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Oxide ion conductivity in doped LaOXF3-2X was investigated. It was found that oxygen
doped into LaF3 can be mobile through introduced anion vacancy and LaO0.6F1.8 exhibits
the high oxide ion conductivity, which is comparable with those in doped Bi2O3-based oxides.
The oxide ion conductivity in LaO0.6F1.8 was further improved by simultaneous doping of
SrO, SrF2, and NaF. The highest conductivity is achieved with the composition La0.9Sr0.1-
Na0.05O0.4F2.0 in the present study. La0.9Sr0.1Na0.05O0.4F2.0 is chemically stable in oxygen partial
pressure from 1 to 10-21 atm, and almost the theoretical electromotive force is exhibited in
the oxygen gas-concentration cell. The conductivity of oxygen-doped LaF3 was further
confirmed by the dc polarization method. No polarization in conductivity was observed over
24 h, and also no segregation of F- ion at positive electrode was noticed. Furthermore,
desorption of F2 from lattice was not observed. Therefore, it was confirmed that oxygen-
doped LaF3 exhibits oxide ion conductivity. The chemical stability of La0.9Sr0.1O0.4F2.0 was
further studied, and it was confirmed that F-rich lanthanum oxyfluoride is highly stable
against humidity not only at elevated but also at room temperature.

Introduction

The conventional fast oxide ion conductor so far has
been based on pure metal oxides with oxygen defects.1
Particularly, tetravalent metal oxides with the fluorite
structure, doped with lower valence cations, are well-
known as oxide ion conductor.2 For example, zirconium
oxide doped with Y2O3 or Sc2O3 is generally used for
the electrolyte of fuel cells and oxygen sensors. However,
in the case of the high oxide ion conductors of CeO2 or
Bi2O3, the material becomes unstable and reduction
easily proceeds to generate electronic conduction. So, the
oxygen partial pressure range for which oxide ion
conductivity dominates becomes narrower with the
increased oxide ion conductivity among the fluorite
structured oxides.3 It is also well-known that Bi2O3
doped with Y2O3 exhibits high oxide ion conductivity;
however, this oxide can be used as the oxide ion
conductor only in the limited PO2 range, due to reduc-
tion.4 Except for fluorite structured oxide ion conductors

such as ZrO2, CeO2, and Bi2O3, the number of fast oxide
ion conductor is limited until now. Recently, several new
fast oxide ion conductors such as LaGaO3,5 La10Si6O27,6,7

and La2GeO5
8 were reported. However, all of these

materials are also metal oxides with oxygen deficiency.
The most promising application of these oxide ion
conductors is for the electrolyte of fuel cells. In fact, the
operating temperature of the solid oxide fuel cells could
decrease to 873 from 1273 K by changing the electrolyte
from Y2O3-ZrO2 to La(Sr)Ga(Mg)O3.9 From the view-
point of electrolyte application, oxide ion conductors are
required not only with high oxide ion conductivity but
also high chemical stability.9

Studies on the oxide ion conductivity in metal oxy-
fluoride (M(III)OF; M(III) ) trivalent metal cation)
and/or metal fluoride (M(III)F3) is limited until now. In
particular, oxide ion conductivity in metal fluoride
doped with oxygen was not studied yet. Takashima
et al. investigated the oxide ion conductivity in the
various double cation oxyfluorides (MM′O2F6, M,M′:
trivalent metal cations), and they found that Nd2-
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ion conductivity: 1.26 × 10-2 S/cm at 773 K).10-15 In
this oxide, it was considered that the oxide ion can be
mobile through the oxygen vacancies which are intrinsic
in the double fluorite structure. This reported oxide ion
conductivity is comparable with that of LaGaO3-based
oxides, and Nd2Eu2O3F6 is highly interesting because
the oxide ion migrates in the fluorite-like metal oxy-
fluoride structure. However, the studies on oxide ion
conductivity in metal oxyfluoride are limited to those
close to the stoichiometric oxyfluoride composition.
Because lanthanide oxyfluorides are easily decomposed
in the presence of water, another problem is chemical
stability. In contrast with oxyfluoride, it is known that
lanthanide fluoride is stable against humidity due to
the high electronegativity of fluoride.16 In this study,
we focused on the oxide ion conductivity in lanthanum
fluoride (LaF3) doped with oxygen. For achieving the
high oxide ion conductivity, oxygen vacancies were
introduced by doping lower valence cations in the
conventional study on oxides, not by doping with anions
with higher valence numbers. Here, we designed oxide
ion conductors that transport through oxygen doped at
the anion site of LaF3.

Experimental Section

Sample Preparation. Lanthanum fluoride used in this
study was prepared by the conventional powder mixing method
employing powders of La2O3 (Wako Pure Chemical, 99.9% in
purity), LaF3 (High Purity Chemicals, 99.9% in purity), SrF3

(High Purity Chemicals, 99.9%), and SrCO3 (Wako Pure
Chemical, 99.9%). The amount of fluoride ion was controlled
by adjusting the mixing ratio of La2O3 and LaF3. Stoichiometric
amounts of starting powder were weighed and mixed in an
Al2O3 mortal with an Al2O3 pestle. The powder mixture was
precalcined at 1023 K for 4 h in Ar gas flow (100 mL/min).
After an isostatic press at 275 MPa for 20 min, the sample
was finally sintered at 1273 K for 3 h in Ar gas flow.

XRD analysis of the obtained sample was performed by
using a diffractometer (Rigaku Rint 2500) and a Cu KR line.
After the formation of single phase LaOXF3-2X was confirmed,
the disk was cut into a rectangular shape (4 mmw × 7 mmL ×
1 mmt) for the measurement of electrical conductivity.

Electrical Conductivity Measurement. Pt paste
(Tanaka, TR7905) was painted on both faces of the sample,
Pt mesh was connected with Pt wire attached, and then the
sample was fired at 1123 K for 30 min in Ar flow. After the Pt
wires were attached for the potential probe, the electrical
conductivity was measured by the conventional ac two-probes
technique with a frequency response analyzer (Solatron 1260)
in the frequency range from 10 MHz to 1 Hz. The conductivity
was also measured with the dc four-probes method, and it was
noted that the conductivity estimated by both of the methods
matched within an experimental error. A gas flow cell was
designed to perform the oxide ionic conductivity measurements
under the controlled atmosphere, maintained by using mix-
tures of N2-O2, CO-CO2, and H2-H2O. The oxygen partial
pressure was monitored by using a CaO-stabilized ZrO2 oxygen
sensor placed in close proximity of the specimen. The dc

polarization measurement was performed by using the same
setup of conductivity measurement, and the constant dc
current of 2.5 mA/cm2 was applied over 24 h in N2 atmosphere
by using a galvanostat (Hokuto HA301). The potential was
measured with a digital multimeter (Advantest TR6421). A
dc current of 17.35 mA (2.5 mA/cm2) was constantly observed
over a period of 24 h. The residual change in potential was
measured as a function of time. After 24 h, the sample was
cooled under application of the constant dc potential of 10 mV.
Subsequently, the sample was sectioned with a diamond saw
and the sectioned surface was analyzed with SEM-EDX (JEOL
6700F-Oxford INCA-4).

Ionic Transport Number Measurement. The transport
number of oxide ion was estimated by the ratio of measured
electromotive forces (EMF) in the H2-O2 gas concentration cell
to that estimated with the Nernst equation. Humidified H2

(2.8 vol %) was used as the hydrogen source, and commercial
oxygen was also used without any purification. The specimen
disk of 0.5 mm thickness was used for the measurements, and
a gold paste (Tanaka Kikinzoku Co. Ltd.) was used for the
electrode (5 mm in diameter). The relative density of the used
sample for EMF measurement was found to be ca. 90%.
Humidified hydrogen and oxygen were fed to either face of the
sample, and the gas seal was achieved by using molten Pyrex
glass. To confirm the mobile ion, the dc polarization method
was applied in this study.

Results and Discussion

Oxide Ion Conductivity in LaOXF3-2X. Figure 1
shows the XRD pattern of the LaOXF3-2X prepared in
this study. Diffraction patterns were drastically changed
by doping with oxygen in comparison with LaF3. Al-
though the amount of oxygen doped was much different,
the diffraction patterns similar to those of oxyfluoride,
LaF1.7O0.65, or LaOF were observed over a wide range
of X values. In accordance with the powder diffraction
database,17,18 the difference in the diffraction peaks from
LaF1.7O0.65 and LaOF is quite small. However, consider-
ing the weak diffraction peaks observed around 40°,
the observed diffraction peaks could be assigned to
the LaF1.7O0.65 phase. This LaF1.7O0.65 phase is formed
from the LaOF phase with interstitial fluoride ion.
Takashima et al.10,11 also assigned the double fluorite
phase to the structure similar to this LaF1.7O0.65 phase.
Because it is confirmed by X-ray fluorescence (XRF)
analysis that the composition of oxygen and fluorine in
the resulting sample is almost the same as that of the
starting mixture, evaporation of fluoride ion from the
sample during sintering seems to be negligible. Con-
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Figure 1. XRD patterns of the LaOXF3-2X prepared in this
study.
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sidering the composition, the concentration of fluoride
ion is in excess of that of the LaF1.7O0.65 phase. There-
fore, it is expected that the excess fluoride ion may exist
at the interstitial position, thereby introducing oxygen
vacancies. With a decrease in the X value, the diffraction
angle shifted to lower values. Thus, the lattice constant
increased with an increasing amount of fluoride ion.
Considering the smaller ionic radius of F- (119 pm) than
that of O2- (126 pm), enlargement of the lattice constant
can only be explained by the formation of interstitial
fluoride ion. On the other hand, some weak diffraction
peaks disappeared with increasing fluoride ion concen-
tration. Therefore, the symmetry of the crystal lattice
seems to be increased by increasing the F- content. At
X ) 0.6, the crystal structure seems to be analogous
with the oxyfluoride cubic lattice, LaOF structure.
Nevertheless, all diffraction peaks can be assigned to
those from lanthanum oxyfluoride, and thus the single
phase was obtained over the wide range from X ) 0.5
to 0.75 in LaOXF3-2X.

The electrical conductivity is shown in Figure 2
against the X value in LaOXF3-2X at 773 K in N2
atmosphere. It is seen that the electrical conductivity
increased with increasing X value and attained a
maximum at X ) 0.6. X-ray diffraction patterns of LaF3
were greatly changed by doping a small amount of
oxygen. As was discussed earlier, the diffraction peaks
become sharp and narrow around X ) 0.4. Thus, the
crystallinity improves by doping excess fluoride ion to
the LaO0.65F1.7 phase. The amorphous phase generally
exhibits low oxide ion conductivity, and normally high
crystallinity and/or large grain size is required for high
oxide ion conductivity. This is because the mobile ion
is trapped at the grain boundary and defects. The
maximum conductivity was achieved for X ) 0.6. By an
doping excess amount of fluoride ion into lanthanum
oxyfluoride, we determined that oxygen vacancies will
be formed by the charge compensation mode as shown
below,

Therefore, it is expected that the increase in electrical
conductivity is caused by the increase in ionic conduc-
tivity. Because the ionic radius of the fluoride ion is
smaller than that of the oxygen ion, it is considered that

the lattice parameter will increase by substituting O2-

for F-. However, the lattice volume is also increased by
increasing the oxygen deficiency. This could only be
explained by the introduction of anion vacancies and
interstitial F- ions. In any case, the crystal symmetry
changed from orthorhombic to cubic or pseudo-cubic
structure, which is close to the LaOF structure, and the
conductivity may be either oxide or fluoride ion conduc-
tivity.

To confirm the ionic conductivity, the PO2 dependence
of the electrical conductivity was measured for LaO0.6F1.8
(Figure 3). As expected, the electrical conductivity of
LaO0.6F1.8 was independent of the oxygen partial pres-
sure up to 10-17 atm at 873 K. However, the electrical
conductivity slightly increased in H2 atmosphere (PO2
) 10-23 atm), suggesting the appearance of electronic
conduction. However, it is seen that the ion conductivity
is dominant in LaO0.6F1.8 oxide over a wide PO2 range,
because the increase in conductivity in H2 atmosphere
is not large.

Effects of Dopant on Ion Conductivity in
LaO0.6F1.8. The effects of aliovalent cation doping for
the La site in LaO0.6F1.8 were further investigated. In
the case of the conventional oxide ion conductor, the
addition of lower valence cations is generally essential
for achieving fast oxide ion conductivity. Figure 4 shows
the XRD patterns of La1-XMXO0.6-3/2XF1.8+2X (M ) Ca,
Sr, and Ba). As is shown in Figure 4, the XRD measure-
ment suggests that the secondary phase of BaO was
formed, but no secondary phase was observed for the
Ca- and Sr-doped sample. Therefore, the solubility of
Ba2+ into LaF3 lattice is not high due to the large ionic

Figure 2. Electrical conductivity in LaOXF3-2X at 773 K in
N2 atmosphere as a function of X values.

LaO0.65F1.7

LaF3 ) LaLa
X + 1.7FF

X + 1.3Fi′ + 0.65VO
•• (1)

Figure 3. PO2 dependence of the electrical conductivity in
LaO0.6F1.8 at 873 K.

Figure 4. XRD patterns of La1-XMXO0.6-3/2XF1.8+2X (M ) Ca,
Sr, and Ba).
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size of Ba2+. However, except for BaF2, all diffraction
peaks can be assigned to those from oxygen-doped LaF3.
In addition, main diffraction peaks were also shifted by
doping CaF2. Therefore, it is seen that SrF2 or CaF2
substituted the La site in the LaF3 lattice. Because the
ionic size of Ca2+ is much smaller than that of La3+,
diffraction peaks from LaF3 doped with CaF2 were split
into two, suggesting that the crystal structure changes
from cubic to tetragonal structure.

The temperature dependence of electrical conductivity
in La1-XMXO0.6-3/2XF1.8+2X (M ) Ca, Sr, and Ba) is shown
in Figure 5. Due to the phase change, the electrical
conductivity of LaO0.6F1.8 decreased by doping CaF2;
however, it slightly increased by doping SrF2 and BaF2
at high temperature, albeit it decreased at low temper-
ature. Because the formation of a secondary phase was
observed, it can be considered that SrF2 is the most
effective as the dopant. Considering equation (2), doping
SrF2 to LaO0.6F1.8 enlarges the relative concentration
of fluoride ion and reduces that of oxygen. Hence, the
interstitial fluoride ion and the oxygen vacancy in-
creased as described by the following equation,

If the interstitial fluoride ion is the mobile species, then
the electrical conductivity should increase by doping
SrF2. Indeed, the electrical conductivity increased by
doping SrF2; however, the increase in conductivity is
not large as is shown in Figure 5. On the other hand, if
the oxide ion conductivity appeared, then it is also
considered that the ionic conductivity increases because
of the formation of oxygen vacancy. However, consider-
ing that the amount of charge carrier of oxygen de-
creases by substitution with SrF2, an increase in
conductivity may not be large enough. In any case, it is
seen that the optimum amount of SrF2 doped for LaF3
exists at ca. 10 mol %.

Because the doping of strontium fluoride decreases
the amount of oxygen in the lattice, co-doping of
strontium oxide and fluoride was also tried to keep the
oxygen amount constant. As expected, conductivity
increased by co-doping a small amount of strontium
oxide and fluoride as shown in Figure 6. In particular,
improvement in conductivity is significant at lower
temperature. Therefore, it becomes clear that the doping
of a small amount of strontium oxide is effective for
increasing the electrical conductivity in lanthanum
fluoride. Co-doping of strontium oxide and fluoride could
be explained by the equation (3),

Because the amount of charge carrier oxygen could
remain high according to equation (3) and oxygen
vacancy was introduced, the oxide ion conductivity
increases by co-doping oxide and fluoride. Indeed, the
highest electrical conductivity was achieved for La0.9-
Sr0.1O0.5F1.9.

The influences of doping alkaline fluoride on the
electrical conductivity were further studied. Figure 7
shows the XRD patterns of the sample doped with NaF.
XRD measurement suggests that the doped NaF suc-
cessfully substitutes the lattice position of the LaF3
crystal. This is because the diffraction angle was shifted

Figure 5. Temperature dependence of the electrical conduc-
tivity of La1-XMXO0.6-3/2XF1.8+2X (M ) Ca, Sr, and Ba) and La0.9-
Sr0.1O0.5F1.9.

LaO0.65F1.7

SrF2 ) SrLa′ + 1.7FF
X + 0.3Fi′ + 0.65VO

•• (2)

Figure 6. Electrical conductivity in La0.9Sr0.1O0.45+XF2-2X as
a function of the X value.

Figure 7. XRD patterns of La0.9-XSr0.1NaXO0.5-2XF2.0+2X.

2LaO0.65F1.7

SrO + SrF2 ) 2SrLa′ + OO
X + 2FF

X +

0.3VO
•• + 1.4VF

• (3)
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to a lower angle by doping NaF. Because the ionic size
of Na+ (98 pm) is smaller than that of La3+ (126 pm),
NaF substitutes at the LaF3 lattice position to form an
anion vacancy according to the following equation,

Because of the decrease in the negative charge and
the increase in anion vacancy, it can be considered that
decreasing coulomb efficiency enlarged the lattice con-
stant. Therefore, doping NaF is effective for increasing
the oxide ion conductivity.

Figure 8 shows the electrical conductivity at 873 K
as a function of the NaF dopant amount. It is seen that
the electrical conductivity increased with an increase
in the amount of NaF and it attained the maximum
value around 5 mol % to the La site. Because the
amount of oxygen becomes smaller with an increase in
the amount of NaF as dopant, the excess amount of NaF
is not desirable. In the present case, the optimized
amount for NaF addition exists at a value as small as
5 mol %.

If the main charge carrier is ion, the electronic
conductivity should be independent of oxygen partial
pressure. However, if the electronic conduction is domi-
nant, then the conductivity should increase or decrease
as the oxygen partial pressure (PO2) increases. To
confirm the ionic conductivity in this doubly doped
lanthanum oxyfluoride compound, PO2 dependence of
the electrical conductivity was measured for La0.85Sr0.1-
Na0.05O0.4F2.0, and the results are shown in Figure 9.
Obviously, the electrical conductivity of La0.85Sr0.1-
Na0.05O0.4F2.0 was independent of the oxygen partial
pressure over a wide range of PO2 (from 1 to 10-21 atm)
at 873 K. As compared with the PO2 dependence in
Figure 3, it is clear that the PO2 range for ion conductiv-
ity expanded with NaF doping. This is generally caused
by the increase in ion conductivity. Therefore, doping
SrF2, SrO, and NaF is effective for increasing the ion
conductivity, and it is obvious that this ionic conductiv-
ity is dominant in La0.85Sr0.1Na0.05O0.4F2.0 over a wide
PO2 range.

Identification of Charge Carrier and Chemical
Stability of Doped Lanthanum Oxyfluoride. To
confirm the mobile ion species in Sr-, Na-, and O-doped
LaF3, the ionic transport number was estimated by

using the oxygen gas concentration cell. Figure 10 shows
the temperature dependence of the electromotive force
(EMF) for the humidified H2 and O2 gas concentration
cell. It is seen that the EMF measurement shows a
value higher than 90% of the theoretical value by
assuming the oxide ion conductivity at all temperatures
examined. Therefore, it is expected that the dominant
ionic charge carrier in La0.9Sr0.1Na0.05O0.4F2.0 is the oxide
ion. To further clarify the oxide ion conductivity, a
polarization measurement was performed under the
application of constant dc current on La0.9Sr0.1O0.5F1.9.
If the fluoride ion conductivity is dominant, it is
expected that the conductivity decrease with the time
course when the constant dc current is applied. Fur-
thermore, fluoride accumulation will be observed at the
positive electrode side.

Figure 11 shows the conductivity under application
of a constant dc current of 2.5 mA/cm2. It is clear that
the constant conductivity was observed over ca. 24 h.
In addition, the electrical conductivity measured by the
ac impedance method was also superimposed on this
figure. It is seen that the observed conductivity by the
dc polarization condition is almost the same as that of
the ac impedance method. Therefore, it can be confirmed
that the oxide ion conductivity is dominant and fluoride
ion conductivity is negligible at 773 K in La0.9Sr0.1O0.5F1.9.

Figure 12 shows the SEM observation and the X-ray
line analysis of the F and O KR line. Because the
intensity of the X-ray emission is strongly influenced
by the geometrical morphology of the specimens, the
X-ray line was slightly scattered. However, it is seen
that there is no significant enhancement in the intensity

Figure 8. Electrical conductivity of La0.9-XSr0.1NaXO0.5-2XF2.0+2X

at 873 K as a function of the X value.

LaO0.65F1.7

NaF ) NaLa′′ + FF
X + 0.7VF

• + 0.65VO
•• (4)

Figure 9. PO2 dependence of the electrical conductivity of
La0.85Sr0.1Na0.05O0.4F2.0 at 873 K.

Figure 10. Temperature dependence of the electromotive
force (EMF) for a humidified H2-O2 gas concentration cell
using La0.85Sr0.1Na0.05O0.4F2.0 as the electrolyte.
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of the F and O KR X-ray line. Because the constant
potential was applied during the cooling cycle, it can
be said that no anion remixing occurred during cooling.
Hence, there is no accumulation of fluoride and oxygen
at the positive electrode side. These results suggest
clearly that the charge carrier in this lanthanum
oxyfluorite is oxide ion.

To confirm the remixing effects of oxygen and fluoride
ion, fluorine which was desorbed during the dc polariza-
tion measurement was trapped by cold water, and the
amount of fluorine was compared with the coulomb
number passed. As is shown in Table 1, a small amount
of fluorine was formed during the dc polarization
measurement for 24 h. However, as compared with the
total current passed, the amount of trapped fluorine is
just 0.45% against the total coulomb number. This also
confirmed that the main charge carrier is oxide ion and
not fluoride ion in doped lanthanum oxyfluoride. As was
discussed before, some of the fluoride ion seems to exist
at the interstitial position; however, this interstitial
fluoride ion seems not to be mobile. A similar result was
also reported for double lanthanum oxyfluoride by
Takashima et al.11 Consequently, it can be confirmed
that the oxide ion is the dominant mobile ion species

and the fluoride ion is the minor charge carrier in La0.9-
Sr0.1O0.5F1.9 and in La0.85Sr0.1Na0.05O0.4F2.0.

It is well-known that lanthanum oxyfluoride is not
stable against water and lanthanum oxyhydorate is
easily formed. Because the formation of a small amount
of fluorine was also observed during the dc polarization
measurement, the chemical stability of doped lantha-
num oxyfluoride was also studied. Table 1 also shows
the amount of F- ion eluted from La0.9Sr0.1O0.5F1.9 for
240 h when the sample was drenched in deionized
water. A small amount of fluoride ion was eluted from
the sample by drenching in water. However, the total
amount of eluted fluoride ion was just 0.008% in the
sample for 4 days, and no change in XRD was observed
after drenching in water for 4 days. Therefore, it can
be said that La0.9Sr0.1O0.5F1.9 is highly stable against
water at room temperature.

The high-temperature stability of the sample against
humidity was also checked. Figure 13 shows the XRD
patterns of La0.9Sr0.1O0.5F1.9 before and after measure-
ment of EMF for the H2-H2O/O2 gas concentration cell.
It was noticed that EMF almost corresponds to the
theoretical value (as shown in Figure 10) that was
sustained over 24 h against humidified hydrogen, albeit
a small increase in EMF is observed. No change in XRD
patterns was observed before and after exposure to
humidified H2 for 24 h. Therefore, it can be considered
that the chemical stability of La0.9Sr0.1O0.5F1.9 against
humidity is high enough for the electrolyte of solid oxide
fuel cells not only at low temperature but also at
intermediate temperature around 673 K.

Figure 14 shows the comparison of the oxide ion
conductivity in La0.85Sr0.1Na0.05O0.4F2.0 and that in the
conventional fluorite and perovskite structured oxide.
It is seen that the oxide ion conductivity in La0.85Sr0.1-
Na0.05O0.4F2 is much higher than that of the commonly
used oxide ion conductors such as Y2O3-stabilized ZrO2,
CeO2-doped Sm, or LaGaO3-based oxide. Even as com-
pared with the binary rare-earth oxide-fluoride of Nd2-
Eu2O3F6, which was reported as the highest oxide ion
conductor in oxyfluoride, LaF3 doped with Sr, Na, and
O shows higher conductivity. In addition, as is shown
in Figure 9, the oxide ion conductivity is stably exhibited
over a wide PO2 range and even in wet atmosphere.
Consequently, Na- and Sr-doped lanthanum oxyfluorite

Figure 11. Electrical conductivity in La0.9Sr0.1O0.5F1.9 esti-
mated by the dc four-probes method as a function of time.

Figure 12. SEM observation and the X-ray line analysis of
the F and O KR line on La0.9Sr0.1O0.5F1.9.

Table 1. Comparison of the Amount of Trapped Fluoride
Ion with That Estimated by Assuming F- Ion Conductor

during dc Polarization Measurementa

amount of F- ion assumed
by F- ion conductor/mol

amount of F- ion trapped
by cold water/mol ratio

2.24 × 10-3 1.03 × 10-5 0.0045
a dc polarization: 2.5 mA, 48 h.

Figure 13. XRD patterns of La0.9Sr0.1O0.5F1.9 before and after
measurement of EMF for the H2-H2O/O2 gas concentration
cell.

4114 Chem. Mater., Vol. 16, No. 21, 2004 Ando et al.



is a highly interesting material as the oxide ion-
conducting electrolyte for low-temperature-operating
solid oxide fuel cells.

Conclusion

In this study, a new class of oxide ion conductors was
developed on the basis of the concept that the doped
oxygen can be mobile in lattice. It is considered that this

concept can be applied to a wider range of compounds
such as nitrides and carbides. There is a large possibility
that a new class of fast oxide ion conductors will be
developed on the basis of this material design. Due to
high chemical stability, we believe that Sr-, Na-, and
O-doped LaF3 is highly attractive as a new oxide ion
conductor for various applications, in particular, as the
electrolyte of solid oxide fuel cells. The highest conduc-
tivity was achieved at La0.9Sr0.1Na0.05O0.4F2.0 in this
study. Also, this compound is chemically stable in
oxygen partial pressure from 1 to 10-21 atm. The
theoretical electromotive forces were almost exhibited
on the oxygen gas-concentration cell. The polarization
measurement confirmed that the oxide ion conductivity
is dominant in La0.9Sr0.1Na0.05O0.4F2.0. The oxide ion
conductivity in La0.85Sr0.1Na0.05O0.4F2 is much higher
than that of the commonly used oxide ion conductors
such as Y2O3-stabilized ZrO2, CeO2 doped with Sm, or
LaGaO3 doped with Sr and Mg. In comparison with that
of the binary rare-earth oxide-fluoride of Nd2Eu2O3F6,
the electrical conductivity of La0.85Sr0.1Na0.05O0.4F2 is
higher. Consequently, La0.9Sr0.1Na0.05O0.4F2.0 is highly
attractive as a new class of oxide ion conductor.
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Figure 14. Comparison of oxide ion conductivity in the
conventional oxides with that in La0.85Sr0.1Na0.05O0.4F2.0.
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