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Abstract

The ion conductivities and phase transitions of lanthanum molybdate (La2Mo2O9) substituted with lanthanide rare-earths are investigated
using impedance spectroscopy, dilatometry, and X-ray powder diffraction. Among the substituted La2Mo2O9 of 10 mol% Ce, Nd, Sm, Gd, Dy,
Er, Yb, the specimens containing Er, and Dy exhibit depressed�–� phase transformation and high conductivities. Their 700◦C conductivities
are approximately five to seven times that of La2Mo2O9, around 0.26 S cm−1, comparable with those of (LaSr)(GaMg)O3 and Gd-substituted
CeO2. Among the three compositions of 10 mol% Gd, Dy, Er showing depressed phase transition, Er- and Dy-substituted La2Mo2O9 possess
relatively low thermal expansion coefficient 11× 10−6 K−1, compared with that of the Gd-substituted La2Mo2O9, 18× 10−6 K−1, which
is near that of La2Mo2O9. Hence, Dy and Er are valuable dopants in improving the La2Mo2O9 properties. Across the lanthanide series,
10 mol%-substituted La2Mo2O9 demonstrates systematic variations in the conductivity–temperature relation. Hysteresis phenomena in both
of conductivity and thermal expansion are also observed in those compositions which display phase transition.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Lanthanum molybdate (La2Mo2O9) which crystallizes at
high temperatures in�-SnWO4 structure of space group
P213, is an oxygen ion conductor discovered by Lacorre
et al.1–3 The concept of lone-pair substitution has been pro-
posed since a vacancy of oxygen ion size is generated when
the Sn2+ ion possessing a lone pair of electrons is replaced
by La3+ without the lone pair in the structure. This intrin-
sic vacancy facilitates oxygen ion diffusion and promises a
high oxygen ion conductivity of the crystal.4,5 La2Mo2O9
crystal exhibits two polymorphs, a low-temperature mono-
clinic �-phase and a high-temperature cubic�-phase, with a
reversible phase transition around 580◦C. The phase transi-
tion appears to be thermodynamically first order, it manifests
itself as an endothermic event on heating and exothermic
event on cooling in the differential thermal analysis curves.
The structure of�-La2Mo2O9 was described as a distorted
cubic form of �-structure with 2× 3 × 4 superlattice. Its
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formation was assumed to be clustering of the oxygen va-
cancies which occurred in the order–disorder type of phase
transition in stabilized zirconia.2

In its potential applications, such as electrolytes of solid
oxide fuel cell, oxygen pumps, and oxygen sensors,6–11

stabilization of the high temperature�-phase is important
owing to the necessity to minimize stresses during the
thermal cycles. Substitutions of Sr2+, Ba2+, K+, Bi3+,
Ca2+ on the La site, S6+, W6+, Cr6+, V5+ on the Mo
site has been shown capable of reducing the phase tran-
sition temperature and stabilize the�-structure at a lower
temperature.4 For instance, the�-polymorph can be pre-
pared in La2W2−xMoxO9 for x ≥ 0.7 at any cooling
rate.12 However, the suppression of phase transition often
raises the low-temperature ion conductivity but not the
high-temperature ion conductivity.4 More detailed studies
on substitutions of Ca2+, Bi3+, Pb2+ have also been carried
out using the dielectric relaxation method.13–16

In this paper, we report variations in ion conductivities
and thermal expansions in lanthanide rare-earth substituted
La2Mo2O9. The substitution of isovalent rare-earths has
considerable influence on the properties of La2Mo2O9.
Some substitutions not only depress the phase transition,
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reduce the thermal expansion coefficient, but also enhance
the high-temperature conductivity.

2. Experimental details

2.1. Specimen preparation

Stoichiometric amount of commercial MoO3 (purity >
99.5%), La2O3 (purity > 99.9%) and calculated amount of
rare-earth oxides CeO2, Nd2O3, Sm2O3, Gd2O3, Dy2O3,
Er2O3, and Yb2O3 (purity > 99.9%) were dried, weighed,
mixed, and ball milled in a polyethylene jar with zirconia
balls for fourteen hours. The powder was calcined at 880◦C
for 10 h, and ball milled again. The powder was mixed with
organic binders in the ball mill, dried, and sieved through a
nylon sieve. Short rods and disks were pressed and sintered
at 930◦C in air for 6 h. The relative densities of specimens
used in impedance and dilatometric measurements were over
97%, measured by the Archimedes method.

2.2. Conductivity and thermal expansion coefficient
measurement

Electrical resistance was measured by impedance spec-
troscopy technique using a Solartron S1260/1287 frequency
response analyzer. The measurements were carried out over
a frequency range of 1.0 Hz to 32 MHz. Each data point was
recorded at a potential of 120 mV after 30 min of thermal
stabilization in air. The measurement temperature range was
between 300 and 800◦C, which was read from an inserted
thermocouple near the specimen heated in a tubular furnace.
The impedance measurements were performed at 5 or 10◦C
interval in the temperature range that the�–� phase transi-
tion could occur. Thickness of the specimen was 15–24 mm,
diameter 8–9 mm. Electrode contacts were formed on the
parallel polished surfaces of the specimen by applying an
unfluxed platinum paint (C3605P/S, Heraeus) and fired at
900◦C.

Thermal expansion coefficients of La2Mo2O9 and
rare-earth substituted La2Mo2O9 were measured by dilatom-
etry using a thermal mechanical analyzer (SETSYS-1750,
SETARAM). The specimens used in dilatometry were disks
of 1.7 mm thick and 8.0 mm in diameter. The ramping
rate was 5◦C min−1 in both heating and cooling cycles
from 300 to 800◦C. The phase transitions of substituted
La2Mo2O9 were checked by differential thermal analysis
DTA (TGD7000H, Sinku-Riko). The calcined powder sam-
ples were sieved through a 90�m sieve before the powder
was subject to heating and cooling at a ramping rate of
5◦C min−1 in air.

2.3. X-ray diffraction analysis

X-ray diffraction patterns were recorded between 25 and
600◦C using the high resolution powder diffraction beam-

line 17B at the National Synchrotron Radiation Research
Center, Hsinchu, Taiwan. The patterns were collected un-
der the following conditions: wavelength 0.155 nm, angu-
lar range 20–60◦, step size 0.02◦, 2 s for a step of X-ray
exposure, and 1 s for the detector rotation. The software
UnitCell17 is used in calculation of lattice parameter.

3. Results and discussion

3.1. Differential thermal analysis

Peak temperatures detected in DTA curves of 10 mol%
lanthanide rare-earth substituted La2Mo2O9 are listed in
Table 1. Three compositions of La2Mo2O9, (La1.8Ce0.2)-
Mo2O9, and (La1.8Nd0.2)Mo2O9 show reversible phase
transitions with clear hysteresis during heating and cooling.
The peak temperature difference between endothermic event
(heating) and exothermic event (cooling) is about 20◦C
for La2Mo2O9 and (La1.8Ce0.2)Mo2O9. This temperature
difference is 40◦C for (La1.8Nd0.2)Mo2O9. We didn’t find
relevant peaks in the DTA curves of (La1.8Sm0.2)Mo2O9,
(La1.8Gd0.2)Mo2O9, (La1.8Dy0.2)Mo2O9, (La1.8Er0.2)-
Mo2O9, (La1.8Yb0.2)Mo2O9. Nonetheless, as will be shown
later, the�–� phase transition could reveal itself in a more
subtle way for some compositions without clear endother-
mic and exothermic peaks.

3.2. Ion conductivities

Rare-earth substitutions exercise significant influences
on the conductivity–temperature relation. The La2Mo2O9
ceramics substituted with 10 mol% Ce, Nd, Sm, Gd, Dy, Er,
Yb exhibit three types of temperature dependence.Figs. 1–4
illustrate these temperature dependences in Arrhenius plots
of log(σT) versus 1000/T, σ and T are ion conductivity
and temperature, respectively. A discontinuous jump in
conductivity around the� → � transition temperature of
La2Mo2O9 is the feature common to the Arrhenius plots of
(La1.8Ce0.2)Mo2O9, (La1.8Nd0.2)Mo2O9, (La1.8Sm0.2)O9,
and (La1.8Yb0.2)Mo2O9. The temperature dependence of
(La1.8Ce0.2)Mo2O9 conductivity is plotted along with that
of La2Mo2O9 in Fig. 1, since the temperature spans in
phase transition of these two compositions are practically

Table 1
Peak temperatures in differential thermal analysis of lanthanide rare-earth
substituted La2Mo2O9 and the parent crystal La2Mo2O9

Composition Peak temperature
(◦C, heating)

Peak temperature
(◦C, cooling)

(La1.8Ce0.2)Mo2O9 566 544
(La1.8Nd0.2)Mo2O9 572 532
La2Mo2O9 564 545

The heating and cooling rates are 5◦C min−1 in air. No peak related to
�–� phase transition is detected in samples of 10 mol% Sm, Gd, Dy, Er,
Yb.
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Fig. 1. Arrhenius plots of log(σT) vs. 1000/T for La2Mo2O9 and 10 mol%
Ce-substituted La2Mo2O9, σ is the ion conductivity.

Fig. 2. Arrhenius plots of log(σT) vs. 1000/T for 10 mol% (a)
Nd-substituted, (b) Sm-substituted, (c) Yb-substituted La2Mo2O9.

Fig. 3. Arrhenius plot of log(σT) vs. 1000/T for 10 mol% Gd-substituted
La2Mo2O9.

the same, 545–570◦C. On the other hand, the temper-
ature spans of (La1.8Nd0.2)Mo2O9, (La1.8Sm0.2)Mo2O9,
and (La1.8Yb0.2)Mo2O9 are much wider, 510–570◦C,
500–550◦C, and 540–590◦C, as indicated inFig. 2.

Instead of a sudden jump, the Arrhenius plot of
(La1.8Gd0.2)Mo2O9 exhibits two segments of quite differ-
ent temperature dependence connected at 550◦C (Fig. 3).
The activation energy below 550◦C is 2.08 eV, while that
above 550◦C 0.55 eV. Please note that the activation ener-
gies are correlated from experimental data of two 10 mol%
Gd specimens of different thickness, one is 22.2 mm, the
other 15.1 mm.

The temperature dependence of (La1.8Dy0.2)Mo2O9 and
(La1.8Er0.2)Mo2O9 ion conductivities in 300–700◦C can
be plotted in one straight line, illustrated inFig. 4. Ion
conductivities of these two compositions are similar in
magnitude, with those of (La1.8Dy0.2)Mo2O9 are somewhat
higher in the high temperature range. Activation energy of

Fig. 4. Arrhenius plot of log(σT) vs. 1000/T for 10 mol% Dy- and
Er-substituted La2Mo2O9.
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Table 2
Activation energiesEa of the anion mobility in La2Mo2O9 and those
10 mol% rare-earth substituted La2Mo2O9

Composition Ea of low-temperature
phase (eV)

Ea of high-temperature
phase (eV)

La2Mo2O9 1.16 0.68
(La1.8Ce0.2)Mo2O9 1.41 1.17
(La1.8Nd0.2)Mo2O9 1.38 0.68
(La1.8Sm0.2) Mo2O9 1.54 0.73
(La1.8Gd0.2)Mo2O9

a 2.08 0.55
(La1.8Dy0.2)Mo2O9

b 1.87 –
(La1.8Er0.2)Mo2O9

b 1.77 –
(La1.8Yb0.2)Mo2O9 1.48 0.60

The activation energies are correlated from the plots of log(σT) vs. 1000/T.
a The temperature dependence of ion conductivity of this composition

is correlated as two connected straight lines of different slope.
b The temperature dependence of ion conductivity of this composition

is correlated in one straight line.

(La1.8Dy0.2)Mo2O9 1.87 eV is also slightly higher than that
of (La1.8Er0.2)Mo2O9 1.77 eV. Nevertheless, the experimen-
tal data of (La1.8Dy0.2)Mo2O9 deviate from a straight line
more than those of (La1.8Er0.2)Mo2O9. The deviation from
the correlation line of (La1.8Dy0.2)Mo2O9 is higher than
that of (La1.8Er0.2)Mo2O9, mainly because the experimen-
tal data of (La1.8Dy0.2)Mo2O9 above 600◦C fall below its
correlation line. It appears that the temperature dependence
of (La1.8Dy0.2)Mo2O9 in the high temperature region bears
certain feature of (La1.8Gd0.2)Mo2O9.

The activation energies of the oxygen vacancy mobility
correlated from the slopes ofFigs. 1–4are listed inTable 2.
For those compositions showing phase transition, the activa-
tion energies of less symmetric� phase are generally higher
than those of� phase. The activation energies of vacancy
mobility in � phase are between 1.16 and 1.54 eV. The ac-
tivation energies in� phase are between 0.60 and 0.73 eV
(except Ce), less than their counterparts in� phase. Appar-
ently, the movement of oxygen vacancies in the high tem-
perature� phase experience less obstruction than in the�
phase.

Across the lanthanide series, the activation energy of low
temperature region increases to a maximum value then de-
creases if the different temperature dependence in the high
temperature region is ignored. The maximum activation en-
ergy 2.08 eV occurs at (La1.8Gd0.2)Mo2O9. The enhance-
ment of 10 mol% Nd, Sm on activation energy seems to be
the consequence of tilting the slope of log(σT) versus 1000/T
at the�–� phase transition. For the three compositions of
10 mol% Gd, Dy, Er, the slopes at the phase transition are
tilted so much that they are the same with the slopes in
the low temperature region. In other words, substitutions of
Gd, Dy, Er straighten out the sudden change in temperature
dependence near the phase transition of La2Mo2O9. There-
fore, the activation energies of these three compositions are
significantly higher than the rest.

The variation of ion conductivities with the Dy or Er con-
tent appears to follow the same trend.Fig. 5(a)depicts that

Fig. 5. (a) Arrhenius plot of log(σT) vs. 1000/T for 0, 1, 5, and 10 mol%
Dy-substituted La2Mo2O9. (b) Arrhenius plot of log(σT) vs. 1000/T for
0, 1, and 10 mol% Er-substituted La2Mo2O9.

the Arrhenius plot evolves with 0, 1, 5 and 10 mol% Dy.
Upon 1 mol% Dy substitution, the slope at phase transition
becomes tilted, similar with those of 10 mol% Nd and Sm
substitution. If the Dy content level increases to 5 mol%, the
Arrhenius plot of (La1.9Dy0.1)Mo2O9 develops into two lin-
ear segments, similar to that of 10 mol% Gd. Variation of
activation energy with the Dy content in the low temperature
region is as follows, 1.16 eV (0 mol%), 1.38 eV (1 mol%),
2.04 eV (5 mol%), 1.87 eV (10 mol%).Fig. 5(b) presents
how the Arrhenius plot varies with 0, 1 and 10 mol% Er. The
Er substitution is very effective in straightening out the jump
at phase transition. The 1 mol% Er addition tilts the slope at
phase transition and raises the activation energy from 1.16
to 1.33 eV. Further increasing the Er content to 5–10 mol%,
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Fig. 6. Hysteresis of ion conductivity while heating and cooling of
(a) La2Mo2O9-substituted, (b) 10 mol% Ce-substituted, (c) 10 mol%
Nd-substituted, (d) 10 mol% Sm-substituted La2Mo2O9.

the relation between log(σT) and 1000/T turns into a straight
line.

Hysteresis in the�–� phase transition is a feature com-
mon to all compositions which exhibit discontinuous jumps
in conductivities, indicated inFig. 6. Similar to other types
of hysteresis, on cooling, the jump occurs at a somewhat
lower temperature compared with the heating cycle. Com-
positions of La2Mo2O9 and (La1.8Ce0.2)Mo2O9 having
abrupt changes during phase transitions also display narrow
hysteresis loops. On the other hand, (La1.8Nd0.2)Mo2O9
and (La1.8Sm0.2)Mo2O9 having sluggish changes in heat-
ing exhibit larger hysteresis loops. The hysteresis loop
of (La1.8Yb0.2)Mo2O9, not present inFig. 6, is similar
to those of (La1.8Nd0.2)Mo2O9 and (La1.8Sm0.2)Mo2O9.
Hysteresis phenomena vanish in (La1.8Gd0.2)Mo2O9,
(La1.8Dy0.2)Mo2O9, and (La1.8Er0.2)Mo2O9.

The high-temperature conductivities of rare-earth sub-
stituted La2Mo2O9 after the phase transition are similar
in magnitude. Among the four compositions of 10 mol%
Ce, Nd, Sm, Yb, the ion conductivities of Ce, Nd, Sm at
700◦C are around 0.19 S cm−1, that of Yb is somewhat
lower 0.14 S cm−1. These conductivities are higher than that

Fig. 7. Fractional expansions of La2Mo2O9 and 10 mol% rare-earth sub-
stituted La2Mo2O9 on heating. The heating rate is 5◦C min−1.

of La2Mo2O9, 0.044 S cm−1. The 700◦C conductivity of
(La1.8Gd0.2)Mo2O9 is about 0.19 S cm−1, which is compa-
rable to those of 10 mol% Ce, Nd, Sm. The high-temperature
conductivities of 10 mol% Dy and Er are higher. The 700◦C
conductivity of (La1.8Dy0.2)Mo2O9 is 0.35 S cm−1, and that
of (La1.8Er0.2)Mo2O9 0.26 S cm−1. The 700◦C conductivity
of (La1.8Dy0.2)Mo2O9 is the highest measured value among
those of 10 mol% lanthanide substituted La2Mo2O9.

3.3. Thermal expansion coefficient

Fractional expansions of La2Mo2O9 and the rare-earth
substituted La2Mo2O9 ceramics in the heating cycle are
plotted in Fig. 7. Those compositions which exhibit clear
jumps in conductivities also display sudden changes in
the linear expansions at the�–� phase transition. Sim-
ilarly, near the phase transition, fractional expansions
La2Mo2O9 and (La1.8Ce0.2)Mo2O9 increase more steeply
than those of (La1.8Nd0.2)Mo2O9, (La1.8Sm0.2)Mo2O9,
and (La1.8Yb0.2)Mo2O9. During the phase transition of
La2Mo2O9, the specimen expands 0.15% at 575◦C in
the heating cycle, and contracts 0.12% at 559◦C in the
cooling cycle. In the case of (La1.8Ce0.2)Mo2O9, the
fractional change at phase transition is about half that
of La2Mo2O9, 0.06% at 573◦C in heating and 545◦C
in cooling. The phase transitions in linear dimension
changes of (La1.8Nd0.2)Mo2O9, (La1.8Sm0.2)Mo2O9, and
(La1.8Yb0.2)Mo2O9 occur over a larger temperature region.
For example, (La1.8Nd0.2)Mo2O9 expands about 0.16%
near 561◦C and contracts 0.11% near 522◦C.

In general, the fractional expansions of 10 mol% lan-
thanide rare-earth substitutions are less than that of the
parent compound La2Mo2O9. The fractional expansions of
(La1.8Gd0.2)Mo2O9 are quite high, near those of La2Mo2O9.
The experimental data of these two compositions are in such
a close proximity that the (La1.8Gd0.2)Mo2O9 curve looks
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like a straightened line of La2Mo2O9 curve. Although two
segments in fractional expansion of (La1.8Gd0.2)Mo2O9
are distinguishable, identification of the switching point
is difficult. The switching from low-temperature expan-
sion to high-temperature expansion occurs over a vast
temperature region, at least 150◦C. The fractional expan-
sions of (La1.8Er0.2)Mo2O9 are much less than that of
(La1.8Gd0.2)Mo2O9 in magnitude. The relation between
fractional expansion and temperature for (La1.8Er0.2)Mo2O9
appears to be linear.

The thermal expansion coefficient TEC of�-La2Mo2O9
is 14.7 × 10−6 C−1, that of�-La2Mo2O9 is higher, 18.1 ×
10−6 C−1. Substitutions of rare-earths reduce the values of
TEC, except Gd. TEC of (La1.8Gd0.2)Mo2O9 is 15.8 ×
10−6 C−1 in 50–555◦C, and 19.0×10−6 C−1 in 555–800◦C.
TEC of (La1.8Er0.2)Mo2O9 is low, 10.6 × 10−6 C−1. Fig. 7
also points out that no systematic reduction in the TEC value
can be found owing to the size reduction in substitutional
ions. The expectation of reduction in TEC arises from the
well-known lanthanide contraction because the La2Mo2O9
lattice is supposed to shrink gradually when the lanthanum
ion is replaced with ions of decreasing size.

3.4. X-ray diffraction using synchrotron source

The�-polymorph has been described as a distorted mon-
oclinic form of the cubic�-La2Mo2O9. The distortion is
quite small, and causes a number of X-ray reflections of
�-polymorph, such as (1 1 1) (2 1 0) (2 1 1) (3 2 1), to split
into doublets or triplets.2 However, the X-ray diffraction pat-
terns of (La1.8Gd0.2)Mo2O9 do not indicate such doublets

Fig. 8. X-ray diffraction patterns (synchrotron radiation) of 10 mol% Gd
substituted La2Mo2O9 at 600, 400, 200, and 25◦C. The intensity of (3 3 1)
reflection is relatively low at 200 and 25◦C owing to different samples
being used at 400 and 600◦C, which could have certain preferential
orientation effects.

Fig. 9. Thermal evolution in cell parametera of 10 mol% Gd susbstituted
La2Mo2O9.

or triplets at 25, 200, 400 and 600◦C (Fig. 8). The only ex-
ception is the reflection (3 2 0) which splits into a doublet
below 400◦C. This result along with the clean X-ray diffrac-
tion patterns of (La1.8Dy0.2)Mo2O9 and (La1.8Er0.2)Mo2O9
suggest that the three compositions of 10 mol% Gd, Dy, Er
are stabilized�-polymorph.

Fig. 9shows the plot of lattice constant of cubic unit cell of
(La1.8Gd0.2)Mo2O9 versus temperature. At 600◦C, the fitted
lattice parameter of (La1.8Gd0.2)Mo2O9 a = 0.72183 nm,
higher than that of La2Mo2O9 is 0.72240 nm. The obser-
vation of decrease in the cell volume and increase in ion
conductivity on Gd substitution is consistent with the report
of Lacorre.18 The linear thermal expansion coefficient cal-
culated fromFig. 9 is 17.9 × 10−6 ◦C−1, which is consis-
tent with the TEC value measured by dilatometry, 18.1 ×
10−6 ◦C−1.

4. Summary

Ion conductivity and thermal expansion coefficient are
two crucial properties of solid state ionics in their applica-
tions. The two properties of La2Mo2O9 can be enhanced in a
positive direction by substituting with lanthanide rare-earths.
In this study, we have examined seven rare-earths, Ce, Nd,
Sm, Gd, Dy, Er, Yb. On the effect of discouraging the�–�
phase transition of La2Mo2O9, 10 mol% Gd, Dy, Er can
eliminate the sudden jumps and hysteresis in both ion con-
ductivity and thermal expansion at phase transition. Across
the lanthanide series, the high-temperature ion conductivity
first increases, reaches a maximum value around Dy, then
decreases. Such an increase-then-decrease variation with
atomic number cannot be found in thermal expansion co-
efficient. Among the three compositions of 10 mol% Gd,
Dy, Er, samples of Dy and Er have the benefit of low
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thermal expansion coefficient, around 10−5 ◦C−1. Although
the phase transition of 10 mol% Gd is largely depressed, its
thermal expansion coefficient is high, 18.1 × 10−6 ◦C−1,
similar to that of the parent crystal.

Investigation on the ion conductivity of 10 mol%
rare-earth substituted La2Mo2O9 reveals interesting and
systematic variations with the atomic number of rare-earth.
The substitution of Nd or Sm decreases the slope at the
phase transition in Arrhenius plot. The substitution of Gd,
Dy, or Er decreases the slope at the phase transition so much
that the phase transition vanishes. The less abrupt jump in
conductivity at the phase transition emerges again on Yb
substitution. The study on the dependence of ion conduc-
tivity on the Dy and the Er content indicates its variation is
similar to the influence of atomic number. The Arrhenius
plot of 1 mol% Dy or Er looks similar to that of 10 mol%
Nd or Sm. The Arrhenius plot of 5 mol% Dy appears similar
with that of 10 mol% Gd. It can be concluded that Dy and
Er are the most effective rare-earth elements in this study.
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