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NOx is one of the main sources of air pollution, which primarily comes from automobile exhausts. Rare

earth-based catalysts for NO oxidation have excellent oxygen storage and release performance and good

structural stability. Herein, a series of three-dimensional ordered microporous (3DOM) cerium–manganese

composite oxide catalysts with different cerium–manganese ratios for NO oxidation were prepared by the

sol–gel method. The 3DOM structure improves the contact efficiency of the NO, soot and the catalyst. By

incorporating Mn3+ ions into the cerium oxide lattice, a Ce–Mn solid solution forms with an ordered

macroporous structure, and the interaction between cerium and manganese significantly increases the

amount of reactive oxygen species. The catalyst with the optimal cerium–manganese ratio (1 : 2) was able

to achieve a conversion rate of 62% at 250 °C, and the highest conversion rate reached 98%, which is far

higher than pure cerium oxide and pure manganese oxide catalysts. This work provides a promising

catalyst for NO oxidation and soot combustion applications.

1. Introduction

The increasing number of automobiles has exacerbated the
serious problem of environmental pollution,1,2 especially with
regards to air pollution.3 NOx is one of the main sources of
air pollution, which primarily comes from automobile
exhausts. Not only is NOx highly toxic, potentially causing
lesions and even cancer in humans,4,5 but it also participates
in the formation of haze and photochemical smog with sulfur
dioxide6,7 and inhalable particulate matter, posing a huge
threat to the environment and human health.8,9 In addition,
NO2 produced by NOx oxidation has better oxidation
properties than O2, which is more conducive to soot
combustion.10 The catalytic combustion technology, with the
advantages of low energy consumption,11,12 high catalytic
efficiency and almost no secondary pollution,13,14 has been
widely used in the industrial treatment of NOx. The most
critical thing for catalytic combustion is a reaction system
with multiple reactions. Currently, the most commonly used
metal catalysts are divided into two categories: precious metal
catalysts15,16 and non-precious metal catalysts.17,18 The active
components of precious metal catalysts are Pt, Pd, Au (ref. 19

and 20) and other precious metals. Although they have high
catalytic activity and good sulfur resistance,21 they are prone
to catalyst poisoning,22,23 and the active components are
prone to volatilization and sintering, making them expensive
and difficult to preserve. Therefore, non-precious metal
catalysts with the advantages of good toxicity resistance, low
cost and high thermal stability have garnered significant
attention. The main active centers include Cu,24,25 Mn,26,27

Co, Ce (ref. 28) and other metallic elements.29,30 The rare
earth-based catalyst CeO2 has excellent oxygen storage and
release performance, good structural stability and relatively
high specific surface area,31 but pure cerium dioxide has low
activity and thermal stability,32 and its structure can easily be
affected at high temperature, which limits its practical
applications. Therefore, strategies such as adding or loading
other metals and preparing different morphologies are often
used to improve the catalytic performance.33 Meanwhile, the
pore size of the traditional catalyst is less than 10 nm, which
is not conducive to the flow of pollutants in the catalyst. The
three-dimensional ordered macropore (3DOM) refers to the
orderly arrangement of pore structures in three-dimensional
space, and the pore size is larger than 50 nm, which can
enable diesel vehicle particles with large particle sizes to enter
pore channels and fully react with the catalysts.34,35

In this paper, building upon the excellent oxygen storage
performance of cerium dioxide, manganese was introduced
and combined with the advantages of a 3DOM structure.
Cerium and manganese composite oxides with various
ordered macroporous structures with different cerium–
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manganese molar ratios were prepared via the excessive
impregnation method using polymethyl methacrylate
(PMMA) as a hard template. These cerium–manganese
composite oxide catalysts exhibit regular ordered
macroporous structures, and the average pore size is about
300 nm. The catalyst with the best cerium–manganese ratio
was able to achieve a conversion rate of 62% at 250 °C, and
the highest conversion rate reached 98%, which is far higher
than pure cerium oxide and pure manganese oxide catalysts.
Additionally, the carbon soot performance was also
improved. With the increase of Mn doping, the macroporous
structure is improved. When the cerium–manganese ratio is
1 : 2, the cerium–manganese composite oxide catalyst shows a
high-quality three-dimensional ordered macroporous
structure with the largest specific surface area and a thin and
complete pore wall, which is conducive to diffusion and
transfer between substances. On the other hand, due to the
formation of the cerium–manganese solid solution, the
synergistic effect between cerium and manganese means the
reaction can be carried out at low temperatures. This low-
cost, environmentally friendly, highly stable and highly active
catalyst is expected to improve the catalytic performance
through the macroporous effect and the synergistic effect
between cerium and manganese. Based on the experimental
results, the possible mechanism of catalyst oxidation of NOx

and soot combustion is discussed.

2. Experimental
2.1. Material preparation

2.1.1 Preparation of PMMA microspheres. A three-neck
round-bottom flask (1000 ml) was used as the reaction
device. 440 ml of deionized water was added before the
reaction, which was sealed with plastic wrap and connected
to a condensing device. During the reaction, nitrogen was
continuously injected and stirred at a constant rate of 350 r
min−1. After stirring for 20 min, a 50 ml solution containing
0.6 g potassium persulfate was added and heated to 80 °C.
The reaction was continued for 2 h and then stopped. The
obtained PMMA emulsion was set aside and then filtered
using a microporous filter membrane. A part of the filtered
emulsion was centrifuged for 10 h at a centrifugation rate of
3000 r min−1 to obtain PMMA microspheres arranged in an
orderly manner. After the supernatant was poured away, the
obtained PMMA microspheres were dried at room
temperature, and finally the green-colored PMMA templates
were obtained in an orderly arrangement.

2.1.2 Preparation of the ordered macroporous
manganese–cerium oxide catalyst. The ordered macroporous
catalyst was prepared by a template method. A certain
amount of C4H14MnO8 and Ce (NO3)3·6H2O were put into a
50 ml beaker. At the same time, CH3OH and (CH2OH)2 with a
ratio of 1 : 4 were added into 40 ml, heated to 50 °C and
stirred to dissolve the metal salt completely. Four kinds of
precursor solutions with different proportions were obtained
by adjusting the weight of metal salts added, and a group of

pure cerium oxide solution and pure manganese oxide
solution were used to compare the properties, namely CM1
(cerium–manganese ratio 1 : 1), CM2 (cerium–manganese
ratio 1 : 2), CM3 (cerium–manganese ratio 1 : 3), CM4
(cerium–manganese ratio 1 : 4), CeO2 and Mn2O3.

First, the PMMA microspheres were placed into the
prepared metal salt solution and put into a vacuum drying
oven. After 24 h of vacuum impregnation at room
temperature, the Brinell funnel was used for filtration. The
mixed solid obtained after filtration was placed into a
drying oven at 60 °C for 24 h. Finally, the temperature
gradient method was used for calcination. The dried solid
mixture and alumina pellets were layered in the dry quartz
tube. The PMMA template is removed by the tube furnace
under air atmosphere at a heating rate of 1 °C min−1 after
270 min heating from 30 °C to 300 °C for 3 h calcination.
Under the atmosphere of air, after 250 minutes of
calcination from 300 °C to 550 °C at a heating rate of 1 °C
min−1, the three-dimensional ordered macropore
cerium–manganese catalyst was obtained after the tubular
furnace was reduced to room temperature.

2.2. Material characterization and catalytic performance

The catalyst activity was tested in a fixed-bed reactor with a
diameter of 30 mm and a length of 500 mm. The 0.025 g
sample was weighed and placed into a quartz tube. 40 mg
cm−3 nitrogen was injected into the gas pool of infrared
chromatography in front of the reaction to eliminate other
gases inside. After clearing the background, 5 mg cm−3 nitric
oxide as a pollutant and 2.8 mg cm−3 oxygen were injected.

NO conversion is defined as follows:

NO conversion = ([NO]in − [NO]out)/[NO]in × 100%

Soot-TPO was tested in a fixed bed reactor with a diameter of
30 mm and a length of 500 mm. The 0.025 g sample was
weighed and placed in a quartz tube. During the reaction, 25
mg cm−3 nitrogen, 19 mg cm−3 nitric oxide and 2.5 mg cm−3

oxygen were injected into the fixed bed reactor. First, it was
heated from 30 °C to 150 °C for 12 minutes, and then 200
min to 550 °C at 2 °C min−1. The mixing was performed by
mixing the catalyst and soot in loose contact.

During the hydrogen programmed temperature reduction
(H2-TPR) test, 50 mg catalysts (40–60 mesh) were pretreated in
a U-shaped fluidized bed quartz microreactor at 200 °C in a 50
mL min−1 argon stream for 1 hour and then cooled to 100 °C.
After the pretreatment, the catalyst was reduced at a flow rate
of 10 vol%H2/Ar (30 mL min−1) at a heating rate of 10 °C min−1

in a temperature range of 100–900 °C. H2 consumption was
recorded by using a thermal conductivity detector (TCD). The
surface area of the catalyst was determined using a BSD-660M
A3M analyzer based on N2 adsorption–desorption at 80 °C and
the degassing time was 4 hours.

In situ diffuse infrared Fourier transform (DRIFT)
spectroscopy was tested on the IRTracer-100 infrared
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spectrometer at Shimadzu Manufacturing in Japan. First, the
impurities were removed at a flow rate of 46.1 ml min−1

under nitrogen, and then the background spectra were
collected at the same flow rate from 450 °C with a decrease
of 50 °C each time.

2.3. Materials

Manganese acetate tetrahydrate (C4H14MnO8), Shanghai
Aladdin Biochemical Technology Co., LTD.; potassium
persulfate (K2S2O8), Shanghai Aladdin Biochemical
Technology Co., LTD.; cerous nitrate hexahydrate Ce
(NO3)3·6H2O, Shanghai Aladdin Biochemical Technology Co.,
LTD.; methyl methacrylate (mma), Shanghai Mlin
Biochemical Technology Co., LTD.; methanol (CH3OH),
Tianjin Jindong Tianzheng Fine Chemical Reagent Factory;
and ethylene glycol (CH2OH)2, Tianjin Jindong Tianzheng
Fine Chemical Reagent Factory were obtained.

3. Results and discussion

The synthesis strategy of the cerium–manganese composite
oxide with a three-dimensional ordered microporous (3DOM)
structure is shown in Scheme 1. First, the polymethyl
methacrylate (PMMA) microspheres were prepared as the
hard template, and then cerium and manganese salts were
impregnated into the gaps of the microspheres by the sol–gel
method. Finally, the microsphere template was burned off to
obtain the cerium–manganese composite oxide with a three-
dimensional ordered microporous (3DOM) structure. Fig. 1
shows the SEM images of the six as-prepared catalysts. The
pore wall of pure cerium oxide is angular and stable (Fig. 1a),
connected by an aperture window of approximately 50 nm.
The pore walls are closely distributed, and pore wall fracture
rarely occurs, which is attributed to the stable structure and
large wall thickness of cerium oxide. The pore size of pure
manganese oxide is uneven, about 250 nm–350 nm (Fig. 1b)
and pore wall fracture occurs, and some macropores undergo
structural collapse, which can lead to the deterioration of
permeability and the reduction of the specific surface area.36

The wall thickness of the manganese oxide macroporous
structure is lower than that of cerium oxide, and the pore
wall is collapsed, which cannot maintain the stability of the
pore structure. In Fig. 1c–f, the 3DOM cerium–manganese
composite oxide has a uniform, ordered and tightly arranged
macroporous structure. The macropore size is about 280 nm,
which is smaller than that of the methyl methacrylate
microsphere (340–370 nm) as the precursor template. This

smaller porous size than the template is attributed to the
slight shrinkage of the overall structure during the
calcination of the precursor template and the sintering of the
cerium–manganese oxide.37 The highly ordered macropores
are periodically connected with each other through a window
of about 100 nm, and almost no agglomeration particles are
observed on the surface, indicating that Mn3+ is highly
dispersed on the surface of the macroporous structure. This
kind of large pore structure is suitable for a gas–solid
reaction, and the large pore size of about 280 nm is prone to
allow pollutants to enter the inner pore and come into full
contact with the catalyst.38 Therefore, this structure can
effectively reduce the mass transfer resistance. In addition, it
can be observed from the energy-dispersive X-ray
spectroscopy (EDS) elemental mapping that cerium and
manganese elements are evenly distributed on the catalyst
with the increase of manganese content, the EDS image of
manganese element becomes clearer, while the color of the
cerium element distribution image becomes lighter. The
results of the EDS images are consistent with the feed ratio
of cerium–manganese (Fig. 1g and S1†).

Fig. 2a shows the wide-angle X-ray diffraction pattern
(XRD) of 3DOM structures CM1 (cerium–manganese ratio
1 : 1), CM2 (cerium–manganese ratio 1 : 2), CM3
(cerium–manganese ratio 1 : 3), CM4 (cerium–manganese
ratio 1 : 4), CeO2 and Mn2O3 catalysts. The characteristic
peaks of CeO2, CM1, CM2, CM3 and CM4 at 28.8°,
33.4°, 47.6°, 56.5°, respectively, correspond to the
crystal faces (111), (200), (220) and (311) of cerium
oxide with a face-centered cubic fluorite structure (PDF:
43-1002),39 indicating that the five catalysts of CeO2,
CM1, CM2, CM3 and CM4 formed a face-centered
cubic fluorite structure of cerium oxide after calcination. The
characteristic diffraction peaks of Mn2O3 mainly appear at
23.3°, 33.2°, 38.5°, 45.1°, 49.6°, 55.5° and 66.8°, which
correspond to the crystal planes of (211), (222), (400), (332),
(431), (440) and (622) (PDF: 41-1442).40 When the cerium–

manganese ratio is 1 : 1, the diffraction peak of manganese
oxide can hardly be observed, but only the diffraction peak of
cerium oxide can be observed, indicating that manganese
oxide is uniformly dispersed in the cerium oxide lattice to
form the cerium–manganese solid solution.41 With
increasing manganese content, the characteristic peaks of
manganese oxide gradually appear. Therefore, the CM2, CM3
and CM4 is cerium–manganese composite oxide. Raman
spectroscopy is a practical characterization method that can
be used to study the mobility of atoms in a lattice. Fig. 2b
shows the Raman spectrum of CeO2, and a clear peak at 462
cm−1 can be attributed to the triple degenerate F2g mode and
the stretching of the Ce–O symmetric vibration unit is
attributable to the fluorite structure of CeO2.

42 For Mn2O3,
two distinct Raman peaks at 656 cm−1 and 310 cm−1 can be
observed in Fig. 2b, which correspond to the Mn–O
stretching pattern of Mn2O3 (ref. 43) and the asymmetric
bridging oxygen species of Mn–O–Mn, respectively.44 For the
CM1 catalyst, the Raman peak shifts to the left to 452 cm−1.

Scheme 1 Synthesis strategy of the cerium–manganese composite
oxide with a 3DOM structure.
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However, the Mn3+ cation is smaller than the Ce4+ cation, so
it is expected that the shift in the F2g band will occur towards
higher Raman shift values; however, the opposite trend is
observed. This unexpected shift could be due to the partial
reduction of cerium(IV) to cerium(III) to compensate for the
lattice shrinkage caused by the insertion of Mn3+ into the
cerium oxide lattice.45 The formation of oxygen vacancies at
the same time is due to the insertion of Mn3+ and partial
reduction of Ce4+ to Ce3+. Subsequently, with the increase in
manganese content, the Raman peak of cerium oxide with a
fluorite structure from CM2 began to shift from 470 cm−1 to
the right, which conforms to the trend of Mn3+ insertion into
the cerium oxide lattice.43 At the same time, a Raman peak
with the obvious characteristics of manganese oxide appears
from CM2 (located at 628 cm−1). As Ce4+ is incorporated into
the lattice of manganese oxide and the ionic radius of Ce4+ is
larger than Mn3+, the Raman peak is shifted to the left.
Similarly, it is later observed that the Raman peak of CM3
belonging to Mn2O3 is located at 652 cm−1, which is also due
to this reason. With the further reduction of cerium content,
the Raman peak position of CM4 returns to 656 cm−1.
The nitrogen adsorption and desorption isotherms of
cerium–manganese composite oxides with different
cerium–manganese ratios are shown in Fig. 2c. The six

catalysts all exhibit type II adsorption and desorption isotherms,
and H3 hysteresis loops are formed when the relative pressure
(P/P0) is 0.8–1.0,46 which reveals that the six catalysts all form
large pore structures, but the shape of the hysteresis loops is
different, indicating that the pore structures of each catalyst are
different, which is consistent with the SEM analysis results. It
can be seen from the BET results that CeO2 has a larger specific
surface area than Mn2O3 due to its structural stability.
Therefore, the specific surface area of cerium–manganese
composite oxide is better than Mn2O3. Among them, the CM2
catalyst has the largest specific surface area (60 m2 g−1) among
the composite oxide catalysts (Table S1†).

In order to study the electronic structure of surface
elements, X-ray photoelectron spectroscopy (XPS) was used to
analyze the ion content and oxidation state of six kinds of
3DOM catalysts. The 3d spectrum of Ce is shown in Fig. 2d
and eight peaks can be fitted from the XPS spectrum of Ce
3d. The six peaks labeled (a1, a2, a3) and (b1, b2, b3)
correspond to Ce4+ 3d 3/2 and Ce4+ 3d 5/2, respectively. The
other two peaks a and b correspond to Ce3+ 3d 3/2 and Ce3+

3d 5/2, respectively.43 The peak strength of Ce4+ in all the
catalysts is much greater than that of Ce3+, indicating that
cerium(IV) is the main valence state.47 The presence of Ce3+

can provide more oxygen vacancies to the catalyst and

Fig. 1 Three dimensional ordered manganese–cerium oxides with different cerium–manganese ratios: (a) CeO2, (b) Mn2O3, (c) CM1, (d) CM2, (e)
CM3, (f) CM4 and EDS of CM2 (g).
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accelerate the electron transfer, and Table S2† shows that
the specific contents of Ce3+ are different. CeO2 and CM1
have the lowest Ce3+ content, while the introduction of
manganese element significantly increases the Ce3+ content
(Table S2†). Fig. 2e shows the XPS of Mn 2p and the XPS
double peaks of Mn 2p can be observed. Binding energies
at approximately 641.5 eV and 653.4 eV are attributed to Mn
2p 3/4 and Mn 2p 1/2, respectively.48 In all the samples, Mn
is present in a mixture of Mn3+ and Mn4+ valence states.
The relative content of manganese ions is calculated
according to the corresponding peak area of the spectrum,
and the obtained values are listed in Table S2.† The
increase of the content of valence state species leads to the
imbalance of the surface charge of the catalyst, increases
the electron transfer rate, and promotes the formation of a
large number of oxygen vacancies and unsaturated
structures.47 It can be seen from Table S2† that CM2 has
the highest content of Mn3+. The O1s spectra of different
catalysts are shown in Fig. 2f and the two peaks at 531.8 eV
and 529.7 eV are attributed to lattice oxygen atoms (Olatt)
and surface adsorbed oxygen (Oads), respectively.48

Compared with lattice oxygen, the surface adsorbed oxygen
is more mobile and has higher activity in low temperature
oxidation. The lattice oxygen basically reacts in the high
temperature region. CM2 has the highest number of
adsorbed oxygen sites, which play an important role in the
oxidation reaction.47 Based on the above experimental
results, the CM2 has the highest Mn3+ and surface reactive

oxygen species, and also has a high Ce3+ content, suggesting
that CM2 is an excellent catalyst for NO oxidation.

The NO oxidation of the catalysts was evaluated under a
gradient temperature increase of 5 vol%O2 and 500 ppm NO
(Fig. 3a and b). For pure cerium oxide, the program is heated
until 250 °C, and there is still no catalytical activity. The
highest conversion rate (34.4%) is at nearly 400 °C. The pure
cerium oxide with low activity is obviously not in line with
the conditions of practical application. The performance of
pure manganese oxide is slightly better than that of cerium
oxide in the programmed gradient temperature increase. The
manganese oxide starts to show activity after 250 °C, and the
conversion rate is close to that of cerium–manganese
composite oxide catalysts, and the catalytic activity is even
slightly better than that of the cerium–manganese composite
catalyst (CM1) in the high temperature region. The maximum
conversion rate reaches 49.9% at 350 °C, which is higher
than the maximum conversion rate of 20.8% at 316 °C for
CM1. However, the activity of cerium–manganese composite
oxides (CM2, CM3 and CM4) far exceeds that of pure cerium
dioxide and pure manganese dioxide at all temperatures,
which indicates that the different cerium–manganese ratio
has a certain effect on the catalyst activity. The catalyst with
the best overall performance is CM2, which maintains a high
conversion rate in the low and high temperature regions, and
reaches the highest conversion rate of 97.9% at 325 °C. For
the consideration of practical application, we only compare
the performance of the activity in the lower temperature zone

Fig. 2 (a) XRD of cerium–manganese oxide catalysts with different proportions of 3DOM. (b) Raman spectra of 3DOM samples. a. CeO2, b. CM1, c.
CM2, d. CM3, e. CM4, f. Mn2O3. (c) Adsorption and desorption isotherm of cerium–manganese complex oxides with different cerium–manganese
ratios of 3DOM. XPS spectra of (d) Ce 3d, (e) Mn 2p, and (f) O1s.
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at 250 °C, and the NO conversion activity order at 250 °C is
CM2 > CM3 > CM4 > CM1 > Mn2O3 > CeO2. For different
catalysts CM1, CM2, CM3 and CM4, the highest conversion
temperature is 322 °C, 325 °C, 325 °C and 331 °C,
respectively, and the highest conversion temperature is lower
than that of pure cerium and pure manganese catalysts.
Therefore, the cerium–manganese composite oxide shows a
better performance than the single metal oxide.49

The soot combustion reaction is a heterogeneous reaction
with solid soot as the reactant. The presence of NO can also
promote soot oxidation, as NO2 has excellent oxidation
properties compared to O2. Therefore, the ability of NO to
oxidize to NO2 on the catalyst plays a key role in soot
combustion. The mass ratio of catalyst to soot was 10 : 1. The
carbon fume oxidation performance of CM1, CM2, CM3,
CM4, CeO2 and Mn2O3 catalysts and a control group of pure
soot was also studied under N2 flow during the gradient
temperature rise of 5 vol%O2 and 500 ppm NO as oxidants.
Fig. 3c and d show the soot combustion curves of different
catalysts, and the performance of all the catalysts is better
than that of pure soot combustion. Compared with pure
cerium dioxide, the catalytical activity of Mn2O3 and CM1–
CM4 is significantly better than the former. Table 1 shows
the specific soot combustion temperatures of each catalyst at
T10, T50 and T90 (soot conversion rate of ten percent (T10),
fifty percent (T50) and ninety percent temperature (T90)).50

For cerium oxide, the temperatures of T10, T50 and T90 are
315 °C, 441 °C and 494 °C, respectively, while the

temperatures of manganese oxide are 325 °C, 400 °C and 450
°C, respectively. The performance of manganese oxide is
better than that of cerium oxide. The temperatures of T10,
T50 and T90 of CM2 with the best performance are 307 °C,
393 °C and 440 °C, respectively, which is consistent with NO
conversion. Based on the above experiential results, CM1 is
an excellent NO oxidation and soot combustion catalyst.

To evaluate the stability, the CM2 sample was selected to
test the stability in the NO oxidation reaction. Over the five
test cycles, the catalyst heated up at the same heating rate
and passed through the same air flow to ensure that the NO
oxidation operated under the same conditions each time in
Fig. 3e and f. As shown in Fig. 3e, at 250 °C, the conversion
rate decreased within 1% from the first cycle to the fifth cycle
and decreased 58.8% from 62.6% to the fifth cycle. The
maximum conversion rate remained between 97–98% and
the temperature at the maximum conversion rate was similar.
Therefore, the catalyst has good stability in the NO oxidation

Fig. 3 (a) NO2 concentration of the catalysts under N2 air flow during a gradient temperature increase of 5 vol%O2 and 500 ppm NO. (b) Different
cerium–manganese ratios of 3DOM cerium–manganese composite oxide NO-TPO conversion rate and conversion rate of 250 °C. (c) Soot
combustion curves of cerium–manganese composite oxides with different cerium–manganese ratios of 3DOM and temperature distribution of T50
and T90 (d). (e) The cyclic test was performed at 5 vol%O2, 500 ppm NO and N2 as the equilibrium gas. (f) Conversion rate and maximum
conversion rate at 250 °C.

Table 1 Specific combustion temperatures of different catalysts

Catalysts T10 T50 T90

CeO2 315 °C 441 °C 494 °C
Mn2O3 325 °C 400 °C 450 °C
CM1 320 °C 399 °C 452 °C
CM2 307 °C 393 °C 440 °C
CM3 317 °C 395 °C 445 °C
CM4 314 °C 389 °C 438 °C
Soot 426 °C 588 °C 635 °C
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reaction. In addition, Fig. S2† shows the test results of soot
combustion cycle stability. After each test, the temperature
increases of T50 and T90 are within 10 °C, which shows a
good soot combustion stability.

Fig. 4a shows the H2-TPR curves of different cerium–

manganese ratios. The region below 400 °C belongs to the
low temperature region, 400–600 °C belongs to the medium
temperature region, and above 600 °C belongs to the high
temperature region, that is, the temperature range at which
oxygen species basically do not participate in the reaction.
The reduction peaks of pure cerium dioxide catalyst appear
at about 394 °C, 499 °C and 711 °C. The reduction peak at
394 °C corresponds to the reduction of adsorbed oxygen on
the surface of cerium oxide, 499 °C corresponds to the
reduction of Ce4+ in the outermost layer, and 711 °C
corresponds to the reduction peak of lattice oxygen in
CeO2.

43 Two reduction peaks are observed for pure
manganese oxide catalysts. The lower reduction peak at 334
°C corresponds to the reduction of Mn2O3 to Mn3O4, while
the second peak at 496 °C is attributed to the subsequent
reduction of Mn3O4 to MnO.51 CM1 and CM2 both have three
reduction peaks belonging to CeO2. Compared with pure
cerium oxide, the reduction peaks in the low temperature
region move significantly to lower temperatures. Peaking at a
lower temperature indicates that the catalyst has better
activity at low temperatures and is more in line with the
requirements of practical applications. At the same time, all
catalysts showed a reduction peak belonging to manganese
oxide at 496 °C, and the reduction peak moved significantly
to the low temperature region. However, with the reduction
of cerium content, three reduction peaks attributed to cerium
oxide in CM3 and CM4 catalysts could not be observed,
because the amount of CeO2 was too low, and part of Ce4+

was inserted into the lattice of Mn2O3. The reduction peak
(334 °C) attributed to Mn2O3 reduction to Mn3O4 on CM4

catalyst is more forward, and the hydrogen consumption is
also higher. Therefore, the catalyst still has strong redox
activity. Combined with the results of XPS, the change of
valence state of cerium–manganese ion also greatly affects
the activity of the catalyst. Due to the presence of oxygen
vacancies on the catalyst surface, gas phase O2 and NO are
adsorbed. According to the XPS results, the presence of Mn3+,
Mn4+, Ce3+ and Ce4+ was detected in the catalyst. Therefore,
the REDOX reaction of Mn3+/Mn4+ or Ce3+/Ce4+ contributes to
the increase in the number of oxygen vacancies and NO
adsorption (Fig. 4b).

To further explain the performance difference of NO
oxidation, in situ Fourier infrared spectroscopy of adsorbed
species on the catalyst were studied to obtain information
about the types of NOx species (Fig. 4). In Fig. 4c, four
absorption peaks are observed on CeO2, which are attributed
to chelating bidentate nitrate (1573 cm−1, 1290 cm−1 and
1027 cm−1) and bridging nitrate (1448 cm−1), respectively. As
the reaction temperature gradually increases, bridging nitrate
gradually decomposes. An absorption peak attributed to N2O4

(1360 cm−1) appears.52 Due to the strong adsorption of NOx,
a large number of chelated bidentate nitrates are produced.
However, the bidentate nitrate cannot generate N2O4 with the
increase of temperature, thus inhibiting the generation of
N2O4.

53,54 In Fig. 4d, CM1 also has the obvious characteristic
peaks of chelating bidentate nitrate (1573 cm−1) and surface
nitrate (1405 cm−1),55 and the surface nitrate gradually
transforms into N2O4 with the increase in temperature. A
new characteristic peak attributed to a bridging nitrate (1150
cm−1) is generated from 350 °C.56 This characteristic peak
does not decompose with the increase of temperature so the
catalytical activity is inhibited.53 A weak characteristic peak
of chelated bidentate nitrate (1573 cm−1) can be seen in
Fig. 4e, but this characteristic peak is not observed in Fig. 4f–h,
suggesting that the adsorption of NOx on CM2 is stronger than

Fig. 4 (a) H2-TPR profiles of cerium–manganese macroporous catalysts with different proportions. a. CeO2, b. CM1, c. CM2, d. CM3, e. CM4, and
f. Mn2O3. (b) Possible reaction mechanisms of 3DOM catalysts for NOx oxidation. DRIFT spectra obtained on the catalysts: (c) CeO2, (d) CM1, (e)
CM2, (f) CM3, (g) CM4, and (h) Mn2O3.
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that of CM3, CM4 and Mn2O3 catalysts. In addition, CM2
completely decomposed surface nitrate to form N2O4 at 250 °C,
while CM3 and CM4 still have peaks belonging to surface
nitrate at 250 °C. Therefore, the catalytical performance of CM2
catalyst is better than CM3 and CM4 at 250 °C. In short,
compared with catalysts with a high cerium content, CM2
shows an adsorption strength promoting formation of a
chelated bidentate nitrate, which is decomposed at high
temperatures. Compared with the catalyst with a high
manganese content, CM2 can adsorb NO to form a surface
nitrate, which is decomposed at lower temperatures. Therefore,
the CM2 proves to be an excellent catalyst for NO oxidation.

Conclusions

The ordered macroporous cerium–manganese composite
oxides catalysts for NO oxidation were prepared by the sol–
gel method. The ordered macroporous structure is about 300
nm and connected by pore windows of about 50 nm. These
catalysts show a high specific surface area and thermal
stability, and the large pore structure enables the pollutants
to have better contact with the catalyst. Meanwhile, the
synergistic effect of cerium–manganese increased the
production of reactive oxygen species, and the formed
cerium–manganese solid solution improved the catalytic
oxidation performance, causing the NO oxidation reaction to
move to the low temperature region. The catalyst with the
best cerium–manganese ratio (1 : 2) can achieve a conversion
rate of 62% at 250 °C, and the highest conversion rate was
able to reach 98%, which is far higher than pure cerium
oxide and pure manganese oxide catalysts. This work
provides a promising catalyst for NO oxidation and soot
combustion catalysts.
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