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The Cu- and Mn-doped ceria were prepared using the citric acid sol-gel method. The structural and redox
properties of the mixed oxides were investigated by means of XRD, BET, O,-TPD, CO-TPR and CO
reduction under isothermal conditions. TPO tests were performed to evaluate the catalytic activity for
soot oxidation. The results showed that Mn** cations entered into the ceria lattice to form solid solutions,
which increased the amount of oxygen vacancies and promoted surface oxygen chemisorption. Cu,O
clusters were more likely to be dispersed on the surface of ceria particles. The interaction between copper
and cerium greatly enhanced the rapid release of lattice oxygen of the oxides in the reducing atmosphere.
These two mixed oxides showed improved catalytic activities and selectivities to CO, for soot oxidation
compared with pure ceria. The order of activities under different contact conditions was believed to be
related to active oxygen species released by the catalysts.
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1. Introduction

CeO, has been widely used in automobile exhaust three-way
catalysts (TWCs) due to its outstanding oxygen storage capacity
(OSC) [1-3]. Ceria-based catalysts recently gain more attention
on the utilization for diesel soot oxidation [4-7]. It is presented
by Bueno-Lépez et al. [4] through the '%0 isotope exchange
experiment that the active oxygen on the surface of CeO, is a
determining factor for soot catalytic oxidation. The temperature of
oxygen activation can be lowered ca. 100 °C by the CeO, catalyst
and thus the combustion rate of soot is increased.

Instead of using ceria alone as the catalyst for diesel soot
oxidation, more researchers focus on modification of CeO, with
different ions to increase the activity and thermal stability. The
substitution of Ce** by Zr** or La>* favors the creation of structural
defects, accelerates oxygen diffusion and induces more surface
active oxygen species which further promote the soot oxidation
[8-11]. Doping with other rare earth elements (La, Pr, Sm, Y) also
improves the activity and stability of ceria due to the increase of
meso/macro-pore volume and stabilization of surface area after
aging treatment [6]. Compared with rare earth metals, transition
metals usually exhibit several oxidation states and better redox
properties. Good redox properties and strong interaction between
transition metals and ceria make the transition metal-Ce mixed
oxides as candidate catalysts for diesel soot oxidation. Recent
reports have shown the activity of ceria in complete oxidation
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reactions can be largely enhanced by transition metals in general.
Tikhomirov et al. [12] have found that the incorporation of Mn into
the ceria lattice favors the soot oxidation activity of the catalyst.
The onset temperature of MnO,-CeO, mixed oxides for the NO-
free oxidation lies around 400 °C under loose contact conditions,
while that for NO assisted oxidation starts at around 100 °C lower
temperature. Our previous studies have also shown that copper
modification increases the activity and selectivity of CeO,. Cu,O-
CeO, mixed oxides exhibit the maximum oxidation rate at 496 °C
under loose contact conditions for the NO-free oxidation and at
419 °C for NO-assisted oxidation. And this advantage is maintained
after aging at 800 °C for 20 h [13,14].

Structural and redox properties of catalysts are always
important factors for catalytic reactions. In this paper, the Cu-
and Mn-doped CeO,, which have different morphological states of
doping elements and oxygen activation performances, were
synthesized by the sol-gel method, and the influence of these
structural and redox properties on soot oxidation activities were
investigated. As demonstrated by lots of results, the activity of soot
catalytic oxidation is mostly influent by the contact mode between
soot and catalysts [15,16]. Here, the effect of active oxygen species
on the activity of the catalysts under different contact conditions
was especially discussed.

2. Experimental
2.1. Catalyst preparation

All the samples were prepared by the sol-gel method. The
nitrates Ce(NOs);-6H,0 (99.0 wt.%, Beijing Yili) and Cu(NOs),-3H,0
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(99.5 wt.%, Yili) were mixed in deionized water according to the
molarratio of Cu:Ce = 1:9. The citricacid was used as the complexing
agent with a 1.3:1 ratio of the acid to metal ions including Ce** and
Cu?*. Appropriate polyglycol was followed with the weight of 10%
citric acid added. The blended solution was sufficiently mixed in a
magnetic stirrer and heated at 80 °C till transparent gel was formed.
The resulting gel was dried at 110 °C overnight. The received
powders were submitted to decomposition at 300 °C for 1 h and
calcination at 500 °C for 3 h under static air in a muffle. The powders
were cooled to room temperature (RT) in the furnace to obtain the
Cu-Ce mixed oxides. The Mn-Ce mixed oxides (the molar ratio of
Mn:Ce = 1:9) and ceria were prepared by the same method with
Mn(NOs), (50% water solution, Yili) and Ce(NOs);-6H,0 as the
precursors.

2.2. Catalyst characterization

The powder X-ray diffraction (XRD) experiments were per-
formed on a Japan Science D/max-RB diffractometer employing Cu
Ko radiation (A = 1.5418 A). The X-ray tube was operated at 40 kV
and 120 mA. The X-ray powder diffractogram was recorded at
0.02° intervals in the range of 20° <26 < 80° with a scanning
velocity of 6°/min.

The specific surface areas of the samples were measured using
the N, adsorption isotherm at —196 °C by the one-point Brunauer-
Emmett-Teller (BET) method using an automatic surface analyzer
(Quantachrome NOVA 4000). The samples were degassed in
flowing N, at 200 °C for 2 h.

Temperature programmed desorption (TPD) of O, was per-
formed in a fixed-bed reactor with the effluent gases monitored
using a quadrupole mass spectrometer (MS) (Omnistar 200). Prior
to O,-TPD experiment, 100 mg sample was treated with O, with a
total flow rate of 50 ml/min at 500 °C for 30 min, then cooled down
to RT under the same atmosphere, and subsequently flushed by
50 ml/min He for 30 min to remove the physisorbed molecules.
Finally, the reactor temperature was raised up to 800 °C at a
constant heating rate of 10°C/min. O, desorbed during the
experiment was simultaneously monitored by MS.

CO temperature programmed reduction (TPR) was performed
in a fixed-bed reactor with the effluent gases monitored using a
quadrupole MS (Omnistar 200). Prior to CO-TPR experiment, 50 mg
sample was treated with O, (2 vol%)/He with a total flow rate of
50 ml/min at 500 °C for 30 min, then cooled down to RT in the same
atmosphere. It was subsequently flushed by 50 ml/min He for
30 min to remove the physisorbed molecules. Finally, the reactor
temperature was raised up to 600 °C at a heating rate of 10 °C/min
in CO (4 vol%)/He with a flow rate of 75 ml/min. CO, and CO
production during the experiment was simultaneously monitored
by MS.

CO reduction test was performed in a flow reactor system
under isothermal conditions (300, 350, 400, 450 and 500 °C).
Typically, 25 mg powders were loaded into a 1.0-cm i.d. quartz
tube reactor. The sample was first heated in O, for at least
20 min at the desired temperature, purged in He for 10 min to
remove oxygen from the system and then exposed constantly to
4% CO/He. A total gas flow rate of 300 ml/min was employed.
Instantaneous CO, concentration in the outlet gas in the first
50 s was detected by an on-line quadrupole mass spectrometer
(Omnistar 200).

2.3. Activity measurement
Printex-U (Degussa) was used a model soot. Its particle size was

25 nm and specific surface was 100 m?/g. The catalytic activity was
evaluated by a temperature programmed oxidation (TPO) reaction

Table 1
The lattice constant and specific surface area of the samples

Samples Lattice Crystallite BET surface
constant (A) size (A) area (m?/g)

CeO, 5.410 78 61.8

Cu-Ce 5.411 59 68.4

Mn-Ce 5.406 47 72.5

apparatus. Before the reaction, the soot-catalyst mixture, ina 1/10
weight ratio, were milled in an agate mortar for “tight contact” or
mixed carefully by a spatula for “loose contact”. 110 mg catalyst-
soot mixture was placed in the tubular quartz reactor
(i.d.=10 mm), and the oxidation test was carried out in the
temperature range from RT to 700 °C at a heating rate of 10 °C/min.
The inlet gas mixture was 10% O, in nitrogen with a flow rate of
500 ml/min. The concentrations of CO, and CO in the outlet gases
were determined on-line by a five-component analyzer FGA4015
with infrared sensor.

3. Results and discussion
3.1. XRD and BET

The XRD patterns of the samples are shown in Fig. 1. All the
samples present the characteristic peaks of a fluorite-like cubic
phase. No diffraction peaks of copper or manganese oxides are
found in the diffraction patterns of the Cu- and Mn-doped samples.
Table 1 summarizes the lattice constants of the samples. It is found
that the doping of Mn induces the contraction of the cell volume of
the ceria lattice, while the lattice constant of the Cu-Ce mixed
oxides keeps unchanged. The ionic radii of Mn**, Mn3*, Cu?* and
Cu® are 0.56, 0.62, 0.73 and 0.77 A, respectively, which are all
smaller than that of Ce** (0.97 A). The decrease in lattice constant
of the Mn-doped ceria indicates the formation of MnO,-CeO- solid
solutions which have been widely verified in the literature
[12,17,18]. On the other hand, the precise state of copper oxide
in CuO,-CeO, catalyst is still in debate [19]. Although substitution
of Ce* by Cu® at the interface of Cu-Ce was proposed [20],
according to the similarity of lattice constants of Cu-Ce and CeO, in
this paper, the copper oxides are more probably in the form of well
dispersion or amorphous state in strong contact with the surface of
ceria [21].
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Fig. 1. XRD patterns of the samples.
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Table 1 also lists the crystallite sizes of ceria-based oxides and
specific surface areas of the samples. The crystallite sizes of the
Cu-Ce and Mn-Ce obviously decrease compared with that of pure
CeO,, and their specific surface areas are correspondingly higher
than that of ceria. These changes indicate that the textural
structure of Cu-Ce and Mn-Ce is less affected by calcination than
pure CeO,. The introduction of transition metals, whether the
surface enriched copper oxide or the incorporated manganese
oxide, seems to restrict the growth of ceria crystallites and
maintain the textural structure of the oxide sample. Higher
specific surface area and smaller average crystallite size are
favorable for the redox properties of the mixed oxides and activity
for soot oxidation, which would be described in the following
sections.

3.2. 0,-TPD

The oxygen desorption behaviors of the samples were
investigated by O,-TPD tests and the results are shown in Fig. 2.
No obvious desorption peak is observed in the desorption profile of
ceria in the experimental temperature range (100-800 °C), which
correlates with the report [22] that the desorption peak of CeO,
appears around 900 °C.

With the partial substitution of Ce by Mn, the desorption of
0, is significantly enhanced. Two kinds of desorption peaks
appear in the desorption profile of the Mn-Ce mixed oxides. The
first one appearing in the range of 160-300 °C is ascribed to a-
0, desorption and is related to molecular O,, O,~ and 0,2
adsorbed on oxygen vacancies. The latter one in the range of
300-520 °C is designated as [3-0, desorption and is attributed to
the liberation of lattice oxygen from the oxides [23]. Since the
Ce-substitution with di- or trivalent Mn ions produces oxygen
vacancies in the fluorite-type lattice, the increased low-
temperature desorption is associated with the oxygen vacancy
[24]. Oxygen species of hydroxygen O, and superoxygen 0,2
can be formed by adsorbing O, at anion vacancy via reactions.
(1) and (2) [25,26], which can be desorbed as o-O, during the
test of O,-TPD. The [3-oxygen in the surface lattice of the Mn-Ce
solid solutions can be desorbed from the temperature as low as
300 °C leading to the reduction of Mn*" — Mn3" and anion
vacancy generation [18]. The [3-O, desorption process continues
via the diffusion of lattice oxygen from the bulk to the surface
and the further reduction of Mn®* — Mn?* and Ce** — Ce3". It
confirms that the Mn incorporation enhances the mobility of

Intensity (a.u.)

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 2. 0,-TPD profiles of the samples.

lattice oxygen in ceria.

Ce>* —Vg—Mn""D+ £ 0y « Ce**—0;~—Mn D+ (1)
Ce**—0, —Mn" D+ o Ce**—0,2—Mn"* (2)
Ce3* —Vg—Cut + 0y « Ce**—0,—Cu* (3)
Ce**—0, —Cut « Ce**—0,2—Cu?*+ (4)

No obvious a-0, desorption peaks are found in the O,-TPD
profile of the Cu-Ce mixed oxides. The minor peak around 675 °C
may be induced via the reduction of Ce*-0?>~-Cu?* pairs by
similar equations as Eqs. (3) and (4), which only occur at the
interface between copper oxide and ceria. A following intense [3-0,
desorption peak with a maximum at 780 °C is observed, which is
ascribed to the lattice oxygen released via the reduction
Ce* — Ce3" and Cu?" — Cu" — Cu® [27]. It shows a drop in the
desorption temperature with respect to pure ceria, suggesting the
mobility of lattice oxygen is also improved via the doping of Cu.
The cumulative area of desorption peak below 800 °C were
integrated and the larger value of the Cu-Ce mixed oxides
(1.7 mmol O,/g cat.) compared with Mn-Ce (1.1 mmol O,/g cat.)
suggests a larger potential oxygen release capacity.

3.3. CO-TPR

It has been reported according to the H,-TPR results that Cu-
[28] and Mn- [29] doped ceria can be more easily reduced
compared with the undoped one. In this work, the CO-TPR test was
applied to evaluate the redox property of the samples. As shown in
Fig. 3, only minor peaks are observed over CeO, in the temperature
range from 300 to 450 °C, which are always due to the reduction of
surface oxygen [28,30]. On the other hand, several intensified
reduction peaks appear in the temperature range from 50 to 350 °C
and from 100 to 550 °C for the Cu-Ce and Mn-Ce mixed oxides,
respectively.

For the Mn-Ce mixed oxides, the reduction peaks around 150,
320 and 415 °C are obviously larger than those for pure CeO,. Two
types of oxygen species contribute to these peaks: one is the
surface chemisorbed oxygen and the other comes from the
reduction of Mn*" — Mn3*, Mn3* — Mn?* and Ce*" — Ce®* [30].
The first one has a strong linkage with surface oxygen vacancies
and it has been confirmed by O,-TPD that a great amount of «-0,
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Fig. 3. CO-TPR profiles of the samples.
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can be released from the Mn-Ce mixed oxides at low temperature.
The formation of Mn-Ce solid solutions have a positive effect on
the generation of surface oxygen vacancies from the low-valent
Mn** (x = 2, 3) doping. Besides that, it is well demonstrated that the
interaction between Mn and Ce in solid solutions heavily modifies
the redox activity of manganese [31] and is good for the reduction
of high-valent Mn*" (x = 3, 4) to release oxygen.

Low-temperature reduction peaks are commonly observed in
the H,-TPR profile of the Cu-Ce mixed oxides, which are always
attributed to highly dispersed CuO clusters strongly interacted
with CeO,. A similar phenomenon can be found when CO is used as
the reduction agent. It is reported that two distinct peaks at ca. 225
and 320 °C are observed in the CO-TPR profile of CuO [32], which
are also observed in the fresh Cu-Ce mixed oxides in the adjacent
positions (220 and 305 °C) in our research. The formation of low-
temperature peaks at ca. 110, 120 and 145 °C is remarkable in the
system containing copper and ceria. Actually, a rapid increase of CO
conversion is observed in this temperature range, suggesting that
the most active sites for CO catalytic oxidation exist in the Cu-Ce
interface with strong synergetic effect between these two
elements.

3.4. Isothermal CO reduction

The oxygen release capacity of the samples under reducing
condition was investigated via CO reduction tests at 300, 350, 400,
450 and 500 °C, respectively. The oxygen release capacity is
defined as CO, produced per gram of the sample (mmol CO,/g cat.)
during the first 50 s of the test, and the results are shown in Table 2.
Both the Cu-Ce and Mn-Ce mixed oxides show higher oxygen
release capacities compared with pure ceria. The oxygen partici-
pating in CO oxidation should be released from the catalyst itself
since the inlet gas did not contain any gaseous oxygen during the
test. There are two types of oxygen species released from the
catalyst. One is oxygen chemisorbed on the surface of the catalyst
via adsorbing O, at anion vacancies during the oxidation
pretreatment, which can be basically removed during the course
of flushing by He with increasing the pretreating temperature. The
other is the lattice oxygen from the surface or sub-surface of the
catalyst, which is continuously complemented by the oxygen
diffused from the bulk onto the surface. In this sense, the release
capacity of lattice oxygen can be well presented by the results of
CO reduction experiment, which follows the order of Cu-Ce > Mn-
Ce > Ce0,. That is to say, the oxygen release capacity is always
higher for Cu-Ce. It seems to be inconsistent with the O,-TPD
profiles in Fig. 2 that the oxygen desorption peaks appear from 160
and 675 °C for Mn-Ce and Cu-Ce in inert atmosphere, respectively.
This difference should be mainly attributed to the reaction
environment which plays a propulsive role for oxygen releasing.
In other words, Cu-Ce mixed oxides are more easily to provide
lattice oxygen in reducing atmosphere than Mn-Ce.

Based on the analysis of the structural features, most copper
oxides exist in the form of well dispersion or amorphous state in
strong contact with the surface of ceria. The interaction between
Cu and Ce at Cu-Ce interface greatly improves the release ability of
surface chemisorbed oxygen and lattice oxygen from the surface

Table 2
The Arrhenius activation, oxygen release capacity and rate of the samples

Temperature (°C)

500 450 400 350 300

In Rate CO,

1.3 1.4 1.5 1.6 1.7 1.8
1000/T (1/K)

Fig. 4. Arrhenius plots for the samples when the Ce** reduction rate reached 6%.

and sub-surface of oxides, which contributes the majority of the
oxygen release capacity of the mixed oxides. Actually, it can be
seen from the CO-TPR curve in Fig. 3 that the majority of oxygen is
released from Cu-Ce before 300 °C. After then, the oxygen release
capacity of Cu-Ce increases slowly with temperature. On the other
hand, Mn-Ce maintains a steady increase in the oxygen release
capacity with temperature as well as ceria, which is related the
formation of solid solutions. By introducing manganese into ceria,
the distortion of lattice structure and interaction between Mn and
Ce enhance the mobility of lattice oxygen in the bulk, which
increases with temperature as depicted in Fig. 3.

The Arrhenius behavior of the samples was calculated by using
the methods mentioned in Ref. [33] and the results are shown in
Fig. 4. As suggested by Hori et al. [33], the CO, production rate at
the slope was calculated according to the following equation:

ffo‘ CO,signal

Rate (umolCO,g s ) —
1—to

(5)

where t; was the time when the catalyst reached to 6% reduction of
Ce*" to Ce3*, and to was the starting time for the CO pulse, which
always equaled to 0 s in our study. ft“ CO,signal was the integrated
peak area ranged from t; to to, and Rate (wmol CO, g7 's1) was
supposed to be the initial CO, production rate ranged from t; to tg
since the time interval t;-to was short enough in this case. It also
represents the average oxygen release rate, i.e. the lattice oxygen
mobility in this case. It can be seen from Table 2 that doping
with Cu or Mn not only increases the oxygen release capacity of
ceria, but also promotes the lattice oxygen mobility, which follows
the same order of Cu-Ce > Mn-Ce > CeO, especially at low
temperatures.

The E, of the catalyst was derived from the plots of In Rate vs. 1/
T according to Arrhenius equation Rate = A exp(—E,/RT), and the
results are listed in Table 2. It is seen that the apparent activation
energy for CO reduction is in the order of CeO, > Mn-Ce > Cu-Ce.

Samples E, (kJ/mol) Oxygen release capacity (mmol CO,/g cat.) Average oxygen release rate (mmol[O]/(g cat. s)

300 °C 350°C 400 °C 450 °C 500 °C 300 °C 350 °C 400 °C 450 °C 500 °C
CeO, 75 0.15 0.16 0.26 0.35 0.42 0.001 0.003 0.011 0.027 0.049
Cu-Ce 7 0.81 0.85 0.92 0.99 1.06 0.357 0.402 0.446 0.475 0.502
Mn-Ce 32 0.39 0.50 0.59 0.80 0.85 0.058 0.116 0.179 0.234 0.272
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Fig. 5. TPO profile of Cu-Ce, Mn-Ce and CeO,: (a) under tight contact conditions and (b) under loose contact conditions.

Considering the large amount of 3-O, desorbed, the highest lattice
oxygen release capacity and the lowest activation energy of CO
reduction, Cu-Ce is supposed more readily to provide its lattice
oxygen especially from the Cu-Ce interface [34,35].

3.5. Soot TPO

The activity of the catalysts for soot oxidation was evaluated
under different catalyst-soot contact conditions and the results
are shown in Fig. 5. It has been derived from [6] that the majority
of soot could be converted by the catalyzed oxidation under tight
contact conditions when the catalyst external surface area to the
initial soot surface area ratio is above 0.4. In our experiment
condition, the surface area ratio of catalyst to soot is above 0.6.
Even there is multilayer of soot particles under loose contact
conditions, with the pressure of high velocity flow air and the
spillover effect of activated oxygen from gas by the catalyst,
the majority of soot should be also catalytically oxidized. The
temperature where the CO, concentration in the outlet gas
reaches 0.5% is referred to as the ignition temperature (T;) of soot
oxidation, which in general reflects the intrinsic characteristics of
the catalytic material and is relatively difficulty to be affected by
reaction conditions. Ty, represents the maximum oxidation rate
temperature. The molar ratio of CO,/(CO, + CO) in the outlet gas is
referred to as the selectivity to CO, (S) in the products. Table 3 lists
the T, Ty, and S(CO,) of the catalysts for soot oxidation under
different contact conditions. Both the mixed oxides show better
soot oxidation activities than pure ceria. It is notable that the Mn-
Ce mixed oxides show a better activity under loose contact
conditions, while the Cu-Ce mixed oxides present some advan-
tage under tight contact conditions. The selectivity to CO,
production is similar over all the catalysts under tight contact
conditions, while the CO, selectivity under loose contact
conditions reaches 95% over the mixed oxides, indicating that
the partial oxidation of soot is no longer a significant reaction
compared with ceria. This improvement can be mainly ascribed to

Table 3
Soot oxidation activity of the catalysts under different contact conditions

Samples Tight contact Loose contact
Ti(°C) Twm(°C) S(CO2) (%) Ti(°C) Tm(°C)  S(CO2) (%)
Mn-Ce 348 368 94 491 503 95
Cu-Ce 338 356 98 510 522 95
CeO, 380 390 96 545 553 86

the high CO oxidation activity of manganese oxides [36] and
copper oxides [28].

Obviously, the oxygen desorbed from the catalysts (1.7 and 1.1
mmol O,/g cat. for Cu-Ce and Mn-Ce, respectively) is not enough
to oxide all the soot. It should be noticed that this value was
measured in an anaerobic atmosphere, while gaseous oxygen can
continuously participate in the TPO reaction by filling the vacant
sites on catalysts. As pointed out by Krishna et al. [6], the activation
of oxygen and spill over of active oxygen from gas by the catalyst to
soot particles are important intermediate steps in the soot
oxidation mechanism [6]. The process of oxygen activation for
Mn-Ce and Cu-Ce mixed oxides may occur at different sites
according to the analyses of XRD and TPR. The active oxygen can be
easily generated on the surface vacancies of Mn-Ce from
chemisorbed oxygen while it is more likely to be produced on
the Cu-0-Ce interface in Cu-Ce [13,37]. According to the results of
0,-TPD, great amounts of a- and [3-O, can be desorbed from Mn-
Ce mixed oxides at low temperature, which transfer from the
catalyst to soot particle and act as active oxygen species via a
spillover mechanism [16] and then are rapidly compensated from
gaseous oxygen. The process is shown in Fig. 6a. In this way, the
ignition temperature of soot oxidation for the Mn-Ce catalyst is the
lowest under loose contact conditions.

The step which active oxygen species transfer from the catalyst
to soot particle becomes relatively easier under tight contact
conditions. Meanwhile, the supply of gaseous oxygen may become
locally lacking during the reaction process in this case, which
demands a strong lattice oxygen release ability of the catalyst.
Although Cu-Ce and CeO, have similar O,-TPD profiles in the soot
combustion temperature range (below 600 °C) under inert atmo-
sphere, the existence of Cu-Ce interface in Cu-Ce mixed oxides
greatly facilitate the generation of active oxygen with the
anticipation of reductant. It has been presented by the CO-TPR
and isothermal CO reduction tests that oxygen species are more
readily releasable from the Cu-Ce mixed oxides under reducing
conditions, although the reductant becomes active carbon sites in
soot oxidation. The surface and sub-surface lattice oxygen species
in the Cu-Ce interface region are readily released, which are then
rapidly complemented by gaseous oxygen and the lattice oxygen
diffused from the vicinity of the interface. As a result, the Cu-Ce
mixed oxides show the best activity under tight contact conditions
due to the low activation energy of lattice oxygen release, as shown
in Fig. 6b. Meanwhile, the Cu-Ce mixed oxides show the highest
selectivity to CO, production, which is mainly ascribed to its
superior CO oxidation activity [38].
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Fig. 6. Reaction mechanism and active oxygen species: (a) the Mn-Ce mixed oxides under loose contact conditions and (b) the Cu-Ce mixed oxides under tight contact

conditions.

As described above, active oxygen that generates from
chemisorbed oxygen on the surface vacancies of the Mn-Ce solid
solutions has a significant effect under loose contact conditions,
while that originates from readily releasable lattice oxygen in the
Cu-Ce interface seems to be more important under tight contact
conditions, After all, it should be noticed that these active oxygen
species are both essential for soot oxidation under two contact
conditions. The detailed dynamic process and specific roles of
different oxygen species are still to be identified by using tools
such as isotope exchange experiments.

4. Conclusions

Two different transition metals (Cu- or Mn-) doped ceria were
synthesized by sol-gel method. MnOj, enters into the CeO, lattice to
form the solid solutions, which generates more anionic vacancies to
adsorb easily releasable a-O, on the surface and enhance the redox
properties of the metal ions. Cu,O clusters are highly dispersed on
the surface of ceria particles, which induce a synergetic effect
between these two elements and more readily releasable lattice
oxygen. The difference of structural and morphology of the mixed
oxides brings different soot oxidation behaviors under different
contact conditions. By comparing study of these catalysts which
generate active oxygen from different ways, it is proposed that
surface oxygen vacancy and readily releasable lattice oxygen both
play important roles in soot catalytic oxidation.
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