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Abstract: Lanthanum molybdenum oxide (La2Mo2O9, LAMOX)-based ion conductors have been
used as potential electrolytes for solid oxide fuel cells. The parent compound La2Mo2O9 undergoes a
structural phase transition from monoclinic (P21) to cubic (P213) at 580 ◦C, with an enhancement in
oxide ion conductivity. The cubic phase is of interest because it is beneficial for oxide ion conduction.
In search of alternative candidates with a similar structure that might have a stable cubic phase at
lower temperatures, we have studied the variations of the crystal structure and ionic conductivity for
25, 50, 62.5 and 75 mol% W substitutions at the Mo site using high-temperature X-ray diffraction,
dilatometry, and impedance spectroscopy. Highly dense ceramic samples have been synthesized
by solid-state reaction in a two-step sintering process. Low-angle X-ray diffraction and Rietveld
refinement confirm the stabilization of the cubic phase for all compounds in the entire temperature
range considered. The substitutions of W at the Mo site produce a decrement in the lattice parameter.
The thermal expansion coefficients in the high-temperature range of the W-substituted ceramics, as
determined by dilatometry, are much higher than that of the unmodified sample. The impedance
spectra have been modeled using a modified genetic algorithm within 300–600 ◦C. A distribution
function of the relaxation times is obtained, and the contributions of ohmic drop, grains and grain
boundaries to the conductivity have been identified. Overall, our investigation provides information
about cationic substitution and insights into the understanding of oxide ion conductivity in LAMOX-
based compounds for developing solid oxide fuel cells.

Keywords: oxide ion conductor; W-substitution; crystal structure; grain boundary; impedance
spectroscopy; DFRT

1. Introduction

Yttria-stabilized zirconia is a widely studied oxide ion conductor used as a solid
oxide fuel cell electrolyte. In spite of its high chemical and thermal stability, the oxide
ion conductivity is insufficient below 800 ◦C for use in intermediate-temperature solid
oxide fuel cells. Among alternative oxide materials, La2Mo2O9 [1–4] provides high ionic
conductivity in comparison with LaGaO3-based perovskites, CeO2-based fluorite type
structure, and apatites from La10−xSi6O26±δ. Indeed, in the case of La2Mo2O9, high oxide
ion conductivity is observed after a structural phase transition from room-temperature
monoclinic (α) to high-temperature cubic (β) at 580 ◦C [5]. A series of reports have been
published regarding the quest to stabilize the β form down toward room temperature by
substituting alkali, alkaline and rare earth cations in both the La and Mo sites [6–17].

In addition to stabilizing the cubic phase, the substitution of Mo+6 by W+6 extends
the material’s redox stability range with a high ion transport number at an oxygen partial
pressure of 10−15 atm [5,18,19]. Fortunately, W-substituted La2Mo2O9 could be used as
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a solid oxide fuel cell (SOFC) electrolyte in a reducing atmosphere and at intermediate
temperatures of operation [2]. The effect of W substitution shows a cubic phase with an
abrupt decrease in cell parameter above W:Mo = 1 that has been reported and attributed to
a possible change in the coordination number of the hexavalent ions [20]. This deviation
was studied using ab initio calculations, which suggested that it is due to a nonlinear
change in Mo/W-O bond lengths with W content [21]. Again, a slight deviation from
cubic symmetry is noted for a W content of less than 0.25 in La2Mo2−xWxO9 [22]. The
effect of oxygen partial pressure on ionic conductivity is studied in oxygen, air, argon
and CO-CO2 mixtures [23]. Interestingly, the presence of W stabilizes the reduction of
Mo+6 [23,24]. Apart from oxide ion conductivity, n-type electronic conductivity arises due
to the mixed-valence states of Mo, which is reduced as the W content increases [2].

The structural and oxide ion conductivity studies, both in air and a reducing atmo-
sphere, were investigated for co-substituted samples. For instance, La1.8Dy0.2Mo2−xWxO9
possesses a cubic structure along with the anomaly in cell volume [25], as reported earlier
for W substitution only. A cubic phase is also reported for (La1−xSrx)2Mo1.5W0.5O9−δ at
room temperature [26] and La1.9Ba0.1Mo2−xWxO8.95 (0 ≤ x ≤ 0.40) [27]. An Arrhenius to
Vogel–Tammann–Fulcher (VTF)-type transition in oxide ion conductivity is observed for
La2Mo2−xWxO9 (x ≤ 1.4) and co-substituted samples [28]. Such a deviation in oxide ion
conductivity is a characteristic feature in several ionic conductors. It might be interesting
to study such puzzling behavior from the point of view of ion transport, coupled with
structural stability.

To obtain further insights into the conduction mechanisms in this article, we have re-
investigated the crystal structure with a high-temperature, high-resolution X-ray diffraction
technique and dilatometry, and studied the electrical properties by impedance spectroscopy.
The impedance response has been studied using the distribution function of relaxation
times (DFRTs), which has not been previously discussed for W-substituted La2Mo2O9 solid
solutions. The W substitutions show an anomaly in lattice parameters, as determined
by high-temperature X-ray diffraction. The dilatometry and X-ray diffraction show the
stabilization of the cubic phase in the entire temperature range. Furthermore, we have
identified a transition in thermal expansion curves for the W-substituted samples that is
composition-dependent. The ac impedance measurements, coupled with DFRTs, iden-
tifies the effect of grain and grain boundaries in compositions up to W:Mo = 3 (x = 1.5,
La2Mo2−xWxO9), analyzing the complicated impedance spectra obtained between 300 and
600 ◦C. Apart from grain and grain boundaries effects, the shift in DFRT peaks also marks
the thermally activated Arrhenius to VTF transitions. The annihilation of the DFRT peak
related to the grain effect is also related to the distribution of grain sizes.

2. Materials and Methods

Ceramic samples of compositions comprising La2Mo2−xWxO9 (0.50 ≤ x ≤ 1.5) (hence-
forth 0.5 W, 1.0 W, 1.25 W and 1.5 W) were prepared, using a high-temperature solid-state
reaction method. Stoichiometric amounts of La2O3 (Aldrich, 99.9%, Saint Louis, MO, USA),
MoO3 (Strem Puratrem, 99.999%, Newburyport, MA, USA) and WO3 (Aldrich, 99.9%, MO,
USA) were mixed thoroughly in ethanol in a homogenizer. The dried mixtures were heated
in an alumina crucible in a furnace for 12 h at 500 ◦C. After cooling, the calcined mixtures
were ground and sintered at 1000–1200 ◦C for 12 h in air. Finally, the fine powders were
pressed into pellets of 10 mm diameter and 1–2 mm thickness via isostatic pressing at
300 MPa for 1 min. The maximum temperatures were maintained at 1200 ◦C, depending
on the W content, with cooling at a rate of 5 ◦C/min.

The phase purity was checked by room temperature and high-temperature X-ray
diffraction on an X-ray diffractometer (Rigaku Smartlab 9 kW) using the Bragg–Brentano
mode, CuKα radiation, 45 kV and 150 mA. High-temperature diffraction patterns were
collected in air up to 900 ◦C in the range of 15–90◦, with a step size of 0.02◦ and 1.5 s/step
in a graphite dome with an Anton Paar, TCU200 controller, Graz, Austia. All the X-ray
diffraction patterns were recorded on pellets. The Rietveld refinement was performed using
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FullProf [29] for full-pattern matching. The microstructures and grain size were analyzed
using a scanning electron microscope (Zeiss, Ultra-Plus, Jena, Germany). The density of
the pellets was measured by Archimedes principle, using ethanol as immersing medium,
to be greater than 90% of their theoretical densities. The dilatometric measurements
were performed in a dilatometer (Netzsch, DIL 402 L, Baiuvarii, Germany) from room
temperature to 900 ◦C at a heating rate of 5 ◦C/min, in a 10% H2-N2 gas mixture.

The complex impedance measurements of the ceramic pellets were measured in air
in the frequency range of 1 MHz–0.01 Hz at different temperatures. Pt paste was painted
on both faces of the pellets and cured at first at 300 ◦C for 30 min and then at 900 ◦C for
1 h. The measurements were performed at open-circuit potential with an AC voltage of
50 mV in an impedance analyzer (Biologic, Model VSP, Pariset, France) after a temperature
stabilization of 30 min.

The DFRT for all the samples at different temperatures was found by impedance
spectroscopy genetic programming (ISGP) [30–38], a MATLAB-based open-source code.
The following equation shows the correlation between the measured impedance and
the DFRT:

Z(ω) = R∞ + Rpol

∫ +∞

−∞

Γ(log(τ))
1 + iωτ

d(log(τ)) (1)

where Z is the impedance, R∞ is the series resistance, Rpol is the total polarization resistance,
Γ is the DFRT, τ is the relaxation time and ω is the angular frequency. In general, a DFRT
consists of several peaks, and each peak corresponds to a particular relaxation process,
distinguished by a time constant (τp). A discrepancy–complexity plot was employed to
monitor the progress during computation. Each run is repeated two times automatically
under the same conditions, to ensure that the results are not at a local minimum. A detailed
description of the error values in DFRTs can be found in [39]. Before each run, the integrity
of the impedance data is checked with the Kramers–Krönig relations, as an integral part of
the ISGP code. A typical impedance plot is shown in Figure S1, justifying the data as being
appropriate for evaluation.

The DFRT approach is superior to conventional equivalent circuit modeling as the
latter suffers from non-uniqueness, overfitting, sometimes missing bandwidths and also
more presumptions. The peak position, and its shift due to temperature variation, are
identified by the DFRT model and the method is robust and accurate. Secondly, the Reff
and Ceff are computed by ISGP, which helps to identify the true capacitance. On the other
hand, conventional equivalent circuit modeling provides the constant phase element (Q) in
lieu of true capacitance.

3. Results and Discussion
3.1. X-ray Diffraction

Room-temperature XRD patterns for different W-substituted samples and undoped
α-La2Mo2O9 are shown in Figures 1 and S2, respectively. The sharp and well-defined
Bragg peaks indicate the high quality of the crystallinity. Interestingly, both undoped
and doped samples contain the same number of peaks, irrespective of their structural
phases (Figures 1 and S2). The agreement factors (Table S1), obtained after the Rietveld
refinement in Figure S2b, suggest a monoclinic phase for undoped La2Mo2O9. The Rietveld
refinement of the patterns confirms the cubic phase (space group P213) for all the W-
substituted samples, in agreement with ICSD card no. 172611. A polynomial function
with 6 coefficients was used to set the background and a pseudo-Voigt shape function was
used for profile-matching, with a variation in scale factors and zero shift. Finally, the cell
parameters, atomic coordinates and occupancies of the cations were varied. The agreement
factors of the refinement are presented in Table S1. The refinement results indicate that, at
room temperature, the cell parameter of the 0.5 W sample is 7.1542 (4) Å, which is higher
than undoped β-La2Mo2O9 (7.1490 Å). Overall, the cell parameters do not vary much
(0.0052 Å). This is because the radius of W+6 (0.42 and 0.60 Å in CN4 and CN6 respectively)
is similar to that of Mo+6 (0.41 and 0.59 Å in CN4 and CN6 respectively) [40]. This result
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is consistent with the previous studies [20]. The theoretical densities, as deduced from
the Rietveld refinement, are in good agreement with that determined by the Archimedes
principle (Table 1).

Figure 1. Rietveld refinement patterns for different W-doped samples at room temperature;
(a) 0.50 W; (b) 1.0 W; (c) 1.25 W; (d) 1.5 W.

Table 1. Experimental and theoretical densities, as determined by Rietveld refinement, for different
W-substituted samples. The grain size variation is also shown for different W-substituted samples.

Composition
(x)

Experimental Density
(g cm−3)

Theoretical Density
(g cm−3)

Grain Size
(µm)

0 5.498 5.561 12 1

0.5 5.547 6.739 7.9
1.0 6.344 6.759 7.06

1.25 6.508 6.751 7.45
1.50 6.821 6.769 7.16

1 From [41].

Figure 2a shows the unit cell parameter evolution upon heating, as obtained from
the refinements. The composition dependence of the cell parameter in Figure 2b shows a
non-linear variation, in agreement with previous studies [20]. One possible reason is the
decrement in the coordination numbers of W upon substitution, as well as the non-linear
evolution of [O1La3(Mo,W)] antitetrahedral units [20,21]. Here O1 is an oxygen lattice site.
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Figure 2. (a) Variation of unit-cell parameters at different temperatures for different W-substituted
samples. (b) Composition dependence of unit-cell parameters at two temperatures. The solid lines
are guides to the eye.

3.2. Dilatometry

Dilatometric studies on the W-substituted samples show a smooth expansion profile,
as opposed to the irregular profile for La2Mo2O9 (Figure 3). The average thermal expansion
coefficients (TEC) are found to be higher in the high-temperature regime than that at the
low-temperature regime (Table 2). These TECs are found to be higher than other SOFC
candidate materials. Two TECs can be identified, due to two linear regimes, as observed
by comparing the dashed lines for all the W-substituted samples. A similar finding was
reported by Marrero-Lopez et al. [18] with the transition at 550 ◦C, as shown in Table 2. We
did not see a kink at around 580 ◦C as is seen in undoped La2Mo2O9; thus, the transition
does not reflect a structural phase transition for the doped samples. It is worth noting
that in the undoped La2Mo2O9, an α↔β phase transition is observed in the thermal
expansion curve around 580 ◦C (Figure 3a). However, with increasing temperature, a
“chemical” contribution could increase the thermochemical expansion as a result of oxygen
loss from the lattice. A similar nonlinearity in dilatometric curves is also reported, e.g., for
Mn-substituted 5 mol% YSZ oxide ion conductors [42] and gadolinia-doped ceria (Baral
and Tsur, to be published). Furthermore, the anomaly in conductivity (see later section)
around 450 ◦C for W-substituted samples could be related to thermochemical expansion,
as observed in the dilatometry curves.
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Figure 3. Variation of thermal expansion for different samples; (a) undoped La2Mo2O9, (b) 0.50 W;
(c) 1.0 W; (d) 1.25 W; (e) 1.5 W. The vertical lines at 580 ◦C represent the phase transition of undoped
La2Mo2O9. The dashed lines indicate the linear regimes.

Table 2. Thermal expansion coefficient for different W-substituted samples at different temperature
regimes. The TEC, as obtained from the literature, is also shown. ‘-’ represents unavailable values in
literature.

Composition From Figure 4 From Ref. [18]

(x) T (◦C) TEC × 10−6

(◦C−1) T (◦C) TEC × 10−6

(◦C−1)

0
100–520 14.7 25–550 13.5
600–795 15.8 625–800 16.8

0.5
110–365 15.3 25–450 15.2
490–710 21.6 550–800 19.9

1.0
57–317 15.3 25–500 15.4
350–765 21.4 550–800 20.7

1.25
70–445 16.5 - -
550–870 24.3 - -

1.50
90–400 16.5 25–500 13.9
600–895 23.2 550–800 21.0

3.3. Microstructure

The microstructure of all the W-substituted samples is shown in Figure 4. The samples
have low porosity, with a relative density of >90%, and have well-connected grains. From
the porosity measurements using SEM micrographs, it is ascertained that 0.5 W, 1.0 W
and 1.5 W samples have a porosity of ~1%, whereas the 1.25 W sample has a porosity of
~3.5%, which apparently contradicts the density measurements. However, our thorough
SEM studies (Figure S3) suggest that the depth of the pores is within the surface only,
without affecting the pellet density. The grain size of all the W-substituted samples shows
only a little effect from W substitution (see Table 1, Figures 4 and S4). The average grain
size is ~8 µm, which is much lower than that of undoped La2Mo2O9. The average grain
size for La2Mo2O9 pellet, as sintered at 800 ◦C, is ~12 µm [41]. Note that La2Mo2O9 at
room temperature is monoclinic [43] with a unit cell volume of 8799.554 Å [3], whereas
upon doping the unit cell size decreases drastically. Due to lattice size shrinkage, the grain
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size may decrease. Furthermore, the non-significant variation in lattice parameters is also
related to isovalent substitution.

Figure 4. SEM micrographs for (a) 0.5 W; (b) 1.0 W; (c) 1.25 W and (d) 1.5 W with grain and grain boundaries.

3.4. Impedance Spectroscopy

The complex impedance plots (Nyquist plots) show strong temperature and com-
position dependence (Figure 5 and Figures S5–S8). The impedance spectra contain at
least one complete arc at all temperatures, whereas an incomplete arc is observed at low
temperatures (up to 400 ◦C). A typical distinction of grain, grain boundary and electrode
polarization effects is performed by ISGP. For example, Figure 6, relative to the 0.5 W sam-
ple, shows that at 375 ◦C, a spike-like extension corresponds to the electrode process, while
the two semicircles correspond to grain and grain boundaries. At 475 ◦C, the semicircle
corresponding to the grains dissipates with the ohmic contribution, and only the grain
boundary and electrode contributions are visible. Similar behavior is also observed at 575
◦C. This complex variation due to substitution, as well as temperature, is difficult to model
by conventional equivalent circuit modeling. ISGP, however, finds 4 peaks, considering the
whole frequency spectra.
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Figure 5. Nyquist plot at different temperatures for 0.5 W sample. *: bulk; *: grain boundary and *:
electrode effect.

Figure 6. DFRT plots at different temperatures and compositions. Some peak heights are truncated
for better visualization.

To understand the evolution and physical properties of the peaks, the area of each
peak is computed. Multiplying the area by the normalization factor (typically, the real part
of the impedance at the lowest frequency), and dividing by the total area, produces the
relevant effective resistance (Reff), and the division of the central peak position by this Reff
determines the effective capacitance (Ceff). As observed in Figure 6, all the samples at high
temperatures contain the contribution of the ohmic drop. This originates because of the
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non-completeness of the impedance arcs (see Figures S5–S8). The low-frequency peaks,
which originate from the dispersion of the Pt electrode at the sample interface, are shown
in Figures 6 and 7. Meanwhile, peaks P1 and P2 are visible up to 425 ◦C (Figure 6) for
0.5 W and 1.0 W. The Ceff’s, as calculated for P1 and P2, correspond to 10−11 F and 10−9 F,
and justify the effect of grain and grain boundaries, respectively. As the temperature
increases, the contribution of grain superposes with the series resistances and corresponds
to P1′, with Ceff ~ 10−12 F. Typically, series resistance is a resistance between two electrodes,
and a blank space between the origin (0, 0) and the starting point of the real part of the
impedance is considered as series resistance, as observed in the Nyquist plot (see the inset
of Figure 5). It can be seen that peak P2 does not show a regular shift, as observed from
300 ◦C; instead, it shows a range of frequency starting from 450 ◦C. Henceforth, this is
marked as P2′. Thus, peak P2′ depends on temperature, composition and frequency. The
peak P2′ has Ceff ~ 10−9 F, exhibiting the effect of grain boundaries for all the samples.
Overall, the peaks P1, P2, P1′ and P2′ correspond to grain, grain boundaries, a contribution
of the grain that superposes with the series resistances, and an effect of grain boundaries at
different time scales, respectively. The effect of grain bulk is not visible for both 1.25 W and
1.5 W. Previously, for W-doped samples up to 1.4 W (La2Mo2−xWxO9, x = 1.4), the oxide
ion conductivity showed a deviation from linearity around 450 ◦C, and such behavior
has been explained with VTF type motion (mobility that is thermally assisted by the
environment) [28]. In VTF type motion, the conductivity follows Equation (2):

σ(T) = (σ0/T) exp((−B)/(k(T − T0))) (2)

where T0 is the transition temperature of ion mobility, B is the pseudo-activation energy, k is
the Boltzmann constant and σ0 is the pre-exponential factor. In the VTF process, a vibration
in the local environment of a mobile ion is observed, which is high enough to move the ion
above the temperature T0 [28]. At present, we have detected such anomaly using DFRTs as
seen in Figure 6 around 450 ◦C. Thus, a change in ionic motion is detectable using DFRTs.
More specifically, the DFRTs contain peaks that are localized on particular time-constants
(τp) where τp = Reff ·Ceff, and each electrochemical phenomenon can be identified by the
τp’s. Thus, a shift in peak position is caused by the external factor (here, temperature).
Since the Arrhenius to Vogel–Tammann–Fulcher transition is a thermally activated process,
such a transition is identified by the peak shifts, as described above. Although the high-
temperature XRD suggests there is no structural phase transition, the ion transport studies
indicate a transition around 450 ◦C, which is further evident by the reciprocal temperature
dependence plot of resistances and conductivities (Figures 8 and S9). Specifically, the
Arrhenius to VTF transitions are observed for 0.5 W and 1.0 W from 425 ◦C, considering
the grain-related peak, for 1.25 W from 475 ◦C, considering the grain boundary-related
peak, and for 1.5 W from 425 ◦C, considering the grain boundary-related peak.
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Figure 7. DFRT plots as obtained after heat treatments of the 1.0 W pellets. Some peak heights are
truncated for better visualization. The peaks obtained from 525–600 ◦C and above 1.0 MHz for both
heat-treatment samples correspond to the ohmic contribution.

Figure 8. Reciprocal temperature dependence of resistances for P1 and P2 peaks for all the composi-
tions. The solid line is the linear least-square fit. The fitting to other compositions are omitted for
clarity. “g”: grain and “gb”: grain boundary.
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The incorporation reaction suggests that the W substitution does not produce extra
oxygen vacancies, as shown using the Kröger–Vink notation:

La2O3 + WO3 + MoO3
La2 Mo2O9→ 2La×La + Mo×Mo + W×Mo + 9O×O (3)

where W×Mo represents doping defects. Thus, here, the oxide ion conductivity is due to an in-
trinsic oxygen vacancy originating from the partially vacant oxygen sites, and the anomaly
(Arrhenius to VTF transition) around 450 ◦C is due to anti-tetrahedral distortion [28].

It can be seen that the grain-size distribution is not uniform (Figure S4) for 1.25 W and
1.5 W, and the neck region can be observed between bigger grains (Figure 4c,d). The special
arrangement of grains suppresses the grain contribution, as compared to grain boundaries.
This explains why the grain contribution is not observed in the DFRTs for 1.25 W and 1.5 W
(Figure 6). Secondly, the grain-boundary diffusion predominates, as the activation energies
decrease abruptly (Table 3). LAMOX members show an activation energy of ~1.2 eV
(see Table 3 and [28,44]). Low-activation energy (0.37 eV) is reported for La1.9Y0.1Mo2O9
in a reduced atmosphere, exhibiting electronic transport [45]. Here, the low-activation
energy corresponds to the electronic contribution of the grain boundary. Nevertheless,
the electronic contribution of grain boundaries is also reported when using DFRTs in
La2Mo2−xTaxO9 (0.02 ≤ x ≤ 0.10) [37] and Ce0.90Gd0.10O1.95 [38] oxide ion conductors.
More specifically, electronic transport refers to electron conduction, unlike ionic conduction
in oxide ion conductors, whereas the electronic contribution in grain boundaries refers to
the space charge layer effect for oxide ion conductors [38].

Table 3. Activation energies for the ionic process from both grain (Eg) and grain boundary (Egb) for
different compositions, as calculated from resistances and conductivity plots from the Arrhenius
regime only. The error value is described in parenthesis. ‘-’ represents undetermined values.

Composition From Resistance Plot
(Figure 8)

From Conductivity Plot
(Figure S8)

(x) (Eg)
(eV)

(Egb)
(eV)

(Eg)
(eV)

(Egb)
(eV)

0 1.03 (±0.05) 1.22 (±0.01) 1.03 (±0.05) 1.22 (±0.01)
0.5 1.68 (±0.05) 1.53 (±0.05) 1.68 (±0.05) 1.53 (±0.05)
1.0 1.41 (±0.02) 1.43 (±0.03) 1.41 (±0.05) 1.43 (±0.05)

1.25 - 0.53 (±0.12) - 0.53 (±0.10)
1.50 - 0.65 (±0.06) - 0.65 (±0.06)

To find the effect of thermal treatment on ionic conductivity, we carried out additional
impedance measurements on a 1.0 W sample, heated again at 1300 ◦C and 1200 ◦C, sep-
arately, for 6 h after sintering at 1100 ◦C. As can be seen in Figure 7, the DFRTs show a
similar feature as that found in Figure 6. No shift in peak position justifies that the effects
of grain, grain boundaries, and ohmic drop are independent of external factors (such as
heat treatments) and depend only on the crystal structure.

The reciprocal temperature dependence of the individual resistances obtained from
grain and grain boundaries indicates their semiconducting property, as shown in
Figures 8 and S9. To get an estimation of the activation energy (E), the data have been
modeled using the Nernst–Einstein equation [46].

σ(T) = A0e−
E

kT (4)

where A0 is the pre-exponential factor. The grain and grain boundary conductivities are
related to the resistances, with σg = l

Rg A and σgb = l
Rgb A , respectively. l is the thickness and

A is the area of the pellets. The total conductivity is obtained using the relation from [18],
σ = l/

(
Rg + Rgb

)
A. The total conductivity is found to be a maximum of 0.5 W, as is also
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noted by others [18]. For instance, at 575 ◦C, 0.5 W, as prepared by us, possesses a total
conductivity of 0.011 S cm−1

, which is greater than that reported by [19] (0.007 S cm−1).
Furthermore, the oxide ion conductivity of 0.5 W is greater than Zr0.84Y0.16O1.92 at 575 ◦C
(0.004 S cm−1) [19]. As can be seen from the table, the activation energies for both grain and
grain boundaries decrease with increasing W content. However, they remain in the range
of 1.4–1.7 eV, which is also in accordance with the values reported by Georges et al. [28].
Since both the grain and grain boundary resistances increase in spite of the decrement of
E’s, it can be inferred that the pre-exponential factor in Equation (4) plays a major role [28].
A similar conclusion can be drawn from the conductivity plot (Figure S9) and Table 3.

Other studies by [18,19] deal with structure, thermal and electrical properties of W-
substituted samples for the potential application of these materials in SOFCs. However,
we have found a couple of interesting features regarding the fundamental understanding
of oxide ion conductivity. For instance, we have shown that a transition in the thermal
expansion curve is both temperature- and composition-dependent. Secondly, we have
analyzed the impedance data using a model-free approach (without using circuits with
series/parallel combinations of resistors/capacitors) called ISGP. ISGP computes the dis-
tribution function of relaxation times and identifies the effect of ohmic, grain, and grain
boundaries. As shown in the supporting figures (Figures S5–S8), the impedance spectra
contain complicated patterns that could not be fitted with the same combination (model) of
Rs and Cs using circuit modeling. In addition, we have determined the true capacitances
using the ISGP program instead of an ad hoc representation of constant phase elements
(opportune combinations in series or parallel of resistors and capacitors).

4. Conclusions

La2Mo2−xWxO9 (0.5 ≤ x ≤ 1.5) ceramic samples with a cubic structure were prepared
by a solid-state synthesis method with a two-step process. The substitution with W
suppressed the structural phase transition, as confirmed by both low-angle and high-
resolution XRD measurements at different temperatures. The lattice parameter shows a
non-linear behavior with the increasing W content. An anomaly not related to a structural
phase transition is detected in the dilatometric curves for W-substituted samples. The
addition of W does not show a strong variation in grain size, as confirmed by the scanning
electron microscopy results. The distribution function of relaxation times, complemented
by ISGP, identifies the contribution of grain and grain boundaries. Our approach identifies
ohmic loss processes without extrapolating the impedance data at high frequencies and
high temperatures. The grain contribution in oxide ion conductivity has not been identified
for 1.25 W samples and a higher content of W. With increasing W substitution, the activation
energy decreases for both grain and grain boundaries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ceramics4030037/s1, Table S1. The room-temperature X-ray diffraction Rietveld refinement
agreement factors for different samples. The unit cell parameters and cell volume are also shown.
Figure S1: Typical validation of the Kramers–Krönig relationship is shown for 0.5 W at 600 ◦C. The
solid line represents the data obtained by the KK relationship. Figure S2: Room-temperature XRD
pattern of α-La2Mo2O9. Three Bragg peaks, as detected from the slow scan, are shown in the inset.
(b) and (c) are Rietveld refinement patterns of La2Mo2O9, considering the cubic and monoclinic
phases, respectively. The refinement agreement factors in Table S1 suggest that the room-temperature
pattern of La2Mo2O9 is monoclinic (α phase). Figure S3: The depth of the pores is shown in SEM
images of (a) and (b) for 1.25 W and (c) and (d) for 1.5 W. In (a) and (b), the image contrasts are
shown by changing from secondary to in-lens detectors, respectively. The same experiment is also
performed in (c) and (d) to identify the “real” porosity of the samples. Figure S4: Histograms for
evaluating the average grain size and the distribution of grain sizes for 0.5 W, 1.0 W, 1.25 W and
1.5 W. Figure S5: Nyquist plot of impedances at different temperatures for 0.5 W. Figure S6: Nyquist
plot of impedances at different temperatures for 1.0 W. Figure S7: Nyquist plot of impedances at
different temperatures for 1.25 W. Figure S8: Nyquist plot of impedances at different temperatures

https://www.mdpi.com/article/10.3390/ceramics4030037/s1
https://www.mdpi.com/article/10.3390/ceramics4030037/s1
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for 1.5 W. Figure S9. Reciprocal temperature dependence of grain and grain boundary conductivities.
“g”: grain and “gb”: grain boundary. The linear least-squares fits are not shown for better clarity.
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