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Abstract

Binary rare-earth metal oxide fluorides 4B, Oz;Fs were synthesized by the solid-state reaction between 1 m@4 ¢Ln: La, Nd) and
2mol EuR; at 1000-1200C in a highly dry atmosphere. NHU,OsFs exhibits the oxide ion conductivity of 2.0 Sthat 500°C under
Po, =0.4Pa, and the transport numbef@?~ was 0.9 at a temperature ranging from 500 to 0X-ray diffraction Rietveld analysis
revealed NgEwW,O3Fs was the monoclinic lattice with the crystal parametgrs 0.396 nmpo=1.13nmco=0.562nmp=134.8,Z=1. The
structures of Ng;1Eu; ¢OsFs and LaEwOsFs were also analyzed as the monoclinic structugg=(0.397 nmbo=1.13 nm,co =0.561 nm,
B=135.0,Z=1for Nd 1Eu; gO3Fs andag=0.404 nmpg=1.14 nmco=0.574nmB=135.3, Z=1 for LaEW,O3Fs). The ionic arrangement
was suggested to be not a little disordered in the crystal lattice gilNd ¢OzFs and LaEuw,O3F5 in contrast to that in the N&w,OzF.
The disorder of anionic arrangement in NEu; ¢O3Fs and LaEuw,O3F; lattice was assumed to result in the lower oxide ion conductivity
ng_lEU1_903Fs (U: 1.0S ml, 0% = 09) and LaEu,OsF5 (0’20.8 S ITTl, 0% :07)
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Ln’ are different rare earths, have been investigated as oxide
ion-conducting solid electrolytes with much higher conduc-
To date, most of the objective compounds to survey tivity than that of stabilized zirconif8,9]. In this paper, the
oxide ion solid electrolytes were metal complex oxides, preparation, crystal structure and electrical conducting prop-
such as stabilized zirconia, perovskite-type complex oxides, erties of binary rare-earth oxide fluorides,LfEw_,O3Fg
scheelite-type solid solutions and something like fthaf]. (Ln: Nd, La, x=0 and 0.1<x<0.6) have been reported.
There was no attempt to synthesize new oxide ion conductingNd,+,Etp_,O3Fg (0.1<x<0.6) samples were prepared in
materials based on the idea of anion hybridizationofiRd order to examine the effect of cationic ratio on the properties.
0% . Because of the similar ionic size of fluoride and oxide
ion, fluoride ion can substitute or incorporate for oxide ion or
vacant site in the metal oxides. Therefore, the bond charactery, Experimental
and the coordination in the crystal structure must be con-
trolled by introducing of F into the metal oxides with par- LnoEuwpOsFg (LN: Nd, La) are obtained by the solid-state
tially covalent M—O bond7]. From this concept, the binary  reaction between LiDs (Ln: Nd, La) and Eug at a
rare-earth oxide fluorides, khn,OzFg in which Ln and temperature higher than 1000 [8-11] Ndy_.Eup_O3Fg
(0.1<x<0.6) samples were prepared from appropriate
— ) mixture of N&Os, EwpO3 and Eulz. The anhydrous
* Corresponding author. Tel.: +81 776 27 8516; fax: +81 776 27 8516. L . . .
E-mail addresses: takashima@matse.fukui-u.ac.jp (M. Takashima), sesqwom_des anc_j trifluorides of rare earths are commercially
yonezawa@matse.fukui-u.ac.jp (S. Yonezawa). available in a purity of 99.9-99.99%. Because bothfartd
1 Tel.: +81 776 27 8910; Fax: +81 776 27 8910. oxide fluoride products are very moisture-sensitive at a tem-
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perature higher than 70C, all the preparative operations,
such as powdering, mixing and firing must be performed in a
highly dried atmosphere in addition to sufficient dehydration
of starting materials. The compositions of products were
analyzed by X-ray fluorescence spectroscopy (Shimadzu:
SXF-1100s). The fluoride ion was quantitatively analyzed
by means of an ion selective electrode method. The water-
soluble sample was prepared by the reaction of oxide fluoride

Starting mixture

. ®: Tetra.
samples with NaOH-melt at 80€. The crystal structure o- Rhomb. 600°C

was studied by means of X-ray powder diffraction method

(Shimadzu XD-3As; Cu kK, 30 kV, 40 mA; step width, 0.02 o Q el

(26); time constant, 10.0's). Density was measured by using °o_® SLJ\ Aeoe
a helium gas displacement pycnometer (Micromeritics:

AccPyc-1330). The X-ray diffraction results were analyzed =, _

by computational methods using RIETAN prograih,11] 2 = a Quasi-tetragonal  1000~1200 °C
The disc samples (#3x 2 mm) for the electrical conduc- g - g g g _
tivity measurements were prepared by hot pressing at a 2 a 1 a
temperature from 1000 to 120C€ under 20 MPa in argon. ] e ~
The electrical conductivity has been examined by ac method . | . ! |
(EG&G Instruments: Potentiostat 283vs and FRA1120, 20 30 40 50 60
3-10 MHz) at a temperature between 400 and“TOnder 26 (degree), CuKo.

a partial pressure of oxygen ranging fromx 102 to
2% 10 Pa [9-12] The oxide ion transport number was Fig. 1. X-ray diffraction profiles of products obtained from the mixture of
examined by the EMF method using an oxygen gas concen-* M0 NOs and 2mol Eug.

tration cell, and the charge-carrying species inEmpO3Fg
was examined by an electrolysis metljtd] and a dc polar-
ization method13]. The charge-carrying ionic species can
be identified using an electrolysis method involving a simple
cell with the compressed anode powder mixture of Ni+ NiO
and the sintered Pt cathode. If the fluoride ion is mobile in the
sample compound, the anode mixture should be converted by
electrolysis to fluorine containing nickel compounds. On the
other hand, if the oxide ion is the charge carrier, consumption
of nickel metal in the anode mixture must be dete¢fied].

gave much higher electrical conductivity than that of yttria-
stabilized zirconig8]. The electrical conductivities of the
binary rare-earth oxide fluorides vary not only with the com-
bination of LrpO3 with Ln’F3, but also with the composition
of the productsFig. 2 shows the relationship between the
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3. Results and discussion

By the solid-state reaction between @y and LrFs,
two stoichiometrical mono-phases of the rhombohedral
LnoLn'OsF3 and the quasi-tetragonal klon’,OsFg were pre-
pared from an equimolar mixture of k@3 and LriF3 and
a mixture of 1mol LrO3 and 2 mol LiF3. On the first
step of the solid-state reaction, the anion exchange reaction
between LaO3 and LAF3 proceeds up to around 60G until
two kinds of simple rare-earth oxide fluoride, rhombohedral
LnOF and tetragonal L®,Fs_2,, are formed as intermedi-
ates. At atemperature higher than around 90Dthe mutual
diffusion of rare-earth cations between both simple rare-earth
oxide fluorides was assumed to proceed to form the binary 3
rare-earth oxide fluoride as shownFig. 1 0.5 0.6 0.7 0.8
Although the rare-earth oxide fluorides were first expected EuF3-Mol% in LnyO;-EuF; system
to exhibit binary anion conductivity of fluoride and oxide N . L
. . . . Fig. 2. Relationship between the electrical conductivities of the products
ions, the most of binary rare-earth oxide fluorides were .- o " rious LiDs—EuFs;, where Ln=Nd ()) and La @) sys-

found to indiC?‘te mainly_ oxide _ion CoanCtiVity- AmMOoNg  tems and nominal compositions of EuFThe electrical conductivity was
them, neodymium europium oxide fluoride, MapLOsFg measured at 65 under an oxygen partial pressure of 0.13 Pa.
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Fig. 3. The electrical conductivities of binary rare-earth oxide fluorides, LapELpO3Fe(®).

LnzLn,03Fs, produced from NgOs—-LnFs and LaOz—LnFs systems. The
electrical conductivity was measured at 6&under an oxygen partial pres-

sure of 0.13 Pa.()) Nd»Os—LnFs system and®) La,Os—LnFs system ments that these trivalent ions are larger than the limiting size

(around 0.09 nm in radius) permitting octa-coordination to

both fluoride and oxide anions, and can vary to divalent and/or

tetravalent ions except for B& The electrical conductivities
Sof Nd2EuwpO3Fg and LaEwO3Fs and yttria-stabilized zir-
conia, YSZ-11: (ZrQ)o.soY 203)0.11, measured in dried air
evacuated to 1.38 10~ Pa is shown ifFig. 4in the form of

electrical conductivity and the nominal composition of EuF
for the products obtained from severablOy—EuF; systems.

In both systems, the electrical conductivity steeply increase
in the composition range from 50 to 60 mol% Eukhere
the structural change from the rhombohedral to the quasi-

tetragonal takes place. The electrical conduction propertiesAThenius plots. Asiis evident from this figure, the conductiv-
assumed to be affected strongly with the crystal structure 11€S Of NCbEWOsFe, N 1Ew 9O3Fs and LaEWwOsFe are

varied with the composition. The electrical conductivity of Nigher than that of YSZ. Remarkably, bELpO3Fg shows
the quasi-tetragonal phase is at least 100 times higher tharf"uch high conductivity of which the value at 630 reaches

that of the rhombohedral phase. The electrical conductiv-
ities of NcbLn2O3Fs and LaLn,OsFg are summarized in
Fig. 3. Neodymium containing compounds, MNah,OzFe,
except for compounds of Ln: Nd, Yb and Lu, show the much
higher electrical conductivities of around 1.0 Shihan that

of LapLn,O3Fg system. It is worth noting for these ele-

Temperature (°C)

500 400

1.0

T [ |

-0.5

Electrical conductivity, log ¢ (S m'1)

1.1 1.3

1/Tx 103 (K1)

1.5

Fig. 4. The electrical conductivities of several binary rare-earth oxide fluo-
rides. (O) Nd2EwO3Fs; (@) Nd2.1Ew 9O3Fs and (J) LapEwOsFs.

5.0Sntl. This value corresponds to the conductivity of
YSZ-11 at 900C. The activation energies calculated from
the slope of the linear plots of inhagainst reciprocal tem-
perature, 17, are 70 kJ mot! for Nd,EuyO3Fg, 90 kJ mot!

for Ndy 1Eu gO3Fg and 100 kd mot? for LapEupO3Fg and
YSZ-11. The experimental results on the charge carrier in
these compounds determined by the electrolysis method indi-
cate that only the oxide ion is mobile, that is, Nd,O3Fg

can be called an oxide ion-conducting solid electrolyte. The
main charge-carrying species of each compound was identi-
fied to be the oxide ion and fluoride ion was hardly detected
as a charge carrier. As shownhing. 5, the oxide ion trans-
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Fig. 6. XRD pattern of Ng1Euw 9OsFs and the results of Rietveld refine-
ment: (a) observed; (b) calculated and (c) difference.
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port numbers of NgEu,OsFg and LaEwOsFg are more Table 1 _
than 0.9 and 0.7, respectively, at 500-700 where their ~ Crystallographic data for NciEun 9036

electron transport numbers were measured to be 0.1 anditom Site x y z Occupancy
0.3, respectively. The transport number of was negligi- Nd 2e 0.0 0.112 0.25 1.0

bly small in these cases. This fact has been described in oumNd/Eu 2e 0.0 0.608 0.25 0.05/0.95
previous pap€il2]. Fig. 6shows the relationship betweenthe ©/F 2t 0.5 0.011 0.75 0.5/0.1
electrical conductivity of NeEwOsFg with high oxide ion SI 8:2 8:‘21;; 8:;2 (1):8
conductivity at 500C and the partial pressure of oxygen. g of 05 0.777 0.75 1.0

The electrical conduction was confirmed to be due to only o 2e 0.0 0.853 0.25 0.5

the oxide ion because the electrical conductivity was con- O 2e 0.0 0.354 0.25 0.5

stant under an oxygen partial pressure of more than 0.4 Pa. 2 Cell parametersio=0.397 nm,bp = 1.13 nm,co = 0.561 nm,a = 90.0,

Both electrical conductivity and oxide ion transport num- A=135.0, y=90.0; cell volume=17%10%m?® X-ay den-

ber of NEWwOsFs (0=2.0S nml 02 =0.9) at 500C sity=7.00x 10°kgm~3; space groupPl 2/c 1 (No. 13); cell contents,
was higher than that of NdEu; ¢O3Fs (6=1.0Sn7?, =L

t0?~=0.9) and LaEwOsFs (0=0.8SnTl, 10°=0.7)

as shown inFigs. 4 and 5The differences in the oxide  of Ndz.1Eu1 9O3Fs and LaEu;O3Fs were similar to that of

ion conductivities among N, O3Fg, Nd 1EU1 gO3F6 and NdoEw,03Fg, the Rietveld refinement of crystal structure of
LapEupOsFg were discussed from the point of view of the these compounds were carried out with the same manner
ionic configurations in the crystal lattice. Though many done for N¢EwOsFs [10], and the results were shown in
efforts to obtain a single crystal of binary rare-earth oxide Fig. 6andTable 1for Nd.1Ew 9O3Fs andFig. 8andTable 2
fluorides have done, no one has been yet to succeed. Ifor La,EwpOsFg, respectivelyFig. 7 shows the unit lattice
order to determine the crystal structure by using X-ray pow- 0of Ndz 1Ew 9O3Fg. In the NGEW,OsFs structure, the ionic

der diffraction data, Rietveld analysis have been carried out. arrangement was supposed to be highly ordered. In the case
Because binary rare-earth oxide fluorides exhibit oxide ion of Nd2.1Eu; 9OsFs, the Rietveld simulation was done by the
conduction, the structural aspects resulting in the oxide ion condition that the site 2ey € 0.608) was occupied by Bl
conduction have been considered as the background infor-and N&* in the ratio of 0.95/0.05. Th&g value, which is
mation to simulate the crystal structure. The stoichiomet- the criterion for accuracy of simulation, was 2.69. These val-
ric compounds, NglL.n,OsFg were analyzed by relating to  ues indicate that the Rietveld refinement has been done with
the known structures of simple rare-earth oxide fluorides, enough accuracy to determine the crystal structure. From the
such as the tetragonal bOsFg [7,10,11] The crystal struc-  results of the Rietveld refinement of BlgEu; 9OsFg, the 2e

ture analyses of some Midh,OsFg (Ln=Ce, Eu, Sm, Gd)  sites aty=0.354 and 0.853 were estimated to be occupied by
compounds with much higher oxide ion conductivity were oxide ion with the occupancy of 0.5. Therefore, the path way
already finished and their lattice parameters were registeredfor the oxide ion conduction was likely to maintain as so in
in the powder diffraction filg14]. The main interest here the N&EuO3Fs. On the other hand, it was suggested that
is the analysis of the crystal structure of Né&u; gO3Fg 2f sites aty =0.011 and 0.485 were occupied by Cand F-

and LaEwOsFg of which the oxide ion conductivities were ~ with the occupancy of 0.5/0.1 and Rwith the occupancy of
somewhat lower than N&uwO3zFs. Because XRD patterns  0.9. Because both fluoride ion and oxide ion occupied at 2f
sites with the occupancy less than 1.0 not only conduction of
oxide ion but also that of fluoride ion could be considered.
This was assumed to be the cause to decline the oxide ion

|_Nd (1.0) .
O (Occupancy, 0.5) conductivity.
- F (1.0)
Table 2
Crystallographic data for L&, O3F6?
Atom Site X y b4 Occupancy
_-F (0.9)
La/Eu 2e 0.0 @13 0.25 0.9/0.1
|- Eu/Nd (0.95/0.05) La/Eu 2e 0.0 ®14 0.25 0.1/0.9
O/F 2f 0.5 00 0.75 0.5/0.1
. F 2f 0.5 Q0260 0.75 1.0
= F (1) F 2f 0.5 Q518 0.75 0.9
F 2f 0.5 Q750 0.75 1.0
b (6] 2e 0.0 0863 0.25 0.5
(0] 2e 0.0 363 0.25 0.5
& _ a Cell parametersg =0.404 nm,bo=1.14nm,co=0.572 nm,a =90.0,
c O/F (0.5/0.1) f=135.3, y=90.0; cell volume=1.86«<10"28m3; X-ray den-

sity =6.68x 10° kg m~3; Space groupPl1 2/c 1 (No. 13); cell contents,
Fig. 7. Unit lattice of Nd 1Eu; gO3Fs. zZ=1.
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Table 3

Compounds 408412 (2006) 468—473

Crystal parameters and electrical conductivities offl&O3Fs and NGEw, O3F¢?

Ln,Ln’203Fg Lattice parameters Cell volumec(10-22m3)  Density calculated/measured (kgin o (Sm1)2 0% b
ao (nm)  bo ("M)  co(nm) B (°)

NdoEpOsFg 0.396¢ 113 056% 1348 1.79 7.00/6.99 2.2 0.9

Nd, 1Eu; gO3Fg  0.396 113 0562 1350 1.79 7.00/7.00 1.0 0.8

Nd»3Eu 70sFs  0.396  1.13 0567 1350 1.79 6.96/6.97 0.7 -

Ndy sEu s03Fg  0.397 1.1% 0562 134.8 1.80 6.93/6.94 0.5 -

LaEw,O3Fg 0.404 1.14 0.572 1353 1.86 6.68/6.70 0.8 0.7

The superscript number is the standard deviation of each value.
a Electrical conductivity was measured at 5@under 5.3 Pa oxygen.
b Oxide ion transport number was measured at®&00

25
f @
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10 40 50

20/ deg. (CuKo)

Fig. 8. XRD pattern of LaEu,OsFg and the results of Rietveld refinement:
(a) observed; (b) calculated and (c) difference.

In case of LaEwOsFg, the Rietveld refinements revealed
that 10% of L&" at 2e ¢ = 0.1134) site and 10% of Btiat 2e
(y=0.6140) site were mutually exchanged. A disordering in
the anion arrangement was caused by this disordering in th
cation arrangement. Th®- value reached 6.78, which was
a little too large to determine; finally, the crystal structure
compared with the values of 2.69 for pgEu gO3Fg and
3.03 for NgEw,O3Fg [10]. It may arise from the presence
of LaEuGF,; and LaEuQ@ in the sample as the impuri-
ties resulting from pyrohydrolysis. In any case, it is certain
that the ionic arrangement in &u,O3Fg tends to be dis-
ordered rather than that in NgEuw 9gO3Fg. As the results
of Ndy 1Eu; 9O3Fg, the 2e sites occupied by oxide ion were
maintained to be the occupancy of 0.5, and the 2f sites lay-
ered aty=0.0 plane were occupied partially by fluoride ion
in the lattice of LaEu,O3Fg. The crystal parameters and the
electrical conductivities of NgEwO3Fg, Ndb Elp_,O3Fg
and LaEwO3Fg were summarized ifiable 3

4. Conclusion

Nd2EwO3Fs and LaEwOsFs were synthesized by
the solid-state reaction between 1mol,0 (Ln; La,
Nd) and 2mol Eug at 1000-1200C in highly dried
argon. N@+.Ew_.O3Fg (0.1<x<0.6) samples were also
prepared to consider the effects of cation arrangement in

e

crystal lattice on the electrical conductivity. peELLO3Fg
gave the conductivity of 2.0S™ at 500°C under
Po,=0.4Pa, and the transport numbers of oxide ion
and electron were measured to be 0.9 and less than
0.05, respectively, at a temperature ranging from 500
to 700°C. As the results of X-ray powder diffraction-
Rietveld analysis, the crystal structure ofJEu,O3Fg and
Ndz+Ew_.O3Fs were analyzed to be the monoclinic lat-
tice. The crystal parameters of pEiLLOszFs were cal-
culated to beag=0.396 nm,bg=1.13nm, cg=0.562 nm,
b=134.8, Z=1. The crystal structure of NdEw ¢O3Fg

and LaEwOs3Fg were determined to be also the mono-
clinic structure ¢o=0.397 nmpbp=1.13 nm,co=0.561 nm,
ﬂ=135.0’, Z=1 for Ndz_lEul_gO;:,Fe for Ndz_lEU1_903F5
andap=0.404 nm,bp=1.14nm,co=0.574nm,3=135.3,
Z=1 for LaoEwO3Fg). The ionic arrangement in their crys-
tal lattice was found to be not a little disordered in the
Nd2 1Eu; gO3Fg and LaEwO3Fg in contrast to that in
the NbEw,OsFg with a highly ordered ionic arrangement.

It was assumed that the disorder of anionic arrangement
in Ndy 1Ew 9O3Fg or LapEw,O3F¢ lattice resulted in the
lower oxide ion conductivity Ngl1Eu; 9O3Fg (0 =1.0S 1,

0% =0.8) and LaEwO3Fg (0 =0.8Sm1, t0* =0.7).

It was assumed that the disorder of ionic arrangement
in LapEwOsFg resulted in the lower oxide conductivity
LasEuwpOsFg (0=0.8SnTl, 0%~ =0.7 at 500C) than that

of NdzEU203F6.
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