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Abstract La2Mo2O9 samples were prepared from
freeze-dried powder precursors and characterized by
XRD, TG/DTA, SEM, electrical and electrochemical
measurements. Pellets with different density were ob-
tained by sintering at temperatures between 900 and
1100 �C to obtain nearly dense samples with grain
sizes in the range 1–8 lm. The electrical conductivity
was measured using impedance spectroscopy. The
capacitance and relaxation frequencies of the main
contributions to the spectra were used to ascribe the
contributions of grain interiors and internal interfaces,
and their temperature dependence. A coulometric
titration technique was used to evaluate the change of
oxygen stoichiometry under moderately reducing con-
ditions, and to estimate the stability limits under
strongly reducing conditions. An ion-blocking method
was used to evaluate the onset of n-type conductivity,
and a combination of these results with total con-
ductivity measurements was used to obtain the ionic
transport number. A combination of oxygen stoichi-
ometry changes and ion-blocking results was used to
obtain estimates of mobility.
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Introduction

Lanthanum molybdenum oxide is a novel fast ion con-
ductor at intermediate temperatures and is thus of
interest as a solid electrolyte material for numerous
electrochemical applications [1, 2, 3]. The ionic con-
ductivity of La2Mo2O9 [4] compares with other oxygen
ion conductors possessing fluorite or perovskite struc-
tures, and exceeds the ionic conductivity of materials
with other structure types (e.g. aurivillius, pyrochlore,
apatite, etc.) [5, 6, 7, 8].

The transport properties of fluorite-type materials
(e.g. CeO2) and perovskite materials are strongly
dependent on additives with lower valence, in order to
enhance the concentration of charge carriers (i.e. oxygen
vacancies). This is not needed to ensure high ionic
conductivity in La2Mo2O9, because the structure of this
material includes about 10% of vacant intrinsic oxygen
sites [9, 10]. These vacant sites thus allow easy migration
of oxygen ions.

One of the main limitations of La2Mo2O9 is its phase
transition, which causes a sudden drop in conductivity.
Steep changes in differential thermal expansion and
electrical conductivity versus temperature suggest a first-
order phase change with a transition temperature close
to 560 �C; the thermodynamics of this phase transition
have been evaluated from DSC experiments [11]. Pro-
spective applications of this material thus correspond to
temperatures higher than about 600 �C, except possibly
for composition changes which might stabilize the high-
temperature polymorph at lower temperatures also.

Most of the literature on La2Mo2O9 has thus been
focused on structural studies. However, one cannot ne-
glect the role of minor electronic contributions, for this
might set the limits of the electrolytic domain, especially
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under reducing conditions. In this work, the transport
properties were evaluated by a combination of total
conductivity, obtained from impedance spectra, and an
ion blocking Hebb–Wagner technique to evaluate the n-
type conductivity. The impedance spectra were also used
to separate the contributions of grain interiors and grain
boundaries, to assess the relative role of internal inter-
faces, and their dependence on microstructural features
and/or firing schedule.

In addition, one must assess the stability limits to be
able to assess the applicability range. The present work
thus concentrates on these characteristics, by analysing
the onset of different phases, and/or mechanical failure,
after exposition to strongly reducing atmospheres.
Conditions yielding steep changes of oxygen stoichi-
ometry versus oxygen partial pressure were taken as a
limit for the stability range.

Experimental

La2Mo2O9 precursors were prepared by a freeze-drying method, as
described elsewhere [11]. X-ray diffraction patterns were recorded
with a Philips X’Pert diffractometer using Cu Ka radiation and a
graphite secondary b monochromator. The cell’s parameters were
determined using the FULLPROF program [12], assisted by
WinPlotr for visualization [13].

Simultaneous thermogravimetric and differential thermal anal-
ysis (TG/DTA) was recorded on a Perkin-Elmer model Pyris
Diamond TG/DTA. The temperature was varied from room tem-
perature up to 900 �C at 10 �C min)1 in a nitrogen atmosphere
with a flux of 20 cm3 min)1.

The precursor powders were uniaxially pressed at 125 MPa, to
obtain pellets of diameter 9 mm and thickness 1.5–2 mm. These
pellets were sintered at 1100 �C for 5 h (sample S1) and 900 �C for
3 h (sample S2). The values of the relative density, estimated from
the geometry and weight of the samples, were approximately 98%
and 90% for samples S1 and S2, respectively.

The microstructures of the samples were observed by scanning
electron microscopy, both on a well-polished surface and after
thermal etching (heating for 10 min at 90% of the sintering tem-
perature). Samples were deposited as a pellet on carbon paper
supported on a brass cylinder. A thin gold layer was sputtered onto
the surface of the samples to improve the conductivity. Scanning
electron microscopy was performed with a JEOL 5600 SEM
microscope operating at 10 kV. Figure 1 shows the microstructures
of samples sintered at 1100 �C (S1) and 900 �C (S2).

Pt electrodes were painted on sintered disks and fired at 900 �C
for 20 min. These samples were characterized by impedance spec-
troscopy (Solartron 1260 FRA), using four Pt wires. The a.c. fre-
quency was varied between 0.1 Hz and 1 MHz using an excitation
voltage of 25 mV for the range 900–600 �C and 200 mV for the
range 600–250 �C. Analysis of the impedance spectra was made by
equivalent circuits using the Zview program [14].

An ion-blocking Hebb–Wagner technique [15, 16] was used to
evaluate the electronic conductivity. A disk-shaped sample is
electroded with Pt paste, and the electrodes are fired while pressing
Pt wires for the electrical contacts. One side of the sample is then
pressed against an impervious alumina disk, with a suitable glass
ceramic seal blocking oxygen access; this yields ion-blocking con-
ditions on reaching steady-state conditions under cathodic polari-
zation. The steady-state current is thus purely electronic, and the
current–voltage dependence can be used to obtain the electronic
conductivity as follows [15, 16]:

re ¼
A
L

� �
dI
dV

ð1Þ

Coulometric titration measurements were performed using the
cell shown schematically in Fig. 2. The cell consists of a section of a
YSZ tube with platinum electrodes and used an oxygen pump
driven by an external source (Agilent 3646A); this also allows
changes in oxygen partial pressure inside the cell by varying the

Fig. 1 Scanning electron microstructures of sintered pellets
obtained from freeze-dried powder and sintered at 1100 �C for
5 h (S1) and at 900 �C for 3 h (S2)

Fig. 2 Schematic representation of the cell used for coulometric
titration: (1) powder sample being studied; (2) YSZ sensor; (3)
oxygen pump; (4) glass sealant; (VS, VR) multimeter; (VB) d.c.
source
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applied voltage. The cell is closed with two YSZ disks using a glass
ceramic sealant. The top YSZ disk was also used as an oxygen
sensor to measure the oxygen partial pressure, using a multimeter
(Keithley 2700). Powdered La2Mo2O9 was placed into a Pt crucible
to perform the coulometric titration. A generic step change in
oxygen stoichiometry Dd in the sample (La2Mo2O9)d) was evalu-
ated by taking into account the relevant electrochemical reaction
O2) fi ½O2+2e) and integrating the current changes against
time, after a step change in the applied voltage:

d ¼ M
2Fm

Zt0

0

ðI � I1Þdt ð2Þ

where M is the molecular weight of La2Mo2O9, m is the mass of
sample used, F is the Faraday constant, and I¥ is the residual
current due to minor leaks, which might remain nearly uncharged
after a very long time t¢. The oxygen partial pressure inside the cell
was calculated using the Nernst law:

Po2 ¼ P0 expð�4FVs=RT Þ ð3Þ

where P0 is the oxygen partial pressure in atmospheric conditions
and Vs the read voltage in the YSZ sensor.

Results and discussion

Stability

The limited stability of La2Mo2O9 under reducing
conditions is demonstrated in Fig. 3; this shows a SEM
microstructure of a sample which was exposed over-
night to dry 5% H2/95% Ar. Relatively large cracks
are formed, probably due to formation of new phases.
These cracks are likely to lead to failure. Further
confirmation of this was obtained by X-ray diffraction
(Fig. 4). Exposition to dry 5% H2/95% Ar yields dif-
ferent phases. The phase formed at 900 �C was iden-
tified as La2.4Mo1.6O8, with average valence of Mo
equal to 5.5, and the phase formed at 800 �C was
identified as La7Mo7O30. Though the original phase a-
La2Mo2O9 is easily recovered on reverting to oxidizing
conditions, the degradation tends to become more se-

vere with additional reduction/oxidation cycles and
eventually leads to fracture. The X-ray diffractrogram
of samples exposed to dry 5% H2/95% Ar at 700 �C or
lower temperatures showed the patterns of a-La2-
Mo2O9.

One can evaluate the stability limits under reducing
conditions by taking into account that degradation leads
to phases with a lower average valence for Mo, and thus
oxygen losses. Coulometric titration results (Fig. 5) were
thus used to establish those stability limits. Since the
actual changes are somewhat gradual, we assumed that
degradation corresponds to an average valence of Mo
below 5.5, as found for the new phases detected in the
reduced samples. The corresponding oxygen stoichiom-
etry 9)d=8.5 is reached for typical values of Po2 in the
order of 10)13, 10)11 and 10)8 Pa at 800, 900 and
1000 �C, respectively.

Fig. 3 Cracks on the surface of a sample after exposition to dry 5%
H2/95% Ar at 900 �C

Fig. 5 Massive oxygen stoichiometric changes showing the stability
limits at 800, 900 and 1000 �C

Fig. 4 X-ray diffractograms after exposure to 5% H2/95% Ar at
900, 800 and 700 �C
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Electrical conductivity

Typical impedance spectra (Fig. 6) show separate con-
tributions ascribed to the bulk (i.e. grain interiors), in
the ranges of high frequency or low capacitance (about
20 pF), and internal interfaces (grain boundaries, pores,
segregated inclusions, etc.), in the ranges of intermediate
frequency and capacitance (about 27 nF). These con-
tributions correspond to slightly depressed arcs, and an
equivalent circuit (RBQB)(RgbQgb)(RelQel) was thus as-
sumed to fit the spectra and to obtain the resistance
values of the bulk, RB, and grain boundaries, Rgb, shown
in Fig. 7. These results show that higher sintering tem-
peratures yield better microstructures, and thus mini-
mize the internal blocking interfaces.

The total conductivity r=L/[A(RB+Rgb)], where L is
thickness of the sample and A is the electrode area, also
shows the first-order phase transition at about 560 �C,
revealed by steep changes in typical Arrhenius repre-
sentations (Fig. 8):

r ¼ r0

T
exp �Ea=kTð Þ ð4Þ

Values for Ea are shown in Table 1. These results
show that the phase transition is reversible on heating
and cooling, as demonstrated also by steep changes in
the thermal expansion curves and by changes in the unit
cell volume [11]. The differences between the results
obtained for samples sintered at different temperatures
show that poor microstructures still affect the conduc-
tivity of the samples at temperatures above the a fi b
phase transition.

An ion-blocking method was used to evaluate the
electronic conductivity and its dependence on oxygen
partial pressure; this yielded the electronic current–
voltage dependence shown in Fig. 9, and the corre-
sponding dependence of electronic conductivity on Po2
(Fig. 10) was extracted from that dependence (Eqs. 1
and 3). These results show the onset of a significant n-
type conductivity contribution, especially on approach-
ing the limits of the stability range.

Changes in oxygen stoichiometry (Fig. 11) also indi-
cate the onset of a typical n-type conductivity contri-
bution. On assuming a typical reduction reaction:

Ox
O �

1

2
O2 þ V::

O þ 2e� ð5Þ
and assuming ideal stoichiometry (La2Mo2O9) in air,
one can relate the concentration of charge carriers to
the measured changes in oxygen stoichiometry (d in

Fig. 6 Impedance spectra of La2Mo2O9 pellets sintered at 1100 �C
for 5 h (S1). The measuring temperatures are shown on the figure

Fig. 7 Arrhenius plot of bulk (a) and grain boundary (b) results
obtained for samples sintered at 1100 �C (S1) and at 900 �C (S2)

Fig. 8 Total conductivity results showing the differences between
samples with poor and good microstructures, and revealing the
steep changes at the a fi b phase transition

Table 1 Activation energies of bulk and grain boundary conduc-
tivity (gb) of the a-form and activation energies of total conduc-
tivity below (LT) and above the phase transition (HT)

Sample Ea(bulk)
(eV)

Ea(gb)
(eV)

Ea(LT)
(eV)

Ea(HT)
(eV)

S1 1.03 1.26 1.11 0.92
S2 1.09 1.17 1.15 0.92

641



La2Mo2O9)d). These estimates of carrier concentration
were thus combined with the electronic conductivity
results to obtain the corresponding estimates of
mobility, le=re/(en), e being the electronic charge and
n the concentration of carriers. The order of magni-
tude of these estimates (Fig. 12) is close to the
mobility of minor electronic species in other ionic
conductors.

Conclusions

The conductivity of b-La2Mo2O9 is mainly ionic, and
compares to the conductivity of ceria-based electrolytes.
The ionic transport number remains higher than about
0.98, except possibly for conditions which might lead to
degradation under very reducing environments. Though
the conductivity of samples with poor microstructures is
affected by resistive grain boundaries or other internal
interfaces, suitable powder preparation methods and
sintering at about 1100 �C yield improved microstruc-
tures and conductivity values of about 0.14 S/cm at
800 �C and about 0.03 S/cm at 600 �C. The lower tem-
perature limit for prospective applications is about
560 �C, when the b fi a phase transition causes a sud-
den drop in conductivity. The applicability of b-La2-
Mo2O9 is also limited to its stability range. Though the
stability range reduces to Po2>10)13 Pa at 800 �C, this
is enhanced at lower temperatures and might still be
suitable for SOFC operation.
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