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Abstract

LayMo,0g ceramics have been prepared from freeze-dried precursors and their properties compared to those of lantanum
molybdate obtained by conventional solid state (SS) reaction. All materials have been characterized by X-ray diffraction, scanning
electron microscopy and thermal analysis (TGA/DTA/DSC and dilatometry) to characterize the phase formation and phase
transition. When the freeze-dried method was applied, the synthesis temperature required to obtain dense samples was much lower
than that for powders obtained by SS reaction. The morphology and structure of the oxide particle are significantly dependent on
the synthesis method. The grain size is smaller, whereas the density of sintered pellets is higher for the freeze-dried precursor powder
when compared with the SS reaction method. Impedance spectroscopy was used to measure the electrical conductivity of La,M0,0y

from 548 to 1123 K, in air, and to characterize the blocking effects of grain boundaries.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Oxide ion conductors have been increasingly studied
for many years because of their potential applications in
many devices with high economical interest, such as
components of fuel cells, oxygen sensors, dense ceramic
for oxygen separation membranes, oxygen pumps and
oxygen-permeable membrane catalysts [1-4]. New fields
of applications have appeared in this research area
because new phases allow significant reduction of
operating temperature. In addition to the intrinsic basic
properties, the role of microstructure has been empha-
sized, leading to the development of new routes for solid
synthesis and new techniques for ceramic manufacturing
[5,6].

Most important oxide ion conductors belong to four
distinct structural groups, [7-10] which include the
doped perovskite-type 4BO; (doped LaGaOs3) [11-13],
fluorite-type (stabilized zirconia [14], ceria [15-17], o-
Bi,03 [18]), Aurivillius-type phases BIMEVOX [19,20]
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and pyrochlores [21,22]. In addition, a new kind of oxide
ion conductor [23-28] has been reported recently,
La, Mo,09, which exhibits good ionic conductivity at
low temperature and has a crystal structure which
differs from previous fast oxide ion conductors.

For traditional oxide ion conductors, such as A0,
fluorite-type anionic vacancies are generated by sub-
stitution of tetravalent cations by tri- or divalent
cations, thus recovering charge neutrality. Similar
charge compensation is found for doped ABO; per-
ovskite materials with partial substitution of 4 and/or B
cations by lower-valence cations. Doping with aliovalent
species is thus essential to attain high concentrations of
effective charge carriers (oxygen vacancies), and high
ionic conductivity in these materials. On the contrary,
the structure of La>Mo,Oy possesses a significant
fraction of vacant intrinsic oxygen sites, which allows
accommodation of oxygen excess in the structure
[23,24]. The high conductivity of these materials has
also been related to migrations of oxygen ions via
vacant sites.

The conducting properties of La>Mo,Oy were also
interpreted by the Lone Pair Substitution concept [29].
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The crystal structure of f-La>Mo,09 resembles that of
p-SnWO,, which was reformulated as Sn,W,Ogl,,
where L is the lone pair of Sn’*. In LayMo,0Oo,
molybdenum replaces tungsten and Sn”" is substituted
by La®* (without lone pair). Thus, the lone pair site
either remains as a vacant site or can be occupied by
oxide anions due to the higher valence of La’". The
structural formula of lanthanum molybdate was thus
rewritten as La,Mo,0Og 10 (where [0 is a vacancy).
The extra oxide anions can migrate through the
vacancies justifying its high conductivity.

This material undergoes a structural transition
(around 843K). The high-temperature polymorph
p-LayMo,Oy is cubic (P23 space group) and the low-
temperature polymorph o-La,Mo,0O9 has been consid-
ered as a 2 x 3 x 4 superstructure of the cubic form with
a monoclinic distortion [24]. However, a definitive
structural determination for the « form is lacking.
Several partial substitutions have been tested in La,.
Mo,Og by replacing both La and Mo for equivalent
cations. La has been substituted by Sr, Ba, K, Bi [26],
Ca, [27] and Mo for Re, Cr, V [26], W [28], Nb, Ta [30].
It seems that some of these substitutions may stabilize
the p-cubic structure down to room temperature.
However, those additives often lower the ionic con-
ductivity.

In the current investigation, we report the preparation
of La, M0,Og ceramics from different powders prepared
by a freeze-drying method (FD), and by a conventional
solid state reaction (SS). The freeze-dried precursor
method yields crystalline single phase precursors at
lower temperatures, which are suitable to reassess the
phase transition in these materials. In addition, these
very fine crystalline precursors can be used to obtain
nearly fully dense samples, without excessive firing
temperatures. Preparation of dense La,Mo,Og ceramics
has not been reported in Literature. By extending the
sintering time and/or temperature one may be able to
adjust the microstructural features, and to optimize
corresponding grain boundary effects on transport
properties and/or thermomechanical performance.

2. Experimental
2.1. Synthesis

Powders of La,Mo,09 were prepared by conventional
SS reaction of La,O; (99.9% Aldrich) and MoO;
(99.9% Merck). Lanthanum oxide was previously
calcined at 1273 K, during 2h, to remove water and
organics, to ensure a proper stoichiometric ratio.
Lanthanum and molybdenum oxides were well mixed
in stoichiometric proportions and fired in an alumina
crucible at 773K, for 5h, then finely grounded and
calcined again at 1223 K for 5h.

The freeze-dried precursors were prepared from
solutions obtained by dissolving La,O; with diluted
nitric acid, and dissolving MoO3 with diluted ammonia,
which was heated to remove the ammonia excess leading
to a final pH near 7. These two solutions were mixed in
stoichiometric amounts. A typical 100mL resulting
solution contains 1.792 g (0.011 mol of La*") of La,O;
and 1.583g of MoO5. Droplets of this solution were
flash frozen by projecting into liquid nitrogen and then
FD at pressure of 1-10 Pa in a Heto Lyolab 3000 freeze
dryer, during 2 days. In this way, about 3 g of dried solid
precursors were obtained as amorphous loose powders.
The precursor powder was heated in an alumina crucible
at SKmin~' to 673K for 5h and finally cooled down
slowly to room temperature.

2.2. X-ray diffraction

Powder X-ray diffraction patterns were obtained with
a Philips X Pert diffractometer using CuKo and graphite
secondary beta monochromator. The 20 range was
5-80° with a step of 0.02° and step time of 2s. High-
temperature measurements were carried out using an
Anton Paar TTK 450 Camera, under vacuum
(5.5 % 1072 Pa) and air conditions at different tempera-
tures up to 1023 K. The heating rate was 5 K min~' and
the sample was left during 10 min at each temperature
before the measurement in order to stabilize the
equipment and sample. The FULLPROF program [31]
was used for whole pattern fitting by a least-squares
method, assisted by WinPlotr for visualization [32].

Fig. 1 shows the X-ray diffractograms of freeze-dried
La,Mo,0O9 powders after heating at different tempera-
tures between 673 and 1223 K. Though a single phase
La>Mo-0Qy is already obtained after firing at 673 K for
only 5h, and above 873 K the X-rays patterns do not
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Fig. 1. XRD pattern of Lay,Mo0,0¢ prepared from freeze-dried
precursor and calcined during 5h at different temperatures:
(a) 673K; (b) 873K; (c) 973K, and (d) 1223K.
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show notable changes in the crystallinity, most samples
were calcined between 973 and 1223 K to ensure good
crystallinity for XRD measurements. The crystalline size
was evaluated from Scherrer’s equation as 15nm for FD
sample fired at 673 K, increasing to 50 nm for samples
fired at 1223 K.

In the case of samples prepared by SS reaction, a
calcining temperature of 1223 K was necessary to get a
single phase.

2.3. Thermal analysis

Simultaneous Thermogravimetric Analysis (TGA)
and Differential Thermal Analysis (DTA) were per-
formed on a Perkin Elmer mod. Pyris Diamond
TG/DTA. The temperature was varied from room
temperature up to 1173K at a heating rate of
10K min~" in a nitrogen flux (20 cm® min~"). No mass
loss was observed in the temperature range by TGA.
Differential Scanning Calorimetry (DSC) Analysis was
recorded on a Perkin Elmer mod. Pyris Diamond DSC.

A TMA (Perkin Elmer, mod. Pyris Diamond)
equipment was used to evaluate the sinterability of
samples prepared from FD and SS, to identify the
temperature at which the shrinkage rate reaches a
maximum, and to determine the thermal expansion of
sintered samples. The results shown in Fig. 2 clearly
demonstrate that the freeze-dried precursor reduces the
temperature at which the shrinkage rate peak is reached.
This is an advantage concerning the preparation of
dense samples, at relatively lower temperatures, and to
be able to prepare samples with fine grain sizes often
contributes to improved thermomechanical performance
of the samples.
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Fig. 2. Shrinkage (open symbol) and shrinkage rate (closed symbol)
behavior of La,Mo,0q samples prepared from freeze-dried precursors
(circles), and from powders prepared by SS reactions (triangles).

2.4. Microstructural characterization

The morphology of both powders and sintered pellets
was observed using a Scanning Electron Microscope
(Jeol Ltd., JSM-6300) operating at an accelerating
voltage of 30kV. All preparations were covered with a
thin film of gold for better image definition. The
microstructures of sintered pellets are significantly
dependent on the powder synthesis and sintering
conditions. The SEM images shown in Fig. 3 corre-
spond to sintered pellets of La,Mo0,Og¢ obtained by

)
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Fig. 3. SEM images of sintered pellet of LayMo,0y obtained from
different synthesis methods. Powders prepared by SS reactions and
from freeze-dried powders at 1223 K (FD1) and 1373 K (FD2).
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different synthesis routes (powder reaction (SS) and
freeze drying (FDI1)) at 1223K, during Sh. The
powder reaction route yields poorly densified samples
(about 80%). In this case, it is difficult to distinguish the
grain boundaries, and to estimate the corresponding
grain sizes. On the contrary, pellets obtained from
freeze-dried precursors have a high relative density
(>95%) and show a grain distribution in the range of
about 1-5um.

Different SS and FD pellets were also prepared at
higher temperature, between 1223 and 1373 K. The SS
samples always comprise large pores, and it was
impossible to get samples with density higher than
85%, when powders were used as prepared or were
ground in a mortar, as in the case of FD samples.
However, FD samples can be densified up to 98% when
fired at 1373 K. The effect of crystallite size on the
densification of FD pellets was also studied. When the
freeze-dried powder is calcined above the shrinkage rate
temperature (973K), the crystallites grow forming
agglomerates, finally resulting in pellets with lower
density.

This material has also been prepared in other works
[33,34] by sol-gel precursors at low temperature; never-
theless, the authors reported density values of 90% at a
sintered temperature of 1473 K. This density value is
lower than the values obtained by us, using the FD
method, even when they use much higher temperature
and time for sintering than us.

2.5. Electrical measurements

Pellets with a diameter of 9mm and thickness
1.5-2mm were uniaxially compressed at 154 MPa, and
sintered in air between 1223 and 1373 K for Sh. This
method was used for both types of samples (FD and SS)
to be able to compare the sinterability and electrical
properties.

Impedance measurements were performed in air
which was cooled from 1123 to 493K at 5K min™'
(accuracy +1K) with a dwell time of 10 min between
measurements. Two electrodes of platinum paste were
painted on either side of the sample, and fired at 1223 K
during 15min to ensure adhesion, without excessive
microstructural changes, compared to the original
sintering conditions.

The Solartron 1260 impedance analyzer was used for
electrical characterization, including an assessment of
grain boundary effects. Spectra were obtained in
the frequency range from 0.1Hz to 1MHz with an
applied voltage of 25mV in the temperature range of
1123-823 K and 100mV in the range 773-523 K, which
was controlled by the computer program ZPlot. Data
analysis was made by equivalent circuits using the
program ZView [35] allowing us to estimate the different
contributions of the conductivity.

3. Results and discussion
3.1. Structural characterization

The high-temperature f-La,Mo,09 form has a cubic
symmetry with space group P2;3 (no. 198). However, as
mentioned previously, the structure of the a-La, Mo,Og
is not yet well established. The last compound was
initially reported to crystallize in cubic symmetry with
the cell parameter 7.155A [25]. But studies using both
electron and neutron diffraction have confirmed that
o-La,Mo,0Og presents lower symmetry than the cubic
high-temperature f-form [24].

Fig. 4 shows the diffraction pattern of o-La, Mo,09 at
room temperature and f-La>Mo,09 at 923 K prepared
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Fig. 4. XRD pattern of (a) a-La,Mo,Oy9 (FD) obtained at room
temperature and (b) S-LayMo,Oy obtained at 923K, showing
experimental (circles), calculated (continuous line), and difference
profiles. Vertical tics indicate Bragg peaks allowed in the cubic space
group P2;3. Insets of (a) show some splitting at low temperature,
which cannot be fitted in the space group P23, indicating a distortion
of the high-temperature cubic form.



2382 D. Marrero-Lopez et al. | Journal of Solid State Chemistry 177 (2004) 2378-2386

from the freeze-dried precursor and calcined at 1223 K.
Though the diffraction patterns have been indexed with
the space group P2;3 in whole temperature range
studied (298-1023 K), some splittings appear in certain
Bragg diffraction peaks of the a-La,Mo,Oq form as can
be observed in the inset of Fig. 4a. These splittings
are indicative of the existence of a distortion relative to
ﬁ-LCleOzOg [26]

The thermal evolution of the cell volume (per formula
unit), recorded on heating process in air and high-
vacuum conditions is plotted in Fig. 5 for FD powders
and shows a clear deviation for temperatures above
848 K; this can be ascribed to the phase transition from
o-LayMo,O9 to p-LayMo,Oy9. However, a different
behavior is clearly observed in air and vacuum atmo-
sphere, in the thermal evolution of cell volume. In air a
sharp and discontinuous increase in the cell volume is
observed and the change of phase o« — f occurs in an
interval of temperature of 20 K. Whereas in vacuum the
change in cell volume does not correspond to a sharp
increase. The XRD patterns at high temperature in
vacuum show that the two phases o« and f§ coexist over a
wide temperature range to 1023 K, thus suppressing a
discontinuous change in the cell volume. This behavior
could be ascribed to a progressive oxygen loss in the
reducing conditions provided by the vacuum atmo-
sphere (aproximately 1072 Pa) and it will be studied in a
forthcoming paper.

The DSC results shown in Fig. 6 confirm the «—f8
phase transition suggested by the temperature depen-
dence of the cell volume. On heating, the onset of
the endothermic changes occurs at 842K and reaches
a maximum at about 848 K. On cooling, the onset of
the peak is displaced to somewhat lower tempera-
tures (about 833 K). The thermal hysteresis observed
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Fig. 5. Thermal evolution of cell volume of La,Mo0,Oq (FD samples)
from XRD data obtained in air (open circles) and high vacuum (closed
squares), showing a different behavior in the phase transition o — f§ at
843 K.

68

64

60

56

Heat Flow /mV

52

48

820 830 840 850 860
T/IK

Fig. 6. DSC curves of La,M0,0q (FD samples) in heating and cooling
processes, showing the phase transition of La;Mo0,Oq. A thermal
hysteresis of about 11K is observed.

(around 11K) is characteristic of a first-order phase
transformation.

The changes in thermodynamics parameters enthalpy
(AH ~5.5kJmol™") and entropy (AS~6.5Jmol 'K~ 1)
at the phase transition were calculated by numerical
integration of the recorded DSC thermal curves, after
the correction for the calorimetric line base, using the
relationships [36]:

AH = /gdl and AS:A—H7

v Tt

where Q is the heat flow (), v the heating rate (K s™"),
the time (s) and 7} the transition temperature. Note that
the entropy change demonstrates that the low-tempera-
ture polymorph is less entropic than the high-tempera-
ture form, thus supporting the proposed structural
interpretation.

The linear thermal expansion coefficient « can be
obtained from the temperature dependence of the unit
cell volume (Fig. 5), as described by v=! - (dv/dT) = 3¢;
this was used to obtain the thermal expansion coefficient
in the low-temperature range oyt = 11 x 10°°K™" in
vacuum and 14 x 10 ®°K™' in air. These values are
within in the range expected for other oxygen ion
conductors [37]. The thermal expansion coefficient
above the phase transition in air is higher than at low
temperature oy = 18 x 107K ™", The steep slope of
the high temperature in vacuum conditions includes a
rapid unit cell volume change near the phase transition
temperature. Otherwise, this range would yield an
unrealistic value of linear thermal expansion coefficient
in the order of 40 x 10 K",

The thermal expansion results shown in Fig. 7 reveal
that the phase transformation corresponds to a first-
order transition, with a steep volume increase. In this
case, the thermal expansion in the high-temperature
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Fig. 7. Thermal expansion of La,Mo0,Oy obtained from freeze-dried
precursors (FD1) showing the phase transition o — f.

range (ot = 11.0 x 10°°K™") is only slightly higher
than in the low-temperature range (oxpt=09.1%
107K~ "). This value is also somewhat lower than the
corresponding value from the dependence of the cell
volume.

3.2. Electrical conductivity

The impedance spectra for SS sample sintered at
1223K and the freeze-dried samples sintered at 1223
(FD1) and 1373 K (FD2) are shown in Fig. 8.

The impedance spectra of SS sample show three
different processes. The two processes at high frequency
are overlapped and can be ascribed to the bulk (i.e.,
grain interiors) and internal interfaces (pores and grain
boundaries). The third contribution at low frequency is
ascribed to the electrode processes. Due to the high
porosity of this sample, we did not try to resolve the
bulk and grain boundary contributions and only the
total conductivity was determined. An additional SS
sample sintered at 1373 K was also studied, but it
presents similar both density and resistance values and
for this reason we do not report it here.

The impedance spectra for FD samples comprises
relatively well-separated depressed arcs, which can be
described by a series association of (R;Q;), (R20>) and
(R3Q5) terms, R; being a resistance contribution, and Q;
a pseudo-capacitance, which is related to the angular
relaxation frequency w;, and capacitance C;, as follows
w; = (R,~C,~)71 = (R,Q,-)*l/"’ [38], and thus:

Ci= ;" (Ry)!' ™,

The high-frequency contribution possesses typical
values of capacitance in the range 20 pF, and was thus
ascribed to intrinsic contribution of the grain interiors,
and the capacitance of the intermediate frequency
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Fig. 8. Impedance spectra of an La,Mo,0y sample obtained from SS
reaction and freeze-dried precursor method (FD1 and FD2). The solid
line is the fitting result obtained with equivalent circuits.

contribution is the range of 7nF, which corresponds
to internal interfaces (e.g., grain boundaries).

The capacitance of the low-frequency contribution
(>30uF) is clearly related to the external material/
electrode interface. Some fitting parameters at different
temperatures are shown in Table 1.

The dielectric constant of the materials can be
estimated from the capacitance of grain interiors, as
follows:

_LC
N A807

&r

where ¢y is the vacuum permittivity, L is the sample
thickness (m) and A4 is the electrode area (m?); this yields
a typical value of dielectric constant of about 70.
However, this is probably overestimated because the
actual equipment has a capacitance detection limit
relatively close to the measured values. In these
conditions, the cell introduces a spurious capacitance
in parallel with the sample, and the actual bulk
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capacitance may be overestimated. Nevertheless, this
effect is less likely to affect contributions with higher
capacitance (e.g., grain boundaries).

The conductivity values, and the corresponding bulk
and grain boundary contributions were obtained by
taking into account the geometric factor o = L/(4 - R),
where R is the resistance (Q) of pellet. The thermal
dependence of the conductivity was plotted using
Arrhenius equation:

¢ = iTOexp(_Ea/kT).

The Arrhenius plot of total conductivity for FD2
(Fig. 9) shows clearly the phase transition at 855K with
a sudden enhancement of the conductivity of about two
orders of magnitude in a temperature interval of 20 K.
The hysteric behavior is clearly observed during the
cooling and heating process and it provides a manifesta-
tion of the first-order character of the a«— f phase

Table 1

Fitting parameters of bulk and grain boundary (gb) processes for
freeze-dried sample (FDI1) at different temperatures (R=resistance;
C'=capacitance and; n=exponent of Q;)

Temperature 623K 638K 648 K
Ry (kQ) 57.1 36.8 27.0
Cbulk (pF) 20.6 19.8 19.6
Nouik 0.84 0.83 0.82
Ryp, (kQ) 151.9 91.0 64.7
Cgp (nF) 7.20 6.40 8.41
Ngb 0.68 0.69 0.70
T(K)
1000 900 800 700
T T T T T T
—O— heating
—A— cooling
‘_"/\
5 of
2
X
~~
-
S
£
5L
1 1 1 1 1
1.0 1.2 1.4 1.6

10°(T/K)™

transition. The cooling curve displays higher conductiv-
ity around the phase transition. This fact indicates the
persistence of the high-temperature f-form below the
onset of the transition temperature. From the slopes of
the Arrhenius plot, the activation energies of the o and
p-form were determined. The activation energy below
the phase transition 1.15eV is slightly higher than above
the phase transition 1.05¢V.

In Fig. 10, the Arrhenius plots of total conductivity
for the different samples prepared are shown. In all the
samples the phase transition is observed at the same
temperature, although there are differences in the
conductivity values. Even though FD1 samples present
better microstructure than SS sample, the small grain
size obtained (1-5um) increases the resistance of grain
boundary, obtaining slightly smaller conductivity values
when compared to SS. These values of conductivity
obtained for FD1 and SS are similar with those
previously published [23]. When the sintering tempera-
ture is increased to 1373 K for the freeze-dried samples,
the grain size increases up to 15 um, reducing the grain
boundary resistance (Fig. 8) and providing higher
conductivity than for SS samples. Some conductivity
values of the different samples studied are shown in
Table 2.

Fig. 11 shows the resistivity values of the bulk (grain
interiors), and grain boundaries for FDI, after taking
into account the geometric factor (L/A) of the sample.
It should be noted that contrary to the bulk resistivity,
the y-scale in Fig. 11 is somewhat arbitrary for the grain
boundaries, since its geometric factor is far from the one
of the pellet and cannot be evaluated. Fig. 11 provides

o
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Fig. 9. Total conductivity of La,Mo0,Oq obtained from freeze-dried
precursors (FD2) showing a first-order phase transition, on heating
(open circles) and cooling (filled triangles) processes, with a thermal
hysteresis.

Fig. 10. Arrhenius plots of La,Mo,Oy obtained by different synthesis
methods: SS reaction sintered at 1223 K, freeze-dried method sintered
at 1223K (FD1) and 1373K (FD2).
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Table 2

Conductivity values obtained for three samples of La,Mo0,04 prepared
by solid state reaction (SS) at 1123 K, freeze-dried precursor at 1123 K
(FD1) and 1373K (FD2)

Conductivity (Scm™")

Temperature (K) SS FDI1 FD2
773 1.7x107* 0.9x107* 2.6%107*
873 1.5%x 1072 2.0x 1072 2.6x 1072
1073 3.7x 1072 4.0x1072 14 x 1072
0 -
Q O Bulk
Grain boundary
_‘/‘\
g
Q
@ 4f
M
=
=
e
=,
E
-12 1 1 1
1.2 1.4 1.6 1.8
10%(T/K)"
Fig. 11. Arrhenius plots of bulk conductivity and the corresponding

grain boundary results L/(Rg,A) for the freeze-dried sample sintered
at 1223 K.

valuable information on activation energy. These results
demonstrate the blocking effect of grain boundaries. In
addition, the similarity of the values of activation
energies 1.12 and 1.22¢eV for bulk and grain boundaries,
respectively, indicates that the relative role of blocking
boundaries is retained with increasing temperatures and
further work is needed to improve the microstructures
and/or to obtain cleaner and less resistive grain
boundaries of this compound.

4. Conclusions

Lanthanum molybdenum oxide, La>Mo0,0o, has been
synthesized using freeze-dried precursor at lower tem-
perature than those used for the ceramic method. The
microstructure of sintered pellets is seriously dependent
on the synthetic method and the preparation conditions
used. Materials prepared from freeze-dried precursors
could be sintered up to a relative density of 98%, which
is much higher than that of materials prepared by SS

reaction. The thermal, electrical and XRD studies show
that the phase transition observed is first-order type.
Electrical conductivities of La,Mo,0Oq9 were measured
between 523 and 1073K and the bulk and grain
boundary conductivities were studied. The values of
activation energy of the bulk and grain boundary
conductivities are similar, indicating that the blocking
effects of grain boundaries might persist up to relatively
high working temperatures. Further work is thus needed
to improve the microstructures and suppress those
blocking effects of grain boundaries. Moreover, the
mechanical stress associated with the large change volume
during the phase transition makes pure La,Mo,Og
unsuitable for many electrochemical applications.
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