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The effects on the structures and properties in the oxide-ion conductor
La2Mo2O9 by partial substituting Ba for La
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Abstract

The oxide-ion conductors (La1−xBax)2Mo2O9−δ (x = 0.02–0.10) were prepared by a solid-state reaction method. The formation process
of the La2Mo2O9 phase in the samples was investigated using a thermal dilatometer. The effects on the structures and properties in the
oxide-ion conductor La2Mo2O9 by partially substituting Ba for La were studied using X-ray diffraction, ac impedance spectroscopy and
thermal dilatometry, respectively. The minimum doping content of Ba, which can suppress the structural phase transition in LaMo O , and
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he solubility of Ba in (La1−xBax)2Mo2O9−δ, was determined. The results show that the formation process of the La2Mo2O9 phase presen
n expansion process due to the introduction of oxygen vacancies. With the increase of the Ba doping contents, the lattice consta
t first and then increases. The lattice constant attains a peak atx = 0.08, and therefore, it is concluded that the solid solution limit of B
La1−xBax)2Mo2O9−δ is aroundx = 0.08. Whenx > 0.02, the structural phase transition in La2Mo2O9 can be completely suppressed thro
he partial substitution of Ba for La as demonstrated by the observation of both electrical and thermal properties. Forx= 0.08, the conductivit
f the oxide-ion conductor (La1−xBax)2Mo2O9−δ reaches a maximum of 0.046 and 0.075 S/cm at 800 and 850◦C, respectively.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid electrolytes are metastable phases between room
emperature and the melting points, in which conducting car-
iers are ions. In a solid electrolyte, only special ions can
igrate, and therefore various kinds of devices such as ionic

ensors, solid oxide fuel cells (SOFCs), oxygen pumps and
emory components can be fabricated through the use of

he ion selectivity. In solid electrolytes, oxide-ion conduc-
ors have attracted much attention due to their technical and
otential applications. At present, among oxygen ion con-
uctors, there are four main, distinct structures[1–4]: cu-
ic fluorite, perovskite, intergrowth perovskite/Bi2O2 layers
nd pyrochlore. Recently, Lacorre et al.[5] reported a new
xygen ion conductor La2Mo2O9, which has a structure dif-

erent from the above four structures. For this compound,

∗ Corresponding author. Tel.: +86-431-8185988; fax: +86-431-8921479.
E-mail address:hly@mail.jlu.edu.cn (T. He).

the high temperature form of the La2Mo2O9 is similar to
that of �-SnWO4 structure. That is, the high temperat
form of �-La2Mo2O9 has a cubic structure, cell parame
a = 7.2014(5)Å, space group P213 (no. 198), while the low
temperature form has a much more complex structure[6–7].
Compared to other oxygen ion conductors as menti
above, oxygen vacancies exist intrinsically for La2Mo2O9,
while the oxygen vacancies are introduced into the la
as charge compensating defects by a partial substitutio
other oxygen ion conductors. The La2Mo2O9 can be con
sidered as being formed by substitution of La3+ for Sn2+ in
�-SnWO4, and Mo6+ for W6+. Divalent tin is a 5S2 lone-
pair element, and the lone-pair occupies a volume sim
to that of an O2− anion, so that the SnWO4 can be refor
mulated as Sn2W2O8E2. In La2Mo2O9, the La3+ without
the lone-pair replaced Sn2+ and its lone-pair, Mo6+ replaces
W6+, creates two extra vacancies due to charge comp
tion for the cation valence to increase. Then the forma
of La2Mo2O9 can be written La2Mo2O8+1� and the extr

925-8388/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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vacancy allows for the oxygen ion conduction (here E indi-
cates a lone-pair, and� indicates a vacancy). This is the rea-
son why La2Mo2O9 is different from other oxygen ion con-
ductors. The lone-pair substitution (LPS) concept has been
proposed by Lacorre[8] to explain the above phenomenon.
The LPS concept can be used to design and seek out novel
oxygen ion conductors. La2Mo2O9 exhibits a high ionic con-
ductivity at 800◦C (around 0.06 S/cm). It can be completely
used as electrolyte material for SOFC application by solely
considering its conductivity. However, it undergoes a struc-
tural phase transition at around 580◦C [5], and the struc-
tural instabilities limit their further use in SOFCs. Therefore,
it is important to suppress the structural phase transition in
La2Mo2O9, and to stabilize the high temperature form to
low temperature. Various partial substitutions have been at-
tempted on either the La site or Mo site or La and Mo sites
as well as O site, in order to stabilize the high-temperature
phase�-La2Mo2O9 to room temperature[5,7,9–15]. The
structural phase transition of La2Mo2O9 can be suppressed
through 10% Ba doping for (La2−xAx)Mo2O9 with A = Ba
and (La1−xMx)2Mo2O9−δ with M = Ba, as presented by
Goutenoire et al.[7] and Subasri et al.[13]. However, these
two groups only reported the lattice constant and electrical
property of the 10% Ba doped-La2Mo2O9, and the solid so-
lution limit was not studied. We report here that an oxide-ion
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at 200 MPa. The sintering shrinkage curve was recorded us-
ing a horizontal pushrod dilatometer (Netzsch, DIL 402C).
The thermal expansion curve was also measured for the sin-
tered cylinder sample. The dilatometer was calibrated using
the Netzsch Al2O3 standard. A small pressure of 5× 10−3 N
was applied to the samples by the pushrod of the dilatometer.
For the above measurements, a heating rate of 5◦C/min was
applied, and air was used as a purge gas with a flowing rate
of 60 ml/min, with temperatures ranging from 30 to 1100◦C
and 30 to 950◦C, respectively. The phase analysis for the sin-
tered samples was determined using an X-ray diffractometer
(Rigaku, D/Max-rA) with Cu K� (λ = 1.5418Å), a scanning
range of 20–80◦. NaCl powder (99.9% pure) was used as the
internal standard for the peak position determination. The lat-
tice constants of the substituted compounds were calculated
using a software package (Oxford Cryosystems). The real
density of the sintered samples was measured using the stan-
dard Archimedes’ method. The relative density is the ratio to
real density and theoretical density. Silver paste (DAD-87)
was used as an electrode to be painted on the two faces of
the sintered sample, and silver wire as lead. Impedance spec-
tra were performed using an impedance/gain-phase analyzer
(Solartron SI 1260) for the sintered sample. The measuring
frequency range was from 0.1 Hz to 3.2 MHz. The ac am-
plitude of 150 mV was applied, and the temperatures ranged
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onductor (La1−xBax)2Mo2O9−δ (x = 0.02–0.10) was pre
ared using a conventional solid-state reaction method
ffect of partially substituting Ba for La site on the structu
nd properties in the oxide-ion conductor La2Mo2O9 were
ystematically investigated, and the solid solubility of B
La1−xBax)2Mo2O9−δ compounds was determined.

. Experimental

.1. Preparation of samples

La2O3 (99.99%), MoO3 (99.5%) and BaCO3 (99%) were
sed as starting materials, and La2O3 was pre-heated
00◦C for 2 h before using, in order to remove the
orbed water and CO2 in air. The powder of compositio
La1−xBax)2Mo2O9−δ (x= 0.02–0.10) was prepared by m
ng the above materials in stoichiometric ratio. The weig
owders were ground in an agate mortar using ethan
edium for 30 min, and then pressed into a mould to f
ellet samples after drying. The pellet samples were c
ated at 500◦C for 12 h and pulverized and reground a
ooling. Finally, the well-reground powders were pres
ni-axially into a cylinder sample of 6 mm in diameter a
–3 and 5–6 mm in thickness at 200 MPa. Then the sam
ere sintered at 950◦C for 10 h in air, and the sintered sa
les were obtained after cooling.

.2. Characterization of samples

The mixed powders of La2O3, MoO3 and BaCO3 were
ressed uni-axially into a cylinder sample of�6 × 5–6 mm
rom 300 to 850 C in air. A Z-view 2.0 software was used
nalyze the impedance data and to calculate the conduc
f the sintered samples.

. Results and discussion

.1. Sintering shrinkage curves of samples

Fig. 1 shows the typical sintering shrinkage curves
he compacted sample of mixed powders in air. Comp
o the sintering shrinkage curve of common oxide-ion c
uctors, the sample showed a sharp expansion in the
f 430–520◦C. This was because oxygen vacancy was in
uced during the La2O3, MoO3 and BaCO3 reaction to form
a2Mo2O9 phase, and the unit cell volume was increase

hat the expansion process was displayed[16]. The forming
rocess of La2Mo2O9 phase has been confirmed at this s

n our previous work[17], in which we used X-ray diffractio
o detect the forming process of La2Mo2O9 phase at differ
nt temperatures (see inset inFig. 1). On the other hand

he expansion process shown in the curves likely came
he contribution of CO2 due to a departure of CO2 occur-
ing during the reaction. The shrinkage curves were u
xpansion over a range of 520–720◦C. This indicated tha
he La2Mo2O9 phase was being crystallized over the tem
ture range. The sintering shrinkage curves of the sam
egan to descend over the temperature range of 720–9◦C,
howing that this temperature range was a sintering d
cation stage for (La1−xBax)2Mo2O9−δ samples. Beyon
80◦C, the shrinkage curves sharply dropped, indicating
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Fig. 1. Sintering shrinkage curves of samples (La1−xBax)2Mo2O9−δ. (a)x = 0.00, 0.02 and 0.06 and (b)x = 0.04, 0.08 and 0.10.

the (La1−xBax)2Mo2O9−δ samples have reached sintering
temperature. The relative density has reached to 95% of the
theoretical density for the samples sintered at 950◦C for 12 h
(seeTable 1).

3.2. Effect of Ba doping on crystal structures of the
samples

The XRD pattern of the samples (La1−xBax)2Mo2O9−δ (x
= 0.02–0.10) is shown inFig. 2. It can be seen fromFig. 2that
the doped samples present La2Mo2O9 phase, and two small,
extra peaks were detected between (2 1 0) and (2 1 1) lines

Table 1
Cell parameters and density for (La1−xBax)2Mo2O9−δ investigated in this
studya

Composition a (Å) Vcell (Å3) ρTD (g/cm3) ρSD (g/cm3) ρRD (%)

x = 0.02 7.1622 367.40 5.546 5.158 93.0
x = 0.04 7.1573 366.65 5.554 5.172 93.1
x = 0.06 7.1804 370.21 5.497 5.217 94.9
x = 0.08 7.1855 371.00 5.482 5.220 95.2
x = 0.10 7.1818 370.42 5.487 5.234 95.4

a: cubic lattice constant;Vcell: cell volume;ρTD: theoretical density;ρSD:
sintered density andρRD: relative density.

a Estimated standard deviations for cell parameters are less than 0.0005Å,
Z = 2.
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Fig. 2. XRD of samples (La1−xBax)2Mo2O9−x(x = 0.02–0.10).

and (2 1 1) and (2 2 0) lines. The two small extra peaks cor-
respond to a superstructure related to�-La2Mo2O9, which
has been observed by Goutenoire et al.[6] using neutron
diffraction patterns. The small extra peak between (2 1 0) and
(2 1 1) lines was also detected in fluorine-doped La2Mo2O9
[10]. This further shows that the structures of Ba-doped
La2Mo2O9 samples are related to the high temperature form
of �-La2Mo2O9. Therefore, the cubic phase was adopted to
determine the lattice constants of Ba-doped La2Mo2O9 (see
Table 1). No other extra peaks were detected in Ba-doped
La2Mo2O9 samples, although small diffraction peaks (2θ =
44.42 and 76.08, was indexed as La2BaOx) appeared in the
XRD pattern of the sample withx= 0.10, showing that Ba in
La2Mo2O9 has a high solid solution limit[13]. Fig. 3shows
the relationship between lattice constants and Ba doping con-

nt.

tent. It can be seen that the lattice constant first decreases
(x < 0.04), increases (0.04 <x < 0.08), and then decreases
again (x > 0.08) with the increasing of Ba doping content.
Table 1presents the lattice constant and theoretical density of
(La1−xBax)2Mo2O9−δ compounds calculated using Oxford
Cryosystems software. The nature of the solid solutions of Ba
substituted for La site can be determined through comparison
of the theoretical density and sintered density, namely, sub-
stituted solid solution. The lattice constant of La2Mo2O9 is
7.155Å (JCPDS#28-0509). Because the ionic radius of Ba2+
is larger than that of La3+ (nine-fold coordination, 1.47̊A for
Ba2+ and 1.216̊A for La3+ [18]), the lattice constant would
be expanded when Ba2+ is substituted for La3+ in oxide-
ion conductor La2Mo2O9. Therefore, the lattice constants
for all Ba-doped samples are increased. It is easy to under-
stand that the lattice constants increase with the increasing
of Ba doping contents for 0.04 <x < 0.08. However, an ab-
normal phenomenon occurred over the range of 0.02 <x <
0.04. That is, the lattice constant was decreased as Ba dop-
ing content was increased. This may be because the relative
contents of oxygen vacancy (Vo••) and localized defect as-
sociations (e.g.{Ba′

La Vo••} and{La′
La Vo••}) have changed

with the increasing of Ba doping content. That is, the defect
associations began to form when the dopant content reached
a certain dopant contentx [19]. While the oxygen vacancy is
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Fig. 3. Relationship between lattice constant and Ba doping conte
elieved to produce a larger lattice contraction than defe
ociations[20], therefore, the lattice constant decreased
range of 0.02 <x < 0.04. When the Ba doping content w

ncreased to 8%, the lattice constant presented a max
f 7.1855Å. When the Ba doping content was increase
0%, the lattice constant decreased to 7.1818Å, which was
lose to the result of 7.1878̊A reported by Goutenoire et a
7]. The lattice constant decreased with the increasing o
oping content forx > 0.08, this means that a solid solut

imit was reached for Ba in (La1−xBax)2Mo2O9−δ solid solu-
ions. These results indicate that a solid solution limit of B
La1−xBax)2Mo2O9−δ lies at aroundx = 0.08. In addition, i
an be seen from theTable 1that the presence of vacancie
he cell induces a low density for Ba-doped La2Mo2O9. The
easured density for La2Mo2O9 sintered at 900◦C for 12 h

s 5.555 g/cm3, which is in good agreement with the resul
eported by Goutenoire et al.[14].

.3. Effect of Ba doping on phase transition of samples

Figs. 4 and 5show the thermal expansion (Tech
al Alpha) and thermal expansion coefficient (Physical
ha) curves for the sample of (La1−xBax)2Mo2O9−δ (x =
.00–0.10). It can be seen fromFig. 4 that an obvious vo
me change occurs in the thermal expansion curve from

o 560◦C for La2Mo2O9 sample. The phase transition te
erature is 555◦C (as demonstrated by the Physical Alp
urve inFig. 5), which corresponds to the first-order tran
ion of the La2Mo2O9. The phase transition temperature
he La2Mo2O9 was about 580◦C as reported by Lacorre et
5] using differential thermal analysis, while Wang and F
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Fig. 4. Thermal expansion curves of samples (La1−xBax)2Mo2O9−δ (x =
0.00–0.10).

[11,21] reported that it was at 560◦C using internal friction
and differential scanning calorimetry. The difference might
be due to the different experimental conditions used, such as
heating rate (a heating rate of 10◦C/min was used in Lacorre
et al.’s experiment, and 5◦C/min in Wang et al.’s experiment).
It can be seen fromFig. 5that, in Ba-doped samples, a slight
structural phase transition can still be detected for the sample
with x= 0.02, and the transition temperature leans toward low
temperature at about 522◦C. Whenx> 0.02, no phase transi-
tion is detected for all Ba-doped samples. This means that the
structural phase transition in La2Mo2O9 can be suppressed
completely as Ba doping content is more than 0.02.

3.4. Effect of Ba doping on electrical properties of
samples

3.4.1. Complex impedance spectra of samples
The complex impedance spectra measured at different

temperature for the sample (La1−xBax)2Mo2O9−δ with x =

F
M

0.08 are shown inFig. 6. Similar complex impedance spectra
for all other samples corresponding to the four compositions
studied were obtained as shown inFig. 6. An equivalent cir-
cuit, which comprised of resistances and constant phase el-
ements (CPE) in parallel and series as reported[10], was
adopted. It can be seen fromFig. 6, that when temperature
is below 450◦C, two broadened semicircles appear in the
complex plane. The associated capacitance values of the left
semicircles are 8.1× 10−12, 6.4× 10−12, 4.9× 10−12 and
1.4× 10−12 F/cm, respectively, which is a typical of a grain
component. The ones of the right semicircles are 1.0× 10−7,
1.4 × 10−7, 1.8× 10−7and 4.6× 10−7 F/cm, respectively,
which is typical of an electrolyte-electrode interface compo-
nent[22]. There was no evidence of a grain boundary semicir-
cle that might be attributable to grain boundary impedances.
It is thus clear that compared to the grain resistance, the grain
boundary resistance is much smaller, and as the temperature
increased, the grain resistance gradually decreased. When the
temperature is over 600◦C, there is only one arc with a tail
of corresponding interface impedance, which is due to ion
and electron transference at the interface between electrolyte
and electrodes, left in the impedance spectra. The associated
capacitance values of the arcs above the real axes are 3.0
× 10−5, 2.9× 10−5, 3.0× 10−5, 3.8× 10−5, 5.2× 10−5

and 6.1×10−5 F/cm, respectively, which are characteristic of
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ig. 5. Thermal expansion coefficient curves of samples (La1−xBax)2

o2O9−δ (x = 0.00–0.10).
onic polarization phenomena at the blocking electrodes[23].
hese results support the fact that the conducting spec

he Ba-doped La2Mo2O9 material is predominately ionic.

.4.2. Arrhenius plots of samples
Fig. 7 shows Arrhenius plots of conductivity for t

La1−xBax)2Mo2O9−δ (x = 0.00–0.10) samples. It can
een from the inset inFig. 7 that the Arrhenius plot of con
uctivity for the La2Mo2O9 sample has an abrupt chan
ver the range of 500–600◦C, i.e. a broken line is prese
n this curve, which corresponds to a structural phase tr

ion from�-La2Mo2O9 to�-La2Mo2O9 [6]. Other curves fo
a-doped samples have become very smooth over the

emperature range. This indicates that doping Ba for L
a2Mo2O9 has suppressed the structural phase transitio

.4.3. Conductivity of samples
Table 2 is the conductivity of (La1−xBax)2Mo2O9−δ

amples measured at different temperatures. It can be
hat the conductivity of the samples first decreases,
ncreases, and decreases again, with the increasing
oping content. This is in agreement with the relation
etween the lattice constant and the dopant content. Th

able 2
onductivity of samples (La1−xBax)2Mo2O9−� at different temperatures

easured
emperature (◦C)

Conductivity of samples (S/cm)

x = 0.02 x = 0.04 x = 0.06 x = 0.08 x = 0.10

00 0.050 0.029 0.046 0.046 0.022
50 0.059 0.036 0.059 0.075 0.025
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Fig. 6. Complex impedance spectra of sample (La1−xBax)2Mo2O9−δ (x = 0.08).
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Fig. 7. Arrhenius plots of conductivity for samples (La1−xBax)2Mo2O9−δ (x = 0.00–0.10).

with the increasing of unit cell volume, the conductivity in-
creases. This is because the larger the unit cell volume is, the
easier the oxygen ions diffuse, and the conductivity will thus
increase. This further confirms that the solid solution limit of
Ba in (La1−xBax)2Mo2O9−δ lies at aroundx = 0.08. In the
series of Ba-doped samples, the conductivity of the samples
exhibits a maximum atx = 0.08, with the conductivities
of 0.046 and 0.075 S/cm at 800 and 850◦C, respectively,
which is higher than that of yttria-stabilized zirconia at
the same temperature[24]. In this study, the conductivity
of the Ba-doped La2Mo2O9 is also higher than that of
(La2−xBax)Mo2O9−δ with x = 0.10 reported by Goutenoire
et al., which has a conductivity of 2.74× 10−3 S/cm at
800◦C [7]. This is mainly because the oxygen vacancy
substituted by Ba in (La1−xBax)2Mo2O9−δ is more than that
in (La2−xBax)Mo2O9−δ at the same value ofx. Thus, the
appropriate Ba doping not only can suppress the structural
phase transition in La2Mo2O9, but also can improve the
electrical property. It provides the possibility of extending
the applications of La2Mo2O9 oxide-ion conductor.

4. Conclusions

The oxide-ion conductors (La1−xBax)2Mo2O9−δ (x =
0 thod.
T cess
o sion
p -ray
d
s then
i of Ba
d ttice

constant presents a maximum of 7.1855Å. This indicates
that the solid solution limit of Ba in (La1−xBax)2Mo2O9−δ

lies at aroundx = 0.08. Whenx > 0.02, both electrical
and thermal results have demonstrated that the structural
phase transition in La2Mo2O9 oxide-ion conductor can
be completely suppressed through the substitution of Ba
for La site, which stabilizes the high temperature phase to
room temperature. As the dopant content reachesx = 0.08,
the sample of (La1−xBax)2Mo2O9−δ exhibits an optimal
electrical property, and the conductivity of the sample was
0.046 and 0.075 S/cm at 800 and 850◦C, respectively. The
structural phase transition can be effectively suppressed
through appropriately substituting Ba2+ for La3+.
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