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Abstract

Bi,05-doped ceria oxygen-ion conductors were prepared by a wet chemical synthesis method, which is performed by polymerization of
polyvinyl-alcohol (PVA). The experiments showed that Bi,O;—CeO, solid solution with 9.2 nm grains and pure fluorite type phase can be
synthesized at a calcination temperature of 500 °C by PVA polymerization process. X-ray analysis revealed that high density nanostructured bulks
could be prepared at a sintering temperature of 900 °C, and these bulk samples with an average grain size less than 70 nm could effectively be
obtained at various heating rates during sintering. Oxygen-ion conductivity increased with the increase of dopant concentrations between 5 mol%

and 15 mol% in present study.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Oxygen ionic conductors have been used in various
applications, such as oxygen sensors, oxygen pumps, and solid
oxide fuel cells (SOFCs) [1-3]. In these applications, SOFCs
have attracted much attention because they offer various
potential advantages, such as a wide variety of available fuels,
a good durability, inexpensive technology and a potential advan-
tage of high efficiency. A typical SOFC has an electrolyte with
8 mol% yttria-stabilized zirconia (YSZ). YSZ-based SOFC is
required to operate at high temperature of 800-1000 °C. How-
ever, at high operating temperatures, some harsh factors such as
the sealing problem, thermal mismatch between materials, and
interfacial reactions at electrode/electrolyte interfaces and
electrode/interconnector interfaces, may occur, decreasing the
efficiency and stability of the cell, leading to high manufacturing
and maintenance costs and application limitation for SOFCs [4].

In order to reduce the operating temperature, some novel
oxygen-ion conductors including CeO,-, BiO3- and
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LaGaOs;-based oxides have been extensively investigated
[5-7]. These materials have a much higher ionic conductivity
at relatively lower temperatures in comparison to that of
YSZ. Doped cerium oxides have extensively been studied as
one of the most promising candidates for application as solid
electrolyte for intermediate temperature SOFCs. Di- or
trivalent metal oxides such as calcia (CaO) or rare-earth
oxide are always selected as dopants for CeO, oxide. Among
various doped cerium oxides, Sm,0s-doped ceria was
reported to have the highest conductivity, and has obtained
a lot of attention [8-12].

Many different powder synthesis techniques have been used
for preparation of ceria-base electrolytes. However, sintering
temperatures were always high, e.g. the sintering temperature is
higher than 1550 °C for Sm-doped ceria in a conventional solid
state reaction process [l11], and temperatures higher than
1500 °C for Gd**/Sm** co-doped cerium oxides in co-
precipitation or hydrothermal method [12]. Reports about
Bi,05;—CeO, oxides showed that the possibility of obtaining a
pure single phase solid solution was depending on the synthesis
route, e.g. Chen and Eysel [13] failed to prepare solid solutions
(Ce0,)144(Bi0; 5), by the high temperature ceramic method.
Hydrothermal synthesis seems to be a good route for
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preparation of nanostructural Bi-doped CeO, [14], but it is
limited for the industrial application because of its harsh
synthesis conditions and high cost, such as, high temperature,
high pressure and long reaction time in the autoclave.
Therefore, it is of interest to study the synthesis of these solid
solutions by low temperature reaction routes. In this paper, we
report a so-called steric entrapment synthesis (SES) process by
polymerization of polyvinyl-alcohol (PVA) for preparation of
nanostructured Bi,O3-doped ceria oxides. Pure fluorite-type
phase with average grain size of 9.2 nm was fabricated at a
calcination temperature of 500 °C, and high density nanos-
tructured bulk samples with high conductivity could be
obtained at a sintering temperature of 900 °C.

2. Experimental procedures

Ce,_,Bi,0, (x=0.05, 0.07, 0.10, 0.12 and 0.15) solid
solutions were prepared by a wet chemical method, the so-
called steric entrapment synthesis (SES) process, involving
polymerization of polyvinyl-alcohol (PVA). The raw materials
were CeO, (>99.5%, Merck KGaA, Germany), Bi,O3
(>99.5%, Merck KGaA, Germany) and Polyvinyl alcohol
(PVA, 98-99%, Alfa Aesar, a Johnson Matthey Company,
Germany). Raw materials were weighed according to
calculated amount for each experimental batch. CeO, was
dissolved into HNO3;-H,O, mixtured aqueous solution, Bi,O;
was dissolved into HNO;3; aqueous solution, and PVA was
dissolved into distilled water, respectively. Then the dissolved
salt solutions and PVA solution were mixed at a ratio of one
mole PVA to 1 mol cations, resulting in the precursor solution.
This mixed solution was heated at about 150 °C while stirring
until the water had evaporated. As a result, a crisp gel was
obtained, and was ground into powder. Calcination was
performed in air in a tube furnace at temperatures between
500 °C and 800 °C for 1 h. The heating rate was 5 °C/min.

About 700 °C calcined powder was granulated with PVA
solution, and pressed into pellets with diameter of 15 mm and
thickness of 2.5 mm. The pressure was 200 MPa. Sintering was
performed at 900 °C for 1 h in air. During sintering, heating
rates were selected at 5 °C/min, 10 °C/min and 16 °C/min,
respectively, followed by furnace cooling. Where, the heating
rates of 5 °C/min and 10 °C/min were controlled by programs
in a box furnace (model VMK 1800, Linn High Therm GmbH,
Germany). The sintering at 16 °C/min heating rate was made in
a tube furnace and the heating rate was calculated by dividing
the selected sintering temperature, 900 °C, by temperature-
increasing time, 50 min. That means the 16 °C/min heating rate
was an average rate.

Calcined powders and sintered samples were analyzed by X-
ray powder diffraction (XRD) (HUBER Imaging Plate Guinier
Camera G670, with Cu Ka radiation) operating at room
temperature. The sintered pellets were ground to a thickness of
about 1 mm and painted with gold paste on both parallel sides
of the samples as the electrode. AC conductivities were
characterized by an EI300 electrochemical impedance spectro-
scopy (Gamry Istruments, Inc.). The range of AC frequency is
0.01 Hz to 300 KHz.
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Fig. 1. XRD patterns of Bi,O3-doped CeO, powders calcined at different
temperatures.

3. Results and analysis
3.1. Phase and microstructure

Fig. 1 shows the XRD spectra of the CeO, based oxide
powders doped with BiO3 concentration of 10 mole% and
calcined at 500, 650, 700, 750 and 800 °C, respectively. Strong
XRD Bragg peaks indicated a fluorite type phase, to which
CeO, belongs. Bragg peaks of monoclinic a-Bi,O3 phase or
cubic -Bi,O; phase were not found in any of the obtained
XRD spectra. This reveals that a pure fluorite-type phase had
been obtained after all calcinations.

At the same time, broadened XRD Bragg peaks indicated
fine-grain powders. In order to analyze the grain size, (11 1)
Bragg peaks were separated from all XRD spectra and are
shown in Fig. 2. The half-width height of the Bragg peaks
decreased with increasing calcination temperature. Average
grain size calculated by Debye—Scherrer method for each
powder is listed in Table 1. 10 mole% Bi,Os-doped CeO,
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Fig. 2. (1 1 1) XRD peaks of the doped ceria calcined at various temperatures.
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Table 1
Calculated grain size of BiyOs;-doped ceria powders calcined at different
temperatures

Calcination temperatures (°C) Grain size (nm)

500 9.2
650 11.9
700 12.7
750 15.2
800 16.9

powders with the grain sizes from 9.2 nm to 16.9 nm had been
obtained after calcinations by SES process.

The above XRD analysis revealed that the grain size of
nanostructured BiyO3-doped CeO, slightly increased with
increasing calcination temperature, and pure phase could be
easily obtained. It is generally accepted that synthesis of
ceramics by wet-chemical method is preferred to those
employing reaction in the solid state, because it gives rise to
more homogeneous powders with controlled composition. The
steric entrapment synthesis method, a polymerized organic-
inorganic route, that uses simple, long-chain polymers such as
PVA as the carrier phase is a viable, simple, inexpensive
technique for producing mixed-oxide powders, in comparison
with other wet-chemical methods such as the Pechini method
[15,16]. These simple polymer chains have no special chelating
end groups, in contrast to the a-pyroxycarboxylic acid of the
Pechini precursor. In aqueous PVA solutions, metal ions can be
stabilized by the polymer via interaction with the hydroxyl
groups. Even if some cations do not have a direct link to the
hydroxyl groups, they are localized around the polymer by the
bridging action of the water molecules between the metal ions
that are linked to the hydroxyl groups and the free-floating
metal ions. During precursor processing, the water of solution
evaporates, the free space between the polymer molecules
shrinks and the chain entanglement causes a close polymer. The
cation mobility is greatly reduced and the water remaining in
the precursor keeps all the cations in the entanglement polymer
network. As a result, no precipitation causes off-stoichiometry,
and homogeneous powder can be obtained.

Fig. 3 shows XRD spectra of the 10 mole% Bi,03 doped ceria
calcined at 700 °C for 1 h and sintered at 900 °C for 1 h with
heating rates of 5 °C/min, 10 °C/min and 16 °C/min, respec-
tively. After the sintering, all bulk samples have a pure fluorite
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Fig. 3. XRD pattern of Bi,O3-doped CeO, sample sintered at 900 °C at heating
rates of 5 °C/min, 10 °C/min and 16 °C/min, respectively.

CeO, structure, and there was not any XRD Bragg peak from
secondary phases. Grain sizes of the sintered samples were also
calculated by the Debye—Scherrer method. The average size is
69 nm, 35.9 nm and 29 nm respectively for the heating rates of
5 °C/min, 10 °C/min and 16 °C/min, respectively. The bulk
samples showed only slight grain growth compared with calcined
powder. It should be noted that there was not much difference
between the grain sizes at the heating rates of 10 °C/min and
16 °C/min. But microcracks were found inside the samples
heated at 16 °C/min. Those microcracks, thermal cracks, might
result from the quick heating and inhomogeneous shrinking for
the larger heating rate during sintering.

The relative density of the sintered bulks was determined by
dividing the bulk density of the samples by the theoretical
density. The theoretical density, 4.319 g/cm?, was calculated by
using the lattice parameter a = 0.5422 nm obtained from the
XRD analysis. The relative density of pellets sintered at 900 °C
at various heating rates was between 96.8% and 98%. Lattice
parameter was analyzed according to Bragg formula from the
XRD spectra as showed in Fig. 3. The cell parameter of the
doped solid solution is a = 0.5422 nm, while the one of pure
CeO, crystal is 0.5412 nm [14]. The slightly enlarged cell
parameter was ascribed to the larger lattice distortion due to the
dopant Bi**, because the ionic radius of Bi** ion is larger that
the one of Ce** ion. For a coordination number of 8 in fluorite
crystal, Bi** and Ce** ions have ionic radii 0.131 nm and
0.1283 nm, respectively [17].

3.2. Conductivity measurements

The conductivity of the samples was measured by an AC
complex impedance method, and the applied frequency range
of AC is from 0.01 Hz to 300 KHz. Generally, an impedance
spectrum for an ionic conductor consists of three parts, a bulk
(grain) semicircle, a grain-boundary semicircle and an
electrode-process arc.

Fig. 4a shows the Nyquist-plotted impedance spectra of the
ceria samples, doped by various Bi,O; concentrations, measured
at 300 °C. The real part of impedancen decreased with increasing
dopant content. No grain boundary semicircle could be detected
in the spectra. This should result from the pure single phase and
nanometer crystalline structure. Because secondary phases and
impurities located at grain boundaries always are poor ionic
conductors, resulting in impedance increase at grain boundaries.
Fig. 4b shows the temperature dependence of the conductivity.
All these samples were sintered at 900 °C at a heating rate of
5 °C/min. The conductivity increased with increasing dopant
concentration. At temperatures below 500 °C, the In(c7) varies
linearly with 1/T. However, when the temperature was higher
than 500 °C, this linear relationship changed, and all related
activation energies, as listed in Table 2, decreased. Similar
phenomena exist in LaGaOs-based oxides [15,18], and can be
explained as the following. The dopant ions acted not only as
traps for isolated oxygen vacancies, but also as nucleating sites
for the formation of ordered-vacancy clusters. At lower
temperatures, the oxygen vacancies were progressively trapped
into the clusters; at higher temperatures, the vacancies could be
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Fig. 4. Conductivity of ceria oxides doped with various Bi,O5 concentrations,
(a) Impedance spectra in Nyquist plot recorded at 300 °C, and (b) Arrhenius
plots.

dissolved into the matrix of the oxygen sites. The porosities could
also catch the oxygen ions and affect the conductivity. In this
case, the pores were trapped in the grains or grain boundaries,
blocking oxygen ion migration, resulting in the lower
conductivity.

In Fig. 5a the Nyquist-plotted impedance spectra of
10 mol%-Bi,03-doped samples measured at 300 °C is shown.
Those samples were calcined at 700 °C and then sintered at
900 °C at heating rates of 5 °C/min, 10 °C/min and 16 °C/min,
respectively. There was no grain-boundary arc in any spectrum.
Fig. 5b shows the Arrhenius plots of the conductivity for
10 mol% Bi,O3-doped ceria samples depending on heating
rates during sintering. The sample sintered at the heating rate of
10 °C/min had the highest conductivities at all measured
temperatures. At 400 °C, the conductivities is 3.98 x 10™* S/
cm, similar to the reported Bi-doped CeO, [14]. When the

Table 2

Activation energies of the Bi,Oz-doped ceria for different dopant contents
Dopant Activation Activation
concentration energy (eV) at energy (eV) at
(mol%) 200-500 °C 500-700 °C

5 1.335 0.897

7 1.335 1.046

10 1.356 1.303

12 1.356 1.270

15 1.359 1.196
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Fig. 5. Conductivity of Bi,O3-doped ceria samples at various heating rates
during sintering, (a) Impedance spectra at 300 °C, and (b) Conductivities in
Arrhenius plots.

operating temperatures are higher than 500 °C, the conductiv-
ities are higher than those in Sm- and Gd- doped CeO, oxides
[19,20]. The sample sintered at heating rate of 16 °C/min had
finer grains than the other two groups of samples, but it showed
slightly lower conductivity than that of the sample sintered at
the heating rate of 10 °C/min. The reason should be that
microcracks, which affected the ionic transport, had formed
inside the sample sintered at the heating rate of 16 °C/min.
Materials with nanostructures could show novel effects on the
conductivity. A nanostructured bulk sample has a large grain-
boundary area, which consists of a large amount of defects,
assisting the transference of oxygen ions, comparing with those
conductors with the grain size in micrometer scale. This is in
agreement with the previous reports in Refs. [21-23], in the case
of nanostructured solid electrolytes, that grain-boundary diffu-
sion played an important role because the volume fraction of
grain boundaries is much larger, and the diffusion is much faster
than bulk diffusion. In present experiments, nanostructured
materials, including both powder and bulk samples, were
obtained, and the fabricated oxides showed high conductivities.
These indicated that PVA polymerized synthesis method was an
effective route for the preparation of nanocrystalline materials.

4. Conclusions

The PVA polymerization wet-chemical synthesis method is
an effective process for the preparation of Bi,O5-doped ceria
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fast ionic conductor. Nanostructured powders with a pure
fluorite-type Bi,O;—CeO, solid solution were fabricated at the
calcination temperatures from 500 °C to 800 °C, and the
average grain szies were from 9.2 nm to 16.9 nm, respectively.
Nanocrystalline bulks with single phase and high density were
obtained when the samples were sintered at 900 °C. The
conductivity increased with the increase of dopant concentra-
tions. The samples sintered at 900 °C and heating rate of 10 °C/
min had the average grain size of 35.9 nm, and showed higher
conductivity than those sintered at other heating rates.
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