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Monophasic samples of seven different oxides with perovskite structure, and also c-NaAlO2

have been prepared for catalytic applications. They have been characterized by X-ray
diffraction and electron microscopy, then by X-ray photoelectron spectroscopy (XPS). The
XPS spectra of LaAlO3, La0.9Sr0.1Al0.8Cu0.1Ru0.1O3, La0.8Sr0.2Al0.8Cu0.1Ru0.1O3 and c-NaAlO2

contained only one well-defined O 1s peak. The binding energy obtained from the oxygen
peak of the perovskites (529.8 eV) was, however, significantly different from that of c-NaAlO

2
(532.2 eV). The other perovskite oxides, La0.9Ca0.1AlO3, La0.8Ca0.2AlO3, La0.8Sr0.2AlO3 and
LaAl0.8Cu0.2O3 had two more or less well-resolved O 1s peaks separated by 2.4 eV. Tentatively,
we have interpreted these observations to mean that, in the latter compounds, the surface is
reconstructed so that the Al3# ions have changed their coordination from octahedral to
tetrahedral.  1998 Kluwer Academic Publishers

1. Introduction
The perovskite structure of the general composition
ABO

3
is adopted by numerous compounds because

the A and B positions can be occupied by ions having
valences of A1̀ —B5̀ , A2̀ —B4̀ and A3̀ —B3̀ and vice
versa. Besides the charge neutrality criterion, the radii
of the A and B ions must not be too different in order
for them to be accommodated in the perovskite frame-
work. In addition, a proper combination of cations
can stabilize anion vacancies in the perovskite frame-
work, and unusual formal oxidation states of the
metal ions can be obtained. The ideal perovskite is
cubic, but distorted modifications having rhombohed-
ral (hexagonal) symmetry are frequently occurring.
The A ions in ABO

3
are coordinated by 12 oxygen

atoms, while the coordination sphere around the
B ions is octahedral. These structural features make it
possible to tailor the chemical and physical properties
of compounds possessing perovskite-based structures.

In catalytic applications pseudo-binary and ternary
perovskite-based oxides of the composition ABO

3
and

A
1~x

A@
x
BO

3
, respectively, have been most frequently

studied [1—4] but a few studies concerning the cata-
lytic behaviour of pseudo-quaternary compounds,
such as A

1~x
A@

x
B
1~y

B@
y
O

3
can be found [5, 6]. Re-

cently, Skoglundh et al. [7] and Teraoka et al. [8]

have reported on the catalytic properties of a pseudo-
quinary perovskite of an entirely new composition
La

1~x
Sr

x
M

1~2y
Cu

y
Ru

y
O

3
, with M"Al or Co. The

compounds with M"Al were found to be cata-
lytically active for simultaneous reduction of NO and
oxidation of CO and C

3
H

6
, while the compounds with

M"Co mainly behaved as oxidative catalysts.
Assuming that the redox abilities of these oxides are

closely related to the electronic structure of the surface
oxygen and cations, we performed in situ photo-
electron spectroscopy (XPS) analysis of
La

1~x
Sr

x
M

1~2y
Cu

y
Ru

y
O

3
samples (x"0.2 and

0)y)0.2) to gain more insight into the electronic
state of these oxide surfaces. X-ray photoelectron
spectroscopy (XPS) results for several samples are
presented here in order to draw some tendencies re-
garding the role of the nature of the substituted cation.
The binding energy of oxygen and the valence states of
metal ions involved have been carefully determined.
The XPS spectra of some of the compounds con-
tained, in particular, two O1s peak revealing a 2.3 eV
difference in binding energies (BE).

In this paper we report on XPS studies of seven
perovskite compounds of the compositions LaAlO

3
,

La
0.9

Ca
0.1

AlO
3
, La

0.8
Ca

0.2
AlO

3
, La

0.8
Sr

0.2
AlO

3
,

LaAl
0.8

Cu
0.2

O
3
, La

0.9
Sr

0.1
Al

0.8
Cu

0.1
Ru

0.1
O

3
and
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TABLE I Unit cell parameters of the prepared perovskite samples

Sample a
#6"

(nm) a
)%9

(nm) c
)%9

(nm)

LaAlO
3

0.379 21(2) 0.536 31(4) 1.311 7(2)
La

0.9
Ca

0.1
AlO

3
0.378 98(3)

La
0.8

Ca
0.2

AlO
3

0.378 74(2)
La

0.8
Sr

0.2
AlO

3
0.379 41(4)

LaAl
0.8

Cu
0.2

O
3

0.379 24(3)
La

0.9
Sr

0.1
Al

0.8
Cu

0.1
Ru

0.1
O

3
0.379 99(4)

La
0.8

Sr
0.2

Al
0.8

Cu
0.1

Ru
0.1

O
3

0.380 65(5)

La
0.8

Sr
0.2

Al
0.8

Cu
0.1

Ru
0.1

O
3
. In addition, we have

prepared c-NaAlO
2
, which has a tetragonal unit cell

with aluminium ions tetrahedrally coordinated by
oxygen, and report its XPS spectrum. All samples
studied were monophasic according to their X-ray
powder patterns. Special attention is paid to the oc-
currence of one or two O1s peaks, which appear
when, due to appropriate substitution, there should be
anion vacancies in the bulk of the perovskite frame-
work, and the B ions located at the surface can be
expected to change their coordination from octahed-
ral to tetrahedral.

2. Experimental procedure
2.1. Sample preparation, X-ray diffraction

and SEM—TEM characterization
The following starting materials (all of p.a. quality)
have been used; La(NO

3
)
3
) 6H

2
O (Kebo AB),

Sr(NO
3
)
2

(Merck), Ca(NO
3
) ) 4H

2
O (Kebo AB),

Al(NO
3
)
3
) 9H

2
O (Merck), Cu(NO

3
)
2
) 3H

2
O (Merck),

RuCl
3

(Johnson Matthey), Al
2
O

3
(Kebo AB) and

Na
2
CO

3
(Merck).

Appropriate amounts of the metal salts were dis-
solved in deionized water to form solutions with com-
positions corresponding to the metal content in the
following compounds, LaAlO

3
, La

0.9
Ca

0.1
AlO

3
,

La
0.8

Ca
0.2

AlO
3
, La

0.8
Sr

0.2
AlO

3
, LaAl

0.8
Cu

0.2
O

3
,

La
0.9

Sr
0.1

Al
0.8

Cu
0.1

Ru
0.1

O
3

and La
0.8

Sr
0.2

Al
0.8

Cu
0.1

Ru
0.1

O
3
. The solutions were then evaporated to

dryness under stirring and the residues were calcined
in air at 820K for 1 h. The oxide mixtures thus formed
were pelletized and isothermally heat treated in air at
1270K for 2 wk (La

0.9
Sr

0.1
Al

0.8
Cu

0.1
Ru

0.1
O

3
and

La
0.8

Sr
0.2

Cu
0.1

Ru
0.1

O
3
) or at 1570K for 36h

(LaAlO
3
, La

0.9
Ca

0.1
AlO

3
, La

0.8
Ca

0.2
AlO

3
, La

0.8
Sr

0.2
AlO

3
, LaAl

0.8
Cu

0.2
O

3
).

c-NaAlO
2

was prepared by mixing appropriate
amounts of Na

2
CO

3
and Al

2
O

3
and then heat treat-

ing the mixture at 1170K for 2 h. This mixture was
then pelletized and heat treated at 1370K for 24 h.

The X-ray powder patterns of the prepared samples
were obtained in a Guinier Hägg camera using CuKa

1
radiation. Silicon was added to the samples as internal
standard and the powder diffractograms were evalu-
ated with a film scanner system [9]. The lattice para-
meters were found by use of an upgraded version of
the program PIRUM [10] and the obtained records
were matched with tabulated JCPDS data.

The surface morphology of the materials, and the
element compositions of individual grains were
studied in a scanning electron microscope (SEM, Jeol
820) and an analytical transmission electron micro-
scope (ATEM, Jeol 2000 FX), both equipped with
energy-dispersive spectrometers (EDS, LINK AN
10000). The samples used in the TEM/EDS studies
were prepared by transferring powder on to a perfor-
ated carbon film supported by a nickel grid.

2.2 Surface characterization
A VG Escalab Mark II spectrometer was used in these
experiments. The instrument is equipped with a prep-

aration chamber in which the samples were treated in
pure oxygen, P"10~6 torr (1 torr"133.322Pa), at
¹"1073K for 1 h, before being transferred to the
XPS chamber where the base pressure was equal to
8]10~10 torr. In order to avoid water deposition
during cooling, the sample was cooled before oxygen
evacuation. MgKa radiation (1253.6 eV) was used as
excitation source with a constant pass energy of 20 eV
for high-resolution spectra and 50 eV for wide scans.

The samples were pressed into 2 mm thick pellets
and mounted on a gold foil maintained with gold
strips. The gold foil is used for internal calibration of
the spectrometer using a binding energy of 83.9 eV for
Au 4f

7@2
. Correction for charge effects was achieved by

referring to an internal standard. La 3d
5@2

at 834.2 eV
was used for all samples containing La and Na1s at
1073.1 eV for NaAlO

2
.

3. Results
3.1. Phase analysis and SEM-ATEM/EDS

studies
The samples prepared as described above were all
monophasic according to their X-ray powder pattern.
The cell parameters of c-NaAlO

2
, a"0.53187(2) and

c"0.707 08(3) nm, are in good agreement with those
given elsewhere [11]. The diffractograms of the sam-
ples with perovskite structure could be indexed with
use of a hexagonal (LaAlO

3
) and/or cubic unit cell and

the cell parameters are given in Table I.
The SEM-EDS studies showed that the overall

metal compositions of the samples were in good agree-
ment with the nominal ones. The ATEM-EDS studies
showed that the individual grains had a metal com-
position close to that given by their chemical formula.

3.2. XPS studies
3.2.1. O 1s binding energy
All oxides were analysed after heat treatment in oxy-
gen. This treatment was assumed to eliminate water
and hydroxyl contamination. The main features of the
spectra are as follows:

(i) a single main peak for LaAlO
3
, La

0.9
Sr

0.1
Al

0.8
Cu

0.1
Ru

0.1
O

3
, La

0.8
Sr

0.2
Al

0.8
Cu

0.1
Ru

0.1
O

3
at 530$

0.2 eV and for c-NaAlO
2

at 532.2$0.1 eV;
(ii) a more complex oxygen structure for all other

oxides, La
0.9

Ca
0.1

AlO
3
, La

0.8
Ca

0.2
AlO

3
, La

0.8
Sr

0.2
AlO

3
and LaAl

0.8
Cu

0.2
O

3
. The O1s line could be fitted

with a major low binding energy (LBE) contribution
at 529.8/529.9 eV associated with a high binding en-
ergy (HBE) contribution at 532.2 eV.
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Figure 1 O1s core level spectra of (a) La
0.8

Ca
0.2

AlO
3

showing two
separate O1s components centred at 529.8 and 532.2 eV, and of (b)
LaAlO

3
and (c) NaAlO

2
with O 1s positions centred at 529.9 and

532.2 eV, respectively.

The high resolution O 1s spectra for LaAlO
3
,

NaAlO
2

and for one representative compound exhibi-
ting the two oxygen contributions are given in Fig. 1.
The observed oxygen peak binding energies, for all
investigated samples, are given in Table II.

A test experiment was performed with one of the
‘‘double-oxygen’’ samples, La

0.8
Ca

0.2
AlO

3
in order to

make sure that the high BE peak can be assigned to
a bound state. The sample was left in the air at RT for
one night, then heat treated again in oxygen at 1073 K
with XPS analyses in between. The resulting O1s
spectra are shown in Fig. 2: contact with the air gives
rise to an increase of the O1s contribution at 532.2 eV,

then after heating in oxygen to decrease down to the
level observed in Fig. 1. This test makes it clear that the
high BE contribution can originate from two different
oxygen species, one ascribed to OH or H

2
O reversibly

absorbed in the air and eliminated by heating, the other
one being intrinsic to the oxide surface structure.

Conversely to the low BE peak for which fitting
parameters are identical for all samples
(FWHM"1.6 eV), the FWHM of the high BE peaks
could not be maintained at a constant value for the
fitting procedures. The width of the O 1s peak for
c-NaAlO

2
is notable; it could be fitted with only one

contribution having a FWHM of 2.5 eV. This is likely
to be due to environmental effects.

It is remarkable that the two oxygen peaks are
located at very similar binding energies in all oxides,
i.e. 530.0$0.2 and 532.2$0.1 eV. It is also wor-
thwhile to note that the ratio of the intensities of the
high binding-energy (HBE) peak and the low one
(LBE) is very close to 1/4 in the spectra containing two
O1s peaks (ranging from 11/89 to 25/75, see Table II).

3.2.2. Cation binding energies
The binding energies of the La3d

5@2
, Cu 2p

3@2
, Al 2s,

Sr 3d
5@2

, Ca 2p
3@2

and Na1s levels of the prepared
oxides are given in Table II. The XPS spectrum of
LaAl

0.8
Cu

0.2
O

3
has no shake-up satellite peaks in the

Cu 2p
3@2

region as shown in Fig. 3. The same observa-
tion was made for the two other oxides containing
copper. In lanthanum-containing oxides, the La XPS
3d

3@2
and 3d

5@2
core levels are split into two compo-

nents of comparable intensities, as previously found
[12]; see, as an example, the La3d

5@2
levels of

LaAl
0.8

Cu
0.2

O
3

in Fig. 3. It can also be noted that,
throughout this series of oxides, the binding energy of
the Al 2s peak varies significantly with the composi-
tion of the sample. Note that the aluminium peaks, 2s
or 2p levels, are small and not well enough defined to
enable a description and a fitting procedure. Strontium
and calcium core-level peaks are, however, observed at
the expected binding energies for Sr2`(3d

5@2
) and

Ca2`(2p
3@2

) cations, respectively, in all compounds.
Table II does not contain any binding energies for the
Ru 3d levels, as these XPS peaks cannot be easily iden-
tified because they are partially overlapped by the Sr 3p
peaks and because ruthenium is likely to exhibit several
valence states, which in turn broadens the Ru3d levels.

It can be noted that the use of the La3d
5@2

and
Na1s peaks as internal standards led to a consistent
set of binding energies of oxygen and of all cations
except Al3` as mentioned above.

No trace of impurities could be detected by XPS in
any sample; even the level of carbon was very low
(C1s intensity never exceeds 1/10 of the O1s one).

4. Discussion
The main observations are as follows:

(i) all samples are monophasic;
(ii) the variation of the lattice parameters of the unit

cell of the perovskite phases with composition can be
ascribed to ion radius differences between the substi-
tuting and the host ones;
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TABLE II Binding energies of the main XPS lines

Sample O1s (eV) I
HBE

/I
LBE

La3d!
5@2

Cu2p
3@2

Ca2p
3@2

Na1sa Al 2s Sr 3d
5@2

(eV) (eV) (eV) (eV) (eV) (eV)
LBE HBE

LaAlO
3

529.9 834.2 119.4
LaAl

0.8
Cu

0.2
O

3
529.9 532.1 11/89 834.2 932.6 117.4

La
0.8

Sr
0.2

AlO
3

529.8 532.2 25/75 834.2 118.4 134.1
La

0.9
Sr

0.1
Al

0.8
Cu

0.1
Ru

0.1
O

3
529.8 834.2 117.9 134.0

La
0.8

Sr
0.2

Al
0.8

Cu
0.1

Ru
0.1

O
3

530.2 834.2 118.2 133.9
La

0.9
Ca

0.1
AlO

3
529.8 532.2 20/80 834.2 347.4 118.4

La
0.8

Ca
0.2

AlO
3

529.8 532.2 19/81 834.2 347.5 118.1
NaAlO

2
532.2 1073.1 119.2

! Internal standards.

Figure 2 Influence of heating treatment on the O1 XPS spectra of
La

0.8
Ca

0.2
AlO

3
: (—) after annealing treatment at 1073K in an

O
2

atmosphere, (- - -) after being left in air.

Figure 3 High-resolution XPS spectra of (a) Cu 2p
3@2

and (b)
La 3d

5@2
of LaAl

0.8
Cu

0.2
O

3
, showing the absence of the satellite

peak characteristic of CuO and the splitting of the La 3d
5@2

peak.

(iii) the splitting of the La 3d
3@2

and 3d
5@2

core levels
is a well-known phenomenon observed for rare-earth
ionic compounds with low Z-values, e.g. in La

2
O

3
[12]. It has been interpreted in terms of an interaction
of the valence band of the solid and the f-states of the
lanthanum ion in the final state of photoionization.
Another interpretation, based on a quantitative de-
scription of core hole screening populations, is given
elsewhere [13];

(iv) the perovskite-based oxides La
0.9

Ca
0.1

AlO
3
,

La
0.8

Ca
0.2

AlO
3
, La

0.8
Sr

0.2
AlO

3
and LaAl

0.8
Cu

0.2
O

3
have two separated O1s peaks with binding energies
equal or very close to those of the two ‘‘simple’’ oxides
LaAlO

3
and NaAlO

2
;

(v) the perovskite-based oxides La
0.9

Sr
0.1

Al
0.8

Cu
0.1

Ru
0.1

O
3

and La
0.8

Sr
0.2

Al
0.8

Cu
0.1

Ru
0.1

O
3

have
one O 1s peak with the same binding energy as that
found for LaAlO

3
;

(vi) we note fluctuating values of the binding ener-
gies for the Al 2s level which may indicate that the
oxygen environments around the Al3̀ ions are differ-
ent in these samples, and/or that electron transfer to
the Al3̀ ions takes place;

(vii) in the three copper-containing oxides, no satel-
lite could be observed to the Cu 2p peak, suggesting
monovalent state for copper cations in these oxides.

The absence of satellite to the Cu 2p line deserves
further discussion in the light of two recent review
papers reporting photoemission signals and their in-

terpretations for high-quality surfaces of high-temper-
ature superconductors, by Vasquez [14] and
Parmigiani and Sangaletti [15], respectively. High-
quality cuprate superconductors should be character-
ized by a Cu2p signal with the complex satellite
characteristic of the 2#oxidation state and, the O1s
peak is at 529 eV, with negligible signal above 531 eV.
This seems rather contradictory to our results. But,
the samples, studied here, are not cuprates. The com-
plexity of the structure of these oxides does not
permit a clear prediction of the oxidation state and hy-
bridization mechanism of copper. Moreover charge
compensation may occur in these multisubstituted
oxides. In particular, the enrichment of oxygen around
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aluminium cations could be correlated to a local oxy-
gen deficiency around copper ions, consistent with the
Cu` oxidation state.

The different O1s binding energies observed for
LaAlO

3
(529.9 eV) and NaAlO

2
(532.2 eV) are remark-

able. The low-energy O1s peak is characteristic for an
oxy-ion in an oxide lattice. The high-energy O1s peak
is not common for oxides. We do not ascribe the latter
peak to hydroxide or to adsorbed water, because all
oxides have been heated in oxygen at 1073K before
the XPS analysis. This treatment should remove all
H

2
O or OH groups. Moreover, OH groups ‘‘grow’’ at

the surface in the air leading to the increase in the peak
intensity at 532.2 eV. The peak at high BE, left after
heat treatment at 1073K and cooling in high vacuum,
is specific to the oxide structure.

The existence of an oxygen bounded to the oxide,
and giving rise to a O1s at high BE, was first men-
tioned by Parmigiani et al. to explain a high BE O1s
peak observed for 2212 single crystals of bismuth-
based superconductors [16]. It was also observed by
Hinnen et al. in an XPS study of Bi

2
Sr

2
CaCu

2
O

8`d

oxides [17].
The photoemission data suggest that charge neu-

trality requirements in these compounds are, to
a great extent, fulfilled by oxygen vacancies rather
than by a cation charge compensation mechanism. In
order to fulfil the charge neutrality criteria it is thus
most probable that La

0.9
Ca

0.1
AlO

3
, La

0.8
Ca

0.2
AlO

3
,

La
0.8

Sr
0.2

AlO
3

and LaAl
0.8

Cu
0.2

O
3

contain more
anion vacancies than La

0.9
Sr

0.1
Al

0.8
Cu

0.1
Ru

0.1
O

3
and La

0.8
Sr

0.2
Al

0.8
Cu

0.1
Ru

0.1
O

3
do, as the latter

compounds contain an ion (Ru) which can easily ad-
just its valence state.

Tentatively we have thus interpreted these observa-
tions so that when the anion vacancy concentration is
large enough, a reconstruction of the surface occurs
and this reconstruction implies a change of the coord-
ination of the Al3̀ ions from octahedral to tetrahed-
ral. The surface structural modification ascribed to
oxygen deficiency is compatible with the treatment in
oxygen at 700 °C; in fact, at that temperature, oxygen
can clean the surface but not induce any restructuring.

Preliminary calculations have revealed a difference
of about 3 eV in the O1s binding energies for Al3̀ in
octahedral and tetrahedral configuration. Molecular
dynamic calculations have shown that the structure of
the surface of LaAlO

3
at 300K is reorganized in such

a way that the oxygen concentration in the superficial
layer is higher than in the bulk material, resulting in
a change in Al3̀ coordination from octahedral to
tetrahedral [18]. These preliminary results support
our interpretation of the obtained XPS spectra even
though we have not observed a reconstruction of the
surface of LaAlO

3
itself, but for a corresponding per-

ovskite doped on the A and B positions. The
occurrence of two components for O1s has already
been mentioned by Berchner et al. to occur in
YBa

2
Cu

3
O

7~d thin films at very similar BE, 528.5 and
530.7 eV [19]. The same authors also report a LEED
characterization of this oxide, which led them to as-
cribe the two states of oxygen to the formation of
a superstructure which stabilizes the surface under

vacuum. It can also be noted that the high-BE O1s
satellite peak in high ¹

#
oxide superconductors has

been attributed to oxygen ions adsorbed on the sur-
face of the sample [20]. Temperature-programmed
oxygen desorption studies of (La,M)-Co-based perov-
skites with M"Ca or Sr have shown that all adsor-
bed oxygen ions leave the sample at temperatures
below approximately 970K [8, 21].

Samples where the A and B ions in LaAlO
3

are
replaced by other ions and LaGaO

3
doped with vari-

ous metal ions, are presently being prepared. The
results of these experiments together with the calcu-
lations briefly described above will be presented in
a forthcoming article.
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