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Abstract

A series of Ce,Pr;_,0,_; mixed oxides were synthesized by a sol-gel method and characterized by Raman, XRD and TPR techniques. The
oxidation activity for CO, CH;OH and CH, on these mixed oxides was investigated. When the value x was changed from 1.0 to 0.8, only a cubic
phase CeO, was observed. The samples were greatly crystallized in the range of the value x from 0.99 to 0.80, which is due to the formation
of solid solutions caused by the complete insertion of Pr into the CeO, crystal lattices. Raman bands at 465 and 1150cm™" in Ce,Pr;_,0,_s
samples are attributed to the Raman active Fp, mode of CeO,. The broad band at around 570 cm™! in the region of 0.3 <x <0.99 can be linked
to oxygen vacancies. The new band at 195 cm™' may be ascribed to the asymmetric vibration caused by the formation of oxygen vacancies. The

TPR profile of PrsO;; shows two reduction peaks and the reduction process is followed: PrO ngsﬁf PrO, ¢ 1m—O>CPrOL5. The reduction temperature
of Ce,Pr;_,0,_s mixed oxides is lower than those of PrgO;; or CeO,. TPR results indicate that Ce,Pr;_,0,_s mixed oxides have higher redox
properties because of the formation of Ce,Pr;_,O,_; solid solutions. The presence of the oxygen vacancies favors CO and CH;OH oxidation, while

the activity of CH4 oxidation is mostly related to reduction temperatures and redox properties.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

An oxygen-storage component is crucial for optimal perfor-
mance of a three-way and emission-control catalyst. CeO; is
extensively used in the three-way catalysts (TWCs). The pri-
mary function of CeO; in the TWCs s to provide oxygen-storage
capacity (OSC), acting as an efficient “oxygen buffer” to undergo
reduction/oxidation cycles by shifting between CeO; under oxi-
dizing conditions (oxygen storage) and Ce,O3 under reducing
conditions (oxygen release) [1]. Besides, CeO, can also pro-
mote the noble metal dispersion [2], increase thermal stability
of Al O3 support [3,4], and improve CO oxidation and water-gas
shift reaction [5-7]. However, CeO, suffers significant deacti-
vation of the redox couple, which occurs due to the sintering of
CeO, particles and the reactions between CeO, and y-Al,O3
support or active precious metals when it is performed at high
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temperatures under the driving conditions [8,9], resulting in the
decline of OSC and the activity. In order to eliminate these
drawbacks, a great number of CeO;-based mixed oxide sys-
tems [ 10—18] such as Ce-Zr-O, Ce-Hf-O, Ce-La-0O, Ce-Sn-0,
Ce-Ti—0O, Ce-Y-0 and Ce-Pr-O have been conducted. Many
studies have shown that the redox properties can be consider-
ably enhanced if additional elements are introduced into the
CeO;, lattice and solid solutions are formed. Among the CeO»-
containing solid solutions, special attention has been focused
on the Ce-Zr-O solid solution, which has been found to be
very important to the three-way catalyst for cleaning the exhaust
gases. From the reported results, the Ce—Zr—O solid solution
shows the enhanced thermal stability, redox, and catalytic prop-
erties compared with ceria alone [19-21].

Praseodymium (Pr) has multiple stable oxidation states and it
is one of the materials widely investigated because it undergoes
more oxygen exchange at a lower temperature than ceria. Partic-
ularly, its oxygen-storage capacity is not diminished in case of
high temperature sintering [22]. However, praseodymia seems
not to be an effective replacement for ceria as an oxygen-storage
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component. One major reason for that is a drastic difference
in reactivity between ceria and praseodymia with alumina.
Praseodymia can react with alumina at temperatures above
600°C in air and can form inert aluminates, whereas ceria
remains stable at 1100 °C [23]. Thus praseodymia can be used
as an oxygen-storage material only if its reaction with alumina
can be prevented. In recent years Ce—Pr—O mixed oxides have
been widely studied, and they exhibit excellent catalytic prop-
erties [24,25]. When the system crystallizes into the face center
cubic structure fm3m, because of the variable valency of Pr3*
or Pr**, a wide range of oxygen stoichiometry can exist [25].
The variable amount of oxygen ion vacancies produced can
drastically change the properties of the formed solid solution.
In order to gain more insight into the bulk and superficial
structure of Ce—Pr—O mixed oxides, especially in respect of
oxygen vacancies, the present work is devoted to preparing a
series of Ce,Pr;_yO,_s mixed oxides by a sol-gel method and
to investigating their structures and reduction properties.

Volatile organic compounds (VOCs) and CO are recognized
as major contributors to air pollution. Catalytic combustion is
one of the most important processes for VOCs and CO destruc-
tion. So in this work, we reported the oxidation activity for
CO and CH4 combustion, and some interesting results were
obtained. Oxygen vacancies created when Pr is substituted into
a CeO», lattice play an important role in the CO oxidation. The
Ce5Prg50,_5 sample shows a key high capability for oxygen
storage and the highest catalytic activity for methane combus-
tion.

2. Experimental
2.1. Catalysts preparation

A series of oxides with the general formula Ce,Pri_,Oy_s
(x=0,0.2,0.3,0.5, 0.7, 0.8,0.9, 0.95,0.97,0.99, 1.0) were pre-
pared by a sol-gel method [18]. An appropriate amount of
citrate acid solid powders was added into each pre mixed nitrate
solution of cerium and praseodymium. The mixture was then
vaporized under stirring until it became transparent gel. The gel
was further dried at 100 °C and calcined at 500 °C for 4 h.

2.2. Characterization

X-ray diffraction (XRD) patterns were collected on a
PHILIPS PW3040/60 powder diffractometer using Cu Ko radi-
ation. The working voltage of the instrument was 40kV and
the current was 40 mA. The intensity data were collected at
25 °C in a 26 range from 20° to 100° with a scan rate of 0.1 °/s.
The high-temperature experiments were carried out using an
X-ray reactor chamber XRK-900 Anton Paar, in which the
scan rate was 0.2°/s and in the XRD patterns were recorded
at the reduction atmosphere. The gas contained 5% H; and
95% Nj.

Raman spectra were obtained by a Renishaw RM1000 con-
focal microscope. The exciting wavelength was 632.8 nm from
a He—Ne laser with a power of ca. 3mW on the sample. The
resolution is 1 cm~!. In order to get the comparable data, the

powder samples were pressed to form disks in a custom-made
mold. The scanning range was 100—1300cm™".

The reduction properties of Ce,Pri_,O,_5 mixed oxides
were determined by means of the TPR technique. The sample of
Ce,Pri_,O,_s (50 mg) was placed in a quartz reactor. The reac-
tor was heated from room temperature to 800 °C at a heating rate
of 20 °C/min under flowing H,—N> (5:95) with a total flow rate
of 20 mL (NTP)/min (NTP: room temperature and 101.3 KPa).

The purpose of the reoxidation treatment was to reveal the
oxidation properties of the reduced sample. After reduction at
800°C, the reduction gas was switched off and the sample
was cooled down to the desired oxidation temperatures (500,
100, and 50 °C, respectively), at which the oxidation took place
under flowing air with a flow rate of 20 mL (NTP)/min for 0.5 h.
Subsequently, the reoxidized samples were cooled to room tem-
perature. Then, the TPR experiment was repeated.

2.3. Oxidation activity

Catalytic activity measurements were carried out in a fixed
bed reactor (6 mm i.d.) filled with 150 mg catalyst powders. The
total flow rate of the feed gas was 80 mL (NTP)/min. The cat-
alysts were directly exposed to the reaction gas as the reaction
temperature was reached without any pretreatment. For CO oxi-
dation, the gas consisted of 2.4% CO, 1.2% O;, and 96.4%
N, with a total flow rate 80 mL (NTP)/min. For methane oxi-
dation, the feed stream contained 3% CHy, 8% O,, and 89%
N». The analysis of the CO, concentration in the reactor efflu-
ent was performed by means of a GC (13x molecular sieve
and Propark Q) equipped with a thermal conductivity detector
(TCD). For methanol oxidation, the concentration of CH3;0OH
was 4000 mg/m? in air. The analysis of CO, in the reactor efflu-
ent was performed on a TCD as the former. The analysis of
the reactant and the organic compound in production were per-
formed on a GC equipped with flame ionization detector (FID).

3. Results and discussion
3.1. XRD characterization of CexPr;_xO2_s mixed oxides

Fig. 1 shows the XRD patterns of Ce,Pri_,O,_s mixed
oxides calcined at 500 °C. Crystalline phases were identified
in comparison with two ICDD files (cubic CeO,, PDF no. 81-
0792; cubic PrgO11, PDF no. 42-1121). From Fig. 1, it can be
seen that the structure of all samples is fluorite-like, and the
diffraction peaks are very close to each other, because the Ce**
ionic radius (0.097 nm) is very similar to that of Pr** (0.096 nm).
The peaks slightly shift to higher angles with the increasing x. In
order to identify the phase composition, the pattern in the range
from 45° to 50° of Fig. 1 was enlarged, as shown in Fig. 2. In the
range of the value x from 0.3 to 0.7 the overlap diffraction peaks
are observed in Fig. 2, indicating that both CeO;, and PrgOq
phases are present in the Ce,Pr;_,Os_5 (x=0.3-0.7) samples.
This may be due to the fact that only a small amount of Pr can be
introduced into the CeO; crystal lattices to form solid solutions,
and the excess Pr remains in a single cubic phase. By increasing
x from 0.80 to 0.99, the diffraction peaks become narrower and
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Fig. 1. XRD patterns of Ce,Pr{_,O,_s mixed oxides calcined at 500 °C.

sharper. The results indicate that the samples are well crystal-
lized, and the Pr completely inserts into the CeO» crystal lattices,
resulting in the formation of the solid solutions.

3.2. Raman characterization of CexPrij_02_5 mixed
oxides

Fig. 3 shows the laser Raman spectra of the Ce,Pri_,Oz_s
mixed oxides calcined at 500 °C. It can be seen that for CeO,
there are two obvious bands at 465 and 1170cm™!. The sin-
gle sharp band at around 465 cm™! is ascribed to the Raman
active Fog mode of CeO3, the band of a fluorite structural mate-
rial. This can be viewed as a symmetric breathing mode of the
oxygen atoms surrounding each cation. Since only the oxygen
atoms move, the mode frequency should be nearly indepen-
dent of the cation mass [26]. The comparatively weak band at
1170cm™! can be due to primary Ay asymmetry, combined
with small additional contributions from E¢ and F»; symmetries
[27]. No obvious Raman band is observed for PrgO1;. How-
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Fig. 2. Enlarged XRD patterns from the 26 range from 45° to 50° in Fig. 1.
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Fig. 3. Laser Raman spectra of Ce,Pr;_,O,_s mixed oxides calcined at 500 °C.

ever, for Ce,Pr;_,0,_s mixed oxides, four bands are observed
atabout 195,465,570 and 1150 cm™!, respectively. Fig. 4 shows
the laser Raman spectra of CeggPrg 10,5 solid solution and
physical mixture (Ce/Pr=9/1) samples. The Raman bands at 195
and 570 cm™! can be hardly seen for physical mixture sample.
Thus, the Raman bands at 195 and 570 cm™! for Ceg 9Prg 1 O2—s
are attributed to the formation of the solid solution.

In Fig. 3, it can be seen that there is a small systematic shift
of the bands at 465 and 1170 cm™" to lower frequencies with
increasing Pr, because the atomic mass of Pr is larger than that
of Ce and the insertion of Pr ions can decrease the vibration
frequency of metal-anion band [26]. This also means that the
incorporation of Pr into the ceria lattices results in the formation
of the solid solutions. The intensity of the band at 465 cm™!
becomes weaker with increasing Pr content, while the broad
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Fig. 4. Laser Raman spectra of Ceg 9Prg 1 O2—s solid solution and physical mix-
ture (Ce/Pr=9/1) sample.
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peak around 570 cm~! is distinct from the F; mode. McBride
et al. [28] have reported that in Raman spectra the F»; mode
of Ce;yRE,O>_, solid solutions becomes asymmetric with the
presence of a long low-frequency tail as the value x increases,
and there is also a weak band at about 570 cm™"' on the high
frequency side of the band (Fig. 3). However, the presence of
some defects can involve relaxation of the selection rules. In
particular, this band has been linked to oxygen vacancies in the
CeO; lattice [28]. The reason for the formation of the Raman
band at 570 cm™! is that when two Ce** ions are substituted by
two Pr3* ions, one oxygen vacancy is introduced into the fluo-
rite lattice in order to maintain the electric neutrality, which will
cause the broad peak on the high frequency side of the F», band.
Thus the band at 570 cm ™! can be linked to lattice defects which
results in the creation of oxygen vacancies. For Ce,Pri_,02_s
mixed oxides, the intensity of 570 cm~! band reaches a maxi-
mum x=0.9. Combined with the XRD patterns in Fig. 1, it is
suggested that the perfect crystallite is formed and the oxygen
vacancies are orderly arranged in the solid solutions in the case
that the proportion of Ce and Pr can be well situated. Previously,
oxygen vacancies in CeO; can be visualized to some extent only
by scanning tunnelling microscopy (TEM) [29,30], and they are
responsible for the enhanced OSC [31], because these oxygen
vacancies can increase the diffusion rate of oxygen and absorb
and give off oxygen easily [28]. The new band at 195 cm™!, how-
ever, has not been reported in the previous literature. In Fig. 3,
the changing trend of the intensity for the peak at 195cm™! is
correlated to that of the peak at 570 cm™!. Therefore, it can be
pointed out that the new band at 195cm™! can be attributed
to the other asymmetric vibration caused by the formation of
oxygen vacancies. Further work on this topic will be carried
out.

3.3. Redox properties
Fig. 5 shows the TPR profiles of the Ce,Pr;_,0,_5 mixed

oxides calcined at 500 °C. There are two large reduction peaks
at about 530 °C () and 650 °C (B) for PrgOy1. The in situ XRD
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Fig. 6. In situ XRD patterns under the flowing mixture gas of Hy (5%)-Na
(95%) for the PrgOq calcined at 500 °C.

patterns recorded under the reduction conditions are shown in
Fig. 6, from which, it can be seen that PrgO1 is transformed to
Pr,Csz completely after reduction at 800 °C. The ratio of a peak
area to [3 peak area of PrgO1; in Fig. 6 is about 2:1. Therefore,
it can be proposed that the reduction process of PrgOq; is fol-

lowed as: PrO; g3 SﬁCPrOLm 6E>CPr01_5. For CeQO,, there are
two small-reduction peaks at 570 °C and above 860 °C, respec-
tively, which are associated with the stepwise reduction. The
peak at 570 °C is generally attributed to reduction in the surface
region, and the peak at temperatures above 860 °C is ascribed to
the reduction of the bulk [20]. For Ce,Pr;_,O,_s mixed oxides,
when x < 0.8 there are two reduction peaks, which simultane-
ously shift to lower temperatures and additionally the (3 peak
area obviously declines. Because of the weak reduction peak of
CeQa, it is believed that when x < 0.8 the reduction peaks of the
samples are mainly attributed to the reduction of Pr** located
on the surface and in the bulk. When x =0.5, the temperature of
the a reduction peak is the lowest (475 °C). When x=0.9 both
a and B reduction peaks become weak and the reduction peaks
of the mixed oxide are similar to that of CeO,. Generally, it is
proposed that the generation of oxygen vacancies leads to the
exchange of oxygen easily. Therefore, reactive oxygen species
can be formed and are easily reduced by H, at a low tempera-
ture. In combination with the Raman spectra, it can be seen that
the presence of the oxygen vacancies improves the reduction of
solid solutions.

The redox behavior is a very important feature for most cata-
lysts because there is a cycle process in oxidation reaction. Fig. 7
shows the TPR cycles of CeO,, Ceg 5Prg 5025, Ceg oPrg.102—s,
and PrgOp; at different reoxidation temperatures. For CeO,
reoxidized at 500 °C, the reduction peak disappears at lower
temperatures while at higher temperatures (>650 °C) it does not
change significantly. There is a single reduction peak after reox-
idation at 100 °C, while the reduction peak after reoxidation at
50 °C disappears for PrgO;1. However, for Ceg 5Prg50,_5 and
Ce.9Prg.1O2_s, the reduction peak areas increase after reoxida-
tion even at 50 °C, while the peak shifts from 490 to 430 °C after
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reoxidation for CeggPrp.10,_5. However, the reduction peak
temperature only slightly decreases for Ceq sPrypsO>_s sample.
This implies that the reduced Ceq 5Prg 50,5 and Ce 9Prg .1 O2—s
samples are easier to be reoxidized than CeO; and PrgOq;. In
Ceg5Pro50,_5 and Ce( 9Prg 1 O2_s samples, the enhanced redox
properties are observed since the formation of solid solution with
oxygen vacancies not only reduces the reduction temperature
but also promotes the mobility of bulk oxygen. It is worthwhile
noticing that the reduction peaks above 700 °C for CeO; and
Ce.9Prp.1O2_5 do not actually change obviously, indicating that
the recovery of the high temperature peak is easy to be reoxi-
dated.

3.4. Oxidation activity

Fig. 8 shows the relationship between Too and Ce/(Ce + Pr)
mole ratio for CO, CH3OH and CHy4 oxidation, in which Tgq
represents the temperatures of 90% conversions. For CO oxi-
dation, it has a maximum at x=0.9 and a minimum at x=0.3.
From the XRD results (Fig. 2), the mixed phases of CeO; and
PrgO;; are observed for Ce,Pr;_,O,_s (x=0.3-0.7). Thus it
can be pointed out that the presence of the mixed phases inhibits
CO oxidation activity. The oxidation activity is enhanced with
further increasing the content of CeO; (x=0.3-0.9). The high-
est oxidation activity occurs at x=0.9 (T9g =350 °C). While the
oxidation activity decreases with further increasing the value x
from 0.9 to 1.0. Combined with the Raman spectra in Fig. 3,
it is found that stronger the intensity of the bands at 570 cm™!
is, the higher the oxidation activity for CO is. This implies the
oxidation activity for CO is related to the oxygen vacancy. It

is considered that CO can be easily absorbed at oxygen vacan-
cies and then can react with neighboring oxygen atoms. Thus
the high CO oxidation activity can be attributed to more facile
generation of oxygen vacancies [32]. From Fig. 8, it can also
be seen that the orderliness of the CH3OH oxidation is similar
to the CO oxidation. In particular the oxidation temperature for
CH3OH is lower than that for CO. The reason is that the polar-
ity of CH3OH (1.70 D) is bigger than that of CO (0.118 D), and
CH3OH is more easily absorbed on the oxygen vacancies than
CO. As a result, for the oxidation of the polar small molecule,
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there is a certain corresponding relationship between the reac-
tion activity and the number of the oxygen vacancies, which is
larger, the activity for the oxidation of the polar small molecule
is higher. For CH4 oxidation, it can be seen that the oxidation
temperature is higher than CO and CH3OH oxidation. More-
over, a synergetic effect is observed, i.e. the oxidation activity
of Ce,Pri_,0,_s mixed oxides is higher than that of both CeO,
and PrgOq1. Additionally the Ceq sPrys0,-5 sample shows the
highest methane activity (T9p =600 °C, T59 =530 °C). The TPR
profile (Fig. 7) indicates that Ce,Pr;_,O,_5 sample has the low-
est temperature (475 °C) for o reduction peak. This shows that
the oxidation activity for methane is related to the temperature
and intensity of the reduction peak of the samples. There are
two reasons for the low oxidation activity for methane. Firstly,
methane is very stable and hard to be activated; secondly, there is
a formation of H>O during methane oxidation which might poi-
son the oxygen vacancies. So for the combustion of methane the
number of oxygen vacancies is not very important. Thus the high
methane oxidation activity can be attributed to more mobility of
bulk oxygen in catalysts. Though the formation of H,O during
CH3OH oxidation, the polarity of CH3OH (1.70D) is similar
to that of HyO (1.85D), so the effect of HyO on the oxidation
activity of CH3zOH is slighter than that on CH4. Therefore, the
changing rules of the oxidation activity of CH3;0H and CO are
identical.

4. Conclusions

A series of Ce,Pr;_,0,_s mixed oxides were characterized
by various techniques such as XRD, TPR, and Raman. These
mixed oxides were further used as catalysts for CO, CH;OH
and methane oxidation. XRD and Raman results indicate that
the solid solution of Ce,Pr;_,O,_s is formed via the incor-
poration of Pr into CeO, lattices. A single solid solution of
CeyPr;_yO»_s with a cubic phase is detected at x=0.8-0.99.
The Raman bands at about 465 and 1150 cm™! are attributed to
the Raman active Fp; mode of CeO;. The broad peak at about
570cm™! in the region 0.3 <x <0.99 can be linked to lattice
defects which results in oxygen vacancies. The insertion of Pr
can be favorable for the formation of oxygen vacancies. The
formation Ce,Pri_,0O,_; solid solutions improve the reduction
and reoxidation behavior. The activity of Ce,Pr;_,0,_s for CO
and CH3OH oxidation implies that the presence of the oxygen
vacancies favors CO and CH3OH oxidation, while the activity
of CH4 oxidation is mostly related to reduction temperatures
and redox properties.
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