
J O U R N A L O F M A T E R I A L S S C I E N C E 4 0 (2 0 0 5 ) 4431 – 4434 L E T T E R S

Effects of Sr and Cr doping on properties of La2Mo2O9 electrolytes
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Ion conductors are the basis for many electronic ce-
ramics used in chemical sensors and fuel cells [1]. A
typical example is yttria stabilized zirconia (YSZ) with
the fluorite structure which is used as the oxygen sen-
sor to monitor combustion and to control the optimum
air/fuel ratio in virtually all modern automobiles.

Another application of YSZ is in solid oxide fuel
cells (SOFCs) which operate at temperatures of around
1273 K. SOFCs have several advantages over molten
carbonate fuel cells and phosphoric acid fuel cells par-
ticularly in fuel flexibility. The high operating tempera-
ture, however, causes material problems including mi-
crostructure changes of each cell component, solid state
reaction between the electrolyte and the electrodes, and
with thermal cycling due to thermal expansion mis-
matches. Therefore, it is desirable to operate the SOFC
at as low temperature as possible. The operating temper-
ature can be lowered by fabricating thinner electrolyte
layers of conventional electrolyte materials or by devel-
oping new electrolyte materials with higher ionic con-
ductivity [2–4]. LaGaO3-based oxides are examples of
new oxide ion conductors with the ABO3 perovskite
structure that have been studied by several investiga-
tors [4–6]. Doping LaGaO3 with both Sr and Mg leads
to high ion conductivity and the material is a promis-
ing electrolyte for SOFCs operating at intermediate
temperatures.

In addition to YSZ with the fluorite structure
and LaGaO3 with the perovskite structure, examples
of other oxygen-ion conductors are Gd2Zr2O7 and
Gd2Ti2O7 with the pyrochlore structure [7, 8] and
La2Mo2O9 [9]. The parent compound La2Mo2O9 dis-
covered by Lacorre et al. [9–11] shows fast oxide-ion
conducting properties above a reversible phase trans-
formation at 853 K. At this temperature La2Mo2O9
transforms from a slightly distorted low-temperature
α–form to a cubic high-temperature β-form accompa-
nied by an increase of conductivity of almost two or-
ders of magnitude. At 1073 K, the conductivity is about
6 × 10−2 Scm−1, which is comparable to that of YSZ,
the most widely used oxide electrolyte [9]. Recently,
dielectric relaxation studies on submicron crystalline
La2Mo2O9 and the effects of Ca doping on the oxygen
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ion diffusion and phase transition in La2Mo2O9 were
reported [12, 13].

In the present study, the effects of aliovalent doping
(Sr and Cr on the La and Mo sites, respectively) on
the thermal expansion coefficients and electrical con-
ductivities of La2Mo2O9 were systematically investi-
gated. The crystal structure and electrical conductivity
of La2Mo2O9 have been reported previously [9–11].
The thermal expansion coefficient has not been deter-
mined, in spite of its importance in practical applica-
tions. In this paper, the thermal expansion coefficients
and electrical conductivities are reported for pure and
doped La2Mo2O9.

The oxide compositions used in this experiments
were La2−x Srx Mo2−yCryO9−δ with x = 0 and 0.05 and
y = 0 and 0.1, respectively, and the samples were pre-
pared by typical ceramic powder processing and con-
ventional solid-state reaction. The raw materials used
were: La2O3 (99.999%, Cerac), SrO (99.9%, Aldrich),
MoO3 (99.999%, Cerac), and Cr2O3 (99.999%, Cerac).
La2O3 was dried at 1273 K for 3 hr to remove CO2 and
adsorbed water. Powders of each sample were weighed
to give the required composition, mechanically mixed
and milled using a ball mill for 24 hr, and then uniaxi-
ally pressed into 25.4 mm diameter pellets. The pellets
were calcined at 1273 K for 4 hr. The calcined samples
were ground using an agate mortar and then pressed into
10 mm diameter pellets and rectangular bars with di-
mensions 3 mm × 3 mm × 7 mm. These samples were
then sintered at 1523 K for 4 hr in air. The densities
of the sintered samples measured by the Archimedes
method were approximately 92% of theoretical value
(5.62 g/cm3 [14]).

The La2−x Srx Mo2−yCryO9−δ samples were ana-
lyzed by powder X-ray diffraction using Cu Kα (1.5414
A) radiation (Rigaku). The powder samples were pre-
pared by grinding to less than 10 µm in particle
size. The thermal expansion behavior of the samples
was measured in air from room temperature to 1173
K by using a dilatometer (Netzsch, DIL 402C). The
bar specimens were heated and cooled at 2 K/min
with a 2-hr hold at the maximum temperature. The
thermal expansion coefficient was calculated from
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Figure 1 X-ray diffraction patterns of La2−x Srx Mo2−yCryO9−δ .

Figure 2 The variation of lattice constant of La2−x Srx Mo2−yCryO9−δ .

313 to 1173 K and the phase transition temperature
was determined from the differential thermal expan-
sion data. The electrical conductivity was determined
by a computer-interfaced impedance analyzer (Hewlett
Packard, 4192A) in the frequency range from 5 Hz to 13
MHz. The collected data were analyzed using EQUIV-
CRT modeling software. Further details can be found
elsewhere [15].

Fig. 1 shows the X-ray diffraction (XRD) patterns
of La2−x Srx Mo2−yCryO9−δ . As shown in Fig. 1a, pure
La2Mo2O9 without doping is cubic and this XRD pat-
tern is in good agreement with JCPDS 28-0509 [16].
According to Lacorre et al. [9], the high-temperature
form of the La2Mo2O9 structure is cubic and cation
arrangement is similar to that of the monazite struc-
tural type (LnPO4). A plot for the lattice constant of
La2−x Srx Mo2−yCryO9−δ is shown in Fig. 2. Since Sr2+
and Cr3+ are smaller in size than La3+ and Mo6+, re-
spectively, and substitution of lower valent ions in the
La3+ and Mo6+ sites leads to creation of oxygen vacan-
cies, the cell volume decreases with Sr and Cr doping.
A weak unknown peak at 2θ = 27.4◦ was found in the
XRD patterns of the Sr- and Cr-doped samples and a
trace of LaCrO3 (2θ = 32.6◦) was observed in the Cr-
doped sample [16].

The percent linear thermal expansion versus temper-
ature of La2Mo2O9 is plotted in Fig. 3. As the result

Figure 3 Percent linear thermal expansion versus temperature for
La2Mo2O9.

of determination from the differential thermal expan-
sion data, the phase transition temperature on heating
was 853 K. This temperature is in good agreement with
the result previously reported [9]. A small hysteresis
in the transition temperature on heating and cooling
is observed and was also observed by Lacorre et al.
[9] in differential thermal analysis data. The data were
analyzed by linear regression at low-temperature for α-
La2Mo2O9 and at high-temperature for β-La2Mo2O9.
The difference in volume was calculated at the phase
transition temperature under the assumption of the same
change in all three dimensions. The linear changes on
heating and cooling were 0.212 and 0.203%, respec-
tively, and the changes in volume on heating and cooling
were 0.605 and 0.591%, respectively. The thermal ex-
pansion coefficients on cooling were 22.8 × 10−6 K−1

at 673 K (α-La2Mo2O9) and 24.9 × 10−6 K−1 at 973 K
(β-La2Mo2O9).

The thermal expansion coefficients (TECs) of elec-
trolyte and electrodes are very important because the
SOFCs are operated at high temperature. The TECs
of the La2Mo2O9-based electrolytes are similar to that
of the cathode candidate, LaCoO3 (22 ∼ 24 × 10−6

K−1) [17], and are greater than that of the electrolyte,
YSZ (10 × 10−6 K−1) [3]. Fig. 4 shows the percent
linear thermal expansion on cooling of Sr- and Cr-
doped La2Mo2O9 samples. Both the phase transition

Figure 4 Percent linear thermal expansion versus temperature for
La2−x Srx Mo2−yCryO9−δ .
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TABL E I Thermal expansion coefficient (TEC), phase transition tem-
perature, and volume change of La2−x Srx Mo2−yCryO9−δ

TEC
(×10−6 K−1)

Phase
transition Volume
temperature change

Samples (K) (%) 673 K 973 K

La2Mo2O9 853 0.591 22.8 24.9
La1.95Sr0.05Mo2O9−δ 783 0.189 24.1 25.4
La2Mo1.9Cr0.1O9−δ 816 0.311 20.6 21.6
La1.95Sr0.05Mo1.9Cr0.1O9−δ 774 0.081 22.4 23.5

temperature and the linear change were affected by
doping. In the case of La2Mo1.9Cr0.1O9−δ , the phase
transition temperature (816 K), the volume change, and
the thermal expansion coefficients in both the low and
high temperature regions are reduced. Addition of Sr
alone in La1.95Sr0.05MoO9−δ also leads to a lower tran-
sition temperature (783 K) and a lower volume change
but to higher TEC values. Doping on both sublattices
La1.95Sr0.05Mo1.9Cr0.1O9−δgives the smallest volume
change at the transition temperature (0.081%), a tran-
sition temperature of 774 K and TECs intermediate be-
tween those of the singly doped compositions. Ther-
mal expansion coefficients, phase transition tempera-
tures, and volume changes of La2−x Srx Mo2−yCryO9−δ

are listed in Table I. La2Mo2O9 shows a phase transi-
tion at 853 K and exhibits high oxide-ion conductivity
above the phase transition temperature [9]. Fig. 5 shows
the Arrhenius plot for the electrical conductivity of
La2−x Srx Mo2−yCryO9−δ btained from the impedance
measurements. Above the phase transition temperature

Figure 5 Arrhenius plots of electrical conductivity for La2−x Srx

Mo2−yCryO9−δ . The lines serve as guide for the eye only.

(853 K) the conductivity is high (3 × 10−2 S cm−1 at
1023 K). As the temperature increases, the conductiv-
ity at the transition temperature increases abruptly by
two orders of magnitude and the conductivity above
and below the transition temperature increases linearly
but with different slopes. The activation energies are
approximately 0.89 and 1.12 eV for the high- and
low-temperature phases, respectively. These results are
closely similar to those reported by Lacorre et al. [9].

The temperature dependence of the electrical con-
ductivity reflects the effect of dopants on the phase
transition temperature as observed in the thermal ex-
pansion coefficient measurements. Below the phase
transition temperature, the electrical conductivities of
the electrolytes increased on doping with Sr and
Cr. It is assumed that the increase of the conduc-
tivity is due to the introduction of the oxygen va-
cancies by the aliovalent doping. In particular, the
electrical conductivities of La1.95Sr0.05Mo2O9−δ and
La1.95Sr0.05Mo1.9Cr0.1O9−δ near the transition temper-
ature showed a smooth increase with increasing tem-
perature without the abrupt change observed in pure
La2Mo2O9 and La2Mo1.9Cr0.1O9−δ . The results are
consistent with the changes in the volumes observed
near the phase transition by dilatometry.

The ionic conductors, La2−x Srx Mo2−yCryO9−δ (x =
0, 0.05 and y = 0, 0.1) were synthesized by solid-state
reaction and their thermal expansion coefficients and
electrical conductivities were characterized. The alio-
valent dopants in La2Mo2O9 affected the thermal ex-
pansion behavior, the phase transition temperature, and
the electrical conductivity versus 1/T characteristics
near the transition temperature. Specifically:

(1) The thermal expansion coefficients of
La2−x Srx Mo2−yCryO9−δ were approximately 20.6–
25.4 ×10−6 K−1 and the introduction of dopants
decreases the phase transition temperature and the
volume change at the transition temperature.

(2) The electrical conductivities of Sr- and Cr-doped
La2Mo2O9 electrolytes above the transition tempera-
ture were slightly higher than that of pure La2Mo2O9.
In case of the Sr-doped compositions, the electrical con-
ductivities near the transition temperature do not show
the abrupt increase observed in pure La2Mo2O9.
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