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Abstract

o- and f-MnO, with different phase structures were prepared by hydrothermal method and investigated for low
temperature SCR. The a-MnO, catalyst showed higher activity than the B-MnO, catalyst at low temperature region.
Characterization results revealed that the activity predominately depended on the tunnel (or layer) structure and
surface chemisorbed oxygen rather than BET surface area, crystallinity, surface Mn*'/Mn®" ratio and redox property.
a-MnO, showed the highest activity on account of [2x2] tunnel and the most surface oxygen to promote the NH;
adsorption and activation. B-MnO, exhibited less activity because of [1x1] tunnel structure and little surface absorbed
oxygen. Further, DFT calculations were used to model the clean and defect surface as well as the NH; adsorptions on
the tunnels of - and f-MnO, model surfaces.
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1. Introduction

Nitrogen oxides (NO,) emitted from stationary and mobile sources are major air pollutants,
contributing to acid rain, photochemical smog, ozone depletion and fine particle pollution [1]. One of the
most promising technologies for removal these pollutants from diesel engines is the selective catalytic
reduction (SCR) of NO with NH;. The commercial catalysts of industrial for the stationary sources are
mainly V,05-WO3/Ti0,, however, the toxicity of vanadium species, high activity for the oxidation of SO,
to SO; and narrow temperature window restrained their extensive applications; Fe-ZSM5 have been
studied widely for the diesel vehicles engines, however, low activities at low temperature and poor
hydrothermal durability at high temperature were still remained [2, 3]. Thus, the development of
environmental benign catalysts with vanadium-free and high activity at low temperature is imperative to
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human beings and researchers.

Recently, great progress and development have been made in nanocrystal (NC) heterogeneous
catalysis. The NC can be synthesized with various size and shape to enhance the activity of a specific
catalytic reaction [4]. That is to say the catalytic properties of materials are sensitive to the shape of the
NC (exposed well-defined facets). The utilizations of CeO,, CuO and Co;0, etc. continues to grow
rapidly in the wide range of chemical reactions, and a direct relationship between the concentration of
active sites and exposed crystal-plane for the CO or CH, oxidation [5—7]. On the other hand for the SCR
reaction, there exists a debate about the reaction mechanism on vanadium-based catalysts at 300°C:
Ramis proposed that an amide (NH,) species resulting in catalyst reduction, while Topsee suggested that
NH; could be reactive only when adsorbed on the Brensted acid site (NH4") [2, 8]. Moreover, the
mechanism for other catalysts such as metal oxides or zeolites were still not clear, the divergence was
mainly focused on the rate-determine step at different temperature: the activation of NHj; or the oxidation
of NO to NO;, [9, 10].

The o- and B-MnO, nanowires were first synthesized by selected control hydrothermal method [11],
and were used to catalytic oxidation CO [12]. a- and B-MnO, have [2 X 2] and [1 X 1] tunnel size
orientated to [110], respectively. Tang et al studied the NH;-SCR activities of f-MnO, and o-Mn,04
nanorods [13], Tian et al synthesized different shape MnO, catalysts (tubes, rods and particles) to study
the SCR activity [14], and they both attributed the higher activity to and attributed the high activity to the
crystallinity, high reducibility and more strong acid sites. However, they did not construct the
systematically relationship between structure, temperature and activity. In our work, we extensively
investigated the structural sensitivity and temperature determination of SCR activities on a- and 3-MnO,
nanowires by a combination of experimental and DFT calculations.

2. Materials and Methods

The o- and B-MnO, catalysts were synthesized by traditional hydrothermal methods. Activity
measurements were carried out in a fixed-bed quartz reactor using 200 mg catalysts. The mixed feed gas
contained 1000 ppm NO, 1000 ppm NHj;, 2 vol. % O, and N, as the balance gas, the total flow rate was
200 mL/min. The concentration of NO, NO, N,O and NH;3 was measured by an FTIR gas analyzer. The
crystal structure was determined by using an X-ray diffractometer (XRD) (Rigaku, D/max-2200/PC)
between 10 ° and 80 ° at a step of 10 °/min, operating at 30 kV and 30 mA using CuKa radiation. XPS
was obtained with an ESCALab220i-XL electron spectrometer from VG Scientific using 300 W AlKa
radiations. TPR experiments were performed on a chemisorption analyser (Micromeritics, ChemiSorb
2720 TPx) under a 10% H, gas flow (50 mL/min) at a rate of 10 °C/min up to 1000 °C. Each sample was
pre-treated at 300 °C in helium for 1 hour before testing. TPD experiments of NH; were carried out in a
fixed-bed quartz reactor. 200 mg catalysts and 200 mL/min gas flow were used during the experiments.

All calculations are based on DFT, and were performed using the Material Studio modelling Dmol3
package [15]. Double-numerical plus polarization functions and GGA-PBE were used in all calculations
[16, 17]. The spin polarization was applied and the real space cut-off radius was maintained as 4.2 A. The
core electrons were treated with all electrons relativistic. The a- and f-MnO, (001) models with 5 layers
were obtained by cleaving the a- and B-MnO, unit cell, and all layers were fully relaxed. The vacuum
regions were 10 A thick. The Brillouin zone was sampled using a (2x2x1) Monkhorst Pack grid. The
interactions between molecules and the surfaces are analyzed by the Mulliken charges. The surface
oxygen vacancies forming energy (E,) can represent the stability of surface oxygen. The E, is calculated
as follows:

E v :Esztrfélce-v+E O‘Erur_’f&lce (] )
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where, E, .. 1s the energy of surface with an O-vacancy, Ey is the energy of oxygen atom, and Ej,, /. 1S
the total energy of clean surface. This formula assumes that the oxygen atoms leaving the surface
combine to form the oxygen molecule. The adsorption energies (£,,) of molecules are calculated for all
possible active acid sites on the surfaces as follows:

Ead :Esur/iwe +Emole'Emole/sur_/ace (2)

where, Ej, .. is the energy of surface, £, is the energy of an isolated molecule that represents adsorbed
molecules and E,,e/suypce 15 the total energy of the same molecule adsorbed on the surface. Note that a
positive value for £, suggests stable adsorption [18].

3. Results and discussion
3.1. Crystallization and optimized models

Fig. 1(a) shows the XRD patterns of prepared a- and f-MnO, catalysts. They can be assigned to a-
MnO, (JCPDS 44-0141) and B-MnO, (JCPDS 24-0735) [12]. Taking the intensities and half-widths of the
diffraction peaks into account, B-MnO, had a higher crystallinity degree than o-MnO,. In addition, the
BET surface areas of a- and B-MnO, were 28.0, 14.0 mz/g, respectively. Based on the results above, we
construct the a- and B-MnO, models with (001) plane exposed (Fig. 1(b)). The optimized models indicate
the different tunnel sizes (7.69 A for a-MnO, model and 4.40 A for B-MnO, model) are well agreement
with experimental results [19, 20].
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Fig. 1. (a) XRD patterns and (b) Top and front view of a- and f-MnO2 catalysts.
3.2. SCR activity

The NH;-SCR activities of the a- and -MnO, catalysts are shown in Fig. 2. During the temperature
range from 60 to 200 °C, the a-MnO, catalyst exhibited higher NO conversions than the B-MnO, catalyst,
and they can both yield 99% NO conversion at 200 °C then decreased with the temperature increasing.
However, the activity of B-MnO, catalyst was higher than that of a-MnO, catalyst in the temperature
range of 200-300 °C.

3.3. Redox property

Fig. 3(a) shows the H,-TPR profiles. a-MnO, showed a shoulder peak around 275 °C and a narrow
peak located at 412 °C, mainly attributing to the reduction of MnO, to Mn;0,, then to MnO [21],
respectively. f-MnO, showed two peaks centered at 336 and 446 °C, and the area ratio of the lower
temperature peak to the higher one was about 2, indicating the reduction process of MnO, to Mn;O,, then
to MnO [22]. The MnO, with longer Mn-O bonds has lower Mn-O strength, which can be reduced at
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lower temperature. The surface Mn-O bond lengths of a- and B-MnO, (001) models were 1.94 and 1.88 A,
in agreement with the redox property [23]. Fig. 3(b) shows the Ols XPS spectra of a- and f-MnO,
catalysts. The Ols peaks can be fitted into two peaks referred to the lattice oxygen at 529.3-530 eV
(denoted as Og) and the chemisorbed surface oxygen at 531.3-531.9 eV (denoted as O,), respectively. As
we know, the O, is highly active in oxidation reaction due to its higher mobility than lattice oxygen Og
[24]. The corresponding concentrations of O, were calculated from the relative areas of these sub-peaks
and the results were 38.0% and 30.5% for a- and B-MnO, catalysts, indicating that a-MnQO, obtained
higher surface oxidative capability than f-MnO,. O-vacancy can easily form on the MnO, surface, it is
important to investigate the O-vacancy forming energy and gaseous molecules adsorption on these sites.
First, we created an O-vacancy site by removing an oxygen atom from the surface, and then optimized the
structure. The top views of the configurations are presented in Fig. 4. The E, for the a-MnO, and f-MnO,
models was determined to be 1.36 eV, 1.07 eV, respectively. It can be seen that the surface of a-MnO,
(001) is more stable than 3-MnO, (001).
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Fig. 2. SCR perormance of a- and f-MnO2 catalysts in the temperature range of 60 to 300 °C. Reaction conditions: NO 1000 ppm;
NH3 1000 ppm; O2 2%; N2 balance; GHSV 38000 h-1.
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Fig. 3. (a) H2-TPR profiles and (b) XPS spectra of O 1s over a- and f-MnO2 catalysts.
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Fig. 4. Top view of optimized a- and B-MnO2 (001) models with O-vacancy sites indicated by black doted circle.
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3.4. NH3 adsorption/desorption

To investigate the specific reaction, temperature programmed desorption (TPD) were utilized
combined with DFT modelling. First we study the NH; adsorption/desorption on a- and $-MnO, catalysts
(Fig. 5). The a-MnO, exhibited a wide, high peak located at 312 °C, while for f-MnO,, only a small peak
at 282 °C was detected. The results were indicating that a-MnO, could provide more NH; adsorption than
B-MnO,, however, the stability of NH; for a-MnO; is slightly greater than B-MnO,. For DFT modeling,
we simulated NH; adsorptions on both o- and -MnO, (001) models, and listed the E,; and charges of
NH; on Table 1. The adsorption energy for 0-MnQO, is greater than that for B-MnO,. The results indicated
that NH; can bond with a-MnO, more stable. Mulliken charges of NH; indicated that more electrons of N
could transfer from NH; molecule to the surface. Moreover, NH; molecule can adsorb not only on the
(001) surface of a-MnQO,, but also in the [110] tunnel, while for f-MnO, based on the limitations of
dynamic diameter, NH; molecule cannot adsorb in the tunnel. The adsorption configurations are shown in
Fig. 6.

Table 1. Ead and charges of NH3 on a- and f-MnO2models. 504 312
—+—a-MnO,
- A - b c E ~eo— B-MnO
Configuration”  Adsorption energy (eV)’  NH; charge g8 404 2
Ar 2.03 +0.37 <
Br 1.49 +0.28 8 3
S 304
Ag 0.81 +0.08 ©
Bg 0.76 +0.06 £
Ay 1.94 +0.37 g 20
By 1.69 +0.21 &
* A denotes 0-MnO, and B denotes 3-MnO,. The subscripts L, B, V are 104
denotes as NH; adsorption on Lewis acid, Bronsted acid and O-vacancy z
site, respectively. 0
® calculated from formula (2) 100 200 300 400 500 600 700 800

“ NH; charge are the sum of Mulliken charges calculated from every
atoms of ammonia molecule.

Temperature (°C)

Fig. 5. NH3-TPD profiles of a- and B-MnO2 catalysts.

Fig. 6. The optimized configurations of NH3 adsorbed on a- and f-MnO2 models with the same sequences as Table 1.
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4. Conclusions

a- and B-MnO, of different phase structures were prepared and investigated for the low temperature
NH;-SCR reaction. Results showed that the activity decreased in the order of a-MnO, > -MnO, at low
temperature. Characterization means of XRD, BET, XPS of O 1s and H,-TPR indicated that the specific
area, crystallinity, surface Mn*"/Mn®" ratio and redox capability were not the major factors to govern the
catalytic activities of the two MnO, catalysts. The tunnel (or layer) structure and surface oxygen
predominately controlled the catalytic activity. a-MnO, showed the best activity accounting for the [2X2]
tunnel structure and surface chemisorbed oxygen to promote the adsorption and activation of NO and
NHj;. B-MnO, exhibited poor activity because of the small [1 X 1] tunnel structure and little surface
absorbed oxygen.
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