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Abstract

New compounds, Bi3:24Ln2W0:76O10:14; have been found in the systems Bi2O3–Ln2O3–WO3 (Ln ¼ La; Pr, and Nd). They

crystallize ostensibly in the orthorhombic (or orthohexagonal) symmetry, e.g. with a ¼ 6:9694ð1Þ (A; b ¼ 4:0242ð1Þ (A; c ¼
9:3335ð1Þ (A; and Z ¼ 1 for Ln ¼ La: At the same time, the lattice forms a superstructure based on a pseudo-fcc subcell with

a0E5:6 (A; where the transformation matrix is ð1=2; 1=2;�1Þ=ð�1=2; 1=2; 0Þ=ð1; 1; 1Þ: However, the cation configuration has proved

that the true symmetry is monoclinic ðC2=mÞ with bE901: All new compounds undergo two reversible polymorphic transitions

at about 9801C and at 1097–12101C depending on Ln: Their electrical conductivity exhibited lower values (about 10�4 S cm�1 at

5001C) despite the pseudo-fcc subcell in relation to the d-Bi2O3 type which is the well-known good oxide-ion conductor.

r 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

In the ternary systems Bi2O3–Ln2O3–WO3 (Ln ¼
La–Lu, and Y), the subsolidus phase equilibrium study
found a series of monoclinic layered Bi2�xLnxWO6 solid
solutions within limited compositional ranges [1,2].
Although these solid solutions can be regarded as
formed by the partial substitution of Ln for Bi in
orthorhombic Bi2WO6 [3,4] which is the simplest
member of the Aurivillius family [5], the substitution
led to not only the symmetrical change from ortho-
rhombic to monoclinic but also the coordination
number of tungsten from the corner-shared WO6

octahedron [3] to the isolated WO4 tetrahedron [1,6].
The structural change was explained qualitatively by the
interaction between Bi3þ and Ln3þ [2] and by the 6s2

lone pair repulsion [7]. Thus, since these systems are very
attractive from a crystallochemical viewpoint, the
subsequent phase research study has recently been done.

As a result, new compounds Bi3:24Ln2W0:76O10:14 have
been identified only in Ln ¼ La; Pr, and Nd in contrast
to the above-mentioned solid solutions with all Ln’s.
These new compounds form a superstructure based on a
pseudo-fcc subcell. The superstructure can be consid-
ered to have an orthohexagonal lattice; nevertheless,
the configuration of cations indicates that the true
symmetry is monoclinic with bE901:

2. Experimental procedures

The starting materials were 99.9% pure Bi2O3; Ln2O3

(Ln ¼ La; Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu,
and Y), Pr6O11; Tb4O7; and WO3: The lanthanoid
oxides were prefired for dehydration at 6001C in air
before use. The desired proportions of ðBi2O3Þx
ðLn2O3ÞyðWO3Þz; where x þ y þ z ¼ 1 and x > 0:4; were
accurately weighed and thoroughly hand-mixed in an
agate mortar and a pestle. The mixture was transferred
into a covered platinum crucible, heated at 10001C for
20 h or more, and quenched by an air stream to room
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temperature. The same heat treatment was repeated
after intermediate grindings to complete the reaction.
Every time the samples were quenched, they were
examined by X-ray powder diffraction (XRPD) method
using CuKa radiation and a diffracted-beam mono-
chromator.

To check the crystal system and preliminary lattice
parameters of new phases, Visser’s indexing program [8]
was applied to the observed XRPD data measured with
a continuous scanning method at a scanning rate of
0:41 ð2yÞ min�1 over the angular range 5–1351 ð2yÞ: The
2y values were corrected using the external standard of
a Si powder. The precise lattice parameters were
calculated by the least-squares method [9]. In addition,
a proposed structural model was examined by the
Rietveld method using the RIETAN refinement pro-
gram [10] on the data scanned by steps of 0:021 ð2yÞ over
9–1341 with a counting time of 15 s per step.

The density of the powder sample was measured using
a gas pycnometer (Micromeritics Accupyc 1330). The
sample weight was about 20 g:

The thermal behavior was checked by differential
thermal analysis (DTA) with an apparatus of Rigaku
TG-8120. About 50 mg of the powder sample put in a
platinum sample holder underwent heating–cooling
cycles in air to a maximum temperature of 13001C in
a subsolidus region. The heating–cooling rate was
101C min�1: The reference material was a-Al2O3; and
the temperature accuracy was 731C:

Electrical conductivity was measured in air by means
of the impedance spectroscopy method on pellets
smeared with gold paste as electrodes. To fabricate the
pellets, the powder sample was prepressed uniaxially
(10 mm in diameter and about 2 mm in thickness), then
pressed isostatically at 200 MPa; and sintered at 10501C
for 10 h: The pellets were studied using a Solartron
SI-1260 impedance analyzer in the frequency range
1 Hz–1 MHz at every 201C interval between 2101C and
8101C through a heating–cooling cycle. The sample
pellets were equilibrated at constant temperature for
20 min before each measurement.

3. Results and discussion

By changing x and y in ðBi2O3ÞxðLn2O3ÞyðWO3Þ1�x�y;
we could find new compounds Bi3:24Ln2W0:76O10:14

(x ¼ 0:4793 and y ¼ 0:2959) only in Ln ¼ La; Pr, and
Nd. Fig. 1 shows the XRPD pattern for Ln ¼ La: Since
the same patterns were obtained in both Pr and Nd, all
three compounds seem to be isomorphous. Seeing that
these three Ln3þ cations have relatively large effective
ionic radii [11] (rLa ¼ 1:160 Å; rPr ¼ 1:126 Å; and rNd ¼
1:109 Å for eight-fold coordination), an isomorphous
compound may be prepared in Ln ¼ Ce3þ

(rCe ¼ 1:143 Å). Nevertheless, a preliminary synthesis

from CeðNO3Þ3 as a starting material was completely
unsuccessful. By contrast, in the cases of the other Ln’s,
their XRPD patterns showed an fcc symmetry with a
lattice constant of about 5:6 Å; these fcc phases appear
to have a d-Bi2O3-type structure [12].

The XRPD pattern of the stronger main reflections in
Fig. 1 suggests that the new compounds may have a
hexagonal lattice ðaH; bH; cHÞ (or a rhombohedral one
ðaR1; aR2; aR3Þ) derived from an fcc lattice ðaC1; aC2; aC3)
as shown in Fig. 2. However, in Fig. 1, we can observe
several weak reflections which imply the true unit cell is
a supercell based on a pseudo-fcc subcell (a0C1; a0C2; a0C3)
rather than the hexagonal cell. According to expecta-
tion, the indexing result of the computer program
indicated that Bi3:24La2W0:76O10:14 crystallizes in the
orthorhombic system, and the precise lattice parameters
were calculated: a ¼ 6:9694ð1Þ Å; b ¼ 4:0242ð1Þ Å; c ¼
9:3335ð1Þ Å; and V ¼ 261:780ð8Þ Å

3
: The Miller indices

based on these lattice constants are allocated to the
reflections as shown in Fig. 1. The observable reflections
are h k l with h þ k ¼ 2n and 0 0 l all orders; these
conditions designate a C-centered orthorhombic lattice
and lead to the possible space groups C222; Cmmm;
Cmm2; Cm2m; and C2mm: The axial relationships
between the orthorhombic cell and the pseudo-fcc cell
ða0E5:6 ÅÞ are seen from Figs. 2 and 3a via the
hexagonal (rhombohedral) cell. It is also evident from
Fig. 3a that the orthorhombic cell has a C-centered
lattice. This kind of orthorhombic cell is called the
orthohexagonal cell [13]. In addition, these axial
relationships yield the transformation matrix for the
direct-lattice unit-cell vectors from the pseudo-fcc
lattice ða0Þ to the orthorhombic one (a; b; c):
(1=2; 1=2;�1Þ=ð�1=2; 1=2; 0Þ=ð1; 1; 1). Now that the
measured density was 7:959 g cm�3; it is obvious from
this value and the cell volume that the orthorhombic cell
contains one formula weight, Z ¼ 1: On the one hand,
the value of the determinant of the transformation, 1.5,

Fig. 1. Room-temperature XRPD pattern of Bi3:24La2W0:76O10:14

ðl ¼ CuKaÞ: Miller indices based on the orthorhombic cell are

indicated.
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shows that the volume of the orthorhombic cell is 1.5
times the size of the pseudo-fcc subcell. Seeing that the
fcc cell contains four lattice points, there exist 4 � 1:5 ¼
6 lattice points in the orthorhombic cell. This result
agrees well with the number of cations included in the

orthorhombic cell, i.e., Z ¼ 1 � ðBi3:24La2W0:76O10:14Þ:
Therefore, the formation of the orthorhombic phase
may be due to the ordering of Bi, Ln; and W cations.

From Fig. 3a, we can easily estimate the ideal
coordinates for six cations: 0, 0, 0; 1/2, 1/2, 0; 1/3, 0,
1/3; 5/6, 1/2, 1/3; 2/3, 0, 2/3; 1/6, 1/2, 2/3. However,
against expectation, any of the five possible space
groups given above cannot explain these coordinates.
Since this fact implies that the true symmetry is not
orthorhombic, we checked the symmetry of the unit cell
exhibited in Fig. 3a. The result indicates a monoclinic
symmetry as shown in Fig. 3b. That is, the true space
group is C2=m [14] with bE901: Thus, the monoclinic
lattice parameters of Bi3:24Ln2W0:76O10:14 were recalcu-
lated, and the results are shown in Table 1 together
with the pseudo-orthorhombic lattice parameters and
the measured and calculated densities. For
Bi3:24La2W0:76O10:14; Table 2 lists the Miller indices
based on the monoclinic lattice, the observed and
calculated d values, and relative intensities; at the same
time, the fundamental reflections based on the pseudo-
fcc subcell are juxtaposed in terms of h0 k0 l0:

To deduce an outline of the monoclinic structure, the
atoms were assigned to the equipoints in C2=m as
follows. The two Ln atoms are put to the special
positions 2a: The other four cations, 3.24Bi and 0.76W
atoms, can statistically occupy the special positions 4i

where x ¼ 1=3 and z ¼ 1=3: All the O atom coordinates
were estimated on the basis of the fluorite-type
arrangement; furthermore, the O atoms can also
statistically occupy three sets of the special positions
4i: O(1) with x ¼ 1=3 and z ¼ 1=12; O(2) with x ¼ 1=6
and z ¼ 5=12; and O(3) with x ¼ 0 and z ¼ 1=4:
Therefore, although the occupancy factors of the cations
are 1, those of the O atoms are 10:14=ð3 � 4Þ ¼ 0:845:
Fig. 4 shows the result of the best Rietveld refinement of
Bi3:24La2W0:76O10:14 on the data listed in Table 3. The
agreement of calculated and observed XRPD peaks gave

Fig. 2. Axial relationships between fcc and hexagonal cells through a rhombohedral cell: (a) the primitive rhombohedral cell (aR1; aR2; aR3) in the fcc

cell ðaC1; aC2; aC3Þ; (b) the triple hexagonal cell ðaH; bH; cHÞ; in relation to the primitive rhombohedral cell, and (c) the projection of the three triple

hexagonal cells and the primitive rhombohedral cell on the hexagonal (001) plane. The number on each lattice point is its fractional z coordinate.

Fig. 3. Monoclinic configuration of cations: (a) the orthohexagonal

cell ða; b; cÞ and the cations projected on the (001) plane, and (b) the

monoclinic space group C2=m derived from the cation positions.
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Rwp ¼ 17:22%; Rp ¼ 12:06%; and S ¼ Rwp=Rexp ¼ 3:78:
Thus, the actual positions of the cations are probably
not far from the proposed ones, but the coordinates of
the O atoms are hypothetical because of the far lower

atomic scattering factor than those of the cations. To
determine the actual structure, especially the oxygen
positions, a single-crystal X-ray diffraction analysis or a
neutron diffraction analysis is needed.

Table 1

Monoclinic and pseudo-orthohexagonal lattice parameters and measured (dm) and calculated ðdcÞ densities of Bi3:24Ln2W0:76O10:14

Ln a ðÅÞ b ðÅÞ c ðÅÞ b (deg) V ðÅ
3
Þ dm ðg cm�3Þ dc ðg cm�3Þ

La 6.9693(2) 4.0242(1) 9.3334(2) 89.996(3) 261.77(1) 7.959 7.972

6.9694(1) 4.0242(1) 9.3335(1) 261.780(8)

Pr 6.8802(3) 3.9729(1) 9.3231(3) 89.998(5) 254.85(1) 8.186 8.215

6.8803(2) 3.9729(1) 9.3232(2) 254.856(9)

Nd 6.8529(3) 3.9575(1) 9.3181(3) 89.994(5) 252.71(1) 8.308 8.328

6.8532(2) 3.9575(1) 9.3183(2) 252.730(8)

Table 2

X-ray powder diffraction data for Bi3:24La2W0:76O10:14 Table 2 (continued)
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Fig. 5 represents DTA results of the three
Bi3:24Ln2W0:76O10:14 compounds. All samples showed
two polymorphic phase transitions which are reversible
with remarkable thermal hysteresis. On heating, a weak
and somewhat broad peak occurs at about 9801C in
common but another sharp endothermic peak appears
at temperatures of 1097–12101C depending on Ln: In the
light of the supercell–subcell relationship mentioned
above, two phase transitions may be connected with the
structural changes. That is, on heating, the monoclinic
(nearly orthorhombic) starting phase transforms prob-
ably to the hexagonal (rhombohedral) phase around
9801C; and the hexagonal phase may revert to the fcc
phase through the higher transition temperature. The
examination of the actual structural changes by high-
temperature X-ray diffraction will be the subject of
future study.

Fig. 6 exhibits the variation of electrical con-
ductivity, logðsÞ; with temperature for the three
Bi3:24Ln2W0:76O10:14 compounds. As discussed above,
since the structure of these compounds is based on an
oxygen-deficient pseudo-fcc subcell which is probably
related to that of d-Bi2O3 which is the high-temperature
stable modification and shows an excellent oxide-ion

Fig. 4. Observed, calculated and difference profiles for Bi3:24La2W0:76O10:14:

Table 3

Estimated atomic coordinates, occupancy factors (OF), and isotropic

thermal parameters ðBisoÞ of Bi3:24La2W0:76O10:14

Atom Site OF x y z Biso ðÅ
2
Þ

La 2a 1 0.0 0.0 0.0 0.65

Bi3:24W0:76 4i 1 0.330 0.0 0.320 2.30

O(1) 4i 0.845 0.333 0.0 0.083 0.30

O(2) 4i 0.845 0.166 0.0 0.416 0.30

O(3) 4i 0.845 0.0 0.0 0.25 0.30

Fig. 5. DTA curves in the heating and cooling cycle for

Bi3:24Ln2W0:76O10:14 at a rate of 101C min�1 and (a) Ln ¼ La; (b) Ln ¼
Pr; and (c) Ln ¼ Nd: The solid lines are heating process and the broken

lines cooling process.
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conduction [15], they are expected to exhibit a high
conductivity even in a lower temperature region. In
contrast, the results yield useless conductivity values as
shown. In all probability, the oxygen atoms in the
monoclinic structure must be ordered so that the oxygen
atoms cannot move easily.

4. Conclusion

The new compounds Bi3:24Ln2W0:76O10:14 have been
obtained only in Ln ¼ La; Pr, and Nd. Although the
crystal lattice of the new compound could be regarded
as orthohexagonal, its true symmetry turned out to be
monoclinic with bE901 by taking account of the cation
configuration which can easily be estimated using a
supercell–subcell relationship. That is, the monoclinic
cell forms a superstructure based on a pseudo-fcc subcell

(a0E5:6 Å) which is thought of as related to d-Bi2O3: All
the new compounds, however, exhibit lower conductiv-
ities far from an application.
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