, it has been well achieved by the researchers
in the last few years through various modifications as also discussed above. Doping TiO2 based
NSs with RE metals is one of the promising ways which have been extensively used to enhance

their photocatalytic properties for the degradation of dye molecules.
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As a photocatalyst, TiO2 NSs under the influence of UV radiation, produces charge
carriers, electrons, and holes in the CB and VB, respectively. These separated charge carriers move

to the surface where they react with the atmospheric oxygen (O2) or adsorbed water molecules
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(H20) to produce various ROS such as OH", O, etc. where OH" production is very crucial for the
photocatalytic degradation of dyes as shown in Figure 9A [4, 271]. As discussed earlier, the photo-
generated charge carriers recombine at a fast rate preventing the production of ROS and thus
photocatalytic activity is decreased. This could be improved by doping TiO2 NSs with RE metals
which create charge imbalance and separation with the availability of more electrons and holes to
participate in oxidation and reduction processes with O2 and H2O [4, 41, 272]. This process leads
to the production of more ROS and increases the photocatalytic degradation of dyes adsorbed on
the surface of TiO2 NSs. This RE metal doping also leads to the increased absorption of the visible
light radiation by altering the absorption threshold to lower energy i.e. higher wavelength [272].
Doping with RE metal ions engineers the TiO2 band gap by introducing sub-energy levels below
the CB [2, 97]. Due to the presence of the variable energy levels as a result of the incorporation of
RE metal ions, electrons from VB need less energy to be transferred to the sub energy level as
compared to the energy required for the transition from VB to CB of TiO. (Figure 9B). This
transition could be carried out by visible radiation leading to the absorption of visible light
radiation and can be tuned to even NIR absorption by further modifying the morphology of TiO;
NSs in combination with other functional nanomaterials [4, 41, 97]. All these modifications due
to RE metal ion doping in TiO2 NSs enhance the photocatalytic optical properties and
photocatalytic efficiencies [4, 272].

Out of several RE metals, La has been extensively used for improving the optical, and
structural properties of 1D TiO2 NSs for photocatalysis as well as other applications. For example,
La-doped 1D TiO2 NSs includes La-TiO2 NRs [85, 122, 126], NTs [61, 122, 273], NFs [110, 141,
274] and NWs [135] for multifunctional applications including photocatalytic properties. For
example, Sadhu et al. [126] demonstrated homogeneous doping of La (1-4 mol%) in TiO2 NRs
which improved the electrical conductivity and optoelectronic properties of TiO2 NR electrodes
resulting in the enhanced charge carrier density and solar cell efficiency. Figures 9 (C-F) shows
the SEM images of various La-doped TiO2> NRs. The optical properties showed that doped TiO>
NRs exhibited a wide range of absorption below 420 nm. The absorption was found to be enhanced
absorption with increasing La concentration and the bandgap was decreased up to 2.9 eV (Figure
9 G-H). In another study, Song et al., [85] studied the enhanced photocatalytic properties of La
and other RE metals (Sm, Eu, and Er) doped TiO., NRs as compared to the pure NRs and

commercial TiO> for the degradation of methyl orange (MO) dye molecules. These studies show
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the enhanced optoelectronic properties resulted in the enhanced absorption towards the visible
region and reduced bandgap due to RE doping in 1D TiO2 NSs.

Cacciotti et al. [141] studied La, Eu, and Er-doped TiO2> NFs and compared their thermal
and luminescence properties with undoped TiO2 NFs. It was demonstrated the doping with RE
metal ions provided thermal stability to the phase transition from anatase to rutile up to 900-1000
°C attributed to the development of RE-Ti-O intermediate phase along with enhanced luminescent
properties as compared to the undoped NFs. Similarly, Hassan et al. [110] demonstrated the
enhanced thermal and photocatalytic behavior of La, Ce and Nd-doped TiO. NFs in the
photodegradation of Rhodamine 6G (R6G) dye. Interestingly, Singh et al. [2] demonstrated the
multifunctional applications of Ta doped TiO2> NFs including photocatalytic degradation and
ultrasensitive detection of methylene blue (MB). They showed that 5% Ta doping was the
optimized doping concentration of Ta in TiO2 NFs which exhibited better photocatalytic activity
along with detection of MB at a lower concentration through surface-enhanced Raman scattering
(SERS) technique. The increased concentration of Ta beyond 5% doping resulted in the formation
of its oxide which affects optoelectronic properties providing lower photocatalytic efficiency. The
excellent bifunctional properties of Ta doped TiO2 NFs was attributed to the induced sub energy
levels below the CB of TiO2 NFs due to the Ti** defects which not only improved the charge
separation but also promoted the charge transfer for the enhanced SERS signals of MB as shown
in Figure 10 (A-D). Similar work has been proposed by Liu et al. [220] who demonstrated the
remarkable SERS signal enhancement of MB dye molecules using TiO, nanofoam NTs array even
without any doping. This remarkable SERS signal enhancement was due to the unique structure
of 1D TiO2 NTs which allowed multiple laser scatterings among the periodic voids. Recent review
summaries such as bifunctional nanostructured materials investigating photocatalytic as well as
SERS activities [275]. It demonstrates the recyclable behavior of such NSs which could be
improved by various modifications such as doping, forming nanocomposites, core-shell NSs etc.
[275].

Bandi et al. [135] synthesized Eu and Ce-doped TiO> NWs arrays and studied the
morphological, optical, structural, and photocatalytic properties for the photocatalytic degradation
of toluidine blue-O dye. The RE doped TiO> NWs showed better photocatalytic mineralization of
dye molecules as compared to undoped NWs due to the enhanced photoluminescent properties

resulting in better charge separation and increased surface area as shown in Figure 10 (E-1). It can

33



be seen from the photoluminescence spectra that Ce doped TiO, NWSs show better charge
separation as compared to Eu doped and undoped TiO2 NWs resulting in enhanced photocatalytic
degradation. Very recently, Nwe et al. [162] reported on heterogeneous NSs of Dy-doped TiO:
NPs hybrid with Monoclinic TiO2 NBs which showed excellent UV and fluorescence light
photocatalytic activity for the photodegradation of MB molecules with a very small amount of Dy
doping. The high-performance photocatalytic activities were attributed to the RE doping as well
as 1D geometry of the TiO2 NBs.
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Figure 10. Photocatalytic activity of TiO. and Ta-doped TiO2 NFs photocatalyst for degradation
of MB dye under (A) UV light, (B) solar light. (C-D) SERS spectra of MB molecules and
schematic of the mechanism of enhanced photocatalytic degradation and SERS performance of
Ta-doped TiO2 NFs. Permission is required from [2]. SEM micrographs of (E) undoped TiO>
NWs, (F) Eu doped TiO2 NWs, (G) Ce doped TiO2 NWs, (H) photoluminescent spectra of the
undoped and Eu, Ce doped TiO2 NWs, (1) photocatalytic degradation of toluidine blue-O dye as a
function time under UV irradiation. Permission is required from [135].
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Wou et al. [61] reported that the photocatalytic efficiency of TiO> NTs was enhanced by La
doping due to the Ti-O-La bond formation resulting in charge imbalance and other factors such as
oxygen defects and presence of Ti%* species etc. On the other hand, Zong et al. [273] demonstrated
the effect of the La>Os doping which not only maintained the morphology but also enhanced the
surface area of the resulting La-doped TiO2 NTs. It was found that the loading Pd NPs further
enhanced the photocatalytic properties of La-doped TiO> NTs due to the electron trapping as a
result of the Schottky barrier created at Pd and TiO; interface. These Pd doped and Pd loaded TiO»
NTs/Pd-TiO2 NTs were used for the photocatalytic degradation of propylene under visible light
and found that Pd loaded La-TiO2 NTs showed the best photocatalytic activity (Figure 11). Sun et
al. [129] exhibited the excellent photodegradation behavior of Ce doped TiO2 NTs towards MB
under the visible light bombardment. It was shown that Ce doping extended the optical absorption
towards the visible light up to the wavelengths of 600 nm resulting in the enhanced visible-light
photocatalytic activity.
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Figure 11. (a) Visible light photocatalytic activity of (a) La-doped TiO2 NTs, (b) Pd-loaded La-
doped TiO2 NTs, (c) TiO2 NTs, and (d) Pd-TiO2 NTs, the inset figure shows the adsorption-
desorption equilibrium and photocatalytic process of the sample, (b) the average removal yields
of the C3Hs at the same condition (Figure 6), (c) photocatalytic reaction mechanism of Pd-loaded
La-doped TiO2 NTs. Permission is required from [273].
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In light of the above discussion on RE doped TiO2 NSs and their photocatalytic
applications, it can be concluded that these materials have been widely studied for photocatalytic
degradation of organic pollutants. It is also important to mention that improved photocatalytic
properties with high-performance photocatalytic activities have been achieved. The doping of RE
metal ions in 1D TiO2 NSs results in enhanced absorption that extends up to the longer wavelength
in the visible light radiation region. Along with this, various kind of structural, surface
modifications is induced due to the doping which shows promising results in enhancing the charge
separation, charge imbalance, generation of defects, etc. Moreover, tremendous progress has been
observed in the design and development of RE doped TiO2 NSs in the last few years, but still,

more devoted efforts are required to enhance their efficiencies for practical industrial applications.

5.2 Solar cell applications

In solar cell industries, DSSCs, organic solar cells (OSCs), and perovskite solar cells
(PSCs) are emerging and very promising research areas that can provide potential solar cell devices
for future generations. As compared to the traditional silicon-based solar cells, these have more
potentials to become better sources due to better photo-conversion efficiencies (PCE), cost-
effective synthesis processes, low synthesis temperature, more flexibility, etc. [276-280]. In
DSSCs, TiO2 NSs play an important role in transferring photogenerated electrons from dye
molecules to the electrode [281, 282] as shown in Figure 12 (A-B). 1D TiO2 NSs can provide a
direct pathway for this transportation of electrons from dye molecules to the required electrode as
they are more efficient in increasing charge collection efficiency [281, 283]. Further modifications
of such 1D TiO2 NSs could improve the efficiencies of DSSCs by improving the structural and
optoelectronic properties [282, 284]. Recent literature shows that 1D TiO2 NSs doped with RE
metals possess promising optoelectronic properties for enhancing the PCE of solar cells [66, 282,
284-287].

Several studies have been reported for improved PCE of DSSCs due to the incorporation
of 1D TiO2 NSs within the device structure [221, 281, 288-292]. A few studies show that PCE of
DSSCs could be enhanced using rare-earth-doped 1D TiO2 NSs as compared to the undoped NSs
based DSSCs [39, 93, 126, 293, 294]. For example, Sadhu et al. [126] showed that 4 mol% La-
doped TiO2 NR electrodes enhanced the PCE of DSSCs more than 20% as compared to the TiO>
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NRs (Figure 12 C). Similarly, Yao et al. [93] studied the effect of Nd-doped TiO2 NRs on the
performance of DSSC and observed that PCE was increased by 33% which was attributed to the
enhanced transportation of photo-generated electrons and separation with holes as a result of Nd
doping. Feng et al. [293] demonstrated the enhanced photovoltaic properties of DSSC using Ta
doped TiO2 NWs with very high open-circuit photovoltage.
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Figure 12. (A) Schematic diagram of DSSC and function of TiO2 NSs. Permission is not required
[295] (B) Schematic of DSSC device based on 1D TiO2 NSs photoanode. Permission is required
[281]. (C) La-doped TiO. NRs arrays electrode and optoelectronic properties for enhanced
photoelectrochemical activity. Permission is required from [126].

Asemi et al. [39] studied the effect of Ce doping in 1D TiO2 NSs (NRs and NTSs), their
optoelectronic, structural properties, and further overall impact on the performance of DSSCs. It

was found that 3% Ce doped TiO2 NSs showed the best electrical conductivity due to the induced
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oxygen vacancies. Also, Ce doped TiO2 NTs showed the better PCE of DSSC device due to
relatively higher surface area as compared to Ce doped NRs. However, DSSCs devices with Ce
doped TiO2 NSs showed better PCE as compared to the undoped TiO2 NSs attributed to the fact
that larger amounts of dye molecules were adsorbed on the surface of the Ce doped TiO2 NSs as
compared to the undoped NSs (Figure 13). This study shows the importance of structural
differences in various 1D TiO2 NSs that can have an impact on the overall performance of the
devices.
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Figure 13. (a) Schematic images and (b) cross-sectional FE-SEM image of the constructed solid-
state DSSCs based on 1D TiO2 NSs (NRs and NTSs), (c) current density—voltage characteristics of
the solid-state DSSCs made from hydrothermally treated 3% Ce-doped TiO2 NRs under simulated
AM1.5G solar light (100 mW cm2), and (d) UV-vis absorption spectra of the desorbed N719 dye
molecules from the photoanodes. Permission is required from [39].

In the last few years, PSCs have gained much attention because of their potential to be

commercialized for real practical applications [55, 66, 149, 278, 296]. In a very short time, PCE
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more than 22% has been recorded which shows a revolutionized progress in the solar cell
industries. A PSC device consists of a light absorber material called perovskite material which
produces charge carriers, en electron, and a hole transport material generally called electron
transport materials (ETM) and hole transport materials (HTM) respectively along with electrodes
(Figure 14)[168, 278]. The higher PCE as reported in recent literature is due to the unique
optoelectronic properties of perovskite materials that could further be improved by engineering or
modification of other components such as ETM or HTM [278]. As ETM, TiOz is the first choice
in PSCs due to its better optoelectronic and transport properties. In PSCs, the TiO layer promotes
the collection and transport of the photo-generated electrons from the perovskite layer to the
electrode [168, 278]. Other important factors for efficient PSCs is the band alignment of TiO with
perovskite material and electrical conductivity. If pure TiOz is applied as ETM, then it may lead
to the accumulation of photo-generated electrons at the interface of ETM and perovskite layer
resulting in the lower PCE of the PSCs [168]. Zhang et al. [168] mentioned that doping ETM with
RE metal could be a promising way to avoid these issues and to improve the photovoltaic
properties of PSCs. A planar PSC was designed using RE metal co-doped (Sm and Eu) TiO> layer
as ETM and dopant concentrations were optimized to achieve the higher PCE as compared to the
device with undoped TiO- (Figures 14 A-E). The co-doped TiO2 electron transport layer showed
improved transport properties such as greater electron extraction from the perovskite layer and
lower interfacial charge recombination resulting in the enhanced photovoltaic properties and
efficiency of the solar cell device [168]. Also, RE metal doping has been shown to tune the band
alignment of TiO> with perovskite materials in PSC structure as a promising way for facilitating
charge transport which further improves the performance of the device [297].

There are several reports on the enhancement of PCE and photovoltaic properties of PSCs
using RE doped TiO2 ETM [168, 181, 297-299]. For example, Gao et al. [297] demonstrated that
the La-doped TiO, ETM layer could be useful for tuning its Fermi level which improved the
efficiency of the device attributed to the induced oxygen vacancies. These modifications enhanced
the open-circuit voltage, fill factor, and PCE (around 16% PCE) higher than PCE (12%) of the
PSC device with undoped TiO2 [297]. Similarly, PSCs using 1D TiO2 NSs [300] and RE doped
1D TiO2 NSs [77, 149, 180, 181] have extensively been reported with better photovoltaic
properties and stability in recent years due to unique properties of 1D geometry of the NSs. For

example, Zhang et al. [149] reported a 16.5% enhancement in PCE of perovskite-based solar cell
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devices using RE doped TiO2 NRs (Er-TiO2 NRs) arrays as compared to undoped NRs based
device. These doped NRs showed decreased bandgap and wide absorption up to near infra-red
(NIR) radiation that upconverts that into the visible light. The designed PSC was made to use NIR
absorption with a high-performance PCS device due to the upconversion properties of Er-doped
TiO2 NRs and improved optoelectronic properties (Figure 14F). Similarly, Chen et al. [77] and
Wang et al. [180] reported 17% and around 21% enhancement in PCE of PSCs using Er/Mg and
Er/Yb co-doped TiO2 NRs arrays, respectively, as compared to that of the PSCs based on pure
TiO2 NRs arrays. Similarly, Wang et al [94] reported an inverted pyramid Er/Yb®* co-doped TiO2
NRs based PSC with NIR absorption exhibiting enhanced current density and PCE.
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Figure 14. Schematic diagrams of (A) device architecture and (B) energy levels of each functional
layer in the PSCs. (C) Cross-sectional SEM view of the device. (D) XRD patterns and (E) typical
current-voltage curves (two probes system measurement) of different TiO; films prepared by PLD
at applied voltage —2 to 2 V. Permission is required from [168]. (F) PCS designed with Er-doped
TiO2 NRs arrays with high-performance photovoltaic properties. Permission is required from [149]
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For the last few years, solar cell technology has many significant improvements especially
PSCs where TiO based various modified NSs have been used for enhancing the efficiency of the
solar cells. Recent advances show that the doping 1D TiO, NSs introduced several modifications
to improve optoelectronic properties such as reduction of NSs size, surface defects, and bandgap
between CB and VB along with the enhancement of electron concentrations and electrical
conductivity [284]. On the other hand, higher doping is introduced in the transformation of the
morphologies and structural defects leading to the decay of such properties. However, it has been
found that doping RE metal ions in TiO2 NSs is a promising technique for producing novel
transport materials to design efficient solar cells as shown by the number of published works in
the literature. However, more developments are required to enhance their efficiencies and

especially the stability of the perovskite materials for practical applications.

5.3 Photoelectrochemical water splitting applications

The photo-electrochemical (PEC) splitting of water to produce O, and hydrogen (H.) using
solar radiation is one of the promising ways to handle issues related to energy and the environment
[301]. Figure 15 shows a schematic of PEC device where splitting of H.O with two electrode
systems is shown [302]. In a PEC device, a suitable semiconductor electrode is immersed into an
aqueous electrolyte which under the influence of sunlight provides excited charge carriers for the
splitting of H20 into H2 and O as shown in Figure 15. This is the process of how photon energy

converts into electrochemical energy [302, 303].
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Figurel5. The mechanism of (a) PEC cell and (b) photocatalytic water splitting [302] (permission
not required)

Various semiconductor nanomaterials including TiO2> NSs have been researched in
photocatalytic water splitting but due to less effectiveness in charge transport and visible light
absorption, it is still a challenging area to produce a suitable material with the required qualities
[302-304]. Recent literature indicates that improvement of these properties by tailoring the shape,
doping 1D TiO2 NSs, heterojunction formation, etc. could be a promising technique in PEC
splitting of H20O as studied experimentally as well as theoretically [92, 225, 305-312]. For example,
Cho et al. [308] demonstrated that hierarchically branched TiO2 NRs were proven to be model NSs
for high-performance PEC devices with photocurrent nearly twice as greater as compared to the
device using unbranched NRs. It was attributed to the increased contact area of branched TiO;
NRs, ability to trap the electrons and straight conductive pathway for charge transport, etc. Several
studies have been reported with RE metal-doped 1D TiO2 NSs for improving the efficiency of
PEC cells for water splitting, for example, Nb-doped TiO2 NTs, NRs, NFs [92, 313, 314], Gd
doped TiO2 NRs [89], Ta doped TiO2 NRs [315, 316], NTs [69, 211], NWs [317], etc.
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Figure 16. (a) Enhanced photocatalytic water splitting activity of Ta doped TiO, NTs under
simulated sunlight conditions. Permission is required from [69] (b) proposed model for the Ta
doped TiO2 NTs PEC water splitting. Permission is required from [211].

Wang et al. [92] studied the effect of Nb doping in TiO2 NRs (produced by hydrothermal
technique) for investigating the charge transport behavior and its role in H>O oxidation as a
photoanode. It was found that 0.25% Nb-doped TiO2 NRs based PEC cell exhibited photocurrent
enhancement of 65% as compared to that made of undoped NRs. A few recent reviews are
discussing the improved charge transport in doped 1D TiO2> NSs based electrodes for PEC
applications [306, 310]. Altomare et al. [69] showed that optimized Ta doped TiO2 NTs showed
better PEC H»O splitting as compare to the pure TiO2 NTs (Figure 16 (a)). Yan etal. [211] reported
Ta doped TiO2 NTs with enhanced photoconversion efficiency from 0.28% to 0.63% when
compared to undoped NTs. TiO2> NTs were prepared by anodic oxidation of Ti followed by
magnetron sputtering of Ta and further annealing. It was proposed that when Ta doped TiO2 NTs
photoelectrodes were irradiated with the sunlight, Ta>Os distributed on the surface of the NTs
prevent the recombination of the charge carriers. Also, a decrease in bandgap and enhanced charge

transfer properties finally enhanced the efficiency of the PEC cell (Figure 16 (b)).

TR
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Figure 17. SEM micrographs of (a) Ta doped TiO2> NRs and (b) Ta doped TiO2 NRs deposited
with nanoparticles on the top. The inserts in (a, b) are the corresponding cross images, (c) the
schematic description of the morphology change after the Ta doping reaction [318]. Permission is
not required.

Similarly, Gd doped TiO2 NRs synthesized by the hydrothermal method were studied for

PEC performance [89]. It was shown that Gd doping existed into TiO: lattice and deposited on the
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surface in the form of Gd>Os nanoparticles which played important role in preventing the
recombination of photo-generated charge carriers and improving the charge transfer process. This
assembly provided increased photocurrent and photoconversion efficiency of PEC cells as
compared to bare TiO2 NRs. Interestingly, He et al. [318] synthesized hierarchical Ta doped TiO-
NRs arrays with deposited Ta nanoparticles on the top of the NRs as a suitable photoanode for the
PEC water splitting. These NSs assemblies improved the charge separation and interfacial area
between the electrolytes respectively for effective charge transport with enhanced photoconversion
efficiency as compared to bare NRs (Figure 17). The same group [315] recently reported Ta doped
porous TiO2 NRs arrays with efficient PEC water oxidation using the modified hydrothermal
technique on Ti foil. The PEC device formed with these nanoporous Ta doped TiO2 NRs exhibited
excellent photo conversion efficiency around 4 times greater than that of pure NRs and attributed
to the porous structure of TiO2 NRs. Hoang et al. [317] synthesized Ta and N co-doped TiO2 NWs
and implemented them as photoanode in PEC for photocatalytic oxidation of H20O. It was observed
that co-doped NWSs showed better response because of photocatalytic activities as compared to N
doped TiO2 NWs.

In recent years, PEC technology has been very progressing and a variety of materials have
been used showing greater efficiencies. Out of various nanomaterials, TiO2 based NSs have shown
promising aspects in this field with several modifications. Doping has been found as a simple
technique for PEC to modify its properties in combination with various synthesis techniques to
tailor the shape and size of the TiO2 NSs which additionally improves the surface properties along
with the optoelectronic properties. RE doped 1D TiO2 NSs in combination with other functional
nanomaterials should also be explored in PEC for better results.

5.4 Applications in photocatalytic reduction of CO2

The photocatalytic reduction of COg, to convert into useful fuel like products such as
methane, alcohol, etc., is one of the important research fields because of energy and environmental
applications [319-324]. This process is beneficial in two ways, on one hand, it helps in the
mitigation of its emission, and on the other hand, it provides industry-based useful chemicals [323].
The production of new and potential photocatalyst materials for the photocatalytic reduction of
COz has been progressing very fast for the last few years. Although, several research papers have

been appeared related to this topic, however, conversion of CO; into useful products using solar
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energy is not so promising for real practical applications due to the lack of efficient photocatalyst
materials. Figure 18 exhibits the schematic of photocatalytic reduction of CO2 using (a) only a
semiconductor photocatalyst and (b) PEC cell consist of semiconductor photocatalyst-based
electrodes under the influence of solar light [323]. As discussed earlier, due to inefficient charge
transfer capability, wide bandgap, and high recombination rate of the photo-generated charge
carriers, TiO2 NSs have been modified to make promising photocatalysts for this purpose. Due to
the enhanced photocatalytic properties with reduced bandgap and extended visible light activity,
modified 1D TiO. NSs have been considered as promising materials for the photocatalytic
reduction of CO2 [322, 325-331].
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Figure 18. (a) The schematic of the photocatalytic reduction of CO>. (b) photoelectrocatalytic
reduction of CO>. Permission is required from [323].

There are several studies using 1D TiO2 NSs doped with transition metals to improve the
optoelectronic and transport properties for the photocatalytic reduction of CO, [332-335].
Recently, Camarillo et al. [335] reported a remarkable enhancement in the photocatalytic reduction
of CO2 using Cu doped TiO2 NFs. In this report, it has been mentioned that surface area, crystallites
size, etc. does not make effect on photocatalytic reduction of CO2. However, it has been suggested
that the tubular morphology and greater length of the 1D TiO2 NSs could be more promising to
achieve higher reduction efficiency. There are only a few studies that have been carried out using
RE doped TiO2 NSs for photocatalytic CO> reduction which show improved photocatalytic CO>
reduction efficiencies attributed to the incorporation of the RE metal ion doping in TiO2 NSs. Luo
et al. [336] performed an experimental and theoretical study on Cu and Ce co-doped TiO2 NSs for
CO2 photoreduction. It was explained that along with Cu, Ce doping further enhanced the
photocatalytic efficiency with the yield of methanol up to 188 pmol g*. Based on the theoretical
investigation, it was demonstrated that Ce incorporation influenced the photocatalytic reaction
better than that of Cu doping by activating the CO> and H20O molecules on the surface of the
photocatalyst. Similar results were obtained by only Ce doped TiO: by Xiong et al. [88]. Similarly,
there are some reports on enhanced photocatalytic reduction of CO» using Sm, Ce, Nb, La-doped
different TiO2 NSs [87, 333, 337, 338]. Recently, CeO,-TiO, nanocomposites-based 1D [339] and
2D [340] NSs were investigated for the CO: conversion. TiO2-CeO2 NRs prepared by the
hydrothermal method and the effect of doping was investigated for the conversion of CO, and
methanol to dimethyl carbonate [339]. It was reported that catalytic sites on the surface of NRs
could be tailored through doping for promoting the catalytic effect. These CeO-TiO:
nanocomposites NRs showed excellent activity with a methanol conversion of 5.38% and dimethyl
carbonate selectivity of 83.1%. Liu et al. [341] researched on hydrogenated TiO2 NRs/NWs from
the surface chemistry point of view and found that some of the surface facets showed enhanced
charge separation and excellent CO> photocatalytic reduction.

There are only a few studies focusing on the doping effect in 1D TiO2 NSs using RE metals
ions from the photocatalytic reduction of CO2 point of view. However, this field is progressing

and a great deal of research is being carried out in this direction. These materials could be explored
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in this field due to their potential to upgrade the research output and better understanding of their

mechanism.

5.5 Lithium-ion batteries applications

The lithium-ion battery (LIB) has proven to be a very reliably used system to store
electrical energy for various applications, including mobiles, electric vehicles (EVs), stationary,
etc. A commercial LIB consists of a negative electrode (e.g. carbon/graphite) and a positive
electrode (e.g. LiCoO2, LiFePQO4), which are kept apart by a separator that is soaked with an

electrolyte, typically a LiPFs salt in a mixture of organic solvents, as displayed in Figure 19 [342].
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Figure 19. Schematic illustration of the lithium-ion battery. Reproduced with permission [342]
Copyright © The Royal Society of Chemistry 2015.

During the charge progress, lithium ions are extracted from the lattice of the positive
electrode material, migrate to the graphite anode through the electrolyte, and react with the graphite
to generate LiCs, during the discharge progress, lithium ions are extracted from the negative
electrode and embedded in the cathode material through the electrolyte, as showed in Equation 5
and 6. [343].

Cathode: LiCoO, — 0.5 Li +0.5 e+ Liy sC00, (5)
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Anode: C¢ + Li'+ ¢ — LiCq (6)

However, in terms of anodes, the commonly used graphite anode is the bottleneck to
achieving high energy densities due to its lower theoretical capacity (372 mAh g). Among various
alternatives, transition metal oxides have attracted great attention from researchers [344-349]. For
example, TiO2-based anodes are becoming one of the most attractive candidates for building safe
and durable LIBs due to the high energy density, high Li* insertion/extraction voltage (~1.6 V
versus Li*/Li) compared with other anodes (e.g. ~0.1 V for graphite, chemical stability, and
inexpensive cost [346]. However, TiO- has its inherent drawbacks when employed for LIB anode
applications, such as low ionic diffusivity and electronic conductivity [350]. A variety of TiO2 NSs
have been thoroughly investigated as anodes in LIBs. Indeed, developing anode materials for
lithium-ion batteries with higher performance and competitive price is still the main hurdle to
reduce weight and improve the performance of LIBs [351].

Nanoscale materials for battery electrodes have been found to increase lithium-ion
diffusion, in particular, 1D NSs such as NRs, continuous NFs or NWs whose main advantage is
high surface area and specific particle morphologies often tailored for that purpose [352-354]. In
this regard, researchers have made many efforts including doping, coating, and other technologies
to improve the conductivity of TiO2 [355-363]. Among them, metallic/nonmetallic elements doped
1D TiOz will not only enhance the intrinsic electrical conductivity of TiO2 but also can make
electrons transit from Ti®* sites with low valence states to Ti*" sites with high valence states to
improve the lithium-ions diffusion [364].

Transition metals have drawn great attention in the field of the doping process [365, 366].
For example, Wang et al. [367] firstly synthesized the Nb-doped (6.5%) TiO. anode material for
LIBs via a polymer-assisted sol-gel process. This device achieved a specific capacity of 160 mAh
g after 100 cycles due to the fast Li-ion diffusion of Nb-doped TiO,. Bi et al. [368] used a
hydrothermal approach with annealing under the ammonia atmosphere to prepare a Cr and N-
codoped 1D TiO> electrode for LIBs. The battery showed an excellent specific capacity of 159.6
mAh g? at a current density of 1675 mA g* with a doping level of 5.68 at.% for Cr and N co-
doped 1D TiO>. Zhang et al. [369] utilized a facile ion-exchange approach to preparing a novel
Ni-doped TiO electrode for LIBs. Zhang and co-workers [370] fabricated Mn-doped TiO>
nanosheet electrodes for application in LIBs. Thi et al. [371] reported a Mo-doped anatase-type

TiO2 anode electrode via a solvothermal approach to improving the LIB electrochemical
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performance. Moreover, Zhou et al. [372] utilized thermal-oxidation stabilization, hydrothermal
reaction, and carbonization method to prepare a MoSz-doped 1D TiO. NFs electrode for
application in lithium-ion batteries. Furthermore, the N-doping method is also usually used to
improve the conductivity of TiO> [358, 373-377].

Although the doping of these elements can improve the electronic conductivity and the
capacity of the TiO- electrode material to a certain extent, the large capacity change in the initial
cycle and the capacity attenuation after multiple cycles are still unaddressed problems. Therefore,
some researchers used RE elements, including Sm, Gd, La, and so on, to enhance the cyclic
stability of lithium-ion batteries by using 1D TiO; as an anode electrode. For example, Li et al.
[378] utilized a solvothermal synthesis method to manufacture a Gd-doped single-crystalline
LisTisO12/TiO (rutile phase) electrode in lithium-ion batteries. The device delivered excellent
cyclic stability with 96.1% capacity retention at a current density of 200 mA g after 200 cycles.
Moreover, even at 5 A g2, the device also obtained a high specific capacity of 145.8 mAh g after
500 cycles. These results illustrated that the intrinsic conductivity and the structural stabilization
of the anode electrode were enhanced due to the addition of Gd®*. Furthermore, Abhilash et al.
[379] firstly analyze the electrochemical performance of the TiO, anode electrode with the addition
of Sm®* ions via a sol-gel approach. As displayed in Figure 2a, Sm doped TiO, electrode was
characterized by the XRD technique. The peaks at 54.02° and 55.02° were attributed to the
formation of the Ti-O-Sm bond, which demonstrated that the Sm was successfully doped into
TiO2. Moreover, The Sm doped TiO> electrode (Smo.1Tio.9O2) could provide more free volume for
the intercalation of the ions through the lattice at the lower concentration of Sm ions. The
corresponding lattice fringes with nanocrystalline domains in the Smo.1Tio9O2 materials clearly
illustrate the formation of uniform nanoparticles with a smaller particle size than the parent TiO>
sample, as presented in Figure 20 b-d. To study the electrochemical performance of Sm doped
TiO, the long cycle performance and CV measurement were conducted, as shown in Figure 20e.
The Smo.1Tio.9O2 electrode delivered a discharge specific capacity of 194.09 mAh g and displayed
the lower irreversible capacity loss (0.71%) in comparison with bare TiO2. Even after 50 cycles,
the device with the Smo1Tio9O2 electrode exhibited approximately 100% capacity retention,
demonstrating excellent cyclic stability of the Sm doped TiO> electrode. To further identify the
electrochemical cyclic performance of TiO> without or with Sm ion-doped, the CV test was

measured at a scan rate of 0.1 mV s after 5 cycles (Figure 20e, Inset figure). Compared with the
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pristine TiO. electrode, the Smo1Tio9O2 electrode exhibited a larger area and higher current,

illustrating the better electrochemical performance of the device.
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Figure 20. (a) XRD spectra of TiO, with or without Sm doped, (b-d) TEM images of Smo.1Tio.9O>
electrode, (e) electrochemical performance of the TiO> electrode with different Sm content. The
inset figure is the CV curves with different doping Sm content. Reproduced with permission [379].
Copyright © 2017 Elsevier B.V. All rights reserved.

Zhang et al. [380] reported a TiO..s-La-5 electrode, which was prepared by heating the
ethanol solution of La(NO3)3.6H20. Figure 21a exhibited the preparation progress of the TiO2.5-
La electrode. Figure 21b displayed the electron spin resonance (ESR) result of bare TiO2 and TiO»-
s-La electrode. The ESR signal of g = 2.003 was attributed to single-electron-trapped oxygen
vacancy (named as SETOV, V,) and the reaction mechanism was shown in Equations 3 and 4.
The signal of oxygen vacancy demonstrated the presence of Ti®* ions. However, there was no
signal of Ti*" in bare TiO,. Therefore, the Ti®" species can be stabilized by the addition of La and
could enhance the electrochemical performance of TiO.. As displayed in Figure 21 c-d, the TiO..
s5-La electrode delivered a higher rate performance than pristine TiO2 and the device with TiO2.5-
La electrode exhibited high discharge capacities of 152 mAh g and 142 mAh g at 10 C and 20
C, respectively. Moreover, the TiO2s-La electrode exhibited excellent cyclic stability with 87%
capacity retention at a current density of 10 C after 1,000 cycles compared with bare TiO2 (81%).
The initial capacity of the TiO- electrode enhanced from 80 mAh g* to 150 mAh g with the
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introduction of La. The excellent electrochemical performance of La-doped TiO2 could be
attributed to the following reasons: (1) the doping La ions enhance the stability of Ti®* in TiO>
nanotube; (2) Ti®* may effectively improve the electronic conductivity of TiO2; (3) TiO2 NTs with
hollow structure could promote the kinetics of the lithium intercalation/deintercalation.

H2Ti205’ HzO —>2Ti02+2H20+ Vo (7)
Vo+ Tit" — v+ Ti*" (8)
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Figure 21. (a) The preparation progress of the TiO2.s-La electrode, (b) ESR spectra of bare TiO>
and TiO2s-La, (c, d) electrochemical performance of bare TiO, and TiO.s-La electrode.
Reproduced with permission [380]. Copyright © 2014 Elsevier B.V. All rights reserved.

The doped TiO2 NSs elaborated by various synthesis techniques presented a higher rate
capability in electrochemical cycling experiments than undoped NSs attributed to the reduction of
Li* diffusion path lengths and enhanced intimate interparticle contact, in combination with
improved intraparticle conductivity. The doping had shown a significant effect on the electronic
structure and provoked a substantial decrease in particle size, increase in electronic properties
[234] leading to enhanced electrochemical performances in the case of Li-ion batteries. This is one
the hot research field and lots of progress are being carried out using different strategies for the

betterment of society.
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5.6 Applications in supercapacitors

Supercapacitors, which are often called electrical double-layer capacitors (EDLCs) or
pseudocapacitors, have attracted extensive research interests worldwide because of their potential
applications as energy storage devices in many fields. Supercapacitors have considerably higher
specific powers and longer cycle lifetimes compared to most rechargeable batteries, including Li-
ion batteries. Long service life, strong environmental adaptability, high charge, and discharge
efficiency, and high energy density are the four significant characteristics of supercapacitors.
Recently, a highly integrated energy system with multi-functional performance has attracted
worldwide attention from researchers. With this perspective, electrochromic (EC) supercapacitors
are one of the most important systems for portable electronic devices and the use of renewable
energy [381, 382].

1D TiO2 NSs have attracted great attention from researchers in the field of EC devices due
to their excellent electrochemical activity, high energy density, and environmentally friendly
nature. [383, 384] For example, Lv et al. [385] utilized a single-source precursor TigO7(OEt)21Er
to prepare a novel Er-doped TiO; electrode for EC supercapacitor, and the structure of precursor
was presented in Figure 22 a. Using this kind of precursor could dope Er ions homogeneously into
the TiO2 matrix and improve the electric conductivity and enhance the structural stability during
the charge/discharge progress. Figure 22 b-d displayed the color change of EC supercapacitor at
different states. Before cycling, the assembled EC supercapacitor showed yellow color. However,
due to the high adsorption of the device, which reduced the transmittance of incident light in the
visible range during the charge progress. So, the EC supercapacitor exhibited a dark gray color
when the potential got up to 1.3 V (Figure 22 c). At the discharge state, the color of the EC
supercapacitor was changed to bleached when the potential less than 0.3 V (Figure 22 d). To study
the electrochemical performance of the EC supercapacitor, galvanostatic charge/discharge profiles
were measured at different current densities, as shown in Figure 22 e. The charge/discharge curves
exhibited the pseudocapacitance behavior due to the redox reaction of Er-doped 1D TiO2. The
device exhibited a capacity of 0.020 F cm™ at a current density of 0.5 mA cm™ and 0.016 F cm™
at a current density of 1.0 mA cm. These results illustrate that it is feasible and effective to
amalgamate EC supercapacitor with nanostructured Er-doped TiO2, and it is worthy of further

research in practical applications.
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Figure 22. (a) The structure of heterometallic polyoxotitanate cage [TisO7(OEt)2:Er]. EC
supercapacitor at different states: (b) before cycling; (c, d) at charge and discharge states,
respectively. Reproduced with permission [385]. Copyright © the Partner Organisations 2016.

5.7 Upconversion properties for photocatalytic applications

RE metal doping in TiO2 has shown great potential to improve various properties including
photocatalytic properties as discussed above. Particularly, La-doped upconversion nanophosphors
are promising in this regard due to their upconversion properties. Upconversion luminescence is a
nonlinear optical process that allows to conversion of photons with low energy (visible or NIR)
into high energy (UV light). The ladder-like energy levels of trivalent lanthanide ions embedded
in suitable host material emits UV or visible photons through sequential absorption of multiple
visible or NIR photons. The process of transformation of light photons from visible/NIR to
UV/visible could be used to excite wide bandgap semiconductors, for example, TiO2. Most
explored lanthanide ions to activate TiO2 photocatalysts through NIR to UV or visible to UV
upconversion process are Er®*, Ho®*, Nd* and Tm3* ions. The upconversion mechanism takes
place primarily through ground-state absorption (GSA) or excited state absorption (ESA) [386].

The anti stokes shift occurs by subsequent absorption of two or more photons to reach the excited
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state and subsequently emitting higher energy photon. The upconversion property of lanthanide-

doped TiOz can be directly related to their photocatalytic activity [73].

Er3* doping in TiO2 NSs

The upconversion property of Er** doped TiO, photocatalyst has been widely explored.
Upon irradiation of visible/NIR light photons, the presence of Er®* ion promotes the upconversion
and convert light photons from visible/NIR to UV which can be further effectively utilized to
activate TiO. photocatalyst. Obregon et. al., [387] have observed frail UV photoluminescence
emissions centered at 390 nm and 415 nm on the illumination of Er®* doped TiO photocatalyst
using 980 nm laser. The sequential absorption of three photons (*lis2 — *l1112, *l112 — *F72, and
4Sar2 — 2Gp2) results in further multiphoton relaxation by decaying to lower 2Gi12 and 2Hgy, states.
The emission produced by 2Gii/, — *l1s/ transition in UV region at approximately 390-400 nm as
shown in Figure 23. Thus, the availability of photons with appropriate energy results in the
improved photocatalytic activity of Er®*-TiO, photocatalyst. Mao et. al.,[388] observed intense
green and red emission peaks centered at 490 nm and 670 nm, respectively, after excitation of Er3*
doped TiO- by a laser of 980 nm. In another study, Salhi et. al.,[389] has studied the upconversion
properties of RE metal ions doped TiO2 samples and observed emission peaks at 550, 525 nm

(green region), and 655 nm (red region).
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Figure 23. Energy level diagrams representing upconversion mechanism in Er®* jons under 980
nm (NIR light) excitation. Reprinted and modified with permission from ref. [387] Copyright @
2013 Elsevier publication.

Furthermore, Zhou et. al., [77] have fabricated Er and Mg co-doped 1D TiO2 NRs arrays
with a length of 900 nm using facile hydrothermal synthesis route. It was inferred that Mg doping
onto TiO2 narrows down the conduction band of TiO. and thereby redshift its absorption.
Furthermore, doped Er®* ions enable absorption of NIR light photon through ESA process and
convert them into visible light. The converted photons were captured via TiO2 to generate a charge
carrier to initiate photocatalytic reactions. Similarly, Er®*-Yb3*-Li* tri-doped TiO2 was used for
effective conversion and utilization of NIR light photons for photocatalytic applications [390]. It
was observed that loading of Li* ions enhances the upconversion luminescence as compared to
Er¥* -Yb** doped TiO.. The introduction of Li* ions improves the crystallinity of samples and
distortion of local symmetry around Er®* ions. Furthermore, a detailed mechanism of upconversion
was investigated via Guo et. al., for TiO, NWs arrays/Er®" -Yb3* ions -TiO, nanoparticles system
synthesized via a hydrothermal and spin coating process [391]. The presence of activator Yb** ions
in composite shows strong absorptions around 980 nm NIR light. An optimized amount of the
activator (Yb®*) and sensitizers (Er®") were doped in TiO, photocatalyst. Similarly, Huang et. al.,
[392] have also optimized the dopant (Yb®" and Er®*) concentration in narrow band gap oxide
BixTiOs2 to design a highly fluorescent upconversion photocatalyst. The emitted green light
photons (540 nm) are effectively utilized by BixoTiOs2 due to their suitable bandgap (~2.23 eV).
Wei et. al., [90] have synthesized a well-organized CdSe-sensitized TiO> NRs array grown over
FTO substrate coated with TiO2:Yb**/Er®* thin film. TiO2 nanotube array offers high surface area
while Yb*/Er** doped TiO; thin film acted as a medium for converting NIR photons to visible
photons via the upconversion process. It can be concluded that the full solar spectrum (UV, visible,
and NIR) can be effectively utilized for photocatalytic applications by rationally designing a well-

organized photocatalytic system.

Tm?3* doping in TiO2 NSs
Doping of Tm3* ions in anatase TiO, shows absorption in visible region centered at 469
nm, 696 nm and 795 nm which corresponds to the transitions *Hg(Tm3") — 1G4(Tm**), *He(Tm?*)

— 3F3(Tm?") and 3He(Tm3*) — 3H4(Tm?), respectively [393]. The increase in the absorption
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intensity of the peaks was observed with an increase in the concentration of dopant ions. The
presence of the ladder-like energy levels in Tm** ion results in the photonic absorption process
and subsequently the photoluminescence emission properties. Santos et. al., [394] showed multiple
absorptions centered at 466, 685, and 785 nm, belongs to Tm3* ion transitions. Also, there are
many reports in the literature where Yb® ions were used as an activator along with Tm** ions
(sensitizer) doped in TiO2as shown in Figure 24 [395-398]. The excitation of samples with 980

nm laser results in weak emissions in UV regions which are effectively utilized by TiO..

Figure 24. Proposed mechanism for the conversion of NIR photons to UV to activate TiO;
photocatalyst. Reprinted with permission from ref. [397] Copyright @ 2020 MDPI publication.
Permission is not required.

Ho®* doping in TiO2 NSs

Trivalent Ho* ions are found to be ideal activators due to their adequate ladder-like energy
levels to show visible-light-driven photocatalysis. Energy transfer and photon upconversion occur
through the energy transfer upconversion (ETU) mechanism on excitation of activator using 642
nm laser where multiple photon absorption and emission in UV region occur as shown in Figure
25a. However, it was observed that the presence of adventitious carbon over the surface of
photocatalyst quench the luminescence of lanthanides which results in lower photocatalytic
activity [399]. Xe et. al., [400] have reported the excellent photocatalytic activity of TiO2 doped
with upconversion Ho®*" ions. The activator Ho®* ions show the strongest excitation under the

visible region (450 nm) and the emitted light photons (290 nm) are effectively utilized by TiO>
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which results in separation of charge carriers. The same research group has also reported excitation
of Ho®* ions at 450 nm and 532 nm and the emitted UV light was utilized to activate TiO>.
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Figure 25. Simplified energy-levels diagrams of and excitation path for the upconversion emission
(a) Ho®* under 642 nm excitation and (b) Nd** under 578 nm excitation. Reprinted and modified
with permission from ref. [399, 401] @ Elsevier publication.

Nd3* doping in TiO2 NSs

Nadolna et. al., [401] has reported enhanced photocatalytic activity by doping Nd3* ions
onto TiO photocatalyst under visible light irradiation. The amount of doping of RE metal ions
affects the catalytic activity of photocatalyst. The energy level diagram for upconversion excitation
of Nd** ions through GSA and ESA are shown in Figure 4b. The emitted light photons in UV
regions were further utilized by TiO> photocatalyst. Similarly, Rai et. al., [402] observed the
upconversion properties of Nd** doped TiO2 photocatalyst under 578 nm xenon lamp excitation
and emissions at 380 nm (*Dsj2-*111/2), 399 nm (?P3i2-*1112), 420 nm (?D5/2-*l912) and 452 nm (?P3/2-
*l13r2).

The upconversion properties of RE metal ions doped TiO2 photocatalyst has been
extensively studied for photocatalytic applications. The aforementioned literature reports clearly
suggests that even very low loading of RE element can drastically improve the upconversion
property and thereby the photocatalytic properties of the samples. Thus, this is a cost-effective
approach for effectively utilizing the visible and NIR regions of solar spectrum, in addition to UV

region. From the previous literature it can be inferred that the Er**, Ho®*, Tm®" and Nd®" has been
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widely explored as activators due to their ladder like arrangement while in few studies Yb3* was
used as sensitizer. In addition to above mentioned lanthanides, other lanthanide elements such as
Th®, Gd®, Pr¥*, Pr3*, Sm®" and Dy** have also been doped in TiO, to improve its photocatalytic
activity [97, 403].

5.8 Environmental gas sensing applications

A gas sensor is a device which detects the presence or concentration of gases in the
atmosphere. A specific gas can be detected by measuring the change in resistance of a material
connected to two metal electrodes. The sensor produces a corresponding potential difference
between the electrodes by changing the resistance of the material inside the sensor that depends
on the concentration of the gas present that is measured as output voltage. The output voltage value
provides significant information about the type and concentration of the gas [404-407]. Monitoring
and detection of toxic and combustible gases in residential areas and different workplaces are of
the uttermost importance which can prevent occurrences of fatal incidents such as fire, explosions,
and poisoning [406]. For instance, high concentration of Oz in underground mines and also the
mixture of air and fuel in automobile engines poses a threat as it promotes combustion and
therefore it needs to be monitored continuously. High concentration (>25 ppm) of poisonous
ammonia (NHz3) in products such as fertilizers, pesticides and bleach is dangerous and if inhaled it
can cause respiratory problems and may lead to fatal death [408]. Enhanced sensitivity and
selectivity for specific type of gases, fast response and recovery at low temperature and
concentration [406] are fundamental characteristics of modern age gas sensing devices. The major
toxic and often odourless gases are hydrogen, nitrogen dioxide (NO.), sulphur dioxide (SO>),
methane (CH4), radon (Rn), NHs and carbon monoxide (CO) among others in addition to volatile
organic compounds (VOC). In addition, due to the explosive characteristics of Hy, it is very
appealing to fabricate a sensor that can work at room temperature as this could reduce the risk of
any calamity [407]. Meanwhile, working at room temperature also means low power consumption,

simplified fabrication, and hence reduced operating cost.

Oxide semiconductors are one kind of material investigated for the reliable detection of
toxic and explosive gases. A highly resistive shell layer is established on the semiconducting
surface by the adsorption of oxygen with a negative charge (O~ or O%*"). The oxidative or reductive

interaction between the charged surface oxygen and target gases causes a change in the electrical
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conductivity in proportion to the gas concentration. The gas sensitivity increases rapidly when the
dimensions of oxide sensing materials become comparable or smaller than the typical thickness of
the electron depletion layer near the surface (several nm). Therefore, various 1D TiO> NSs as
discussed in sections 2-4, with a high surface area to volume ratio have been widely examined to
achieve ultra-high gas sensitivity. There are two generally accepted and well established sensing
mechanisms for metal oxide (TiO2) based gas sensors; (i) oxygen-vacancy mechanism and (ii)
ionosorption mechanism [407]. The former is based on the surface reduction/oxidation of the TiO-
and the simultaneous change of surface oxygen vacancies under reducing and oxidizing gas

exposure.

Tshabalala et al. [409] found an improved sensitivity of TiO> NTs that was attributed to a
larger surface area provided by the hollow NTs that resulted to an improvement in gas adsorption
and the increase in the relatively high concentration of oxygen vacancies. The gas sensing
mechanism (resistance) is dependent on the electrical properties of TiO,. Surface boundaries
between the grains are affected by the adsorption and desorption of gaseous molecules and directly
influence the resistance of the material, which play a vital role in the sensing mechanisms. Oxygen
molecules in air (atmosphere) adsorbed on the TiO2 surface or grain boundary, extract electrons
from the conduction band and trap the electrons in the form of oxygen ions at the surface, thus
leading to an increase in a depletion layer and the sensor resistance (Figure 26(a)). However, in
the presence of a reducing gas CHa; the gas molecules react with the TiO, surface and replace the
oxygen ions with electrons deposited into the material (Egs. 9-11). The depletion layer decreases,

while the resistance decreases (Figure 26 (b)) [406].

CHs~ — CHs*(ads) + H (ads) (9)
CHs* + H™ +40 (ads) — COx(gas) + 2H20 + de~ (10)
Or
CHs + 40 (ads) — COz(gas) + 2H.0 + 4e~ (12)
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Steady state of TiO, nanorods at Room Temperature
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CH, +40° > CO, + 2H,04 de
Figure 26. Schematic diagram demonstrating the sensing mechanism of (a) TiO2 exposed in air
and (b) exposed to CH4 gas at room temperature. Permission is required from [406].

Similarly, various 1D TiO2 NSs based gas sensors have been developed with excellent
sensing performances [410-414]. For examples, Mor et al. [410] developed a room-temperature
recyclable TiO2 NTs hydrogen sensor with self-cleaning ability from the environmental
contaminations. Zhou et al. [415] studied that effect of different crystalline phases of TiO2 NWs
for sensing ethanol gas and found that rutile phase was dominated for high performance sensing
properties. Sennik et al. [414] studied the H2 and VOC sensing properties of TiO2> NRs. Wang et
al.[416] developed TiO2 NRs based O sensor at room temperature. A recent review by Kaur et al.
[404] on gas sensing properties and applications of 1D TiO2 NSs reported that there had been a
great development in fabrication of such NSs for enhanced sensing performance and summarized
the effect of various parameters on the sensing mechanisms/properties of these NSs for different
gas analytes. In the last a few years, many new strategies have been developed for the further
enhancement in sensing properties of these 1D TiO> NSs. Excellent sensing performances have
been reported by modifying 1D TiO> NSs through various doping strategies and
heterostrucutre/composite formations [86, 412, 414, 417, 418]. The enhanced sensing properties
could be achieved by improving their chemical, physical, optical, electrical properties. Recently,

Tong et al. [417] studied the Co doping and its effect on the H2S gas sensing properties of TiO:
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NTs and found that doped NTs showed better sensing response with greater selectivity, stability
and repeatability. Theoretical simulation showed that band gap was decreased upto 1.1418 eV that
improved the sensing properties of the doped TiO2 NTs. Ren et al. [419] demonstrated that TiO:
NWs with decorated AuPd alloy nanoparticles (optimized concentration) showed better sensitivity
as compared to Au or Pd deposited NWs.

There are extensive research on improvement of sensing properties of TiO2 based NSs due
to RE doping. For example, Krishnan et al. [420] studied the sensing performance of RE Y doped
TiO2 NSs using various gases CH4O, NH3, C3HgO, C2HeO and CsHeO with the function of
temperature and gas concentration. The morphological changes were observed due to the doping
of different concentrations of Y. Optical studies showed tunable band gap based on the Y
concentrations (3.20-3.78 eV). Higher gas sensing performance of doped TiO, was reported for
NHs at 150 °C with 300 ppm gas concentration. Following the order of the gas sensitivity was
reported  with  excellent  sensing  performance as compared to  undoped
TiO2:NH3 > C2HsO > C3HsO> CH40O > C3HgO. Similarly, higher sensing properties were reported
by several authors by Y doped TiO2 NSs for VOC [421] and CO [422]. Song et al. [86] performed
a comparative study on sensing properties of various RE-doped TiO2 nanoparticles such as Nd,
Ho, and Y-doped TiO>. The Ho doped TiO> exhibited better sensing properties towards methanol
with high selectivity in the concentration range of 0—10 ppm. Jing et al. [423] studied La/Y co-
doped TiO2 NSs and reported that co-doping enhanced the gas sensitivity towards 2-chlorophenol
which was attributed to the optimum ratio of co-doped elements and rutile/anatase phases of
TiO,. Several other studies on sensing properties of RE doped TiO2 NSs also showed the enhanced
sensing properties due to the incorporation of RE metals [86, 424]. Due to the high luminescence
properties of RE, RE doped TiO> NSs have also been used as luminescence-based gas sensors
[424, 425]. For example, Eltermann et al. [424] proposed Sm®* doped TiO2 as an optical oxygen
sensor material. The mechanism of enhanced oxygen gas sensitivity was explained as resonant
excitation energy transfer from Sm** to the acceptor defects, the latter being switched on and off
the resonance by electron exchange with surface-adsorbed oxygen. Oxygen vacancy-related
defects were proposed as most likely candidates of energy acceptors. They proposed that these RE
doped TiO2 nanomaterials could be used for luminescence lifetime based oxygen sensing devices.

The above discussion reveals that 1D TiO2 NSs have been extensively studied for gas

sensing applications and excellent sensitivities have been reported. In addition to the various kind
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of modifications of TiO2 NSs, it is also clear that doping with RE enhances their sensitivity with
long-term stability, selectivity, and repeatability. There are not many studies on RE doped 1D TiO>
NSs for gas sensing applications, however, incorporation of RE ions into 1D TiO2 NSs could be
very promising for the improvement of gas sensitivity due to the synergistic effect of 1D geometry
and RE dopants induced improvement of optoelectronic properties. Detailed and systematic
studies must be carried out in the case of RE doped 1D TiO2 NSs to understand the role of RE in

the enhancement of sensitivity to 1D TiO2 NSs and real applications.

5.9 Other important energy and environmental applications

RE doped 1D TiO2 NSs are have been widely applied in various fields of energy and
environment as discussed in details above. There are several research fields where various metal
oxide nanomaterials have been extensively used that can also be explored with doped 1D TiO>
NSs due to the fascinating optical and electrical properties. For example, light-emitting diodes
(LEDs), one of the important research fields in the illumination industry and for society, their
tunable optical properties have shown to have great potential to make artificial light sources.
Typical LEDs depend on the blue or UV diodes for light generation, therefore, it needs a
conversion layer for the downshifting of this radiation at wavelengths suitable for illumination
applications. In this regard, RE doped nanomaterials have been intensively studied for color
conversion [426-429]. Li et al. [427] studied Eu®" doped TiO2 luminescent nanocrystals and
reported Efficient nonradiative energy transfer from the TiO host to Eu®" ions that accounted for
bright red emissions either by exciting the TiO2 host with UV light shorter than 405 nm or by
directly exciting Eu* at a wavelength beyond the absorption edge (405 nm) of TiO,. Xu et al.
[428] demonstrated that Eu®" doped TiO, down conversion phosphor that could be excited by X-
ray and UV light showed intense visible luminescence. Red light-emitting Eu** doped TiO:
nanophosphors were synthesized for white LED applications [430, 431]. Chang et al. [432]
produced Eu®* doped TiO, NRs using hydrothermal assisted sol-gel method and studied
luminescence decay properties with the existence of multiple sites of Eu®* ions in TiO; lattice.
Recently, Su et al. [433] produced Eu-doped Iuminescent TiO2 NTs with strong
photoluminescence properties with a possible application as a biosensor [434, 435]. The LEDs
research could be explored using RE doped 1D TiO2 NSs for more exciting results. Similarly, TiO;

based photocatalyst NSs have been used for boosting fuel cell performance [436, 437] that can be
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further improved using RE doped 1D TiO2 NSs. Extensive research has been carried out in the last
decade for bacterial disinfection using various doped 1D and other TiO2 NSs [438-441] which is
also one of the important issues in the health and environment.

The above-discussed research fields are very important from an energy and environmental
issues point of view, where limited work has been conducted using RE doped 1D TiO2 NSs.
Looking at the excellent and enhanced optoelectronic properties of these doped NSs, it would be
an interesting subject for the scientific community to explore RE-doped 1D TiO2 NSs for
multifunctional applications. Table 1 provides a list of some of the important results of RE doped

1D TiO2 NSs in many fields of energy and environment.

5.10. Electrochemical sensing and biosensing applications

Another important application of TiO2 nanostructured materials is in the development of
electrochemical sensors and biosensors. Once these metallic compounds present interesting
characteristics already mentioned in this detailed review, the use in electroanalytical chemistry
opens new options for the detection of analytes in clinical, environmental, and food samples, for
example. Indeed, some works have been published showing the great field that is the use of TiO2
in electroanalysis Electrochemical sensors allow fast and low-cost responses by using different
platforms. In this context, Sethi and colleagues have proposed two electrochemical sensors based
on ruthenium and TiO2 nanoparticles, one for the determination of flufenamic acid and mefenamic
acid (https://doi.org/10.1016/j.aca.2018.11.041) and another with carbon nanotubes for the same

application (https://doi.org/10.1016/j.aca.2018.11.041). Some other approaches were used by the

same group using different synthesis and application (https://doi.org/10.1016/j.snb.2017.03.102 ,
https://doi.org/10.1016/j.colsurfb.2019.02.022 , https://doi.org/10.1016/].jelechem.2016.08.024 ,
https://doi.org/10.1016/j.microc.2019.104124 . Oliveira et. al. have developed a thin film based on

nitrogen-doped titanium dioxide nanoparticles, which was applied for the determination of
estradiol hormone in tap water and synthetic urine samples,
https://doi.org/10.1002/elan.201700392 .

Interesting work has been published by Kumar et. al., in which they used the compound

bimetallic made of MoS/TiO; for electrochemical determination and photocatalytic degradation

of paracetamol drug. Beyond the simple nanocomposite presented two applications, it was tested
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against human skin keratinocytes cells to verify the cytotoxicity of the catalyst.
https://doi.org/10.1016/j.sbsr.2019.100288

Figure 27. Electrochemical sensor and photocatalyst of paracetamol drug made of MoS;
and TiO; proposed by Kumar et al. https://doi.org/10.1016/j.sbsr.2019.100288 Permission is
not required.

Photoelectrochemistry is also used to improve the selectivity of sensors and is a great
alternative for the determination of molecules of biological interest. In this regard, Yan et. al. have
proposed a photoelectrochemical sensor for dopamine using graphene quantum dots and TiO>
nanoparticles. Figure 28 shows the schematic response of the proposed sensor.
https://doi.org/10.1016/j.aca.2014.10.021
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Figure 28. Photoelectrochemical sensor proposed by Yan et al. which is based on graphene
quantum dots and TiO2 nanoparticles applied for dopamine determination. Reproduced with
permission https://doi.org/10.1016/].aca.2014.10.021 . Copyright © 2014 Elsevier B.V. All
rights reserved.

An interesting review was published by Bay and Zhou
(https://www.sciencedirect.com/science/article/abs/pii/S2451963417300353), which one
exclusive topic highlights the progress of TiO2 in biosensing. Although less explored

commercially, electrochemical biosensors are an interesting alternative for analysis. They consist
of the biological material (DNA, antibody/antigen, enzyme, cell) and a transducer, which converts
reactions in a measurable signal (https://doi.org/10.1016/].talanta.2019.120644). Sethi and

colleagues have explored the use of TiO2 hybrids for healthcare, including biosensing.
(https://doi.org/10.1016/.colsurfb.2019.03.013).

Enzyme biosensors have been extensively explored and to understand the process of
immobilization of biomolecules on the nanostructures, as a proof-of-concept. In this instance,
glucose oxidase and polyphenol oxidases can be highlighted. For example, Amir AL-Mokaram et.
al. proposed a biosensor by using polypyrrole, chitosan, TiO2, and the glucose oxidase enzyme for
glucose detection, and the schematic cell and the amperometric results are presented in Figure 29
https://doi.org/10.3390/nano7060129. Other examples can be observed in the literature for the
same purpose with different architectures. https://doi.org/10.1039/C5DT00678C
https://doi.org/10.1016/j.talanta.2014.08.019
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Figure 29. The electrochemical cell of polypyrrole, chitosan, and TiO2 film preparation. (b)
Amperometric responses to the successive addition of glucose concentration at +0.13 V (vs.
Ag/AgCl) proposed by Amir AL-Mokaram et. al. (https://doi.org/10.3390/nan0o7060129 The inset

presents the calibration curve for the proposed biosensor. Permission is not required.

In past years hundred of papers about electrochemical immunosensors have been published
for clinical purposes. They are strategies that can be used in medicine soon. This type of sensor
consists of the interaction of antibodies and antigens, promoting electrochemical signals using
potentiometry, voltammetry, and/or impedance that can be monitored by portable equipment.
(https://doi.org/10.1166/jnn.2014.9234) In this context, TiO2 is very useful, once it presents

biocompatibility, in other words, it allows biological tissues immobilizations with success. A
fascinating immunosensor was prepared by Wang et. al.

https://doi.org/10.1016/j.carbon.2019.02.008 .They proposed a new composite material based on

carbon nitride, copper, and TiO, which was applied for the determination of carcinoembryonic
antigen, which can be observed in Figure 29.
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Figure 30. Scheme of preparation and application of the immunosensor using TiO>
proposed by Wang et. al. Reproduced with permission

https://doi.org/10.1016/j.carbon.2019.02.008 Copyright © 2019 Elsevier B.V. All rights
reserved.

In the next years, the use of TiO in paper-based electrochemical sensors and 3D-printing
are fields that can be explored by the researchers to obtain new conductive and selective materials
for analytical chemistry. Further detailed study along with the development of simple synthesis

methods is necessary to execute their potential in multifunctional applications.

6. Critical issues, future aspects, and summary
Due to the modernization in industries or academia, the development of low-cost,
portable, and high-performance devices for solar panels, energy storage, environmental

monitoring or healthcare, etc. is the basic need for the progress of society. To meet this
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requirement, highly active, low-cost materials with the possibility to tune their functionality and
that can also be used for multipurpose should be implemented. Metal oxide semiconductors-based
nanomaterials are novel materials with tunable structural, optical, and electronic properties for
multifunctional applications in a variety of fields including energy and environment. TiO based
nanomaterials are such active materials which are being used in all domain of science due to their
fascinating properties and capability of tuning of their properties using modern technologies.
Particularly, 1D TiO, NSs have shown better opportunities to modify their properties through
doping strategies as discussed in this article which provides remarkable physical and chemical
properties with enhanced functionality for high-performance device applications. The 1D
geometry provides a synergistic effect in maximizing the efficiency/performance of the device
exhibiting quick response, higher stability as a result of higher surface-to-volume ratio, well-
defined crystal orientations, controlled unidirectional electrical properties, and recyclability.

Due to the technological advancement for the preparation of materials at the nanoscale,
these materials are the emerging nanomaterials with tremendous new possibilities to improve their
functionality that can be exploited for the fabrication of excellent and high-performance
nanodevices [411]. Advancement in science also improves the fundamental understanding of the
chemical/physical processes that occur at the surface/interface and structural tunability of these
nanostructured materials which explore chemical stability for long-term implementation of these
materials. The thermal and chemical stability of the nanostructured materials are one of the major
issues for consistent and higher performance as well as long-term applications in the devices used
for either energy or environmental or medical applications. For example, materials working against
corrosion in the electrolytes and charge transfer processes from the surface of semiconductor
materials through the electrolyte solution must have high chemical stability [302]. Even though
there is a great development in this direction using TiO2 and other metal oxide-based 1D NSs
for improving its surface and interfacial properties, however, more advanced researches are
required for getting better results. These RE doped TiO2 NSs have been used extensively in some
of the research fields such as sensing, COz reduction, LEDs, and fuel cells and these researches
should be explored to use 1D TiO2 NSs for their high-performance output. It is suggested that
NSs fabricated by RE doping and co-doping should be widely studied and utilized for real
applications [423]. Future research should also be focused on the large-scale production methods

and their proper implications [412]. Also, emphasis should be given to the production of tunable,
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cost-effective multifunctional nanomaterials for interdisciplinary applications. The development
of nanocomposites based RE doped 1D TiO2 NSs with other functional nanomaterials or polymers
can improve their handling, thermal stability, and functionality [119, 442, 443]. It could help in
making more functional from the practical point of view due to multicomponent this review, recent
progress in developing novel RE doped 1D TiO2 NSS and their multifunctional applications in the
fields of energy and environment has been discussing in details with emphasis on their
fundamental mechanisms. Various synthesis methods of undoped and RE doped 1D TiO2 NSs,
mechanism of doping/co-doping, effect on microstructural, optical, and electrical properties, have
been discussed in detail. Firstly, the introduction of the various dimensional TiO2 NSs and their
importance have been discussed along with recent progress in the field of 1D TiO2 NSs. It is then
followed by various characteristics, properties, and functionality of 1D TiO, NSs. Thereafter, RE
doping and co-doping have been discussed with emphasis on the various mechanisms involved in
altering the surface or interface properties of 1D TiO2 NSs. Various RE elements from the periodic
table have been discussed because of their doping mechanisms and effect on the various physical
and chemical properties of 1D TiO2> NSs. Various synthesis methods for the preparation of 1D
TiO2 NSs and doped 1D TiO2 NSs have been discussed in detail along with recent progress of
synthesis strategies in the last few years. Thereafter, various energy and environmental
applications of RE doped 1D TiO2 NSs have been discussed with emphasis on the basic working
principle of the devices in the fields and the role of RE doped 1D TiO2 NSs in the enhancement of
their efficiencies/activities. Finally, future requirements and various challenges faced by the
researchers particularly in these energy and environmental fields have been discussed with
emphasis on the improvement of functionality and multidisciplinary applications. We hope that
this effort will serve the scientific community to improve the basic understanding and potential

application in other important fields also.
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Table 1: List of various RE doped 1D TiO2 NSs including their synthesis methods, improved
important properties and applications in various fields of energy and environments.
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RE 1D TiO2 | Synthesis methods | Improved optoelectronic and Mechanism of action/ Ref.
Dopant NSs of RE doping in structural properties due to application
1D TiO2 NSs RE doping
La®* NTs, NRs Hydrothermal La doping decreases the Reduced recombination rate of [122]
Method crystallite size and increases electron hole pair and Enhanced
the surface defects. Photodegradation of Formic
acid was seen.
La3+ NRs Hydrothermal Charge carrier density and Increased efficiency of DSSCs [126]
Method optoelectronic properties were | upto 21% as compared to
enhanced. undoped.
Ce3* NTs Hydrothermal Highly oriented NTs were Ce-TiO2 NTs show higher [129]
Method formed. With absorption upto | photodegrdation of MB dye and
600nm. also be useful in waste water
treatment.
Ce®* NTs Hydrothermal Highly oriented and show Glyphosate photodegradation [130]
Method visible light absorption. rate was enhanced due to
reduced charge carrier
recombination.
Eu®* NRs Hydrothermal Acidic and alkaline conditions | Luminiscent properties were [134]
Mehod have great effect on dependent on morphologies
morphologies. NRs show highest luminescent
property.
La3+, NRs Hydrothermal Enhanced photo catalytic Eu-TiO2 NRs are the best for [85]
Sm3+, Method, activity degrading MO, Lignin can also
Eu3+ Electrostatic be photo degraded effectively at
and incorporation room temperature
Er3+
La3+ NTs Sol Gel and Absorption spectra shows a Higher Photo activity for MO [61]
Hydrothermal shift to higher wavelength degradation
Method
Eu3 + NWs Hydrothermal Single Crystallinity, NWs Decompose organic toludine [135]
and Method growth along [001] direction blue-O dye under UV
Ce3 + irradiation
La®, NFs Electrospinning Inhibits the TiO2 Phase Rhodamine 6G (R6G) dye [110]
ce? Transformation degradation under UV light
and Nd3+-doped TiO2 show highest
Nd3* photoactivity
La%*, NFs Electrospinning Provide Thermal stability to Enhanced Luminescent property | [141]
Eud phase transformation
and
Er*
Ce3+ NRs Hydrothermal Diameter of NRs increased Higher amount of dye adsorbed [39]
Method with increasing concentration on NRs surface show higher

of dopant.Also morphology

DSSSc application.
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changes from NRs to NTs by
etching the sample for 4hr.

Nb3* NRs Microwave assisted | Surface states and interface Energy conversion efficiency of [294]
method distance of Nb doped NRs was | NRs DSSSc was enhanced by
modified. 70% which was due to
enhanced electron injection and
reduction in electron hole pair
recombination.
Er3+ NRs Hydrothermal Er®* doping enhances the Enhancement in photocurrent [149]
Method electron density. And also density and power conversion
show broad absorption in Near | efficiency was observed
IR region. because of absorption of NIR.
Er¥* NRs Hydrothermal Fabrication of NRs show faster | Fabricated solar cells show upto [180]
and Method elctron transfer and reduced 7% high power conversion
Yo recombination of charge efficiency.
co- carriers.
doped
Er3+- NRs Hydrothermal The tri doped TiO2 NRs show | The power conversion [181]
Yb3+- Method enhanced up conversion efficiency was increased upto
Li+ tri- emission. 19% ,
doped
Yh3+, Inverted Hydrothermal Inverted pyramidal Increased the sunlight [94]
Er3+ pyramidal Method morphology enhanced the light | utilization because of light
co- NRs utilization. And exhibit absorption in near IR region.
doped reduced electron
recombination.
Mg?* NRs Hydrothermal Increases the charge injection Enhancement in power [77]
and Method efficiency and enhanced open | conversion efficiency by 17%
Er¥* circuit voltage of solar cells. and utilization of sunlight was
co- Also absorb light in near IR observed.
doped region.
Gd®* NRs Hydrothermal Highly oriented NRs with high | Gd doped NRs show reduced [89]
Method optical and electronic property | charge carrier recombination
were formed. and optimum photoconversion
efficiency of 0.64%.
La®* NTs NTs Morphology retained | TiO2—6—-Lacomposite [380]
lon exchange during dehydration process. nanotubes show high
Method electrochemical potential as
anode in Li ion Battery.
Eud NRs Hydrothermal Spindal shape NRs was | Luminescent  decay  show | [432]
Method prepared. multiple sites of dopant were
present in crystal lattice.
Eud NTs Anodization NTs diameter decreases with | NTs  with  high  dopant | [433]
Method anodizing voltage and | concentration an large diameter

thickness increases.

show wide and gap and strong
PL due to which it can be used as
potential material for biosensor
and photocatalytic applications.
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La®* NTs Hydrothermal Doped NTs have large surface | Pd deposited La doped NTs | [273]
Method area. show enhanced photoactivity
against propylene removal.
La®* NFs Electrospinning Doped NFs show inhibition in | La doped NFs show enhanced [274]
phase transfer. photodegradatation against MB
dye.
Dy?* NBs Hydrothermal Dopant concentration affects | Dy/TNBs  show  enhanced [162]
Method the morphology and absorption | activity in UV light. Degradation
spectra. efficiency of MB
Increased.
N+ NRs Solvothermal Doped NRs show reduction in | Incident-photon-to-current [93]
Method recombination ~ of  charge | conversion efficiency (IPCE)
carriers. got enhanced and absorb more of
visible light.
La%* NRs Hydrothermal After doping expansion along | La doped NRs were good [128]
Method one direction was observed. material for nonlinear optical
properties.
Eud NFs Electrospinning Randomly oriented doped NFs | Show strong luminescence and [136]
show red shift in absorption | stable thermal behavior.
spectra.
Eud NTs Hydrothermal Doped NTs were formed by | Enhanced PL intensity which [137]
Method rolling up of sheet. increase as concentration of
dopant increases.
Eud NFs Electrospining NFs with uniform size and | NFs composed of Ti4+ and | [138]
diameter were formed. Eu3+ species. Reduction in Ti*,
decreased as the dopant
concentration increases.
Eus NTs Template Assisted | Highly oriented NTs with | TiOxzEu®* NTs show red [140]
Method uniform size show Red | emission at 612 nm due to the
emission. 5D0—7F2 transition
Eud NBs Hydrothermal Crystallinity, morphology and | At 500°C annealing [96]
Method PL of TiO2:Eu3+nanobelts | Temperature the doped NBs
vary with the annealing | show Red emission PL spectra.
temperature.
Ers* NFs Electrospinning As annealing temperature | Strong PL emission was seen in | [145]

increases then TiO, phase
changes from anatase to rutile.

doped NFs. Because of Green
emission it act as potential
material in Nanodevices.
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Er¥* NRs Electrospinning Red shift in absorption spectra | Because of Transition of 4f | [146]

was seen due to doping. electrons of Er3+ high
degradation rate of MB was
observed.

Ers* NFs Electrospinng Er¥* doped TiO; NFs | Er3+-TiO2 nanofibers absorb | [148]
morphology depend upon the | light in visible region because
collector speed and the flow | doping decreases the band gap
rate. and shift absorption to higher

wavelength.

Gd** NTs Hydrothermal Doping shift the absorption to | Rhodamine B degradation was | [150]

Method visible light. increased and also
photocatalytic efficiency was
increased by 1.78 times.

Gd®* NTs Anodization Growth direction grown along | Hydrophilic and photocatalytic | [218]

Method the (101) direction of NTs show | activity of the TiO2 NTs got
enhanced photactivity. enhanced and show higher
photodegradation rate of MO.

Sms* NTs Chemical Doped TNT show enhancement | UV light emission was seen due | [153]

Processing in fluroscence spectra. to energy transfer from band-to-
band excitation of TiO2 to the
Sm3+ ion.
Pre NRs Hydrothermal Uniform well aligned NRs | NRs grown on activated carbon | [156]
(Biphasic) Method show high absorption and | fibers show visible light
reduce the electron hole pair | absorption and it is reusable and
recombination. have high photodegradation rate.

Yb3* NFs Solution Method | Yb-TiO2 NRs and ACFs | Increased the guantum | [159]

enhance toluene adsorption. efficiency and photo degradation
of Toluene.
Dy?* NTs Anodic oxidation | Dy doped NTs have high | Dy doped TNTs increased [161]
method stability and activity. photodegradation of MO dye
upto 72%.
Ho®* NWs Hydrothermal Ho doping inhibits the growth | Small size, large surface area | [164]
Method of crystallite and phase | and charge imbalance of
transformation. Ho/TiO2 NWs increased the
photocatalytic activity.

Ers* NTs lon doping Method | Er  doped TNTs  show | Photo-degradation rate of the | [172]

absorption of light of IR region. | Er3+ TNTs of MB increased
upto 95.2%.
Ced* NTs Anodic Oxidation | Ag—Ce/TiO2 NTs show high | Dispersed Ag NPs enhance [224]

Method

visible light absorption and
reduced electron hole pair
recombination.

visible light absorption. This
composite show water splitting
under both UV and visible light
irradiation.
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La®* NTs Anodization Highly ordered La doped TNTs | La/TNTs  show  enhanced [225]
Method show red shift in absorption | photoconversion efficiency. And
spectra and also promote phase | show enhanced photo
transformation. degradation of p-nitropheol.
Eud NFs Electrospinning Highly oriented NFs were | PL spectra show enhanced [243]
formed. emission due to intraband 4f
transitions.
Er-, NTs Anodic oxidation | Band gap of doped sample | HO/TNTs show best [97]
Yb-, Method decreased due to formation of | photodegradation of Toluene
Ho-, new states below the CB. due to formation of ROS.
Th-,
Gd-, Pr
Eud NTs Hydrothermal Codoped TNTs show high | Real textile dye water was | [179]
and N Method activity due to synergetic effect | treated with 70% efficiency.
codope of Euand N.
d
La®* NWs Solvothermal La doping reduces the band gap | Enhanced  conductivity and | [181]
and Co Method and electron hole pair | electrical properties make it
recombination. efficient semiconductor to be
used in nanodevices.
Eud NFs Electrospinning High crystallinity anatase TiO, | Magnetic ~ properties  show | [239]
NFs were formed. ordered structure, ferromagnetic
property first increases then
decreases as temperature rises.
Ce and | 1D Sol Gel Crystallite size decreases and | Red shift was observed with | [84]
N photonic morphology got enhanced with | doping and also vivid color were
doped | crystal doping. also obtained with Ce doping.
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