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Abstract

Phase evolution of CeO,/y-Al,O;3 system synthesized from single step solution combustion method is examined here. The nominal compositions
of ceria and alumina in (CeQ,),/(Al,03);_, are varied from x=0.0 to 0.66 to yield end compositions, y-Al,O3 to stoichiometric CeAlO; phase.
For the composition x =0, the phase formed is y-Al,O3, and for x=0.2, CeAlOj; is formed over y-Al,O;3. As the cerium content increased beyond
x=0.2, CeO,/CeAlOs/y-Al, 05 oxides are formed. Heating CeAlOs/v-Al, O3 in air above 700 °C resulted in transformation to CeO,/y-Al,O3 and
the subsequent reduction in H, gave back CeAlO3/y-Al,O5. TEM studies showed CeAlO; crystallites growth on y-Al, O3 and the oxidized sample
showed CeQ, formation over CeAlOs, which in turn interfaced with y-Al,O; phase. XPS analysis of CeAlO3/v-Al, O3 phase showed the presence
of Ce in +3 and +4 state indicating surface oxidized CeAlO; phase. Epitaxial relation for growth of CeAlO; over y-Al,O; and CeO, over CeAlO;
is demonstrated in the study, where adhesion of CeO, over y-Al,Oj3 is via CeAlO; phase at the interface.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Ce0;,-Al>,03 system is of special interest in catalysis
because of its technological importance in auto exhaust cataly-
sis. Ceria is an active component of auto exhaust catalyst which
is known to improve catalyst performance and also have follow-
ing beneficial effects: (a) CeO, improves dispersion of noble
metal [1-3]; (b) itimproves thermal stability of y-Al, O3 towards
thermal sintering [2,4]; (c) enhances oxygen storage capacity
(OSC) of the catalyst [2,5,6]; (d) enhances water—gas shift reac-
tion [1,7] and (e) helps in decomposition of nitrogen oxides [8].
For ceria to serve as an oxygen storage component, it is essen-
tial that the reversible reaction between Ce** and Ce* takes
place easily [2,9]. Haneda et al. [10] have reported the prepa-
ration of three kinds of cerium oxides, CeQO,, CeO,_,/Al,O3
and CeAlO3/Al,03 and they have showed a decrease in OSC
value in the order finely-divided CeO,_,>CeAlO3 > small-
sized CeO;>large CeO; crystallites. Shyu et al. [11] and
Normand et al. [12] have reported that when ceria is dispersed
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on y-Al, O3 alarge fraction of the cerium ions appear to be in the
+3 state without any reducing atmosphere, such as H. Though
equilibrium solubility of CeO; in Al,O3 is limited, formation
of CeAlO3 phase is possible on the surface. Reduction of ceria
on alumina in H; involves at least two reactions, namely, for-
mation of non-stoichiometric cerium oxides [9,13] and cerium
aluminate (CeAlO3), depending on ceria loading [13,14].
Ways to improve the three-way catalysts performance could
be devised if a better understanding could be gained on the
interaction of ceria with alumina and the way it influence the
properties of noble metal dispersion. Here we report the struc-
tural evolution of phases with ceria loading over y-Al, O3 during
the combustion synthesis and their thermal stability and surface
modification on oxidizing and reducing atmospheres.

2. Experimental
2.1. Synthesis

All the samples studied here are prepared by solution com-
bustion method. The method involves exothermic redox reaction
between oxidizers, generally metal nitrates and an organic fuel to
yield the final product. The stoichiometry of metal nitrates to fuel
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is calculated assuming the complete combustion to yield corre-
sponding metal oxide and CO», N3, H>O as by-products [15,16].
For example, chemical reaction for the formation of CeO, and
Al,O3 using corresponding metal nitrates and oxalyldihydrazide
(ODH) can be written as follows.

2Ce(NO3); + 3C2HgN4O; + 10, (from air)
— 2Ce0; + 6CO; + 9Nz + 9H,0 (D
Similarly,
2AI(NO3)3 +3C2HgN4Os — AL O3 + 6CO; + 9N, + 9H,0
2)

Typical synthesis for the phases studied here are as follows.

2.1.1. y-ALO3

v-Al,O3 has been prepared by the combustion of a
redox mixture containing AI(NO3)3-9H,O and oxalyldihy-
drazide CoHgN4O, (ODH). In a typical preparation, 10 g of
AI(NO3)3-9H,0 and 3.8 g (80% of stoichiometric amount) of
ODH were dissolved in 15cm? of water in a borosilicate dish
of 130 cm? capacity. The resulting solution obtained was intro-
duced into a muffle furnace preheated to 500 °C. The solution
boiled with frothing and ignited into a flaming combustion to
yield a voluminous product.

2.1.2. (CeO2)/(y-Al203)1—«

The compounds (CeO»),/(y-Al,03)1—, (x=0.05, 0.10, 0.15,
0.20, 0.25, 0.30, 0.40 and 0.66), were synthesized by the
combustion of required mole ratios of Ce(NOs3)3-6H;0,
AI(NO3)3-9H,0 and stoichiometric amount of fuel, ODH. For
the preparation of the compound with composition, say x=0.2,
a mixture of AI(NO3)3-9H,0O, Ce(NO3)3-6H,O and ODH in
the mole ratio of 1.6:0.2:2.7 was taken in a borosilicate dish
of 130 cm? capacity. The reactants were dissolved in 15cm? of
water and introduced into a preheated muffle furnace at 500 °C.
The solution boiled with frothing and ignited to burn with a
flame yielding a voluminous solid product within 5 min. When
(Ce02),/(y-Al,O3)(1—y) (x=0.2) was taken, CeAlO3 phase was
formed as will be shown later.

The experiments are carried out in air. The organic fuels used
in solution combustion method, viz., oxalydihydrazide (ODH),
has nitrogen and carboxylic groups which forms complexes
with cations and anions in solution. The complexes decom-
pose exothermically with evolution of CO;, N, and H,O. For
the stoichiometric reactions this has been confirmed by mass
spectrometry, and hence Eqs. (1) and (2) are correct. Evolu-
tion of N from the N-containing ligand is the main reason for
higher release of heat. Instant decomposition of metal nitrates
give NO; instead of N». Therefore, solution combustion method
is different from NO3 decomposition [16].

The X-ray diffraction (XRD) patterns of the phases studied
here were recorded on a Siemens D5005 diffractometer using Cu
Ka radiation. Transmission electron microscopic (TEM) stud-
ies of powders were carried out using a JEOL JEM-200CX
transmission electron microscope operated at 200kV. X-ray
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Fig. 1. Powder X-ray diffraction pattern of y-Al,O3.

photoelectron spectra (XPS) of the samples were recorded on
an ESCA-3 Mark II spectrometer (VG Scientific Ltd., England)
using Al Ko radiation (1486.6 eV). Binding energies were cal-
culated with respect to C(1s) at 285eV and measured with a
precision of £0.2 eV. BET surface area of the samples was deter-
mined using Quantachrome NOVA 1000 surface area analyzer
by nitrogen adsorption—desorption method at liquid nitrogen
temperature.

3. Results and discussion

3.1. Structural studies

Fig. 1 shows XRD pattern of y-Al,O3 synthesized by the
combustion method. The pattern can be indexed to cubic phase
with a=7.912(4) A. The pattern agrees well with that of -
Al>O3 reported by Zhou and Snyder [17]. It should be noted
here that combustion of AI(NO3)3 and urea yields a-Al,O3 [18].
However, with the fuel ODH used here yielded y-Al,O3 and a
small amount «-Al, O3 with stoichiometric AI(NO3)3 and ODH.
When stoichiometric redox mixture is used maximum heat is
generated. With slightly lower amount of fuel (80%), heat gen-
erated is low yielding only y-AlpO3. This is how pure vy-Al,O3
is obtained. However, for pure CeO,/Al,O3 composition, exact
stoichiometry of nitrate and fuel is used in this study. The sta-
bilization of meta-stable y-Al,O3 during this process could be
attributed to the relatively lower temperature reached during the
combustion of AI(NO3)3 and ODH redox mixture.

The XRD patterns of combustion synthesized (CeO,),/('y-
AlpO3)1—x varying x from 0.05 to 0.66 are presented in
Fig. 2(a—h). For x=0, 0.05 and 0.1, y-Al, O3 diffraction lines are
prominent. Further increase in CeO, mole percentage leads to
the stabilization of CeAlO3 phase. For x=0.15 sample, diffrac-
tion lines due to CeAlO3; and y-Al,O3 are seen. Diffraction
pattern for x=0.2 (Fig. 2(d)) show lines mainly due to CeAlO3
and the pattern is indexed to cubic CeAlO3 phase. y-Al,O3 is
another phase that is present as can be seen from (4 4 0) diffrac-
tion line. With increasing x from 0.2 to 0.4, diffraction lines
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Fig. 2. X-ray diffraction patterns of (CeO7),(Al203)1—_x; where x is (a) 0.05, (b)
0.10, (c) 0.15, (d) 0.20, (e) 0.25, (f) 0.30, (g) 0.40 and (h) 0.66.

corresponding to CeO; appear along with those of CeAlOs. For
x=0.66 (Fig. 2(h)), CeO, lines are prominent.

CeAlO3 has been reported to crystallize in different struc-
tures depending on the synthetic conditions followed. Mizuno
et al. [19] have reported the CeAlO3 phase close to ideal cubic
perovskite structure with lattice parameter a = 3.760 A. Shishido
et al. [20] have reported the CeAlOs3 structure of tetragonal sym-
metry with a=3.7669(9) A and ¢ =3.7967(7) A, while Kim [21]
reported it to be crystallizing in rhombohedral symmetry with
a=5.327 A and @ =60.15°. In a recent study, Fu and Ijdo [22]
showed structural phase transition of CeAlO3. The crystal struc-
ture changes from tetragonal to orthorhombic to rhombohedral
to cubic phases when heated from 300 to 1423 K. The distortion
from cubic to rhombohedral symmetry as well as to tetragonal
symmetry is very small. The diffraction lines of the compounds
reported here are broad and the lines can be indexed to a pseudo
cubic perovskite with a ~3.772(5) A. Thus, at x=0.2, pseudo
cubic CeAlO3 phase is formed and the excess alumina present is
in the y-Al» O3 phase. Flame temperature in the combustion syn-
thesis is ~1000 °C. The product formed is quenched to 500 °C
in a few seconds. Therefore, formation of pseudo cubic CeAlO3
phase is expected.

3.2. Thermal stability of CeAlO3/y-Al;O3

To study the stability of CeAlO3 in y-Al,O3 matrix the
sample containing CeAlO3 (x=0.2) was calcined in air at dif-
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Fig. 3. Powder XRD pattern of the products formed from decomposition of
CeAlO3/y-Al, O3 with temperature: (a) 500 °C, (b) 600 °C, (c) 650 °C and (d)
700 °C. Asterisk (*) denotes 100% diffraction line of y-Al,O3.
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Fig. 4. Powder X-ray diffraction patterns of CeAlO3/y-Al,O3 under different
conditions: (a) as-synthesized, (b) heated in air at 700 °C for 8 h and (c) after
reduction in Hj at 750 °C for 8 h. Asterisk (*) denotes 100% diffraction line of
v-Al,O3.
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ferent temperatures from 300 to 800 °C. At each temperature
the dwelling time was 8 h. The XRD pattern of the products
formed are shown in Fig. 3(a—d). CeAlO3 phase formed (for
x=0.2 sample) was stable up to 500 °C and on heating to higher
temperature, CeO; phase started appearing. Sintering at 600 °C
resulted in the oxidation and decomposition of CeAlO3 giving
CeO, and y-Al;O3. Broad diffraction lines corresponding to
CeO, along with diffraction lines of CeAlO3 and y-Al,O3 are
seen in Fig. 3(b). The Intensities of the diffraction lines due to
CeO; increased with increase in calcination temperature. Cal-
cination at 700 °C resulted in the decomposition of CeAlO3 to
CeO» and y-Al>O3. Since intensity of lines due to y-Al,O3 are
low compared to CeO, due to large difference in the atomic
scattering factors of Al and Ce, only the y-Al,O3 (440) line
is identified. The diffraction lines corresponding to CeO; are
broad and the average crystallite sizes calculated from Scherrer
method are in the range of 5—7 nm. The product obtained after
calcinations at 700 °C in air was reduced in H, at 750 °C for
8h. CeAlO3 phase (not shown here) is formed indicating the
conversion of CeAlO3 to CeO, is reversible.

Fig. 4 shows XRD patterns of (a) as-synthesized, (b) oxidized
and (c) reduced CeAlOs3/y-Al,O3. As-synthesized material
shows the CeAlOsz phase formation. Calcination at 700°C
resulted in the oxidation of CeAlO3 to CeQ,. Reduction of
CeO;/y-Al; 03 in Hj at 750 °C restores the CeAlO3 phase com-
pletely.

3.3. TEM studies

To confirm the X-ray data and to study the morphology
of the particles, TEM study was undertaken. Fig. 5(a and b)
shows TEM bright field images and corresponding electron
diffraction patterns of as synthesized CeAlO3/y-Al,O3. The
dark regions in the micrograph, shown in Fig. 5(a) correspond
to the CeAlOs3 crystallites. Electron diffraction pattern obtained
from the CeAlO3 crystallites (Fig. 5(b)) clearly demonstrates
cubic CeAlOs phase along with ring patterns of y-Al,O3. CeO,
phase is not identified either in the ring pattern or in the diffrac-
tion spots. Distinct square diffraction patterns observed here are
due to the CeAlOs3 phase.

Fig. 5. TEM images of (a) as-synthesized CeAlO3/y-Al,03, (b) ED pattern of CeAlO3, (c) CeAlO3/y-Al,O3 (oxidized at 700 °C) and (d) ED pattern of oxidized

CeA103/y—Alz 03 .
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Fig. 5(c and d) shows TEM micrographs and electron diffrac-
tion pattern of CeO,/y-Al,O3 which was obtained by heating
CeAlOs3/y-Al,O3 at 700 °C in air. The micrographs show small
clusters of CeO; particles segregated on y-Al,O3 surface as
bi-dimensional ceria patches. Morphology confirms the growth
of CeO, over CeAlO3. The TEM images show small and thin
cerium oxide particles, indicating that the small CeO; crystal-
lites are formed out of CeAlO3 phase. Diffraction pattern shows
ring patterns corresponding to the d spacing of CeO, (~1.91,
1.63, 1.57 and 1.35 A) along with less intense diffused rings cor-
responding to y-Al,O3 phase. Either rings or clean diffraction
spots due to CeAlO3 is not seen in the oxidized material.

3.4. XPS studies

A detailed XPS study of these oxide phases were carried out.
We show in Fig. 6, Ce(3d) region of pure CeO; (curve (a)),
as-prepared CeAlO3/y-Al; O3 (curve (b)) and CeAlO3/y-Al, O3
oxidized ex situ in air, curve (c). The same sample was reduced in
H; and Ce(3d) region of the reduced sample is shown in Fig. 6(d).
Ce**(3d) spectrum in CeO is characteristic of strong satellites
at 889.1, 898.8 and 908.2, 917.2¢eV. All the CeAlO3/vy-AlL,O3
phases, whether in oxidized or reduced form shows distinct spec-
tral features compared to CeO;. Both the shape and intensity of
satellites of Ce(3d) spectrum in these samples are indicative of
Ce in +3 and +4 state. Therefore, a detailed analysis of Ce(3d)
region was carried out for as-prepared CeAlO3/y-Al,O3 and for
pure CeO,. In Fig. 7(a), we show Ce(3d) deconvoluted spectrum
of Ce in CeO,. The satellites and the main peaks are clearly iden-
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Fig. 6. X-ray photoelectron spectra of Ce(3d) core level region in (a) as synthe-
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Fig. 7. Deconvoluted XP spectrum of Ce(3d) in (a) CeO, (deconvoluted peaks
v, v, V") for Ce(3dss») and (uu’, u”, u”’) for Ce(3ds/2)) and (b) CeAlO3/y-
AlO3. Full line for CeO; and dash—dot for CeAlOs.

tified in the CeO; spectra and it agrees with those reported in
the literature [23,24]. Ce(3d) region of as-prepared CeAlO3/y-
Al 03 has been fitted to both Ce3* and Ce** and XPS in Fig. 7(b)
corresponds to Ce;O3 and CeO; [11]. In the analysis, the total
intensity of the Ce** satellite at ~917 eV was taken as the refer-
ence and the rest of the peaks due to Ce** were generated which
corresponded to pure CeOy spectra as shown in Fig. 7(a). As
can be seen from the Fig. 7(b), the difference can be taken care
of by fitting the difference spectra to Ce3*(3d) state [25]. Rel-
ative intensities of the main peak and the satellites due to Ce3*
in the spectra agree well with the XPS of Ce,O3 [25]. Thus, the
Ce(3d) region of CeAlO3/y-Al, O3 contains both Ce* and Ce**
features. The relative intensity value of Ce>* to Ce** obtained
from the integrated area is ~0.46. Ce3* states in the XPS of
as synthesized catalysts are then due to Ce>* in CeAlOs since
Ce,03 phase is not detected in the XRD. Therefore, the sur-
face of the CeAlOs/y-Al>,O3 contains CeO», this is not detected
in XRD studies. A similar analysis of H, reduced sample gave
much less intensity due to Ce** as can be seen from Fig. 6(d).
Thus, XPS analysis of the as-synthesized Ce AlO3/y-Al,O3 con-
tains Ce in +3 state corresponding to CeAlO3 phase and Ce**
state corresponding to CeO on the surface.

Binding energy of Al(2p) is observed at 74.1 eV, which cor-
responds to Al in +3 state as in Al,O3. O(1s) region was also
looked into and the peak was broad centered at ~531¢eV. The
O(1s) region in pure CeO; is narrow and the peak position is at
~530.5 eV. The shift of the binding energy by ~0.5eV can be
attributed to contribution from alumina in the CeAlO3/y-Al,O3
system.
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3.5. Surface area analysis

BET surface area of as-synthesized and heat-treated samples
has been measured to understand the segregation of the phase as
CeO, or CeAlO;. The surface areas varied from 50 to 60 m?/ g,
regardless of whether the phase is CeO, or CeAlO3 and there
was no significant change in surface area was observed after
repeated reduction and oxidation cycles at 700 °C.

3.6. Formation of CeO3/CeAlO3/y-Al,03

When stoichiometric amount of Ce either in +3 or in +4 state
(as precursors) and AI(NO3)3 in 1:1 ratio reacted with required
amount fuel, the products formed are CeO; and y-Al,O3 and
not CeAlO3. However, when a nitrate mixture containing Ce: Al
in the atomic ratio of 2:16, CeAlO3 and vy-Al,O3 phases are
formed. The reaction can be written as follows:

2Ce(NO3)3 + 16 AI(NO3)3 4+ 27Co,HgN4O7
— 2CeAlO3 + 7y-Al, O3 4+ 54C0O; + 81H,O 4+ 81N> (3)

With increase of x taken for the preparation of In(CeO»),/(y-
AlpO3)1—x CeAlO3 phase is formed. Maximum amount of
CeAlQOs is found for the Ce:Al ratio of 2:16.

XRD and TEM study indeed confirm the formation of
CeAlOs phase along with v-Al,O3. XPS study of the as-
prepared sample containing maximum amount of CeAlOs3
showed Ce in +3 as well as +4 state. From all the experimental
proofs gathered in this study, we attribute Ce** presence to the
surface oxidation of CeAlO3 to CeO; phase. This is confirmed
by the presence of mostly Ce>* state in the hydrogen reduced
sample.

3.7. Ce02/CeAlO3/y-Al 03 solid—solid interfaces

v-Al,O3 crystallizes in defect spinel structure with cubic a
parameter of 7.911(2) A. Rietvield analysis has indicated site
occupancy of Al ions in y-Al,O3 crystallizing in Fd3m space
group [17]. Accordingly, instead of 32 oxide ions and 24 cations
in the normal spinel unit cell, y-Al,O3 showed 32 oxide ions,
16 Al ions in the octahedral positions and about 5.5 Al ions
in the tetrahedral sites indicating Al ion vacancy in the tetra-
hedral sites [17]. The a/2 of y-Al,O3 (3.95 A) is close to the
lattice parameter a (3.772 A) of CeAlOs3. Therefore, it is pos-
sible to consider the growth of CeAlOs over y-Al,O3. This is
shown in Fig. 8(a). Lattice mismatch between a/2 of vy-Al,O3
(1/2a) and a of CeAlO3 is less than 5%. Indeed, epitaxial growth
of YBayCu307 (a=3.83A, b=3.89 A and c=11.65(A) in the
c-direction is achieved on sapphire with 1102 with cubic a
parameter of 3.64 A [26]. Lattice mismatch between CeAlO3
and y-Al,O3 is even smaller than between sapphire (1102)
surface and a or b of YBayCu3O7. Therefore, growth of cubic
CeAlOs over cubic y-Al,O3 as shown in Fig. 8(a) is feasi-
ble.

CeAlOs3 crystallizes in pseudo cubic pervoskite structure with
lattice parameter a =3.772(5) A. This structure can be viewed
as layers containing (CeO)-(AlO;)-(CeO)—-(AlO;). Lattice
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Fig. 8. Schematic representation of epitaxial growth of (a) CeAlO3 over <y-
Al>,O3 and (b) CeAlOs over CeO;.

parameter of CeO,, a=5.41 A and v2ap(CeAlO3) ~ a(CeO»).
Conversely, a/+/2 of CeO, is close to the lattice parameter of
CeAlOs3. Therefore, it is possible to construct Ce AlO3 over CeO,
or CeO, over CeAlO3 as given in Fig. 8(b).
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On heating, CeAlO3 decomposes into y-Al, O3z and CeO;. On
reduction y-Al,O3 and CeO; react in this nano volume giving
back CeAlOs.

The reaction can be written as follows:

2CeAlO3 + 10, — 2Ce0; + AL O3 )
2Ce0; + Al,O3 + Hy — 2CeAlO3 + H,0 5)

Therefore, formation of CeAlOs phase on y-Al,O3, forma-
tion of CeO, and y-Al,O3 on heating and CeAlO3 formation
upon reduction in Hy atmosphere are facilitated by the structural
relation between CeO;—CeAlO3—y-Al>O3. It is striking to find
CeAlOs growth over y-Al,O3 for x=0.2 composition. Almost
all the Ce taken is converted to CeAlO3 phase. For CeAlO3
growth Ce:Al atomic ratio required is 2:16. Purely by experi-
mental studies, 30 wt.% CeO; in y-Al,O3 is arrived for a best
CeO,/y-Al,O3 catalyst followed by noble metal impregnation
[27]. 30 wt.% CeO; in y-Al,O3 corresponds to 20 mol% CeO»
and 80 mol% y-Al, O3 that is, (Al203)0.80(Ce02)p.20. This com-
position indeed gave CeAlO3/y-Al,O3 phase in our studies (Eq.
(3)). We belive that Ce AlO3 growth on y-Al>O3 is a constrained
growth due to lattice matching and such a good growth takes
place for 2:16 composition.

4. Conclusions

The multicomponent system CeO,/CeAlO3/y-Al,03 is a
presently employed catalyst support for three-way auto exhaust
catalysis which is synthesized by a single step solution com-
bustion synthesis. For the composition Ce:Al in 2:16, which
corresponds to 20 mol% CeQO; in y-Al,O3, the phase observed
is CeAlOj3 over y-Al,O3. More than 20 mol% CeO; composi-
tion resulted in segregation of CeO, phase. CeAlO3 transforms
to CeO, and v-Al,O3 on heating in air above 700 °C which
converts back to CeAlO3 on H; reduction. Reversible formation
of CeAlO3 < CeO; + vy-Al,O3 on oxidation—reduction retains
the effective surface area. XPS studies showed the presence of
Ce* in CeAlO3/v-Al, O3, formed due to the surface oxidation
of CeAlOs3. The CeO; crystallites formed over y-Al,O3 are of
the size 20-30 nm, whereas CeAlOj3 crystallites dispersed in y-
AlyO3 are of 80—100 nm. Adhesion of CeO; to y-Al,O3 is due
to epitaxial growth of CeAlO3 over y-Al,O3 and CeO; over
CeAlOs3.
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