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A series of new aluminum tungsten oxides with the general formula Al4W,,06,+2 (n = 4-7) was found
and structurally characterized by electron diffraction, high-resolution transmission electron microscopy
(HRTEM) and high angle annular dark field scanning transmission electron microscopy (HAADF-STEM).
The structural model for Al;W1005, (I4/mmm (space group no. 139); a~0.375, c~3.95 nm) consists of
slabs of [5x oo x o0] corner-sharing WOg octahedra that are connected via edge-sharing to AlOg
octahedra. Simulated HRTEM images agree well with the experimental ones and thus support the
proposed structural model. The connection between adjacent slabs of WO3; via AlOg octahedra
represents a novel variant of crystallographic shear operation for ReOs-type structures. The crystallites
display a wide range of stacking sequences that are frequently intergrown with each other.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

In the pseudobinary system Al,O3/WOs, only one stable phase,
namely Al,(WO,); (=AIl,W50;,), has been characterized up to now
[1]. Its orthorhombic structure comprises a three-dimensional
network of WO, tetrahedra and AlOg octahedra connected via
corner-sharing with each other. Furthermore, a W-rich phase
(Al,W24074) forms at 400°C and is stable till 830°C [2]. It is
described as a cubic isotype of ReOs (a = 0.378 nm) with both metals
located in an octahedral oxygen coordination. Such octahedra also
appear in the aluminum tungstate(V) AIWO,4, which forms a rutile-
like structure [3]. Recent investigations uncovered a series of Al-W
oxides that crystallize in a novel structure type related to ReOs [4].

The cubic ReOs; structure consists of Re-centered oxygen
octahedra (ReOg) connected by corner-sharing in such a way that
their centers are arranged on a primitive cubic lattice [5]. The ReO;
type represents the prototype for many structures with the general
composition MX3. Moreover, it is the basis of very versatile structural
concepts, for example, block structures, tungsten bronzes and
perovskites [6-9]. Different polymorphs of WOs crystallize in
distorted variants of the ReOs type, as firstly shown by Briakken
already in 1931 [10]. Many structures are derived from this type
by the so-called crystallographic shear operation [11,12]: planes
of oxygen atoms are formally removed in such a way that the
ReOs-type parent structure is cut into well-defined slabs or blocks.
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Subsequently, planes of edge-sharing octahedra are introduced
between ReOs-type areas by reconnecting the octahedra. As the
overall effect, the oxygen-metal ratio is decreased like for example
in the reduced tungsten oxides (Magnéli phases W,0s,_1). Here,
parallel shear planes occur between [n x oo x co] arrays of corner-
sharing octahedra [13-15]. Furthermore, also ternary and quaternary
tungsten oxides exist that form structures comprising cuttings of the
ReOs5 type. In the Nb-rich part of the system Nb,05/WOs, such shear
planes appear in two perpendicular directions so that [n x m x o]
blocks of the ReOs-type structure arise [16,17]. A structural
alternative to forming planes with edge-sharing octahedra is the
incorporation of planes of other structural elements into the gap
between ReOs-type slabs. Examples are units of the tetragonal
tungsten bronze type that are built in between WOs3 areas in W13034
[18] and in W-rich niobium tungsten oxides [19,20]. Moreover,
alternating slabs of a tungsten bronze with hexagonal tunnels and of
WOs exist in the intergrowth tungsten bronzes [21,22].

HRTEM images of the new AI-W oxides show that these
structures comprise ReOs-type slabs as well but the connection
between them does not correspond to any of the connection types
already known. The derivation of a structure model as well as the
characterization of polytypes and of stacking disorder by electron
microscopy are presented in the following.

2. Experimental
2.1. Synthesis

The decomposition of (NH4)o26WOs and the subsequent
reaction of gaseous WOs with an alumina crucible at 1500 °C
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lead to a mixture of different phases according to the results of
X-ray powder diffraction (Fig. 1a).

2.2. Electron microscopy

Transmission electron microscopy (TEM) was performed on
a CM30 microscope (FEI, Eindhoven; SuperTwin lens with Cs =
1.2mm; LaBg cathode, operated at 300kV). The material was
crushed in an agate mortar and dispersed in ethanol. Some
drops were deposited on a perforated carbon foil supported by
a copper grid. Thin crystal fragments were selected in the
diffraction mode of the microscope and oriented along zone axes
with low indices using a double tilt holder. Selected area electron
diffraction (SAED) patterns and high-resolution transmission
electron microscopy (HRTEM) images were recorded on either
on a CCD camera or on photographic plates. In the latter case,
prints were made from the negatives and subsequently scanned
for further electronic processing. Simulations of HRTEM
images were calculated using the multi-slice algorithm and of
electron diffraction patterns by a kinematical approximation
(EMS package [23]). The simulations of the HRTEM images in
Fig. 4c were obtained with the following microscope parameters:
defocus f= —40nm, spherical aberration Cs = 1.2 mm, chromatic
aberration C. = 2 mm, focus spread Af = 10 nm, reciprocal radius
of the objective aperture R~! = 9.0 nm™!, beam convergence = 1.0
mrad.

Scanning transmission electron microscopy (STEM) was per-
formed on a field emission electron microscope (Tecnai 30F, FEI,
Eindhoven; SuperTwin lens), operated at 300kV (gun extraction
voltage: 4.25kV). STEM images were recorded with a high angle
annular dark field (HAADF) detector (image size: 1024 x 1024
pixels; scan times: ca. 15s; camera length: 200 mm). The use of
mainly incoherently scattered electrons for image formation
results in atomic number contrast (Z contrast) [24]. The images
were smoothed to reduce noise and scanning artifacts [25].

Energy-dispersive X-ray (EDX) spectrometers attached to both
microscopes allowed us to perform elemental analyses of the
investigated crystallites. For image processing, the software Digital
Micrograph (Gatan) was used.

a

3. Results and discussion

The X-ray powder diffractogram (XRD) of the product (Fig. 1a)
shows a number of well-defined, sharp peaks with high intensity
and broad ones with much lower intensity. Obviously, the product
contains a phase mixture which prevents an unambiguous
assignment of the phases. The strong reflections indicate that
WOs is the main constituent, with the data best fitting to a cubic
modification (a = 0.752 nm [26]). The additional broad reflections
that have a low intensity cannot be assigned to any known
tungsten oxide derivative. EDX analyses of different crystal
fragments in the transmission electron microscope show that an
aluminum tungsten oxide is formed along with pure WOs3
(Fig. 1b). Indeed, comprehensive TEM studies of the reaction
product revealed that a minor part of the reaction product
represents a hitherto unknown phase. It should be noted that
during the TEM investigations electron diffraction patterns
(not shown here) were obtained that correspond to different
WO3 polymorphs.

3.1. Electron diffraction

The reciprocal space of selected crystallites was explored by
SAED investigations. Typical SAED patterns of the new phases
(Fig. 2) show a short repeat distance of the reflections in one
direction pointing to a long axis and, perpendicular to that, a
relatively large distance corresponding to ~0.375 nm in real space.
There is a significant variation of the reflection intensity along the
long axis and the brightest spots indicate the presence of a
substructure with a length of ~0.38 nm. Between the substructure
reflections, the varying spot distance indicates the occurrence of
different ordering variants: some of the crystallites investigated
show four distinct superstructure reflections (Fig. 2a), others three
(Fig. 2b) or six of them (Fig. 2c). In the SAED patterns of many
crystallites, however, there is only diffuse streaking between the
sharp and strong reflections of the substructure (Fig. 2d),
indicating the presence of disorder. The short crystallographic
axis (~0.375 nm) and the distance between the substructure reflec-
tions along the long axis (~0.38 nm) approximately correspond to
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Fig. 1. (a) X-ray powder diffractogram (XRD) of the product. (b) Sections of the EDX spectra of crystallites of WO5 (left) and of the new phase containing Al (right).
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Fig. 2. Selected area electron diffraction (SAED) patterns of differently ordered crystallites observed along [010]. The insets on the lower right side of each show a magnified
section with the origin of reciprocal space being in the top left corner and with indices assigned to some reflections: (a) four superstructure reflections, c~3.95 nm; (b)
three superstructure reflections, cx 3.2 nm; (c) six superstructure reflections, cx~5.53 nm; and (d) heavily disordered crystal. The superstructure reflections have vanished

completely and diffuse scattering present along the c*-axis indicates stacking disorder.

the diagonal of a WOg octahedron. For comparison, W-0 distances
between 0.173 and 0.220 nm appear in tetragonal WO5 [27]. Since
the distances of ~0.38 nm occur along perpendicular directions,
they indicate the presence of a structure related to the ReOs type.

It should be noted that the presence of Al in the investigated
crystallites was confirmed by EDX spectroscopy (Fig. 1b). An
approximate quantification points to large variations of the ratio
ALl:W of different crystallites (Al:W=~1:4-1:2). This detection of
large compositional fluctuations is certainly significant. However,
the quantification of the EDX spectra was performed with the
approximate Cliff-Lorimar factors provided by the acquisition
software, so that these results are rather inaccurate and will thus
not be discussed further.

For achieving more information about symmetry and metric of
the new phase, tilting experiments were performed. Three SAED
patterns with low indexed zone axes were obtained by tilting a
crystal around the long axis (Fig. 3a-c). The reconstruction of the
reciprocal lattice from these data indicates that the length of the
axis in the third direction is equal to that of the short axis.
Furthermore, the angles between the three zone axes as measured
approximately with the goniometer of the microscope agree quite
well with those for a tetragonal unit cell: measured angles
[100]/[210] = 24° (theoretical value = 26.56°); [210]/[110] = 20°
(18.44°). It is evident from these results that the new phases most
likely crystallize with tetragonal symmetry. As an example, the
lattice parameters are a~0.375 and c~3.95nm for the 10-fold
superstructure.

In the SAED patterns recorded along [010] (Fig. 2), the
reflections with odd values for h+l are systematically absent. The

observed reflection condition h+l=2n for h0! arises from a
centered cell. All these findings are in perfect agreement with a
body-centered tetragonal unit cell. The observed restrictions are
fulfilled by the space group I4/mmm, being that with the highest
symmetry possible for the reflection condition observed here. In
the following, it is used for the structure description although all
body-centered tetragonal space groups would give rise to similar
diffraction patterns for the zone axes observed experimentally
here. The positions of the reflections in kinematical simulations
(insets in Fig. 3) calculated with the structure parameters listed in
Table 1 agree with those in the observed SAED patterns.

SAED patterns recorded along the c-axis support this inter-
pretation: the most intense reflections correspond to those in the
simulations (Fig. 3d). However, additional weak spots appear that
violate the reflection condition h+k = 2n. Furthermore, almost
circular diffuse scattering is present around these weak spots.
EDXS analyses of crystals showing this type of SAED patterns
prove the presence of Al, and it thus is most likely that they
belong to the new phases. The observation of additional reflec-
tions and diffuse scattering in the SAED patterns along [001] is
apparently caused by the stacking faults in direction of the c-axis
(cf. Fig. 2d) but a comprehensive explanation has not been
achieved yet.

3.2. Derivation of the structural model

HRTEM images recorded along the b-axis reveal the main
characteristics of the new structure as well as information about
defects (Fig. 4). It is evident that the structure is layered
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Fig. 3. SAED patterns: (a-c) tilt series around the c*-axis and (d) along [010]. Zone axes and indices of some reflections are given. The insets on the lower right side show
sections of kinematical simulations calculated with the structural data from Table 1. The origin of reciprocal space (top left corner) is marked by an open circle.

Table 1
Atomic coordinates for the structural model of Al4W;003, derived from electron
microscopy results (space group: I4/mmm (no. 139); ax~0.375, cx~3.95nm)

Atom Multiplicity X y z
Wyckoff letter

Al 4d 0.5 0 0.25
W, 2a 0 0 0
W, 4e 0 0 01
Wi e 0 0 0.2
0, 4e 0 0 0.05
0, e 0 0 0.15
05 e 0 0 0.25
04 4c 0 0.5 0
0s 8g 0 0.5 01
Os 8g 0 0.5 0.2

comprising slabs of different width that appear as square arrays of
black and white patches. These slabs are quasi-indefinitely
running along the a-axis but are separated by lines of dark
contrast in direction of the c-axis (Fig. 4a). In well-ordered regions
with the 10-fold superstructure (Fig 4b and c), there are slabs of
[5 x o] black dots. In projection along the b-axis, these slabs are
shifted by 1/2a+1/2c with respect to each other. This shift is
in accordance with the body-centered tetragonal cell derived
from the results of electron diffraction investigations. Although
the 10-fold structure is perfect here in quite large areas, stacking
faults appear with deviating slab width (Fig. 4a). Since all HRTEM
images shown here were recorded close to Scherzer defocus,
the black patches apparently represent the projection of those
columns that contain the highest scattering potential in this

system and therefore correspond to the positions of the
W-centered octahedra.

This interpretation of the HRTEM image contrast is confirmed
by the results of the HAADF-STEM (Z contrast) investigations
(Fig. 5). The images show the projection of the W positions
unambiguously as bright dots since W has by far the highest
atomic number of the elements constituting the given phase.
A direct comparison for the 10-fold superstructure (Fig. 5a)
demonstrates that the bright dots in the Z contrast image are
indeed located on exactly the same sites as the dark dots in the
HRTEM images.

In the highly resolved images of the structure obtained by both
methods (Fig. 5a), the distance between the dots of the square
arrangement within the slabs is ca. 0.38 nm. This value approxi-
mately corresponds to the length of the diagonal in a WOg
octahedron. This observation in conjunction with the information
obtained from electron diffraction indicates that the structure
inside the slabs is basically that of ReOs-type WOs.

On the first view, the contrast of the HRTEM images (Fig. 4)
look somewhat similar to those observed for tungsten oxides with
crystallographic shear planes: there are parallel slabs with a
square dot pattern that are separated by lines. In the intermediate
space between the square dot arrays in the slabs, no characteristic
contrast features can be distinguished in the images here. In the
HRTEM images, the contrast there is gray in thin and almost black
in thick areas (top and bottom parts, respectively, in Fig. 4b and c).
In the HAADF-STEM images (Fig. 5), the contrast between the
slabs is always dark, which means that the scattering potential
located there is much lower than that of the W-containing
columns, which are visible as bright patches. From this contrast
and the measured distance between the slabs, it must be
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Fig. 4. (a) HRTEM image along [010]. Most areas show the 10-fold superstructure (5W atoms per slab) but some slabs with four and six rows of WOg octahedra are present
as well (arrows). (b) Magnified area with the perfect 10-fold superstructure. (c) Enlargement of (b) (Fourier filtered). Simulations calculated with the structural data of
Al4W1005; (Table 1) for thicknesses of 1.5nm (top) and of 4.5nm (bottom) are shown as insets and marked by white lines (length = 3.95nm) above them for better

visibility.

concluded that a new type of connection between the ReOs-type
slabs appears here that does not correspond to any of the
structures described up to now (see Introduction).

To construct a structural model for the 10-fold superstructure,
only the information that is unambiguously extractable from the
evaluation of the electron microscopy results was used. The WOg
octahedra were placed onto the positions of the dark patches in
the HRTEM that correspond to the bright patches in the Z contrast
images (Fig. 5a). Because of the high symmetry of the selected
space group I4/mmm, W occupies three independent sites only
(Table 1). The O atoms were placed in the middle between
adjacent W positions resulting in ideal WOg octahedra. Adjacent
slabs of [5 x oo x o0] WOg octahedra (gray in Fig. 6) are shifted by
[341] in respect of each other. This arrangement of the ReO5-type
slabs creates empty octahedral sites at the boundary between
neighboring slabs. Filling these sites by Al leads to the structural
model represented in Fig. 6. The AlOg octahedra are attached to
the WOs slabs by sharing edges. Thereby, chains of corner-sharing
AlOg octahedra are formed along the a- and b-axes. Two adjacent
chains of AlOg octahedra with a relative displacement of [110] are
connected by edge-sharing. Each AlOg octahedron shares four
edges with other AlOg octahedra and the other four edges with
adjacent WOg octahedra. As a result, a plane of AlOg octahedra
arises that connects the WO3 slabs.

The correctness of the structural model was probed by
simulating HRTEM images using the parameters of the model
(Table 1) and of the TEM microscope (see Experimental). The
calculated images are in good agreement with the experimental
one (Fig. 4c). The image contrast is of course dominated by the

high scattering potential of the W atoms but the Al positions
contribute to the gray contrast between the WOs slabs; faintly in
thin areas (Fig. 4c top) and more strongly in thicker areas (Fig. 4c
bottom). If simulations were calculated with a structural model
containing no Al atoms for comparison, they show a uniformly
gray contrast there which is thickness independent.

It cannot be excluded that the symmetry of the body-centered
cell is reduced compared to this model in space group I4/mmm,
e.g. by tilt or distortion of octahedra. However, all experimental
results at hand can satisfactorily be explained by the model
presented here so that the deviation of the actual structure from
this possibly idealized model is expected to be small.

Edge-sharing of AlOg octahedra, for example, occurs also in the
structure of corundum (besides face-sharing). As for WOg
octahedra, edge-sharing has been observed in reduced phases of
the WOs_, type (Magnéli phases). The observed types of
coordination for Al and W are thus not unusual in their
own right, but the resulting interface structure connecting the
ReOs-type slabs is without precedence as far as we know.
Formally, the first step in generating the structure of Al;W003>
is to cut the WOj3 structure into slabs of [5 x o0 x oo] octahedra
like in the crystallographic shear operation [11,12]. In contrast to
that, no oxygen atoms are removed and no direct connection
between the slabs by edge-sharing is formed here. Instead, a plane
of AlOg octahedra is fit in between the ReOs-type slabs. However,
here the connection occurs via edge-sharing of the octahedra as
well. Thus, this novel structure might also be regarded as a variant
of crystallographic shear in ReOs-type compounds. The Al;W1003>
structure appears to be very flexible and can accommodate
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varying Al:W ratios since rows of WQOg octahedra can easily be
added or removed leading to polytypes (see below) and stacking
faults (Fig. 4a).

The stoichiometry of the structural model for the 10-fold
superstructure is Al4W1003; (Table 1). Interestingly, this composi-
tion corresponds to a not fully oxidized phase. If W% would
exclusively be present, the composition should be Al4W90O3g
instead of Al4W;003, as found for the structural model. This
deviation might indeed be caused by the occurrence of reduced W
but additional Al on W sites or not fully occupied Al positions are
more reasonable explanations. Such a less-ordered occupancy of
different metal positions might also lead to the deviation from
ideal symmetry that has been detected by electron diffraction
along [001] (Fig 3d). In addition, the observation of circular diffuse

Fig. 5. HAADF-STEM images along [010] (smoothed) show the W positions as
bright patches that are located in slabs separated by dark lines. (a) Highly
magnified area of Al;W;¢03, with 5W atoms wide slabs. For comparison, a section
of the HRTEM image (cutting of Fig. 4c) is shown as inset. The bight patches in the
HAADF-STEM and the dark ones in the HRTEM image appear at the same positions.
(b, c) Disordered areas with varying widths of the WO5 slabs. The width of each
slab is given by number of W atoms.
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scattering indicates the presence of short-range order in the
cation sublattice.

3.3. Polytypes and disorder

The SAED patterns of the a*c* plane prove that different
polytypes of the novel aluminum tungsten oxide exist (Fig. 1a-c).
Four superstructure reflections indicate a 10-fold (c~3.95nm),
three superstructure reflections an eight-fold (c~3.2 nm) and six
superstructure reflections a 14-fold superstructure (c~5.53 nm),
respectively. However, additional diffuse streaking which appears
along ¢* in all SAED patterns points to the omnipresence of
stacking disorder. In heavily disordered crystals, the superstruc-
ture reflections have vanished completely and exclusively the
substructure reflections are still observed (Fig. 1d).

The characteristic of Al;W;003, with the 10-fold superstruc-
ture are slabs of 5W atoms in width. As discussed above, these
slabs are directly visible in HRTEM (Fig. 4) as well as in HAADF-
STEM images (Fig. 5a). The polytypes are derived from this
structure by adding or removing planes of WOg octahedra.
Because this has to be done in both slabs present in a unit cell,
two units of WO3 have to be added or subtracted to calculate the
composition of a certain polytype. Consequently, the general
formula for this series of alumina tungsten oxides is Al;W5,0gp+2.
By electron diffraction, the existence of the phases with n =4, 5
and 7 has been confirmed in pm-sized regions (Fig. 1a-c).
Domains of the missing member with n =6 are often found in
the HRTEM and HAADF-STEM images (Figs. 5 and 7). Other
members are present in small microdomains, often comprising
one or two slabs only. The smallest slab discovered up to now is
three W atoms wide (n=3 in Fig. 5c). Interestingly, slabs
consisting of more than seven W atoms were only found in a
sole crystal fragment yet with the largest slab width being nine W
atoms (n =9 in Fig. 7b). In the center of this area, slabs with
7-9W atoms are intergrown while on both sides the members
with 4-6 are predominant.

Because of the close structural relationship between these
polytypes, intergrowth of them is frequently observed. The crystal
region shown in Fig. 7a represents an example for this. Besides the
predominant 12-fold superstructure, as recognizable by slabs 6W
atoms wide, small domains of the 10-fold superstructure are
present as well.

As already indicated by the streaking present in the SAED
patterns (Fig. 1), stacking disorder appears frequently. The 10-fold
superstructure present in the HRTEM image reproduced in
Fig. 4a is well-ordered in most regions but a few slabs are
incorporated with one row of black spots (i.e. one plane of
WOg octahedra) missing (4W per slab) or with one additional row
(6W per slab). In fact, many crystallites are more heavily
disordered and show a random arrangement of slabs with
different width (Figs. 5b, c and 7b). It is obviously typical for this
structure type that a perfect constitution of the different phases is

&é&./&
’ N N
N\ NN

N7\ NN NN\
" Y

Fig. 6. Structural model for Al4W1003, in projection along [010]. The unit cell is outlined with the long side corresponding to the crystallographic c-axis. WOg octahedra are

gray while AlOg octahedra are shaded red and blue, respectively.
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Fig. 7. HRTEM images along [010]: (a) intergrowth of mainly the 10-fold and the 12-fold superstructure and (b) disordered area with varying slab sizes. The width of each

slab is given by the number of W atoms.

restricted to small areas only. This statement is supported by all
HRTEM and HAADF-STEM images observed till now (see examples
in Figs. 4a, 5 and 7).

It should be noted that it was not possible to synthesize one of
the phases Al4W5,,0¢n+2 in pure form up to now. Considering the
close structural relationship of these phases as well as their
tendency to form intimate intergrowths and stacking variants, the
exclusive synthesis of a pure phase appears to be an insurmoun-
table synthetic challenge.
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