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This is the first paper reporting that lanthanum tungstate, earlier
believed to be LagWO,, is in fact Layg . Wy, Os445 , Where tungsten
dissolves in lanthanum sites to form a stable solid-state electrolyte,
exhibiting proton conduction by hydration at intermediate
temperatures.

Oxides that exhibit significant protonic conductivity at elevated
temperatures are promising candidates for use as electrolytes in
proton conducting fuel cells, while ambipolar conductors can be used
as dense ceramic membranes for hydrogen separation in carbon
capture processes or fuel upgrading. What was earlier believed to be
the hexalanthanum tungstate (LagWO,,) exhibits pure ionic or mixed
ionic-electronic conductivity depending on temperature, atmosphere,
and the exact La/W ratio."® The total conductivity is 2-7 mS cm ' at
800 °C, and 0.02-0.03 S cm! at 1100 °C in wet H,. Recent investi-
gations have shown that LagWO;, is unstable and leads to an
incorrect description of the unit cell.®> The material is stable only in
a window of La/W ratios below 6,> and single phase materials can
only be obtained for compositions with a nominal La/W atomic ratio
between 5.3 (labeled LWOS53) and 5.7 (LWOS57), after firing at 1500
°C.2 The final annealing temperature is important, as the stability
window of composition is temperature-dependent.®* So, what is the
detailed structure that facilitates stabilization, that explains why only
off-stoichiometric La/W ratios well below 6 are stable, and that yields
a defect model that helps rationalize the transport, doping and
hydration behaviour?

Attempts on detailed descriptions of the crystal structure are
limited to ref. 3 and 4. The model from ref. 3, represented by
a Lays sW4705,8v112 unit cell (¢f. Fig. S4 1), was in good agreement
with X-Ray Diffraction (XRD), neutron diffraction data, density and
chemical microanalyses, and is closely related to Y;ReOy4
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(Y23Re4Os6 unit cell).® The structure from ref. 3 had two main
challenges still to be solved: first, ~20% of the tungsten was not
located with confidence in the structure. Second, W was reported to
be 8-fold-coordinated, which was not sufficiently discussed in view of
its small size with respect to this coordination. Re(vi) was also
reported to be 8-fold coordinated to oxygen in Y;ReO;4,° but the
authors emphasized that it should only be seen as a reasonable
description of an averaged high symmetry structure. An interpreta-
tion of ReOyg as two disordered ReO, tetrahedra was challenged by
too-long Re-O bonds and oxygen site occupancy being significantly
higher than 50%. Both arguments can be applied to our lanthanum
tungstate as well. An additional challenge with respect to the struc-
ture of lanthanum tungstate is related to the amount of empty and
filled oxygen sites. The water uptake due to hydration of oxygen
vacancies was below 10%,%* which is much lower than expected from
the total amount of vacancies in Lays sW470s8v11.2. These aspects
are revised in our new structural model. Hence, substantial effort has
been devoted to finding the formula unit to serve as a parent structure
for a defect chemical model. We will first describe the model obtained
from computational tools, and afterwards validate it with experi-
mental diffraction techniques.

All final calculations were performed by DFT (within the VASP
code),” while atomistic techniques by interatomic potentials (within
the GULP code)® were used to explore a broader range of atomic
configurations. The cation positions in the relaxed cells were very
close to the sites defined previously, i.e. Lal(4a), La2(24g) and W(4b)
(from F43m),? and are in agreement with the synchrotron data (to be
described later). The interstitial tungsten positions described in ref. 3
were disregarded based on total energy considerations after prelimi-
nary computational studies.

First of all, both DFT and potential-based simulations show that
the most stable oxygen configuration around W was an octahedron
with oxygen sites lying in the vicinity of the corners of the WOg cube
described in ref. 3. This is in accordance with preliminary results
from Raman spectroscopy, which also indicate that W is in an
octahedral coordination (typical W-O distances =1.9 A), rather
than tetrahedral (~1.7 A). Furthermore, in the lowest energy
configurations, the WOg octahedra are oriented in different direc-
tions as to give more uniform oxygen coordination around the Lal
and La?2 sites. Lal sites are generally 8-fold coordinated in regular
cubes, while La2 sites are generally coordinated by 7 oxygens in
highly distorted cubes.
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DFT-based molecular dynamics simulations at 1473 K show that
the oxide ions are mobile and move along a cube-like frame around
W. This suggests that the WOq octahedron may reorient or flip in
many directions at high temperatures. Thus, while the local envi-
ronment around the cations is octahedral, the average structure can
be represented as a cubic environment due to both the different
orientations of the octahedra (space average) and flipping of the
octahedra (time average).

The measured La/W ratio, materials’ density and lattice parame-
ters enforce higher W content in the unit cell than that corresponding
to La/W = 7 (LaxW40s4; LWO70).> DFT and potential-based
calculations showed stable configurations when some W is
substituting La on the La2 site, which thus seems to be the way the
unit cell accommodates more W ions. The final modelled structure is
shown in Fig. 1.

Wé* dissolving on La** sites may initially seem counter-intuitive
considering the large difference in size between the two. However, the
La2 site has a distorted environment, which was found to be flexible
to substitution by W, resulting in Wy ,,0¢ octahedra with bond
lengths almost identical to the regular Wyw—O distance. Wy ., resides
very close to the original La2 position which, in addition to the low
fraction of W ,, in the overall cell, means that this cation may not be
easily differentiated from La2 in diffraction techniques. To further
support the presence of Wy ,, defects, it was reported that the lattice
parameter had a linear dependence with the La/W nominal ratio, and
it was also suggested that phases with lower La content might be
stable at lower temperatures.® This likely reflects the temperature
dependence of the solubility of W in the La2 site.

A variety of high resolution diffraction experiments, including
synchrotron, neutron and electron diffraction, have been performed
to assess the validity of the structural model described above. The
experiments were conducted for the end members of the solid solu-
tion after firing at 1500 °C. LWOS53 can be indexed as the cubic cell
reported previously,® but the SPD pattern of LWOS57 shows addi-
tional (very weak) reflections right beside the peaks stemming from
the cubic structure (see the inset in Fig. 2). These small peaks exhibit
a full width at half maximum much wider than the main ones.
Introducing a secondary phase did not sufficiently improve the
refinement, and the peaks may then appear due to a small deviation
from the cubic metric. Tetragonal and rhombohedral cells were
tested, both giving satisfactory agreement factors, where all the peaks
can be indexed and no extra reflection conditions can be identified.
The best refinements of SPD data (x 2 = 2.8; R g = 6.9%) have been
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Fig.1 RelaxedstructureofaLasg Wi OsqisVa_s(x=1,0=1.5) unit cell.
It shows one W replacing La2 (x = 1), and various orientations of tungsten
octahedra.
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Fig. 2 Rietveld refinement of the SPD pattern of LWOS57. The inset
shows the splitting of the (10 6 2) cubic reflection into 3 peaks. The same
reflections for LWOS53 are shown.

obtained using the I4/numm space group (no. 139, maximal subgroup
of Fm3m). The body centered tetragonal cell has two formula units
percell, a = aJy2,and ¢ = a . (where a ., a ; and c ( denote the
cubic and tetragonal cell parameters). The refined diffractogram is
shown in Fig. 2.

It is worth emphasizing that the relative deviation from the cubic
cellis very small, around 2.5 x 10~%, and that such a deviation cannot
be detected using laboratory XRD or high-resolution NPD (in both
cases Adld is above 107%). It is also important to mention that the
peaks in SPD patterns from the X-ray synchrotron source for both
LWOS53 and LWOS57 are extremely narrow, and this implies that the
cation sublattice is very well defined. As per definition, the content of
the tetragonal I-centered cell (Z = 2) is half of the cubic F-centered
cell (Z = 4), but we will, for the discussion, consider the content of
two unit cells (Z = 4). Rietveld refinements for La,gW4Os4 (no W at
La position) and Lay;WsOss5 (one Wy,,) give rise to the same
agreement factor, i.e. W occupies the same position as La2 and they
are barely distinguishable by X-ray diffraction at such a small
substitution level.

The fact that LWOS57 (more lanthanum, more vacancies) shows
a higher distortion from the cubic cell than LWOS3 (more tungsten,
less vacancies) may be ascribed to a higher concentration of oxygen
vacancies in the former, in accordance with the newly proposed unit
cell. The pattern from neutron diffraction is, by far, more difficult to
refine than the SPD pattern. This means that oxygen positions are
less confined to the positions constrained by the space group and,
therefore, more difficult to locate at specific positions in the lattice.
Since these oxide ions (and oxygen vacancies) are disordered, the
refinement of the average structure becomes even more challenging.
The DFT and potential-based calculations (Fig. 1) indicate that it
may not be possible to find a space group that can fit the structure at
the local level, especially regarding the oxygen environment around
tungsten. In any case, the tetragonal and the cubic cells are close
descriptions of the average structure of this material.

SAED patterns and HRTEM images down the main zone axes
apparently agree with the F43m cubic unit cell previously described in
the literature,® as most of the main reflections can be indexed
according to the space group, though they match 4/mmm equally
well (Fig. 3). Nevertheless, subtle structural differences are detected
according to the electron diffraction patterns. Diffuse scattering from
slight disorder—probably from oxygen vacancies—has been detected
in the W-richer phase (LWOS53) along the [111]; direction, whereas
the LWOS57 does not show evidence of diffuse scattering in the same
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Fig. 3 HRTEM micrographs and the corresponding SAED patterns
showing a view down the [011] zone axis for (a) LWOS53 and (b) LWOS57.
Diffuse scattering can be detected in the W-richer composition (a).

zone axis (insets of Fig. 3). This result suggests that the subtle
distortion from the cubic symmetry observed from synchrotron data
is real and apparently involves a certain degree of oxygen vacancy
ordering at local scale for LWOS57, similar to that found in some
other good oxide-ion conductors such as ceria or zirconia.>'® For
LWOS53 the oxygen vacancies are not ordered and give rise to an
average “cubic” unit cell, whereas for LWOS57, they may start to
cluster and get ordered analogously to C-type Ln,Os structures. This
correlates well with our model, since LWOS53 has higher tungsten
content and therefore fewer vacancies than LWOS57. We should also
stress that the ordering described here may not occur in the long
range, because longer-range ordering would imply the presence of
superstructure reflections in the SAED pattern.

The structure that we propose implies that this material can be
described with the formula Lasg . W44 Osq45 V25, Where v represents
empty oxygen sites. The substitutional W in amounts defined by x
possesses effective positive charge and serves as a donor which
will be compensated by an increased oxygen content defined by 6.
We find that x lies between 0.74 (for LWOS57) and 1.08 (for
LWO53). Thermogravimetric analysis of LWO56 as a function of
temperature and pO, reveals that the material does not go
through any measurable stoichiometry change between 1100 and
300 °C. This is in support of X-Ray Photoelectron Spectroscopy,
which indicates that only W¢" is present. Consequently, the defect
Wy, has an effective charge of 3+ (ie. Wi ,,) and it follows that
6 = 3x/2. Atomistic potential-based modelling suggests that the
structure is more stable with lower oxygen vacancy concentration
ie. lower La/W ratio. This explains why the composition x =
0 (La/W = 7: LWO70, 6 = 2, v/O = 1/28) is not stable and
cannot be synthesized; it may only be achieved at very high

temperatures, where structures with more vacancies tend to
stabilize due to entropy contributions. Then, when the La/W ratio
is decreased and the oxygen sublattice consequently filled, the
compound becomes stable and can be prepared.

It is important that the structural model described here can be
correlated to its properties. In this direction, we may mention that the
water uptake of LWOS56, using the new structural model as the
parent structure, corresponds to filling ~2/3 of the available oxygen
vacancies. This is much higher than that reported before (below 10%),
due to overestimating the amount of available oxygen vacancies
when tungsten is assumed to be 8-fold coordinated. Also, the La/W
ratio in lanthanum tungstate has a measurable impact on the
conductivity (¢f. Fig. S6 1). The W on the La site (Wy,,) acts as
a donor, which is mainly compensated by oxide ions, ie. filling the
oxygen vacancies. Therefore, more W inhibits ionic conductivity due
to a lower concentration of oxygen vacancies.'!

To conclude, the structural model derived from a combination of
computational modeling and experimental approaches describes
a crystal structure that explains the solubility of tungsten on the
lanthanum site, and why the material requires lanthanum deficiency
to be stable. The properties of the material, such as water uptake and
conductivity characteristics, can be rationalized from the expected
amount of empty oxygen sites and the consequent defect chemical
model, which will be treated in more detail in separate contributions.
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