
Citation: Gao, S.; Yu, D.; Zhou, S.;

Zhang, C.; Wang, L.; Fan, X.; Yu, X.;

Zhao, Z. The Preparation of

Mn-Modified CeO2 Nanosphere

Catalysts and Their Catalytic

Performance for Soot Combustion.

Processes 2023, 11, 2902. https://

doi.org/10.3390/pr11102902

Academic Editor: George Z. Kyzas

Received: 28 August 2023

Revised: 25 September 2023

Accepted: 28 September 2023

Published: 2 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

The Preparation of Mn-Modified CeO2 Nanosphere Catalysts
and Their Catalytic Performance for Soot Combustion
Siyu Gao 1, Di Yu 2, Shengran Zhou 1, Chunlei Zhang 1, Lanyi Wang 2, Xiaoqiang Fan 1, Xuehua Yu 1,*
and Zhen Zhao 1,2,*

1 Institute of Catalysis for Energy and Environment, College of Chemistry and Chemical Engineering,
Shenyang Normal University, 253# Huanghe North Street, Huanggu District, Shenyang 110034, China;
gsy990328@163.com (S.G.); zhoushengran1997@163.com (S.Z.); zhangchunlei0423@163.com (C.Z.);
fanxiaoqiang1986@126.com (X.F.)

2 State Key Laboratory of Heavy Oil Processing, China University of Petroleum, 18#Fuxue Road, Chang Ping,
Beijing 102249, China; yudii1127@163.com (D.Y.); wanglanyii@163.com (L.W.)

* Correspondence: yuxuehua1986@163.com (X.Y.); zhenzhao@cup.edu.cn (Z.Z.)

Abstract: With the increasing stringency of environmental protection regulations, reducing the severe
pollution caused by soot particles from diesel vehicle exhaust has become a widespread concern.
Catalytic purification technology is currently an efficient method for eliminating soot particles,
which needs to develop high-activity catalysts. This work uses a two-step hydrothermal method to
synthesize MnOx/CeO2 nanosphere catalysts, which have synergistic effects between manganese
and cerium, and have high reactive oxygen species. Among them, the MnCe-1:4 catalyst represents
the optimal catalytic activity, and the values of T10, T50, and T90 are 289, 340, and 373 ◦C, respectively.
On account of their simple synthetic procedure and low cost, the prepared MnOx/CeO2 nanosphere
catalysts have good prospects for practical applications.

Keywords: MnOx/CeO2 nanospheres; soot combustion; catalysts

1. Introduction

Diesel engines have durability and environmental friendliness [1,2]. However, the
soot particles discharged by diesel engines are the main cause of hazy weather and lead to
severe environmental pollution. Soot particles can also adsorb other harmful substances
and cause serious harm to humans [3]. Therefore, reducing or eliminating the soot particles
discharged by diesel engines is crucial. The use of diesel particulate filters (DPFs) for
aftertreatment technology is an effective method for controlling soot emission, which
requires the development of highly active catalysts to ensure the periodic regeneration of
the DPF [4,5].

Noble metal catalysts display high activity for soot combustion and are extensively
used as three-way catalysts [6,7]. However, the expensive price of noble metal catalysts has
limited their broader application [8,9]. Researchers have developed various catalysts for
catalytic soot combustion. Alkali metal catalysts feature a high surface fluidity, however,
the low melting and boiling points of alkali metals can lead to their loss at high tempera-
tures [10]. Transition metal catalysts have lower prices, but their catalytic activity is not
ideal and is also prone to poisoning [11]. Rare-earth metal catalysts have a good poisoning
resistance, high melting and boiling points, and a high economic value. CeO2 has shown
an excellent catalytic performance because it has the capacity for converting between
the +3 and +4 valence of cerium, which can produce more active oxygen species [12–15].
Huang et al. [16] prepared nano-CeO2 catalysts via a precipitation method and evaluated
their catalytic activity. The ignition temperature of the soot oxidation reaction was 348 ◦C.
Pure CeO2 exhibits high activity in soot combustion, but its thermal stability is poor. High-
temperature calcination will cause the sintering of CeO2, reducing its catalytic activity. In
this regard, introducing other metals into CeO2 can improve this shortcoming [17–20].
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Manganese has an outstanding redox ability, and its incorporation into CeO2 can
enhance the activity of catalysts [21–23]. Lin et al. [24]. synthesized a MnOx–CeO2 catalyst
and concluded that entering manganese into CeO2 is beneficial for forming oxygen vacan-
cies. Wang et al. [25] hydrothermally synthesized a MnxCe1−xO2 solid solution catalyst,
which had a unique mesoporous nanosheet structure and abundant active oxygen species.

The contact of the catalyst and soot particle also affects its activity [26]. Zhang et al. [27]
synthesized CeO2 with nanorod, nanoparticle, and nanosheet morphologies via hydrother-
mal and solvothermal methods. Among them, the CeO2 nanorods exhibited the lowest
peak temperatures of soot combustion, at approximately 368 ◦C, under tight contact modes.
Therefore, designing and synthesizing cerium-based oxide catalysts with preferred mor-
phologies could improve their contact efficiency with soot particles, thereby reducing the
soot combustion temperature and improving the catalytic performance [28–30].

In this work, we first synthesized a range of MnOx/CeO2 nanosphere catalysts, an-
alyzed the physical and chemical properties of the MnOx/CeO2 nanosphere catalysts
using various characterization techniques, and ultimately evaluated their activity for
soot combustion.

2. Experimental Section
2.1. Catalyst Preparation
2.1.1. Preparation of CeO2 Nanospheres

Some improvements were made to the previously reported preparation methods
of CeO2 nanospheres [31]. Ce(NO3)3·6H2O (2.5 g) and polyethylene pyrrolidone (1 g,
K90) were added into a mixture solution of deionized water (10 mL) and ethylene glycol
(70 mL), and the mixture was stirred until the solution became transparent. The solution
was transferred to a 150 mL stainless steel autoclave and reacted at 160 ◦C for 24 h. After
cooling, the product was centrifugally washed multiple times using anhydrous ethanol
and deionized water until the upper solution was colorless. The products were dried at
80 ◦C for 12 h and then calcined at 500 ◦C for 3 h (2 ◦C/min).

2.1.2. Preparation of MnOx/CeO2 Nanosphere Catalysts

First, the CeO2 nanospheres (0.6 g) and a certain amount of Mn(NO3)2 (50% solution)
in Mn/Ce molar ratios of 1:16, 1:8, 1:4, 1:2, and 1:1 were added to deionized water (55 mL)
and ultrasonically treated for 15 min. Next, 1 mol/L of NaOH solution was dropwise
added into the solution to adjust it to pH 10 under continuous stirring. The solution was
transferred to a 100 mL stainless steel autoclave and reacted at 120 ◦C for 24 h after stirring
for two hours. After cooling, the product was centrifugally washed multiple times. The
products were dried at 80 ◦C for 12 h and calcined at 500 ◦C for 3 h (2 ◦C/min). The
prepared MnOx/CeO2 nanosphere catalysts are referred to as MnCe-1:16, MnCe-1:8, MnCe-
1:4, MnCe-1:2, and MnCe-1:1 based on their Mn/Ce ratio. As shown in Table 1, we selected
the MnCe-1:8, MnCe-1:4, and MnCe-1:1 catalysts to determine the contents of cerium and
manganese elements in the catalysts via ICP measurement. From the ICP results, it can be
observed that the actual content of Mn element in the catalyst increased with increasing
the Mn/Ce molar ratios, while the actual content of Ce element showed a downward
trend. However, the content of Mn element did not match the actual feeding ratio, which
may have been due to the fact that MnOx did not grow on the CeO2 support during the
hydrothermal process and was lost after centrifugal washing.

Table 1. The actual contents of cerium and manganese elements in the catalysts.

Catalysts Ce Mn

MnCe-1:8 76.0% 3.8%
MnCe-1:4 72.1% 6.8%
MnCe-1:1 53.5% 21.4%
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2.1.3. Preparation of MnOx Catalysts

The MnOx catalyst was prepared via the following steps. Firstly, Mn(NO3)2 (50%
solution, 2.06 g) was added into 55 mL of deionized water. The pH of the solution was
adjusted to 10 by the dropwise addition of ammonia aqueous (25% solution) under constant
stirring. The solution was transferred to a 100 mL stainless steel autoclave and reacted at
120 ◦C for 24 h after stirring for two hours, which was then allowed to cool. The product
was washed multiple times via centrifugation. Finally, the products were dried at 80 ◦C for
12 h and calcined at 500 ◦C for 3 h (2 ◦C/min).

2.2. Catalyst Characterization

X-ray diffraction (XRD) with a scanning range of 10–90◦ and a speed of 10◦/min using
Cu Kα radiation was conducted on the Rigaku Ultima IV X-ray diffractometer.

N2 adsorption/desorption was conducted on the Micromeritics Tristar II 3020 specific
surface analyzer. Before conducting the analysis, the catalyst was pretreated under vacuum
and 300 ◦C conditions for 3 h.

Scanning electron microscopy (SEM) images were obtained using the Hitachi SU8010
system, and to improve the quality of the SEM images, 10 nm gold nanoparticles were
coated on the catalyst surface prior to imaging. Transmission Electron Microscopy (TEM)
was observed on a Thermo Scientific Talos F200x transmission electron microscope and
an EDX analysis was performed on the same device. Before conducting the transmission
electron microscopy observation, the catalyst was first ultrasonically treated in anhydrous
ethanol for 15 min, and then the upper clear liquid was dropped onto a copper grid.

A H2 temperature-programmed reduction (H2-TPR) was obtained using the Mi-
cromeritics AutoChem II 2920 chemical adsorption system. First, 100 mg of catalyst
was pretreated under conditions of N2 gas and 300 ◦C, and then cooled. The gas was
replaced with a hydrogen/argon mixture, and the temperature was raised to 850 ◦C
(10 ◦C/min). The hydrogen consumption was detected using a thermal conductivity de-
tector. O2 temperature-programmed desorption (O2-TPD) was performed on the same
instrument, which differed from the H2-TPR method in that the catalyst was pretreated in
O2 gas, and then the gas was changed to He. The amount of O2 desorption was detected
using the same thermal conductivity detector.

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo ESCALAB 250Xi
instrument. The carbon 1s peak was set to 284.8 eV.

Soot-TPR was conducted in 50 mL/min Ar gas. In total, 100 mg of catalyst was mixed
with 10 mg of soot to achieve a loose-contact mode. The mixture was pretreated at 200 ◦C
and under Ar gas conditions for 30 min, and then heated from 200 ◦C to 800 ◦C (4 ◦C/min).
The outlet gas composition was detected using the Agilent 7890B gas chromatograph.

In situ DRIFTS spectra was obtained using a Vertex 80v spectrometer (Bruker) FT-IR
spectrometer. Before starting adsorption, the catalyst was pretreated in Ar gas at 500 ◦C
for 0.5 h. During the cooling process, the background spectrum was scanned every 50 ◦C.
Then, the gas was changed to NH3 after adsorbing and saturating, then changed to Ar gas,
and blown for 30 min. Finally, it was heated up to 500 ◦C and the infrared spectrum was
recorded every 50 ◦C.

NO temperature-programmed oxidation (NO-TPO) was conducted on an optical flue
gas analyzer FGA10. In total, 100 mg of catalyst was pretreated in Ar gas at 200 ◦C for
30 min, then heated from 100 ◦C to 500 ◦C (2 ◦C/min) under conditions of 10% O2, 800 ppm
NOx, and Ar balance (100 mL/min).

2.3. Catalytic Activity Measurements

The catalytic performance of the catalysts was measured using the TPO method.
Simulated soot was purchased from Frankfurt Degussa, Germany, and consisted of Printx-
U particles with a diameter of 25 nm. Its elemental composition was 92.0% C, 3.5% O,
3.5% other elements, 0.7% H, 0.2% S, and 0.1% N. A total of 100 mg of catalyst with
10 mg of soot was mixed using a spatula to achieve a loose contact mode (or ground in
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an agate mortar for 10 min to achieve a tight contact mode). Under a total 50 mL/min
flow of 10% O2, 2000 ppm NO, and Ar balance, the mixture was heated from 100 ◦C to
650 ◦C on a fixed-bed tubular quartz reactor (Φ = 8 mm, 2 ◦C/min). The composition
of the outlet gas was analyzed using the Agilent 7890B gas chromatograph. At 380 ◦C,
the Ni catalyst completely converted CO and CO2 into CH4. The temperatures T10, T50,
and T90, corresponding to the soot conversion rates of 10%, 50%, and 90%, were used to
evaluate the activity of the catalyst. The calculation formula for CO2 selectivity (SCO2) is
SCO2 = CCO2/(CCO + CCO2). CCO2 and CCO represent the outlet concentrations of CO2 and
CO, respectively, and the SCO2

m is the CO2 selectivity when the combustion rate of soot
was the fastest.

3. Result and Discussion
3.1. Structural Features of the Synthesized Catalysts
3.1.1. XRD Analysis

Figure 1 presents the XRD results. In Figure 1(a–f), four distinct peaks are located
at 2θ values of 28.5◦ (111), 33.1◦ (200), 47.5◦ (220), and 56.3◦ (311), corresponding to
the characteristic peaks of CeO2 (indicated with “F” in Figure 1, JCPDS Card No. 43-
1002) [32,33]. The positions of the peaks for the MnOx/CeO2 nanosphere catalysts were
consistent with those for the CeO2 support, demonstrating that the loading of MnOx would
not affect the structure of CeO2. No diffraction peaks other than CeO2 are observed in
Figure 1(a–f), which may be because of the high dispersion of MnOx. In addition, as
seen in Figure 1(g), the XRD results exhibited that the prepared MnOx catalyst showed
distinct peaks located at 2θ values of 23.1◦ (211), 32.9◦ (222), 38.2◦ (400), and 55.2◦ (044),
corresponding to the characteristic peaks of bixbyite Mn2O3 (indicated with “
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and g: Mn2O3).

3.1.2. N2 Physisorption Analysis

Figure 2 shows the N2 physisorption results of the catalysts. According to the definition
of IUPAC, the catalysts showed typical type IV adsorption/desorption isotherms [35]. In
Figure 2, H2 hysteresis loops appear within the range of 0.9–1.0 relative pressure (P/P0),
and the catalysts have a mesoporous structure in the range of 2–20 nm. From Figure 2B(a–f),
it can be observed that the original CeO2 nanospheres had a rich pore structure with pore
sizes of 20–60 nm. However, this pore structure disappeared with increasing manganese
loading, which can be ascribed to the filling of the pores by the loaded manganese species.
Table 2 shows a decreasing trend in the specific surface area of the catalyst, which may be
relevant to the MnOx species filling the stacking pores between the nanospheres. The pore
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volume remained within the range of 0.067–0.119 cm3/g for all of the catalysts, while the
pore size ranged from 4.7 to 7.2 nm.
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Table 2. Textural properties of prepared catalysts.

Catalysts Surface Area (m2/g) a Total Pore Volume (cm3/g) b Pore Size (nm) c

CeO2 110.9 0.119 5.9
MnCe-1:16 95.5 0.083 4.7
MnCe-1:8 70.7 0.103 5.6
MnCe-1:4 38.4 0.070 6.9
MnCe-1:2 46.9 0.074 5.9
MnCe-1:1 43.2 0.067 7.2

a Calculated by BET method; b Calculated by BJH desorption cumulative volume of pores between 1.7 nm and
300 nm diameter; and c Calculated by BJH desorption average pore diameter.

3.1.3. Morphological Characterization of the Prepared Catalysts

Figure 3 shows the morphology of the prepared catalysts. The original CeO2 nanospheres
exhibited a uniformly distributed nano-spherical structure (Figure 3A). As shown in
Figure 3B–D, after the hydrothermal growth of the manganese species, when the Mn/Ce
ratios were 1:16, 1:8, and 1:4, the catalyst morphology did not undergo significant changes.
However, as shown in Figure 3E,F, further increasing the manganese loading to Mn/Ce ratios
of 1:2 and 1:1 led to the destruction of the nano-spherical structure and adhesion between the
MnOx/CeO2 nanospheres. The TEM image of the MnCe-1:4 catalyst is shown in Figure 3G,
and the catalyst exhibits nano-spherical morphology. Based on the HAADF-STEM image
(Figure 3H), elemental mapping images (Figure 3I–K), and the EDS spectrum (Figure 3L), the
MnOx species had a good dispersibility in the MnCe-1:4 catalyst, with a Ce element content of
18.59% and a Mn element content of 6.07% (Mn:Ce = 1:3.06), which were approximated with
the surface content of elements obtained from XPS (Mn:Ce = 1:3.38).

3.1.4. H2-TPR Analysis

The reduction performance of the MnOx/CeO2 nanosphere catalysts was investigated
using H2-TPR. In Figure 4(a), the peak of the CeO2 nanospheres at 483 ◦C corresponds
to the reduction in surface CeO2 to Ce2O3. The peak of 600–800 ◦C corresponds to the
reduction in bulk-phase CeO2. After the manganese species loading, the positions and
types of reduction peaks changed. In Figure 4(b–f), the three reduction peaks from low to
high temperatures below 500 ◦C can be attributed to the reduction in the surface-adsorbed
oxygen, Mn4+ to Mn3+, and Mn3+ to Mn2+ [34,36]. The reduction peak located above 600 ◦C
belongs to the reduction in CeO2 [37]. In addition, a lower peak temperature indicated a
more facile reduction and a larger peak area reflected a greater hydrogen consumption. In
Figure 4, the reduction peaks increase in area and shift toward lower temperatures with
increasing manganese loading.
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Figure 4. H2-TPR results (a: CeO2; b: MnCe-1:16; c: MnCe-1:8; d: MnCe-1:4; e: MnCe-1:2; and
f: MnCe-1:1).
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3.1.5. O2-TPD Analysis

Figure 5 shows the O2-TPD results. The desorption peak of the oxygen physiosorbed
on the catalyst surface (O2 or Osur, labeled α) is within the range of 50–250 ◦C. The
chemically adsorbed (O2

−/O−, named as β) desorption peak ranges from 250 to 450 ◦C.
Finally, the desorption peak in the range of 450–850 ◦C corresponds to the lattice oxygen
(O2−, named as γ) [38–40]. As can be observed from Figure 5, the MnCe-1:4 catalyst
resulted in the largest peak area for the chemically adsorbed oxygen species in the β region;
therefore, it had the most active oxygen species.
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Figure 5. O2-TPD results (a: CeO2; b: MnCe-1:16; c: MnCe-1:8; d: MnCe-1:4; e: MnCe-1:2; and
f: MnCe-1:1).

3.1.6. XPS Analysis

As shown in Figure 6 and Table 3, the CeO2, MnCe-1:16, MnCe-1:4, and MnCe-1:1
catalysts were selected as representative catalysts for the XPS characterization. Figure 6A
shows the cerium 3d spectrum, which could be fitted by eight peaks based on four pairs
of spin–orbit doublets [41–43]. When the manganese species were loaded onto a CeO2
support, Ce4+ would transform into Ce3+ and oxygen vacancies were generated. Table 3
shows the calculated ratios of the Ce3+ peak area to the total cerium peak area, which were
used to estimate the relative Ce3+ contents on the catalyst surfaces. It can be concluded that,
as the manganese content increased, the Ce3+ content first increased and then decreased.
The MnCe-1:4 catalyst had the highest Ce3+ content at 18.59%, which meant it contained
the most surface oxygen vacancies.

Figure 6B shows the manganese 2p spectrum. Due to the difficulty in distinguishing
the valence state of the manganese solely based on the Mn 2p spectrum, the manganese 3 s
spectra were also measured to confirm the valence states. The correlation between ∆E and
the average valence state of the manganese can be expressed as follows: average valence
state = 8.95 − 1.13 × ∆E [44,45]. From Figure 6C, it can be seen that the ∆E values for
the MnCe-1:4 and MnCe-1:1 catalysts were 5.43 and 5.10 eV, indicating average valence
states of 2.81 and 3.19, respectively. Previous studies have shown that high-valent Mn4+

cations in oxides are often reduced to Mn3+ with the formation of oxygen vacancies (Vo),
as follows: 2Mn4+ + O2− → 2Mn3+ + Vo + 0.5O2(g) [46,47]. From Table 3, it can be seen that
the MnCe-1:4 catalyst had the highest Mn3+ content among the catalysts, indicating that it
had more oxygen vacancies.

Figure 6D shows the oxygen 1s spectrum, from which three types of oxygen species can
be observed. The O-I species with binding energies of 531.94–532.70 ev corresponds to the
surface-adsorbed oxygen (Osur), the O-II species with binding energies of 530.84–531.57 eV
corresponds to the chemically adsorbed oxygen (Oads), and the O-III species with binding
energies of 529.10–530.0 eV corresponds to the lattice oxygen (Olatt) [48]. Combined with
the O2-TPD results, these three kinds of oxygen species are consistent with the XPS results.
However, the contents of the three oxygen species obtained by O2-TPD are different from
the XPS results. The reason for this phenomenon is as follows: XPS can directly detect
the proportions of the three oxygen species in the catalyst, while the O2-TPD detects the
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released oxygen species from the catalyst. Similar to the O2-TPD results, with the increase
in manganese loading, the proportion of O-II species first increased and then decreased.
The MnCe-1:4 catalyst had the most O-II species.
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Table 3. Composition and oxidation state of manganese, cerium, and oxygen on the surface of
prepared catalyst.

Sample

Molar Fraction

Manganese Cerium Oxygen

Mn4+ Mn3+ Mn2+ Ce4+ Ce3+ Olatt Oads Osur

CeO2 85.11% 14.89% 68.16% 11.71% 20.13%
MnCe-1:16 17.34% 26.21% 56.45% 81.94% 18.06% 69.94% 14.15% 15.91%
MnCe-1:4 16.78% 47.04% 36.18% 81.41% 18.59% 74.04% 14.70% 11.26%
MnCe-1:1 43.95% 30.56% 25.48% 92.19% 7.81% 74.07% 9.97% 15.96%

3.1.7. Soot-TPR Analysis

Soot-TPR can reflect the situation of oxygen defect sites in the catalyst [46]. Therefore,
we conducted Soot-TPR measurements on the CeO2 and MnCe-1:4 catalysts. As shown in
Figure 7, the peaks at 200–480 ◦C belong to the surface-adsorbed oxygen, and the peaks
at 480–800 ◦C belong to the lattice oxygen. Compared to the CeO2 catalyst, the amount
of CO2 generated by the MnCe-1:4 catalyst significantly increased, indicating that the
catalyst had more oxygen defect sites [49,50]. At the same time, the MnCe-1:4 catalyst had a
lower temperature for the desorption of lattice oxygen, so the loading of Mn species could
generate more active oxygen species and promote their migration, which suggests that the
contents of oxygen vacancies were abundant when Mn species were loaded on the CeO2.
Meanwhile, the variation tendency of oxygen vacancies is also consistent with the catalyst
activities of catalysts.
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Figure 7. Soot-TPR curves of CeO2 and MnCe-1:4 catalysts.

3.1.8. NO-TPO Analysis

The conversion ability of NOx can affect the catalytic activities of catalysts for soot
combustion. Therefore, we tested the NO2 concentration (Figure 8A) and NO concentra-
tion (Figure 8B) of the CeO2 and MnCe-1:4 catalysts under different temperatures. From
Figure 8A, it can be seen that the NO2 concentration of the CeO2 and MnCe-1:4 catalysts
first increased and then decreased. Among them, the CeO2 catalyst reached its maximum
concentration of NO2 at about 403 ◦C. Compared to CeO2, the MnCe-1:4 catalyst gener-
ated a higher NO2 content and lower temperature (about 340 ◦C) for the maximum NO2
concentration, while the trend of NO concentration in Figure 8B is opposite to that of
NO2. The results suggested that the MnOx species loading on CeO2 could improve the NO
oxidation capacity.

Processes 2023, 11, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 8. NO2 concentration (A) and NO concentration profiles (B) over CeO2 and MnCe-1:4 cata-
lysts. 

3.1.9. In situ DRIFTS Analysis 
The acid sites on the catalyst surface were investigated using NH3 adsorp-

tion/desorption in situ infrared spectroscopy. Figure 9A,B show the IR spectra of the 
CeO2 and MnCe-1:4 catalysts under the temperature range of 100–500 °C, respectively. 
As shown in Figure 9A, the surface components of the CeO2 catalyst were mainly Lewis 
acid-coordinated ammonia (1179 cm−1) and Brønsted acid-coordinated NH4+ (1448 cm−1) 
[51,52]. When the temperature rose to 400 °C, NH3 desorption occurred on the surface of 
CeO2, and the Lewis acid sites gradually decreased. After loading manganese species on 
the CeO2 support, the types of acid sites did not change, which were Lewis acid-
coordinated ammonia (1227 cm−1) and Brønsted acid-coordinated NH4+ (1448 cm−1) (Fig-
ure 9B) [53]. From Figure 9, it can be concluded that, when Mn species were loaded onto 
the CeO2 support, the Lewis acid sites changed and the peak intensity increased due to 
the simultaneous adsorption of NH3 by Mn. Based on the above discussion, the im-
provement in catalytic activity may have been related to the increase in the number of 
acid sites. 

 
Figure 9. In situ DRIFTS spectra of CeO2 (A) and MnCe-1:4 catalysts (B). 

3.2. Catalytic Performance in Soot Combustion 
Table 4 shows the activities of the prepared catalysts and pure soot under loose con-

tact mode. The catalytic activity of the pure CeO2 support was weak, but the catalytic ac-
tivity was significantly improved after loading the manganese species; among them, the 
MnCe-1:4 catalyst had the highest activity, with T10, T50, and T90 values of 289, 340, and 
373 °C, respectively. Due to the small difference in catalytic performance between the 
catalysts with different Mn loadings, three repeated activity tests were conducted on the 
MnCe-1:4 catalyst to test the repeatability and stability of the activity test method in this 
work. Table 5 shows the activity of the three repeated tests, and the relative errors (δ) of 
the repeated activity tests were calculated. As shown in Table 5, all the values of the rela-
tive errors were less than 2%. Therefore, it can be concluded that the activity test method 

Figure 8. NO2 concentration (A) and NO concentration profiles (B) over CeO2 and MnCe-1:4 catalysts.

3.1.9. In situ DRIFTS Analysis

The acid sites on the catalyst surface were investigated using NH3 adsorption/desorption
in situ infrared spectroscopy. Figure 9A,B show the IR spectra of the CeO2 and MnCe-1:4
catalysts under the temperature range of 100–500 ◦C, respectively. As shown in Figure 9A,
the surface components of the CeO2 catalyst were mainly Lewis acid-coordinated ammonia
(1179 cm−1) and Brønsted acid-coordinated NH4

+ (1448 cm−1) [51,52]. When the temperature
rose to 400 ◦C, NH3 desorption occurred on the surface of CeO2, and the Lewis acid sites
gradually decreased. After loading manganese species on the CeO2 support, the types of acid
sites did not change, which were Lewis acid-coordinated ammonia (1227 cm−1) and Brønsted
acid-coordinated NH4

+ (1448 cm−1) (Figure 9B) [53]. From Figure 9, it can be concluded that,
when Mn species were loaded onto the CeO2 support, the Lewis acid sites changed and the
peak intensity increased due to the simultaneous adsorption of NH3 by Mn. Based on the
above discussion, the improvement in catalytic activity may have been related to the increase
in the number of acid sites.
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3.2. Catalytic Performance in Soot Combustion

Table 4 shows the activities of the prepared catalysts and pure soot under loose contact
mode. The catalytic activity of the pure CeO2 support was weak, but the catalytic activity
was significantly improved after loading the manganese species; among them, the MnCe-
1:4 catalyst had the highest activity, with T10, T50, and T90 values of 289, 340, and 373 ◦C,
respectively. Due to the small difference in catalytic performance between the catalysts
with different Mn loadings, three repeated activity tests were conducted on the MnCe-1:4
catalyst to test the repeatability and stability of the activity test method in this work. Table 5
shows the activity of the three repeated tests, and the relative errors (δ) of the repeated
activity tests were calculated. As shown in Table 5, all the values of the relative errors
were less than 2%. Therefore, it can be concluded that the activity test method had a high
reliability. Therefore, the catalytic activity of the MnOx/CeO2 catalysts was meaningful.
We also tested the catalytic performance of the MnCe-1:4 catalyst under tight contact
mode. According to Table 4, the activity of the catalyst slightly increased. Therefore, the
catalyst–soot contact mode had an impact on the catalyst activity. In addition, we tested
the catalytic performance of the pure Mn2O3 and mechanical mixing of the Mn2O3 and
CeO2 catalysts for soot combustion. As shown in Table 4, the catalytic activities of the
pure Mn2O3 and the mechanical mixing of the CeO2 and Mn2O3 catalysts were lower
than that of the MnOx/CeO2 catalysts. Therefore, the interaction between Mn and Ce
was one of the reasons for the excellent catalytic activity of the MnOx/CeO2 catalysts. For
further comparison, the catalytic performance of the MnCe-1:4 catalyst was compared
with that of other cerium-based oxide catalysts (Table 6). Compared to CeO2 nanocubes
without other active components, the MnCe-1:4 catalyst prepared in this study had lower
T10, T50, and T90 values, indicating that the interaction between Mn and Ce is beneficial
for enhancing the catalytic combustion of soot. In addition, the combustion temperature
values of the MnCe-1:4 catalyst with a nano-sphere structure prepared in this study were
lower than those of the CeO2@MnO2 catalyst with a core–shell structure, the catalysts
with three-dimensionally ordered macropores (3DOM), such as (NiO-CeO2)-3DOM, 3DOM
Co3O4-CeO2, and 3DOM Mn0.5Ce0.5Oδ, and the MnOx-CeO2-Al2O3 catalyst without a
special morphology. This means that the nano-sphere structure of the MnCe-1:4 catalyst
was beneficial for improving the contact efficiency between the soot and the catalyst,
and had a superior soot combustion activity. The MnCe-1:4 catalyst prepared in this
study had higher catalytic activity, indicating that the nano-spherical morphology of the
catalyst, abundant active oxygen species, and the interaction between Mn and Ce species
are beneficial for enhancing soot combustion.
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Table 4. Catalytic performance of prepared catalysts for soot combustion.

Catalysts T10/◦C T50/◦C T90/◦C SCO2
m/%

Soot 461 552 594 38.5%
CeO2 318 363 402 96.5%

Mn2O3 294 357 395 99.6%
Mn2O3 + CeO2

(mechanical mixing) 294 350 384 99.5%

MnCe-1:16 294 350 384 99.5%
MnCe-1:8 292 344 375 99.3%
MnCe-1:4 289 340 373 99.3%
MnCe-1:4

(under tight contact mode) 278 327 353 99.6%

MnCe-1:2 286 347 382 99.5%
MnCe-1:1 286 346 383 99.5%

Table 5. The catalytic activity of the MnCe-1:4 catalyst was repeatedly tested for soot combustion
three times in loose contact mode, and the relative error was calculated.

Catalysts a T10/◦C δ b T50/◦C δ T90/◦C δ SCO2
m/% δ

MnCe-1:4-1 291 0.69% 340 0% 379 1.6% 99.5% 0.20%
MnCe-1:4-2 292 1.04% 342 0.59% 374 0.27% 99.6% 0.30%
MnCe-1:4-3 290 0.35% 337 0.88% 373 0% 99.6% 0.30%

a: Three repeated activity tests were performed on MnCe-1:4 catalyst; b: Calculation formula for relative error:
δ = (x − µ)/µ × 100%, x represents the T10/T50/T90/SCO2

m of the catalysts for repeated activity testing, and µ
represents the value of T10/T50/T90/SCO2

m corresponding to MnCe-1:4 catalyst.

Table 6. Catalytic activities of as-prepared catalysts and reported catalysts for soot combustion under
loose contact conditions.

Catalysts Reaction Conditions Soot/
Catalysts

T10/Ti
(◦C)

T50/Tm
(◦C)

T90/Tf
(◦C) References

CeO2@MnO2 500 ppm NO + 5% O2 + N2 balance 1:9 312 373 423 [32]
(NiO-CeO2)-3DOM 500 ppm NO + 5% O2 + N2 balance 1:4 530 [54]

CeO2 nanocube 10 vol.% O2 + N2 balance 1:10 459 554 [55]
3DOM Co3O4-CeO2 0.25% NO + 5% O2 + N2 balance 1:10 406 [56]
MnOx-CeO2-Al2O3 1000 ppm NO + 10% O2 + N2 balance 1:10 455 [57]

3DOM Mn0.5Ce0.5Oδ 0.2% NO + 10% O2 + Ar balance 1:10 297 358 396 [58]
MnCe-1:4 2000 ppm NO + 10% O2 + Ar balance 1:10 289 340 373 This work

4. Conclusions

A series of manganese-loaded CeO2 nanosphere catalysts were synthesized via a simple
two-step hydrothermal method, and the prepared MnOx/CeO2 catalysts exhibited excellent
catalytic activity for soot combustion. The characterization results confirmed that the catalysts
possessed a nano-spherical structure and revealed that the manganese loading affected the
specific surface area and improved their O2 adsorption and activation ability. Among the
prepared catalysts, the MnCe-1:4 catalyst had the optimal catalytic performance, with T10, T50,
and T90 values of 289, 340, and 373 ◦C, respectively, and a CO2 selectivity of 99.3%.
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