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mobility of O2 and O3 ions on their low-temperature
conduction paths.
In 1959, Cohen and Turnbull28 proposed a microscopic

interpretation of the VTF equation modeling the molecular
transport in liquids:
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where ϕ is the fluidity. These authors postulated that a
molecule vibrates about an equilibrium position until a
redistribution of local “free” volumes opens up, in its vicinity,
a void of sufficient size to jump into, thus facilitating its
diffusion in the liquid. They showed that two parameters of this
empirical VTF relation (B and T0) are directly linked to the
thermal expansion of the total “free” or empty volume available
in the liquid for the diffusion of molecules. If a “free volume”-
type mechanism drives the oxide anion migration above 400−
450 °C in the chemically β-stabilized LAMOX compounds, it
implies that the distortions of the [La3Mo] antitetrahedra-based
framework taking place above this temperature release a “free”
volume. According to the Cohen and Turnbull interpretation,
this “free” volume must expand as the distortions increase upon
heating, to explain the singular increase of the conductivity
observed. A rational fine-tuning of the “free” volume expansion
is highly desirable to enhance the oxide ionic conductivity but is
also challenging. Bearing in mind that the cationic framework of
the β-La2Mo2O9 structure is composed of La corner-sharing
[O1La3Mo] antitetrahedra, increasing the average size of the
bridging ion could open the way to increase the total “free”
volume through the expansion in volume of both the
antitetrahedron, the cages and the tunnels of the antistructure.
Among all possible substitutes for lanthanum, only potassium
(ionic radius in 10-fold coordination of 1.59 Å29), barium (ionic
radius in 10-fold coordination of 1.52 Å29), or divalent lead
(ionic radius in 10-fold coordination of 1.40 Å29) can increase,

even at low substitution rate, the mean La site cation radius ⟨r⟩
more than Bi does in β-La1.7Bi0.3Mo2O9 (⟨r⟩ = 1.276 Å with an
ionic radius for La3+ and Bi3+ in 10-fold coordination of 1.27
and 1.31 Å, respectively29). Such partial substitutions of La by
an element of lower valence change the oxide ion/vacancy
balance. One can consider that both the increase of the mean
La-site cation radius and the introduction of extrinsic oxygen
vacancies could enhance the oxide ion migration. However, the
reverse situation is observed in all aliovalently substituted
LAMOX compounds reported in the literature. As shown by
Marrero-Loṕez et al.6 or very recently by Takai et al.,8 the ionic
conductivity of K-, Ba-, and Pb-substituted compounds remains
lower than that measured at temperatures higher than 580 °C
in the parent compound β-La2Mo2O9. Whatever the substitute
considered, the conductivity decreases nonlinearly as the
substitution rate increases.
Our previous investigations7 showed that the β-form of the

highest K+- and Ba2+-substituted LAMOX exhibit an exsolution
of β-KLaMo2O8 and BaMoO4 scheelite-type phases above a
temperature decreasing as the substitute content increases:
La1.92K0.08Mo2O8.92 (∼700 °C), La1.88K0.12Mo2O8.88 (∼500 °C),
La1.85Ba0.15Mo2O8.925 (∼900−950 °C), and La1.8Ba0.2Mo2O8.9
(∼700 °C). In this series, β-La1.85Ba0.15Mo2O8.925 is the only
composition combining both the “highest” mean La-site cation
radius (⟨r⟩ = 1.289 Å) and a stability of the β-form in a
temperature range (up to 900 °C) as large as the range
explored in our previous structural analysis performed on β-
La1.7Bi0.3Mo2O9 derivative, thus allowing a direct comparison.
The objective of the current structural analysis on β-
La1.85Ba0.15Mo2O8.925, undertaken by temperature-controlled
neutron diffraction, was to understand why no enhancement
of the ionic conductivity can be achieved through a
concomitant increase of the mean La-site ionic radius and the
introduction of extrinsic vacancies. In the first part of the paper,
the temperature incidence on the geometry and tilts/rotations
of [O1La3Mo] elementary bui ld ing units in β -
La1.85Ba0.15Mo2O8.925 is at first carefully examined and then
compared with the one previously determined in β-
La1.7Bi0.3Mo2O9 to highlight the structural changes caused by
barium. As shown in the current paper, the oxide ion
conductivity of β-La1.85Ba0.15Mo2O8.925 and β-La1.7Bi0.3Mo2O9
at temperatures higher than 425 °C are similar, although the
volume of the voids expands as the mean La-site ionic radius
increases. This contradiction led us to reconsider the use of the
VTF equation to describe the temperature dependence of the
conductivity of LAMOX materials. Finally, we show how well
the modification of the VTF equation proposed by Dienes,30

and Macedo and Litovitz,31 can relate the structural features of
LAMOX materials to their transport property. A lanthanum
substitution strategy based on crystallographic grounds is then
proposed for enhancing the oxide ion conductivity of
chemically β-stabilized La2Mo2O9 compounds above 400−450
°C.

2. EXPERIMENTAL SECTION
2.1. Synthesis. One gram of polycrystalline sample of β-

La1.85Ba0.15Mo2O8.925 was prepared by conventional solid-state reaction
from elementary oxides La2O3 (REacton, 99.9%, from Alfa Aesar),
BaCO3 (RP Normapur, 99.5%, from Prolabo), and MoO3
(PURATREM 99.999% from Strem Chemicals). Prior to use,
BaCO3 was kept dry in an air oven at 100 °C and La2O3 was calcined
in air for 12 h at 1000 °C in order to remove adsorbed water and
carbon dioxide (CO2). Reactant powders were stoichiometrically
weighed, thoroughly ground in an agate mortar, and initially heated in

Figure 1. Temperature dependence of the electrical conductivity of β-
La1.7Bi0.3Mo2O9 (black, gray, and open circles) and of β-
La1.85Ba0.15Mo2O8.925 (black, gray, and open circles) compared to
that of La2Mo2O9 (pellet sintered for 3 h at 1000 °C, relative density =
96(1)% of theoretical density, solid red line) and to that of 8 mol %
yttria-stabilized zirconia (solid blue line, data taken from ref 3). The
conductivity plot was fitted with a conventional Arrhenius law in the
linear part at low temperature (dashed black line) and with the DML
model when departure from linearity is observed at higher temperature
(solid black line). Gray circles refer to a mixed Arrhenius−DML
regime. At the bottom, a plot of the first derivative of the conduction,
with respect to temperature, is shown (black circles).
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an alumina crucible at 500 °C for 12 h. After several intermediate
heatings and regrindings, a single β-phase was finally obtained after a
final firing at 1000 °C, followed by cooling to room temperature at a
rate of 5 °C/min. Phase purity was checked by recording powder X-ray
diffraction patterns at room temperature on a PANalytical θ/θ Bragg−
Brentano X’pert MPD PRO diffractometer (Cu Kα1+2 radiations)
equipped with the X’Celerator multielement detector. The above
process was performed 10 times to get the 10 g of β-
La1.85Ba0.15Mo2O8.925 sample used in the neutron diffraction study.
2.2. Structural Characterization. A constant-wavelength

(1.593641 Å) neutron powder diffractogram was recorded in static
air from the high-resolution two-axis diffractometer super-D2B of
Institut Laue−Langevin (Grenoble, France) equipped with a standard
ILL furnace. For data collection at and above room temperature, the
10-g sample of β-La1.85Ba0.15Mo2O8.925 was loaded in a cylindrical silica
glass container open to air in order to avoid the molybdenum
reduction upon heating. Temperature-controlled neutron diffracto-
grams were collected at RT and then at 100 °C intervals between 100
and 900 °C. Data were collected in the [−7.45°−162°] scattering
angle range for approximately 2 h at each temperature with a 0.05°
step. The program FullProf32 was used for Rietveld refinements. The
lineshape was modeled by a standard pseudo-Voigt function using a
Caglioti full width at half maximum (fwhm)-type function (refined
parameters U, V, W, η) with a profile asymmetry correction (reported
by Beŕar and Baldinozzi33) below a scattering angle of 40° in 2θ (two
first adjustable parameters). In addition to the modulated background
arising from short-range correlation of atomic positions O2 and O3
with fractional occupancies in β-La2Mo2O9-type structure,

20,26,34,35 all
neutron diffraction patterns collected in a cylindrical vitreous silica
container in the temperature range from RT to 900 °C and shown in
Figure 2 exhibit three parasitic broad peaks of the vitreous silica
container at Q-wave vector positions of 1.5, 2.9, and 5.5 Å−1.36 Then,
the wavy background intensity was estimated from linear interpolation
between points manually selected in regions free from Bragg
reflections of space group P213 (No. 198). The Diamond software37

was used to draw the crystal structure.
2.3. Transport Property. A dense ceramic sample of β-

La1.85Ba0.15Mo2O8.925 was obtained after cold pressing the ball-milled
powder and sintering the pellet at 1000 °C (relative density = 94(2)%
of theoretical density), as extensively described in ref 13. Thin Pt films
electrodes were deposited by radio-frequency (RF) sputtering on both
flat faces of the sintered pellet. Conductivity was measured by using a
symmetric two-electrodes electrochemical cell connected to a
Solartron 1296 dielectric interface and a Solartron 1260 frequency
response analyzer. Complex impedance spectra were recorded over the
10 MHz to 0.05 Hz range (AC signal amplitude of 50 mV, 40 points/
decade) under dry air flow every 25 °C (thermal equilibration for 35
min) as the temperature increased from 300 °C to 575 °C. As
previously stated in β-La1.9Ba0.1Mo2O8.95,

7 a decrease in conductivity
resulting from the exsolution of BaMoO4 within the pellet takes place
above 600−650 °C, while the raw powder remains pure up to 900−
950 °C. Thereby, no conductivity measurements on β-
La1.85Ba0.15Mo2O8.925 were performed at temperatures higher than
575 °C.

3. RESULTS AND DISCUSSION

3.1. Rietveld Refinements. The crystal structure of β-
La1.85Ba0.15Mo2O8.925, at room temperature, has been refined
from neutron powder diffraction pattern by the Rietveld
method using the high-temperature cubic structure of β-
La2Mo2O9 as a starting structural model.15 The site occupation
factors for La and Ba in special positions (4a) were kept fixed to
0.925 and 0.075, respectively, according to nominal Ba content.
In our first structural model (model 1), it was postulated that
the extrinsic oxygen vacancies introduced by the aliovalent
substitution of lanthanum by barium were located on O2/O3
sites, since no deficiency of the O1 site was earlier reported in
β-La2Mo2O9 or β-La1.7Bi0.3Mo2O9.

26 Thereby, the occupancy of

the O3 site was initially constrained with that of the O2 site to
fulfill oxygen stoichiometry “O8.925”. The anisotropic temper-
ature factors Uij of O3 site were also constrained to those of
O2. The neutron diffraction pattern collected at room
temperature was satisfactorily modeled by least-squares fitting
the structural model, which consisted of 10 atomic coordinates,
12 anisotropic thermal factors, O2/O3 fractional site
occupancies, and the cubic cell parameter a. Figure 2a shows
the final observed, calculated, and difference diffraction patterns
of β-La1.85Ba0.15Mo2O8.925 at room temperature. In Figure 2b,
no trace of exsolved BaMoO4 is detected in the neutron
diffraction patterns collected in the temperature range of 100−
900 °C. It confirms that raw powder of β-La1.85Ba0.15Mo2O8.925
is stable in air up to 900 °C and that the exsolution takes place
at temperatures higher than 900 °C. Then, successively, the
structure refined at a lower temperature was used as starting
model for refinement of the next-higher-temperature one. All
neutron diffraction patterns were satisfactorily modeled by
least-squares fitting this structural model. The values of atomic
parameters (positions coordinates, equivalent isotropic temper-
ature factors,38 and site occupancy factors) together with

Figure 2. Neutron diffraction patterns of β-La1.85Ba0.15Mo2O8.925: (a)
observed (dots), calculated (lines), and difference (below) patterns at
room temperature (RT) using the structural model in Table 1. Vertical
markers give Bragg peak positions of space group P213 (No. 198). (b)
Modulation of the background showing a first maximum around a Q-
wave vector position of 2.75 Å−1 (Q = 4π sin θ/λ) and the parasitic
broad peaks of vitreous silica container at 1.5, 2.9, and 5.5 Å−1 for
patterns collected from RT to 900 °C (see text for details).
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conventional reliability factors, are reported in Table 1 for each
temperature of the data collection.
At this stage, one can wonder whether the presence of

extrinsic oxygen vacancies in the anionic sublattice of β-
La1.85Ba0.15Mo2O8.925 could have changed the overall oxygen
vacancy (intrinsic+extrinsic) distribution over the three
crystallographic oxygen sites of the structure. Therefore, a
second structural model (model 2) was tested, in which a slight
5% depletion of the O1 site to the benefit of O2 or O3 sites was
introduced. The starting occupancy of each oxygen site was
then calculated to fulfill oxygen stoichiometry “O8.925”. The
refinement of the occupancy factors of O1, O2, and O3 sites
was performed while keeping all structural parameters fixed to
values reported in Table 1. To retain the “O8.925” oxygen
stoichiometry, occupancies of two oxygen sites were, in turn,
constrained and refined. The deficiency of O1 site in β-
La1.85Ba0.15Mo2O8.925 was ∼0.5(5)% at RT or 900 °C, thus
remaining of the same order of magnitude as that the deficiency
previously determined for β-La1.7Bi0.3Mo2O9 (0.2(4)% at 900
°C). The absence of a significant depletion of O1 site implies
that the (intrinsic+extrinsic) oxygen vacancies only reside at O2
and O3 sites whatever the temperature. The thorough
structural analysis reported hereafter was thereby carried out
from the crystallographic data of model 1 (Table 1).
3.2. Anionic Conductivity. The incidence of the aliovalent

substitution of lanthanum by barium on the conductivity of
La2Mo2O9 was earlier studied by Marrero-Loṕez et al.6 Their
attention was focused on two compositions x = 0.025 and 0.15
of the La2−xBaxMo2O9−x/2 solid solution. The conductivity
measurements were performed up to 950 °C on dense pellets
directly prepared from nanocrystalline powders. Our temper-
ature dependence of the bulk conductivity of β-
La1.85Ba0.15Mo2O8.925 in the temperature range of 300−575
°C, displayed in Figure 1, is very similar to that found by these
authors. However, none of their x = 0.025 and x = 0.15
compositions exhibit any decrease of conductivity at temper-
atures higher than 575 °C. This discrepancy suggests that ball-
milling of barium-substituted compounds is likely to involve an
exsolution of BaMoO4 at a lower temperature than that
reported for raw powders. As shown in Figure 1, the

temperature dependence of the bulk conductivity of β-
La1.85Ba0.15Mo2O8.925 composition in the temperature range of
300−425 °C can be satisfactorily fitted (correlation coefficient
of r2 = 0.9999) with a conventional Arrhenius-type law:

σ σ= −⎜ ⎟⎛
⎝

⎞
⎠T

E
RT

exp a
0

Values of the pre-exponential factor (σ0) and the activation
energy (Ea) are both reported in Table 2. Note that our value of
activation energy determined for the x = 0.15 compound in the
Arrhenius regime is identical to the value obtained by Marrero-
Loṕez et al.6 At temperatures higher than 425−450 °C, the
singular increase of the conductivity, characteristic of all
chemically β-stabilized LAMOX compounds, is also observed
for β-La1.85Ba0.15Mo2O8.925. When compared to the conductivity
of β-La1.7Bi0.3Mo2O9 above 425 °C, no enhancement of the
ionic conductivity is achieved through the concomitant increase
of the mean La-site ionic radius and the introduction of
extrinsic oxygen vacancies (see Figure 1).

3.3. Nonoccupied Cell Volume and Structural Dis-
tortion. As mentioned in the Introduction, by partially
substituting trivalent lanthanum (La3+) with larger divalent
barium (Ba2+), we expect to expand the voids of the cationic
framework, in order to enhance the overall oxide ion mobility.
Since the oxide ion conductivities of β-La1.85Ba0.15Mo2O8.925
and β-La1.7Bi0.3Mo2O9 at temperatures higher than 425 °C are
similar, what we want to know now is whether or not the
volume of the voids in β-La1.85Ba0.15Mo2O8.925 is higher than
that in β-La1.7Bi0.3Mo2O9.
Brown et al. have demonstrated that, in ionic solids, the

magnitude of the bond lengthening when the temperature
increases is dependent both on the amplitude of the thermal
vibrations of atoms that form the bond and on the bond
strength.39 Thus, the thermal volume expansion or contraction
of the unit cell only originates from the lengthening of chemical
bonds and the opening or closing of bond angles with
increasing temperature, all ionic radii remaining constant. In β-
La2Mo2O9, taking into account the partial occupancy of O2 and
O3 sites, the average number of oxygen atoms surrounding La3+

and Mo6+ are 10 and 4.5, respectively. The values of the ionic

Table 2. Sintering Conditions, Relative Density, and Parameters of the Arrhenius and the Dienes−Macedo−Litovitz
(DML)30,31-Type Laws Determined for β-La1.7Bi0.3Mo2O9 and β-La1.85Ba0.15Mo2O8.925

β-La1.7Bi0.3Mo2O9 β-La1.85Ba0.15Mo2O8.925

sintering conditions 5 h, 875 °C 12 h, 1000 °C
relative density (%) 98(1) 94(2)

Arrhenius regime, σ σ= −( )T exp E
RT0

a

log(σ0) (S K cm−1) 7.74 7.90
Ea (eV) 1.27 1.31
r2 0.9999 0.9999

DML regime, σ σ= − −
Δ

−
⎡
⎣⎢

⎤
⎦⎥( )T exp exp

H

RT
B

R T T0 2 ( )
f

0

log(σ0) (S K cm−1) 4.99 6.37
ΔHf (eV) 1.10 1.68
B (eV) 0.037 0.028
T0 (°C) 402 376
r2 0.999 0.999

migration enthalpy ΔHm
a (eV) 0.72 0.47

aEa = ΔHf/2 + ΔHm.
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radii for La3+, Bi3+, and Ba2+ in 10-fold coordination tabulated
by Shannon29 have been used to calculate the volume occupied
by ions in the unit cell of β-La1.7Bi0.3Mo2O9 and β-
La1.85Ba0.15Mo2O8.925. With the coordination number of the
Mo atom being half an integer, an ionic radius for Mo6+ of rMo
= 0.455 Å has been calculated, which is the average of ionic
radii in four-fold (0.41 Å) and five-fold (0.50 Å) coordinations.
At each temperature, the nonoccupied cell volume has been
then calculated for both compounds by subtracting the volume
occupied by ions from the cubic unit cell volume determined
from Rietveld refinements of neutron diffraction patterns (see
Table 1 and ref 26). Note that, a distinction must be made
between the cell volume not occupied by ions and the “free”
cell volume, which is considered to be the volume available for
the migration of oxide ions. Figure 3 displays the evolution

against temperature of the nonoccupied cell volume for both
compounds. It is worth mentioning that the spatial extension of
the Bi 6s2 lone pair in β-La1.7Bi0.3Mo2O9 (which roughly
corresponds to the volume of an oxide anion40) was not
considered into the calculation, since no significant distortion
of the oxide coordination environment for La/Bi cation site,
characteristic of a high stereochemical activity of the lone pair,
was noticed in our previous structural analysis.26

In Figure 3, two thermal domains with linear dependences of
the nonoccupied cell volume are noticed below and above 400
°C. The thermal volume expansion coefficient (TVEC,
calculated from the slope and the intercept of the linear
regression) increases from 11.3 × 10−4 °C−1 to 16.1 × 10−4

°C−1 in the temperature range from 25−400 °C to 400−900
°C, respectively. It must be noted that the TVEC value at high
temperature for β-La1.85Ba0.15Mo2O8.925 is higher than the value
determined in the same temperature range for β-
La1.7Bi0.3Mo2O9 (11.2 × 10−4 °C−1 and 14.7 × 10−4 °C−1 in
the ranges of 25−400 °C and 400−900 °C, respectively)

whereas both compounds exhibit a similar expansion in
nonoccupied cell volume at low temperature. In Figure 3, a
difference in nonoccupied cell volume of ∼0.94 Å3 (∼0.17%) is
noted at 900 °C between the two derivatives of La2Mo2O9.
Comparing the nonoccupied volume releases in the unit cell by
the introduction of extrinsic vacancies (approximately +1.58 Å3

= 0.15 × 4/3 × π × rV
3, where the ionic radius (rV) of an oxygen

vacancy corresponds to the ionic radius in triangular
coordination rO = 1.36 Å29 of the oxide ions O(2)/O(3) in
β-La2Mo2O9

41) with the increase of the volume occupied by
cations in the unit cell (∼+1.34 Å3) due to the change in the
nature and the amount of substitute (La1.7Bi0.3 → La1.85Ba0.15),
the gain in nonoccupied volume represents only one-fourth
(∼0.24 Å3) of the difference in the entire nonoccupied cell
volume (∼0.94 Å3) noted at 900 °C between Bi- and Ba-
substituted LAMOX compounds. In other words, the main
increase in nonoccupied cell volume of ∼+0.7 Å3 at 900 °C
(which also corresponds to the increase in unit-cell volume)
originates from the structural distortion caused by the
introduction of barium in the cationic framework. In order to
determine these structural changes, the temperature incidence
on the structural distortion of the [O1(La/Ba)Mo] host
framework in β-La1.85Ba0.15Mo2O8.925 has been carefully
examined and compared with that reported for β-
La1.7Bi0.3Mo2O9. The next section is devoted to such analysis.

3.4. Distortive Expansion of the [O1(La/Ba)Mo] Host
Framework upon Heating. In our previous thorough
structural analysis carried out on β-La1.7Bi0.3Mo2O9, the tunnels
of the antistructure, hosting partially occupied O2 and O3
crystallographic sites, have been described as resulting from the
3D interconnections of small cages built up from seven La/Bi
corner-sharing [O1(La/Bi)3Mo] basic units. A complete
description of the cage geometry has been proposed, using
the following parameters:

• six intertetrahedral edge angles between adjacent La
corner-sharing [O1La3Mo] basic units: α = La1−La2−
La3, β = Mo−La1−La2, ω = La2−La3−La4, γ = La3−
La4−La6, θ = La1−La5−La6 and ϕ = Mo−La5−La6,

• four cation−cation distances: La1−La3, La2−La4, and
Mo−Mo represent the three “diagonals” of the cage, and
Mo−La3 represents the “bottleneck” of tunnels.

Such a cage in β-La1.85Ba0.15Mo2O8.925 is isolated in Figure 4a.
The evolutions of these intertetrahedral edge angles and
cation−cation distances as a function of temperature have been
determined from the data reported in Table 1 and are displayed
in Figure 4b. To identify the change in cage geometry at the
origin of the larger expansion in nonoccupied cell volume
observed at high temperature for β-La1.85Ba0.15Mo2O8.925, the
temperature dependences of the above geometrical parameters
were compared with those obtained for β-La1.7Bi0.3Mo2O9. As
observed for the Bi-substituted La2Mo2O9, two different
thermal behaviors of the tilt angle |δ| are noticed for β-
La1.85Ba0.15Mo2O8.925. After a steady state in the temperature
range from RT to 400 °C, the tilt angle |δ| starts to increase
before leveling off at temperatures higher than 600 °C. Note
that the leveling off in β-La1.85Ba0.15Mo2O8.925 occurs at a
temperature lower than that observed for β-La1.7Bi0.3Mo2O9
(∼800 °C), thus softening up the rise of antitetrahedra tilting in
the Ba-substituted LAMOX over the temperature range of
400−900 °C. In β-La1.85Ba0.15Mo2O8.925, this increase of the tilt
angle |δ| is, in regard to magnitude (Δ|δ400−900 °C| ≈ 0.8°),
almost two times smaller than that observed for β-

Figure 3. Comparison of temperature dependence of nonoccupied cell
volume and of “free” volume for β-La1.85Ba0.15Mo2O8.925 (circles, ●)
with that of β-La1.7Bi0.3Mo2O9 (open triangles, △), both determined
from Rietveld refinement of temperature-controlled neutron diffrac-
tion data (see Table 1 and ref 26, respectively). Area shown in red
corresponds to the “free” volume released by the distortive expansion
of the cationic framework taking place above 400 °C in β-
La1.85Ba0.15Mo2O8.925 (rotation and distortion of the antitetrahedron).
The value of nonoccupied cell volume determined for β-La2Mo2O9 at
670 °C (cross symbol, ×) is added for reference (see details in the
text).
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La1.7Bi0.3Mo2O9 (Δ|δ400−900 °C| ≈ 1.5°). Nevertheless, Figure 4b
shows that edge angles and cation−cation distances within the
cage of Ba-substituted LAMOX compound behave the same
way as in β-La1.7Bi0.3Mo2O9 when the tilt angle |δ| increases in
the range of 400−900 °C. Even if the magnitude of the opening
or closing of the intertetrahedral edge angles α (Δα ≈ +0.9°), γ
(Δγ ≈ −0.2°), θ (Δθ ≈ −0.4°), ϕ (Δϕ ≈ −0.5°), β (Δβ ≈
−0.8°), and ω (Δω ≈ −1.1°) in β-La1.85Ba0.15Mo2O8.925 is
nearly twice as small as that observed for β-La1.7Bi0.3Mo2O9
(Δα ≈ +1.6°, Δγ ≈ −0.5°, Δθ ≈ −0.8°, Δϕ ≈ −1°, Δβ ≈
−1.3°, and Δω ≈ −2°), a closing down of framework’s tunnels
also occurs in the Ba-substituted LAMOX compound. Theses
comparable evolutions tend to suggest that the observed
thermal behavior is characteristic of La-substituted β-LAMOX
compounds.
Let us now examine how the geometry of the [O1(La/

Ba)3Mo] elementary building unit evolves with temperature.
Figure 5 displays the thermal evolution of the La/Ba−La/Ba

and La/Ba−Mo distances within the [O1(La/Ba)3Mo] basic
unit, determined from the experimental data reported in Table
1. Below and above 400 °C, La/Ba−La/Ba edges undergo two
linear regimes of elongation (see Figure 5). The rates of
lengthening (ΔdLa/Ba−La/Ba/ΔT ≈ 6.5 × 10−5 Å °C−1 and
ΔdLa/Ba−La/Ba/ΔT ≈ 10.2 × 10−5 Å °C−1 in the temperature
ranges of RT−400 °C and 400−900 °C, respectively) are
comparable to those determined for La/Bi−La/Bi edges in the
Bi-substituted La2Mo2O9 sample (ΔdLa/Bi−La/Bi/ΔT ≈ 6.2 ×
10−5 Å °C−1 and ΔdLa/Bi−La/Bi/ΔT ≈ 10.8 × 10−5 Å °C−1 in the
temperature ranges of RT−400 °C and 400−900 °C,
respectively). When the temperature increases from RT to
400 °C for β-La1.85Ba0.15Mo2O8.925, the La−Mo edges do not
exhibit the slight contraction in length that is observed in Bi-
substituted La2Mo2O9, their lengths remaining constant up to
400 °C. Above 400 °C, an elongation of the La/Ba−Mo edges

Figure 4. (a) Cage of the three-dimensional (3D) cationic framework,
built up from seven La/Ba corner-sharing [O1(La/Ba)3Mo]
antitetrahedral basic units (green) hosting mobile O2/O3 oxide ions
in β-La1.85Ba0.15Mo2O8.925. Thermal ellipsoids (at 50% probability) of
Mo6+ (pink), La3+ or Ba2+ (blue), O2 (orange), and O3 (red) ion sites
determined at room temperature from Rietveld refinement of neutron
diffraction data (Table 1). (b) Comparison of temperature depend-
ences of cation−cation distances and intertetrahedral edge angles

Figure 4. continued

within the cage for β-La1.85Ba0.15Mo2O8.925 (left) with that for β-
La1.7Bi0.3Mo2O9 (right, ref 26). Variations are satisfactorily fitted with
quadratic polynomial functions when departure from steady state or
linear behavior is observed. The values determined for β-La2Mo2O9 at
670 °C (crosses) are added for reference (see details in the text).

Figure 5. Comparison of thermal evolution of La−La and La−Mo
edge lengths (Å) and of the volume (Å3) of the [O1La3Mo]
antitetrahedral basic unit in La1.85Ba0.15Mo2O8.925 (open/black circles
and black triangles) with that in β-La1.7Bi0.3Mo2O9 (solid red line, see
ref 26). The values determined for β-La2Mo2O9 at 670 °C (cross
symbols, ×) are added for reference (see details in the text).
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(ΔdLa/Ba−Mo/ΔT ≈ 12.9 × 10−5 Å °C−1) takes place, which is of
lesser magnitude than the elongation of La/Bi−Mo edges
determined in β-La1.7Bi0.3Mo2O9 (ΔdLa/Ba−Mo/ΔT ≈ 18.6 ×
10−5 Å °C−1). It implies that the volume of the antitetrahedron
in the barium derivative does not expand as much as that in β-
La1.7Bi0.3Mo2O9 over the range of 400−900 °C (see Figure 5,
reduction of the expansion by approximately −0.11 Å3 at 900
°C). Thus, when the mean La-site cation radius slightly
increases by Δ⟨r⟩ = +0.013 Å, the volume of the cationic
framework, which is the cumulative volume of the four
antitetrahedra contained in the unit cell, contracts by
approximately (−0.11 × 4) Å3 at 900 °C.
Our previous thorough structural analysis, carried out on the

Bi-substituted LAMOX, suggested that, above 400 °C, the
distortion/libration of the cationic tetrahedral [(La/Bi)3Mo]
coordination of O1 oxide ion allows it to pass through the
[(La/Bi)3] and [(La/Bi)2Mo] triangular faces toward nearest-
neighboring vacancies at O2 or O3 sites. A structural evidence
for the participation of site O1 to the oxide ion migration
process above 400 °C in β-La1.7Bi0.3Mo2O9, was that O1 atom
progressively moved away from the [La3] base of the [O1(La/
Bi)3Mo] antitetrahedron as the trigonal extension of this entity
along the Mo apex increases in magnitude upon heating above
this temperature (increase of the O1−La/Bi and O1−Mo
distances). As shown in Figure S1 in the Supporting
Information, and ref 26, O1−La/Ba and O1−Mo bond lengths
in β-La1.85Ba0.15Mo2O8.925 behave, in the temperature range of
400−900 °C, the same way as in β-La1.7Bi0.3Mo2O9. What we
examine next is whether the increase of the mean La-site cation
radius allows the O1 oxide ion to pass through the [La3] and
[(La)2Mo] triangular faces more easily or less easily. The radius
r of the sphere tangent to the three atoms forming a triangular
face of the antitetrahedron was calculated at each temperature
for the two face types [(La/Ba)2Mo] and [(La/Ba)3],
according to the method detailed in ref 26. The temperature
dependences of r for both [(La/Ba)2Mo] and [(La/Ba)3]
triangles and of the equivalent isotropic temperature factors for
La/Ba and Mo atoms are shown in Figure 6. In this figure, one
can note that the two types of bottlenecks in β-
La1.85Ba0.15Mo2O8.925 are slightly narrower than those existing
in the Bi compound (difference in size varying from 0.01 to
0.02 Å). Even if a reduction in the size of the bottlenecks was
expected, because of the contraction in volume of the
antitetrahedron, one can note that this reduction is, however,
of the same order of magnitude as the increase of the mean La-
site cation radius (Δ⟨r⟩ = +0.013 Å). When compared to the
ionic radius rO = 1.36 Å29 of an oxide ion in triangular
coordination, the size of the two bottlenecks are too narrow in
both compounds for an oxide ion to pass through the faces of
the antitetrahedron, regardless of the temperature considered.
In β-La1.7Bi0.3Mo2O9, it has been shown that, above 400 °C, the
extra increase of thermal vibrations for La/Bi and Mo atoms
favors the distortion/opening of the bottlenecks, allowing the
O1 ion migration. Comparing the strength of the Ba−O bond
(562.0(13.4) kJ/mol42) with that of the Bi−O bond
(337.2(13.6) kJ/mol42) and considering the large Debye−
Waller thermal factor of oxygen atoms, one would expect that
the vibration of the Ba atom would be of much higher
magnitude than the vibration of the heavier Bi atom. In Figure
6, surprisingly, the reverse situation is observed. At 900 °C, a
huge difference of 2 Å2 is even noted between the atomic
displacement parameters for La/Bi and La/Ba atoms. Over the
range 400−900 °C, the atomic displacement parameter for Mo

atom in the Ba-substituted compound does not increase as
much as that in β-La1.7Bi0.3Mo2O9, since it was already higher in
the former than in the latter at temperatures below 400 °C (a
difference of ∼1 Å2). Despite this, both compounds have the
same atomic displacement parameter for Mo atom at 900 °C.
From this consideration, the jumps of O1 oxygen ions toward
the nearest-neighboring O2 and O3 sites in β-
La1.85Ba0.15Mo2O8.925 seems to be less assisted by La/Ba
atoms than by La/Bi atoms in the Bi-substituted compound.
Nevertheless, the conductivity of both compounds remains
similar above 450 °C.
This contradiction incited us to closely look into the thermal

evolution of the volumes of the cage and tunnels hosting
mobile O2 and O3 ions in both compounds. The cage volume
can be roughly estimated from the volume of the trigonal
bipyramid centered on O3 sites and formed by Mo, La2, La3,
La4, and La7 atoms, as shown in Figure 4a (calculation details
are given in ref 26). The volume of tunnels is calculated by
subtracting the volume of the framework from the volume of
the cubic unit cell. The volume variations of the cage and of
tunnels against temperature are displayed in Figure 7 for both
β-La1.85Ba0.15Mo2O8.925 and β-La1.7Bi0.3Mo2O9 oxides. In the Ba-
substituted compound, the volume of the cage undergoes two
successive linear regimes of expansion below and above 400 °C
(Figure 7a). Over the range of RT−400 °C, the expansion of
the cage in the Bi-substituted compound (∼0.61 Å3) is slightly
higher than in β-La1.85Ba0.15Mo2O8.925 (∼0.53 Å3). The
difference mainly arises from the compression of the
antitetrahedron along the [O1−Mo] direction taking place

Figure 6. (a) Comparison of temperature dependences of the radius r
of the sphere tangent to the three atoms forming a triangular face of
the [O1La3Mo] antitetrahedron in β-La1.85Ba0.15Mo2O8.925 (left) with
that in β-La1.7Bi0.3Mo2O9 (right, ref 26). (b) Comparison of
temperature dependences of equivalent isotropic temperature factors
Beq for La and Mo atoms in β-La1.85Ba0.15Mo2O8.925 (left) and β-
La1.7Bi0.3Mo2O9 (right, ref 26). In panels (a) and (b), the values for β-
La2Mo2O9 at 670 °C (cross symbols, ×) are added for reference (see
details in the text).
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only in β-La1.7Bi0.3Mo2O9, which releases extra space in the
cage. In the Ba derivative of La2Mo2O9, the expansion of the
cage at temperatures lower than 400 °C is only due to the
elongation of La/Ba1−La/Ba3 and La/Ba2−La/Ba4 distances
as the temperature increases (see Figure 4b). Above 400 °C, a
slowing of the cage expansion is observed in β-
La1.85Ba0.15Mo2O8.925, because of the trigonal extension of the
antitetrahedron along the nonbridging Mo apex when it tilts in
the cage. Over the range of 400−900 °C, the higher extension
and the twice-higher tilting in the cage of the antitetrahedron in
β-La1.7Bi0.3Mo2O9 change the slowing of the cage expansion
observed in β-La1.85Ba0.15Mo2O8.925 into a leveling off in the
former. Thereby, the volume expansion of the cage in β-
La1.85Ba0.15Mo2O8.925 (∼0.47 Å3) over the range of 400−900 °C
is three times higher than that reported in the Bi-substituted
compound (∼0.14 Å3). For all that, the cage in the Ba-
substituted compound exceeds in volume the cage in β-
La1.7Bi0.3Mo2O9 above 600 °C only, with the difference in
volume at 900 °C attaining a value of ∼0.27 Å3. Note that this
volume expansion of the cage at 900 °C does not correspond in
magnitude to the volume contraction of the antitetrahedral
framework reported at the same temperature (∼−0.44 Å3)
when the mean La-site cation radius increases. The remaining
volume released by this contraction (∼0.17 Å3) is then
inevitably distributed in the intercage space within the tunnels.
In Figure 7b, one can however notice that the expansion of
tunnels due to the contraction of the antitetrahedra (∼0.44 Å3)

represents only 38.9% of the entire volume expansion of
tunnels (∼1.13 Å3) reported at 900 °C when the mean La-site
cation radius increases. It points out that most of the volume
expansion of tunnels above 400 °C arises from a decrease of the
antitetrahedra tilting caused by the increase in size of the ion
bridging three entities. As a matter of fact, a difference in
behavior is noticed when comparing the volume expansion of
tunnels as a function of temperature in both compounds (see
Figure 7b). Whereas the volume of tunnels in β-
La1.7Bi0.3Mo2O9 continues to increase linearly above 400 °C
with the same expansion rate that at low temperature, the
tunnels in β-La1.85Ba0.15Mo2O8.925 exhibit, above 400 °C, an
extra volume expansion, relative to its regular expansion
observed at lower temperature. The release of extra empty
space in the tunnels of the antistructure above 400 °C could
make the migration of O2 and O3 ions within the tunnels easier
in the barium derivative than in the bismuth one. Nevertheless,
the conductivity of β-La1.85Ba0.15Mo2O8.925 and β-
La1.7Bi0.3Mo2O9 remains similar within the framework-assisted
migration regime (see Figure 1 and the conductivity curve
reported by Marrero-Loṕez et al.6). It suggests that, in the
barium derivative of β-La2Mo2O9, either the easier migration of
oxide ions in the tunnels balance the lower ability for O1 ion to
escape its tetrahedral surrounding (and vice versa in the bismuth
derivative) or this extra empty space is not available for
migration. To be firmly conclusive about this point, attempts to
determine the “free” volume and its role in the oxide ion
conduction for both studied samples are presented in the next
section.

3.5. On the Relative Role of “Free” Volume in the
Oxide Ion Conduction. When a departure from linearity is
observed at temperatures higher than 450 °C in β-
La1.85Ba0.15Mo2O8.925 and 480 °C in β-La1.7Bi0.3Mo2O9, the
temperature dependence of the conductivity can be satisfac-
torily fitted with the empirical VTF model,

σ σ= −
−

⎡
⎣⎢

⎤
⎦⎥T

B
R T T

exp
( )0

0

as reflected in the high correlation coefficients r2 obtained,
respectively (see Figure S2 and Table S1 in the Supporting
Information). The values of the pre-exponential factor (σ0), the
pseudo-activation energy (B), and the temperature T0 are
reported for both compounds in Table S1 in the Supporting
Information. In their microscopic interpretation of the
empirical VTF equation modeling, the molecular transport in
a liquid (or temperature dependence of its fluidity) above the
glass transition, Cohen and Turnbull28 assumed that a local
“free” volume starts to appear around each molecule in the
viscous liquid only above a critical temperature T0. In their
approach, a molecule is pictured as vibrating about an
equilibrium position until a redistribution of local “free”
volumes opens up, in its vicinity, a void of sufficient size into
which it can jump. This redistribution would originate from the
libration of the first nearest molecules surrounding the
molecule in motion. If a “free volume”-type mechanism drives
the oxide anion migration above 400−450 °C in chemically β-
stabilized LAMOX compound, it implies that (i) a distribution
of local “free” volumes exists only above T0 within the [La3Mo]
antitetrahedra-based framework hosting mobile oxide ions and
(ii) the vibration/distortion of the cationic framework allows a
redistribution of local “free” volumes as the oxide ion migrate,

Figure 7. Volume variations of (a) the cage and (b) the tunnels of the
3D cationic framework, as a function of temperature in β-
La1.85Ba0.15Mo2O8.925 (black circles, ●) and in β-La1.7Bi0.3Mo2O9
(open triangles, △, ref 26). The values determined for β-La2Mo2O9
at 670 °C (cross symbols, ×) are added for reference (see details in the
text).
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thus facilitating rapid diffusion and reducing the energy barriers
along migration pathways.
Below and above 400 °C, the nonoccupied cell volume

undergoes two linear regimes of expansion, with the rate of
expansion in the range of 400−900 °C being much larger than
that at low temperature (see Figure 3). One can consider the
thermal expansion of the nonoccupied volume below 400 °C as
regular, since it only originates from linear elongations of
interatomic distances without any modification in intertetrahe-
dral edge angles θ, γ, α, and ω (see Figure 4). When this regular
thermal expansion of the nonoccupied volume observed below
400 °C is extended to higher temperature, a nonoccupied
volume in excess (area in red color, Figure 3) is defined. From
the above structural analysis, this extra empty volume
corresponds to the volume freed by the distortive expansion
of the cationic framework taking place above 400 °C (rotation
and distortion of the antitetrahedron). A first reasonable guess
would be to think that this volume released represents the total
“free” volume favoring/increasing the mobility of oxide ions
above 400 °C, as defined by Cohen and Turnbull28 in their
microscopic interpretation of the empirical VTF model. In their
theory, these authors have quantitatively linked the thermal
expansion of the total “free” volume (VF) to the parameters B
and T0 of the VTF equation:
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where VF* is the smallest “free” volume necessary for a jump to
occur. In the structure of β-La2Mo2O9, the shortest hopping
distance is the distance between two neighboring and partially
occupied O2 and O3 crystallographic sites. This volume VF* is
then calculated by subtracting the volume of an oxygen ion (rO
= 1.36 Å29 in triangular coordination in the structure of β-
La2Mo2O9

41) from the volume of the circular cylinder
connecting two neighboring O2 and O3 crystallographic sites.
Since the “free” volume VF only starts to appear above a critical
temperature T0, the quantity VF* must be calculated at T0. From
the linear evolution of VF as a function of temperature, deduced
from neutron diffraction data and displayed in Figure 3, the
intersection with temperature axis gives a critical temperature
T0 very close to 400 °C for both compounds. For each
compound, the average O2−O3 distance at 400 °C (calculated
from crystallographic data reported in Table 1) is therefore
used to define the height of this circular cylinder, allowing one
to calculate the volume VF*. The temperature dependence of
VF/VF* is displayed in Figure 8 for both compounds. From eq 1,
the larger the expansion of the “free” volume VF, the lower the
value of the B factor. As expected from the above structural
analysis, the magnitude of the “free” volume expansion is higher
in β-La1.85Ba0.15Mo2O8.925 than in β-La1.7Bi0.3Mo2O9. Thereby,
the value of the B factor, deduced from the fit of the
conductivity curve, should be lower for β-La1.85Ba0.15Mo2O8.925
than that for the Bi-substituted compound. As shown in Table
S1 in the Supporting Information, the reverse situation is
observed. This discrepancy might mean that the entire
nonoccupied volume in excess (the red area delineated in
Figure 3) does not correspond to the total “free” volume
available for the migration. At this stage, a question can be
raised: What is the fraction of nonoccupied volume used for the
oxide ion migration in LAMOX materials? Let us now calculate,
by using eq 1, the temperature dependence of the total “free”
volume from the values of the B factor, and the temperature T0

reported in Table S1 in the Supporting Information, assuming
that the value of the volume VF* determined previously from the
average O2−O3 distance at 400 °C is correct. Figure S3 in the
Supporting Information displays the comparison of the
temperature dependences of the total “free” cell volumes VF
deduced from the analysis of neutron diffraction patterns and of
complex impedance spectra for β-La1.85Ba0.15Mo2O8.925 and β-
La1.7Bi0.3Mo2O9 compounds. In this figure, very low values of
VF are obtained from complex impedance data of both
compounds. It would suggest that only a very small fraction
of the volume freed by the distortive expansion of the cationic
framework (at 900 °C, 6.9% for β-La1.85Ba0.15Mo2O8.925 and
13.3% for β-La1.7Bi0.3Mo2O9) is really used in the conduction
process, which is hard to believe.
Dienes,30 and Macedo and Litovitz,31 have tried to reconcile

all the existing theories in the field of the modeling of molecular
transport in a liquid above the glass transition. In their
approach, the molecule can jump into the void resulting from
the redistribution of local “free” volumes only if this molecule
attains a sufficient energy to overcome the attractive forces
holding it to its immediate neighbors. A new equation results
from their investigation, which can be seen as a modified
version of the VTF equation. The relative effects of “free”
volume and intermolecular forces on the transport properties of
a liquid are dissociated from one to the other in the Dienes−
Macedo−Litovitz (DML) equation.30,31 In addition to the
exponential term exp{−B/[R(T − T0)]} describing the “free
volume” mechanism, a second exponential one that contains an
activation energy is introduced in the DML equation. Whereas
the “free volume” approach of Cohen and Turnbull failed to
describe the temperature dependence of the fluidity of several
liquids when the glass-transition temperature (Tg) is exceeded
by 100 °C, satisfactory fits with the DML equation were
obtained. Most interestingly, this study clearly demonstrated
that the “free” volume VF involved in the transport process is
considerably larger than the one predicted by the Cohen and
Turnbull theory. As illustrated in the Figure S3 in the
Supporting Information, an underestimation of VF is suspected
when fits of the conductivity data with the VTF equation are
performed for LAMOX materials. This motivated us to attempt
a fit with the empirical DML model when a departure from
linearity is observed in the temperature dependence of the
conductivity at temperatures higher than 425−450 °C. In a
ionic conductor, the activation energy is linked to the formation
enthalpy of defects ΔHf. In a β-La2Mo2O9-type oxide ion

Figure 8. Temperature dependence of VF/VF* for β -
La1.85Ba0.15Mo2O8.925 (black circles) and β-La1.7Bi0.3Mo2O9 (open
triangles). VF and VF* are the total “free” volume released above 400
°C by the distortive expansion of the cationic framework and the
smallest “free” volume necessary for a jump to occur, respectively.
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conductor, these defects are very likely anion Frenkel pairs OO
×

↔ Oi″ + VO
•• in the Kröger−Vink notation.43 When transposed

to the ionic transport in a solid, the DML equation for the
fluidity of a liquid becomes:
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As pointed by Macedo and Litovitz,31 the data can be
obviously fitted with four adjustable parameters (σ0, ΔHf, B,
and T0) better than with three (σ0, B, and T0). More recently,
this equation was used to model the diffusion of alkaline ions in
amorphous silicates above the glass-transition temperature
(Tg).

44

In order to restrict the number of parameters refined
simultaneously when fitting the conductivity data of a given
compound with the DML equation, the values of the pseudo-
activation energy B and the temperature T0 were first
determined from the linear regression analysis of the
temperature dependence of VF/VF* obtained from neutron
diffraction data. For each compound, the two remaining
adjustable parameters of the model (pre-exponential factor σ0
and the formation enthalpy of anion Frenkel pairs ΔHf) were
then refined in a second step when fitting the conductivity
curve with the DML equation using the values of B and T0
parameters determined beforehand. The main advantage of the
above procedure lies in the fact that the four parameters are
determined through fits of experimental data and never
empirically estimated or extrapolated for a part of them (as
in ref 44, for instance). It is also a way to possibly reconcile the
analyses of neutron diffraction patterns and of complex
impedance spectra. As demonstrated in Figure 1 and confirmed
by the high value of the correlation coefficient r2, the
temperature dependence of the conductivity for both
compounds can be satisfactorily fitted with a DML equation
using the set of parameters displayed in Table 2. It is worth
noting that the “free volume” term mostly determines the way
the conductivity deviates above 400−450 °C from the linear
Arrhenius regime at lower temperatures (“bending” term),
while the magnitude of the conductivity change is controlled by
the “enthalpic” term. From the values tabulated for β-
La1.7Bi0.3Mo2O9 and β-La1.85Ba0.15Mo2O8.925 compounds, the
formation enthalpy of the Frenkel defects seems to play a
significant role in determining the conductivity above 400−450
°C.
In β-La1.7Bi0.3Mo2O9, the formation enthalpy of the Frenkel

defects (ΔHf = 1.1 eV) is slightly higher than the value of 0.84
eV found in the literature45 for the Ba2In2O5, which is a
brownmillerite oxide ion conductor that has intrinsic oxygen
vacancies as La2Mo2O9. One can notice that this enthalpy
(ΔHf) significantly increases when the mean La-site ionic radius
increases in the β-La2Mo2O9 structure. This explains why,
despite a higher “free” volume expansion, the ionic conductivity
of the β-La1.85Ba0.15Mo2O8.925 compound above 450 °C remains
similar to that of the bismuth compound. A question
immediately arises: Why is the formation enthalpy of the
Frenkel defects (ΔHf) in β-La1.85Ba0.15Mo2O8.925 so high?
Atomistic simulation or density functional theory (DFT)
calculations46,47 and EXAFS/XANES48 measurements carried
on yttria-stabilized zirconia reveal that the Y3+ cation, which is
larger in size than the host Zr4+ cation, is preferentially located
in the second-nearest-neighbor position with respect to the
oxygen vacancy, thus implying that the vacancy is the first

nearest neighbor to the host Zr4+ cation. This result is
consistent with 89Y NMR study of 8 mol % yttria-stabilized
zirconia, showing that 95% and 5% of Y ions are 8-fold and 7-
fold coordinated, respectively, to oxygen in the cubic fluorite-
type structure.49 When the size of the substitute is very close to
that of the host Zr4+ cation (the Sc3+ cation, for instance), a
random vacancy distribution is achieved. It explains why Sc2O3-
stabilized zirconia has the highest conductivity and the lowest
activation energy of any known single aliovalently substituted
zirconia.47,50 Taking into account the large size mismatch
existing between La3+ and Ba2+ ions (difference in size of 0.25 Å
with ionic radius in 10-fold coordination29), one can assume
that the oxygen vacancies VO

•• in β-La1.85Ba0.15Mo2O8.925 are
preferentially located/formed in the surroundings of the La ion
rather than that of the larger Ba2+ cation. When barium replaces
lanthanum in the first-nearest-neighbor sphere of an oxide ion
residing in a crystallographic site OO

× , it would become less
energetically favorable for this oxide ion to jump into an
interstitial site Oi″ and create an oxygen vacancy VO

•• in place of
the original oxygen site. Thus, it gives a plausible explanation of
the high enthalpy ΔHf determined for β-La1.85Ba0.15Mo2O8.925.
The fact that the β-La1.7Bi0.3Mo2O9 sample, for which the size
mismatch between the host La3+ cation and the substitute
(difference in size of 0.04 Å for the La3+/Bi3+ pair with the ionic
radius in 10-fold coordination29) is the smallest, is also the
composition having the lowest formation enthalpy of anion
Frenkel Oi″ + VO

•• pairs (see Table 2) strengthens this
explanation. However, no certainty on a full random
distribution of oxygen vacancies in β-La1.7Bi0.3Mo2O9 can be
claimed from this single criterion of size. Experimental evidence
is needed to be firmly conclusive about this point. It is
reasonable to think that the decrease of the conductivity
observed in all cubic-substituted LAMOX compounds, chemi-
cally stabilized by K+ or Pb2+ cations larger than La3+ in size,6,8

would also partially originate from the uneven distribution of
oxygen vacancies in the structure.

3.6. Identify a Substitution Strategy To Enhance the
Oxide Ion Conduction of Chemically β-Stabilized
LAMOX Compounds. Given what we observed for β-
La1.85Ba0.15Mo2O8.925 and β-La1.7Bi0.3Mo2O9 samples, the
substitution strategy of La to enhance the oxide ion conduction
in chemically β-stabilized LAMOX compounds could be to
optimize both the size match between lanthanum and the
substituting element and the “free” volume expansion. If we
consider the size match in β-La2Mo2O9 as ideal, what is the
ideal “free” volume in this binary oxide? However, the “free”
volume expansion resulting from the progressive rotation and
distortion of the antitetrahedra in β-La2Mo2O9 cannot be
determined, because of the first-order nature of its α/β
structural phase transition at 580 °C. Our attention was then
focused on the nonoccupied cell volume, which is much easier
to calculate. In addition, all structural parameters (tilting angle,
volume of the antitetrahedron, size of the bottlenecks, etc.)
analyzed in the present study were also determined for the
parent compound La2Mo2O9 from neutron diffraction data
collected at 670 °C (above its structural α/β phase transition).
The crystal structure of β-La2Mo2O9 at 670 °C (see the CIF file
in the Supporting Information) has been refined by the
Rietveld method constraining the occupancy of the O3 site
with that of the O2 site, as previously done for β-
La1.85Ba0.15Mo2O8.925 and β-La1.7Bi0.3Mo2O9 compounds. Once
the structural parameters for La2Mo2O9 were determined from
these crystallographic data, they were compared with those
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obtained for the Ba- and Bi-substituted compounds (cross
symbol (×) in Figures 3−7).
First of all, the unit-cell volume of β-La2Mo2O9 (V =

378.53(2) Å3) at 670 °C is determined to be smaller than the
vo lumes ca lcu la ted a t th i s tempera ture for β -
La1.85Ba0.15Mo2O8.925 (V = 382.60 Å3) and β-La1.7Bi0.3Mo2O9
(V = 382.20 Å3) from a linear regression. But, most
interestingly, the volume variation of the unit cell is 15 or 7
times higher in magnitude than the gain (∼0.26 Å3) or the loss
(∼−0.50 Å3) of nonoccupied volume solely caused by the
partial La/Ba or La/Bi substitution, respectively. In terms of
nonoccupied volume, its fraction for β-La2Mo2O9 at 670 °C
(∼40.4%) remains 0.4%−0.6% smaller than that calculated at
th i s tempera ture for β -La 1 . 7B i 0 . 3Mo2O9 and β -
La1.85Ba0.15Mo2O8.925 compounds, respectively (see Figure S4
in the Supporting Information). It is worth mentioning that the
tilt angle |δ| (Figure 4), the volume of the antitetrahedron
(Figure 5), and the volume of tunnels (Figure 7) in β-
La2Mo2O9 at 670 °C are similar to the angle and volumes
calculated for the substituted compounds at only 500 °C.
However, the conductivity of the two chemically β-stabilized
LAMOX compounds at 500 °C (1000/T ≈ 1.29 K−1 in Figure
1) remains much lower than the conductivity measured in the
parent compound at 670 °C (1000/T ≈ 1.06 K−1). It clearly
suggests that increasing the fraction of nonoccupied volume (of
total “free” volume) in the framework of β-La2Mo2O9 through
relevant cationic substitution is not a way to enhance its oxide
ion conduction. Thereby, the key parameter that determines, or
has a strong impact on, the conductivity is the size match
between lanthanum and the element substituting for it, rather
than a high “free” volume expansion. For all of that, no matter
how partial the role of the “free” volume expansion is in
determining the conductivity, a minimum expansion is,
however, required to ensure the assisted migration of oxide
ions above 400−450 °C. Keeping the fraction of nonoccupied
volume (or of the “free” volume) above 600 °C in β-stabilized
LAMOX as low as it is in β-La2Mo2O9 could be a way to reach
this minimum expansion of total “free” volume. An example to
illustrate this point is the thermodynamically stable β-
La1.75Eu0.25Mo2O9 phase.13 At 670 °C, the pure and the Eu-
substituted compounds have almost the same (minimum)
fraction of the nonoccupied volume (∼40.40% and ∼40.35%,
respectively, calculated from XRD data13). At 670 °C, the ionic
conductivity of the β-La1.75Eu0.25Mo2O9 phase

13 is lower than
that measured for β-La2Mo2O9. In this Eu-substituted LAMOX
compound, a large size mismatch exists between lanthanum and
the substitute (mean La site cation radius ⟨r⟩ from 1.27 Å to
1.259 Å with an ionic radius for La3+ and Eu3+ in 10-fold
coordination of 1.27 and 1.18 Å, respectively). Because of the
very small difference in the fraction of the nonoccupied volume
between β-La1.75Eu0.25Mo2O9 and β-La2Mo2O9, the decrease of
the conductivity observed when La3+ is partially substituted by
Eu3+ can only be interpreted as originating from the uneven
distribution of oxygen vacancies caused by the size mismatch
between these two trivalent ions (trapping of oxygen vacancies
around Eu3+ ions).

4. CONCLUSION
In this paper, the crystal structure of β-La1.85Ba0.15Mo2O8.925
was refined from neutron diffraction data at different
temperatures in the range from room temperature (RT) to
900 °C in order to obtain deeper insight into the effect of
barium on the transport properties. Whatever the temperature

considered, the intrinsic oxygen vacancies, as well as extrinsic
ones introduced by the aliovalent substitution of La3+ by Ba2+,
only reside at the O2 and O3 crystallographic sites, as
previously observed in β-La1.7Bi0.3Mo2O9 or in the parent
compound β-La2Mo2O9. The antistructure of the cubic Ba-
substituted La2Mo2O9, built up from La corner-sharing
[O1La3Mo] antitetrahedra, is distorted upon heating the
same way as in β-La1.7Bi0.3Mo2O9. It clearly shows that the
complex distortive expansion, previously observed in β-
La1.7Bi0.3Mo2O9, is probably representative of what happens
in other La-substituted cubic members of the LAMOX family.
When comparing the distortion of the antistructure of the two
substituted compounds, the weak increase in the mean La-site
cation radius, Δ⟨r⟩ = +0.013 Å between β-La1.7Bi0.3Mo2O9 and
β-La1.85Ba0.15Mo2O8.925, surprisingly induces a slight decrease in
magnitude of the volume expansion of the [O1La3Mo]
antitetrahedron taking place upon heating above 400−450
°C. The resultant small reduction in the size of the triangular
[La3] and [La2Mo] bottlenecks through which the O1 oxide
ion must pass, coupled with the large decrease in vibration
amplitude of the La atom, suggest that its migration becomes
less easy when the mean La-site ionic radius increases.
Concomitantly, in the temperature range of 400−900 °C, the
increase in the average size of the ion bridging three
[O1La3Mo] antitetrahedra restricts, in magnitude, the tilting
of these entities in the cage and, thereby, the cage distortion.
Contrary to what had been earlier observed in β-
La1.7Bi0.3Mo2O9, the tunnels in β-La1.85Ba0.15Mo2O8.925 exhibit,
above 400 °C, an extra volume expansion relative to their
regular expansion at lower temperature. The release of extra
volume in the framework’s tunnels results mainly from the
weakening of the cage distortion and slightly from the smaller
trigonal extension of the antitetrahedron along its nonbridging
Mo apex pointing in the cage. This comparative structural study
shows that the main structural change caused by barium in the
structure concerns the tilt/rotation of the antitetrahedral
building units of the cationic framework.
In all derivatives of β-La2Mo2O9, a singular increase of the

conductivity is observed above 400−450 °C, which can be
satisfactorily fitted with the empirical Vogel−Tammann−
Fulcher (VTF) model, thus suggesting that the mechanism
driving the oxide anion migration is of the “free volume” type. If
so, the expansion/distortion of the host cationic framework
above 400−450 °C should free up an empty volume favoring
the migration of the oxide anion within it, according to the
microscopic interpretation of the VTF equation proposed by
Cohen and Turnbull. However, the anionic conductivities of β-
La1.7Bi0.3Mo2O9 and β-La1.85Ba0.15Mo2O8.925 remain similar
above 400−450 °C, despite a release of extra empty space in
the tunnels hosting mobile O2 and O3 ions and the
introduction of extrinsic oxygen vacancies in the latter. A
deeper analysis of the temperature dependence of the anionic
conductivity was performed by using two different models
based on/derived from the “free” volume theory of the
molecular transport in a liquid. Only the modification of the
VTF equation proposed by Dienes, Macedo, and Litovitz
allows, for the first time in a crystallized compound, to
quantitatively link the singular increase of anionic conductivity
above 400−450 °C to the volume expansion of the voids
determined from neutron diffraction data. However, most
interestingly, this thorough analysis has allowed us to identify
the size match between lanthanum and the element substituting
for it as a second key parameter that determines the anionic
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conductivity in chemically β-stabilized LAMOX compounds.
When comparing β-La1.85Ba0.15Mo2O8.925 to the parent
compound β-La2Mo2O9, it was shown, in this paper, that the
size match has a much stronger impact on the conductivity than
the “free” volume expansion. This study thus provides a
plausible explanation for the conductivity decrease observed by
several authors in cubic derivatives of β-La2Mo2O9 chemically
stabilized by K+, Ba2+, or Pb2+ cations, which are larger in size
than La3+. A substitution strategy to enhance the oxide ion
conduction of β-stabilized LAMOX compounds, even to reach
or exceed that of β-La2Mo2O9, would consist of (i) selecting the
substitute the closest in size to that of lanthanum in order to
promote a random oxygen vacancy distribution in the
antistructure and (ii) adjusting the substitute amount to
reach the minimum thermal expansion of total “free” volume
required to ensure the assisted migration of the oxide ion. To
fulfill the second condition, the fraction of nonoccupied volume
above 600 °C in β-stabilized LAMOX must be kept as low as it
is in β-La2Mo2O9. Only a determination of the cubic unit-cell
volume of β-stabilized LAMOX compounds through Le Bail fit
of the X-ray diffraction (XRD) pattern collected at high
temperature is necessary to evaluate this fraction of non-
occupied volume, thus allowing the rapid screening of potential
highly conducting compositions.
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