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ABSTRACT: Crystalline Las-xMo0O12-s materials with different lanthanum/molybdenum ratios (0.6 < x < 3.0) have been prepared
via a freeze-drying precursor route. The influence of the lanthanum content, sintering temperature and cooling rate on the phase
existence range and polymorphism was evaluated. Lanthanum rich compounds present three different polymorphs: a cubic (disor-
dered) fluorite and two complex rhombohedral superstructures related to the fluorite. For the first time, the structural resolution of
these rhombohedral superstructures, 7x7x1 and 5x5x1, has been successfully accomplished by neutron powder diffraction and trans-
mission electron microscopy studies. As the La/Mo ratio decreases, the cubic symmetry is stabilized, although a phase transformation
from cubic to monoclinic occurs at a low cooling rate. Impedance spectroscopy measurements under different atmospheres (dry and
wet N2 and 5% Hz-Ar) show that all materials exhibit mixed proton-electronic conductivity. The n-type electronic conductivity is
attributed to Mo®" reduction and increases for those phases with lower lanthanum content, i.e. for quenched samples, from 5 mS cm’
! for Las4MoOi1.1 to 9.5 mS cm™! for LasMoQy at 700 °C in very reducing and wet conditions, which are significantly better than the
values published to date for mixed lanthanum tungstates/molybdates. This make these materials potential candidates for hydrogen

separation membranes.

1. Introduction

Hydrogen is an excellent energy vector due to its high gravi-
metric power density compared to fossil fuels.!” It can be ob-
tained via water splitting or, more commonly, via the reforming
of hydrocarbons.*” However, the latter procedure leads to a
mixture of gases comprised mainly of H», CO and CO», con-
straining the separation and purification of Ha, which is per-
formed by a hydrogen separation membrane. Such materials
must exhibit high proton conductivity, therefore, state-of-the-
art proton conductors, (Ba,Sr)(Ce,Zr)Os are in principle good
candidates for this application.®'® However, a major drawback
of these materials is their low stability in H>O and CO»-rich at-
mospheres, an important issue when hydrogen is obtained
through the reforming of hydrocarbons.!!"'> Over the last years,
new candidates for hydrogen separation membranes have
arisen, such as those based on lanthanide tungstates/molyb-
dates, LnexWi1yMoyO125 (Ln=La-Lu), due to their enhanced
phase stability in different environments. Among them, more
attention is being drawn to materials where tungsten is complete
replaced by molybdenum, due to the higher reducibility of Mo®*
compared to W', which leads to an increase of the electronic
conductivity.!>16

Lanthanide molybdates, with general formula LnexMoO12s
0 <x < 0.6, present different structures depending on the lantha-
nide size and the synthetic conditions.'®?® For instance,
Las.sMoOi11.1 ceramics prepared by the freeze-drying method at
1500 °C and quenched down to room temperature (RT) crystal-
lize as a simple cubic fluorite. At slower cooling rates, 50 and
0.5 °C min!, two rhombohedral polymorphs are isolated.
HRTEM studies confirmed that these polymorphs present
7x7x1 (R1) and 5x5x1 (R2) superstructures relative to a basic
unit cell with fluorite-type structure. However, due to the com-
plexity and large unit cell volume of these compounds, more
than 6500 and 3200 A3, for R1 and R2, respectively, a complete
structural determination was not possible by conventional X-
ray diffraction studies.?!

The symmetry of these compounds can also be tailored by
modifying the cationic and anionic frameworks. For instance,
Nb-doping on LassMoOi1.1 leads to the stabilization of the R1
polymorph regardless of the preparation conditions, in addition
to an improvement of the densification and electrical properties,
from 0.17 to 044 mS cm! for LassMoOii and
Las4Mo0.9Nbo.1O11.0s, respectively, at 700 °C in a dry N2 atmos-
phere, because of the generation of additional oxygen vacan-
cies.?? On the other hand, modification of the anionic network
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of LassMoO11.1 and Las4Mo00.9Nbo.1O11.05 by means of fluorina-
tion leads to the stabilization of the cubic polymorph at temper-
atures as low as 1200 °C, where non-fluorinated samples are a
mixture of phases.”* However, these materials showed a marked
decrease of the ionic conductivity under dry/wet N2 and Oz at-
mospheres. For instance, between the non-fluorinated and
fluorinated Las4Mo009Nbo.1O11.0s samples, both with R1 sym-
metry, the conductivity decreased from 0.21 to 0.02 mS ¢cm™! at
700 °C in a dry N2 atmosphere, due to the filling of the oxide
vacancies by fluorine. Moreover, an increase of the n-type elec-
tronic conductivity was observed under reducing atmospheres,
from 4.0 to 5.3 mS cm™! at 700 °C, for non-fluorinated and fluor-
inated Las4sMoOi1.1, respectively.

The aim of this work is to further explore the phase diagram,
crystal structures and electrical properties of lanthanum molyb-
dates with La/Mo molar ratios (0.6 < x < 3.0) and its depend-
ence on different synthesis-sintering conditions.

For the first time, with SAED and the Rietveld refinement of
neutron powder diffraction data, the task of solving these com-
plex structures, with 7x7x1 and a 5x5x1 supercells, has been
addressed. The symmetry assessment is performed using the su-
perspace formalism,>* originally developed for incommensu-
rately modulated systems, but often also used to describe com-
plex commensurate modulations.?

Finally, microstructural and electrical characterization was
carried out by scanning electron microscopy and impedance
spectroscopy under different atmospheres, respectively, to eval-
uate the potential use of these materials as hydrogen separation
membrane.

2. Experimental
2.1. Synthesis

Samples with composition LasxMoO12s (x=1,1.5,2,2.5 and
3) were prepared by the freeze-drying precursor method using
La203 (99.99%, Aldrich) and MoO3(99.5%, Aldrich) as starting
reagents, following the synthetic procedure detailed for
Las4sMoO11.1.2!

In order to optimize the final sintering temperature, the pre-
cursor powders obtained at 800 °C for 1 h were compacted into
pellets of 10 and 1 mm of diameter and thickness, respectively;
and sintered between 1000 and 1500 °C for 1 h with heating and
cooling rates of 10 and 5 °C min’!, respectively. The samples
sintered at 1500 °C were also cooled down at two different rates:
quenching (sudden cooling) and 0.5 °C min' to study the effect
of the sintering treatment on the phase formation and polymor-
phism. The resulting pellets were ground into fine powders for
structural characterization. Hereafter, the Lasx«Mo0QO12-5 samples
are labelled as LasxT-C, where 6-x represents the lanthanum
content, T is the sintering temperature and C is the cooling rate.

2.2. Structural and microstructure characterization

The composition and structure of all samples were routinely
analyzed by laboratory X-ray powder diffraction (XRPD) using
an Empyrean PANalytical diffractometer with CuKau,» radia-
tion. Structural studies were carried out using a X’Pert Pro MPD
(PANalytical) automated diffractometer equipped with a Ge(1
1 1) primary monochromator (CuKa, radiation) and an X’Cel-
erator detector. The acquisition time was approximately of 4 h

over in the 10-120° 26 range. The phase identification and struc-
tural analysis were performed using the X'Pert HighScore Plus
and GSAS softwares.?%?’

Room temperature neutron diffraction (NPD) data were col-
lected in the HRPT diffractometer using the SINQ neutron
source at the Paul Scherrer Institut (Villigen, Switzerland). The
neutron wavelength, ~1.15 A, was selected by the 511 reflec-
tion of the vertically focusing Ge monochromator and the sam-
ples were loaded in a vanadium can. The overall measurement
time was 6 h per pattern in order to obtain good statistics over
the 20 range of 13—-150° (5-0.6 A) with a step size of 0.05°.

The crystal structure of the materials was also investigated by
selected area electron diffraction (SAED) and high-resolution
transmission electron microscopy (HRTEM). The SAED pat-
terns and the corresponding images were recorded using a Jeol
JEM 2100 electron microscope operating at 200 kV. TEM im-
ages were further analyzed using the Digital Micrograph™ soft-
ware from Gatan.?®

The morphology and composition of dense sintered pellets
were investigated by field emission scanning electron micros-
copy (FEI-SEM, Helios Nanolab 650), combined with energy
dispersive spectroscopy (EDS, Oxford Instruments). Grain size
was estimated from the SEM micrographs, using the linear in-
tercept method with the Estereologia software.?

2.3. Electrical characterization

Impedance spectra were acquired using a Solartron 1260 fre-
quency response analyzer in dry and wet (2 vol.% H>O) N2 and
5% Ha-Ar. The data were collected in the 0.01 Hz to 1 MHz
frequency range with an ac perturbation of 100 mV on cooling,
from 750 to 200 °C and a dwell time of 30 min at each meas-
urement temperature. Pt current collectors were formed by coat-
ing the pellet surfaces with Pt ink (METALOR® 6082) and then
fired at 800 °C for 1 h in air. The data were analyzed by equiv-
alent circuit models using the ZView program.>

3. Results and discussion
3.1. Single phase existence range

XRPD patterns of LasxMoO125 (1.0 < x < 3.0) calcined at
temperatures between 800 and 1500 °C for 1 h and cooled down
at 5 °C min! are shown in Figure 1 and S1. Table S1 summa-
rizes the different polymorphs and secondary phases obtained
for all compositions at the different sintering temperatures. The
as-prepared powders at 800 °C show broad diffraction peaks for
all compositions, attributed to the nanocrystalline nature of the
powders, and the patterns can be indexed as a simple cubic
fluorite, except for La;800-5, where the reflections are assigned
to a monoclinic phase, similar to that recently reported by Dan
Vu et al. with composition LasMogO7s.*' At higher sintering
temperatures, different behaviors are observed depending on
the La/Mo ratio. For the highest lanthanum content, LasT-5, and
a temperature range of 1000-1500 °C, single phases are not ob-
tained for 5 °C min™' cooling rates (Figure 1a). Different phases
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Figure 1. XRPD patterns for LasxMoO125 (x = 1.0, 1.5, 2.0 and 2.5) heated
for 1h at temperatures between 800 and 1500 °C and cooled down at 5 °C
min™!. The majority phase for each sample is denoted at the bottom left of
the diffraction patterns and the minor secondary phases are labelled.

are identified, including R1, R2 and LaOs3, a similar behaviour
to that previously observed for Las4MoO11.1.2!

In the case of LassT-5 in the 1000-1300 °C temperature
range, mixtures of a cubic fluorite (isostructural with PDF 00-
024-1087), R2, La2MoOs (PDF 01-080-0437) and the mono-
clinic phase,’! with composition LassMosO7s, were identified
(Figure 1b). At higher temperatures, i.e. T > 1400 °C, single
phases with a cubic symmetry were obtained. Therefore, lower-
ing the lanthanum content leads to the stabilization of a cubic
phase in less demanding synthesis conditions (cooling rate of 5
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Figure 2. XRPD patterns for LasxMoO125 (x = 1.0, 1.5, 2.0 and 2.5) heated
for 1h at 1500 °C and cooled down at two different rates: quenching and 0.5
°C min™'. The majority phase for each sample is denoted at the bottom left

of the diffraction patterns and the minor secondary phases are labelled.
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°C min™), in contrast to Las4MoO:11.1,2' which required quench-
ing from 1500 °C to render the cubic polymorph.

In the case of Las4T-5 (Figure 1c), single phases were pro-
duced in the whole temperature range; the monoclinic phase
formed at temperatures between 1100 and 1300 °C, whereas a
monoclinic—>cubic phase transformation is observed above
1400 °C.

Finally, both LassT-5 and LasT-5 present a similar behaviour
(Figure 1 and S1) and no single phases could be obtained at any
sintering temperature. Mixtures of low La/Mo compositions
were identified, such as La2MoOs and LasM02015 (PDF 00-034-
1134), in addition to the monoclinic-and cubic-type structures
at low or high temperature, respectively. It has to be noted that
the monoclinic phase reported by Dan Vu et al.3' corresponds
to a 4.25 La/Mo ratio, therefore it forms in samples with low
lanthanum contents, which is not the case of Las and Las4.>!

Figure 2 shows the XRPD patterns of LascxMoO125 (1.0 < x
<3.0) calcined at 1500 °C for 1 h and cooled down at two cool-
ing rates, quenching (Figure 2a) and 0.5 °C min™' (Figure 2b).
Table S2 summarizes the phases obtained for all compositions
at the two cooling rates. The samples quenched in air are simple
cubic fluorites, with the presence of secondary phases,
LaxMoOs and LasMo0201s, for x > 2.5. For the slower cooling
rate, 0.5 °C min’!, in all cases secondary phases were detected,
except for Las that renders a single phase with monoclinic struc-
ture.

The large number of phases that can be isolated as a function
of the sintering temperature and the cooling rate can be at-
tributed to the higher ionic radii of lanthanum in an eight-fold
coordination (r = 1.16 A) in comparison to that of molybdenum
(r=1.02 A), where both occupy the same crystallographic po-
sition in a fluorite-type structure. Therefore, as the lanthanum
content decreases, single phases gradually tend to cubic sym-
metry due to the smaller mismatch in the ionic radii of the cati-
onic network. However, when the number of cationic vacancies
is too large, the system is no longer stable and phases with low
La/Mo ratios are segregated. Moreover, for LassMoO11.>! and
Las, no single phases are obtained at a cooling rate of 5 °C min
!, and either quenching or slow cooling rates are required to sta-
bilize the different polymorphs, which is further evidence of the
instability of systems with high lanthanum contents.

Considering the potential application of these materials at
high temperatures, Las, Lass and Las were annealed at 800 °C
in 5% Hz-Ar for 48 h to evaluate phase stability (Figure S2). All
materials retain the original structure, with the exception of
La41400-5, where minor segregations of LaxMoOQg are detected.

3.2. Crystal structure determination of R1 and R2 poly-
morphs for Las4sMoOr1.1

SAED patterns of modulated structures often display a set of
strong reflections, from the parent structure, and subsets of
weaker reflections corresponding to ordered modulations. In the
most general case, the complete sets of main and satellite re-
flections can be indexed by the reciprocal vector G by applying
De Wolff's theory within the (3+d)-dimensional superspace
group approach.*?

G = ha* + kb* + Ic* + miqi + maq2 + m3qs (1)
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Figure 3. SAED patterns of (a) Las4aMoOi1.1 with a Rl symmetry in the
[002]r zone axis, where the modulation vectors are of the type qm =

1/7 (220); and of (b) LassMoO:1.1 with a R2 symmetry in the [111]r zone
axis, where the modulation vectors are of the type qr1 = 1/ 5 (220).

This reciprocal space vector is uniquely identified with 6 in-
teger indices (hklmim2oms). Different satellite orders can be ob-
served, especially when the origin of the modulation is a local-
ized composition fluctuation. The number of independent g;
vectors and their symmetry properties are defined by the super-
space group of the crystal. For the R1 and R2 phases, the mod-
ulated vectors are commensurate, meaning that they all have a
rational relation with the vectors of the average structure.

Figure 3 shows the SAED patterns along the [002]7 and
[111]F zone axes for R1 and R2, respectively. Besides the strong
reflections corresponding to the parent fluorite structure, weak
but quite sharp satellite reflections are also observed. The parent
structure reflections still fulfil the F-lattice extinction rules.
These correspond with the strongest reflections observed in the
XRPD patterns and they can be indexed according to the parent
average fluorite-type structure. There is no apparent violation
of the F-lattice rule by the set of weaker reflections. This is an
interesting point because a distortion of the lattice would lift the
accidental F-type extinctions leaving only the normal site sym-
metry reflection conditions.

The satellite reflections in both SAED images can be indexed
with rational fractions of the parent structure reciprocal vectors.
The satellite reflections in Figure 3a corresponding to the [002]~

zone axis appear to be aligned along the [hh0] and [hh0] direc-
tion and can be indexed as (aa0)r, (ac0)r with a=n/7. This
choice of vectors is in good agreement with SAED patterns col-
lected in other zone axes. The satellite reflections in this orien-
tation can be indexed according to a wave vector gri:

ar =1/7 a; +1/; bi )

At this point it becomes more interesting to leave the conven-
tional fluorite description of Table S3 and use the layered de-
scription of Table S4 instead. The direc_t lattice transformation
from the usual fluorite to the trigonal R3m subgroup is:

L)
H=[17, 1/, 1 3)
o 1/ 1

This subgroup still enforces the previous F-lattice rule on the
main reflections. The change of the point groups also opens the
possibility to produce 4 ferroelastic variants that might show up
as different domains (90°) in the SAEDs. In the R3m subgroup,
the gr: vector is expressed as gri = 1/ 7 bg. Taking into account
the point group 3m, the star of modulation vectors contains 3
branches (e.g., qr2 = 1/7 aj and qr; = 1/7 ay + 1/7 b}). The
same analysis can be performed on the R2 polymorph, though
with o = n / 5

_Using this information, we can build supercells of the average
R3m just multiplying both ar and br by 7 for the R1 and by 5
for the R2 polymorphs.

In the case of the 7x7x1 superstructure the following lattice
transformation must be applied to space group G1 = R3m:

7 0 0
Ppogr71 = <0 7 0) “4)
0 0 1

This lattice transformation has the effect of generating a
space group G for the 7x7x1 supercell that has 1764 symmetry
operations. Again, the supplementary elements come from the
translation subgroup that now consists of 147 vectors while the
point group operations are still the same. The equivalence class
of the subgroup R3m of Gs consists of 49 cosets to produce the
independent atom sites in this large cell. The 20 independent
atomic positions of the fluorite structure in the R3m space
group of the 7x7x1 supercell are summarized in Table S5.

In the case of the 5x5x1 superstructure, the first step is to
apply the following lattice transformation to the space group Gi
=R3m:

5 0 0
Prorss1=(0 5 0 ®)
0 0 1

This lattice transformation has the effect of generating a
space group Gz for the 5x5x1 supercell that has 900 symmetry
operations. The supplementary elements come from the trans-
lation subgroup that now consists of 75 vectors while the point
group operations are still the same. The second step of the pro-
cess involves a proper choice of the symmetry elements of the
translation subgroup compatible with the desired final sym-
metry that is still R3m because the modulated diffraction pat-
tern still respects the F-center rule. The equivalence class of the
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Figure 4. c-axis view of the crystal structures of Las aMoO11.1: a) cubic (fluorite structure); b) rhombohedral R1 phase; and ¢) rhombohedral R2 phase, showing
the eight-fold cubic coordination of the cations. d) c-axis view for the monoclinic phase published by Dan Vu et al.>! La and Mo coordination spheres are

represented by green and purple cubes, respectively. Atomic positions occupied by both lanthanum and molybdenum are in lighter green color.

subgroup R3m of G» consists of 25 cosets that are used to pro-
duce the independent atom sites in this large cell, differing only
by translations. The 12 independent atomic positions of the
fluorite structure in the R3m space group of the 5x5x1 supercell
are summarized in Table S6.

All cationic environments in both models possess an 8-fold
cubic coordination, where the cubes are sharing edges (Figure
4). Taking into account the absence of secondary phases and the
nominal stoichiometry, both models allow the testing of differ-
ent ordered distributions and occupancies of the metal sites us-
ing NPD data and the Rietveld method, where scattering factors
from the oxygen atoms are much more significant than in X-ray
diffraction.

The deduced theoretical atomic positions (Tables S5 and S6)
were used as initial structural models. Parameters such as unit
cell, scale factor, background, peak shape coefficients, atomic
positions and isotropic displacement parameters were refined.
Regarding the type of atom at the metal positions and occu-
pancy factors, a comprehensive analysis was carried out, where
each cation was considered to be lanthanum or molybdenum,
adjusting its occupancy to reflect the theoretical formula. Then,
the occupancies were freely refined and only those scenarios
with reasonable M-O distances and good agreement factors
were chosen. Finally, oxygen occupancy factors were refined
and those very close to the unit were set to 1 and remained fixed.

The final refinement of the R1 phase (s.g.: R3m, Z=3,a=
27.951009) A; ¢ = 9.8998(9) A; V = 6698.1(9) A%) converged
to Rwp =4.09%; Rr = 3.56%. The refined atomic parameters are
collected in Table S7, distances in Table S8, a polyhedral view
in Figure 4 and the Rietveld plot in Figure 5a. Mo was placed

in two positions, one at the origin of coordinates, M1 (0 0 0), a
position confirmed by the shorter M-O distances, indicative of
a Mo-O bond; and the other one in M5. On the other hand, M2,
M3, M4, M6 and M7 were assigned to lanthanum. All these po-
sitions (M1-M7) possess a full occupancy (Table S7). The M8
position was splitted between La and Mo, with final occupancy
factors 0f 0.91(3) and 0.09(3), respectively. Therefore, there are
eight MOs distorted cubes sharing edges (5 of lanthanum, 2 of
molybdenum and 1 shared by lanthanum and molybdenum). All
of them with reasonable bond distances of 2.02-2.89 A (La-O)
and 2.11-2.60 A (Mo-O) taking into account the structural com-
plexity, the high number of atoms in the unit cell (402) and the
large cell volume, close to 6700 A>. Finally, it is important to
underline that the crystallographic formula obtained from the
refinement (Table S7), Las4sMoO11.26s, is very close to the cor-
rectly balanced stoichiometry, Las4sMo0O11.22, and the nominal
one, Las4MoOi1r1. Moreover, the crystallographic density
(5.834 g cm™) is quite close with that measured experimentally
in dense ceramic pellets, 5.811(3) g cm?, confirming the valid-
ity of the proposed structural model.

The final refinement of the R2 phase (s.g.: R3m, Z =3, a=
20.4941(5) A; c = 9.5183(5) A; V = 3463.1(8) A?); converged
to Rwp = 6.52%; Rr = 3.84%. The atomic parameters are col-
lected in Table S9, distances in Table S10, a polyhedral view in
Figure 4 and the Rietveld plot in Figure 5b. In addition to mo-
lybdenum in the origin of coordinates (M1), M3, M4 and M5
were assigned to lanthanum with a full occupancy and M2 was
splitted between La and Mo, with final occupancies of 0.53(4)
and 0.47(4), respectively. There are five MOs distorted cubes
sharing edges, 3 of lanthanum, 1 of molybdenum and 1 shared
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Figure 5. NPD Rietveld plots for Las4MoO1.1: (a) thombohedral R1 phase

and (b) rhombohedral R2 phase using the structural models obtained in this
work.

by lanthanum and molybdenum, with reasonable bond distances
0f2.16-2.89 A (La-O) and 2.33-2.55 A (Mo-O) considering that
the structure has 209 atoms and a cell volume close to 3500 A®,
The crystallographic formula, Las s2MoO11.7, and density, 5.793
g-cm?, obtained from the refinement (Table S9) is very close to
the correctly-balanced stoichiometry, Lass2MoO11.2s, and the
experimental density, 5.717(7) g-cm, suggesting the validity
of the R2 model.

Both crystal structures have been deposited with the CCDC,
with numbers 2011694 and 2011695, for the R1 and R2 models,
respectively. It has to be said that, although the formula ob-
tained from the R1 and R2 models are not identical, they are
quite close to the theoretical. Finally, despite the accuracy of
both models, the broad range in the La(Mo)-O distances might
indicate a higher level of disorder in the cationic positions,
which is difficult to address with diffraction powder techniques,
being necessary the use of single crystal diffraction studies.

Once the cationic distribution of the R1 and R2 phases for
Las4MoO11.1 has been defined, it can be understood how the dif-
ferent polymorphs form by tailoring the synthesis-sintering
conditions. At very high temperature, 1500 °C, due to the ther-
mal agitation, lanthanum and molybdenum are disordered in a
single crystallographic position M1 (0,0,0), creating a cubic
framework that can only be isolated for this composition by

quenching. For that symmetry, each La(Mo) is surrounded by
eight oxygens at a distance of 2.45 A. However, when the cool-
ing rate is set to a slower pace, the molybdenum ordering be-
comes quite evident. For R1, which can be obtained for
LassMoOu1.1 at a cooling rate of 50 °C-min™',*! or for cation-
doped samples, Las4Mo0o.9Nbo.1O011.0s and LasaMoo.sTio.1011, at
5 °C-min’,? all from 1500 °C, molybdenum/dopant is located
in three different positions: the initial one, M1 (0,0,0) and two

new ones, M5 (1/, 1/, 0) and M8 (2/,, 5/, 0) (Table S5).
The slowest cooling rate, 0.5 °C-min’', favors the most thermo-

dynamically stable structural arrangement, where one molyb-
denum remains in the M1 position and the other two converge

to the new and final M2 position (_2/15, _1/15, 1/3) (Table

S6). The similarities between the three phases is quite evident,
as can be seen in Figure 4a-c, where in any phase transformation
there is no breaking of chemical bonds, only slight readjust-
ments to efficiently accommodate the molybdenum. Therefore,
each polymorph is convertible into the other two by heating at
high temperature and controlling the cooling rate.

3.3. Local and average structure of LagxMo0O12-5(1 <x<2)

The local structure of La41500-5 and La4s1500-5 were inves-
tigated by combined electron diffraction and HRTEM to obtain
further insights into the structure. HRTEM images of both sam-
ples (Figure 6) reveals a complex texture with domains of cubic
and rhombohedral R1 cohabiting. This is confirmed by the elec-
tron diffraction patterns calculated in different domains, which
reveal different ordering in good agreement with the structural
similarities of the polymorphs previously discussed, as the tran-
sition between them just requires minor readjustments of the
sublattices. However, it must be stressed out that the average
symmetry of both samples is cubic, as discussed in section 3.1
by XRPD. No splitting of any X-ray diffraction peak was de-
tected, indicating that the majority of the crystals present a cu-
bic symmetry; however, small reflections are detected in the
background, assigned to the rhombohedral microdomains, as
can be seen in Figure S3 for Las51500-5.

The SAED patterns of Las1500-0.5, with a monoclinic struc-
ture, were indexed according to the structural model recently
proposed by Dan Vu et al. (s.g. C12/m1, a=17.070 A, b=12.204
A, ¢=9.742 A and B=109.58 °).3! Figure S4a show the SAED
pattern corresponding to the [001] zone axis and intense reflec-
tions are observed, which are reminiscent of the cubic fluorite-
type structure along the (110) direction. The HRTEM image of
La41500-0.5 (Figure S4b) and the cell parameters of the unit cell
is in agreement with the reported monoclinic structure.’!' It
should be noticed that this is not a superstructure, unlike the R1
polymorph where 7 weak reflections are observed between the
most intense (Figure S4c and d).

Table 1 shows the unit cell parameters and agreement factors
obtained by the Rietveld method for Las.xM00O12:5(0.6 < x < 2)
single phase samples obtained at different cooling rates using
the appropriate structural models: i) a simple cubic fluorite; and
ii) the structure published by Dan Vu et al.®' for the monoclinic
sample. Parameters such as unit cell, scale factor, background,
and peak shape coefficients and isotropic displacement param-
eters were refined. Occupancy factors in each model were con-
veniently modified to reflect the theoretical stoichiometries. Re-
finements are quite good with low disagreement factors, Rwp
and Rr of 5-8 and 2-9 %, respectively
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Figure 6. HRTEM images and SAED patterns for (a) Las1500-5 and (b)
Lass1500-5.

For Las1500-5 and Las51500-5 the cubic model adequately
adjusts both samples, reflected by the reasonable Rr values (Ta-
ble 1); however, in the case of the latter is significantly worse,
doubling its value, due to the presence of rhombohedral
nanodomains as observed by TEM. It must be mentioned that
the refinement of Lass1500-5 with a simple rhombohedral
phase (Table S4) leads to even worse Rr values (5.21%), indi-
cating that this sample is much closer to a cubic symmetry.

For all quenched samples, the refinements are good using a
simple fluorite model (Table 1). Lass1500-Q presents a better
Rr value than Las51500-5 as quenching from 1500 °C hampers
any ordering and distortion in the structure, leading to the high-
est symmetry.

On the other hand, for the monoclinic sample, despite the pro-
file is adequately fit, the refinement does not lead to good Rr
values (Table 1). This is due to the high structural complexity
of the sample and hence neutron powder diffraction data are re-
quired. This structure possesses 7 independent crystallographic
positions for lanthanum (three 8-fold, two 7-fold and two 6-
fold) and 1 molybdenum with an unusual oxygen coordination
(5-fold), with a pyramidal symmetry. As mentioned in section
3.1, the monoclinic phase is stable between 1100 and 1300 °C
for Las, which can be transformed into a cubic fluorite by heat-
ing at 1500 °C and cooling by quenching or at 5 °C min™'. These
conditions allow the La/Mo atoms to be completely disordered
occupying the M1 position (0,0,0). The relationship between
the monoclinic structure and the cubic fluorite is not easy,>! and
in order to make the transition possible and reversible, it is nec-
essary the breaking of at least all non-8-fold polyhedra by heat-
ing at 1500 °C and cooling very slowly at 0.5 °C min™!, permit-
ting the arrangement of the molybdenum atoms in a pyramidal
coordination. A similar behaviour was reported for the for-
mation of the R2 phase for Las4MoO:1.1 in the previous section,

Chemistry of Materials

where only a very slow cooling permitted the stabilization of
that symmetry.

For any synthesis-sintering condition, cell parameters show a
clear increase as the lanthanum content decreases (Table 1). For
instance, in the case of the quenched samples, Las,”' Las, Las.s
and Las, the cell volumes are 45.51(1), 45.54(1), 45.56(1) and
45.58(1) A%, respectively. This variation is small and complex
likely due to the interplay of two factors: (i) the decrease in lan-
thanum content should slightly contract the structure; and (ii)
the decrease in oxygen content that weakens the framework, al-
lowing its expansion, which counterbalances the volume reduc-
tion due to lanthanum content. The small differences in cell vol-
umes between samples with the same composition but different
sintering conditions might be ascribed to slight deviations in the
oxygen contents caused by the different cooling processes.

3.4. Microstructural and electrical characterization

Figure S5 shows SEM micrographs obtained for all single
phases sintered at 1500 °C. The pellets exhibit negligible poros-
ity without visible phase segregations at the grain boundaries,
confirming that they are single-phase compounds. These results
are further confirmed by EDS analysis (Figure S6) where it can
be seen that the samples are homogeneous for lanthanum and
molybdenum.

The SEM micrographs were analyzed to evaluate the average
grain size (Table 2), which seems to increase slightly with the
decrease of the lanthanum content and cooling rate. For in-
stance, the largest average grain size is found for La41500-0.5,
with 20.8 um, an expected value due to the longer sintering time
at high temperatures, allowing a more significant grain growth;
and the lowest average grain size is for Las1500-Q, with ~16
pm.

Table 1. Unit cell parameters, cell volumes and agreement factors for Las.

xMoO125 (x = 1.0, 1.5 and 2.0) sintered at 1500 °C and cooled down at dif-
ferent rates (quenching, 5 and 0.5 °C min™).

a(A) VIZ (A%  Rwp (%) Rr(%)
Las.41500-Q*! 5.6676(1) 4551(1) 687 3.15
Las1500-Q 5.6686(1) 4554(1) 629 3.99
La,51500-Q 5.6695(1) 4556(1) 579 3.68
Laus1500-5 5.6605(1) 4534(1) 840 4.86
La,1500-Q 5.6704(1) 45.58(1) 551 281
La:1500-5 5.6621(1) 4539(1) 758 2.13
a=17.0611(1)
L241500-0.5 b; 192.~72407";5((11)) 4554(1) 642 9.19
B = 109.6(1)°
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Figure 7. Arrhenius plots for (a) LasMoOy and (b) LassMoOs s sintered at 1500 °C for 1h and cooled down at different rates under dry and wet N> and 5%

Ha-Ar atmospheres.

Impedance spectroscopy measurements of the single and sta-
ble phases under reducing conditions were carried out under
two different flowing atmospheres (dry/wet N2 and 5% H>—Ar).
Figure S7 shows representative Nyquist plots at 400 °C for
La41500-Q and Las51500-Q in dry and wet N2. Only one con-
tribution at high frequency is detected, which can be fitted with
a (RQ) equivalent circuit, where Q is a constant phase element
substituting the ideal capacitive element to give a more accurate
fit. The associated capacitance of this process is about 10 pF
cm ' and can assigned to the bulk conduction. No grain bound-
ary contribution is detected at any sintering temperature or com-
position, likely due to the large average grain size of the sam-
ples and the absence of segregations at the grain limits. Similar
spectra are obtained for the remaining samples.

The Arrhenius plots show a very significant enhancement of
the conductivity for the samples measured in wet N2 respect to
dry N2 (Figure 7 and Table 2), indicating an important proton
contribution to the conductivity, which is more significant at
temperatures lower than 650 °C, a behaviour already observed
for Las4MoOn1.1.>! Notice that this variation is more accused in
quenched samples that in those cooled at 5 °C-min™'. Activation

energies regardless of the lanthanum content, present values of
~1.05 eV and 0.83 in dry N2 and of ~0.80 and ~0.70 eV in wet
Na, respectively. It has to be mentioned that the quenched sam-
ples at temperatures higher than 650 °C, present very similar
conductivities in dry and wet atmospheres; however, for those
cooled down at 5 °C min' there is a slight increase in conduc-
tivity at high temperatures in wet N likely due to a higher water
absorption.

Moreover, a clear relationship between the conductivity, lan-
thanum content and cooling conditions can be established from
Table 2 and Figure 8. For samples cooled down in the same
conditions and measured in the same flowing atmosphere, the
conductivity increases with the lanthanum content (LasxMoO12-
s, X = 0.6), likely due to the fact that an increasing number of
oxide vacancies (higher x values, LacxM0oO125, x = 1, 2) disrupt
the ionic conduction pathways, hindering the oxide and proton
mobility. Importantly, as previously demonstrated, cubic sam-
ples always exhibit conductivity values almost one order of
magnitude higher than those of rhombohedral or monoclinic
polymorphs (3.2-102 mS-cm™! at 700°C in air for LassMosO7s°")
due to the high symmetry which optimize the ionic trajectories.

Table 2. Average grain sizes and conductivity values at 700 and 400 °C for LasxMoO12-s (x = 1.5 and 2.0) sintered at 1500 °C and cooled down at different

rates (quenching, 5 and 0.5 °C min™).

Average dry N2 wet N2 dry 5%H:-Ar wet 5%H:-Ar
Sample Structure grain size
@A) G700 °C G400 °C G700 °C G400 °C G700 °C G400 °C G700 °C G400 °C

(mS/cm) (mS/cm) (mS/cm) (mS/cm) (mS/cm) (mS/cm) (mS/cm)  (mS/cm)

Las.41500-Q* Cubic 15.8 1.7 10" 23103 2.510" 1.1102 18.0 1.3 5.0 2.0-10"
Las51500-Q Cubic 16.1 1.7 10 5.010* 1.9 10" 29103 27.2 1.9 7.5 4.6:10™
La4s51500-5 Cubic 17.0 3.7 102 3.810* 7.4 102 2.810° 13.7 9.7 10! 4.1 1.1-10™
La41500-Q Cubic 19.2 1.4 10" 3.6 10 1.510" 2.0 103 30.0 2.3 9.5 6.7-10"
La41500-5 Cubic 16.9 1.3 107 9.110° 4.6 107 7.4 10 24.8 1.7 6.0 4.7-10™
La41500-0.5 Monoclinic 20.8 1.8 10 3.510% 2.6 10 5.0 102 6.0 3.5107 1.6 3.9-102
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20 Figure 8. Overall conductivity plots versus lanthanum content at 700 and 400 °C for LasxMo0O12-s (x = 0.6, 1.5 and 2) sintered at 1500 °C for 1 h and cooled
21 down by quenching in dry and wet N2 and 5% H>—Ar.
22 Figure 7 also shows the Arrhenius plots for all the single and conducting pathways. It should be mentioned that there is a sig-
23 redox-stable phases and Table 2 the conductivity values at 700 nificant difference in conductivity between dry and wet 5% Ho-
24 and 400 °C. In a 5% H»-Ar atmosphere (dry and wet) there is a Ar, where the dry measurements present higher values. This is
25 significant increase of the conductivity due to an n-type contri- due to the presence of water in the gas, which leads to a less
26 bution, caused by a minor reduction of Mo®" to Mo®*, according reducing environment and, therefore, to a smaller n-type elec-
27 to the following defect chemistry equation: tronic contribution in wet conditions.
28 2Mojy,+ 05 — 2Moy,+ Vy+1/2 0, ©6) It should be noticed that in a reducing atmosphere, for sam-
29 The highest conductivities are observed for the cubic sam- ples obtained in the same conditions, t_he conductiv?ty increases
30 ples. In wet conditions, Las1500-Q and Laas1500-Q present as the lapthanum conter}t decreases (F}g'ure 8). For instance, the
31 values of 9.5 and 7.5 mS cm, respectively, at 700 °C; and of conductivity values in wet conf’lltlons for Las41500-Q,
32 6.7 10" and 4.6 10" mS cm™, respectively, at 400 °C. On the LaA_A151500-Q,.and La41500-Q at 700 °C are 5.0, 7.5 and 9.5 mS
33 other hand, the lowest conductivity values are observed for cm respectively. This behaviour is the opposite found in
Las1500-0.5, with 1.6 mS cm™' at 700 °C and 3.9 10~ at 400 °C, dry/we.t N2 and is likely duf: to a higher reduc1b11.1ty of the sam-
34 due to the less symmetric monoclinic phase, which hinders the ples with lower La/Mo ratios and the decrease in the cell vol-
35 umes, which makes the molybdenum atoms to be closer to each
01 o . .
36 ; o other, facilitating the electronic conduction by electron hop-
37 L 800 °C © La, SOO_QQ ping. It is worth mentioning that this increase in conductivity is
i 0 La,51500- more significant in the low temperature range, dominated by the
228) A Lag,1500-Q proton conduction, when compared to the high temperature re-
gion, dominated by the oxide and electron conduction. In addi-
40 001 tion, a decrease of the activation energies is also observed as the
41 <P E lanthanum content decreases, with values 0f 0.72, 0.55 and 0.51
42 g ' eV for Las41500_Q, Las51500 Q and Las1500_Q, respectively,
43 n due to the higher electronic conductivity contribution. Further-
44 ~ more, no significant differences are observed in the activation
45 © energies between dry and wet 5% H»-Ar, indicating that in those
46 0.001 L conditions the conduction is dominated by the n-type electronic
’ b contribution in the whole temperature range.
47 [
48 The dependence of the conductivity versus the oxygen partial
49 pressure for Las1500-Q, Las.51500-Q and Las41500-Q is plotted
50 in Figure 9. It can be clearly seen an increase in conductivity as
\ the oxygen partial pressure decreases due to a very important n-
51 1E-4 : ! : ! : ! : ! : type electronic contribution, more significant for Las1500-Q in
52 -25 -20 -15 -10 -5 0 comparison to Las41500-Q, where the difference between the
53 log pO, (atm) ionic plateaus and the most reduced points is higher for the for-
54 Figure 9. Dependence of the overall conductivity as a function of the oxy- mer. The n-.ty.pe branCh,eS of the plots Sh(?w a dependence with
55 gen partial pressure at 800 °C for Las1500-Q, La4s1500-Q and Las41500- the conductivity following the next equation:
56 Q.2 The solid line is the fitting with Eq. 7. 6 =Gyt 6, (p0,) Y6+ Gp(p0,) /6 7)
57
58 9
59
60
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where oy is the ionic conductivity, and o, and o, are the par-
tial n-type and p-type electronic conductivity, respectively. As
can be observed, the n-type contribution is the main conduction
mechanism at low oxygen partial pressure and a small p-type
contribution is observed at high pO: values. These curves
clearly confirm that samples with high La-content exhibit
higher ionic conductivity with a plateau region at intermediate
pO2 values; however, samples with low La-content exhibits
lower ionic conductivity and higher n-type and p-type elec-
tronic conductivities.

It has to be said that, to the best of our knowledge, only Mo-
doped lanthanum tungstates, with general formula LassWi.
yMoyO125 (x =0 and 0.1, y = 0.2-0.4), have been tested as hy-
drogen separation membranes.’*** However, in this work
Las41500-Q presents a conductivity of 9.5 mS cm™ at 700 °C in
a 5% Ha-Ar atmosphere, significantly better than
LassWosMo002011.25, with ~ 3 mS cm! in the same measurement
conditions,*7 indicating that lanthanum molybdates with low
La content are more suitable for hydrogen separation applica-
tions. Thus, further studies to explore this point are planned.

4. Conclusions

LasxM0O12-s materials (x =1, 1.5, 2, 2.5 and 3) were prepared
by the freezing-drying method. The structure of the R1 and R2
polymorphs of Las4MoOi1.1 has been deduced from HRTEM
images and SAED patterns using the superspace formalism and
the Rietveld method using neutron powder diffraction data. For
R1, a model with eight cationic positions (five of lanthanum,
two of molybdenum and one shared by lanthanum and molyb-
denum) and twelve for oxygen was proposed. The R2 model
consisted in five cationic positions (three of lanthanum, one of
molybdenum and one shared by lanthanum and molybdenum)
and seven for oxygen. Rietveld refinements of both models pre-
sented good agreement factors, reasonable bond distances and
experimental formula and densities very close to the theoretical
ones. Moreover, cation distribution analysis of the cubic, R1
and R2 polymorphs indicated that as the cooling rate decreases
the molybdenum atoms order without breaking any chemical
bond.

X-ray diffraction studies of compositions with low La/Mo ra-
tio (x > 1.5) cooled down at 5 °C min! from 1500 °C indicated
the formation of samples with a cubic symmetry. However,
transmission electron microscopy studies confirmed that the lo-
cal structure is formed by cubic and rhombohedral (R1)
nanodomains that induce certain deviations from the average
cubic symmetry. If the cooling is performed at a slower rate, 0.5
°C min’!, the molybdenum atoms reorder to adopt a pyramidal
coordination, leading to a monoclinic structure that requires
breaking of most of the coordination polyhedra.

Impedance spectroscopy studies in N2 atmospheres indicated
that the ionic conductivity decreases as the La/Mo ratio be-
comes lower. However, under reducing conditions (5% H»-Ar),
an increase of the n-type electronic contribution was observed,
which makes these materials potential candidates for hydrogen
separation membranes.

ASSOCIATED CONTENT

Additional experimental results, including XRPD patterns,
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