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ABSTRACT: Ammonia gas (NH3) is a notorious malodorous pollutant released mainly in agriculture and industry. With the
increasing demand for ammonia, environmental pollution caused by ammonia discharge has seriously threatened human health and
safety. Due to the discrete emission and low concentration of NH3, photocatalytic oxidation is an economical and efficient treatment
strategy. TiO,, as a common photocatalyst, has been widely used by researchers for the photocatalytic removal of NH3. In addition,
surface modification, element doping, semiconductor recombination and metal loading are used to improve the utilization rate of
solar energy and carrier of TiO; so as to find a catalyst with high efficiency and high N, selectivity. Further, at present, there are
three main removal mechanisms of NHj; photocatalytic oxidation: -NH, mechanism, iSCR mechanism and N,Hs mechanism.
Among them, N>H4 mechanism is expected to be the main removal path of NH3 photocatalytic oxidation in the future because the
removal process does not involve NOy and nitrate. This review summarizes recent studies on the photocatalytic oxidation of NHs,
focusing primarily on NHs removal efficiency, N2 selectivity, and the underlying removal mechanisms. Additionally, the potential
future applications of NHs photocatalytic oxidation are discussed.
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© 2024 The authors. This is an open access article under the Creative Commons Attribution 4.0 International
BY License (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

As early as the 18th century, ammonia was used in agricultural production as a fertilizer. At present, the global
annual production of nearly 200 million tons of ammonia is mainly used in agriculture and industry, and the demand is
increasing year by year. Recently, ammonia is also used directly as a fuel or good carrier for hydrogen because its energy
density is similar to fossil fuels and more stable than hydrogen energy. For example, the emergence of technologies
such as ammonia fuel engines and NH; fuel cells highlights the significant potential of ammonia as a clean chemical
energy source, thereby contributing to the achievement of carbon neutrality objectives [1-4]. However, with the increase
in ammonia demand and application range, the environmental pollution caused by ammonia has become an urgent
problem to be solved. Ammonia gas (NH3) is a hazardous and malodorous pollutant released in substantial quantities
from various sources [5,6], including agriculture [7,8], composting centers [9], municipal biowaste [10—12], vehicle
exhaust [13—16], and fossil fuel combustion [17]. NH; reacts with acidic gases in the air (such as NOx and SO») to form
particulate matter with a diameter of less than 2.5 um (PM2.5) [18,19]. What’s more, NH3 can generate secondary
aerogel to promote the formation of haze and photochemical smog, causing serious pollution to the global atmospheric
environment [5]. Recent studies have shown that NH3; emissions (25-39%) contributed more to PM2.5 than NOy
emissions (23-33%) globally in 2013 and suggest that controlling NH3 emissions is much cheaper than controlling NOx
emissions [20]. Moreover, NH3 can irritate the human eye and respiratory organs and can be fatal in high concentrations,
posing a serious threat to public health and safety. In order to protect people’s health, countries all over the world have
strict regulations on NH; emissions. For example, the Occupational Safety and Health Administration sets the maximum
exposure limit for NHs at 25 ppm for 8 h and the short-term exposure limit at 35 ppm for 15 min. That of the China
Emission Standard for Odor Pollutants is less than 0.2 mg/m?* (0.15 ppm). In addition, the researchers show that the cost
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of reducing NH3 emissions is only 10% of the cost associated with controlling NOy emissions, suggesting that managing
NHj; emissions can be a more economical approach to reducing both NOx and PM2.5 emissions. If global NH; emissions
are reduced by 50%, the implementation cost will be around $38 billion. This is significantly lower than the estimated
social benefits of preventing deaths linked to NH3 emissions and their contribution to PM2.5 pollution, which total $172
billion [20]. Furthermore, the researchers further emphasize the priority of European policies aimed at controlling NH3
emissions. For each unit of PM2.5 control, the cost—effectiveness of reducing NH3 emissions is 5 to 11 times greater
than that of reducing NOx. Moreover, the impact of NHs reduction on nitrate and ammonium nitrogen levels is
pronounced, with average annual sensitivities of 81.9% and 34.8%, respectively [21]. Consequently, it is urgent to solve
the NH3 problem directly at the point source [6].

At present, NH; emission has the characteristics of discrete emission, and the concentration is mostly ppm level.
Conventional treatment strategies for NH; are divided into physical, biological and chemical methods. The physical
methods include adsorption, absorption and condensation. Among them, the absorption and condensation methods are
suitable for the treatment of high-concentration NHj;, but the equipment and operation costs are huge [22,23]. The
adsorption method is suitable for the treatment of low and medium-concentrations of NH3, but the change in the
adsorbent and desorption process increases its cost [24,25]. The biological method also has the disadvantages of poor
removal efficiency and large equipment footprint, and the culture and replacement of bacterial organisms will also cause
huge costs [26,27]. In addition, thermal catalytic oxidation in chemical methods needs to be carried out at a higher
temperature [28-31]. In contrast, photocatalytic oxidation has mild processing conditions and simplified equipment
operation, providing a cost-effective and environmentally friendly route for NH; removal. Furthermore, this method
has demonstrated tremendous potential in treating various gaseous pollutants, such as the removal of volatile organic
compounds, purification of indoor formaldehyde, and reduction of NOy emissions [32,33]. Therefore, it is very
promising to remove NH; by direct photocatalytic oxidation to N, and H,O at the point source. The design of efficient
photocatalysts for NHs oxidation, capable of achieving high activity in NHs conversion while minimizing the formation
of by-products such as NOx and N:O, represents one of the core challenges in this field. In this case, it is necessary to
select an economical and efficient photocatalyst with high nitrogen selectivity. As a common photocatalyst, TiO, has
been widely used in the photocatalytic removal of NH3. Under the irradiation of light, the electrons in the valence band
(VB) of TiO, are excited to transition to the conduction band (CB) and form a photogenerated carrier (electron-hole
pair). Subsequently, part of the photogenerated charge carriers (e~ and /") migrated to the surface of TiO, and reacted
with the adsorbed substances on the surface or produced active substances (+O»~ and -OH) [34]. The active substance
will also be further involved in the chemical reaction, thus oxidizing the NH; to N> and H>O. However, the application
of TiO; is restricted by its wide band gap width and low carrier utilization [34-36]. To address these limitations, the
researchers have employed strategies such as surface modification, metal loading, doping modification, and
semiconductor compositing to enhance the utilization of solar energy and carriers in TiO, [37—40]. Additionally, the
impact of different modification strategies on the photocatalytic activity of catalysts and the mechanism of NH; removal
is still not clear.

In this review, we aim to provide guidance for the development of NH3 photocatalytic oxidation systems. Relevant
researches on photocatalytic oxidation of NH3 in recent years are analyzed, with a focus on photocatalytic oxidation
performance, carrier and solar energy utilization efficiency, as well as the oxidation pathway of NHs. The purpose of
this paper is to clarify the difficulties and challenges existing in the current photocatalytic oxidation of NH3, and put
forward our views on improving the photocatalytic efficiency of NHs, so as to provide new ideas and guidance for the
removal of environmental pollutants.

2. Catalyst for Photocatalytic Oxidation of NH;
2.1. TiO; Based Photocatalyst

TiO; has emerged as an advanced photocatalyst for tackling environmental pollution due to its eco-friendliness,
low cost, renewability, and high photocatalytic activity. However, the wide bandgap of TiO; results in low efficiency in
utilizing visible light and significant carrier recombination, which leads to suboptimal photocatalytic performance [34].
Nevertheless, a range of modification techniques, such as doping with metal or non-metal ions, loading metal co-
catalysts, and constructing heterostructured semiconductor catalysts, can greatly improve its efficiency in visible light
utilization and carrier separation. In this section, we first studied the application of TiO,-based photocatalyst in the
photocatalytic oxidation of NHs.
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2.1.1. Pure TiO; Photocatalyst

TiO» has three common crystal structures, among which anatase and rutile are the two most studied polymorphs.
The bandgap width of rutile is approximately 3.0 eV, while that of anatase is about 3.2 eV. From the perspective of
bandgap width, rutile TiO, has a narrower bandgap, which implies a broader range of light absorption [41]. However,
the recombination of charge carriers in rutile TiO; is more severe, resulting in its photocatalytic ability being inferior to
that of anatase TiO,. Additionally, anatase TiO; has a stronger hydroxyl acidity on its surface, leading to a greater
adsorption capacity for NH; molecules. Wu et al. prepared a modified TiO; catalyst using the sol—gel method and tested
it under visible and ultraviolet light (Figure 1a). The results showed that the TiO; catalyst calcined at 400 °C exhibited
the best ultraviolet light activity with a conversion rate of approximately 43%. Their study found that surface acidic
sites play a crucial role in NH; PCO. As the calcination temperature increased, the specific surface area and pore volume
of the TiO, samples gradually decreased. However, the sample calcined at 400 °C still maintained a relatively high
specific surface area (145.2 m%*g) and good crystallinity. The high specific surface area and good crystallinity are
conducive to forming more acidic sites. Additionally, after high-temperature calcination, surface carbon impurities were
reduced, thereby preserving more acidic sites [42].

Although anatase offers distinct advantages, TiO, containing both anatase and rutile phases (such as P25) is widely
used in various catalytic reactions. Heylen et al. show that the conversion efficiency of commercial P25 for NH; at
150 °C is only 60%, primarily yielding by-products like NO and NO,, with an N> selectivity of merely 28%. Even when
the space velocity is reduced by half, the selectivity of P25 does not significantly improve. In contrast, the PC500 TiO;
catalyst achieves a 99% conversion rate and 92% dinitrogen selectivity under conditions of 150 °C, 300 VHSV h™!, and
1.1 mW/cm? UVA irradiation. Compared to P25 and UV100, PC500 exhibits greater weight loss (approximately 12%)
in thermogravimetric analysis (TGA), indicating a higher water adsorption capacity on its surface, which may enhance
its NH; adsorption capability. At lower temperatures (100 and 50 °C), the NH; conversion rate of PC500 decreases, but
the selectivity for NO increases, suggesting the potential involvement of an internal selective catalytic reduction (iISCR)
mechanism [43]. In addition, Sola et al. compared the differences in the gas-phase photocatalytic degradation of NH3
and ethanol on two commercial TiO, materials (Evonik’s P25 and Sigma Aldrich (SA)) in the presence of water. The
photodegradation process was tracked using FTIR to analyze changes over irradiation time. The research found that
during the NH3 photodegradation process, surface nitrate species remained firmly bound on P25, while they were
eliminated on SA. This was attributed to the presence of more and stronger Lewis acid sites on the SA surface, as well
as a greater number of reactive surface hydroxyl species. The adsorbed NHs could react with the generated nitrate
species to form N, a reaction mechanism that was lacking on the P25 surface (Figure 1b) [44]. In summary, for pure
TiO; photocatalysts, the anatase phase seems to be more suitable for the photocatalytic oxidation of NH;3 because of its
better removal performance and N, selectivity than the rutile phase.

In addition, the main exposed crystal plane of anatase TiO, is the (1 0 1) crystal plane because its average surface
free energy (0.44 J/m?) is lower than that of the (0 0 1) crystal plane (0.90 J/m?). However, He et al. prepared TiO, with
the main exposure surface of (0 0 1) crystal plane by surface fluoridation with HF acid and found that it had better
performance for the photocatalytic oxidation of NH;. The experimental results (Figure 1¢) show that the =Ti—F group
on the surface of the photocatalyst can delay the recombination of photogenerated e~ and 4, which may be the main
reason for the excellent activity of F—TiO; catalyst [45]. Further, using H»O and NH3 photooxidation as probe reactions,
they investigated the effect of surface F ions on carrier migration in anatase TiO; crystals dominated by (0 0 1) or (1 0
1) planes. Fluorinated (F-T001) and defluorinated (T001) TiO, with exposed (001) crystal faces and TiO, with exposed
(1 0 1) crystal faces (T101) and fluorinated (1 0 1) (T101-F) and (0 0 1) (TO01-F) crystal faces are synthesized. They
observed a significant synergistic effect of the (0 0 1) plane and surface F ions on photogenic hole migration. The (0 0
1) plane provides 4" trapping sites, and the electrostatic effect of surface F ions attracts and accelerates the migration
of 4" to the (0 0 1) plane and collaboratively promotes the separation of electron-hole pairs, thus significantly improving
the photooxidation activity (Figure 1d). However, there is no synergy between the (1 0 1) plane and the surface F ions
[46]. Furthermore, they prepared anatase TiO, with (0 0 1), (1 0 1) and (0 1 0) clean dominant planes (denoted as T001,
T101 and T010) and tested their photocatalytic activity for NH; oxidation. The results (Figure 1e) showed that the order
of photocatalytic activity of NH3 oxidation is (0 0 1) > (1 0 1) > (0 1 0). This is due to the special effect of the (0 0 1)
crystal plane on the 4", which can promote the transition of NH; molecules to-NH, [47].
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Figure 1. (a) NH3 photocatalytic oxidation of TiO, at different calcination temperatures [42]. (b) The variation of different species
on P25 and anatase TiO; over time [44]. (¢) The photocatalytic oxidation of NH3 on surface-fated TiO, (F—TiO,), defluorinated
TiO, (D-Ti0,) and pure TiO: [45]. (d) IR spectra of F-T001, TOO1, T001-F, T101-F and T101 after 5 min UV irradiation under N>
atmosphere [46]. (e) The photocatalytic oxidation of NH3 on T010, T101 and T0O01 [47]. (f) Synergistic removal of NH3 and
butyraldehyde by DBD and photocatalytic oxidation on TiO> [48]. Reproduced with permission. Copyright 2014, 2016, 2017 and
2018, Elsevier Publication.

Several studies have investigated the efficacy of TiO, photocatalysis in the removal of NH3 from mixed gas
pollutants under practical conditions. Research conducted by Saoud et al. demonstrates that when pollutants are treated
individually, the removal efficiency for the removal of NHj3 is 15%, while that for butanal is 45%. However, when both
pollutants are treated simultaneously, the removal efficiency for NH; decreases to 12%, and for butanal, it decreases to
33%. This reduction in photocatalytic oxidation efficiency is likely due to the competitive adsorption of the two
pollutants on the active sites. In contrast, dielectric barrier discharge (DBD) plasma exhibits a higher degradation
efficiency for ammonia (Figure 1f). Under specific energy input (SEI) conditions, DBD plasma alone achieves a
removal efficiency of 51%. Furthermore, coupling DBD plasma with photocatalytic oxidation significantly enhances
the removal efficiency for ammonia, achieving a rate of 83%, indicating a synergistic interaction between the two
methods [48].
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2.1.2. Doped Modified TiO, Photocatalyst

Doping modification is mainly divided into metal element doping (Fe, Cu, Ce, efc.), non-metallic element doping
(N, S, C, etc.) and metal and non-metallic element co-doping. For the photocatalytic oxidation of ammonia, doping
modification mainly contributes to three aspects. (i) The formation of oxygen vacancy (Ov). On the one hand, Ov, as a
Lewis acidic site, can promote the adsorption of NHs. On the other hand, Ov can also be used as e —/" traps to promote
the separation of photogenerated carriers and enhance photocatalytic activity. (ii) As an e —A" trap. Similar to the role
of Ov, the introduced ions can also act as electron or hole traps, thereby improving carrier utilization. (iii) Broaden the
optical response range. The introduced elements can form impurity levels below the CB or above the VB of the
photocatalytic semiconductor, thereby reducing the band gap (£,) width of the photocatalyst and broadening the light
absorption range. However, a significant drawback of doping is that the introduction of heteroatoms, whether through
atomic substitution or occupancy of interstitial sites, inevitably alters the atomic structure of the photocatalyst and may
lead to the formation of recombination centers [49]. Excessive doping can diminish catalytic performance by modifying
the atomic structure and creating additional recombination sites. Therefore, precise optimization of the doping ratio is
essential for effective modification of the photocatalyst.

Wang et al. prepared Fe-doped TiO, (Fe—TiO,) thin films by sol—gel method (Figure 2a) to degrade typical indoor
air pollutants HCHO, NH3 and C¢Heunder sunlight irradiation, and the removal efficiency of NH3 was 53.1% after 9 h.
By replacing Ti*" ion, Fe*" ion introduced a new impurity energy level between the CB and the VB, which decreased
the E, and inhibited the ¢ —h" pair recombination and improved the photocatalytic activity [50]. In addition, the
researchers prepared 5% N/Ag—TiO: by in-situ solvothermal method, which showed 4.3 times higher photocatalytic
performance than pure TiO,. The introduction of Ag ions formed an impurity energy level below the CB, which
significantly reduced the band gap energy of TiO; from 3.2 to 1.7 eV and increased the absorption of visible light (Figure
2b). At the same time, Ag ion acted as an e~ trapping site and slowed down the recombination of carriers. N doping
increases the specific surface area of the catalyst and enhances the NH; adsorption [51]. Similarly, Wang et al.
synthesized Mo, C—TiO, photocatalyst by sol—gel synthesis and low-temperature calcination using organic groups in
TiO; precursor as a carbon source. Experimental results demonstrated that the incorporation of carbon extended the
photo-response range of TiO,, while the inclusion of Mo was found to effectively suppress the recombination of
photogenerated carriers under both UV and visible light conditions (Figure 2c). The co-doping of Mo and C further
facilitated the formation of Ov, thereby improving the photocatalytic oxidation performance under both UV and visible
light irradiation. Meanwhile, in their proposed N>H4 mechanism, Mo ions served as the reactive active site, and NH;
adsorbed on it reacted with the reactive oxygen species gradually to generate N as the expected end product [52].

In addition, non-metallic elements (such as C, N) are also used to improve the photocatalytic NHs removal
performance of TiO,. Using urea as the N source, Jiang et al. prepared N—TiO and used it for NH3 removal under
visible light. The results show (Figure 2d) that the efficiency of N—TiO, photocatalytic oxidation of NH3 remains above
80%, and the N, selectivity is stable at about 87%. In contrast, the NH3 conversion on pure TiO; stabilized at about 67%
within 72 h, and the nitrogen selectivity did not exceed 55%. N element was successfully doped into the TiO» lattice
system in the form of O—Ti—N, which reduced the band gap energy from 3.18 to 3.07 eV, improving the light utilization
rate. Secondly, the water molecules formed during the reaction contribute to the continuous formation of hydroxyl
radical (-OH) in the in-situ reaction, thus improving the stability of the reaction [53]. Further, Gao et al. added a carbon
layer to N—TiO» and tested the activity of NH; photocatalytic oxidation under visible light (Figure 2¢). The results show
that the ammonia removal efficiency and N selectivity of C/N-TiO; catalyst is 94% and 98%, respectively. The co-
doping of C and N reduces the band gap of TiO» (3.18~2.90 eV), thus broadening the photo-response range of TiO». At
the same time, more Ov was formed under visible light irradiation, which improved the activity of the catalyst.
Additionally, more acidic sites were introduced, which improved the adsorption capacity of the catalyst for NH; [54].
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Figure 2. (a) Kinetics of degradation reaction of the mixed pollutants on Fe—TiO, [50]. Reproduced with permission. Copyright
2014, WILEY Publication. (b) Schematic diagrams of the band energy structure and the migration of photoexcited electrons in
undoped TiO,, N—-TiO,, Ag—TiO,, and N/Ag—TiO, [51]. Reproduced with permission. Copyright 2020, MDPI Publication. (¢)
Schematic diagram of photocatalytic oxidation of NH; on Mo, C—TiO; [52]. (d,e) Photocatalytic oxidation of NH; on N—TiO»,
C/N-TiO; and pure TiO under visible light [53,54]. Reproduced with permission. Copyright 2023 and 2024, Elsevier Publication.

2.1.3. Semiconductor Composite Modified TiO»

Coupling TiO, with other semiconductors to construct heterostructures can greatly facilitate charge transfer
between interfaces and promote the separation and migration of photogenerated charges, thus improving carrier
utilization. Currently, the common types of heterojunctions are type-I, type-Il, Z-Scheme and S-Scheme.

Cu-based semiconductor (CuO and Cu,0), as a common visible light photocatalyst, is a good choice for TiO,
composite due to their narrow band gap. The researchers prepared Cu,O/(0 0 1) TiO> by an impregnation-reduction
method and tested the removal efficiency of NH; under simulated sunlight. The results (Figure 3a,b) show that the
removal rate of NH3 by Cu20/(0 0 1)TiO; is 80% (The NH3 concentration is about 120 ppm), which is higher than that
of pure P25 (12%), Cu,O (12%) and (0 0 1) TiO (15%). This is due to the fact that Cu,O promotes the exposure of the
(0 0 1) TiO; active crystal plane and broadens the absorption range of sunlight. Further, after repeated use for 4 times,
the degradation rate of NH3 gradually decreased, which was caused by the formation of nitrates covering the reactive
site [55]. Further, Zhu et al. explored the effect of the composite ratio of Cu,O and (0 0 1) TiO: on the photocatalytic
removal of NHs. The results show (Figure 3c,d) that when the recombination ratio was 1:10, the specific surface area
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was the largest (72.51 m%g) and the degradation rate of NH; was also maintained at 85%. However, after cycling, the
catalyst was still significantly deactivated, and it was found that the surface adsorbed water and hydroxyl radical
participated in the oxidation of NHj3, and finally formed nitrate species [56]. Additionally, Tihana et al. prepared Cu-
modified TiO; nanotube arrays by wet impregnation (Figure 3¢) and anodic oxidation, which have the dual roles of
photocatalytic NH; degradation and as relative humidity sensing materials. Compared with unmodified TNT, all CuO-
TNTs exhibited better NH3; removal efficiency (Figure 3f). The CuO nanoparticles dispersed on the TiO» surface acted
as free electron trapping sites, which reduced the rapid recombination rate of electrons and holes on the TiO; surface,
thus promoting the photocatalytic degradation of NHs. The above composites with Cu-based photocatalysts are anatase
TiO,, but special results are obtained when they are combined with rutile TiO, [57]. Chen et al. investigated the effect
of charge transfer direction between CuOy and TiO; (Figure 4a) on the photocatalytic degradation activity of NHs. They
observed that CuOx/anatase TiO; exhibited better catalytic activity than CuOy/rutile TiO, under UV irradiation. Whereas
CuOy/rutile TiO; had excellent photocatalytic activity under visible light irradiation, CuOx/anatase TiO, was inactive.
Combined with EPR and DFT calculations, they found that the crystalline phase of TiO; significantly affects the charge
separation of CuOx/TiO, leading to different charge transfer directions (Figure 4b,c). Visible light can excite electrons
from the VB of rutile to CuOy, leaving behind /" with high oxidation potentials that effectively oxidize NH3, whereas
at the CuOy/anatase TiO; interface, visible light can only excite the electron transfer from the VB of CuOx to the CB,
and the 4" left behind in its VB cannot oxidize NH3 with low oxidation potentials [58].
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Figure 3. (a,b) The photocatalytic oxidation of NH3 on P25, CuxO, (0 0 1)TiO; and CuxO/(0 0 1)TiO, and the NH3 removal
efficiency after cycling on Cu,O/(0 0 1)TiO, under visible light [55]. Reproduced with permission. Copyright 2019, MDPI
Publication. (¢,d) Photocatalytic oxidation of ammonia at different Cu,O and (0 0 1) TiO, composite ratios and removal efficiency of NH;
after cycling when Cu,O (00 1) is 1:10 [56]. Reproduced with permission. Copyright 2021, RSC Publication. (e,f) Photocatalytic oxidation
of NH3 on N—TiO,, C/N—TiO; and pure TiO, under visible light [57]. Reproduced with permission. Copyright 2021, MDPI Publication.
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Figure 4. (a) Photocatalytic oxidation of NH3 under visible light over CuOx/anatase TiO, and CuO,/rutile TiO». (100 ppm NH3, 20
vol% O, RH = 50% and N> balance). (b) EPR spectra of CuO,/rutile TiO, and CuOy/anatase TiO, measured at 77 K under vacuum
with visible light or UV irradiation. (¢) DMPO spin-trapping EPR spectra measured at 303 K after 5 min visible irradiation in
aqueous solutions and acetonitrile over different samples [58]. Reproduced with permission. Copyright 2022, Elsevier Publication.
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In addition to Cu-based catalysts, other semiconductors have also been used to compound with TiO, to enhance
the photocatalytic oxidation activity of NHs. To broaden the sunlight response range, Pu et al. prepared a composite
RGO/TiO; catalyst for NH; degradation in livestock farms by Hummer’s method using a silica core board as a carrier.
The degradation efficiency of NH3 was as high as 93.64% under 300 W UV irradiation (Figure 5a). The introduction of
RGO reduced the band gap energy of P25 from 3.14 to 2.96 eV, which enhanced the light absorption. Meanwhile, its
layered pleated structure increased the adsorption of NHj3 on the surface of the material and also lowered the
recombination rate of photogenerated carriers, which led to the improvement of the photocatalytic performance of P25
[59]. Further, Gao et al. prepared tetraphenyl porphyrin (TPP)-modified anatase TiO, by a one-step solvothermal method,
which exhibited excellent photocatalytic activity under visible light irradiation, and the ammonia removal efficiency
reached more than 98% within 8 h at room temperature. Under visible light irradiation, TPP contributes H to generate
H' and VB holes with strong oxidizing ability (Figure 5b). The electrons were transferred to the TiO, surface via
Ti—O—C bonds, which promoted the reduction of Ti** and the generation of oxygen vacancy defects. However, the
accumulation of thermodynamically stable NH4sNO; (Figure 5¢) on the catalyst surface leads to the deactivation of the
photocatalyst [60].

. ~ 1 J00 F
(a) Inlet conccmratloe (RGO-P25) 1 s (b) —u—TiO,-ST
- v W Ve —e—TiO -
v v \ A v v TIO2 ME
R ] —A—TiO-SG
X 100 75+ e
s = —v—TiO,-Com.
] g =
& . - . al c
— 100 - RGO-P25 degradation rate 480 & 8
L s L et - I S o S0f
g 957 - E— . m —m- W — g =03
=] E - s £
S g ; B
5 901 o RGO degradation rate 16 %, o
() 1 ©
S 85 o g2
L2 _ ~e0— o o'z 25t
= -0 o
_;’ 80 o — ¢ 440 o,
- . w
= P25 degradation rate o s
151 - = L Q
3 75
8 A,
S E A A A A —A—A L A 20 0
=~ 70 5 ] N -
o A Output concentration (RGO-P25) | 0 5
£
04 T : T : T : T . T 0
0 20 40 60 80 100 100 F
(C) Time (min)
ﬂ Photocatalytic oxidation at room temperature
\ O *represents adsorbed species 75
Photocatalytic Radicals A
4 3
o
-OH/H,0 > -OH +- 0, =
0,/Adsorbed O - - 0, ke
% 50
Photocatalytic paths o
>
Stimulative NH; + radicals = N, +H,0 g
D | NH; > *NH; > *NHy (X=1,2) Om o ;
e RN | *NHy+ radicals - Ny +H;0 % 25 | TR 1.0wt% TPP‘TfOz‘ST
e Ti*TiO,, to R —e— 1.0wt% TPP-TiO,-SG
VB oxygen vacancy defects i —A— 1.0wt% TPP-TiOz-ME
. * NHy = -NO, -> gaseous NOx
TPP/TIO, catalyst ¢ h* h* h* ht * NHy > -NO, - -NO,; species 0 . i : .
*NH; + OH- > NH,* + O 0 i 2 3 4
s MO s Reaction Time (h)

Figure 5. (a) The degradation effect of NH3; by RGO-P25, RGO and P25 [59]. Reproduced with permission. Copyright 2018, MDPI
Publication. (b) Photocatalytic activity of ammonia oxidation on different catalysts (100 ppm NH3, 21 vol% O,, N, to balance, the
total flow rate of 0.2 L/min, visible light area of 47.25 cm?, light intensity of 100 mw/cm?). (¢) Proposed photocatalytic oxidation
mechanisms of NH;3 over TPP/TiO,—ST catalysts under visible light irradiation [60]. Reproduced with permission. Copyright 2020,
Elsevier Publication.

To enhance the capture of NHj, the researchers also used a semiconductor coating on another photocatalyst to
increase the specific surface area of the catalyst. Pu et al. prepared MoS>@TiO, encapsulated carbon coaxial nanobelts
(CNBs) by electrostatic spinning-hydrothermal reaction (Figure 6a) for photocatalytic degradation of NHs. The
degradation efficiency reached 91% after only 7 min of UV illumination. The introduction of carbon improved the
carrier dynamics and electron affinity of TiO,, and the larger specific surface area and layered pore structure of
MoS,@TiO, CNBs enhanced the adsorption of NH;. While the construction of heterojunctions promoted the separation
and migration of photogenerated charges, effectively reduced the recombination efficiency, and prolonged the lifetime
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of photogenerated e —4" [61]. Similarly, Li et al. used the sol—gel method to coat TiO> on WO; nanowires (Figure 6b).
After the WO3@TiO; photocatalyst was exposed to simulated sunlight for 3 h, the NH3 conversion and N, selectivity
were found to be 58% and 94%, which were approximately double the performance of TiO, and WOs3 alone (Figure 6¢).
The enhanced photocatalytic activity is attributed to the built-in electric field between WOs and TiO,, which promotes
rapid charge separation and migration. In addition, the core-shell structure enhanced NH3 adsorption and O, activation.
This study suggests that photogenerated holes and superoxide radicals play important roles in the photocatalytic
oxidation of NH3, and efficient removal of NH3 by constructing an interfacial electric field is an effective strategy [62].
In addition, Li et al. prepared a porous carbon framework material with a layered structure of N-doped coated ultrafine
TiO; (N-C@TiOz) powder by solvothermal method, which has excellent photocatalytic activity, and the removal rate
of NHj3 reaches 100% after only 5 min of illumination. The N-doped porous carbon framework has a large specific
surface area and good metal conductivity, which can promote the charge transfer to the interface and impede the
photogenerated e —/" recombination. The increase in the concentration of #” on the TiO, surface can promote the
adsorption and activation of NH3, thus enhancing the photocatalytic activity of TiO» [63].

>70.6-

>
0.4
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0.2]—TiO,CNBs ;
oo —Mo$,@TiO, CNBS
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b) |
(b) i rap 'Selectivity: 94%
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Figure 6. (a) Schematic illustration of the proposed photocurrent—transducer mechanism and the NH3 degradation of P25, TiO»
CNBs and MoS;@TiO, CNBs heterojunction [61]. (b) Schematic illustration of the photocatalytic NH; oxidation mechanism over
the 3WO3@TiO; photocatalyst under simulated sunlight irradiation [62]. (¢) Schematic illustration of the hierarchical structure of
as—synthesized material N—C@TiO-) and involved electron behavior for photodegradation NH3 [63]. Reproduced with permission.
Copyright 2018, 2020 and 2024, Elsevier Publication.
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For the photocatalytic oxidation of NHs, at present, it is limited to the formation of type-II heterostructures to
improve the utilization of carrier and solar energy. However, the type II heterostructure is at the expense of the Oxidation
and reduction ability of the photocatalyst. Therefore, it is necessary to develop other heterogeneous structures,
especially those with Z-type heterogeneous structures.

2.1.4. Metal-supported Modified TiO-

Depositing different noble metals on the TiO- surface, the photogenerated electrons will continue to be transferred
from TiO- to the metal due to the difference in their Fermi energy levels until their Fermi energy levels are similar or
the same. The Schottky junction formed at the interface between the metal and TiO; can promote the separation of
photogenerated charges. The metal acts as an electron trapping site to enrich electrons and reduce O, adsorbed on the
surface to generate more reactive species, delaying carrier recombination.

Shu et al. investigated the effect of F or Pt modification on the catalytic activity of TiO, (Pt/F—TiO,) for selective
photocatalytic oxidation of NHs. They found that surface fluorination had no significant effect on the degradation
efficiency of NHj3, but it could enhance the adsorption of NH; on the TiO; surface and might reduce the generation of
harmful NO by influencing the reaction pathway (Figure 7a). In addition, the deposited Pt prolonged the lifetime of
photogenerated carriers by strongly trapping electrons, and the electron-rich Pt acted as a reduction site, providing
electrons to NOx to promote N production (Figure 7b) [64].
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Figure 7. (a) Outlet NH3 concentration, NO concentration and NO; concentration of different samples (Pt/P25, Pt/TF0 and Pt/TF4)
under simulated sunlight irradiation. (b) Schematic diagram of the photocatalytic oxidation process of NH3; on Pt/F—TiO, [64].
Reproduced with permission. Copyright 2022, Elsevier Publication. (¢) Photocatalytic oxidation of NH3 on different catalysts (TiO»,
N-TiO,, C3N4 and AgzPO4) under visible light [65]. Reproduced with permission. Copyright 2020, ACS Publication.

2.2. Other Photocatalysts

In addition to TiO; based catalysts, other photocatalysts have also been used for the photocatalytic oxidation of
NHs. He et al. prepared a series of typical visible light photocatalysts (N—TiO,, g—CsN4 and Ag3;PO4), hoping to realize
the photocatalytic oxidation of NH3 under visible light (Figure 7c). However, the results show that only Ag;PO4 has the
removal effect in visible light. Therefore, an active, visible light photocatalyst for NH3 oxidation requires both a suitable
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band gap for visible light response and a low VB edge associated with a high oxidation potential for activating NH3
to *NHa. This result also confirmed that /" is responsible for triggering the initial key step of NH; oxidation [65].

3. NH; Removal Mechanism

At present, researchers have deeply studied the photocatalytic oxidation mechanism of NHs, but only limited to
TiO; based photocatalysts. First of all, adsorption is the first step in a chemical reaction. At present, researchers generally
believe that the Lewis acidic site is the active site of NH; photocatalytic oxidation on TiO, based photocatalysts [66].
NH; adsorbs at the Lewis acidic site will react with 4" to form -NH, for subsequent reaction under the irradiation of
simulated sunlight (Equation (1)) [67,68].

NH; +h" --NH, + H" (1)

Subsequently, three oxidation pathways are divided according to the different reactive substances with -NHo.

(i) -NH: mechanism. -NH; reacts with reactive oxygen species (ROS) to form NOy or nitrate. This mechanism has
been observed on almost all NH; photocatalytic oxidation catalysts. The researchers explored the photocatalytic
oxidation path of NH; on anatase TiO- using in-situ DRIFTS. The results showed that the -NH> reacted with the
oxygen anion free radical (-O,") formed under ultraviolet irradiation to form NO. Further reacting with O,, NO was
converted to NO» ", nitro and NOs;~ (monodentate and bidentate) substances on the TiO; surface (Equations (2)—7)) [69].

‘NH, + O, » NO + H,0 )
NO + -0; = NO; (3)
NO + -05 - NO; (4)

‘NH, + 03 —» NO" + H,0 (5)
NO™ + 0, — NO; (6)
NO + 0, - NO, (7)

(i1) In-situ selective catalytic reduction (iISCR) mechanism. By observing the reaction products of -NH; mechanism, it
can be found that although NHj3 is removed by photocatalytic oxidation, NOx will be generated, which is highly
likely to cause secondary pollution to the environment. In addition, the formed nitrite and nitrate will cover the
active site of the photocatalyst and lead to the deactivation of the catalyst. Fortunately, NH3 can react with the
formed NOy and nitrate to form N and water, the iISCR mechanism (Equations (8)—(10)). The existence of this
mechanism promotes the improvement of nitrogen selectivity. Even if NOx is generated in the process of NH3
photocatalytic oxidation, the final products are N; and water [70]. Yamazoe et al. found that -NH, could selectively
react with the formed monodentate and bidentate NO3;™ and NO on TiO; to generate N, under UV light irradiation.
The researchers also found a similar reaction path on Pt and F co-modified TiO, photocatalysts. Furthermore, it is
proved that 4" and e play an important role in the formation of NOy through free radical quenching experiments.
When -OH and ‘O, were removed, the production of NOy increased significantly, indicating that -OH and O,
could inhibit the formation of NOx or rapidly oxidize NOx to nitrate and nitrite [68]. Therefore, in the process of
photocatalytic oxidation of NHj3, the above two mechanisms exist on almost all photocatalysts. That is, NHj3 is first
oxidized to NOx and nitrate by ‘NH, mechanism and then reduced to harmless N, and water by the iSCR
mechanism (Figure 8a,d,e).

NO + ‘NH, - NH,NO - N, + H,0 (®)
N02 + 'NH2 - NH2N02 - NZ + HZO + Oads (9)
NO; + NH; - NH,NO; = N, + H,0 (10)

(iii) NoHs4 mechanism. The synergistic effect of these above two mechanisms seems to be able to treat NH3 into harmless
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N> and water, but due to the mismatch in the rates of the two reactions, the generated NOx cannot be reduced to N»
in time, and part of NOx and nitrate will still be produced, resulting in secondary pollution. In addition, it remains
to be discussed whether nitrate can be reduced to N, (Equation (10)), so that nitrate substances remaining on the
surface will cover the active site of the reaction and lead to the deactivation of the catalyst. In this case, a new
mechanism of NH; oxidation was discovered and proposed by the researchers. That is, -NH, is coupled to form
N:Hj species (Figure 8d), followed by dehydrogenation to form N>H; species, and finally dehydrogenation to form
N> and water (Equations (11)—(13)). The N,H4 pathway, which neither involves the formation of NOx and nitrates
nor leads to secondary environmental pollution and catalyst deactivation, appears to be an economically and
environmentally friendly route for NH3 removal. In the exploration of selective catalytic oxidation of NH3, the
N:Hs mechanism was first discovered on the Al,O; catalyst supported by Pd or Ag in thermal catalytic oxidation
[28,30]. Using in-situ characterization techniques, the researchers found a characteristic peak at 2170 cm™! that
gradually increased with the response and attributed it to the HN=NH species. Recently, the NoH4 mechanism has
also been observed during the photocatalytic oxidation of NH; on Mo, C—TiO: photocatalyst, and it has been
confirmed that the introduction of Mo ions is responsible for the existence of this mechanism [52]. Additionally,
in the investigation of electrocatalytic oxidation of NH3, the NoHs mechanism has also been observed on Ru-based
catalysts and the high value-added substance N>Hs is used as the end product (Figure 9b) [71]. In fact, the
researchers also found the NoHs mechanism in the reaction process of photocatalytic cracking of NHs. The
decomposition mechanism of NH3 on Ni/TiO; under UV irradiation was calculated using DFT simulation (Figure
9a) [72]. The researchers simulated three NH3 decomposition paths and calculated the activation energy of each
step separately. The results showed that the maximum activation energy of route 1 is 235.7 KJ/mol, which made it
almost impossible for Route 1 to react. In contrast, the highest activation energy of route 2 and route 2’ is 74.4 and 59.2
KJ/mol, respectively. Therefore, the decomposition path of NH;3 should be first coupled to generate N,Hs and then
gradually dehydrogenation.

2NH2 —)N2H4 (11)
N2H4 + 1/202 4 N2H2 + Hzo (12)
N2H2 + 1/202 4 N2 + HzO (13)

Generally, researchers have identified three mechanisms for NH; removal during photocatalytic oxidation:
the -NH, mechanism, the iISCR mechanism and the NoHs mechanism. Notably, the -NH, and the iSCR mechanisms
often coexist in most photocatalytic oxidation processes for ammonia. In the ‘NH, mechanism, the -NH: species is
oxidized to NO, NO; or nitrate. Subsequently, the generated NOx reacts with -NH, molecules via the iSCR mechanism,
resulting in the production of harmless N> and water, thereby ensuring N, selectivity in the photocatalytic process.
However, the mismatch between the reaction rates of these two mechanisms can easily lead to the release of NOx and
the deactivation of the catalyst due to nitrate accumulation on the catalyst surface. In response to this challenge, the
N>H4 mechanism has emerged as a promising alternative for ammonia removal. The N>H4 species can gradually
dehydrogenate to produce N, and water without generating NOx or nitrate, thereby preventing secondary environmental
pollution and reducing catalyst deactivation.

In addition, humidity also has an important effect on the NH; oxidation mechanism under environmental conditions.
The researchers explored the path of photocatalytic oxidation of ppb level NH; on TiO» and explored the role of water
in the process. Below 50% relative humidity, water catalyzed reactions that promote NOx formation. However, above
50%, the increase in adsorbed water hindered the contact of active sites, promoted the formation of non-reactive NH4",
and reduced oxidant levels, thereby decreasing NOy formation [73]. The researchers used a coated wall flow tube and
a chemiluminescence NOx analyzer to study the kinetics of NH3 absorption and NOy formation on irradiated TiO»
surfaces. They found that NH3 absorption kinetics are inversely proportional to NH; concentration, indicating adherence
to the Langmuir-Hinshelwood mechanism. The first step of the reaction involved a collision reaction between NH3 and
valence band holes on the TiO, surface, generating -NH,. -NH; reacted with O, to form amino peroxy radicals (NH,OO),
a reaction that proceeded more rapidly in the aqueous phase. NH,OO undergoes water-catalyzed isomerization and
decomposition reactions to produce NO, which was further oxidized to NO; on the TiO; surface. Water plays a crucial
catalytic role throughout the reaction mechanism (Figure 8c). Theoretical calculations supported the experimental
results, indicating that the solvation of key intermediates facilitates proton transfer isomerization, making the NO
formation step exothermic. The NOx produced by the P25 photocatalyst was twice that of anatase, while the reactivity
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of rutile was less than 10% of anatase. This is due to differences in their E,, adsorption capacity, and electron-hole
recombination efficiency.
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Figure 8. (a) Mechanism of photocatalytic oxidation of NH3 on TiO; [69]. Reproduced with permission. Copyright 2008, Elsevier
Publication. (b) NH;3 photooxidation in air forms HONO on TiO, when RH = 48% [74]. Reproduced with permission. (¢) NH3 will
be photo-oxidized to NOx on TiO, under the catalysis of water [73]. Copyright 2013, ACS Publication. (d) The proposed N>H4
mechanism of NH3 photo-oxidation on Mo, C—TiO, [52]. (e) Mechanism of photocatalytic oxidation of NH3 on Pt/F—TiO, (-NH>
and iSCR mechanism) [64]. Reproduced with permission. Copyright 2022 and 2024, Elsevier Publication.

In other work, Kebede et al. indicated that (Figure 8b) TiO, could convert NH3 into HONO under light exposure,
which resulted from the reduction of NO; and NOs™ produced by the photooxidation of NHj catalyzed by water. HONO
is a form of NOx in the atmosphere that can generate ozone and other secondary pollutants through photochemical
reactions, thereby exacerbating air pollution [74]. Exposure to high concentrations of HONO may have adverse effects
on human health. It can irritate the respiratory tract and trigger or worsen asthma and other respiratory diseases. The
results showed that the amount of HONO formed depends on the initial NH; concentration and the relative humidity of
the carrier gas. The highest HONO yield, reaching 350 ppb, was observed at moderate NH3 concentrations (150-290
ppb) and 30—40% relative humidity. However, when the relative humidity increased from 40% to 95%, the HONO yield
decreased from 350 ppt to 50 ppt. This was consistent with previous studies on the photocatalytic oxidation of NHj to
nitrogen dioxide by TiO,, suggesting that at relative humidity below 40%, water-promoted reactions favor the formation



Green Chemical Technology 2025, 2, 10010 15 of 19

of nitrogen dioxide. In contrast, at relative humidity above 40%, capillary condensation filled the micropores on the
TiO; surface, hindering access to reactive sites and thus reducing the formation of NO, and HONO. When NHj3;
concentration exceeded 290 ppb, the formation of HONO decreased, possibly due to the reaction (iSCR mechanism)
between HONO and NHs.
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Figure 9. (a) Reaction mechanism for NH; decomposition to N, and H, over TiO» photocatalyst [72]. Reproduced with permission.
Copyright 2017, Elsevier Publication. (b) Mechanism of electrocatalytic oxidation of NH3 to N>H4 [71]. Reproduced with
permission. Copyright 2023, Springer Nature Publication. (¢) Mechanism of photothermal synergistic catalytic oxidation of NH3
and oxidation path of NH3 [75]. Reproduced with permission. Copyright 2023, Elsevier Publication.

Therefore, optimal relative humidity (RH) levels can enhance the removal efficiency of photocatalyzed NH;
oxidation. However, excessive RH can hinder the adsorption of NH3; molecules due to the presence of water, which
simultaneously catalyzes the formation of NO. This interaction can lead to a reduction in both the reaction activity of
the catalyst and its selectivity for N,.
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4. Challenges and Prospects of Photocatalytic Oxidation of NH3

Photocatalytic oxidation as a promising NH3 treatment strategy is being gradually improved, but there are still
many challenges. However, the catalysts for the photocatalytic oxidation of NHs have been studied in depth, including
the performance and oxidation mechanism. However, it is only limited to TiO, based catalysts, and other kinds of
photocatalysts are rarely studied. In addition, due to the narrow range of photo-response and low utilization of charge
carriers, the removal efficiency of photocatalytic oxidation does not meet the requirements of practical applications.
Furthermore, NOx or nitrate produced by the -NH; mechanism cannot be reduced to N> and water in time, resulting in
insufficient nitrogen selectivity of the reaction products. As a result, the accumulated NOyx may cause secondary
pollution to the air, and the nitrate remaining on the surface of the photocatalyst will lead to the deactivation of the
catalyst, increasing the cost of treatment. To solve the above problems, researchers use the heat generated by light
irradiation to improve the utilization rate of solar energy and charge carriers through photothermal synergistic catalysis.
For a flow with an NH3 concentration of about 45 ppm, the NH3 conversion rate of 91.7% and N selectivity of 94.7%
were obtained on the Cryptomelane nanowires (Figure 9¢) [75]. Since photothermal co-catalysis had higher solar energy
and carrier utilization than photocatalysis alone, it seems to be more suitable for ammonia treatment. However, it could
be seen from the experimental results of cyclic on-off light that the photocatalyst still had an obvious deactivation
phenomenon. This was because the experimental results confirmed that the oxidation mechanism of NHs was the
coexistence of -NH; and iSCR mechanism, indicating that there was still the formation of NOx and nitrate, which may
still cause secondary environmental pollution and catalyst deactivation. Therefore, the development of photocatalysts
with N>Hs mechanism as the main oxidation path seems to be the key to solving this problem. Because NH; oxidation
removal through this mechanism will not produce NOy resulting in secondary pollution of the environment, nor will
nitrate occupy the reactive active site.

In summary, with the gradual increase in human demand for NH3, the environmental pollution caused by NHj3 is
becoming increasingly serious. Due to the characteristics of discrete emission and low concentration, the traditional
methods of treating gaseous pollutants are difficult to remove and high cost. In contrast, photocatalytic oxidation is an
economical and practical strategy. However, the existing photocatalyst solar energy and carrier utilization rate are not
high enough, resulting in the removal effect of NH3 is not ideal. Currently, traditional methods such as metal loading,
semiconductor compounding, and surface modification are employed to enhance ammonia removal efficiency and N»
selectivity. Additionally, further research is needed to explore the application of other emerging photocatalyst
modification strategies in the photocatalytic oxidation of NH3, including semiconductor quantum dots, alloy loading,
and metal phosphides [76,77]. In addition, the -NH> mechanism will produce NOx and nitrate. Although the iSCR
mechanism will reduce part of NOy to produce N> and water, it may still cause secondary environmental pollution and
catalyst deactivation. Therefore, the exploration of photocatalysts with high removal performance and N>Hs4 mechanism
as the NH3 oxidation path may be a promising strategy to solve the NH; pollution problem in the future.
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