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Abstract

Different substitutions, i.e. St?*, Ba®", K, Nb>" and V", have been performed in the triclinic a-La,W»Oy structure in order to
stabilise the high temperature and better ionic conductor cubic f-phase. This approach has been used to try to obtain a new series of ionic
conductors with LAMOX-type structure without molybdenum and presumably better redox stability compared to f-La,Mo,O.
Nanocrystalline materials obtained by a freeze-drying precursor method at 600 °C exhibit mainly the f-La, W,y structure, however, the
triclinic o-form is stabilised as the firing temperature increases and the crystallite size grows. Only high levels of Ba?" and V>
substitutions retained the cubic form at room temperature after firing above 1100 °C. However, these phases are metastable above
700 °C, exhibiting an irreversible transformation to the low temperature triclinic a-phase. The synthesis, structure, phase stability, kinetic

of phase transformation and electrical conductivity of these materials have been studied in the present report.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years there has been a growing interest in
phases derived from La,Mo0,0y, the so-called LAMOX
compounds [1-3]. Such compounds possess high oxide ion
conductivity at intermediate temperatures and comparable
to doped ceria [4]. Hence, they have potential electro-
chemical applications, such as oxygen sensors, dense
ceramic membranes for oxygen separation, oxygen pumps
and fuel cells components [5,6]. Non-substituted La,.
Mo,0g exhibits two different crystallographic polymorphs,
o and f, with a reversible structural phase transition at
560 °C associated with long-range oxygen vacancy ordering
[2,3]. The high temperature p-polymorph is a better
conductor than the low temperature a-polymorph and it
crystallises in a cubic symmetry (s.g. P2,3) [2]. On the other
hand, the o-polymorph is an ordered superstructure
relative to the more symmetric f-form with a slight
monoclinic distortion (s.g. P2,) [7].
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The main limitations for practical applications of non-
substituted La,Mo0,0Oq9 as solid electrolyte are the phase
transition and low stability under reducing conditions. The
phase transition produces a drastic drop in the conductivity
below 560 °C and possibly mechanical failure due to the
high thermal expansion of the unit cell volume between the
high and low temperature polymorphs. A wide range of
substitutions have been investigated in order to stabilise the
B-polymorph, such as: La®>* by Bi* " [8], Ca®" [9,10], Ba®"
[10-12], K" [12,13], Y>" [14] and rare earth elements
[15-17], whereas Mo®" has been substituted by Nb>"
[18,19], V°*, Fe* ", A" [20], Cr®* [21] and WO [21-26].
Most of these substitutions stabilise the f-polymorph at
room temperature, although generally they do not improve
the ionic conductivity. In addition, f-LayMo0,09 exhibits
also a limited stability range under reducing conditions due
to the presence of Mo®", which is partially reduced to
lower oxidation states, increasing the non-desirable n-type
electronic conductivity and phase degradation [27-29]. The
redox stability of La,Mo,0¢-based materials can be
improved by partial substitution of Mo®" by W°®*
[24-26]. The similar ionic radius of Mo®* and W®*, 0.59
and 0.60 A, respectively, permits high levels of substitution,
up to 80% [22], maintaining the cubic f-La,Mo,0g


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2007.11.024
mailto:damarre@ull.es
mailto:pnunez@ull.es
mailto:pnunez@ull.es

254 D. Marrero-Lopez et al. | Journal of Solid State Chemistry 181 (2008) 253-262

structure and the high ionic conductivity, typically
0.1Sem™' at 750°C [25], whereas a triclinic phase
isostructural with «-La,W,QOg is stabilised at higher W
contents [30]. The better redox stability of La;Mo,_,W, 09
series seems to be explained by the lower reducibility of
WO in comparison to Mo®". Indeed, XPS studies
confirmed that tungsten is not reduced during the phase
decomposition under highly reducing conditions [31,32].
Nevertheless, a low level of tungsten substitution as 25%
improves significantly the redox stability of these com-
pounds.

The corresponding lanthanum tungstate, La,W,09 with
triclinic structure at room temperature, also exhibits a
reversible phase transition at 1070°C [33]. The high
temperature f-La,W,09 polymorph is suspected to be
cubic with a crystal structure similar to that of
p-LasMo0,0g, although it has not been corroborated by a
structural study. One could expect that the introduction of
suitable dopants in the lanthanum and/or tungsten site of
oa-La,W>09 might stabilise the high temperature
p-La,W>09 polymorph, allowing obtaining a new series
of ionic conductors with high ionic conductivity and
presumably better redox stability compared to the stabi-
lised p-LarMo0,0g. In this context, we have studied
different substitutions, Lay .4, W, ,B,0g_5 (4 =Sr"",
Ba’", K" and B=Nb>", V>"), in order to stabilise the
cubic phase at room temperature and to evaluate the
transport properties and stability of these new materials.

2. Experimental
2.1. Synthesis

Nanocrystalline materials of La, 4,W>_,B,09_;
(4=Sr"", Ba’", K* and B=Nb>", V°") series were
prepared from a freeze-drying precursor method, following
a similar procedure than that previously described in
several reports [34-36]. Materials used as reagents were
La,O5; (99.99%), WOz (99.8%), Sr(NO3), (99.9%),
Ba(NO3), (99.9%), K,CO3 (99.9%), NbCls (99.5%) and
V505 (99.5%), all of them supplied from Aldrich. La,O5
was precalcined at 1000 °C for 2h to achieve dehydration
and decarbonation. Metal nitrates, which are generally
hygroscopic, were previously studied by thermogravimetric
analysis up to 1000°C in a Perkin-Elmer TG/DTA
instrument (mod. Pyris Diamond) for determining the
accurate cation content in the original metal nitrates from
the corresponding stable oxides. Stoichiometric amounts of
La,O3 and WO5 were dissolved in hot diluted nitric acid
and ammonia, respectively, whereas the metal nitrates were
dissolved in distilled water. Ethylenediaminetetraacetic
acid (EDTA) (99.5% Aldrich) was used as complexing
agent in a molar ratio ligand:metal 1:1. NbCls was
dissolved separately in ethanol and then EDTA and
ammonia solutions were added. This solution was slowly
heated in a hot plate to evaporate the ethanol. The
different cation solutions were mixed and stirred for

15min, resulting in a homogeneous and transparent
solution. The pH was adjusted to 9 by ammonia addition.
A typical preparation of 100 ml gives rise to approximately
3 g of final oxide. Droplets of these solutions were flash
frozen in liquid nitrogen retaining the homogeneity of the
original solution. The frozen droplets were dehydrated by
vacuum sublimation at a pressure of 1-10Pa in a Heto
Lyolab 3000 freeze dryer during 2 days. In this way, dried
solid precursors were obtained. The precursor powders
were initially calcined at 300 °C to produce the organic
matter pyrolysis. Then, they were ground and calcined
again at 600°C for 3h to remove the residual organic
species and to achieve crystallisation of the compounds.
The powder samples were pressed into pellets and fired
between 950 and 1300 °C for 3 h and then slowly cooled to
room temperature. The tungsten oxide losses during the
sintering were considered negligible. Finally, the pellets
were finely ground and characterised by several techniques.
The samples are hereafter labelled as LMO for La;,Mo0,0y,
LWO for La;W>0, and A4, and B, for La,_,4.W,_,
B,0y_; series, respectively.

2.2. Powders characterisation

X-ray diffraction (XRD) patterns were recorded using a
Philips X'Pert Pro diffractometer, equipped with a
Ge(111) primary monochromator and a X’Celerator
detector. The scans were collected in the 26 range
(5-100°) with 0.016° step for 2h. Structure refinements
were performed using the FullProf and WinPlotr softwares
[37,38].

Thermogravimetric and differential thermal analysis
curves (TG/DTA) were recorded with a Perkin-Elmer
instrument (Pyris Diamond) at a heating/cooling rate of
10°Cmin~" under air atmosphere.

The morphology of the sintered pellets was monitored
using a scanning electron microscope (SEM) (mod. Jeol
LTD, JSM-6300). All preparations were covered with a
thin film of sputtered gold for better image definition.

2.3. Electrical characterisation

Cylindrical disks of 10 and ~2mm of diameter and
thickness, respectively, were prepared pressing the nano-
crystalline powders at 125 MPa. The resulting pellets were
sintered in air at 1300 °C for 3 h, rendering relative densities
higher than 99%. Pt-paste electrodes were deposited on
each side of the pellet and then fired at 700 °C for 15min.
Impedance spectra were obtained using a frequency
response analyser (Solartron 1260) in static air in the
0.1 Hz—1 MHz frequency range with an ac perturbation of
25 and 100mV in the high and low temperature range,
respectively. The spectra were acquired during the heating
and cooling processes between 300 and 1200°C with a
stabilisation time of 30 min between consecutive measure-
ments. Impedance spectra were analysed with ZView
program [39]. The resistance and capacitance values of
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the different contributions were obtained by fitting the
impedance spectra data with equivalent circuits. The
equivalent circuit used consists of (RQ) elements in series,
where R is a resistance and Q is a pseudocapacitance in
parallel.

3. Results and discussions
3.1. Phase formation and stability

The XRD patterns corresponding to the nanopowders of
non-substituted and substituted La,W,Oq series fired at
600 °C are displayed in Fig. 1. As can be observed the main
diffraction peaks for nanocrystalline La,W,0O4 correspond
to the high temperature cubic f-phase instead of the
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Fig. 1. XRD patterns for non-substituted La,W,09 (LWO) and (a)
La,_Ba,W>09_s (Ba,) and (b) La,W,_,V,09_;5 (V,) series calcined at
600 °C during 5h.

triclinic structure of the bulk phase. However, some Bragg
reflections associated with the triclinic phase are also
observed. The same behaviour has been observed in other
systems. For example, the high temperature tetragonal
phase of ZrO, becomes stable at room temperature when
the particle size is less than 30 nm and above this critical
size, tetragonal to monoclinic transformation occurs
[40,41]. Hence, the stabilisation of the cubic form at room
temperature for non-substituted La,W,09 can be asso-
ciated to the nanocrystalline nature of the synthesised
materials, where the cubic phase is eventually retained in a
metastable state. In fact, the material reverts to the stable
triclinic phase when the firing temperature increases above
700 °C and the crystallite size grows from 27 nm at 600 °C
to 50 nm at 700 °C.

The intensity of the diffraction peaks for the triclinic
phase vanishes as the substitution of Ba’" and V>
increases, indicating total stabilisation of the cubic form.
Nevertheless, a small fraction of scheelite BaWO, is
observed for samples with high levels of Ba-substitution
(Fig. 1a).

The XRD patterns for Bay, and Vg3 samples fired
between 600 and 1300 °C are shown in Fig. 2. In the case of
Bay, (Fig. 2a), the cubic phase and a small fraction of
BaWO, are observed at 600 °C. It should be noted that
AMo,W)O4 (4 = Ba, Sr, Ca) phases are very stable at
intermediate temperatures and they usually appear as
impurities in compounds containing these elements [12].
Above 600°C a gradual phase transformation occurs,
coexisting three crystalline phases; the cubic and triclinic
La,W,09 polymorphs and BaWO,. Between 800 and
1000 °C the cubic phase is not detected; however, this is
partially recovered after fired at 1100°C, appearing a
mixture of «- and f-polymorphs. Finally, the cubic phase is
stabilised at room temperature when fired at 1300°C. A
similar trend is observed in V-substituted samples (Fig. 2b).
In this case, the cubic form is retained in the nanocrystal-
line material up to 700 °C. A new crystalline phase appears
at 800 °C, which was indexed to a monoclinic unit cell,
similar to Nd,W»O9 (PDF 023-1268). Then, a mixture of o-
and f-polymorphs are observed again at 1000 °C. Finally,
the cubic form is obtained at 1100°C or higher firing
temperature.

One can observe that the unit cell volume for nanocrys-
talline samples is somewhat higher than that of bulk
crystal. For instance, the cell volume for V3 decreases
from 359.47 A* at 600 °C to 358.12A° at 1300 °C. This is
usually associated to lattice distortion in nanocrystalline
materials due to superficial defects [41,42].

The phase transformation and segregation of impurities
as the temperature increases in substituted LWO samples
could be explained in terms of two factors; the thermal
variation of both crystallite size and cation solubility. As
previously mentioned, samples with crystallite size below
50 nm retained the high temperature cubic polymorph at
room temperature in a metastable state and this is nearly
independent on the substitution content. When the
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Fig. 2. XRD patterns for (a) La; gBag,W>09_s (Bag,) and (b) LayW 7.
V0309_s (Vo3) phases as a function of the firing temperature. The
different phases that appear as the temperature increases are also indicated
in the figure.

temperature increases, the crystal size grows and samples
with low substitution recover the stable triclinic phase. In
addition, it is well reported that the solubility of dopants is
enhanced in nanocrystalline materials [41]. Thus, the
segregations of BaWQ, as the temperature increases in
the intermediate temperature range could be associated to
a decrease of the Ba-solubility with the increase of the
crystallite size. Note that the fraction of BaWO, in Fig. 2a
increases with the firing temperature between 700 and
1000 °C, confirming this hypothesis. In addition, the cation
solubility increases with the firing temperature above
1000°C and the cubic phase is stabilised at room
temperature.

Fig. 3 shows the variation of XRD patterns for Ba-series
as a function of the substitution content after calcined at
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Fig. 3. XRD patterns for La, ,Ba,W,09_s (Ba,) series calcined at
1300 °C as a function of the Ba content.
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Fig. 4. XRD patterns for different cation substitutions in La,W,Oy (i.c.
Sr2", Nb>" and K ™).

1300 °C. Bag; sample exhibits only the triclinic structure
with a unit cell volume of 350.51 A* compared to 347.91 A3
for non-substituted LWO, confirming that Ba*>" (1.47 A)
with larger ionic radii than La*" (1.22 A) [43] forms a solid
solution with the triclinic structure, expanding the unit cell.
On the other hand, Bag ;5 sample fired at 1300 °C shows a
mixture of o- and p-polymorphs with cell volumes of
351.85 and 365.07A° for the triclinic and cubic forms,
respectively. Thus, Ba’>" is dissolved simultaneously in
both phases. Finally, Ba,, sample exhibits only the cubic
phase with cell volume of 366.94 A>. A similar trend was
found for V-contained samples.

Other substitutions were tested, such as: Sr**, K" and
Nb’*. However, they do not stabilise the cubic phase,
appearing mixtures of the triclinic form and other stable
secondary phases containing the dopant (i.e. SrWOy,
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La;Nb3W,4030 and K,WO,) as illustrated in Fig. 4. These
results indicate that only high levels of Ba’* and V>
stabilise the cubic phase at room temperature. Although,
high firing temperatures are necessary to avoid secondary
phases, such as BaWOQy,, and to obtain a solid solution. The
phase stability for Bay, and V3 was investigated anneal-
ing the samples at different temperatures during 1 day. A
gradual degradation with the time was observed above
700°C due to dopant segregation, resulting in a phase
transformation from f- to o-polymorph. A similar
phenomenon has been observed by Selmi et al. [44] in
Ca-substituted La,Mo0,0q. These authors reported a S«
transformation process in La;¢,CagogM0,09_s above
640 °C due to calcium segregation.

One should be noted that Mo®™" with ionic radii similar
to that of W°" stabilises the cubic p-Lay;W,0g phase
without degradation at high temperature [22,25]. This
seems to indicate that cation substitutions with ionic radius
very different to that of W®'/La®" stabilise the cubic
phase in a metastable state. On the other hand, Cr®"
(0.44 A) is other possible substitution in the tungsten site of
La,W,0,, however Cr®* is easily reduced to Cr*" during
the synthesis process above 700 °C and therefore it was not
further investigated.
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3.2. Structure

The triclinic structure of «-La,W,0Og has been reported
by Laligant et al. [30] from neutron diffraction data (space
group PI). This structure has isolated [W40,5]~'> groups
alternating with trigonal bypiramids generating a 3D
framework with lanthanum atoms in both 9- and 10-fold
oxygen polyhedra (inset Fig. 5a). The cell parameters
obtained by the Rietveld refinement (Fig. 5a) are:
a="724242) A, b=17.29232)A, ¢="7.04692)A, a=
96.393(2)°, p=94.699(2)° and y = 70.338(2)° and they
are in agreement with the literature data [30].

On the other hand, «-La,Mo0,0y9 is a complex structure
containing 312 crystallographically independent atoms,
which was reported by Evans et al. [7] from single-crystals
obtained by spontaneous crystallisation of a melt. This
compound was refined as a monoclinic structure (s.g. P2;)
with unit cell parameters of: a = 14.2847(6) A,
b =21.4533(1)A, ¢ =28.6344 A and B = 90.442(2)°. This
compound can be described as a 2 x 3 x 4 superstructure
relative to the cubic f-polymorph with a slight monoclinic
distortion as previously confirmed by electron diffraction
studies [2,3,16]. The superstructure and small monoclinic
distortion of a-La,Mo0,0y is evident in Fig. 5Sb, where most
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Fig. 5. Rietveld refinement for (a) triclinic a-La; W,0y, (b) monoclinic a-La;M0,0y, (c) cubic f-La; W, 7V(309_s and (d) cubic f-La; gBag,WOq_s phases,
showing experimental (circles), calculated (continuous line), difference profiles and Bragg positions. The BaWO, impurity is also refined in (d).
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intense diffraction peaks show splitting due to the
monoclinic distortion compared to f-La,Mo,09 (Fig. 5c
and 5d). Also, small reflections associated to the super-
structure can be observed in the background (inset Fig. 5b).
Corbel et al. [21] have proposed a new kind of representa-
tion for the f-La,Mo0,0q structure based on anti-polyhe-
dra. The fully occupied sites in the structure (La, Mo, and
O1) form [O1Las;Mo] anti-tetrahedral units around the O1
sites. Each anti-tetrahedron shares its three La vertexes
with two other anti-tetrahedra to form a 3D rigid frame-
work. Moreover, the 02 and O3 sites with partial
occupation and responsible for the ionic conduction in
these materials are located in the channels between anti-
tetrahedra (inset Fig. 5c).

The LalAgBaOQWzOg_g and L32W1A7V0_309_5 samples
crystallise in a ff-structure similar to that of the f-La;M0,0s.
The Rietveld refinements were carried out using the
models proposed by Goutenoire et al. based on neutron
diffraction data [2]. The crystallographic parameters are
listed in Table 1 and they are compared with non-
substituted -La,Mo0,0y at high temperature. The Rietveld
refinement patterns are shown in Fig. 5c and 5d. From the
data reported in Table 1, it is evident that the structure of

Table 1
Crystallographic parameters for La; gBag,W-09_s (Bag,) and La,W ;.
V03095 (Vo.3)

LMO* Vos Ba»
a (A) 7.2192(7) 7.1022(3) 7.1592(5)
La (4a)/4
X 0.8535(4) 0.8592(3) 0.8574(3)
B 4.7(1) 3.11(8) 3.76(9)
Occ 1 1 0.90
W (4a)/B
X 0.1691(4) 0.1674(3) 0.1646(3)
B 3.6(1) 4.47(9) 5.7(1)
Occ 1 0.85 1
01 (4a)
X 0.323(2) 0.312(2) 0.322(2)
B 8.4(6) 5.5(6) 5.7(6)
Occ 1 1 1
02 (12a)
X 0.969(3) 0.948(4) 0.931(3)
y 0.190(4) 0.219(3) 0.200(4)
z 0.350(4) 0.349(4) 0.337(3)
B 8.4(6) 5.5(6) 5.9(6)
Occ 0.69(1) 0.70(2) 0.70(2)
03 (12a)
X 0.929(5) 0.920(6) 0.8804(6)
y 0.713(4) 0.719(6) 0.685(6)
z 0.520(4) 0.557(6) 0.575(6)
B 8.4(6) 5.5(5) 5.9(6)
Occ 0.44(1) 0.45(2) 0.44(2)
Ry (%) 13.7 12.5 11.3
Rexp (%) 6.5 8.8 7.1
Ry (%) 4.3 3.6 7.7

“Rietveld refinement at 923 K obtained by high temperature XRD.

p-La,Mo0,0y is similar to that of stabilised S-La,W,Oq.
Even, the final R-factors are also similar (Table 1). It
should be noted that Bajy, sample contains a very small
amount of BaWO, impurity, which is difficult to evaluate.
But from Fig. 3, it is clear that Ba-solubility limit in
La,W-,0Oy is in the range 0.15<x<0.2. This solubility limit
value is similar to that found for La,Mo,09 [12].

3.3. Thermal analysis

The o« f phase transitions for non-substituted LMO
and LWO are reversible as can be observed in the DTA
curves (Fig. 6a) and also reported in the literature [1,33].
The phase transition temperature for LMO reaches a
maximum at 565 °C on heating and the peak is displaced to
lower temperature during the cooling ~520 °C (Fig. 6a). In
the case of LWO, the phase transition takes place at
1080 °C on heating and a large thermal hysteresis of 125 °C
is observed during the heating and cooling processes. The
enthalpy change at the phase transition was calculated by
numerical integration of the recorded DTA curves after the
correction for the calorimetric baseline, taking values of 5.5
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Fig. 6. (a) DTA curves and (b) Arrhenius plot of the overall conductivity
for non-substituted La,Mo0,09 and La,W,0Oo during the heating and
cooling processes.
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Fig. 7. SEM images for (a) La; §Bag,W,0q_s sample sintered at 1300 °C for 3h as-prepared and (b) after decomposition at 800 °C for 24 h.

and 27.5kJmol™! for LMO and LWO, respectively. The
enthalpy change during the triclinic <> cubic transforma-
tion for LWO is much higher compared to the pseudocu-
bic < cubic transformation for LMO, thus supporting the
proposed structural interpretation.

The thermal dependence of the overall conductivity for
non-substituted La,Mo,0O9 has been previously studied in
several reports [1,34], showing an abrupt enhancement of
the conductivity of about one order of magnitude above
the phase transition temperature (Fig. 6b). The triclinic
a-La,W>0y9 has lower conductivity values than
a-La,Mo0,0y in the low temperature range, however the
o—f phase transition for LWO is accompanied by a
significant conductivity increase of about four orders of
magnitude with similar values to those of f-La,Mo0,0q.
The hysteric behaviour observed during the cooling and
heating processes is consistent with the DTA results, which
indicates a first order phase transition. As previously
mentioned, the stabilisation of the f-La;W,0y polymorph
at low temperature would allow to obtain a new series
of compounds with ionic conductivity comparable to
p-La,Mo,0g and presumably better redox stability due to
the absence of molybdenum, which exhibits higher
reducibility than tungsten.

3.4. Electrical characterisation

Ceramic pellets sintered at 1300 °C for V43 and Bag,
samples have relative density higher than 99%. This high
sintering temperature produces a significant grain growth
~20um. No phase segregations are observed in sintered
samples prepared at 1300 °C and slowly cooled to room
temperature (Fig. 7a). However, sintered samples annealed
for 24h above 700°C show additional particles in the
ceramic microstructure with smaller size (Fig. 7b). Such
particles were identified as BaWQO, impurities due to phase
segregations during the degradation process. The impe-
dance spectra measurements were carried out below 700 °C
to avoid structural changes during the experiment.
Representative impedance spectra for Bag, at 400 and
450°C are shown in Fig. 8a. The impedance spectra
comprise a symmetric and depressed arc with capacitance
of ~6pFcm™!, which is assigned to grain interior (bulk).
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Fig. 8. (a) Impedance spectra for La; gBay,W,09_; (Bag,) sample at 400
and 450 °C. The solid line is the fitting result obtained with equivalent
circuits. (b) Arrhenius plot of the overall conductivity for different
compositions.

Additionally, the electrode/electrolyte processes are ob-
served at low frequency. The grain boundary process in
these samples is negligible, indicating that bulk is the main
resistance contribution to the overall conductivity. Fig. 8b
compares the Arrhenius plot of the overall conductivity for
different samples. Bag, and V,3 samples have ionic
conductivity lower than LMO in the whole temperature
range studied (e.g. 0.011 Scm™" for Bag,, 0.006Scm™"' for
Vo3 and 0.032Scm™" for LMO at 650 °C). In addition, the
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molybdate La; gBag,Mo0,09_s studied in a previous work
[12] has comparable conductivity values than those of
LMO in the high temperature range and somewhat higher
in the low temperature range. The lower conductivity for
W-containing samples compared to Mo-containing sam-
ples seems to be ascribed to the different cell volume. Thus,
a lower cell volume limits the free space for oxygen
diffusion and consequently the ionic conductivity de-
creases. Despite the slightly larger size of W®" compared
to Mo°", the cell parameter of La;gBag>,M0,0g_s
(7.1860 A) is larger than that of La;gBag,W,09_s
(7.1592 A) and the same trend occurs with the conductivity.
This behaviour is not common, but it has been previously
found in other systems as BaXO4 (X = W and Mo) [45]. In
this context, Corbel et al. explained the anomalous
contraction in La,Mo,_,W,0Oy series above y>0.5 by a
decrease in the coordination number around W [21]. One
should be also noted that Bag , has higher cell volume than
Vo3 and the conductivity of the second one is somewhat
lower.

3.5. Kinetic of phase transformation

The impedance spectra for dense pellets of Bag,
annealed at 700 °C as a function of the time are shown in
Fig. 9a. As can be observed, the resistance for the bulk
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Fig. 9. (a) Impedance spectra for La; gBag,W,09_s (Bag,) sample as a
function of the annealing temperature at 700 °C. (b) Time dependence of
the overall resistance for La; gBag,W-0Og_s during the f— o transforma-
tion.

contribution increases significantly after several hours due
to gradual f—o transformation. Fig. 9b shows the
dependence of the electrical resistance on the annealing
time at different isothermal temperatures during the f—«
transformation for Bag,. This figure indicates that the
resistance increases approximately five orders of magnitude
during the phase change. It was also observed that
increasing the annealing temperature leads to a decrease
in time necessary to complete the ff—o transformation.
This occurs within 30 h at 700 °C and it is reduced to ~6h
at 800 °C. By contrast Vy3 has a better stability at high
temperature or alternatively a slow transformation Kki-
netics. Thus, non-decomposition was observed after
annealing the ceramic pellets for 2 days at 700 °C, however
the complete transformation occurs after annealing at
800 °C for 50 h.

The isothermal transformation oo— f can be studied by
the Johnson—-Mehl-Avrami (JMA) equation [46,47], which
relates the fraction transformed («) to the time (¢)
for experiments performed at constant temperature as
follows:

1 — o = exp[—(K?)"] (1)

where K is the rate constant and the exponent n is a
dimensional parameter, which characterises the morphol-
ogy of crystal growth. The temperature dependence of the
rate constant K could be expressed by an Arrhenius
equation:

E.
K =K, exp( RT) 2)
where Kj is the frequency factor, R is the universal gas
constant, 7' is the annealing temperature and E. is the
activation energy of the transformation process.

In this study, the fraction transformed at different
annealing times o(f) was calculated using the relative
increase in the electrical conductivity during the phase
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Fig. 10. Avrami plot for the isothermal transformation f—o for
La; gBay,W>09_s (Bag,) at different annealing temperatures.
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Fig. 11. Arrhenius plots of the f— o phase transformation for Ba,, and
Vo.3 samples.

transformation from the following empirical relation
[48.,49]:
e_o-(t)

g,
1) =
Oec — Op

(€)

where gy, and o, are the respective conductivities at the
beginning and the end of the transformation process and
a(?) is the conductivity at time ¢ between these two limits.
The Avrami plot indicates that the transformation occurs
mainly in a single stage, though a slight slope change is
observed for high transformed fraction (Fig. 10). The
isothermal kinetic parameter n varies from 1.3 to 1.1 with
increasing temperature, indicating that the transformation
takes place with predominance of homogeneous nucleation
and one-dimensional growth. The activation energy of the
transformation process was calculated using the Arrhenius
representation from Eq. (2). Fig. 11 shows the Arrhenius
plots for Bag, and V,; samples, where the activation
energy takes values of 2.2¢eV for Bay, and 1.4eV for Vi3
samples.

4. Conclusions

A substitution strategy was used to stabilise the
p-La,W,09 phase at room temperature and to obtain
new tungstate electrolytes with LAMOX-type structure.
Several substitution were tested, i.e. La®>* by Ba®*, Sr**
and K*; and W®" by V°" and Nb’". Nanocrystalline
materials prepared by freeze-drying precursor retained the
cubic phase at room temperature, although the bulk
triclinic phase is recovered when the temperature increases
and the crystallite size grows. Only high levels of Ba®>* and
V3" substitution retained the cubic form at room
temperature after heating at 1300°C. However, these
materials are metastable above 700 °C, experimenting a
gradual transformation from the cubic fS-phase to the
triclinic a-phase due to phase segregations. The transfor-
mation kinetic of f— o degradation was studied from the
time dependence of the overall conductivity in samples
annealed above 700°C. Ba-containing samples are less

stable than V-containing samples. The electrical measure-
ments indicated that molybdates with LAMOX-type
structure exhibit higher conductivity than tungstates. The
reason seems to be associated to the lower unit cell volume
of tungsten containing samples, which reduces the free space
for oxygen diffusion and hence decreasing the conductivity.
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