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ped ceria oxygen-storage material
on oxidation activity of diesel soot

He Huang, Junheng Liu,* Ping Sun, Song Ye and Bingxia Liu

A Diesel Particulate Filter (DPF) is an effective device for reducing the soot emission of diesel engines. In

order to realize the passive regeneration of DPF at low temperature, Ce1�xMnxO2 catalysts doped with

different doses of Mn were prepared through a sol–gel method. The influence of the catalyst on soot

oxidation characteristics was studied by thermogravimetric analysis (TGA). The oxygen vacancy

formation energy was calculated using the first principles Perdew–Wang 1991 (PW91) method based on

density functional theory (DFT) within the generalized gradient approximation (GGA). Moreover, catalytic

performance was evaluated using X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman

spectroscopy, H2-temperature programming reduction (H2-TPR) and X-ray photoelectron spectroscopy

(XPS). The results show that the ignition temperature and peak temperature of soot oxidation gradually

decrease, and also the activation energy of Ce1�xMnxO2 for the catalytic soot oxidation decreases with

the increase of Mn concentration. When the Mn concentration is 50%, the ignition temperature and peak

temperature are decreased by 42 �C and 32 �C, respectively. The crystal structure of the prepared

Ce1�xMnxO2 has a better stability, and Mn doping leads to the increase of lattice defects. Moreover, the

oxygen vacancy formation energy of the Ce1�xMnxO2 catalyst decreases with increasing Mn

concentrations. When Mn doping concentration is 50%, the oxygen vacancy formation energy

represents a minimum value of 0.31 eV.
1. Introduction

Diesel vehicles have received lots of attention globally due to
their power efficiency and fuel economy. However, the pollut-
ants in the exhaust gas, especially the soot emission, are a threat
to the environment and to human health.1–3 A Diesel Particulate
Filter (DPF) is an effective means to reduce the soot emission
from diesel engines. A passive regeneration technique is used to
reduce the activation energy of the soot oxidation with chemo-
catalysts. In this way, the soot can be burnt out with energy from
the diesel exhaust to realize DPF regeneration.4,5 Therefore, the
selection of catalyst is the key to DPF regeneration. Rare earth
based catalysts are widely used in automotive exhaust puri-
cation catalysts, ceramics, rare earth polymers, fuel cells, coat-
ings and many other elds because of their unique chemical
and physical properties, which are represented by their abun-
dant electronic energy level structure. Cerium dioxide (CeO2),
a high-performance rare earth material, is the core of the three-
way catalyst used for automobile exhaust purication. CeO2 can
simultaneously convert hydrocarbon (HC), carbon monoxide
(CO) and nitrogen oxides (NOx) from engine exhaust gas into
H2O, carbon dioxide (CO2) and nitrogen (N2). CeO2 is the core of
oxygen storage/oxygen release materials, whose performance is
g, Jiangsu University, Zhenjiang 212013,
mainly determined by the redox ability of gas molecule,6,7

oxygen storage/oxygen release performance8–11 and oxygen
transfer capability.10 When the oxygen content in the exhaust
gas is high, CeO2 quickly store the oxygen and also releases
oxygen in a timely fashion when oxygen content is low. There-
fore, it can be referred to as “oxygen buffer”. This function is
essential for improving catalytic activity and prolonging the
service life of the catalyst.11–17 However, pure CeO2 mainly has
two defects. Firstly, there are very few oxygen defects of surface
oxygen and bulk phase oxygen. Secondly, sintering occurs at
high temperature, leading to the reduction in the capacity of
oxygen storage and release. To increase the ability of oxygen
storage/release and low temperature redox of the supported
catalyst system, researchers normally doped CeO2 with a tran-
sition metal.18 Mn mainly exists in the forms of changeable
valence oxides such asMnO, MnO2, Mn2O3 andMn3O4, which is
generally utilized as the electronic auxiliaries of catalysts.
Ce1�xMnxO2 catalyst formed by doping Mn into CeO2 can be
used to promote some reactions. Wu et al.19,20 suggested that the
doping of Mn into the internal lattice of CeO2 does not only
improve the migration of reactive oxygen, but also enhance the
overow ability of lattice oxygen, which could strengthen the
soot catalytic oxidation. Guillén-Hurtado et al.21 studied the
mechanism of soot oxidation through cerium based catalyst by
isotope pulse technique, and found that gaseous phase oxygen
did not directly participate in soot oxidation. The active oxygen
This journal is © The Royal Society of Chemistry 2017
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in the catalyst was rstly released and then migrated to the soot
surface for oxidization. Meantime, the oxygen vacancies
generated on the catalyst surface, adsorbed the gaseous phase
oxygen into vacancy to supplement the consumed active oxygen.
Thus, it can be said that, the active oxygen, oxygen vacancies,
oxygen migration capability and other oxygen parameters play
an important role in soot catalytic oxidation. Qi et al.22 prepared
MnOx–CeO2 composite oxide by doping Mn into CeO2 system,
which had high NH3-SCR (selective catalytic reduction) catalytic
activity at low temperature. Delimaris et al.23,24 showed that the
catalytic oxidation activity of MnOx–CeO2 to chlorinated volatile
organic compounds (CVOCs) and volatile organic compounds
(VOCs) was better than that of pure CeO2. However, there are
still some debates about the decisive factors and the reaction
path of soot catalytic oxidation. Most situ detectionmethods are
directed at reactive oxygen species, but the real-timemonitoring
and analysis of oxygen vacancy are scarce.

Recently, new materials have been widely designed from
studies at the level of atoms and molecules. This method
combined with the experimental study, decreases the depen-
dence on experimental instruments and also reduces the
consumption of chemical reagents. Moreover, the catalytic
reaction pathway and its mechanism can be further understood
theoretically, so as to provide strong support for the designing
and preparation of catalyst with good selectivity, high activity
and strong anti-poisoning ability. However, there are very few
reports of the inuence of Ce1�xMnxO2 on diesel soot oxidation.

In the current study, rstly, Ce1�xMnxO2 catalysts doped with
different Mn concentrations were prepared with sol–gel
method. Secondly, X-ray diffraction (XRD), Raman spectrum,
H2-temperature programming reduction (H2-TPR), X-ray
photoelectron spectroscopy (XPS) and thermogravimetric anal-
ysis (TGA) were used to characterize Ce1�xMnxO2 catalyst and
evaluate its oxidation activity. Finally, the rst principle pseu-
dopotential method based on the density functional theory
(DFT)25–28 was adopted to further study the Ce1�xMnxO2 system
doped with different Mn concentrations according to the crystal
structure and oxygen vacancy. The object of this research is to
systematically study the atomic structure and the oxygen
vacancy formation energy of Ce1�xMnxO2 catalyst, and reveal
the microscopic mechanism of the improvement of the catalytic
oxidation activity with Mn-doped CeO2, which veries experi-
mental results.
2. Experimental
2.1. Catalyst preparation

Ce1�xMnxO2 catalyst was prepared by sol–gel method in this
research. Firstly, a certain amount of Ce(NO3)3$6H2O (analytical
grade, AR) and Mn(NO3)2 (AR) were obtained with an electronic
balance and added to citric acid to form the mixed liquor. The
mixture was subjected to a water bath at 80 �C and magnetically
stirred until it forms into a gel. The gel, is then dried by air drying
oven overnight, and roasted aerwards with a muffle furnace for
4 hours at 550 �C. TheMn doping concentrations in this research
were 12.5%, 25% and 50%, and their corresponding chemical
This journal is © The Royal Society of Chemistry 2017
formulas were marked as Ce0.875Mn0.125O2, Ce0.75Mn0.25O2 and
Ce0.5Mn0.5O2, respectively.

2.2. Catalyst characterization

The powder X-ray diffraction (XRD) patterns were recorded by
a diffractometer (D8 ADVANCE, Bruker, Germany) operated at
40 kV and 30 mA, using nickel-ltered Cu Ka radiation (l ¼
0.15418 nm). The patterns were collected in a 2q range from 20�

to 80�, with a scanning step of 4� min�1.
Scanning electron microscopy (SEM) image was carried out

on a eld emission scanning electron microscope S-4800
(Hitachi, Japan). Samples were coated with platinum to
improve conductivity. The amplication range of the S-4800 was
20–8� 105 times. The minimum resolution was 1.0 nm, and the
electron acceleration voltage range was 0.5–30 kV.

The Raman spectra of the samples were obtained with
a Renishaw in Viat+Reex spectrometer at room temperature
and atmospheric pressure. A wavelength of 514.5 nm was used
for the exciting source from Ar+ ion laser. The power of the
incident beam on the sample was 3 mW. The wave number
values of the Raman spectra were accurate to 2 cm�1.

H2-Temperature programming reduction (H2-TPR) was
investigated on a Micromeritics AutoChemII2920. At the
beginning of the tests, the catalysts were preoxidized in 1% O2/
He (50 mL min�1) at 300 �C for 10 min. Aerward they were
cooled down to RT, ushed with He for 10min, and heated from
0 �C up to 550 �C in 10% H2/Ar to nish the rst TPR. The
second TPR was performed subsequently, and a third TPR up to
800 �C was performed aer another preoxidation process.

X-ray photoelectron spectra (XPS) were recorded using an
ESCALAB 250 Xi spectrometer with Al Ka radiation (1486.6 eV).
The adventitious C 1s line at 284.8 eV was used as an internal
standard. The XPS core level spectra were analyzed in mixed
Gaussian–Lorentzian peaks, using a Shirley background
subtraction.

2.3. Catalytic testing

The evaluation indicators of the catalytic activity mainly include
soot ignition temperature (Ti) and peak temperature (Tm),
among which Ti is dened as the temperature during which the
total mass of the sample is reduced by 5% in the reaction, and
Tm is the temperature corresponding to the maximum weight-
lessness rate. In the catalytic activity evaluation system, lower
values of Ti and Tm represent better catalytic activity.

The test engine is a 4-cylinder, turbocharged, inter-cooled,
electronic controlled common-rail diesel engine, and its main
technical parameters are shown in Table 1. PM samples were
collected under ESC 13-mode test cycle using the AVL SPC472
partial ow particle acquisition system. Thermogravimetric
analysis (TGA) of particle sample was conducted on the MET-
TLER TGA/DSC1 thermogravimetric analyzer, which has built-in
high precision electronic balance and temperature sensor. In
the thermogravimetric test, the sample weight was 3 mg, and
the mass fraction of oxygen atmosphere was about 12%, which
was close to the oxygen content in the diesel exhaust. High-
purity N2 was taken as the protective gas, and its ow velocity
RSC Adv., 2017, 7, 7406–7412 | 7407
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Table 1 Diesel particles characteristic parameters of weightlessness

Sample

SOF
weightlessness
(�C)

Soot
weightlessness
(�C)

Ts Tp Ti Tm

CeO2 173 301 301 415
Ce0.875Mn0.125O2 169 305 283 409
Ce0.75Mn0.25O2 171 297 278 403
Ce0.5Mn0.5O2 172 287 259 383
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View Article Online
was at a constant rate with 100 mL min�1. The programmed
temperature range was 40–800 �C, and the heating rate was kept
at 15 �C min�1. The collected diesel soot particles and catalyst
were evenly mixed at the ratio of 4 : 1.
3. Results and discussion
3.1. Activity tests

Fig. 1 shows the results of the thermogravimetric (TG) experi-
ments of diesel engine particles mixed with Ce1�xMnxO2 cata-
lysts with four different Mn doping concentrations. Compared
with the pure CeO2, the weightlessness curves of the particle
shi to the low temperature region with the increase of Mn
doping concentration, which indicates that the particle ignition
combustion temperature decreases. There are three obvious
weightlessness peaks in the particle weightlessness rate curves
under Ce1�xMnxO2 catalysts, which are, in order, HC volatili-
zation with low boiling point, HC oxidization with high boiling
point and dry soot oxidative combustion. Its impact on the dry
soot oxidation process is signicant. With the increase of Mn in
the doped proportion, the ignition temperature and peak
temperature of the soot gradually decrease.

Table 1 lists the diesel particles weightlessness characteristic
parameters under Ce1�xMnxO2 catalysis. Ts is the temperature
corresponding to the peak weight loss rate of the low boiling
point HC in soluble organic fraction (SOF). Tp is the
Fig. 1 TG and DTG curves of diesel particles.

7408 | RSC Adv., 2017, 7, 7406–7412
temperature corresponding to the peak weight loss rate of the
high boiling point HC. Ti is the ignition combustion tempera-
ture of dry soot. Tm is the peak combustion temperature of dry
soot. Compared with that of pure CeO2, the soot ignition
combustion temperatures are decreased by 18, 24 and 42 �C,
and the peak combustion temperatures are decreased by 6, 12
and 32 �C, respectively, when the Mn concentrations are 12.5%,
25% and 50%. This indicates that the effect of CeO2 on soot
catalytic oxidation is obviously improved with doping Mn, and
the optimum Mn doping concentration is 50%.

The kinetic parameters such as oxidation activation energy
(E) and pre-exponential factor (A) of soot particles were analyzed
by Coats–Redfern integral method. In this way, the relationship
between the ln[ln(1� a)/T2] and 1/T of the diesel particles under
the catalysis is obtained. The results of curve tting are shown
in Fig. 2. The linear regression coefficients of the tted curves
are all greater than 0.98, and the tting effect is ideal.

The activation energy and pre-exponential factor of each
tting curve are calculated as shown in Table 2. It can be seen
from Table 2 that compared with the pure CeO2, the activation
energy of Ce1�xMnxO2 for the catalytic soot oxidation reaction is
signicantly reduced, and the pre-exponential factor is
increased. This indicates that Mn doping signicantly increases
the number of active sites on the surface of soot and catalyst,
thus enhancing the catalytic activity of the catalyst on soot
oxidation reaction. With the increase of Mn concentration, the
activation energy decreases gradually and reaches the
minimum when the Mn concentration is 50%, which indicated
that with the increase of Mn concentration, the energy required
for soot oxidation reaction is gradually decreases, so that it is
more easily oxidized, which is consistent with the thermogra-
vimetric results.

3.2. Catalyst characterization

A series of characterizations were carried out to clarify the
mechanism of soot catalytic oxidation through Ce1�xMnxO2

catalyst on the microstructure. Fig. 3 gives the XRD proles of
the four Ce1�xMnxO2 samples. MnO2 will transform into Mn2O3

oxide when it is calcined at 550 �C. It can be seen that the
characteristic diffraction peaks of CeO2 are detected in all
samples. Compared with pure CeO2, the characteristic peaks are
Fig. 2 Fitting curves of ln[�ln(1 � a)/T2] and of 1/T particles under
catalysis.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Effect of Ce1�xMnxO2 catalyst on activation energy and pre-
exponential factor

Sample
Fitting curve
equation

Correlation
coefficient

E/
(kJ mol�1)

A/
min�1

CeO2 y ¼ �3.17x � 6.82 0.992 26.36 51
Ce0.875Mn0.125O2 y ¼ �3.16x � 6.81 0.986 26.27 52
Ce0.75Mn0.25O2 y ¼ �3.09x � 6.77 0.991 25.69 53
Ce0.5Mn0.5O2 y ¼ �2.99x � 6.66 0.998 24.86 57

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 8
/1

5/
20

25
 7

:0
9:

31
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
still the main diffraction peaks of Ce1�xMnxO2 catalyst, and the
position of the peak is constant, but the intensity has been
changed. It shows that the Mn doping does not change the
crystal structure of cubic uorite, and the structure is still
stable. The characteristic peak of Mn2O3 also can be detected in
the gure, which indicates that Mn ions have entered into CeO2

crystal lattice, forming solid solution. Due to difference in Mn
electron scattering factor (fMn) and Ce electron scattering factor
(fCe), the CeO2 material structure factor changes aer being
doped with Mn. Different Mn concentrations have different
inuence on the material structure factors (fhkl). The diffraction
peak intensity (I) is proportional to the material structure
factors squared (fhkl

2), expressed as “If fhkl
2”. This explains the

diffraction peak intensity of the catalyst sample changes at
different Mn doping concentrations.

The Ce1�xMnxO2 catalyst had broader diffraction peaks than
the pure CeO2 catalyst. Estimation of the lattice parameter by
Rietveld renement of the main diffraction peaks of the CeO2

phase demonstrated that Ce0.875Mn0.125O2, Ce0.75Mn0.25O2 and
Ce0.5Mn0.5O2 shrank slightly by 0.543, 0.534 and 0.516 nm,
respectively. Slight downshi of the peaks indicated slight lattice
contraction.29 The peak shi in the Ce1�xMnxO2 sample was
probably due to the difference between the radii of Mn2+ (0.067
nm) and Ce4+ (0.094 m).30 Introduction of lower-valence cations
generated lattice strain and facilitated defect formation within
the CeO2 lattice, which eventually improved extrinsic surface
defects and resulted in superior soot oxidation performance.

The particle size in the unit area was analyzed by Nano
Measure soware in the SEM image to calculate the average
Fig. 3 XRD profiles of Ce1�xMnxO2.

This journal is © The Royal Society of Chemistry 2017
particle size. Fig. 4 shows the SEM images of Ce1�xMnxO2

samples. In Fig. 4(a), particle size range of nano-CeO2 is
30.1–55.2 nm, with an average particle size is 43 nm. In
Fig. 4(b), particle size range of nano-Ce0.875Mn0.125O2 is 28.9–
47.1 nm, with an average particle size is 38 nm. In Fig. 4(c),
particle size range of nano-Ce0.75Mn0.25O2 is 18.5–42.3 nm,
with an average particle size is 34 nm. In Fig. 4(d), particle
size range of nano-Ce0.5Mn0.5O2 is 15.5–40.3 nm, with an
average particle d size is 31 nm. The appearances of the three
groups of particles are relatively uniform, which are mostly
spherical or near spherical particles with clear boundaries. It
proves that the particle aggregation is effectively controlled
in the process of preparation, which makes the dispersion
better.

Fig. 5 shows the Raman proles of CeO2 doped with different
Mn concentrations. As shown in the gure, all the Ce1�xMnxO2

samples show a typical Raman vibration mode of CeO2. The
vibration peaks of the four catalysts occur at 447 cm�1, which is
the typical F2g vibration peak of CeO2 cubic uorite structure.
The offsets are very small and can be ignored. This indicates
that CeO2 crystal structure does not change aer being doped
with Mn, which is consistent with the results of XRD. There is
a weak Raman vibration peak near 641 cm�1 for the doped Mn
sample, which is the characteristic Raman vibration peak of Mn
species.31 It can be seen that the Raman peak intensity with
different Mn doping concentrations varies. The higher Raman
peak intensity indicates the better crystallinity of Ce1�xMnxO2.
The peak widths at half height of the F2g Raman vibration peaks
for the four catalysts are different, which corresponds to the
particle size. This shows that Mn concentration affects the
particle size of Ce1�xMnxO2 catalyst. In addition to the F2g
mode, two weak absorption peak emerged in the spectra of the
Mn-containing catalyst: one at 351 cm�1, and another between
560 cm�1 and 600 cm�1, related to oxygen vacancies.32,33

Incorporation of Mn2+ into the CeO2 lattice may have created
more oxygen vacancies and enhanced the OSC, which could
improve the catalytic activity of Ce1�xMnxO2 catalyst during soot
oxidation.
Fig. 4 SEM images of Ce1�xMnxO2 sample: (a) CeO2; (b)
Ce0.875Mn0.125O2; (c) Ce0.75Mn0.25O2; (d) Ce0.5Mn0.5O2.

RSC Adv., 2017, 7, 7406–7412 | 7409

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27007g


Fig. 5 Raman profiles of Ce1�xMnxO2.
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Fig. 6 shows the H2-TPR spectrogram of Ce1�xMnxO2 cata-
lyst. There are three obvious hydrogen consumption peaks as
CeO2 catalyst is doped with Mn, marked as a, b and g. The
oxygen desorption peak area of the catalyst is greatly improved
aer doping Mn, changing the desorption temperature to
a lower temperature. Therefore, both the oxidation reduction
performance of the catalyst and the peak intensity increase with
the increase of Mn content. The Ce0.5Mn0.5O2 reduction peaks
at temperatures of 365 �C, 480 �C and 726 �C are the most
obvious. Low temperature reduction peak (a) at 365 �C is the
Ce0.5Mn0.5O2 surface adsorption oxygen reduction, the inter-
mediate temperature reduction peak (b) at 480 �C is the
Ce0.5Mn0.5O2 surface lattice oxygen reduction, and the high
temperature reduction peak (g) at 726 �C is the Ce0.5Mn0.5O2

bulk phase lattice oxygen reduction, while the pure CeO2 just
has relatively weak reduction peaks of surface lattice oxygen and
bulk phase lattice oxygen. The b-reduction peak areas of the
three prepared Ce1�xMnxO2 catalysts are larger than their a-
reduction peak areas, which indicate that they all have more
surface lattice oxygen. Therefore, the Mn-doped CeO2 increases
the lattice defects and enrich the oxygen species, which is
favorable for adsorption, migration and transformation of
oxygen. The oxygen species of Ce1�xMnxO2, especially the
surface lattice oxygen, are directly related to its catalytic activity.
Fig. 6 H2-TPR profiles of Ce1�xMnxO2.

7410 | RSC Adv., 2017, 7, 7406–7412
Stronger reduction capacity of the surface oxygen species can
lead to higher catalytic activity.

Fig. 7(a) shows the XPS proles of Mn 2p orbital for Ce1�x-
MnxO2 catalyst. There are two peaks at 642.2 eV and 654.5 eV,
which are the 2p3/2 peaks of Mn3+ and Mn4+ respectively. It
indicates that Mn exists as +3 and +4 valences in the catalyst.
The relative proportion of Mn4+ to Mn3+ increases with the
increase of Mn content. Fig. 7(b) gives the XPS proles of O 1s
orbital for Ce1�xMnxO2 catalyst. It can be seen that each sample
has a double-peak structure, which shows that the oxygen
element exists on the catalytic surface in two forms. The peak
with low electronic binding energy at 531.5 eV is lattice oxygen
(OI), and it is related to the redox property of the metal ion. The
peak with high electronic binding energy at 529.5 eV is
adsorption oxygen (OII), also related to the oxygen vacancy
concentration in the catalyst.
3.3. DFT calculations

The ideal crystal cell model of CeO2 is selected, where the Ce
atom of CeO2 crystal cell is replaced by Mn atom to realize the
displacement doping. For Ce1�xMnxO2 system with different
doping concentrations, supercell models with different atomic
numbers (6, 12, 24) are rstly established. Then, Mn atom is
used to replace Ce atom in the supercell to simulate different
doping concentrations. Calculations show that, the super cell
atomic numbers of 6, 12 and 24 corresponds to Mn concen-
trations of 50%, 25% and 12.5%, respectively. Fig. 8 gives
schematic cell models of CeO2 and Mn-doped with 25%
concentration.

The DFT calculations corrected by on-site coulomb interac-
tion were performed by using the Perdew–Wang 1991 (PW91)
GGA approach.34 Firstly, the unit cell structure was conducted
with geometry optimization. The cut-off energy was set as
360 eV, and self-consistent eld energy convergence criterion
was 1.0 � 10�6 eV. The optimal convergence energy was smaller
than 1.0 � 10�3 eV, and the force threshold was set to 0.5 eV
Å�1. The vacuum gap was set to 10 Å.

The oxygen vacancy formation energy is as an important
indicator used to measure the catalytic activity of the catalyst.
The decrease in oxygen vacancy formation energy shows that
Fig. 7 XPS spectra of Ce1�xMnxO2, (a) Mn 2p, (b) O 1s.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27007g


Fig. 8 Schematic cell model of CeO2 and Mn-doped
(Ce0.75Mn0.25O2). Fig. 9 Oxygen vacancy formation energy of Ce1�xMnxO2.

Fig. 10 Illustration of catalytic effect of Ce1�xMnxO2.
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the oxygen release ability of the catalyst is improved. It is
dened as follows:

EV ¼ ECeO2/Mn � (EVCeO2
+ EO) (1)

where ECeO2/Mn is the supercell energy aer doping with Mn.
EVCeO2

is the supercell energy with the absence of one oxygen
atom. EO is the energy of a single oxygen atom.

Table 3 lists the lattice constants of the optimized pure CeO2

and the CeO2 doped with different Mn concentrations. The
calculated value of 0.547 nm is in agreement with experimental
value of 0.541 nm,35 which veries the reliability of the selected
model. Aer doping with Mn, the lattice constant of Ce1�x-
MnxO2 is slightly smaller than that of pure CeO2, and it
monotonously decreases with the increase of Mn content. This
phenomenon is due to the replacement of the ionic radius of
Ce3+ (0.101 nm) or Ce4+ with the ionic radius of Mn2+, because
the ionic radius of Mn2+ is smaller than that of Ce4+ and Ce3+,
resulting in a smaller bond length of Mn–O than Ce–O.

Due to less Mn entering into CeO2 lattice in the case of low
Mn doping concentration, the bulk oxygen concentration
decrease, and the total cation concentration also decrease,
which further reduce the oxygen storage capacity. It shows that
there are two kinds of oxygen storage mechanisms in the
Ce1�xMnxO2 system that inuences each other, which are
surface phase oxygen storage and bulk phase oxygen storage.
Calculations indicate that Mn can better enter into CeO2 lattice
when Mn concentration is 50%, forming solid solution with
high structure stability, which signicantly increases the oxygen
storage capacity.

Fig. 9 shows the oxygen vacancy formation energy of Ce1�x-
MnxO2 catalyst at different Mn doping concentrations. The
oxygen vacancy formation energy in pure CeO2 system is
Table 3 Optimized lattice parameters of Ce1�xMnxO2

Sample a (nm) b (nm) c (nm)

CeO2 0.547 0.547 0.547
Ce0.875Mn0.125O2 0.542 0.543 0.544
Ce0.75Mn0.25O2 0.534 0.534 0.532
Ce0.5Mn0.5O2 0.516 0.513 0.513

This journal is © The Royal Society of Chemistry 2017
2.99 eV, which is consistent with the research results of Yang
et al.35 The oxygen vacancy formation energy in CeO2 is greatly
reduced with doping Mn, showing that with Mn-doped, the
oxygen release ability can be signicantly improved. The oxygen
vacancy formation energy of Ce1�xMnxO2 catalyst decreases
with the increase of Mn doping content, which indicates that
the Mn substitution eases the formation of oxygen vacancies
and realizes the transformation of Ce4+ 4 Ce3+. Fig. 9 also
shows that when the Mn doping concentration is 50%, the
oxygen vacancy formation energy represents a minimum value
of 0.31 eV. Meantime, its oxygen storage/oxygen release capacity
is the most excellent. The results are in agreement with the
results of the thermogravimetric experiments shown in Fig. 1.

3.4. Catalytic mechanism

The catalytic effect of Ce1�xMnxO2 catalyst is illustrated in
Fig. 10, showing that the presence of cerium oxide enhances
oxygen mobility in the reaction cycle. Meanwhile, small particle
size also facilitates oxygen mobility from interior to surface
within nano-crystallite. Interaction in Ce–Mn oxides can be
regarded as an oxygen transition process from lattice oxygen
(Olatt) and chemisorbed oxygen (Oads) to active O* on the active
sites of catalyst surface, which is favorable for the soot oxida-
tion. In the redox cycle, Ce4+/Ce3+ redox couple features in
oxygen storage, that is, CeO2 acts as an oxygen buffer by storing/
releasing oxygen species due to Ce4+/Ce3+ redox,36 which facili-
tates the mobility of oxygen in the redox cycle.

4. Conclusions

With the increase of Mn doping concentrations, the weight-
lessness curves of diesel engine particles move towards low
temperature regions, gradually decreasing the corresponding
ignition temperature, peak temperature and the activation
RSC Adv., 2017, 7, 7406–7412 | 7411
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energy of Ce1�xMnxO2 for the catalytic soot oxidation.
Compared with pure CeO2, the soot ignition combustion
temperatures are decreased by 18, 24 and 42 �C, and the peak
temperatures are decreased by 6, 12 and 32 �C, when the Mn
concentrations are 12.5%, 25% and 50%, respectively. It shows
that the oxidation activity of Ce1�xMnxO2 catalyst doped with
Mn has obviously improved.

Characterization results from XRD and Raman show that the
three groups of the prepared Ce1�xMnxO2 catalysts still have the
crystal structure of cubic uorite and their structures are stable.
Mn-doped CeO2 can improve its dispersion, increase the lattice
defects and enrich the oxygen species, which is benecial to the
oxygen adsorption, oxygenmigration and oxygen transformation.

The CeO2 lattice constant calculated through GGA-PW91 of
DFT is close to the experimental value, which veries the reli-
ability of this simulation method. Calculations show that Mn
can better enter into CeO2 lattice and form a solid solution with
high structure stability when Mn doping concentration is 50%.

For CeO2 catalyst, Mn-doped can greatly reduce oxygen
vacancy formation, improve the ability of oxygen release and
enhance its redox capacity. When the Mn doping concentration
is 50%, the oxygen vacancy formation energy can be minimized
to 0.31 eV, and it would be very conducive to soot catalytic
oxidation capacity of diesel engines.
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