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perature activity over
a-MnO2/b-MnOOH catalyst for selective catalytic
reduction of NOx with ammonia†

Masanori Takemoto, a Haruko Fujinuma,a Yoshihiro Sugawara,b Yukichi Sasaki,b

Kenta Iyoki, a Tatsuya Okubo, a Kazuya Yamaguchi c and Toru Wakihara *ad

Manganese octahedral molecular sieves with an a-MnO2 crystal structure (OMS-2) and their related

materials have attracted significant attention for the selective catalytic reduction of NOx using NH3 (NH3-

SCR) at low temperatures. Further lowering their operating temperature should be an effective method

to develop an environmentally friendly de-NOx system; however, their catalytic activity at low

temperatures, especially below 100 °C, remains poor. This study describes a post-synthetic approach to

develop Mn-based catalysts superior to those in the literature that operate at ultralow temperatures.

Post-synthetic planetary ball milling for OMS-2 caused the partial conversion of OMS-2 into b-MnOOH.

The obtained nanocomposite catalysts possessed abundant surface oxygen vacancies and strong surface

acidity, allowing the milled catalyst to exhibit higher NO conversion at 90 °C (91%) than that in freshly

prepared OMS-2 without planetary ball milling (29%). Lowering the operation temperature of OMS-2

catalysts contributed to the suppression of N2O evolution during NH3-SCR over manganese-based

catalysts, resulting in high N2 selectivity over the milled OMS-2 catalyst (93%).
Introduction

Removal of harmful NOx is a critical process in industrial
facilities such as thermal power stations and water-treatment
plants because NOx causes acid rain, ozone depletion, and
photochemical smog.1,2 Selective catalytic reduction of NOx with
NH3 (NH3-SCR: 4NH3 + 4NO + O2 / 4N2 + 6H2O) is one of the
main methods to reduce NOx.3,4 In a stationary system to reduce
NOx, because exhaust gas also contains soot and SO2 species,
SCR catalysts should be located behind the particle elimination
and desulfurization congurations to avoid deactivation from
ash and SO2.5 Passing through the apparatus decreases the
temperature of the exhaust gas. Among various catalysts, V2O5–

WO3/TiO2,6,7 V2O5–MoO3/TiO2,8 and Cu-exchanged zeolite (SSZ-
13)4,9–12 have been widely accepted as suitable catalysts for
practical use; however, their working temperatures are above
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200 °C. Therefore, additional heat energy is required to activate
vanadium-based and zeolite catalysts.

Manganese oxide is a popular catalyst attracting attention
for environmental applications such as the catalytic decompo-
sition of NOx

13–16 and volatile organic compounds (VOCs),17–22

owing to its large storage capacity, low cost, excellent redox
properties, and variable valence states. Recently, manganese
oxide catalysts have been considered as de-NOx catalysts that
work below 200 °C owing to their excellent redox properties and
strong acidity. The different crystal structures of manganese
oxides are a-, b-, g-, q-, and d-, and previous studies have re-
ported that a-MnO2, denoted as OMS-2, exhibited especially
higher catalytic activity for NH3-SCR at low temperatures than
that in MnO2 with other crystal structures.23,24 However, large
amounts of N2O, a greenhouse gas, are generally produced
during the NH3-SCR reaction,16,25,26 which is the main barrier to
the commercial utilization of manganese oxide catalysts.
According to the literature, the formation rates of undesirable
N2O increase as temperatures increase.16,25 Therefore, further
lowering the operating temperatures of manganese oxide cata-
lysts should be an effective strategy in the development of an
environmentally friendly de-NOx system. Although several
techniques for enhancing the catalytic activity of OMS-2 at low
temperatures have been investigated,25,27–31 their catalytic
activities remain unsatisfactory.

Post-synthesis treatment is a major strategy for tuning the
chemical and physical properties of heterogeneous catalysts.
Ball milling is well known as a technique for improving the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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activity of heterogeneous catalysts by controlling their size and
morphology,32 surface modication,33 and defect-engineering.34

Defect-rich surface structures have been proposed as preferable
for enhancing the activity of Mn-based catalysts in NH3-SCR.31

Therefore, focusing on the possibility of introducing defect
structures, post-synthesis ball milling has substantial potential
for the enhancement of catalytic activity over OMS-2 catalysts at
low temperatures.

This study demonstrates that the use of planetary ball
milling as a post-synthetic treatment for OMS-2 allows to yield
a de-NOx catalyst operating at low temperatures that is superior
to those in the literature. Starting from KMnO4 and MnSO4-
$H2O, OMS-2 was prepared via a redox reaction in an acidic
condition and followed by planetary ball milling at 400 rpm for
different durations for OMS-2. This protocol allowed to yield
nanocomposites of a-MnO2/b-MnOOH with more abundant
oxygen vacancies and stronger acid strengths than before
milling. Such features contributed to the higher NO conversion
over a nanocomposite catalyst at less than 150 °C than that over
freshly prepared OMS-2 without planetary ball milling, which
also contributed to the suppression of undesirable N2O
formation during low-temperature NH3-SCR.
Experimental section
Catalyst preparation

Synthesis of OMS-2. OMS-2 was prepared as described
previously.35 5.89 g KMnO4 (FUJIFILM Wako Pure Chemical
Corporation) was dissolved in 100 mL ultrapure water. The
aqueous solution of KMnO4 was added to an aqueous solution
(30 mL) containing 8.8 g MnSO4$H2O (Sigma-Aldrich) and 3 mL
concentrated HNO3 (FUJIFILM Wako Pure Chemical Corpora-
tion) in a round-bottle ask. The mixture was reuxed at 100 °C
for 24 h in an oil bath. The resultant dark brown solid was
ltered, washed with a large amount of water, and dried under
air at 120 °C overnight. Hereaer, the obtained sample was
named as “as-synthesize OMS-2”.

Planetary ball milling for OMS-2. The milled samples were
prepared by mechanically grinding of OMS-2 by using a plane-
tary ball mill (Fritsch P6) equipped with silicon nitride balls and
pot (Si3N4) ceramics sintered with Y2O3 and Al2O3 as additives.
Milling was conducted using repeated rotation speed at
400 rpm for 5 min at 10 min intervals to avoid overheating the
apparatus and reagents. The total milling time varied from 15 to
95 min (excluding the break time). The milled samples were
recovered by water and dried at 80 °C overnight.
Characterization

Powder X-ray diffraction (PXRD) patterns of the samples were
collected on a Rigaku Ultima IV instrument using Cu Ka radi-
ation (l = 0.15406 nm, 40 kV, 40 mA). Diffraction patterns were
recorded in the angle range of 2q = 5–70° with a scan speed of
0.1° min−1. Nitrogen adsorption–desorption isotherms at
−196 °C were obtained using a volumetric gas adsorption
apparatus (NOVAtouch, Anton Paar). Before the measurements,
sample powders were pretreated at 150 °C under a vacuum
© 2024 The Author(s). Published by the Royal Society of Chemistry
condition for 4 h. The specic surface area (SBET) was estimated
using the Brunauer–Emmett–Teller (BET) method. The
morphologies of the samples were investigated using a eld-
emission scanning electron microscope (FE-SEM; JSM-IT800,
JEOL) and a transmission electron microscope (TEM; JEM-
F200, JEOL). The acidity and reducibility of the samples were
examined using temperature-programmed desorption of NH3

(NH3-TPD) and temperature-programmed reduction of H2 (H2-
TPR), respectively. NH3-TPD and H2-TPR proles were recorded
on a BELCAT II instrument (MicrotracBEL Corp.) using
a thermal conductivity detector. For NH3-TPD measurements,
the samples (50 mg) were pretreated at 400 °C in He (50 sccm),
and adsorbed 5.19% NH3/He (50 sccm) at 50 °C for 30 min. He
was passed through the reactor for another 15 min. Desorption
was carried out under He ow (30 sccm) by increasing the
temperature up to 500 °C at a rate of 10 °C min−1. For H2-TPR
measurements, the samples (10 mg) were placed in the reactor,
and the reactor was heated from room temperature to 700 °C
with a heating rate of 10 °C min−1 in a reducing atmosphere of
5.03% H2/Ar (30 sccm). X-ray photoelectron spectroscopy (XPS)
spectra were recorded by using X-ray photoelectron spectrom-
eter (JPS-9030, JEOL) under Al Ka radiation. The reference of
XPS binding energy position was C 1s (284.2 eV) peak for all
scans.

Catalytic measurement

The NH3-SCR activity was conducted in a xed-bed reactor
operating at 60–240 °C. The concentrations of NOx (sum of NO
and NO2), N2O, and NH3 in the outlet gas were determined
using a chemiluminescence NOx analyzer (ECL-88A Lite, Anatec
Yanaco), gas chromatograph (GC-8A, Shimadzu), and gas
analyzer (LGD F200P2-H NH3, Axetris), respectively. An inlet gas
containing 300 ppm NO, 300 ppm NH3, 5% O2, and balanced N2

at a ow rate of 100 cm3 min−1 was introduced to 50 mg of the
catalyst. The following equation was used to calculate the NO
conversion rate:

NO conversionð%Þ ¼ ½NOx�inlet � ½NOx�outlet
½NOx�inlet

� 100

The calculation equation of N2 selectivity

¼ ½NOx�inlet þ ½NH3�inlet � ½NOx�outlet � ½NH3�outlet � 2½N2O�outlet
½NOx�inlet þ ½NH3�inlet � ½NOx�outlet � ½NH3�outlet

� 100

Results and discussion
Preparation of catalysts

Fig. 1 shows the PXRD patterns of as-synthesized and milled
OMS-2 catalysts. The diffraction peaks of as-synthesized OMS-2
correspond to those of a-MnO2 (COD 9016667). The peak
intensities decreased, and the diffraction peaks broadened in
all diffraction patterns of the milled OMS-2, indicating the
partial collapse/distortion of the original crystal structure. In
RSC Adv., 2024, 14, 35498–35504 | 35499
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Fig. 1 PXRD patterns of as-synthesized andmilledOMS-2 for different
periods. Black arrow at 19.1° indicates a 00l reflection of feitknechtite,
b-MnOOH.
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View Article Online
the diffraction pattern of milled OMS-2 for 95 min, a sharp peak
was also observed at 19.1° as highlighted by an arrow, which
corresponds to a 00l reection of feitknechtite, b-MnOOH.36

This suggests that a part of a-MnO2 was converted into b-
MnOOH by the post-synthetic treatment.
Fig. 2 SEM images, TEM images and specific surface area (SBET) of (a an

35500 | RSC Adv., 2024, 14, 35498–35504
The specic surface areas, SEM images and TEM images of
as-synthesized and milled OMS-2 catalysts are summarized in
Fig. 2. As-synthesized OMS-2 exhibited a high specic surface
area of 65 m2 g−1 and possessed rod-like morphology with
a high aspect ratio (Fig. 2(a) and (b)), and these results are
consistent with those in the literature.17,35 Planetary ball milling
treatment for 15 min induced the collapse of rod-like
morphology followed by the formation of coarse aggregates
composed of spherical particles (Fig. 2(c) and (d)), decreasing
specic surface area (SBET = 26 m2 g−1). Planetary ball milling
treatments for 55 and 95 min caused growth of the thin-layered
components (Fig. 2(e)–(h)). When comparing SEM images of
milled samples for 55 and 95 min, long milling time induced
the further growth of thin-layered components. Such thin-
layered components would be presumably feitknechtite
observed in X-ray diffraction (Fig. 1). The crystal structure of
feitknechtite also predicted that the thin-layered components
was feitknechtite (Fig. S1†). In particular, milled OMS-2 for
55 min certainly contained a tiny amount of feitknechtite which
cannot be observed in XRD. Because of the formation of thin-
layered components, milled OMS-2 for 55 and 95 min exhibi-
ted higher specic surface areas (SBET = 67 and 70 m2 g−1) than
its counterpart milled for 15 min. It can be summarized that
planetary ball milling treatment for OMS-2 allowed to form
nanocomposites of OMS-2 and feitknechtite with high specic
surface areas.
Catalytic properties of catalysts

Fig. 3 shows NO conversion during NH3-SCR over as-synthesized
and milled OMS-2 catalysts. As-synthesized OMS-2 exhibited low
NO conversion at 60 °C (8.7%). With the increase in reaction
temperatures, NO conversion gradually increased and leached to
100% at 150 °C. 100% of NO conversion was maintained in the
region of 150–210 °C. Milled OMS-2 for 15 min exhibited poor
d b) as-synthesized and (c–h) milled samples for different periods.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NO conversion in the wide temperature range due to the lower
specic surface area (SBET = 26 m2 g−1) than that in as-
synthesized OMS-2 (SBET = 65 m2 g−1). Milled OMS-2 for
55 min exhibited 91% of NO conversion at 90 °C, which is the
highest value among the tested catalysts in this study. Repeating
catalytic test conrmed that milled OMS-2 for 55 min stably
worked in the tested temperature range (Fig. 4). Fig. 5(a) shows
N2O evolution over as-synthesized and milled OMS-2 catalysts.
All the tested catalysts showed low N2O evolution as a by-product
in the low-temperature region below 90 °C, and the evolution
amount of N2O gradually increased with an increase in reaction
temperature, followed by poor N2 selectivity at high temperatures
(Fig. 5(b)). Regarding suppression of N2O formation, low oper-
ating temperature is favored. Thus, milled OMS-2 for 55 min was
the best catalyst among the tested catalysts because NO conver-
sion over milled OMS-2 for 55 min reached 100% at a lower
temperature range than that of the other tested catalysts and
Fig. 3 NO conversion over as-synthesized and milled OMS-2
catalysts.

Fig. 4 NO conversion over milled for 55 min in the recycling test. In
the recycling test, after the 1st operation, the temperature of the
catalyst was cooled down, and then raised again (2nd operation).

Fig. 5 (a) N2O evolution and (b) N2 selectivity over as-synthesized and
milled OMS-2 catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
high N2 selectivity (93% at 90 °C) was also achieved due to the
suppression of undesirable N2O formation by the improved low-
temperature activity. The catalytic activity of NH3-SCR over OMS-
2 depends on various factors such as the specic surface area,
acidity, redox property, and oxygen vacancies. Except for milled
OMS-2 for 15min, the specic surface areas of the tested samples
were almost the same. Therefore, the specic surface areas of
the samples did not appear to affect their catalytic activity in
this case.

Fig. 6(a) shows XPS spectra of Mn 2p for as-synthesized and
milled OMS-2 catalysts. The peak positions in as-synthesized
OMS-2 were shied toward low binding energy aer mechan-
ical milling. Mn species contained in metal oxides are generally
in a mixed valence state. The peak position of Mn species
shied to low binding energy with the reduction of the valence
state of manganese: Mn4+ (643.7 eV), Mn3+ (641.6 eV) and Mn2+

(640.0 eV) in Mn 2p3/2.37 Therefore, the peak shi suggests that
the average valence of Mn species decreased aer the post-
synthetic mechanical treatment. In the NH3-SCR reaction,
Mn4+ acts as an active center for the dehydrogenation of NH3.38

Therefore, the high proportion of Mn4+ would be favored to
exhibit enhanced NH3-SCR activity in manganese-based cata-
lysts. XPS analysis revealed that amounts of Mn4+ did not
increase aer the mechanical milling treatment. Thus, at least,
there is no positive effect in terms of the valence state of Mn
RSC Adv., 2024, 14, 35498–35504 | 35501
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Fig. 6 (a) Mn 2p and (b) O 1s XPS spectra of as-synthesized and milled
OMS-2 catalysts.

Table 1 Oads/Olatt and the amount of H2 consumption of as-synthe-
sized and milled OMS-2 catalysts

Sample Oads/Olatt
a H2 consumptionb/mmol g−1

As-synthesized 4.2 7.6
Milled for 15 min 5.0 6.5
Milled for 55 min 5.3 5.4
Milled for 95 min 4.6 5.3

a Calculated using the ratios of integral peak areas in XPS spectra.
b Determined using H2-TPR data.

Fig. 7 NH3-TPD profiles of as-synthesized and milled OMS-2
catalysts.
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species. Because the valence state of manganese is known to be
+3 in feitknechtite, the peak shi may imply the formation of
feitknechtite in the vicinity of the surface of the catalysts.

Fig. 6(b) shows the O 1s for as-synthesized and milled OMS-2
samples. The spectra for O 1s could be divided into two char-
acteristic peaks ascribed to the lattice oxygen species (Olatt) at
528.4 eV and adsorbed oxygen species (Oads) at 532.2 eV. Oads

species are critical for NH3-SCR at low temperatures because
they have higher mobility than that in the Olatt species.39 Three
milled OMS-2 catalysts exhibited higher ratios of Oads/Olatt than
those of as-synthesized OMS-2 (Table 1), indicating that the
planetary ball milling treatment of as-synthesized OMS-2
introduced surface oxygen vacancy defects. In particular, mil-
led OMS-2 for 55 min, showing the best catalytic activity among
35502 | RSC Adv., 2024, 14, 35498–35504
the tested catalysts, exhibited a highest ratio of Oads/Olatt. Even
though milled OMS-2 for 15 min also exhibited a higher ratio of
Oads/Olatt than as-synthesized OMS-2 and milled OMS-2 for
95 min, its NO conversion rates at low temperatures were not
high due to its low specic surface area evidenced in Fig. 2(c).
Wu et al. reported that Ce-doped OMS-2 exhibited enhanced
catalytic activity in NH3-SCR at low temperatures owing to the
increased oxygen vacancies.31 It was deduced that the increased
oxygen vacancy defects introduced by planetary ball milling
played a critical role to enhance the catalytic activity of the
OMS-2 catalyst.

The acidities of the OMS-2 catalysts were analyzed using the
NH3-TPD technique. Fig. 7 shows the NH3-TPD proles of the
prepared catalysts. The as-synthesized OMS-2 catalyst exhibited
two distinct desorption peaks. The desorption peaks at 125 and
275 °C were associated with the weak and strong acid sites,
respectively. Although the milled OMS-2 catalysts showed two
distinct desorption peaks, the desorption peaks observed for
the milled OMS-2 catalysts were located at higher temperatures
than those observed for as-synthesized OMS-2 catalyst. This
suggests that the milled OMS-2 catalysts have stronger acidic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sites than that in as-synthesized OMS-2. Such surface feature
would be also one of the factors that enhances the NH3-SCR
catalytic activity at low temperatures because the enhancement
of the acid strength would be benecial for the adsorption and
activation of NH3.

The H2-TPR technique was applied to examine the reduc-
ibility of the OMS-2 catalysts. Fig. 8 shows the H2-TPR proles of
the prepared catalysts. The as-synthesized OMS-2 catalyst
showed three overlapping peaks at 270, 325, and 344 °C. The
peak at 270 °C was ascribed to the reduction of MnO6-, (where
, represents oxygen vacancies). The other overlapping peaks
represent the reduction of MnO2 to Mn2O3/Mn3O4 and then to
MnO. In the H2-TPR proles of three milled OMS-2 catalysts,
new peaks appeared above 350 °C. Decrease in H2 consumption
was also observed in all milled samples compared to the as-
synthesized OMS-2 (Table 1). Peak shi toward an increase in
temperatures and a decrease in H2 consumption indicates that
the milled OMS-2 catalysts have poorer reducibility than that in
the as-synthesized OMS-2 catalyst. Therefore, the planetary ball
milling has no positive effect on reducibility in this case.
However, as the NH3-TPD analysis showed, the feitknechtite
nanosheets passively acted as adsorption sites with enhanced
acidity. The planetary ball milling allowed the OMS-2/
feitknechtite heterointerface to form, where OMS-2 and feit-
knechtite are probably redox sites and NH3 adsorption sites for
the NH3-SCR reaction, respectively, enhancing the low-
temperature NH3-SCR activity.

As discussed above, post-synthetic treatment for OMS-2 by
planetary ball milling allowed to tune structural and physico-
chemical properties, enhancing the conversion rate at low
temperatures. In manganese-based SCR catalysts, metal doping
is the latest trend toward the development of catalysts with
outstanding low-temperature activity.29–31,40 However, this
Fig. 8 H2-TPR profiles of as-synthesized and milled OMS-2 catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
contribution using a facile planetary ball milling demonstrated
the enhancement of catalytic activity of OMS-2 without metal
doping (Table S1†). As a future perspective, further improve-
ment of the NH3-SCR activity of OMS-2 can be expected with the
aid of post-synthetic planetary ball milling and metal doping.
Considering that the catalytic activity of the manganese oxide
catalyst was improved by the mechanical process, which can be
easily scaled up, ndings from this study represent a signicant
advance forward the practical utilization of manganese-based
catalysts.

Conclusions

Planetary ball milling was performed on OMS-2 with a nanorod
morphology, resulting in a gradual decline in the crystallinity of
OMS-2. SEM and HR-TEM observations of the milled OMS-2
samples revealed that feitknechtite with a layered morphology
was formed from a part of OMS-2 by the post-synthetic planetary
ball milling treatment. The catalytic activity of the as-
synthesized and milled OMS-2 samples were compared in the
NH3-SCR reaction. The milled OMS-2 catalyst prepared under
the optimum conditions exhibited high NO conversion and
high N2 selectivity at low temperatures. The enhanced low-
temperature catalytic activity was probably due to the
increased number of oxygen vacancy and enhanced acid
strength.
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