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a b s t r a c t

The catalytic soot combustion, surface area, and reducibility for the CeO2-based oxides were investigated.
The carbon black (CB), which was used as a model of soot particle, was combusted over 700 ◦C, while the
CeO2-based catalysts reduced the CB oxidation temperature by more than 150 ◦C. Although the addition
urface area
of rare-earth metal oxides to CeO2 increased the surface area, no remarkable improvement of catalytic
activity was confirmed. The transition metal oxide added to CeO2 significantly promoted the oxidation
reaction, and the CuO–CeO2 catalyst exhibited the highest activity despite the lowest surface area of all
composite oxides investigated. The reduction behavior of catalysts was closely related with the activity of
CB oxidation. It was indicated that the oxygen species available for the oxidation reaction was increased
by the addition of transition metal components. When the Cu content was varied for the CuO–CeO2

unt e
catalyst, the optimal amo

. Introduction

The heavy reliance on fossil fuel has significantly increased the
tmospheric concentration of carbon dioxide (CO2), giving rise to
he global warming problem. The transportations by the automo-
ile, vessel, etc. have largely contributed to the emission of CO2.
hus, the diesel engines are promising power sources for vehicle
ecause of their high fuel efficiency and low emission of CO2. Actu-
lly, the diesel-powered automobiles have gained widespread use,
hile nitrogen oxides and particulate matters in the diesel exhaust

as are concerned with the environmental and health problems.
iesel particulate matters mainly consist of soot, and organic com-
ounds of fuel and lubricating oil. The carbonaceous soot particles
re removed by diesel particulate filter (DPF). The soot in exhaust
as is trapped and oxidized over a catalyst coated on the DPF [1].
he catalyst is requested to be active for soot combustion at low
emperatures because the diesel exhaust gas does not achieve high
emperatures.

A number of studies on the catalysts for soot combustion have
een carried out extensively so far [2–15]. The CeO2-based oxides
re one of the promising candidate catalysts. The addition of metal
xide to CeO2 significantly modifies the oxygen storage capacity
nd surface area. The oxygen storage capacity is associated with the

ctivity in soot combustion since the lattice oxygen in the catalyst
irectly takes part in this reaction [2]. Moreover, the surface area
f catalysts strongly affects the activity of soot oxidation because
his reaction proceeds at interface between catalysts and soot. In
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xisted for the CB oxidation.
© 2010 Elsevier B.V. All rights reserved.

this study, therefore, we investigated the effect of the additive
metal oxides to CeO2 on their surface area, reduction behavior and
catalytic activity for soot oxidation, and then examined the cor-
relation among these properties. Furthermore, the dependence of
the amount of additive oxide on the surface area and the catalytic
activity was evaluated.

2. Experimental

The catalysts of CeO2 and MOx–CeO2 (M = La, Nd, Mn, Fe,
and Cu) were synthesized by the coprecipitation method. The
commercial metal nitrates of Ce(NO3)3·6H2O, La(NO3)3·6H2O,
Nd(NO3)3·6H2O, Mn(NO3)3·6H2O, Fe(NO3)3·9H2O, Cu(NO3)2·3H2O
(Wako Pure Chemical Industries) were used as starting materials.
A solution of nitrates with an atomic ratio of M/Ce = 1/4 was added
dropwise with aqueous ammonia (Wako Pure Chemical Industries)
over a period of 1 h to attain a final pH of 10, and stirred for 1 h.
After filtration, the obtained precipitate was dried at 120 ◦C for 6 h
and calcined at 650 ◦C for 5 h. The resultant powder was hereafter
abbreviated as M–Ce oxide (cp). The CeO2–CuO catalysts with var-
ious CuO contents (0, 5, 11, 15, and 20 mol%) were also prepared by
the citric acid complex method. An aqueous solution of cerium and
copper nitrates was stirred at 60 ◦C for 1 h. Citric acid (Wako Pure
Chemical Industries) was added to the solution in a 1.1:1 molar ratio
to metal cation, followed by stirring at 60 ◦C for 2 h. After the evap-
oration of water at 90 ◦C, the resulting gel precipitate was heated at

300 ◦C for 1 h. The obtained powder was calcined at 650 ◦C for 5 h,
and hereafter represented as Cu–Ce oxide (ca).

The crystalline structure of catalysts was analyzed by X-ray
diffraction (XRD, Rigaku, Ultima IV X-ray diffractometer). The spe-
cific surface area was evaluated by the BET method with N2
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Table 1
Specific surface area and catalytic activity in CB oxidation for CeO2 and M–Ce oxide
catalysts.

Sample Specific surface area (m2 g−1) Tp (◦C)a

CB without catalyst – 725
CeO2 (cp) 27.3 555
La–Ce oxide (cp) 49.0 535
Nd–Ce oxide (cp) 45.9 569
Mn–Ce oxide (cp) 57.8 475
Fe–Ce oxide (cp) 56.3 480
Cu–Ce oxide (cp) 42.6 472
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Cu–Ce oxide (ca)b 52.1 430

a The peak temperature of the DTG curve in CB oxidation.
b Cu content: 11 mol%.

dsorption (BEL Japan, Bellsorp-miniII). The reduction behavior of
atalysts was examined by temperature-programmed reduction
TPR, Quantachrome Instruments, CHEMBET 3000). The sample
25 mg) was fixed in a quartz tube reactor, and then a gaseous

ixture of 5% H2/Ar was fed to the reactor at 30 ml min−1. The tem-
erature was raised from room temperature to 950 ◦C, and the rate
f H2 consumption was measured by a thermal conductivity detec-
or (TCD). To clarify the composition of Cu–Ce oxide (cp) catalyst,
u content in the filtrate obtained in the preparation stage was
etermined by measuring the absorbance at 635 nm with UV–vis
pectrophotometer (JASCO, V-550).

The catalytic activity for soot combustion was evaluated by ther-
ogravimetric (TG) analysis (Shimadzu, TGA-51). The carbon black

Cabot Inc., V-XC72R, surface area: 224.0 m2 g−1) was used as a
odel diesel soot. The catalyst and carbon black (CB) were mixed in

he weight ratio of 4:1 by grinding with mortar and pestle for 10 min
o obtain a tight contact mixture. After pelletizing and pulverizing,
he mixed sample (ca. 30 mg) was set in the TG apparatus. Prior to
he measurement, the sample was heated at 300 ◦C for 1 h in dry
itrogen to remove the absorbed water, and subsequently cooled
nd kept at 200 ◦C under air condition. The TG curve measured at
00–800 ◦C with a heating rate of 5 ◦C min−1 in air was differen-
iated, and the peak temperature of the resultant DTG curve was
efined as a combustion temperature (Tp). The weight change of
he sample was also examined under a dry Ar atmosphere.

. Results and discussion

When preparing Cu–Ce oxide (cp), copper species could not
recipitate completely due to the formation of copper ammonia
omplex. Then, the composition of resulting catalyst was evalu-
ted by measuring the residual copper species in the solution after
ltration. As a result, this catalyst contained 11 mol% CuO. Since
he additive metal species readily precipitate as hydroxides for the
ther M–Ce oxides (cp), these catalysts should attain the desired
omposition.

The diffraction pattern of all the catalysts corresponded to the
ubic CeO2 phase with fluorite-type structure and no peaks ascrib-
ble to the derivates of additive metal components were detected.
hus, the additive species will be highly dispersed as oxides or
ntroduced in CeO2 structures.

The specific surface area and catalytic activity in CB oxidation
or various catalysts are summarized in Table 1. The CB was com-
usted completely with or without the use of catalysts. The Tp

ignificantly decreased by more than 150 ◦C in the presence of
eO2-based catalysts. The addition of metal elements was effective

or the enlarged surface area. The catalysts containing rare-earth

etal oxides exhibited the analogous activity to CeO2 (cp). On the

ontrary, the additive of transition metal oxides enhanced the cat-
lytic activity in CB oxidation. This result agreed well with the
revious reports that transition metal oxides added to CeO2 could
Fig. 1. TPR profiles of CeO2 (cp) and M–Ce oxide (cp). Reaction conditions: 5% H2/Ar,
total flow rate = 30 ml min−1, heating rate = 10 ◦C min−1, S.V. = 36,000 l kg−1 h−1.

significantly promote the oxidation reaction [2,13–15]. In partic-
ular, the peak temperature for Cu–Ce oxide (cp) was the lowest
of all composite oxides obtained from the coprecipitation method
despite the lowest surface area. The reducibility of catalysts was
evaluated by TPR analysis to elucidate the oxygen species involved
in the CB oxidation, as shown in Fig. 1. It was considered that the
reducibility below 650 ◦C affected the CB oxidation because this
reaction completely terminated up to this temperature. For the pro-
file of CeO2 (cp), two peaks were observed at ca. 540 ◦C and 840 ◦C,
which corresponded to the reduction of surface and bulk of CeO2,
respectively. Below 650 ◦C, the amount of hydrogen consumption
was not changed greatly by the addition of rare-earth metal species.
The reduction of La–Ce oxide (cp) started at lower temperature as
compared with CeO2 (cp). Because only the extremely weak peak at
ca. 620 ◦C was observed in the profile of La2O3 [16], the interaction
between Ce and La species may enhance the reducibility of CeO2.
Then, this phenomenon will be responsible for the slight improve-
ment of catalytic activity by the addition of La component. On the
other hand, when the transition metal components were added to
CeO2, the large amount of hydrogen consumption was confirmed
below 450 ◦C. These relatively strong peaks were mainly ascrib-
able to the reduction of additive oxides, judging from the reports of
TPR analyses for the respective transition metal oxides [16–19].
Interestingly, it was revealed that a part of Ce4+ was reduced
to Ce3+ at 150–300 ◦C in the Cu–Ce oxide (cp) catalyst because
the amount of hydrogen consumption in this temperature range
(0.88 mmol g-cat

−1) was larger than that for the complete reduction
from Cu2+ to Cu0 (0.68 mmol g-cat

−1). This implies that the CeO2 in
the vicinity of CuO can be readily reduced. The reduction behav-
ior of Cu–Ce catalysts did not exhibit a remarkable dependence on
the preparation methods. Considering the additive effect of various
metal oxides on the surface area, the catalytic activity of CB oxida-
tion, and the reducibility for the catalysts, it can be concluded that
the high reducibility at low temperature and the large amount of

oxygen species in catalyst available for the oxidation reaction is of
primary importance for a superior catalyst. The CB oxidation over
CeO2 (cp) and Cu–Ce oxide (ca) catalysts under an inert atmosphere
at 200–600 ◦C was examined to elucidate the influence of the oxy-
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Table 2
Weight loss during CB oxidation over CeO2 (cp) and Cu–Ce oxide (ca) in dry Ar.

Catalyst Weight loss (%)

CeO2 (cp) 0.58
Cu–Ce oxide (ca)a 2.85

a Cu content: 11 mol%.
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ig. 2. Specific surface area and Tp for CB oxidation as a function of Cu content for
u–Ce oxide (ca).

en species in catalysts on this reaction. As can be seen in Table 2,
he CB oxidation proceeded over both catalysts even without oxy-
en gas. Thus, the oxygen species in the catalysts were consumed
or this reaction as reported previously [2]. The weight change was

uch larger for Cu–Ce oxide (ca) than CeO2 (cp), suggesting that
he available amount of oxygen species in catalyst is strongly asso-
iated with the CB oxidation. In addition to this property, the large
urface area is a key factor since catalysts and CB are required to
ontact suitably for the promotion of oxidation reaction by the oxy-
en species in catalysts. The effect of surface area on the catalytic
ctivity was obvious by comparing the results of Cu–Ce catalysts
ith the same composition, which were prepared by the different
ethods: the catalytic activity was increased with an expansion of

urface area, though their TPR profiles were quite similar to each
ther.

For the catalyst of Cu–Ce oxide (ca), which attained the highest
ctivity in CB oxidation of all catalysts investigated, the influence
f the additive amount of Cu component on the surface area and
atalytic activity was evaluated. Fig. 2 shows the specific surface
rea and catalytic activity as a function of Cu content for Cu–Ce
xide (ca). The surface area expanded with increasing Cu con-
ent up to 11 mol% probably because the interaction of Ce and Cu
pecies should prevent CeO2 particles from agglomerating during

he heat-treatment in the preparation stage. As a result, the addi-
ion of Cu species promoted CB oxidation within the CuO content
ange of 0–11 mol%. This tendency agreed well with the consider-
tion that the contact condition between catalysts and CB plays an
mportant role in the CB oxidation. The further addition of Cu com-
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ponent reduced the catalytic activity. This result originated from
the decrease in surface area of catalysts, which should be ascribed
to the agglomeration of added CuO particles. Moreover, TPR pro-
files of Cu–Ce oxide (ca) were recorded to examine the peak mainly
attributable to the reduction of CuO. The onset temperature was
higher by 20 ◦C and the hydrogen consumption continued up to
higher temperature for 20 mol% Cu–Ce oxide (ca) than 11 mol%
Cu–Ce oxide (ca). Accordingly, CuO particles in 11 mol% Cu–Ce
oxide (ca) were highly dispersed. These results indicated that the
catalytic activity should be dependent on the extent of dispersion
of Cu species, which affects the reduction behavior.

4. Conclusions

The soot combustion over the CeO2-based oxides was inves-
tigated, and the additive effect of metal oxides on the surface
area, reducibility, and catalytic activity was evaluated. The catalysts
were synthesized by the coprecipitation and citric acid complex
methods. The CB oxidation was extremely promoted by the use
of catalysts due to the oxygen species in catalysts. The activity of
catalysts consisting of CeO2 and rare-earth metal oxide was com-
parable to that of CeO2. In contrast, the addition of transition metal
oxides greatly contributed to the reduction of CB oxidation temper-
ature. For TPR analysis, the large amount of oxygen species available
for the oxidation reaction existed in catalysts containing transition
metal oxide at relatively low temperatures. These results indicated
that the reduction behavior was associated well with the catalytic
CB oxidation. Furthermore, the expansion of catalytic surface area
was effective for the reaction because of the improvement of con-
tact condition with CB. The present study clarified that the additive
species and preparation method affected the reducibility and sur-
face area of catalysts, giving rise to the difference in the catalytic
activity for soot combustion.
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