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Abstract (WO3)0.15(BiO1.5)0.85 exhibits a tetragonal struc-
ture derived from the fluorite subcell. The electrical
conductivity of (WO3)0.15(BiO1.5)0.85 is lower than that of
Y2O3-doped Bi2O3. The structure and electrical conductivity
of samples formulated as (YO1.5)x(WO3)0.15(BiO1.5)0.85-x (x=
0.1, 0.2, 0.3, and 0.4) were investigated. The as-sintered
(YO1.5)0.1(WO3)0.15(BiO1.5)0.75 exhibited a single cubic
structure that is isostructural with δ-Bi2O3. For x=0.2, 0.3,
and 0.4, the as-sintered samples consisted of a cubic fluorite
structure and rhombohedral Y6WO12. After heat treatment at
600 °C for 200 h, the cubic structures are stable for x=0.1,
0.3, and 0.4. A transformation from cubic to rhombohedral
phase after heat treatment at 600 °C for 200 h was observed
in the sample originally formulated as (YO1.5)0.2(WO3)0.15
(BiO1.5)0.65.
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Introduction

In solid oxide fuel cell (SOFC), solid-state electrolytes are
defective materials with high ionic conductivity. At present,
the common electrolyte material used in solid electrochem-

ical devices is yttria-stabilized zirconia. However, YSZ
must be operated above 800 °C to gain high-enough ionic
conductivity [1]. Such high-operating temperature would
limit its application. Therefore, there is a need to search for
a high oxygen ionic conductor that is operative at interme-
diate temperatures. Up to date, the oxygen ionic conductor
with highest ionic conductivity is the high temperature
cubic Bi2O3, namely, δ-Bi2O3, which belongs to the CaF2
structure [2]. The research for solid state electrolyte based
on Bi2O3 has been carried out over many years [2–12].
Although δ-Bi2O3 possesses quite high oxygen ionic
conductivity, the δ phase is not stable below 723 °C. In
recent years, several researchers have tried to stabilize the
high temperature fluorite structure in Bi2O3-based ternary
systems. Yaremchenko et al. [13] suggested that the phase
transformation at T<900 K is a characteristic of the fluorite-
type Bi2O3–ZrO2–Y2O3 and Bi2O3–Nb2O5–Ho2O3 solid
solutions. Benkaddour et al. [14] suggested that Bi0.85
Pr0.105V0.045O1.545 exhibits a fcc lattice but shows two
domains with different lattice parameter during thermal
treatment due to cations and/or anions ordering within the
structure in the low temperature range. Lazarraga et al. [15]
prepared the cubic Bi1.76U0.12La0.12O3.18 at 950 °C, but the
cubic phase decomposes to low-symmetry phases after
annealing at 600 °C for 100 h. Watanabe [16] investigated
Bi3.24Ln2W0.76O10.14 (Ln=La, Pr, and Nd), which exhibits
monoclinic cells with pseudo-fcc subcells. Watanabe et al.
[17] also reported some compositions of the Bi2O3–Er2O3–
WO3 system exhibiting δ phase after repetitive long-term
heat treatment at 600 °C for 150 h or more. Abrahams et al.
[18, 19] investigated Bi2O3–WO3–Nb2O5 and Bi2O3–
Y2O3–Nb2O5 systems which show a defect fluorite type
structure in some compositions. However, it is not clear
how these foreign cations affect the structure stability and
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conduction of Bi2O3-based materials. Considering the
oxides adopting a fluorite structure, they are commonly
formulated as MO2 where M is the tetravalent cation. As
we know, the unit cell of the fluorite-type oxide consists of
the so-called M4O8 structure. The metal ion is surrounded
by eight O ions to form an eightfold coordination structure,
and O ion is surrounded by four metal ions to form a
tetragonal arrangement. The ratio of metal ionic radius to
oxygen ionic radius should be greater than 0.732 in order to
form a stable fluorite structure. Although the ratio of Bi
ionic radius (1.17 Å [20]) to oxygen ionic radius (1.38 Å
[20]) is 0.848, the high oxygen vacancy concentration still
destabilizes the fluorite structure. In order to stabilize the
fluorite structure, it is needed to reduce average cationic
radius or decrease oxygen vacancy concentration. WO3-
doped Bi2O3 was found to exhibit stable fluorite-based
structures. A solid-solution between 11.9 and 15.15 mol%
WO3-doped Bi2O3 exhibits a tetragonal structure. The
atomic arrangement of (WO3)0.125(BiO1.5)0.875 subcells is
similar to that of the fluorite structure [21], but the Bi and
W ions do not have random arrangement in these unit cells.
The ordered arrangement of cations in (WO3)0.125
(BiO1.5)0.875 subcells was observed as a result of the large
difference in size and valence between Bi and W ions. In
this study, the structure of (YO1.5)x(WO3)0.15(BiO1.5)0.85-x
(x=0.1, 0.2, 0.3 and 0.4) was carefully examined by X-ray
diffraction (XRD). The addition of Y2O3 was meant to
reduce the mismatch in cation size and valence. The
microstructures of these samples were observed using field
emission scanning electron microscopy (SEM). The oxygen
conductivity was measured using a two-probe technique in
air at temperatures ranging from 300 °C to 700 °C.

Experiment procedure

Sample preparation

Solid solutions of Bi2O3-based systems were synthesized
by a solid-state reaction method using oxides as the raw
materials. The adequate amount of Y2O3(Showa, 99.99%),
and WO3(Alfa, 99.8%) were mixed with Bi2O3(Alfa, 99%),
respectively. After ball-milling with ethanol for 24 h, the
powder mixtures were dried and sieved through a 200-mesh
screen. The mixed powder was calcined in air at 800 °C for
5 h. Subsequently, the powder was pressed into disks. After
cold-isostatic pressing at 100 MPa, the disks were sintered
in air between 1,000 °C and 1,100 °C for 24 h. The sintered
samples were polished by aluminum oxide with particle
sizes of 1 and 0.3 μm and followed by thermal etching
between 900 °C and 1,100 °C for 3 h.

XRD and SEM analyses

X-ray diffraction data were collected by Rigaku MultiFlex
X-ray diffractometer with graphite-monochromated Cu Kα
radiation. To examine the structures and lattice parameters,
respective samples were analyzed by XRD using a scanning
rate of 1°/min at the 2θ range from 20° to 60° and operating
at 30 kV, 20 mA. To observe the morphological differences
of the synthesized and annealed sample surfaces, the
samples were examined using a field emission scanning
electron microscopes (FESEM; XL40 FEG PHILIPS)
operating at 15 kV with carbon coating. The samples that
showed dual phases were analyzed by an energy dispersion
X-ray spectrometer (EDAX XL-40135-10).

Conductivity measurement

Platinum electrodes were pasted on the sintered samples
and dried at 800 °C for 2 h. Subsequently, the samples were
fixed between two Al2O3 fixtures, and Ag wires were used
to connect Pt electrodes and the multimeter. The conduc-
tivity was measured at 300 °C, 400 °C, 500 °C, 600, and
700 °C by a two-probe DC measurement technique, using
the HP-34970 multimeter.

Results and discussion

Structure characterization

(YO1.5)x(WO3)0.15(BiO1.5)0.85-x for x=0

Figure 1 shows the XRD patterns of as-sintered (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x for x=(a) 0, (b) 0.1, (c) 0.2, (d) 0.3,
and (e) 0.4. Compared with the reflections of (200), (220),
(311), (222) from a standard fluorite structure, the splitting
of reflections indicates that the as-sintered (WO3)0.15
(BiO1.5)0.85 exhibited a single tetragonal structure that is
isostructural with (WO3)0.125(BiO1.5)0.875 [21]. The lattice
parameters of (YO1.5)x(WO3)0.15(BiO1.5)0.85-x (x=0, 0.1,
0.2, 0.3 and 0.4) are shown in Table 1. The lattice
parameters of (WO3)0.15(BiO1.5)0.85 are a=12.52 Å and
c=11.26 Å being about

ffiffiffi
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p

and 2 times that of δ-Bi2O3,
(5.66 Å). Apparently, (WO3)0.15(BiO1.5)0.85 formed a
superstructure consisting of ten enlarged fluorite subcells.
The formation of superstructure is caused by an ordered
arrangement of W6+ and Bi3+ cations. The atomic arrange-
ment of superstructured (WO3)0.15(BiO1.5)0.85 can be found
in the author’s previous work [22]. The ordered cation
arrangement is simply due to the mismatch in ionic radius
and valence.(The ionic radii of Bi and W ions are 1.17 Å
[20] and 0.6 Å[20], respectively.) To minimize the
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mismatch in ionic radius, it is needed to add foreign cations
with ionic radius between Bi and W ions into the cation
sublattice of (WO3)0.15(BiO1.5)0.85. Trivalent Y ion was
found to be the appropriate one.

(YO1.5)x(WO3)0.15(BiO1.5)0.85-x for x=0.1

The XRD patterns indicated that (YO1.5)0.1(WO3)0.15
(BiO1.5)0.75 exhibits a cubic structure that is isostructural
with δ-Bi2O3. Therefore, the addition of Y2O3 and WO3 is
able to stabilize the high temperature cubic structure of
Bi2O3 to temperatures below 723 °C. This result suggests
that addition of Y2O3 causes the random arrangement among
Y3+, W6+, and Bi3+ cations. Since the ionic radius of Y ion is
1.019 Å [20] and yttria-stabilized bismuth oxide (YSB)
forms a cubic solid solution, the addition of Y2O3 is capable
of minimizing the mismatch in ionic radius between Bi and
W ions. Therefore, the co-addition of Y2O3 and WO3 is able
to stabilize Bi2O3-based cubic structure.

(YO1.5)x(WO3)0.15(BiO1.5)0.85-x for x=0.2, 0.3, and 0.4

In Fig. 1c, d and e, a second-phase rhombohedral Y6WO12

appeared in the samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of

x=0.2, 0.3 and 0.4. This result suggests that the solubility
limit of Y2O3 was between 10 and 20 mol%. In Fig. 1c,
XRD traces exhibit shouldering in reflections (111) and
(220) for the sample (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=
0.2. It is possible that the cubic structure may be stable at
high temperature and gradually transform to other structure
during the cooling process. This phenomenon was further
examined later by long-term heat treatment.

In Fig. 1d and e, the volume fraction of second-phase
Y6WO12, V2 by XRD was estimated by integrated peak
area of Y6WO12 and the cubic phase. The mole fraction, m,
was estimated from the volume fraction by XRD as follow:

V2 ¼ I2
Ic þ I2

ð1Þ

m ¼ V � D

M
ð2Þ

Where I2 and Ic denote the integrated peak area of
Y6WO12 and the cubic phase, respectively. D and M denote
the theoretical density and molecular weight, respectively.
The theoretical density and molecular weight of Y6WO12

are 5.895 g/cm3 and 909.247. For the samples (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x of x=0.3 and 0.4, the theoretical
densities are 8.08, 7.5 g/cm3 and the molecular weights are
393.572, 365.506. From XRD patterns, the volume frac-
tions of second-phase Y6WO12 are 2% and 34% for the
samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=0.3 and 0.4.
Therefore, the mole fractions of second phase Y6WO12 are
0.3% and 5.7% in these samples. Finally, the compositions
of the cubic phases were estimated to be (YO1.5)0.287
(WO3)0.15(BiO1.5)0.563 and (YO1.5)0.125(WO3)0.154
(BiO1.5)0.721 for the samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x
of x=0.3 and 0.4.

The lattice parameters of the cubic structures

From Table 1, the lattice parameters of the cubic structures
decrease with x increasing for the samples (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x of x=0.1, 0.2 and 0.3. Since the
ionic radius of Y ion is smaller than the ionic radius of Bi
ion, the addition of Y2O3 tends to reduce the lattice

Table 1 The lattice parameters and activation energies of (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x (x=0, 0.1, 0.2, 0.3, and 0.4)

X Lattice parameters (Å) Activation energy (kJ/mole)

0 a=12.52, c=11.26 79
0.1 5.56 85
0.2 5.52 86
0.3 5.45 116
0.4 5.45 115

20 30 40 50 60

2θ\degree

(a)

(b)

(c)

(d)

(e)

:Y6WO12(JCPDS83-1337)

Fig. 1 XRD patterns of as-sintered (YO1.5)x(WO3)0.15(BiO1.5)0.85-x
for x=a 0, b 0.1, c 0.2, d 0.3, and e 0.4
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parameter. For the samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x
of x=0.3 and 0.4, the lattice parameters of the cubic
structure are nearly identical. From XRD patterns, the
compositions of the cubic phases were (YO1.5)0.287
(WO3)0.15(BiO1.5)0.563 and (YO1.5)0.125(WO3)0.154
(BiO1.5)0.721 for the samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x
of x=0.3 and 0.4. The average cation radii of the matrixes
are 1.04 and 1.06 Å for the samples (YO1.5)x(WO3)0.15
(BiO1.5)0.85-x of x=0.3 and 0.4. Since the average cation radii
are nearly the same, the lattice parameters of the cubic
phases are reasonably close for the samples (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x of x=0.3 and 0.4.

Comparisons between (YO1.5)x(WO3)0.15(BiO1.5)0.85-x
and (LnO1.5)0.333(WO3)0.126(BiO1.5)0.54 (Ln=La, Pr, and Nd)

In recent years, several researchers have tried to stabilize
the δ-Bi2O3-based structure in ternary systems. Watanabe
[16] suggested that Bi3.24Ln2W0.76O10.14 (Ln=La, Pr, and
Nd) compounds have a monoclinic lattice derived from an
fcc lattice, and the formation of the monoclinic phase may
be due to the ordering of Bi, Ln, and W cations.
Bi3.24Ln2W0.76O10.14 can be expressed as a formula of
(LnO1.5)0.333(WO3)0.126(BiO1.5)0.54, which is close to
(YO1.5)0.3(WO3)0.15(BiO1.5)0.55 (x=0.3). However, a sec-
ond phase Y6WO12 appeared at x=0.2 in this study.
Therefore, it may indicate that the solubility limit of
Ln2O3 (33.3 mol%) in (LnO1.5)0.333(WO3)0.126(BiO1.5)0.54
is higher than that of Y2O3 (between 10 mol% and 20 mol
%) in this study. Interestingly, with the addition of
approximately same amount of foreign cation into these
WO3–Bi2O3 systems, cubic phase was observed in Y2O3-

added system, but monoclinic phase was found in Ln2O3-
added system. The ionic radii of La (1.16 Å) [20], Pr
(1.126 Å) [20], and Nd (1.109 Å) [20] are larger than that
of Y ion (1.019 Å) [13]. On the other hand, the ionic radius
of Y+3 fall in between that of W6+ (0.6 Å) [20] and Bi3+

(1.17 Å) [20]. Thus, the addition of Y2O3 became more
effective on the compensation of mismatch in the cation
sublattice.

SEM observation

To verify the results of XRD, the microstructures was
further examined by SEM. Figure 2 shows SEM micro-
graphs of thermally etched (YO1.5)x(WO3)0.15(BiO1.5)0.85-x
for x=(a) 0.1, (b) 0.2, (c) 0.3, and (d) 0.4. The SEM
micrographs clearly show that (YO1.5)x(WO3)0.15
(BiO1.5)0.85-x (x=0.1, 0.2, 0.3, and 0.4) are composed of
two phases. Two types of grains are clearly observed as
shown in Figure 2. The needle-like grains appeared at grain
boundaries of the larger grains. The amount of needle-like
phase increase with increasing Y ion content. It is difficult
to quantitatively analyze the small needle-like grains
without interference from the larger grains. However,
the needle-like grains have more Y content than the large
grain based on EDX results. Therefore, it is suggested
that the composition of needle-like grains corresponds to
the second phase Y6WO12. For the sample (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x of x=0.1, the volume fraction of
second phase Y6WO12 is only 2.5% from SEM micro-
graph. However, the absence of Y6WO12 reflection in
XRD trace (Fig. 1) may result from the low instrument
sensitivity of XRD.

5µm

a b

c d

Fig. 2 SEM micrographs of
thermal-etched (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x for
x=a 0.1, b 0.2, c 0.3, and d 0.4
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Thermal stability after heat treatment at 600 °C

The cubic yttria-stabilized bismuth oxide is known as a
metastable phase and may transform from cubic to
hexagonal phase after heat treatment at 600 °C[7]. Thus,
the stabilization of isotropic high temperature cubic phase
in this study was further examined by long-time heat
treatment. Figure 3 shows XRD patterns of (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x for x=(a) 0.1, (b) 0.2, (c) 0.3, and
(d) 0.4 after heat treatment at 600 °C for 200 h. The
structures are stable after heat treatment at 600 °C for 200 h
for the samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=0.1,
0.3 and 0.4. However, for the sample (YO1.5)x(WO3)0.15
(BiO1.5)0.85-x of x=0.2 after heat treatment at 600 °C for
200 h in Figure 3 (b), the splitting and shouldering of
reflections of (111), (220), and (311), based on a standard
fluorite structure, indicate that a phase transformation
occurred. Therefore, the single cubic structure in (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x of x=0.2 is metastable. To further
examine the phase transformation for the sample (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x of x=0.2, the sample was heated at
600 °C for 1,000 h. The XRD pattern of Fig. 4 indicated
that the sample (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=0.2
exhibits two cubic structures and Y6WO12 after heat
treatment at 600 °C for 1,000 h. The lattice parameters of
two cubic structures are 5.52 and 5.45 Å which is the same
as that of the cubic structure for the sample (YO1.5)x

(WO3)0.15(BiO1.5)0.85-x of x=0.3. It is suggested that the
composition of the second cubic structure is the same as
that for the sample (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=
0.3, so the composition may be (YO1.5)0.287(WO3)0.15
(BiO1.5)0.563.

As mentioned above, reducing average cationic radius or
decreasing oxygen vacancy concentration are two common
approaches to stabilize the cubic fluorite bismuth oxide. In
order to stabilize the cubic structure, several researchers
[13–15] tried to add cations which values are higher than 3
into the lanthanoid oxide doped Bi2O3. Although the as
sintered Bi1�xNbxð Þ1�yHoyO1:5þd (x=0.05 and 0.08; y=
0.10–0.15) [15], Bi1�xZrxð Þ1�yYyO1:5þd (x=0.05 and 0.07;
y=0.15) [13], Bi0.85Pr0.105V0.045O1.545 [14], and
Bi1.76U0.12La0.12O3.18 [15] exhibit a cubic structure. Theo-
retically, the oxygen vacancy concentrations of these
systems are still over 20%. Such high oxygen vacancy
concentration is detrimental to the stability of the fluorite
structure. Therefore, the phase transformation still occurred
in these systems after long-term heat treatment below 600 °C.
Watanabe et al. [17] reported that (Bi2O3)x (Er2O3)y(WO3)z
(x+y+z=1) with low W content such as (Bi2O3)0.745
(Er2O3)0.205(WO3)0.05 showed δ phase. The oxygen vacancy
concentrations of (Bi2O3)0.745(Er2O3)0.205(WO3)0.05 is
23.15%, and δ phase is stable after repetitive long-term heat
treatment at 600 °C for 150 h or more. It is suggested that the
addition of the smaller ions Er and W ions into Bi2O3 is
capable of stabilizing the fluorite structure and maintaining
the high oxygen vacancy concentration.

In this study, the addition of 15 mol% WO3 can reduce
the average cationic radius obviously. Theoretically, the
oxygen vacancy concentration of (YO1.5)x(WO3)0.15
(BiO1.5)0.85-x is a constant being 13.75%. The decrease of
the oxygen vacancy concentration and the average cationic

20 30 40 50 60

2θ\degree

(d)

(c)

(b)

(a)

:unknow peaks
:Y6WO12(JCPDS83-1337)

Fig. 3 XRD patterns of (YO1.5)x(WO3)0.15(BiO1.5)0.85-x for x=a 0.1,
b 0.2, c 0.3, and d 0.4 after annealing at 600 °C for 200 h

20 30 40 50 60
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:Cubic phase(1
11

)
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Fig. 4 XRD patterns of (YO1.5)x(WO3)0.15(BiO1.5)0.85-x for x=0.2
after annealing at 600 °C for 1000 h
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radius is favorable to stabilize the fluorite structure. From
XRD patterns of Fig. 3, the cubic structures of (YO1.5)x
(WO3)0.15(BiO1.5)0.85-x are stable after heat treatment at
600 °C for 200 h for the samples (YO1.5)x(WO3)0.15
(BiO1.5)0.85-x of x=0.1, 0.3, and 0.4. Therefore, reducing
average cationic radius and decreasing oxygen vacancy
concentration are really helpful to stabilize the cubic
fluorite bismuth oxide. As mentioned above, two cubic
phases after heat treatment at 600 °C for 1,000 h was
observed for the sample (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of
x=0.2 in Fig. 4. The composition of the second cubic
structure may be (YO1.5)0.287(WO3)0.15(BiO1.5)0.563. There-
fore, the composition of the cubic structure for the sample
(YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=0.2 lies in binary
phase zone between cubic (YO1.5)0.1(WO3)0.15(BiO1.5)0.75
and cubic (YO1.5)0.287(WO3)0.15(BiO1.5)0.563.

Conductivity characterization

Figure 5 shows the conductivities of (YO1.5)x(WO3)0.15
(BiO1.5)0.85-x for x=(a) 0, (b) 0.1, (c) 0.2, (d) 0.3, and (e)
0.4. For the samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=
0.1 and 0.2, the conductivities are higher than that of
(WO3)0.15(BiO1.5)0.85. For the samples (YO1.5)x(WO3)0.15
(BiO1.5)0.85-x of x=0.2, 0.3, and 0.4, the conductivities
decreased as x increased. An oxide with CaF2 structure may
be expressed as AO2. Addition of an Y2O3 in AO2

increased an oxygen vacancy. But there was 25 mol%
oxygen vacancy concentration in δ-Bi2O3. Therefore, the
substitution of Y+3 for Bi+3 did not change the oxygen
vacancy concentration. Theoretically, the conductivities of

(YO1.5)x(WO3)0.15(BiO1.5)0.85-x should not change signifi-
cantly. For the samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of
x=0.2, 0.3, and 0.4, a second phase Y6WO12 appeared, and
the conductivity decreased as x increased. For the sample
(YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=0.1, the cubic struc-
ture is more symmetric than the tetragonal structure of
(WO3)0.15(BiO1.5)0.85. Thus, the conductivity is 2.38×10− S
cm−1 at 700 °C which is higher than that of (WO3)0.15
(BiO1.5)0.85(1.5×10

−2 S cm−1).
The conductivity of (YO1.5)0.1(WO3)0.15(BiO1.5)0.75 is

also higher than that of the monoclinic (LnO1.5)0.333
(WO3)0.126(BiO1.5)0.54 (Ln = La, Pr, and Nd) [16] com-
pounds due to the symmetric cubic structure. The oxygen
vacancy concentration of (YO1.5)0.1(WO3)0.15(BiO1.5)0.75
(13.75%) is less than that of the Bi1�xNbxð Þ1�yHoyO1:5þd

(x=0.05 and 0.08; y=0.10–0.15) [13], Bi1�xZrxð Þ1�y

YyO1:5þd (x=0.05 and 0.07; y=0.15) [13], Bi0.85
Pr0.105V0.045O1.545 [14], Bi1.76U0.12La0.12O3.18 [15], and
(Bi2O3)0.745(Er2O3)0.205(WO3)0.05 (over 20 mol%) [17].
Therefore, the conductivity of (YO1.5)0.1(WO3)0.15
(BiO1.5)0.75 is lower than that of those systems. The
activation energies of (YO1.5)x(WO3)0.15(BiO1.5)0.85-x (x=0,
0.1, 0.2, 0.3 and 0.4) are shown in Table 1. For the samples
(YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=0, 0.1 and 0.2, the
activation energies are about the same. When x is greater
than 0.3, the activation energies increase obviously. More-
over, Laarif et al. [6] suggested that the Bi 6s2 lone pairs of
electrons resulted in high polarizability of the cation
network, which leads to oxygen ion mobility. Yttrium ion,
on the other hand, did not show any lone pair electrons.
Thus, it is reasonable to expect that ionic conductivity drops
and the activation energies increase as Y is substituted for Bi.
Moreover, the lattice parameters of the cubic fluorite
structure decreased with increasing Y content that also
suppressed the oxygen ion mobility.

Conclusions

The as-sintered (YO1.5)0.1(WO3)0.15(BiO1.5)0.75 consists of
a cubic fluorite structure and a very small amount of
rhombohedral Y6WO12 based on SEM observation. For the
samples (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=0.2, 0.3 and
0.4, the as-sintered samples also are not single-phased and
consist of a cubic fluorite structure and rhombohedral
Y6WO12. After heat treatment at 600 °C for 200 h, two
cubic phases was observed for (YO1.5)x(WO3)0.15
(BiO1.5)0.85-x of x=0.2. The composition of the cubic
structure for the sample (YO1.5)x(WO3)0.15(BiO1.5)0.85-x of
x=0.2 lies in binary phase zone between cubic (YO1.5)0.1
(WO3)0.15(BiO1.5)0.75 and cubic (YO1.5)0.287(WO3)0.15
(BiO1.5)0.563. For the sample (YO1.5)x(WO3)0.15(BiO1.5)0.85-x
of x=0.1, the cubic structure is more symmetric than the
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Fig. 5 Conductivities of (YO1.5)x(WO3)0.15(BiO1.5)0.85-x for x=a 0, b
0.1, c 0.2, d 0.3, and e 0.4
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tetragonal structure of (WO3)0.15(BiO1.5)0.85. Thus, the
conductivity is 2.38×10−2 S cm−1 at 700 °C and slightly
higher than that of (WO3)0.15(BiO1.5)0.85. For the samples
(YO1.5)x(WO3)0.15(BiO1.5)0.85-x of x=0.2, 0.3 and 0.4, a
second-phase Y6WO12 appeared, and the conductivity
decreased with increasing x value. Although the oxygen
vacancy concentration was the same with increasing x, the
decrease in Bi 6s2 lone pairs of electrons blocks oxygen ion
mobility. Thus, it is reasonable to expect that ionic
conductivity drops as Y is substituted for Bi.
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