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The actual oxygen environment of the tungsten dopant in the BayIn, ,WyOs.3x2 solid solution was
revealed by combining X-ray absorption spectroscopy at the tungsten L; and Ly; edges and at the indium
L; edge. Whatever the substitution ratio, the tungsten atoms exhibit a regular octahedral environment.
When the substitution ratio increases, the oxygen vacancies are progressively filled until their total
occupancy for x = 2/3. For x>0.3, the perovskite structure is stabilised; the tungsten atoms are
randomly distributed in the structure. Although X-ray diffraction revealed a cubic symmetry for these
compositions, a local distortion of the indium environment is observed when a tungsten atom is in its

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

In contrast to diffraction techniques that give a mean view of
the long range crystalline structure, X-ray absorption spectro-
scopy is a powerful technique to characterise the local surround-
ing of a target element. It is a technique of choice to define the
local environment of a dopant in a solid solution, but it may be
limited by the small amount of dopant in the structure. It was
here applied to tungsten doped Ba,In;0s.

Ba,In,0s5 is known for oxide ion conduction properties above
925°C [1]. At room temperature, its structure is of Brownmillerite
type. It can be described as a defective perovskite composed of
alternating “InO” octahedral and tetrahedral layers [2-4]. Its
symmetry is orthorhombic. It becomes tetragonal above 925 °C
and then cubic at temperature higher than 1040 °C. These two
forms are purely oxide ion conductive. With the aim to stabilise at
lower temperatures these two high temperature forms, numerous
partial substitutions for barium and/or indium atoms have been
performed [1-3,5-29]. The possibility of partial substitution for
indium with tungsten was first reported by Shimura et al. [19]. It
was further confirmed by our group which showed that the
BayIn, yW,Os.3x> solid solution extends up to the complete
filling of the oxygen vacancy of the defect perovskite x = 2/3 [20].
The compositions x = 0.1 and 0.2 are orthorhombic and tetra-
gonal, respectively. Cubic forms are stabilised for x>0.3. However,
the precise site-occupancy of the dopant (tetrahedral versus
octahedral indium sites) and its local surrounding were not
examined. This is the aim of this paper.
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2. Experimental

BayIn, ,W,0s.3,2 (0<x<1) phases were prepared by solid
state route from stoichiometric mixtures of corresponding oxides
and carbonates at 1300 °C, with intermediate grindings at 1000
and 1200°C [20].

The structure of composition x = 0.1 was refined at room
temperature using X-ray diffraction data, which were collected on
a Bruker axs D8 Advance diffractometer equipped with a solX
energy dispersive detector in the 10-120° range with a step of
0.02° and a counting time of 35s per step (CuKo. = 1.54 A). The
refinement was carried out using the Fullprof software [30] and its
interface WinPLOTR [31]. The Rietveld method was applied.

X-ray absorption spectroscopy was carried out on the BL 11.1
X-ray absorption fine structure (XAFS) line on the Elettra
synchrotron in Trieste (Italy), at the tungsten L; (12100eV) and
Ly (10207 eV) edges and at the indium L; edge (4238 eV). A double
Si-crystal (111) monochromator was used to obtain the mono-
chromatic X-ray incident beam. The energy was calibrated with
zinc (K edge 9659 eV) and titanium (K edge 4965 eV) metal foils,
used as references. The XANES data at the indium L; edge and at
the tungsten L; and Ly;; edges were collected at room temperature
in transmission mode, using ionisation chambers under nitrogen
and helium atmospheres. The samples were prepared by filtration
of dispersed powder on microporous membranes. An appropriate
amount of powder was filtered in function of preliminary
calculations performed to avoid signal saturation and to optimise
the signal-to-noise ratio. The energy steps and counting times
were adjusted to improve the spectra resolution with a 0.2 eV step
and an integrating time of 3 s per step near the edges, and a 1eV
step beyond the edges. Each spectrum was treated with the same
procedure. The absorption background was linearly extrapolated
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from E, determined at the inflection point of the absorption edge
to a value far enough from the absorption edge that coincides
with a zero of the EXAFS signal (around 50eV above the edge).
The absorption background was then subtracted and the XANES
spectra were normalised.

EXAFS measurements were performed with a 2 eV step and an
integrating time of 2s per step. For each compound, the spectra
were accumulated at least three times and then added in order
to increase the signal quality. The EXAFS data extraction was
performed by standard procedure with the software package
EXAFS 1998 developed on Macintosh™ by Michalowicz et al.
[32,33]. The ROUND MIDNIGHT software was used to fit EXAFS
data with phase shifts and backscattering amplitudes extracted
from crystalline references compounds.

3. Results and discussion

With the aim to precisely determine the tungsten atoms
environment in the BasIn,_,W,0Os.3,> solid solution (geometry
of its environment, number of neighbours and valence), X-ray
absorption spectroscopy was carried out at the element edge.
Measurements were performed at the tungsten L; and Ly; edges
and at the indium L; edge on various tungsten doped compounds.
Reference compounds were carefully selected according to the
geometrical environment of the studied element. For the tungsten
study, phase shifts and backscattering amplitudes were obtained
from EXAFS data of BaWOQ,, in which tungsten atoms have a
regular tetrahedral environment with a single distance W-0
of 1.78A. In order to check that the extracted phases and
amplitudes were not dependent on the tetrahedral symmetry
and can be used for other environment geometry, refinements
were carried out on monoclinic WO3; and Bi,WOg in which
tungsten atoms are in a small-distorted and high-distorted
octahedral environment, respectively. In both cases, the calculated
distances and the number of neighbours were in good agreement
with the crystallographic data. These phases and amplitudes were
therefore used for the refinement of the doped compounds.

3.1. X-ray absorption spectroscopy at the tungsten L; and Ly, edges

The XANES spectra at the tungsten L; (12100eV) and Ly
(10207eV) edges were performed for tungsten derivatives
BaxIn, _4W,Os.3,> with x = 0.1 (orthorhombic), x = 0.2 (tetragonal),
x = 0.3 (cubic) and x = 2/3 (cubic). In spite of the low substitution
ratio (1-5mol%), enough intensity was measured to get transmis-
sion spectra of good quality.

The evolution of XANES signal is given in Fig. 1. At the tungsten
L; edge, the XANES spectroscopy provides qualitative information
on the site symmetry by studying the existence of the pre-edge,
characteristic of the 2s— 5d transition. BaWQO,4 exhibits an intense
pre-edge, corresponding to 2s—5d transitions authorised in a
tetrahedral symmetry. This pre-edge is less intense for WO5 and
Bi;WOg. Only a small peak is observed because of the octahedral
tungsten environment. For the doped compounds, the pre-edge is
even less intense. The symmetry of tungsten in the latter is thus
higher than in the references and one can conclude that tungsten
has a more regular octahedral environment than in Bi;WOg and
WOs. It is worth noticing that the edge position on the XANES
spectra of the doped compounds is similar to that of BaWO,4, WOs3,
Bi,WOg references. This indicates the tungsten has a 6 oxidation
state.

A degree 4 polynomial function was used to extract the EXAFS
signal y(k) obtained at the tungsten Ly; edge. It was then Fourier
transformed with k* weight over a Kaiser window considered
between 2 and 16.03 A~ The signal had a weak background at the
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Fig. 1. Evolution of the XANES signal of Bayln, yW,0Os., type compounds with
x=0.1 (orthorhombic), x=2/3 (cubic) and of BaWO, Bi;WOg and WOs3
references, in which tungsten has a tetrahedral, distorted octahedral and regular
octahedral environment, respectively.
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Fig. 2. Raw Fourier transform corresponding to Ba,In,_,W,0s435> compound with
x = 0.3 composition.

end of the spectrum, which made possible to take into account the
low amplitude oscillations until the end of the spectrum and
therefore the whole spectrum was studied here. The evolution of
the amplitude of the raw Fourier transform corresponding to the
EXAFS signal at the tungsten Ly; edge for the BasIn, ,W,Os.352
compound with x = 0.3 is given in Fig. 2. Only one (W-0) sphere
is evidenced. The same evolution is observed for the other
compositions. The evolution of the amplitude of the filtered
Fourier transform corresponding to the EXAFS signal obtained for
the first (W-0) sphere of BayIn,_,W,Os.3x> compounds with
x=0.1, 0.2 and 0.3 is plotted in function of the interatomic
distance in Fig. 3. Only one neighbours distance around the
tungsten atom is evidenced whatever the substitution ratio. The
differences between the three studied substitution ratios are very
weak and correspond to the experimental error. The EXAFS
modulations of this sphere are shown Fig. 4. The structural
parameters deduced from the simulation as well as the agreement
factors are given Table 1. Whatever the substitution ratio, a good
agreement between the experimental and the simulated data is to
be noticed. Whatever the substitution ratio, the tungsten atoms of
the substituted compounds have six neighbours at a distance
of 1.93 A, with a regular octahedral environment. These results
are in perfect agreement with the XANES results obtained at the
tungsten L; edge.
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3.2. X-ray absorption spectroscopy at the indium L; edges

It has been reported in the literature [10,24,34] that indium
was studied at the K edge. However, other studies were under-
taken at the L edge [35]. In our case, the energy range of the
Elettra synchrotron, on which the measurements were performed,
allows to reach the energy of the L; indium edge, only. The XAFS
spectra were recorded on the tungsten doped compounds
BayIn,_,W,0s.3,2 with x = 0.1 (orthorhombic), x = 0.2 (tetragonal)
and x = 2/3 (cubic). Ba;In,05 in which indium has an octahedral
and tetrahedral surrounding and In,Os where indium has
an irregular octahedral environment were used as crystallised
references. Since the edge energy at the indium L; edge (4238 eV),
is very low (soft X-rays) and the air absorption becomes too
important, the XAFS spectra were recorded in transmission using
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Fig. 3. Fourier transform of EXAFS data at the tungsten Ly edge for BayIn,_,
W,0s.342 doped compounds with x = 0.1, 0.2 and 0.3.

0.4
0.2
< 0
& 10 12 14 16
-0.2
. experimental data
= simulation
-0.4

x=0.1

0.4

0.2

K% (A
(=)

291

a vacuum system. The XANES and EXAFS signals were treated
with the procedure described previously.

The atoms located in the near environment of indium are
oxygen atoms, whose retrodiffusion amplitude decreases rapidly.

Table 1
Simulation results at the Lj;-W edge for the tungsten doped compounds with
substitution ratio x = 0.1, 0.2 and 0.3

Edge X Layeri N; T R; AE; Residue

Ly-W 01 1 6.12(9) 0.051(9) 1.93(9) -1(1) 2.5x1073
LyW 02 1 6.23(8) 0.047(8) 1.93(8) 01(8) 3.8x1073
LpeW 03 1 6.4(5)  0.045(8) 1.93(8) -2.7(8) 64x1073

x: substitution ratio, N;: number of neighbours, ¢;: Debye-Waller factor, R;:
interatomic distance (A), AE;: energy difference (eV).
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Fig. 5. Evolution of the XANES signal corresponding to BayIn,  W,Os.3x2
compounds with x = 0.1 (orthorhombic), x = 0.2 (tetragonal), x = 0.3 (cubic),
x = 2/3 (cubic) and to the references Ba,In,0s (layers of octahedra and tetrahedra)
and In,05 (layers of irregular octahedra).
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Fig. 4. EXAFS modulations corresponding to the first sphere for tungsten doped compounds with x = 0.1, 0.2 and 0.3.
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Their contributions to the EXAFS signal at the end of the spectrum
are weak and are included in the background. Therefore,
the Kaiser window considered for the Fourier transform was
limited between 2.39 and 12.70 A~". The end of the spectrum was
then excluded. Phase shifts and backscattering amplitudes were
obtained from EXAFS data of the reference Ba,In,Os. In that
compound, the octahedral In(1) site is surrounded by six oxygen
atoms, including two at 2.31A and four at 2.13 A. The tetrahedral
In(2) site is surrounded by four oxygen atoms at a distance of
about 2.0 A [16]. Two experimental phases and amplitudes were
obtained by filtering the first sphere at 2.05 A (average of the short
distances: four at 2.13A and four at 1.97A) and the second
at 2.40A. For the doped compounds, the two spheres were first
fitted separately and then fitted simultaneously.

The XANES spectra recorded at the indium L; edge are
compared in Fig. 5 to those of the reference compounds Ba;In,;05
and In,0s. This latter consists of layers of irregular octahedra.
For small substitution ratios (from x = 0.1 to 0.3), the shape of
the absorption edge is similar to that observed for Ba,In,Os.

FT amplitude (a.u.)

6 7 8 9 10

Fig. 6. Fourier transform of the EXAFS signal at the indium Ly; edge in the case of
BayIn,_W,0s434/> type compounds with x = 0.1, 0.2 and 2/3.
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Its environment is thus equivalent to that of BayIn,Os. When the
substitution ratio increases (x = 2/3), the edge intensity increases
and reaches almost that of the In,O3 reference, which consists
of layers of irregular octahedra.

The evolution of the Fourier transform amplitude correspond-
ing to the EXAFS signal at the indium L; edge in function of the
interatomic distance in case of BayIn, W Os.3,> compounds
with x = 0.1, 0.2 and 2/3 is given in Fig. 6. Two In-O distances
are evidenced, but in case of the compound corresponding to
the perovskite structure (x = 2/3) the second distance is shorter.
Fig. 7 shows the corresponding EXAFS modulations. The structural
parameters deduced from the simulation and the simulation
agreement factors are given in Table 2. The Debye-Waller factors
for the x = 2/3 composition are typical of ordered compounds and
are slightly lower than for the other compositions, which is in
agreement with the crystallographic structure of this phase
corresponding to a non-oxygen defective perovskite.

In the compounds with substitution ratio x =0.1 and 0.2,
indium atoms exhibit two distances, the first one at 2.1A and
the second one at 2.3 A. These distances are in agreement with
the indium environment in Ba,In,Os with an average of four
neighbours at 1.97-2.13A and one neighbour at 2.4A. In the

Table 2
Simulation results at the Li-In edge of simulation for the tungsten doped
compounds with x = 0.1, 0.2 and 2/3

Edge X Layer i N;i o Ri AE; Residue

Li-In 0.1 1 4.8(4) 0.06(2) 2.1(2) 1(2) 5x1073
2 0.76(2) 0.06(2) 2.3(2) 1(2)

Li-In 0.2 1 6(1) 0.08(4) 2.1(2) 1(2) 3x1073
2 0.69(8) 0.08(4) 2.3(2) 1(2)

Li-In 2/3 1 4.9(3) 0.03(3) 2.1(3) -2(4) 8x 1073
2 1.5(3) 0.03(3) 2.1(3) —2(4)

x: substitution ratio, N;: number of neighbours, ¢;: Debye-Waller factor, R;:
interatomic distance (A), AE;: energy difference (eV).
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Fig. 7. EXAFS modulations corresponding to the two spheres for the tungsten doped compounds with x = 0.1, 0.2 and 2/3.
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Fig. 8. Calculated diffractogram compared to the experimental data for the Ba,In; gW; 10515 composition.

substituted compound, the number of neighbours has not been
constrained and is higher than in Ba,In,05 with five to six oxygen
atoms in the first sphere, but it is associated to a high
Debye-Waller factor that explains this overestimated value. In
spite of the inaccuracy of the value of the number of neighbours, it
is worth noticing that the number of neighbours at 2.1 A increases
from x =0.1 to 0.2 substitution ratios. As a consequence, the
fraction of distances at 2.3A decreases from x =01 to 0.2.
The larger Debye-Waller factor shows a more important deforma-
tion of the indium site compared to the 2.1A sphere in the
reference Ba,In,0s. The 2.3 A distance corresponds to the distance
of an indium atom with an apical oxygen in the octahedral layers
of the Brownmillerite. The decrease in this number would indicate
a preferred substitution of indium atom in the octahedral layers.
To confirm this assumption, the structure of composition x = 0.1
of Brownmillerite-type was tentatively refined from X-ray
diffraction data. The structural model proposed by Berastegui
[16] for Ba,In,Os in Icmm space group was used. As shown in
Fig. 8, a good fit between the calculated and experimental data
was obtained. But because of the difference of atomic number
of W and In (Z(W) = 74, Z(In) = 49), it was not possible to draw
conclusions on the location of W in the structure, indium thermal
parameters and reliability factors being almost the same whatever
the hypothesis.

For the x = 2/3 composition, the refinement of EXAFS data led
to five neighbours at 2.1A and two neighbours at 2.12A.
The presence of two types of bonds for a cubic perovskite
structure could appear contradictory, but the perovskite structure,
evidenced by X-ray diffraction is a mean view of the structure.
It corresponds to the superimposition of several environments
for the indium atom. With two long bonds and four short bonds,
one could conclude to a distorted octahedral environment for the
indium atom. It is most probably the superimposition of several
types of octahedra with 1/3 of bonds at 2.15A and 2/3 at 2.05A in
average. As shown before, tungsten exhibits a regular octahedral
environment with a shorter distance W-0 of 1.93 A. The x = 2/3
composition corresponds to 1/3 of indium atoms replaced by
tungsten atoms. One can therefore conclude that the 1/3 of the
In-O bonds at a distance of 2.15A correspond to In-O-W
configurations. No superstructure or diffusion lines were evi-

denced by electronic diffraction. Thus, one can conclude that,
in the cubic form, the tungsten atoms in regular octahedral
environment are randomly distributed in the structure, which
disturbs locally the indium environment which exhibits a longer
In-O bond length when a tungsten atom is in the indium
surrounding.

4. Conclusions

Whereas X-ray diffraction provides mean information on the
average structure, EXAFS and XANES have proven to be local
probes to define the accurate surrounding of the W dopant and its
location in the BayIn,_ W,Os.34> solid solution. It revealed a
regular octahedral environment with a W-0 distance of 1.93 A,
whatever the substitution ratio. For small substitution ratios
(from x = 0.1 to 0.3), the shape of the absorption edge at the
indium L; edge is similar to that observed for Ba;In,Os. A small
decrease in the number of the 2.3 A In-0 distance from x = 0.1 to
0.2 could indicate a decrease in the number of indium atom in
octahedral layers of the Brownmillerite structure. But, because
of the inaccuracy of this number, it is difficult to conclude on the
actual location of tungsten atoms in the Brownmillerite structure.
Then, for higher substitution ratio, the filling of the vacancies
occurs progressively until the total occupation, which leads to
the non-oxygen defective perovskite at x = 2/3. For x>0.3, the
perovskite structure is stabilised with tungsten atom randomly
distributed in the structure. However, although X-ray diffraction
revealed cubic symmetry for these compositions, a local distortion
of the indium environment is observed when a tungsten atom is
in its neighbourhood. Because of the presence of shorter W-0O
bonds, the In-0 bonds are locally longer in the tungsten atoms
surroundings.
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