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Selective Catalytic Reduction of NOx with NH; over Mn,0,
Supported with Different Morphology of CeO, Catalysts

Shyam Sunder Rao, Vivek Kumar Patel, and Sweta Sharma*®

Three different morphologies of CeO, supports (nanoparticle,
nanocube, and nanorod) were prepared by hydrothermal
technique and further Mn,0O; metal was impregnated on CeO,
supports using wet-impregnation methods, and their activity
for NO reduction using NH;—SCR technique was analysed. The
synthesized catalysts and supports were further characterized
through scanning electron microscopy (SEM), Energy-dispersive

Introduction

The exponential growth of population and industrialization led
to the emission of various pollutants in the environment,
causes adverse effects on our environment and subsequently
leading to climate change. Nitrogen oxides (NO,), one of the
major air pollutants, emitted from mobile and stationary
sources cause genuine environmental issues, such as photo-
chemical smog, acid rain, ozone depletion, and greenhouse
effects."? At present, various strict environmental legislations
are being implemented worldwide to reduce the concentration
of NO, before releasing it into the environment.®* There are
many techniques, such as non-selective catalytic reduction
(NSCR)," selective catalytic reduction (SCR),’*” photocatalytic®”!
etc.,, among which SCR technique using NH; as the reducing
agent has been commercially applied in stationary source
combustion units that require a higher removal efficiency of
NO, than NSCR, photocatalytic or combustion controls. In this
process, NO, emissions are converted into water vapors and
nitrogen gas molecules which is V,0,—WO,/TiO, based catalysts
are widely used in NH;—SCR due to their cost effectiveness,
best de-nitration efficiency, good sulfur resistance within a
temperature range of 300-400°C.">"" Though, there are certain
disadvantages of vanadium-based catalysts such as its narrow
temperature window, the high toxicity of V,0s, high oxidation
activity towards SO, converted into SO; and N,O production at
higher temperatures."**' The gases exhausted from sta-
tionary sources, for example, steel, cement, and glass plants are
in a temperature range of 100-300°C.">'® Therefore, extra
energy is needed to heat the exhaust gasses to give good
performance by NH;—SCR catalysts."'® Therefore, there is a
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X-ray spectroscopy (EDX), X-ray diffraction (XRD), X-ray Photo-
electron Spectroscopy (XPS), and transmission electron micro-
scopy (TEM), and Brunauer-Emmett-Teller (BET). The catalytic
performance of Mn,0,/CeO,-nanoparticle has shown the high-
est conversion (76 %) compared to the other two catalysts in
the temperature range of 50-450 °C.

need to develop a suitable catalyst whose performance should
be high at the low-temperature range of 100-300 °C.

CeO, has received a lot of attention because of its excellent
redox characteristics and strong oxygen mobility about oxygen
vacancies."*?” Mn-based catalysts have been also thoroughly
explored for the reduction of NO, by NH;—SCR in the last few
years due to their excellent low-temperature catalytic
activity.??>?* As a result, the addition of CeO, to MnO,—based
catalysts may boost catalytic performance in the reduction of
NO,. It has been observed that MnO,—CeO, catalysts, among
the many bimetallic oxides, have a lot of potential owing to the
high oxygen storage capacity of Ce0,??' In addition, other
properties such as morphology and microstructure of catalysts
also influence the catalytic activity and selectivity by changing
active site pore structure and dispersion.”?**! The enhancement
of catalytic activity in NO reduction has been validated by
several works. Li et al. synthesized CeO,—MnO, catalyst with a
core-shell structure and tested for NO reduction by NH;—SCR
exhibited high conversion of NO in the temperature range of
110-220°C range due to high concentrations of Mn**and Ce**
and good resistance to SO, and H,0.”® Liu and labmates®”
synthesized MnO,-CeO, shell-in-shell microsphere structure
catalyst using hydrothermal method. The result showed high
NO, conversion by NH,—SCR at low temperatures (lower than
210°C), compared to catalyst synthesized by the co-precipita-
tion method. Chao et al. found that MnO,-CeO,-Al,O; catalysts
showed high NO, conversion and strong redox ability at low
temperatures.”” Li et al. synthesized mesoporous MnO,—CeO,
composites,*” which gave better performance for NO, con-
version as well as exhibited significant resistance to SO, and
H,0.

In the present work, a series of supported Mn,0,/CeO, with
different ceria morphologies were successfully synthesized to
study the support morphology influence on metal-support
interaction.

© 2022 Wiley-VCH GmbH
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Results and discussion
Physicochemical Characterization
XRD

The XRD pattern of CeO,—NR, CeO,—NP, CeO,—NC, Mn,0,,
Mn,0,/CeO,—NR, Mn,0;/CeO,—NC, and Mn,0,/CeO,—NP are
shown in Figure 1. The diffraction peaks observed at 28.36°
32.70°, 47.13°, 55.90°, 58.73°, 69.15°, 76.41° and 78.76°
corresponding to (111), (200), (220), (311), (222), (400), (331)
and (420) crystal plane of ceria respectively and it is cubic face-
centered (a=b=c=5.412 A) (JCPDS 81,0792). In the case of
Mn,0,, the diffraction peaks at 23.10°, 32.91°, 38.22°, 45.09°,
49.29°, 55.12°, and 65.80° corresponding to (211), (222), (400),
(332), (431), (440), and (622) crystal planes respectively were
observed, and it showed cubic body-centered type crystal
structures (a=b=c=9.420A) (JCPDS 89, 2809). [2,10] It
indicated that all samples are crystalline. The Scherrer equation
calculates the average crystal size of supports and catalysts and
is summarized in Table 1. CeO,—NP showing the smallest crystal
size, whereas CeO,—NR has the largest. The orders of crystal
size of CeO, morphology are as follows: CeO,—NP > CeO,—NC >

CeO,—NR.
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Figure 1. XRD pattern of catalysts (a) CeO,—NR, (b) CeO,—NC (c), CeO,—NP, (d)
Mn,0,/CeO,—NR, (€) Mn,05/Ce0,—NC (f), Mn,0,/CeO,—NP, and (g) Mn,0;,

The impregnation of Mn,0; over improved the crystal size
of all the catalysts. It may be due to the shared cubic structure
of Mn,0O; with ceria morphology. There are no diffraction peaks
observed related to Mn,O; in all the samples, showing that
Mn,0; is highly dispersed over the CeO, supports.'®"

BET

The specific surface area, pore size, and pore volume of the
Mn,O; impregnated on different CeO, morphology are listed in
Table 2. The specific surface area of Mn,0,/CeO,—NR, Mn,0,/
CeO,—NC, and Mn,05/CeO,—NP are 22.69, 30.45, and 34.53 m%/
g, respectively. Mn,0,/CeO,—NP shows the highest specific
surface area and pore volume compared to the other two
catalysts, which should be ascribed to the strong interaction
between Mn,O; and CeO,—NP or due to its lower crystalline
nature, as also evident by XRD. The BET surface area samples
were decreased may be due to the blocking effect on pores
arising from the impregnation of Mn,0; to CeO, species.

XPS

The elements that exist within a material (elemental composi-
tion) covering its surface and oxidation states in the material
were identified using X-ray photoelectron spectroscopy (XPS),
with the spectrum of this study shown in Figure 2.

The Ce 3d spectra of the catalysts are shown in Figure 2(a).
All catalysts were de-convoluted into six peaks, which were
represented as u°, U, u”, v°, v, and v". The spin-orbit doublet
peak’s series represented by u and v respectively denote the Ce
3d3/2, and Ce 3d5/2 states. According to analyzed catalysts, it
was found that both Ce®* and Ce*" ions are dispersed in the
catalysts. In these peaks u® (901.48eV), and v° (883.29eV) are
ascribed to Ce*" ions XPS peaks, while u' (907.78eV), u'
(917.18eV), V' (888.88eV) and V' (897.88¢eV) are ascribed to Ce**
ions species.®"! De-convoluted split peaks confirm the presence
of Ce*™ and Ce*" ions in the CeO, oxides. The proportion of
lattice oxygen and surface ion contents of Ce*" had a
significant effect on the performance of the catalyst. The
percentage evaluation of Ce®" state is calculated by Equa-
tion (1),

Ce3+

3+ 07
Ce %o = (Ce3+ +Ce4+

) x 100 (M

Table 3 shows that Mn,0,/CeO,—NP had the highest Ce**
concentration among all particle-base catalysts.

Table 1. Average crystal size and particles size of CeO, supports and
Mn,0,/Ce0, catalysts. Table 2. BET data of CeO, supports and Mn,0,/CeO, catalyst.
Sample Average crystal size (nm)  Average particle size (nm) Sample Sger (M?/Q) Vit (€M*/Q) Pore size (nm)
CeO,—NP 74 11 CeO,—NP 18.358 0.110 8.99
CeO,—NC 11.2 375 CeO,—NC 17.021 0.099 9.25
CeO,—NR 12.2 63 CeO,—NR 15.50 0.083 9.87
Mn,0,/CeO,—NP 8.3 26 Mn,0,/CeO,—NP 34.53 0.290 5.73
Mn,0,/Ce0,—NC 124 85 Mn,04/Ce0,—NC 30.45 0.211 6.51
Mn,05/CeO,—NR  13.0 82 Mn,05/CeO,—NR 22.69 0.126 8.76
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Figure 2. XPS spectra of (a) Ce 3d, (b) O 1s, and (c) Mn 2p catalysts.

Table 3. Atomic ratios of the catalysts by XPS spectra.
Catalysts (o) (%"o/) ()
Mn,0,/CeO,—NR 0.3896 0.7022 0.7156
Mn,0,/CeO,—NP 0.4353 0.7331 0.7621
Mn,0,/Ce0,—NC 0.4102 0.7276 0.7431

The de-convoluted O 1s spectra of Mn,0,/Ce0O, catalysts
show two peaks marked as O, and O, respectively, as shown in
Figure 2(b). The first one is caused by lattice oxygen species,
whereas second is caused by chemisorbed oxygen.'®'"*" |t is
widely known that chemisorbed adsorb oxygen on defective
catalyst sites has a high migratory potential, which helps in
oxidization.”® The relative concentration of O, (0./(O,+Oy) is
calculated, and are shown in Table 3. The Oxygen content of
Mn,0,/CeO, catalysts is ranked as: Mn,0;/CeO,—NP > Mn,0,/
Ce0,—NC > Mn,0,/CeO,—NR. It is implying that Mn,0;/CeO,—NR
has the more chemisorbed oxygen species.

As seen in Figure 2(c), the Mn 2p region consists of two
peaks, Mn 2p3/2 with binding energy (BE) of approximately
643.7 eV and Mn2p1/2 with a binding energy of about 655.3 eV
which are made up of Mn** and Mn**, indicating that Mn is in
the mixed-valence state that is in Mn** and Mn** form.®* For
three catalysts, the Mn**/(Mn’" +Mn**) content ratio is
calculated and found that Mn,0;/CeO,—NP has highest Mn**

ChemistrySelect 2022, 7, 202200302 (3 of 9)
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contents. The Mn*" is catalyst’s primary valence that play
substantial role in the reduction reaction.®”

SEM-EDX

The SEM and EDX images of CeO,—NR, CeO,—NC, and CeO,—NP
and catalysts: Mn,0,/CeO,—NR, Mn,05/CeO,—NP, and Mn,0/
CeO,—NC synthesized by the wet-impregnation method shown
in Figure 3. The Figure 3(a), (d), and (g) are for CeO,—NR,
Ce0,—NC, and CeO,—NP supports, and the Figure 3(b), (e), and
(h) are for Mn,05;/CeO,—NR, Mn,0;/CeO,—NP, and Mn,0;/
CeO,—NC catalysts, while the EDX is in Figure 3(c), (f), and (i)
respectively. Comparing the SEM images of all catalysts and
their supports, it is clear that Mn,0O; is impregnated over the
supports and also confirmed in EDX. Figure 3(c), (f), and (i).
Comparing Figure 3(b), (e), and (h), it can be found that
impregnation of Mn,0; over CeO,—NP made the morphology
of CeO,—NP more homogeneous and thus showing the high
dispersion of active components (Mn,0;) over the surface of
CeO,—NP. It is also observed that the Mn,0,/CeO,—NP shows
less cluster formation compare to the Mn,0,/CeO,—NC and
Mn,0,/CeO,—NR. The surface got less cluster, which means
increasing the catalyst's specific surface area and providing
additional reaction sites. The BET and XRD data also confirmed
that Mn,0,/CeO,—NP has a high surface area and low crystal
size.

© 2022 Wiley-VCH GmbH
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Figure 3. SEM and EDX images of CeO, supports and Mn,0,/CeO, catalysts.

TEM

TEM characterization was used to analyze the morphology
structures and average particle size of synthesized CeO,—NR,
CeO,—NP, and CeO,—NC and Mn,0,/CeO,—NR, Mn,0,/CeO,—NP,
and Mn,0,/CeO,—NC catalysts. Figure 4 showed that the hydro-
thermal approach successfully synthesized CeO, supported
morphologies such as CeO,—NR, CeO,—NC, and CeO,—NP. The
CeO,—NP showing the smallest particle size compared to the
other two supports. Figure 4(d), (e), and (f) showed that after
impregnating Mn,0; over CeO,, all supports kept their original
morphologies and followed the same particle size pattern that
the supports followed. The textural parameters of all catalysts
are shown in Table 1. The Mn,0,/CeO,—NP sample had the
smallest average particle size and the highest surface area out
of the three catalysts, potentially beneficial for the NH;—SCR
reaction, followed by Mn,0,/CeO—NR and Mn,0,/CeO,—NC.
The particle size of Mn,0,/ CeO,—NP is the highest, while the

ChemistrySelect 2022, 7, 202200302 (4 of 9)
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specific surface area is the smallest; it shows a correlation of
BET surface area with TEM particle size data.

H,-TPR

Figure 5 shows the H,-TPR patterns of the supports and Mn,0;-
based catalysts. CeO,—NR showing a slightly higher reduction
temperature (360°C and 450°C) compared to CeO,—NP (298°C
and 400°C) and CeO,—NC (295°C and 402°Q). It is related to
the reduction of surface Ce*" to Ce*". At low temperatures,
CeO,—NR had weaker reduction peaks than CeO,—NC and
CeO,—NP, indicating weaker redox capability. It shows that the
atoms in CeO,—NR are arranged more strongly than the cube
and particle state of CeO,, showing more peaks area and hence
more hydrogen consumption in reduction."” The reduction
peaks at low temperature shifted to higher temperature after
the impregnation of 10 wt.% Mn,0; over ceria’s morphology-
based support.

© 2022 Wiley-VCH GmbH
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Figure 4. TEM images of supports,and catalysts (a) CeO,—NP, (b) CeO,—NC, (c)
CeO,—NR, (d) Mn,05/CeO,—NP, (e), Mn,0,/Ce0,—NC, (f) Mn,05/CeO,—NR.
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Figure 5. H,-TPR profile Mn,0; CeO,—NR, Mn,05/CeO,—NR, CeO,—NC, Mn,05/
CeO,—NC, CeO,—NP, Mn,0,/CeO,—NP.

The Mn,0; state shows two reduction peaks at 421°C and
519°C, and both are higher than Ceria supports with broader
peaks. After loading Mn,0O; over CeO, based on different
morphology, it showed a higher reduction temperature due to

ChemistrySelect 2022, 7, 202200302 (5 of 9)

the synergetic effect of Mn,O; with CeO,. It shifted the
reduction performance of the catalyst over 350°C, broadening
the range.

Catalytic Performance
NO catalytic activity

The NO conversions and N, selectivity of CeO, morphology (NP,
NR, and NC) and Mn,0; supported over different CeO,
morphology catalysts in the temperature range of 50-450°C
are shown in Figure 6 and Figure 7.

The NO conversion and N, selectivity of ceria support are
shown in Figure 6(a) and Figure 6(b), respectively. The highest
conversion is 55% for CeO,—NP at 250 °C, followed by CeO,—NC
(40%) and CeO,—NR (27 %). The CeO,—NP selectivity is slightly
higher than others at low temperatures till 220°C; however,
CeO,—NC and CeO,—NR have shown the same selectivity
throughout the process. The N, selectivity of all supports is
nearly the same, reaching 76% at 250°C. After 250°C,
selectivity slightly declined, but the CeO,—NP selectivity is still
higher than the CeO,—NC and CeO,—NR. Table 2 shows that the
CeO,—NP has the highest specific surface area (18.358 m?%/q)
and pore volume (0.110 cm®/g) compared to CeO,—NC and
CeO,—NR due to its lowest crystal size (Table 1, Figure 1), and
abundant mesoporosity. All these reasons are behind the
excellent performance of CeO,—NP.

The NO conversion over Mn,0O; catalyst supported over
different CeO, morphology is shown in Figure 7(a). All the
catalysts showed better NO conversion in the temperature
range of 300-450°C. The NO conversion pattern is the same as
the ceria supports; however, the temperature range increased
after Mn,O; loading on the supports, confirmed by H,-TPR
results. The Mn,0,/CeO,—NP catalyst showed the highest NO
conversion compared to NC and NR-supported catalysts. The
activity order of NO conversion is as follows: Mn,05/CeO,—NP >
Mn,05/CeO0,—NC > Mn,0,/CeO,—NR. The NO conversion pattern
is the same as the ceria supports; however, the temperature
range increased after Mn,0; loading on the supports. The
Mn,0,/CeO,—NP catalyst exhibited 76% NO conversion at
350°C, higher than Mn,0,/CeO,—NR and Mn,0,/CeO,—NC due
to the CeO,—NP support provided high surface area, less cluster
formation and showing a solid interaction between the Mn,0O,
and CeO,—NP. It has produced the highest Ce®" (43.53 %),
lattice oxygen (O, =73.31%), Mn,0; species dispersion (Mn** =
76.21%), and more surface defects. Due to these catalysts’
surface properties, Mn,0,/CeO,—NP showed excellent NH;—SCR
performance. Other parameters such as high specific surface
area (34.53 m?/g), pore-volume (0.290 cm*/g), and abundant
mesoporosity also strongly affected the reduction reaction.

The N, selectivity profile of the catalysts, as depicted in
Figure 7(b) clearly showed that the N, selectivity of the
catalysts follows the same order as their NO conversion activity.
At lower temperatures, the catalysts exhibited lower activity as
well as selectivity.

© 2022 Wiley-VCH GmbH
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Figure 6. NO conversion and N, selectivity for CeO, supports. Reaction conditions: temperature range 50 to 450°C, NO, NH; = 1000 ppm, O, =6 vol %, Ar

balance, and GHSV =13,000 h™".
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Figure 7. NO conversion and N, selectivity for catalysts. Reaction conditions: temperature range 50 to 450°C, NO, NH; = 1000 ppm, O, =6 vol %, Ar balance,

and GHSV =13,000 h™".

Effect of Mn,0; loading on NH;—SCR performance

In order to optimize the metal loading, different wt% of
Mn,05(5, 10, and 15 wt.%) supported on CeO,—NP catalysts
were tested, and the results are shown in Figure 8. The 10 wt.%
Mn,0,;/ CeO,—NP shows the highest NO conversion activity
(Figure 8(a)) and N, selectivity (Figure 8(b)) of 78% and 84 %,
respectively at 350°C. It may be due to the high active surface
area and pore volume exhibited by 10 wt.% Mn,O,/ CeO,—NP,
which enhances the NO reduction to N.. It is also observed that
10 wt.% Mn,0, loading uplift the NO conversion ~ 80% in the
temperature range of 250 to 350°C, as shown in Figure 8(a),
further increasing the loading from 10 to 15 wt. %, the NO
conversion decreased ~ 45% may be due to agglomeration of
active metal of Mn,0; over CeO,—NP. The low NO conversion
exhibited by Mn,0,/CeO,—NP at 5 wt.% loading was probably
due to insufficient Mn,O, loading amount leading to fewer
active sites and less synergism between Mn,0; and CeO,—NP.

ChemistrySelect 2022, 7, 202200302 (6 of 9)

In case of higher loading of 15 wt.%, besides unoptimized
synergism between Mn,O; and CeO,—NP, the high agglomer-
ation or cluster formation by Mn,0,, as evident by the decrease
in its surface area, could be the reason behind its low NO
conversion activity. However, when it comes to N, selectivity,
the 15 wt.% Mn,05/CeO,—NP shows a higher N, selectivity than
5 and 10 wt.% Mn,0; loading over CeO,—NP. There is no clear
information about this, but it can be concluded that the N,
selectivity is independent of catalyst surface area and pore
volume and most probably dependent on other physicochem-
ical properties of catalysts.

Characterization results of used catalysts

The XRD pattern of all used CeO, supports, and Mn,0O,
supported catalysts are shown in Figure 9. The XRD pattern
(shown in Figure 1) revealed an insignificant effect on the
diffraction pattern, but there is an increase in sharpness in
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peaks. There is also an increase in the crystal size of both
supports and catalysts, shown in Table 4, and it may be due to
cluster formation at high temperatures.

TEM images of used catalysts are shown in Figure 10.
Comparing Figure 4 with Figure 10 exhibited the same mor-
phology, which means the effects of high temperature didn't
affect the catalysts’ morphology properties but increased the
particles’ size, which may be due to cluster formation.

Conclusions

The effect of morphology and support interaction on CeO, (NP,
NC, NR) and Mn,0,/CeO, catalysts for NH;—SCR of NO has been
studied thoroughly. The Mn,0,/CeO,—NP catalyst synthesized
from CeO,—NP had the highest catalytic performance among
the Mn,0,/CeO,—NR, Mn,0,/CeO,—NP, and Mn,0,/CeO,—NC
catalysts, with around 76% NO conversion and 85% N,
selectivity at 350 °C. The temperature increases in a wide range
after the Mn,0; loading on the supports. The highest catalytic
performance of Mn,05/CeO,—NP could be attributed to its low
crystal size (8.3 nm) and the highest specific surface area
(34.53 m%/gm), facilitating better Mn,0, species dispersion
(Mn** =76.21%) and more surface defects. As a result, Mn,0,/
CeO,—NP has a higher surface oxygen content (73.31%) and a
better redox capacity. The stability of the catalysts is excellent;
from the used catalysts data, it is clear that the XRD pattern
and morphology were not affected too much throughout the
process, only slightly changing in crystal size and particles size
due to cluster formation at high temperature.

Supporting Information Summary

The experimental procedure, which includes materials and
methods, catalyst preparation, characterization, and catalytic
performance, is described in this section.
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Table 4. Crystal size of used samples.

Sample Crystal size (nm) Average particle size (nm)
CeO,—NP 8.6 -

CeO,—NC 13 -

CeO,—NR 135 -

Mn,0,/CeO,—NP 10 50

Mn,0,/CeO,—NC 14 94

Mn,0,/CeO,—NR 10 151
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