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stal facet effect on N2O formation
during the NH3-SCR over a-MnO2 catalysts†
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Xia Jiang abc and Shenggui Ma *abc

The detailed atomic-level mechanism of the effect induced by engineering the crystal facet of a-MnO2

catalysts on N2O formation during ammonia-selective catalytic reduction (NH3-SCR) was ascertained by

combining density functional theory (DFT) calculations and thermodynamics/kinetic analysis. The surface

energies of a-MnO2 with specific (100), (110), and (310) exposed planes were calculated, and the

adsorptions of NH3, NO, and O2 on three surfaces were analyzed. The adsorption energies showed that

NH3 and NO molecules could be strongly adsorbed on the surface of the a-MnO2 catalyst, while the

adsorption of O2 was weak. Moreover, the key steps in the oxidative dehydrogenation of NH3 and the

formation of NH2NO as well as dissociation of NH2 were studied to evaluate the catalytic ability of NH3-

SCR reaction and N2 selectivity. The results revealed that the a-MnO2 catalyst exposed with the (310)

plane exhibited the best NH3-SCR catalytic performance and highest N2 selectivity, mainly due to its low

energy barriers in NH3 dehydrogenation and NH2NO generation, and difficulty in NH2 dissociation. This

study deepens the comprehension of the facet-engineering of a-MnO2 on inhibiting N2O formation

during the NH3-SCR, and points out a strategy to improve their catalytic ability and N2 selectivity for the

low-temperature NH3-SCR process.
1 Introduction

Nitrogen oxides (NOx, including N2O, NO, and NO2) emitted
from the burning of fossil fuels are one of the main air pollut-
ants in urban areas, and can cause serious environmental
problems, such as photochemical smog, acid rain, and ozone
depletion.1–5 In general, 95% of NOx pollutants are composed of
NO, which is toxic and harmful to the health of humans and
animals, such as stimulating the lungs and thus triggering
many diseases, like cancer and asthma.6–8 Among various
denitrication methods, the selective catalytic reduction
process (SCR) using NH3 as the reducing agent (NH3-SCR) has
been a highly efficient method for removing NOx emitted from
stationary and mobile sources in which NOx is converted into
harmless N2 and H2O by the following “Standard SCR” reaction:
4NO + 4NH3 + O2 / 4N2 + 6H2O.9,10 However, the non-ignorable
byproduct of N2O generation during the NH3-SCR process
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39
seems prominently to be: 4NO + 4NH3 + 3O2 / 4N2O + 6H2O.11

N2O has been included in the list of regulated greenhouse gas
(GHG) pollutants because of its strong global warming poten-
tial, which is 298 times that of CO2.12 Therefore, it is a major
challenge to restrain the N2O formation during the high-activity
NH3-SCR process.

A reasonable selection and design of catalysts is an efficient
strategy to regulate the NH3-SCR reaction. Compared with the
traditional commercial V2O5–WO3/TiO2 catalysts, many studies
have focused on the development of low-temperature SCR
catalysts, including metal oxide-based catalysts, like Fe,13,14

Mn,15,16 Ce,17 Cr,18 W,19 Cu,20,21 and zeolite-based catalysts, like
CuSn/ZSM-5 22 and Cu-ZSM-5.23 Among various catalysts,
manganese-based catalysts have been widely studied and
applied due to their low cost and outstanding low-temperature
denitrication performance, whereby their abundant Lewis acid
sites, variable valence states of Mn, and strong redox ability
contribute to their excellent catalytic activity at low tempera-
ture, especially under 200 °C.10,24–27 For instance, Yang et al.28

found that a-MnO2 exhibited the most superior SCR perfor-
mance for NOx conversion compared with other crystal phases
of b, g, and d-MnO2 at a lower temperature of 50–120 °C.
However, the low N2 selectivity currently extremely restricts the
application of Mn-based catalysts because the strong oxidation
ability of tetravalent Mn leads to more N2O formation.

Manipulating the exposed crystal facets of metal and metal
oxide catalysts is an efficient strategy to inuence the catalytic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
activity and selectivity signicantly.29–31 This can be attributed to
the different exposed atomic arrangement, distorted electronic
structure, and synergistic interactions in the surface of exposed
facets. Up to now, three exposed crystal facets, namely the (100),
(110), and (310), of the a-MnO2 catalyst were designed to
investigate the catalytic activity.32 a-MnO2 with the exposed
high-index facet (310) exhibited a much better activity in the
catalytic oxidation of formaldehyde (HCHO) and in the catalytic
ozonation of odorous CH3SH thanks to its higher surface energy
than a-MnO2 (100) and a-MnO2 (110).33–35 Whereas, Au/a-MnO2-
110 exhibited the highest catalytic activity compared to Au/a-
MnO2-100 and Au/a-MnO2-310 in the catalytic combustion of
propane because of the lowest oxygen vacancy formation energy
of a-MnO2 (110), which beneted the formation of Aud+ species
and therefore promoted the breakage of the C–H bond in
propane.36 Generally, the reactivity and activity of facets are
proportional to their surface energy, whereby facets with a high
surface energy are usually more reactive in heterogeneous
reactions.37 Unfortunately, the detailed mechanism of the effect
induced by engineering the crystal facet of MnO2 on the cata-
lytic ability of the NH3-SCR reaction and N2O formation, as an
important issue, have rarely been deeply understood, and thus
deserve further investigation.

In view of its adverse effect, many studies have been con-
ducted on the N2O formation mechanism in the NH3-SCR
process, in order to contrapuntally put forward effective control
solutions. In principle, the favored reaction pathways of the
NH3-SCR process were proposed as: (i) NH3 adsorbs on the
catalyst surface, getting activated and dissociated to NH2

species, (ii) NOmolecules in the gaseous or adsorbed state react
with NH2 to form the key NH2NO intermediate species, (iii)
NH2NO decomposes into N2 and H2O, (iv) removal of the
surface H atoms from the catalyst.24,38–40 The kinetic estimation
revealed that the dehydrogenation of NH3 to NH2 and the
formation of NH2NO were rate-limiting steps in the NH3-SCR
process, and the reaction of the adsorbed NO with NH2 to
generate NH2NO wasmore kinetically preferred.24,41 In addition,
the strong oxidation ability of Mn-based catalysts can result in
the oxidative dehydrogenation of NH2 to NH species, which is
inducive to N2O formation.11 On this account, increasing NH2

species and decreasing NH species are favorable for the NH3-
SCR activity and N2 selectivity, which is an effective strategy to
screen suitable catalysts. Therefore, the reaction pathways for
the dehydrogenation of NH3 and formation of NH2NO could be
used to evaluate the catalytic ability and the N2 selectivity
during the NH3-SCR reaction with different crystal facets of a-
MnO2.

In this article, the crystal facet effect on N2O formation
during the NH3-SCR over a-MnO2 catalysts was rst evaluated
through the DFT+U calculation. The a-MnO2 catalysts with
different exposed surfaces, including (100), (110), and (310),
were constructed to investigate the effect of engineering the
crystal facet at an atomic level. Some key steps of NH3-SCR on
MnO2 catalysts have been proposed, including the oxidative
dehydrogenation of NH3 to NH2 and then to NH species, which
determine the selectivity of the NH3-SCR reaction. The catalytic
ability and N2 selectivity were primarily studied by the
© 2023 The Author(s). Published by the Royal Society of Chemistry
thermodynamics and kinetic analysis. This study revealed the
crystal facet effect on N2O formation during the NH3-SCR over
Mn-based catalysts, and provides a promising strategy for
developing robust Mn-based catalysts with good catalytic ability
and a high N2 selectivity for the low-temperature NH3-SCR
process.
2 Methods

All of the spin-polarized density functional theory (DFT) calcu-
lations were implemented in the Vienna ab initio simulation
package (VASP).42,43 The Projector Augmented Wave (PAW)
method was used to simulate the interaction between ions and
electrons. The Generalized Gradient Approximation (GGA) and
Perdew–Burke–Ernzerhof (PBE) exchange–correlation func-
tional were used to deal with the exchange–correlation potential
between electrons.44 In addition, the Mn element in a-MnO2

belonged to the transition metal element of the third period, in
which existed a strong Coulomb effect between the electrons in
the d layer. Therefore, a DFT+U method was used to correct the
strong Coulomb interaction between the 3d electrons in the
outer layer of Mn atoms with the values of Ueff = 5.5.45,46

According to reports in the literature, a-MnO2 should be
calculated under the antiferromagnetic spin-polarized
structure.47

For the structural optimization calculations, all the energy of
the system converged to 1 × 10−5 eV, and the force on each
atom was less than 0.03 eV Å−1. In the static self-consistent eld
(SCF) calculations, the electronic energies converged to 1 ×

10−6 eV. Searches for the transition states along the reaction
coordinate were calculated using the climbing image nudged
elastic band (CI-NEB) method.48 All the located transition states
were conrmed by vibrational frequency analysis to ensure that
there was only one imaginary frequency. The cutoff energy was
set to 450 eV and a 4 × 2 × 1 k-point mesh using the Mon-
khorst–Pack method was used to express the integral of the
Brillouin zone. All the electronic energies marked with “E”
include the ground state energy of the electron (3ele) and the
contribution of the zero-point vibrational energy (ZPE) calcu-
lated by the formula:

E = 3ele + ZPE (1)

where 3ele and ZPE were calculated by VASP and VASPKIT code.49

The surface energy (g) of each surface model was calculated
with

g ¼ ðEslab � nEbulkÞ
2A

(2)

where Eslab is the energy of the surface model, Ebulk is the energy
of the cell model, n is the number of unit cells that a surface
model contains, A represents the area of the slab surface, and 2
represents that each slab model had the same upper and lower
surfaces.

To understand the strength of the adsorption between the
gas molecules and the catalyst surface, the adsorption energy
(Eads) was calculated according to the following formula:
RSC Adv., 2023, 13, 4032–4039 | 4033
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Fig. 1 Crystal structure of (a) bulk a-MnO2, (b) a-MnO2 (100), (c) a-
MnO2 (110), and (d) a-MnO2 (310). Purple and red circles denote Mn
and O atoms, respectively.
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Eads = E(adsorbate/surface) − E(surface) − E(adsorbate) (3)

where E(adsorbate/surface), E(surface), and E(adsorbate) represent the
total energy of the adsorbate adsorbed to the catalyst surface,
the energy of the surface model, and the energy of the adsorbate
(gas molecules), respectively.

The reaction energy (DErxn) and energy barrier (Ea) of each
elementary reaction were calculated using the following
formulas:

DErxn = EFS − EIS (4)

Ea = ETS − EIS (5)

where EIS, ETS, and EFS represent the total energy of the reaction
initial state, transition state, and nal state, respectively.

To understand the effect of temperature on the reaction, the
calculated energies (E) were corrected for the Gibbs free energy
(G) in the following formulas:27

Ggas = 3ele + ZPE + DG0/T (6)

Gsolid = 3ele + ZPE + DU0/T − TS (7)

where 3ele is the electron energy of the system in the ground
state, ZPE is the zero-point correction energy, T is the temper-
ature, S is the entropy of the system, and DU0/T and DG0/T are
the contribution of the temperature to enthalpy and the Gibbs
free energy. Also, Ggas represents the energy of gas molecules
and Gsolid represents the energy of catalysts and adsorbed
species. All the thermodynamic quantities were processed with
VASPKIT code.49

In order to better measure the speed of each elementary
reaction, the reaction rate constant k was calculated according
to the transition state theory (TST)50 as per the following
formula:

k ¼ KBT

h
e
� Ga

KBT (8)

where KB is the Boltzmann constant (1.380649 × 10−23 J K−1), h
is Planck's constant (6.62607015 × 10−34 J s), T is the temper-
ature (K), and Ga is the energy barrier with the correction for the
Gibbs free energy from Ea through formulas (5)–(7).
Fig. 2 Adsorption configurations of NH3, NO, and O2 molecules on a-
MnO2 surfaces with different crystal facets: (a–c) (100); (d–f) (110); (g–
i) (310). Purple, red, dark blue, and white circles denote Mn, O, N, and H
atoms, respectively.
3 Results and discussion
3.1 Models and surface energies

The cell model structure of a-MnO2 was established rst
(Fig. 1a), in which it has a (2× 2) tunnel structure and the space
group I4/m.47,51 with the relaxation lattice constants obtained by
geometric optimization as a = b = 9.850 Å, c = 2.925 Å. As
shown in Fig. 1b–d, the surface models of a-MnO2 with three
crystal facets of (100), (110), and (310) were constructed to
further understand the difference in the exposed facets of a-
MnO2 and its effect on N2O formation. All the models main-
tained stoichiometric MnO2 ratios and proper surface sites for
the adsorption of gas molecules. A vacuum layer of 15 Å was
added to the three models to avoid the interaction between the
4034 | RSC Adv., 2023, 13, 4032–4039
slabs in the z-direction. The calculated surface energies of the
slab models of a-MnO2 (100), (110), and (310) were 0.60, 0.81,
and 1.16 J m−2 respectively, which indicated that a-MnO2 (100)
had thermodynamically stable facets with the lowest surface
energy.
3.2 Adsorption of gas molecules

The adsorption and activation of reactant molecules on the
active sites of catalysts are regarded as important steps in the
NH3-SCR process. Three key gas molecules (NH3, NO, and O2)52

in the NH3-SCR process on a-MnO2 catalysts with three crystal
facets were tested rst to obtain their adsorption energy and the
most favorable adsorption site. The test results are shown in
Fig. S1† and the optimum congurations are shown in Fig. 2. It
can be concluded the NH3 molecules were easily adsorbed on
the a-MnO2 surface, with the N atom bonding to the surface Mn
atom, where the Mn cations acted as a Lewis acid site to have
more empty orbitals to accept electron pairs.53,54 The calculated
adsorption energies of NH3 molecules on the surfaces of a-
MnO2 (100), (110), and (310) were −1.12, −1.82, and −1.08 eV,
respectively, as shown in Table 1, which all had strong chemical
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06744g


Table 1 Adsorption energies (eV) of three gas molecules on a-MnO2

(100), (110), and (310) facets with zero-point vibrational energy (ZPE)
contribution

NH3 NO O2

(100) −1.12 −2.23 −0.05
(110) −1.82 −2.64 −0.27
(310) −1.08 −1.96 −0.09
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View Article Online
adsorption with the catalysts and showed a table-shaped
exothermic process.

The charge-density difference of NH3 molecule adsorbed on
a-MnO2 surfaces, as shown in Fig. 3a, demonstrated that there
was more electron consumption around the H atom and more
electron accumulation around the N atom, which showed that
part of the electrons were transferred from the H atom to N
atom. In the adsorption site, especially around the Mn atom,
there was more electron accumulation, which illustrated that
electrons were transferred from NH3 to a-MnO2 catalysts. The
NH3 molecules acted as electron donors in the adsorption on a-
MnO2 (100), (110), and (310) surfaces, which lost 0.25e, 0.28e,
and 0.21e, respectively, by Bader charge analysis, as shown in
Fig. 3b. The calculated results veried the role of the Lewis acid
site that the Mn atom behaved as, which may facilitate the
activation of NH3 in the NH3-SCR process.55

The adsorption of NO molecules on a-MnO2 (100) (110), and
(310) facets are also shown in Fig. 2. Different from the results
of the NH3 molecules, NO molecules preferred the O site,
forming an O–N–O structure, which indicated that no compet-
itive adsorption occurred between NH3 and NO molecules over
a-MnO2. The calculated adsorption energies on three facets
were −2.23, −2.64, and −1.96 eV, as listed in Table 1, which all
presented a strong process of chemical adsorption. The Bader
charges analysis displayed that NO molecules acted as electron
acceptors aer adsorption, which obtained 0.77e, 0.74e, and
0.75e on a-MnO2 (100) (110), and (310), respectively.

For O2 molecules, the optimized adsorption congurations
showed that they did not tend to be bonded on the surface. The
adsorption energies of O2 on the (100), (110), and (310) surfaces
were −0.05, −0.27, and −0.09 eV, respectively. All of them were
Fig. 3 (a) Bader charges variations of NH3, NO, and O2 molecules
adsorbed on a-MnO2 (100), (110), and (310) facets. (b) Charge-density
differences of the adsorption structures. Blue and yellow density
regions represent electron density depletion and accumulation
respectively (isosurface levels set as 0.0025 e Å−3).

© 2023 The Author(s). Published by the Royal Society of Chemistry
less than 0.5 eV, coinciding with the results from the adsorption
of O2 on the surface of b-MnO2.56 Only weak physical adsorption
of O2 molecule could happen on pure a-MnO2 surfaces, which
indicated that O2 could not directly be chemisorbed on the
catalysts surface. Instead, physically adsorbed O2 molecule
could react with the surface-active species, such as intermediate
H atom to form *OH and H2O, to participate in the reaction in
the NH3-SCR process.24,56 Besides, O2 could also be activated by
the defected slab containing an oxygen vacancy.24 It is reported
that a-MnO2 (310) has the lowest formation energy of an oxygen
vacancy of 0.33 eV than that of (100) and (110),33 which indicates
that the O2 molecule is benecial to be adsorbed and dissoci-
ated on defected the a-MnO2 (310) surface to participate in the
removal of surface H atom and the generation of H2O.
3.3 Key reaction pathways

The schemed reaction pathways depicted in Fig. 4 have been
widely employed to illuminate the mechanism of N2O forma-
tion during the NH3-SCR reaction. Here, the three key reaction
steps of the dehydrogenation of NH3 and formation of NH2NO
were used to evaluate the NH3-SCR catalytic ability and the N2

selectivity discussed in the introduction of this paper: step R1:
NH3 / NH2 + H, where the activated NH3 dissociated to NH2

species; step R2: NH2 + NO/NH2NO, where the NO reacts with
NH2 to form the NH2NO following the L–Hmechanism; step R3:
NH2 / NH + H, where the NH2 species are oxidized to NH. The
energy proles of R1, R2, and R3 over the three surfaces of a-
MnO2 (100) (110), and (310) and the corresponding geometries
of all the intermediates and transition states are depicted in
Fig. 5–7. The values of the energy barriers and reaction energies
for the R1–3 reactions over the three crystal facets of a-MnO2 are
summarized in Table 2.

Starting from the reaction for R1, an NH3 molecule was
adsorbed and activated by the catalysts while the adjacent O site
on the catalyst surface acted as a tted acceptor for H atoms in
the NH3 molecule, enlarging the distance between H and NH2.
At the end of this reaction, a H atom dissociated from the NH3

molecule combined with surface oxygen atoms to form
Fig. 4 Schematic of the reaction pathways for N2 and N2O formation
during the NH3-SCR reaction over MnO2.

RSC Adv., 2023, 13, 4032–4039 | 4035
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Fig. 5 Reaction pathway for R1–3 over a-MnO2 (100) coupled with
the calculated structures. Purple, red, dark blue, and white circles
denote Mn, O, N, and H atoms, respectively.

Fig. 6 Reaction pathway for R1–3 over a-MnO2 (110) coupled with the
calculated structures. Purple, red, dark blue, and white circles denote
Mn, O, N, and H atoms, respectively.

Fig. 7 Reaction pathway for R1–3 over a-MnO2 (310) coupledwith the
calculated structures. Purple, red, dark blue, and white circles denote
Mn, O, N, and H atoms, respectively.

Table 2 Energy barriers (Ea, eV) and reaction energies (DErxn, eV) of
three elementary reactions on a-MnO2 (100), (110), and (310) facets

Step Elementary reaction

(100) (110) (310)

Ea DErxn Ea DErxn Ea DErxn

R1 NH3 / NH2 + H 1.38 0.79 0.71 −0.24 0.19 0.16
R2 NH2 + NO / NH2NO 0.58 0.26 0.96 0.84 0.91 0.14
R3 NH2 / NH + H 0.07 −0.42 0.74 0.14 1.14 0.51
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a hydroxyl group, and the nal O–H bond lengths on the three
crystal facets were 0.98, 0.98, and 0.99 Å, respectively. The
calculated results showed that the process of NH3 dissociation
on the a-MnO2 (100) and (310) surfaces was endothermic for
both, with reaction energies of 0.79 and 0.16 eV. However, it was
slightly exoergic for NH3 dissociating on the surface of a-MnO2

(110), with a reaction energy of −0.24 eV. Moreover, a-MnO2

(100) had the highest energy barrier (1.38 eV) for NH3 dissoci-
ation compared to a-MnO2 (110) and (310), indicating that the
difficulty in dissociation of NH3 may be the key factor to reduce
its SCR activity. The (310) facet had the lowest energy barrier of
0.19 eV for NH3 to dissociate, which would be more favorable to
activate the NH3 molecule and facilitate the SCR process.

Subsequently, the NO molecule desorbed from the O site
approached the NH2 species and bonded to the N atom to form
the NH2NO intermediate (the process for R2), with N–N bond
lengths of 1.32, 1.32, and 1.37 Å on the (100), (110), and (310)
facets, respectively. The calculated energy barriers were 0.58,
0.96, and 0.91 eV, respectively. Concerning the formation of
4036 | RSC Adv., 2023, 13, 4032–4039
N2O, the further oxidative dehydrogenation of NH2 to NH (the
process for R3) was also investigated. Aer one H atom disso-
ciated from the NH3 molecule to the surface O atom on the a-
MnO2 surface, another H atom dissociated from NH2 species to
the adjacent oxygen site of the catalyst surface. Our results
showed that all the processes on the three catalysts were
endothermic with positive reaction energy. The reaction ener-
gies of this reaction on a-MnO2 (100), (110), and (310) were 0.07,
0.74, and 0.91 eV, respectively. It is worth noting that the NH2

intermediate could be easily converted into NH species over the
a-MnO2 (100) with a low energy barrier of 0.07 eV, resulting in
poor reactivity and N2 selectivity.

Overall, a-MnO2 (100) had high NH3 dissociation (1.38 eV)
and low NH2 dissociation (0.07 eV) energy barriers, which
means it faces the problem of poor activity and nitrogen selec-
tivity. The energy barriers of NH3 dissociation and NH2NO
generation on a-MnO2 (110) were 0.71 and 0.96 eV, which were
similar to the reported results of 1.10 eV on a-MnO2 (110) and
lower than the results of 1.15 eV on g-Fe2O3 (110) and 1.27 eV on
CeO2 (111).38 However, the high-index facet of a-MnO2 (310) had
a low energy barrier for NH3 dissociation (0.19 eV) and a high
energy barrier for NH formation (1.14 eV), which exhibited the
excellent reaction activity and good N2 selectivity compared with
the (100) and (110) facets.
3.4 Thermodynamic and kinetic analysis

Temperature plays an important role in the NH3-SCR process.
Therefore, the variations of the reaction energy of each
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation of the reaction free energy value (DGrxn) under different temperatures for R1–3. (a) NH3 dissociation, (b) NH2NO generation, and
(c) NH2 dissociation.
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elementary reaction were analyzed by the correction of the
Gibbs free energy (formulas (4)–(7)) to obtain the thermody-
namic properties. The reaction energies with the correction for
the Gibbs free energy of processes R1–3 on a-MnO2 exposing
different crystal facets at temperatures below 500 K were
plotted, and are shown in Fig. 8. The results indicated that for a-
MnO2 (100), the high DGrxn of R1 restricted the dissociation of
NH3. Besides, as the temperature decreased, the reaction free
energy value of R1 on a-MnO2 (100) became more positive,
which became more limited. The reaction for NH2 dissociation
was exergonic on a-MnO2 (100), and spontaneous as well, which
could lead to poor N2 selectivity. For a-MnO2 (110), the reaction
of NH3 dissociation was exergonic, and had a certain sponta-
neity. As the temperature decreased, the DGrxn of NH2NO
generation on a-MnO2 (110) became less exergonic, but its
higher reaction free energy value than that of a-MnO2 (100) and
(310) still restricted this reaction and led to a poor catalytic
activity. The reaction free energy values of R1 and R2 on a-MnO2

(310) both decreased with the decrease in temperature, keeping
at a low endergonic value. Moreover, the DGrxn value of R3 on a-
MnO2 (310) was higher than that of R1 and R2, as well as on a-
Fig. 9 Natural logarithm of the reaction rate constant (k) of R1–3
under different temperatures.

© 2023 The Author(s). Published by the Royal Society of Chemistry
MnO2 (100) and (110), showing it was the thermodynamically
rate-limiting step, indicating that a-MnO2 (310) had good
catalytic activity and N2 selectivity.

According to the reaction pathway for R1–3, the rate-
determining steps could be obtained by formula (8) to
perform the kinetic analysis. The reaction rate constants (k) for
R1–3 below 500 K are listed in Table S1† and the natural loga-
rithm data ln(k) are plotted in Fig. 9, respectively. The results
showed that the rate of reactions R1–3 decreased with the
reaction temperature decreasing, especially for the dehydroge-
nation of NH3 on a-MnO2 (100) and dissociation of NH2 on a-
MnO2 (310). Moreover, the (100) had a slightly higher rate
constant for the N2O generation than those of the other facets.
In particular, the reaction rate constants of R1 and R2 were
much larger than that of R3 on a-MnO2 (310) at the research
temperatures, indicating that the (310) facet showed remark-
able activity and N2 selectivity, in line with the results from the
reaction pathway analysis.
4 Conclusions

In summary, the effect induced by engineering the crystal facet
of a-MnO2 catalysts on N2O formation during the NH3-SCR were
systematically investigated by using DFT+U calculations. The
adsorption behavior of the key gas molecules in the NH3-SCR
process was described by congurations of the gas adsorption
on three surfaces of a-MnO2 (100), (110), and (310). It could be
found that the NH3 molecule prefers the Lewis acid site (the Mn
site) on the a-MnO2 surface, but the NO molecule tends to
adsorb on the O site, with both showing strong chemical
adsorption. The adsorption energy of the NH3 and NO mole-
cules on the a-MnO2 (110) surface was higher than that of O2.
Three key reaction pathways for the dehydrogenation of NH3,
formation of NH2NO, and dissociation of NH2 were considered
to construct the reaction activity and N2 selectivity. The detailed
path for N2O formation was explored by the transition state
theory. The effects of different reaction temperatures on the
reaction equilibrium and reaction rate were revealed in depth
through thermodynamics and kinetics analyses. The results
suggested that the high-index facet of a-MnO2 (310) exhibited
excellent reaction activity and good N2 selectivity compared with
the (100) and (110) facets in the researched temperature range
RSC Adv., 2023, 13, 4032–4039 | 4037
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below 500 K. The ndings of this study help improve the atomic-
level knowledge of the mechanism of N2O formation, and
advance the understanding of the roles of the crystal facets of a-
MnO2 on the denitration activity and selectivity, which is good
reference for the suppression of N2O emission during the low-
temperature NH3-SCR.
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