Bulgarian Chemical Communications, Volume 47, Special issue C (pp. 19-24) 2015

Redox properties of ceria-alumina oxides
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A series of xCeO,-Al,0; samples of different CeO, loading (x = 1-12 wt.%) were prepared by impregnation of
y-alumina with aqueous solution of (NH4)3[Ce(NO3)¢]. The effect of CeO, content on the structure, textural and redox
properties of xCeO,-Al,0O; samples was studied by using N, adsorption-desorption isotherms, XRD, and TPR. It was
shown that the increase of CeO, content leads to a decrease in surface area and pore volume of mixed oxides caused by
filling the pores with cerium oxide particles. XRD measurements detected an increase of CeO, average particle size on
increasing ceria content. The redox properties of xCeO,-Al,O3 oxides were modified by a consecutive reduction and
oxidation treatment, which was more evident for 6- and 12-wt.% CeO, samples. An enhanced reducibility upon reduc-
tion-oxidation treatment of xCeO,-Al,O3 oxides was revealed by formation of a phase of high oxygen mobility reduced

at a lower temperature.
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INTRODUCTION

Cerium(IV) oxide and CeO,-containing materials
have a great importance as catalysts and as struc-
tural and electronic promoters in catalysts for differ-
ent heterogeneous catalytic reactions. The CeO,-
Al,O; system is of special interest in catalysis
because of its technological importance in auto
exhaust catalysis [1, 2], in reforming processes of
ethanol and methane to hydrogen production [3, 4],
or in water-gas shift reaction and selective CO oxi-
dation in the presence of a large excess of hydrogen
(PROX) [5]. In spite of the great importance of ceria
as an active catalyst component, a more detailed
mechanistic understanding on how cerium affects
catalytic processes is still a matter of considerable
debate, although some key findings are well estab-
lished.

Several works have been devoted to studies of
the physical and chemical features of ceria deposited
on Al,O3, with the aim of improving ceria properties
through a better knowledge of the nature of interac-
tion between CeO, and Al,O;. Some authors believe
that the structural and morphological modifications
operated by ceria on Al,O3 play a minor role in
relation to chemical effects as modification of acid-
base properties, which is much more important for
determineing the properties of the system. Other
authors proposed that the stabilization effect of ceria
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in terms of modification of the structural and tex-
tural features of alumina is a major factor [1, 6].
Usually, these discrepancies may originate from dif-
ferent experimental conditions that are employed in
the studies, such as temperature range investigated,
durability of thermal treatment and pretreatment as
well as use of some additional promoters.

One of the most important beneficial effects of
ceria is the ability to oxidize deposited carbon
species over catalytic metal centres and to increase
catalyst stability due to its high oxygen storage ca-
pacity (OSC) caused by the redox couple Ce*" «—
Ce* under oxidation and reduction conditions [7,
8]. Nanostructured mixed metal oxides supported on
alumina have been prepared by impregnation of
v-Al,O; with cerium/zirconium citrate solutions,
which exhibit a high OSC [8]. It was shown [10]
that the following types of cerium oxides as CeO,,
Ce0,_,/Al,O4, and CeAlOs/Al,O5 exhibit a decrease
of OSC value in the order: finely-divided CeO, , >
CeAlO; > small-sized CeO, > large CeO, crystal-
lites.

To improve catalyst performance, further know-
ledge of the interaction between ceria and alumina
in mixed CeO,-Al,O; oxides is essential, because
they are potential carriers for supported Ni catalysts
for ethanol or methane reforming to hydrogen. In
the present work, it was attempted to investigate the
effect of CeO, content on the structure and reductive
properties of mixed xCeO,-Al,O3 oxides by using
different techniques: N, adsorption-desorption iso-
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therms, X-ray diffraction (XRD) and temperature
programmed reduction (TPR). Studies related to
subjecting mixed CeO,-Al,O3 oxides to consecutive
reducing and oxidizing conditions at different reoxi-
dation temperatures were performed.

EXPERIMENTAL
Sample preparation

Ce0,-Al,05 supports were obtained by impreg-
nation of y-Al,O; (Topsee) with an aqueous solution
of (NH4)3[Ce(NO3)g], a 99.99% product of Degussa,
with an appropriate concentration of CeO,. The sol-
ution with alumina was stirred at 50°C for 4 h and
after that the water was evaporated by a Rotavapor.
The obtained samples were dried in air at 100°C for
12 h and calcined at 600°C for 4 h. Nominal CeO,
content was in the range of 1-12 wt.%. The samples
were denoted as xCe-Al, where x is the theoretical
amount of CeQO,. For comparative purposes, ceria
was obtained by calcination of (NH4)s[Ce(NOs)g] in
air at 650°C for 2 h.

Methsods

N, adsorption-desorption isotherms of calcined
samples were recorded at 77 K on a Micromeritics
TriStar 3000 apparatus. Beforehand the samples
were outgassed at 150°C for 24 h under vacuum
(10 mbar) to obtain a relatively clean surface.
Specific surface area (Sger), pore volume (V,), and
average pore diameter (D) of xCeO,-Al,O; samples
were evaluated from the N, adsorption-desorption
isotherms. Surface area were calculated according to
the BET method using nitrogen adsorption data
taken in the relative equilibrium pressure interval of
0.03 < P/P,<0.3.

XRD analysis was performed in 260 range
between 10 and 90° by a computerized Seifert 3000
diffractometer, using Ni-filtered CuKa, (A = 0.15406
nm) radiation and a PW 2200 Bragg-Brentano 6/26
goniometer equipped with a bent graphite mono-
chromator and an automatic slit. A step size of 0.02
and a step scan of 2 s were used to identify samples
structure. Phase identification was carried out by
comparison with JCPDF database cards. CeO, aver-
age crystallite size was estimated by Debye-Scherrer
equation using the X-ray diffraction pattern at 26 =
28.8°.

TPR experiments were conducted on a Microme-
ritics TPD/TPR 2900 equipment provided with a
TCD and interfaced to a data station. Samples of
0.100 g were reduced in a flowing gas containing 10
vol.% H, in Ar up to a final temperature of 1000°C
at a total flow rate of 50 ml.min" and heating rate of
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15 deg.min™'. The samples were subjected to redox
treatment at 500°C (R-Osq) and 700°C (R-Oqqq),
which involved H,-TPR to 1000°C followed by
cooling to 500°C/700°C under argon and in situ
oxidation by an oxygen flow (70 ml.min™) at
500°C/700°C for 2 h. After each oxidation run, the
reactor was cooled to r.t. in Ar flow and the samples
were subjected to TPR (from r.t. to 1000°C).

RESULTS AND DISCUSSION
Textural properties and structure

N, adsorption-desorption isotherms of calcined
xCe0,-Al,0; samples of different CeO, content
shown in figure 1 have hysteresis loops that belong
to H1 type according to IUPAC, typical for meso-
porous materials [11]. Textural characteristics of the
samples are given in Table 1.
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Fig. 1. N, adsorption-desorption isotherms of y-Al,Os,
bulk CeO,, and mixed xCeO,-Al,O; oxides of different
CeO, content.

Introduction of small amount of CeO, (1 wt.%)
to alumina led to a slight decrease of the Sget. How-
ever, increasing the CeO, content to 12 wt.% causes
a significant decrease in Sger and V. Lower surface
area and pore volume values of xCeO,-Al,O; oxides
compared to those of alumina can be related to a
blockage of alumina pores by cerium oxide species
[12] due to easy-going agglomeration of CeO, over
alumina. In addition, ceria agglomeration may de-
velop some porosity, which contributes to measured
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textural properties [13]. The mean pore diameter of
xCe0,-Al,0O; samples is higher than that of alumina
(Table 1). This is probably caused by the presence
of particles with larger pores and possible blockage
of small diameter pores by cerium oxide species.

Table 1. Textural properties and particle size (Dxgrp) of
Ce0,-Al,0; oxides

SgeT \Y/ Pore diameter Dxgrp

Samples @zl (emigh)  (m) (nm)
Al,O4 248 0.92 14.6 -
1Ce-Al 228 0.91 15.7 -

3Ce-Al 217 0.87 15.7 5.3

6Ce-Al 213 0.86 15.7 7.2

12Ce-Al 198 0.79 15.4 9.2

XRD patterns of Al,O; and calcined xCeO,-
Al,O; oxides of different CeO, content are shown in
figure 2. For comparison, XRD data on bulk CeO, is
also included. The XRD patterns indicate that all
Ce0,-containing samples demonstrate peaks at 20 =
28.8, 32.6, 47.4, 56.1, and 76.5° characteristic of a
Ce0, phase with fluorite structure (JCPDS 34-
0394). These peaks become more intense on in-
creasing the ceria content in xCeO,-Al,O3; samples.
Ce0, average crystallite size (Dxrp) increases from
5.3 nmto 9.2 nm for 1- and 12-wt.% CeO, samples,
respectively (Table 1). Reflections at 26 = 33.4,
37.6, 40.5, 45.8, and 67.1° (JCPDS 10-425) are
assigned to y-Al,O;. The intensity of the main line
of alumina support (26 = 67.1°) decreases upon in-
creasing cerium oxide loading, which is most visible
with 12 wt.% CeO,. This could be explained by
existence of some interaction between cerium and
aluminium or increased coverage of CeO, crystal-
lites on alumina. Ferreira et al. [14] observed a
small amount of cerium oxide species at low CeO,
content (x < 3 wt.%), which interacts with the alu-
mina support surface to form non-stoichiometric
CeO,.,.

TPR and redox properties

TPR profiles of bulk CeO, and calcined xCeO,-
Al,O; samples, and effects of subsequent oxidation
and reduction cycles are compared in figure 3. The
TPR shape of bulk CeO, is very similar to that
reported in the literature and it can be interpreted as
a stepwise reduction process. Bulk CeO, manifests
two well-known peaks [15]: a small peak at about
508°C and a large peak at 749°C. The low-tempera-
ture peak is due to reduction of most easily reduc-
ible surface capping oxygen of CeO,, while removal

of bulk oxygen is registered by the high-temperature
TPR pattern. A good correlation between surface
area and H, consumption of the first peaks has been
found [16]. Variations between surface area and H,
consumption are linear indicating that at first ceria
reduction occurs on the surface and then progress-
ively affects the bulk. Thus, the initial progress of
reduction is highly sensitive to the surface area and
bulk reduction, favoured by high oxygen mobility in
the CeO, lattice, is beginning when all surface sites
are fully reduced. The low-temperature peak is due
to reduction of readily reduced surface capping oxy-
gen of CeO, followed by generation of vacancies
and surface Ce® ions, which can easily be oxidized
to Ce™ under oxidation conditions [17]. At the sec-
ond step, the reduction process is associated with
creation of oxygen vacancies in the bulk of CeO..
Therefore, the high temperature peak at 749°C can
be attributed to complete reduction of Ce** to Ce**
by removing O? anions of the ceria lattice and for-
mation of Ce,O;. Due to low surface area of the
bulk CeO, sample (18 m*.g™") prepared by decom-
position of (NH,)3[Ce(NO3)¢], the low-temperature
signal is very weak, and the majority of hydrogen
consumption originates from the reduction of large
ceria crystallites (Fig. 3).
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Fig. 2. XRD of bulk CeO, and mixed xCeQO,-Al,0;
oxides of different CeO, content.
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Fig. 3. TPR of bulk CeO, and mixed xCeO,-Al,O3 oxides subjected to R-Osyy and R-O+qo.

As was previously discussed [18], surface and
bulk reduction cannot easily be distinguished by the
conventional TPR technique, since both processes
occur almost simultaneously during the TPR experi-
ment. As can be seen in Fig. 3, reductive behaviour
of alumina-supported CeO, of different concentra-
tion is modified depending on the extent and nature
of interaction between ceria and alumina. The TPR
profiles of mixed xCeO,-Al,0; oxides show new
characteristics: (i) TPR peak shape depends on crys-
tallite size of deposited CeO,; (ii) significant shifts
of peak temperatures are apparent; (iii) apparent H,
consumption continues even after the main peaks
characteristic of bulk ceria; (iv) low temperature
features, assigned to surface oxygen reduction, fall
in a wide temperature range, and (v) effectiveness of
Ce*" reduction increases upon increasing CeO, load-
ing at all reduction temperatures, as revealed by an
increase of peak intensity.

Regardless of CeO, loading, the TPR profiles of
calcined xCeO,-Al,03 samples can be divided into
three temperature regions: region | (200-500°C),
region Il (500-800°C), and region Il (> 800°C)
(Fig. 3). Region | peaks are generally associated
with reduction of small ceria crystallites and/or sur-
face cerium oxide species weakly interacting with
support, whereas region 1l is ascribed to reduction
of large/bulk CeO, crystallites or cerium oxide
species or cerium atoms that interact strongly with
alumina [19]. A high-temperature peak at 882-
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890°C observed with all samples may be caused by
formation of surface CeAlO; species associated with
Ce*" reduction to Ce*". It has been shown [20, 21]
that, depending on ceria loading, ceria reduction on
alumina under hydrogen involves at least two
reactions: formation of non-stoichiometric cerium
oxides and cerium aluminate (CeAlQOs). It should be
noted that an increase in CeAlO; peak intensity is
accompanied by a decrease in high-temperature
peak intensity due to bulk ceria reduction (Fig. 3).

TPR profiles of fresh CeO, samples of > 3-wt.%
content show features in the low-temperature region
(< 500°C) due to well dispersed very small ceria
particles on alumina surface (Fig. 3). However,
there is still reduction of large CeO, crystallites of
different size in the profile of 12-wt.% CeO, sample
as revealed by peaks at 542 and 640°C. Shifting of
reduction peaks to low temperatures is in agreement
with a suggestion that a high concentration of ions
of redox character (i.e. Ce* ions) favours an elec-
tron transfer as Ce*"— Ce*. Prevailing peaks in the
TPR profile of a sample of the lowest CeO, content
(1 wt.%) in the medium temperature range may be
mainly caused by reduction of cerium oxide species
that interacts strongly with alumina due to high ceria
dispersion. The lowest intensity of the CeAlO; peak
at 882°C is due to the smallest number of cerium
oxide species in 1Ce0,-Al,0s.

After R-Osq9 and R-Oyqg treatment of bulk CeO,
the small peak caused by surface shell reduction of
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CeO, disappeared, while the peak due to bulk
reduction of ceria was shifted to higher temperatures
(from 749°C for fresh samples to 766 and 785°C for
R-Osq0 and R-O7q, respectively).

The TPR profiles of all xCeO,-Al,0; samples of
different CeO, content subjected to R-Osq Show a
marked enhancement of low-temperature reducibil-
ity relative to that of fresh samples (Fig. 3). Im-
proved low-temperature reducibility was observed
for a mixed oxide of 6 wt.% expressed by a small
peak at a lower temperature of 324°C, probably due
to formation of a small fraction of non-stoichio-
metric cerium oxides species. Regardless of CeO,
loading, some agglomeration of cerium oxide
species was observed after R-Osqg treatment, as re-
vealed by the peaks in the 537-590°C range. On the
other hand, one cannot exclude a partial segregation
of species of low oxidation state, such as Ce*, on
the ceria surface owing to the higher ionic radius of
Ce* (1.1 A) compared to that of Ce*" (0.97 A) [22].
Thus, segregation may lead to complete disappear-
ance of the peak characteristic of CeAlO; in the
TPR profiles of all samples. It is well known [21]
that well dispersed CeO, entities can be precursors
for surface CeAlO; formation under reduction,
while they are readily transferred to CeO, after oxi-
dation.

However, some distinct features characterize the
TPR profile of the sample of the highest CeO,
loading (12 wt.%). Besides the presence of small
well-dispersed ceria particles, a broad high intensity
peak in the high temperature region between 600
and 900°C was observed attributed to reduction of
large CeO, crystallites. This indicates that reoxida-
tion at 500°C affects ceria crystallites size in the
12Ce0,-Al,0O3 sample, although there is still a frac-
tion of highly reducible ceria in low-loaded samples
(Fig. 3).

Subjecting the R-Oso9 samples to R-Oq leads to
a shift of the TPR peaks to higher temperatures (Fig.
3), which could mean that the average oxidation
state in non-stoichiometric ceria approaches +4. The
low-temperature peak maxima are almost identical
for all oxides, while the higher temperature peaks
are shifted to lower values due to bulk ceria reduc-
tion detected for high-loaded ceria samples (6 and
12 wt.%) caused by a higher oxygen mobility.

CONCLUSIONS

TPR analysis showed that hydrogen uptake for
mixed CeO,-Al,0O; samples is dependent on reoxi-
dation temperature and CeO, content. It can be as-
sumed that the amount of initially present cerium in
a lower oxidation state formed during sample pre-

paration is higher for samples of lower CeO, load-
ing, where the stability of non-stoichiometric ceria
is higher. This is in agreement with a lower average
size of CeO, crystallites of fluorite type structure.
Partially reduced cerium oxide entities can be pre-
cursors for surface CeAlO; formation under reduc-
tion conditions, the amount being increased upon
increasing the CeO, content. However, increasing
the reoxidation temperature led to disappearance of
the surface CeAlO; due to agglomeration of the
cerium oxide species. A higher oxygen mobility was
observed for samples of high CeO, content (6 and
12 wt.%) due to agglomeration of ceria particles.
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OKMCJIMTEJIHO-PEAYKIIMOHHU CBOMCTBA HA CeO,-Al,0; OKCUJIN

P. Hanqual, b. HaBeneuz, E. FeHLO3, X JLT. q)nepoz, C. I[aMSIHOBal*

1
Hucmumym no kamanus, bvieapcka axkademus na nayxume, 1113 Cogus, Boreapus
2

Hnemumym no kamanuz u Hegpmoxumusi, Kanmoonanxo, 28049 Maopuo, Hcnanus
3
Kamonuyecku ynusepcumem na Jlvogen, B-1348 Jlvosen-na-Hvos, beneus

Tlocrprmna Ha 15 oktomBpu 2015 r.; Ilpepaborena Ha 4 HoemBpu 2015 .
(Pestome)

IMonyuenu ca xCeO,-Al,O3 okcuau ¢ pasnuuHo chabpxanue Ha CeO, (x = 1-12 Tern.%) upe3 UMNperHupaHe Ha
v-Al,O3 ¢ Bomen pastBop Ha (NH,)3[Ce(NO3)s]. EbexrbT Ha chabpkanuero Ha CeO, BBPXY CTPYKTYpa, TEKCTypa U
OKHCIIUTETHO-PEAYKIIMOHHN cBoicTBa Ha xCeO,-Al,O3 00pasmu ¢ momoInTa Ha aacopOIUOHHO-1ECOPOIIMOHHY H30TEP-
MH Ha a30T, peHTreHoBa audpakimonHa crnekrpockonus (PJIC) u temmeparypHo-nporpamupana peaykius (TIIP).
IMokasaHo e, ue cpefHusT pasmep Ha dactuimrte Ha CeO, Ha moBbpxHOCTTAa Ha y-Al,O3 HapacTBa ¢ yBenMuaBaHe Ha
KOHIIeHTpaImsATa My. OKucIuTeTHO-peayKnoHHUTe cBOicTBa Ha XCeO,-Al,03 ca Moaudunnpanu 4pes nocaeaoBaTes-
Ha 00paboTKa B PEAYKLUHOHHN U OKUCIHUTEIHH YCJIOBHS, KOETO € MO-sApKo 3abenexumo 3a oopasum ¢ 6 u 12 terin.%
CeO,. [oBHiIeHaTa peIyUPYEMOCT Ha 00pa3LuTe MPU OKHCIUTEIHO-PEAYKIIMOHHOTO UM TPETHPAHEe ce IPOsBsIBa Upe3
obpasyBaHeTo Ha (ha3a, penylLupalia ce Ipu Mo-HUCKa TeMIIepaTypa, KOeTO Ce ABJDKH Ha I0-BHCOKaTa MOOHIIHOCT Ha
KUCIIOpOJa.
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