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Abstract

The structure of a series of new ionic conductors based in lanthanum molybdate (La,Mo0,0y) has been investigated using transmission
electron microscopy (TEM), high-resolution X-ray diffraction (XRD) and differential scanning calorimetry (DSC). The superstructure
2a. X 3a. x 4a. of the low temperature o-polymorph relative to the f-polymorph was confirmed by HRTEM imaging and electron
diffraction. Furthermore, the effects of partial cation substitution in the La,_,NdMo,0O9 and La,Mo,_,W,Oy series have been also
evaluated in the search of new clues to understand the structure and stabilisation of the high temperature and better conductor f3-
polymorph. The thermal analysis studies show that Nd-substitution does not stabilise completely the f-polymorph at room temperature,
although no superstructure ordering was observed by both XRD and HRTEM. On the other hand, W-substitution stabilises the cubic f3-
polymorph for y>0.25, although, electron diffraction indicates a slight distortion from the cubic symmetry for low W-content. This

distortion disappears as the W content increases and the Rietveld refinements gradually render better results.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Oxide ion conductors are materials with a number of
important applications such as oxygen sensors, dense
ceramics for oxygen separation and fuel cell components.
Fuel cells are electrochemical devices that convert directly
chemical energy into electricity and promise important
advantages in comparison to the current technologies
based on the combustion of fossil fuels, because they are
environmentally friendly and render higher efficiencies
[1-4].

Fuel cells require materials exhibiting high ion oxide
mobility, which in turn implies very specific structural
features only met for a restricted number of solids. The
most widely used solid electrolyte nowadays is yttria-
stabilised zirconia (YSZ), which is a very good oxide ion
conductor at high temperature (typically 0.1Scm™' at
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1273K) and stable for prolonged operation times [5].
However, the high operation temperatures (1000-1273 K)
limit the choice of stable materials for the other SOFC
components, hence increasing the costs of production.

Over the last two decades, other ionic conductors such as
rare-earth doped ceria and LaGaOs;-based phases have
been studied and developed based upon fluorite or
perovskite structures, respectively, showing higher con-
ductivity than YSZ at lower temperatures [6—10]. Unfortu-
nately, they present other drawbacks such as high cost or
residual electronic conductivity that must be overcome.
Therefore, an electrolyte with very high conductivity at
relatively low temperatures is highly demanded to produce
efficient fuel cells operating at intermediate temperatures
(IT-SOFCs).

Since the discovery of very high oxide-ion conductivity
in La,Mo0,09 by Lacorre et al., much attention has been
directed towards molybdate-based materials due to their
potential applications as electrolyte [11]. This compound
was first synthesised by Fournier et al. in 1970 [12],
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although the reports on the structural characterisation and
the high ionic conductivity are more recent [13,14]. The
very high oxide ion conductivity in La,Mo0,09 has been
explained using the lone pair substitution (LPS) concept,
which considers that the partial substitution of lone-pair
cations by other cations without lone-pair electrons may
generate intrinsic-vacancies in the anionic sublattice [15].

La,Mo0,09 undergoes a structural phase transition from
the slightly monoclinic a-polymorph to the much better
conductor cubic f-polymorph (isostructural to f-SnWQy)
at 833 K. This transition is similar to those reported in
other fast ionic conductors such as Bi,Oz and Bi,V,0,; and
is usually associated to a rearrangement in the oxygen
sublattice [16,17].

The applicability of La,Mo0,0g is limited by the a=f
phase transition and by its stability under reducing
conditions. The partial substitution of either La®>* or
Mo®" by cations such as Bi**, Ca®>", Sr* ", Y>* and W®"
seems to stabilise the cubic polymorph at room tempera-
ture, whilst Nd®>* has been reported to adopt the
monoclinic superstructure [14,18-22]. Recent reports sug-
gest that La,Mo,_ W, Og phases can be used as SOFC
electrolytes, although only at low temperature and under
moderate reducing conditions. The introduction of tung-
sten enhances the stability range and prevents the presence
of residual electronic conductivity [23-26].

In the present work, La,Mo0,0y, (La,Nd);Mo0,09 and
La,(Mo,W),Oy phases have been studied by high resolu-
tion X-ray diffraction (XRD), transmission -electron
microscopy (TEM) and thermal analysis to give a further
insight of these structures.

2. Experimental

The synthesis of La,Mo0,Oy (LMO), La;Mo,_,W,09
(LMW) and La,_,Nd,Mo,Oy (LNM) series was carried
out using a freeze-dried precursor method. The starting
materials were La,03, Nd>O3 (99.99% Aldrich), WO5 and
MoO; (99.5% Aldrich). The experimental procedure for
the preparation of the freeze-dried precursor powders has
been described in detail in previous publications [16,27].
Lanthanum and neodymium oxides were dissolved in
diluted nitric acid, and tungsten and molybdenum in
diluted ammonia. The solutions were mixed in stoichio-
metric ratios and then cooled in liquid nitrogen and freeze-
dried for 2 days.

A single phase can be obtained after the calcination of
the dried precursor powders in air at 673-773 K, although
in the present work all samples were calcined between 1123
and 1273K for 5h to obtain high crystallinity and to
facilitate the structural characterisation. Samples were
cooled slowly, i.e. 1-2 K/min in air, to obtain the targeted
oxygen stoichiometry and the crystal lattice as close as
possible to the equilibrium conditions at room tempera-
ture. The samples are labelled as LMO for La,Mo0,0y
and “Ndx” and “Wy” for La,_,NdMo,Oy and
La,Mo,_, W, Oy series, respectively.

XRD patterns were obtained from a Philips X'Pert Pro
automated diffractometer, equipped with a primary
monochromator and an X’celerator detector. The scans
were performed in high resolution mode in the 26 range
from 5° to 120° (step 0.0085-0.016° and 100-500 s/step),
using copper K,; radiation. High-temperature XRD
studies were carried out in air, using an Anton Paar TTK
450 Camera, ranging from room temperature to 1123 K.
Rietveld refinement of the XRD patterns were performed
using FULLPROF software [28]. The fits were performed
using a pseudo-Voigt peak-shape function. In the final
cycles, the usual profile parameters (scale factors, back-
ground coefficients, zero-points, half-width, pseudo-Voigt
and asymmetry parameters for the peak-shape) were
refined. The occupation numbers and isotropic tempera-
ture factors were refined separately due to their strong
correlation. All graphics related with XRD patterns were
performed using WinPLOTR software [29].

Selected area electron diffraction (SAED) and HRTEM
imaging were performed on a JEOL JEM 2011 electron
microscope equipped with a (+20°) double-tilt sample
holder operating at 200 kV. The equipment used an Oxford
Link detector to perform EDS analysis. Samples for TEM
observation were prepared by dispersion of a very fine
ground powder specimen onto a perforated carbon film
supported on a Cu grid. Image simulation was carried out
using MacTempas software (v. 3.1.1).

Thermal analysis TG/DTA, differential scanning calori-
metry (DSC) and dilatometric measurements were re-
corded with Perkin Elmer Instruments (Pyris Diamond
series) in static air at heating/cooling rate of 5-20 K/min.

Dense pellets of 10mm diameter and 2mm thick were
pressed at 100 MPa and sintered at 1223-1373 K for 5h for
the electrical characterisation. The relative density of these
pellets was higher than 98%. Some reference specimens of
commercial yttria stabilised zirconia (8% YSZ, Tosoh) and
gadolinium-doped ceria (CGO, Rhodia) were also pre-
pared into pellets and sintered at 1673 and 1773K,
respectively for 10 h. A sample of La; ¢Srg1GagsMgy-05 5
was also prepared by solid-state reaction and sintered at
1673K for 10h. The overall electrical conductivity was
measured by impedance spectroscopy, using a 1260
Solartron frequency response analyser in the frequency
range from 0.1 Hz to 1 MHz and temperature range from
573 to 1173K. All samples were measured in the same
environmental conditions to compare their conductivity
values. The experimental details are reported elsewhere
[23,24].

3. Results and discussion
3.1. XRD characterisation

As mentioned in the introduction, it is well known
that La,Mo0,O9 undergoes a phase transition from the

monoclinic o-polymorph to the cubic f-La,Mo0,Og at
833 K, which is accompanied by a great enhancement of



280 D. Marrero-Lopez et al. | Journal of Solid State Chemistry 179 (2006) 278-288

the oxide-ion conductivity. Therefore, it is a priority to find
the means of stabilising the high temperature polymorph,
which can be achieved by substituting partially La®>" and
Mo®" by other cations such as Nd** or W®* as reported
in the literature [18-20].

Previous investigations mainly from Goutenoire et al.
concluded that the high temperature f-polymorph presents
a cubic symmetry (s.g. P2;3) with cell parameter a, ~
720A at 890K [14]. On the other hand, the low
temperature o-polymorph has been described as a 2a. x
3a, x 4a, superstructure of the f-polymorph with a very
subtle monoclinic distortion based on electron and neutron
diffraction data [13,14]. The structure of a-polymorph,
including atomic positions has been resolved recently from
single crystals, confirming the previous results [30]. Indeed,

and as shown in Fig. 1, most of the diffraction peaks show
splitting that indicates a monoclinic distortion, accompa-
nied by small ‘extra’ reflections, which are due to the
superstructure (inset Fig. 1). Therefore, the a-polymorph
can be indexed as having a monoclinic unit cell, (s.g. P2;)
with @ = 14.28277(6) A, b = 21.4533(1) A, ¢ = 28.6244(1) A
and f =90.4439(2)°. The corresponding Rietveld refine-
ments match the experimental results reasonably well,
which is in complete agreement with the data reported in
the literature [13,14,30].

The extra peaks observed in the a-polymorph disappear
gradually upon the introduction of W in the Mo-sites
(Fig. 2a). Thus, for W contents higher than y = 0.25
(W0.25) the only reflections observed correspond to the f-
polymorph, which seems to indicate that the stabilisation
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Fig. 1. Selected area of the XRD Rietveld refinement corresponding to the low temperature a-polymorph of La,Mo0,0¢ at room temperature. The inset
shows some additional reflections compared to the f-polymorph (marked with arrows) that fitted reasonably well in the P2, space group.
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Fig. 2. XRD patterns of: (a) La,Mo,_,W,09 and (b) La,_NdMo0,0y series. Some impurity peaks appear for neodymium composition higher than
Nd1.5 (o). The inset shows the evolution of the (231) reflection and the vanishing of the small additional reflections (*) of the a-polymorph with the W or
Nd content.
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has been achieved at room temperature. However, it
should be noted that for tungsten contents lower than y =
0.25 (W0.25) the XRD peaks are asymmetric (inset
Fig. 2a), which might indicate that the two polymorphs
coexist at low W contents due to a gradual change in the
phase distribution as the two-phase region is traversed.
Indeed, the cell parameters evolve with W reaching a
maximum for W0.5 and decrease upon further substitution
to W1.5 (Fig. 3). This deviation from Vegard’s law could
possibly indicate the existence of a structural change. At
higher tungsten content, W1.8, a triclinic phase isostruc-
tural with La,W->Qy is stabilised [31].

The results were analogous for the La,_,Nd,Mo,Oy
(LNM) system. At Nd content higher than x = 0.5 (Nd0.5)
no additional reflections compare to the f-polymorph are
observed (Fig. 2b). It should be stressed that Nd could
substitute up to 1.75 La per formula unit, rendering nearly
single phases. Minor impurity diffraction peaks of a non-
identified phase were observed for Nd content higher than
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Fig. 3. Variation of the cubic lattice parameter, a., for La,Mo,_,W 09
(O) and La,_Nd,Mo,0, (@) series as a function of both tungsten and
neodymium concentration.
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x =15 (Nd1.5). The intensity of the impurity peaks
increase gradually with the Nd content and they also
appear for samples with lower Nd-content, when the
samples were synthesised at temperatures above 1223 K.
Furthermore, the cell parameters decrease linearly with
increasing the Nd content (i.e. following Vegard’s law) in
good agreement with the rare earth ionic radii (116.3 A for
Nd and 121.6 A for La [32]) (Fig. 3). The substitution limit
found in the present work is higher than that found by
Georges et al. [20], where the maximum Nd acceptance was
only Nd1.0. The main reason might be the different
synthesis method used and taking into account that the
phases investigated in the present article were obtained at
much lower temperatures and shorter reaction time.

The Rietveld refinements corresponding to the LMW
and LNM phases were carried out using the models
proposed by Goutenoire et al. for the f-polymorph, based
on neutron diffraction data [13]. The best results were
obtained considering full occupation of the La, Mo and O1
sites, whereas the O2 and O3 sites responsible for the ionic
conductivity are partially occupied (81% and 34%,
respectively) as shown in Fig. 4 and Table 1. It should be
noted that the atomic positions and occupancies are similar
to those reported for f-La,Mo0,09, although the error
associated to the oxygen atoms is high due to the dominant
scattering power of the heavy cations. The refinement
results seem reasonably good, although one should notice
the very high thermal factors. This was first interpreted to
be a consequence of the very high mobility of the oxygen in
this structure [13]. However this explanation is not fully
satisfactory as the metal cations also presented abnormally
high thermal factors. Indeed, the R-factors are rather high
for all of the Nd substituted series (R = 8.3, Rg = 5.8 and
Ryp = 10.7 for Nd1) as well as in specimens with low W
content (Rgp =10.4, Rg =9.5 and Ryp = 9.6 for WO0.5),
improving as the W content increases (Table 1). This
possibly indicates that the phases with low levels of
substitution present a slight distortion from the cubic
symmetry. One should note that some peaks are clearly
asymmetric especially for the LNM system (inset Fig. 4b),
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Fig. 4. Rietveld refinement for: (a) La,MogsW; 5O and (b) LaNdMo,Oy phases, showing experimental (circles), calculated (continuous line), and
difference profiles. The insets show the fitting of some diffractions peaks. Asymmetric peaks are observed for LaNdMo,0s, indicating a possible small

distortion of the cubic cell.
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Table 1
Structural parameters for La,Moy sW; 509 in space group P23

Atom/Wyckoff site X y z Occ Biso
La>Mog sW, sOo (a = 7.13952(2) A)
La(4a) 0.8581(1) 0.8581(1) 0.8581(1) 1.00 3.9(5)
Mo/W(4a) 0.1659(1) 0.1659(1) 0.1659(1) 0.25/0.75 4.7(1)
Ol(4a) 0.328(1) 0.328(1) 0.328(1) 1.00 9.2(5)
02(12b) 0.986(2) 0.203(1) 0.383(2) 0.80(4) 6.4(7)
03(12b) 0.893(3) 0.694(3) 0.589(3) 0.34(3) 4.109)
Ry 4.9; Ryp: 6.7; Rexp: 5.0; ;(2: 1.76, Rg: 2.95; Rg: 5.71.
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Fig. 5. Variation of cell parameters considering a monoclinic unit cell as a
function of the Nd content. The cell parameters become closer to cubic as
the Nd content increases.

becoming gradually smaller with increasing the W or Nd
content, which in turn implies that the introduction of such
cations renders phases gradually closer to the cubic. This
also seems to indicate that there exists a subtle distortion
from the cubic unit cells for tungsten contents lower than
WO0.5 and for all of the Nd-doped samples. Refinements
considering monoclinic unit cells were performed and
although the results compared to those with a cubic unit
cell were not significantly improved, they showed a rather
clear trend of unit cell parameters becoming closer to cubic
as more W and Nd was introduced in the structure (Fig. 5).

3.2. High temperature XRD

The XRD patterns at different temperatures for La,
Mo,0Oy were indexed as monoclinic for the a-polymorph
(s.g. P21) and cubic (s.g. P2,3) for the p-polymorph below
and above the phase transition temperature, respectively
(Fig. 6). The low temperature o-polymorph was indexed
without taking into account the small reflections due to
superstructure and considering only the monoclinic distor-
tion relative to the f-polymorph. As can be observed, the
cell parameters increase nearly linearly with the temperature.

as monoclinic and cubic unit cells below and above the phase transition
temperature, respectively.

Additionally, the monoclinic angle for the a-polymorph
remains constant in the low temperature range (~90.46°),
similar results were obtained by Georges et al. [30].

The thermal evolution of cell volume for La,Mo0,Og reveals
a clear deviation at the phase transition temperature, where
an important increase rate of the cell, ~0.5% in volume per
25K of temperature increase, can be observed (Fig. 7).
Besides, the peaks splitting and small additional reflections
vanish above the phase transition temperature (Inset Fig. 7).
A small hysteresis is also observed during the heating—cooling
process, indicating a first-order phase transition as confirmed
by DSC, electrical and dilatometric measurements [16].

In the LMW system (Fig. 7), there are not drastic changes
in the cell volume, but a certain discontinuity at ~800 K can
be observed as the behaviour cannot be described by a
straight line. It should be mentioned that this discontinuity is
reminiscent of those reported for stabilised J-Bi,O3; and
y-Bi,V,401; electrolytes, where the discontinuity on heating is
mainly associated with disordering of the oxygen sublattice
and also removal of oxygen from the crystal lattice as the
temperature increases [17,33]. From these results one would
suggest that the phase transition is suppressed by W
substitution, although there exists some degree of structural
re-arrangement upon heating/cooling.

As for the LNM system, despite the XRD peaks did not
split in the whole temperature range studied, the cell
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Fig. 7. Thermal evolution of cell volume of La,Mo0,0¢ (O heating,
® cooling), La;Mo,_ W, Oy (O W0.75 and B W1.5) and LaNdMo0,0¢
(A Nd1 and A Nd1.5). LMW shows a subtle discontinuity as the response
cannot be described by a straight line. The insets show the variation of
(231) reflection as the temperature increases for LMO and Nd1. The peak
splitting vanishes above the phase transition temperature for La,M0,0.
That reflection does not split for LaNdMo,0y in the whole temperature
range, although a discontinuity in the cell parameter is observed around
the phase transition temperature, which might imply a slight structural
change on heating.

volume changes slightly around the phase transition
temperature as happened for pure La,Mo0,0y, although
in a broader range of temperature (Fig. 7). The increase of
Nd content reduces the change of volume cell at the phase
transition temperature and for Nd1.5 it is very small. A
possible explanation for this behaviour is that only some
crystallites present superstructure after Nd substitution,
coexisting the o and f§ polymorphs at low temperature with
similar cell parameters and very subtle monoclinic distor-
tion for the a-polymorph.

3.3. Thermal analysis

The DSC measurements show a clear reversible phase
transition for La,Mo0,0y with a thermal hysteresis as
expected for a first-order transition (Fig. 8). The partial
substitution of La®* by Nd** does not seem to suppress
completely the phase transition as shown in Fig. 8. The
phase transition peak becomes smaller and wider with
increasing the Nd-content, although it is still present at
high Nd-contents. This seems to indicate that the cubic
phase is not entirely stabilised when Nd®>* replaces
partially La®*. The gradual lower enthalpy change
calculated by numerical integration of the recorded DSC
thermal curves (after the correction for the calorimetric
base line) takes values ranging from 5.3 kJ/mol for LMO to
0.6kJ/mol for Nd1.5. This implies that the transition for
the Nd series is rather subtle in comparison with the well-
defined monoclinic «- to cubic f-form in La,Mo0,0o,
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Fig. 8. DSC curves showing the reversible phase transition of La,M0,0y
(LMO) and no complex stabilisation of f-polymorph for La,_ Nd,
Mo,09 (Nd,) series. No phase transition is observed for La,Mo,_,W,0q
(Wy) series.

because possibly only a minor fraction of crystallites shows
superstructure ordering.

On the other hand, no peak attributable to a phase
transition was observed for the W-substituted phases in the
temperature range studied, indicating that the p-poly-
morph is stabilised at room temperature. This result is
apparently contrary to the XRD results that highlighted
the presence of asymmetric peaks for samples with low W
content and consequently the not fully satisfactory
Rietveld refinement using a cubic unit cell. One would
suggest that the enthalpy change in the present case is so
small that it lies beyond the resolution limit of the
technique.

3.4. TEM characterisation

3.4.1. OC-LClgM()gOg

Preliminary results of electron diffraction confirmed the
2 x 3 x 4 superstructure previously reported for the o-
polymorph as shown in Fig. 9. It should be noted that on
the SAED patterns corresponding to the main zone axes,
i.e. [100], [010] and [001], it is relatively easy to detect the
slight monoclinic distortion in the cubic subcell arising
from the different d-spacing and inter-axis angle. The
corresponding  HRTEM images further confirm the
presence of a 2 x 3 x4 superstructure relative to the
p-polymorph (Fig. 9), although sets of perpendicular
domains could be observed in some of the crystallites
studied in the TEM microscope (Fig. 10).

It should be noted that beam irradiation could also affect
the a-polymorph under investigation. Fig. 11, shows the
HRTEM images corresponding to a view down the [101]
zone axis after short (a) and prolonged (b) exposure under
the electron beam for an o-La,Mo0,Og crystallite. The
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Fig. 9. SAED patterns corresponding to the (a) [100], (b) [010] and (c) [001] zone axes, respectively. The patterns could be indexed considering a 2 x 3 x 4
superstructure of the f-polymorph with a monoclinic distortion. The diffraction spots are highlighted with large white dots from the f-type basic unit cell
and small ones from the 2 x 3 x 4 supercell. The unit cell parameter, f, is marked in (b). Bottom: HRTEM images in the [001] and [010] zone axes for the
a-La,Mo0,0, showing very clearly the 2a, x 3a, and the 2a, x 4a,. superstructure, respectively.

[100]

Fig. 10. HRTEM image of «-La;Mo0,09 showing (A) 3 x 4 and (B) 4 x 2 perpendicular superstructure domains.

conditions inside the electron microscope presumably
promote some reduction that causes the annihilation of
the superstructure, i.e. the o- to f-phase transition is
favoured inside the TEM microscope.

3.4.2. Substituted phases

The substitution of Mo®" by W°" has been reported to
be effective at so low levels as W0.3 as suggested by XRD
and confirmed by SAED, where the only reflections
observed correspond to the cubic cell (Fig. 12a and b)

[14,34]. However, in the W-substituted phases (W0.5) the
SAED pattern corresponding to the [001] zone axis reveals
that the unit cell cannot be treated as cubic, because the
inter-axes angle is different from 90.0°. This is not
surprising if one considers that W°* and Mo°" have
almost the same ionic radius (0.59A versus 0.60 A for
Mo®" and W®*, respectively) and therefore the substitu-
tion should not affect largely the structure for low W
content. Further W-substitution decreases the degree of
distortion and thus, for the W1.5 phase, the monoclinic
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Fig. 11. HRTEM images showing a view down the [101] of a cubic unit cell zone axis after (a) short and (b) prolonged exposure under the electron beam,
producing a transformation of o to f-polymorph. The inset shows the corresponding FFT of the image recorded with the CCD camera.

Fig. 12. SAEDs patterns of: (a) W0.5 and (b) W1.5 phases, corresponding to a view down the [010] and [T10] direction, respectively. The d-spacings of
(001) and (100) are different and the inter-axis angle is not exactly 90.0° for W0.5, indicating a possible slight monoclinic distortion. The distortion
becomes gradually smaller as the tungsten content increases and it is indiscernible for W1.5 phase. (Solid lines have the same length and they are

perpendicular.)

distortion is undiscernible. These results agree with the
better fitting parameters obtained during the Rietveld
refinement of phases with higher W content.

The La,_,Nd Mo,0Oy phases are especially interesting to
understand the stabilisation of the f-polymorph in these
phases. As mentioned above, there exists some controversy
regarding whether substituting La by Nd renders comple-
tely cubic phases [20,34,35]. No evidence of superstructure
or other sort of longer-distance ordering can be found by
SAED at different Nd, higher than Nd0.2 (except for this
composition) (Fig. 13), which would be apparently against
Georges’ results, suggesting that the 2 x 3 x 4 monoclinic
supercell is kept upon Nd substitution [20]. Our TEM and
XRD results did never show evidences of superstructure
formation, although DSC measurements show clearly a
phase transition, which suggests that only a minor fraction
crystallites exhibits superstructure formation or, more
likely, the substituted-phase is not cubic at low tempera-
tures (without superstructure) and undergoes a phase
transition upon heating. Indeed, the inter-axes angle of
the SAEDs patterns remains different from 90.0° and this

distortion decreases as the Nd content increases, rendering
nearly cubic phases as observed by XRD.

HRTEM images for W and Nd content samples are
shown in Fig. 14. The images do not show superstructure
ordering or domains in contrast to the a-polymorph in any
of the samples studied. The calculated images using the
multi-slice method (MacTempas) from the structural data
obtained by XRD fitted reasonably well to the experi-
mental image, which indicates that the structural model
proposed in the literature is reasonably correct. Never-
theless, some deviations are observed in certain crystal-
lographic axes for the Nd content samples. The positions of
the atomic columns are slightly shifted when comparing
both images (Fig. 14c), which highlights the presence of a
minor deviation from the cubic symmetry as suggested by
both XRD and SAED.

3.5. Electrical characterisation

The evaluation of the electrical properties might render
further information to understand the structure and the
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Fig. 13. SAEDs for Nd0.5 samples (a) and (b) and Nd1.5 (c) and (d) in different zone axes.

phase transitions occurring in these phases. As it has been
well established, the « — f phase transition is accompanied
by an abrupt increase of the conductivity and therefore it
can be used to study the phase transition and stabilisation
of the f-polymorph in the LNM and LMW series.

Impedance spectra plots (Fig. 15a) were analysed with an
equivalent circuit (R;Q)(R»Q»)(R3Q3) consistent in three
serial (RQ) elements ascribed to the bulk, grain boundary
and electrodes processes, where (RQ) is a resistance and a
pseudo-capacitance in parallel. The resistance and capaci-
tance of the different processes were calculated using a
non-linear fitting (equivalent circuits) to study the con-
ductivity and the permittivity as a function of the
temperature.

The Arrhenius plots corresponding to the overall ionic
conductivity for some selected samples of LMW and LNM
series are shown in Fig. 15b and compared with the
conductivity values obtained for commercial samples of
the most important ionic conductor at intermediate
temperatures: yttria stabilised zirconia (Zrygs4Yo.1601.92)
[36], gadolinium-doped ceria (CeygGdy,0;9) [37] and
strontium-manganese-doped lanthanum gallate (La; ¢Srq;
GaygMgj-0,55) [38]. As can be observed, the conductivity
of LarMo0,0O¢ is comparable to these materials above
873K, where the main contribution to the overall
conductivity is due to the grain interior, reaching

conductivity values of 0.08 S/cm at 973 K. On the other
hand, the conductivity is several orders of magnitude
lower, below the phase transition temperature. In addition,
Subasri et al. [39] have reported that the values of ionic
conductivity in La,Mo0,09 are considerably lower com-
pared to the data reported previously by Lacorre et al. [11].
A significant n-type electronic conduction at oxygen partial
pressures lower than 107*-107% atm was also indicated by
these authors, though recent studies confirmed the high
ionic conductivity and negligible electronic conductivity of
these materials in a wide range of oxygen partial pressure
[23-25,33]. The results found by Subasri et al. could be due
to electrode polarisation in the e.m.f. technique used, which
leads to an overestimation of the electronic conduction.
Furthermore, the microstructure and grain boundary
segregations also affect significantly the transport proper-
ties of La,Mo0,09-based materials as reported elsewhere
[27,40].

Tungsten substitution seems to suppress the conductivity
drop below the phase transition temperature, whereas in
Nd-substituted samples there is no a sharp conductivity
enhancement above the phase transition. It should be
noted however that for the LNM series there exists certain
non-linearity at 788 K. The thermal evolution of bulk
permittivity obtained from grain interior contribution
shows clearly a peak, which can be ascribed to the phase
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Fig. 14. HRTEM images showing a Vieyv down to the (a) [1000] for Nd15 (b) [110] for W15 and (0)3[021] for Nd0.5. TI}e insets correspond to the simulated
image with MacTempas (defocus = 20 A, thickness = 410 A for Nd1.5 and Nd0.5, defocus = 25 A, thickness = 510 A for W1.5). Small differences in the

atom columns are observed for Nd0.5 in the [021] zone axis.
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Fig. 15. Nyquist plot for: (a) LaNdMo0,04 (Nd1) and (b) Arrhenius plot of the overall conductivity for La,Mo0,09 (LMO), La,Mo; sW509 (WO0.5),
LaNdMo0,0g9 (Nd1), Zry84Y0.1601.92. (YSZ), Cey3Gdg 019 (CGO) and La, ¢SryGagsMgp 0,55 (LSGM). The inset of (b) shows the thermal dependence

of permittivity of LMO and NdI.
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transition (Inset Fig. 15b). This peak is not observed for
La,Mo0,0y, because the phase transition occurs at higher
temperature in good agreement with DSC measurements.

On the other hand, cation substitution used in the
present work does not enhance the conductivity of
La,Mo0,0y, which is contrary to the results found in some
other works [20,35]. This can be explained as due to the low
relative density obtained for La,Mo0,0Og specimens synthe-
sised via conventional solid-state reaction (80-85%) as
discussed in a previous publication [16].

4. Conclusions

Nd** and W®" substituted La,Mo0,0, materials have
been investigated by XRD, HRTEM and DSC to establish
whether the cubic f-polymorph can be stabilised upon
cationic substitution. The substitution of Mo®" by W°"
preserving the La,Mo0,0y structure is possible up to W1.5,
whereas the La®" can be substituted by Nd** up to
Nd1.75.

The o-polymorph is a 2x 3 x4 slightly monoclinic
superstructure of the high temperature f-polymorph, as
confirmed both SAED and HRTEM imaging studies. The
cationic substitution of La*" by Nd** does not suppress
completely the & = f§ phase transition, although no super-
structure ordering was observed by XRD or HRTEM. This
possibly indicates that only a minor fraction of crystallites
gives rise to superstructure. On the other hand, a small
monoclinic distortion is observed for specimens with low
W™ and Nd** content. This distortion decreases as the
cation substituted increases, rendering nearly cubic phases
and improving the Rietveld refinement.
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