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Highly efficient removal of NO with ordered
mesoporous manganese oxide at low temperature

Sihui Zhan,**" Dandan Zhu,* Mingying Qiu,* Hongbing Yu," Yi Li*¢

Highly ordered mesoporous MnO, has been prepared using KIT-6 as hard template for the
selective catalytic reduction (SCR) activity of NO with NH; at low temperature, which was
characterized by TEM, XRD, BET, XPS, H,-TPR, NH;-TPD and in-situ DRIFT. Based on the
result of HRTEM, the ordered mesoporous channels of MnO, can be clearly observed.
Moreover, the SCR activity of NO with NH; at low temperature was evaluated using these
ordered mesoporous MnQO, as catalyst, it can be found that 100% NO conversion efficiency can
be reached from 150 to 250°C. As comparison, mesoporous Mn,0O; and bulk MnO, have been
synthesized and used to test their NO conversion at the same parameters. Furthermore, its
mechanism of improved SCR performance has been investigated, and it is indicated that
specific surface area, surface chemisorbed oxygen, reducibility and acid sites have great effect
on the SCR reaction based on results of XPS, H,-TPR, NH;-TPD and in situ DRIFT. In
addition, the effect of H,O and GHSV on NO conversion has been investigated.
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1 Introduction

Nitrogen oxides (NO) originated in industrial combustion of coal
and fossil fuel can result in a series of serious effects on atmospheric
environment, such as photo-chemical smog, acid rain and ozone
depletion, which have drawn widely concern due to its high toxicity
to human health'?. Among many approaches for removing NO,
selective catalytic reduction (SCR) degradation of NO with NHj is
considered as one of the most efficient and widely used methods.
Until now, the commercial V,05-WO;/TiO, catalysts are used in the
SCR field, however, its higher working temperature from 300 to 400
°C resulted that the reaction device of SCR unit has to be located at
upstream of electrostatic precipitator, which will bring a lot of
problems, such as inactivation, catalyst agglomeration and higher
cost>®. Furthermore, in order to avoid these drawbacks, it is
necessary to preheat the flue gas higher than 200 °C if we want to
locate the VWTi SCR reactor in downstream of electrostatic

precipitator. Therefore, it is urgent to develop novel low-temperature

SCR catalyst to overcome these problems.

According to the previous reports, Mn-based catalysts proved to
show excellent SCR activity at low temperature by doping transition
metal oxides into MnOx, such as MnOx/CeO,', MnOx/TiO,’,
MnOx/Cu0®7 and MnOx/Fe®, and so on. However, the SCR activity
of pure MnO, was poor, and no corresponding research has been
done to improve its degradation efficiency. As we all know, the SCR
removal performance of NO can be obviously affected by the
oxidation state of manganese, the crystallinity and the specific
surface’. For example, Yang found that MnO, nanorods performed
the higher activity for reducing NO than MnO, nanotubes and
nanoparticles, which is due to its low crystallinity, more lattice

oxygen, high reducibility, and stronger acid sites'.

Since the discovery of MCM-41 and SBA-15, mesoporous
materials are attracting more and more widespread concerns due to
their large specific surface area, interconnected channels and well

IL12 1t is found that these hierarchical

defined pore diameters
structures are beneficial for the generation of abundant active sites
and mass transfer, enabling the effective reduction of NOP,
Recently, meoporous MnO, has been prepared and applied in many
fields such as lithium-ion batteries'®, supercapacitors'” and catalytic
domain'®. However, to our knowledge, there is no report to use
meoporous MnO, for SCR removal of NO with NH; at low

temperature.

This journal is © The Royal Society of Chemistry 2014

In this paper, the highly ordered pure mesoporous MnO, was
successfully prepared through nanocasting method using KIT-6 as
template, which was characterized by TEM, XRD, BET, H,-TPR,
NH;-TPD, XPS and in-situ DRIFT. In addition, the SCR activity of
NO with NH; at low temperature was evaluated using these ordered
mesoporous MnO; as catalyst. Furthermore, mesoporous Mn,0; and
bulk MnO, nanoparticles were prepared and used as SCR catalyst to

clean NO with NHj3, and the reaction mechanism has been suggested.
2 Experimental

2.1 Materials

All chemicals used here are analytical grade. The KIT-6 was
prepared based on earlier published paper'. Hydrochloric acid
(HCl), ethanol, N-butanol, sodium hydroxide (NaOH), tetraethyl
orthosilicate (TEOS) were purchased from Jiangtian Chemical
Technology Co. Ltd. (Tianjin, China). Both Pluronic P123 and
Mn(NOs3),-4H,0(97%) were purchased from Sigma-Aldrich.

2.2 Catalyst preparation

The highly ordered mesoporous MnO, was prepared using
mesoporous silica KIT-6 as a template™®. In a typical process, 3g of
Mn(NO3), 4H,0 (97%) was dissolved in 25 mL of ethanol, and then
lg of KIT-6 was added to the above solution. The mixture was
stirred overnight at room temperature, the powder sample was then
sintered in a muffle furnace with a heating rate of 1 °C/min from
room temperature to 350 °C and maintained at 350 °C for 5 h. After
cooling to room temperature, the resulting powder was treated twice
with a hot aqueous solution of 2M NaOH to remove the silica
template, followed by washing with deionized water several times

and then dried at 60 °C.

The synthesis process of ordered mesoporous Mn,O; was similar
with MnO,, and the only difference between Mn,0; and MnO, was
that the obtained solid was calcined in a muffle furnace with a
heating rate of 1 °C/min from room temperature to 600 °C and

maintained at 600 °C for 4 h.

As a comparison, the conventional MnO, was prepared directly by

calcining Mn(NO3),*4H,0 (97%) at 350 °C for 5 h.

2.3 Characterization
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The size and morphology of MnO, and Mn,0; were observed by
transmission electron microscopy (TEM) using a JEOL Model JEM-
1200EX at 80 kV. The X-ray diffraction (XRD) patterns of MnO,
were recorded via an X-ray diffractometer (Rigaku D/Max 2200PC)
with a graphite monochrometer and CuKa radiation (A=0.15418 nm)
at room temperature, with the voltage and electric current being
fixed at 28 kV and 20 mA. N, adsorption-desorption isotherms were
recorded via Quantachrome AutoSorb

(H,-TPR)

iQ-MP. Temperature-

programmed reduction of H, and temperature-
programmed desorption of NH; (NH;-TPD) were carried out on a
Micromeritics Autochem 2920 II instrument with the thermal
conductivity detector (TCD). The oxidation state and concentration
of sample surface were observed using X-ray photoelectron
spectroscopy  (XPS, ESCALAB 250 multi-technique X-ray
photoelectron spectrometer (UK)), with a monochromatic AlKa X-
ray source (hv=1486.6 eV). All XPS spectra were recorded using an
aperture slot of 300*¥700 microns, survey spectra were recorded with
a pass energy of 160 eV, and high resolution spectra with a pass
energy of 40 eV. The in situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (in situ DRIFTS) spectra were recorded
using a Bruker Tensor 27 spectrophotometer. Prior to each
experiment, the sample was heated to 350°C in argon for 1h and then
cooled to 150°C. The spectra were recorded using KBr pellet method
in the range of 400-4000 cm’ by accumulating 32 scans at a

resolution of 4 cm™.
2.4 Catalytic activity test

The SCR activity measurements were carried out in fixed-bed
quartz reactor (i.d. 10 mm), operating under atmospheric pressure at
100-350 °C. For each SCR activity test, 0.5g of catalysts were used
(pressed into blocks, and then crushed and sieved into 40-60 meshes
before SCR activity measurements). The typical reaction conditions
were set as follows: 0.5 g catalyst, 500 ppm NO, 500 ppm NH;, 3%
0,, 5% H,0O(when used), all balanced by N, with a total gas flow
rate of 200mL/min, giving a gas hourly space velocity (GHSV) of
2.8x104 h™'. The gas-phase concentrations of all components were
measured by a FTIR spectrometer (Gasmet FTIR DX4000, Finland).
The NO conversion under steady-state reaction condition for 1 h was
obtained from the following equation, in which NO;, was the
concentration of inlet NO, and NO,,,, was the concentration of outlet

NO:

NO conversion (%) = (1-[NO],,/[NO];,) X100%

This journal is © The Royal Society of Chemistry 2014
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3 Results and discussion

3.1 Characterization of catalyst

To study the microstructure of MnO, in detail, the typical
TEM images with different magnifications were shown in
Figure 1, indicating that the cubic mesostructure and lattice
fringe of MnO, can be directly observed. From Figure la-c, the
6.7 nm average pore diameter of MnO, (Figure b-c) are
consistent with the 5.9 nm wall thickness of KIT-6 (Figure la),
which indicates that cubic mesostructures of MnO, result from
the thermal decomposition of metal precursors within the
confined mesochannels of the silica template’®?!. Besides, the
unit cell parameters, a0, are 11.2 and 22.8nm for mesoporous
MnO, and Mn,O3;. As illustrated in the typical HRTEM image
of MnO, (Figure 1d), lattice fringes of MnO, that belong to the
(110) crystallographic planes (d=0.341nm) and the (101)
crystallographic planes (d=0.254nm) can be found out clearly,
demonstrating that MnO, sample is highly crystalline.
Furthermore, the electron diffraction patterns of MnO, sample
can be indexed to the highly crystalline reflections, which is in
accordance with the below result of XRD. Compared the TEM
image of mesoporous MnO, (Figure lc) with mesoporous
Mn,0; (Figure le), the order of mesoporous MnQO, is better
than mesoporous Mn,03, which may be due to the incomplete
pore filling of precursor and the relative large volume shrinkage
during the sintering process and is consistent with the result of
XRD below?'?2. To evaluate the stability of mesostructure
materials, the characterization of TEM for the used mesoporous
MnO, was conducted, as shown in the Figure 1f. It is obviously
observed that the used mesoporous MnO, still show highly
ordered mesoporous channels after SCR test, which confirmed
clearly the high stability of mesoporous MnO,. In addition,
energy dispersive X-ray spectroscopy (EDS) was also
conducted to analyze the chemical composition of MnO,,
which obviously proved that MnO, catalysts were composed
with Mn and O elements. And, the existence of C and Cu peak
in EDS spectrum come from the copper mesh used in TEM
tests and the little existence of element Si originate from

residues of KIT-6 template.

To further study the mesostructure of samples, low-angle XRD
patterns of mesoporous MnO, and Mn,0; are shown in Figure 2a.

As shown in Figure 2a, the characteristic reflection of (211) plane at
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20 of around 1° for mesoporous MnO, can be observed clearly,
corresponding to the main (211) diffraction peak of the cubic Ia 3d
symmetry of mesoporous silica template (Figure 1S), which
indicates the highly ordered mesoporous structure of MnQ,>.
Besides, the broad peak at 1.7-1.8° indexed as (332) plane for
mesoporous MnO, further demonstrates the relatively ordered
mesostructure, which is in good agreement with above TEM result.
For mesoporous Mn,0s, the characteristic reflection of (211) plane
at 20 value around 1° also can be observed clearly, indicating
mesoporous Mn,0Os has been prepared successfully. However, their
positions had shifted toward higher angles and there are no other
diffraction peaks, suggesting that the mesostructure of Mn,Oj is less
ordered than mesoporous MnO,, which may be due to the
incomplete pore filling of precursor and the relative large volume

2122 Besides, the d-values

shrinkage during the sintering process
calculated from the first peak are 92.9 and 84.9 A, which correspond
to the unit cell parameters, a0, 10.7 and 22.4 nm for mesoporous
MnO, and Mn,0s, respectively. These values are in good agreement

with the TEM results?>*.

Wide-angle XRD patterns of bulk MnO,, mesoporous MnO, and
Mn,0; are shown in Figure 2b. From Figure 2b, peak positions of
mesoporous MnO, are same with bulk MnO,. However, the
diffraction peaks of mesoporous MnO, are broader and lower than
bulk MnO, due to the very fine grain size and defect along the
channel produced in the decomposition process, suggesting that the
obtained mesoporous MnQ, are nano-size. And, the diffraction peaks
of both bulk MnO, and mesoporous MnO, can be well indexed to
MnO, (JCPDS 24-0735)*. The diffraction peaks of mesoporous
Mn,05 can be well indexed to pure Mn,O; (JCPDS 24-0508)**. For
both mesoporous MnO, and Mn,0Os;, no peaks from other phases
have been detected, suggesting that the synthesized mesoporous
MnO, and Mn,0; are of high purity. By the way, the average
particle size is about 36.4nm for bulk MnO, based on the Scherrer

equation, while the average particle size of mesoporous MnO, and

mesoporous Mn,0j3 is about 7.2nm and 13 nm respectively.

The N, adsorption-desorption isotherms and the pore diameter
distribution of the mesoporous MnO,, mesoporous Mn,0O; and bulk
MnO, are shown in Figure 3, and the data of the pore size
distribution, pore volume, and surface area are listed in Table 1. As
shown in Figure 3a, the typical IV type isotherms of mesoporous
MnO, and mesoporous Mn,0Ojs in the relative pressure ranging from

0.4 to 0.8 for are characteristic of mesostructure with the quality of

4| 2014, 00, 1-10

pores inferior to KIT-6 template, which are in good agreement with
the results observed TEM and XRD*?®. In addition, a small
hysteresis loop in the relative pressure ranging from 0.8 to 1.0 for
mesoporous MnO, and mesoporous Mn,0O; can be also observed,
indicating the presence of a small amount of macropores that might
originate from the voids between the ordered mesoporous entities™.
However, the bulk MnO, didn’t exhibit the typical IV type isotherm,
indicating that the bulk MnO, has not mesoporous channels. Based

on the datas shown in Fig. 3b, it can be concluded that the pore size

distribution of all of the samples is uniform and centered on 3.8 nm.

As shown in Table 1, the mesoporous MnO, with a surface area of
129.274 m*g and a pore volume of 0.203 cc/g are much larger than
those of bulk MnO, with a surface area of 5.589 m%g and a pore
volume of 0.006 cc/g. The mesoporous Mn,Os with a surface area of
78.724m*g and a pore volume of 0.068 cc/g are lower than
mesoporous MnO,, which might originate from the collapse of
meostructure caused by the incomplete pore filling of precursor and
the relative large volume shrinkageunder a higher calcination

temperature of Mn,05>!"%.

As we all know, the surface acidity of catalyst plays a very
important role in low temperature SCR of NO with NH,;*".
Therefore, to evaluate the acidic sites distribution, NH;-TPD patterns
of mesoporous MnO,, mesoporous Mn,O3; and bulk MnO, were
carried out, separately (Figure 4a). Due to the thermal stability of the
NHj; molecules coordinated to the Lewis acid sites was higher than
the NH," ions bound to the Bronsted acid sites, it can be deduced
that desorption peak at low temperature (below 200°C) is assigned to
NH," ions bound to Brensted acid sites and the desorption peaks at
high temperature is associated with coordinated NH; molecules
originating from the Lewis acid sites”’. Therefore, for bulk MnO,,
the single main peak ranging from 450 to 550 °C indicates a
distribution of medium acid sites, which is attributed to the
coordinated NH; molecules originating from the Lewis acid sites”.
Three NH;3-TPD peaks of mesoporous MnO, can be observed
obviously. The desorption peak at low temperature ranging from 150
to 200 °C is due to the NH," ions bound to Brensted acid sites from
weak and medium acid sites distributed on the surface of
mesoporous MnO,'%?’. The two peaks at high temperature ranging
from 400 to 550 °C are associated with coordinated NH; molecules
originating from the Lewis acid sites, which may be caused by
decomposition of nitrite-nitrate species which are formed due to

oxidation of ammonia by MnO,”"*®. Compared with mesoporous

This journal is © The Royal Society of Chemistry 2014
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MnO, and mesoporous Mn,O; no Brensted acid sites were
obviously observed for bulk MnO, Due to Brensted acid sites also
play an important role in SCR reaction, which may be one of the
reasons that the SCR reaction activity of mesoporous MnO, and
mesoporous Mn,O; is higher than bulk Mn0,”>*. The NH;-TPD
spectra obtained from mesoporous Mn,O; is similar with
mesoporous MnO,, which may be associated to the same
morphologies. The difference of acid sites on the three catalysts may
result from their specific structural features, leading to the distinction

of the catalytic performance.

To investigate the reducibility of mesoporous MnO,, mesoporous
Mn203 bulk MI]OZ SCR
, the H,-TPR patterns of are as shown in Figure 4b. For bulk MnO,,

and catalysts  in reaction
three reduction peaks of bulk MnO, ranging from 350 to 600 °C can
be observed, which attributes to correspond to the reduction of
MnO, to Mn,O;, Mn,O; to Mn;O; and Mn3;O,; to MnO,
respectively”>?’. For mesoporous MnO,, the reduction peak ranging
from 200 to 600 °C is due to the reduction of MnO, to Mn;0, and
further reduction of Mn;0, to MnO, which is in accordance with the
previous study”*®. As a comparation, the H,-TPR peaks of
mesoporous Mn,O; show two reduction peaks ranging from 200 to
600 °C: the low temperature reduction peak centered at 360 °C is
due to the reduction from Mn,03; to Mn;O,4 and the high temperature
reduction peak centered at 540 °C is assigned to the further reduction
of Mn;0, to MnO, which is in good agreement with the previous
report, which indicated that Mn,O; sample undergo the stepwise
reduction of Mn,O; to Mn;0y, and Mn;0, to MnO'%%, Compared
with bulk MnO,, the first reduction peak of mesoporous MnO, and
mesoporous Mn,O; shifted to low temperature, implying their
reduction potentials in low temperatures should be much higher than
that of bulk MnO,?"?°. The difference between bulk MnO, and the
mesoporous manganese oxide could be explained considering a
small size effect: the smaller particle size will result in the lower
reduction temperature, thus, the reduction potentials in low
temperatures will be stronger”>'. Based on the average particles size
calculated by XRD patterns, the average size of mesoporous MnO,,
mesoporous Mn,O3 and bulk MnO, are 7.2nm, 13nm and 36.4nm,
respectively. Thus, the reduction potentials in low temperatures of
mesoporous MnQO, is strongest and the reduction potentials in low
temperatures of bulk MnO, is weakest. For mesoporous MnQO,, the
small size particles may be due to that the growth of MnO, particles
occurred in the pore of KIT-6 template, thus, the mesoporous MnO,

particles size will be strictly limited by the mesoporous channels of

This journal is © The Royal Society of Chemistry 2014
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KIT-6'%'®, Moreover, the particles size of the bulk MnO, is much
bigger than mesoporous MnO, due to the calcination growth. These
results indicate that the ordered mesoporous channels changed the
particles size and further improved the reduction potentials of

samples in SCR removal NO.

To obtain the information about the oxidation states and the
atomic compositions of manganese and the information about
oxygen species on the catalyst surface, the XPS spectra of Mn 2p, O
1s of mesoporous MnQO,, mesoporous Mn,0O; and bulk MnO, are
shown in Figure 5, which had been calibrated against the C Is peak
standardized at 284.6 eV>'. From Figure 5a, two main peaks belong
to Mn 2p;, and Mn 2p;,, of mesoporous MnQO,, mesoporous Mn,0;
and bulk MnO, can be observed. After a peak-fitting deconvolution,
the Mn 2ps3, of mesoporous MnO, and bulk MnO, can be only
separated into one peak with Mn*" (642.1-642.2¢V), and the
corresponding peaks of mesoporous MnO, and bulk MnO, in Mn
2pi» can also be separated into one peak with Mn*" (653.5-
653.8eV), indicateing that Mn*" is the main valence state of Mn in
MnO, *2. However, the the Mn 2ps,, of mesoporous Mn,Os can be
separated into two peaks with Mn®" (642.1 eV) and Mn** (642.4eV),
and the corresponding peaks of Mn2p"? are located in 653.2 eV
(Mn*") and 654.2 eV (Mn*")*.

From Figure 5b, two kinds of surface oxygen species can be
distinguished by performing a peak-fitting deconvolution. Peak at
lower B.E. of 528.0-530.0 eV belongs to the surface lattice oxygen
(Op), and the peaks at higher B.E. of 531.0-532.0 eV can be assigned
to the surface chemisorbed oxygen (O,,), such as the defect oxides or
surface oxygen ions bonded to manganese in a low coordinated
environment’>* The ratio of O,/ (O, +0p) in mesoporous MnO,
(47.02%) was much higher than that in bulk MnO,. Because the
surface chemisorbed oxygen is active in oxidation reaction, the
higher O, rate will be conducive to the reaction of SCR, which can
be confirmed by following the results of SCR activity**>. The O,
rate between mesoporous MnO, and Mn,0O; is no significant
difference, suggesting that the O, rate has little effect on the

difference in SCR activity between mesoporous MnO, and Mn,O;.

Binding energies and the percent of different valence states for
manganese and oxygen determined from deconvoluted XPS spectra

are as shown in Table 2. It is found that the Mn*" is the predominant
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valence state of Mn. By the way, it can also be verified from the
following SCR activity. From Table 2, the Mn*" concentration of
mesoporous MnO, is higher than mesoporous Mn,Os, and the Mn**
plays a key role in SCR activity and is preferable for SCR activity, in
good agreement with the previous report ***2. Therefore, that may be
one of the reasons the NO removal efficiency of mesoporous Mn,0;

is lower than mesoporous MnO,.

3.2 SCR activity

As shown in Figure 6, the SCR removal activity of NO with
different catalysts has been done, such as mesoporous MnO,,
mesoporous Mn,0s, bulk MnO, and commercial VWTi catalyst. As
illustrated in Figure 6, only less than 20% NO conversion can be
obtained below 150°C for VWTi. However, the NO conversion for
VWTi can increase quickly to 98% at 300 °C. Moreover, the highest
NO conversion for bulk MnQO, is 58.35%, the 50% NO conversion
below 200°C can be reach. From Figure 6, the NO conversion ratio
with mesoporous MnO, is twice as bulk MnO, in the whole
temperature window. For mesoporous MnO,, the NO conversion
reach more than 97% in the temperature window ranging from 150
to 250 °C, and the highest NO conversion can be increased by up to
100% at 200 °C. Based on the results of N, adsorption-desorption,
XPS, TPR and TPD, compared with bulk MnO,, the much higher
NO conversion over mesoporous MnO, can be attributed to its huge
specific surface area, more surface chemisorbed oxygen, high
reducibility and strong acid sites'®*". It also can be shown that the
highest NO conversion of mesoporous Mn,0s is 94.35% and the best
active temperature also ranges from 150 to 250 °C, which is a little
lower than mesoporous MnO,. Founded on the analysis of N,
adsorption-desorption and XPS, it can be ascribed to the smaller
specific surface area and the lower content of Mn*" compared to the
mesoporous MnO,. Therefore, it indicates that specific surface area
and oxidation states of manganese can improve the SCR activity of

manganese oxide’.

3.3 Effect of H,O and GHSV

In practical, some fraction of water vapor exists in the air.
Therefore, it is important to evaluate the effect of water vapor in the
SCR reaction for mesoporous MnO,. We carried out the SCR
reaction with the GHSV of 28000h™ in the existence of 5% H,O to
test the durability of the catalyst (Figure 7a). As can be seen, in the
absence of 5% H,0, mesoporous MnO, show a high and steady NO
conversion of 99% in 200 °C. In the presence of 5% H,0, the NO

6| 2014, 00, 1-10

conversion would decrease to 91% due to the blocking of some
active sites on the catalyst surface®" *. After cutting off the H,O
inlet, the NO conversion over mesoporous MnO, rapidly recovered
to 99%, which indicates a reversible inhibition effect of H,O on the

SCR activity.

As shown in Figure 7b, to further investigate the SCR activity
different

under reaction temperature and GHSV by using
mesoporous MnO, as catalyst, NO conversion ratio has been valued
in a wider reaction temperature from 100 to 350°C in the GHSV of
28000-100000h". It could be found that the NO conversion
decreased with elevated GHSV, because their contact time becomes
shorter and shorter”. It is also shown obviously that the GHSV has
little influence on SCR activity in the whole temperature window of
100-350 °C, and at GHSV of 53000 h™!, the mesoporous MnO, still
achieve more than 90% at low temperature ranging from 150 to 250
°C. And even at high GHSV of 100000 h™', the NO conversion can
reach 90% at 200 °C. Noticeably, mesoporous MnQO, still show more
than 95% NO conversion at wide temperature window of 150-250

°C and higher GHSV of 28000h™".

3.4 In situ DRIFT discussion

To further investigate the reaction mechanism, in situ DRIFT was
conducted in Figure 8. In this experiment, the mesoporous MnO,
was first treated with NO+O, /Ar for 30 min and then purged with Ar
for 30 min. When NH; was introduced at 150 °C, the DRIFR spectra
can be recorded as a function of time (Fig. 8a). After NO+O,
adsorption, there are three nitrate species that was detected, which
are the bands at 1623 cm™ and at 1295 cm™ corresponded to bridging
nitrate, the band at 1580 cm™ due to bidentate nitrate, and the band
at 1545cm™ attributed to monodentate nitrate, respectively’>®. After
NH; was purged over mesoporous MnQO,, the peak of bidentate
nitrate is vanished rapidly because of its high reactivity, and the
presence of the band at 1623 cm™ which transformed to the higher
band at 1624 cm’' indicates the high stability of bridging nitrate
because of its high stability’®*’. Meanwhile, a great of NH; species
can be detected, such as hydrogen bond, coordination to an electron-
deficient metal atom (Lewis acid site), dissociation of NH; with
formation of NH, or NH groups, and formation of NH," at Bronsted
acid sites. The features centered at 3160 and 3260 cm™ were
attributed to the stretching vibrations of weakly absorbed ammonia
species®. The band at 1031 cm™ is caused by ammonia hydrogen
bonding to the surface oxygen atoms of mesoporous MnQO,, whereas

the bands at 1430 and 1473 cm™! are correlated to NH," ions formed

This journal is © The Royal Society of Chemistry 2014
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on Bronsted acid sites®®*®. A new band at 1340 cm™ is quite
different from adsorbed NOx and NH; species mentioned above,
which assigned to the intermediate species from the combination of
surface adsorbed NH; and NOx species®. All the results indicated
that the reaction between ammonia and nitrate species was unlikely
to have occurred, except for the reaction between NO, and ammonia.
And the coexistence of ammonia and nitrate species showed that
NH; and NOx could be adsorbed over different active sites of the

catalyst surface.

The in situ DRIFTS spectra of the reaction between NO+O, and
pre-adsorbed NHj; species on the catalyst at 150 °C is displayed in
Figure 8b, which is conducted in reverse order compared with Figure
8b. The mesoporous MnO, were first treated with NHs/Ar for 30min
and then purged with Ar for 30 min. When NH; was introduced at
150 °C, the spectra were recorded at different time. After NH;
adsorption, some NHj species are observed, including the band at
1625 cm™ and 1193 ecm™ due to the symmetric and asymmetric
deformation vibration of ammonia coordination to Lewis acid sites,
the band at 1394 cm™ correlated to NH," ions formed on Brensted

acid sites. After NO+O, was purged over mesoporous MnO,, the

bands due to adsorbed NHj species decrease slightly and main

nitrate species begin to form on the catalyst surface. The bands 2400

1 . Ll . 1¢g
centered at 1625 and 1295 cm™ are assigned to bridging nitrate and 2000 MnKa
the bands at 1580 cm™ is attributed to bidentate nitrate. Besides, a 1
R . . . 1600
new band at 1340cm™ can be observed obviously, which assigned to |
the intermediate species from the combination of surface adsorbed 1200 - CKa
NH, and NOx species. All these results indicate that both ionic NH," 800_-
: . . . . 0 Ka
and coordinate NH; can play important roles in reducing NO in SCR 1 CuKa
. 400 2 Kb
reaction. SiKa
1 uLa CuKb
0 T T T T T T T T T
0 200 400 600 800 1000

Figure 1. TEM images of KIT-6 (a), mesoporous MnO, (b,c),
mesoporous Mn,0j3 (e) and the used mesoporous MnO; (f),
HRTEM image (d) of mesoporous MnQO,, and the energy
spectrum analysis (EDS) (g) of mesoporous MnO,.
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Figure 2. Low-angle XRD pattern of mesoporous MnO, and Mn,0; (a), and wide-angle XRD pattern of mesoporous MnQO,,
Mn,0; and bulk MnQO, (b)
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Figure 3. N, adsorption-desorption isotherms (a) and pore diameter distribution (b) of mesoporous MnQO,, mesoporous Mn,0; and

bulk MnO,

Table 1. Specific area, pore volume, and pore diameter distribution of mesoporous MnO,, mesoporous Mn,0; and bulk MnQO,.

materials specific area (m’/g) pore volume (cc/g) pore diameter (nm)
Mesoporous MnO, 116.668 0.203 3.882
Mesoporous Mn,03 78.724 0.068 3.866
Bulk MnO, 5.589 0.006 3.829

This journal is © The Royal Society of Chemistry 2014
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Figure 4. NH;-TPD patterns (a) and H,-TPR patterns (b) of mesoporous MnQO,, mesoporous Mn,0; and bulk MnO,
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Figure 5. XPS spectrum of mesoporous MnQO,, mesoporous Mn,0; and bulk MnO,: (a) Mn2p, (b) Ols.
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Table 2. Binding energies and the percent of different valence states for manganese and oxygen determined from deconvoluted XPS

spectra.

Percent of valence state, % (binding energy, eV)

Materials Mn* Mn* Mn** Mn**
0, Og
2p3p 2pip 2p3p 2pip
Mesoporous 55.24 ( 44.76 ( 47.02 ( 52.98 (529.6
MnO, 642.2) 653.8) 531.2) )
Mesoporous 48.17 ( 2835 ( 545 (642.1 10.67 ( 46.56 (532 53.44 (529.9
Mn,0; 642.4) 654.2) ) 653.2) ) )
61.28 ( 38.72 ( 37.15 ( 37.85 (529.5
Bulk MnO, - --
642.1) 653.5) 531.3) )
100
80
S
5 60 -
5 |
>
=
(=)
9 40 -
>
. —=— Bulk MnO,
204 —@— Mesoporous MnO,
—4&— Mesoporous Mn,O,
| —v— VWTi
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Figure 6. NO conversion of mesoporous MnQO,, mesoporous Mn,0;, bulk MnO, and VWTi under the conditions of 500 ppm NO, 500
ppm NH;, 3% O,, GHSV of 28,000 h! and N, balance gas.
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Figure 8. In situ DRIFT spectra of mesoporous MnQO, between (a) NH; and adsorbed NO at 150 °C, (b) NO + O, and adsorbed NH;
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species at 150 °C.
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4 Conclusions

In this manuscript, highly ordered mesoporous MnO, and Mn,0,
has been successfully prepared through nanocasting using KIT-6 as
hard template and applied in SCR removal of NO with NH;. The
mesoporous MnO, could clean approximately 100% NO at wide
window temperature from 150 to 250 °C. Mesoporous Mn,0O; and
bulk MnO, were compared with mesoporous MnO, in order to
illustrate the effect of mesostructure and oxidation state of
manganese oxide on SCR reaction. It is found that the NO
conversion of mesoporous MnO, is more than bulk MnO, due to its
huge specific surface area, more surface chemisorbed oxygen, high
reducibility and strong acid sites based on XPS, H,-TPR, NH;-TPD
and DRIFT, which indicates that mesostructure can effect on the
specific surface area, surface chemisorbed oxygen, reducibility and
acid sites of catalyst and further influence the SCR reaction. On the
other hand, the NO conversion of mesoporous MnQO, is also higher
than mesoporous Mn,Os, which can attribute to its more Mn**.
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