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Crystal chemistry and electrical conductivity of Ln2Eu2O3F6 (Ln: Nd, La)
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Abstract

Binary rare-earth metal oxide fluorides Ln2Eu2O3F6 were synthesized by the solid-state reaction between 1 mol Ln2O3 (Ln: La, Nd) and
2 mol EuF3 at 1000–1200◦C in a highly dry atmosphere. Nd2Eu2O3F6 exhibits the oxide ion conductivity of 2.0 S m−1 at 500◦C under
PO2 = 0.4 Pa, and the transport numbersτO2− was 0.9 at a temperature ranging from 500 to 700◦C. X-ray diffraction Rietveld analysis
revealed Nd2Eu2O3F6 was the monoclinic lattice with the crystal parametersa0 = 0.396 nm,b0 = 1.13 nm,c0 = 0.562 nm,b = 134.8◦, Z = 1. The
structures of Nd2.1Eu1.9O3F6 and La2Eu2O3F6 were also analyzed as the monoclinic structure (a0 = 0.397 nm,b0 = 1.13 nm,c0 = 0.561 nm,
β ◦ ◦ nt
w
T tivity
N
©

K

1

o
s
s
T
m
O
i
v
a
t
t
r

y

oxide
uc-

e
rop-

d.
in

ties.

ate

iate
s
cially

tem-

0
d

= 135.0 , Z = 1 for Nd2.1Eu1.9O3F6 anda0 = 0.404 nm,b0 = 1.14 nm,c0 = 0.574 nm,β = 135.3 , Z = 1 for La2Eu2O3F6). The ionic arrangeme
as suggested to be not a little disordered in the crystal lattice of Nd2.1Eu1.9O3F6 and La2Eu2O3F6 in contrast to that in the Nd2Eu2O3F6.
he disorder of anionic arrangement in Nd2.1Eu1.9O3F6 and La2Eu2O3F6 lattice was assumed to result in the lower oxide ion conduc
d2.1Eu1.9O3F6 (σ = 1.0 S m−1, τO2− = 0.9) and La2Eu2O3F6 (σ = 0.8 S m−1, τO2− = 0.7).
2005 Elsevier B.V. All rights reserved.
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. Introduction

To date, most of the objective compounds to survey
xide ion solid electrolytes were metal complex oxides,
uch as stabilized zirconia, perovskite-type complex oxides,
cheelite-type solid solutions and something like that[1–6].
here was no attempt to synthesize new oxide ion conducting
aterials based on the idea of anion hybridization of F− and
2−. Because of the similar ionic size of fluoride and oxide

on, fluoride ion can substitute or incorporate for oxide ion or
acant site in the metal oxides. Therefore, the bond character
nd the coordination in the crystal structure must be con-

rolled by introducing of F− into the metal oxides with par-
ially covalent M–O bond[7]. From this concept, the binary
are-earth oxide fluorides, Ln2Ln′

2O3F6 in which Ln and
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Ln′ are different rare earths, have been investigated as
ion-conducting solid electrolytes with much higher cond
tivity than that of stabilized zirconia[8,9]. In this paper, th
preparation, crystal structure and electrical conducting p
erties of binary rare-earth oxide fluorides, Ln2+xEu2–xO3F6
(Ln: Nd, La, x = 0 and 0.1 <x < 0.6) have been reporte
Nd2+xEu2–xO3F6 (0.1 <x < 0.6) samples were prepared
order to examine the effect of cationic ratio on the proper

2. Experimental

Ln2Eu2O3F6 (Ln: Nd, La) are obtained by the solid-st
reaction between Ln2O3 (Ln: Nd, La) and EuF3 at a
temperature higher than 1000◦C [8–11]. Nd2–xEu2–xO3F6
(0.1 <x < 0.6) samples were prepared from appropr
mixture of Nd2O3, Eu2O3 and EuF3. The anhydrou
sesquioxides and trifluorides of rare earths are commer
available in a purity of 99.9–99.99%. Because both EuF3 and
oxide fluoride products are very moisture-sensitive at a
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2004.12.077
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perature higher than 700◦C, 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
samples with NaOH-melt at 800◦C. The crystal structure
was studied by means of X-ray powder diffraction method
(Shimadzu XD-3As; Cu K�, 30 kV, 40 mA; step width, 0.02
(2θ); time constant, 10.0 s). Density was measured by using
a helium gas displacement pycnometer (Micromeritics:
AccPyc-1330). The X-ray diffraction results were analyzed
by computational methods using RIETAN programs[10,11].
The disc samples (13φ × 2 mm) for the electrical conduc-
tivity measurements were prepared by hot pressing at a
temperature from 1000 to 1200◦C under 20 MPa in argon.
The electrical conductivity has been examined by ac method
(EG&G Instruments: Potentiostat 283vs and FRA1120,
3–10 MHz) at a temperature between 400 and 700◦C under
a partial pressure of oxygen ranging from 1× 10−2 to
2× 104 Pa [9–12]. The oxide ion transport number was
examined by the EMF method using an oxygen gas concen-
tration cell, and the charge-carrying species in Ln2Eu2O3F6
was examined by an electrolysis method[12] and a dc polar-
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Fig. 1. X-ray diffraction profiles of products obtained from the mixture of
1 mol Nd2O3 and 2 mol EuF3.

gave much higher electrical conductivity than that of yttria-
stabilized zirconia[8]. The electrical conductivities of the
binary rare-earth oxide fluorides vary not only with the com-
bination of Ln2O3 with Ln′F3, but also with the composition
of the products.Fig. 2 shows the relationship between the

F ducts
o
t s
measured at 650C under an oxygen partial pressure of 0.13 Pa.
zation method[13]. The charge-carrying ionic species c
e identified using an electrolysis method involving a sim
ell with the compressed anode powder mixture of Ni +
nd the sintered Pt cathode. If the fluoride ion is mobile in
ample compound, the anode mixture should be convert
lectrolysis to fluorine containing nickel compounds. On
ther hand, if the oxide ion is the charge carrier, consump
f nickel metal in the anode mixture must be detected[12].

. Results and discussion

By the solid-state reaction between Ln2O3 and Ln′F3,
wo stoichiometrical mono-phases of the rhombohe
n2Ln′O3F3 and the quasi-tetragonal Ln2Ln′

2O3F6 were pre
ared from an equimolar mixture of Ln2O3 and Ln′F3 and
mixture of 1 mol Ln2O3 and 2 mol Ln′F3. On the firs

tep of the solid-state reaction, the anion exchange rea
etween Ln2O3 and Ln′F3 proceeds up to around 600◦C until

wo kinds of simple rare-earth oxide fluoride, rhombohe
nOF and tetragonal Ln′OxF3–2x, are formed as intermed
tes. At a temperature higher than around 900◦C, the mutua
iffusion of rare-earth cations between both simple rare-e
xide fluorides was assumed to proceed to form the b
are-earth oxide fluoride as shown inFig. 1.

Although the rare-earth oxide fluorides were first expe
o exhibit binary anion conductivity of fluoride and oxi
ons, the most of binary rare-earth oxide fluorides w
ound to indicate mainly oxide ion conductivity. Amo
hem, neodymium europium oxide fluoride, Nd2Eu2O3F6
ig. 2. Relationship between the electrical conductivities of the pro
btained from various Ln2O3–EuF3, where Ln = Nd (©) and La (�) sys-

ems and nominal compositions of EuF3. The electrical conductivity wa
◦
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Fig. 3. The electrical conductivities of binary rare-earth oxide fluorides,
Ln2Ln′

2O3F6, produced from Nd2O3–LnF3 and La2O3–LnF3 systems. The
electrical conductivity was measured at 650◦C under an oxygen partial pres-
sure of 0.13 Pa. (©) Nd2O3–LnF3 system and (�) La2O3–LnF3 system.

electrical conductivity and the nominal composition of EuF3
for the products obtained from several Ln2O3–EuF3 systems.
In both systems, the electrical conductivity steeply increases
in the composition range from 50 to 60 mol% EuF3, where
the structural change from the rhombohedral to the quasi-
tetragonal takes place. The electrical conduction properties
assumed to be affected strongly with the crystal structure
varied with the composition. The electrical conductivity of
the quasi-tetragonal phase is at least 100 times higher than
that of the rhombohedral phase. The electrical conductiv-
ities of Nd2Ln2O3F6 and La2Ln2O3F6 are summarized in
Fig. 3. Neodymium containing compounds, Nd2Ln2O3F6,
except for compounds of Ln: Nd, Yb and Lu, show the much
higher electrical conductivities of around 1.0 S m−1 than that
of La2Ln2O3F6 system. It is worth noting for these ele-

F fluo-
r

Fig. 5. Oxide ion transport number of Nd2Eu2O3F6(©) and
La2Eu2O3F6(�).

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 La3+. The electrical conductivities
of Nd2Eu2O3F6 and La2Eu2O3F6 and yttria-stabilized zir-
conia, YSZ-11: (ZrO2)0.89(Y2O3)0.11, measured in dried air
evacuated to 1.33× 10−1 Pa is shown inFig. 4in the form of
Arrhenius plots. As is evident from this figure, the conductiv-
ities of Nd2Eu2O3F6, Nd2.1Eu1.9O3F6 and La2Eu2O3F6 are
higher than that of YSZ. Remarkably, Nd2Eu2O3F6 shows
much high conductivity of which the value at 650◦C reaches
5.0 S m−1. This value corresponds to the conductivity of
YSZ-11 at 900◦C. The activation energies calculated from
the slope of the linear plots of lnσ against reciprocal tem-
perature, 1/T, are 70 kJ mol−1 for Nd2Eu2O3F6, 90 kJ mol−1

for Nd2.1Eu1.9O3F6 and 100 kJ mol−1 for La2Eu2O3F6 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, Nd2Ln2O3F6
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 shown inFig. 5, the oxide ion trans-
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m

ig. 4. The electrical conductivities of several binary rare-earth oxide
ides. (©) Nd2Eu2O3F6; (�) Nd2.1Eu1.9O3F6 and (�) La2Eu2O3F6.
ig. 6. XRD pattern of Nd2.1Eu1.9O3F6 and the results of Rietveld refin
ent: (a) observed; (b) calculated and (c) difference.
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port numbers of Nd2Eu2O3F6 and La2Eu2O3F6 are more
than 0.9 and 0.7, respectively, at 500–700◦C, where their
electron transport numbers were measured to be 0.1 and
0.3, respectively. The transport number of F− was negligi-
bly small in these cases. This fact has been described in our
previous paper[12].Fig. 6shows the relationship between the
electrical conductivity of Nd2Eu2O3F6 with high oxide ion
conductivity at 500◦C and the partial pressure of oxygen.
The electrical conduction was confirmed to be due to only
the oxide ion because the electrical conductivity was con-
stant under an oxygen partial pressure of more than 0.4 Pa.
Both electrical conductivity and oxide ion transport num-
ber of Nd2Eu2O3F6 (σ = 2.0 S m−1, τO2− = 0.9) at 500◦C
was higher than that of Nd2.1Eu1.9O3F6 (σ = 1.0 S m−1,
τO2− = 0.9) and La2Eu2O3F6 (σ = 0.8 S m−1, τO2− = 0.7)
as shown inFigs. 4 and 5. The differences in the oxide
ion conductivities among Nd2Eu2O3F6, Nd2.1Eu1.9O3F6 and
La2Eu2O3F6 were discussed from the point of view of the
ionic configurations in the crystal lattice. Though many
efforts to obtain a single crystal of binary rare-earth oxide
fluorides have done, no one has been yet to succeed. In
order to determine the crystal structure by using X-ray pow-
der diffraction data, Rietveld analysis have been carried out.
Because binary rare-earth oxide fluorides exhibit oxide ion
conduction, the structural aspects resulting in the oxide ion
conduction have been considered as the background infor-
m et-
r to
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Table 1
Crystallographic data for Nd2.1Eu1.9O3F6

a

Atom Site x y z Occupancy

Nd 2e 0.0 0.112 0.25 1.0
Nd/Eu 2e 0.0 0.608 0.25 0.05/0.95
O/F 2f 0.5 0.011 0.75 0.5/0.1
F 2f 0.5 0.271 0.75 1.0
F 2f 0.5 0.485 0.75 0.9
F 2f 0.5 0.777 0.75 1.0
O 2e 0.0 0.853 0.25 0.5
O 2e 0.0 0.354 0.25 0.5

a Cell parametersa0 = 0.397 nm,b0 = 1.13 nm,c0 = 0.561 nm,α = 90.0◦,
β = 135.0◦, γ = 90.0◦; cell volume = 1.79× 10−28 m3; X-ray den-
sity = 7.00× 103 kg m−3; space group,P1 2/c 1 (No. 13); cell contents,
Z = 1.

of Nd2.1Eu1.9O3F6 and La2Eu2O3F6 were similar to that of
Nd2Eu2O3F6, the Rietveld refinement of crystal structure of
these compounds were carried out with the same manner
done for Nd2Eu2O3F6 [10], and the results were shown in
Fig. 6andTable 1for Nd2.1Eu1.9O3F6 andFig. 8andTable 2
for La2Eu2O3F6, respectively.Fig. 7 shows the unit lattice
of Nd2.1Eu1.9O3F6. In the Nd2Eu2O3F6 structure, the ionic
arrangement was supposed to be highly ordered. In the case
of Nd2.1Eu1.9O3F6, the Rietveld simulation was done by the
condition that the site 2e (y = 0.608) was occupied by Eu3+

and Nd3+ in the ratio of 0.95/0.05. TheRF value, which is
the criterion for accuracy of simulation, was 2.69. These val-
ues indicate that the Rietveld refinement has been done with
enough accuracy to determine the crystal structure. From the
results of the Rietveld refinement of Nd2.1Eu1.9O3F6, the 2e
sites aty = 0.354 and 0.853 were estimated to be occupied by
oxide ion with the occupancy of 0.5. Therefore, the path way
for the oxide ion conduction was likely to maintain as so in
the Nd2Eu2O3F6. On the other hand, it was suggested that
2f sites aty = 0.011 and 0.485 were occupied by O2− and F−
with the occupancy of 0.5/0.1 and F− with the occupancy of
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
conductivity.
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ation to simulate the crystal structure. The stoichiom
ic compounds, Nd2Ln2O3F6 were analyzed by relating
he known structures of simple rare-earth oxide fluori
uch as the tetragonal Nd4O3F6 [7,10,11]. The crystal struc
ure analyses of some Nd2Ln2O3F6 (Ln = Ce, Eu, Sm, Gd
ompounds with much higher oxide ion conductivity w
lready finished and their lattice parameters were regis

n the powder diffraction file[14]. The main interest he
s the analysis of the crystal structure of Nd2.1Eu1.9O3F6
nd La2Eu2O3F6 of which the oxide ion conductivities we
omewhat lower than Nd2Eu2O3F6. Because XRD pattern

Fig. 7. Unit lattice of Nd2.1Eu1.9O3F6.
able 2
rystallographic data for La2Eu2O3F6

a

tom Site x y z Occupancy

a/Eu 2e 0.0 0.113 0.25 0.9/0.1
a/Eu 2e 0.0 0.614 0.25 0.1/0.9
/F 2f 0.5 0.0 0.75 0.5/0.1

2f 0.5 0.260 0.75 1.0
2f 0.5 0.518 0.75 0.9
2f 0.5 0.750 0.75 1.0
2e 0.0 0.863 0.25 0.5
2e 0.0 0.363 0.25 0.5

a Cell parametersa0 = 0.404 nm,b0 = 1.14 nm,c0 = 0.572 nm,α = 90.0◦,
= 135.3◦, γ = 90.0◦; cell volume = 1.86× 10−28 m3; X-ray den-
ity = 6.68× 103 kg m−3; Space group,P1 2/c 1 (No. 13); cell contents
= 1.
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Table 3
Crystal parameters and electrical conductivities of La2Eu2O3F6 and Nd2Eu2O3F6

a

Ln2Ln′
2O3F6 Lattice parameters Cell volume (× 10−28 m3) Density calculated/measured (kg m−) σ (S m−1)a τO2−b

a0 (nm) b0 (nm) c0 (nm) β (◦)

Nd2Eu2O3F6 0.3961 1.132 0.5632 134.8 1.79 7.00/6.99 2.2 0.9
Nd2.1Eu1.9O3F6 0.3968 1.130 0.5615 135.0 1.79 7.00/7.00 1.0 0.8
Nd2.3Eu1.7O3F6 0.3969 1.133 0.5627 135.0 1.79 6.96/6.97 0.7 –
Nd2.5Eu1.5O3F6 0.3971 1.135 0.5623 134.8 1.80 6.93/6.94 0.5 –
La2Eu2O3F6 0.404 1.14 0.572 135.3 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 500◦C under 5.3 Pa oxygen.
b Oxide ion transport number was measured at 500◦C.

Fig. 8. XRD pattern of La2Eu2O3F6 and the results of Rietveld refinement:
(a) observed; (b) calculated and (c) difference.

In case of La2Eu2O3F6, the Rietveld refinements revealed
that 10% of La3+ at 2e (y = 0.1134) site and 10% of Eu3+ at 2e
(y = 0.6140) site were mutually exchanged. A disordering in
the anion arrangement was caused by this disordering in the
cation arrangement. TheRF value reached 6.78, which was
a little too large to determine; finally, the crystal structure
compared with the values of 2.69 for Nd2.1Eu1.9O3F6 and
3.03 for Nd2Eu2O3F6 [10]. It may arise from the presence
of LaEuO2F2 and LaEuO3 in the sample as the impuri-
ties resulting from pyrohydrolysis. In any case, it is certain
that the ionic arrangement in La2Eu2O3F6 tends to be dis-
ordered rather than that in Nd2.1Eu1.9O3F6. As the results
of Nd2.1Eu1.9O3F6, 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 La2Eu2O3F6. The crystal parameters and the
electrical conductivities of Nd2Eu2O3F6, Nd2+xEu2−xO3F6
and La2Eu2O3F6 were summarized inTable 3.

4. Conclusion

Nd2Eu2O3F6 and La2Eu2O3F6 were synthesized by
the solid-state reaction between 1 mol Ln2O3 (Ln; La,
Nd) and 2 mol EuF3 at 1000–1200◦C in highly dried
argon. Nd Eu O F (0.1 <x < 0.6) samples were also
p nt in

crystal lattice on the electrical conductivity. Nd2Eu2O3F6
gave the conductivity of 2.0 S m−1 at 500◦C under
PO2 = 0.4 Pa, 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 of Ln2Eu2O3F6 and
Nd2+xEu2–xO3F6 were analyzed to be the monoclinic lat-
tice. The crystal parameters of Nd2Eu2O3F6 were cal-
culated to bea0 = 0.396 nm,b0 = 1.13 nm, c0 = 0.562 nm,
b = 134.8◦, Z = 1. The crystal structure of Nd2.1Eu1.9O3F6
and La2Eu2O3F6 were determined to be also the mono-
clinic structure (a0 = 0.397 nm,b0 = 1.13 nm,c0 = 0.561 nm,
β = 135.0◦, Z = 1 for Nd2.1Eu1.9O3F6 for Nd2.1Eu1.9O3F6
anda0 = 0.404 nm,b0 = 1.14 nm,c0 = 0.574 nm,β = 135.3◦,
Z = 1 for La2Eu2O3F6). The ionic arrangement in their crys-
tal lattice was found to be not a little disordered in the
Nd2.1Eu1.9O3F6 and La2Eu2O3F6 in contrast to that in
the Nd2Eu2O3F6 with a highly ordered ionic arrangement.
It was assumed that the disorder of anionic arrangement
in Nd2.1Eu1.9O3F6 or La2Eu2O3F6 lattice resulted in the
lower oxide ion conductivity Nd2.1Eu1.9O3F6 (σ = 1.0 S m−1,
τO2− = 0.8) and La2Eu2O3F6 (σ = 0.8 S m−1, τO2− = 0.7).
It was assumed that the disorder of ionic arrangement
in La2Eu2O3F6 resulted in the lower oxide conductivity
La Eu O F (σ = 0.8 S m−1, τO2− = 0.7 at 500◦C) than that
o
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