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titution effect on the phase
stabilization, electrical and spectroscopic
properties of LAMOX-based electrolyte for solid
oxide fuel cells

Noureddine Mhadhbi,ab Wiem Jabeur,a Ahlem Guesmi,c Ammar Houas,d Naoufel Ben
Hamadic and Houcine Näıli *a

A series of P5+ – doped La2Mo2O9 phases with different concentrations of P5+ were prepared using

conventional solid–state reactions. The formation of phase-pure P5+-doped La2Mo2O9 has been

monitored by powder X-ray diffraction, thermal analysis, conductivity measurements, Raman, and FT-IR

absorption techniques. The structure and lattice parameters of La2Mo2−yPyO9−y/2 are obtained from

Rietveld refinement. The effect of substituting P for Mo reveals that the phase transition which occurs in

La2Mo2O9 around 560 °C disappears when y > 0.02, as demonstrated by thermal analysis. Pure

P5+-doped phases with monoclinic structure (a-form, the space group P21) were observed for the

concentration of optically active ions up to y = 0.02. When the concentration of P5+ ions is higher,

a cubic structure (b-form, the space group P213) starts to appear. However, up to the concentration of y

= 0.03 of the P5+ ion a mixture of the monoclinic and cubic phases has been observed. From infrared

and Raman analysis it is confirmed that different vibration modes arise from the vibration of

molybdenum–oxygen bands. Mo–O bond lengths are also found to be independent of P-doping.
1. Introduction

There is currently considerable interest in nding competitive
electrolytes to substitute the reference material yttria-stabilized
zirconia (YSZ) in solid oxide fuel cell (SOFC). However, this
electrolyte must be operated at 800–1000 °C to provide suffi-
cient ionic conductivity. Such a high operating temperature
limits the commercialization of SOFCs. Considerable effort has
been exerted to develop alternative electrolytes possessing high
ionic conductivities at intermediate temperatures (500–700 °
C).1,2 La2Mo2O9 based materials (LAMOX) have been studied in
last few years as potential solid electrolytes for intermediate
temperature applications, such as oxygen sensor, dense
membranes for oxygen separation and electrolyte for solid oxide
fuel cells (SOFCs).3 The attention has moved to electrolytes
based on the lone pair substitution (LPS) concept. A partial or
complete substitution of the lone pair cation by a non-lone pair
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cation produces intrinsic oxygen vacancies. This concept was
rst discovered by P. Lacorre et al. in the year 2000.4,5 At around
580 °C, La2Mo2O9 goes through a structural phase transition
from the low-temperature a-La2Mo2O9 monoclinic phase to the
high-temperature b-La2Mo2O9 cubic phase accompanied by two
orders of magnitude increase in conductivity.6–8 It has recently
been reported that this phase transition is understood as
a transformation from a static to a dynamic distribution of
oxygen defects7,9,10 while keeping the monoclinic local struc-
ture.7 This phase transition is accompanied by a sudden
increase of conductivity at higher temperatures that achieves
about 6 × 10−2 s cm−1 at 800 °C, limiting the potential appli-
cability of La2Mo2O9 in SOFC. The current focus is on the
stabilization of the intensely conducting b-phase. In this
context, several series of compounds derived from La2Mo2O9,
designated as LAMOX, have been investigated in the past
several years, in which La3+, has been partially substituted by
Ca2+, Gd3+, Y3+, K+, Sr2+, Ba2+, Bi3+, and Eu3+ and Mo6+ by Nb5+,
Ta5+, Re6+, V5+, Cr6+, W6+ and S6+.11–18 In most cases, the b phase
is stabilized to room temperature and the a/b phase transition
is suppressed. Unfortunately, most of the substitutions
decrease the conductivity at high temperatures in comparison
with pure La2Mo2O9. Vastly researchers have reported different
applications resulting from the use of the LAMOX family in
various elds19–24 to achieve cell function success. This is due to
several factors including the starting materials, the substituted
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
element, and the type of atmospheric conditions used during
the synthesis process.18 It is crucial to better understand how
a substitution impacts the local patterns and the resulting
material properties. LAMOX with molybdenum substituted by
phosphorus is an example of a cationic substitution system in
which saturation occurs at low concentrations as proved by
Pahari et al., since 2012.25 The motivation for the present
investigation was at rst to determine the extent of the solid
solution and then to obtain a better insight into the inuence of
phosphorus on the crystal structure, the thermal stability and
the electrical properties. Also a correlation between the struc-
tural and ion conduction results has been established. From
infrared and Raman analysis it is conrmed that different
vibration modes arise from the vibration of molybdenum–

oxygen bands. Mo–O bond lengths are also found to be inde-
pendent of P-doping.
Fig. 1 Room temperature XRD patterns for different compositions of
La2Mo2−yPyO9−y/2 series. The insets show the disappearance of the
monoclinic splitting upon phosphorus substitution through the
evolution of the (231) pseudocubic lines.
2. Materials and methods

Two grams of polycrystalline samples of La2Mo2−yPyO9−y/2

(y = 0.01, 0.02, 0.03, 0.04, 0.05) were prepared by conventional
solid–state reaction from elementary oxides molybdenum
trioxide MoO3 (PURA-TREMs 99.999% from Strem Chemicals),
diammonium hydrogenphosphate (NH4)2HPO4 ($98% from
Sigma Aldrich), and of lanthanum oxide La2O3 (reaction 99.9%
from Alfa Aesar). The reaction between the reactants powders is
written as follows:

La2O3 + (2 − y)MoO3 + y(NH4)2HPO4 /

La2Mo2−yPyO9−y/2 + 2yNH3 + 1.5yH2O

Before use, La2O3 was calcinated in the air for 12 h at 1000 °C
to remove absorbed carbon dioxide. The stœchiometric mixture
of La2O3, (NH4)2HPO4, and MoO3 was rst heated at 500 °C for
12 h (heating and cooling rates of 5 °C min−1). Several
annealing with regrinding in acetone is necessary to obtain
a pure single phase. The nal ring temperatures were 900, 950,
1000, 1100, 1150, and 1175 °C (heating and cooling rates of
5 °C min−1) for phosphorus content lower and higher than
y = 0.03, respectively.

Aer completion, X-ray powder diffraction patterns were
recorded at room temperature on a q/q Bragg–Brentano Philips
X'pert MPD PRO diffractometer (CuKa1+2 radiations) equipped
with the X'celerator detector. At room temperature, diffracto-
grams were collected for 400 min in the [5–130°] scattering
angle range, with a 0.084° step. Thermodiffractograms were
collected on the same diffractometer equipped with an HTK
1200 Anton Paar chamber using an Al2O3 sample holder cup.
Diffractograms were recorded under air ow from room
temperature (RT) to 900 °C in the [9–130°] scattering angle
range, with a 0.0084° step (heating rate of 10 °C min−1,
temperature stabilization for 20 min with temperature correc-
tion aer calibration). Crystal cell parameters were determined
by full patternmatching renement of the powder XRD patterns
in space group P213 using the Fullprof program and the Dia-
mond soware was used to draw the crystal structure.26
© 2023 The Author(s). Published by the Royal Society of Chemistry
Thermal analyses were performed on raw powders with
a TGA/DTA Q600 SDT TA Instruments apparatus (Pt crucibles,
Al2O3 as a reference) under airow (100 mL min−1). For
numerous compounds in powder form in La2Mo2−yPyO9−y/2

series, thermograms were collected on ∼100 mg samples in the
RT-1400 °C range heating/cooling rate of 10 °C min−1.

Complex impedance measurements were performed on
dense pellets, with thin platinum lms (deposited by magne-
tron sputtering on both at faces) as electrodes. The impedance
spectra were recorded over the 32 MHz to 0.1 Hz frequency
range (signal amplitude 50 mV) in dry airow at high temper-
ature using a Solartron SI 1260 frequency response analyzer
combined with the Dielectric Interface (Solartron 1296). A
35 min thermalization time was applied before each
measurement.
3. Results and discussion
3.1. XRD and thermal analysis

XRD patterns for different compositions of La2Mo2−yPyO9−y/2 at
room temperature are shown in Fig. 1. The sharp and well-
dened diffraction patterns indicate high range order of crys-
tallinity. The unit cell parameters were obtained by the pattern-
matching t of diffractograms either in a single monoclinic
subcell (space group P21 (no. 4)) for y = 0.02 or in a cubic cell
(space group P213 (no. 298)) for y = 0.03. Along the series, the
linear reduction of the unit cell volume with increasing the
phosphorus content y reect that the pentavalent phosphorus
cation (ionic radii = 0.38 Å) is much smaller than molybdenum
ion (ionic radii = 0.65 Å). The formation of a partial solid
solution is then established in the composition range with all
the studied samples being pure. The room temperature X-ray
diffraction patterns of La2Mo1399P0.01O8.995 and
RSC Adv., 2023, 13, 30168–30175 | 30169
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Table 1 First-order transition temperatures of raw powder of La2-
Mo2−yPyO9−y/2 determined by DTA in air

a / b transition temperature (°C)

y Onset Peak max
0.0 568 570
0.01 549 551
0.02 533 536
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La2Mo1.98P0.02O8.99 clearly exhibit the pic splitting characteristic
of the slight monoclinic distortion and the 2 × 3 × 4 super-
structure peaks at low 2q scattering angles relative to the b-
La2Mo2O9 form. This was conrmed by DT analysis in Fig. 2: an
endothermic peak upon heating up associated with the revers-
ible a / b structural phase transition was seen around 550–
570 °C. With increasing phosphorus content, a slight shi of
this transition toward higher temperatures is observed
(Table 1). The reduction in the intensity of the thermal peak
upon substitution is consistent with the slightly smaller
monoclinic split-ting of the pseudocubic (231) diffraction line.
The broadening of the peak (an increase of the difference
between the temperature at the onset point and at the
maximum peak in Table 1) reects the increase of cationic
disorder introduced by the phosphorus substitution.

A DTA analysis has been performed on La2Mo1.98P0.02O8.99 in
order to detect the inuence of phosphorus substitution on the
a/b phase transition. The main effect is a signicant decrease of
the phase transition of about 45 °C relative to La2Mo2O9: 580 °C
for La2Mo2O9 and about 536 °C for La2Mo1.98P0.02O8.99.
Fig. 2 DTA thermograms upon heating (10 °C min−1) in air of La2-
Mo2−yPyO9−y/2 raw powders samples.

30170 | RSC Adv., 2023, 13, 30168–30175
This is consistent with the slightly smaller monoclinic
splitting (see above) and the general trend of the b-phase
stabilization upon substitution (see below). The thermal peaks
upon heating and cooling are broader than those in La2Mo2O9,
probably due to some heterogeneity in the substitution as
already evoked in another phase transition of the system. Above
a phosphorus content of y = 0.03, the stabilization of the cubic
b-phase at room temperature occurs. Table 2 musters the
results of these structural renements: atomic positions,
equivalent isotropic temperature factors, and anisotropic
thermal stirring coefficient.
3.2. Electrical properties

Observations on the electrical conductivity of specimens with
varying phosphorous contents (Fig. 3) are helpful for describing
polymorphism and studying the impact of the additive on the
transport mechanism. To gure out the effect of the substituted
amounts on the conduction mechanism, both Arrhenius and
VTF (Vogel–Tammann–Fulcher) regimes are investigated. In the
Table 2 Refined crystal structure parameters (space group P213) in the
series La2Mo2−yPyO9−y/2 from X-ray powder diffraction data

x 0.03 0.04 0.05

a (Å) 7.1525 (1) 7.1514 (1) 7.1494 (7)
La (4a) (xxx) x 0.8546 (4) 0.8542 (7) 0.8551 (1)

Occupancy 1 1 1
Biso (Å

2)a 4.7 (2) 4.1 (9) 4.6 (7)
Mo/P (4a) x 0.1695 (7) 0.1716 (8) 0.1674 (4)

Occupancy 0.985/0.015 0.980/0.02 0.975/0.025
Biso (Å

2)a 5.4 (4) 5.4 (1) 5.8 (5)
O1 (4a) x 0.314 (8) 0.317 (3) 0.310 (9)

Occupancy 1 1 1
Biso (Å

2)a 7 7 7
O2 (12b) (xyz) x 0.987 (2) 0.960 (2) 0.969 (3)

y 0.148 (5) 0.142 (9) 0.200 (5)
z 0.360 (2) 0.350 (1) 0.347 (4)
Occupancy 0.65 (7) 0.63 (7) 0.64 (7)
Biso (Å

2)a 7 7 7
O3 (12b) x 0.796 (5) 0.780 (9) 0.822 (3)

y 0.534 (5) 0.565 (5) 0.563 (5)
z 0.599 (1) 0.624 (4) 0.576 (1)
Occupancy 0.50 (3) 0.52 (3) 0.51 (3)
Biso (Å

2)a 7 7 7
Rwp (%) 8.60 7.78 9.97
Rexp (%) 4.52 5.33 6.05
RBragg (%) 3.35 2.34 3.21

a Biso = 4/3a2(b11 + b22 + b33).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evolution of the conductivity with temperature for La2Mo2−yPyO9−y/2 (y = 0, 0.01, 0.02, 0.03, 0.04, 0.05).
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low-temperature zone, the electric eld of the samples is linear
and follows the well-known Arrhenius law (eqn (1)):

(s × T) = s0 exp(−DEa/kBT) (1)

where s0, Ea and kB are the pre-exponential factor, the activation
energy, and the Boltzmann constant, respectively. For assessing
the electrical conductance of LAMOX materials in the high-
temperature phase with inhibited phase transition, Georges
et al. were the rst to employ the Vogel–Tammann–Fulcher rule
(eqn (2)).27,28

�
s�

ffiffiffiffi
T

p �
¼ s0 exp½ �DKB=RðT � T0Þ� (2)

where R and T0 are resistance and glass transition temperature
at equilibrium, respectively.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The two stages' boundaries are thought to be marked by
a phase transition in a specic temperature. In this case, some
results from Fig. 3, in which the plot of the dependence of the
electrical conductivity of La2Mo2−yPyO9−y/2 samples, and the
curve of the undoped La2Mo2O9 was made for comparison, can
be extracted. At 580 °C, the parent compound with y= 0 showed
a phase transition, which can be seen by a sudden rise in
conduction. Nevertheless, as the phosphorus level increases to y
= 0.05, the phase transition that was previously described blurs
and the conductivity jump disappears. The conductivity
behavior of y = 0.01 and y = 0.02 does not exhibit an abrupt
change at the transition temperature determined through
DTA analysis and X-ray diffraction. This implies that pellets
with y = 0.01 and y = 0.02 possess cubic symmetry throughout
the thermal area examined. The stabilization of shape by
RSC Adv., 2023, 13, 30168–30175 | 30171
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Table 3 Characteristic band and vibration mode of PO4
3− in Raman

spectroscopy

Wavenumber Vibration mode Vibration pattern

1017 n3 Asymmetric elongation of P–O
938 n1 Symmetric elongation of P–O
567 n4 Asymmetric deformation of O–P–O

RSC Advances Paper
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pressure within a sintered pellet has already been underlined
for numerous members of the LAMOX family: La1.8Eu0.2Mo2O9

(ref. 24) et La1.92Ca0.08Mo2O8.96.28 The experimentally observed
decrease in the La2Mo2−yPyO9−y/2 series in oxide ion conduc-
tivity at a given temperature is very erratic depending on the y
content. What's happened is most likely due to oxygen vacancy
entrapment in such defect clusters.27,29
420 n2 Symmetric deformation of O–P–O
3.3. Spectroscopic properties

In order to track the dynamic properties of the system as
a function of temperature and to better understand the transi-
tion mechanism, the Raman spectrometry study of LAMOX
compounds was undertaken. Raman spectra of La2Mo2−yPy-
O9−y/2 (y = 0.01, 0.02, 0.03, 0.04, 0.05) were recorded in the
frequency range 400–4000 cm−1, as observed in Fig. 4. The rst
eye-catching in the gure is the resulting change in the spec-
trum prole at 840 cm−1 when y $ 0.03 P-substituted. It's
caused, therefore, by the transition from one phase a to another
b, and conrms X-ray diffraction results. The characteristic
vibration bands of PO4

3− are listed in Table 3: the asymmetric
(n3) and symmetric (n1) elongation of the P–O bands are 1017
and 938 cm−1, respectively. Whereas, the asymmetric (n4) and
symmetric (n2) deformation of the O–P–O bands are 567 and
420 cm−1, respectively. Peaks that are registered below
200 cm−1 tend to be lattice structure modes. The measurement
results in Fig. 4 shows a weak shi to the lowest values of
wavenumbers, this would match with the change that occurred
in the whole structure (decrease in overall volume, phase
changeover, etc.). Additionally, the internal vibrational modes
of a tetrahedral MoO4 group of the specic original compound
with y= 0 are explicated with details in literature18.Moreover, to
supplement the XRD data, IR absorption was investigated.
Some characteristic absorption bands are relative to PO4

−3 can
be found in the spectra presented in Fig. 5. The two bands
detected at 542 and 615 cm−1 correspond to the asymmetric
Fig. 4 Raman spectra of La2Mo2−yPyO9−y/2 (y= 0.01, 0.02, 0.03, 0.04,
0.05).

30172 | RSC Adv., 2023, 13, 30168–30175
bending (n4). While the asymmetric elongation is revealed by:
the narrowband centered at 1015 cm−1 and the band observed
at around 1050 cm−1. Those spectroscopic bands and peaks are
important and didactic since a change in shape can disclose
information about the structure and phase transition.
3.4. Thermal expansion

The thermal expansion behaviour of a solid electrolyte is also
essential. The thermal expansion coefficient of La2Mo2O9 is
14.1–16.0 × 10−6 K−1 at low temperature (a-La2Mo2O9) and
16.4–22.5 × 10−6 K−1 at high temperature (b-La2Mo2O9).30,31

These values are much higher than those of YSZ and other oxide
ion conductors (9–11 × 10−6 K−1).32 The relatively large thermal
expansion is considered to be caused by the disordering of the
oxygen lattice and minor oxygen loss during heating. It remains
a hindrance for the compatibility of La2Mo2O9 with commo-
n electrodes. It has been observed that the substitution of La
and Mo sites of La2Mo2O9 by various alkali and alkaline
ions stabilizes the b phase at room temperature and increa-
ses the ionic conductivity and also reduces the thermal expan-
sion coefficient.33–35 Fig. 6 depicts the thermal development of
the various compositions over the temperature range of
Tambiante – 900 °C. It ought to be noted to mention that the
sample with y = 0.02 behaves with a jump in the temperature
Fig. 5 IR spectra of La2Mo2−yPyO9−y/2 (y = 0.01, 0.02, 0.03, 0.04,
0.05).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature dependencies of the single cell volume of La2-
Mo2−yPyO9−y/2 raw powder samples determined from temperature-
controlled X-ray diffraction data.
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range between 540 °C in the thermal evolution of cell volume.
This behavior is associated with a clear deviation from the
Arrhenius behavior in the conductivity curve. This alteration
may be the result of the cationic framework distortion/
liberation without symmetry breaking (Arrhenius to Vogel–
Tammann–Fulcher (VTF) processes) moving from static to the
dynamic disordering of oxygen vacancies. For compositions y =
0.03, y = 0.04, and y = 0.05, the volume increases linearly with
the temperature up to about 400 °C, a temperature Tonset above
which a change of speed is observed. The thermal changes in
volume presented in Fig. 6 represent the LAMOX family's
compound forms. In addition, the suppression of phase tran-
sition was conrmed in these three compositions and it
supports our earlier DTA results.
4. Conclusion

A new examination of the solid solution La2Mo2−yPyO9−y/2 (0.01
# y # 0.05) was conducted to gain an improved grasp of the
impact of pentavalent phosphorus on the crystal structure,
thermal stability, electrical, and spectroscopic properties. Riet-
veld renements of the XRD patterns demonstrate that the
partial substitution of P at the Mo-site display the presence of
© 2023 The Author(s). Published by the Royal Society of Chemistry
three phases. The monoclinic system is adopted by the
concentration less than or equal to 0.02. Whereas, a quasi-cubic
phase has been observed at the content of 0.03. And, the cubic
phase starts to appear from the y = 0.04 content of the phos-
phor. The stabilization of the cubic b-form is conrmed by the
thermal expansion in which the sudden jump pronounced at y
= 0.02, vanishes in the higher proportions. Thermal analysis
reveals the disappearance of the phase transition, detected at
560 °C in La2Mo2O9, from y = 0.03 to y = 0.05. Moreover,
electrical conductivity measurements prove that the P doping
could suppress the order-disorder transition exhibited by pure
La2Mo2O9, at room temperature from y > 0.02. An erratic
decrease in conductivity as P content increases may be due to
the fact of the oxygen vacancy. Infrared and Raman spectros-
copies were commonly employed in the vibrational investiga-
tion. They point to the existence of the distinctive lines of
molybdate ions and offer experimental proof of the function of
phosphate ions.
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