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1. Introduction

Nitrogen oxides (NOx), originated from mobile and stationary sources,
are regarded as the major causes leading to global warming, ozone layer de-
pletion, photochemical smog, acid rain and � ne particles, thereby in� uenc-
ing the life and health of plants and animals (Lian et al., 2022). With the
growing desire for good air quality, the emission reduction of NO x have
been concerned many countries and areas. Chinese government issues the
standard (GB 13223-2011) to limit NO x emission concentration below
100 mg/m 3 for the new coal-� red power plants and below 50 mg/m 3 for
the gas turbine power plants. In addition, strict emission limits for non-
electric industries, such as cement, glass and ceramic, are also required.
Therefore, it is urgent to address NOx emission properly. Among numerous
treatment methods (H2-SCR, SNCR and NH3-SCR), selective catalytic reduc-
tion (NH 3-SCR) of NO using NH3 as one of the most effective technologies
to abate NOx has been universally used in exhaust aftertreatment system
(Liu et al., 2021a). Though commercial V2O5-WO3/TiO 2 has been widely
used to eliminate NOx to date, its further utilization in industrial production
was greatly obstructed by some disadvantages, such as narrow temperature
widow (300 –400 °C), toxicity of vanadium and easy deactivation (Hou
et al., 2021). In addition, the SCR equipment is installed in the downstream
of dedusting and desulfurization units, so the � ue gas temperature further
decreases below 300 °C. Therefore, many researchers are dedicated to in-
vestigating low-temperature and eco-friendly SCR catalysts.

Recently, Mn-based catalysts have attracted considerable interests due
to their excellent catalytic performance at low-temperature, low cost, abun-
dance in the earth and environmentally friendly character ( Choi et al., 2016;
Yao et al., 2019). Among them, Cr\\ Mn catalysts and their rami� cations,
such as CrMn1.5O4 (Chen et al., 2009), MnCr2O4 (Gao et al., 2020b),
CrMn2O4 (Gao et al., 2019), Ce-Mn-Cr layered double oxide (Yoon et al.,
2022) and MnxCo1-xCr2O4 spinel-type catalyst (Gao et al., 2020a), exhibits
outstanding low-temperature activity and wide temperature window, so
they have been regarded as potential candidates for V-based catalysts during
NH3-SCR reactions. However, some challenges still remain when Cr\\ Mn cat-
alysts and their derivatives are utilized in the post-treatment system of ex-
haust gases. Therein, alkali metals adsorbed on surface active sites of the
catalysts could bring about a dramatic decline in catalytic performance.
Hence, it is desired to investigate their poisoning mechanism by alkali metals.

In the practical industrial production, NaCl and KCl (alkali metals) in
the � ue gas, emitted from stationary sources (coal-� red and biomass-� red
power plants), are inevitably involved in NH 3-SCR reactions to shorten
the lifetime of SCR catalysts (Jiang et al., 2020a; Jiang et al., 2020b). Ac-
cording to previous experimental researches, the poisoning reasons of
SCR catalysts by Na and K were concluded as followed: (1) suppressing
NH3 adsorption/activation by interacting with active sites or competitive
adsorption, (2) forming inactive NO x species and (3) blocking pore chan-
nels and decreasing speci� c surface area and redox capacity (Fang et al.,
2019a; Li et al., 2020; Wang et al., 2017). Furthermore, the effect of Na
and K on the surface properties of SCR catalysts at atomic level was re-
vealed by theoretical calculations. It has been reported that Na and K
could adsorb on CeO2-WO3 catalyst (110) surface and promote surface ox-
ygen cover active W site, thereby inhibiting NH 3 adsorption (Peng et al.,
2012a). Some researchers revealed that K not only increased the adsorption
energy for NH3 on Lewis acid sites and for NH4

+ on Brønsted acid sites, but
also inhibited the formation of chemisorbed oxygens and oxygen vacancies
(Jiang et al., 2021b). The effect of K on the SCR performance of V2O5/TiO 2

was also investigated, and it was found that K atom decreased surface acid-
ity by accelerating electrons transfer from K to O atom, and K also led wider
band gap of V2O5/TiO 2 from 0.74 to 0.81 eV, thereby decreasing its reduc-
ibility ( Peng et al., 2012b).

To the best of our knowledge, most of theoretical researches focus on V-
based and Ce-based catalysts, but few on promising Mn-based catalysts. The
poisoning effect of Na and K, the poisoning effect of single Cl anion and the
synergistic effect of Na/K and Cl on SCR catalysts are hardly revealed. Fur-
thermore, the effect of NaCl and KCl on the rate-controlling step of L-H/E-R
mechanism reactions is unclear. In this work, promising CrMn1.5O4 catalyst

was impregnated by various NaCl or KCl contents and used for NH3-SCR of
NOx. Then the poisoning effect of NaCl and KCl on textural properties, crys-
tal structure, surface atomic distribution, redox ability, surface acidity and
reaction mechanism of Cr\\ Mn catalyst was investigated by comprehensive
characterizations. Moreover, DFT calculations were carried out to reveal N2

formation pathways and the poisoning effect of Na, K, Cl, NaCl and KCl on
surface species at atomic level. Eventually, based on reaction pathways, we
further illustrated the effect of NaCl and KCl on the rate-controlling reaction
steps. This study provides a comprehensive insight into alkali metal poison-
ing during NH 3-SCR reactions and a well strategy to synthesize SCR cata-
lysts with outstanding alkali metal resistance.

2. Experimental method

2.1. Catalyst preparation

CrMn1.5O4



NH3/He gas � ow at 50 °C for 0.5 h. Subsequently, the samples were purged
by He gases for 20 min. Finally, the samples were heated up to 800 °C at the
rate of 10 °C/min in He � ow. H2-TPR experiments were also operated on a
multifunction chemisorption analyzer (TP-5080) with TCD. The samples
(0.1 g) were pretreated at 300 °C for 2 h in a steam of Ar and He. Then
H2/(Ar and He) mixture was fed into the reactor and the temperature in-
creased from 100 to 800 °C at the rate of 10 °C/min. O2-TPD experiments
were conducted with a multifunction chemisorption analyzer (TP-5080)
with TCD. Firstly, the samples (0.1 g) were pretreated O2/He mixture at
280 °C for 1 h, and then cooled to 100 °C. Then the catalysts were exposed
to O2 for 30 min and followed by He. Finally, the temperature increased to
900 °C at the rate of 10 °C/min.

In situDRIFTS experiments were recorded on a Brucker VERTEX 70 FTIR
spectrometer and an MCT detector with a resolution of 4 cmŠ 1 and 64 scan
numbers. The samples were pretreated in N2 � ow at 400 °C for 1 h before col-
lecting background spectra. Related test conditions consisted of 100 mL/min
total gas � ow, 1000 ppm NH3, 1000 ppm NO, 3% O2 and N2 balance.

2.4. DFT calculations

CASTEP package (Materials Studio 2017R2 from Accelrys) was used to
operate all calculations (Lyu et al., 2020). Generalized gradient approxima-
tion (PBE) with Perdew-Burke-Ernzerhof (PBE) functional was employed to
calculate the exchange-correlation potential (Liu et al., 2021c). The ultra-
soft pseudopotential was used to� gure out the mutual effect of the ionic
core and the valence electrons. A plane-wave basis set with the spin polar-
ization and cutoff energy of 340 eV was applied to expand the electronic
wave functions. The (2 × 2 × 1) k-points were designed for the surface
Brillouin zone integration. The convergence values during the geometry op-
timization and energy calculations consisted of self-consistent� eld energy
(1 × 10 Š 5 Ha), atomic displacement (5 × 10 Š 3 Å) and energy gradient
(2 × 10 Š 3 Ha/Å).

The adsorption energy (Eads) for gaseous molecular and oxygen vacancy
formation energy (Eov) was de� ned as followed:

Eads ¼ Es � Epf þ Esm
� �

Eov ¼ Eovs þ Eoð Þ� Epf

where Es, Epf, Esm, Eovs and Eo were total energy of the system after adsorp-
tion, pure facet, small molecule, oxygen vacancy system and oxygen atom,
respectively.

Herein, NH3-SCR reaction steps involving N2 and H2O formation over
CM catalyst were searched by the LST/QST method (Ren et al., 2021).
NH3-SCR reactions contained intermediates (IM) and transition states
(TS). The reaction energy barrier (Ea) was de� ned as follow:

Ea ¼ ETS � EIM1

Erh ¼ EIM2 � EIM1

where EIM and ETSwere the total energy of transition states and intermedi-
ates, respectively. The smaller Ea was, the more likely the reaction hap-
pened. The negative Erh presented that this reaction was exothermic.

In the simulation, a (2 × 2) periodic CrMn 1.5O4 (111) slab model was
originated from CrMn 1.5O4 conventional cell (Fig. S1a). As shown in
Fig. S1b, (111) facet as common crystal facet presented threefold-
coordinated Cr atom (Cr3c), threefold-coordinated Mn atom (Mn 3c) and
threefold-coordinated O atom (O3c). The CrMn1.5O4 slab model consisted
of total 10 atomic layers, corresponding to 92 atoms. The related oxygen va-
cancy models were obtained by deleting an oxygen connected Cr with Mn
on (111) facet surface layer. During the calculation, the bottom half
atoms were immobilized, while the top half atoms and small molecules
were fully relaxed with the purpose of reducing the calculation time. A
18 Å vacuum slab was set to prevent the interaction between the adjacent
surface (Pan et al., 2021a).

3. Results and discussion

3.1. NH3-SCR activity

NO conversion of fresh, NaCl-poisoned and KCl-poisoned CM catalysts
was simultaneously measured to shed light on the poisoning effect of
NaCl and KCl on the catalytic activity of CM catalyst and related results
were shown in Fig. 1. Note that the NO conversion of fresh CM catalyst
was 100% NO conversion within 160–240 °C, and over 90% NO conversion
was acquired in the range of 148–296 °C. However, NaCl and KCl addition
exhibited an obvious inhibitory effect on NO conversion in the entire tem-
perature range. Speci� cally, the order of activity loss was ranked by KCl0.05-
CM>NaCl0.05-CM>KCl0.01-CM>NaCl0.01-CM, indicating that both NaCl and
KCl seriously poisoned CM catalyst and KCl exhibited stronger toxicity than
NaCl. As shown in Fig. S2. NaCl and KCl did not almost reduce N2 selectiv-
ity of CM catalyst, which might be because of reduced redox reducibility
inhibiting the further oxidation of -NH 2.

3.2. Crystal structure and textural properties

The effect of NaCl and KCl introduction on the crystal structure of CM
catalyst was characterized by XRD (Fig. 2a). Pristine CM catalyst exhibited
the characteristic diffraction peaks assigned to CrMn1.5O4 phase
(PDF#71–0982). Relatively weak peaks ascribed to Cr2O3 phase
(PDF#89–4836) and no extra diffractions ascribed to NaCl or KCl were ob-
served (Chen et al., 2010). It indicated that NaCl and KCl were homoge-
neously dispersed on the CM catalyst surface or aggregated in tiny sizes
that were beyond XRD detection limit ( Liu et al., 2021b). However, the
peak intensities of KCl0.05-CM and NaCl0.05-CM increased signi� cantly, sug-
gesting that there was strong interaction between NaCl/KCl and CM cata-
lyst, and KCl and NaCl were bene� cial for its crystallization ( Li et al.,
2019a).

N2 adsorption-desorption experiments were conducted to further probe
the effect of NaCl and KCl deposition on the textural properties of CM cat-
alyst (Fig. 2b). All catalysts exhibited type IV isotherms with H3 type hys-
teresis loops, suggesting the appearance of mesoporous structure (Zheng
et al., 2022). BET surface area, pore volume and pose size (Table 1) signif-
icantly reduced after NaCl and KCl introduction. It was because NaCl and
KCl could block pore channel and cover the surface of CM catalyst, thereby
suppressing the exposure of active sites (Li et al., 2020). Compare with
NaCl0.05-CM, KCl0.05-CM with higher speci� c surface area exhibited lower
NO conversion, indicating that speci� c surface area might not be the
main reasons determining NH3-SCR activity.

Fig. 1. NO conversion of CM, NaCl0.05-CM and KCl0.05-CM catalysts.
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which peaks centered at 574.7–575.6, 575.4–576.7 and 577.4–578.4 eV
were assigned to Cr2+
3.3. Surface chemical properties

The in� uence of NaCl and KCl deposition on the valence states distribu-
tion of the surface atoms over CM catalyst was investigated by XPS. The XPS
spectra of Cr 2p3/2 (Fig. 3a) could be separated into three peaks, among



indicating that the activity of surface adsorbed oxygen ions/surface lattice
oxygen for CM is superior to that of other catalysts (Shen et al., 2020). Com-
pared with NaCl0.05-CM catalyst, though intensities of the surface adsorbed
oxygen ions/surface lattice oxygen peak were almost same, the bulk lattice
oxygen peak of KCl0.05-CM catalyst shifted to higher temperature range,
thereby reducing bulk lattice oxygen activity. As a result, it could be safely
concluded that both NaCl and KCl could decreased the activity of oxygen
species and KCl could cause more severe poisoning on oxygen species
than NaCl.

H2-TPR experiments were carried out to assess the effect of NaCl and
KCl on the redox properties of CM catalyst. As shown inFig. 3f, all H 2-
TPR curves consisted of two reduction peaks, which were attributed to
the reduction of Mn 3O4 to MnO (413/450 °C) and Cr2O3 to CrO (289/
329/385 °C), respectively (Chen et al., 2010; Liu et al., 2020a). After adding
NaCl and KCl, the peaks of Cr2O3 and Mn3O4 shifted higher temperature,
indicating that NaCl and KCl could reduce the redox properties (Jiang
et al., 2020b). Compared with NaCl0.05-CM catalyst, the Cr2O3 peak of
KCl0.05-CM catalyst shifted lower temperature, but its total reduction peak
area obviously reduced, which might be a reason further decreasing

redox properties. Reduced redox ability of CM catalyst by NaCl and KCl
was responsible for well N2 selectivity.

In this section, the effect of alkali metal adsorption on Mn\\ O bond of
CM catalyst was calculated, and the related models were shown in
Fig. 3g. Na and K could adsorb stably on O3c sites with adsorption energy
of Š 2.184 and Š 2.594 eV, respectively. After Na and K adsorption, vicinal
Mn\\ O bond was enlarged from 2.030 to 2.097 and 2.109 Å, respectively, in-
dicating that Na and K could weaken Mn\\ O bond due to the electron trans-
fer from Na and K to Mn, which might a vital cause declining the activity of
Mn site (Jiang et al., 2021b; Shen et al., 2020). Cl could interact with metal
sites including Cr and Mn, and Mn site exhibited lower adsorption energy
(Š 2.482 eV) than Cr site (Š 1.678 eV), indicating that Mn site shown stron-
ger af� nity for Cl than Cr. Compared with Na and K adsorption, Mn\\ O bond
in� uenced by Cl was weaker due to less change of Mn\\ O bond length. NaCl
and KCl adsorbed on surface exhibitedhigher adsorption energy than single
Na, K and Cl, indicating that the strong interaction between Na/K and Cl
could diminish the interaction between Na/K with surface. However, the
combination of Na/K and Cl did not alleviate the destruction of Mn \\ O
bond by single Na or K, and it still had a negative effect on Mn\\ O bond.

Fig. 3. Cr 2p XPS spectra (a), Mn 2p XPS spectra (b), Optimized structures of oxygen vacancies (c), O 1 s XPS spectra (d), O2-TPD pro� les (e), H2-TPD pro� les (f) and optimized
structures of alkali metal adsorption (Purple, gray, red, rose red, laurel-green and dark green balls represent Mn, Cr, O, Na, Cl and K, respectively.). (For interpretation of the
references to colour in this � gure legend, the reader is referred to the web version of this article.)
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3.4. Surface acidity properties

NH3-TPD experiments were employed to explore the effect of NaCl and
KCl on the surface acidity of CM catalyst. As shown inFig. 4a, all catalysts
possessed one common peak at 95 °C ascribed to NH4

+ on Brønsted acid
sites (Qin et al., 2022). However, CM catalyst exhibited another new strong
peak at 352 °C attributed to coordinated NH3 on Lewis acid sites (Liu et al.,
2020b). After doping NaCl or KCl, Brønsted acid declined obviously and
Lewis acid even disappeared, indicating that both NaCl and KCl could
strongly interact with acid sites and suppress NH3 adsorption (Jiang et al.,
2020a). The NH3-TPD peak areas were also calculated based onFig. 4a
and the results were shown in Table 1. The peak areas was ranked by
CM > NaCl0.05-CM > KCl0.05-CM, indicating that both NaCl and KCl re-
sulted in serious losses of acidity, and KCl exhibited stronger poison effect
on surface acidity than NaCl.

In situ DRIFTS experiments were used to further investigate the effect of
NaCl and KCl on surface acidity. For CM catalyst (Fig. 4b), several bands at
1200–1222, 1255, 1290, 1440, 1515, 1600, 1641, 3133–3376 cmŠ 1 were
detected. The bands at 1200–1222, 1255, 1290, 1600 cmŠ 1 were attrib-
uted to NH3 coordinated to Lewis acid sites (Xue et al., 2021; Yu et al.,
2021). The bands at 1440/1641 cmŠ 1 were ascribed to NH4

+ ion bound
to Brønsted acid sites (Zeng et al., 2020). The band at 1515 cmŠ 1 was
-NH2 species due to the oxidation and decomposition of adsorbed NH3

(Tan et al., 2020). Other bands at above 3100 cmŠ 1 were related to the
N\\ H bond stretching vibration of adsorbed NH3 (Zhang et al., 2021). It

could be observed that CM catalyst was dominated by abundant Lewis
acid and Brønsted acid, and the amount of Brønsted acid was higher than
Lewis acid at below 120 °C. However, with increasing temperature,
Brønsted acid declined rapidly and hardly vanished at 120 °C, but Lewis
acid almost changed, suggesting that Lewis acid was more stable than
Brønsted acid (Huang et al., 2021). Furthermore, CM catalyst could exhibit
excellent NH3-SCR activity above 120 °C. Consequently, Lewis acid sites



with Cr ( Š 0.747 eV), indicating that Mn as main Lewis acid sites took part
in NH3-SCR reactions. After Na and K addition, the NH3 adsorption energy
on Mn site increased toŠ 1.235 and Š 1.079 eV, respectively, demonstrat-
ing that both Na and K could slightly suppress NH3 adsorption and decrease
Lewis acid, and K had stronger inhibiting effect on Lewis acid formation
than Na. However, compared with NH3 adsorption, Cl showed stronger
combining capacity with Mn ( Š 2.482 eV), demonstrating that competitive
adsorption between NH3 and Cl on Mn site was a main reason reducing
Lewis acid instead of Na and K. After NaCl and KCl introduction, KCl exhib-
ited stronger inhibiting effect on Lewis acid formation than NaCl, but the
poisoning effect of NaCl and KCl on Lewis acid was still weaker than single
Na and K due to the strong interaction between Na/K and Cl.

NH3 adsorbed on Brønsted acid sites (O site) in the form of NH4
+ , which

was signi� cant intermediate in NH 3-SCR reactions following L-H mecha-
nism. As shown in Fig. 4f, NH4

+ adsorb on O3c exhibited lower adsorption
energy (Š 3.365 eV) than Na and K on O3c, indicating that O 3c exhibited
stronger af� nity to NH 4

+ instead of Na or K and Brønsted acid formation
was not in� uenced by the competitive adsorption between Na/K and
NH4

+ on O3c. After Cl addition, it was clear that NH 4
+ adsorption energy ob-

viously decreased, indicating that Cl adsorption was unfavorable for
Brønsted acid formation. NaCl and KCl exhibited almost same adsorption
energy for NH4

+ as Cl, illustrating that the interaction between Na/K and
Cl hardly changed the negative effect of Cl on Brønsted acid.

3.5. Surface NOx adsorption properties

In situ DRIFTS of NO+O2 adsorption was used to explore the effect of
NaCl and KCl on the formation of surface nitrates, and related results
were shown in Fig. 5. For CM catalyst (Fig. 5a), several bands at 1205,
1434 and 1633 cmŠ 1 were attributed to NO Š (Wei et al., 2018), linear ni-
trite ( Liu et al., 2021d) and absorbed NO2 (Pan et al., 2021b), respectively.
The bands at 1295 and 1612 cmŠ 1 belonged to monodentate nitrate (Nam
et al., 2021; Wei et al., 2021). The bands at 1544 and 1569 cmŠ 1 were as-
cribed to bidentate nitrate ( Wang et al., 2021). Other bands at 1253, 1268
and 1353 cmŠ 1 were related to bridged nitrate ( Shi et al., 2021; Wu et al.,
2021). Monodentate nitrate (1295 cm Š 1) vanished with increasing temper-
ature, but new band at 1253 and 1268 cmŠ 1 arose, suggesting that
monodentate nitrate was very unstable and could be easily converted into
bridged nitrate. Similarly, the same phenomenon happened in the bands
at 1434, 1544 and 1569 cmŠ 1, suggesting that unstable linear nitrate
could be converted into bidentate nitrate. As reaction temperature in-
creased to 160 °C, a new band (1633 cmŠ 1) emerged and remained stability
above 160 °C, perhaps it was due to the continuous decomposition of
monodentate nitrate.

In situ DRIFTS of NO+O2 adsorption over NaCl0.05-CM and KCl0.05-CM
were shown in Fig. 5b-c, respectively. The bands at 1263 and 1376 cmŠ 1

were related to bridged nitrate. The bands at 1427 and 1612 cmŠ 1

Fig. 4. NH3-TPD pro� les (a), in situDRIFTS spectra of NH3 adsorption over CM (b), NaCl0.05-CM (c) and KCl0.05-CM (d) catalysts and optimized structures of NH3 (e) and NH4
+

(f) adsorption.
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belonged to linear nitrite and monodentate nitrate, respectively. The bands
at 1627 and 1633 cmŠ 1 were attributed adsorbed NO2. With increasing
temperature, all NOx species except new band (1376 cmŠ 1) faded away.
Compared with CM catalyst, NaCl and KCl obviously suppressed NOx spe-
cies adsorption and weakened their stability due to the interaction between
NaCl/KCl and active sites, thereby inhibiting the formation of surface ni-
trates.

NO adsorption and activation in� uenced by NaCl and KCl were further
investigated by DFT calculations. As shown inFig. 5d, NO adsorption en-
ergy on Mn and Cr sites wasŠ 4.220 and Š 3.817 eV, respectively.
Hence, Mn exhibited stronger af� nity for NO than Cr. After Na and K addi-
tion, Na and K could weaken Mn\\ N bond, demonstrating that both Na and
K could suppress NO adsorption/activation and hinder the formation of sur-
face adsorbed NO2 and nitrates. Compared with K effect, Na had weaker
inhibiting effect on NO adsorption due to Na\\ O bond formation. With Cl
further introduction, the poisoning effect of Na and K was ulteriorly re-
ceded, indicating that the interaction between Na/K and Cl could weaken
the poisoning effect of Na and K on surface NOx species.

3.6. Reaction mechanism

Transient reaction experiment was carried out to investigate the effect
of NaCl and KCl on the reaction mechanism. For CM catalyst (Fig. 6a),
after N2 purge for 30 min, it was clear that abundant acid sites existed in
CM catalyst, including Brønsted acid (1440 cmŠ 1), Lewis acid (1222 and
1600 cmŠ 1). In addition, -NH 2 species (1515 cmŠ 1



Fig. 6. In situ DRIFTS reactions between NO+O2 and pre-adsorbed NH3 over CM (a), NaCl0.05-CM (b) and KCl0.05-CM (c) catalysts at 160 °C, between NH3 and pre-adsorbed
NO+O 2 species over CM (d), NaCl0.05-CM (e) and KCl0.05-CM (f) catalysts at 160 °C and between NH3 + NO+O 2 species over CM (g), NaCl0.05-CM (h) and KCl0.05-CM
(i) catalysts.
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Lewis acid by KCl and KCl. As a result, KCl could weaken NH3 adsorption,
but not change E-R mechanism of NH3-SCR reactions.

Transient reaction experiment between pre-adsorbed NO+O2 and NH3

was carried out to further investigate the effect of NaCl and KCl on reaction
mechanism, and the results were shown inFig. 6. For CM catalyst (Fig. 6d),
several bands at 1268/1353, 1544/1569 and 1633 cm Š 1 were attributed to
bridged nitrate bands, bidentate nitrate bands and absorbed NO2 band
(1633 cmŠ 1) after NO+O 2 purging for 30 min. It was clear that the inten-
sities of bands (1546, 1549 and 1633 cmŠ 1) increased with increasing time
owing to the overlap of NH 4

+ /-NH 2 and adsorbed NOx species, respectively,
indicating that adsorbed NOx species was insert and could not interact with
gaseous NO rapidly. As time increased to 10 min, bridged nitrate
(1268 cmŠ 1) and absorbed NO2 faded away, suggesting that some NH3-
SCR reactions between adsorbed NOx and NH3 species happened. Hence,
CM catalyst followed Langmuir-Hinshelwood(L-H) mechanism (Wu et al.,
2019).

As for NaCl0.05-CM catalyst (Fig. 6e), there was only one band at
1400 cmŠ 1 ascribed to liner nitrite after N 2 purge for 30 min. With increas-
ing time, new band at 1608 cmŠ 1 belonged to coordinated NH3 on Lewis
acid sites was observed, and the band at 1400 cmŠ 1 originated from the
overlap of NH4

+ and liner nitrite, indicating that some reactions between
adsorbed NOx species and NH3 species took place. Consequently, NaCl
did not change L-H mechanism reactions of CM catalyst. But for KCl0.05-
CM catalyst (Fig. 6f), there was no band after N2 purge for 30 min because
KCl seriously suppressed the formation of adsorbed NOx species.

NH3 + NO+O 2 adsorption was carried out to further investigate the ef-
fect of NaCl and KCl on reaction mechanism during NH3-SCR reactions. For
CM catalyst (Fig. 6g), the bands at 1200/1222/1255/1600 and 1440/
1469/1641 cm Š 1 were related to coordinated NH3 on Lewis acid sites
and NH4

+ on Brønsted acid sites, respectively. Other bands at 1268/1353
and 1569 cmŠ 1 were related to bridged nitrate and bidentate nitrate, re-
spectively. In all temperature range, both active bidentate nitrate and
bridged nitrate could interact with adsorbed NH 3 species, thereby demon-
strating that NH 3-SCR reactions over CM catalyst adhered to L-H mecha-
nism. Furthermore, active adsorbed NH3 species could combine with
gaseous NO. Consequently, NH3-SCR reactions over CM catalyst also
followed E-R mechanism.

For NaCl0.05-CM catalyst (Fig. 6h), the bands at 1427, 1544, 1602 and
1645 cmŠ 1 were ascribed to linear nitrite, -NH 2 species, coordinated NH3

and NH4
+ , respectively. Adsorbed NOx species interacted with adsorbed

NH3 species. It was demonstrated that NH3-SCR reactions over NaCl0.05-
CM catalyst complied with L-H mechanism. As for KCl0.05-CM catalyst
(Fig. 6i), the bands at 1162, 1430, 1247 and 1616 cmŠ 1 were attributed
to coordinated NH3, NH4

+ , bridged nitrate and monodentate nitrate, respec-
tively. With increasing temperature, new band at 1386 cmŠ 1 attributed to
bridged nitrate could be observed. NH3-SCR reactions between adsorbed
NH3 and NOx species existed, and NH3-SCR reactions over KCl0.05-CM cat-
alyst complied with L-H mechanism. Moreover, active adsorbed NH3 spe-
cies combined with gaseous NO, thereby also demonstrating that NH3-
SCR reactions over KCl0.05-CM catalyst also complied with E-R mechanism.

3.7. Reaction steps

3.7.1. E-R mechanism
According to the calculated results of NH3 adsorption, NH3 could stably

adsorb on Mn site. Accordingly, NH3-SCR reaction pathways (E-R mecha-
nism) over CM catalyst were calculated, and the related models and reac-
tion energy pro� le were shown in Fig. 7a-b. NH3 adsorption/
decomposition was the � rst step in simulating E-R mechanism reactions.
NH3 molecule anchored in Mn site by its N atom to form a stable interme-
diate structure (denoted as IM1). Soon afterwards, one H atom of NH3 mol-
ecule moved to nearby location, and NH2 group was close to Mn atom to
form the second intermediate structure, namely IM2. In IM2, N\\ Mn
bond shrank from 2.175 to 1.935 Å. The reaction step (IM1 to IM2) was en-
dothermic by 0.123 eV and need to overcome 2.383 eV energy barrier to
reach transition state (TS1). Gaseous NO molecule was gradually close toFig. 6 (continued).
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NH2 group to from ONNH2 intermediate, namely IM3. In IM3, O atom of
NO was connected to Mn atom and Cr atom, and N\\ Mn bond was further
enlarged from 1.935 to 2.163 Å. This process (IM2 � TS2� IM3) was en-
dothermic by 2.964 eV, corresponding to Š 0.919 eV energy barrier (TS2),
indicating that this process was spontaneous. ONNH2 intermediate was
continually dehydrogenated one H atom and converted into HONNH inter-
mediate (IM4). In this process (IM3 to IM4), one H atom of NH 2 transferred
and combined with O atom of ON. The transfer step of related H atom was
endothermic by 3.045 eV, corresponding to energy barrier (TS3) of
0.648 eV. Based on IM4, the N\\ O and N\\ H bonds of HONNH intermedi-
ate ruptured, and one H atom was transferred to connect to O atom and an-
other N atom to form stable H2ONN intermediate (IM5). This isomerization



corresponding to energy barrier of 0.967 and 1.102 eV that had to over-
come, respectively. Compared with CM catalyst, NaCl and KCl reduced its
reaction energy barrier of rate-controlling step, but increased its reaction
heat. It indicated that reaction heat of rate-controlling step might be a
vital reason poisoning CM catalysts in NH3-SCR reactions that followed E-
R mechanism.

3.7.2. L-H mechanism
In situDFIFTS results demonstrated that CM catalyst could promote the

oxidization of NO into NO 2, and formed NO2 interacted with NH 4
+ on

Brønsted acid sites to produce NH4NO2 and then was further decomposed
into N2 and H2O, which adhered to L-H mechanism. In this section, the re-
actions between NH4

+ and NO2 was further investigated by DFT calcula-
tions, and related geometric structures and energy changes were shown in
Fig. 7d-e. NH4

+ and NO2 were adsorbed on O3c and Mn site stably,

respectively, to form NH4NO2 structure (IM1). Subsequently, one H atom
of NH4

+ gradually approached O atom of NO2 to form the NH 3NO2H inter-
mediate (IM2). At the same time, H-O3c bond and N\\ Mn bond were en-
larged from 1.021 to 1.856 Å and 2.041 to 2.054 Å, respectively. In the
process of H atom transfer, the reaction was endothermic by 0.245 eV
and need to overcome 0.360 eV energy barrier. Then one O atom of
HNO2 continued to take away one H atom of NH3 to form the NH 2NO2H2

intermediate (IM3). In this process (IM2 � TS2 � IM3), N\\ H bond of
NH3 (IM2) was broke, and related H atom was gradually closed to one O
atom. Simultaneously, N\\ O bond of HNO2 was broke, and another H
atom combined with one O atom to form O-H-O bond and one H2O mole-
cule. This process (H2O formation) was endothermic by 1.705 eV, corre-
sponding to 3.793 eV energy barrier. Subsequently, one H2O molecule
was desorbed form the matrix to form IM4 intermediate, and this process
was endothermic by 5.992 eV, corresponding to 5.414 eV barrier energy.

Fig. 7 (continued).
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One H atom of formed NH2NO structure in IM4 continually escaped and
gradually approached to one O atom of NH2NO to form NHNOH structure
(IM5), which was endothermic by 0.122 eV and overcome 2.153 eV barrier
energy. Based on IM5, O3c-H-N bond was gradually enlarged and broken,
and N atom of NNOH got one H atom from O\\ H bond, then O\\ N bond
was broken and O attracted two H atom to form one H2O molecule. In
the process of H2O formation (IM5 � TS5� IM6), the reaction was exo-
thermic by 1.726 eV and the reaction energy was 1.928 eV. Soon after-
wards, H2O and N2 was desorbed one by one to form IM7 and IM8,
which was endothermic by 2.837 and 3.175 eV, corresponding to energy
barrier of 6.085 and 0.875 eV, respectively. It was obvious that the reaction
energy barrier of H2O desorption process (IM6� TS6 � IM7) was the
highest, indicating that H 2O desorption was also the rate-controlling step
of NH3-SCR reaction that followed L-H mechanism. The effect of alkali on
this rate-controlling step was further investigated, and the results were
shown in Fig. 7f. In IM6, Na (K) and Cl could stably adsorb on O3c and
Mn site, respectively, and O atom of H2O was closed to one N atom of N2

on Mn site to form a stable intermediate (IM6). Soon afterwards, the dis-
tance between N and O atoms gradually enlarged and H2O gradually es-
caped from the matrix to form the next intermediate (IM7). This rate-
controlling process was endothermic by Š 0.089 (NaCl0.05-CM) and
0.931 eV (KCl0.05-CM), corresponding to energy barrier of 1.091 and
7.547 eV that had to overcome, respectively. Compared with CM catalyst,
NaCl not only decreased reaction heat of rate-controlling step, but also re-
duce its reaction energy barrier, indicating that reaction energy barrier
and reaction heat were not reasons poisoning CM catalyst by NaCl. Com-
pared with CM catalyst, though KCl reduced its reaction heat of rate-
controlling step, but increased its reaction energy barrier. It indicated that
reaction energy barrier of rate-controlling step might be a vital reason poi-
soning CM catalysts by KCl in NH3-SCR reactions that followed L-H mecha-
nism.

4. Conclusions

In summary, we successfully illustrated the poisoning mechanism of CM
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