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a  b  s  t  r  a  c  t

Two  alumina-supported  Ce/Pr  mixed  oxides,  with  different  alumina  promoters,  La  and  Si, have  been
investigated  in  this  paper.  A gradual  decrease  of  the Oxygen  Storage  Capacity  (OSC)  was  observed  after
reducing  the  samples  at progressively  higher  temperatures.  However,  depending  on  the  nature  of the
alumina  promoter,  the  temperature  at  which  the  loss  of OSC  started  to  be evident  changed,  being  higher
in the  La-doped  sample.  A structural  characterization  study  by  X-ray  diffraction  (XRD)  of  the  samples
eywords:
e/Pr mixed oxide
lumina-supported catalysts
SC
hermal aging

submitted  to  different  reduction  and  reoxidation  treatments  in  a range  of  temperatures  was  performed.
From  this  study  a  correlation  between  the  nature  of the  observed  phases,  the  alumina  promoter,  and
the  deactivation  behaviour  could  be stated.  FTIR  study  is  of  particular  interest  because  the  observed
correlation  between  the  reduction  degree  and  the  position  and  intensity  of the  FTIR  band  is  altered  when
deactivation  phenomena  appear.
edox behaviour, FTIR spectroscopy

. Introduction

Ceria-based materials as well as related metal-supported sys-
ems, including alumina-supported ceria-based mixed oxides, are
idely used in catalytic applications [1–4], such as in three way

atalysts, methane and other hydrocarbons combustion, syngas
eneration from hydrocarbons, or generation of new fuels such as
ydrogen or biodiesel.

It is well known that the ability for an efficient oxygen exchange
ith the surrounding environment plays a key role in the catalytic

pplications of this kind of materials [5–9]. Ce/Pr mixed oxides have
hown to improve the oxygen exchange properties with respect to
ure ceria [9–12].

The loss of this property in ceria-based materials is a major cause
f deactivation. In alumina supported mixed oxides, redox deacti-
ation can be attributed to the incorporation of reduced trivalent
ations in the structure of alumina [13,14]. This effect causes the
ormation of an aluminate with perovskite-like structure, being
hus stabilized the reduced trivalent cations and their oxidation
o the tetravalent oxidation state is avoided. A loss in their abil-

ty to exchange oxygen, and the subsequent redox deactivation is
nherent to this process.

∗ Corresponding author. Tel.: +34 956016345; fax: +34 956016337.
E-mail address: josemaria.pintado@uca.es (J.M. Pintado).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

Two  different alumina-supported mixed oxide systems, where
the nature of the dopant included to stabilize the alumina was
changed (Si or La) have been investigated, and their redox and
structural properties compared. The existence of Ce3+ in reduced
samples can be revealed by an electronic transition characteristic
of this cation, which can be observed in the infrared region, and thus
followed by FTIR spectroscopy. This electronic transition has been
reported by Lavalley et al. in [15], and has been used later in studies
on the reduction processes undergone by ceria-based mixed oxides
[16].

In this work, deactivation in alumina-supported lanthanide
mixed oxides has been studied by DRX and OSC measurements
combined with the study by FTIR of the evolution of the elec-
tronic transition absorption band attributed to Ce3+. The correlation
between the results obtained by the different techniques men-
tioned above allows us using FTIR spectroscopy as a tool for
monitoring redox deactivation effects undergone by alumina-
supported ceria-based mixed oxides.

From this work, it has been shown that the different nature of
the dopant plays a key role in the redox deactivation phenomena.

2. Experimental
In this paper, two alumina-supported Ce/Pr mixed oxide sys-
tems have been investigated. The silica- and lanthana-modified
aluminas used as support were kindly provided by Grace. Sil-
ica and lanthana loadings were 3.5 wt% and 4 wt%, respectively.

dx.doi.org/10.1016/j.cattod.2011.09.039
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:josemaria.pintado@uca.es
dx.doi.org/10.1016/j.cattod.2011.09.039
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Fig. 1. TPR-MS profiles of the alumina supported Ce/Pr mixed oxydes: (A) P20C/Al O3–La O ; (B) P20C/Al O –SiO . Traces (a) correspond to the first TPR, and traces (b) to a
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econd successive TPR. Solid lines represent water evolution, m/c:18, and dotted lin

 Ce/Pr mixed oxide, with a molar ratio Ce:Pr 80:20, was
eposited over each alumina by incipient wetness impregnation
ith an aqueous solution of the corresponding nitrates. The mixed

xide loading was set to 25 wt% on the alumina. The final com-
ositions of the samples were: 25% Ce0.8Pr0.2O2−x/Al2O3–SiO2
nd 25% Ce0.8Pr0.2O2−x/Al2O3–La2O3, and will be referred to
s P20C/Al2O3–Si and P20C/Al2O3–La, respectively. Finally, the
mpregnated samples were dried, calcined in air at 500 ◦C, and
tored, being their BET surface area 157 and 142 m2/g for the silica-
nd lanthana-loaded samples, respectively.

Temperature programmed reduction (TPR) studies were per-
ormed on an experimental setup coupled to a Pfeiffer quadrupole

ass spectrometer (MS). The device was equipped with mass
ow controllers and electronic control of the oven temperature.
he TPR-MS runs were performed under the following conditions:
mount of sample: 200 mg,  H2(5%)/Ar flow rate: 60 cm3/min, heat-
ng ramp: 10 ◦C/min. Prior running the experiments, the samples

ere submitted to a pretreatment consisting on oxidation under
0 mL/min of O2(5%)/He at 500 ◦C for 1 h, and cooling to room tem-
erature.

Oxygen storage capacity (OSC) was measured by oxygen con-
umption at 200 ◦C in a Micromeritics ASAP-2020 volumetric
dsorption device. Prior to the OSC measurements, the samples
ere reduced for 1 h under H2(5%)/Ar flowing at 60 mL/min, at a

elected temperature, ranging from 500 to 900 ◦C. After the reduc-
ion, the samples were evacuated to remove adsorbed H2, for 1 h
t the same reduction temperature. After reduction at 900 ◦C, still
ore than 80% of the surface area was retained by the samples,

eing BET surface area 127 m2/g for P20C/Al2O3-Si, and 117 m2/g
or P20C/Al2O3-La.

X-ray powder diffraction (XRD) studies were carried out on
 Bruker instrument, model D8 Advance (radius 250 mm).  The
iffractograms were recorded using Cu-K� radiation (1.5406 Å) and
 scan range from 13◦ up to 145◦.
For the IR studies samples were pressed into a self supported

isk (ca. 10 mg  cm−2). All the reduction and evacuation processes
ere performed in situ in a quartz cell. Spectra were recorded at
2 3 2 3 2

rrespond to hydrogen consumption, m/c:2.

room temperature in the transmission mode on a Bruker, Vertex
70, instrument.

3. Results and discussion

3.1. Redox characterization

The reduction behaviour of the alumina-supported Ce/Pr oxides
was  first investigated by means of the TPR technique. Fig. 1
shows TPR-MS diagrams corresponding to P20C/Al2O3–La2O3 (a)
and P20C/Al2O3–SiO2 (b) systems after the cleaning pretreat-
ment described in Section 2 (a-traces). Water evolution and H2
consumption are plotted on the figure. During the TPR exper-
iment, both reduction of the supported mixed oxide (observed
as H2 consumption accompanied by water evolution), and alu-
mina dehydroxylation occur along a wide temperature range. After
the corresponding TPR experiments, the samples were kept 1 h at
900 ◦C under flowing H2/Ar, then evacuated at the same tempera-
ture for an additional hour, and cooled down to room temperature.
Finally, they were reoxidized at 500 ◦C under a flow of O2(5%)/He.
Then, a second TPR was run (traces labelled as b in Fig. 1). A dramatic
effect on the reduction process was  observed in this second run,
both H2 consumption and water evolution were strongly affected,
indicating that little reduction has occurred during this second TPR
experiment. Also worth of noting is the difference between the two
samples investigated. While almost no reduction is observed for the
lanthana-modified system, the silica-containing sample still shows
significant reduction, although it is less important than in the first
run.

Oxygen storage capacity was evaluated at temperatures above
500 ◦C (Fig. 2), as according to the TPR traces, the reduction degrees
of the samples should be significantly high. As expected, OSC
increases with the temperature when the samples are reduced up

to 800 ◦C. At 900 ◦C, the oxygen consumption of the reduced sam-
ple decreases strongly, in good agreement with that observed for
the TPR experiments in Fig. 1. In the case of P20C/Al2O3–La2O3,
the measured OSC after reduction at 900 ◦C is negligible, while for
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avoid fast and uncontrolled reoxidation of the reduced samples by
sudden contact with air during their transport to the X-ray diffrac-
tometer.
ig. 2. Oxygen storage capacity of the Si (open circles) and La-doped samples (solid
ircles).

20C/Al2O3–SiO2, although there is a strong decrease, the sample
till retains some OSC.

TPR experiments in Fig. 1, and OSC measurements in Fig. 2, show
omplementary aspects of the reduction process in these samples.

hile the TPR technique shows how the reduction is progressing,
n OSC measurement accounts for the oxygen that a pre-reduced
ample is able to uptake to completely reoxidize. The first runs for
he TPR experiments showed that reduction of the samples pro-
eeded, but the low OSC values measured after reducing at 900 ◦C
ndicate that the reoxidation process is somehow blocked.

.2. Structural characterization

Structural changes undergone by the samples during the reduc-
ion treatments were followed by X-ray diffraction. XRD diagrams
f as prepared samples (Fig. 3) were very similar, being dominated
y the mixed oxide fluorite-like phase peaks, with average crystal
izes around 8–9 nm.  Although less intense, peaks corresponding
o the alumina support could also be observed.
The samples were reduced at 700 ◦C, 800 ◦C or 900 ◦C. After
eduction, a careful protocol was followed, consisting on cool-
ng down the samples at −90 ◦C under flowing He, switching to

ig. 3. X-ray diffraction patterns corresponding to: (a) P20C/Al2O3–La2O3; and (b)
20C/Al2O3–SiO2. Peaks corresponding to fluorite structure are identified by the
olid circles.
Fig. 4. X-ray diffraction patterns corresponding to P20C/Al2O3–La2O3 reduced at
700 ◦C (a), 800 ◦C (b) and 900 ◦C (c), and passivated prior atmospheric exposure as
described in the text.

O2(5%)/He at the same temperature, and slowly warming up to
room temperature. This passivation protocol was employed to
Fig. 5. X-ray diffraction patterns corresponding to P20C/Al2O3–SiO2 reduced at
700 ◦C (a), 800 ◦C (b) and 900 ◦C (c), and passivated prior atmospheric exposure as
described in the text. Hollow squares identify peaks corresponding to the perovskite
structure, circles point to bastnesite structure peaks.
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and their structural properties studied by XRD. Results are summa-
rized in Figs. 8 and 9.

In the case of La-doped sample reduced at 900 ◦C (Fig. 8) X-
ray diffractograms after passivation, after reoxidation at 200 ◦C
Fig. 6. In situ FTIR spectra of P20C/Al2O3–La2O3 (a) and

Fig. 4 shows the corresponding diffractograms for La-doped
ample. As it can be seen from the figure, after reducing at 700 ◦C
here are no structural changes that could be detected by XRD.

hen the sample is reduced at 800 ◦C, peaks corresponding to a
ew phase appear, added to those of the fluorite and alumina struc-
ures. This new peaks evidence the formation of bigger crystals
about 30 nm)  of a lanthanide aluminate (LnAlO3, Ln = La3+, Pr3+,
e3+), with a perovskite-type structure. Finally, after reduction at
00 ◦C, no evidence of fluorite phase can be found in the diagram,
eing the diffractogram dominated by the perovskite-type phase.
he structural evolution of this sample can be easily related to its
edox behaviour. In Fig. 2, the dramatic decrease of OSC that occurs
fter reducing at 900 ◦C, can be related to the formation of the lan-
hanide aluminate phase. This phase is known to be quite stable,
eing thus responsible of the deactivation detected in this sample.
rom the XRD study it can also be noted that the formation of the
luminate is already important after reduction at 800 ◦C.

A different behaviour can be found in the case of the Si-doped
ample (Fig. 5). In this case, no evidence of the perovskite phase
an be found after reduction at 800 ◦C. This structural difference
etween Si- and La-doped samples after reduction at this tempera-
ure, could explain the different OSC values shown by the samples.
he diffractogram of the sample reduced at 800 ◦C is almost identi-
al to that of the sample reduced at 700 ◦C (and to that of the fresh
ample in Fig. 3), consisting only of fluorite and alumina structures.

hen comparing with the La-doped sample, it can be seen that
he Si-doped system exhibits a higher resistance to deactivation by
ormation of the lanthanide aluminate. This structural study, thus,
how that the lanthanide cations remain in the fluorite structure of
i-doped alumina supported P20C, under harder conditions than in
he case of P20C/Al2O3–La2O3.

After reduction at 900 ◦C, Si-doped sample show evidences of
he formation of the lanthanide aluminate, together with a new
hase, that could be identified as a bastnesite-type structure, i.e., a

anthanide hydroxycarbonate. Average crystal sizes were 25 nm for
he aluminate, and about 19 nm for the bastnesite-like crystallites.
his latter phase can be formed by reaction with water and CO2 of

 heavily reduced lanthanide oxide, probably a sesquioxide with
exagonal structure (CePrOx, x ∼ 1.5). This reaction could occur
fter exposing to the atmosphere the reduced sample, although
t can be possible that small traces of water and/or CO2 in the He
r O2/He feedstream, passing through the sample for an extended
eriod of time, could also be responsible of this reaction.

.3. FTIR spectroscopy study of redox deactivation phenomena
The deactivation phenomena described in the previous section
as further investigated by infra-red spectroscopy. The study was

ocused on the evolution undergone by a band centred at about
120 cm−1. In the literature, this absorption band is attributed to
/Al2O3–SiO2 (b) reduced at the indicated temperatures.

the 2F5/2 → 2F7/2 electronic transition of Ce3+ [15]. In this way, this
band can be used, in principle, as a way  of monitoring Ce3+ content
in the reduced samples.

Fig. 6 shows the evolution of the above mentioned band with the
different reduction treatments applied to the La-modified (Fig. 6a)
and Si-modified (Fig. 6b) samples. A clear correlation can be seen
between the position of the IR band and the reduction tempera-
ture, that is to say, the reduction degree reached after the reduction
process. As the reduction temperature increases, up to 800 ◦C, the
position of the Ce3+ band is shifted towards higher wavenumbers.
Another interesting correlation has been found between the area
under the electronic transition band and the amount of oxygen in
the OSC measurements (Fig. 7). However, at higher temperatures,
the band area decreases, thus indicating that this area is linked to
the amount of reoxidizable Ce3+ in the sample, that is, those Ce3+

cations which are not included in the perovskite-like structure. At
these very high temperatures, the position of the band is further
shifted towards higher wavenumbers, being this in good agreement
with the higher reduction degree of the reoxidizable phase, i.e., the
remaining ceria-based mixed oxide component.

3.4. Reoxidation studies of heavily reduced samples

Samples reduced at 900 ◦C were reoxidized at 200 ◦C and 500 ◦C,
Fig. 7. Correlation between FTIR area for electronic transition band in Ce3+ and
OSC results for P20C/Al2O3–La2O3 (solid circles) and P20C/Al2O3–SiO2 (gray circles)
reduced at the indicated temperatures.
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ig. 8. X-ray diffraction patterns corresponding to P20C/Al2O3–La2O3 reduced at
00 ◦C and after passivation (a), reoxidation at 200 ◦C (b) and reoxidation at 500 ◦C
c).

nd after reoxidation at 500 ◦C, are almost identical. The dia-

rams consist on intense and narrow peaks corresponding to the
erovskite-like phase, with broader and much less intense alumina
eaks. No evidence of recovery of the fluorite structure could be

ig. 9. X-ray diffraction patterns corresponding to P20C/Al2O3–SiO2 reduced at
00 ◦C and after passivation (a), reoxidation at 200 ◦C (b) and reoxidation at 500 ◦C
c).  Hollow squares identify peaks corresponding to the perovskite structure, circles
oint to bastnesite structure peaks.
ay 180 (2012) 184– 189

detected after any of the reoxidation treatments, indicating then
that Ce3+ and Pr3+ cations are well stabilized in the perovskite
structure.

The behaviour against oxidation of the heavily reduced Si-
doped sample is significantly different. Fig. 9 shows the XRD
data corresponding to passivation, oxidation at 200 ◦C and oxi-
dation at 500 ◦C, of P20C/Al2O3–SiO2 reduced at 900 ◦C. As can
be seen in the figure, in contrast to the behaviour shown by the
La-doped sample, further phase transformations can occur when
increasing the re-oxidation temperature. These phase changes
are related to the decomposition of the bastnesite phase, prob-
ably obtained by atmospheric aging of the hexagonal lanthanide
sesquioxide resulting from the reduction treatment. According to
the decomposition scheme proposed in [17], a lanthanide hydrox-
ycarbonate obtained by aging the corresponding sesquioxide, with
hexagonal structure, under atmospheric H2O and CO2, can be
decomposed to the sesquioxide when heated at a temperature
ranging from 450 ◦C and 630 ◦C. The decomposition, however,
can start at lower temperature, passing through different inter-
mediate phases, such as dioxymonocarbonate, or oxohydroxide
phases.

Reoxidation at 200 ◦C of the reduced Si-doped sample (Fig. 9(b))
starts to decompose the hydroxycarbonate phase, as deduced from
the broadening of the bastnesite peaks in the diffractogram. In that
sense, the disappearance of the bastnesite peaks is coupled with the
appearance of new peaks, shifted at higher 2� values, so that when
the sample is reoxidized at 500 ◦C, the bastnesite has completely
disappeared, and peaks corresponding to the dioxymonocarbonate
phase can be identified.

4. Conclusions

The different structural changes occurring during the reduc-
tion of two different ceria-based mixed oxides supported on
modified aluminas has been investigated. Depending on the alu-
mina modifier tested, lanthanum or silicon, both the temperature
ranges where some phases start to be stable, and the nature
of the identified phases, change. In this sense, when lanthanum
is used to stabilize the alumina, the unwanted perovskite-like
phase, LnAlO3, appears at lower temperature than for Si-doped
sample. This phase, which is very stable, is responsible of the
redox deactivation of the supported mixed oxide, blocking its
redox properties by fixing the reducible Ce and Pr ions in the
+3 oxidation state. When silicon is used as alumina modifier, the
perovskite phase appears at higher temperatures, providing thus
a wider temperature interval for the redox activity of the sam-
ple.

The area under the Ce3+electronic transition band is propor-
tional to the amount of Ce3+ that can be reoxidized during the
OSC experiments, that is, with the amount of Ce3+ non-blocked
in the perovskite-type structure. On the other hand, the posi-
tion of the band is related to the reduction degree of the mixed
oxide, being shifted towards higher wavenumbers as its reduction
degree increases. The disagreement between these parameters,
i.e., the area of the IR band and the shift of the maximum,
gives us information about the redox deactivation phenomena
related to the blockade of Ce3+ cations into a perovskite-like struc-
ture.

In this context, FTIR spectroscopy is revealed as a very useful
way  to detect this kind of redox deactivation phenomena on these

alumina-supported mixed oxide samples.

The results presented in this paper are also indicative of the
strong effect that the modification of a single, minor component, in
such complex systems as the ones studied here, can have a strong
effect on their global behaviour.
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