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Abstract

The ion conductivities and phase transitions of lanthanum molybda@.#,) substituted with lanthanide rare-earths are investigated
using impedance spectroscopy, dilatometry, and X-ray powder diffraction. Among the substitiNtx Og of 10 mol% Ce, Nd, Sm, Gd, Dy,

Er, Yb, the specimens containing Er, and Dy exhibit depreasdphase transformation and high conductivities. Their’@®@onductivities

are approximately five to seven times that ofMa@,0y, around 0.26 S crmt, comparable with those of (LaSr)(GaMgy@nd Gd-substituted

Ce(Q. Among the three compositions of 10 mol% Gd, Dy, Er showing depressed phase transition, Er- and Dy-subsiiMae@d jaossess
relatively low thermal expansion coefficient 3110-6 K—1, compared with that of the Gd-substituted,M,0q, 18 x 10-8 K1, which

is near that of LaM0,0Oy. Hence, Dy and Er are valuable dopants in improving theMa Oy properties. Across the lanthanide series,

10 mol%-substituted L#o,0y demonstrates systematic variations in the conductivity—temperature relation. Hysteresis phenomena in both
of conductivity and thermal expansion are also observed in those compositions which display phase transition.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction formation was assumed to be clustering of the oxygen va-

cancies which occurred in the order—disorder type of phase
Lanthanum molybdate (l80,09) which crystallizes at  transition in stabilized zirconi.

high temperatures if8-SnWQ, structure of space group In its potential applications, such as electrolytes of solid

P2:3, is an oxygen ion conductor discovered by Lacorre oxide fuel cell, oxygen pumps, and oxygen sen§ot$,

et al1=3 The concept of lone-pair substitution has been pro- stabilization of the high temperatufephase is important

posed since a vacancy of oxygen ion size is generated wherowing to the necessity to minimize stresses during the

the St ion possessing a lone pair of electrons is replaced thermal cycles. Substitutions of &r, Ba&¢+, K+, Bi3t,

by La®* without the lone pair in the structure. This intrin- C&* on the La site, 8", Wé*, C*+, V5t on the Mo

sic vacancy facilitates oxygen ion diffusion and promises a site has been shown capable of reducing the phase tran-

high oxygen ion conductivity of the crystaP La,Mo,0qg sition temperature and stabilize tigestructure at a lower

crystal exhibits two polymorphs, a low-temperature mono- temperaturé. For instance, theé3-polymorph can be pre-

clinic a-phase and a high-temperature cupiphase, witha  pared in LaW,_,Mo,0Og9 for x > 0.7 at any cooling

reversible phase transition around 580 The phase transi-  rate? However, the suppression of phase transition often

tion appears to be thermodynamically first order, it manifests raises the low-temperature ion conductivity but not the

itself as an endothermic event on heating and exothermichigh-temperature ion conductivifyMore detailed studies

event on cooling in the differential thermal analysis curves. on substitutions of G, Bi®+, Pt?+ have also been carried

The structure ofv-LapM0,0Og was described as a distorted out using the dielectric relaxation methbtl6

cubic form of B-structure with 2x 3 x 4 superlattice. Its In this paper, we report variations in ion conductivities
and thermal expansions in lanthanide rare-earth substituted

mspondmg author. Tel+886-2-2737-6618: Lazl\/!ong. The substitution of isovaler_lt rare-earths has

fax: +886-2-2737-6644. considerable influence on the properties ofaMayOg.

E-mail addresstsai@ch.ntust.edu.tw (D.-S. Tsai). Some substitutions not only depress the phase transition,
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reduce the thermal expansion coefficient, but also enhancdine 17B at the National Synchrotron Radiation Research

the high-temperature conductivity. Center, Hsinchu, Taiwan. The patterns were collected un-
der the following conditions: wavelength 0.155nm, angu-
lar range 20-6Q step size 0.02 2s for a step of X-ray

2. Experimental details exposure, and 1s for the detector rotation. The software
UnitCell*’ is used in calculation of lattice parameter.

2.1. Specimen preparation

Stoichiometric amount of commercial MaQpurity > 3. Results and discussion
99.5%), LaOs3 (purity > 99.9%) and calculated amount of
rare-earth oxides CeQ Nd,O3, Sm0O3, GO3, Dy,0s3, 3.1. Differential thermal analysis
Er,O3, and YOs (purity > 99.9%) were dried, weighed,
mixed, and ball milled in a polyethylene jar with zirconia Peak temperatures detected in DTA curves of 10 mol%
balls for fourteen hours. The powder was calcined at’830  lanthanide rare-earth substituted ,M0,Og are listed in
for 10 h, and ball milled again. The powder was mixed with Table 1 Three compositions of L#10,0g, (Lay gCey.2)-
organic binders in the ball mill, dried, and sieved through a Mo0,0g, and (La gNdg2)M0,0Og show reversible phase
nylon sieve. Short rods and disks were pressed and sinteredransitions with clear hysteresis during heating and cooling.
at 930°C in air for 6 h. The relative densities of specimens The peak temperature difference between endothermic event
used in impedance and dilatometric measurements were ove(heating) and exothermic event (cooling) is about°'@0

97%, measured by the Archimedes method. for LapM020Og and (La gCey2)M020g. This temperature
difference is 40C for (La;.gNdp 2)M0209. We didn't find

2.2. Conductivity and thermal expansion coefficient relevant peaks in the DTA curves of (LgSny2)Mo20o,

measurement (La1.8Gdy 2)M020g, (LazgDyo2)M020g, (LaggErp2)-

Mo0,0g, (Laz.gYbo2)M020g. Nonetheless, as will be shown

Electrical resistance was measured by impedance speciater, thea—3 phase transition could reveal itself in a more
troscopy technique using a Solartron S1260/1287 frequencysubtle way for some compositions without clear endother-
response analyzer. The measurements were carried out ovemic and exothermic peaks.
a frequency range of 1.0 Hz to 32 MHz. Each data point was
recorded at a potential of 120 mV after 30 min of thermal 3.2. |on conductivities
stabilization in air. The measurement temperature range was
between 300 and 80, which was read from an inserted ~ Rare-earth substitutions exercise significant influences

thermocouple near the specimen heated in a tubular furnaceon the conductivity—temperature relation. The,Ma,Oq
The impedance measurements were performed at 5d€ 10  ceramics substituted with 10 mol% Ce, Nd, Sm, Gd, Dy, Er,
interval in the temperature range that the phase transi-  yp exhibit three types of temperature dependefigs. 1-4
tion could occur. Thickness of the specimen was 15-24 mm, jllustrate these temperature dependences in Arrhenius plots
diameter 8-9 mm. Electrode contacts were formed on the of |og(cT) versus 1000V, o and T are ion conductivity
parallel polished surfaces of the specimen by applying an and temperature, respectively. A discontinuous jump in
unfluxed platinum paint (C3605P/S, Heraeus) and fired at conductivity around thex — B transition temperature of
900°C. La,M0,0g is the feature common to the Arrhenius plots of

Thermal expansion coefficients of 40,09 and (Lag gCey2)M0,0g, (LazgNdg2)M020g, (LargSny2)Oo,
rare-earth substituted k0,09 were measured by dilatom-  and (La gYbg2)M0209. The temperature dependence of
etry using a thermal mechanical analyzer (SETSYS-1750, (Lay gCen2)M0,0g conductivity is plotted along with that
SETARAM). The specimens used in dilatometry were disks of La,M0,0g in Fig. 1, since the temperature spans in
of 1.7mm thick and 8.0mm in diameter. The ramping phase transition of these two compositions are practically
rate was 3Cmin~! in both heating and cooling cycles
from 300 to 800C. The phase transitions of substituted

. . . Table 1

La;M0209 were Ch?Cked F’y d'ﬁerem'al_ thermal analysis Peak temperatures in differential thermal analysis of lanthanide rare-earth
DTA (TGD?OOOH, S|nkU-R|kO). The Ca|CIned pOWder Sam- supstituted LaMo,Og and the parent Crysta| kM0,0g
ples were sieved through a pén sieve before the powder

Composition Peak temperature Peak temperature

was subject to heating and cooling at a ramping rate of (°C, heating) (°C, cooling)
ccmin=1in ai : '
5°Cmin~= in air. (Lag sCep 2)M020g 566 544
. ) . (Lag.gNdp.2)M020g 572 532
2.3. X-ray diffraction analysis LapM0,0g 564 545

. . The heating and cooling rates aréGmin~1 in air. No peak related to
X-ray diffraction patterns were recorded between 25 and a—f phase transition is detected in samples of 10 mol% Sm, Gd, Dy, Er,

600°C using the high resolution powder diffraction beam- vyp.
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Fig. 2. Arrhenius plots of log(T) vs. 10001 for 10mol% (a)

Nd-substituted

, (b) Sm-substituted, (c) Yb-substitutedMa@yOg.
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Fig. 3. Arrhenius plot of logfT) vs. 10007 for 10 mol% Gd-substituted
LapMo20g.

the same, 545-57C. On the other hand, the temper-
ature spans of (LaNdp2)M020g, (Lag.gSnp.2)M0o20g,
and (LagYbg2)M020Og are much wider, 510-57(,
500-550'C, and 540-590C, as indicated irFig. 2

Instead of a sudden jump, the Arrhenius plot of
(La1.8Gdy.2)M020g exhibits two segments of quite differ-
ent temperature dependence connected aPG5Fig. 3).
The activation energy below 55C is 2.08 eV, while that
above 550C 0.55eV. Please note that the activation ener-
gies are correlated from experimental data of two 10 mol%
Gd specimens of different thickness, one is 22.2 mm, the
other 15.1 mm.

The temperature dependence of {gByo 2)M020g9 and
(Lay.gErg2)M020g ion conductivities in 300-700C can
be plotted in one straight line, illustrated Fig. 4. lon
conductivities of these two compositions are similar in
magnitude, with those of (LgDyo.2)M020g are somewhat
higher in the high temperature range. Activation energy of
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Fig. 4. Arrhenius plot of logfT) vs. 1000f for 10 mol% Dy- and
Er-substituted LgMo0,0g.
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Table 2 T rr75r+rrrrrrr ot
Activation energiesk; of the anion mobility in LaM0,0Og and those 3 A (LaI BDyOZ)Mozog o
10 mol% rare-earth substituted 4Mo20g A —Ea=1.87 eV
Composition Ea of low-temperature  E, of high-temperature 2 _"{‘,\ v (La, Dy, Mo O, |
phase (eV) phase (eV) T ,:Q-g,g_ - Ea=2.04 eV (LT)
La;M020g 1.16 0.68 o0, Ea=0.87 eV (HT) 1
(LaygCeyz)M0,09  1.41 1.17 o %%-% 5 LaMoO, -
(Laz.gNdp.2)M020g 1.38 0.68 - z rrrrrr Ea=1.16eV |
(LagSmoz) MozOg  1.54 0.73 s o, W Ea=0.68 eV
(LaggGdp2)M02,0g2  2.08 0.55 04 a 'Q__l * 1
(La1gDyo2)M020g°  1.87 - ‘e i B9
(LaygEro2)Moo0Og®  1.77 - = B %A
(LargYbo2)M009  1.48 0.60 = 14 W bR .
=] 12

The activation energies are correlated from the plots ofbl@g¢s. 10007 D%ﬂ v "-g

@ The temperature dependence of ion conductivity of this composition 24 o (La, 4Dy, ,,Mo,0, “h. _ V}"}; 4
is cborrelated as two connected stralgl_'lt lines of d'n‘ferent s_Iope. I == Ea=1.38 eV (LT) ‘n._v\"\' :
‘ The temperature depend_ence of ion conductivity of this composition Ea=0.65 eV (HT) o -
is correlated in one straight line. [+ T—T7T—T7T7

1.0 11 12 13 14 15 16 17
(a) 1000/T (K™)

(Laz.sDyo.2)M020g 1.87 eV is also slightly higher than that

of (Lay.gErg.2)Mo20Og 1.77 eV. Nevertheless, the experimen- T T T T T

tal data of (La.gsDyo.2)M020g deviate from a straight line 31 - & (La, Er, Mo,0,

more than those of (LkaErg.2)M0o20g. The deviation from 1 = Ea=1.77 eV

the correlation line of (LagDyo.2)M020g is higher than # = o (La,,Er Mo,0,

that of (La gErg.2)M020g, mainly because the experimen- : ] b% ----- Ea=1.33 eV (LT)

tal data of (La.gDyg.2)M0,0g above 600C fall below its ] : Ea=0.75 eV (HT) 1

correlation line. It appears that the temperature dependence = 0l n 02”% |

of (Laz.gDyo.2)M020Qg in the high temperature region bears 5 ] f’: o %

certain feature of (LagGdy 2)M020g. B i
The activation energies of the oxygen vacancy mobility 5 |

correlated from the slopes &fgs. 1-4are listed inTable 2 Y .

For those compositions showing phase transition, the activa- { © LaMopo,

tion energies of less symmetiicphase are generally higher -3{ ——Ea=1.16eV (L7) .

than those of3 phase. The activation energies of vacancy . Ea=0.68 eV (HT)

mobility in « phase are between 1.16 and 1.54eV. The ac- 44— ' ' T T

tivation energies i3 phase are between 0.60 and 0.73 eV o 12 14 16 18

(except Ce), less than their counterpartsiiphase. Appar- (b) 1000/ (K')

ently, the movement Of. oxygen VacanCIeS.m the h'gh tem- Fig. 5. (a) Arrhenius plot of log(T) vs. 10007 for 0, 1, 5, and 10 mol%
peraturef phase experience less obstruction than indhe  py-substituted LaMo,Oe. (b) Arrhenius plot of loggT) vs. 10007 for
phase. 0, 1, and 10mol% Er-substituted 4l0,0g.

Across the lanthanide series, the activation energy of low
temperature region increases to a maximum value then de-
creases if the different temperature dependence in the high
temperature region is ignored. The maximum activation en- the Arrhenius plot evolves with 0, 1, 5 and 10 mol% Dy.
ergy 2.08eV occurs at (LgGdy2)M0209. The enhance-  Upon 1 mol% Dy substitution, the slope at phase transition
ment of 10 mol% Nd, Sm on activation energy seems to be becomes tilted, similar with those of 10 mol% Nd and Sm
the consequence of tilting the slope of le@] versus 10007 substitution. If the Dy content level increases to 5 mol%, the
at thea—3 phase transition. For the three compositions of Arrhenius plot of (La.gDyg.1)M020g develops into two lin-
10 mol% Gd, Dy, Er, the slopes at the phase transition are ear segments, similar to that of 10 mol% Gd. Variation of
tilted so much that they are the same with the slopes in activation energy with the Dy content in the low temperature
the low temperature region. In other words, substitutions of region is as follows, 1.16 eV (0 mol%), 1.38eV (1 mol%),
Gd, Dy, Er straighten out the sudden change in temperature2.04 eV (5mol%), 1.87eV (10 mol%)-ig. 5(b) presents

dependence near the phase transition oM@ Og. There- how the Arrhenius plot varies with 0, 1 and 10 mol% Er. The
fore, the activation energies of these three compositions areEr substitution is very effective in straightening out the jump
significantly higher than the rest. at phase transition. The 1 mol% Er addition tilts the slope at

The variation of ion conductivities with the Dy or Er con- phase transition and raises the activation energy from 1.16
tent appears to follow the same trefidg. 5(a)depicts that to 1.33 eV. Further increasing the Er content to 5-10 mol%,
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Fig. 6. Hysteresis of ion conductivity while heating and cooling of
(a) LezMo209-substituted, (b) 10mol% Ce-substituted, (c) 10 mol%
Nd-substituted, (d) 10 mol% Sm-substituted, Mo,0q.

the relation between log{) and 10007 turns into a straight
line.

Hysteresis in thex—3 phase transition is a feature com-
mon to all compositions which exhibit discontinuous jumps
in conductivities, indicated ifrig. 6. Similar to other types
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—
1 La,Mo,0, 1
2 (LamCe0 2)1\:‘10209
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Fig. 7. Fractional expansions of £f0,0g9 and 10 mol% rare-earth sub-
stituted LaMo,0Og on heating. The heating rate i$ 6 min~1.

of LapM0,0g, 0.044Scm!. The 700°C conductivity of
(Lay.gGdy 2)M0,0g is about 0.19 S cmt, which is compa-
rable to those of 10 mol% Ce, Nd, Sm. The high-temperature
conductivities of 10 mol% Dy and Er are higher. The 700
conductivity of (La gDyp2)M020g is 0.35 S ¢, and that

of (Lag.gErp.2)M020g 0.26 S cnl. The 700°C conductivity

of (Laz.gDyo.2)M020g is the highest measured value among
those of 10 mol% lanthanide substitutecbMi,>Og.

3.3. Thermal expansion coefficient

Fractional expansions of b&0,0Og and the rare-earth
substituted LaMo,0Og ceramics in the heating cycle are
plotted in Fig. 7. Those compositions which exhibit clear
jumps in conductivities also display sudden changes in
the linear expansions at the{3 phase transition. Sim-
ilarly, near the phase transition, fractional expansions
LapM020g and (La gCey2)M020g increase more steeply
than those of (LagNdp2)M020g, (LazgSmp2)Mo020y,

of hysteresis, on cooling, the jump occurs at a somewhatand (La gYbo2)M020g. During the phase transition of

lower temperature compared with the heating cycle. Com-

positions of LaMo,0Og and (La gCey2)M020g9 having

LapM020g, the specimen expands 0.15% at 5Z5in
the heating cycle, and contracts 0.12% at 959n the

abrupt changes during phase transitions also display narrowcooling cycle. In the case of (LaCey2)M0209, the

hysteresis loops. On the other hand, (ksdp2)M020g
and (La.gSmy2)Mo209 having sluggish changes in heat-

fractional change at phase transition is about half that
of LapM020g, 0.06% at 573C in heating and 545C

ing exhibit larger hysteresis loops. The hysteresis loop in cooling. The phase transitions in linear dimension

of (La1.gYbo2)M020g, not present inFig. 6, is similar
to those of (LagNdp2)M0o209 and (La.gSmmy2)Mo20g.
Hysteresis phenomena vanish in {lg&dy2)M020y,
(La1.gDyo.2)M020g, and (La gErp.2)M020s.

The high-temperature conductivities of rare-earth sub-

stituted LaMo,0Og after the phase transition are similar
in magnitude. Among the four compositions of 10 mol%
Ce, Nd, Sm, Yb, the ion conductivities of Ce, Nd, Sm at
700°C are around 0.19Scm, that of Yb is somewhat

lower 0.14 S cmt. These conductivities are higher than that

changes of (LagNdp2)M020g, (La;gSmy2)Mo209, and
(La1.g8Ybg2)M020g occur over a larger temperature region.
For example, (LagNdg2)M0209 expands about 0.16%
near 56 PC and contracts 0.11% near 522.

In general, the fractional expansions of 10 mol% lan-
thanide rare-earth substitutions are less than that of the
parent compound LbMo20g. The fractional expansions of
(La1.8Gdy 2)M020g are quite high, near those of $fo20q.

The experimental data of these two compositions are in such
a close proximity that the (LaGdy.2)M020Og curve looks
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like a straightened line of L&10,0g curve. Although two —T T T T T T
segments in fractional expansion of (lg&dy2)M020g 07224 © (La,,Gd Mo,0,
are distinguishable, identification of the switching point TEC=17'910.SOC.1
is difficult. The switching from low-temperature expan- o

. . . (25-600°C)
sion to high-temperature expansion occurs over a vast
temperature region, at least 18D. The fractional expan-
sions of (LagErp2)Mo20g are much less than that of
(Lap.sGdy2)M020Og in magnitude. The relation between
fractional expansion and temperature for{g&rg.2)M0o20g
appeatrs to be linear.

The thermal expansion coefficient TEC @fLayM020g
is 147 x 107°C1, that of B-LazM0,0y is higher, 181 x
10-%C—1. Substitutions of rare-earths reduce the values of
TEC, except Gd. TEC of (LaGdy2)M020g is 158 x
106C~tin50-555°C, and 190x10~® C~1in 555-800°C.
TEC of (LaygErp2)M020g is low, 106 x 10-6C~1. Fig. 7
also points out that no systematic reduction in the TEC value
can be found owing to the size reduction in substitutional
ions. The expectation of reduction in TEC arises from the Fig. 9. Thermal evolution in cell parametarof 10 mol% Gd susbstituted

0.720

0.718+

0.716+

0.7144

Lattice constant of cubic unit cell (nm)

0 100 200 300 400 500 600 700
Temperature (°C)

well-known lanthanide contraction because theNayOg La;M0;0.

lattice is supposed to shrink gradually when the lanthanum

ion is replaced with ions of decreasing size. or triplets at 25, 200, 400 and 60G (Fig. 8). The only ex-
ception is the reflection (320) which splits into a doublet

3.4. X-ray diffraction using synchrotron source below 400°C. This result along with the clean X-ray diffrac-

tion patterns of (LagDyo 2)M020g and (La gErg.2)M020g

The a-polymorph has been described as a distorted mon-suggest that the three compositions of 10 mol% Gd, Dy, Er
oclinic form of the cubicp-LapM0,0g. The distortion is  are stabilized3-polymorph.
quite small, and causes a number of X-ray reflections of Fig. 9shows the plot of lattice constant of cubic unit cell of
B-polymorph, such as (111) (210) (211) (321), to split (La1.sGdy2)M020g versus temperature. At 60C, the fitted
into doublets or tripletd.However, the X-ray diffraction pat-  lattice parameter of (LesGdy.2)M020g a = 0.72183 nm,
terns of (La gGdy2)Mo20g do not indicate such doublets higher than that of LgMo,Og is 0.72240 nm. The obser-
vation of decrease in the cell volume and increase in ion
conductivity on Gd substitution is consistent with the report
of Lacorrel® The linear thermal expansion coefficient cal-
culated fromFig. 9is 17.9 x 10-6°C~1, which is consis-
tent with the TEC value measured by dilatometry,118
1076°c-1,

(111)
(200)

4. Summary

lon conductivity and thermal expansion coefficient are
two crucial properties of solid state ionics in their applica-
tions. The two properties of Lo,0g can be enhanced in a
positive direction by substituting with lanthanide rare-earths.
In this study, we have examined seven rare-earths, Ce, Nd,
Sm, Gd, Dy, Er, Yb. On the effect of discouraging the3
phase transition of L#Mo2,0Og, 10 mol% Gd, Dy, Er can
eliminate the sudden jumps and hysteresis in both ion con-
0 30 40 50 60 ductivity an_d thermal expan_sion at phase tra_msition. Acr_o_ss
Two Theta () t_he Ignthamde series, the hlgh-_temperature ion conductivity
first increases, reaches a maximum value around Dy, then
Fig. 8. X-ray diffraction patterns (synchrotron radiation) of 10 mol% Gd decreases. Such an increase-then-decrease variation with
substituted LaMo,0g at 600, 400, 200, and 2&. The intensity of (33 1) atomic number cannot be found in thermal expansion co-
reflection is relatively low at 200 and 2& owing to different samples L. "
efficient. Among the three compositions of 10 mol% Gd,

being used at 400 and 60G, which could have certain preferential :
orientation effects. Dy, Er, samples of Dy and Er have the benefit of low

Intensity (a. u.)




D.-S. Tsai et al. / Journal of the European Ceramic Society 25 (2005) 481-487

thermal expansion coefficient, around20C—1. Although 4.

the phase transition of 10 mol% Gd is largely depressed, its
thermal expansion coefficient is high, .18« 10-6°C1,

similar to that of the parent crystal. 5.

Investigation on the ion conductivity of 10mol%

rare-earth substituted bElo,Og reveals interesting and 6.

systematic variations with the atomic number of rare-earth.
The substitution of Nd or Sm decreases the slope at the

phase transition in Arrhenius plot. The substitution of Gd, s.

Dy, or Er decreases the slope at the phase transition so much

that the phase transition vanishes. The less abrupt jump in

conductivity at the phase transition emerges again on Yb 10
substitution. The study on the dependence of ion conduc-

tivity on the Dy and the Er content indicates its variation is 11.

similar to the influence of atomic number. The Arrhenius
plot of 1 mol% Dy or Er looks similar to that of 10 mol%

Nd or Sm. The Arrhenius plot of 5mol% Dy appears similar
with that of 10 mol% Gd. It can be concluded that Dy and
Er are the most effective rare-earth elements in this study.
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