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NH; in ambient air directly leads to an increase in the aerosol content in the air. These substances lead
to the formation of haze to various environmental problems after atmospheric circulation and diffusion.
Controlling NH; emissions caused by ammonia escaping from mobile and industrial sources can effec-
tively reduce the NH; content in ambient air. Among the various NH; removal methods, the selective
catalytic oxygen method (NH3-SCO) is committed to oxidizing NH; to environmentally harmless H,O and
N,; therefore, it is the most valuable and ideal ammonia removal method. In this review, the charac-
teristics of loaded and core-shell catalysts in NH3-SCO have been reviewed in the context of catalyst
structure-activity relationships, and the H,O resistance and SO, resistance of the catalysts are discussed
in the context of practical application conditions. Then the effects of the valence state of the active cen-
ter, oxygen species on the catalyst surface, dispersion of the active center and acidic sites on the catalyst
performance are discussed comprehensively. Finally, the shortcomings of the existing catalysts are sum-

marized and the catalyst development is discussed based on the existing studies.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

NH3 is a colorless gas that is widely used in various indus-
tries. However, with industrial development, an increasing amount
of unusable NHj3 is discharged into the atmosphere. Approximately
80% of the total NH3 in the atmosphere is emitted by human be-
ings [1]. These NH3; emissions to the environment mainly come
from agriculture and animal husbandry (volatilization of animal
manure and synthetic fertilizers), industrial and motor vehicle ex-
haust (combustion of fossil fuels, nitrate manufacturing and NHj
escape in the selective catalytic reduction [SCR] process). In ad-
dition, with the continuous development of the economy and in-
creasingly strict emission standards of pollutants, the SCR process
must add more NH3 as a reducing agent to discharge lower con-
centrations of NOx. When a small amount of NOy is discharged,
more NH3 escapes into the atmosphere [2]. In recent years, owing
to the use of SCR catalytic converters in diesel vehicles, moving
NH3 emissions have significantly increased [3,4]. In addition, the
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use of concrete admixtures, wood panels and widely used interior
decoration materials in the construction industry, urban sewage
systems and urban garbage will cause NH; emissions to a certain
extent [5-7].

Ammonia has a pungent odor and high concentrations stim-
ulate the respiratory tract, lung mucosa, conjunctiva and cornea
to damage the respiratory system [8,9]. In addition, a higher NH3
concentration in the atmosphere often leads to a decrease in the
photosynthetic rate of plants. When NH; migrates to the water
environment, it easily leads to eutrophication of the water qual-
ity and soil acidification [10-14]. When NHs3 is discharged into
the atmosphere, it reacts rapidly with acid gases in the environ-
ment and exists in the form of secondary inorganic aerosols such
as ammonium nitrate and ammonium sulfate. These aerosols are
important precursors of PM2.5 in the atmospheric environment
[1,15,16]. These secondary inorganic aerosols further react with
carbonyl compounds to produce nitrogen-containing organic com-
pounds, which significantly increases the NOC content in the air
environment. These multistage products produced by NH; are also
one of the main causes of haze [17-21]. Aerosols formed by nitrate
and sulfate in the air also have an important impact on global radi-
ation. As the core of haze and water vapor condensation in clouds,
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they can indirectly increase the lifespan of clouds [1]. When NH;
in the atmosphere is oxidized, NOy from NH;3 oxidation cause se-
rious photochemical pollution. Moreover, N,O is a powerful green-
house gas.

In conclusion, NH; acts as an important N compound and
greatly affects the reaction and migration of N in the atmosphere.
NH;3 participates in the atmospheric N cycle, which affects climate
change, human health and ecosystem stability. Therefore, it is nec-
essary to control and reduce NH3 anthropogenic emissions to pro-
tect the ecological environment and to further develop the econ-
omy.

2. NH3 purification method

According to the difference in the conditions of the ammonia-
containing waste gas to be eliminated, there are various treat-
ment methods, such as adsorption, absorption, biofiltration, cat-
alytic combustion, catalytic oxidation, photocatalysis and electro-
catalysis, etc. [22-25]. Considering the technical and/or economic
limitations of treatment technologies in industry and transporta-
tion, selective catalytic oxidation of ammonia (NH3-SCO) into ni-
trogen and water is a highly promising process to reduce ammonia
emissions.

3. NH3-SCO catalyst

Supported catalysts and core-shell catalysts composed of stable
metal oxides or mixtures and active sites have been widely studied
because the NH3-SCO reaction is an O-containing thermal-catalytic
reaction, which leads to the lack of advantages of C-based materi-
als and unstable MOF materials. Common supports include Al,03,
SSZ-13, SAPO-34, ZSM-5, TiO,, ZrO,, CexZryO, (x and y represent
the mass ratio of elements) and other materials. The support gen-
erally has no catalytic activity, however, its excellent surface struc-
ture is conducive to the dispersion of the active metal, and the
construction of unique metal-support interactions improves the in-
trinsic activity of the catalyst [26-28]. However, the focus of core-
shell catalysts is not here; the main purpose is to prevent H,O
or SO, from contacting active metals through a stable outer shell
structure to prevent active center poisoning.

3.1. Supported catalyst

Supported catalysts are typically prepared by combining a sup-
port with an active metal. The difference between the support and
the active component leads to a difference in the interaction be-
tween them, therefore, the activity of the prepared catalyst is also
different [29-31]. For supported catalysts, stable oxides or mate-
rials with a certain framework structure are usually selected as
supports. Currently, Al;03, TiO, and various zeolites are widely
used as supports. There are many electronic defects on TiO,, which
lead to a strong metal-support interaction (SMSI). The structures
of Al,03 and zeolites are stable and difficult to reduce. Generally,
the SMSI between various atoms is weak on Al,03 and zeolite,
which also leads to high stability of the two supports [29,32]. Al-
though some supports have a certain activity for NH3-SCO, the ac-
tive metal anchored on the support provides the main active site
for the decomposition, adsorption and oxidation of NHj.

The active center of a catalyst is typically composed of noble
or transition metals. Noble metals, as active components, generally
enable catalysts to have stronger oxidation performance, whereas
cheap metals have lower catalytic activity than that of noble met-
als. However, it is easier to commercialize catalysts loaded with
inexpensive metals because of the low cost.
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3.1.1. Cheap metals

Transition metals are relatively inexpensive; therefore, they are
widely used as active materials. The catalytic activity exhibited by
different combinations of active metal and support is irregular;
therefore, it cannot be assumed that a certain catalyst has high
catalytic activity, and the high catalytic activity is considered to be
caused by the active metal. According to our previous research and
current experiments [33,34], as an active substance, Ag has excel-
lent NH3 activity and higher NH3 conversion than Fe (Figs. 1a, b).
However, when using 8-SMAD to support Fe, even under 325 °C
reaction conditions, it shows 100% NH3 conversion and 99.54% N,
selectivity at GHSV of 50,000 h~—! (Figs. 1c, d) [2]. Thus, this re-
sult is only for the comparison of the active metal components on
nano-Al,03. For different supports, the SMSI and support are dif-
ferent, therefore, it is impossible to judge the activity of the cat-
alyst according to the activity of the metal and the experimental
data is shown in Figs. 1e-g [35].

Moreover, as the mass of active components loaded on the sup-
port increased, the NH3-SCO activity of the catalyst also increased
accordingly. However, this does not mean that the catalyst activ-
ity also increases indefinitely when the active components increase
indefinitely. When a large number of active metals are loaded, the
active metal aggregates on the surface of the support, which blocks
the pore channel of the catalyst and reduces the specific surface
area of the catalyst, leading to a decrease in the catalytic activ-
ity. Although cheap metals have a certain degree NH3-SCO activity,
their redox performance of cheap metals as active centers on sup-
ported catalysts is lower than that of noble metals [36,37]. Notably,
the temperature window of the iron-based catalyst T;qq is typically
higher (approximately 400 °C or higher) [38-41]. In addition, Cu-
based catalyst research has also been widely studied, with a Tjgg
of approximately 300 °C [33,40,42-45].

3.1.2. Noble metals

Noble metals have stronger redox properties than inexpensive
metals, and catalysts loaded with noble metals often have bet-
ter catalytic activity. Pt, Ru, Pd, Rh, Au and Ag are the commonly
used noble metals in NH3-SCO. Noble metal, as the active center
of the catalyst, can show high NH3 oxidation activity even at low-
temperatures. However, because of its strong oxidizing properties,
it can easily cause excessive oxidation of NHs, thereby generating
by-products, such as NOy and N,O [46-49]. Shin et al. loaded Ru or
Pt onto TiO, (Figs. 1h and i), and the results showed that Ru/TiO,
can reach 90% at 250 °C, and the conversion rate of NH3; was 30%
higher than that of Pt/TiO, at this temperature. In addition, the N,
selectivity of Pt/TiO, was only 40% below 60% of Ru/TiO, [50].

Existing studies have found that, on supported catalysts with
precious metals as the active center, the selectivity for N, de-
creases with an increase in temperature, although the conversion
rate of NH3 will always increase with an increase in temperature
(all catalysts of noble metals can achieve a 100% conversion rate
at 350 °C). The N, selectivity began to decrease gradually at reac-
tion temperatures above 200 °C, and the N, selectivity can reach
100% at temperatures below 200 °C. The yield of N,O first in-
creases and then decreases with an increase in temperature, and
the temperature is different when the yield reaches its peak value
on different catalysts. In addition, NOy production increases with
increasing temperature [46,51,52]. Notably, most of the noble metal
catalysts currently used in the field of NH3-SCO use noble metal
nanoparticles as active centers (Fig. 2), which means that the load-
ing of noble metals is frequently high (about 1 wt%). In other fields,
the precious metal loading of most catalysts is only 0.2 wt% or
lower [53-56]. Although noble metal catalysts exhibit good per-
formance, there is no strategic significance to develop high-loaded
noble metal nanoparticle catalysts when low-loaded single-atom
catalysts are prevalent today.
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Fig. 1. Schematic structure and NH3-SCO activity of a series of supported catalysts. (a, b) Agnps supported on Al,O3; and active test. (Reaction conditions: NH3 =500 ppm,
0, =10 vol%, GHSV =28,000 h-'). Copied with permission [34]. Copyright 2019, American Chemical Society. (c, d) Loading Feyps over beta zeolite and corresponding NH;-
SCO activity, concentration profiles of NH; (black markers), N, (blue markers), and N,O (red markers) (Reaction conditions: NH; =650 ppm, O, =5 vol%, GHSV =50,000
h-1). Copied with permission [2]. Copyright 2019, American Chemical Society. (e-g) TEM image, schematic structure and corresponding catalyst performance of 5 nm Agyps
supported on MnO, (Reaction conditions: NH3 =50 ppm, O, =20 vol%, GHSV=40,000 h~'). Copied with permission [35]. Copyright 2021, American Chemical Society. (h, i)
RuO supported on TiO, and active test (Reaction conditions: NHz =500 ppm, O, = 10 vol%, GHSV=6,000 h~'). Copied with permission [50]. Copyright 2020, Elsevier.
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Fig. 2. TEM images of a series of supported noble metal catalysts applied to NH;-SCO. (a) 1%Pt/CeZrO,, (b) 1%Pt/Al,03. Copied with permission [46]. Copyright 2019,
American Chemical Society. (c) 1.5%Pt/ZSM-5. Copied with permission [51]. Copyright 2017, Elsevier. (d) 1.5%Pt-WOs3/ZrO,. Copied with permission [55]. Copyright 2017,
Elsevier. (e, f) 1%Pd/Nb,0s and Pd particle size distribution. Copied with permission [56]. Copyright 2020, Elsevier.

3.1.3. Ag base catalyst

Many researchers have focused on Ag to improve the activity
and lessen the cost of catalysts. As an active metal, Ag can make
the catalyst price close to that of cheap metal catalysts. It also has
high catalytic activity, similar to that of noble metal catalysts. The
catalyst prepared by loading Ag on nano-Al,03 has high NH3 activ-
ity, and, combined with other studies, it was found that Ag as an
active component of NH3 catalysis has high low-temperature activ-
ity and N, selectivity [57,58].

Ag-based catalysts show good activity in the NH3-SCO reaction,
whether back-supported on SiO,, molecular sieves, Al,03, or other
supports. The Tjgo of the catalyst with Ag loading between 5 wt%
and 10 wt% was approximately 200 °C under the condition that
the space velocity was >35,000 h~! [59-62]. Ag species are unique
compared to other active metals. Multiple studies have shown that
the O activation energy required for the O vacancy energy of ac-
tive metal oxides is lower; however, the activity of Ag oxide it-
self is lower than that of Ag®. Therefore, Ag species do not rely on
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the O vacancies of oxides to lower the O activation energy barrier,
but rely on the O activation ability of Ag? itself to promote NH3-
SCO [34,63]. Wang et al. loaded Agnps of different particle sizes on
the MnO, surface. The results showed that Agyps with a size of
3 nm had the best activity in NH3-SCO, which could reach 100%
NHj3 conversion at 80 °C and with N, selectivity of 97% [35]. Nano-
Al,03 was loaded with 10% Ag to form Agyps With an average par-
ticle size of 3.7 nm, 100% NH3 conversion, and 70% N, selectivity
at 120 °C, but a GHSV of 120,000 h-1 [57].

This was demonstrated in a previous study where 10% Ag/Al,05
was reduced by H, at 400 °C, the Ag,0 species were converted to
Ag® with an average particle size of 5.4 nm, and the T;o was re-
duced from 160 °C to 120 °C [34]. In addition, because Ag atoms
are anchored to hydroxyl groups, the reduction treatment will ag-
glomerate Ag and release hydroxyl groups, which also participate
in the reaction and improve the catalyst performance [64].

3.1.4. Composite metal

All catalysts are affected by the forces of the molecules or
atoms, lead to the SMSI are different. These different interactions
directly lead to differences in the final activity of the catalyst.
Based on this result, scholars have begun to explore the use of two
or more active metals as active components of catalysts.

At present, composite metal catalysts typically use noble metals
and cheap metals as active components [65,66]. Researchers have
hypothesized that the addition of noble metals can increase the
low-temperature catalytic performance of the catalyst and that the
addition of cheap metals can improve the N, selectivity of the cat-
alyst.

In general, composite metal catalysts perform better than sin-
gle metal catalysts. Li et al. simultaneously loaded La, Fe, and Pt
onto Al,03 [67]. The results showed that the mutual doping of
noble and cheap metals is better than the catalyst supported by
a single metal or by two cheap metals. LaFe-Al,03 and LaFePd-
Al,03 are compared. LaFePd-Al,03; showed better acid sites and
NH3-SCO activity. This may be because LaFePd-Al,05 exhibits an
N=N bond length that is lower than the N=N bond length on LaFe
during the reaction process when intermediate products containing
N=N bonds are formed on both catalysts. From this calculation, it
was found that LaFePd-Al,05; showed better NH; affinity. In addi-
tion, owing to the addition of Pd, the surface oxygen mobility on
the catalyst is reduced, so that the adjacent Fe is rich in more O
atoms, and the O density around Fe atoms increases, which makes
it easier to generate diazonium (N=N). This also means that the
OH bond of -ON;H, of intermediate products is easier to break,
thereby increasing the selectivity of N,. However, there is no Pd on
LaFe-Al,03, which leads to -ON,H, being mainly dehydrogenated,
and thus N, selectivity is low. According to the experimental re-
sults, the research found that the addition of Pd had a certain de-
gree of interaction with the FeO perovskite. Pd and Fe oxides may
coexist in the form of Fe-O-Pd. Owing to the influence of Pd-O, the
bond energy of Fe-0 is correspondingly weakened. Therefore, there
is more energy to absorb the transferred oxygen, which makes the
Fe-O bond energy of Fe-ON,H, stronger. This leads to the weak-
ening of the energy of O-N, so that the N=N energy is strength-
ened and difficult to break, making the reaction of -ON,H, gener-
ate intermediate products of N,H,. The formation of N, helps to
improve the N, selectivity.

Qu et al. loaded Ag, Ce, and Cu on a wire-mesh honeycomb
(WMH), and these three metals were combined to form bimetal-
lic composite metal catalysts [68]. Research findings indicate that
Ag-WMH has a higher NH3-SCO activity than that of Ag/Cu-WMH,
however, Ag/Cu-WMH has higher N, selectivity. Moreover, com-
pared with Cui-WMH and Cu/Ce-WMH, Ce doping reduces the oxy-
gen bond strength of Cu, leading to a decrease in N, selectivity.
Yu et al. found that the addition of Pr to the catalyst enriched the
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catalyst with more oxygen vacancies [69]. When the reaction gas
contains SO,, Pr can inhibit the formation of ammonium sulfate
on the catalyst surface, thereby protecting the active metal sites.

The SMSI is related to the manner in which the active material
is loaded on the surface of the support [70]. Take Ag supported
on the surface of Al,03; as an example, Ag loaded on the surface
of the Al,03, anchored at the O of hydroxyl hydrogen on the sur-
face of the support rather than the O vacancy. Among the terminal
hydroxyls, doubly bridging hydroxyls, and triply bridging hydroxyls
on the surface of the support, the Ag first selects the terminal hy-
droxyl groups for anchoring. When the Ag load is small, each active
metal atom is anchored to the hydroxyl oxygen to form Ag-(OH)-
Al [52]. When more Ag atoms are loaded and the terminal hydrox-
yls on the surface of the support are insufficient to anchored Ag,
that are not anchored to the terminal hydroxyls accumulate on the
surface of the support in the form of metal state or clusters, thus
greatly reducing the dispersibility of active metals.

Therefore, the terminal hydroxyls on the surface of the support
determine the dispersibility of the active metal on the surface of
the support and the SMSI, which leads to the difference in cat-
alytic performance caused by different supports loaded with dif-
ferent metals. In addition, the terminal hydroxyl, doubly bridging
hydroxyls and triply bridging hydroxyls on the surface of the sup-
port also have a certain adsorption capacity for NH3, so that more
NH; can participate in the oxidation reaction on the surface of the
support.

At present, the hydroxyl abundance of common supports is ar-
ranged in the following order: Al,0; > ZrO, > TiO, > zeolites
[46,71-73]. Notably, zeolite is not a single metal oxide; therefore,
its interaction with active metals is also more complicated, and the
performance of the catalyst can be adjusted by changing the ratio
of Si to Al in the zeolite [71].

3.2. Core-shell catalyst

The core-shell catalyst is a special catalyst that can be used to
produce catalysts with different gas resistances according to spe-
cific reaction conditions and synthesis methods, and is mainly used
for SO, to cause active metal poisoning in NH3-SCO or NH3-SCR
[74-77]. The core-shell structure can also prevent the active site
from sintering during high-temperature operation and improve the
catalytic performance through the synergy produced mainly at the
material interface [78,79]. Core-shell catalysts typically use a very
stable metal oxide as the shell structure and an active metal as the
core.

Wang et al. encapsulated Agnps with a hollow zeolite, and
the hollow structure of the ZSM-5 zeolite prevented the sinter-
ing or leaching of silver particles during NH3 oxidation. [59]. Zeo-
lite membranes can provide good separation performance for SO,.
Therefore, SO, did not diffuse into the hollow structure to poi-
son the Agnps and induced excellent SO,/H,0 resistance without
any decrease in activity at 150 °C containing 8 vol% H,0 and 100
ppm SO, (Figs. 3a-d). Ghosh et al. wrapped Pt/Al,03 with CuZSM-
5. Compared with single Pt/ Al,03, the Tqgg of the core-shell cat-
alyst decreased by approximately 100 °C [80]. The core-shell cata-
lyst showed enhanced low-temperature activity at the expense of
lower Pt loading, while NOx production rate was <10%. The pres-
ence of a Cu-ZSM-5 shell around the Pt/Al,05 core had a positive
effect on the Pt-support interaction in the core, resulting in the
inhibition and instability of the Pt oxide and ultimately enhanc-
ing the intrinsic activity of the shell catalysts (Figs. 3e-i). Zhang et
al. used CeO, to wrap CuO, and NH3 and O, molecules entered
the interface through porous channels and participated in NHs-
SCO under the synergistic effects of CuO and CeO, (Fig. 3j) [81].
This core-shell structure takes the Cu-O-Ce structure as the active
center, which can promote the synergistic effect between the CuO
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Pt/Al,03@Cu/ZSM-5, (h) Pt/Al,03@Cu/ZSM-5 active test, (i) Pt/Al,03 active test (Reaction conditions: NHsz =500 ppm, O, =5 vol%, GHSV=280,000 h-'). Copied with per-
mission [80]. Copyright 2020, Elsevier. (j) Catalyst model of CuO@CeO, core-shell and reaction path of NH3-SCO.

and CeO, components and enhance their catalytic performance in
NH3-SCO. In addition, this core-shell structure is beneficial to the
adsorption and activation of NH3 and to the fixation of NO formed
by the i-SCR mechanism, thereby improving the N, selectivity of
the CuO@CeO, catalyst [81]. Using SiO, as the shell of the core-
shell catalyst can increase the number of Brgnsted acid sites in
the catalyst without consuming Lewis acid sites [82]. In addition
to the SiO, shell, zeolites can also be used to encapsulate active
metals and exhibit good sulfur and water resistance. When com-
paring the zeolite shell with other shells, ZSM-5 can absorb a large
amount of SO,, and its unique pore structure is conducive to NH3
reaction by contact with the active metal [83]. Yang et al. found
that using MnOy as the core in the CeOx@X catalyst can increase
the pore volume and average pore size of the catalyst, which is
beneficial for the adsorption of NH3 [84]. The core-shell structure
also has relatively abundant acidic sites [83,85]. This improves the
adsorption of NH3 and enhances the NH3-SCO activity of the cat-
alyst at low and high-temperatures. Ghosh et al. found that there
is a certain degree of interaction between the core and shell [86].
These interactions are beneficial for NH3-SCO and inhibit and de-
stroy the formation of active metal oxides, thereby increasing the

activity of the core-shell catalyst. The uniform distribution of the
core and shell and the close interaction between them can also
generate a large number of Lewis acid sites and enhance the ac-
tivity of the catalyst [80]. The core-shell of different components
will have different interactions, which leads to core-shell catalysts
by matching different active cores and highly resistant shell cores;
therefore, this catalyst can also be used to improve the activity and
N, selectivity of the reaction by using different composite materi-
als of the core and shell [87,88].

However, the thickness of the shell affects the mass transfer of
NH3 to the core, and therefore, also affects the activity of NH3-SCO
[89].

4. NH3-SCO influencing factor

The performance of NH3-SCO catalysts is influenced by a num-
ber of factors. The active center content determines the catalyst
performance, while O,, H,O, and SO, during the reaction pro-
cess all affect the catalyst activity and selectivity to some extent.
Among them, H,O will severely reduce the catalyst activity, while
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SO, will relatively improve the N, selectivity while reducing the
catalyst activity.

It is well known that the excess of the active metal being
loaded will lead to the loss of the overall specific surface area of
the catalyst due to the blockage of the pores, so it is not that the
more they can be loaded, the better. In addition, the difference of
active metal loading may cause the change of active central va-
lence state and particle size (see Supporting information part 1.1).
Under practical conditions, H,O and O, compete with NH5 for ad-
sorption at the active center site. Both O, and NH3 need to be ac-
tivated as major reaction participants, so the concentration or par-
tial pressure of NH3/0, affects the conversion of NH3 and N, se-
lectively at a limited number of active center sites (see Supporting
information part 1.2). However, H,0 only hinders the active central
site adsorption to NH3 causing the conversion rate of NH3 reduce
(see Supporting information part 1.3). SO, is also one of the fac-
tors affecting conversion of NHs. Usually, the active metal site that
is vulcanized after high temperature reaction will lose some ac-
tivity. However, sulfate will participate in NH5-SCO as a reactant
and limit the decomposition of intermediate product -HNO, thus
improving the selectivity of N, of the catalyst (see Supporting in-
formation part 1.4).

5. Reaction mechanism
5.1. Research methods of reaction mechanism

Exploring the reaction mechanism of NH5-SCO on different cat-
alysts is a necessary way to reveal the structure-activity relation-
ship of catalysts and guide catalyst design and optimization. A vari-
ety of methods have been developed to explore the NH3-SCO reac-
tion mechanism, such as in situ DRIFTS, Raman, TPD and DFT (den-
sity functional theory) calculations [56,90].

In situ DRIFTS is widely used in the mechanism research of
various redox reactions. It can observe the intermediate products
produced on the surface of the catalyst, which can help the re-
search institute to judge the reaction path (see Supporting infor-
mation part 2.11). While DRIFTS has a sensitive response time to
changes in catalyst surface reactions, it can not resolve nonpolar
molecules. Raman can make up for these shortcomings and fur-
ther analyze the reaction mechanism (see Supporting information
part 2.12). In addition, the characterization experiment also needs
theoretical verification, so the accuracy of the experiment can be
improved through DFT, and the method of exploring the reaction
mechanism through the combination of experiment and DFT has
been widely accepted by many scholars (see Supporting informa-
tion part 2.13). It is worth mentioning that the research method
of the reaction mechanism is not unique, because the surface acid
sites and redox properties of the catalyst may affect the reaction
path of NH3, through reference product analysis and various char-
acterization data such as NH3-TPD, H,-TPR, XPS or TEM, are more
conducive to the study of NH3-SCO reaction mechanism (see Sup-
porting information part 2.14).

5.2. Summary of common NH3-SCO mechanisms

NH;3-SCO reaction mechanisms on different catalysts have been
widely investigated. The general reaction equation is shown in Eq.
1.

2NH; + 1.50, = N, + 3H,0 (1)

Many researchers have put forth different views regarding the
specific reaction pathways. To date, four major reaction pathways
referred to as the imide (-NH) mechanism [62], i-SCR mecha-
nism (internal selective catalytic reduction mechanism) [91], -N4Hy4
mechanism (hydrazine mechanism) [62] and N, mechanism [51],
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with HNO, N,Hy, N, ~ and SCR-related species as specific interme-
diates, respectively, have been proposed (For a detailed reaction
mechanism, please refer to Supporting information part 2.2).

6. Catalyst structure-activity relationship
6.1. Valence state of active metal

In NH3-SCO catalysts, studies have shown that active metals are
the key factors affecting the catalyst activity. The loading of differ-
ent metals directly affects the final activity and reaction mecha-
nism of the catalyst. The state of the loaded active metal deter-
mines the catalytic activity of the catalyst. It is generally believed
that the active metal supported on the support can be divided into
three states: aggregated metal oxides, metal element aggregates,
and non-aggregated metal oxides formed by combining a single
metal atom with oxygen (monoatomic) [34,64,91,92].

We prepared a catalyst that uses nano-Al,03 as the support,
loaded with 10 wt% of each metal element, and used H, to re-
duce the active metal oxide on the support to attempt to make
the active metal component exist as elemental. Among the active
metals loaded on the support, the catalyst after H, reduction had
higher NH3-SCO activity than before reduction (Fig. 4a). The results
showed that the NH3-SCO activity of the M/nano-Al,03 catalysts
increased significantly after reduction. Therefore, we believe that
the activity of the metal element is better than that of the metal
oxide in the NH3-SCO process. This finding was confirmed in our
previous study [34]. Notably, the catalytic activity of metal oxides
does not correspond to the simple substance of the active metal.
Before the catalyst is reduced, it can be seen that the catalyst ac-
tivity is arranged in the following order: Ag/Al,03 > Cu/Al,03 >
Co/Al,03 > Fe[Al,03 > Ni/Al,03. Because of the large amount of
active metal loaded on the support, it can be considered that each
active metal aggregates into nanoparticles. The surfaces of these
metal nanoparticles are easily oxidized and play a major role in
NH3-SCO reactions [63,64,92]. After reduction, the activity of the
catalyst increased significantly, and, after H, reduction, some of
the catalysts that were inactive or had low activity before reduc-
tion exceeded the activity of the catalysts with medium activity
before reduction.

Among the agglomerated metal oxides, CuxOy and CexOy ex-
hibited excellent redox activity. In all catalysts loaded with Cu,
Cu elements were present in the support in the form of Cu™ and
Cu?*, and these catalysts were in a reducing atmosphere (NH3),
and some of the Cu?* was easily reduced to Cut [93,94]. Cut was
oxidized to Cu®* in an oxidizing atmosphere (NO and O,). Next,
the transition from Cut to Cu2* caused the loss of lattice oxygen
during the secondary reduction process, which greatly increased
the oxygen vacancies on CuxOy. When oxygen vacancies adsorb O,
in the reaction gas, it leads to the production of Cu?* superox-
ide species; the mechanism of formation of Cu superoxide species
is shown in Fig. 4b [95]. The continuous production of superox-
ide species causes the adsorption and desorption of O,, leading to
0, switching between adsorbed oxygen and lattice oxygen. Thus,
CuxOy has a high oxygen-storage capacity. This led to a transition
metal Cu oxide with higher NH3-SCO activity. In addition, CuO su-
per oxygen species have a stronger NHs adsorption capacity than
the lattice oxygen or surface oxygen of CuO, making it the active
center of NH3-SCO at low-temperatures [44].

The mechanism of action of the CexOy species is similar to that
of CuxOy. Both Ce3+ and Ce** redox reactions also lead to strong
0, exchange and the adsorption capacity of CexOy species. It can
also generate CeO, superoxide species during the oxidation of Ce3*
to Ce*t to improve the NH; oxidation activity [96-98]. However,
Ce is rarely used as a single active metal to be loaded on other
supports because CeO, has a lower redox capacity and NH3 ad-
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sorption capacity [98,99]. Therefore, the degree to which Ce3+ and
Ce*+ can be converted to one another during catalyst synthesis
is very important. This also results in ratios of Ce3* to Cet in
the catalyst, which affects the catalyst activity [100-102]. In ad-
dition, the CexOy species itself does not have strong acid sites to
adsorb NHs3, which also leads to unsatisfactory catalytic activity of
the pure CexOy species on NHjs; therefore, CexOy cannot be the
active component of the NH3-SCO catalyst [52,103]. However, the
strong O adsorption capacity of CexOy itself to load or combine
with other metal oxides to become a highly active NH3-SCO cata-
lyst [46,81,104,105].

6.2. Oxygen species

Although catalyst activity is typically related to the valence
state of the active metal, it ultimately depends on the O activa-
tion ability of the active metal or support. There are two types of
oxygen species in all catalysts: surface adsorbed oxygen and lat-
tice oxygen. The surface oxygen includes O,, H,0, OH and other
structures adsorbed on the catalyst, whereas the lattice oxygen is
embedded in the catalyst as part of the catalyst skeleton. The ra-
tio and quantity of lattice oxygen and surface-adsorbed oxygen are
factors that affect the final activity of the catalyst [106]. Surface
oxygen tends to have higher mobility than lattice oxygen does, and
therefore, theoretically, higher NH3 oxidation activity [55,107-109].

The OH group on the catalyst acts as an important source of
acidic sites for NH3 adsorption. OH provides protons to NH3 and
forms an O-NH4 (Brensted acid) structure. However, the OH struc-
ture, as a weak acid site, does not exhibit a particularly strong NH;
adsorption capacity. It was desorb NH3 from the Ag/TiO, catalyst at
140 °C [73]. However, the strength of these weaker acid sites can
be changed by changing the loaded active metal [110]. After load-
ing Ru species onto TiO,, it was found that the NH3 linked to OH
was very stable, and NH3 could be desorbed at 200 °C. The NH;
adsorbed by this O species is completely converted into N, and

the reaction process follows the hydrazine mechanism (Eqs. S20-
S22 in Supporting information) [67]. Although the stability of OH-
linked NH3 is weak, when the temperature is too high, it is easy
to destroy O-NH,4 (Brensted acid site decomposition); however, the
hydroxyl group can still dominate the low-temperature NH3-SCO
and improve the N, selectivity [37,81,104,110-113]. This is of great
significance in the study of low-temperature NH3-SCO catalysts.
Lattice oxygen as a catalyst framework has a strong ability to
link with active metals or supports, and often requires a partic-
ularly high-temperature to be reduced and formation O vacan-
cies [111,114-117]. Therefore, the surface oxygen and lattice oxy-
gen cannot be effectively converted at low-temperature, result-
ing in the catalyst lacking the activation ability of oxygen species
[109,118]. Notably, on Ce and Cu oxides, owing to the presence of a
certain amount of oxygen vacancies, gaseous O is easily adsorbed
to the oxygen vacancies, and is then converted between adsorbed
oxygen and lattice oxygen. This results in the release of lattice oxy-
gen and participates in the oxidation of NH3 [65,119]. In this pro-
cess, when the lattice oxygen is released, the surface oxygen re-
ceives the electrons provided by the metal to completely form the
metal oxide, and the original oxygen-absorbing site is vacated to
form oxygen vacancies [120,121]. In addition, under steam treat-
ment conditions, H,O molecules can fill the oxygen vacancies on
the atomically dispersed Pt/CeO, surface, generating two adjacent
active O lattices near Pt and leading to the formation of Lewis acid-
base pairs, thereby promoting O, activation (Fig. 4c) [122].
Oxygen vacancies strongly adsorb and activate gaseous oxygen,
which significantly increases the binding capacity of the catalyst
and gaseous oxygen [123]. However, it also leads to the easy for-
mation of superoxide species (O,~) on Cu and Ce oxides [97].
Because of the gaseous oxygen adsorbed by the oxygen vacan-
cies being activated, O can obtain protons, which in turn increases
the number of Brensted acid sites on the catalyst [123-126]. No-
tably, the formation of oxygen vacancies is very attractive to O-
containing species. Even the by-products formed during the oxi-
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dation of NHj3 (such as NO) can be supplemented to the oxygen
vacancies to break the N=0 bond, release N and increase the N,
selectivity of the catalyst [127].

The mutual migration and transformation of the surface oxygen
and lattice oxygen play important roles in the catalytic reaction.
The formation of superoxide greatly improves the overall activity of
the catalyst [122]. However, not all metal oxides can convert their
O species between lattice and surface oxygen.

6.3. Particle size

6.3.1. Metal clusters and nanoparticles

Generally, the size of the active metal particles also affects the
basic performance of the catalyst. When noble metals such as Au,
Pt, and Pd are used as active metals, their catalytic activity is cor-
related with particle size [128]. For the active metal that exists in
the state of nanoparticles on the support, the movement and en-
ergy states of the extranuclear electron will change with the size
of the metal particles. For example, when the size of metal par-
ticles decreases, some metal electronic states transition from the
metal state to the molecular state. The size of metal nanoparticles
determines their crystallographic shape and structure, and the sur-
faces of metal nanoparticles with different structures can provide
different binding structures and strengths, which in turn determine
their catalytic activity and selectivity [129].

This is because different crystal surfaces cause differences in
atomic structure and electronic state. These differences further
lead to different abilities of metal atoms to decompose and ad-
sorb NH3 [130-133]. Among the Pt nanocrystals, Pt (100) had a
higher redox activity than that of Pt (111). When the size of the
catalyst nanoparticles is reduced to a certain extent, usually a few
nanometers or even sub-nanometers, the electronic state and co-
ordination environment of the surface atoms may change dramati-
cally, which will cause the effect of atoms at the corners and edges
of the nanoparticles to become dominant [134,135]. An example of

T

o o
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the difference in catalyst activity caused by atomic effects is that
Pt (557) with a coordination number of 7 has catalytic activity for
CO, whereas Pt (557) with a coordination number of 9 has no CO
catalytic activity at room temperature [136].

When the size of metal nanoparticles is 1-2 nm, the energy
band structure can be expressed as a molecule rather than a metal
state, which means that, compared with larger metal particles, the
two exhibit completely different catalytic performances [137]. This
implies that the electron energy levels associated with metal parti-
cles of different sizes are different. The smaller the size, the greater
the electron density of the metal particles, the narrower the d or-
bital, and the closer it is to the Fermi level [138-142]. The closer
the electronic energy level is to the Fermi energy level, the higher
the energy of the metal atom. In this state, the metal atom usu-
ally forms an antibond state, which leads to a stronger interaction
between the metal atom and its adsorbate [143-146].

In general, the adsorption energy of active metals is also at-
tributed to the coordination environment of the metal atoms;
therefore, it is also believed that the adsorption energy is related to
the size of the metal particles. However, this does not mean that
the adsorption energy and catalytic activity are higher when the
metal particle size is smaller [147]. The activation energy for the
chemical adsorption of Pt nanoparticles decreases with decreasing
size. In addition, small particles and low-coordination metals are
easily bound to certain species so that they are not easily sep-
arated from the metal, causing active metal sites to be covered
and poisoning of the catalyst [129,148]. At present, cluster catalysts
or sub-nanoparticle catalysts have become popular research top-
ics, however, in the field of NH3-SCO, there are few related studies
on highly dispersed metal clusters [60]. Larger metal nanoparti-
cles have a higher affinity for the NH3-SCO reaction [35,149,150].
Compared to other macromolecular organics, the NH3-SCO reac-
tion path is relatively simple, and its reaction mainly depends on
the activation of NH3 and O,. Notably, cluster catalysts are con-
structed to strengthen or regulate the interaction between reac-
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Fig. 6. Schematic diagram of high-efficiency NH3-SCO catalyst.

tants and metals and further enhance the selectivity of a prod-
uct by adjusting the coordination environment of the metal atoms
[151-153]. This process is likely to reduce the activation ability
of the metal species to O,, therefore, metal nanoparticles with
a strong redox ability tend to have better NH3-SCO performance
[35,61,117,154,155].

6.3.2. Single-atom catalysts

Single-atom catalysts have always been a hot topic in catalyst
research. This catalyst disperses the active metal to the extreme so
that every atom participates in the catalytic reaction, thus improv-
ing catalyst activity. Wang et al. synthesized the Ir;/TiO, (rutile)
catalyst and found that Ir SIMS isolated on the surface of TiO, (ru-
tile) is stronger than that of TiO, (anatase) and TiO, (P25), which
results in easier activation of O, at low-temperatures, thus improv-
ing the intrinsic activity of the catalyst [26]. The Tqgg of Irq/Ti is
at 200 °C and has good water resistance. Currently, research on
monatomic catalysts in the field of NH3-SCO is limited. It is diffi-
cult to adjust the SMSI perfectly so that O, and NH3 can be ac-
tivated efficiently and simultaneously, which makes it difficult to
develop monatomic catalysts that can be used in NH3-SCO.

Clusters or nanoparticles formed from single atoms have excel-
lent dispersibility, which can make full use of each active metal
atom. The structures of single atoms, clusters, and nanoparticles
are shown in Fig. 5. Individual metal elements are usually an-
chored to metal vacancies, oxygen vacancies, and hydroxyl groups
[64,156-158]. Different metals and different supports will form a
variety of SMSI, which makes the migration of metal atoms and
metal dispersion flexible. According to different conditions, it can

0®® no,

Side view

AGALD; st g Ag/ALO; H,

Fig. 7. Diagram showing the possible NH3—SCO reaction process over Ag/Al,03; and Ag/ Al,03—H, (after Ag/Al,03 is reduced by H,). Insets are side view and top view of
Ag/ Al,03and Al,03. Copied with permission [34]. Copyright 2019, American Chemical Society.
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make metal atoms agglomerate into fixed-size nanoparticles or
atomic clusters [159,160]. This provides a new NH3-SCO research
idea using fewer active metals to make the catalyst more active.
Even so, research on monatomic catalysts remains promising in the
field of NH3-SCO. The coordination environment formed by a single
atom is more single, which means that SMSI will be more single,
and the exposure of active sites will be greater. In the context of
efficient resource utilization, single-atomic catalysts still have great
research value. But whether it is designing single-atom, cluster or
nanoparticle particle catalysts, the purpose is to improve catalyst
performance, N, selective and reduce costs (Fig. 6).

6.4. Acid sites

At present, most researchers have studied the acidic sites on
the catalyst surface and the presence of active metals. Most studies
have proved the different reaction mechanisms between the Lewis
and the Brgnsted acid sites, and pointed out that the Brensted acid
site pair N selectivity is high. Lewis acid sites have high NH3 ox-
idation activity and low N, selectivity [2,46,52,67,161]. Almost all
catalysts showed that the richness of Lewis acid sites was consid-
erably greater than that of Brgnsted acid sites. In essence, it is dif-
ficult to increase the number of Brensted or Lewis acid sites. Lewis
acid sites are usually borne by metal atoms that provide electron
pairs. Brgnsted acid sites are usually formed by protons provided
by hydroxyl groups on the catalyst. The anchoring of the active
metal itself is achieved by substituting the hydroxyl hydrogen, so
that the more active metal (Lewis acid site) is loaded, the more
the hydroxyl group (Brensted acid site) that can adsorb NH;3 de-
creases. In contrast, when the number of hydroxyl groups is in-
creased, the effective loading of active metals decreases [64]. How-
ever, it is easy to strengthen the acid sites on supports loaded with
active metals. In our previous study, after using H, to reduce the
Ag-Al,05 catalyst, the acid sites before and after reduction were
significantly different [34]. Ag is anchored to Al,03 via the substi-
tuted hydrogen of the terminal hydroxyl group on Al,03 with an
Ag-0 bond, therefore, it occupies the Brgnsted acid site on Al,0s,
and Ag* in the Ag-O bond acts as a new Lewis acid site to adsorb
NH;. H, reduction breaks the Ag-O bond and restores Bronsted
acid sites. Ag aggregates with small particles re-expose Lewis acid
sites on the covered support. Therefore, for the same support, the
larger the specific surface area of the support, the more abundant
the acidic sites and other sites are. A schematic of the acid site
changes on the Ag/Al,03 catalyst before and after H, reduction is
shown in Fig. 7.
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Table 1
Performance comparison of various catalysts.
Type Order  Type of active center Catalyst code Ts0/T100 (°C) N, selectivity (%) Reaction condition Ref.
Supported catalyst 1 Precious metals 10%Ag/Al,03-H; 100/130 90/80 GHSV =28,000 h~!
500 ppm NHj3 [34]
2 10%Ag/nano Al,03 80/140 60/70 GHSV =136,000 h-!
500 ppm NHj3 [57]
3 10%Ag/micro Al,03 140/180 95/93 GHSV =136,000 h~!
500 ppm NH3 [57]
4 1%Pt/ Al,03 231/300 45/30 GHSV =100,000 h-!
200 ppm NH3; [46]
5 1%Pt/CeZrO, 275/- 62/- GHSV =100,000 h~!
200 ppm NH;3 [46]
6 8%Ag/SiTi 110/130 100/60 GHSV =29,000 h!
500 ppm NHj3 [73]
7 8%Ag|TiO; 160/200 100/95 GHSV =29,000 h-!
500 ppm NHj3 [73]
8 10%Ag|ZSM-5 90/125 77/85 GHSV =35,000 h~!
1000 ppm NHj [59]
9 10%Ag/ZSM-OH (hollow zeolite) 125/150 85/88 GHSV =35,000 h-!
1000 ppm NHj3 [59]
10 Cheap metal 9.4%Cu-TH-6%-N-400 200/300 80/98 GHSV =100,000 h~!
500 ppm NH3 [44]
11 6%Cu@SAPO 375/- 85/- GHSV =100,000 h~!
500 ppm NHj3 [44]
12 12%Mo0;/SiO; 500/350 80/95 WHSV =56,250 h~!
960 ppm NHj3 [36]
13 10%CuOx/H-SSZ-13 -250 -/100 WHSV = 300,000 h!
400 ppm NH3 [72]
14 10%CuOx/H-SAPO-34 250/350 100/100 WHSV =300,000 h-!
400 ppm NH3 [72]
15 2.2%Fe/[beta 375/400 40/100 GHSV =50,000 h-! [2]
650 ppm NHj3
16 1.7%Fe[ZSM-5 400/450 40/100 GHSV =50,000 h~! [2]
650 ppm NH3
17 8.37%Cu0/Cu-SSZ-13-0-H 175/250 95/98 GHSV =160,000 h-!
500 ppm NHj3 [37]
Core-shell catalyst 18 CuO@Ce0,-8 220//240 95%/90% GHSV =45,000 h~!
(Ce/Cu=36.6) 1000 ppm NHj [81]
19 10%Cu/ZSM-5@0.05%Pt/Al, 03 250/300 50/95 GHSV =280,000 h~!
500 ppm NHj3 [80]
Composite metal 20 Precious metals 5%Ag-5%Cu/ Al,03 210/260 79/75 WHSV = 24,000 h!
catalyst 0.5 vol% NHs3 [65]
Other metal oxide 21 Cheap metal CuO-Fe,03 (Cu/Fe=1) 210/225 98/95 GHSV =60,000 h~!
catalysts 800 ppm NHj3 [33]
22 10%Cu-ATP 225440 92/83 GHSV =15,000 h-!
50 ppm NHj [45]
23 Precious metals 2.8wt%Au/Nb,0s-DO 110/210 100/80 GHSV =40,000 h-! [2]
50 ppm NH3
24 1.5%Pt/5%WO03/Zr0, 249/283 80/60 GHSV =100,000 h-!
180 ppm NHj3 [55]
25 1.1%Au/Nb, 05 125/250 100/90 GHSV =30,000 h-!
50 ppmNH3 [52]
26 3%Ru-Cu/C 125/180 95/90 GHSV =55,000 h~!
50 ppmNH; [66]

In addition, in the current research results, there is a certain
amount of water in the application environment of most NH3-SCO
catalysts; however, H,O significantly reduces the performance of
the catalyst. Therefore, the impact of H,O on the catalyst is re-
duced by the core-shell structure encapsulating the active materi-
als [59,81]. Enhancing the acid sites of the catalyst can also reduce
the impact of H,O on the performance of the catalyst to a certain
extent [162].

7. Conclusion and perspectives

Ammonia (NH3) has been confirmed to play a crucial role in
the formation of haze pollution, and gaseous NH3; can damage the
human respiratory tract. Selective catalytic oxidation of NH3 (NH3-
SCO) to N, and H,0 is the most promising purification method. At
present, many catalysts with precious metals (such as Pt, Pd, Ru,
Ir and Ag) and cheap metals (including Cu, Fe, Mn and Mo, etc.)
as active centers have been developed. Generally, the NH3 catalyst
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activity and N, selectivity in the NH3-SCO reaction show a “see-
saw” relationship. Among them, noble metal catalysts have good
low-temperature activity, but relatively poor N, selectivity; while
cheap metals usually show high N, selectivity, but the tempera-
ture window is relatively high.

By summarizing the physicochemical properties, catalytic per-
formance and reaction mechanism of various NH5-SCO catalysts,
we intend to reveal the structure-activity relationship of the cata-
lysts. First of all, the type, valence and dispersion of the active cen-
ter will affect the ability of the catalyst to activate oxygen, which
is the direct cause of affecting the performance of NH3-SCO. Sec-
ondly, the anchoring effect of hydroxyl groups on non-reducible
supports (Al,03, SiO;) and the SMSI effect on reducible supports
(TiO,, Ce0,) affect the anchoring state and dispersibility of active
metals and then affect their valence and particle size. These fac-
tors ultimately determine the ability of catalyst to activate the re-
actants, which leads to the NH3-SCO reaction proceeding in differ-
ent pathways (i-SCR, imide, N~ mechanism, etc.), thus exhibiting
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differences in activity and selectivity. It can be seen that this is
the fundamental reason that affects the catalytic performance. In
addition, some auxiliary factors can increase the catalyst activity.
For example, the abundant acid sites of the catalyst are beneficial
to the adsorption and activation of NHj; the increase of oxygen
content in reaction atmosphere can improve the oxidation perfor-
mance of NHg. It is also worth noting that in the actual production
process, the tail gas is usually accompanied by impurities such as
H,0 and SO,, which will affect the catalytic performance to a cer-
tain extent. For example, the competitive adsorption of H,O with
NH3 will inhibit the adsorption and activation of NH3, causing the
reaction performance. The SO, poisons the active metals through
the formation of sulfates, thus resulting in the deactivation of the
catalyst.

In summary, selecting the appropriate active components and
carriers according to the requirements of the reaction conditions,
and designing the existence state of the active centers through the
regulation of the anchor sites on the surface of the carrier, and
then further improving the catalytic performance through the reg-
ulation of the surface acid sites, is an efficient route to design high-
performance NH3-SCO catalysts. In addition, according to the type
and content of impurity gas, the catalyst should be further de-
signed to improve the toxicity resistance of the catalyst, and the
high performance catalyst in line with practical application should
be developed (Table 1).
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