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nanorod catalysts for low-
temperature selective catalytic reduction of NO
with NH3

Yifan Wang, Yanli Wang,* Zhenkai Kong, Ying Kang and Liang Zhan *

MnOx nanorod catalysts were successfully synthesized by two different preparation methods using porous

SiO2 nanorods as the template and investigated for the low-temperature selective catalytic reduction (SCR)

of NO with NH3. The catalysts were characterized by scanning electron microscopy, transmission electron

microscopy, nitrogen adsorption, X-ray diffraction, X-ray photoelectron spectroscopy, and NH3

temperature-programmed desorption. The results show that the obtained MnOx-P nanorod catalyst

prepared by redox precipitation method exhibits higher NO removal activity than that prepared by the

solvent evaporation method in the low temperature range of 100–180 �C, where about 98% NO

conversion is achieved over MnOx(0.36)-P nanorods. The reason is mainly attributed to MnOx(0.36)-P

nanorods possessing unique flower-like morphology and mesoporous structures with high pore volume,

which facilitates the exposure of more active sites of MnOx and the adsorption of reactant gas

molecules. Furthermore, there is a lower crystallinity of MnOx, higher percentage of Mn4+ species and

a large amount of strong acid sites on the surface. These factors contribute to the excellent low-

temperature SCR activity of MnOx(0.36)-P nanorods.
1. Introduction

Nitrogen oxides (NOx) are considered to be one of the main air
pollutants, which can cause great harm to the ecological envi-
ronment and human health. Therefore, it is urgent to control
the emissions of NOx. The selective catalytic reduction (SCR) of
NO with NH3 has been proven to be the most effective tech-
nology for the removal of NOx. Commercial SCR catalysts, V2O5–

WO3/TiO2 and V2O5–MoO3/TiO2 catalysts have shown high
activity of NO removal, and these catalysts must be used in the
temperature range of 350–450 �C.1,2 To satisfy the high oper-
ating temperature, the SCR unit needs to be placed upstream of
the electrostatic precipitator and desulfurization devices,
resulting in the deactivation of catalysts because of high
concentration of dust and SO2 in the ue gases. In order to
overcome the disadvantages of these V2O5/TiO2 based catalysts,
researchers have paid much attentions on developing efficient
low-temperature SCR catalysts, which can be placed down-
stream of the desulfurizer and electrostatic precipitators
without the need for reheating of ue gases.3–5

Various transition metal oxide catalysts have been found to be
active in the NH3-SCR reaction. Among them, manganese oxide
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(MnOx) catalysts exhibit excellent low temperature-SCR activities
due to their variable valence states and high redox properties.6,7

In addition, it has been demonstrated that the specic surface
area and crystallinity of MnOx have also great inuence on their
SCR activities.8 Furthermore, it has been reported that the
morphologies of the catalysts signicantly inuence their prop-
erties and catalytic performance.9–11 Recently, mesoporous
materials have attracted extensive attention owing to their large
specic surface area, highly ordered mesoporous structure,
which are advantageous to the generation of abundant active
sites and mass transport of gas molecules. In particular, meso-
porous metal oxides combine the advantages of both metal
oxides and mesoporous structure in comparison with nano-
particles, which have found applications in various elds, such as
electrode materials, gas sensors and adsorption, catalysis, etc.12–14

For instance, Gao et al.15 reported a three-dimensional (3D)
mesoporous MnO2 prepared using KIT-6 as a template, which
showed much higher SCR activity than mesoporous MnO2 tem-
plated from SBA-15 or MCM-41, maintaining NO conversion of
100% in the temperature range of 75–275 �C, because of the
special 3D mesostructure. Tian et al.16 studied MnO2 nanorods
exhibited higher NO conversion than MnO2 nanotubes and
nanoparticles, and found that the higher SCR activity of MnO2

nanorods may be mainly attributed to lower crystallinity, more
lattice oxygen, higher reducibility, and more amount of strong
acid sites. Therefore, controlled synthesis of MnOx catalysts with
different morphologies is very effective way to improve their SCR
activities. However, there are still many challenges.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra06758c&domain=pdf&date_stamp=2022-06-09
http://orcid.org/0000-0002-5640-7198
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06758c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012027


Fig. 1 SEM images of the porous SiO2 nanorods.
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In this work, we synthesized a series of MnOx nanorods
catalysts using porous SiO2 nanorods as template through two
different preparation methods. The activities of these MnOx

nanorods catalysts for SCR of NO at low temperatures were
evaluated. The effect of Mn loading on SCR activities of MnOx

nanorods catalysts at different temperatures were also investi-
gated. The catalysts were characterized to understand the
structure and morphologies of MnOx nanorods catalysts as well
as their relationship with catalytic activity. The results are of
importance for better understanding of low temperature SCR
reaction on nanostructured MnOx catalysts and benecial to
promote the development of NO removal technology from ue
gases.

2. Experimental
2.1 Catalyst preparation

All the chemical reagents used were analytical grade. MnOx

nanorods catalysts were prepared by two-step process. Firstly,
the porous SiO2 nanorods template was synthesized according
to the previously reported procedure.17 Secondly, MnOx nano-
rods catalysts were prepared by two different methods using the
porous SiO2 nanorods as template. Detailed preparation
methods were the following:

2.1.1 Redox precipitation method (P). A series of MnOx

nanorods catalysts were synthesized by the redox precipitation
method using KMnO4 as oxidant and manganese acetate as
reductant, respectively. In a typical synthesis, a certain amount
of the as-synthesized porous SiO2 nanorods was initially
dispersed in 50 mL deionized water by ultrasonic treatment,
subsequently appropriate amount of manganese acetate was
slowly added to the above solution. Aer stirring for 6 h, the
solution of KMnO4 containing 40 mL deionized water was
slowly added to the above mixture, and continuously stirred for
12 h. The main reaction between Mn(CH3COO)2 and KMnO4 is
expressed by the following equation: (3Mn2+ + 2MnO4

� + 2H2O
/ 5MnO2 + 4H+). Then, the obtained product was collected by
ltration, and washing several times with deionized water, and
then drying at 110 �C for 12 h. Finally, the SiO2@MnOx was
treated with 2 M NaOH solution at 80 �C to remove the SiO2

nanorods template, followed by centrifugation and washing
with deionized water several times, drying at 110 �C for 12 h.
The resultant catalysts are labeled as MnOx(y)-P nanorods,
where y represents the mass ratio of Mn to SiO2 nanorods
template, and P represents the redox precipitation method.

2.1.2 Solvent evaporation method (E). For comparison, the
MnOx nanorods catalysts were also synthesized by the solvent
evaporation method using manganese acetate as the precursor.
A certain amount of the as-synthesized porous SiO2 nanorods
was initially dispersed in 40 mL ethanol by ultrasonic treat-
ment. Subsequently, appropriate amount of manganese acetate
was slowly added to the above solution, and stirred for 2 h.
Then, the mixture was heated up to 50 �C to evaporate the
ethanol. The obtained product was dried at 80 �C for 12 h, fol-
lowed by calcination at 400 �C for 3 h in air atmosphere. Finally,
the SiO2 nanorods template was removed with 2 M NaOH
solution at 80 �C, then centrifugation, washing with deionized
© 2022 The Author(s). Published by the Royal Society of Chemistry
water several times and drying at 110 �C for 12 h. The resultant
catalysts are labeled as MnOx(y)-E nanorods, where y represents
the mass ratio of Mn to SiO2 nanorods template, and E repre-
sents the solvent evaporation method.

2.2 Activity test

NO removal activity tests were carried out in a xed-bed reactor
with a diameter of 8 mm. The gas mixture consisted of 500 ppm
NO, 500 ppm NH3, 5.0 vol% O2 and balance N2. In all experi-
ments, the total gas ow rate was maintained at 500 mL min�1,
corresponding to a gas hourly space velocity (GHSV) of 62 000
h�1. The reaction temperatures were controlled regulated from
100 to 300 �C. The concentrations of NO and O2 in the inlet and
outlet gases were continually measured on-line by a ue gas
analyzer (MRU VARIO PLUS, Germany).

2.3 Characterization

The morphologies and microstructures of the samples were
examined using scanning electron microscope (SEM, FEI Nova
NanoSEM 450) and transmission electron microscopy (TEM,
JEOL JEM-2100F). The pore structure was measured at 77 K
using a Quadrasorb SI analyzer (Quantachrome Instrument
Crop) and the corresponding pore size distribution was ob-
tained by the density functional theory (DFT model). X-ray
diffraction (XRD) measurements were recorded on a Rigaku
D/max 2550 diffractometer using Cu Ka radiation. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on an Axis Ultra DLD spectrometer with Al Ka radiation.
NH3-temperature programmed desorption (NH3-TPD) was per-
formed on a TP-5080 adsorption analyzer (Xianquan Co.) with
a thermal conductivity detector (TCD). Before the NH3-TPD
experiment, 0.1 g sample was pretreated in He ow at 300 �C for
30 min, followed by cooling down to 100 �C. Aerwards, the He
ow was switched to a stream containing 5 vol% NH3/He to
adsorb NH3 for 60 min at 100 �C and then purged with He at the
same temperature. Finally, the temperature was increased to
800 �C in He ow at a heating rate of 10 �C min�1.

3. Results and discussion
3.1 Morphological characterization

Fig. 1 shows SEM images of the porous SiO2 nanorods. As can be
observed in Fig. 1, the obtained SiO2 nanorods shows one-
RSC Adv., 2022, 12, 17182–17189 | 17183
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Fig. 3 TEM and HRTEM images of (a and b) MnOx(0.36)-E and (c and d)
MnOx(0.36)-P nanorods.
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View Article Online
dimensional rod-like structure. These nanorods are nearly
uniform with lengths in the range of 300–400 nm and diameters
of about 100–200 nm. Furthermore, all SiO2 nanorods are
almost monodispersed without aggregation.

The morphologies and microstructures of MnOx nanorods
catalysts prepared by different methods are characterized by
SEM. The results in Fig. 2 indicate the different morphology can
be clearly observed over MnOx(0.36)-E and MnOx(0.36)-P nano-
rods. Aer the loading of MnOx and etching by the NaOH
solution, the morphology of MnOx(0.36)-E nanorods is mainly
one-dimensional rod-like structure, which does not change
much compared with that of SiO2 nanorods. These indicate that
MnOx is uniformly distributed in the rod-like structure, favor-
able to the enhancement of SCR activity. Additionally, a small
amount of nanoparticles and nanosheets MnOx are observable
on the surface of the rod-like structure, which may be caused by
the unloaded MnOx on the SiO2 nanorods because of the
precipitation and crystallization of partial manganese precursor
during the solvent evaporation process. The SEM image of
MnOx(0.36)-P nanorods is clearly different from that of
MnOx(0.36)-E nanorods. Flower-like structure is observed,
which is assembled by numerous manganese oxide nanosheets
(Fig. 2c and d). Aer the careful observation, it is found that
a certain amount of loose macroporous structure is also formed
on the surface of the catalyst, due to the accumulation of MnOx

nanosheets. These macroporous structure could facilitate the
adsorption and desorption of reactant gas molecules on the
active sites of catalyst surface, which is advantageous to NH3-
SCR reaction.

The detailed morphologies and microstructures of MnOx

nanorods catalysts obtained by different methods are further
characterized by TEM. From Fig. 3a, it is observed that
MnOx(0.36)-E nanorods still maintains one-dimensional rod-
like structure, agreeing well with the SEM results. It is worth
noting that the inter center of MnOx(0.36)-E nanorods is not
completely hollow structure. Since the porous SiO2 nanorods
has abundant mesoporous structures, it is reasonable to expect
Fig. 2 SEM images of (a and b) MnOx(0.36)-E and (c and d)
MnOx(0.36)-P nanorods catalysts.

17184 | RSC Adv., 2022, 12, 17182–17189
the manganese precursor easily lls the mesoporous template
including the edge and inner pores of SiO2 nanorods during the
MnOx impregnation process. Thus, the inner partially hollow
structure is formed aer the further etching of SiO2. In addition,
there exists unloaded nanoparticles and nanosheets MnOx near
the rod-like structure, in accordance with the SEM results
(Fig. 2a and b). Compared to TEM image of MnOx(0.36)-E
nanorods, MnOx(0.36)-P nanorods is mainly composed of
nanorods, with a diameter about 100–200 nm and length about
300–500 nm (Fig. 3c), which is similar with the size of the SiO2

nanorods. And it can also be seen that MnOx nanosheets are
deposited on the surface of the nanorods, suggesting that the
ower-like MnOx is assembled by these MnOx nanosheets.
Meanwhile, many porous structures in the inner space of
nanorods are also observed, which is explained because the
MnOx nanosheets are self-assembled randomly and not parallel
to each other, leading to the formation of the porous structure.
Such results are good agreement with the SEM observation
(Fig. 2c and d).

The HRTEM images of the two catalysts are shown in Fig. 3b
and d. The HRTEM image of MnOx(0.36)-E nanorods reveals the
visible lattice fringes with an interplanar spacing of 0.214, 0.289
and 0.493 nm, which can be assigned to the (015) plane of
birnessite-type MnO2 (d-MnO2), (200) and (101) planes of
Mn3O4, respectively. These data suggests that Mn3O4 and d-
MnO2 coexist on the surface of MnOx(0.36)-E nanorods.
However, for MnOx(0.36)-P nanorods, the lattice fringes with an
interplanar spacing of 0.241 and 0.717 nm can be observed,
which can be assigned to the (101) and (003) crystal planes of d-
MnO2, respectively.

3.2 NO removal activities

Fig. 4 exhibits the NO removal activities of MnOx nanorods
catalysts obtained by the two different methods. It can be seen
that the catalysts preparation method has signicant effect on
the NO removal activity. As shown in Fig. 4a, MnOx(0.36)-P and
MnOx(0.72)-P nanorods catalysts exhibit higher NO removal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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activity, above 94% of NO conversions can be achieved at
temperatures of 100–200 �C. Especially in the low temperature
range of 100–180 �C, they maintain about 98% NO conversions.
For MnOx(0.18)-P nanorods, it shows relatively low NO removal
activity, but the maximum NO conversion is still up to 92% at
160 �C. From Fig. 4b, it can be observed that MnOx(0.18)-E and
MnOx(0.36)-E nanorods catalysts exhibit relatively high NO
removal activity. NO conversions of the two catalysts at 100 �C is
approximately 70%, and they reach more than 90% in the
temperature range of 140–240 �C. ForMnOx(0.72)-E nanorods, it
shows relatively low NO removal activity below 200 �C, but it
reaches a maximum value (above 90%) at 240 �C. For all MnOx

nanorods, NO conversions decline at relative higher tempera-
tures, which might be explained that partial NH3 reductant is
oxidized into NO.18 Fig. 4c and d compare the NO removal
activities over the MnOx nanorods catalysts obtained by the two
different methods. Compared with MnOx(0.36)-E nanorods,
MnOx(0.36)-P nanorods exhibits higher NO conversion in the
low temperature range of 100–160 �C. For the catalyst with
higher Mn loading, NO conversion of MnOx(0.72)-P nanorods at
low temperatures of 100–180 �C is signicantly higher than that
of MnOx(0.72)-E nanorods. These results clearly indicate that
the catalyst prepared by redox precipitation method shows
much higher NO removal activity at the low temperature range
(below 200 �C) than that prepared by solvent evaporation
Fig. 4 NO conversions over the MnOx nanorods catalysts prepared by
MnOx(0.36)-P and MnOx(0.36)-E nanorods, (d) MnOx(0.72)-P and MnOx

© 2022 The Author(s). Published by the Royal Society of Chemistry
method, which may result from the unique morphology of
MnOx-P nanorods.

3.3 XRD

To further investigate the crystal phase composition of MnOx

nanorods catalysts obtained by different methods, XRD
patterns were characterized, and the results are shown in Fig. 5.
The XRD pattern of MnOx(0.36)-E nanorods displays the char-
acteristic diffraction peaks located at 2q ¼ 18.0�, 28.9�, 32.4�,
36�, 44.4�, 58.5�, 59.9� and 64.7�, which can be indexed as the
(101), (112), (103), (211), (220), (321), (224) and (400) crystal
planes of Mn3O4 with a spinel structure (JCPDS card no. 24-
0734), respectively.19 And it can also be observed that the
diffraction peaks at 12.3�, 24.8�, 36.9� and 42.2� are ascribed to
the (003), (006), (101), and (015) crystal planes of d-MnO2 (JCPDS
card no. 52-0556), respectively.20 For MnOx(0.36)-P nanorods,
the diffraction peaks at 12.3�, 24.8�, 36.9�, 42.2�, and 66.3� are
assigned to the (003), (006), (101), (015), and (113) planes of d-
MnO2 crystalline phase. These data is consistent with the
observation using HRTEM. It is worth noting that the diffrac-
tion peaks of MnOx on MnOx(0.36)-P nanorods become broader
and the intensities of the peaks become much weaker than
those of MnOx(0.36)-E nanorods, suggesting the smaller size of
crystal particle and lower crystallinity of MnOx. It has been
widely demonstrated that amorphous phase of manganese
oxides usually exhibits higher catalytic activity for SCR of NO
different methods. (a) MnOx-P nanorods, (b) MnOx-E nanorods, (c)
(0.72)-E nanorods.

RSC Adv., 2022, 12, 17182–17189 | 17185
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Fig. 5 XRD patterns of the different samples.
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than crystal manganese oxides.21 Based on these results, it can
be concluded that the improved dispersion of MnOx species is
obtained by the redox precipitation method, which contributes
to the excellent SCR activity of MnOx(0.36)-P nanorods, as evi-
denced by the results of activity evaluation presented in Fig. 4.
3.4 Pore structure analysis

The pore structure characterizations of the MnOx nanorods
catalysts obtained by different methods are analyzed by N2

adsorption–desorption isotherms. As presented in Fig. 6a,
MnOx(0.36)-E nanorods exhibits a typical type-IV isotherm with
a hysteresis loop at the relative pressure (P/P0) of 0.4–0.9, indi-
cating the presence of mesopores. For MnOx(0.36)-P nanorods,
the isotherm still belongs to the type-IV isotherm with an
obvious hysteresis loop at P/P0 of 0.8–1.0, suggesting that the
catalyst has characteristic of mesoporous material (Fig. 6c).
Their pore sizes are further analyzed, as shown in Fig. 6b and d,
respectively. The pore size distribution curve of MnOx(0.36)-E
nanorods shows the coexistence of micropores and mesopores,
and its pore size distributes in the range of 0.6–4 nm.
MnOx(0.36)-P nanorods exhibits a wider pore size distribution
and a larger number of mesopores in the range of 4–28 nm can
be also observed. Moreover, the pore parameters of the samples
are listed in Table 1. It can be observed that the SBET for
MnOx(0.36)-P andMnOx(0.36)-E nanorods is 151m2 g�1 and 272
m2 g�1, respectively. The SBET values of these MnOx nanorods
catalysts are much larger than those of carrier-free MnOx-based
catalysts as previously reported,15,22 which may result from the
highly porous structure of SiO2 nanorods template and/or the
accumulation of the nanoparticles. It is worth pointing out that
the Vtotal of MnOx(0.36)-P nanorods (0.61 cm3 g�1) is signi-
cantly higher than that of MnOx(0.36)-E nanorods (0.31 cm3

g�1), which may be due to its ower-like structure, as demon-
strated by the SEM results (Fig. 2c and d). Additionally, the pore
volume of MnOx(0.36)-P nanorods at smaller pore sizes (<4 nm)
decreases obviously, and the pore volume at larger pore sizes (5–
28 nm) increases greatly, indicating that there exists more
mesoporous structure in MnOx(0.36)-P nanorods. Thus, such
rich mesoporous structure with high pore volume of
MnOx(0.36)-P nanorods may be favorable for exposure of more
17186 | RSC Adv., 2022, 12, 17182–17189
active sites of MnOx and the adsorption of reactant molecules,
leading to the excellent SCR activity at the low temperatures
(below 200 �C).
3.5 XPS characterization

To further determine the surface chemical states of elements in
MnOx nanorods catalysts, the XPSmeasurement was carried out
and the results are presented in Fig. 7. The relative atomic ratios
of Mn and O elements are summarized in Table 2. As displayed
Fig. 7a, the Mn 2p spectrum of MnOx(0.36)-E nanorods exhibits
two main peaks with binding energies of 653.8 eV and 642.3 eV,
which represents Mn 2p1/2 and Mn 2p3/2, respectively. The Mn
2p3/2 spectrum can be tted into three characteristic peaks at
641.0–642.0 eV, 642.2–642.5 eV and 642.9–643.7 eV, corre-
sponding to Mn2+, Mn3+, and Mn4+, respectively.23,24 These data
suggests that Mn4+, Mn3+ and Mn2+ manganese oxide phases
coexist on the surface of MnOx(0.36)-E nanorods. For
MnOx(0.36)-P nanorods, the binding energies of Mn 2p1/2 and
Mn 2p3/2 are located at 653.9 eV and 642.2 eV, respectively. The
binding energy separation between these two peaks is 11.7 eV,
which is in accordance with previously reported results of
MnO2,25,26 indicating that the valence of Mn element is very
close to 4 in MnOx(0.36)-P nanorods. Moreover, the Mn 2p3/2
spectrum is tted into two peaks, which are attributed to Mn3+

(642.1 eV) and Mn4+ (643.5 eV), respectively. These results
further demonstrate that MnO2 is the main manganese oxide in
MnOx(0.36) nanorods, which is in accordance with the XRD
result. The relative ratio of different oxidation state of manga-
nese species can be calculated by the area ratio of Mn2+, Mn3+

and Mn4+ species, as shown in Table 2. The percentage of Mn4+/
Mnn+ on MnOx(0.36)-P nanorods (50.8%) is greatly higher than
that on MnOx(0.36)-E nanorods (35.7%). As literature re-
ported,27,28 manganese species with higher oxidation state are
preferable for oxidation reactions over the manganese-based
catalysts. It has been conrmed that Mn4+ species are bene-
cial to promote the low-temperature SCR activity, due to the
enhancement of oxidation of NO to NO2.29,30 Therefore, the
higher percentage of Mn4+ on MnOx(0.36)-P nanorods results in
the increased SCR activity at the low temperatures of 100–
160 �C.

As shown in Fig. 7b, the O 1s XPS spectra can be tted into
two peak. The peak located at 529.5–530.2 eV can be assigned to
the lattice oxygen (O2�) (denoted as Oa), while the peak located
at 531.2–532.0 eV is assigned to the chemisorbed oxygen, such
as O� or O2

2� (denoted as Ob).31 The relative concentrations of
Oa and Ob can be determined from the area ratio of Oa/(Oa + Ob)
and Ob/(Oa + Ob), respectively. As illustrated by Table 2, the ratio
of Ob/(Oa + Ob) is 49.3% and 38.6% for MnOx(0.36)-E and
MnOx(0.36)-P nanorods, respectively, which is higher than the
data previously reported for MnO2 nanorods (36.7%) andMnOx/
TiO2-GE (19.9%).32,33 It has been widely reported that the surface
chemisorbed oxygen species (Ob) are more active than the
lattice oxygen species (Oa) in oxidation reactions because of
their higher mobility, which may easily exchange with oxygen in
the gas phase or oxygen molecules absorbed on catalyst surface,
thus acting as the supplement of lattice oxygen.34–36 Moreover,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 N2 adsorption–desorption isotherms and corresponding pore size distributions of (a and b) MnOx(0.36)-E and (c and d) MnOx(0.36)-P
nanorods.

Table 1 Pore parameters of MnOx nanorods catalysts obtained by
different methodsa

Sample SBET (m2 g�1) Vtotal (cm
3 g�1)

Average pore
size (nm)

MnOx(0.36)-P 151 0.61 3.5
MnOx(0.36)-E 272 0.31 4.6

a SBET: BET specic surface area; Vtotal: total pore volume.
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the higher concentration of Ob is advantageous to the improve-
ment of oxidation of NO to NO2, which facilitates the “fast SCR”
reaction (4NH3 + 2NO + 2NO2/ 4N2 + 6H2O),37–39 resulting in the
enhancement of catalytic activity. Thus, the relative high
concentration of surface chemisorbed oxygen in MnOx(0.36)-E
and MnOx(0.36)-P nanorods is favorable for achieving high SCR
activity. The above XPS results demonstrate that the high
concentration of Mn4+ species plays an important role in the low-
temperature SCR activity of MnOx(0.36)-P nanorods.
Fig. 7 XPS spectra for Mn 2p (a) and O 1s (b) of the different MnOx

nanorods catalysts.
3.6 NH3-TPD

It is generally known that the adsorption and oxidation of NH3

on the surface acid sites of catalyst are considered to be a key
step in the NH3-SCR reaction. NH3-TPD experiments were per-
formed to determine the surface acidity of the obtained cata-
lysts, and the results are shown in Fig. 8 and Table 3. It is found
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 17182–17189 | 17187
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Table 2 The relative atomic ratios of the different MnOx nanorods
catalysts

Sample

XMn (%) XO (%)

Mn2+ Mn3+ Mn4+ Oa Ob

MnOx(0.36)-P 0 49.2 50.8 61.4 38.6
MnOx(0.36)-E 6.4 57.9 35.7 50.7 49.3

Fig. 8 NH3-TPD profiles of the different MnOx nanorods catalysts.

Table 3 The amount of surface acids over the different catalysts

Sample

Peak temperature (�C) Acid amount (a.u. g�1)

T1
a T2 T3 S1

b S2 S3

MnOx(0.36)-P 132 269 539 30.3 28.9 56.7
MnOx(0.36)-E 116 278 — 17.0 86.8 —

a The desorption peak at temperature. b The area of desorption peak.
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that MnOx(0.36)-E nanorods exhibits two obvious desorption
peaks located at the temperature range of 50–180 �C (labeled as
peak 1) and 190–400 �C (labeled as peak 2). And no visible
desorption peaks above 400 �C can be observed. For
MnOx(0.36)-P nanorods, besides the two desorption peaks
located at 50–400 �C, another desorption peak at 410–690 �C
(labeled as peak 3) is also observed. The peaks 1 and 2 are
ascribed to NH3 desorption from the weak acid sites, and peak 3
is assigned to the strong acid sites. It is generally accepted that
the area of NH3 desorption peak is proportional to the amount
of acid sites. As listed in Table 3, the desorption peak area of
strong acid sites over MnOx(0.36)-P nanorods signicantly
enhances compared with MnOx(0.36)-E nanorods, indicating
that a large amount of strong acid sites exist on its surface.
Based on the above results, MnOx(0.36)-P nanorods has
stronger surface acidity, especially there are more amount of
strong acid sites on it, which contributes to enhancement of
NH3 adsorption and oxidation on the catalyst surface, leading to
the excellent low-temperature SCR activity of MnOx(0.36)-P
nanorods.
17188 | RSC Adv., 2022, 12, 17182–17189
4. Conclusions

A series of MnOx nanorods catalysts using porous SiO2 nanorods
as template were synthesized through two different preparation
methods. The obtained MnOx-P nanorods catalyst prepared by
redox precipitation method exhibits higher NO removal activity
at low temperatures (lower than 200 �C) in comparison to MnOx-
E nanorods. About 98% NO conversion is achieved over
MnOx(0.36)-P nanorods in the low temperature range of 100–
180 �C. The reason is mainly attributed to its unique ower-like
morphology and mesoporous structures with high pore volume.
Furthermore, there are the lower crystallinity of MnOx, higher
percentage of Mn4+ species and a large amount of strong acid
sites on the surface of MnOx(0.36)-P nanorods. These factors
result in its excellent low-temperature SCR activity.
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