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Physical characteristics of sintered pellets (relative density,
microstructure, electrical conductivity level) of the 6uorite-type
mixed oxide, Bi0.85Pr0.105V0.045O1.545, have been investigated and
correlated with the granularity of the powder. Particle size op-
timization, observed by laser granulometry and SEM of powder
prepared by conventional syntheses, has been achieved by attri-
tion treatment, which decreases the particle size and increases
the 5nal relative density from 84 to 98% at 9003C. Conductivity
increases by a factor of 2 in the temperature range 300+8003C.
( 2000 Academic Press
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1. INTRODUCTION

d-Bi
2
O

3
, the high-temperature form stable between 730

and 8253C, is an excellent solid electrolyte with signi"cant
oxide conductivity (p+1 S.cm~1 at 7803C) (1). It adopts an
anionic de"cient #uorite-type structure (2). Numerous metal
oxide}Bi

2
O

3
reactions lead to substitution of other cations

for Bi3` and, depending upon the oxidation state of the
substituting cation, to an evolution of the vacancy number.
In most cases, sample quenching leads to a signi"cant do-
main of the fcc metastable phase derived from the high-
temperature d-Bi

2
O

3
form. Solid solutions of this type are

obtained for the Bi
2
O

3
} (CaO, Y

2
O

3
, or Sm

2
O

3
) (3}6) bi-

nary systems, and for the Bi
2
O

3
}PbO}(CaO, Y

2
O

3
, or

Sm
2
O

3
) (5, 7, 8) or Bi

2
O

3
}V

2
O

5
}(Y

2
O

3
or ¸n

2
O

3
) (9)

(¸n"Sm, Eu, Gd, Tb, Dy, Er, Yb) ternary systems. Of the
latter (9), due to the correlation observed between Bi con-
centration and ionic conductivity, the Bi

0.85
¸n

0.15(1~x)
V

0.15x
O

1.5`0.15x
mixed oxides, found in the bismuth-rich

part of the phase diagram, were of particular interest.
Substitution of V for ¸n increases structure stability by
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decreasing the oxide vacancy number, but diminishes the
electrical conductivity of the ceramic. For commercial
application, the balance of properties was observed for
Bi

0.85
¸n

0.105
V

0.045
O

1.545
(x"0.3). p is nearly independent

of lanthanide identity at high temperature ('7003C; do-
main of stability of the d-phase), whereas a slight increase in
isothermal p with increasing ¸n size occurs at lower temper-
atures ((4003C; d-metastable phase). The closer the Bi3`
and ¸n3` radii, the higher the conductivity. Moreover, an
apparently anomalous high conductivity level is observed
for ¸n"Tb (p"10~3 S.cm~1 at 3003C), likely due to the
speci"c electronic structure of this element, which can exist
in two stable oxidation states, Tb3` and Tb5`.

On the basis of this work, we have undertaken a further
investigation of homologous mixed oxides containing the
largest lanthanides (La, Pr, Nd), particularly Pr for which
higher conductivity could be expected. The ionic radii of
Pr3` and Bi3` are very similar (10, 11). Moreover, praseo-
dymium can also exhibit two stable oxidation states. This
work, which did not produce materials with any signi"cant
electronic conductivity and which led us to adopt the formula,
Bi

0.85
Pr

0.105
V

0.045
O

1.545
for the Bi3`-, Pr3`-, V5`-, and

O2~-containing material, will be described elsewhere (12).
Previous research on the bismuth-based #uorite-type ox-

ides, and on the bismuth-based oxide conductors of other
structural types, has largely concentrated on issues asso-
ciated with composition and/or structure plus electrical
transport properties. Possible correlations between particle
size of the powder samples, sintering behavior, and electrical
properties (13, 14) have not been fully explored. This paper
deals with the existence of such relationhips for the #uorite-
type Bi

0.85
Pr

0.105
V

0.045
O

1.545
mixed oxide.

2. EXPERIMENTAL PROCEDURE

2.1. Synthesis and Characterization of Raw Material in
Powder Form

Bi
0.85

Pr
0.105

V
0.045

O
1.545

powder has been synthesized
by the solid state reaction of stoichiometric amounts of the
0022-4596/00 $35.00
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following oxides: Bi
2
O

3
(Riedel de Hahn, purity'99.6%),

Pr
6
O

11
(Aldrich,'99.99%), and V

2
O

5
(Aldrich,'99.99%).

Bi
2
O

3
and Pr

6
O

11
(commercial products) were heated for

several hours at 600 and 7003C, respectively, to eliminate
any traces of carbonates or hydrates. The mixture of start-
ing materials (approximately 80 g) was dispersed in ethanol
and milled, using alumina milling media, for 1 h in a centri-
fugal ball mill (Retsch). Two treatments (15 h each) at 700
and 8003C, with intermediate grinding allowed to complete
conversion of the reactants to a pure #uorite-type phase as
characterized by Guinier de Wol! powder X-ray di!raction.

The Bi
0.85

Pr
0.105

V
0.045

O
1.545

synthesized has been iden-
ti"ed by its X-ray di!raction diagram as obtained on a Sie-
mens D5000 di!ractometer using Bragg Brentano
geometry, with back monochromated CuKa radiation. The
di!raction diagram was scanned using steps of 0.023 (2h)
over the angle range 20}1303, with a counting time of 1.5 s
per step. The sample was rotated at 3.14 rad s~1 in order to
minimize orientation e!ects resulting from material com-
pactness. The positions of the peaks were determined by
means of the software package DIFFRACT-AT from
SOCABIM. Re#ections were indexed on the basis of a fcc
cell, and lattice parameters were re"ned using a least-
squares method.

A small quantity (approximately 10 g) of the sample was
set aside and the remaining material was wet ground as an
ethanol slurry using an ATTRITOR NETZSCH PE 075
apparatus.

Attrition conditions were as follows: milling media was
zircona balls (diameter 2 mm), powder weight was 70 g, the
amount of ethanol used was 130 g, and speed was at the rate
of 1000r/min.

Samples of approximately 1 g each were removed after 1,
2, 3, and 4 h of grinding for granulometric analysis. Based
on scanning electron microscopy (SEM, JEOL 5300 micro-
scope) and determination of particle mean size (MALVERN
laser analyzer), an attrition treatment of 4 h was considered
to be su$cient. After grinding, the powder was dried for
60 h in an oven (70}803C).

Hereafter we shall identify each sample as nat or at,
respectively, corresponding to powder receiving no attrition
treatment or alternatively receiving 4 h of attrition treat-
ment.

2.2. Densixcation of the Material

Prior to investigation of Bi
0.85

Pr
0.105

V
0.045

O
1.545

sintering, an evaluation of the melting temperature has
been carried out by di!erential thermal analysis using plati-
num crucibles. The raw material begins to melt at about
10003C.

Pellets were fabricated from nat-powder and at-pow-
der previously passed through a sieve of size 200 lm (dia-
meter 5 mm; thickness+5 mm; soft uniaxial hand pressing).
Non-isothermal sintering behavior was investigated using
a LINSEIS L75 dilatometer with a heating rate of 43C/min
between 20 and 9003C.

For each powder sample, three pellets were prepared
under similar conditions (same mass; same uniaxial pres-
sure; diameter 10 mm; thickness 4}5 mm) and then sintered
during a thermal cycle (heating}cooling rate 43C/min with
isothermal treatment at 9003C for 1 h). To obtain an accu-
rate relative density of sintered material, the average of the
experimental density/theoretical density for the three pellets
prepared from each sample (nat and at) was calculated.
The theoretical density of Bi

0.85
Pr

0.105
V

0.045
O

1.545
(8.52 g/cm3) was evaluated from the formula unit mass,
Z"4, and the cell parameters were re"ned from the X-ray
di!raction pattern (a"5.5532(3) As ). For each sample one
pellet was used for the SEM investigation, another for the
conductivity investigation, and a third was retained for
a possible complementary study.

The ceramic microstructure of the polished (SiC paper
500}4000) and thermally etched (8503C for 20 min) surface
of the sintered pellets was examined using a JEOL JSM-
5300 scanning electron microscope.

2.3. Characterisation of Conductivity

The pellets screened for conductivity were equipped with
gold electrodes vacuum deposited by sputtering on opposite
#at faces. The study was performed under atmospheric
pressure.

Electrical measurements were performed by impedance
spectroscopy using a Solartron 1260 impedance meter (fre-
quency range 0.1}107 Hz at 2003C). A Solartron 1255 fre-
quency response analyzer operational in the frequency
range 1}106 Hz was used to measure conductivity versus
temperature between 200 and 8003C, with temperature steps
of 203C. Values were recorded after 1 h of stabilization.

Analysis of measurements was accomplished using a Z
view for Windows (Scribner Associates, Inc., Southern
Pines, NC 28387). The semicircle parameters
(diameter"resistance R ()); the depression angle of
semicircle center b (3); and the relaxation frequency f 0 (Hz))
were determined. The values of the conductivity p and
capacitance C at RCu0"1 (u0"2uf 0), corresponding to
sintered nat and at material, were then corrected, taking into
account the geometry of the pellets, the electrical characteri-
stics of the cell, and the input circuitry of the equipment
used (Solartron 1255 or 1260).

3. RESULTS AND DISCUSSION

3.1. Characteristics of the Powder

Homologous with Bi
0.85

¸n
0.105

V
0.045

O
1.545

(¸n"Sm}Dy,
Er, Yb, and Y), the mixed oxide, Bi

0.85
Pr

0.105
V

0.045
O

1.545
,

adopts an anionic de"cient #uorite-type structure (8). Its



TABLE 1
Powder X-Ray Di4raction Data for Bi0.85Pr0.105V0.045O1.545

h k l d
0"4.

d
#!-#.

I/I
0

(%)

1 1 1 3.2069 3.2056 100
2 0 0 2.7778 2.7768 42
2 2 0 1.9637 1.9632 37
3 1 1 1.6747 1.6744 34
2 2 2 1.6034 1.6031 11
4 0 0 1.3882 1.3880 6
3 3 1 1.2742 1.2740 6
4 2 0 1.2418 1.2416 6
4 2 2 1.1338 1.1337 4
3 3 3 1.0689 1.0688 4
5 3 1 0.9387 0.9386 4
6 0 0 0.9255 0.9255 3

Note. Re"ned parameter a"5.5532(3) As .
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X-ray di!raction pattern, typical of a fcc cell, is presented in
Fig. 1. Table 1 lists calculated and observed d spacings and
relative intensities of the re#ections indexed according to
lattice constant a"5.5532(3) As , and re"ned using a least-
squares method.

Figure 2 shows the evolution, versus milling time, of mean
particle size, determined using a laser grain-size meter:
50 vol% of the powder was less than d

50
. This mean size

decreases drastically from 7.3 down to 0.4 lm after 2 h of
attrition treatment and then does not vary signi"cantly.
Figures 3a and 3b display the statistical distributions (%)
versus the particle size for nat-powder and at-powder (4 h
attrition), respectively; r indicates the percentage of grains
for the considered size whereas m corresponds to the per-
centage of volume occupied by the grains with a size4
considered size. The nat-powder shows a bimodal particle
size distribution with a primary maximum at 11 lm and
a secondary maximum at 0.3 lm; the at-powder has a nar-
row and mono-modal particle size distribution. The attri-
tion treatment applied to raw material, which has a particle
size distribution centered at 11 lm, rapidly diminishes the
mean size of the particles.

Grain-size measurements were corroborated by SEM
micrographs obtained for Bi

0.85
Pr

0.105
V

0.045
O

1.545
nat-

powder (Fig. 4a) and at-powder (Fig. 4b). Two groups of
particles sizes can be distinguished in Fig. 4a and a homo-
geneous powder is observed in Fig. 4b.
FIG. 1. X-ray di!raction pattern for B
Nat-powder and at powder exhibit similar X-ray dia-
grams but it has been observed that the attrition treatment
induces a re#ection line widening linked to the particle size
decreasing (inferior to 1 lm).

3.2. Sintering Behavior and Ceramic Microstructure

Curves showing diminution of pellet thickness with heat-
ing for the pellets prepared from nat-powder (nat-pellet) and
i
0.85

Pr
0.105

V
0.045

O
1.545

nat-powder.



FIG. 2. Evolution of particle mean size (d
50

) versus attrition time.
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at-powder (at-pellet) are given in Fig. 5. For each pellet, the
green relative density is nearly 61$1%.

The di!erences in densi"cation behavior of the nat-pellet
and the at-pellet are clearly demonstrated. Shrinkage begins
FIG. 3. Statistical distributions (vol%) versus the particle size (r) and
cumulative percentages undersize curve (m) for nat-powder (a) and at
powder (b).

FIG. 4. SEM micrographs for nat-powder (a) and at-powder (b).
at about 5503C for the at-pellet and at 7203C for the nat-
pellet. The sintering of the nat-pellet progresses to a shrink-
age of 8% at 9003C, the limit of investigation; for the
at-pellet, sintering is complete at 9003C with maximum
shrinkage (slightly larger than 19%).

This di!erence in sintering behavior is directly linked to
the particle size of the raw powder. Minimization of the
particle size of the material (from 8.4 to 0.4 lm), by attrition
treatment of the nat Bi

0.85
Pr

0.105
V

0.045
O

1.545
powder,

leads to more reactive particles and thus maximum density
for at-pellets sintered at 9003C. Indeed, after 1 h at this
temperature, the nat-pellets and at-pellets had average rela-
tive densities of 84$1 and 98$1%, respectively.

Diminishing the uniaxial pressure, to a minimum value,
during the pellet preparation process allowed for a decrease
of the green relative density of at-pellets from 61 to 43%.
Thus, the dilatometric investigation revealed a behavior
analogous to that of the previous at-pellet similarly heated,
but length contraction was increased from 19 to 32%. The



FIG. 5. Dilatometry curves of green pellets of nat-powder (a) and
at-powder (b).
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"nal relative density after heating at 9003C for 1 h was also
nearly 98%.
FIG. 6. SEM micrographs for nat-pellet (a) and at-pellet (b) sintered at
9003C (polished and thermally etched surface).
SEM micrographs, for the nat-pellet and the at-pellet
sintered at 9003C, are presented in Figs. 6a and 6b. The
nat-pellet microstructure has signi"cant intergranular por-
osity (with estimated pore size between 2 and 5 lm), whereas
the at-pellet is fully dense in agreement with the relative
density values. Because of the high heterogeneity of grain
shapes and the presence of pores, it was not possible to
quantify the grain size of the nat-pellet. The estimated grain
size of the at-pellet is between 10 and 20 lm. The observed
microstructural di!erences for the two samples are a conse-
quence of the di!erent particle shapes and distribution of
the starting powders.

3.3. Electrical Properties

Isothermal (2003C) impedance spectroscopy was per-
formed on both types of pellets (Fig. 7), in order to identify
the di!erent parts of the spectra. The two impedance dia-
grams were normalized to a geometrical factor equal to 1. In
each case, the diagram exhibits two well-de"ned semicircles:
A high-frequency (HF) semicircle between 107 and 103 Hz
and a low-frequency (LF) semicircle at frequency of less
than 102 Hz.

The low relaxation frequency of about 10~1 Hz (at 2003C)
of the LF semicircle suggests that this semicircle corres-
ponds to the electrode response. To con"rm this, a further
impedance measurement was carried out, substituting a sil-
ver electrode for the gold electrode of the at-pellet. It is well
known that variation of electrode materials modi"es only
the electrolyte/electrode interface reaction response on the
impedance diagram (15). In fact, only the LF semicircle was
modi"ed by changing the electrode material with no e!ect
on the HF semicircle.

If the electrode response is subtracted, both nat-pellet
(84% compactness) and at-pellet (98% compactness) present
only one semicircle. Impedance diagrams of polycrystalline
FIG. 7. Impedance diagrams (2003C) of nat-pellet (j) and at-pellet (h)
sintered at 9003C. R

S
indicates the sample resistance. The numbers !1, 0,

1,2. 7 indicate the logarithms of the measuring frequencies.



FIG. 8. Arrhenius plot of the electrical conductivity for nat-pellet (a)
and at-pellet (b) sintered at 9003C.
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conductors usually show two semicircles related to the bulk
and grain boundary responses (15}18). It is surprising that
the impedance diagram for the Bi

0.85
Pr

0.105
V

0.045
O

1.545
ceramic oxide has only one semicircle.

The observed semicircle was "tted using the Z view pro-
gram. Table 2 shows the "tted parameters for the HF
semicircles of the at- and nat-pellets. The di!erences in
semicircle diameter (total sample resistivity, R

4
) can be at-

tributed to the presence of pores (16%) in the nat-pellet,
consistent with the expectation that electrical resistivity of
a material increases with increasing porosity (15,19).

Both samples have, approximately, the same value for the
relaxation frequency. This is an indication that the HF
semicircle characterizes the same electrical transport prop-
erties. HF semicircles for the nat- and the at-pellets have the
same depression angle values, despite the porosity di!er-
ence.

Capacitance values obtained for the HF "tted semicircles
have the same order of magnitude (10~11), within the ex-
pected range of bulk response.

The in#uence of porosity and grain size on the impedance
response of the Bi

0.85
Pr

0.105
V

0.045
O

1.545
materials are un-

der investigation to con"rm the existence of only one high-
frequency contribution to the impedance spectra. Those
results will be presented in a future paper (20).

Figure 8 presents the Arrhenius plots for both pellets.
Conductivity varies similarly with pellet density. Each plot
exhibits, as a "rst approximation, a linear domain in the low
temperature range (1000/¹51.5), whereas a curved region
is observed at higher temperature. The experimental limit
does not allow delineation of a linear domain in the high
temperature range.

The signi"cant change in slope must represent a cation
and/or anion ordering within the structure in the low tem-
perature range, which disappears when the temperature
increases beyond the range 400}5003C. This structural
modi"cation, which has been proposed by di!erent authors
for the bismuth-based #uorite-type oxides, is corroborated
for Bi

0.85
Pr

0.105
V

0.045
O

1.545
by the observation of two

domains of cell parameter during thermal treatment (12).
Such transformation, during a slow annealing at 5003C, has
TABLE 2
Parameters for Normalized HF Semicircles of nat-Pellet

and at-Pellet Impedance Spectra

Sample

Parameter nat-pellet at-pellet

Resistivity o"diameter (). cm) 150,400 84,800
Depression angle b (3) 11 11
Relaxation frequency f 0 (Hz) 1.7]105 1.6]105

Capacity C
(oCu0/1)

(F) 0.63]10~11 1.1]10~11
been identi"ed from progressive conductivity evolution for
Bi}Er similar oxides (21). The slow structural modi"cation,
below 5003C, is likely responsible for the diversion from
linearity.

For the same temperature range, activation energies are
similar for both pellets, whereas the conductivity of the
at-pellet is nearly twice that of the nat-pellet, in agreement
with the di!erence of resistivity observed for the impedance
diagrams recorded at 2003C (Fig. 7). These results con-
sidered altogether (Fig. 7 and Fig. 8) demonstrate that the
electrical characterizations of a sample prepared from pow-
der without particle size optimization must take into ac-
count the remaining porosity.

4. CONCLUSION

This investigation has demonstrated the relative ease of
improvement of the quality of a sintered bismuth-based
oxide material (Bi

0.85
Pr

0.105
V

0.045
O

1.545
), using a powder

attrition treatment of the raw mixed oxide. The comparative
study of a powder sample that received no attrition treat-
ment (nat-powder) and one that underwent attrition treat-
ment (at-powder) has revealed the following:
* nat-powder contains two families of grain size

centered at 0.31 and 11 lm. Four hours of milling breaks up
particles, inducing a decrease of the mean grain size to
0.4 lm.
* Pellets prepared from nat-powder or at-powder, re-

spectively, can be distinguished by physical shrinkage which
starts at 720 or 5503C; the "nal relative density which
reaches 84 or 98% at 9003C; the microstructure of the
material, heterogeneous and porous for the nat-pellet or
homogeneous and dense for the at-pellet; the electrical res-
istance of the nat-pellet, which is twice that of the at-pellet
when the corresponding capacities a 1/2 ratio.

These observations seem to indicate, contrary to what is
usually observed for sintered oxygen ionic conductors, that
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the material, grain boundary, and pore contributions to
impedance are characterized inside only one semicircle.
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