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A phase equilibrium study of the systems Bi,0;—Ln,0;
(Ln = lanthanoid including Y) has found a new phase,
Bi;_,.Ln,O;5s (Ln = Dy, Ho, Er, and Y with x = 0.485,
0.485-0.49, 0.49, and 0.475-0.49, respectively). A repetitive
long-term solid-state reaction at about 800°C has generated
this low-temperature stable phase. It crystallizes in the triclinic
system with a = 8.5 A b=10A ¢ =85A, a=111°
B = 106°, v = 94°, and Z = 16. This triclinic structure is
based on a pseudo-fcc subcell with a’ = 5.4 A. The axial
relations between the triclinic supercell and the subcell are
a= \/gl2a’, b= \/3/2(1’, and ¢ = \V/5/2a’. When heated, the
triclinic phase transforms smoothly into the &-Bi,O; type
high-temperature stable phase around 1000°C; when it is
cooled, its rate of transition in the opposite direction is
extremely sluggish. This sluggishness seems to be due to
the ordering of the cations, Bi** and Ln**, in the triclinic
structure. 0 1996 Academic Press, Inc.

INTRODUCTION

The stabilization of the high-temperature polymorph of
bismuth sesquioxide (5-Bi,O3) with an oxide additive has
been extensively studied from the viewpoint of realizing
a low-temperature high-oxide-ion conductor, because &
Bi,0;, stable between 730 and 825°C (1-3), is character-
ized by excellent oxide-ion conductivity (4, 5). Results have
shown that a lanthanoid oxide (Ln,0; including Y,03) is
effective in stabilizing the 6 phase at low temperatures.
Thus, in particular, the Er,Os-doped 6 phase and the Y,0s3-
doped phase have been intensively investigated (5-18).

Phase equilibrium studies of the Bi-rich sides of the
systems Bi,O;—Ln,05 have revealed the existence of two
low-temperature stable phases. One phase appears around
22.5 mol% Ln,O; (Ln = La-Er and Y), forms a solid
solution having a hexagonal layered structure with space
group R3m, a = 4 A, ¢ =24 A, Z = 9 (Bi;_,Ln,O;5)
(19-22), and transforms into the high-temperature stable
6 phase upon being heated, at around 670-900°C de-
pending on Ln (19-22). The other low-temperature phase
exists around 35 mol% Ln,0; (Ln = Sm-Dy and Y) with
a narrow solid solution extension, has a C-type rare-earth

oxide-related structure crystallizing in the space group 12,3
with a = 11 A and Z = 32(Bi, ,Ln,0,5) (23-25), and
changes into the high-temperature stable § phase upon
being heated, at about 900°C (23-25). The existence of
these low-temperature stable phases indicates that in these
systems the Ln,03-stabilized & phase described so far is
nothing but the quenched high-temperature phase and is
metastable at temperatures lower than the transition tem-
perature under thermodynamic equilibrium conditions.
These results induced us to reexamine the phase equilib-
rium of the systems Bi,Os—Ln,0; over the Ln-rich compo-
sitional region. As a result, a triclinic novel low-tempera-
ture stable phase based on a pseudo-fcc subcell has been
found at around 48.5 mol% Ln,0; in the systems with
Ln = Dy-Er and Y.

EXPERIMENTAL PROCEDURE

Polycrystalline samples of Bi;_,Ln,O;s (x = 0.2-0.6)
were prepared by solid-state reaction of Bi,Oz (99.9%,
Iwaki Chemicals Ltd.) and Ln,O; (Ln = Dy,Ho, Er,and Y;
99.9%, Shin-Etsu Chemical Co., Ltd.). All the lanthanoid
oxides were prefired at 600-700°C in air for dehydration
before being used. The desired proportions were accu-
rately weighed and thoroughly mixed with ethanol in an
agate mortar. After being dried naturally in the room, the
mixture was transferred into a covered platinum crucible
and heated at about 800°C for about 150 hr or more. The
product was then quenched to room temperature by an
airstream. The same heat treatment was repeated several
times after intermediate grindings to complete the reac-
tion. All samples were examined after every quenching
process by X-ray powder diffraction (XRPD) using CuK«
radiation and a diffracted-beam monochromator.

Since the repetitive long-term heat treatment might in-
duce compositional change by ignition loss, the composi-
tion of the new phase was checked by chemical analysis
using chelatometric titration with EDTA and xylenol or-
ange indicator. A sample with the nominal composition
Bips51Y0.49015 was chosen as representative, because this
sample underwent heat treatment three times (at 806°C
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for 138 hr, at 809°C for 183 hr, and at 808°C for 350 hr)
to turn the starting powder mixture completely into the
pure new phase. The result was 51.06 = 0.01 mol% Bi,O;
and 48.94 = 0.01 mol% Y,O;. The compositional change
is negligible. That is, the actual composition is virtually
equal to the nominal one. At the same time, we checked
the platinum contamination from the crucible using the
ICP method on the same sample. The results showed that
the contamination was negligible (<100 ppm).

In order to check preliminary lattice parameters and the
crystal system, Visser’s indexing program (26) was applied
to the observed XRPD data measured with the continuous
scanning method at a scanning rate of 0.4° min~'. The 26
values were corrected using the external standard of a Si
powder. Moreover, using these results, the precise lattice
parameters were calculated by the least-squares method
(27).

The thermal behavior was checked by differential ther-
mal analysis (DTA). About 100 mg of powder sample
underwent heating—cooling cycles at a rate of 10°C min~! in
air to the maximum temperature of 1200°C. The reference
material was a-Al,Os.

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

RESULTS AND DISCUSSION

Figure 1 presents a series of XRPD patterns for Bigs;s
Dyo.48501 5 typical of a sluggish solid-state reaction. Each
pattern was taken just after the sequent heat treatment
under the conditions inserted. The first heat treatment
(Fig. 1a) produces a mixture of a Dy,03-doped & phase
and a Dy-rich neighboring phase with a LaOF-type struc-
ture (28); the reflections based on the & phase (fcc with
a = 5.4 A) are indicated by solid circles. The second heating
(Fig. 1b) leads to the unknown phase with appreciable
intensities, while the reflections based on both phases men-
tioned above tend to be weakened explicitly. Clearly, the
presence of three phases indicates that the system does
not reach its equilibrium state under the present conditions
because of the sluggish solid-state reaction. The third heat
treatment (Fig. 1c) generates a major part of the unknown
phase, and the fourth heating completely results in the
pure unknown new phase (Fig. 1d).

The indexing result of the computer program showed
that this phase crystallizes in the triclinic system. Figure 2
presents the indexed XRPD pattern of Biys,Y(43015. The
isomorphous new triclinic phase was identified as having
the following composition in each system investigated: 48.5
mol% Dy,03;, 48.5-49 mol% Ho,03, 49 mol% Er,O;, and
47.5-49 mol% Y,0;. Above and below these composi-
tional ranges, two-phase regions appeared. Above the
ranges, a second phase was the Ln-rich neighboring phase
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FIG. 1. The room-temperature XRPD patterns of Bijs;5sDy0 455015
using CuKw radiation after heat treatment under the indicated conditions
of temperature(°C)/time(hr). The fcc reflections designated by solid cir-
cles in (a) belong to a Dy,0s-doped & phase and the other reflections to
a LaOF-type phase.

with LaOF-type structure as shown in Fig. 1a. Needless
to say, the same two-phase mixture was observed in the
equimolar composition (x = 0.5). By contrast, below the
ranges, the second phase depends on Ln: a bee phase (23—
25) in the case of Ln = Dy and Y, and a hexagonal phase
(19-22) in the case of Ln = Ho and Er. The precise lattice
parameters and both theoretical and measured densities
are tabulated in Table 1 for the representative composition
in each system. It is noted that the ionic radius of Y3* is
approximately equal to that of Ho’" as reported by Shan-
non (29); i.e., (Y?**) = 0.900 A and r(Ho*) = 0.901 A.
Table 2 gives the observed and calculated d values and
relative intensities of XRPD lines with I, = 2 for
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FIG. 2. The indexed XRPD pattern of a new triclinic phase with Biys,Y(.43015.

Biy51Er4901 5 along with Miller indices of a pseudo-fcc
lattice which is ascribable to the fundamental reflections;
we discuss this structural aspect later.

Figure 3 shows a typical DTA trace for the present
triclinic phase of Big 515sH0043501.5: a widespread endother-
mic peak is detected around 1000°C only in the first heating
direction. The same thermal behavior was observed for
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FIG. 3. DTA curve in the heating and cooling cycle for

B 51sH00.48501.5-

each of the other systems. The onset temperature of the
broad endothermic peak was adopted as an approximate
transition temperature. The transition temperature of
the representative composition in each system was as fol-
lows: ca. 980°C for Biys15Dy0.485015, ca. 995°C for Bigss
H00_48501,5, ca. 995°C for Bi0.51Er0_4901,5, and ca. 1010°C

TABLE 1
Lattice Parameters and Theoretical and Measured Densities
of Bil_anx01.5

V(A3

a(A) b(A) c(A) deae(g - om™)

Ln X (%) B() y(©) Aincas(g Cm73)
Dy 0485 8.539(0)  10.056(1)  8.604(0) 650.1(0)
111.45(0) 105.90(1) 93.65(1) 8.599

8.592(2)

Ho 0485 8.510(0) 10.018(1) 8.575(0) 643.6(0)
111.36(0)  105.88(0)  93.77(1) 8.734

8.720(7)

Ho 0.490 8.507(1)  10.014(1)  8.572(1) 642.9(1)
111.36(1) 105.88(1) 93.76(1) 8.736

Er 0490 8.475(1) 9982(1)  8.541(1) 636.3(1)
111.30(0) 105.83(1) 93.86(1) 8.874

8.846(4)

Y 0.475 8.507(0) 10.017(1) 8.572(1) 643.2(0)
111.34(0) 105.88(1) 93.77(1) 7.266

Y 0.480 8.504(1) 10.015(1) 8.570(1) 642.7(1)
111.34(0) 105.87(1) 93.76(1) 7.248

7.227(3)

Y 0.490 8.504(0) 10.013(1) 8.569(0) 642.5(0)
111.35(0) 105.86(0) 93.76(1) 7.200
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TABLE 2
X-Ray Powder Diffraction Data for Biys;Ery40;;s

ook dewe (A)  dons (A) I WK1
0 1 0 9.137 9.140 2

1 0 0 8.011 8.015 2

1 0 -1 6.654 6.651 3

1 1 -1 5.966 5.962 4

2 0 -1 4.126 4.126 5

1 1 -2 44126}

1 0o -2 3.929 3.927 6

0 0 2 3.769 3.766 2

0 2 =2 3.724 3.722 10

2 -1 -1 3.724}

1 2 0 3.684 3.683 11

2 =2 0 3.334 3.334 2

2 0o -2 3.327 3.326 2

2 -1 1 3.308 3.308 2

1 -1 =2 3.248 3.247 63 1 1 -1
2 0 1 3.144 3.143 89 1 -1 1
1 -3 1 3.135 3.137 100 1 -1 -1
2 2 -1 3.103 3.101 3

1 -3 0 3.040 3.040 2

0 3 =2 3.030 3.033 2

2 2 =2 2.9833 2.9819 66 1 1 1
3 -1 -1 2.7284 2.7272 33 2 0 0
0 2 -3 2.7019 2.7015 31 0 2 0
1 3 0 2.6860 2.6852 32 0 0 2
1 0o -3 2.6523 2.6524 2

2 =3 1 2.6371 2.6378 2

2 1 -3 2.6297 2.6312 2

1 1 2 2.6055 2.6063 2

1 -2 =2 2.5931 2.5928 5

1 -3 -1 2.5839 2.5859 4

2 2 =3 2.5315 2.5315 2

2 0o -3 2.5229 2.5238 2

2 =3 -1 2.4204 2.4202 3

3 =3 0 2.2232 2.2233 2

1 0 3 2.2047 2.2050 3

1 1 -4 2.1054 2.1052 2

1 4 0 2.0964 2.0967 2

4 0o -2 2.0632 2.0639 4

2 =3 =2 2.0544 2.0567 2

4 -1 0 2.0371 2.0374 2

2 =2 3 2.0304 2.0308 3

4 1 -2 2.0239 2.0242 2

0 3 2 2.0102 2.0106 5

0 3 -4 1.9970 1.9972 2

3 3 -3 1.9889 1.9889 2

2 -4 -1 1.9767 1.9770 15 2 0o -2
1 1 3 1.9709 1.9712 21 0 -2 2
3 -3 2 1.9353 1.9356 17 2 -2 0
3 -4 0 1.9212 1.9214 2

3 0 2 1.9097 1.9095 3

3 1 -4 1.9047 1.9047 16 2 2 0
4 2 -1 1.8571 1.8573 17 2 0 2
1 5 =3 1.8450 1.8451 17 0 2 2
1 3 2 1.8274 1.8268 2

4 -1 =3 1.8053 1.8052 5

“ Weak reflections (<2) are omitted to reduce the table.
b Miller indices based on the pseudo-fce subcell.
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for Bigs;Y04301.5. No thermal effect on the traces through
the subsequent cooling process and the second heating—
cooling run was observed. An XRPD pattern of each sam-
ple after DTA measurement exhibited the fcc lattice, viz.,
the doped & phase. The result indicates that the low-tem-
perature stable triclinic phase transforms irreversibly into
the high-temperature stable, doped & phase. As evident
from Fig. 1 and the following stability examination, how-
ever, this irreversibility is only apparent. In fact, the rate
of transition from the & to the triclinic phase is extremely
sluggish in contrast to that of the opposite direction from
the triclinic to the & phase; that is, this transition is essen-
tially reversible. In order to prepare the pure triclinic
phase, therefore, the samples were heated at about 800°C
(e.g., 807-815°C in Fig. 1), much lower than the transition
temperatures, for a longer period (e.g., 132-512 hr in
Fig. 1).

The thermal stability of the triclinic phase was checked
in the following way for the representative specimen Big 55
Hoy 435015. A quenched, doped & phase prepared before-
hand by solid-state reaction at 1150°C for 15 hr was an-
nealed at about 800°C for 250 hr. After being annealed,
the sample was quenched, then ground well in an agate
mortar, and checked by XRPD. A similar annealing treat-
ment was repeated five times. As a result, the doped 6
phase transformed perfectly into the triclinic phase. That
is, since the triclinic phase was generated not only by heat-
ing at temperatures lower than the polymorphic transition
temperature but also by transformation from the high-
temperature stable 6 phase, it was clearly proved that the
triclinic phase is the truly low-temperature stable phase.
At the same time, it is noted that the doped 6 phase was
generated even at temperatures (Fig. 1) lower than the
transition temperature around 950°C. These results indi-
cate that the present phases obey the Ostwald step rule in
the same way as the phases with C-type rare-earth oxide-
related structure in the systems Bi,O;-Ln,O; (Ln =
Sm-Dy and Y) (24, 25). Thus, the doped & phase is first
formed over a wide temperature range and cooled easily
to room temperature in the metastable state, so that the
present triclinic phase has never been found to date.

Density was measured for the following typical composi-
tion in each system: Biys1sDy048501.5, Bio.sisH00485015,
Bi0,51Er0,4901,5 , and Bi0'52Y0'4801'5 . The results are listed in
Table 1. From these density values and the lattice parame-
ters listed in Table 1, it is clear that the unit cell of the
triclinic phase contains 16 formula weights, Z = 16(Bi;_,
Ln,Oq5), where Ln = Dy-Er and Y.

The XRPD patterns shown in Figs. 1 and 2 suggest that
the triclinic phase is connected to the & phase in which the
Bi and Ln atoms occupy their sites randomly; in other
words, the triclinic phase forms a supercell based on a
pseudo-fcc subcell closely related to the 6 phase. The fun-
damental reflections on the subcell are labeled 4’ k' [’ in
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FIG. 4. Schematic representation of the relations of the unit-cell
axes. Heavy solid lines show the triclinic cell (a, b, ¢) and weak solid
lines outline the pseudo-fcc subcells (a'). Cations might occur at about
all pseudo-cube corners and face centers.

Table 2. Thus, examination of the triclinic indices h k [
corresponding to these A’ k' /' indicated the topotactic
relationship between the triclinic and pseudo-fcc lattices.
That is, the transformation matrix for the direct-lattice
unit-cell vectors from the pseudo-fcc lattice (a' = 5.4 A)
to the triclinic lattice (a, b, ¢) is (3/2, 0, 1/2)/(—=1/2, 1,
3/2)/(=1/2, =3/2, 0). Figure 4 exhibits these topotactic
relations: a = \/5/261’, b = \ﬁ/Za’, and ¢ = \V/5/2a’. The
value of the determinant of the transformation, 4, means
that the triclinic cell is four times the size of the pseudo-
fce subcell. Since the fce cell contains four lattice points,
there are 4 X 4 = 16 lattice points in the triclinic cell. This
result is in good agreement with Z = 16(Bi;_,Ln,O;5),
determined from the measured density and the lattice vol-
ume listed in Table 1. Thus, the appearance of the triclinic
phase might be due to the ordering of Bi and Ln atoms
in the pseudo-fcc cation sublattice in the same way as in
the Bi-rich neighboring phase with a C-type rare-earth
oxide-related structure (24).

Although single crystal X-ray diffraction analysis is
strictly necessary for structure determination, single crystal
preparation is very difficult, because the liquidus tempera-
tures are too high, probably >1500°C (25), to suppress the
decomposition and because, if possible, the primary phase
from the melt is the doped & phase, not the present triclinic
phase. To obtain the single crystal, for this reason, some
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special technique such as a flux method or a hydrothermal
method might have to be employed. Therefore, an outline
of the structure is under investigation using only the
XRPD data.
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