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Abstract

Ba(In;_.R,)20s (x=0, 0.05, 0.1; R=Sc, Lu, Yb, Y, Dy, Gd, Sm) were synthesized by a solid-state reaction method, and all the prepared
samples were confirmed to be a single phase by XRD. The lattice volume increased with increasing ionic radius of the substituents, and
the slope in the plot of the lattice volume against the ionic radius was changed around the ionic radiusrddy®*. The order—disorder
transition temperatures of oxygen vacancies of all the prepared samples were determined by electrical conductivity measurement. The transition
temperatures of the samples substituted by larger (or smaller) ions in the ionic radius than In ion were larger (smaller) than that of un-substituted
BayIn,0s, probably due to the preferred site of substituent to either octahedrabiteOor tetrahedral InPsite.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lower temperature might result in high oxide ion conductiv-
ity at relatively low temperatures. So far, a lot of studies have
Oxide ion conductors have been studied for many applica- been carried out in order to stabilize the high-temperature
tions to oxygen sensors, oxygen-permeable membrane reacphase to lower temperature, but there are few researches
tors and solid oxide fuel cells. A lot of investigations have emphasizing on the nature of the order—disorder transition.
been conducted in order to find out a high oxide ion conduc- Firstly, Prasanna et dI7] suggested from high-temperature
tor or to elucidate the conduction mechanism of the oxide ion step scanning calorimetry that the order—disorder transition
[1-4]. involved only a small fraction of the oxygen vacancies and
BapIn,Os, having the brownmillerite-type structure, is implied extensive short-range order in the high-temperature
one of candidates for the high oxide ion conductor at phase. Adler et al[8] concluded from the combination of
high temperature. The stoichiometric BaOs is essen- NMR and XRD techniques that the order—disorder transi-
tially super-structural form of the cubic perovskite, in which tion at around 1200 K only involved oxygen atoms O(3) in
one-sixth of the oxygen atoms are replaced by an orderedthe tetrahedral layer, which was between layers of octahedral
array of vacancies along the [101] direction as shown in coordinated In atoms, and the material retained an orthorhom-
Fig. 1 BapIn,0s showed an order—disorder transition of oxy-  bic layered structure with a space grolgm until about
gen vacancies around transition temperafyre1200 K and 1350 K, where the material became a cubic structure. Using
particularly, had a high oxygen ion conductivity above tran- high-temperature XRD, the phase between 1200 and 1350 K
sition temperaturé&; comparable to yttria-stabilized zirconia was assigned to a tetragonal structure with a space group
of the most widely used oxygen ion conducfbr6]. These I4cm by Speakman et a[9]. The number of mobile oxygen
facts suggest that the shift of transition temperaffjreo a ions in the structure increased continuously in the interme-
diate phase and implied that at 1200 K vacancies undergo a
* Corresponding author. Tel.: +81 761 51 1520; fax: +81 76151 1149,  two-dimensional order—disorder transition. The effect of sub-
E-mail address: tsuji@jaist.ac.jp (T. Tsuiji). stitution for In site by the elements, such as Y, Yb, Sc and
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Fig. 2. Typical XRD patterns of B#lng9Ro.1)205 (R=Sm, Dy, In, Sc)
system.
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Fig. 1. Ideal brownmillerite structure of Bln,Os at room temperature. 3. Results and discussion

] - . ) Typical XRD patterns of the prepared samples; Ba

Ga on the order—disorder transition was investigated from the (n, jR; 1),05 (R = Sm, Dy, In, Sc) are shown Fig. 2 The
viewpoint of the unit cell free volumg 0], whereas those of  resyits confirmed that all the samples were a single phase
both sites, such as Ga for In and Sr for Ba were inspected fromyith an orthorhombic symmetry over the whole composition
the tolerance factdi 1]. However, the effects of ionic radius range, 0< x < 0.1. The lattice constants of the samples were
of rare earth element and its content on the order—disordergetermined using the XRD resullts by a least-squares calcula-
transition of substituted B#n2Os still were ambiguously  tion. The lattice constants of Bim,Os were calculated to be
explained. _ _ S a=596.5pmp =1671.6 pm and = 609.3 pm, which were in

In this work, we investigate the effects of ionic radii and good agreement with the previous reports by Rietveld analy-

substituted content of rare earth elements into In site on ther-js[9 12, 15] The densities of all samples were calculated to
mal and electrical properties of substituteBaOs in order be around 80% of theoretical value.

to understand precisely the mechanism of this order—disorder  Fig. 3shows the unit cell volume, of Bap(In1_,Ry)20s

transition. (x=0, 0.05, 0.1) samples as a function of substitutedn-
tent. In the present study, a unit cell was selected according
to the primitive lattice of the perovskite structure. A good lin-
2. Experimental ear relationship betwednandx is seen in figure, indicating
that all substituted rare earth ions form solid solution up to
All the samples of Bgln1_, R,)205 (x=0, 0.05, 0.1) x=0.1 with the mother compound. The unit cell volume is
were prepared by a solid-state reaction method, using BaCO

In,03 and ROz (R=Sm, Gd, Dy, Yb, Lu, Sc, Y) as starting 78.4
materials. The required quantities of starting materials were
mixed inn-hexane for 1 h, and the mixed powders were cal- 180
cined at 1273K for 10h in air. The obtained powders were ;61
reground inn-hexane for another 1 h and then pressed into 3
pellets under a pressure of 20 MPa. The pellets were then & 77:2
sintered at 1573 K for 10 h in Ar gas atmosphere. =
; > 7681

The samples prepared were characterized by X-ray pow- £
der diffractometer RINT 2500V using CudKradiation at 3 764f
room temperature. Electrical conductivity measurement of =
the sintered samples of about 10 mm in diameter and about 760
2mm in thickness was carried out in the temperature range el o0y
from room temperature to 1323 K by a four-probe method. 000 002 004 006 008 010
Thermal properties of the samples were measured in air by x content

TG-DTA method at the heating rate of 10 K/min in the tem- Fig. 3. Unit cell volume of Ba(iny_;R.)20s (R=Sc, Yb, Y, Dy, Gd, Sm)
perature range from room temperature to 1323 K. system as a function afcontent.
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Fig. 5. Typical Arrhenius plots for B#lnpoRo.1)205 (R=Sc, In, Yb, Y,

Fig. 4. Unit cell volume,V, of Ba(In1—R,)20s5 system as a function of Sm) system.
substituents’ ionic radius.

DTA curves of un-doped B#n,0Os and Ba(Ing ¢Sy 1)2
plotted as a function of substituents’ ionic radiusHig. 4. Os as a function of temperature are shownrFig. 6(a and
The unit cell volume increases linearly with increasing the b), where thel} values determined by the electrical conduc-
ionic radius of the substituted ions, but the slope changestivity are also depicted. Th& value of un-doped Bdn,Os
around ionic radius of ¥ or Dy®* element. The change in  sample determined by the electrical conductivity measure-
the slope may be related to the formation 05RgOs. The ment agrees well with the ending temperature of endothermic
Sc, Lu, Yb, Y and Dy elements form BB,Os (Sc, Lu, Yb, peak obtained by DTA method, but is slightly larger than the
Y, Dy) having a tetragonal structure, whereas the Sm and Gdpeak temperature. On the other hand Tihef the substituted

elements do not form B&,Os. Bap(Ing.oSmy.1)20s is between the peak and ending temper-
Fig. 5 shows the typical Arrhenius plots of the electri- atures measured by DTA method.
cal conductivity of Ba(In1_,R,)205 (R=Sc, In, Yb, Y, Sm) The order—disorder transition temperaturés,of Bay

system. An abrupt increase in electrical conductivity of un- (In1_,R,)205 due to oxygen vacancies are plotted as a func-
doped Baln,Os is seen in figure. The transition temperature, tion ofionic radius of rare earth substituentig. 7. TheT; of

Ty, of Bap(In1—«R,)20s5 system due to oxygen vacancies was both compositionsy=0.05 and 0.1, increase with increasing
determined from two extrapolation lines of the electrical con- ionic radius up to ¥* ion, but decrease with further increas-
ductivity before and after phase transition as seen for a typicaling the ionic radius. The order—disorder transition consists
doped Sc ion irFig. 5 and transition temperature of each of two processes; the first process is due to the exchange of
substituted sample is also shown by the arrowim 5. The oxygen ions O(3) in the tetrahedral layers with un-occupied
transition temperature of 1200K for un-doped,BaOs in site O(3) in tetrahedral layer at around 1200 K, and the sec-
this study is in good agreement with that reported by Good- ond process is due to the exchange of oxygen ions O(1) and

enough et al[5]. 0O(2) with un-occupied site O(3) at around 1350%9]. We
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Fig. 6. DTA curves of: (a) un-doped Bia,Os and (b) Ba(Ing.9Smy 1)20s. The order—disorder transition temperatufgdetermined by the electrical conduc-
tivity measurement is shown by the arrow.
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1280 ' ' vy ] by substitution with larger ionic radius than®and make
X P higher probability of exchange between O(2) oxygen sites
=" 12601 0 ad - and un-occupied sites O(3). This may cause lowering the
g order—disorder transition temperature. A maximum transi-
g 12400 © \Sm ] tion temperature at ¥-substituted sample may be related
g 1220 °~ ' i to the change in the slope of lattice parameter against ionic
2 o radius. In order to solve this problem, thermodynamic data
& 12004 . of transition enthalpy and entropy for the substituted samples
’é 11s0l are needed and now are in progress in our laboratory.
E —m—Bay(In R, ),0,

1160|- O Bay(in R, 05)205 i

75 80 85 90 95 100 4. Conclusions

lonic radius r/pm . .
The lattice volumes of Bfln1_,R,)20s substituted for
Fig. 7. Order—disorder transition temperature vs. ionic radius of substituents. In site by rare earth elements showed a linear relationship
between the lattice volume and substituted content up to
. . x=0.1 and increased with increasing ionic radius of the sub-
focus on the first process, because the measuring temperature, . . : .
L ; Stituents. The change in the slope of the lattice volume against
range in this study is below 1323 K.

Let us discuss about the order—disorder transition from the ionic radius of substituent was found around the ionic

. + T
the viewpoint of the preferred site of substituents. In the radius of Y** or PYS lons. .

. L The order—disorder transition due to oxygen vacancies
mother compound, B#n,Os, there is a cooperative tilt of

tetrahedral In@and octahedral IngY9], which results from was obs.e.rved for all prepared samples in DTA and eIectrpaI

: X - S conductivity measurements. The order—disorder transition
un-occupied sites O(3) iRig. 1. The indium ion In(2) stays temperatures were increased (or decreased) by the substi-
in the inside of tetrahedral Inpbut does not stay at the cen- P Y

erofhe s, i was ormed b o ste50) 8 n U197 A Nher (ornen) onc s banbion T
tetrahedral layers (two occupied sites of oxygenions O(3) and ymay P ymep

two un-occupied sites) as seerfiig. 1 The shift of indium to two In sites of octahedral Inand tetrahedral Ing@sites.

ions In(2) from the center of the square make higher potential
energy of un-occupied sites than occupied sites (X3)
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