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The effect of partial substitution, up to x = 0.4, of La by trivalent Eu on the phase stability, thermal expansion, and
transport properties of La,M0,0s are investigated using temperature-controlled X-ray powder diffraction, differential
thermal analysis, and complex impedance spectroscopy. At low europium content (x < 0.1), the o.—f phase transition
is observed at a temperature dependent on the sample shaping (powder, pellet, etc.). At high europium content (x
> 0.25), the samples remain cubic (3 phase), regardless of the shaping. In the intermediate range of europium
content (x = 0.15, 0.2), the phase stability is highly sensitive to the thermal history and the sample shaping, with
a double-reversed S—o—f transition suppressed by the shaping/sintering process. The influence of the amount of
europium on the transport mechanisms and parameters is studied in both low- (Arrhenius) and high-temperature
(Vogel-Tammann—Fulcher = VTF) regimes. If the effect of substitution is rather mild and monotonous within each
transport regime and crystallographic phase, an abrupt change in the Arrhenius parameters between the o- and
S-type phases is observed.

1. Introduction The isovalent substitution of lanthanum by europium in
S ) ) La,M0,0O9 was first explored, up to a content gf= 0.25,
Fast oxide ion conductors are of considerable interest for by Marrero-L'pez et af These nanocrystalline oxides were

a range of “clean” electrochemical applications including g|aporated from freeze-dried precursors, and the electrical
solid oxide fuel cells, oxygen sensors, and oxygen separationgqnqyctivity was measured. These authors have found that
membranes. In this field, Goutenoire and Lacorre discovered, o substitution of a fractionx(= 0.05) of lanthanum for

7 years ago, a novel oxide ion conductopla;Oo.*2 This europium involves an increase by an order of magnitude of
binary oxide exhibits, above a reversilile— f structural 6 jonic conductivity relative to L#10,0s. Moreover, the
phase transition, an anionic conductivity higher than that of conductivity curve of LagEw1M0,0s looks like the curve

the conventiona_l 8_m0| % yttria—stabilized zirconia _e_lectro- of a cubic member, whereas the DTA thermogram clearly
lyte. Most sub_st|tut|ons to La or Mo in bMO?Og stak_Jlllze, shows an endothermic peak ascribed to ¢he- 3 phase
above a certain content, the high-T anionically disordered y5nsition. This difference in the behavior of the raw powder
cubic3-form at room temperature® Our recent investiga- 414 sintered ceramic was not pointed out neither discussed
tions were focused on t.he relatlonsh|p between_ crystal by Marrero-Lgez et al. in their paper. In the present paper,
structure, thermal expansion, and electrical propeftiés.  his solid solution was re-examined to obtain a deeper insight
into the influence of europium on the crystal structure,
thermal stability, and electrical properties.
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and EuyO; were calcinated in air for 12 h at 100C to remove

adsorbed water and carbon dioxide. The stoichiometric mixture of

La,Os, EOs, and MoQ was first heated in an alumina crucible
at 500°C for 12 h (heating and cooling rates of@/min). Then,

several annealings with regrindings in acetone in between were

Corbel et al.

necessary to obtain a pure single phase. The final firing temperatures

were 1000 and 1050C (heating and cooling rates of &/min)

for europium content lower and higher thar 0.20, respectively.
2.2. Europium Valence Determination. To determine the

valence of europium cation in the LaEuMo0,0g series, all

compositions were excited by a short-wavelength 254 nm ultraviolet
lamp at room temperature. All substituted samples exhibit an intense

red emission characteristic of trivalent europium®i¢Rigure S1
in the Supporting Information). The isovalent nature of the

substitution is confirmed: the balance between oxygen and vacancy

in the structure is kept constant.
2.3. Structural Characterization. After completion, X-ray

powder diffraction patterns were recorded at room temperature on

a 0/6 Bragg—Brentano Philips X’pert MPD PRO diffractometer
(Cu Koy, radiations) equipped with the X’celerator detector. The
powder was dusted through a 63n sieve on a glass holder.
Diffractograms were collected during 400 min in the-[B30°]
scattering angle range, with a 0.0084ep. The program FullPrf
was used for Le Bail’s fits.

Figure 1. RT X-ray diffraction patterns of La EuMo,09 raw powder
samples. The insets show the disappearance of the monoclinic splitting upon
europium substitution through the evolution of the (231) pseudocubic lines.

dried slowly at 100°C. Polyvinyl alcohol ((GH4O), in water
solution) was used as bending agent. The compaction into pellets
(5 mm in diameter and-35 mm in thickness) was achieved by
uniaxial hydraulic pressing (500 MPa load), followed by a final

Thermodiffractograms were collected on the same diffractometer RT isostatic pressing (55680 MPa) in a Top Industrie apparatus.

equipped with an HTK 1200 Anton Paar chamber using a®Al
sample holder cup. Diffractograms were recorded under air flow
from room temperature (RT) to 95C (heating rate of 10C/min,
temperature stabilization for 20 min with temperature correction
after calibration}! A [9—13(°] or [15—13(C] scattering angle range
with a 0.0084 step was used for europium contents of lower or
higher thanx = 0.20, respectively. The thermal evolution of the
(231) diffraction line ofx = 0.15 and 0.2 pellet samples was
recorded from RT to 950C in the [46-48.75] scattering angle
range (counting time of 11 min).

The electron microscopy study was performed with a 200kV
JEOL 2010 TEM equipped with a side ent#y30° double-tilt

The axial shrinkage was continuously recorded up to the synthesis
temperature (to prevent decomposition) with a vertical dilatometer
SETARAM TMA Setsys Evolution 16 (20 mL/min air flow,
heating/cooling rate of 8C/min). After the sample was sintered,
the phase purity was checked on the pellet by X-ray diffraction.
Thin Pt film electrodes were deposited by magnetron sputtering
on both flat faces of the sintered pellets. Two-probe electrical
conductivity measurements were carried out using a Solartron 1260
frequency response analyzer connected to a Solartron 1296 dielectric
interface over the 10 MHz to 0.05 Hz range (ac voltage of 50mV,
40 points/decade). Complex impedance spectra were recorded under
dry air flow every 25°C (35 min thermal equilibration) over the

specimen holder. The raw powder was ground in absolute ethanol,témperature range of 38q25°C for all compositions, except those
and one droplet was deposited on a carbon-coated holey film containing an europium content of < 0.25. For these latter

supported by a copper grid. This microscope is coupled with a
KEVEX energy dispersive spectroscopy analyzer.

2.4. Thermal Analysis. Thermal analyses were performed on
raw powders with a TGA/DTA Q600 SDT TA Instuments apparatus
(Pt crucibles, AlOs as a reference) under air flow (100 mL/min).
Forx < 0.20, thermograms were collected 20 mg samples in
the RT—1000°C range (heating/cooling rate of 2G/min). Forx
> 0.20, DTA measurements were carried out-ds0 mg samples
with 3 heating/cooling cycles from RT to 8GC (20 °C/min).

2.5. Transport Properties. Pellets with high relative density
(>95% of theoretical density) were obtained from fine grain
powders 1 um). Grain size reduction was performed by ball-
milling using a FRITSCH planetary micromill pulverizette 7
apparatus. Typically, 900 mg of raw powder were placed into a 45
cn? agate bowl with six 12 mm diameter agate balls (ball-to-powder
mass ratio of around 16:1) and covered with ethanol. Milling
conditions were four alternations of 15 min milling sequences at
700 rpm with 15 min pause in between. Milled powders were then

(9) (a) Neeraj, S.; Kijima, N.; Cheetham, A. Bolid State Commu2004
131, 65. (b) Neeraj, S.; Kijima, N.; Cheetham, A. IChem. Phys.
Lett. 2004 387, 2. (c) Grobelna, B.; Lipowska, B.; Klonkowski, A.
M. J. Alloys Compd2006 419 191.

(10) Rodriguez-Carvajal, Physica (Amsterdam)993 192B 55.
(11) Corbel, G.; Mestiri, S.; Lacorre, Bolid State Sci2005 7, 1216.
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compositions, additional spectra were collected eve?t¢ 5n the
intermediate range of 55600 °C. Impedance diagrams plotted

in the Nyquist complex plane present a spike at the low-frequency
side characteristic of the electrode polarization phenomenon. This
spike was fitted with a Warburg element with the Z-view 2.8d
software!? In the 300-475 °C range, high frequency and lower
frequency semicircles were observed and least-squares fitted with
a series combination of two (R//CPE) elements. On the basis of
the values of capacitance-1.10"'F), the former arc was assigned

to the bulk response, while the latter4.107°F) was associated to
the grain boundaries contribution. Above 47&, only one
semicircle was distinguished.

3. Results and Discussion

3.1. Phase Existence Domain and Structural Evolution
with Europium Content. The room-temperature X-ray
diffraction patterns of LagsE Uy 0dVI0,09 and La oEuy 1M0,0q
clearly exhibit the peak splitting characteristic of the slight
monoclinic distortion and the & 3 x 4 superstructure peaks
at low 29 scattering angle relative to theLa,M0,0g form
(Figure 1)? This was confirmed by DT analysis (Figure 2):

(12) z-View 2.8d; Scribner Associates Inc: Southern Pines, NC.
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Figure 3. Typical SAED patterns ofi-Las gsEUp.19V102,09 along [100] (a)
and of theS-type phase (b).

heating reveals the existence of a broad endothermic peak

around 580°C at the first-orderJf transition, whereas a

subtle break is detected for tke= 0.15 andx = 0.2 samples

at lower temperatures. These measurements carried out on

two different as-prepared samples were reproducible. For

both samples, the occurrence of these transitions evoked the
Figure 2. DTA thermograms upon heating (18C/min) in air of coexistence of the two polymorphs ¢ ). This assumption
Laz—<EUMoz0, raw powder samples. would explain the presence of (231) overlapping peaks

Table 1. First-Order Transition Temperatures of Raw Powder of belonging too. and forms noted for the LggsE . 19V10209
La,-«EuMo,09 Determined by DTA in Air sample. The ratio (low-temperature forhigh-temperature
o — f transition B — o transition form ) tends to decrease as increases because this
temperature°C) temperature’C) overlapping is not detected for= 0.2.
X onset peak max onset peak max To confirm the biphasic feature of the 1 &Fup.19V0,0q
0 568 571 558 548 sample, room-temperature electron diffraction patterns were
8'(1)5 g;g ggz ggg ggg collected on 11 different crystallites. At first, the elemental
0.15 565 580 a a composition of each crystallite was checked by energy
0.2 562 580 a a dispersive X-ray spectroscopy analysis. No significant varia-
aToo diffuse to be detected tion in La and Mo content was detected between crystallites.

For 5 of the 11 crystallites, the presence of the monoclinic
an endothermic peak upon heating up, associated to thesuperstructure relative to the culigphase was confirmed.
reversibleo. — 3 structural phase transition, was seen around As shown in the selected area electron diffraction pattern
570-580°C. With increasing europium content, a slight shift along [100] (Figure 3a), the tripling and quadrupling of cell
of this transition toward higher temperatures is observed parameter characteristic of the2x3x4 superstructure of
(Table 1). The reduction in intensity of the thermal peak upon a-La;M0,0Os is clearly found. For the 6 latter crystallites,
substitution is consistent with the slightly smaller monoclinic all SAED patterns exhibit elongated Bragg reflections that
splitting of the pseudocubic (231) diffraction line. The can be all indexed onto a cubic cell with a parameter of
broadening of the peak (increase of the difference between~7.14 A. It must be mentioned that the zone axis orientation
the temperature at the onset point and at the peak maximunof ED patterns cannot be determined because of the cubic
in Table 1) reflects the increase of cationic disorder symmetry. Note that in Figure 3b, the diffuse scattering is
introduced by the europium substitution. Above an europium oriented along one diagonal of the basal plane. This implies
content ofx = 0.25, the stabilization of the cubf:phase at ~ that the statical disorder is limited to layers perpendicular
room temperature occurs. These results are in agreement witfio [110], [101], or [011] direction. Unfortunately, the tilting
the investigations of Marrero-lpez et af undertaken on  angle of the specimen holder is limited #80° making a
samples elaborated from freeze-dried precursors. reconstruction of the total reciprocal lattice impossible.

For two intermediate compositions= 0.15 andx = 0.2, However, this experiment has shown that the coexistence
Figure 1 shows that the (231) cubic reflections are widened Of the two polymorphsd + ) within the sample of Lags
and less intense than those of the= 0.25, 0.3, and 0.4  Ew19V0,0qis not involved by any gradient of composition.
samples. Furthermore, a weaker peak at lower scattering As it will be demonstrated in Section 3.3 thanks to in situ
angle (not attributed to the asymmetry effect) was observed high-temperature X-ray diffraction, the presence of the subtle
for the La gsEy19V10,09 Sample (see the arrow in Figure break around 450C in the DT thermograms of both the
1). DTA thermogram collected on the= 0.15 sample upon  La; gsEUy 19V10,09 and La sEly ,M0,0s Samples originates
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447 00 01 02 03 o4 the tof[al conductivity® Although cons_ecutive X-ray diffrac-
E ' ' ' ' ) tion did not reveal any extra diffraction peaks, the presence
T 16f 4 90,0 of an insulating phase at the grain boundaries of the pellet
= —e— a Jges (either from LAMOX decomposition or reaction with silica
.g 745 F —=— b contaminant) cannot be ruled out.
E : E j898 & A method to sinter europium-substituted samples, while
i 714} Jser & preventing any decomposition or any formation of an
= insulating phase, was to apply an isothermal treatment for 3
S RAE]S 7896 h at the final synthesis temperature of corresponding raw
895 powders (Table 2). All results reported hereafter were
— 7:%3.% obtained on ceramic samples sintered under these conditions.
< 265 No increase of the bulk resistance was observed by complex
2 s impedance spectroscopy as shown in Figure 6. It is worth
E noting that the conductivity curve that we reported for {2
S 363 Ew 29V0,0 is identical to the curve presented by Marrero-
B2 o4 o0z o3 o Lopez et al. This result is important because these authors
x (La, Eu Mo,0,) have elaborated at 50@ the nanocrystalline powder used

_ . , to prepare the pellet sintered at 9%0. In our study, the
Figure 4. Variations of the unit cell parameters and volume of

La,-xEuM0,09 with x. Error bars are approximately the size of the data pOSSIbIe SIQ contar_nmaﬂon introduced by the ball mll!lng
points. stage and the possible molybdenum oxide losses during the

sintering were then considered as negligible. Furthermore,
from the metastability of-phase, which transforms back to  despite the reduction of the sintering temperature to the
stablea phase. synthesis temperature, all sintered pellets exhibit relative
densitieso higher than 96% (Table 2). This can be explained
by the fact that an isotherm at lower temperature slows down
. . the densification and minimizes the separation of pores from
(space grougP2, (No. 4)) for x = 0.15 or in a cubic (_:ell the boundaries (trapping of pores inside large grains when
(spa_ce grourP213 (No. 198)) f?”‘ =0.2. AIong th_e SETeS,  the grain growth is faster than the pore moti&hX-ray
the linear reduction of the unit cell volume with increasing diffraction patterns show that all sintered pellets are pure.
the europium contenk (usual Vegard's law, Figure 4)  The jinear shrinkageAlllo, values as a function of the
reflects that trivalent europium cation (ionic raehi 0.947 temperature for several compositions are shown in the
(CN = 6), 1.12 A (CN = 9))** is much smaller than  sypporting Information.
lanthanum ion (ionic radi= 1.032 (CN= 6), 1.216 A_ (CN 3.3. Thermal Stability and Charge Transport versus
= 9)).* The formation of a partial solid solution is then  qmposition. A previous study showed correlations between
established in the whole composition range, all the studied gyjge-jon conduction increase and thermal expansion in the
samples being pure. Moreover, this work shows that the | oAMOX family.” The thermal stability of all members of
composition range explored by Marreréfer et af can  the solid solution La EuMo,0, was investigated by using
be extended at least up to an europium concentratior¥of in situ high-temperature X-ray powder diffraction performed
0.4. This is in good agreement with previous studies carried in air. From the Le Bail's fit of high-temperature patterns,
out on trivalent samariurtt or gadolinium-substitutéd  the thermal evolution of the single-cell volume is determined
LAMOX samples. and given in Figure 5. In the linear regimes, data were fitted

3.2. Sintering ProcessAt first, the thermal instability of ~ With a linear regression to deduce the average thermal

ball-milled powders was determined from TG analysis. A expansion coefficient reported in Table 3. The relative
continuous weight loss takes place above 11G0before thermal expansionl/lo curves of air-sintered ceramic pellets

the lanthanum molybdate starts to melt. It must be noted of L&, EuMo.Os are reported in Figure S3 of the Support-

that the abrasion of agate balls during milling can introduce mgllnforma_\tlo.n. Finally, Flgurg 6 shows the dependence of
a weak SiQ contamination. When a sintering temperature their total ionic condupt|V|ty in the temperature range of
of 1075°C was applied (higher than the synthesis temper- 300-725°C. Data relative to pure Lboz0, are also added

t f d 6. 1000L050°C lear i in Figures 5, S3, and 6, for reference. We will first examine
arure of raw powders, 1.€., ), aclear increase low Eu content samples & 0.05, 0.1), then the high content
of the bulk resistance above 56 was observed by

complex impedance spectroscopy. This decrease of the bulk(15) (a) Taranco, A.: Norby, T.. Dezanneau, G.: Morata, A.: Peifo.
conductivity cannot be attributed to oxygen losses involving Morante, J. RElectrochem. Solid State Lef004 7 (10), A373. (b)

the partial reduction of molybdenum cation (mixed valence) ¥§;?§a.%’ | P Marrero-Lpez, D.. Shaula, A L ﬁ@?;;%%ﬁgv*

because the resulting electronic contribution would increase 3517. (c) Pinet, P.; Fouletier, J.; GeorgesMater. Res. Bull2007,

Unit cell parameters were obtained by the pattern-matching
fit of diffractograms either in a single monoclinic subcell

42, 935.
(16) Upadhyaya, G. S. IrSintered metallic and ceramic materials,
(13) Shannon, R. DActa Crystallogr.1976 32, 751. Preparation, Properties and Applicationdohn Wiley & Sons Ltd:
(14) Yang, J.; Gu, Z.; Wen, Z.; Yan, [3olid State lonicR005 176, 523. Oxford, U.K., 2000.
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Figure 5. Temperature dependencies of the single cell volume ef JEaxM0,09 raw powder samples determined from temperature-controlled X-ray
diffraction data. To compare with LaEuy 1M020s, the thermal volume expansion of 1M0,0q is added as rec¢form) and black g-form) solid lines for
reference. The insets display the thermal evolution of the (231) pseudocubic reflection ling e ugasMo,09 and La sEuy ;M0,0s.

Table 2. Sintering Conditions and Relative Densities of with temperature-controlled diffraction data. The conductivity
Lap—xELM020, Pellets jump of about 1 order of magnitude, when the first order
sintering relative density o/ phase transition takes place in,Mo,0, did not change
X temperature p (%) significantly with the europium concentration. However,
0 1000°C 96(1) whenx increases, the transition temperatiligg; is progres-
0.05 1000°C 96(1) velv shifted dthe | . ; 6
01 1000°G 97(1) sively shifte toward the ow-te_mperature region (F|g_ure_ ).
0.15 100C°C 97(1) Correlatively, the narrow peak in plots of the first derivative
g-gS igggg ggg; of the conduction with respect to temperature (Figure 6),
03 1050°C 99(1) associated to the first-order transition of ;M©,0q, is
0.4 1050°C 99(1) broadened and less intense as the europium content increases.

ones k= 0.25-0.4), and end with those in the intermediate NOte that an opposite evolution df,; has been shown on
range k = 0.15, 0.2). powder samples _by differential therm_al analysis. This dif-
3.3.1. La ofFUo,0M0,06 and Lay fElg :;M0,06. The La o ference could arise from the dynar_nlc character of DTA
Ew.Mo,0s powder sample displays a 0.8% abrupt cell measurement or from samplle.shaplng. In the tempgrature
volume expansion, larger than the one observed for pure@nge of 306-500°C, conductivity curves have been fitted
lanthanum molybdate (0.53%), at the structu phase ~ With an Arrhenius-type lawT = oo exp(—E/RT) (thermally
transition (Figure 5). This jump in the thermal expansion is activated anionic mobility) with an.actlvanon enerﬁy_of
lowered to 0.2% when the samples obM®,0s, Las ¢t o5 l.1leVv regardles_s of the value m(F|gur-e-7a?. In the high-
Mo0,0s, and La ¢Eup.1M0,0s are shaped into the form of a  [€Mperature region, the bulk condqctlylty is not enhanced
dense pellet (Figure S3). The difference between the volumeSignificantly through L&/EW*" substitution.
expansion measured on a pellet by dilatometry and on a It must be underlined that this observation is not consistent
powder by XRD can originate from the difference in with results published on this series by Marrergpea et
measurement techniques, but it might also be a sign of theal® These authors have measured an increase by an order of
effect of sample shaping on the equilibrium of point defects. magnitude, in the whole temperature range explored, of the
In the low-temperature range, the average thermal expansiorionic conductivity of LaMo,Ogs when a fractionx = 0.05,
coefficient ofa-Lay EUy 1M0,0y ando-La,M0,0g are almost of lanthanum is substituted with europium. However, the
equal (Table 3). This was confirmed by dilatometry (Figure authors attributed this increase of conductivity to the sample
S3) because thel/ly curves are perfectly superimposed microstructure because the sintered pellet of g8 o5
below 580°C regardless of the europium content considered. M0,Og exhibits the higher relative density (98%) among all
Above 580°C, slight decreases of the coefficient (Table substituted samples. Note that, in our series, all relative
3) and of the relative expansiaxl/ly (Figure S3) are noted  densities are in the range of 989% (Table 2). Moreover,
for f-Lag oE Uy 1M0,0%s. another discrepancy with the Marreréfier et al. results
The thermal dependencies of the total conductivity of the concerns thex = 0.1 europium sample. The conductivity
Lay osE Wy 0dM0,09 and La dEy 1M0,0g Samples are consistent  curve of La oEup 1M0,0g they reported looks like the curve

Inorganic Chemistry, Vol. 46, No. 16, 2007 6399
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Figure 6. Temperature dependencies of the electrical conductivity measured in air on dense ceramics.ofEhg\Ma,Oq series, fitted with a conventional
Arrhenius law in the linear part at low temperature (dashed black lines) and with a VTF model when departure from linearity is observed at higttaregemper
(solid black lines). At the bottom of each graph, plot of the first derivative of the conduction with respect to temperature is shown. The coodogtivity
of LapM020g is added as solid red line for reference.

Table 3. Average Thermal Expansion Coefficients of2LgEuMo200 evolutions (Figure 5) and relative thermal expansioi,
Saftfmples Determined by Temperature-Controlled X-ray Powder (Figure S3) present a departure from linearity above-400
Diffraction .
450 °C. However, the values of the thermal expansion
temperature o H H
« range (C) o (x10°6°C-) coefficients (TEC) (Tabl_e 3), calcu_lated in the linear part of
5 —— 157 the cell volume evolution, remain almost constant and
580-1000 20.1 comparable tq that oft-La,M020s. It is \_/vorth noting that
0.1 RT-580 16.0 by DT analysis performed on all cubic samples (see the
015 %87%‘1888 ;g-é experimental conditions), a wide endothermic event around
0.2 RT-410 16.5 450 °C (onset point) is detected upon heating, whereas a
570-1000 20.5 diffuse bump is noted during cooling (Figure 8). No evolution
0.25 RT-420 16.0 of these thermal events were noted when two additional
0.3 RT-420 15.7 les of heat i ; d.In th
0.4 RT-420 16.0 cycles of heating-cooling were performed. In the same way,

a deviation from a pure Arrhenius-type behavior, below
of a cubic member, whereas DTA thermogram clearly shows 1000/T ~ 1.35 K™, is noted on conductivity curves
an endothermic peaks attributed to toe — S phase  regardless of the value of (Figure 6).
transition. An attempt to explain these contradictory results ~ This change in the conduction mechanism has been
will be given in Section 3.3.3. interpreted as resulting from a transition toward a Vegel

3.3.2. La xEuMo0;0, with 0.25 < x < 0.4.As shown ~ Tammannr-Fulcher (VTF) regimé/ ** Recently, a math-
by room-temperature diffraction, the last three members of ematical analysisof the flexibility of the anti-polyhedral
this series have a cubic symmetry. The thermal behavior of framework of the -La;M0.Os crystal structure was under-
these compositions is similar to that previously shown for taken. The extra thermal volume expansion, observed above
cubic members of the LAMOX family” Cell volume 450°C, was interpreted as originating from the opening up

(17) Georges, S.; Goutenoire, F.; Bohnke; Steil, M. C.; Skinner, S. J.; (18) (a) Vogel, HPhys. 21921, 22, 645. (b) Tammann, V. G.; Hesse, H.
Weimhder, H. D.; Lacorre, PJ. New. Mater. Electrochem. Sy2004 Z. Anorg. Allg. Cheml926 156, 245. (c) Fulcher, G. Sl. Am. Ceram.
7, 51. Soc.1925 8, 339.
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Figure 7. Evolution with europium content of (a) activation energ¥a
(points) and pre-exponential factep (triangles) of the Arrhenius law
determined in the temperature range of 3800 °C for 0 < x < 0.1 and

in the temperature range of 30@25°C for x = 0.15 and (b) of the VTF
parameters and the relative volume expansMdc — Voscl/Vasc. The
constant Arrhenius/VTF transition temperature (from DTA signal, conduc-
tivity curves, and thermal expansion) is added as a dashed line.

Figure 8.
samples.

DTA thermograms of f-La;-xEuM0,09 raw powder

of tunnels through cooperative rotations of anti-tetrahedra

[O1LagMo]. Since mobile O2 and O3 oxide ions are located
in these tunnels, the ionic migration would then be thermally
assisted by the host matrix distortion/libration.

As shown in Figure 6, total conductivity was fitted with
a conventional Arrhenius law in the linear part at low
temperature and with the empirical Vog&lammann-
Fulcher (VTF) model when departure from linearity is
observed at higher temperature. The VTF equation

oT = 0, exp(=B/R(T — Ty))

has three adjustable parametets; is the pre-exponential
factor, B a pseudoactivation energy, ailglthe temperature
at which oxide ion disordering becomes dynamic. Values

of the Arrhenius and of VTF parameters for all compositions
are presented in Figure 7.

In the Arrhenius-type regime, the values of the activation
energyE, and of the pre-exponential factog for 5-Lao—x-
EuM0,0 (x = 0.15-0.4) samples are much larger than
values obtained for-La,—xEuMO0,09 (x = 0, 0.05, 0.1)
samples. Above = 0.15,E, andoy decrease linearly when
the europium concentration increases. This significant in-
crease ofr, between thex- andS-type phases could reflect
that, in the latter, the diffusion of defects (vacancy migration
entropy) and the concentration of defects allowing a hopping
of mobile species is larger than in the vacancy ordered
o-phase.

In the high-temperature regime (VTF), an increase of the
temperatur&, and a decrease of, andB with increasingx
(taking into account th& = 0.2 composition described in
the next paragraph) are observed, both followed by a kind
of leveling off abovex = 0.3 (Figure 7). Note, that the
pseudoactivation energy we find far= 0.4 is comparable
to values determined for crystallized fast silver ion conduc-
tors Ag:GeSl (0.06 eV) anda-Agl (0.06 eV)?!°

One possible explanation of the evolution Tf is that
oxygen vacancieRl present intrinsically in3-La;Mo,04
(LPS conceptf could be trapped around substituting cations.
The average coordination of lanthanum ions determined from
the partial occupancy of O2 and O3 sites in fhérm is
10. This oxygen vacancies/Euons association is plausible
since the trivalent europium cation, smaller in size than
lanthanum, adopts generally surroundings with lower co-
ordinence number. In crystal structures of europium molyb-
dates, the rare earth ion is eight-fold coordinated within a
distorted square antipristhFor reference, lanthanum is nine-
or ten-fold coordinated in the structures @f and 3-La,-
Mo4015.2? In our analysis of the VTF behavior, we consider
that Ty is the transition temperature from a static to dynamic
disordered states of oxide ions. Thereby, an increase of the
number of vacancies trapped as the amount of europium
increases could explain that the transition toward a dynamic
disordered state occurs at higher temperature. However, the
range of lanthanum substitution investigated here is rather
limited. As a matter of fact, this oxygen vacancies/Eions
association might be small and is consistent with the weak
incidence on ionic conductivity noted. But, it is amazing that
a 0.2 variation of the europium content induces a shifiof
larger than 100 K. It must be noted that, whatever the value
of x, the departure from linearity (Arrhenius/VTF transition)
starts at around 695 K. As shown in Figure 7, a substantial
decrease of the difference betwe&g.rr and To occurs
upon substitution.

In the assumption of mobility assisted by the libration of
the matrix, a question can be raised: do the relative volume
expansion and the VTF parametegsandB have an identical

(19) Ribes, M.; Taillades, G.; Pradel, 8olid State lonic4998 105, 159.

(20) Lacorre, PSolid State Sci200Q 2, 755.

(21) (a) Naruke, H.; Yamase, Thorg. Chem2002 41, 6514. (b) Naruke,
H.; Yamase, TJ. Solid State Chen2001, 161, 85.

(22) (a) Dubois, F.; Goutenoire, F.; Laligant, Y.; Suard, E.; Lacorrd, P.
Solid State Chen2001, 159, 228. (b) Naruke, H.; Yamase, J. Solid
State Chem2003 173 407.
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composition dependence? A conduction activation energy La,M0,0q. The single cell volume relative to the transient

is the sum of the strain energy required to dilate or distort
the network to allow a mobile ion to hop from one site to
another and the energy binding an ion to one equilibrium

o-phase is found to be slightly smaller than the one of the
p-phase before the inverg®¥oa transition. These double-
reversed transitions indicate that the inittabhase, when

site (related to the bond dissociation energy). As shown in the powder sample is cooled from 100Q at 5°C/min

Figure 7, the relative volume expansioVig§pc — Vascl/
Vasc (0or % unoccupied volumes [Vosc — ViondVasc) Of

(sample 1), is metastable in nature. According to TurnBull,
metastability may be: (1) morphological when it arises from

cubic Eu members is constant regardless of the europiuma decrease of the particule size (nanocrystalline anatase),
fraction. Because the expansion of the host matrix behaves(2) topological when it arises from an increase of disorder
the same way, despite the reduction of the unit cell volume leading to alternate crystalline or amorphous phases, or (3)
as the europium content increases (Figure 5), the straincompositional when it arises from an increase of solute
energy might not change within the series. The average bondtrapping leading to extended solid solution.

energy of mobile anion is dependent on its cationic neigh-
borhood. It is worthy to note that the strength of-ED bond
(479(10) kd/moPB?is smaller than the strength of £& bond
(799(4) kd/mol}2 It gives an explanation of the evolution
of the pseudoactivation energy with the substitution level

Here, the metastability is topological since the metastable
p-form is a disordered version of the room-temperature stable
o-phase. In such a case, the slower the cooling rate, the
smaller the proportion of metastahteform. To highlight
this behavior, sample 2 has been prepared starting from

since the higher the europium content, the lower the averagesample 1 annealed at 50C for 12 h (heating rate 3C/

bond energy, and the easier the diffusion of oxide ions.
However, the ionic conductivity did not reflect this trend.
To understand, let us analyze the evolutiorogf Because
the pre-exponential factar, is proportional to the concentra-
tion of defects allowing a hopping of mobile species, the

min) and cooled slowly at 0.8C/min. Figure S4 displays
the room-temperature X-ray powder diffraction pattern of
sample 2. One can notice that the stabilization of the
monoclinic a-form at room temperature occurred since all
diffraction lines are broadened and superstructure peaks at

continuous decrease of this concentration as increasing thdow 26 scattering angle appeared. Single monoclinic subcell

europium content up ta = 0.3 could be ascribed to the
progressive trapping of oxygen vacancies arountf kans

parameters = 7.1356(1) Ab = 7.1434(1) Ac = 7.1444-
(1) A, B =89.733(1}, andV = 364.16(1) A3 determined

assumed previously. Note, that the magnitude of the variationfrom Le Bail's fit disclose the weak distortion of the

of oy is similar to that found in the Arrhenius-type regime.
The kind of leveling off abovex = 0.3 would mean that a
maximum of oxygen vacancies and¥ons associated is
probably reached for th& = 0.4 sample. Thereby, the
europium substitution has two antagonistic effects: it lowers
the activation energy but favors the trapping of oxygen
vacancies.

3.3.3. Metastability and Sample Shaping: The Case of
Laj gfEup1gVI0,09 and La; gEugoM0,0g. In section 3.1,
room-temperature diffraction and DT analysis have shown
that thex = 0.15 and 0.2 compositions stand apart from the
others. Indeed, the two polymorphe. (+ 3) coexist at
ambient temperature for LgfEuy19M0,00. It was also
supposed that the RB-phase obtained for both samples
was not the most stable form. This narrow substitution
range (0.1< x < 0.25) probably forms a border region

structure, while retaining the cell volume almost constant
after the transformation (See Figure 4). A diffraction study
of the thermal evolution of the (231) line was carried out
upon heating up to 950C (Figure 5). Powder of sample 2
behaves the same way as,Mm,0, with the occurrence of
the first-order transition around 58C (Figure S4).

At this stage, it seems clear that a competitive phase
selection problem takes place inilggEu, 13M0,09 because
the two polymorphs d + metastable3) coexist at room
temperature. The crystallization kinetics for the monoclinic
and cubic phases are all the more competitive than these
phases are oxygen/vacancy ordered and disordered versions
of the same structure. Figure 5 shows that a smooth curvature
of the cell volume expansion is noted below £@for this
sample, whereas the thermal expansion was linear in this
temperature range for the europium-richer compositien

between single monoclinic phase and cubic phase(.2. Then, in the thermal range 6f450—-560 °C (in red
existence domains. A deeper insight of the system wascolor in Figure 5), LagEu1dM0,0s has a monoclinic
achieved thanks to temperature-controlled X-ray powder symmetry, as previously observed forlgBu 2M0,Qg. The
diffraction. These measurements, performed on raw powdercontinuous decrease of the slope, upon heating t0°@50
samples, revealed a series of structural transitions uponfor Lay gsEuy 19M0,0g could reflect a progressive conversion

heating (Figure 5). The insets in Figure 5 show the evolution
of the pseudocubic (231) reflection with increasing temper-
ature.

At first, let us focus on LagEuy ,M0,0s. Upon heating,

of the metastablgs-phase intoo-form with a slightly
smaller cell volume. Note, that the conversion taking place
at 450°C for Lay gEupM0,0g is sudden. Hayward et &
have shown that a continuous evolution of the cell parameter

the raw powder sample exhibits a complete conversion to g across the transition can be observed fosM@,0q when

monoclinic a-form in a limited thermal range;~450—
560 °C, before undergoing the/g transition, like in pure

(23) Kerr, J. A. INCRC Handbook of Chemistry and Physics 199899:
A Ready-Reference Book of Chemical and Physical D&d¢h ed.;
Lide, D. R., Ed.; CRC Press: Boca Raton, FL, 1998.
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a powder sample is quenched from high temperature above

(24) (a) Turnbull, D.Metall. Trans. A1981, 12 (5), 695. (b) Zhang, H.;
Banfield, J. F.J. Mater. Chem1998 8 (9), 2073.

(25) Hayward, S. A.; Redfern, S. A. T. Phys.: Condens. Matte2004
16, 3571.
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Figure 10. Consecutive DTA measurements during repeated thermal
cycles (3 loops of heating at 800C and cooling to 160°C, rate of
20 °C/min) performed on powder samples ofilggEug 19M020g (red line)
and La gEup M020g (black lines, samples 1 and 2). The insets show the
(231) cubic diffraction line recorded after the cycle 3. For arrow, see text.

This work demonstrates that such a behavior can also be
Figure 9. Thermal evolution of the (231) diffraction line of dense pellet encountered in an isovalent substituted mObedaEQEa)-T
samples of LagsEly.19M020s (a) and LagEuyM0o20g (b) upon heating. Mo,0,. However, a difference exists with LaCaos

Mo0,0s 96 because, in this last composition, a substitute
580°C. In such a situation, the transition is thermodynami- depletion/recombination process occurs above 64@vhich
cally second order. is not observed here.

The electrical property of the = 0.15 and 0.2 composi- In the light of what we observed for LgEu, ;M0,0y, a
tions was measured from pellets prepared with powdersway to explain the Marrero-lgez et al. conduction measure-
cooled down at 3C/min. The evolution of the conductivity = ment performed on nanocrystallioeLa; fEuy ;M0,04 (30
with temperature is reported in Figure 6. Contrary to all nm) is to consider that the phase stability of Eu-substituted
expectations, the curve of LgEu ;M0,0Oqg did not show any compounds is also sensitive on grain size. As a matter of
thermal instability and looks like the curve of a cubic fact, the compositional range where metastability takes place
member. In contrast, the successive transitions highlightedfor our samples would be extended to lower europium
by temperature-controlled X-ray diffraction on Lg@Euo 15 content when the samples are elaborated from freeze-dried
Mo,0s powder sample remain present in the temperature precursors. This assumption would explain the coexistence
dependence of conductivity. To elucidate this singular of a- andf-phases that Marrero-lpez et al. observed in an
difference, the evolution of the (231) diffraction line upon extended range of composition 0& x < 0.25. The
heating to 950C was recorded on both samples, shaped as metastability would also be morphological.

a pellet. Large pellets (13 mm in diameter and 0.8 mm in  3.3.4. Metastability and Arrhenius/VTF Transition. The
thickness) were prepared starting from ball-milled powder effect of repeated thermal cycles on the phase stability of
and sintered in the conditions determined previously. The La; gfEU.19VI0,09 and La gEuy ;M0,0q (previous samples 1
diffractograms are displayed in Figure 9. Diffraction revealed and 2) was then investigated by DT analysis. Three cycles
that only thex = 0.2 sample is sensitive to sample shaping of heating/cooling at a rate of 20C/min were performed
because the cubjg-phase is henceforth stable in the whole on ~50 mg of powder. All DTA thermograms of the=
temperature range explored. These results are in perfec.15 analogue exhibit, upon heating, the sequence of phase
agreement with conductivity measurements. transitions previously observed (Figure 10). However, a

This metastable behavior and the stabilization of the cubic widening of the endothermic event around 58D occurs
B-form through sample shaping as a pellet was recently between the two first cycles. This signal remains unchanged
evidenced in the aliovalent substituted lanthanum molybdate during cycle 3. This broadening, induced by the first rapid
Lay.oLCa 0dM0,0s.062% At first, one could have speculated cooling, suggests that the fraction of coexisting phases (
that this metastability arises from the change of oxygen/ + 8 metastable) changes before reaching an equilibrium after

vacancy balance through calcium substitution iaN@,Oq. cycle 2. This is the reason why the succesgivaeetastable
— o — f phase transition remains present during the cycle
(26) Selmi, A.; Corbel, G.; Lacorre, Bolid State lonic2006 177, 3051. 3 (Figure 10). The higher the cooling rate, the larger the
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proportion of 3 metastable form. A comparison between Thereby, many factors as the thermal history (temperature,
diffraction pattern of the (231) line collected before DTA heating and cooling rates), the external stress (pressure), and
measurement (Figure 2) and after the last cycle (Figure 10)the internal strain induced by sample shaping change the
shows that the weaker peak at lower scattering angle (arrowequilibrium of point defects. Indeed when a cooling rate of
in inset) becomes very diffuse. This is consistent with a slight 5 °C/min is used for the preparation of L@FEu 19VI0,0q
decrease of the amount of the monoclinic phase. and La sEuy M0,0O9 samples, the low temperatuceform

For sample 1 of LagEuy 2M0,Og (Figure 10), the amount  and a pseudg-form can coexist at room temperature while
of the monoclinic phase is suspected to be lower than thepreserving a homogeneous europium distribution within the
amount present in LasEW 19M0,0s. The second peak at sample. The stress induced by cooling allows the existence
around 580°C has completely disappeared after the first of a pseud@-form with a 2D disordering of the oxygen
cooling at 20°C/min. This illustrates the decreasing tendency sublattice (TEM study), intermediate situation between the
of the 8 metastable disordered phase to order with increasing complex ordering in the-phase, and 3D disordering in the
cooling rate. DTA thermograms recorded during cycles 2 f-phase. A relaxation of the system occurs upon heating
and 3 look like the curve of a cubic europium substituted leading to a release of topological metastability (successive
samples with the Arrhenius/VTF transition at around 450 p/a/f phase transitions). The decrease of the enthalpies
°C (Figure 8 and 10). Bearing in mind that a monoclinic associated to the (metastalfigo. ando/f transitions with
symmetry at room temperature was identified on the powder increasing the europium content upc= 0.2 makes the
diffraction pattern collected on the slowly cooled sample 2, permanent stabilization of the phase possible, thanks to
the reminiscence g8-metastablel transition upon the first ~ mechanical constraints such as sample shaping.
heating up at 20°C/min is surprising. It shows that the Above an europium content of = 0.2, increasing the
cooling rate of 0.5C/min used to prepare sample 2 is not substitution rate favors the interactions of points defects
slow enough to obtain a pure-type phase at room (substitute/oxygen vacancies). As pointed out by Greenberg
temperature. A part of th8-metastable phase is retained in et al.?® the development of such a chemical strain effect
guantity too weak to be detected by powder diffraction could be accompanied by a large change in specific volume.
(Figure S4). The two thermograms recorded during the next In Bi,Os-based oxide ion conductot$the clear increase of
cycles 2 and 3 are similar to the curves of sample 1. The thermal expansion coefficient around 580 is ascribed to
conversion into a single cubic phase seems to be effectivethe disordering of oxide ions at high temperature. The extra

as soon as the first rapid cooling down is performed. volume expansion measured above 460which character-
izes all cubic LAMOX members, could also be seen as a
4. Conclusion clear manifestation of this phenomenon. However, the
In this paper, the solid solution baEuMo,0s Was re- pronounced curvature of the thermal volume expansion and

examined to obtain a deeper insight into the influence of of the conductivity thermal evolution would indicate that the
trivalent europium on the crystal structure, thermal stability, reaction of defect association/dissociation upon heating is

and electrical properties. As mentioned by Lubomir&ky, COmplex. This is the reason why, upon substitution, the

collective effects induced by interacting point defects occur @PPing of oxygen vacancies around europium cannot
in fast ion conductor because the concentration of point decrease significantly the anionic conductivity because a

defects is very high. When a partial substitution is performed lowering of the average bond energy occurs in parallel.

in a solid such as L#vlo,Oq, the equilibrium of point defects Supporting Information Available: Europium valence deter-
is naturally affected in a different manner depending on the mination, representative photos ofM0,0y and La-xEuMo,0q,
substitution level. Below an europium contentof= 0.1, plots of Al/l, as a function of temperature, and stabilization of

the interaction of point defects (substitute/oxygen vacancies) -LawgE.2M020, at room temperature. This material is available
leads to an orderdisorder transitiond — f3) associated with  "é€ of charge via the Internet at http://pubs.acs.org.
a sudden volume expansion (spontaneous strain). However|c700876D
this study reveals that the situation could be more complex (28) Groenberg, M.. Wachtel. E.. Lubomirsky. 1 Fleig, J.; Maiends
. . _ . reenberg, M.; Wachtel, E.; Lubomirsky, 1.; Fleig, J.; Malerndw.

when the europium increases up o= 0.2, since the Funct. Mater.2006 16, 48.
enthalpy of such a transition is greatly lowered by the random (29) (a) Naumovich, E. N.; Kharton, V. V.; Samokhval, V. V.; Kovalevsky,

i ot ; A. V. Solid State lonicd997, 93, 95. (b) Kharton, V. V.; Naumovich,
cationic substitution (see for instance DT thermograms). E N. Yaremchenko, A. A- Marques, F. M. Bl Solid State

Electrochem2001 5, 160. (c) Wang, X.-P.; Corbel, G.; Fang, Q.-F.;
(27) Lubomirsky, 1.Solid State lonic2006 177, 1639. Lacorre, PJ. Mater. Chem2006 16, 1561.
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