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A series of Ce-La-0 mixed oxide catalysts with different compositions have been prepared by sol-gel
method and characterized by XRD, BET, Raman, TPR and CO,-TPD techniques. The activity of Ce-La-0O
catalysts for methane oxidation has been investigated. When the ratio of Ce/Ce + La is changed from 1.0 to

Keywords: 0.2, only cubic phase CeO, with fluorite structure is observed, whose crystal size decreases significantly
Catalytic combustion with the increase in La amount, due to the formation of LaCeO, solid solution. The peak at 533°C on
E/Ieerti;‘a“e TPR profiles of Ce-La-0 with fluorite structure is ascribed to the reduction of non-stoichiometric CeO,_y.
Lanthanum Raman bands around 570 and 1167 cm~"! for samples with the Ce/Ce + La ratios of 1-0.2 might be assigned

to oxygen vacancies and surface superoxide ions, respectively. The addition of La promotes the formation
of non-stoichiometric CeO,_x, which is responsible for the oxygen vacancies and surface superoxide ions.
However, when the ratio of Ce/Ce +La decreases to 0.2, ceria-in-lanthanum solid solutions are formed,
where non-stoichiometric CeO,_, cannot be observed. The high activity of Ce-La-0 mixed oxide catalyst

Solid solution

for methane combustion is related to superoxide ions and surface reducibility.

© 2010 Published by Elsevier B.V.

1. Introduction

Catalytic combustion of methane is significantly important
for power generation and environment protection. The catalysts
being mostly studied for this process are Pd or Pt supported
catalysts, which are very expensive and prone to deactivation
at high temperatures [1,2]. A variety of transition metal oxides
and mixed metal oxides are another kind of catalysts showing
good catalytic performance in methane combustion. However,
their low surface areas lead to less activity per unit mass
catalyst [3].

The fluorite structure oxides, such as ceria, zirconia, and tho-
ria have face-centered-cubic (FCC) crystal structure in which each
tetravalent metal ion is surrounded by eight equivalent nearest
02~ jons forming the vertices of a cube. Oxygen vacancies are
created when a fluorite oxide is doped by divalent or trivalent
impurity ions. Thus, the fluorite oxides have been extensively
studied as oxygen ion-conducing materials, due to their high
oxygen vacancy concentration and mobility properties. In the
catalysis field, fluorite oxides have been explored recently as
catalysts for the oxidation of carbon monoxide and methane. CeO,-
containing fluorite oxide materials are under intense scrutiny
in recent years [4]. Cerium oxide, associated with other metal
oxides, is shown to promote oxygen storage and release, enhance
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oxygen mobility, form surface and bulk oxygen vacancies, and
improve the redox properties of catalysts for the oxidation pro-
cess [5-7]. Therefore, it provides an opportunity to develop a
new efficient catalyst system for low temperature catalytic com-
bustion of hydrocarbons. CeO,-La;03, CeO,-Pr,03, CeO,-Zr0,,
Ce0,-MnOx and CeO,-CuO were used as catalysts of the oxidation
of carbon monoxide, methane, soot and NOy, and presented high
activity [8-14].

The doping of La into CeO, could decrease the particle size,
inhibit the sintering and increase the reducibility of CeO, [15].
Bueno-Lépez et al. [16] proved that La3* inserted into the lattice
of fluorite structure to form the solid solution, and the reduction
temperature of CeO, decreased and the catalytic performance for
soot combustion was improved. Belliere et al. [17] revealed that the
La enrichment at the surface of cerium-lanthanum solid solutions
was an averaged effect and that the occurrence of segregation in
a mixed oxide phase was observed by using electron energy-loss
spectroscopy in combination with scanning transmission electron
microscopy. This segregation did occur within a crystalline parti-
cle, where the dopant-rich phase was located at the surface of the
dopant-deficient phase. Wilkes et al. [12-14] studied the kinetics
of catalytic oxidation of CO and CH4 on Ceq_yLaxO,_), solid solu-
tion. Generally, Ce-La-based compounds exhibited good catalytic
performance due to both the large oxygen storage capacity and the
basicity of the surface [18]. It is believed that the rate-determined
step of methane combustion is adsorption of reactant molecules on
surface basic sites [19].

However, only a few studies focused on correlating the cat-
alytic activities towards the oxidation of methane with the factors


http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:wangxy@ecust.edu.cn
mailto:wangxy1958@yahoo.com.cn
dx.doi.org/10.1016/j.cattod.2010.04.019

B. Zhang et al. / Catalysis Today 158 (2010) 348-353 349

such as surface species, structure defects, and oxygen vacancies
of Ce-La-O catalysts. In the present work, Ce-La-O catalysts,
prepared by sol-gel method, were tested in catalytic combustion
of methane, and the effects of La amount varying within the whole
range of composition in catalysts were investigated. Additionally,
the high activity of LaCeOy solid solution was discussed in terms
of various factors, including smaller ceria crystal size, increased
reducibility and superoxide ions.

2. Experimental
2.1. Catalysts preparation

Ce-La-O mixed oxides, La;03 and CeO, were prepared
by sol-gel method: an aqueous solution containing La(NOs3)s-
6H,0, Ce(NOs3)3-6H,0 (SCRC, 99.0%), and citric acid (citric
acid/(La+Ce)=1.1, molar ratio) was gradually heated to 40°C and
kept at this temperature for 3h with stirring, resulting in the
formation of a viscous gel which was then dried at 110°C for 12h
and calcined at 550°C for 4h in air. Ce-La-O mixed oxides with
different Ce/Ce+La ratios (X) are denoted as Ce(X)-La-O in the
text.

2.2. Catalytic activity evaluation

Catalytic combustion reactions were carried out at atmospheric
pressure in a micro-reactor made of a quartz tube of 4 mm in inner
diameter. 200 mg catalyst was packed at the bed of the reactor. The
concentrations of methane and oxygen in feed flow through the
reactor were set at 0.2 and 17 mol% (balance N, ), respectively, and
the gas hourly space velocity (GHSV), at 13,500 h—1. The reaction
temperature was measured and controlled with a thermocouple
located just at the hot spot of the catalyst bed. The effluent gases
were analyzed on-line at a given temperature by using a gas chro-
matograph (GC) equipped with TCD for the quantitative analyses
of methane, CO and CO,.

2.3. Characterization

Powder X-ray diffraction (XRD) was performed on Rigaku
D/Max2 550V B/PC diffractometer employing Cu Ka radiation at
40KkV and 100 mA.

Surface areas of catalysts were estimated using the N, adsorp-
tion isotherm at —196°C by the BET method on Quantachrome
NOVA instrument.

Raman spectra were recorded on Via Reflex Laser Raman instru-
ment, equipped with a CCD (charge coupled device) detector. The
excitation source was the 514.5nm line of Ar ion laser. The laser
power was set at 3 mW.

Temperature-programmed reduction (TPR) measurements
were carried out at atmospheric pressure in a fixed-bed reac-
tor. 100 mg catalyst (particle size, 20-40 mesh) was loaded in a
U-shaped quartz micro-reactor and the catalyst was heated to
700°C at heating rate of 8°C/min in a flowing hydrogen mixture
(30 ml/min, 6.5% H; in Ar). Hydrogen consumption was monitored
by using a thermal conductivity detector.

CO, temperature-programmed desorption (CO,-TPD) measure-
ments were carried out at the same apparatus for TPR. Prior
to adsorption experiments, 100 mg catalyst was pre-treated in a
quartz U-tube in a nitrogen stream at 700°C for 1h and then
cooled down to 100°C. The CO, adsorption was lasted for 1h
at 100°C to saturation. Then, the desorption was carried out
from 100 to 740°C at a heating rate of 10°C/min in nitrogen
stream.
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Fig. 1. XRD patterns of Ce-La-O catalysts with different ratios of Ce/Ce+La,
1-Ce0,, 2-Ce(0.80)-La-0, 3-Ce(0.75)-La-0, 4-Ce(0.70)-La-0, 5-Ce(0.60)-La-O,
6-Ce(0.50)-La-0, 7-Ce(0.40)-La-O, 8-Ce(0.30)-La-O, 9-Ce(0.20)-La-0O, 10-
Ce(0.10)-La-0, 11-Ce(0.05)-La-0.

3. Results and discussion
3.1. XRD characterization of Ce-La-0 catalysts

Fig. 1 presents XRD patterns obtained on Ce-La-0 catalysts with
different ratios of Ce/Ce + La. It can be seen that the fcc fluorite struc-
ture of ceria, with the diffraction peaks at 26 values of 28.6°, 33.1°,
47.5°,56.4°,59.1° and 69.54° [12], is retained down to the ratio of
Ce/Ce +La nearly 0.2 while the hcp structure of lanthana is formed
below the ratio of Ce/Ce +La nearly 0.1. However, the intermedi-
ate compositions between 0.1 and 0.2 form mixed phases [13]. At
the upper limit of the lanthana-in-ceria solid solutions, that is, bulk
composition of Ce/Ce +La ratio 0.2 [20], only CeO, phase with the
fluorite-like structure is observed on the XRD profiles. The intensity
of reflections from different crystal planes of CeO, phase, however,
is lowered slowly with the increase in La. Moreover, the diffraction
peaks of cubic fluorite structure slightly shift to higher values of
the Bragg angles within the range of 28.54-27.70°, indicating that
a fraction of La3* can enter the fluorite lattice to form the LaCeOy
solid solutions [20]. As reported in Ref. [20], the ionic radius of La3*
(0.106 nm) is larger than that of Ce** (0.094 nm), and the incorpora-
tion of La3* into the fluorite lattice will result in the increase in the
value of lattice parameter (Table 1). It also can be seen that appre-
ciable decrease in ceria particle size parallels with an increase in La
amount.

For Ce(0.05)La-0 and Ce(0.10)-La-O catalysts, the reflections
from the fluorite structure of CeO, almost disappear. There appear

Table 1
The lattice dimension and unit cell parameters of Ce-La-0O catalysts.

Sample Surface area/m?/g 20 (dy11))° Ly11/nm alA
L3203 3.8 = = =
Ce(0.20)-La-0 3.1 27.70 5.03 5.62
Ce(0.30)-La-0 2.7 27.60 5.00 5.58
Ce(0.40)-La-0 6.3 27.78 534 5.55
Ce(0.5)-La-0 25.8 27.92 6.15 5.54
Ce(0.60)-La-O 52.4 28.12 6.15 5.51
Ce(0.70)-La-0 67.0 28.24 6.97 5.47
Ce(0.75)-La-0 37.0 28.30 8.48 5.45
Ce(0.80)-La-0 32.6 28.44 11.11 5.42
CeO; 9 28.54 13.95 5.41

Note: “Ly11” means the size of cubic phase CeO, estimated according to the Scher-
rer equation, applied to the (11 1) reflection of the cerianite. “a” means the unit
cell parameter, calculated by unit cell supposed that the ceria’s or Ce-La-0 solid
solution’s lattice be cubic system.
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Fig. 2. TPR profiles of Ce-La-0 catalysts with different ratios of Ce/Ce + La.

the diffraction peaks attributed to La;03 (44.6°), LaOOH (29.4° and
31.1°)and La;0,C05 (22.3°) [21-23]. The latter two species are due
to the interaction of H,O and CO, in air with La;03 when treated
thermally. No phase related to Ce species is observed, indicating
that Ce species were highly dispersed into La species structure and
hence the ceria-in-lanthana solution is formed, just as the same
results obtained by Wilkes et al. [12-14] and Belliere et al. [17].

Surface areas of catalysts in Table 1 were estimated by BET
method based on the N, adsorption isotherm. La,O3 and CeO,
present 3.8 and 9.0 m?2/g, respectively. For lanthana-in-ceria solid
solutions, the surface areas are much larger than those of pure
oxides, intermediate compositions and ceria-in-lanthana solid
solutions. Here, it can be seen that the incorporation of La into CeO,
with fluorite structure can greatly promote the dispersion of oxides.
However, when the ratio of Ce/Ce +La is less than 0.6, the surface
areas of catalysts decrease with the increase in La content, indi-
cating that the dispersion of La,03 decreases with the decrease of
Ce.

3.2. TPR

The results of TPR analyses for Ce-La-0O catalysts are shown in
Fig. 2. There present three types of profiles corresponding to the
samples of fluorite structure, ceria-in-lanthana solution, and inter-
mediate structure. The reduction of pure CeO, occurs mainly at
533°C within the range of experimental temperature, due to the
surface oxygen removal of CeO,. As reported [24], the peaks around
500 and 890°C correspond to the reduction of non-stoichiometric
Ce0,_x on the surface and bulk CeO,, respectively. For lanthana-
in-ceria solution with Cef/La+Ce ratio of greater than 0.4, the
reduction peaks appear at 533 °C, which are similar to that of CeO,,
implying that the redox of Ce species on the surface of fluorite
structure is not affected by the incorporation of La. However, Hy
consumption, estimated by the area under H,-TPR profiles shown
in Fig. 3, increases significantly with La content. Therefore, it can
be concluded that La promotes the formation of non-stoichiometric
CCOZ_X.

When La is increased to 60% or more, Ce** are surrounded by
La3* which are more electronegative, and the reduction of non-
stoichiometric CeO,_y shifts to higher temperature, because of
“La <- O” electron-transfer processes. As a result, the peak intensity
of reduction of non-stoichiometric CeO,_, decreases significantly,
and fluorite structure is transformed gradually into the hcp struc-
ture of lanthana [13] (see Fig. 1).
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Fig. 3. The magnified part of TPR profiles of Ce-La-O catalysts with different ratios
of Ce/Ce+La.

For ceria-in-lanthana solution in the Ce/Ce+La ratio range
of 0-0.2, there appear two reduction peaks, the strong one at
684-725°C and the weak one at 600°C. As known, La;03 can
hardly be reduced under experimental condition and does not pos-
sess surface oxygen species [25]. Fleys et al. [26] suggested that
the reduction of La;03 at 710°C was caused by hydroxyl group
or subcarbonate species. Hoang et al. [27] attributed the similar
reduction peak to the reduction of carbonaceous species on the
La, 03 surface. In this work, the intensity of peaks at 600 and 725 °C
decreases greatly for Ce(0.05)-La-0 catalyst when heated at 800 °C
with different time (see Fig. 4). XRD measurement shows that the
diffraction peaks of La(OH)3 and La,0,CO5 cannot be observed for
Ce(0.05)-La-0 catalyst calcined at 800°C. Therefore, the reduc-
tion of ceria-in-lanthana solution is related to the removal of H,O
and CO,, from these La compounds [28]. Ce species entering La; O3
lattice may be reduced at higher temperature.

3.3. Raman characterization of Ce-La-0 mixed oxides

Fig. 5 shows Raman spectra of Ce-La-O catalysts calcined at
550°C. For pure CeQ,, the single sharp band around 465cm~!,
ascribed to the Raman F,g mode of CeO,, as a symmetric breathing
mode of the oxygen atoms surrounding each cation, is a band of flu-
orite structural material [29]. Since only oxygen atoms move, the
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Fig.4. TPR profiles of Ce(0.05)-La-0 catalysts calcined at 800 °C with different time,

Ce(0.05)-La-0-500: calcined at 500 °C, Ce(0.05)-La-0-800-6: calcined at 800°C for
6 h, Ce(0.05)-La-0-800-12: calcined at 800°C for 12 h.



B. Zhang et al. / Catalysis Today 158 (2010) 348-353 351

Intensity / a.u.

544 cm’ 599 cm’

. 300 450 600 50
= Rawan shift/ em " _—3_
©
> 571 cm’ 1077 cm’’
£ ; N 4
c : 5
[
E 6
1
8
9
10
11
T * T * T " T * T of T . T *
300 450 600 750 200 1050 1200

Raman shift / em™

Fig. 5. Laser Raman spectra of Ce-La-O catalysts with different ratios of
Ce/Ce +La, 1-Ce(0.80)-La-0, 2-Ce(0.75)-La-0, 3-Ce(0.70)-La-0, 4-Ce(0.60)-La-0,
5-Ce(0.50)-La-O, 6-Ce(0.40)-La-O, 7-Ce(0.30)-La-O, 8-Ce(0.20)-La-O, 9-
Ce(0.10)-La-0, 10-Ce(0.05)-La-0, 11-La,03.

mode frequency should be nearly independent of the cation mass
[30]. A weak band at 1170cm~! can be due to primary Aqg asym-
metry, combined with minor additional contributions from Eg and
Fp¢ symmetries [31]. For pure lanthana, the characteristic bands of
crystalline La(OH)3 appear at 254, 281, 340, 449 and 598 cm~! [32],
and those of La,0,CO3, at 363, 392 and 449 cm~! [29]. Besides, a
strong band at 1077 cm~! is observed, which can be assigned to
lanthanum oxycarbonate [23]. However, Raman band at 408 cm™!
on behalf of Lay03 did not appear, although the phase of La;03 is
observed by XRD (Fig. 1). Considering Raman as surface technol-
ogy, it can be reasonable to suggest that La species on the surface
combine with H,0 and CO, when La, 03 treated thermally in air to
form LaOOH and La;0,CO03, whose diffractions appear on XRD for
Lay03 (Flg 1)

For Ce-La-O catalysts with low content of La, such as
Ce(0.80)-La-0, Ce(0.75)-La-0 and Ce(0.70)-La-0, a strong band
around 465 cm~! ascribed to the Raman Fy, mode of CeO, [29] is
observed. Moreover, with the addition of La into CeO,, the band
shifts to low wavenumbers, and its intensity becomes weaker,
because the atomic mass of La is larger than that of Ce and the inser-
tion of La ions can decrease the vibration frequency of metal-anion
bond [25]. Additionally, there appear three bands, one at 260 cm™!
and the other two at 534-600 cm~!, which will approach to each
other with the increase in La, and finally combine into a strong
broad band at 571 cm~! when the Ce/Ce +La ratio reaches 0.3. If
the ratio becomes smaller than 0.3, the band will move to higher
frequency and become weaker.

McBride et al. [34] reported that in Raman spectra the F»; mode
of Ce;_xRExO5_, solid solutions becomes asymmetric with the pres-
ence of a long low-frequency tail as the value x increases, and there
is also a weak band around 570 cm~"! on the high frequency side
of the band. However, the presence of some defects can involve
relaxation of the selection rules. This band, in particular, is linked
with the oxygen vacancies in the CeO, lattice [34]. The reason for
the formation of the band at 570cm~"! is that when two Ce** ions
are substituted by two La3* ions, one oxygen vacancy is introduced
into the fluorite lattice in order to maintain the electrical neutral-
ity, so as to cause the broad peak on the high frequency side of the
F2¢ band. Thus the band can be linked with lattice defects which
result in the creation of oxygen vacancies. With the increase of La,
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Fig.6. The magnified part of Laser Raman spectra of Ce-La-0 catalysts with different
ratios of Ce/Ce +La.

the concentration of oxygen vacancies increases, and the action of
cations on oxygen vacancies becomes weak, leading to the increase
in frequency of corresponding band. Moreover, when the Ce/Ce + La
ratio is 0.4, the intensity of band at 570cm~! reaches maximum,
that is, the number of oxygen vacancies reaches maximum. Com-
bined with the XRD patternsin Fig. 1, it is suggested that the oxygen
vacancies in the solid solutions increase when the fluorite struc-
ture of Ce-La-0O catalysts becomes more defective. This is different
from the case of doping ceria with Pr3* cations [9], in which the
oxygen vacancies are orderly arranged in the solid solutions and
the proportion of Ce and Pr can be well situated. It is noted that
the changing trend of the intensity for the band at 260cm~! can
be correlated with that of the band at 570cm™!, indicating that
the band at 260 cm~! may be due to the other asymmetric vibra-
tion caused by the formation of oxygen vacancies. Additionally, the
band at 1077 cm~! of La,0,CO3 [28] becomes stronger and more
symmetric with the decrease in the Ce/Ce + La ratio from 0.6 to 0.05,
where no other band of La species is observed, which confirms that
La species on the surface presents mainly in the form of La;0,COs3.

Fig. 6 is a magnified part of Raman spectra in the range of
1100-1400cm~!. Long and Wan confirmed that the Raman bands
at 1040 and 1172 cm~! were caused by surface superoxide ions
which were active for oxidation of methane [35]. Here, the weak
band at 1167 cm~! might be assigned to surface superoxide ions
[36], which are generated due to the insertion of La3* and the
formation of defects. The band weakens in the order as follows:
Ce(0.60)-La-0 > Ce(0.70)-La-0 > Ce(0.50)-La-0 > Ce(0.75)-La-0O >
Ce(0.80)-La-0 > Ce(0.40)-La-0 > Ce(0.30)-La-0O > Ce(0.20)-La-0,
which is consistent with the intensity order of the reduction of
non-stoichiometric CeO,_,. For the catalysts with Ce/Ce +La ratios
of greater than 0.4, the reducibility of non-stoichiometric CeO,_y
is influenced by “La < O” electron-transfer processes and thus
decrease with increase of La content.

The formation of oxygen vacancies is caused by the sub-
stitution of La3* ions for Ce**, which results in the defects of
fluorite structure. Thus, the fluoride oxides have been extensively
studied as oxygen-ion-conducting materials [37]. As known, non-
stoichiometric CeO,_y is resulted from defective structure. It can
be proposed that defects are responsible for the oxygen vacancies
which can be related to non-stoichiometric CeO,_,. The fact that
when Ce/Ce + Lais less than 0.5, the reduction of non-stoichiometric
CeO,_ becomes weak and shifts to high temperature (Fig. 3) indi-
cates that the environment of oxygen vacancies is also is influenced
by the “La <- O” electron-transfer processes.
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Fig. 7. CO,-TPD profiles of Ce-La-0O catalysts with different ratios of Ce/Ce +La.
3.4. CO,-TPD

The CO,-TPD profiles on Ca-La-0 catalysts are shown in Fig. 7.
For fluorite structure solution with the Ce/Ce +La ratio of greater
than 0.5, CO, desorption with maxima at 180°C was observed.
Wilkes et al. [12] reported that CO, desorption occurred at 120°C
on CeO,. Obviously, CeO, is responsible for the surface basicity of
the samples with fluorite structure. Moreover, the base amount
(area under the profiles) parallels with La content. As known, the
basic strength of oxides can be controlled by modifying the number
of defects in the framework of the materials [38], i.e. the number
of oxygen atoms which associate with Ce with a low coordination
number. The addition of La cannot modify the basic strength of cat-
alysts with fluorite structure, indicating that the coordination of
oxygen atom with Ce** on the surface is not influenced by La3",
which, in turn, enters CeO, and causes the increase in dispersion of
Ce?* so as to increase the surface basicity.

For catalysts with ceria-in-lanthana solution and intermediate
structure, CO, desorption occurs at higher temperature, 296 °C,
compared with catalysts with fluorite-like structure. The stronger
basicity is related to more La species existing on the surface. As
known, La;0s3, a strong solid base, can react with HO and CO, in
air to form LaOOH and La;0,COs3, respectively [12]. The surface
basicity decreases significantly with the La content because of the
formation of more amount of La,0,C03, as indicated by XRD and
Raman. It is interesting to find that the basicity cannot be modified
by changing the doping amount of Ce, that is, the coordination of
oxygen atom with La3* on the surface ceria-in-lanthanais not influ-
enced by Ce#*. Belliere et al. [17] revealed that the La enrichment
at the surface of ceria-in-lanthana solid solution was an averaged
effect. It can be deduced that La enrichment occurs on the surface
of ceria-in-lanthana solid solution and intermediate structure. For
the similar reason as above mentioned, Ce** can enter lanthana
phase, and cause the increase in dispersion of La species, so that
the surface basicity increases.

3.5. Oxidation activity

Fig. 8 illustrates the results of activities of the Ce-La-O mixed
oxides catalysts for methane combustion. Tsgy and Tggy (the
temperature needed to reach 50 and 90% conversion, respectively)
are shown in Fig. 9, in which the activity is observed as a function
of the ratio of Ce/Ce+La. The reaction product is mainly CO,,
and no other by-product was detected. Ce(0.6)-La-O shows the
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Fig. 8. The catalytic activity of over Ce-La-O catalysts with different ratios of
Ce/Ce+La for CH4 combustion, gas composition: 0.2% CH4, 10% O, N, balance;
GHSV=13,500h"".
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Fig. 9. Tsox and Tgoy for CH4 catalytic combustion over Ce-La-O catalysts with
different ratios of Ce/Ce+La, gas composition: 0.2% CH4, 10% O, N, balance;
GHSV=13,500h"".

best catalytic activity, and Tspy and Tgpy are 550 and 575°C,
respectively. However, with the increase in Ce/Ce +La ratio from
0.70 to 1, Tsoy and Tggy shift to high temperature to some extent.
Luo et al. reported that the conversion of methane reached 90%
at 600°C on Ce-Pr-0.4 catalyst, and the high methane oxidation
activity can be attributed to more mobility of bulk oxygen in
catalysts [29]. In this work, the order of activity is as follows:
Ce(0.60)-La-0> Ce(0.70)-La-0 > Ce(0.50)-La-0 > Ce(0.80)-La-0O >
Ce(0.40)-La-0> Ce(0.30)-La-0>Ce(0.20)-La-0, which is consis-
tent with the intensity orders of superoxide ions in Raman spectra
and reduction peak of non-stoichiometric CeO,_, at 530°C in
TPR. It is supposed that methane can adsorb readily onto oxygen
vacancies and then can react with superoxide ions, which may
be promoted by non-stoichiometric CeO,_,. Additionally, the
translation of gas oxygen to surface active species (superoxide
ions) may be promoted by oxygen vacancies. Therefore, the high
activity of Ce-La-0 catalysts can be attributed to the combination
of superoxide ions and surface reducibility.

The catalysts with Ce/Ce +La ratio less than 0.3 do not perform
very well in the catalytic combustion of methane and present the
worst activity of La; O3 catalyst. From XRD and Raman results of the
these samples, La;0,CO, or La(OH) , are observed. CO,-TPD tests
show that these La species have strong basicity. According to the
work by Wilkes [12] and his group, carbon dioxide strongly retards
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the catalytic combustion of methane over lanthana and ceria. Liu
and Flytzani-Stephanopoulos [18,19] suggested that the strength
and geometry of acidic and basic sites on the catalyst surface played
an important role for C-H bond breakage. Here, basic La species
should be favorable for the activation of methane molecule. How-
ever, there is almost no surface active oxygen for the samples in
the form of ceria-in-lanthana solution, and hence the oxidation of
methane becomes difficult.

4. Conclusion

The activity for methane oxidation exhibited by a series of
Ce-La-0 catalysts with different compositions prepared by sol-gel
method has been investigated. The incorporation of La into CeO,
promotes the formation of non-stoichiometric CeO,_,, which is

responsible for oxygen vacancies and superoxide ions. As a result,
the high activity of Ce-La-O catalysts with fluorite structure

towards the oxidation of methane is observed.
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