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Abstract: Ternary metal oxides (TMOs) with flexible band structures are of significant potential in
the field of photocatalysis. The efficient utilization of renewable and green solar energy is of great
importance to developing photocatalysts. To date, a wide range of TMOs systems has been developed
as photocatalysts for water and air purification, but their practical applications in visible light-assisted
chemical reactions are hindered mainly by its poor visible light absorption capacity. Introduction of N
atoms into TMOs can narrow the band-gap energy to a lower value, enhance the absorption of visible
light and suppress the recombination rate of photogenerated electrons and holes, thus improving
the photocatalytic performance. This review summarizes the recent research on N-modified TMOs,
including the influence of N doping amounts, N doping sites, and N-induced phase transformation.
The introduced N greatly tuned the optical properties, electronic structure, and photocatalytic activity
of the TMOs. The optimal N concentration and the influence of N doping sites are investigated. The
substitutional N and interstitial N contributed differently to the band gap and electron transport.
The introduced N can tune the vacancies in TMOs due to the charge compensation, which is vital
for inducing different activity and selectivity. The topochemical ammonolysis process can convert
TMOs to oxynitride with visible light absorption. By altering the band structures, these oxynitride
materials showed enhanced photocatalytic activity. This review provides an overview of recent
advances in N-doped TMOs and oxynitrides derived from TMOs as photocatalysts for environmental
applications, as well as some relevant pointers for future burgeoning research development.
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1. Introduction

Energy is a critical issue related to all trades and professions. Therefore, it is an
indispensable factor in influencing the economy and developing modern society for the
whole world. Stepping into 21st century, the sharp increasing global energy consumption
leads to one of the biggest challenges, the energy crisis, because of the fast expansion of
industry and growth of the world population. Under such a circumstance, one of the
Sustainable Development Goals (SDGs) of the 2030 Agenda has been proposed to ensure
access to affordable, reliable, sustainable, and modern energy. It is urgent and imperative
to significantly limit fossil fuel consumption and explore alternatives to meet the global
issue and preserve the opportunities for future generations to live in dignity and prosperity.
Nowadays, various renewable and green energy, such as solar, wind, tides, waves, and
geothermal heat, have been developed. Moreover, efficient utilization of renewable energy
is also one of the most important issues for realizing a green and sustainable society. Solar
energy is the most abundant source of renewable energy available in most parts of the
world. It is necessary to capture solar energy and transform it into other usable chemical
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energy that can be transported and stored. However, its technically available potential
and efficiency should be improved to meet the needs of the energy supply. Besides, in
the 21st century, we are confronting enormous environmental issues, including hazardous
wastes, toxic heavy metals, and contaminated groundwater, which are closely related
to human health. Applied solar energy to construct the environmental pollutants in air
and water is a green and sustainable approach, which is beneficial for both water and
energy crises. Technologies based on solar energy are also crucial for reducing carbon
emissions on a global scale. However, some technical barriers, such as low efficiency,
energy storage, conversion efficiency, and high cost, should be addressed and improved in
the future. To this end, the development of novel and functional materials is a promising
approach to apply to energy and environmental issues. Semiconductor materials have
attracted considerable attention due to their versatile physicochemical properties. This
material has been applied in a wide field, especially as photocatalysts. Semiconductors
as photocatalysts with their unique electronic structure offer the possibility of utilizing
naturally available and renewable solar energy as a light source for photochemical waste
remediation, thereby making the process green and sustainable. Nowadays, extensive
research is being conducted to develop and produce large-scale functional photocatalytic
materials with the assistance of cutting-edge approaches to detect and eliminate hazardous
contaminants in the environment.

Since water photolysis was discovered by Fijishima et al. [1] with TiO, as a photocat-
alyst for the production of O, and H; from water, many kinds of semiconductors have
been fabricated and applied as photocatalysts, especially for the widely studied oxide
materials. It is accepted that the properties of materials greatly changed according to their
synthesis process, chemical components, morphologies, surface modification, elements
doping and the formation of composites etc. [2-7]. The simple binary metal oxides or
metal-free semiconductors, such as TiO;, ZnO, WO3 and C3Ny, etc., have been widely
studied as photocatalysts to understand the fundamental principle, the improvement of
photocatalytic efficiency and the expansion in other potential applications [8-13]. The
ternary metal oxides (designated as AxByO,) with more flexible band structures possess
great potential to be applied as photocatalysts. A wide range of ternary metal oxides
(TMOs) have been fabricated, and their photocatalytic activity related to morphology, elec-
tronic, optical properties should be further investigated. The different constituent elements
in the AxByO, composition provide multiple choices to modify the materials with tunning
physical and chemical properties for an enhancement of photocatalytic performance.

The efficiency of the photocatalytic processes strongly depends on the properties of
the photocatalysts, including (I) the surface area of the material, which influences the
adsorption phenomena, and (II) the morphology of the material, on which the electron-hole
recombination rate depends. However, the poor separation probability of the photogener-
ated charge carriers in photocatalytic process severely limits the practical applicability of
this green and appealing photocatalytic technology. In addition, some electron-hole pairs
will be captured by the defects in the bulk or on the surface of the semiconductor, which
deactivate the photocatalytic performance. Therefore, the main obstacle in the field of
photocatalysis is to improve the separation efficiency of charge carriers in photocatalysts in
the process of environmental cleanup. Up to now, numerous TMOs have been investigated
as photocatalysts for application in environmental purification. Many researchers are
focused on the development of novel and efficient TMOs. However, the shortcomings
of insufficient light absorption and fast recombination of photogenerated charge carriers
are obstacles for the practice applications. To this end, a variety of approaches have been
proposed to promote the efficiency of photocatalysts, such as heteroatom doping, facet and
defect engineering, fabrication of heterojunctions and so on.

Doping with foreign atoms is one of the facilitating and practical approaches to alter-
ing the electrical and optical properties and the photocatalytic activity of semiconductors.
Usually, some intermediate energy level can be introduced in the forbidden band by
doping, which leads to narrowing the bandgap, extending the light-responsive ability,
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and enhancing the efficiency of charge carriers’ separation. There are many strategies
for doping, such as metal doping, non-mental doping, self-doping, co-doping, and so
on. Among these methods, anion doping is one of the most promising approaches to
enhance photocatalytic performance by the interaction between nonmental dopants and
O 2p electrons in the valence band [14]. The non-metal dopants, such as carbon (C) [15],
nitrogen (N) [16], sulfur (S) [17], and fluorine (F) [18], etc., have attracted a great deal of
attention. Typically, doping with C and N is widely used since these non-metallic elements
have an advantage in narrowing the band gap. In 2001, Asahi et al. reported that the
N doping of TiO; can increase the visible light photocatalytic activity by sputtering the
anatase TiO, in an N; (40%)/ Ar gas mixture followed by annealing in N, gas [19]. A signif-
icant red shift in the absorption spectra can be achieved by N doping compared to other
anionic dopants [20]. Theoretical simulations of the electronic band structures of anatase
TiO, doped with C, N, F, P, or S substitutional dopants indicated that N doping was the
most effective in narrowing the bandgap by overlapping energy states between N 2p and
O 2p [19]. Nakamura and coworkers put forward the mechanism for the enhancement of
N doping. TiO, doped with nitrogen resulted in a mid-gap level (N 2p) above the top of
the valence band (O 2p), which reduced the energy gap required for charge separation [21].
During the photoexcitation, the electrons were excited and migrated from the initial valence
band into the mid-band gap energy level, leaving holes in the valence band. As a result,
the N-doped TiO, was introduced with visible-light responsive photocatalytic activity,
and the produced impurity level was also beneficial for the separation of charge carriers.
Besides the binary metal oxides, N doping is also effective in TMOs to achieve bandgap
narrowing, such as N-doped SrSnOj; and La,;Ti;O7 [22,23]. N doping in TMOs resulted in
the formation of vacancies that acted as preeminent electron capture centers, which could
lower the recombination velocity of photo-induced carriers and enhance the photocatalytic
degradation performance. However, compared with the N doping in binary metal oxide,
the relatively less investigation of N doping and other non-metal doping in TMOs. The
detailed experimental investigation of N doping in TMOs should be further conducted to-
wards versatile applications. In addition to N doping, TMOs interaction with N sometimes
led to phase transformation to corresponding oxynitrides via ammonolysis reaction under
the NH3 atmosphere. The oxynitrides or some N contained materials with a strong ability
to absorb visible light have also been reported effective for the photocatalytic degradation
of toxic compounds and offer a wide range of potential applications [24,25]. The narrow
bandgap and tunable band position of oxynitride have also attracted much attention in
many fields. This review focuses on the recent progress of the effects of N doping of TMOs
and oxynitride transformed from TMOs. The possibilities of the enhanced photocatalytic ac-
tivity of TMOs modified by N anions will be presented. We have discussed selected typical
TMOs that are mainly concerned with tunable N doping concentrations, different N doping
sites, and phase transformation towards visible-light-induced photocatalytic activity.

2. The Influence of N

TMOs as photocatalysts are greatly influenced by the active sites and the composition,
which can dramatically increase the energy conversion or selectivity of catalysts. A common
method for changing the active sites is atom doping. Although it is easier to achieve cation
doping by the addition of stable metal cationic salts, anions doping is also effective in tuning
the lattice and electronic structure of the catalysts, thus inducing various functionality. As
one of the widely applied anions, the N can alter the structure and electronic structure of
the TMOs, which could further lead to the different physical and chemical properties, such
as the bandgap energy, the Fermi level, the localized electronic state, electrical conductivity
and so on [26]. Asahi et al. first noted that the valence band maximum of TiO, shifted
upward by substitutional N doping to form mixing of N 2p and O 2p states, which was
indispensable for visible light absorption and high photocatalytic activity [19]. Since then,
plenty of works have demonstrated the prominent effect of N doping in narrowing the
bandgap of the oxides by different doping methods with various N sources [23,27-29].
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N, gas mixed with Ar gas was reported as N source to prepare N-doped TiO; thin film.
Further calcination under N gas led to crystallized TiO;, with rutile and anatase phases,
which was responsive to visible light [19]. In addition, heat treatment under NHj gas
or with urea is also widely applied to dope N into metal oxides [30-32]. Liu et al. have
reported a red TiO, by N doping under NHj3 treatment. The pre-doped interstitial boron
ions facilitated the substitution of O by N anions, resulting in a high visible light absorption
band in B/N codoped TiO, [28]. After ball milling of a solid mixture of ZnO and urea
with different ratios, a series of the N-doped ZnO was synthesized by calcination under an
air atmosphere [33]. Besides the two-steps approach to introduce N, the simple one-pot
synthetic method is also an effective strategy for N doping by adding different N sources.
The urea can also be used as N source in a wet chemical process. A facile microwave-
assisted hydrothermal method was reported to prepare N-doped BiVO, with different
concentrations of urea in the solution [34]. In the sol-gel reverse micelle method, Na,EDTA
was used as a nitrogen source to prepare N-doped TiO, with remarkable photocatalytic
activity under visible light irradiation [35]. Therefore, when various methods have been
developed to introduce N anion, a better understanding of N doping amounts and doping
sites is beneficial to further enhance the photocatalytic activity. This section focuses on the
influence of different N doping concentrations, substitutional/interstitial doping sites, and
the phase transition to form oxynitride, especially in the TMOs.

2.1. The Influence of N Doping
2.1.1. N Doping Concentration and Doping Site

The N doping led to the formation of a localized state near the valence band of the
oxides, which is essential for the tuning of the bandgap energy of TMOs. One of the most
important points that should be mentioned is the concentration of N doping. The bandgap
usually becomes narrowed as the N doping amount increases. Although the N doping
amount was widely studied in the TiO; [36], the different doping amounts also affect the
optical property, the electronic band structures as well as the photocatalytic activity of
complexed N-doped TMOs.

Wang et al. reported that N-doped La; Ti,O7 with various nitrogen doping amounts
showed tunable optical absorbance edge and bandgap energy (Figure 1a,b). Compared
with the white color of La,TipOy precursor, the N-doped samples exhibited color changed
from gray to yellow as the N anions were introduced into the sample (the inset in Figure 1a).
An important insight was obtained into the pre-doped N in La;TiO7 precursor in weaking
the Ti-O bond, allowing the further introduction of N into La, TiOy. The DFT calculation
also verified that the interaction of the N dopants would reduce the total energy of the
systems [37]. The relations between N doping amount with the specific surface area
indicated that the more N dopants introduced into La;TipOy, the smaller specific surface
area could obtain (Figure 1c). This figure also showed that when the N doping amount
increased from 3.5 at% to 5.74 at%, the photocatalytic activity increased until an optimal
concentration was reached, which should be less than 5%. This series of N-doped La,TipOy
samples suggested that there was an optimum N doping amount to obtain the highest
visible-light activity. The effect of the nitrogen amounts on the electronic band structures
of N-doped La,Ti;O; was investigated by theatrical calculations [37]. Two different N
doping concentrations were investigated, including 1.12-1.14 at% N-doped La;Ti,O7 and
3.30-3.45 at% N-doped La; TipOy. Both low and high concentrations of N doping resulted
in bandgap narrowing. The isolated N 2p impurity stats were formed in the bandgap at
lower doping levels. The creation of localized electronic levels above the valence band
was primarily responsible for the narrowing of the bandgap of N-doped La;Ti;O;. As the
doping concentration increased, the localized N 2p states stretched to lower energies and
integrated into the edge of the valence band. In addition to changing the amount of N
doping by changing the reaction conditions, such as the reaction time, reaction temperature,
and NHj flow rate, the different N sources also affect the N doping concentration in TMOs.
N-doped SrTiO3; with various N concentrations was reported with a mechanochemical
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approach to incorporate N into the lattice of SrTiO3 [38]. The same weight percentage of N
sources (20 wt% of hexamethylenetetramine, urea, and ammonium carbonate) were mixed
with SrTiOs, respectively. The different N content in these three samples explained that the
effect of N precursors on the N doping concentration was different, which also determined
the photocatalytic activity.
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Figure 1. (a) UV-vis diffuse reflectance spectra, (b) Tauc plots of N-doped La, Tip Oy, (c) the relations of
total nitrogen amount (at%) with NO conversion ratios and specific surface areas, and (d) correlation
between the photocatalytic NO conversion ratio of LayTiO7 precursor, N-doped La;Ti,O; under
different calcination temperature (600-750 °C) and different nitrogen sites (N1: substitutional N with
N-Ti-N bond, N2: substitutional N with N-Ti-O bond, and N3: interstitial N) [31] (Reproduced from
Ref. [31] with permission from the Elsevier).

In addition, the nitrogen doping sites also greatly influence the bandgap energy, elec-
tronic structure, and photocatalytic activity of TMOs. In the case of N-doped La,Ti; Oy, the
substitutional N and interstitial N sites have been thoroughly studied [31]. The pre-doped
N in La,Ti;O7 precursor was the substitutional N with N-Ti-O band. After NHj treat-
ment, substitutional N with N-Ti-N bond and interstitial N were introduced into N-doped
La,Ti,O7 with different contents. As shown in Figure 1d, the photocatalytic deNOjy activity
of N-doped La,Ti;O7 was strongly related to the doping sites of the nitrogen. Although, the
N-Ti-N bond (N1) and the interstitial N (N3) can possess negative and positive contribution
to the visible light photocatalytic activity, respectively. The interstitial N can possess posi-
tive contributions to the visible light photocatalytic activity. For substitutional N, there was
no obvious correlation between N-Ti-O substitutional N (N2) with photocatalytic activity,
while substitutional N with N-Ti-N bond was not beneficial to improve the photocatalytic
activity when the high concentration of N doping was applied. Jin et al. have also discussed
the effect of intestinal N in Mn,Co3_,O4 [39]. The analysis indicated the introduction of
interstitial nitrogen changed the coordination of Mn and Co atoms and lattice distortion by
the Jahn-Teller effect. The chemical structures of Mn,Cosz_, Oy, interstitial N-Mn,Coz_,Oy,
and substitutional N-Mn,Co3_,O4 were shown in Figure 2. The DFT calculation verified
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the adsorption energy of aniline on the catalyst surface was negative with N doping, which
was beneficial for the adsorption of aniline. Therefore, the high oxidative catalytic per-
formance of the N-Mn,Cos_,O4 was achieved. The photocatalytic activity can be greatly
influenced by the electronic structure of the semiconductors, which is closely related to the
light absorption ability, redox potential, and charge carrier efficiency. The DFT calculations
revealed the varied electronic structure of TMOs had a close relation with different N
doping sites [37]. The doping N atoms prefer to occupy the interstitial position because of
the lower formation energy of interstitial N than that of substitutional N. The calculation
results indicated the different N doping sites have different influences on the electronic
structure of TMOs. The calculated density of states results indicated that the substitutional
N at the O site effectively shifted the valence band edge upward. The introduction of O
vacancy by substitutional N also reduced bandgap energy, which will be discussed in the
next section.

(d) 2.04 eV Substitutional Interstitial
—_ 27 N-Mn,Co,,0, N-Mn,Co, O,
> .
® @ S I

14
> = . ‘ © 00 0 O C
% 0 = Co Mn O C N H
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Mn,Co,_,0, -2.09 eV —-2.23 eV
-3

Figure 2. (a—c) the chemical structure of MnyCoz_,Oj, interstitial N-MnyCos_,O4, and substitu-
tional N-Mn,Co3z_,Oy4, (d) the DFT calculation of adsorption energy of aniline on the surface of
Mn,Co3_,Oy, interstitial N- Mn,Co3z_,O4, and substitutional N- Mn,Co3z_,O4 [39] (Reproduced
from Ref. [39] with permission from the Springer).

2.1.2. Defects Induced by N Doping

Defect engineering is an important approach to modulating the physical and chemical
properties, such as the surface energy and electronic band structure, therefore efficiently
improving the photocatalytic activity of TMOs. Defects in semiconductor photocatalysts
have a great impact on the carrier concentration and interface reaction, which can af-
fect the efficiency of the photocatalytic reaction. In general, the reactivity and selectivity
of the photocatalysts can be achieved by tuning different kinds of defects. Defects in
semiconductors can be classified into four basic divisions based on different dimensions, in-
cluding zero-dimensional point defects (vacancy and doping), one-dimensional line defects
(screw or edge dislocation), two-dimensional planar defects (grain or twin boundary), and
three-dimensional volume defects (lattice disorder and void) [40]. However, the defects
are deemed to be recombination centers for photogenerated charge carriers and scattering
centers for electron and hole traveling, both of which are detrimental to photocatalytic
activity. With the development of defect engineering, the positive contribution of defects
on photocatalysts with controlled defects can be recognized. The formation of vacancy
was reported to enhance the photocatalytic activity and promote the migration of charge
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carriers. Kim et al. demonstrated that the introduction of oxygen vacancies into BaSnO3
could reduce both the recombination of charge carriers and bandgap energy. The precisely
controlled bandgap energy should be attributed to the controllable induced oxygen vacan-
cies [41]. The oxygen vacancies, especially on the surface, can be considered as shallow
donors, which are beneficial for the adsorption and reaction in the photocatalytic process.
The formation of ample oxygen vacancies caused by interstitial N played a significant role
in N-Mn,Cos_,Oj4 to promote the surface mobility of oxygen species and enhance aerobic
oxidation reaction [39]. The formation of oxygen vacancy may also introduce reduced metal
ions due to the charge compensation, for example, Ti** in N-doped La;TiOy. The formed
Ti** could be oxidized to induce O, *® radicals, which was essential for photocatalytic
activity [42]. The electron paramagnetic resonance (EPR) showed that the neutral paramag-
netic Np,*® species in bulk produced from the complexed oxidation in the N doping process
played a key role in the photocatalytic activity by reacting with O, to produce O, ~* [42,43].
Therefore, it is necessary to investigate the influence of defects in regard to the concen-
tration of charge carriers, transfer dynamics, interface reaction, and band structure [44].
It is important to notice that the growth of crystal facets is always accompanied by the
generation of defects. The formation of a specific crystal facet is beneficial for high reactivity
due to the favorable surface atomic structures and surface electronic structures [45,46]. The
synergic effects of crystal facet and crystal defect can further facilitate the charge transfer
and improve the photocatalytic performance of semiconductors, which could lead to a new
horizon in the design of photocatalysts for practical applications.

2.2. Phase Transformation by N Interaction

Although the fact that element doping can induce visible light absorption of the
traditional semiconductor photocatalysts, the localized levels generated by impurities
may act as recombination sites for charge carriers, which may reduce the photocatalytic
activity of the doped materials. In recent years, precise control of the bandgap and electri-
cal/optical properties of semiconductor materials to obtain an optimal balance between
optical absorption and redox potentials can be achieved by a phase transformation from
TMOs [47-49]. Introduction of N into oxides also leads to the formation of oxynitride
or nitride materials [50,51]. Many researchers have focused on the fabrication of oxyni-
tride by topochemical ammonolysis reaction from transition metal oxides to adjust the
energy band structure, such as (Gaj_,Zny)(N1_,Ox) [52], (Zn11,Ge)(N20Oy) [53], ATaO,N
(A =Ca, St, Ba) [54], NaxLa;_,TaO142¢No_oy [55] and so on. These oxynitride materials
have been demonstrated to exhibit enhanced photocatalytic activity by modulating the
band structures.

(Gaj_xZny)(N1_,Oy), a solid solution of GaN and ZnO, has been used as a visible-light
responsive photocatalyst for organic pollutants degradation [56] and water splitting [57]. As
shown in Figure 3a,b, different absorption edges were observed in (Gaj_,Zny)(N1_,Oy) due
to the various O/N ratios [58]. The interaction of N with Ga;O3 under NHj3 atmosphere
resulted in the topochemical transition to form (Gaj_,Zny)(N;1_,Oy) with visible light
absorption ability. The bandgap energy of (Gaj_,Zny)(N1_,Oy) showed a decreasing trend
with an increasing O/N ratio. The narrowed bandgap should be originated from the p-d
repulsion between N 2p/O 2p and Ga 3d states. Besides, the (Gaj_,Zny)(IN1_,Oy) solid
solution with wurtzite structure was also reported to form by phase transformation from
spinel ZnGayOy4 [59]. A broad range of compositions of (Gaj_,Zny)(N1_,Ox) solid solution
showed varied absorption edges and bandgap energy (Figure 3c), which were effective
for visible-light-driven water oxidation. The varied composition range and band structure
could be achieved by different reaction conditions under NHj treatment. Therefore, the
obtained sample showed interesting physical and chemical properties for photocatalytic
activity. The interaction with N via ammonolysis reaction also resulted in the phase
transformation of other TMOs, such as Zn,GeOy4 to (Zny,,Ge)(N,O,) [60], LapTi,O7 to
LaTiO,N [61], BayTap Oy to BaTaO,N [62], etc.
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Figure 3. (a) UV-vis DRS spectra of the (Gaj_,Zny)(N1_,Oy) samples. (b) Relationship between the
O/N ratio and the band gap of (Gaj_,Zny)(N1_,Ox), [58] and (c) the relations between bandgap ener-
gies and ZnO fraction (x) in (Gaj_,Zny)(Nj_,Ox) solid solutions [59] (Reproduced from Refs. [58,59]
with permission from the RSC).

3. Recent Advances in Nitrogen Modified in TMOs

Metal oxides have been widely studied as semiconductor photocatalysts, especially
the binary oxides, since TiO, was applied as a photocatalyst for water splitting in the
1970s [1]. Compared with the simple binary metal oxides, the TMOs possess a more
complex composition, chemical bonding between different cations and oxygen atoms, and
flexible crystal structure. Therefore, TMOs sometimes exhibit interesting properties and
functionalities, which are less pronounced or even absent in binary metal oxides [63]. The
complex structure offers significant advantages for TMOs as photocatalysts. First, the band
edge potentials for TMOs are suitable for various photoinduced reactions. In addition,
the presence of different metal ions in the lattice of TMOs allows for more flexibility in
designing and modifying the band structure as well as other photophysical properties.
By band structure engineering, the ability of solar harvesting and photon-exciton energy
conversion can be optimized, such as the fabrication of heterojunctions and the creation of
defect states [64]. Therefore, it is necessary and promising to establish a material design
principle for TMOs with high photocatalytic activity and stability. The N as an effective
hetero-atom can be applied to tune the physiochemical properties and electronic structure of
TMOs, consequently improving their catalytic performance. In this section, we summarized
the typical TMOs with modification by N anion, including La;Ti;O7 and Zn;GeOy. The
influence of N doping and the formation of oxynitride is summarized. The summarization
of specific TMOs can provide useful information for further analyzing other TMOs.

3.1. N-Doped La,Ti; Oy and LaTiO,N

LayTipO7 (LTO) is a perovskite-type photocatalyst with a layered structure, which is
extensively applied in photocatalytic water splitting, CO, reduction, and degradation of
harmful pollutants [65,66]. The crystal structure of La,Ti;O7 is periodically arranged by
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corner-sharing TiOg octahedra and coordinated lanthanum cations. The network of octahe-
drons in the La,Tip Oy structure boosts charge carrier mobility, resulting in high quantum
yields, especially in photocatalytic reactions. La;Ti;O7 possesses a layered structure, and
the thickness varies from different preparation methods. Hydrothermal reactions are widely
used to fabricate La,Ti;O; with small particle size [67,68]. The molten salt flux method
can also be applied to synthesize La; TiO7 with different morphologies and big particle
sizes by using the Na;MoQOy4, K;MoOy, NaCl, and mixed NaCl + K,MoOy fluxes [69]. The
different synthetic conditions of nucleation, the growth rate in each crystalline direction,
and thermodynamic or kinetic balance influence the crystal shape and thickness of the
obtained La,Ti;O7 crystals. Among these synthetic methods, the hydrothermal reaction is
widely applied to develop La,TiO7 nanostructure with a high specific surface area, which
boosts the separation and mobility of charge carriers to increase photocatalytic activity [70].

Unfortunately, the large bandgap of La, TipOy (3.0-4.0 eV) renders this semiconductor
only active under UV light irradiation. Therefore, many efforts have been made to improve
the visible light absorption and efficiency of photoexcited charge separation. Doping
heteroatoms is identified as an effective and promising method to enlarge the range of
light absorption and enhance the performance of the catalysts. The electric structure of
La,Ti;O7 can be easily altered by substituting La and Ti atoms with other heteroatoms
due to its layered structure formed by the TiOg octahedra units and La atoms in the
interlayer, such as V, Cr, or Fe-doped La,Ti;O7 [65,71]. Although cation doping into
La;Ti;Oy has been reported, the nitrogen anion is widely applied and identified as an
effective dopant in the experiment and thermotical analysis. Meng et al. have synthesized
La,Ti;O7 with a hydrothermal method and treated the precursor with NHs flow. The
obtained N-doped La,Ti;O; showed a nanosheet morphology with a bandgap of 2.51 eV,
which was much narrower than that of the LayTipO; precursor [72]. The author stated
that the introduced N anion led to the formation of a continuous upward shift of the
valence band edge, which was observed from the parallel shift of the absorption edge. The
narrowed bandgap of N-doped La,Ti; Oy originated from the hybridization of N 2p and
O 2p states. Compared with the pristine La, TiOy, the N dopants in Lay TiyOy enhanced
the light absorption, and the delocalized photogenerated electrons and holes facilitated
the photocatalytic decomposition of methyl orange under UV and visible light irradiation.
The research by Wang et al. has indicated that the parallel shift of the absorption edge
did not always boost the photocatalytic activity [31]. The light absorption varied from
the concentration of introduced N atoms. Although a parallel shift of absorption edge
was achieved by NHj3 treatment at 750 °C, this sample with the highest N doping amount
showed declined photocatalytic deNOy activity. In this research, N doping in La,Ti,O7 at
lower temperatures resulted in an add-on shoulder in the cutoff edge of the absorption
spectrum, indicating the generation of localized states between the bandgap of La;Ti,O7
by N dopants [73]. The localized N 2p state probably originated from the pre-doped N in
La,Ti; Oy precursor from the hydrothermal reaction. The author applied triethanolamine
as an additive, which acted as an agent to control the morphology and N source for pre-
doping. The high concentration of N doping after the nitridation with NH; may be caused
by the pre-doped N. The pre-doped N in the La;Ti,O; precursor was characterized as
substitutional N with N-Ti-O bond, which was essential for the further N doping process
by NHj3 treatment. N-doped La;Ti;O7 calcinated at 650 °C showed the best photocatalytic
activity. This result indicated that the N doping amount played an important role in the
photocatalytic reaction. The modest dopant-induced states within the bandgap could offer
more photogenerated electrons and additional pathways for charge transfer, which was
beneficial for the enhancement of photocatalytic activity [74].

Due to the two-dimensional (2D) layered structure and remarkable chemical stability of
La,Ti; Oy, many researchers fabricated the heterojunctions to improve the light-harvesting,
separation efficiency of photogenerated charge carriers, and transfer rate of electrons, such
as AgrPO,/LayTi; Oy, BiOBr/LayTi;Oy, and g-C3Ny/LayTi,O7 [75-77]. Coupling with
a semiconductor with a suitable band position and a narrow bandgap is important in
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fabricating heterojunctions with LaTi»Oy. Besides simply combining with La;TiO7, band
gap engineering by N dopant for La,;Ti;O7 to induce visible light absorption ability is
also a good choice for the fabrication of composite, which was summarized in Table 1.
Reduced graphene oxide (rGO) with its unique one-atom layered structure and fascinating
chemical properties has attracted great attention and boosted research toward diverse
catalytic reactions, such as photocatalytic selective oxidation of cyclohexane, photocatalytic
O, evolution, lithium-ion batteries, and so on [78-80]. Besides, rGO with high electronic
conductivity has significant implications for anchoring other semiconductors to fabricate
composite, which can facilitate electron transfer. N-doped La;Ti,O7 has been reported
to be assembled with rGO by Hua et al. [81]. Compared with the bare La;Ti,Oy, the
introduction of N could enhance the electron transfer, while the lifetime of charge carriers
greatly prolonged in N-LTO/rGO composite due to the synergistic effect of N doping and
rGO assembling. Besides, Au and Pt nanoparticles have also been reported as an electron
relay to increase the charge separation in the ternary composite, Au@Pt-N-LTO/rGO [82].
The deposition of metal nanoparticles, especially Au, played an essential role in extending
visible light absorption. Compared solely hybridized with rGO, the ternary composite with
metal nanoparticles extended the light absorption up to 600 nm and further enhanced the
charge carrier lifetime. On the other hand, a change in the flat band potential occurred by the
deposition of Au nanoparticles on the surface of N-LTO, which altered the band alignment
and improved the charge extraction to achieve high photocatalytic H, generation activity.
g-C3Ny is a metal-free semiconductor with a stacking 2D layered structure and visible-light
response, which has attracted attention in the environmental remediation field [83]. The low
solar radiation absorption and poor charge separation leave a lot of space for improvement
of bare g-C3Njy. Cai and coworkers successfully prepared a composite of g-C3Ny and
N-doped La,TipO; nanosheets with a hybridized 2D layered structure to promote the
spatial separation and interchange of charge carriers [73]. The large interface area and short
interfacial distance could be achieved by this 2D /2D heterostructure, which resulted in the
decreased recombination of charge carriers. The fast transport of photogenerated electrons
was attributed to the formation of a built-in field induced by the difference in chemical
potential between N-doped La;Ti;O7 and g-C3Ny. In addition, the 2D /2D heterojunction
was also achieved by Xia et al. by the combination of N-doped La;Ti;O; and ZnIn,S,.
The conduction band potential of ZnIn,Sy is suitable for the fabrication with La;Ti, Oy
to induce a large surface area, which could provide many reaction sites and facilitate
the mass transfer. The composite could be synthesized by the hydrothermal reaction by
directly growing ZnlIn,S4 on the surface of N-doped La; Ti;Oy. The formation of an intimate
interfacial contact interface can generate short charge transfer channels and accelerate the
migration of electrons or holes. N-LTO/ZnIn;S, with appropriate positions of the valence
and conduction bands and enhanced light absorption capacity by N doping exhibited high
photocatalytic hydrogen evolution activity. The above studies showed that researchers
could fabricate heterojunction structures with matched energy bands and large interfacial
contacts to further boost the high efficiency of visible-light photocatalytic activity.

Table 1. Summary of the N-doped La,Ti;O; (N-LTO) and its composites for photocatalytic based

reactions.
Photocatalyst N Doping Method Bandgap Energy (eV) N Amount (at. %) Target Photocatalytic Reaction Ref
~ Decomposition of methyl orange
N-LTO NHj; treatment 2.51 3.3 under UV and visible light [23]
N-LTO NHj treatment 2.84 4.79 Decomposition of NO, under UV [31]
and visible light
Decomposition of bisphenol A
N-LTO/rGO NHj treatment 2.88 2.1 under UV and visible light [81]
Degradation of MO and
N-LTO/g-C3Ny Hydrothermal method + acid treatment 2.65 5.8 reductive generation of H, under [73]
visible light
N-LTO/ZnIn,S, Hydrothermal method + acid treatment 3.35 - H; evolution reaction [84]

Au@Pt-N-LTO/rGO

NH3; treatment 2.25 - H, evolution reaction [82]
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During the NHj3 treatment at high temperatures or for a long reaction time, more O
ions in LaTi;O7 can be substituted by N ions. La;Ti;O7 precursor further interacted with
N, resulting in the phase transformation from La,Ti,O7 to LaTiO,N. LaTiO;N is one of
the well-known perovskite oxynitrides with the capability to absorb the long wavelength
of light up to ca. 600 nm. Compared with N doping, the modified La,Ti,O7 by phase
transformation to oxynitride can further boost the visible light absorption ability. Moreover,
LaTiO,N can form a solid solution with other perovskite oxides and oxynitrides [85].
It is an n-type semiconductor and processes thermal and chemical stability making it
suitable to be applied as a visible-light-driven photocatalyst [85]. Another advantage of
LaTiO;N is that the component elements are relatively abundant, inexpensive, and non-
toxic [85]. Many researchers focused on this material with unique photocatalytic, optical,
and dielectric properties to be applied mainly in water splitting for Hy or O, production
in the presence of sacrificial reagents [86-88]. Matsukawa et al. have reported surface
reconstruction of LaTiO;N particles by nitriding La,Ti;O; precursor at 1223 K for 15 h
under an NH; flow [89]. The high reaction temperature and long reaction time led to
phase transformation by nitridation from the surface toward the bulk of the particles.
LaTiO,N was further treated by aqua regia to eliminate the surface defects, which can
double the photocatalytic performance in H, and O, evolution under irradiation of visible
light. Li and colleagues prepared LaTiO,N with a hollow sphere structure, which enabled
fast charge carrier migration because of the short diffusion distance [90]. The Hj-treated
LaTiO,N exhibited a distorted surface layer, which could suppress the recombination of
photo-generated carriers and enhance the quantum efficiency for H, generation under
visible light irradiation. Therefore, the phase transformation from La;TipOy to LaTiO,N
can boost the absorption of visible light, and the photocatalytic activity of LaTiO;N can be
improved by further treatment.

3.2. N-Doped Zn;GeOy and (Zn1,,Ge)(NOx)

Zinc germanate (Zny;GeQy) is a chemically and thermally stable ternary metal oxide
with a rhombohedral structure. Recently, compared with the photocatalysts composed of
d° elements (e.g., TiOy), ZnyGeOy with d1o configuration (Zn?* and Ge*") has attracted
significant attention because of its high chemical and thermal stability, optical properties,
and broad functionality. The development of photocatalysts has shifted to semiconduc-
tors composed of d'? elements because the largely dispersed hybridized s-p orbitals in
conduction bands have the capacity to produce highly mobile photoexcited electrons [91].
Figure 4a,b exhibit the crystal structure of Zn,GeOy. It possesses a rhombohedral structure
with an R3 space group and comprises GeO4 and ZnO;, tetrahedra. In a hexagonal unit
cell, two different types of ZnOj, tetrahedra and one GeOy, tetrahedron are coupled with
one another and connected by oxygen atoms. Zn ions are in two different crystallographic
positions with different bond distances [92]. Zn,GeO, has been widely used in anode
materials for lithium batteries, photocatalysis to remove heavy metal or organic pollu-
tants, electrochemical sensors, and phosphors for lighting and display devices [93-96].
For example, amorphous Zn,;GeO, nanoparticles demonstrated a high reversible specific
capacity and outstanding rate capability when used as anode materials for Li-ion batter-
ies [97]. RuO;-dispersed Zn,GeO4 was discovered to be applied as a photocatalyst with
excellent activity for water splitting to generate H, and O, [98]. Zn,GeO4 with nanorods
and large flower-shaped particle morphologies possesses effective photocatalytic activity
for dye degradation [99]. Zn,GeO4 nanorods with exposed (110) facets also showed high
performance in the photocatalytic conversion of CO, and H,O to hydrocarbon fuels [100].
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Figure 4. (a) Crystal structure of ZnyGeOy (blue tetrahedra: ZnO,; green octahedra: GeOy),
(b) coordination environment of the Zn?* and Ge** ions in this structure [92], TEM images of
Zn;GeO, samples synthesized with different TEA volumes: (¢) 0 mL, (d) 2 mL, (e) 4 mL, (f) 6 mL and
(g) 8 mL [60] (Reproduced from Refs. [60,92] with permission from the RSC).

Although Zn,GeO, with d'° configuration is a promising photocatalyst, the large
intrinsic band gap of Zn,;GeO4 (4.5 eV) [93] only responds to UV light and restricts the
absorption of visible light. Therefore, the enhancement of visible light absorption and
charge carriers’ separation is essential for the better photocatalytic performance of ZnyGeOy.
Recent researches have been focusing on extending the light absorption ability of Zn,GeO4
by anion doping to modulate its electronic structure. N doping is also one of the effective
strategies to enhance visible light absorption. Lu et al. have reported the synthesis of N-
doped Zn;GeOy4 with high crystallinity and purity by a one-pot solvothermal method [101].
The varied amount of urea added in solvothermal resulted in the different concentrations
of N doping. There are several oxygen vacancies on the surface of the N-Zn,GeOj catalysts,
as evidenced by the atomic ratios of Zn to Ge (1.9:1) and O to Ge (3.3:1). The N doping
decreased the bandgap of Zn,GeOy4, while the absorption edge was still in UV region.
Lan et al. also reported the effect of N doping on the optical property and structural
morphology of Zn,GeOy [102]. The N-doped Zn;GeO, applied as a phosphor showed
a blue shift in the band region emission due to the oxygen vacancy, Zn interstitial, and
Zn/Ge vacancy by N doping. However, the N doping is not very effective in narrowing
the bandgap energy of Zn,GeQOy, probably because of the limited solubility of the dopant
and the formation of some compensating defects. Some references also confirm that the
low concentration of N dopant results in the isolated N 2p slightly above the top of the
valence band with slight band gap adjustment [103,104]. Since the charged defects and
electronic structure of semiconductors can be reduced by co-doping donor-acceptor pairs,
introducing another dopant with N dopant effectively enhances the performance of a
photocatalyst. A theoretical study by Li et al. has revealed the impact of N and F co-doing
on the geometric and electronic structures of Zn,GeOy [105]. The DFT calculation indicated
that mono-doping of N or F showed a slightly narrow bandgap than that of the pure
Zn;GeOy, especially for the F doping. The N and F co-doping resulted in the mixed valence
band structure composed of N 2p, F 2p, and O 2p states, significantly reducing the bandgap
energy of Zn,GeOy.

Recently, mixed-anion compounds with more than one anionic species in a single
phase possess unique chemical/physical properties and functionalities [48]. Because it is
not very effective to modify Zn,GeO4 by N doping, the optical and electronic structure
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can be altered by elements implantation to form oxynitride with mixed anions of N and
O. Zinc germanium oxynitride ((Zn14,Ge)(IN2Oy)), a solid-state solution between ZnO
and ZnGeN)y, is a promising visible-light-induced photocatalyst due to its chemical and
thermal stability and shallow band gap less than 3 eV. The (Zn;.,Ge)(N;Oy) could be
synthesized by calcination of ZnO and GeO; under NHj3 flow at high temperatures [53,106].
However, some residuals have remained, and the morphology and particle size of the
obtained sample was difficult to control. The Zn,GeO, was applied as the precursor to
fabricate (Zni,,Ge)(N,Oy). The N anions were introduced in Zn,GeOy4 and substituted
O to form the (Zn14,Ge)(N,Oy) with wurtzite structure. It should be noted that not only
the inherent physical properties but also the morphology, particle size, exposed facet, and
surface arrangement of the crystals affect the photocatalytic activity.

(Zn11,Ge)(N2Oy) can maintain the morphology and particle size of Zn,GeO, after
nitridation or form a hollow structure [60,107]. Therefore, controlling the morphology of
the Zn,GeOy precursor is an effective strategy. So far, numerous approaches have been
developed to synthesize Zn,GeOy, including conventional solid-state reaction [108], facile
microwave-assisted solution-phase approach [109], hydrothermal or solvothermal reac-
tion [100,110,111], ion-exchange route [97,112], low-temperature solution phase route [98].
The solid-state reaction method with the requirement of high reaction temperature usually
possesses the drawback of abundant defects, big particle size, and low surface area, which
is not beneficial for photocatalytic activity. With regard to the wet chemistry synthetic meth-
ods, the more homogenous and nanosized Zn,GeOy can be obtained by easily adjusting
the solvent component, surfactant, reaction time, and precursor concentration. For exam-
ple, the hyperbranched Zn,GeO4 nano-architectures in a binary ethylenediamine/water
solvent system were synthesized by varying the reaction time from 2 to 24 h via a crystal-
splitting growth mechanism [113]. By varying the acid radical in the zinc salt precursor, the
morphology and aspect ratio of Zn,GeO,4 nanorods can be controlled [100].

Nanostructured Zn,GeOy can accelerate the migration of photoexcited charge carriers
to reaction sites on the outer surfaces through short pathway [114]. The Zny;GeO4 nanopar-
ticle with an average length of 50 nm synthesized by hydrothermal reaction under the
presence of TEA (triethanolamine) as an additive was reported by Wang and coauthors [60].
After treatment under NH; flow, the obtained oxynitrides reflected the morphology and
size of the oxide precursors. This research highlighted the influence of initial metal con-
centration and the amount of TEA additive in controlling the morphology of the Zny;GeOy;.
The smaller particle sizes were produced during the hydrothermal reaction as the metal
concentration in the starting solution increased. However, substantial agglomeration was
produced at higher metal concentrations as a result of the production of many nuclei.
As the TEA volume increased, the morphology of the obtained Zn,GeOy changed from
nanorods to nanoparticles with a homogenous size because the TEA molecules absorbed
on the surface of the nuclei inhibited the growth (Figure 4c—g). After the introduction
of N into Zn,GeOy to substitute O, (Zny,,Ge)(N2Oy) exhibited an extended light absorp-
tion to around 468 nm. After nitridation, the large intrinsic band gap of Zn,GeOj, can be
greatly reduced, inducing visible light absorption. Because of the reductive atmosphere,
the holes appeared on the surface or inside the particle due to the evaporation of zinc. The
high surface area of (Zn;,,Ge)(IN2Oy) can provide more active sites for the photocatalytic
reaction. Besides, the nitridation process introduced different concentrations of N with
various reaction times. The atomic ratio of O/N exhibited a decreasing trend with the
increase in nitridation time, indicating that more O was substituted by N in the crystal
structure. As mentioned above, the morphology of the ZnyGeOy precursor influenced the
shape and size of the (Zn;,,Ge)(N;Oy). A unique hollow structure of (Zn,,Ge)(N,Oy)
was also reported by nitridation under NH; flow. The introduction of N into Zn;GeOy
nanorod led to the phase transformation to (Zny,,Ge)(N,O;) with nanotube morphology.
The (Zn;,,Ge)(N;Oy) also showed a red shift absorption edge up to 490 nm with visible
light responsivity. The upward shift of the valence band maximum and narrow bandgap
of (Zn1,,Ge)(N2Oy) were attributed to the p-d repulsion between Zn 3d and N 2p/O 2p
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orbitals. Besides the visible light absorption ability, the phase transformation by N im-
plantation into Zn;GeOy led to the crystal structure change. In other words, the hollow
structure was ascribed to the ordered crystal structure conversion from the [001] direction
of rhombohedral nanorod into the [0-10] direction of wurtzite nanotube. Therefore, the
phase transformation from ZnyGeOj to (Zny4,Ge)(N2Oy) and nanocrystallization to form a
hollow structure can result in the enhancement of visible light absorption and the promo-
tion of charge carriers’ separation and migration. The obtained (Zn;,,Ge)(N2Oy) sample
showed high photocatalytic decomposition activity of NO, under visible light irradiation.
The above results indicated that the N implantation is a valid strategy to modify Zn,GeOy4
by phase transformation. Nitridation to form (Znj,,Ge)(N2Oy) is more effective than N
doping to reduce the bandgap energy and induce high photocatalytic activity.

4. Summary and Perspectives

This review mainly focuses on the development of TMOs materials in the field of
photocatalysis with the modification of N anions, including N doping and the formation
of oxynitride. Since the DFT calculation first demonstrated the effect of N dopant in
TiO,, various studies on N-doped photocatalysts have been reported for the purpose
of activating photocatalytic reactions in the visible-light region. The effective N dopant
possessed the potential to alter the composition, crystal structure, and chemical bonding
of TMOs, leading to some interesting properties and functionality. The bandgap energy
and electronic structure of TMOs can be tuned by the introduction of N anions, which can
enhance photocatalytic activities under visible light irradiation. Besides the bandgap, the
photocatalytic activities of TMOs are also affected by plenty of factors, such as particle
size, morphology, crystallinity, crystal facets, defects, and so on. The introduction of N into
TMOs can influence these factors to achieve better photocatalytic performance. Firstly, we
have provided a concise summary of the preparation method for the introduction of N
anion with different N sources. Different synthetic methods affect not only the morphology
of obtained TMOs, but also the concentration of N doping. TMOs with a large surface
are much easier to dope with additional N atoms. However, the high concentration of N
doping does not signify high photocatalytic activity because the impurity states might lead
to more recombination of charge carriers. It is ideal for achieving an optimal N doping
amount in TMOs to induce higher photocatalytic activity than the precursor. N doping
sites also greatly influence the bandgap energy, electronic structure, and photocatalytic
activity of TMOs. The substitutional N with different bonds or interstitial N can change
the coordination of metal cations in TMOs. The different doping sites show diverse
contributions to photocatalytic activity. Defects are created concomitantly with heteroatom
doping and have the ability to alter physical and chemical properties such as surface energy
and electronic band structure. Defect engineering by N doping to introduce appropriate
amounts of vacancies is effective in improving the photocatalytic activity of TMOs. Besides,
the interaction with N can also result in the phase transformation from TMOs to the
corresponding oxynitride. The oxynitride materials usually possess a longer absorption
range in visible light than N doping in TMOs. The bandgap energy, electronic structure, and
photocatalytic activity can be altered by tuning the composition of oxynitride, especially the
ratio of N and O anion. In this review, the typical TMOs, including La,TiyO7 and ZnyGeOy,
were summarized for the investigation of N anion on the photocatalytic activity. They both
possess wide bandgap energy, which is responsive only to UV light. The N doping and
phase transformation to oxynitrides can reduce the bandgap and improve the utilization of
solar energy. The tunable N doping amount and sites could be controlled by varying the
temperature of the NHj3 treatment. The separation and migration of charge carriers could
also be facilitated by N dopants. Although the formation of oxynitride greatly reduced the
bandgap energy, the oxidation ability of oxynitride was also reduced. Therefore, oxynitride
materials are more effective in O, /Hj evolution than the degradation of contaminants. It is
crucial to conduct more research on various TMOs to determine the precise mechanism of
bandgap reduction and the impact of N doping sites in the bulk and surface of N-doped
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TMOs. The research on the N insertion has provided some valuable guidelines for the
future development of N-doped TMOs and oxynitride catalysts for photocatalytic reactions.
The effectiveness of N-doped TMOs under various light sources, ranging from natural
sunlight to artificial visible light irradiation, should be examined from a practical aspect.
The non-toxic and feasible synthesized N-doped TMOs with high chemical stability are
the future trend for photocatalysis-based reactions. Besides, these materials possess a wide
range of potential applications, such as textile fibers with antibacterial and deodorizing
functionality, interior materials for indoor to eliminate the odors and VOCs, visible-light-
sensitive air purification systems, and so on. This review addresses the modification of
TMOs via N doping or phase transformation to oxynitride towards high activity, selective,
and stable photocatalysts. It is expected that more N-doped TMOs with unique properties,
excellent selectivity, and high stability will be synthesized and applied in the field of energy
and environment problems.
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