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Partial substitution of Mo®* by S°* in the fast oxide ion conductor La,M0,0:

Synthesis, structure and sulfur depletion

Noureddine Mhadhbi, Gwenaél Corbel*, Philippe Lacorre, Alain Bulou

LUNAM Université, Université du Maine, CNRS UMR 6283, Institut des Molécules et des Matériaux du Mans,

Avenue Olivier Messiaen, 72085 Le Mans Cedex 9, France

Abstract

Powder-solid state reaction route using La,(SO,4)s as sulfur source was used to prepare compositions of
the solid solution La,Mo,_,S,0,. Single phases were only obtained in the substitution range extending
up to y=0.8 (40 mol% S) at the annealing temperature of 850 °C with regard to the limit of stability of
the lanthanum sulphate reactant. Within the synthesis conditions, a stabilization of the high
temperature B-form is observed from and above y=0.1 (5 mol% S). Temperature-controlled X-ray
diffraction and thermogravimetric analyses have shown that La,Mo,_,S,09 raw powders undergo
thermal decompositions in two steps. Heating above 900 °C, a sulfur depletion to the benefit of
molybdenum in La,Mo,_,S,0o raw powders leads to the formation of La,SOe. At higher temperature,
the exsolved La,SOg phase then decomposes into La,03, which in turn reacts with the sulfur-depleted
La;Mo,04 phase to form La,MoOs. The present study also reveals that depending on the substitution
rate y, the sulfur depletion can be induced by ball-milling of raw powders. Along the La,Mo,_,S,0q
series, the isovalent substitution of molybdenum by sulfur tends to restrict in magnitude, or even to
suppress above 400 °C, the distortive thermal expansion of the cubic B-type structure, thus strongly
decreasing the conductance at high temperature.
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Introduction

Fast oxide ion conductors are of considerable interest for “clean”
electrochemical applications including solid oxide fuel cells, oxygen
sensors and oxygen separation membranes. In this field, Lacorre et al.
have discovered 11 years ago a novel oxide ion conductor La,Mo,09
[1,2]. This binary oxide exhibits, above a first order and reversible o
(monoclinic, P2;) to B (cubic, P2,3) structural phase transition at
580 °C, an anionic conductivity higher (5x 10~2Scm~" at 700 °C)
than that of the conventional 8 mol% yttria stabilized zirconia SOFC
electrolyte. Therefore, the strategy was to stabilize the high-T
anionically disordered cubic B-form through solid solution formation
in order to preserve the oxide ion conductivity at lower temperatures.
Thus, several derivatives of La;M0,0g have been studied, substituting:

— either Bi** [3], Pr** [4], Nd** [5,6], Eu* [7], Gd®* [5], Y3+
[5], Na* [8], K* [8,9], Rb™ [8], Ca%* [10], Sr** [10], Ba%™ [10]
for La3+

- or Cr®* [11], W8+ [11,12], V°* [13], Nb°+ [14,15], Ta°* [15]
for Mo®+.

Apart from Pr>*, Na* and Nb>*, most substitutes for La or Mo in
La,Mo,0 stabilize, above certain content, the cubic B-form at room
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temperature. We explored the properties of LAMOX compounds
partially substituted by K* (4-6 mol% [16]), Ca®** (3-4 mol%
[17,18]), Ba®*(7.5-10 mol% [16]), Nd** (20-60 mol% [19]), Eu**
(7.5-10 mol% [20]). A release of topological metastability upon
heating (successive B-metastable/o and o/f transitions in the tem-
perature range 460-500 °C and at around 570 °C, respectively) some-
times combined with partial exsolution and recombination processes
were observed by temperature-controlled X-ray diffraction. These
thorough studies of the structural instabilities provide key informa-
tion in understanding either the transient decrease of the conductiv-
ity in limited thermal range or its irreversible decrease with time at
high temperature.

Except for a quick limited survey (two compositions -
La;Mo4 650409 and B-LazMoS0Og) [21] in the early years after the
discovery of La,Mo,09-based oxide-ion conductors, no thorough
study of the solid solution La,Mo,_,S,09 had been undertaken
yet. The motivation for the present investigation was at first to
determine the extent of the solid solution and then to obtain a
better insight into the influence of sulfur on the crystal structure,
the thermal stability and the electrical properties.

Experimental section
Synthesis

Two grams of polycrystalline samples of -La,Mo, _,S,0q (y=0.1,
0.2,03, 04, 0.5, 0.6, 0.8, 1) were prepared by conventional solid state



reaction from elementary oxides La,O3 (REacton® 99.9% from Alfa
Aesar), Lay(SO4)3-9H,0 (99.999% from Aldrich) and MoOs; (PURA-
TREM®™ 99.999% from Strem Chemicals). Prior to use, La,0Os was
calcinated in air for 12 h at 1000 °C in order to remove adsorbed
water and carbon dioxide. Reactant powders were stoichiometrically
weighted, thoroughly ground in an agate mortar and at first heated in
an alumina crucible at 500 °C for 12 h (heating and cooling rates of
2 °C/min). It is noteworthy that the reactant Lay(SO4)s-9H,0 is
completely dehydrated at 350 °C and starts decomposing in air into
the oxysulfate La,SOg above 890 °C [22] with a release of sulfur
dioxide and dioxygen gas. In order to prevent the decomposition of
Lay(SO4)3, several intermediate stages of heating for 12h and
regrinding were performed from and above 600 °C by step increment
of 50 °C up to get pure samples. Single B-phases were finally obtained
after firing at 850 °C and cooling down to room temperature at 5 °C/
min.

Ball-milling and sintering

Raw powder samples of p-La,Mo,_,S,09 (y=0.1, 0.2, 0.3, 0.4,
0.5, 0.6) were ball-milled (FRITSCH planetary micromill pulveri-
sette 7 apparatus with 900 mg of sample placed into 45 cm?® agate
bowl with six 10 mm diameter agate balls and covered with
ethanol) for four alternations of 15 min milling sequences at
700 rpm with 15 min pause in between. The ball-milled powder
with an added drop of polyvinyl alcohol solution ((C;H40), in
water solution) was dried at 100 °C, shaped as a pellet ( ~ 13 mm
in diameter and ~ 0.8 mm in thickness or ~5 mm in diameter
and ~3-5mm in thickness) in a uniaxial hydraulic press. The
pellet was at first annealed at 400 °C for 12 h to decompose the
organic bender and was finally sintered at 850°C for 12 h
(heating/cooling rates of 5 °C/min).

Structural characterization

Raw powders

The phase purity of raw powders was checked by recording
X-ray powder diffraction patterns at room temperature on a
PANalytical 6/6 Bragg-Brentano X'pert MPD PRO diffractometer
(CuKolq 4 » radiations) equipped with the X'Celerator multi-ele-
ments detector. In order to determine the lattice expansion of
powdered sample with the temperature, the X-ray diffractograms
were collected under air flow from room temperature (RT) to
845 °C (heating rate of 10 °C/min, temperature stabilization for
20 min with temperature correction after calibration [23]) on the
same diffractometer equipped with an HTK 1200 Anton Paar
furnace using an Al,O3 sample holder cup. The diffractograms
were collected at and above room temperature in the [9-130°]
scattering angle range with a 0.0167° step for a total acquisition
time of 193 min. Unit cell parameters have been obtained from
the diffraction pattern fitting by the Le Bail method [24] using the
program FullProf [25]. The study of the stability of raw powder
under isothermal annealing at 900 °C (heating rate of 10 °C/min)
was carried out on B-LayMoq 7Sp309 and B-LazMo4 4S0609 Sam-
ples by in situ X-ray diffraction. The raw sample was continuously
scanned in terms of successive periods of 20 min for 14 h40. Each
scan was performed in the [10-60°] scattering angle range with a
0.0167° step.

Ball-milled powders and sintered pellets
In order to check the phase purity of ball-milled powders,
diffractograms were recorded during 260 min with a 0.0084° step
in the [27-32°] scattering angle range where the most intense
diffraction peaks of the decomposition products La,MoOg or
La,SOg are located. A study of the thermal stability of sintered

pellets (~ 13 mm in diameter and ~ 0.8 mm in thickness) was
carried out by collecting every 25 °C upon heating from RT to
845 °C (heating rate of 10 °C/min, temperature stabilization for
20 min), diffractograms in the [10-60°] scattering angle range
over 20 min with a 0.0167° step.

Thermal analyses

Thermogravimetric (TG) and Differential Thermal (DT) Ana-
lyses were performed on ~95-100 mg raw powder samples with
a TGA/DTA Q600 SDT TA Instruments apparatus (Pt crucibles, o-
Al,05 as a reference) under air flow (100 mL/min) in the RT-
1400 °C range (heating/cooling rates of 10 °C/min).

Transport property

Thin Pt films electrodes were deposited by RF sputtering on
both flat faces of sintered pellet. Conductivity was measured by
using a classical symmetric two-electrodes electrochemical cell
connected to a Solartron 1296 dielectric interface and a Solartron
1260 frequency response analyser. 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
20 °C (thermal equilibration for 35 min) at increasing tempera-
ture from 300 to 720 °C.

IR spectroscopy

Infrared transmission spectra were collected in air on poly-
crystalline samples with an Alpha Bruker Fourier transform
infrared (FT-IR) spectrometer equipped with the “Platinum”
QuickSnap™ ATR sampling module. Each spectrum was obtained
after 24 scans in the 4000-400cm~' range with a spectral
resolution of 4 cm~!. A reference IR spectrum was collected with
an empty cell and subtracted to spectra collected on specimens in
order to remove the contribution of atmospheric water vapor.

Results and discussion
Partial solid solution

Within the synthesis conditions described in the experimental
section, the X-ray diffraction patterns of La,Mo,_,S,09 raw
powders show pure phases up to y=0.8 (Fig. 1). For y > 0.1, these
patterns exhibit neither 2 x 3 x 4 superstructure peaks at low 26
scattering angle nor peak splitting, both characteristic of the
monoclinic distortion of the low temperature o-La,Mo,09 type
(Fig. 1). It indicates that a stabilization of the high temperature 3-
form is already achieved when 5 mol% (y=0.1) of molybdenum is
substituted with sulfur. The evolution of the unit cell volume with
the sulfur content y, displayed in Fig. 2, has been obtained from Le
Bail refinements [24] of the diffraction patterns in a cubic cell
with the space group P2:3 (no. 198). Hexavalent sulfur (ionic
radii=0.12 A (CN=4), 0.29 A (CN=6) [26]) being much smaller
than hexavalent molybdenum (ionic radii=0.41 A (CN=4), 0.50 A
(CN=5), 0.59 A (CN=6) [26]) whatever the coordination number,
the unit cell volume decreases upon substitution with a linear
dependence on y in the range 0.1-0.6, thus following the usual
Vegard’s law (Fig. 2). Composition y=0.8 shows a slight deviation
from Vegard’s law despite its seemingly purity.

Attempts to further extend the solid solution within the
previous synthesis conditions were carried out. For y=1, impurity
peaks of very small intensity in the 20 range [27-32°] remain
present in addition to diffraction lines of a major B-La;Mo,09-
type phase after annealings carried out at 800, 825 or 850 °C for
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Fig. 1. Room-temperature (RT) X-ray diffraction patterns of La,Mo,_,S,09 raw powder samples for different sulfur contents y. Right: enlargement of the 20 region
showing the absence, for y > 0.1, of the splitting of the cubic (231) peak and of superstructure peaks (*) characteristic of the monoclinic low temperature o form.
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Fig. 2. Variation of the single unit cell volume with the sulfur content y of
La;Mo, _,S,09 raw powder samples. The two values representative of the y=1
composition correspond to two samples prepared at different final annealing
temperatures 850 °C (circle) and 800 °C (open triangle, extracted from Ref. [21]).
Error bars are approximately the size of the data points.

12 h each. The increase of the temperature up to 875 °C leads to a
significant rise of their intensity. The impurity peaks for the
composition y=1 have a good match with a La;SOg type phase
(PDF no. 01-085-1535 [27]). When compared with the diffraction
patterns of lightly sulfur-substituted LAMOX phases, a severe line
broadening is noticed for the two y=0.8 (Fig. 1) and y=1
compositions without any evidence for superstructure peaks at
low 20 scattering angles. The presence of this oxysulfate could
originate either from a fraction of the reactant La5(SO4)3 in excess
with respect to the substitution limit, which decomposes into
La,SOg, or from the thermal decomposition of the LAMOX phase
itself. In the first case, one can expect to detect, in the diffraction
pattern of the y=1 composition, the trace of a ternary phase with
a La/(Mo,S) ratio greater than unity to balance for any lanthanum
excess. The absence of a third phase means that the oxysulfate
La,SOe comes from the decomposition of the sulfur-substituted
LAMOX phase. The mechanism for exsolution of the oxysulfate
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Fig. 3. Phase localization in the La;03-Mo003-“SO3” ternary phase diagram (solid
circles=La;Mo, _,S,09 phases and open circles=binary phases). White and black
arrows correspond to the exsolution path at low temperature and to the total
thermal decomposition path at high temperature, respectively.

implies the enrichment in molybdenum of the LAMOX phase to
balance the sulfur depletion, according to the La,03-Mo003-“SO3”
ternary phase diagram in Fig. 3 (white arrows correspond to the
exsolution path). The equation for the exsolution reaction is the
following:

La,Mo, ,ySyOQ - (1 — Z)L32M02 ,y+XSy,X09 +2zLa,S0g+2S0,

+1/220, (1)

with z=x/(2 -y +x)

The release of sulfur dioxide is the driving force for the
segregation of the La,SOg phase at surface of LAMOX grains. For
B-La;Mo,_,S,09 raw powders and La,SOg, stretching vibrations
of tetrahedral SO5~ ions are revealed in the infrared spectra
reported in Fig. 4 (IR bands of molybdate ions appear at lower
wavenumbers). Since the intensity of these bands increases as the
sulfur content y increases, it constitutes a trace of a defect
association of oxygen vacancies with the substitute S. Thereby,
the exsolution of La,SOg phase might be interpreted as resulting
from the solid state diffusion of the sulfur-oxygen vacancy
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Fig. 4. Infrared spectra collected at room temperature on fB-La;Mo,_,S,09 raw
powder samples showing the bands arising from the antisymmetric v and
symmetric v; stretching vibrations of tetrahedral (SO4)?~ ions in the range
1250-950 cm~! (the vibrations of molybdate ions are out of this spectral range)
together with the absence of stretching vibrations of hydroxyl OH~ ions in the
4000-3000 cm . The infrared spectrum of the oxysulfate La,SOg is added for
reference.

clusters to the surface of LAMOX grains. A cross diffusion of
hexavalent Mo and S cations most probably occurs from the
center area to peripheral area of a grain, depleting either the
peripheral or the core region in sulfur to the benefit of molybde-
num. Within a grain, a concentration gradient should therefore
exist. This is consistent with the broadening of diffraction lines of
the LAMOX phase observed at room temperature. For the y=1
sample annealed at 850 °C, Le Bail fit of the diffraction pattern
with a single cubic LAMOX phase was performed. The average
unit cell volume of 353.82(1) A%, much higher than that expected
from the Vegard’s law for y=1 (Fig. 2), is consistent with a sulfur
depletion. The difference in cell volume of ~ 2.4 A> between the
value calculated from the Vegard’s law and the experimental one
would correspond to a huge depletion of ~ 8.1 mol% S. Despite a
lowering of the synthesis temperature down to 800 °C, the y=1
sample remains biphasic. When the sample is prepared at 800 °C,
small amount of La;SOg phase is detected on X-ray diffraction
pattern collected with a high counting time. Thus, contrary to
what has been reported in a previous paper [21], the y=1
composition prepared at 800 °C was probably not pure. When
compared with the unit cell volume expected from the Vegard’s
law for y=1, a depletion of one-sixth of the nominal sulfur
content ( ~10.9 mol%) can be estimated from the experimental
unit cell volume of 354.65(8) A (open triangle in Fig. 2) tabulated
in Ref. [21]. For the present y=0.8 composition, the line broad-
ening, similar to that observed for y=1 sample, would mean that
a decomposition also took place. The difference between the unit

cell volume expected from the Vegard's law for y=0.8 and the
value deduced from Le Bail fit of the diffraction pattern is much
lower ( ~ +0.65 A%) than that observed for y=1 (Fig. 2). At such a
small sulfur depletion ( ~ 2.2 mol%), the weight fraction of the
La,SOg phase ( ~ 1.5 wt%) might be lower than the detection limit
of X-ray powder diffraction technique (with the data collection
conditions used) which could explain why the y=0.8 composition
is seemingly monophasic. On the other hand, Castellanos and
West have proposed that positive deviation from the Vegard’s law
in solid solutions may indicate the presence of clusters within
apparently homogeneous single phase [28]. In the present case, a
tendency to sulfur clustering in a LAMOX-type structure could
explain that y=0.8 composition is macroscopically homogeneous
(no detectable La,SOg impurity) and that a deviation from the
Vegard’'s law however exists, at least in the compositional range
y=0.6-0.8. In a random solid solution, the primary bonding forces
are cation-anion attractions (i.e., the forces between nearest
neighbor atoms). The tendency to cluster in a solid-solution
structure depends on the forces between next nearest neighbor
atoms (i.e.,, on cation-cation repulsions). In the B-LayMo0,09
structure, the nearest neighbor cations of Mo®* are La®>* ions.
When molybdenum is substituted by an isovalent cation smaller
in size as S®*, the repulsions between nearest neighbor cations
becomes stronger than it was in the parent compound La;Mo,09
due to the shortening of the cation-cation distance. A way to
minimize the La>*-S®* repulsions at high sulfur content is to
maximize the cation-cation distance thus slightly increases the
cell volume as observed for y=0.8. One can consider the diffrac-
tion line broadening observed for y=0.8 composition as a trace of
a strain effect arising from this local distortion.

Given the difficulty in the compositional range 0.6 <y <1 to
obtain pure sample at lower synthesis temperature than 850 °C
while keeping the nominal sulfur content, no further attempts to
determine the substitution limit were undertaken. In the next
sections, the influence of sulfur on the thermal stability, thermal
expansion and on the transport properties will be analyzed only
for compositions of the partial solid solution ranging from y=0.1
to 0.6.

Thermal decomposition

As a prerequisite to study the influence of sulfur substitution on
the transport properties upon heating, the thermal stability of raw
powders was probed in air up to 1400 °C by TG-DT analyses. As an
example, Fig. 5a displays the thermogravimetric diagram of the
La;Mo1 450609 sample. All compositions of the series exhibit a weight
loss above 900 °C. In Fig. 5¢, one can note that the total weight loss
observed for all compositions in the range y=0.1-0.6 increases
linearly with the sulfur content y. At temperature higher than
1365 °C, all studied compositions start melting which prevents any
post-analysis by X-ray powder diffraction of the decomposition
products (solubilization being the only way to remove the sample).
Then, a second TG analysis up to 1350 °C was only performed on a -
La;Mo1 450609 sample and a diffraction pattern has been recorded on
the decomposed specimen. As shown in Fig. 5b, several intense peaks
fairly well matching with a La,MoOg-type phase (PDF no. 01-083-
0710 [27]) are present in addition to diffraction lines of a monoclinic
o-La;Mo,0g-type phase (inset of Fig. 5b shows the characteristic
splitting of the (231) cubic line). The destabilization of the p-form
originates from sulfur depletion to the benefit of molybdenum.
However, no trace of a La,SOe-type phase was identified as a final
product of the thermal decomposition of B-La;Moq4S0609 sample.
The layered structures of La;MoOg [29] and La;SOg [30] are both built
up from fluorite-like slabs (La,0,)** alternating with single layers of
isolated tetrahedra [MO4]>~ (M=Mo, S) along one crystallographic
axis (c-axis for La,MoOg and a-axis for La,SOg). When compared with
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Fig. 5. (a) Thermogravimetric (dashed line) and Differential Thermal (thin solid
line, bottom of the graph) diagrams upon heating in air of f-La;Mo; 450609 raw
powder sample. The first derivative of the weight with respect to temperature is
added as a thick solid line at the top of the graph. (b) Room temperature X-ray
diffraction pattern recorded on the decomposed specimen. (c¢) Comparison
between experimental and calculated (see details in the text) weight losses
associated with the thermal decomposition of La;Mo, _,S,09 raw powder samples.

the tetragonal structure of La;MoOg, the tetrahedral sulfate anions in
La,SOs have a singular orientation which involves a monoclinic
distortion of the cell, coupled with its half reduction along the
stacking direction and its doubling within the sulfate layers. The
diffraction patterns being different, the identification of the La,MoOg-
type phase, as a final product of the thermal decomposition of
B-LapMo01.4Sp609 sample, is thereby non-ambiguous. Since the
La;Mo1.9S0.109 phase has a cubic symmetry at room temperature,
the level of depletion in the -La;Mo1 450609 sample should therefore
be larger than 83.3% (25 mol% S or 0.5 Sulfur per chemical formula) to
explain the occurrence of a monoclinic o-LaMo,0g-type phase.
Experimental weight losses were then compared to those calculated
as a function of y from the hypothetical equation (2) for the
decomposition reaction, assuming that the final products did not
contain any sulfur:

LazMo,_,S,09—(1—y)LazM0,09+yLa;MoOg+yS0,+1/2y0, (2)

The calculated values (solid line) are reported in Fig. 5c
together with experimental ones (closed triangles). The good
agreement between both values clearly demonstrates that

complete sulfur depletion from the LAMOX phases occurs during
the thermal decomposition in the temperature range 900-
1400 °C. In the La,03-Mo03-“S03” ternary phase diagram shown
in Fig. 3, the total decomposition path corresponds to black
arrows.

In the light of what has been observed for the synthesis of the
y=1 composition, the key step in the thermal decomposition of
lightly sulfur-substituted LAMOX compounds (y=0.1-0.6) could
be also the exsolution of the La,SOg phase. To evidence for this
exsolution in compositions of the B-La,Mo,_,S,09 series for
y<0.6, the effect of isothermal annealing at 900 °C on two
representative members B-LazMo;7S0309 and B-LazMo4S0609
was studied in situ by temperature-controlled X-ray diffraction.
The evolution with time of X-ray diffraction patterns recorded at
900 °C for these two specimens is displayed in Fig. 6. After 40 min
in isothermal condition at 900 °C, $-La;Mo01 450609 sample starts
decomposing: several impurity peaks ascribed to a La;SOg (PDF
no. 01-085-1535 [27]) type phase appear and increase in intensity
with the annealing time. When the sulfur depletion to the benefit
of molybdenum increases with the annealing time, a progressive
shift towards low scattering angles of the diffraction lines of the
La;Mo,0q-type phase takes place concomitantly with the peak
broadening. This is consistent with the increase of the unit cell
volume when the sulfur content of the LAMOX phase decreases
(or when the value of x tends towards the nominal content
y of the LAMOX phase in Eq. (1)), as shown in Fig. 2. In
B-LaxMo4 7S0309, the sulfur depletion is of a lesser magnitude
and starts only after a twice longer time (80 min) than that
observed for B-LazMo1 450,609 (Fig. 6). This difference in behavior
might originate from the twice smaller sulfur content y in the
former than in the latter. The above results support the assump-
tion that the key step, in the thermal decomposition of f3-
La;Mo, _,S,09 compositions, is the progressive exsolution of the
La,SOg phase. Since La,SOg decomposes into La,03 upon heating
above 1100 °C [22], the as-formed lanthanum sesquioxide can in
turn react with o-La,Mo,09 leading to the formation of the
La,MoOg phase, observed by X-ray diffraction after the full
decomposition. The equations for the two steps of the decom-
position reaction are the following:

La;Mo,_,S,09 —(1—1 y)La;M0,09 +3 yLa;S06 +1 ySO, +3y0,  (step 1)

%yLaZSOG —>%yLa203 +%y502 +%yOz

(1-1 y)La;Mo0,04 +1yLa; 05 — (1—y)La;M0,0g + yLa M0Og } (step 2)

LazMOZ,ySyOQ —(1-y)La;Mo,0g9 +yLa;MoOg +ySO; +%y02

The presence of two peaks in the first derivative of the weight
with respect to temperature for 3-La,Mo4 4S9 609 sample (Fig. 5a)
is in good agreement with a mechanism of thermal decomposi-
tion in two stages. The second peak being narrower than the
former would mean that the thermal decomposition of La,SOg is
faster than its exsolution from the LAMOX phase. It has been
observed that the two peaks in the first derivative of the weight
with respect to temperature merge in one very broad peak as the
sulfur content y in the LAMOX phase decreases. These two stages
of decomposition are reminiscent of the way Lay(SO4); decom-
poses into La,SOg and then into La,03 [22].

Thermal expansion versus composition

In chemically B-stabilized LAMOX compounds, an increase of
the Thermal Expansion Coefficient (TEC) is systematically
observed above =~ 400 °C [20]. Recently, the subtle structural
change at the origin of this singular increase of TEC has been
evidenced from a temperature-controlled neutron diffraction
study of a thermodynamically stable B-La; 7Bip3M0,09 compound
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Fig. 6. (Left) Time evolution of the X-ray diffraction patterns of $-La;Mo; 7S¢ 309 and B-La;Mo1 4S¢.609 raw powder samples during annealing at 900 °C in air (heating rate
of 10 °C/min). (Right) Progressive shift and broadening of the (231) cubic reflection line (CuKa. . ») of the B-La;Mo,0q-type phase resulting from the sulfur depletion with

the annealing time.

[31]. It originates from the distortive expansion of the framework
built up from anti-tetrahedral [01(La,Bi)sMo] units. Since hex-
avalent sulfur cation is much smaller than Mo®*, the way the
cationic framework expands as the temperature increases is
certainly affected by this substitution. Temperature-controlled
X-ray powder diffraction was performed at first to probe the
thermal stability of the high temperature B form along the
B-LaMo, _,S,09 series and then to determine the thermal cell
volume expansion for each composition. As shown in Fig. 7 for
the two end specimens of our series, B-La;Mo;9S0.109 and
B-LazMoq 4S0609, the thermal evolution of the (231) cubic dif-
fraction peak, the most sensitive to monoclinic distortion of the
B-form, did not exhibit any splitting of diffraction peaks, as would
be caused by a release of topological metastability (successive
B-metastable/oc and o/f transitions in the temperature range
450-580 °C) [20]. Furthermore, no trace of impurity was detected
on heating up to 845 °C, all samples remaining pure whatever the
composition. Thus, the § form of all sulfur-substituted LAMOX is
stable from room temperature (RT) to 845 °C. Thereby, for each
composition, the unit cell volume was obtained from Le Bail fit of
the diffraction pattern in a cubic cell with the space group P23
(no. 198). Fig. 8a displays the thermal evolution of the cell volume

for all compositions. As observed for cubic members of
the B-La_xEu,Mo0,09 (x=0.2-0.4) [20] series, a characteristic
increase of cell volume above 400 °C, compared to its linear
expansion at lower temperature, is clearly observed for y=0.1,
0.2 and 0.3 samples. The magnitude of this deviation from
linearity within the B-La,Mo,_,S,09 series tends to be less
pronounced when the sulfur content y is higher. The temperature,
at which the deviation occurs, increases with the sulfur content y,
as shown in Fig. 8b. No deviation is noticed for the end composi-
tion y=0.6 of the series, the volume expansion being linear in the
whole thermal range RT-845 °C. An evidence of this change is
given by the decrease upon sulfur substitution of the relative
volume expansion [Vggs :c—V>s5 oc]/Vas -c reported in Fig. 8b. As
shown in this figure, a reduction in relative expansion of ~ —0.8%
occurs by substituting 5-30 mol% of molybdenum by sulfur in
B-LaMo0,04. This decrease in lattice expansion is, up to now,
atypical upon isovalent substitution in La;Mo0,0g9 oxide. For
instance, the relative volume expansion of B-La,_,Eu,Mo,09
derivatives remains constant as the content x increases, although
trivalent europium is smaller than lanthanum ion. In the
B-LazMo,_,S,09 series, this reduction of the relative volume
expansion originates from the drop of size between S®* and
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Fig. 7. Thermal evolution of the (231) cubic reflection line (CuKoy,,) for
B-LayMo01.9S0.109 and B-La;Mo 4Sp609 raw powder samples.
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Fig. 8. (a) Temperature dependencies of the cubic cell volume of B-La;Mo,_,S,0q
raw powder samples determined from temperature-controlled X-ray diffraction
data. (b) Evolution of the relative volume expansion [Vg4s-c—Vas -c]/Vas -c
(squares) and of the temperature Ty, (triangles) at which the change in Thermal
Expansion Coefficient (TEC) occurs with the sulfur content y.

Mo®* (relative variation ~ —70.7% from the radii of ions in
fourfold coordination tabulated by Shannon [26]) nearly nine
times as large as the one between Eu®* and La* (relative
variation ~ —8% whatever the coordination number).

Effects of ball-milling and sintering on the phase stability

The electrical measurements require the preparation of dense
ceramic samples. High rate of densification can be achieved from
a prior reduction of powder particle size by ball-milling before its
shaping into pellet and the sintering for several hours at the

highest temperature for which the sample remains stable. From
TG analyses, it has been noticed that the decomposition of sulfur-
substituted LAMOX powders starts above 900 °C. However, no
sintering for several hours can be performed at 900 °C since these
powders decompose after few minutes (20 min and 40 min for
y=0.3 and 0.6, respectively) under isothermal condition at this
temperature. Raw powders being pure after the final annealing
for 12 h at 850 °C, these conditions were selected for sintering the
pellet samples of ball-milled powders. Because of sulfur substitu-
tion of molybdenum greatly lowers the stability of lanthanum
molybdate, ball milling of -La;Mo,_,S,09 raw powders might
have an incidence on this stability. In order to check it, we have
performed two types of analysis by X-ray diffraction on several
compositions of the series. At first, the phase purity of ball-milled
powders before and after being air-annealed at 850 °C for 12 h
(heating/cooling rates of 5 °C/min) was checked at room tem-
perature. Our attention was focussed on the [27-32°] scattering
angle range of the pattern where the most intense diffraction
peaks of the decomposition products LaMoOg or La,SOg are
located. A very high counting time was used for this kind of data
collection (see details in experimental section). The aim of the
second analysis is to probe by temperature-controlled X-ray
diffraction the thermal stability of pellet ( ~ 13 mm diameter in
diameter, ~ 0.8 mm in thickness) after its sintering at 850 °C for
12 h (sample shaping detailed in experimental section). The
diffractograms are shown together in Figs. 9 and 10.

Ball-milled powders

While the powders of B-LazMo;.9S0.109 and B-LayMo; 8S0209
remain pure after ball-milling, three small peaks of the La;SOg
type phase are evidenced for ball-milled specimens y=0.5 and
0.6 and are very diffuse for y=0.3 (Fig. 9a). This behavior
indicates that ball-milling can affect the stability of the phase
leading to decomposition, as earlier observed in alloys [32,33] for
instance. This decomposition during mechanical milling can
originate either from the increase of the internal stresses and of
the concentration of point defects, from the warming of the
particle after its impact with balls loosing partially their mechan-
ical energy or from a combination of both phenomena.

When ball-milled powder of B-LaMo;4S0609 is annealed at
850 °C for 12 h, the exsolution of the La,SOg type phase increases
in magnitude without destabilizing the cubic B-form this time
(Fig. 9b). This figure also shows that the annealing at 850 °C of
-LazMo019S0.109 and B-LaoMoq 8Sp209 ball-milled powders leads
to their decomposition into La,MoOg and La,SOg type phases,
respectively. Ball-milling was used to reduce particle size of
La;Mo,09 powder prior to sintering and no decomposition has
ever been observed [34] (La,Mo0,0g starts to incongruently melt
only at 1354 °C [35]). As shown for Al5(SO4)s [36], a reduction of
grain size by mechanical milling is likely to involve a thermal
decomposition of ball-milled powders at a lower temperature than
that reported for raw powders because of shorter diffusion length
of ions in particles of a smaller size. Whatever the impurity La;SOg
or La;MoOg formed according to Eq. (1) or (2), both partial
decompositions imply the existence of different concentration
gradients between grains of the LAMOX phase, in addition to the
above impurity. In spite of same ball-milling conditions, Fig. 9b
shows that the peak intensity of the La;SOg type phase in ball-
milled and annealed powders has a non-linear evolution with y for
y ranging from 0.2 to 0.6 contrary to what has been observed for
the thermal decomposition of raw powders according to Eq. (1).

Pellets
Even if the three small peaks of the La;SOg type phase are very
diffuse for y=0.3, they are clearly detected for specimens y=0.4
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Fig. 9. Room temperature X-ray diffraction patterns of B-LaMo,_,S,09 samples in the vicinity of the (120) and (211) cubic lines: (a) ball-milled powders and (b) ball-

milled powders annealed at 850 °C for 12 h.

and 0.6 in Fig. 10. The diffractogram collected on B-La,Mo04.9S¢.109
at room temperature shows that the compaction into pellet does
not prevent a decomposition of the ball milled powder to occur
during the sintering. However, in Fig. 10, no broadening or/and
shift of the (231) cubic line of the B-La;Mo,09 type phase and no
evolution of the peak intensity of the La,SOg type phase within
B-LazMo1 6S0.409 and B-LazMoq 4S0 609 pellets are noticed as the
temperature increases. The cubic B-form being preserved, it
indicates that the decomposition taking place during the
milling/sintering process remains small in magnitude and does
not evolve upon next heating.

Transport property

We have carried out impedance spectroscopy measurements
on pellets issued from the sintering at 850 °C of ball milled
powders. Pellets ( ~4.7-5.0 mm in diameter and ~ 2.7-3.0 mm
in thickness) were obtained with a relative density (with respect
to the theoretical absolute value calculated from X-ray diffraction
data) decreasing linearly from 97(1)% to 79(1)% upon substitution
as the sulfur content y increases (Fig. 11). The complex impedance
spectra of La;Mo1 ¢Sg.109 and La;Mo1 450609 specimens recorded
at 380 °C are presented in Fig. 12. As shown in the Nyquist plot of
the complex impedance spectrum for La;Mo;4S9s09 sample
(Fig. 12a), two distinct semicircles in the frequency range 10°-
10% Hz and a small arc at lower frequency are noticed. These three
contributions (2 semicircles+1 arc) were satisfactorily fitted with
a series combination of three R//CPE elements (where R is a pure
resistance and CPE is a Constant Phase Element) and a wires
inductance L1 by using the “calc-modulus” data weighting mode
(each data points weight is normalized by its magnitude) of the
Z-view 3.0a software [37]. In Fig. 12a, an apparent single semi-
circle at high frequency and a small arc at low frequency are
noted in the Nyquist plot for La,Mo4 ¢S 109 sample. Two equiva-
lent circuits built from a series combination of (two R//CPE

elements and a wires inductance L1) and (three R//CPE elements
and a wires inductance L1) were then tested for fitting of
frequency response data of La,Mo04.9Sg.109 sample. The calculated
complex impedance spectra are shown for both models in Fig. S1
(Electronic supplementary data). The best electrical equivalent
circuit, having the lowest goodness of fit > and the lowest
Weighted Sum of Squares, corresponds to the one built from a
series combination of three R//CPE elements and a wires induc-
tance L1, which was already used for La,Mo0 450609 Specimen.
Thereby, the whole complex impedance spectra were then fitted
with this equivalent circuit whatever the B-La;Mo,_,S,09 sample
considered. On the basis of the values of capacitance obtained by
fitting:

— the first semicircle ( ~ 8.5 x 107 2-1.2—-10"'"' F) was assigned
to the bulk (B) response,

- the second semicircle (& 2.3 x 1071°-4.1 x 108 F) is charac-
teristic of a grain boundary (GB) contribution,

- the small arc (~1x10"*F) at the low-frequency side was
ascribed to the polarization phenomenon associated with
oxide ion conduction between the sample and the platinum
electrodes.

As shown in the previous section, a segregation of secondary
phase (La;SOg or La;MoOg) from the LAMOX phase occurred
either during ball-milling of raw powders or later, when ball-
milled powders were annealed at 850 °C. No ionic conduction was
reported in the literature for these impurities. Since the exsolved
phase is located at the boundary of grains together with pores,
both segregation and porosity involve blocking effects on the
electrical properties of B-La,Mo,_,S,09 pellets. In Fig. 12b, the
grain boundary resistance Rgp determined at 380 °C exponentially
increases as the sulfur content y increases along the series. This
evolution of Rgp reflects that both the porosity (Fig. 11) and the
segregation (Fig. 9) increase with y. For the less dense
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Fig. 10. Thermal evolution of the diffraction patterns upon heating of different f-La,Mo,_,S,09 pellets of ball-milled powders sintered at 850 °C for 12 h.

LazMo4 450609 pellet containing the larger amount of secondary
La,SOg phase, the resistance Rgg is more than twice higher than
the bulk resistance. In order to measure the incidence of sulfur
substitution on ionic transport, the bulk conductance was calcu-
lated from the resistance taking into account the geometric factor
of the pellet. Temperature dependencies of the bulk conductance
are presented in Fig. 13.

At low temperature, the conductance of all the samples
exhibits a conventional Arrhenius-type behavior with similar
activation energies (Fig. 13). In B-LapMo019S0109 and f-Las
Mo, 850,09 samples, a departure from the Arrhenius-type beha-
vior is noted below 1000/T~1.5K~! and ~1.45K~! with an
increase and then a levelling off at higher temperature. In the high
temperature conduction regime above x 400 °C, the conductance
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Fig. 12. (a) Nyquist representation of observed complex impedance spectra (dots)
collected on ceramics of B-La;Mo;9S0.109 and B-LazMo; 450609 in air at 380 °C
(numbers correspond to frequency logarithms) and comparison with the spectra
calculated (gray line) from the equivalent electrical circuit displayed in inset.
(b) Evolution of the Rgp/Rp ratio as a function of the sulfur content y in the
B-La;Mo, _,S,0q series (Rgg and Rg are the grain boundaries and bulk resistances
deduced from the fit).

is always higher than values calculated from the extension to high
temperature of the Arrhenius law describing the conductance
behavior at low temperature. Such a thermal evolution of the
conductance is characteristic of B-stabilized LAMOX compounds
[20]. A weakening of the inflexion of the curvature is noted as the
sulfur content increases from y=0.1 to 0.2. For y > 0.3 composi-
tions, increasing the sulfur content involves a progressive change
in the high temperature part of the conductance curve from a
positive to a negative deviation from the Arrhenius regime at low
temperature. At 725 °C, a large decrease by about one order of

magnitude of the conductance relative to pure La,Mo,0g is
noticed for the y=0.6 pellet sample. The decrease of the sulfur
content in the LAMOX phase down to y=0.1 reduces this
difference in conductance without never attaining the value
measured for the parent compound La,Mo,0g (Fig. 13).

In P-stabilized LAMOX compounds, we have recently
shown that the singular increase of the conductance above 400-
450 °C would be due to the migration of O1 oxide ions towards
nearest neighboring vacancies at 02 or O3 sites thanks to the
distortion change and to the extra increase of the thermal
vibrations of its anti-tetrahedral [LasMo] coordination. Above
400 °C, the distortive thermal expansion of the cationic
framework built up from anti-tetrahedral [O1La3(Mo,S)] units
decreases in magnitude as the sulfur content y increases in the
B-LazMo,_,S,09 series (Fig. 8). The larger covalent character of
the sulfur-oxygen bond relative to that of molybdenum-oxygen
bond might be responsible of the low ability of anti-tetrahedral
[LasS] coordination of O1 oxide ion to distort and to assist
its migration. Thereby, the higher the sulfur content y, the lower
the overall mobility of oxide ions at high temperature. This
assumption is consistent with the progressive change from a
positive to a negative deviation from Arrhenius-type behavior of
the conductance above 400 °C as the sulfur content y increases
along the series.

Summary and conclusion

The solid solution La,Mo;_,S,09 was studied with the aim to
determine its extent and thermal stability. All compositions
crystallize in the high temperature cubic B-form of La;Mo0,09
for a sulfur content y greater than or equal to 0.1. Temperature-
controlled X-ray diffraction and thermogravimetric analyses have
shown that the thermal decomposition of La,Mo,_,S,09 raw
powders occurs in two steps. Heating above 900 °C, a sulfur
depletion to the benefit of molybdenum in La,Mo,_,S,09 raw
powders leads to the formation of La,SOg. The exsolved La;SOg
phase decomposing into La,Os at higher temperature in turn
reacts with the sulfur-depleted La,Mo,09 phase to form La;MoOg.
The present study reveals that depending on the substitution rate
y, such a sulfur depletion can occur during ball-milling of raw
powders or during post-annealing of ball-milled powders at
850 °C. Preparing dense and pure ceramic samples of sulfur-
substituted LAMOX was then difficult because of this low stabi-
lity. One possible way to get dense ceramic samples exempted of
impurity would be to synthesize fine raw powders via a “chimie
douce” route allowing their sintering at a temperature lower than
850 °C. As an illustration, the sintering temperature (3 h at
1000 °C) of La,Mo0,09 powder synthesized by solid state reaction
and then ball milled has been lowered by 200 °C when powder
was prepared via the pyrolysis of polyacrylate [38] or polyaspar-
tate [39] salt precursors (5h at 800 °C). A similar behavior has
also been shown earlier for Ce; _,SmyO, _ x> [40] or Ce; _xYxO2_x2
[41] oxides prepared through co-precipitation or sol-gel route,
respectively.

The present study has also shown that the isovalent substitution
of molybdenum by sulfur tends to restrict in magnitude or even to
suppress above 400 °C the distortive thermal expansion of the cubic
B-type structure, thus strongly decreasing the conductance. It has
been proposed that the larger covalent character of the sulfur-
oxygen bond relative to that of molybdenum-oxygen bond might be
responsible for the low ability of the cationic framework to distort
and thus to increase the overall mobility of the oxide ions at high
temperature. Direct investigation of the dynamics of the polyhedron
through temperature-controlled Raman spectroscopy could provide
experimental evidence of such mechanism.
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