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Abstract: Titanium dioxide (TiO,) is one of the stable and potential metal oxide semiconductor
nanomaterials with flexible properties which allows them to be used in a variety of applications
(i.e., environmental remediation, energy storage and production, and also as a pigment in personal
care products, etc.). However, its low surface area, poor adsorption capacity and high bandgap
energy (~3.2 eV) prevents its full potency. Especially, TiO, with high bandgap (~3.2 eV) reduces its
visible light absorption capacity and catalytic efficiency. Various modification processes (i.e., metal
and non-metal doping, composite materials (mixed metal oxide, high surface area adsorbents), and
dye sensitization etc.) have been accomplished for stimulating the characteristics of TiO; and the
associated catalytic efficiency. Among the modifications, the non-metal doping process in TiO,,
specifically nitrogen doping, is one of the efficient dopants for enhancing the photocatalytic efficiency
of TiO, in the presence of visible light irradiation. However, the morphology of TiO,, structural
changes in TiO, during N-doping, properties (e.g., morphology and electronic) of N-doped TiO,
and also reaction operational parameters (e.g., doping concentration) hold a greater impact for
enhancing the photocatalytic properties of TiO; either positively or negatively. Furthermore, the
synthesis methodologies have a major influence on the synthesis of stable N-TiO, with pronounced
photocatalytic efficiencies. Nevertheless, the methodologies for highly stable N-TiO; synthesis,
properties evaluation and their correlation with photocatalytic efficiencies are still not appropriately
stabilized to accomplish the commercial utilization of N-TiO,. Therefore, this review article focuses
on the synopsis of various synthesis methodologies and either their efficiencies or inefficiencies, the
mechanism involved in the doping processes, changes in the structural, electronic and morphological
properties observed due to the N-doping along with the photocatalytic capacity. Furthermore, the
opportunities, challenges and future requirements linked to the development of durable N-doped
TiO;-based semiconductor nanomaterials for efficient catalytic performance is also represented.
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1. Introduction

Since the discovery of water splitting using TiO, by Fujishima and Honda [1], TiO; is
a well-accepted stable and widely utilized metal-oxide-based semiconductor nanomaterial
as photocatalyst for the decomposition of environmental pollutants (water, air and soil)
and renewable energy (e.g., hydrogen) production. This could be ascribed to the unique
features of TiO, materials such as low toxicity, chemical and biological stability, long
durability, high photocatalytic activity, strength against photocorrosion, cost-effectiveness
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and abundant availability. Furthermore, due to these unique characteristics of TiOy, it has
been widely used as a pigment in various products (i.e., toothpastes, paints, medicines,
plastics, sunscreens and textiles, etc.) preparation. Furthermore, the high hydrophilicity of
TiO; received significant industrial application, such as preparation of self-cleaning surfaces
and antifogging mirrors, and it also possesses outstanding anticorrosion properties. In
addition, TiO, could be supported on various solid materials which encourage its repeated
usage [2-7]. Therefore, TiO; has been extensively used for various commercial/practical
applications. Nevertheless, the practical application of TiO, materials in environmental
pollutants degradation and renewable energy production is still limited. TiO, material
could only be activated in the presence of ultraviolet (UV) light irradiation (high bandgap
energy, ~3.2 eV) and could not be effectively used in solar light irradiation containing
2-3% UV light, 40-43% visible light and 50-55% near infrared light; as well as indoor
room light (fluorescent, contains a small amount of UV light) irradiation. In addition, the
low surface area and poor adsorption capacity of TiO, and high rate of recombination
of photogenerated charge carriers on TiO, surface prevent its full potency in practical
application [8-10].

In order for effective utilization of the solar spectrum by TiO,, to decrease the recombi-
nation rate of photogenerated charge carriers and to enhance the associated photocatalytic
property, the research on narrowing/lowering of the TiO, bandgap energy has been carried
out by metal ion and non-metal ion doping, bi or tri-metal co-doping, surface sensitization,
introduction of oxygen (O) defects and making composites (binary or tertiary) by coupling
with other semiconductors and graphene-based materials, respectively [6,9,11-16]. In
addition, the particle size of the TiO is a crucial factor that influences its surface structure
and properties resulting in the improved photocatalytic performance of the TiO,. Similarly,
the surface area and the adsorption capacity of TiO, is improved by coupling with high
surface area adsorbent (carbon (activated carbon, biochar, nanotube), biochar, zeolite, silica
and clays, etc.) materials and thus resulting in various catalytic performances [17-25].

Among the modifications, metal and non-metal doping is being considered as an
efficient process by the introduction of new energy levels between the conduction and
valence band of the TiO; leading to the efficient visible absorption of light, charge carri-
ers separation and migration properties, and change in particle size and morphology of
TiO, and other surface characteristics that improved the photocatalytic activities of TiO,
catalysts. However, the additional high cost associated with the preparation of metal-
doped TiO; lowers its full commercial potency. Some of the metal-doped TiO, have not
been applied/used for real scale applications because they showed poor photocatalytic
capacity and reproducibility. Therefore, the non-metal (N, S, P, B, C, F) doping on TiO,
has been studied. Among these non-metals, it is observed that the nitrogen doping into
TiO, (N-TiO,), provides visible light responsive photocatalysts and received significant
attention because of their comparable atomic size, low ionization energy, high electroneg-
ativity, stability and cost-effectiveness [13,26,27]. Further, the nitrogen doping improves
the photogenerated charge carrier’s separation and migration rates, which enhances the
visible light photocatalytic efficiency. For the first time, Sato prepared NOx-doped TiO,
and evaluated its catalytic activity by the oxidation of carbon monoxide and ethane and by
oxygen isotope equilibration under the irradiation of visible light [28]. Later, Asahi et al.
synthesized TiO,_,Ny thin films, proving that nitrogen doping is a substitutional one
that showed higher photocatalytic ability than the undoped TiO; under the irradiation
of visible light, however, it exhibited similar activity under UV light [29]. Subsequently,
significant research has been carried out on the development of nitrogen-doped TiO, using
various synthesis methodologies, studying the doping mechanism, characteristics and
stability of the catalyst, and also providing evidences for improved visible light photocat-
alytic performance of N-TiO,. Web of science bibliometrics analysis for the last 20 years
(2001-2021) showed the increasing trend of research publication on N-TiO, (Figure 1). In
the years from 2001 to 2010, the research communications on N-TiO; is 1106 which is
significantly enhanced to 4109 in the years from 2011 to 2021. This shows the importance
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of research on the development of N-TiO, materials. Despite the various studies available
on N-TiO;,, the optimized synthesis methodologies, nitrogen doping mechanism, the sta-
bility and reusability of the materials are still unclear, and controversies regarding their
commercial application also existed. Therefore, this review article describes the synthesis
methodologies and mechanism of nitrogen doping, changes in the structural, morphologi-
cal, electronic characteristics and photocatalytic performance of the N-doped TiO,. This
review also provides a comprehensive overview of enhancement in the catalytic reaction
parameters (e.g., lifetime of the photoproduced charge carriers and reactive radical species)
and the associated visible light photocatalytic application of N-doped TiO,. Furthermore,
future suggestions and prospects on the synthesis of highly durable nitrogen-doped TiO,
and possibilities for their commercial usability are also summarized and discussed.
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Figure 1. Number of publications on N-doped TiO, photocatalysts (source: Web of Science, keywords
for searching: N-doped TiO,, nitrogen-doped TiO,, N-TiO;, and TiO,_Ny).

2. Principles of TiO, Photocatalysis

Photocatalysis is one of the advanced oxidation processes, and involves production
of electron-hole pairs upon irradiation of suitable light on the surface of semiconductor
nanomaterials (e.g., TiO,) followed by production of reactive radical species occurring for
redox reactions with pollutants (Equations (1)-(11), Figure 2a). When the TiO; material is
irradiated with light energy equal or greater than its bandgap energy, it excites the electrons
(e7) in the valence band (VB) to conduction band (CB), leaving behind holes (h*) in the
valence band (VB) of the semiconductor nanomaterial. Furthermore, these charge carriers
react with the adsorbed water molecules or hydroxyl (—OH) groups on the nanomaterial’s
surface or dissolved oxygen in the reaction medium. Subsequently, it generates reactive
radical species, such as superoxide radical anion (O,*~) and hydroxyl (*OH) radicals,
which degrade and mineralize the pollutants adsorbed on the nanomaterial’s surface into
water, carbon dioxide and other inorganic anions. In addition, the holes in the VB directly
oxidize the pollutants adsorbed on the nanomaterial’s surface. Furthermore, the electrons
in the CB indirectly reduce the pollutants using hydroxyl (*OH) radicals formed during
cleavage of in situ formed hydrogen peroxide (H,O,), which is formed by reaction between
the superoxide radical anion (O, ") and proton (H*) [30]. In the case of N-TiO,, the isolated
N 2p narrow band forms above the O 2p in the VB which is responsible for the visible light
response of N-TiO; (Figure 2b). In addition, the recombination of photogenerated charge
carriers might occur, which liberates heat that decreases the photocatalytic efficiency of
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TiO,. Therefore, the photogenerated charge carrier’s generation, separation and transfer
efficiency are the vital parameters for efficient photocatalytic activity.

TiO; + hv (A > band gap) — TiO; (h + vg) + TiO; (e™ ¢cp) 1
(h +vg) + H,O — TiO, + H" + *OH )

TiO; (h + vg) + —OH — TiO; + *OH ©)]

TiO, (" g) + Oy — TiO; + O~ 4)

20, +2H" — H,0, (5)

O,” +H" - HO,® (6)

HO,* + HO,* — H,0, @)

H,O; + hv — 2 *OH 8)

HO,* + H" + TiO, (e ¢p) — TiO, + OH™ + *OH )
TiO;, (h + vp) + pollutants — oxidation products (10)
OH + O, + water or air pollutants — intermediate products — CO, + H,O + inorganic ions (11)

_______ N-doped TiO,

Undoped TiO,

Oxidation Oxidation

Figure 2. Schematic representation of the principle of photocatalysis on (a) TiO, and (b) N-TiO, materials.

Similarly, the photo-produced electron-hole pairs on the semiconductor’s (e.g., TiO;)
surface have great potency in the production of H, by water splitting and reduction of CO,
into fuels and various value-added chemicals. Further, the VB and CB band edge position
of semiconductor nanomaterials are essential which gives information on oxidative and re-
ductive power of photo-produced holes and elections. The CB and VB edge potential /band
position must be sufficient/higher than the redox potential required for generation of higher
concentration of *OH (TOH/*OH = +2.4 V/NHE) and O,~ (0O,/0,~ = —0.33 V/NHE)
radicals which could be effectively used for hydrogen production and CO; reduction
reactions (Figure 3). Nevertheless, the conduction (—0.29 eV) and valence band (+2.92 eV)
edge position of TiO; are not convincing enough to produce required concentrations of
charge carriers [31]. Furthermore, the wide bandgap energy of TiO, (~3.2 eV) limit its
light absorption to the ultraviolet light region only (~5% in solar light) and inefficient in
absorption of freely available solar spectrum (~45% visible light and ~50% near infrared
light). Furthermore, the poor adsorption capacity (low surface area), higher recombination
rate of photo-produced charge carriers on the TiO;’s surface, the morphology and the
phase composition of TiO, (anatase, rutile and brookite) have significant influence on the
catalytic efficiency of TiO,. To overcome these, significant research efforts have been put
forwarded for modification of TiO, properties by various processes which are described in
the next section.
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Figure 3. Band position of different semiconductors. Reproduced with permission from [31].

3. Modification of TiO, Materials and the Nitrogen Doping

Utilization of TiO, materials for complete harvesting of renewable solar (~5% UV
light, ~45% visible and ~50% near infrared light) and indoor light could be performed by
tuning its bandgap. In addition, the photocatalytic efficiency of TiO, could be improved by
decreasing the possibility of recombination of photoproduced charge carriers, improving
the surface to volume ratio, changing the ratio of anatase to rutile phase, particle size,
morphology, creation and modification in the oxygen vacancy, surface modifications and
trapping charge carriers and reactive radical species and other physicochemical character-
istics. Thus, the tuning of bandgap and tailoring the properties of TiO; is performed by
various strategies like doping with metal ions/non-metal ions, incorporation with other
semiconductors and high surface area adsorbents, co-doping and surface sensitization with
dyes or metal complexes or acid.

Among the modifications, non-metal ion doping into TiO,, especially nitrogen-doped
TiO, (N-TiOy), has received significant attention because of its capability to change the
surface-electronic properties that favors efficient photocatalysis. The comparable atomic
size of nitrogen (155 pm) with oxygen (152 pm) can substitute the oxygen atoms from
the TiO, lattice. Similarly, the ionization energy of nitrogen (first ionization energy
1402.3 kJ /mol) is comparable to the oxygen ionization energy (first ionization energy
1313.9 k] /mol) that modifies the surface and electronic properties of TiO, and results in
the enhanced photocatalytic efficiencies. Therefore, significant research has been carried
out on the modifications of TiO, and various research and review articles were published
on N-doped TiO; as well [9,13,32-36]. In order to obtain desired physicochemical and
electronic properties various methodologies and nitrogen sources (Figure 4) have been
applied for the synthesis of N-doped TiO,, which are described in the forthcoming section.
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Plasma-assisted electrolysis method Triethylamine Ammonium fluoride TiN and N,/O, mixture
Anodic oxidation method
A 2 == 4 ’
Ultraviolet-assisted thermal synthesis method| D! L N ionic liquid
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Microwave-assisted hydrothermal method V! Py
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Guanidine
Borane tert-butylamine Urea

Polyvinylpyrrolidone
YVEIYIPYITON complex

N,N,N’,N"-tetramethylethane-1,2-diamine (TMEDA)

Figure 4. Methodologies and the nitrogen sources used for N-TiO, synthesis.

4. Synthesis Methodologies of N-Doped TiO,
4.1. Sol-Gel Method

The sol-gel method is often regarded as a facile technique for the preparation of doped
TiO; catalysts because of its process simplicity. Various types of sol-gel exist depending on
the method of application. In the sol-gel method, during hydrolysis, the hydroxyl bridge
is formed between the nitrogen and metal center resulting in the formation of biphasic gel
structure that increases with the increase in the share of nitrogen. The main advantage
of this method is the low temperature of the process, which results in the reduction of
production costs as well as it does not demand any special equipment for production.
Typically used precursor solution as a source of titanium includes titanium sulphate or
titanium trichloride. However, other commonly used precursors for the synthesis of
N-doped TiO, materials include titanium hydroxide, titanium tetrachloride and titanium
isopropoxide. The sources of nitrogen include urea, hydrazine, guanidine hydrochloride,
triethylamine and ammonium chloride. Avisar et al. prepared N-doped TiO; thin films
by sol-gel technique using isopropanol, ammonium hydroxide, triethanolamine and tetra-
butylorthotitanate precursor solutions. The sol was prepared by means of thin dip coating
on the glass surface followed by air drying and calcination resulted in a crystalline thin
film with anatase phase [37]. Caratto et al. synthesized N-doped TiO, nanocomposites by
sol-gel method using isopropanol, titanium isopropoxide (TTIP) and ammonia solution
and the presence of N3~ ions were confirmed through various physicochemical character-
ization techniques. Further, the resultant N-doped TiO; is found to show lower surface
area, however, the nanocomposite is found to be more stable in the visible range [38].

4.2. Solvothermal or Hydrothermal Method

Solvothermal or hydrothermal methods are carried out under specific pressure and
temperature in a hydrothermal reactor (commonly autoclave). In general, both of these
methods were used to synthesize mesoporous N-doped TiO, nanocomposites. Initially,
titanium and nitrogen precursors will be dissolved in either organic or aqueous medium
and the resultant mixture is kept in the hydrothermal condition for several hours, thereby
ending up in the formation of varied N-doped TiO, nanocomposites. Pan et al. prepared
the N-TiO; hollow microspheres by the dissolution of TTIP into a propanol solution and the
obtained clear solution was transformed into the Teflon-lined stainless-steel autoclave set
at a temperature of 200 °C with a process time of 1 day. The resultant N-doped TiO, hollow
microspheres are found to contain numerous nanothorns and small fragments of spherical
shells that could be attributed to the structural collapse that might have occurred during
the calcination process or could be due to the disassembly of the solvothermal reactions.
The synthesized microsphere is found to have large surface area with outstanding light
harvesting properties. Further, it exhibits high photocatalytic activity due to the presence
of large accessible surface area that ultimately enhances the decomposition of organic
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molecules [39]. Similarly, Chainarong et al. synthesized N-TiO, powders by hydrothermal
method using hydrogen titanate. The mixture of TiO; powder and sodium hydroxide
solution were poured into the Teflon-lined stainless-steel autoclave and maintained at
130 °C for 1 day. The nitrogen was doped into resultant synthesized TiO;, by impregnation
method followed by heat treatment (400 °C for 2 h). The morphology of the synthesized
N-TiO; is cubic nanoparticles with length in the range of 50-500 nm. The vibration at
1430 cm ! of the FT-IR spectra of the synthesized N-TiO, powders shows the presence of
an O-N band that confirms that the N atom is embedded in the TiO, network. The surface
area of the synthesized nitrogen-doped TiO, is found to be less than P25-Degussa and
hydrothermal method synthesized TiO, (HM-TiO,), however the photocatalytic activity is
found to be higher under visible light than the latter two [40].

4.3. Ball Milling Method

The ball milling technique, often regarded as a mechano-chemical synthesis method,
is a process where the kinetic energy of the moving balls is used to mill the material,
which breaks the existing chemical bonds by fracturing the material therein resulting in the
formation of fresh surface. The resultant newly formed surface containing dangling bonds
is reported to be chemically reactive. Sometimes, this process could also create a high
pressure/temperature exceeding several GPa /1000 °C depending upon the type of material.
For instance, Yin et al. synthesized N-doped TiO, powder using hexamethylenetetramine
and urea by mechanochemical method (using a planetary ball mill). As a result, it was
observed that the use of mechanical treatment with high energy enhances phase conversion
of anatase to rutile phase. Further, high-temperature calcination was needed to eliminate
the organics from the obtained product [41,42]. Techitdheera et al. developed N-doped
TiO, powders by ball milling method with variation in operating time and annealing
temperatures in N, atmosphere. The results of SEM analysis of N-doped TiO, powder
show high surface area with the increase in the milling time. After milling treatment and
annealing with nitrogen, the crystalline structure of TiO, was identical to the structure of
the TiO; precursor, which was evident from the XRD analysis. Further, the impurity phase
in the TiO, precursor is found to reduce while adopting the ball milling technique with
NHj3 (solution) and annealing with N [43].

4.4. Microwave Method

The microwave method involves the use of microwave irradiation, an alternative
energy source for catalyst preparation, under varying frequency range between 0.3 and
300 GHz (with wavelength range of 1 mm-1 m) [44]. Microwave irradiation upon a
material causes disruption by thermal/athermal means. In the former, microwaves heat
the material by means of molecular interaction, whereas in the latter, microwaves interact
with the polar molecules therein causing disruption by various physical, chemical and
biological reactions [45]. Kadam et al. carried out synthesis of N-doped TiO; nanostructure
by microwave assisted method under a microwave irradiation exposure time of 20 min
(900 W, 250 MHz). The synthesized N-doped TiO, nanoparticle is found to have a surface
area of 140 m? /g with high thermal stability up to 800 °C with retention of anatase phase
confirmed by XRD and TEM analyses [46]. Azami et al. prepared N-doped TiO, powder
with urea as N source by using microwave irradiation technique under a microwave power
of 800 W with an exposure time of 30 min. The bandgap energy of the obtained N-doped
TiO, was found to be 2.9 eV by UV-Vis/DRS spectrum. The results of the study reveal that
N-TiO, can be formed at 230 °C with the use of microwave irradiation heating that cannot
be obtained under normal conducting heating [47]. Thus, this method has desirable effect
on producing dielectric heating that produces heat by means of dipole molecule rotation
within the dielectric. Hence, uniform heating of the material is obtained in this technique.
However, the use of this technique requires a special reactor that is needed for a microwave
generator, hence it entails high instrument cost. The advantage is still the lower reaction
time in comparison with the hydrothermal methods.



Photochem 2021, 1

378

4.5. Wet Chemical Method

The wet chemical method involves the use of nitrogen atoms containing precursors
to dope the N into TiO; for the preparation of highly active N-doped TiO, powders with
visible responsible capability. Existing studies have experimented with a wide range of
reagents, such as ammonia, urea, ammonium hydroxide, triethylamine, etc. of varying
strength under different operating conditions. Lin et al. (2015) carried out the synthesis
of N-TiO; by hydrolysis of TTIP using an ammonium hydroxide solution (precursor) at
different concentrations with composite calcination temperatures (ranging between 300
and 600 °C) and carried out the photocatalytic activity experimentations under visible
light. The results of XPS reveal that the N doped into the TiO, lattice and N doping
is found to retard the conversion from anatase to rutile phase. Further, the maximum
photocatalytic activity was observed with an ammonium hydroxide concentration of
150 mL and at a calcination temperature of 500 °C. The enhanced photoactivity relies
primarily on the synthesis condition. Furthermore, the surface area of the resultant N-
TiO, during photocatalyst preparation depends upon the nitrogen precursor used [48].
For instance, Makropoulou et al. synthesized N-doped TiO, by using TTIP with varying
nitrogen precursors, such as ammonia, triethylamine and urea. The synthesized N-TiO,
powder is found to have a specific surface area of 29 m? /g while using NHj as precursor
whereas the surface area is as low as 12 m?/g while using triethylamine as precursor.
However, the surface area of the N-TiO, powder synthesized using urea precursor is found
to be the same as that of the self-prepared TiO; alone (79 m?/g). However, the resultant N-
doped TiO, catalysts are reported to be effective in inactivating the bacterial contaminants
from the water [49].

4.6. Sputtering Method

The sputtering process is a dry process mainly adopted to prepare thin films of N-TiO,
by means of depositing the thin film of sputtered atoms (nitrogen) onto the TiO; surface [50].
The type of sputtering process can be categorized according to the source of sputtering,
such as ion beam, electron cyclotron resonance, direct current, etc. For the synthesis of
N-TiO; thin films, the commonly used sputtering method includes direct current sputtering
(if target is electrically conductive) and radio frequency sputtering (employed irrespective
of whether the target material is electrically conductive or not) [51,52]. The sputtered
atoms resulting from the sputtering process are usually ejected into the gas phase that
gets deposited onto the surface within the vacuum chamber. In general, the sputtered
atoms explode collision cascades in the target where an atom will be ejected if the leftover
energy of the sputtered atom is greater than the binding energy of the target surface and
thus sputtering happens. Dobromir et al. developed N-doped TiO; thin film by radio
frequency (RF) sputtering method. In the study, pure Ti (99.7%) of 3.0" diameter was
used as a sputtering target under a highly pure gaseous mixture (Ar + Ny + O;). The
prepared thin films were then subjected to an annealing treatment by successive oven
heating at 400-600 °C. After this thermal treatment, the rutile crystalline phase formation
was observed with the decrease in the nitrogen dopant concentration that is bounded to
titanium by the substitution of oxygen that was removed by re-oxidation of the surface.
Further, the results of VB XPS analysis suggest the reduction in the bandgap of N-TiO,
with the increase of the concentration of the dopant [53]. Chan et al. prepared the N-doped
TiO; films by reactive sputtering method on both glass and silicon substrates with air as
the reactive gas to conduct the procedure at high base pressures (of about 1.3 x 1072 Pa)
in order to reduce the process time. The phase transformation of the prepared films from
mixed to anatase was observed with the increase in the air/Ar flow ratio. The Tauc plots
show the optimal bandgap energy of the prepared TiO,_,Nx films from 3.05 to 3.11 eV and
falls under the visible light regime. It was observed that there is an almost linear drop in
the bandgap with the rise in the N concentration in the films that is useful to improve the
photocatalytic property under visible light [54].
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4.7. Plasma Method

The plasma method involves the use of plasma produced by applying energy to a
gas to alter the electronic structure of the atoms and to produce excited ions and species.
The atmospheric plasma sources include direct current and low frequency discharge,
microwave discharges, and plasma undergo ignition by means of radio frequency waves.
Plasma treatments can be applied for the preparation of N-TiO;, photocatalyst. In this
method, the Ti-precursor solution is initially vaporized and transported by inert gas into
the plasma reactor to react with excited nitrogen and thus being implanted to the vaporized
TiO, particles [55]. In another way, in the plasma method, the pristine TiO, particles can
be treated with the N, /H, mixture or nitrogen gas to produce a yellow powder [56,57].
Yamada et al. prepared N-TiO; (surface doped) by plasma surface modification technique
with argon/nitrogen plasmas, in series. The TiO, film containing Ti-N bonds produced
by the substitutional N-doping demonstrates visible light activity, which is revealed by
the decomposition of methylene blue while evaluating the photocatalytic activity [58].
Chen et al. synthesized N-TiO, photocatalyst by applying the atmospheric pressure plasma
enhanced nanoparticle synthesis (APPENS) method. The advantage of this APPENS over
other plasma techniques is operation under normal pressure and temperature and also
possessing a higher rate of film deposition at comparatively low power consumption.
Further, the resultant N-doped TiO, photocatalyst was more effective in toluene and
isopropanol removal than the commercial P25 and ST01 (TiO, powder, Ishihara Sangyo
Kaisha, Osaka, Japan) photocatalyst, and undoped photocatalysts under visible light.
Thus, the APPENS process could potentially be used to control indoor and outdoor air
pollutants [59].

4.8. Ion Implantation Method

The ion implantation method employs the implantation of N impurity into lattice
oxygen sites of the TiO, crystal lattice, which modifies the electronic arrangement by the
presence of localized states at the top of the valence band. This change would reduce the
bandgap therefore enhancing the photocatalytic activity under visible light. Panepinto et al.
prepared N-TiO, by N ion implantation by a dose less than 10! jons/cm? in order to control
the modification of the morphological and crystalline properties of the irradiated anatase
thin films [60]. Borras et al. (2007) carried out N ion implantation by bombarding the surface
of anatase TiO, thin film (at ion energy of 50 keV for varying doses of 1.2 x 107, 6 x 10
and 3 x 10' ions/cm?) by using metal organic chemical vapor deposition (MOCVD)
method. The MOCVD samples, under visible light, revealed a sharp drop in wetting
contact angle from 80° to 55°. Both the films (MOCVD and non-MOCVD) attain total
hydrophilicity under posterior UV irradiation [61]. Ghicov et al. (2006) synthesized N-
TiO, nanotube film by N ion implantation technique by bombardment at 60 keV with a
nominal dose of 1 x 10'® ions/m?. The resultant N-doped TiO, nanotube film of crystalline
anatase structure is found to have improved photocurrent response in both visible and UV
range. Apart from the enhanced properties, the bombardment at this condition led to the
phase conversion from anatase to an amorphous structure and hence demands subsequent
thermal annealing process. This recuperates the anatase phase as well as enhances the
photocurrent in both ultraviolet and visible range [62].

4.9. Direct Hydrolysis of Organic/Inorganic Salts

Direct hydrolysis involves the preparation of N-doped TiO, using an organic/inorganic
salt, and usually the air/moisture sensitive alkoxide precursors under visible light. Khan et al.
(2021) synthesized N-TiO, powder by a co-precipitation method using tri-thiocyanuric acid
with P25 and then subsequently calcinated for 4 h at 550 °C in a nitrogen atmosphere. It
was found that the N-doping increases the absorption of visible light and also enhances the
transfer /separation of photo-excited charge carriers [63]. Similarly, Ji et al. (2019) prepared
N-TiO, composite fibers (PAN-COOH fibers) by surface hydrolysis using PAN fibers in a
sulfuric acid solution. The resultant composite fiber is found to exhibit enriched photocatalytic
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capacity under UV-Vis light. However, the resultant composite fibers were found to contain
mostly amorphous carbon, however there is no evidence of crystalline phase except anatase
phase. Further the resultant N-TiO, composite fibers were found to have a surface area of
116.41 m? /g, still slightly lower than that of the ordered mesoporous black TiO, with the
surface area of 124 m?2/ g [64].

In most of the direct hydrolysis methods, N-TiO, is either synthesized by heat treat-
ment of pure TiO, in an NHj3 atmosphere or air/moisture-sensitive titanium precursors are
used, which are costly and hard to handle. However, Japa et al. (2020) carried out prepara-
tion of N-doped TiO; by a thermal hydrolysis technique from TiOSO, using ammonium
hydroxide (NH4OH) as a source of nitrogen and a precipitating agent. In the study, authors
used a cost effective, stable under air/moisture and easy to handle inorganic titanium
salt (TiOSO,) instead of these sensitive alkoxide precursors and hence merit real scale
applications. The resultant N-doped TiO; is found to show its potency toward application
in photocatalytic synthesis of fine organic chemicals in visible light. Further, the higher
activity of N-TiO, in comparison with bare TiO, could be attributed to the increase in the
absorption in the visible light, enhanced photoinduced charge transfer and separation [65].

4.10. Anodic Oxidation Method

The preparation of N-doped TiO; by anodic oxidation method involves two steps. Ini-
tially, the formation of oxide occurs at the metal interface by oxygen anions. Subsequently,
the dissolution reaction is being initiated by the F~ ions in the electrolyte. During oxide
formation, the anions develop on the interface of the electrolyte through water electrolysis
and these anions come into contact with the surface of the metal by diffusion. Concurrently,
Ti** ions passage in the opposite direction through the oxide layer therefore reacting with
oxygen anions, the TiO, formation ultimately occurs (Equation (12)). The reaction of F~
ions with Ti** at the metal/oxide surface are shown in Equations (13) and (14).

Ti + 2H,0 — TiO, + 4H" + 4 e~ (12)
TiO, + 4H* + 6 F~ — (TiFs)*>~ + H,O (13)
Ti** + 6 F~ — (TiFg)*~ (14)

Le et al. (2018) carried out N-doping of TiO, nanotube arrays (TNA) by a two-step
anodization method with NH4F and glycerol-water electrolyte. The N-doping concentra-
tion varied between 0 and 9.47% by controlling the flow rate of nitrogen gas between 0 and
500 cc/min during thermal annealing at 450 °C for 3 h. The enhanced catalytic activity
was detected for N-TNAs while compared to TNAs. While experimenting methylene blue
degradation, it was observed that the reaction rate constant reached 0.26 /h for N-TNAs,
which is about 125% higher than that obtained with TNAs that showed about 0.115/h [66].
Furthermore, recent studies show that the two-step anodization method could be able to
prepare highly ordered TNAs with diverse top layer morphology with increased photo-
catalytic and photoelectrochemical activity [67-69]. Mazierski et al. (2016) synthesized
N-doped TiO; nanotube arrays by anodizing titanium foils in an organic electrolyte. The
results conclude that the nanotubes synthesized with varying nitrogen concentrations of
approximately the same length show differences in the crystallite size, bandgap value and
Ti** state that imparts deviations in photoactivity [70].

4.11. Annealing Method

Annealing involves the thermal oxidation process at varying temperatures under
an air/Ar/N, atmosphere to synthesize N-doped TiO; nanomaterials. Lai et al. (2010)
developed N-TiO, nanotubes by immersion in 1 M NH3.H,O solution and subsequently
annealed to attain the crystalline phase of N-doped TNA electrode. The resultant N-TiO,
nanotubes are found to have large absorption areas with suitable potential for degradation
of environmental pollutants. Further, the as-developed TiO; thin film shows an amorphous
structure and hence annealing is necessary for phase transformation of the amorphous
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TiO;, thin film into a crystallized anatase phase [71]. Furthermore, Wan et al. (2007)
fabricated rutile phase N-TiO; thin films by thermal oxidation followed by annealing TiN
at a temperature above 700 °C under air atmosphere [72]. Liu et al. (2009) synthesized
visible light active N-anatase TiO, sheets with dominant (001) facets derived from annealing
of as-prepared TiO, nanosheet under NHj3; atmosphere at 400 °C. The activity observed
during rhodamine B degradation with the synthesized N-TiO, nanosheet is higher than
the commercial P25 TiO, particles [73].

4.12. Ionothermal Method

In 2004, Cooper et al. used the ionothermal method for the first time to synthesize
crystalline zeolites using ionic liquid (1-Methyl 3-ethyl imidazolium bromide) and eutec-
tic mixture (choline chloride/urea) as solvents and templates. The ionothermal method
depends on the solvents which are predominantly ionic, because sufficient quantities of
molecular water disrupt the reaction, preventing the formation of zeolites. They then
termed this procedure as ionothermal synthesis to distinguish it from hydrothermal prepa-
rations, which take place in a predominantly molecular solvent [74]. Pipi et al. ionother-
mally prepared N-TiO, using titanium butoxide as a titanium source and choline chloride
and urea (molar ratio 1:2) eutectic mixture as a solvent and source of nitrogen. Different
compositions of N-TiO, were prepared by varying the percentages of the eutectic mixture,
titanium butoxide, water, temperature and reaction time, and in both reflux and autoclave
methods. The photocatalytic efficiency of the N-TiO, nanoparticles was determined by the
oxidation of N, N-dimethyl-4-nitrosoaniline (RNO) dye in the presence of UV and visible
light irradiation. Photocatalyst synthetized by the reflux ionothermal method revealed
higher photocatalytic activity because of the presence of mixed phase (anatase/brookite) in
N-TiO, [75].

4.13. Flame Spray Pyrolysis (FSP) Method

Flame spray pyrolysis has been used mostly for the large-scale manufacture of ceramic
commodities such as titania, fumed silica, alumina and zinc oxide, respectively. FSP
describes the formation of fine particles from gases in flames. Whereas, in the conventional
spray pyrolysis, the aerosol droplets formation takes place by atomization of the solution
in a hot wall reactor, undergoes evaporation and solute concentration within the droplet,
drying, thermolysis of the precipitate particle at higher temperature to form a microporous
particle, and finally a dense particle by sintering process. The advantages of FSP are
the ability to dissolve the precursor directly in the fuel, simplicity in introduction of
the precursor into the hot reaction zone (e.g., a flame) and flexibility in using the high-
velocity spray jet for rapid quenching of aerosol formation. The schematic representation
of particle formation in FSP is shown in Figure 5. Initially, the precursor material is injected
into the burner as a gas, droplets or solid particles. The solid or liquid precursors are
exposed to high flame temperature and rapidly evaporate into vapors that react and form
intermediates, product molecules and clusters that quickly grow to nanosize particles by
either coagulation, surface reactions, or both. Once the aerosol stream leaves the high-
temperature zone and the temperature slowly cools down to low temperature for particle
collection, particle growth takes place continuously by coagulation, though complete
particle coalescence no longer occurs resulting in aggregates of primary particles [76,77].

Boningari et al. developed a visible light active N-TiO; by single-step flame spray
pyrolysis (FSP) method. XPS analysis revealed that the FSP method directs the nitrogen
doping predominantly in the form of interstitial nitrogen (Ti-O—N) rather than substi-
tutional nitrogen (Ti-N). Further XRD analysis demonstrated that N-TiO, showed the
distortion and strain in the crystal structure instigated by the incorporation of the nitrogen
atoms. In addition, the growth or expansion of crystal lattice is due to that the atomic radius
of nitrogen atoms (r = 1.71 A) being larger than oxygen (r = 1.40 A). The nitrogen atoms
doping into the crystal structure of TiO, modifies the electronic band structure of TiO,,
leading to the formation of new mid-gap N 2p energy band levels above the O 2p valance
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band which suppress the recombination of photogenerated charge carriers. The increased
separation efficiency of charge carriers on the N-TiO, showed higher visible photocatalytic
activity than the pure TiO; in degradation of phenol as a model pollutant [78].

Particle Formation in Flames

I.Solitls
Vapor co© 0o Heali ..
orgas %3e% eating
8 ,-;3: o or
Condensation ) i
or Reaction gg:g:!g? Bquuud!
i
ol
Molecules °.¢ ollision
L O
e (coagulation)
Candensation
-Evaporation
controlled nucleatio

* s o Particles
LA

Surface
\F!eacticns

Sorn

gnagulaltion & ...
ggregation LAY
a.::-
oagulation &
U Aggregation
' L ® ®
. l‘ LY
.
L] .. q )
Powder

Figure 5. Schematic representation of particle formation by FSP process. Reprinted with permission
from [76].

4.14. Combination Methods
4.14.1. Plasma-Assisted Electrolysis

The aforementioned methods are generally used for the synthesis of TiO, and N-TiO,
with required crystal structure/phase, morphology, surface properties and particle size.
However, the reaction operational parameters such as the amount of precursors, pH, ni-
trogen sources, reaction time and temperature must be controlled to obtain the desired
properties. Furthermore, it requires high temperature and longer duration for reaction
and drying the developed TiO; and N-TiO; nanoparticles, which limits the mass produc-
tion of the materials and affects the practical applicability. To overcome these, Kim et al.
(2018) developed a simple plasma enhanced electrolysis where the N-TiO, directly synthe-
sized using small amount of electrolyte (nitric acid) and titanium (Ti) metal as precursors
(Figure 6). The developed N-TiO, materials were calcined at different temperatures for
transforming the amorphous TiO; into the crystalline TiO, anatase phase and the N-doping
is an interstitial N doping state in TiO; lattices. N-TiO, nanoparticles showed superior
photocatalytic ability than TiO, nanoparticle in MO dye degradation under the irradiation
of visible light [79].

4.14.2. Ultraviolet-Assisted Thermal Synthesis

In this method, the ultraviolet (UV) light is used in the thermal method to assist
the preparation of the photocatalytic nanomaterials in a shorter reaction time at ambient
temperature and pressure. UV light is capable of initiating reactions similar to those that
occur at high temperature, and the UV light energy can overwhelm the obstacle of the
activation energy to disconnect the bonds and form new products. It is well known that, as
per the Arrhenius law, increase in the temperature of the reactants increases the constant
rate of the reaction. Further, it is well understood from the literature that the electron
irradiation increases the speed of the synthetic process at low temperatures. Moreover,
the UV photons change the molecule’s structure by splitting of bonds and exciting the
molecules into a higher level of energy, or ionization of molecules [80].
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Figure 6. Schematic diagram of mechanism of N-TiO, formation via plasma-assisted electrolysis. Reproduced with

permission from [79].

4.14.3. Microwave-Assisted Hydrothermal Method

As describe above, the hydrothermal method is a material synthesis method at spe-
cific temperature pressure and time, and an effective method for some materials that are
insoluble at normal temperature and pressure. Furthermore, it is efficient in controlling
the crystal phase, morphology and particle size of the products; therefore, it is a simple,
cost-effective and environmentally friendly method. However, the hydrothermal method
consumes significant amounts of time and energy. Therefore, microwave assistance, such
as microwave-assisted hydrothermal method, has drawn notable attention because of its
advantages, such as low reaction time, lower energy usage and materials with unique
physicochemical and electronic properties. Yin et al. (2008) developed N-doped TiO,
(TiO,_«Ny) nanoparticles with monoclinic single phase using the microwave-assisted
hydrothermal technique with hexamethylenetetramine and TiCl; as a nitrogen and tita-
nium sources along with hydrothermal reaction temperature of 160-230 °C for 5-60 min
using a microwave system (1000 W). TiO, 4Ny showed higher photocatalytic efficiency
in annihilation of nitrogen monoxide in the presence of both visible-light (A > 510 nm)
and UV light (A > 290 nm) due to the high specific surface area and fine particle size [81].
Similarly, Peng et al. (2010) prepared N-doped titanate nanotubes using the microwave-
hydrothermal method at 450 W and 130 °C for 2 h followed by sintering in 20% O, /80% Ny
atmosphere at various temperatures (250 °C, 350 °C and 450 °C for 2 h) for conversion of
nanotube layers into anatase. Absorption spectra revealed that N-doped titanate nanotubes
exhibit an increased absorption in the visible light regions than the bare titanate nanotube
observed from the appearance of light-yellow color of the materials. This validates the
N-doping results in the creation of new energy levels above the titanate nanotube VB and
decreases the bandgap of the materials. N-doped titantate nanotubes showed improved
photocatalytic ability over the titanate nanotube in degradation of methyl orange dye
under 15 W commercial fluorescent lamps [82].

5. Possible Mechanism for N Doping in TiO,

Generally, the doping of nitrogen onto TiO; in two ways, namely, substitutional
or interstitial, that creates electronic mid-gaps between the band structure of TiO; that
reduces the bandgap energy of TiO; and enhances the visible light photocatalytic capacity.
Substitutional doping modifies the surface characteristics of TiO, whereas interstitial
doping modifies the lattice structure of TiO,. The pictorial presentation of the N doping
(both substitutional and interstitial) is shown in Figure 7.
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Figure 7. Electronic band structure of N-doped TiO, (both substitutional and interstitial doping).
Reprinted with permission from [83].

However, the state of the N-doping into TiO; lattice and the corresponding bandgap
reduction mechanism is still debatable, so, hereafter, we will describe some of the literature
evidence for the possible mechanism of N doping into TiO;. Asahi et al. demonstrated the
state of N in TiO,_4Nx by XPS analysis, revealing that three peaks at binding energy values
of 396, 400 and 402 eV, attributed to the atomic 3-N (396 eV) and molecularly chemisorbed
v-N3 (400 and 402 eV) [29]. Irie et al. observed N 1s peak at 396 eV, corresponded to
Ti-N bonds, discovered that the oxygen sites in the TiO, lattice were substituted by the
nitrogen atoms and forms an isolated narrow band above the VB and reduced the bandgap
energy [84]. Similarly, Chen and Burda (2004) investigated the nitrogen incorporation into
TiO, lattice using XPS analysis, revealing the O-Ti-N bond formation by nitrogen doping
that was confirmed by shifting of binding energies (Ti 2p3,, and O 1s) to low binding
energy in the XPS was observed. Tip,3/, of TiO; observed at 459.7 eV and it was lowered to
458.8 eV after N doping, the lower binding energy (0.9 eV lower than the TiO,) validated
the N incorporation into the TiO; lattice. Similarly, in O 1s spectra, an additional peak at
532 eV is observed for TiO, Ny attributed to the creation of oxidized Ti-N, which leads to
the Ti-O-N structure, confirming nitrogen substitution in TiO,. Furthermore, N 1s (400 eV,
405 eV) and O 1s (533.5 eV) peaks for nitrogen oxides (NO and NO,) are not observed on the
TiO, surface, validating the formation of the Ti-O-N structure [85]. Similarly, Sathish et al.
synthesized spherical shape N-TiO, through a chemical method. XRD analysis revealed an
increase in the particle size and no variation in the “d” spacing values was perceived after
N doping, validating that N is doped into the TiO; lattice without modifying the average
unit cell dimension. In XPS, the Ti 2p3/, level peak for TiO, and N-TiO, materials was
observed at 459.3 and 458.5 eV; the low binding energy value after N doping exhibited
that the electronic interactions of Ti with N anions and the oxygen site is substituted by
the N and modified the TiO; lattice. Furthermore, for N-TiO,, the N 1s level exhibited a
single peak at 398.2 eV corresponding to the N~ anion incorporation into the TiO, lattice
as N-Ti-O. Thus, it could be concluded that the status of N is anion-like (N7), as well as the
N-Ti-O structure in the TiO, lattice [86]. Likewise, significant research activities have been
performed, however, the disputes involved in the status of N in the N-TiO, still remaining
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debatable because of the change in the synthesis methodologies, nitrogen sources and other
reaction operational parameters.

6. Property Evaluation of N-Doped TiO, and Its Photocatalytic Efficiency

The photocatalytic efficiency of the TiO, depends on various properties, such as crystal
structure, defects, phase compositions, morphology, particle size, chemical state, bandgap
values, surface area and adsorption capacity, nature of the irradiation source, electron-hole
recombination behaviors on the TiO;’s surface and reactive radicals” generation. It is well
known that the higher bandgap values of TiO, and the physicochemical and electronic
properties do not fulfil the requirements for obtaining an efficient photocatalytic activity.
In order to obtain the desired properties, significant research activities are undertaken
and still in progress utilizing different synthesis methodologies, various nitrogen sources
and modifications in the reaction operational parameters. Herein, we tried to describe a
few literature evidences for evaluating changes in the properties of TiO, after N doping
and their influence on the photodegradation efficiency. For instance, Irie et al. prepared
TiO,_,Ny powders with homogeneous anatase (TiO;) phase by annealing the TiO, under
NHj; flow at different temperatures (550, 575 and 600 °C for 3 h). XPS results showed the
presence of Ti-N bonds, which come from the substitution of oxygen sites by nitrogen atoms
and confirmed that O-Ti-N bonds are formed. Furthermore, the TiO,_, N, (x = 0.0050, 0.011
and 0.019) showed significant optical absorption in the visible light region. The increase in
the x value results in the incremental value of visible light absorption (>550 nm), attributed
to Ti* because at 550 °C the NHj3 decomposes into N, and H; and the H; acts as a reducing
gas. TiOy_,N, samples completely degraded the isopropanol in either UV or visible light.
Furthermore, the quantum efficiency (QY) is decreased when the x value is increased,
which affects the photocatalytic degradation efficiency. Therefore, irradiating the TiO,_ N,
with UV light generated higher QY values than irradiating it with visible light. This is
because the oxygen sites in the TiO, lattice were substituted by N atoms forming a narrow
band above the valence band. Thus, irradiating the TiO,_,N, under UV light excites
the electrons from both the VB and the narrow band, but in the presence of visible light
electrons are excited from the newly formed narrow band only. Annealing of TiO; in the
presence of NHj3 atmosphere partially replaced the oxygen sites with nitrogen atoms and
simultaneously reduced the N-TiO; that causes an increase in oxygen vacancy (Vo) and
the amount of Ti**. Thus, the Vo is generated below the lower end of the conduction band
(0.75-1.18 eV) of anatase TiO; that acts as a recombination center for charge carriers [84].
Lee et al. developed a N-nanoporous TiO, (N-nTiO,) with the mixture of anatase and
brookite crystalline phases and high surface area by plasma treatment method. XRD
revealed that the N-nTiO, bicrystalline structure with different bandgap energy draws
attention for interfacial charge transfer (i.e., junction effect). Furthermore, the size of
N-nTiO; (~18 nm) is smaller than the as-synthesized nTiO; (~28.3 nm), which could be
due to the degradation of the polymer (hexadecyltrimethylammonium bromide, HTAB)
network during plasma treatment. In addition, the interconnected nTiO, nanoparticles
generate the nanoporous network wall, which leads to the high surface area (392.8 m?/g:
nTiOy; 375.9 m?/g: N-nTiO,), pore diameter and pore volume as compared to standard
TiO, and as-grown N-TiO,. The surface energy determination through contact angle
measurements revealed that the surface energy of N-nTiO; (245.61 mJ m~2) was greater
than that (78.48 mJ m~2, 313%) of developed nTiO,. Furthermore, the oxygen in the TiO,
lattice is substituted by N through both interstitial and substitutional doping, and the
photoproduced charge carrier’s recombination is significantly suppressed by N doping,
confirmed through photoluminescence analysis. For N-nTiO;, the N-doping-induced
charge-transfer transition from Vo to new energy levels occurred, which was confirmed
through the shifting of emission signal to a higher wavelength (~650 nm). These improved
characteristics of TiO, after N-doping showed significant enrichment in the photocatalytic
ability in degradation of RhB dye (within 70 min time) and antibacterial performance
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(sterilization of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), Figure 8) as
compared to standard TiO;, as developed nTiO, and Ar plasma treated nTiO, [87].
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Figure 8. Antibacterial activities of TiO,, as-grown TiO,, nTiO, and N-nTiO, against (a) E. coli and (b) S. aureus under

visible-light irradiation. Reprinted with permission from [87].

Cong et al. developed N-TiO; by a microemulsion—hydrothermal technique using
triethylamine, urea, thiourea, and hydrazine hydrate as nitrogen sources. Photocatalytic
activity demonstrated that the triethylamine as optimum nitrogen sources for N-TiO,
synthesis and offered higher photocatalytic ability in degradation of RhB dye and 2,4-
dichlorophenol than the other nitrogen-sources-based N-TiO; and undoped TiO,. The N
doping does not have influence on the crystal structure (i.e., retaining of anatase phase) and
size, however, the particle size is reduced which was confirmed by Raman spectroscopy
analysis. Furthermore, there is no change in the d-spacing value after N doping specified
that N has been incorporated into the TiO, lattice without altering the average unit cell
dimension. Raman spectra further revealed that the presence of peaks corresponds to
vibrational characteristic band of Ti—N that validated that nitrogen substitutes some
oxygen atoms in the TiO, lattice. Further, the decrease in the binding energy of Ti2p;,, after
N doping indicates that different electronic interactions of Ti with anions occurred, leading
to the partial electron transformation from the N to the Ti and an increase of the electron
density on Ti was obtained because of the lower electronegativity of nitrogen compared to
oxygen, which validates that N doped into the lattice and substitutes for oxygen. Thus, the
chemical states of the N doped into TiO, coexist in the form of either N—Ti—O, Ti—O—N, or
both. Similarly, the bandgap of TiO, is decreased from 3.04 to 2.70 eV after N-doping, which
enhances the visible light absorption characteristics. The recombination of photoproduced
charge carriers is significantly quenched after N doping, attributed to either trapping of
electron and hole by the oxygen vacancy and the doped nitrogen or the transfer of excited
electron from the valence band to the new levels introduced by nitrogen doping on the
upper of the conduction band. Therefore, N doping altered the local structure of TiO, and
improved the visible light absorption and separation and transfer rate of photoproduced
charge carriers leading to the higher photocatalytic activity in the degradation of RhB dye
and 2,4-dichlorophenol (Figure 9) [88].

Hu et al. synthesized N-TiO, by the sol-gel method using trimethylamine as N
precursor and studied the influence of calcination temperature (250, 300 and 350 °C for 3 h)
on the degradation of methyl orange dye. The TiO; structure changes from amorphousness
to crystalline and the average nanocrystal size was increased with increasing calcination
temperatures. The increase in average nanocrystal size is due to the agglomeration of
nanoparticles observed during the calcination process. Furthermore, the pure anatase
phase of TiO, was obtained at 300 and 350 °C calcination and the colors of these samples
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60

T

A

50
40
30
20:

10

Decomposition Rate /%

Pure TiO,

N-Ti0,-1 N-TiO,-2 N-TiO,-4 Pure TiO, N-TiO,-1 N-TiO,-2 N-TiO,-4

Figure 9. Decomposition efficiency of TiO, and N-TiO, with different N/Ti ratios in (A) RhB dye and (B) 2,4-DCP
degradation in the presence of visible light irradiation for 1 h and 5 h time periods. Reprinted with permission from [88].

Similarly, Suwannaruang et al. observed that the high photocatalytic activity of N-TiO,
depends upon the selection of nitrogen sources, and prepared a N-TiO, with nanorice
grain morphology and high purity anatase phase by hydrothermal method using urea as a
nitrogen precursor. When the nitrogen concentration was up to 7.5%, the nanorice grain
morphology and particle size of the N-TiO, was unaltered and it was decreased to smaller
size when the nitrogen concentration increased to 10 and 12.5%. The decrease in size is due
to the presence of higher concentration of nitrogen in the TiO; lattice that increases the
nucleation agent in the system and creates strain or stress in the system that suppresses
the grain growth process. Similarly, increase in the nitrogen concentration increased
the specific surface area and the average pore diameter of the N-TiO, that enhances the
surface reactions. Further, the change in the shape of the pore from cylinder-shaped pore
(long nanorice) to bottle shaped or slit-shaped pore (short nanorice), and the pore size
distribution from broad to narrow distribution occurred. In addition, anatase to rutile
phase transformation is restrained in N-TiO; that was calcined at 800 °C, whereas complete
transformation to rutile phase occurred in bare TiO, materials. N doping inhibited the
phase transformation (anatase to rutile) and increased the crystallite size that could be
due to three reasons, namely, the use of urea delays the phase change, the three Ti-O
bonds were reduced by the doped nitrogen that destroyed the connection of rutile structure
and the substitution of oxygen atom in the TiO; lattice by doped nitrogen decreases the
lattice distortion and accumulates strain energy indicating that the nitrogen atoms can
lock the Ti-O species at the interface of the TiO,. Similarly, the bandgap values of N-TiO,
are increased (from 3.11 to 3.17 eV) with increase in the nitrogen concentration and lower
than the TiO, material (3.20 eV). Furthermore, either substitutional (Ti-N-O ... Ti (N)
linkage), interstitial (Ti-O-N ... Ti (N) linkage), or both N dopings occurred in the anatase
TiO; lattice. The aforementioned changes in the properties of TiO; after N doping are the
reasons for higher photocatalytic efficiency of N-TiO, (12.5%N) in photodegradation of
ciprofloxacin under UV light as compared to other doped and commercial standard samples
(anatase, rutile and Degussa P-25 TiO,). The changes in the properties of N-TiO; leads to
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the formation of higher concentration of hydroxyl radicals, determined using fluorescence
spectroscopy during the photodegradation of ciprofloxacin using coumarin molecules
as a scavenger [90]. Recently, Mirzaei et al. (2021) developed a multi-homojunction
with nitrogen gradient-doped TiO, by pulsed laser deposition (PLD) for enhanced light
absorption in the visible range and improved the charge carrier’s separation and transfer
efficiency through the generation of an extended band bending and an oriented electric field.
Gradient nitrogen-doped TiO; (g-N-TiO,) was fabricated by layer-by-layer deposition of
N-TiO, with different concentrations of doped nitrogen on fluorine-doped tin oxide (FTO)
and polished Si (100) and the thickness of each layer (~90 nm) was controlled by varying the
pulse number during laser deposition. XPS analysis demonstrated that slight shift in the
Ti2p peak’s position attributed to the partial replacement of nitrogen with oxygen occurred,
which increases the electron density on Ti. Furthermore, it is demonstrated that increasing
the N3:O; ratio during PLD revealed substitutional N doping. The developed g-N-TiO,
is a complete anatase crystal structure, with no additional peaks that could be due to the
controlled substitutional N doping without either phase change, the low concentration of
N doping, or both, in the structure. Higher visible light absorption (lower energy) was
observed in higher concentration of the N doping (50-90%) with substitutional doping and
the bandgap of TiO, was decreased to 2.6 eV. Furthermore, the g-N-TiO, showed slight
lower light absorption than the N-TiO, sample; however, the g-N-TiO, exhibited higher
photocatalytic activity compared to TiO, and N-TiO, samples. This enhancement in the
photocatalytic activity is mainly due to the enhanced separation and transfer efficiency
of photo-generated charge carriers by the formation of homojunction with terraced band
bending. Therefore, it is confirmed that the doping of N introduces an acceptor level above
the valence band of TiO, and lowers the Fermi level (Er) of TiO, and the band bending
occurs when different layers (with different E) are brought into contact. However, it is
limited in non-gradient-doped N-TiO, and showed low separation efficiency. Furthermore,
the formation of terraced valence band levels for different layers in g-N-TiO; occurred
that trigger a built-in electric field perpendicular to the substrate that enables the transfer
of charge carriers by repelling them in different directions along the vertical direction of
columnar-like structure of the g-N-TiO,. Therefore, the g-N-TiO, demonstrated a superior
photocatalytic performance in sulfamethoxazole removal compared to the pristine and
conventional nitrogen-doped TiO, (non-gradient) [91]. Similarly, significant research has
been performed on the synthesis of N-doped TiO, and the evaluation of structural, textural
and electronic properties and their influence on photocatalytic efficiency.

7. Co-Doping into N-Doped TiO,

Co-doping is another approach for enhancing the visible light photocatalytic capacity
of N-doped TiO, by coupling with other metal or non-metal ions and semiconductor nano-
materials for improving visible light absorption and adsorption capacity and suppressing
the recombination of photogenerated charge carriers. Generally, the improvement in the
visible light absorption and suppression of charge carrier recombination after co-doping
can occur via two pathways, namely, generation of new energy levels in between the Ti
3d states of the conduction band and the O 2p states of the valence band or the co-doping
compensates the addition charge created by the presence of N3~ in TiO,, thereby reducing
the charge carrier’s recombination centers and increasing the amount of dopant. Significant
studies have been carried out on the co-doping of N-TiO; and showed efficient photocat-
alytic activity. However, it is rather difficult to conclude which co-dopants are better at
improving the photocatalytic efficiency of N-TiO, because of the variations in the synthesis
and experimental operational parameters, and the properties of N-TiO,. Therefore, this
section describes the various metals, non-metals and nanomaterial-based co-dopants for
improving the photocatalytic activity of N-TiO,.

Rani et al. prepared Ni-N-TiO, nanoparticles using the sol-gel method. They observed
that the introduction of dopants (nickel and nitrogen) generates impurity levels of Ni 3d
below the Ti 3d conduction band and N 2p above the O 2p valence band that causes signifi-
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cant effort in decreasing the bandgap of TiO,, which leads to the transfer of electrons from
VB to CB taking place (Figure 10). In addition, the average crystalline size of the materials
is decreased which enhances the surface area of the doped materials. The enhancement
in the surface area and decrease in the bandgap energy showed significant visible light
catalytic activity in congo red (CR) and methyl orange (MO) dye degradation [92].

)

”~

Intermediate

Figure 10. Schematic representation of photogenerated electron-hole pairs separation and transport
process on (a) pure TiO, and (b) Ni-N-co-doped TiO, nanoparticles under visible light irradiation for
(c) degradation of dyes. Reprinted with permission from [92].

Alotaibi et al. developed Zn and N co-doped TiO; thin films on glass substrates
using aerosol-assisted chemical vapor deposition and evaluated their influence on su-
peroxide formation, catalytic activity and bactericidal properties. Superoxide forma-
tion from metal oxides was determined using 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium sodium salt (XTT) and an increased concentration
of superoxide formation from the Zn, N: TiO; thin films. Similarly, the transient absorp-
tion spectroscopy study revealed that photogenerated charge carrier populations were
increased when films were co-doped with Zn and N and showed efficient photocatalytic
activity and bactericidal activity in degradation of stearic acid and E. coli under UVA and
fluorescent light (Figure 11, asterisk symbol) [93].

Selcuk et al. synthesized N-TiO, by hydrolysis method and the metals, such as Fe, Cr,
Ni and Pt, were deposited onto the N-TiO, by reduction of the respective metal salts. The
hydrogen production reaction revealed that both Pt-N-TiO; (11,620 umol) and Ni-N-TiO,
(2946 umol) showed higher water splitting efficiency than the other metal-doped N-TiO,,
N-TiO; and TiO, materials in aqueous methanol solution. Subsequently, Ni-N-TiO, was
selected as a suitable alternative to Pt-N-TiO, and a detailed study was carried out on
the Ni co-doped N-TiO, with different nickel concentrations. Ni-N-TiO, with 10 umol
Ni/g N-TiO, exhibited higher water splitting efficiency (490 micromoles Hy g~ 'cat h™1)
than the other Ni concentration doped N-TiO, [94]. Similarly, Lin and Shih (2015) devel-
oped metal ions (M = Cr, Ni, Cu, Nb) and nitrogen co-doped TiO, photocatalysts through
one-pot microwave-assisted hydrothermal method. They observed that the doping of
metal ions introduced donor levels in the bandgap of TiO,_,N, which mainly occurs
through the hybridization between 3d orbital of metal dopants, 2p orbital of nitrogen
and associated charge compensation vacancies in M-doped TiO, xNy. Among the co-
dopants, Cu/TiO,_4N exhibited higher photocatalytic activity in hydrogen production
under UV (27.4 mmol g_l h~!) and visible light (283 pmol g_1 h~1!) irradiation from aque-
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ous methanol solution. The higher photocatalytic activity is due to the enhanced visible
light absorption (introduction of new donor levels), uniform dispersion of copper ions
inside the mesoporous TiO,_yN network and the photogenerated charge carrier’s separa-
tion and transfer efficiency [95]. Abdelraheem et al. hydrothermally synthesized anatase
nitrogen and boron co-doped TiO, (N-B-TiO;) using borane tert-butylamine complex as a
source for N and B for degradation of bisphenol A (BPA) in the presence of visible light
irradiation. All N-B-TiO,-doped samples exhibited higher photocatalytic activity than the
pure TiO, and N-TiO, materials and fitted with pseudo-first-order kinetics. The results
demonstrated that 2% loaded showed higher photocatalytic performance than the catalytic
system used in the study (Figure 12). Furthermore, the influence of various operational
parameters (initial BPA concentration, calcination temperature, dopant concentration) on
the degradation of BPA were also studied [96].

(a) (b)
[ Dark [ uv

[ Dark [l White light

105_

10° 5

Q
=
1

103_

Viable colony conts (cfu/mL)
Viable colony conts (cfu/mL)

10°
1.4% 10°-

Zn

1.0%
Zn

Blank 2.9%

0.4% N:TiO, Undoped

Zn TiO, 1.4%

Zn

1.0%
Zn

Blank 2.9%
Zn

0.4% N:TiO, Undoped
Zn TiO,

glass 2"

glass

Figure 11. Bactericidal activity of the undoped TiO,, N:TiO, and the series Zn, N:TiO, catalyst in
the presence of (a) UVA (8 h) and (b) fluorescent light (18 h) irradiation. Reprinted with permission
from [93]. Asterisk showed the highest bactericidal activity of Zn, N: TiO, thin films (1%) under both
UVA and fluorescent light irradiation.
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Figure 12. Photocatalytic degradation efficiency (a) and pseudo-first-order kinetics fitting (b) of BPA degradation. Reprinted

with permission from [96].

Similarly, they used the same materials for degradation of pollutants such as BPA,
ibuprofen (IBP), triclosan (TCS), diclofenac (DCF) and estrone (E1) spiked in Milli-Q
water and different wastewater (microfiltration effluent, secondary-treated wastewater and
reverse osmosis permeate from GWRS facility at Orange County, CA, USA) samples in
the presence of visible light irradiation. The degradation reaction was performed using
individual compounds and quinary mixture of pollutants. The results revealed that N-
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TiO, showed higher degradation efficiency of pollutants in a single system compared
to the quinary degradation system. The order of degradation efficiency is DCF > E1
> BPA~IBP > TCS, the difference in efficiency is attributed to their different affinities
towards reactive oxygen-based species (ROS, 10,, O,*~, HOO® and *OH), especially
*OH. Therefore, the role of ROS in pollutant decomposition is higher than the affinity of
pollutants towards N-B-TiO; catalyst surface because of the low adsorption of pollutants
onto the N-B-TiO, surface. They also studied the influence of the presence of inorganic ions
(i.e., NO3—, CI7, Br7, HCO3™) on the degradation efficiency and identified the possible
intermediates formed during degradation of pollutants [97]. Similarly, significant research
activities have been performed, therefore Table 1 summarized a few of the co-doped N-TiO,
photocatalytic systems.

Table 1. Summary of the few co-doped N-TiO, based photocatalytic systems for degradation of pollutants.

Catalyst Sg;:;\ii;s I\Isl(t)rlfizn Applications Process Condition  Catalytic Efficiency Ref.
Conc.: 20 mg/L,
Precipitation- . Vol.: 50 mL, 300 W . o
N-xFe-TiO, Hydrothermal A?ﬁg;i‘;‘;m RhB HPMV Lamp (UV), (Vﬁgi fifﬁz/?u/\/) [98]
Method 1000 W Halogen ?
Lamp (visible)
_ C-N-TiO, Higher
. Conc.: 1.8 x 107° ..
N Sol-Gel Urea Methg’ﬁg; Blee M vols100mr, S thanthe g
o 2 150 W Xe Arc Lamp 2> 2
TIOZ
Conc.: 15mg/L, .
y ) Ti.993Ce0.00702-xNx
Ce-N-TiO, One-Step Yol 50mL, SO0W "5 "~ 6070y NPs
Ti .Ce.Or N Modified Urea MB Fluorescent Lamp Hicher Activity than [100]
1Sy Technique (365, 420, 500, 550, & Y
the Bare TiO,
600 nm)
TiO,: N-W (1.5%)
Solution . Conc.: 25 uM, Vol.: Showed 14 Times
NW %’O'D"ped Combustion Urea Rhog;‘h“];l)“e B 20mL,300WXe  Higher Activity than  [101]
2 Method Arc Lamp the P25 and Bare
TiO,
. . Conc.: 15 ppm, Vol.: N/Pd-TiO; (0.6%
N/Pd-TiO, Modified Ammonium Eosin Yellow 100 mL, 150 W Xe Pd)-Complete [102]
Sol-Gel Method Hydroxide .
Arc Lamp Degradation
Sol-Gel-
. Conc.: 10 mg/L .
) Microwave i y 93.44% (Ag-N-TiO,
Ag-N-TiO, Chemical Urea MB Vol.: 50 mL, 30 W 39.40% (P25) [103]
Method Fluorescence Lamp
MB and C(K/rﬁ;) 2(;)1 mé}/[ 2at.%Cu-3at.%N-
Cu-N-TiO, Sol-Gel Triethylamine p-Nitrophenol PP TiO,: 100%, MB and [104]
(PND) (PNP), Vol.: 50 mL, 450 DNP
150 W Xe Lamp ’
Conc.: 20 ppm, Vol.:
Mesoporous C One-Pot . 20mL (UV), 200 g0 90 (NTiO,, UV),
and N- Hvdrothermal Glycine Ibuprofen mL (Vis), 150 W 100% (visible) [105]
co-doped TiO, y HPMV (UV), LED 0
Lamp (420 nm)
Anatase B and T}I;r(freagéf"ffirrflt Conc.: 1 M, Vol.
. Hydrothermal . Bisphenol A 400 mL, 500 W Xe  100% (2.0%NBT-350) [96]
N- TiO, Butylamine
Lamp
Complex
Sol-Gel Process i Conc.: 50 ppm, Vol.: ul’izgoogﬁ%t;::’;ghl‘) y
, and Ultrasound . 50 mL, 300 W UV : ’
Sm and N- TiO, Assisted Urea acetamidophenol and Incandescent (photo with [106]
(4-AMP) hydrodynamic

Sol-Gel Process

Lamp (>420 nm)

Cavitation)
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Table 1. Cont.

Catalyst Sg;[r;ttl;leosgs I\Islf,rlfrgczn Applications Process Condition  Catalytic Efficiency Ref.
Cavitation
Induced Hvdroxvlamine Quinalphos and C(I)]:Egg E]:I;' >0 87.5% (quinalphos),
Mn and N-TiO, Synthetic Hy dmc{ﬂori ge 2-Chlorophenol o " 450 91.7% (2-CP) with [107]
Greener y (2-CP) ’ 660 nm LED Lamp
Methodology nm)
1,4-Dioxane
Degradation ) ) N-Ni-TiO, Showed
N-Ni-TiO, Sol-Gel Diethanolamine agnd H, Conc:: NA, Vol: - pyiop o Activity than  [108]
Production NA, Visible Light the TiO
2
Simultaneously

NA—data not available.

8. N-TiO; Based Z-Scheme Heterojunction System

In order to enhance the photocatalytic activity of N-TiO,, the Z-scheme type hetero-
junction system was developed by integrating the N-TiO, with another semiconductor
nanomaterial. The Z-scheme type materials classified as direct system where the redox-
mediator is not used, whereas in the case of indirect system the Z-scheme is formed through
various redox-mediators (e.g., 1037 /17, Fe3* /Fe?*). The Z-scheme system increases the
visible light response of N-TiO; and the photogenerated electron and hole pairs are effi-
ciently separated in the CB and VB of the two different semiconductors which leads to
enhancement in the photocatalytic efficiency. The Z-scheme system has been used for the
degradation of water pollutants, however, the experimental evidence for the Z-scheme
mechanisms is ambiguous and has not been investigated deeply. Furthermore, the Z-
scheme describes only thermodynamically uphill reactions (e.g., water splitting reaction),
whereas the photocatalytic degradation of pollutants is thermodynamically downbhill reac-
tions. Therefore, the usage of Z-scheme in photocatalytic degradation application might
create scientific misconception and detailed explanation is given in references [109,110].
Therefore, the water splitting application of N-TiO;-based Z-scheme-type systems is de-
scribed hereafter. Nakada et al. developed a Z-scheme system using RuO,-modified rutile
TiO;:Ta/N (as an O, evolution photocatalyst), Ru-loaded SrTiO3:Rh (as an H; evolution
photocatalyst) and an Fe3* /Fe?* redox couple for water splitting in an aqueous NalO3
solution under visible light (A > 420 nm) and AM 1.5G simulated sunlight irradiation.
In the presence of visible light irradiation, Z-scheme transfer of photogenerated charge
carriers occurred between two different photocatalysts that leads to the continuous and
simultaneous evolution of O, and H; (Figure 13) [111].

Similarly, they prepared a co-catalyst-free visible-light-driven Z-scheme water-splitting
system by combining N/F-co-doped rutile TiO; (as an O,-evolution photocatalyst) with
Ru/SrTiO3:Rh (as an Hy-evolution photocatalyst) and [Co(bpy)3]**/%* (bpy = 2,2'-bipyridine)
redox mediator. In the initial stage of light irradiation, O, evolution occurred because of the
absence of [Co(bpy)3]3Jr and the continuation of irradiation leads to formation of [Co(bpy)g]3+
which leads to the steady O, evolution on N/F-co-doped rutile TiO; and the H; evolution
on Ru/SrTiO3:Rh materials. The photogenerated charge carriers are efficiently separated in
the CB and VB of the two different semiconductors through the redox mediators, eventually
the continuous evolution of O, and Hj was observed and showed two times higher activity
than the RuO,-modified rutile TiO,:Ta/N system [112].
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Figure 13. Photocatalytic H, and O, evolution using RuO, /TiO;:Ta/N and Ru/SrTiO3:Rh in an aqueous solution containing
(A) NaIO3 (1 mM) and (B) FeCl3 (1 mM) under visible-light irradiation. Reprinted with permission from [111].

9. Visible Light Photocatalysis of N-Doped TiO,

Nitrogen doping into TiO, effectively increases the visible light absorption (i.e., re-
duces the bandgap energy) and suppresses the rapid recombination of photogenerated
electron hole pairs that significantly improves the photocatalytic capacity of TiO, in the
presence of visible light irradiation. In addition, the phase composition, surface area,
morphology and defects in N-TiO; also play a vital role in enhancing the visible light
photocatalytic activity. Therefore, various literature is available on the development of
N-TiO;, that has mainly been used for the degradation of pollutants, renewable energy pro-
duction (i.e., water splitting), CO, reduction, antibacterial, photoreforming of wastewater,
sensors, solar cells and organic transformation applications. This review article mainly
focuses on summarizing the photocatalytic application of N-doped TiO, towards pollutant
degradation and water splitting applications.

9.1. Pollutants Degradation

Photocatalytic degradation capacity of N-TiO, has been majorly studied for the degra-
dation of pollutants in both the aqueous and gaseous phase under visible light irradiation.
Photocatalytic degradation application of N-doped TiO, was first evaluated by Sato; NOx-
doped TiO, was prepared by calcination of titanium hydroxide and utilized for oxidation of
carbon monoxide and ethane and by oxygen isotope equilibration in the presence of visible
light irradiation [28]. Asahi et al. prepared TiO;_,Ny thin films by sputtering method and
evaluated its catalytic activity by degradation of methylene blue and gaseous acetaldehyde
in the presence of visible light irradiation (wavelength <500 nm). TiO,_,Ny exhibited
higher photocatalytic activity than the bare TiO, under visible light irradiation, however,
it exhibited similar activity under UV light [29]. Burda et al. reported a room tempera-
ture synthesis of TiO,_ N, by direct amination of TiO, nanoparticles using triethylamine,
the color of TiO, changed to yellow after nitrogen doping, which showed significant op-
tical response in the visible light range. The photocatalytic activity demonstrated that
TiO,_ N, showed higher catalytic activity than the TiO, system in the degradation of MB
dye under irradiation of 390 and 540 nm visible light using a laser system (Clark MXR
2001 femtosecond) [113]. Nosaka et al. prepared N-TiO; by calcination of TiO, powder
with organic nitrogen compounds (urea, guanidine hydrochloride, guanidine carbonate)
at various temperatures (350, 450 and 550 °C). Two kinds of N signals were obtained in
XPS analysis of N-doped TiO,, which contributes to the visible light absorbance. XPS
signals at 396 eV and 400 eV assigned to Ti-N (substituted N atom for the O site in TiO,
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lattice) and N-O, respectively. The results demonstrated that the absorption edge of TiO,
powder is significantly extended towards visible light irradiation, and N-TiO; prepared
by guanidine showed higher visible light absorbance than urea, showing that a higher
amount of nitrogen was doped with guanidine. However, the N-TiO, prepared by urea
exhibited higher degradation efficiency in degradation of 2-propanol than that prepared
with guanidine hydrochloride which indicates that high visible light absorption does not
correlate with the photocatalytic activity. So, the higher photocatalytic activity is due to the
substituted N atom for the O site in TiO, lattice and N-O have negative impacts on visible
light photocatalytic activity [114]. Kalantar et al. utilized the ultrasonic assisted direct
impregnation method for preparation of N-TiO; using urea as nitrogen source. Crystallite
size of TiO;, (21 nm) is decreased after nitrogen doping (19 nm, N-TiO,), which results in
higher surface area (63 m?/g) than the TiO, nanoparticle (50 m?/g). Furthermore, the
ionic radius of N3~ (0.171 nm), which is close to that of O?~ (0.144 nm), could be incorpo-
rated into the TiO, lattice that weakens the crystalline phase stabilization, causes lattice
distortion that leads to decrease in the crystallite size and enhancement in the surface area.
The increase in the surface area is due to the ultrasonic irradiation that produces cracks
and creates porous structure on the TiO, particle and also prevents the agglomeration of
nanoparticles. This showed higher visible light activity than the TiO, in oxidative desulfur-
ization of dibenzothiophene in a diesel fuel model under visible light irradiation and air
bubbling. Furthermore, the enhancement in the photocatalytic activity is because of the
effective separation of photogeneration of electron hole pairs through new N 2p energy
levels formed above the valence band of the TiO; [115]. Ramezani Sani et al. developed
N-TiO; nanowires using an annealing method under nitrogen atmosphere at different
temperatures. N-TiO, nanowires exhibited the presence of both anatase and rutile phases
of TiO; and significant enhancement in the visible light absorption was observed leading to
higher visible light photocatalytic activity in methyl orange dye degradation than the TiO,
nanowires [116]. Bakre et al. studied the influence of nitrogen sources on the photocatalytic
activity of N-TiO, under natural sunlight irradiation. N-TiO, prepared by decomposition of
urea, semicarbazide and N, N’-dimethyl urea precursors, and the nitrogen doping occurred
on the TiO, lattice. The N-TiO; prepared using semicarbazide precursors showed higher
photocatalytic activity in degradation of MB and RhB dye compared to other precursor-
based N-TiO; and the standard Degussa P-25 TiO; catalyst. The optimal nitrogen doping,
anatase-rutile coupling, smaller size, large surface area, efficient suppression of charge
carrier’s recombination and the presence of more surface hydroxyl groups are responsible
for the higher photocatalytic degradation efficiency [117]. Huang et al. developed a N-TiO,
material with abundant and tunable oxygen vacancies using a hydrothermal method fol-
lowed by calcination in NH3 atmosphere. The photocatalytic efficiency of the N-TiO, was
evaluated by the degradation of rhodamine B dye (10 mg/L) and tetracycline antibiotic
(20 mg/L) in the presence of visible light irradiation. The N-TiO, showed superior visi-
ble light photocatalytic activity than the bare TiO,. The superior activity is attributed to
the existence of new N 2p energy levels formed between the CB and VB after N doping
and the rich oxygen vacancies that enhance the visible light absorption and inhibit the
recombination of photogenerated electron hole pairs (Figure 14) [118].
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Figure 14. Schematic representation of photocatalytic mechanism of RhB and TC degradation using
N-TiO;. Reprinted with permission from [118].

Similarly, Zeng et al. prepared N-TiO, using precipitation combined with a thermal
decomposition method using urea (CO(NHy);, U), ammonium chloride (NH4Cl, AC) and
ammonium nitrate (NH4NOj3, AN) as a nitrogen source, for the degradation of flumequine
(FLU) antibiotic under visible light irradiation. All three nitrogen-source-based N-TiO,
showed higher photocatalytic performance than the pure TiO,; the order is TiO, /AN >
TiO,/AC > TiO, /U (Figure 15a). The apparent first-order rate constants (kapp) for FLU
degradation in the presence of TiO,/AN catalyst are about 35, 16 or 1.4 times higher
than that of pure TiO,, TiO,/U or TiO,/AC, respectively (Figure 15b). The superior
photocatalytic activity of TiO,/AN sample attributed to the presence of two different
valence states of nitrogen (N°* and N®7) in this catalyst captures the photoproduced
electrons, resulting in the reduction of recombination rate of the photogenerated electron
and hole pairs [119].
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Figure 15. Photocatalytic FLU degradation efficiency (a) and its kinetic constant value (b) using TiO,, TiO, /AN, TiO, /AC
and TiO, /U catalyst under simulated sunlight irradiation. Reprinted with permission from [119].

In addition to properties of TiO,, the nature of the irradiation sources also have
significant influence on enhancement in the photocatalytic activity of N-TiO, photocatalyst.
Tryba et al. prepared N-TiO, photocatalyst by a sol-gel method using ammonia as nitrogen
source and the synthesized materials are calcined at 200 to 500 °C for 1 h. The photocatalytic
activity was evaluated by the degradation of acetaldehyde under UV and visible light
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(fluorescent lamp) irradiation. The results demonstrated that all the N-TiO, samples
showed lower catalytic activity than the undoped TiO, and the N-TiO; calcined at 300 °C
exhibited higher efficiency among the calcined materials. The fluorescent lamp comprises
of large region in the visible spectrum but the presence of small part of UV light caused
TiO, samples to not have any significant visible light photocatalytic activity. The blank test
in the presence of a fluorescent lamp exhibited 8.5% acetaldehyde decomposition, which
clearly shows that UV activity of TiO, was greater than the visible light activity [120].
Similarly, after Sato and Asabhi et al., inventive N-TiO, were also used for the degrada-
tion of various gaseous pollutants in the presence of visible light irradiation. For example,
Li et al. synthesized yellow colored N-TiO, by spray pyrolysis method using mixed solu-
tion of TiCly and nitrogen precursors (urea, guanidine or ammonium fluoride). Among
the precursors used, N-TiO, prepared from ammonium fluoride exhibited higher photo-
catalytic activity towards acetaldehyde and trichloroethylene degradation than the other
nitrogen-sources-based N-TiO, and standard Degussa P25 TiO, under visible light irra-
diation. The enhancement in the photocatalytic activity is attributed to high surface area,
co-doping of F along with N doping onto TiO, that enhances the visible light absorption
and surface acidity. In addition, N doping created oxygen vacancies that enhance the visible
photocatalytic activity, however, the comparison showed that the degradation efficiency is
less significant than the co-doping of F, surface acidity and area [121]. Aoki et al. developed
N-TiO; by annealing the anatase TiO, and urea in air, followed which the N-TiO, was
coated onto the glass plate for the degradation of formaldehyde and toluene mixtures in
the presence of visible light. The N-TiO, surface showed hydrophilic nature exhibiting
preferential adsorption of hydrophilic formaldehyde than the hydrophobic toluene and
revealed higher degradation efficiency towards formaldehyde than the toluene in the
mixtures. Thus, when the N-TiO; is applied for purification of indoor air, the degradation
of hydrophilic pollutants is suppressed by the presence of hydrophobic pollutants [122].
Thus, the presence of toluene did not affect the degradation of formaldehyde, whereas, the
formaldehyde presence decreased the toluene deficiency. Jo and Kim developed N-TiO,
by calcination of TiO, nanoparticles with organic nitrogen compounds (urea, guanidine
hydrochloride and guanidine carbonate) as a nitrogen source, applied to the degradation of
indoor level volatile organic compounds (VOCs) such as benzene, toluene, ethylbenzene, m,
p-xylene and o-xylene in the presence of visible light irradiation. For all VOCs, the N-TiO,
exhibited higher degradation efficiency than the unmodified TiO,, whereas the degrada-
tion efficiency depends highly on the stream flow rate, hydraulic diameter and relative
humidity [123]. Similarly, He et al. synthesized N-TiO, nanoparticles with anatase-brookite
mixed-phase TiO, by solvothermal method using different nitrogen sources (ammonia,
hydrazine hydrate or ammonium nitrate). N-TiO, prepared with hydrazine hydrate as
precursor showed higher photocatalytic activity in degradation of gaseous benzene under
UV light irradiation and the degradation efficiency was not changed after 15 experiment
cycles [124]. Priya and Philip prepared N-TiO, and evaluated its catalytic efficiency by
degradation of VOCs (methanol, acetone, dichloromethane (DCM), benzene and toluene)
present in pharmaceutical wastewater under visible and solar light irradiation. The degra-
dation rate followed an order of benzene > toluene > DCM > methanol > acetone and
showed faster degradation rate under solar light irradiation [125]. Khan et al. prepared
N-TiO; by co-precipitation of tri-thiocyanuric acid (TCA) with Degussa P25 TiO, followed
by calcination under Ny atmosphere (550 °C, 4 h). Results showed both the interstitial
position of nitrogen and nitrogen substitutional doping on the oxygen site into the TiO,
lattice. N-doping improved the visible-light absorption and enhanced the charge carrier’s
separation/transfer efficiency by capturing the holes by reduced titanium ions and showed
higher photocatalytic activity in degradation of NOx under UV and visible light irradi-
ation [63]. Recently, TiO, and N-TiO, were derived by combustion/calcination of metal
organic frameworks (MOFs). Zhao et al. prepared N-TiO, with anatase-rutile phase by
calcining the titanium metal organic frameworks (MIL-125 (Ti)) and melamine mixture at
different temperatures in air. Results revealed that N doping is a substitutional one and
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replaced the O atoms in the TiO, lattice, and the N-TiO, synthesized at 500 °C showed
higher visible light photocatalytic activity than the N-TiO; synthesized at other tempera-
ture and Degussa P-25 TiO, in degradation of gaseous benzene [126]. Similarly, various
research studies are available on N-TiO, that show the importance of N-TiO; and their
significant visible light photocatalytic activities towards degradation of pollutants in the

aqueous and gaseous phase (Table 2).

Table 2. Photocatalytic degradation of water and gaseous pollutants using N-TiO, materials.

Synthesis Nitrogen

Doping

Degradation

Catalyst Method Source Mechanism Pollutants Process Condition Efficiency Ref.
Same
Degradation
Conc.: 50 mmol /L ACﬁz’étyf ner
. - UV (both TiO,
N-TiO Pulsed L Substitutional Vilhlf E mL, ](3312;1( and N-TiO, Thin
T2 o T Used maser TiN and Sites of 1§t Lamp 1557 Film) and
Thin Film Deposition . . MB Dye nm, 50 mW/cm?) . . [127]
. N5 /O, Mixture Oxygen in N-TiO, Thin
TiO, Ny (PLD) Tio and Fluorescent Film showed
2 Light (540-620 nm, . -
Higher Activit
120 mW/cm?) 5 y
than the TiO,
Film (visible
light)
. Con.: 1.8 x 1074 N-TiO, showed
N-TiO, %’;ﬁiggf NH; Ti-O-N T“Ch(lg”coghylene mol/L, Vol. NA,  Higher Activity ~ [128]
Visible Light than the TiO,
Substitutional
Triethylamine, ~ °Ping and m /CL(()EﬂBZ)O nd  N-TiO, with
Microemulsion— ) ar e the Doped RhB and 2,4- & @ 2
. Urea, Thiourea, . . 100 mg/L N/Ti Ratio of 2
N-TiO,  hydrothermal . Nitrogen are  dichlorophenol . . [88]
method and Hydrazine N_Ti—O (2,4-DCP) (2,4-DCP), Vol.: 50  showed Higher
hydrate and ! mL, 1000 W Activity
Ti—O-N Halogen Lamp
N-TiO,-400
Con.: 20 mg/L, Catalyst showed
Ammonium Vol.: 80 mL, UV Higher Activity
o . . Interstitial Methyl Orange Lamp (8 W, than the
N-TiO;  Precipitation &ﬁrf’H’“‘ée) Site in TiO, (MO) 320-400 nm), Undoped Ti0, 1121
32 Visible Light and other
(400-650 nm) Concentration
Loaded TiO,
N-TiO; Prepared
at pH Value of
5.87, N/Ti Ratio
o Con.: 200 mg/L, of 2.0 and
N-TiO, Sol Gel 2241.\;1030/ S“bsgt‘;:"“al 2,4-DCP Vol.: 80mL, 1000  H,O/Ti Ratio of  [130]
372 ping W Halogen Lamp 76 showed
Higher
Degradation
Activity
PNP and Con.: 10 mg/L N-TiO, showed
N-TiO, Mechanochemical ~NH4F - Methyl Orange ~ Vol.: 140 mL, UV Higher Activity  [131]
(MO) Lamp (254 nm) than the TiO,
AN o .
N-TiO Sol Gel Te’lc:'lelllr\nllele\tll'{l\llethane— Interstitial Resazurin Con.: NA Vol.: NA, 5}11\; vgzgzlfillr;ler
film 2 Method and 1 2—Dianiline Nitrogen Redox Dyeand  Fluorescent Lamp Activity thai the [132]
Dip Coating (TMEDA) Doping Stearic Acid (9500 1x) TiO,
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Synthesis Nitrogen Doping s Degradation
Catalyst Method Source Mechanism Pollutants Process Condition Efficiency Ref.
Con.: 5mg/L Vol.: o
N- TiO, 140 mL, White 52% (MB, UV
coated Sol Gel Aqueous MB and Light LEDs Stri and Visible
lass Method and Ammonia - Eriochrome ( 40%—800 nm) U}\)/ Light), 41% and ~ [133]
& Dip Coating Solution Black-T (EBT) i ‘ 31% (EBT, UV
spheres Emitting LEDs and visible light)
Strip (365-400 nm) &
1, 6-
Urea, 1,6- Interstitial Con.: 100 mg/L Diaminohexane
ANI_‘:anse f/[oelﬂ?oei{ Diaminohexane, ~ Doping in MB Vol: 100 mL, 300  based N-TiO,  [134]
2 Triethylamine  TiO, Lattice W Halogen Lamp  showed Higher
Activity
Con.: 30 mg/L
Ultraviolet- Vol.: NA, UV-A 2.17% (visible),
aviole o (254 nm), UV-B 26.54% (UV-A),
. Assisted Substitutional
N-TiO, HNO; . MO (310 nm), UV-C 34.92% (UV-B), [80]
Thermal or Interstitial o
Svnthesis (365 nm) and and75.88%
i Visible Light (470 (UV-C)
nm), 9W Each
Sub;;t;‘;zﬁnal Con.: 20 ppm Vol.:
N-TiO, Hydrothermal Urea i Ciprofloxacin NA, 365 nm UV-A 94.29% [90]
Interstitial
. Lamps (20W)
Site
N-TiO scfr?rt;;f uiild Con.: 10 ppm Vol
Y2 Spmning Polyvinylpyrrolidone - MB 20 mL, UV and 68.00% [135]
fibers Subsequent . .
. Visible Light (9W)
Calcination
Urea, .
Semicarbazide (zjg n rlr? &P;lrg)a;//[(ﬁ)_’ N-TiO; showed
N-TiO, Decomposition and TiO, Lattice MB and RhB PP " Higher Activity  [117]
N,N'-Dimethyl 25 mL, UV and than the TiO
' y Visible Light 2
urea
Gradient  Pulsed Laser - Sulfamethoxazole Con.: 1 mg/L Vol
. i Substitutional 50 mL, Solar 85% [91]
N-TiO, Deposition (SMX) .
Simulator
i ) Con.: 3 x 1072
N-TiO; — Solid State Urea - MO mol /L, Vol.: 100 91% [136]
nanotube Dispersion .
mL, Solar Light
Wet Substitutional Con.: 10 mg/L,
N-TiO, Chemical Urea Doping in MB Vol.: 10 mL, Visible 72% [137]
Method TiO, Lattice Light
: . NH;NOs 08¢t Phenylphenol Vol.: 4 mL, UV ~46% [138]
printed Technique Doping in Funeicide Lam
N-TiO, TiO; Lattice & P
N-mixed- Interstitial N Selective Con:1x10*M, N-TiO, showed
phase Pyrolysis Urea Atoms in Oxidation of Vol.:4mL,300 W  Higher Activity ~ [139]
TiO2 TiO; Lattice Cyclohexane Xe Lamp and Selectivity
N-TiO, Tourmaline-
and Bacteria Con.: 10° to 107 Nitrogen
Tourmaline- Ammonium ", CFU/mL, Vol.: Co-Doped TiO,
nitrogen Sol-Gel Hydroxide - Mycobacter}a, NA, Fluorescent showed High [140]
and Fungi .
co-doped Lamp Inactivation
TiO, Efficiency
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Table 2. Cont.

Synthesis Nitrogen Doping o, Degradation
Catalyst Method Source Mechanism Pollutants Process Condition Efficiency Ref.
Gaseous
Urea N-TiO, showed
Yellow- o Con.: 930 ppm, Higher Activity
Colored Sp ray. Guamdm.e, or - Acetaldehyde Vol.: NA, 150 W Xe  in Acetaldehyde  [121]
- Pyrolysis Ammonium and TCE
N-TiO, . Lamp and TCE
Fluoride .
Degradation
Con.: 1000 ppm,
Ultrastable Interstitial N Flow Rate: 10 o
N-TiO, Sol-Gel Urea Atoms Acetaldehyde mL/min Vol.: NA, 25% [141]
400 W Xe Lamp
Ammonia
(ANT?' Con.: 2 uL (180
N-TiO Solvothermal H}};d;e;zine Benzen mg/ m3), Vol.: NA, 919 [124]
2 Method @’IN%Q enzene 250 WUV Lamp °
Ammonium (Hg)
Nitrate (NNT)
]égi;)TeNcly 60 Mass %
with Con.: 10 Mass %, ché;?ﬁ)ol\‘/}éEug Y
Long- Hydrothermal Hexamethylenetetramine- Acetaldehyde Vol.: NA, 10 W . 58 70 [142]
. TIOZ,XN
Afterglow Black Light s
showed Higher
Phos- Activit
phors vty

9.2. Water Splitting (H, Production)

In order to fulfill the increasing energy demands and eradicate environmental prob-
lems, the generation of energy from renewable resources is receiving significant attention.
Splitting of water into hydrogen (Hy) and oxygen (O,) is one of the sustainable processes for
the production of renewable energy. For higher H, production efficiency, the CB and VB po-
sition of semiconductors must be higher than the H, (H* /Hj, 0 V) and O, (O, /H,0, 1.23 V)
evolution potentials. Furthermore, the water splitting reactions are majorly performed in
the pure water medium and addition of the sacrificial agents, and also photoreforming
of wastewater (simultaneous production of Hy and degradation of pollutants). Various
semiconductor nanomaterials have been utilized for the H, production reaction, in which
N-TiO; is one of the catalytic systems effectively used for this purpose under the irradiation
of visible light [15,143-147].

Babu et al. developed a rice-grain-like N-TiO, nanostructure morphology using
combined sol-gel and electrospinning followed by an annealing process. N doping did
not change the morphology, crystallinity and d-spacing of the TiO, fibers. No variation in
the d-spacing of the nanostructure’s anatase (101) plane shows that the N has been doped
into the TiO, lattice (substitutional N-doping) without altering the unit cell dimension,
which was confirmed by XPS analysis. N-TiO, (28 umol/h) exhibited enhanced water
splitting efficiency compared to TiO; fibers (2 pmol/h). Likewise, N-TiO, fibers showed
higher methylene blue dye degradation efficiency [148]. Similarly, N-TiO, was developed
by the controlled oxidation of titanium nitride at different temperatures (350 °C, 400 °C and
450 °C) and that the color changes from black to yellow confirmed the formation of N-TiO,.
The nitrogen doping occurred on the TiO; lattice showed shifting of binding energy values
of Ti 2p to higher values in the XPS. The N-TiO, sample (N-TiO,-450) showed the higher
Hj-evolution potential than the Degussa P-25 TiO, in a NapS-NapSOj; sacrificial system
under UV-Vis light irradiation [149]. Wang et al. prepared N-doped TiO; on quartz glass
with preferred (112) and (211) facet orientation by RF magnetron sputtering method using
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a mixture of Ny, O, and Ar gas. XPS analysis indicated that the binding energy value at
396.5 eV validated the substitutional integration of N into the TiO; film. Furthermore, by
increasing the N gas flow rate, the growth of preferred (211) facet orientation is increased,
which leads to higher surface energies of anatase facets ((112) and (211)) than the (101) facet
of anatase TiO,. The huge percentage of exposed facets, especially (211) facets, showed
higher photocatalytic water splitting efficiency (4500 pmol Hp h~! m~2) than the undoped
TiO; film. In addition, the high surface energy (211) facets would destabilize the O 2p states
on the surface where the water molecules are easily absorbed and dissociated, which leads
to higher water splitting efficiency [150]. Similarly, Fakhouri et al. developed pure and
N-TiO; thin films through RF reactive magnetron sputtering method, and observed both
substitutional and interstitial N doping onto TiO, thin films. Photocatalytic ability was
evaluated by degradation of N-methyl-2-pyrrolidone (NMP) and water splitting reaction
under light irradiation (both UV and visible). Both the film morphology and N doping sites
have significant effect on the photocatalytic ability. The increase in the interstitial N-doping
sites enhanced the photocatalytic activity; whereas increases in the substitutional N-doping
sites decrease the activity under UV light irradiation but not under visible light. This
could be attributed to the recombination of photo-generated charge carriers when the films
have more substitutional nitrogen and decreased activity under UV light. Furthermore,
TiO, film with dominant interstitial N doping sites progress photocatalytic activity, due
to the separation of photoproduced charge separation on the porous films having higher
surface area than the anticipated surface [151]. Similarly, Sun et al. prepared surface
heterojunction N-TiO; nanobelt structures with co-exposed (001) and (101) facets and
showed diverse transmission properties and reactivity for photogenerated charge carriers
and enhanced photocatalytic ability. N-TiO, nanobelts form the surface heterojunction
that induces an electrostatic force, in which the electrons in the (001) facet are immediately
attracted to the (101) facet, transferred to the surface (active reaction sites) and combine
with H* and form H,. Water splitting reaction revealed N-TiO, nanobelts with co-exposed
(001) and (101) facets showed higher H, production (670 umol h~! g’l) rate than the other
N-TiO; nanobelts with a single facet exposed [152]. Recently, Esmat et al. developed an
oxygen vacancy (Vo)-bearing N-doped anatase TiO, through the calcination of layered
titanate nanosheets comprising N, N-dimethylformamide (DMF), an organic N source,
in air. XPS analysis demonstrated that N 1s shows two peaks at 402.2 eV and 400.1 eV,
corresponded to the nitrogen in the adsorbed DMF and interstitial doping of nitrogen in
TiO, lattices validating the presence of Ti—O—N bond and the concomitant creation of Vo.
N doping and the formation of Vo significantly enhanced the light absorption of TiO, (up to
500 nm). Furthermore, the introduction of Vo donates the electrons in TiO;, facilitating the
photogenerated charge carrier separation and transfer which leads to more enhanced water
splitting efficiency (1035 umol h=! g~1) than the undoped TiO, (~300 umol h—! g=1) [153].
Similarly, various research studies are available on N-TiO, photocatalyst for hydrogen
production application, which are summarized in Table 3.

Table 3. Photocatalytic splitting of water into Hp and O, using N-TiO, materials.

Medium
Synthesis Nitrogen Doping Used for - H,O Splitting
Catalyst Method Source Mechanism Water Process Condition Efficiency Ref.
Splitting
25 W Black-Light 24.5 umol Hy
Compact (TiO,, UVA), 3.2
. Aqueous .
N-TiO Solid State Urea and Surface Solution of Fluorescent UVA pumol (TiO,, [154]
2 and Sol Gel NH4NO; Doping . . Lampsor4 x 15W visible), 72.7
Formic Acid .
Visible Compact umol H;

Fluorescent Lamps (N-TiO,, UVA)
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Table 3. Cont.

Medium
Synthesis Nitrogen Doping Used for - H,O Splitting
Catalyst Method Source Mechanism Water Process Condition Efficiency Ref.
Splitting
Vol.: 100 mL (vol.
. ratio of
Mlcrqwave— - Aqueous MeOH:H,O = 1:5), 4386 pmol/g/h
. Assisted Interstitial N . (UV), 185
N-TiO, Hvdrother- Urea Dobi Solution of 500 W Halogen 1/¢/h [155]
y I:;Zl er opmng Methanol and 400 W u(rgiosib%e)
Medium Pressure
Halide Lamp
RF Reactive Mixture of Aqueous ( C\I?lal{lq(i{mé _
N-TiO, film Magnetron Ny, Oy and TiO, Lattice Solution of 3 2 601 umol/g/h [156]
. 1:10 v/v), 300 W Xe
Sputtering Ar Methanol
Lamp
N-doped Potentiostatic Interstitial
ana?fsee- Rapid Nitrogen and Aqueous Vol.: 50 mL, Solar
rutil Breakdown NH; Surface Solution of Simulator (145 ~30mmol/h/g  [157]
,F o ¢ Anodization Adsorbed N Ethanol mW/ cmz)
2 Technique Atoms
N-doped
multiphase
TiO; (e.g., - ) 10,500
anatase Hydrothermal Urea Stﬁs}t}lgutilr(l)nal Water {?lhf?lr&Lé (?(()) lil)r umol/h/g, P25  [158]
(69%) /brookite pimg & ’ (1700 umol/h/g)
(17%) / rutile
(14%))
Simple
N-doped Solvent N- Substitutional Aqueous Vol.: 155 mL (25.8
mesoporous Evaporation Containing N Dopin Solution of vol%), 450 W Xe 39.1 umol/g/h  [159]
TiO, Induced Self-  Ionic Liquid oping Methanol Lamp
Assembly
Single-Step . Aqueous
N-TiO, Hydrolysis Pyridine IIII\tIeS' tlt}ally Solution of Solar Light 3500 pmol/h/g  [160]
Method opmg Methanol
Vol.: 50 mL (5
N-TiO, Solid State Substitutional H>,O + vol%), Solar Light
nanotube Dispersion Urea N Doping Glycerol (110,000 to 140,000 19,848 umol/h/g  [136]

1x)

10. Stability, Recovery and Reusability of N-TiO, Photocatalyst

The stability of photocatalyst is one of the important factors for up-scaling the de-
veloped photocatalytic systems for field level applications. Generally, the stability of the
photocatalyst was determined by performing the catalytic recycle experiment. Initially
the catalytic materials recovered from the reaction mixture by either centrifugation, filtra-
tion, or both processes, are then subjected to various chemical and physical methods for
purifying/cleaning the catalytic materials and reused for the same catalytic reaction. For
example, Zeng et al. developed a N-TiO, by combination of precipitation with thermal
decomposition method using urea, ammonium chloride and ammonium nitrate as nitrogen
sources, for the degradation of flumequine (FLU) antibiotic under visible light irradiation.
The N-TiO; prepared with ammonium nitrate showed higher photocatalytic activity than
the pure TiO,. The stability and reusability of the N-TiO, was evaluated by degradation
of FLU in four recycling experiments. After the first cycle, the catalyst was recovered by
centrifugation and washed three times with ultrapure water, then the fresh FLU solution
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was added and the degradation experiment was performed. The same procedure was
repeated for three cycles (Figure 16). The results demonstrated that after the first cycle
the FLU was completely removed and afterwards the FLU removal efficiency remained at
91.8% after four cycles of experiment. The degradation efficiency is slightly affected during
four consecutive cycles which may be due to the loss of materials during the washing
process, and also indicates that the N-TiO, prepared with ammonium nitrate showed good
stability [119].
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Figure 16. The stability of N-TiO, (prepared with ammonium nitrate) for FLU degradation under

visible light irradiation. Reprinted with permission from [119].

Similarly, Mirzaei et al. (2021) prepared a gradient nitrogen-doped TiO, (g- N-TiO,)
by PLD method for the removal of sulfamethoxazole (SMX) antibiotic in water in the
presence of simulated solar light irradiation. The g-N-TiO, showed superior photocatalytic
activity in degradation of SMX compared to pure TiO, and N-TiO,. The stability and
reusability of the materials was evaluated by performing three consecutive runs, revealing
that maximum ~12% loss in the SMX removal was obtained and the photocatalyst was
very stable (Figure 17) [91].

From this catalytic recovery process, it is understood that there is a material loss during
either centrifugation, filtration, or both; therefore, decrease in the photocatalytic catalytic
activity was observed after the second or third cycles of experiment. Therefore, recently,
the immobilization of catalytic materials on the magnetic support have been performed
which helps to easily collect and separate the materials by applying an external magnetic
field. Zangeneh et al. prepared visible light active magnetic N-TiO; /ZnFe,O4 and CN-co-
doped TiO, / ZnFe,O4 nanocomposite materials by sol-gel-hydrothermal method using
urea and L-asparagine as nitrogen source. The photocatalytic activity evaluation results
demonstrated that 2 wt.% of L-asparagine derived CN-TiO,/ZnFe;O4 (97%) showed
superior visible light photocatalytic activity than the CN-TiO; (90.5%), N-TiO, / ZnFe,O4
(70%), N-TiO; (53%) and pure TiO; (30%) in degradation of direct red 16 (DR16) dye. After
the first cycle of the experiment, the photocatalyst was recovered by the external magnetic
field, washed with distilled water, irradiated under visible light (3 h) for degradation
of adsorbed pollutants and dried (100 °C). Thereafter, the degradation experiment was
repeated for six cycles, up to four cycles no loss in the photoactivity of the materials was
noted and then 7% loss in degradation efficiency was observed. The results revealed that
the photocatalyst can be completely recovered by applying an external magnetic field,
which was confirmed by vibrating sample magnetometer (VSM) analysis results [161].
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Figure 17. Recycling test of SMX degradation using TiO;, N-TiO, and g-N-TiO, photocatalysts.
Reprinted with permission from [91].

11. Opportunity, Challenges and Future Requirement/Prospects

TiO; is a potential semiconducting nanomaterial for the environmental remediation,
energy production, sensors, solar cells, self-cleaning of tiles, glass and windows and an-
tifogging applications, etc., and the same has also been demonstrated at commercial scale
and well-documented. Furthermore, clean solar energy can be harnessed for development
of sustainable and economically viable effluent treatment technologies. Therefore, N-doped
TiO; is one of the efficient visible light responsive photocatalysts for harvesting solar light
and utilizing it for various applications. As described above, various literature evidences
revealed the various synthesis methodologies for preparation of efficient N-TiO, and eval-
uated its physicochemical and electronic properties. However, challenges still remain with
respect to the understanding of nitrogen doping mechanisms, influence of nitrogen concen-
tration on its position in the TiO, lattice, photogenerated charge carrier dynamics, influence
of heating on phase transformation, reactive radical’s generation and their concentration
on catalytic efficiency. Therefore, the following research gaps/opportunities are available
and need to be considered to fulfil the future direction of development of effective N-doped
TiO, photocatalytic systems for the environmental remediation, energy harvesting and
production applications.

(@) The defects in TiO,, electronic structure of disordered TiO,, physicochemical proper-
ties and their influence on the catalytic efficiency needs to be investigated.

(b) Each methodology involves different operational parameters and uses different ni-
trogen sources which limit the synthesis optimizing N doping and also upgradation
of large-scale synthesis of efficient N-TiO; for practical implementation. Therefore,
there is an urgent need for an optimized synthesized methodology and nitrogen
sources for preparation of N-TiO, and this could be a promising photoresponsive
nanomaterials research.

(c) The stability of N-TiO; is still questionable, thus the co-doping of N-TiO, with other
metals, non-metals and semiconductors could improve its stability and reusability,
thus boosting the practical applicability of the materials. However, the study of the
practical degradation ability of the N-TiO, systems in realistic wastewater is needed.

(d) The recovery and reusability of N-TiO, could be improved by integrating/supporting
N-TiO, on magnetic supports. However, there is still a decrease in photocatalytic effi-
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ciency due to the loss of materials after several cycles and also the energy requirement
for post-treatment of recovered catalyst is still on the high side. Therefore, the immobi-
lization of photocatalytic materials on various solid supports followed by fabrication
of different geometry of reactors have been performed, and the catalytic materials
are easily recovered after the catalytic reaction and reused for multiple cycles of
experiments while retaining photocatalytic efficiency. However, the upscaling of the
process for real scale application depends upon the various operational parameters
(e.g., coating techniques, reproducibility in coating thickness, etc.). Therefore, there is
an opportunity to optimize the various operational parameters for designing effective
immobilized photocatalytic reactor systems.

(e) The N doping/incorporation into TiO, is still debatable and it depends upon the
sources of nitrogen and the synthesis methodologies adopted. Furthermore, control-
ling the N doping concentration in the TiO; lattice is essential for efficient catalytic
efficiency. Therefore, the characterization of N-TiO, using combined analytical tech-
niques (e.g., transient optical spectroscopy) along with theoretical study is needed to
control the doping concentration and create awareness of the structural features of
the N—TiOZ.

(f) Theoretical analysis and computational modeling of the experimental data is needed
that offers clear representation on the required nitrogen source type, synthesis method-
ology for development of durable N-doped TiO,, structure, doping mechanism and
the catalytic efficiency of N-TiO,.

12. Summary and Conclusions

N-TiO;, is one of the efficient non-metal-doped visible light active photocatalysts for
the removal of environmental pollutants and renewable energy production. Nitrogen
doping enhances visible light absorption through narrowing the bandgap energy and
improves the photoproduced charge separation and transfer efficiency. In this review,
we summarize the various synthesis methodologies adopted and nitrogen sources used
for preparation of N-TiO; and also their influence on the catalytic efficiency. Further, the
possible mechanisms for N doping, changes in the properties and their visible-light catalytic
applications in pollutants degradation and water splitting reactions are discussed. It could
be understood that each method is unique in their approach for preparation of N-TiO; with
excellent photocatalytic efficiency. The modifications in the reaction operational parameters
and the co-doping offers excellent structural, textural and electronic properties to N-doped
TiO,, which leads to enhanced visible-light photocatalytic efficiency. In addition, the
above-mentioned research gaps need to be focused on for the development of efficient
renewable solar-energy-based photocatalytic systems. Thus, N-TiO, could be considered
as an efficient counterpart to noble metal and other metal-doped TiO, systems.
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