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Abstract Fast oxide-ion conductors La2Mo2-xWxO9 (x = 0–
1) have been prepared using mechanochemical activation
(MA) of starting oxides in a high-power planetary ball mill.
Studies of La2Mo2-xWxO9 genesis and structural properties
using thermal analysis, XRD, SEM, IR, and Raman spectros-
copy have revealed that MA results in the formation of an
amorphous precursor, while the cubic β-phase is formed after
calcination at 700–900 °C. Due to a high dispersion of pow-
ders, high-density pellets of W-LAMOX ceramics have been
obtained already after sintering at 950 °C. Their electrical
conductivity measured by the impedance spectroscopy de-
pends on the W concentration being sufficiently high (up to
5.6∙10−3 S/cm at 630 °C) at temperatures below 650 °C.

Keywords Doping . Ionic conductivities . Materials
preparations . XRD . FTIR

Introduction

The family of fast oxide-ion conductors based on La2Mo2O9

(so-called LAMOX) has attracted a considerable interest due
to their possible application in solid oxide fuel cells operating
at intermediate temperatures [1–5]. Their high anionic con-
ductivity is provided by a high concentration of intrinsic

oxygen vacancies in the crystal lattice required for the fast
oxygen ion diffusion. However, for parent La2Mo2O9, a phase
transition from a cubic high-temperature β form to a mono-
clinic low-temperature α phase observed at about 580 °C
leads to an abrupt decrease of conductivity by almost two
orders of magnitude [1–3, 6]. Another problem hampering
LAMOX application is their poor phase stability at low oxy-
gen concentrations or in reducing conditions [3–5]. Doping of
La2Mo2O9 with different cations in La sites (alkaline [7],
alkaline-earth [8, 9], rare-earth [10, 11], Bi [12]) was shown
to stabilize a highly conductive β phase to room temperature
while substitution of Mo with W not only stabilizes β phase
but considerably improves LAMOX stability under reducing
conditions as well [13–23].

W-doped LAMOX oxides are usually prepared by the
solid-state method, which requires prolonged heating at high
temperatures with the intermediate homogenization of the
powder precursors to obtain a target phase and dense ceramics
[13–17]. Besides, such procedures cause losses of Mo and W
due to a high volatility of their oxides that result in formation
of multiphase products. There are only several works in the
literature devoted to W-LAMOX synthesis by microwave
method [18], Pechini method [19], freeze drying [20, 21],
and spray pyrolysis [22]. These methods usually involve sev-
eral steps which take many hours to achieve the complete
mixed oxide phase formation or require special complex
equipment. Besides, productivity of “wet” methods including
Pechini route is limited by a low solubility of raw tungsten
salts [24].

The alternative route to avoid these problems is using high-
energy milling of starting oxides [25–27]. During milling, a
high-energy input into the reaction zone generates defects in
solids up to their amorphization and transfer of compounds
into so-called «atom-ionic state» that greatly accelerate the
chemical interaction between solids. The raw compounds
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can form target products directly during milling or they can be
transformed into precursors. In the first case, the term “mech-
anochemical synthesis” (MS) is usually used while the term
“mechanochemical activation” (MA) can be used if only pre-
cursors are formed. MS(MA) is an environmentally friendly
method due to absence of any wastes. Such approach was
proved to be very efficient in synthesis of complex oxides of
different types: perovskites, fluorites, pyrochlores, apatites,
etc. [25–27]. Among LAMOX, only the undoped La2Mo2O9

was obtained byMS after milling of La2O3 andMoO3mixture
during 12 h [28]. For W-doped LAMOX, ball milling has
been used only for production of powders to prepare dense
ceramics from La2−xRxMo2−yWyO9 (R: Nd, Gd, Y) samples
obtained by solid-state reaction [29].

In this work, La2Mo2-xWxO9 (x = 0–1) oxides have been
prepared using high-energymilling (mechanochemical activa-
tion) of starting oxides in a high-energy planetary ball mill
AGO-2. The results of the study of LAMOX genesis during
milling and subsequent annealing of its products as well as the
effect of the partial substitutions of Mo6+ by W6+ cations in
La2Mo2O9 on structural and electrical properties are
presented.

Experimental

Synthesis

To synthesize La2Mo2-xWxO9 (y = 0–1), the mechanical mill-
ing of La, Mo, and W oxides was used. Lanthanum oxide
contained admixtures of lanthanum hydroxide and
oxycarbonate as revealed by XRD analysis. Mo andWoxides
were obtained via calcination of (NH4)6Mo7O24·6H2O and
(NH4)6W7O24·6H2O mixture at 270 °C for 4 h to prevent
evaporation of molybdenum oxide [24]. To provide a target
stoichiometry of samples, corresponding amounts of starting
compounds were taken on the basis of their thermal analysis.
For La2O3, the analysis was conducted up to 1200 °C that
ensured decomposition of oxycarbonate and removal of
hydroxyls.

Stoichiometric mixtures of oxides were milled in the
high-energy planetary ball mill AGO-2 with two steel
drums (150 ml volume) at 1200 rpm rotation rate. The
steel ball diameter was 8 mm, and ball-to-sample mass
ratio was 20. The time of milling was 1–30 min in the
study of La2MoWO9 genesis during mechanical activation
(MA), and it was 15 min for synthesis of two other sam-
ples. In each experiment of MA genesis study, the same
fresh portion of a given starting mixture was milled for
respective time period (1 or 5, 10, 15, 20, 30 min). Before
each synthesis, a preliminary treatment of steel drums and
balls with the corresponding mixture was performed to
minimize contamination of samples with Fe. As a result,

the surface of drums and balls was covered by a layer of
the initial mixture. Such procedure was earlier shown to
decrease the amount of Fe in MA products below
0.05 ± 0.01 wt% [30]. For the study of LAMOX forma-
tion under annealing, the starting mixture of oxides cor-
responding to La2MoWO9 was milled during 15 min and
the MA products were calcined at 550–950 °C. The prod-
ucts obtained after each experiment (MA or annealing)
were studied by XRD, IR, and Raman spectroscopy.

The chemical composition of all samples and their abbre-
viations are presented in Table I.

Characterization

The genesis of prepared LAMOX and their structural
properties were studied by thermal analysis, XRD, SEM,
IR, and Raman spectroscopy. X-ray diffraction patterns
were recorded at room temperature with a D8 Advance
diffractometer (Bruker, Germany) using CuKα radiation
in 2θ scanning range 15–80° with step 0.05°. Qualitative
phase analysis has been carried out by using PDF-2–
ICDD files and ICSD/retrieve database. Thermal analysis
(DTA/TG) of LAMOX was car r i ed ou t wi th a
S imu l t a n e o u s DTA -TG App a r a t u s DTG - 6 0H
SHIMADZU in the flow of air (30 ml/min) at a heating
rate of 10 °C/min. Particle size distribution of powdered
samples calcined at 700 °C was determined using laser
diffraction particle size distribution analyzer SALD 2101
(Shimadzu Corp., Japan) (measuring range: 0.03–
1000 μm) equipped with a batch cell. Data processing
was carried out using the standard data processing pro-
gram “Wing-1.” For analysis, the suspension of the sam-
ple in Na-H.M.P. solution was stirred with a magnetic
stirrer for 5 min and then subjected to ultrasonic treatment
at 35 kHz frequency for 3 min. Microstructural character-
ization and EDX analysis of powdered samples and
sintered pellets were carried out with Tesla BS-350 scan-
ning electron microscope.

FTIR spectra were recorded in the range of 200–
4000 cm−1 using a BOMEM MB-102 FT-IR spectrometer.
The samples were pre-treated by a standard method that
involved pelletizing the powder with CsI (2 mg of a sam-
ple and 500 mg of CsI). FT-Raman spectra (3600–
100 cm−1, 300 scans, resolution 4 cm−1, 180° geometry)
were recorded using a RFS 100/S Bruker spectrometer.
Excitation of the 1064-nm line was provided by a
Nd:YAG laser (100 mW power output).

For electrical characterization, LAMOX powders cal-
cined at 700 °C were pressed into pellets (diameter
15 mm, thickness 1 mm) under ~150 kgf/cm2 and sintered
at 950 °C for 6 h. The impedance spectroscopy was used
to study a total conductivity of the sintered pellets. Both
of their sides were coated with silver paste to form
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electrodes. The measurements were carried out at 250 to
650 °С in air using a MNIPI Е7–25 Meter at potential
value of 10 mV in the frequency range 25 Hz–1 MHz.
The specific conductivities (σ) were calculated by simu-
lating the experimental impedance spectra using the
equivalent electric circuit method [20].

Results and discussion

Genesis of phase composition

The genesis of La2Mo2-xWxO9 at different synthesis
stages (during mechanical activation and subsequent cal-
cinations) has been studied in detail for the sample with
x = 1.

XRD patterns of starting lanthanum oxide and mechanical
activation products are presented in Fig. 1. According to XRD
data, starting lanthanum oxide contains admixtures of hexag-
onal La(OH)3 and La2O2CO3. XRD patterns of MA products
show a gradual interaction of starting oxides during activation.
Thus, after 5 min, a halo in the 2θ range of 20–35° corre-
sponding to amorphous phase appears. Simultaneously, hy-
dration of lanthanum oxide with formation of hydroxide oc-
curs. There is only one weak reflection of molybdenum oxide
at 2θ ~23.37° in the pattern while reflections of tungsten oxide
are absent. At increasing milling time, intensity of lanthanum
hydroxide diffraction peaks declines and peak corresponding
to molybdenum oxide disappears, while halo of the amor-
phous phase rises by intensity. Note that after 30 min of acti-
vation, reflections of lanthanum hydroxide and oxycarbonate
are still observed.

Infrared and Raman spectra give additional data on forma-
tion of amorphous phase and its nature (Fig. 2). The IR spec-
trum of the starting lanthanum oxide shows a broad intense
band at 400–600 cm−1 corresponding to vibrations of La-O in
La2O3 [31], while the bands at 645 and 3610 cm

−1 are related
to the bending and stretching OH-group vibrations of lantha-
num hydroxide [32]. The narrow bands at 746, 853, 1089 and
a broad band in the range of 1280–1650 cm−1 with the max-
imum at 1464 cm−1 correspond to stretching and bending

Fig. 1 XRD patterns of milling products after different times of
mechanochemical activation for LaMoWO9. 1 – starting La2O3, 2–
5 min, 3–15 min, 4–30 min

Fig. 2 IR (left) and Raman
(right) spectra of milling products
after different times of
mechanochemical activation for
LaMoWO9. 1–1 min, 2–5 min, 3–
10 min, 4–15 min, 5–30 min
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vibrations of carbonate ion in La2O2CO3 [31, 33]. The pres-
ence of lanthanum hydroxide and oxycarbonate in the starting
material is explained by the fact that the sesquioxides of rare
earth elements and their hydroxides are strongly subjected to
hydration and carbonization being exposed to atmospheric
CO2 and H2O at room temperature and standard pressure
[34, 35].

After 1 min milling, the band corresponding to La2O3 dis-
appears in the IR spectrum of products while the intensity of
bands at 645 and 3610 cm−1 related to bending and stretching
vibrations of OH-groups in La(OH)3 increases as a result of
lanthanum oxide hydration (Fig. 2, left). The bands at 995,
880, and 820 cm−1 correspond to stretching vibrations of dif-
ferent Mo(W)-O bonds in starting oxides [36–39]. The bands

at 1495, 1465, 1365, 1085 (stretching vibrations), and
855 cm−1 (bending vibrations ν4) correspond to carbonate
ion in La2O2CO3. The bands at 3400 and 1625 cm−1 are
assigned to stretching and bending vibrations of OH group
in water. Besides, the bands at 3190, 3030, 2850 (stretching
vibrations ν3), and 1415 cm−1 (bending vibrations ν4) of
NH4

+ remained from precursors salts are also observed.
At further milling for 5–30 min, the intensity of bands

corresponding to La(OH)3 decreases, showing its partial con-
sumption, while the bands assigned to Mo(W)-O vibrations in
initial oxides also reduce in intensity and disappear after mill-
ing for 13 min. Simultaneously, bands at 910, 800, 740, and
640 cm−1 corresponding to molybdates and tungstates [40, 41]
appear evidencing formation of a new compound. The bands
assigned to carbonate ion in crystalline La2O2CO3 are reduced
by intensity during milling, but their presence even after
30 min of treatment shows, in agreement with XRD data, only
partial decomposition of lanthanum oxycarbonate with simul-
taneous formation of surface carbonates characterized by the
broad bands at ~1410 and 1495 cm−1.

Raman spectra widely used for studies of Mo(W)-based
compounds [36–44] allow to explore, in more details, trans-
formation of products during mechanical activation. In the
Raman spectra of the sample milled for 1 min, two groups
of bands are observed. The bands between 150 and
400 cm−1 (at 290, 245, and 155 cm−1) are associated with
Mo(W)-O bending vibrations, while the high frequency bands
at 995, 820, and 665 cm−1 correspond to stretching vibrations
of Mo(W)-O in Mo(W)O3 [36–39, 41–44]. The bands of a
low intensity at 975, 795, and 350 cm−1 corresponding to
molybdates and tungstates [40, 41] are also observed in the
spectrum, probably, due to incomplete decomposition of these
starting compounds after calcination at 270 °C. The intensity

Fig. 3 XRD patterns of LaMoWO9 after calcination of milling products
at 400–900 °C

Fig. 4 IR (left) and Raman
(right) spectra of LaMoWO9 after
calcination of MA products: 1–
400°, 2–500°, 3–600°, 4–700°, 5–
800 °C, 6–900 °C
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of starting oxides bands decreases after milling for 5–10 min,
and they disappear after milling for 15 min. Simultaneously,
the intensity of molybdates (tungstates) bands at 330–
360 cm−1 (bending vibrations of Mo(W)-O bond (ν2 and
ν4)) and 795–810 cm−1 (stretching vibrations (ν3)) increases,
and the band at 915–920 см−1 (asymmetric stretching vibra-
tions (ν1) [41–44]) appears after 10 min milling. The changes
in the intensity of ν1 and ν3 bands could be due to interaction
of components in the course of milling and formation of
mixed lanthanum molybdate–tungstate oxide. The exact as-
signment of bands to either molybdate or tungstate is difficult
due to their large width and close position of individual bands
[40, 44, 45].

Formation of La2MoWO9 during annealing of the amor-
phous precursor obtained after 15 min milling has been stud-
ied by XRD, IR, and Raman spectroscopy. According to XRD
data (Fig. 3), calcination of milling products at 400 °C leads to
disappearance of remaining unreacted La(OH)3, retaining of
the amorphous phase and lanthanum oxycarbonate, and ap-
pearance of a weak reflection at 2θ~27.86°. After annealing at
500 °C, the halo of the amorphous phase disappears while the
intensity of the reflection at 2θ~27.86° increases and a number
of additional reflections emerges. In general, these reflections
correspond to the pattern of La2Mo3O12 (JCPDS 26–0821),
though some shifts of several peaks are observed due to for-
mation of La2(MoW)3O12 mixed oxide. The formation of
La2Mo3O12 as an intermediate compound during synthesis
of La2Mo2O9 has been observed in previous work [46]. At
600 °C, weak reflections of La2MoWO9 additionally appear.
After calcination at 700 °C, the main phase is the target
LAMOX with the admixture of La2 (MoW)3O12 provided
by interaction between La2(MoW)3O12 and remaining lantha-
num oxycarbonate. Increasing annealing temperature up to
900 °C results in formation of single-phase La2MoWO9

sample.

Infra-red spectra (Fig. 4, left) agree with X-ray diffrac-
tion data and add information on the genesis of target
LAMOX during annealing of the amorphous precursor.
Thus, after calcination at 400 °C, the bands at 645 and
3610 cm−1 related to δ(La-OH) and ν(OH) vibrations in
La(OH)3 [31, 32] disappear while the bands at 1495,
1465, and 1365 cm−1 show the presence of La2O2CO3

[33–35] in agreement with XRD data. The bands in the
range of 600–900 cm−1 (732, 820, 933 cm−1) correspond-
ing to amorphous mixed molybdate-tungstate [40, 44, 45]
are slightly shifted with changing their relative intensities,
thus evidencing distortion of Mo(W)-Ox polyhedra. These
bands disappear after calcination at 500 °C, showing com-
plete transformation of the amorphous phase into a new
phase characterized by a number of bands in both low and
high frequency regions, the most intensive ones being
situated at 915, 810, 715, 625, 520, and 405 cm−1. On

a b

Fig. 5 XRD patterns of pellets
after calcination of MA products
at 950 °C (a) and enlarged region
at 2 =47–48° (b). 1: La2Mo2O9,
2: La2Mo1.5W0.5O9, 3:
La2MoWO9. All reflections
correspond to the LAMOX phase

Fig. 6 DTA thermograms of La2Mo2O9 and La2MoWO9 calcined at
950 °С
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the whole, the spectra are similar to that of La2Mo3O12

phase [47]; however, some differences in the bands inten-
sity and positions are observed due to formation of a
mixed La2(MoW)3O12 oxide. Annealing at 600 °C leads
to a slight shifting of bands, their narrowing, and increase
in intensity along with a higher splitting, thus evidencing
perfection of the structure. After calcination at 700 °C, the
bands of lanthanum oxycarbonate completely disappear
while the band alterations and appearance of new bands
in the region corresponding to vibrations of Mo(W)-O
polyhedra show partial decomposition of La2(MoW)3O12

along with formation of target La2MoWO9 phase.
Annealing at 900 °C results in disappearance of bands at
719, 750, 773, and 838 cm−1 assigned to La2(MoW)3O12

[47], and the spectrum showing a.b. at 520, 615, 715,
795 cm−1 becomes close to those typical for La2Mo2O9

[48].
Raman spectra show evolution of amorphous mixed

molybdate–tungstate during annealing (Fig. 4, right).
The spectrum of sample calcined at 400 °C is a broad
band due to a distortion of Mo(W)-Ox polyhedra as agrees

with IR data. After calcination at 500 °C, a number of
bands with a low intensity appear in the low and high
frequency regions corresponding to bending and
stretching vibrations of Mo(W)-O bonds close to the ones
in La2Mo3O12. Annealing at 600–700 °C leads to pro-
nounced splitting of the bands that is a characteristic fea-
ture of monoclinic La2Mo3O12 [49]. Simultaneously,
some changes in position and intensity of the bands evi-
dence the starting formation of the target La2MoWO9.
After calcinations at 800–900 °C, bands splitting disap-
pears showing complete consumption of La2(MoW)3O12,
and the spectra become close to that for La2Mo2O9 [18].
A reliable interpretation of bands in the spectra of
La2(MoW)3O12 and La2Mo2O9 is difficult due to strong
couplings of different polyhedral vibrations in the lattice
as considered in [17, 18].

Thus, our results have shown that though the target
tungsten doped molybdates are not formed directly during
mechanical activation, it facilitates formation of the single
phase LAMOX. The XRD patterns of La2Mo2O9 and

Fig. 7 TEM image and electron diffraction patterns of La2Mo2O9 (left)
and LMW (right)

Fig. 9 SEM image of unpolished surface of the La2Mo1.5W0.5O9 pellet
annealed at 950 °C. EDX analysis was carried out at the points 1–4 (see
Fig. 10, right)

Fig. 8 SEM image (left) and
particles size distribution (right)
for the powder of La2MoWO9

calcined at 700 °C
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La2Mo2-xWxO9 pellets obtained after calcination of MA
products at 950 °C (Fig. 5) show only reflections of
LAMOX.

Structural properties

It is known that La2Mo2O9 crystallizes in two different forms:
a low-temperature α phase and a high-temperature β-form.
The high-temperature β form has a cubic structure (space
group P213), and the α-phase is considered as a slight mono-
clinic distortion of the β-form [1–6]. The differences in the
XRD patterns of these two phases are minimal, and the mono-
clinic distortion results in the presence of a few extra peaks
with a low intensity and in the splitting of some pseudo-cubic
(111), (201), (211) and (321) reflections. The most sensitive to

a monoclinic distortion of the β-phase is the (321) reflection
in the 2θ range of 47–48°. Therefore, the analysis of its shape
could be used for the preliminary determination of the doped
LAMOX structure and estimation of the cubic phase stabili-
zation at room temperature by various dopants.

The enlarged (321) reflections for pellets calcined at
950 °C are shown in Fig. 5. In the case of undoped
La2Mo2O9, the (321) reflection is a broad line with some
splitting that is a characteristic feature of monoclinic α-phase.
The (321) reflection of W-doped LAMOX is a sufficiently
narrow line which is typical for high-temperature cubic β-
phase evidencing its retention at room temperature.

Additionally, the thermal analysis of samples calcined at
900 °C has been conducted. The DTA thermogram of
undoped La2Mo2O9 (Fig. 6) shows an endothermic peak at

Fig. 10 EDX analysis:
concentration of La, Mo, and W
in the different points of the
samples: the powder of
La2MoWO9 calcined at 700 °C
(left) and the tablet of
La2Mo1.5W0.5O9 annealed at
950 °C (right)

Fig. 11 SEM image of
La2Mo2O9 (left) and LMW
(right) pellets sintered at 950 °C at
different magnification
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about 570 °C corresponding to the structural α→ β transition
[1–6], while any endothermic peaks are absent for W-doped
sample. Thus, the data of the thermal analysis also confirm

stabilization of cubic structure in W-doped LAMOX.
Stabilization of the cubic phase is also confirmed by TEM
data (Fig. 7). In the electron diffraction pattern of undoped
La2Mo2O9, positions of reflections and interplanar spaces cor-
respond to monoclinic α-La2Mo2O9 (ICSD 172479) [13].
Electron diffraction patterns of LMW show reflections and
interplanar spaces close to those for cubic β-La2Mo2O9 phase
(ICSD 98871) [6, 12].

The unit cell parameter of La2MoWO9 estimated from
XRD data is a little larger as compared with that for undoped
La2Mo2O9 (0.7156(9) and 0.7149(3) nm, respectively) due to
a slightly larger ionic radius of W6+ (0.6 Å) versus that of
Mo6+ cation (0.59 Å) in agreement with the literature data
[13, 14, 16].

The structure of β-LAMOX is considered to be a rigid
framework built up by [O1(La)3Mo] tetrahedra surrounded
by partially occupied O2 and O3 oxygen sites [2, 3, 6].
According to structural studies of La2Mo2O9 by neutron pow-
der diffraction, there is a substantial disorder in the oxygen
sublattice of β–phase, which is considered to determine a
high-oxygen mobility [2, 3, 6]. Doping La2Mo2O9 with tung-
sten, along with a slight increase of the unit cell, results in
alteration of O2 and O3 site occupation leading to a higher
disordering [13, 16].

SEM analysis

The SEM image and particle size distribution for the powder
of LaMoWO9 calcined at 700 °C are presented in Fig. 8. The
SEM image shows presence of separate particles of a small
size along with large aggregates. According to the analysis of
the particles size distribution, it is in the range of 0.35–15 μm.
The histogram passes through the two maxima at 0.54 and
2.4 μm. EDX analysis of the powdered LaMoWO9 and the
pellet of La2Mo1.5W0.5O9 sintered at 950 °C shows sufficient-
ly uniform distribution of La, Mo, and W in both samples
(Fig. 9-10).

The SEM images of La2Mo2O9 and LaMoWO9 pellets
sintered at 950 °C are presented in Fig. 11 and show a low
porosity with a high (>95 % ) apparent density and well-
connected grains. Besides, the size of grains for LaMoWO9

is noticeably smaller as compared with those for undoped
La2Mo2O9. Thus, in agreement with previous works [14,
49], W doping hampers the grain growth of LAMOX.

Conductivity

The conductivity measurements were carried out for pellets
sintered at 950 °C. The impedance spectra of sintered samples
are typical for ionic conductors (Fig. 12). All Z” = f (Z’) de-
pendences may be satisfactorily described by an equivalent
scheme which includes the bulk and electrode impedances
connected in series (Fig. 12). The bulk impedance includes

Fig. 12 Impedance plots for LaMoWO9 obtained at different
temperatures and the equivalent circuit used for the data interpretation,
where the bulk impedance: Rb (the bulk resistance) and (CPE)b (the
constant phase element), the electrode impedance (CPE)e (the constant
phase element)

Fig. 13 Arrhenius plots of conductivity for LaMoWO3 (1) and
La2Mo1.5W0.5O9 (2)
fitted with a conventional Arrhenius model at low temperature (solid
lines) and with a VTF model at high temperature (dash lines). Dot lines
with hollow circles correspond to conductivity of La2Mo2O9 as a
reference
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two elements: the bulk resistance Rb and the constant phase
element (CPE)b; the electrode impedance is observed at high
temperatures and comprises only the constant phase element
(CPE)e. The total conductivity values were calculated from
the Rb values taking into account geometric parameters of
the sample (1):

σ ¼ 1

Rb

t
S

� �
ð1Þ

where σ is the total conductivity (S/cm), Rb is the bulk resis-
tance, t is the pellet thickness, and S is the electrode surface
area.

Temperature dependences of the total conductivity for
La2Mo2O9 and La2Mo1-xWxO9 samples are shown in
Fig. 13. Conductivity of La2Mo2O9 shows a sharp increase
at around 570 °C due to the structural α→ β phase transition
[1–6], whereas no abrupt conductivity changes are observed
for W-doped samples showing stabilization of the cubic phase
in agreement with the structural and thermal analysis data.
Besides, at temperatures above 400 °C, their conductivity ex-
ceeds that of pure La2Mo2O9. In general, the conductivity
values of samples obtained in this work (4.2–5.6⋅10−3 S/cm
at 630 °C) are close to those reported earlier in the literature
[13–23, 49]. For instance, conductivity of La2MoWO9

(5.6∙10−3 S/cm at 630 °C) is close to the value of ~5∙10−3 S/
cm reported for a similar system by Ge et al. [49].

Usually, two regions of the temperature dependence of
conductivity are considered: below and above ~450 °C [2,
3]. The conductivity of samples at low temperatures can be
satisfactorily fitted by the conventional Arrhenius-type equa-
tion (2):

σ ¼ A
T exp −Ea

kT

� �
(2),

where A and Ea are the pre-exponential factor and the activa-
tion energy, respectively. The activation energy Ea for W-
doped LAMOX is higher as compared with pure La2Mo2O9

(Table 1). Its values (1.5 and 1.1 eV, respectively) are close to
those obtained in Ref. [16]: 1.4–1.7 eV for La2Mo1-xWxO9

and 1.11 and 0.9 eV for α- and β-La2Mo2O9. The conduction
mechanism in the low temperature region is considered as due
to the thermally activated oxide ions mobility [2, 3].

At temperatures above 400 °C, a deviation from the linear
Arrhenius dependences is observed, presumably caused by
the change in the conduction mechanism [13–18]. In this tem-
perature range, the conductivity is satisfactorily described by
the empirical Vogel-Tammann-Fulcher (VTF) equation (3) [2,
3, 6, 12]:

σ ¼ A
T exp − EVTF

kðT−T0

� �
(3),

where A, EVTF, and T0 are some parameters determined by
fitting the experimental data. In such a VTF-type model for
LAMOX, the oxide ion migration is assumed to be thermally
assisted by the vibration of the cation framework, in which
[O1(La)3Mo] tetrahedra are able to tilt and rotate with respect
to each other, thus opening up a new conduction paths [12,
50]. This leads to a decrease of the activation energy (Table 1)
and increase of conductivity due to migration of oxygen from
fully occupied O1 sites toward partially occupied O2 and O3
oxygen sites which increase the overall charge carrier
concentration.

Conclusion

La2Mo2-xWxO9 (x = 0.5–1) samples were synthesized
using mechanochemical activation (MA) of starting ox-
ides in a high-power planetary ball mill followed by cal-
cination at 700–900 °C. The study of W-doped LAMOX
samples genesis during MA has revealed the formation of
mixed lanthanum tungstates-molybdates amorphous pre-
cursors. Their calcination at 500° leads to disappearance
of amorphous precursors and formation of intermediate
La2(MoW)3O12 structures. After annealing at 600°,
La2Mo2-xWxO9 appears while a pure cubic phase is
formed at 800–900 °C. These results have shown that
though the target W-doped molybdates are not formed

Table 1 Chemical and phase composition, conductivity (σ), and activation energy (Eact) of LAMOX samples prepared via mechanochemical
activation followed by annealing at 700–900 °C

Sample Stoichiometry Phase compositiona σ b,
10−3 Sm/
cm

Eact
c,

eV
Eact

d e
V

700 °C 900 °C

LM La2Mo2O9 α-phase 4.2 1.1 –

LMW0.5 La2Mo1.5W0.5O9 β-phase, La2Mo3O12 (traces) β-phase 4.7 1.5 0.3

LMW La2MoWO9 β-phase La2Mo3O12 (traces) β-phase 5.6 1.5 0.32

a At room temperature bAt 630 °C c Estimated using Arrhenius equation at 280–450 °C
dDetermined from VTF equation at 450–700 °C
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directly during mechanical activation, its application facil-
itates formation of the single phase LAMOX. The cubic
β-phase formed from MA products after calcination at
700–950 °C was shown to be stabilized at room
temperature.

High-density pellets of WLAMOX ceramics have been
obtained already after sintering at 950 °C. W-doped
LAMOX possess a higher electrical conductivity as compared
with pure La2Mo2O9 at temperatures above 400 °C (i.e., 4.7–
5.6∙10−3 S/cm at 630 °C).
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