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In the framework of a research project aimed at developing alternative materials for application in three-way
catalysis, this work reports on the preparation and characterization of a ceria—terbia mixed oxide supported
on a lanthana-modified transition alumina. This complex multicomponent oxide system has been charac-
terized by combining x-ray diffraction (XRD), high-resolution electron microscopy (HREM), temperature-
programmed desorption mass spectrometry (TPD-MS), Fourier transform infrared spectroscopy (FTIR) and
x-ray photoelectron spectroscopy (XPS). Following a dry impregnation procedure, the lanthana-containing
phase was deposited first, the ceria—terbia oxide being dispersed on the modified alumina in a subsequent
step. The structural and chemical characterization studies carried out on the LgD3/Al,O3 binary system
provide no evidence of a crystalline lanthana-containing phase. Neither lanthanum oxide nor the phases
resulting from its aging in air could be identified. Likewise, no lanthana—alumina mixed oxide phases could
be deduced from analysis of the HREM micrographs, selected-area electron diffraction (SAED) or XRD
patterns. As deduced from the HO and CO, TPD studies, the chemisorptive properties of the LaO3/Al,03
are significantly different from those of the alumina and the bulk lanthana. We conclude, accordingly, that
the supported lanthana consists of a highly dispersed oxide in strong interaction with the alumina support.
By contrast, after deposition and further calcination of the cerium—terbium nitrate precursors, the presence
of fluorite microcrystals of average size 5 nm could be identified both by XRD and HREM.

The XPS studies carried out on the alumina support, LaO3/Al,O3; and CeTbO/La,03/Al,03, as well
as a series of reference systems consisting of aged-in-air lanthana, CeLa@nd CeTbO, mixed oxides,
have revealed the presence in the ternary system (CeTh@ a,03/Al,03) of at least two different types
of chemical environments for the lanthanum ions. With the help of the La 3d,> spectra recorded for the
different reference systems, we conclude that these two environments correspond to highly dispersed lanthana
strongly interacting with OH — and/or COs?~ groups, and to La** species incorporated in the Ce/Th mixed
oxide phase. Copyright® 1999 John Wiley & Sons, Ltd.
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INTRODUCTION fast oxygen pressure oscillations occurring in the exhaust
gases while running the vehiclés.

Among the new redox materials for TWC applica-
tions, Ce/Zr mixed oxides are by far the most exten-
Lanthanide oxides are finding very interesting applications sively investigated. Compared with pure ceria, the Ce/Zr
in environmental catalysi< In particular, ceria®~® and, oxides show better oxygen storage capacity (O5€),
more recently, ceria-based mixed oxitiesare key com- oxygen buffering capacity (OBE&) and enhanced low-
ponents of the three-way catalysts (TWCs) used nowadaystemperature reducibility. Likewise, they exhibit a much
for controlling the exhaust emissions from spark-ignited better chemic&t'* and texturdf'° response to the high-
motor vehicles. Among several other relevant functions, temperature ageing processes that the TWCs suffer under

these oxides play an essential role as buffers of thereal operation conditions. Although to a much lesser
extent, several other modified cerias, all of them with flu-

orite structure, have been investigated as TWC alternative
* Correspondence to: A. Galtayries, Laboratoire de Physico-Chimie materials. In particular, some data are presently available
des Surfaces, ENSP, 11 rue Pierre et Marie Curie, 75231 Paris Cedexon ceria-doped L&, Pr81° Y17 and Hf oxides.

05, France. Very recently, results on the redox properties of a

Cng_'z)t(r)%%ﬂgram sponsor: EU; Contract/grant number: ERB FMRX- oo o fterbia mixed oxide have also been repoftéd.
Contract/grant sponsor: Belgian Fund for Scientific Research. In accordance with these results, this oxide shows and
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outstanding behaviour. Thus, the OBC of the bare Ce/Tbh commercial (99.9% pure) sample from Fluka. Because
oxide at moderate temperatures & 773 K) is much of the high sensitivity of the lanthanum oxide to the
better than that exhibited by ceria, and even by a atmospheric HO and CQ, this lanthana sample, which
ceria-supported Rh catalyst with rather similar textural had been stored without any special precautions, actually
properties! Also worth noting is the very wide range of consisted of a partly carbonated hydroxi@eccordingly,
temperatures in which the mixed oxide shows good redox it will be referred to as aged-L&;.
activity, this being the case in spite of its low surface  The Ce/Tb and La/Ce mixed oxides, with 20% Tb and
area2® All these previous results prompted us to initiate La molar content, were prepared from appropriate mix-
a research project aimed at investigating the behaviourtures of 1M solutions of the corresponding nitrates (99%
of this Ce/Tb mixed oxide dispersed on a conventional pure) from Fluka. An excess of concentrated ammonia
TWC support: a transition alumina. Prior to deposition (p.a. quality from Merck) was used to precipitate the
of the mixed oxide, the alumina surface was modified mixed oxide precursors. After washing and drying in air
by adding lanthana. As is already knoift the lanthana  at 383 K for 10 h, the precipitates were calcined in air
improves the textural stability of the transition aluminas. at 873 K for 2 h. The resulting Ce/Tb and La/Ce mixed
Likewise, it was expected that the surface modification of oxides will be labelled as T20C and L20C, respectively.
the alumina by lanthana would prevent stabilization of the ~ Structural characterization of the samples was per-
trivalent Ce (Tb) ions through the formation of a surface formed by x-ray diffraction (XRD) and high-resolution
mixed phase, LnAIQ (Ln = Ce, Tb), with inherent loss  electron microscopy (HREM). The XRD powder diffrac-
of redox efficiency in the supported mixed oxitfe. tion patterns were collected on a Phillips PW 1820 diffrac-
In this work, we shall report on the very first, critically tometer by using Cu & radiation and an Ni filter. A Jeol
important step of the project, i.e. the chemical and nanos-JEM-2000-EX electron microscope with a structural res-
tructural characterization of the starting alumina sample, olution of 0.21 nm was used to obtain the HREM images.
and the phases resulting from successive incorporation of Two additional techniques were applied in the chem-
the lanthana and the Ce/Tb mixed oxide to the alumina ical characterization studies, Temperature-programmed
support. For this purpose, structural (x-ray diffraction, desorption (TPD) and Fourier transform infrared spec-
high-resolution electron microscopy), surface analysis troscopy (FTIR). The analytical device used for the TPD
(XPS) and chemical (temperature-programmed desorptionmeasurements was a mass spectrometer (VG_Sensorlab
mass spectrometry and Fourier transform infrared spec-200D). The helium flow rate was always 60 ml mirand

troscopy) characterization techniques have been appliedhe heating rate was 10 K mih The FTIR spectra were
systematically. recorded on a Mattson instrument (Model 5020). The sam-

ples were previously pressed into pellets in a KBr matrix.
To prevent the appearance of the band corresponding to
adsorbed water on the KBr matrix, it was first calcined at
973 K and kept at 353 K before use.

The XPS measurements have been performed on an

Pure alumina, AlO;-supported lanthangla,0;/Al,0;) SSX-100 spectrometer equipped with a monochromatized
and a cerium/terbium mixed oxide supported on lanthana-Al K, x-ray source(hv = 14866 eV), with a 600pum
modified alumina(Ce,sTh,,0,/La,0;/Al,0;) have been  spot size. The x-ray source power is kept-dts0 W. The
investigated. oxide samples were pressed into a sample holder devoted
The alumina is a commercial sample, kindly provided to powder analyses. Because they are insulating materials,
by Kondea. Prior to its use as a support, the sample wassurface charging effects are very important. Electrostatic
calcined in air at 1023 K for 4 h. charging can be stabilized by mounting a nickel grid
The La0O;/Al,O; sample was prepared by impreg- ~1-2 mm above the samples and by flooding the sample
nating the alumina support with an aqueous solution of With a wide beam of low-energy electrons (flood-gun).
lanthanum nitrate (M, Fluka, 99.9% purity). The incip- ~ The data accumulation time lasts typically 120—150 min
ient wetness impregnation technique was followed. After and the energy resolution corresponds to a full width at

impregnation, the sample was dried in air at 1C¢Ofor half-maximum (FWHM) of 1.1 eV for the Au 4f, peak.
10 h and calcined at 1023 K in air for 4 h. The lanthana The collected data came from the La 3d, Ce 3d, Ce 4d, Tb

EXPERIMENTAL

loading was 20 wt.% (20 g L®; 100 g alumina). 4d, O Is and C Is core levels. Binding energies (BE) are
The ternary system GgTb, 0, /La,0;/Al,O; was pre- referred to the C Is BE of 284.6 eV (hydrocarbon from
pared by dry impregnation of 20% b@,/Al,0; with contamination) and given with an accuracy of 0.2 eV.

an aqueous solution containing a mixture of Ce and Th 10 analyse the individual contributions of the La 3d
nitrates (Aldrich, 99.99% purity). The Ce/Tb molar ratio COre levels, peak decomposition was carried out by using
was 80/20. The impregnated sample was dried further in Mixed Gaussian—Lorentzian peaks with a Shirley-type
air at 383 K for 10 h and calcined at 973 K for 4 h. background. _ .
The resulting oxide will be labelled as T20C. The load-  NO in situ chemical treatments were applied to the
ing of the cerium/terbium mixed oxide was 24 g of T20C Samples before recording the photoelectron spectra.
per 100 g of A}JOs. The resulting ternary system will be
referred to as T20C/LL,®;/Al,0;. The nominal loadings
indicated above were confirmed by chemical analysis. For RESULTS AND DISCUSSION
this purpose, the dissolved sample was analysed further by
inductively coupled plasma ICP. Structural characterization studies

Pure lanthana, ceria—terbia (Ce/Tb, 80:20) and
ceria—lanthana (Ce/La, 80 : 20) mixed oxides were studied Structural characterization of AD;, La,0;/Al,O; and
as reference samples. The lanthanum oxide was aT20C/LgO;/Al,O; has been carried out by x-ray

Surf. Interface Anal27, 941-949 (1999) Copyrightl 1999 John Wiley & Sons, Ltd.
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Figure 1. X-ray diffraction patterns corresponding to: (a) Al,O3;
(b) La,03/Al,03; (c) T20C/La,05/Al,03; (d) T20C (Ce/Tb mixed
oxide).

diffraction and HREM. As deduced from Rietveld analysis
of the XRD diagrams, the alumina support [Fig. 1(a)]
consists of a mixture of crystalling and» phases and a
third amorphous component. Thgn ratio was estimated
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the alumina. This proposal, which is consistent with the
TPD-MS, FTIR spectroscopy and XPS data to be dis-
cussed below, is also in agreement with some earlier
studies on the L#D;/Al,0; systemg® In this respect, it
is worth noting that the lanthana loading used here cor-
responds to a theoretical monolayer of lanthanum oxide
covering the whole surface of the alumina support.
Concerning the supported mixed oxide, T20GQg
Al,0;, XRD [Fig. 1(c)] shows the presence of new
diffraction peaks corresponding to a fluorite-like phase.
Comparison with the XRD diagram corresponding to the
bulk mixed oxide T20C [Fig. 1(d)] shows that the lattice
parameter of the fluorite phase in the supported oxide
(a, = 5.442 A) is slightly larger than that of the bulk
oxide of the same nominal chemical compositien €
5.404 A). This may indicate the presence of trivalent
cations in the lattice of the supported oxide, namely
Tb*" (cationic radius 118 pm), Ce (128.3 pm) or L&
(130 pm). These cations are bigger than the tetravalent
Ce™ (111 pm), thus compensating for contraction of the
ceria lattice due to the smaller Tbcation (102 pm). Also
worth noting is the broadness of the diffraction peaks. This
suggests that the supported mixed oxide consists of small
crystallites dispersed on the surface of the support. The
HREM images confirm this proposal. Figure 2(b) shows
some small, mixed oxide crystallites. As deduced from a
statistical analysis of the micrographs, the average size of
these T20C crystallites is’5 nm.

Chemical characterization studies

Because no direct information about the lanthanum-
containing phase could be obtained from the XRD and
HREM studies, we have performed some additional char-
acterization experiments, the major aim of which was an
investigation of its chemical behaviour. With this purpose,

the LgO;/Al,0; sample was studied by means of TPD-

MS and FTIR spectroscopy. The experiments were run on
the stabilized-in-air samples without any further pretreat-
ment. Parallel experiments were run on an aged-in-air pure
lanthana sample. In this way, the behaviour of both sup-

to be 46/54. The presence of the amorphous phase wagorted and bulk lanthana samples could be compared, and

also confirmed by the HREM images.
The incorporation of lanthana to the transition alu-

mina does not lead to the appearance of any additional

diffraction peak, neither attributable to 1@, the phases
resulting from their ageing in aff, nor to Lg0;—Al,O;
mixed phase% By contrast, as shown in Fig. 1(b),

conclusions about their chemical response to the atmo-
spheric HO and CQ could be drawn.

Figure 3 reports on the TPD-MS traces for,(H
(m/e: 18) and CQ (m/e: 44) corresponding to the
stabilized-in-air LaO; (a), AlL,O; (b), La03/Al,O; (C)
and T20C/LaO;/Al,O; (d). In accordance with several

a significant increase of the amorphous contribution to earlier studies; upon exposure to atmospherig® and
the XRD pattern could be observed. The HREM study CO,, at 298 K lanthana thoroughly transforms into a

[Fig. 2(a)] confirms this observation, the only crystalline

partly carbonated hydroxide, the final stabilized-in-air

phases that could be identified from both the selected arezoxide actually consisting of a nucleus of crystalline

electron diffraction (SAED) patterns and HREM images
being thed and n phases of the AD;. As an exam-

La(OH), surrounded by a few layers of a heavily
disordered hydroxycarbonate phase. The profiles recorded

ple, Fig. 2(a) shows lattice spacing at 0.46 nm, which for lanthana [Fig. 3(a)] fully agree with those reported in
has been interpreted as being due to (111) planes ofthe earlier studies commented on abdvéccordingly,

n-Al,0;. Also worth noting is that the HREM images

the following thermal decomposition scheme may be

do not show areas with enhanced transmission contrastssuggested:

Because lanthanum-containing phases should be expected

to disperse the electron beam much more effectively than

alumina, this observation suggests that the lanthanum- 12Ot
containing phase should actually consist of a highly dis- raomH)(c0,),
persed two-dimensional amorphous phase supported on

LaO(OI) La,04

ﬁ» ﬁ» L8.203
L8.202CO3

o 0L, Co,

Copyright 1999 JohnWiley & Sons,Ltd. Surf. InterfaceAnal. 27, 941-949 (1999)
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Figure 2. High-resolution electron microscopy images corresponding to La,03/Al,03 (a) and T20C/La,03/Al,0; (b).

As deduced from Fig. 3(c), the lanthana-modified alu- The FTIR spectra reported in Fig. 4 are also in agree-
mina sample behaves in a quite different way; the trace ment with this proposal. Thus thesy region of the
for H,O consists of a single peak, the maximum of which spectrum for aged-in-air bulk lanthana is dominated by
appears at far lower temperature than those corresponda strong narrow peak at 3605 chwhich is well known
ing to the dehydration of the bulk oxide. Likewise, €O to be characteristic of La(OKl¥°~28 This feature is com-
desorption takes place through a rather broad peak whosepletely lacking in the lanthana-containing supported sys-
maximum is also strongly shifted to lower temperatures tems. Significant differences may be noted also in the
with reference to that observed in this bulk lanthana. region corresponding to the asymmetric stretching modes
Therefore, we may conclude, as already outlined, that sup-of carbonates: 1300—1600 cin
ported lanthana behaves quite differently than the bulk The incorporation of the Ce/Tb mixed oxide to the
oxide, which is consistent with the suggested model, in previous system does not seem to modify strongly the
accordance with which the supported oxide would actually interaction of the sample with @ and CQ [Figs 3(d)
consist of a highly dispersed, raft-like phase. and 4(d)], the only significant difference being the slightly

Surf. Interface Anal27, 941-949 (1999) Copyrightl 1999 John Wiley & Sons, Ltd.
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Figure 3. Temperature-programmed desorption traces corre-
sponding to water (m/e: 18, left plot) and CO, (m/e: 44, right
plot) evolution from: (a) aged-La,0s; (b) Al,Os; (c) La,03/Al,03;
(d) TZOC/L3203/A|203

smalleramountof H,O andCQO, desorbedrom theternary
oxide system.

To summarizethe XRD, HREM, TPD andFTIR stud-
iesallow usto suggestmodelfor the T20C/Lg05/Al, 05
systemconsisting of three-dimensionatrystallites of a
fluorite-like ceria/terbiamixed oxide supportecon a two-
dimensionalanthanum-containinghasecoveringthe alu-
mina surface.As we shall discussbelow, this model
could be refined further with the help of XPS char-
acterizationstudiesperformedon Al,0s;, La,03/Al,0s,
T20C/Lg03/Al, 05, and a series of referencesystems
includingaged-lanthanandtwo cerium-containingnixed
oxides(Ce/Laand Ce/Tb)with fluorite structure.

X-ray photoelectron spectroscopycharacterization
studies

Very few XPS studiesof lanthanidesare availablein the

literature.Sarmaand Rad® appliedXPS to the investiga-
tion of a wide seriesof metaloxides,including numerous
elementsand somerare earths.Among the latter, some
oxidesrelevantto this work were studied:CeQ, ThO,,

La,0O; and Th,O;. The XPS data for CeQ, were also
reportedby Wauilloud et al.*® and Fujimori3! All these
spectraare very complex.Consequentlytheir interpreta-
tion hasrequiredextensivetheoreticalwork. An important

Copyright 1999 JohnWiley & Sons,Ltd.
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Figure 4. Fourier transform infrared spectra corresponding to:
(a) aged-La,0;; (b) Al,O3; (c) La,05/Al,0;3; (d) T20C/La,05/Al, 0.

part of this theoreticaleffort hasbeenfocusedon CeG..

In some other oxides, like lanthana,the 3d core-level
spectrumis muchsimpler$? To explainthe spectraboth
initial- and final-stateeffects must be consideredin the
ground state,the oxygen 2p valencebandis completely
filled andthe La 4f level is empty.More exactly,thereis

aweakhybridizationbetweerthe valencebandandthe 4f

statebut the enegy separatiomA (chage-transfeenegy)

betweerthe 4f level andthe valencebandis muchlarger
thanthe hybridizationstrengthV, so thatthis latter effect
is almostnegligible. In the final stateof the photoemis-
sion processa 3d core electronis removedand the 4f

level is pulled down becauseof the attractionof a core-
holepotentialU;.. BecauseA andUj, for La,O; areof the
sameorder of magnitude the enegy separatiorbetween
the 4f level andthe valencebandbecomewery smalland
a stronghybridizationoccursin the final state.This gives
rise to two photoemissionpeaksof comparableenepy.

With an Al K, source,it is possibleto study the La 3d

core level (highestcross-section)On going from La,O;

to Ce,0;, the intensity ratio of the two peakschangesas
the effect of the covalencyhybridizationis different (A

andV), but still two photoemissiorpeaksare visible.

A similar covalencyhybridization existsin the initial
stateof CeQ,.*® The Ce 4f level is locatednearthe top
of the O 2p valencebandso that the 4f° configurationis
strongly mixed with the chage-transfeistate4f'L, where
L denotesa hole in the O 2p valenceband.In the final
state of XPS, the 4f level is pulled down by the core
hole potential and the chage transfer occurs from the
O 2p to Ce 4f states.Therefore,three doubletsdue to

Surf. InterfaceAnal. 27, 941-949 (1999)



946 A. GALTAYRIESET AL

configurations3d4f°, 3d4f'L and3d4f*L? (3d being a 3d
core hole) are observed. In the photoemission of these
3d core levels, one has to take the multiplet splitting
effect into account, which is not strong enough to be
observed as separate peaks but it contributes to their
spectral broadening.

The XPS study has provided quantitative information
about the LgO; dispersion in the L#D;/Al,O; system
by integrating (Egn (1)) for the Al 2p core level for
aluminum in AbOs, A can be calculated by applying Seah
and Dench’s formalisf for inorganic compounds. The
results are given in Table 1.

Using these values, we can estimate anQsalayer
in La,O3/Al,0; of ~3.5 A, which is equivalent to a
monolayer. This value gives further support to the model
advanced on the basis of XRD, HREM and chemical data,
in accordance with which lanthana consists of a highly dis-
persed bidimensional phase covering the alumina surface.

Figure 5 shows O 1s core-level spectra for a series
of oxide samples relevant to this work. These spectra
were all recorded on the stabilized-in-air samples with-
out any further thermal pretreatment. The most interesting
comparison can be done with the apparent maximum of
the peak in each case: pure alumina [Fig. 5(a)] as well
as aged lanthana [Fig. 5(b)] present one broad peak at
high binding energy (531 &+ 0.2 eV). They both corre-
spond to highly hydroxylated, possibly hydrated or car-
bonated species, which is in good agreement with the
TPD-MS and FTIR data. Knowing these reference data
for the pure oxides, we analysed the,0g/Al,O; sam-
ple [Fig. 5(c)]. The O 1s core-level spectrum is dom-
inated by a broad peak at high BE (530.9 eV), as for
the pure oxides. The bulk Ce/Tb mixed oxide [Fig. 5(d)]
presents two apparent maxima, one at lower binding ener-
gies (~5290 eV) and the other on the high binding energy
side (-3 eV). In a very recent work, a monocrystalline
Ce(,(001) surface was reported to exhibit one single peak
at 530.4 eV assigned to the lattice oxygen in Geld
Ref. 36 the spectrum for G@; is reported, consisting of
a single peak at 530.7 eV. Accordingly, the low bind-
ing energy peak in the Ce/Tb oxide spectrum may be
assigned to oxygen species in the bulk oxide lattice, i.e.
O* in the Ce/Tb mixed oxide. We attribute the broad
peak at higher binding energy to hydroxyl and carbon-
ate groups chemisorbed on the oxide. In this respect it is

536 534 532 530 528 526
Binding energy (eV)

worth recalling that the oxide was not submitted to any Figure 5. Comparisons of the O 1s core-level peaks in different
cleaning routine before recording the spectrum. We have compounds: (a) Al,Osl; (b) aged-La,0s; (c) La,03/Al,O;; (4) T20C;

always observed these two features in the XPS analysed® T20C/La;

of powders of pure ceria or of Ceffrand Ce/La mixed

O3/A|203.

oxides. In the case of the T20Ca,0;/Al,O; supported mixed oxide crystallitespreviouslyidentifiedby XRD and
mixed oxide, [Fig. 5(¢)], in addition to the main feature HREM. However,the main peakstill correspondso that
at 531.1 eV, one can detect a pronounced shoulder in theat high BE observedn La,0;/Al,0;. Furtherdecomposi-
O 1s core level at low BE (528.8 eV) corresponding to tion of the peakson the high BE sideof all the O 1score
oxygen in the lattice of an oxide (as observed for T20C levelswould be extremelydebatableHence,it is difficult
in Fig. 5(d)). It may be linked to the oxygen in the Ce/Tb to quantify the numberof differentoxygenenvironments
in aluminaor lanthanaNeverthelesghe significantshoul-

derin the spectraof T20C/La,0;/Al 05, which is absent

Table 1. Mean free pathsia 2p and Apa aq in La,O3/Al,0; and Al,O; samplesmay reasonablybe
?a|CU|i's_lted with Seah and Dench’s associatedavith the oxygenin the mixed oxide lattice.
ormalism

The Al 2p core level [Figs 6(a)-(c)] showsan unre-

+A) 2sing (A) solveddoubletat 73.6eV in the threeAl-containingsam-

ples(pureAl,Os;, La,03/Al,0; andT20C/La,05/Al,03).

f‘; ?32!//?;22%3 ;gg 1‘31'2 This is lower thanthe BE of Al** in alumina(amorphous
' ' 37
La 3d/Lay(CO3); - 8 H,0 185 106 or gammajproposedy Dufresneetal.*” at74.8eV. How-

Surf. InterfaceAnal. 27, 941-949 (1999)

ever,it is possibleto find a very large rangeof BEs from
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Figure 6. Comparisons of the Al 2p core-level peaks in
different oxide compounds: (a) Al,03; (b) La,05/Al,03;
(C) T20C/L6203/A|203.

73.7 to 74.8 eV*® for the Al 2p core level in alumina.
The similarity of the three Al 2p core-levelpeaksin all
the studiedsamplesmay be interpretedasan indicationof
the absencef true mixed oxide phasesnvolving the alu-
minaandeitherlanthanaor, muchlesslikely, ceriaand/or
terbia. This suggestioris alsosupportedby the XRD and
HREM studies,in accordancevith which no evidenceof
lanthanumaluminatecanbe seen.

The La 3d;, peak(Fig. 7) in aged-LaO; is locatedat
835.1eV, with a satellitepeakof slightly lower intensity
thanthe main peakbutat3.5eV higherBE. The spectrum
is similar to that for La,O;/Al,O; (satellite at 3.2 eV).
Shelefet al.*® have reportedvery similar findings on a
lanthanathin film. They interpretthe recordedspectrum
as being due to a lanthanumcarbonate.In their case,
however,the satelliteintensity was higherthanthe core-
level peak.In this work, the attribution to a lanthanum
carbonateis also consistentwith the binding enegy for
the broadO 1s peak.

TheLa 3ds/, spectruntor Ceyglay,0; ¢ Showsremark-
able differencesawith respecto thoserecordedfor La,O;
and La,03/Al,0;. We find the La 3ds;,, core level at
833.4eV (satelliteat 4.3 eV). This valueis closeto the
833.2eV reportedfor pure cleanlanthanumoxide; i.e.

Copyright 1999 JohnWiley & Sons,Ltd.
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Figure 7. Comparisons of the La 3ds, core-level peaks in
different oxide compounds: (a) aged-La,03; (b) La,03/Al,03;
(c) L20C (Ce/La mixed oxide); (d) T20C/ La,03/Al,0;.

the oxide free from hydroxyl or carbonatespeciesAlso,
the similarity of thebinding enegiesrecordedor La 3d,,
in a fluorite-like oxide lattice (asin Ceyglay,0;9 mixed
oxide) andin a hexagonalattice of pure La,O; is worth
noting.By contrastthe shift (—1.7 eV) betweerthe BE of
La in the Ce/Lamixed oxide relative to the aged-LaO;
indicatesa significantchangein chemicalenvironments
for the La®*" ions. In this respect,it may be recalled
that aged-LaO; actually consistsof partially carbonated
hydroxide.In T20C/La,0;3/Al 03, themainLa 3ds, peak
is located at 834.4 eV (satellite at 3.4 eV), which is
intermediatebetweenthe binding enegies attributed to
lanthanumcarbonate(835.1 eV) and lanthanum oxide
(833.4eV), respectively.The intensity ratio of the main
peakto the satelliteis ~1. However, the shapeof the
peakis broadenedowardsthe low BE side. By using
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the previous BE as references for peak decomposition,of the T20C/LaO;/Al,O; shows the distribution of L4
we obtained the fit shown in Fig. 7(d). The spectrum between these two types of chemical environments: one of
is fitted by two peaks at 835.1 eV and 833.4 eV, each them is similar to that observed in the aged-in-ais@a
being accompanied by a satellite. Accordingly, we may and LgO;/Al,O; samples, being consistent with a heav-
suggest the existence of two kinds of chemical environ- jly hydrated and carbonated phase; the second one may
ment for L&". One of them may be attributed to the be attributed to a true oxide environment like the one
hydrated/carbonated highly dispersed@a The second  found in the fluorite-like cerium/lanthanum mixed oxide.
one, resembling the spectrum of’tan an oxide environ-  As shown in Refs 17 and 41, this oxide does not undergo
ment, which is specifically associated with the presence of bulk hydration and carbonation phenomena and therefore
the Ce/Tb mixed oxide, should be interpreted as a strongis free from the aging effects observed in pure lanthana.
indication of the incorporation of part of the supported
lanthanum to the mixed oxide. This proposal is also con-
sistent with the shift observed in the main XRD peak due CONCLUSION
to the supported Ce/Tb mixed oxide with reference to that
of the bulk mixed oxide with the same nominal chemi-
cal composition. An alternative interpretation, allowing
us to justify the observation of Ba signals attributable
to an oxide environment, would consist of assuming the
formation of LaAlQ, oxide at the surface. This hypothe-
sis seems to be much less plausible because we have n
evidence of such a phase inJ&/Al,O;, the tempera-
ture used for preparing the T2QCa,0;/Al,0O; supported
oxide being lower than that previously applied to prepare
the supported lanthana sample.

To summarize the XPS contribution to the characteri-
zation of the ternary system T2QCa,0;/Al,0,, the O
1s core level presents two peaks: one is attributed to the
presence of the suppofta,0;/Al,03); the other one at
lower BE corresponds to oxygen in the lattice of an oxide
such as T20C mixed oxide. Comparative analysis of th
Al 2p core level does not allow us to distinguish any
difference in the chemical environment of *Alin the
transition alumina, L#D;/Al,0; or T20C/La,05/Al,0;.
In all the cases, the BE is the same and corresponds to
aluminum oxide. This is in agreement with previous XRD Acknowledgements
and HREM analyses, where no lanthanum aluminate phase_
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could be detected. By using as references the BES detery, . contract ERB FMRX-CT96-0060 (CEZIRENCAT Project). R.S.

mined for aged-Lg0;/Al,04 and the Ce/La (L20C) mixed  acknowledges support from the Belgian Fund for Scientific Research
oxide, the peak decomposition of the La 3d core level (FNRS).

Chemical interaction of lanthana and Ce/Tb mixed oxide
with the alumina support shows remarkable differences.
The former spreads over the alumina, whereas the lat-
ter leads to the formation of a well-defined crystalline
8upported oxide phase showing a fluorite-like structure.
Under the experimental preparation conditions applied
in this work, at least a fraction of the supported lanthana
is sufficiently labile as to allow its incorporation to the
Ce/Tb mixed oxide, thus leading to a Ce/La/Tb mixed
oxide. The presence of lanthana in the mixed oxide may
significantly influence its redox properties, being there-
fore a relevant characterization data when analysing the
behaviour as a component of Three Way Model Catalysts.
Because lanthana is often added in many formulations of
’eTWCs, the occurrence of phenomena like those reported
here may also be relevant in the interpretation of the prop-
erties of ceria-containing fluorite-like materials for TWC
applications.
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