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a b s t r a c t

Scheelite-type, LaxCa1−xMoO4+ı electrolyte powders, are prepared by the sol–gel process. The crystal
structure of the samples is determined by employing the technique of X-ray diffraction (XRD). According
to XRD analysis, the continuous series of LaxCa1−xMoO4+ı (0 ≤ x ≤ 0.3) solid solutions have the structure
eywords:
olid oxide fuel cells
lectrolyte
cheelite
interability

of tetragonal scheelite. Their lattice parameters are greater than that of the original sample, and increase
with increasing values of x in the La-substituted system. Results of sinterability and electrochemical
testing reveal that the performances of La-doped calcium molybdate are superior to that of pure CaMoO4.
LaxCa1−xMoO4+ı ceramics demonstrate higher sinterability. The La0.2Ca0.8MoO4+ı sample that achieved
96.5% of the theoretical density was obtained after being sintered at 1250 ◦C for 4 h. The conductivity
increases with increasing lanthanum content, and a total conductivity of 7.3 × 10−3 S cm−1 at 800 ◦C could

0.8Mo
lectrochemical property be obtained in the La0.2Ca

. Introduction

Solid oxide fuel cells (SOFCs) have attracted increasing inter-
st for their high-energy conversion efficiency, silent operation
nd low levels of environmental pollution. Great progress in the
esearch and development of SOFCs has been made recently [1–5].
raditional electrolyte based on yttria-stabilized zirconia (YSZ) is
ne of the most well-known electrolyte materials used for SOFCs.
owever, their high operating temperature (above 1000 ◦C) results

n both high costs and system degradation at the interface between
ell components [6,7]. Electrolyte materials proposed to substi-
ute for the YSZ types of electrolytes have attracted considerable
ttention throughout the world.

ABO4 scheelite-type materials have been studied in recent years.
hese scheelite-type oxides exhibit a high oxide ion conduction in
he intermediate-temperature range, e.g., Pb0.9Sm0.1WO4+ı shows
conductivity of 2 × 10−2 S cm−1 at 800 ◦C [8], which is compara-
le to that of YSZ electrolytes (3.6 × 10−2 S cm−1 at 800 ◦C). A wide
ariety of properties for compounds with the scheelite structure,
specially electrical conduction of various substituted scheelite-
ype samples, have thus far been explored [8–12]. Presently,

aterials in solid-state devices such as electrodes and electrolytes

ave stimulated considerable interest in the possible applications
f these materials. Scheelite-type CaMoO4 has attracted interest
ecause of its potential applications, such as electro-optical and

aser host materials [13,14]. It can be easily doped with rare-earth

∗ Corresponding author: Tel.: +86 551 2158438; fax: +86 551 2158436.
E-mail address: cjh@hfuu.edu.cn (J. Cheng).
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O4+ı compound sintered at 1250 ◦C for 4 h.
© 2009 Elsevier B.V. All rights reserved.

ions, and the doped crystal can be used as an important func-
tional material. Electrical, thermal, luminescence and reflectivity
properties were studied [9,15–17], which provide a basis for our
understanding of this kind of material.

Scheelite-type materials are often prepared by conventional
solid-state reactions, lower temperature reactions that employing
hydrothermal, precipitation, microwave irradiation and soft chem-
ical processes [18–21]. Based on its low processing temperatures,
the sol–gel method offers a new way to reduce sintering temper-
atures. This method has the advantages of a short reaction time,
and it is simple more efficient than other conventional methods.
Moreover, high purity products with small particle sizes and nar-
row particle size distributions can be obtained from the sol–gel
process.

In the present study, the LaxCa1−xMoO4+ı powders were
prepared by the sol–gel process. Their phase information and
sinterability were investigated. Additionally, the electrochemical
properties of LaxCa1−xMoO4+ı sintered samples were character-
ized to estimate if they could serve as an alternative electrolyte
for SOFCs.

2. Experimental

2.1. Sample preparation
Powdered samples with the general formula of LaxCa1−xMoO4+ı

(x = 0–0.3) were synthesized by the sol–gel process (Fig. 1). Ana-
lytically pure La(NO3)3, Ca(NO3)2 and MoO3 were used as starting
materials. La(NO3)3 and Ca(NO3)2 were dissolved into deionized
water; MoO3 was dissolved into ammonia. The two liquids were

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cjh@hfuu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.10.017
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with the general formula of LaxCa1−xMoO4+ı composed of a single
tetragonal scheelite phase.

The tetragonal scheelite-type LaxCa1−xMoO4+ı solid solution
extended up to x = 0.3 in this system, which is comparable to that
in previous reports [22]. In this composition range, a shift in the
Fig. 1. Flow chart of preparing LaxCa1−xMoO4+ı powders by a sol–gel process.

ixed together under continuous stirring at 80 ◦C. Citric acid was
ubsequently added as a chelating and a reducing agent. The
H value of the final solution was adjusted to the desired value
approximately 7–8) by adding NH3·H2O in order to achieve the
omplete complexation of citric acid with metallic ions without
recipitation. A homogeneous sol formed. The sol was heated and
tirred at 80 ◦C to form the gel complexes. The gel was placed in an
ven at 120 ◦C for 24 h to dry. Powders were prepared by calcining
he dried gel at different temperatures for 3 h. The powders were
ressed into pellets of 10 mm in diameter and 1–2 mm in thick-
ess under 200 MPa of pressure using a 10% polyvinyl alcohol (PVA)
olution as the binder. Finally, the pellets were sintered at different
emperatures in an atmosphere of air for 4 h.

.2. Characterization

Differential thermal analysis (DTA) was performed in air from
0 to 800 ◦C at 10 ◦C min−1. Phase formation of the calcined oxide
owders was determined by X-ray diffraction (XRD) analysis with
he Cu K� line (� = 0.15406 nm), at angles ranging from 10◦ to 80◦.
or conductivity measurements, silver paste was painted onto both
ides of the pellet samples. The samples were then fired at 500 ◦C
or 1 h to burn out the organic binder and form Ag electrodes.
he measurement of AC impedance was performed in air with an
lectrochemical workstation, CHI660B. The frequency range varied
rom 0.1 Hz to 100 kHz with an ac signal amplitude of 5 mV. Mea-
urement of the data was conducted in the temperature range of
00–800 ◦C at an interval of 50 ◦C.

. Results and discussion

.1. DTA analyses

Differential thermal analysis (DTA) of the dried gel was per-
ormed in order to study the decomposition and crystallization
f the precursor. The DTA plot for the La0.2Ca0.8MoO4+ı sample

s shown in Fig. 2. As seen in this figure, one endothermic peak
nd three exothermic peaks are observed at 60–120, 145.6, 166
nd 498 ◦C, respectively. The endothermic peak at 60–120 ◦C pri-
arily resulted from evaporation of physically adsorbed water

nd the removal of residual organic solvents in the dried gel.
Fig. 2. DTA curve of La0.2Ca0.8MoO4+ı from 50 to 800 ◦C in air.

The exothermic peaks at 145.6 and 166 ◦C corresponded to the
decomposition and combustion of citric acid. The exothermic peak
appearing at 498 ◦C indicated that decomposition or oxidation reac-
tions occurred strongly at this temperature. The other exothermic
peaks, at 305 and 440 ◦C, are attributed to the pyrolysis of nitrates
in the precursor. The observations of these phenomena support
the conclusion based on DTA analysis that the content of carbon
and hydrogen in the precursor were decomposed completely below
500 ◦C.

3.2. Phase information

The XRD patterns of the LaxCa1−xMoO4+ı powders calcined at
900 ◦C for 3 h are illustrated in Fig. 3. All diffraction peaks matched
well with the JCPDS file no. 85-1267. No additional diffraction peaks
were found, indicating that the substitution of the La3+ ion at the
Ca2+ site had occurred. The dopant La3+ ions were dissolved com-
pletely in the crystal lattice of CaMoO4, and formed a solid solution
Fig. 3. X-ray diffraction patterns of LaxCa1−xMoO4+ı samples: (a) x = 0, (b) x = 0.1, (c)
x = 0.2, and (d) x = 0.3.
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Table 1
Lattice constants of LaxCa1−xMoO4+ı samples prepared by sol–gel process.

x value Lattice constant (nm) The unit cells’
volume (nm3)

Theoretical
density
(g cm−3)

Sintered
density
(g cm−3)

a c

x = 0 0.5223 1.1439 0.3121a 4.259a

x = 0.1 0.5343 1.1648 0.3317 4.469 4.325
x = 0.2 0.5451 1.1736 0.3487 4.680 4.516
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x = 0.3 0.5557 1.1954 0.3691 4.891 4.710

a Unit cell volume and theoretical density evaluated from the tetragonal scheelite-
ype structure of CaMoO4 (JCPDS file no. 85-1267).

eak position is not obvious; however, the lattice parameter of the
etragonal phase is changed and the anion lattice is distorted by
he lanthanum content due to the size differences between La3+

nd Ca2+. Table 1 lists the lattice parameters of all of the scheelite
lectrolytes investigated. As seen in Table 1, the lattice parameters
nd the volumes of the unit cells increased with increasing values
f x in the La-substituted system. This observation can be explained
y considering the substitution for Ca2+ by the trivalent La3+ cation
hat has a large ionic radius.

.3. Sintering behaviors

Fig. 4 illustrates the shrinkage curves of the LaxCa1−xMoO4+ı

amples. The shrinkage of pure CaMoO4 occurred over a broad
emperature range 700–1300 ◦C, and the final shrinkage was less
han 12%. The onset of LaxCa1−xMoO4+ı shrinkage occurred at
ower temperature and rapid shrinkage occurred over a narrow
emperature region (600–800 ◦C). Final shrinkage was approxi-

ately 15%, 14% and 13% for La0.1Ca0.9MoO4+ı, La0.2Ca0.8MoO4+ı

nd La0.3Ca0.7MoO4+ı, respectively. Shrinkage differences can be
ttributed to the size differences between La3+ and Ca2+ and differ-
nces in lanthanum content.

The relative density of the sintered ceramic samples was
easured using the standard Archimedes method. Fig. 5 shows

he relative density of LaxCa1−xMoO ceramics sintered at var-
4+ı

ous temperatures. As seen in Fig. 5, the density of sintered
axCa1−xMoO4+ı ceramics increased with temperature and reached

density of 96.5% of the theoretical value when sintered at
250 ◦C for 4 h. When the sintering temperature is greater than

ig. 4. Shrinkage curves of LaxCa1−xMoO4+ı samples as a function of sintering tem-
erature.
Fig. 5. Dependence of relative density on sintering temperatures for
LaxCa1−xMoO4+ı ceramics.

1250 ◦C, the density of sintered ceramics did not improve. There-
fore, the ideal sintering temperature of LaxCa1−xMoO4+ı ceramics
is 1250 ◦C, which is considerably lower than that of other fluorite or
perovskite-type electrolytes [23–25]. Conversely, the relative den-
sity of LaxCa1−xMoO4+ı sintered ceramics decreases on a small scale
with increasing values of x, which can be understood by considering
the substitution of different cation sizes.

Fig. 6 exhibits a cross-sectional view of the La0.2Ca0.8MoO4+ı

electrolyte sintered at 1250 ◦C for 4 h. The electrolyte pellet is quite
dense and uniform; the cross-sectional view is void of any obvious
pores and cracks, which indicates good sintering.

3.4. Electrical conductivity
Fig. 7 shows typical impedance plots for La0.2Ca0.8MoO4+ı sin-
tered pellets measured in air at various temperatures. A single
semicircle was observed and the low frequency intercept is mea-
sured for evaluation of the conductivity data. The impedance

Fig. 6. Cross-section of La0.2Ca0.8MoO4+ı electrolyte sintered at 1250 ◦C for 4 h.
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phases [28–30]. In our study, the partial substitution of La with
Ca might cause two opposite effects. The ordering of the oxygen
vacancy might be suppressed, which led to the decrease in acti-
vation energy of conduction and an increase in ionic conductivity
Fig. 7. Impedance spectra of La0.2Ca0.8MoO4+ı

pectral data were fitted with a suitable equivalent circuit of the
simpwin software to distinguish the bulk resistance and grain-
oundary resistance, and calculate the conductivities. The total
esistance of the electrolyte can be expressed as:

t = Rb + Rgb (1)

here Rb is the bulk resistance and Rgb is the grain-boundary
esistance. Therefore, the total resistance of the electrolyte can be
btained from the spectrum and converted to a conductivity datum
, using the relationship:

= L

R · S
(2)

here L is the sample thickness and S is the electrode area on the
ample surface. These parameters are compiled in Table 2. As the
perating temperature increased, the total resistance decreased,
nd the electrical conductivity datum increased. The conductiv-
ty of La0.2Ca0.8MoO4+ı sintered at 1250 ◦C for 4 h in air reached
.3 × 10−3 S cm−1 at 800 ◦C. This value is near to that of other
erovskite, apatite or fluorite-type electrolytes, which have been
tudied in-depth for SOFCs [6,26], indicating that lanthanum-doped
aMoO4 is a promising electrolyte for intermediate-temperature
OFCs.

Representative Arrhenius plots of conductivity measured in air

re shown in Fig. 8. Enhanced conductivities are observed in the
amples in which lanthanum is substituted. For pure CaMoO4, the
onductivity is 5.0 × 10−5 S cm−1 at 800 ◦C [27]. The conductivity
ncreased gradually with increasing lanthanum content within the
olubility range. However, when the lanthanum content exceeded
at: (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C, (d) 800 ◦C.

20%, the conductivity decreased. Analogous results were observed
in the La-substituted system as well as in CeO2-based fluorite-type
Fig. 8. Arrhenius plot comparing the total electric conductivity of LaxCa1−xMoO4+ı .
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Table 2
Total resistance and electrical conductivity of La0.2Ca0.8MoO4+ı at various temperatures.

T (◦C)

500 550 600

R (�) 500.3 121.1 33.7
� (S cm−1) 1.13 × 10−4 4.68 × 10−4 1.68 × 10−3
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ig. 9. Dependence of the conductivity on temperature for La0.2Ca0.8MoO4+ı

eramic.

31]. Additionally, the deviation of the lattice parameter from that
f pure CaMoO4 was enlarged, as shown in Table 1, which led to the
ncrease in the activation energy of conduction and the decrease
n ionic conductivity. Therefore, the electrolyte with the greater
onic conductivity must contain an appropriate dopant concentra-
ion. For the LaxCa1−xMoO4+ı samples, the greatest conductivity
as observed in the x = 0.2 sample.

The high-frequency limit in this study was 100 kHz which is the
pper limit for the electrochemical workstation (CHI660B) used.
his frequency is insufficient and resulted in an incomplete semi-
ircle, which makes it difficult to determine the grain resistance and
he grain-boundary resistance. Although significant uncertainties
xist in the electrolyte resistance estimated from the impedance
ata, the activation energies for LaxCa1−xMoO4+ı samples can be
btained from Arrhenius plots (Fig. 8). In the case in which the
onductivities exhibited small interruptions at 600–650 ◦C, they
ere calculated in two temperature regions—greater than 650 ◦C

nd less than 600 ◦C. These temperatures demarcate the contri-
ution to the two conductivities by the two different types of
harge carriers [27]. The activation energies of the La0.2Ca0.8MoO4+ı

ample in the two temperature regions are 0.56 and 0.87 eV,
espectively.

In order to investigate the effect of sintering temperature on the
roperties of LaxCa1−xMoO4+ı, a series of sintering conditions were
tudied. Fig. 9 shows the logarithm of the electrical conductivity
lotted versus the reciprocal temperature of the La0.2Ca0.8MoO4+ı

amples. The electrical conductivity datum increased as the sinter-
ng temperature increased, and reached a value of 7.3 × 10−3 S cm−1

t 1250 ◦C, which is satisfactory for SOFCs. However, when the

intering temperature exceeded 1250 ◦C, the conductivity did not
ncrease. The reason may be that loss of the lattice oxygen in
his system at high temperatures caused the decrease in electrical
onductivity due to the reduction of charge carrier concentration
32].

[

[

[
[

650 700 750 800

19.1 12.5 9.3 7.8
2.96 × 10−3 4.54 × 10−3 6.12 × 10−3 7.30 × 10−3

4. Conclusions

The sol–gel process was used to synthesize scheelite-type elec-
trolyte materials, of the formula LaxCa1−xMoO4+ı in which x = 0–0.3.
The phase formation, sintering behaviors and electrochemical
properties of these compounds were investigated. The results indi-
cated that, when doped with trivalent La3+ cations, the scheelite
lattice of CaMoO4 expanded. LaxCa1−xMoO4+ı samples show higher
sinterability than pure CaMoO4, and the LaxCa1−xMoO4+ı sample
achieved 96.5% of the theoretical density after being sintered at
1250 ◦C for 4 h. The total conductivity value peaked at x = 0.2 in the
temperature range of 500–800 ◦C for La-doped CaMoO4 electrolyte
materials.
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