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The electrical conduction of a series of polycristalline [(1—x)CeO, -x/2Bi, 03] samples has been analyzed using electrical impedance
spectroscopy, in the temperature range 25 to 750°C. Samples have been prepared via a coprecipitation route followed by a pyrolysis
process at 600°C. For compositions x < 0.20, Ce;_,Bi, O,/ solid solutions, with fluorite cubic structure, are obtained. In the
composition range 0.30 < x < 1, the system is biphasic with coexistence of cubic and tetragonal structures. To interpret the Nyquist
representations of electrical analyses, various impedance models including constant phase elements and Warburg impedances have
been used. In the biphasic range (0.30 < x < 0.7), the conductivity variation might be related to the increasing fraction of two
tetragonal 8 and f3-Bi,O; phases. The stabilization of the tetragonal phase coexisting with substituted ceria close to composition
x = 0.7 is associated with a high conduction of the mix system CeO,-Bi,0;.

1. Introduction

Recently, in a structural analysis [1] of the polycrystalline
system (1 — x) - CeO; — (x/2) - Bi,O3 with 0 < x < 1,
elaborated at 600°C, we have observed the partial stabiliza-
tion of two tetragonal varieties of Bi,O3 oxide coexisting
with a substituted ceria phase. Presently, we analyze the
electrical properties of this CeO,-Bi, O3 system as a function
of composition x and at various temperatures.

Cerium dioxide (ceria) is well known for its applica-
tions as ceramic pigments, solid electrolyte in fuel cells,
and catalyst in automotive gas converters [2-9]. Ceria
presents mixed ionic and electronic conductivity [10, 11].
In a previous work on the neodymium-substituted phase
Ce(1-x)NdxOs_x» [12], we showed that the conductivity
increased with composition x up to a value of x = 0.20 in
the cubic lattice. Other studies have shown a similar effect
with other elements: europium [13], iron [14], gadolinium
[15], samarium [16], and terbium [17].

In 1937, Sillen [18] published the first study on the
complex polymorphs of Bi, O3 using X-ray diffraction (XRD)
analysis. Four polymorph phases were proposed: (i) the a-
Bi, O3 monoclinic phase, stable at low temperatures; (ii) the
0-Bi; O3 face-centered cubic phase, stable at high tempera-
tures (above 729°C); (iii) the two intermediate - and y-
Bi; O3 phases that can stabilize with tetragonal and body-
centered cubic (bcc) lattices, respectively, depending on the
cooling mode. An additional polymorph was also observed
by the authors [19]: a f3’-Bi,O; tetragonal modification
that should be a superstructure of the 3 phase. During
cooling of the high-temperature cubic §-Bi, O3 phase to T =
650°C, this § phase can transform into the 3-Bi; Ostetragonal
modification. However, below T = 640°C, this § phase can
transform into the y (body centered cubic) modification.
If this y phase is formed, it transforms into the a-Bi,O;
monoclinic phase close to 500°C. However, if the § phase
is formed, it transforms into the « phase close to 330°C
[20-22].



Several studies on the electrical properties of Bi,O3 [22—
28] have shown that conduction is mainly ionic above 500°C.
According to the authors, this ionic conduction should be
favored by the existence of vacancies or empty spaces in the
high-temperature structure that allows fast mobility of the
oxygen ions in the lattice. Chemical units noted as BisOg[],
are organized into a structure that is closely related to that of
fluorite (basic A4Og units). Both cerium and bismuth oxides
should exhibit similar crystal packing in which the oxygen
vacancies are associated with the Bi** ions: the ceria chemical
unit Ce;Og might be converted into the BiyOgl], chemical
unit in which the Bi*" ions substitute for the Ce*" ions
and oxygen vacancies substitute for the oxygen atoms. Some
authors have proposed that the presence of lone pairs could
play a role in the observed phase transition « (monoclinic)
— 0 (cubic) at 729°C and in the measured high conductivity.

The substituted phases Ce;_Bi,O,_5 have already been
studied by Dikmen et al. [29], and the solubility limit was
found to be x < 0.25. However, very few data are available on
the section of the phase diagram with x > 0.25.

It is interesting to note that the authors Chen and
Eysel [30] studied the composite system CeO,-Bi,O3 in the
composition range x = 0.7 to x = 1 and observed that
the metastable 8 phase was stabilized by the presence of the
ceria phase. They suggest that this stabilization should be
provoked by a certain proximity effect. They considered that
this stabilization was not due to any insertion of cerium ions
in the Bi, O3 lattice.

Recently, using hydrothermal route, Sardar et al. [31]
synthesized Ce*™_Bi**, 0,5 phases with x < 0.6 having
ceria-like fluorite structure with local distortions.

In our previous work [1], we observed at least three
domains for these samples obtained at 600°C. In agreement
with literature results, a first solid-solution domain was
observed for x < 0.30, with a limiting composition close
to x = 0.20. Surprisingly, we also found evidence for a
second biphasic system with 0.30 < x < 0.70, which
should be constituted of the limit phase with x = 0.20
coexisting with a tetragonal phase quite similar to the f3'-
Bi, O3 phase. A third biphasic system was also observed for
0.80 < x =< 0.90, with coexistence of the tetragonal -
Bi,O; phase and the monoclinic a-Bi,O3 phase, which is
stable at low temperatures. The tetragonal 3’ polymorph
(lattice parameters: a = 0.15542nm; ¢ = 0.5645nm) is
a superstructure of the f phase (lattice parameters: a =
0.7742nm; ¢ = 0.5633 nm). In the past, both phases were
considered to be metastable varieties of pure Bi,O; oxide.
In our specific case, the modification ° ~ f3 depending on
composition x should result from ordering-disordering of
cerium defects in the lattice: ordering (B’ phase stabilization)
should require sufficient fraction of cerium atoms in the
lattice, while disordering (8 phase stabilization) should be
due to insufficient fraction of cerium atoms in the lattice.
Finally, for x = 1, we obtained a stable monoclinic structure
(lattice parameters: a = 0.5853nm; b = 0.8169nm; ¢ =
0.7516 nm; B = 112.95°). In our study, we also observed
typical variations in the volumes of the chemical units A4Og
(Ce4Os for the ceria structure and BiyOg[, for the f” and 8
phases). For compositions x < 0.30, the volume increase is
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directly due to the increased Bi*" fraction. For compositions
0.3 < x < 0.7, the volume increase can be interpreted in
terms of the increasing fraction of metastable phase '-Bi, O3
coupled with a decreasing fraction of defects in the Bi,O;
lattice. For compositions 0.7 < x < 0.9, the volume reaches a
stabilized value due to the very weak concentration of cerium
defects. The large decrease in volume for x = 1 should be due
to the formation of the more compact monoclinic a-Bi,O3
structure. These variations are reported on Figure 1 (see [1]).

At present, we are trying to elucidate the role of the
bismuth composition on the ionic conduction of this mixed
system. Such composite systems could present a very high
interest in the case of electrolytic applications.

2. Experimental Section

2.1. Sample Elaboration. Samples of bismuth/cerium-based
precursors having the composition (1 — x)CeO; - (x/2)Bi; O3
with 0 < x < 1 were prepared via a precipitation
route [32-36] using appropriate quantities of cerium(III)
nitrate hexahydrate, Ce(NO3);-6H,O (purity 99.5%), and
bismuth(I1I) nitrate pentahydrate Bi(NOj3);-5H,O (purity
> 98%). Each nitrate was separately dissolved in suitable
volumes of distilled water. The two nitrate solutions were
mixed and stirred for two hours at room temperature.
Ammonium hydroxide (NH;OH) was added to the mixture
to adjust the pH to 10. The resulting precipitate was filtered,
washed with distilled water to remove residual NH,*, and
dried at 80°C. Finally, the precursor powder was heated in
air at 600°C for 6 hours. We obtained eleven samples of
compositions x = 0, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70,
0.80, 0.90, and 1.00. In Table 1, we report the experimental
and calculated densities, the apparent porosities (P = 1 —
Yexp/ thealc)> and grain sizes [1]. The pcqe calculated density is
obtained from a theoretical evaluation taking into account a
mean molar mass (A4Og formula depending on composition
x) and a mean volume of chemical unit A4Og (see Figure 1)
depending on composition x, determined from the crystal
structure of each phase. In the mix system where substituted
ceria and tetragonal phases (5" or f3) coexist, the phase ratio
has been calculated using the classical lever rule.

2.2. Electrical Analyses. The electrical study was performed
using an electrical impedance spectrometer SOLARTRON
SI 1260 coupled to an electrical cell operating under air
and in the temperature range from 25 to 750°C. The
samples were cylindrical pellets (diameter 12.8 + 0.1 mm,
thickness 2 + 0.05 mm) initially compacted at 5 kbar under
ambient conditions. Each apparent density was calculated
and compared with the theoretical value to determine the
fraction of cavities. The pellets were placed between two
cylindrical platinum electrodes in a specific cell. A constant
pressure was applied to the electrodes via rings. The cell was
placed in a furnace operating at up to 750°C.

The electrical analyses were carried out in the frequency
range (w = 27rv) 107! to 107 Hz, with an alternating current
associated with a maximum voltage of 0.1 V. Samples were
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TABLE 1: Sample characteristics (densities, grain sizes, and porosities).
Composition x Average crystallites size D (nm) Experimental density peg, (g-cm™)  Calculated density pcqe (g-cm™)  Porosity P
CFC (ceria)
0 22 6.65 7.20 0.08
0.1 20 6.93 7.44 0.07
0.2 19 7.12 7.68 0.07
B (Bi,O3)
0.3 11 20 7.71 8.50 0.09
0.4 10 29 7.94 8.52 0.07
0.5 10 34 7.98 8.52 0.06
0.6 10 36 8.02 8.53 0.06
0.7 10 38 7.94 8.53 0.07
B (Bi;O3)
0.8 78 8.06 8.68 0.07
0.9 85 8.14 8.93 0.09
a (Bi;O3)
1 181 8.73 9.36 0.07
Note: piexp (g:cm ™) =m/V; P = 1 — pexp/pecalc-
.stabi.lized for 15 minutes at a fixed temperature. The record- 170 - l
ing time for the frequency range was of 15 minutes. To ensure i \f\
thermal stabilizgtion of pe.llets, each sa.rnple was subjected 168 - g /././ "
to three successive measuring cycles (with one temperature “a—"
rise and drop for each cycle). The final impedance data were o 166 4
chosen during heating mode of the third cycles, as being £ =
representative of stabilized samples (these data were identical Toead o
to those of the second cycle). = A
The impedances Z = Z' + jZ'' (Z' and Z" being, resp., j ] 5
the real and imaginary components) were represented using S
Nyquist plots (X = Z’, Y = —Z""). The software Zview [37] 160 -
was used to fit the impedances of specific electrical circuits ./-/"'
to the Nyquist experimental data (Nyquist representations). 158 47
The equivalent circuits associated with each sample were T . .
0 0.2 0.4 0.6 0.8 1

generally based on parallel RC circuits; constant-phase
elements Z(CPE) having the form 1/Z(CPE) = A - (jw)" were
systematically tested. At low temperature (@ < 500°C), the
impedance of such parallel RC circuits is generally expressed
as a function of frequency w as follows:

1_1
Z R

R

Z= .
[1+ R-A- (jo)"]

+A(jw)" or (1)

In these expressions, R is the resistance (associated with
the intersection of the Nyquist circle with real Z’ axis), the
CPE term A is expressed in Q~!-Hz ™", the frequency w is
expressed in Hz, n is the exponent describing the deviation
from the ideal capacitor model and is characteristic of the
CPE model.

In the case of high temperature results (® > 500°C), it
has been necessary to use a specific modified Warburg model
[38—42] having the following form:

[(jAww)n]

Zw =R, - Tanh=—- =
(]Aww)

, (2)

x(Bi) fraction

F1GURE 1: Variation of the A;Og unit volume V,,; versus bismuth
fraction x (from [1]). (1): for 0 < x < 0.2, Ce,Og unit for the solid
solution Ce(j_yBi,O(-s). (2): for 0.3 < x < 0.7, BiyOg[J, unit for
the tetragonal B" phase. (3) for 0.7 < x < 0.9, BisO4[J, unit for the
tetragonal f3 phase. (4) for x = 0.7 maximum of conduction due to
the tetragonal phase. (5) for x = 1, Bi;O4[J, unit for the monoclinic
« phase.

with R,, as a specific resistance (in ), A,, as a specific term
depending on diffusion mechanisms, related to the electrode
or interface responses (see the appendix), and n being an
exponent characteristic of the diffusion process coupled
with the sample heterogeneity. In the case of pure Warburg
diffusion mechanism, this # value should be equal to 1/2.

Three circuits placed in series were systematically tested
for grain core, grain interface, and electrode contributions.
At high temperature, the high frequency impedances for
compositions x > 0.3 included an inductance L term. The
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FIGURE 2: XRD patterns (Acukar = 1.54 X 107 m) before and after EIS experiments. (a) x = 0.7 (phase '); (b) x = 0.8 (phase B); (¢c) x = 1

(phase a).

results of fitting calculations delivered the R, A, and L param-
eters, the Warburg characteristics (for high temperatures)
of samples. All observed impedances Zs were normalized
using the dimensions of each pellet (surface S and thickness
L). As these dimensions were constant for all samples, no
correction was necessary.

3. Results

3.1. Phase Identification after Thermal Cycles. In this section,
we report a phase identification of typical samples before
and after electrical analyses (each sample subjected to
three thermal cycles). Let us recall that these identifications
were carried out in room conditions, for samples initially
elaborated at 600°C and then thermally treated up to 750°C
during EIS analyses. Scanning electron microscopy images
have been presented and commented in our previous work

[1].

Figures 2(a), 2(b), and 2(c), respectively, report the six
X-ray diffraction patterns for samples x = 0.7 (phase '),
x = 0.8 (phase f8), and x = 1 (phase a) recorded in
room conditions before and after EIS cycles. These analyses,
performed before and after EIS experiments, clearly show
that, after successive thermal treatments, three types of
complex stabilized systems are formed and observable at
25°C. For composition x = 0.7, the major ' phase coexists
with traces of monoclinic @-Bi,O3 phase; for composition
x = 0.8, the 8 phase is changed into the 8’ phase coexisting
with the monoclinic phase; for composition x = 1, a-Bi; O3
monoclinic and traces of §-Bi; O3 cubic phase coexist. The
presence of this cubic phase in this last sample is probably
due to structural quenching during cooling process from
750°C. The presence of traces of monoclinic form in samples
x = 0.7 and x = 0.8 may be interpreted in terms of diffusion
of defects from the tetragonal phases.
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FIGURE 3: Nyquist plots of impedance analyses at 400°C for the system (1 — x)CeO,-(x/2)Bi,0;. Depletion angles of Nyquist circles are
visible. The low-frequency signals are associated with Warburg-like behaviors. (a) 0 < x < 0.3; (b) 0.3 <x < 0.7; (¢) 0.7 < x < L.

3.2. Electrical Properties. Figure 3 represents a series of
Nyquist plots at 400°C for the 11 samples. Below compo-
sition x = 0.20, the plots constitute unique Nyquist circles
associated with grain-core conduction. Above composition
x = 0.20, two circles are observed (associated with
grain-boundary and grain-core conduction) with a linear
contribution at low frequency corresponding to conduction
and diffusion at the electrodes. This contribution might be
assimilated mainly to an ionic conduction corresponding to
ionic diffusion along grain boundaries and at the electrode
interfaces.

On Figures 4(a) and 4(b), we have represented a series of
Nyquist plots at 600, 650, 700, and 750°C for composition
x=0.7.

On Figures 5(a), 5(b), 5(c), and 5(d), we have reported a
part of the results of modeling calculations, with correspond-
ing equivalent circuits. Figure 5(a) is relative to sample x = 0
(ceria) with equivalent circuit Z = Z; at 700°C. Figure 5(b) is
relative to sample x = 0.2 with model Z = Z; + Z,, at 400°C.
Figure 5(c) is relative to sample x = 0.5 with equivalent
circuit Z = Z, + Z, + Z,, at 300°C. Figure 5(d) is relative
to sample x = 0.8 with equivalent circuit Z = Zs + Z, + Z,, at
600°C.

For temperatures ® < 500°C, the impedance is given
by 1/Z1 = 1/R; + A1(j - w)™. The results concerning the
CPE terms A;(jw)™ for typical temperatures (300, 350,
400, and 450°C) are reported in Table 2(a). The resistance
values R; are not reported here (see Figure 6 representing
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FIGURE 4: Nyquist representations for the (1 — x)CeO,-x/2Bi,O; sample with x = 0.7 at various temperatures. This composite sample

presents an optimal conductivity.

the conductivity versus temperature and composition). The
A, values increase as composition x (or temperature @)
increases, and the n; values determined at low temperatures
(® < 450°C) decrease from 0.9 and 0.8 as temperature
increases.

In the high temperature range (® > 500°C), the Z
values can be described from several electrical components
including an inductance Ly. The general Z value has been
expressed using three components as follows: Z = Z; +
Zy + Z,. The term Z3; = Rz + jLw should represent
external electrical terminals (metallic junctions) mixed with
a main sample contribution (grain core): as R3 depends on
composition and temperature, it cannot be linked to such
metallic contributions. The term Z; has a CPE form and
can be linked to sample interfaces: 1/Zy = 1/Ry + A4(jw)™.
The term Z,, should represent the electrode contribution. We
have observed that a typical modified Warburg form could
better describe the Nyquist curves (Z,, contribution). It is
the reason why we did not use the usual CPE form. As the
R3, Ry, and R,, values strongly decrease with temperature,
we have considered that they were mainly associated with
sample and/or interface evolutions including electrode-
sample interfaces. The sample resistance was determined as
being the sole Rs term representing the bulk properties.

In Table 2(b), we have reported a series of results
concerning a typical sample at composition x = 0.70 and
for various temperatures. This table is decomposed into
three sections corresponding to three temperature ranges:
® < 250°C (Z; component), 250 < ® < 500°C (Z;, + Z,),
500 < ® < 750°C (Z3 +Z4+2Z,).

The A, values associated with grain cores (sample x =
0.7) increase as a function of temperature. The n; values
decrease from n; = 1 to n; = 0.8. The thermal variations
of the characteristics (A,, n,), and (A,,, n,,) are related to the
thermal evolutions of heterogeneous grain boundaries and
heterogeneous electrode-material junctions.

The n, values decrease (from 0.7 to 0.5) and the A, values
increase as a function of temperature, between 300 and
450°C. The Rs, Ry, and R,, values decrease as temperature
increases. The mean ny4 values are close to 0.65. The n,, values
are close to 0.3. These low values of exponents validate the
existence of diffusional process linked to ionic conduction.
The values of A4 increase with temperature, while the A,,
term seems to irregularly vary.

In Table 2(c), we have reported partial results concerning
a series of samples (variable composition x > 0.2) at a fixed
temperature of 700°C. In the composition range 0 < x < 0.2,
the impedance model is 1/Z; = 1/R; + A; - (jw)™. Above
x = 0.2, the impedance model is expressed as being Z = Z3 +
Zys+2Z,.

At this high temperature, electrical evolutions are
described through the following typical fitting parameters:

(i) the Rs values (grain core) reach a minimum for
compositions close to x = 0.7;

(ii) the Ry values (electrode-sample interface) vary in an
irregular way;
(iii) the A4 values (electrode-sample interface) increase
with x;
(iv) the ny values irregularly vary close to a mean value of
0.5;
(v) the R, resistances decrease with composition x;

(vi) the A, values (Warburg diffusion component)
increase with x;

(vii) the n,, values irregularly vary close to the mean value
of 0.35.

It should be remarked that the exponent n4 is close to 0.5,
while the exponent n,, is less than 0.5 (expected theoretical
Warburg value).
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FiGure 5: Comparison between calculated and experimental Nyquist
(d):x =0.8.

Figure 6 gives the values of the logarithm of conduc-
tivity log(o) as a function of the composition x and for
temperatures ranging between 400 and 750°C. The o values
were determined from the R; values and sample dimensions.
Table 3 gives the values of the activation energies E, as
a function of composition x and for various temperature
ranges. At low temperatures, low values of activation energies
due to extrinsic defects are observed (close to 0.3 + 0.1eV).
In the temperature range 400 < ® < 750°C and for
compositions x < 0.4, the activation energy first decreases

(d)

representations. (a): Sample x = 0; (b): sample x = 0.2; (¢): x = 0.5;

from E, = 1.2 to 1.09eV then increases up to 1.19eV.
For compositions x > 0.5, we observe a modification in
activation energy above 500°C: in the temperature range
200 < ©® < 500°C, this activation energy E, is of about
1.35 eV while between 500 and 750°C, it decreases to a value
of 1.0 eV. This modification might be related to a change in
charge carriers with probably a significant contribution of
ionic conduction.

Finally, the observed increasing conductivity as x
increases should have two complementary origins: increasing



charge carriers due to Bi*" and vacancies increasing fractions,
and lattice energy softening due to Bi-O bonds (the activa-
tion energy being closely related to the lattice energy). This
type of effect was previously suggested by Mandal et al. [43].

4. Discussion

The values of apparent conductivities, presently determined
in our specific conditions, depend on experimental param-
eters, for example, compaction pressure, porosity, and grain
sizes. These values are weaker than the values obtained by
Hull et al. [28] for samples sintered at various temperatures
ranging between 900 and 1300°C and corresponding to
compositions x < 0.3 (solid solution). This can be easily
explained first by the fact that our samples were initially
sintered at 600°C then heated up to 750°C during electrical
measurements and secondly by the fact that they present a
certain degree of porosity (see Table 1). In the case of mix
systems with high x values, it is not possible to exceed the
fusion temperature of Bi;O3 (® = 827°C) while this is fully
acceptable in the case of solid solutions for low x values.

In the composition range 0 < x < 0.20, the log(o)
values (Figure 5) increase with composition x. For these
samples, the nature of conduction is probably electronic and
ionic. The ionic contribution can be directly attributed to
the increasing number of structural defects Bi**~[J-Bi** that
can offer a great number of diffusion paths for oxygen ions
through the oxygen vacancies [.

In the composition range 0.30 < x < 0.70, we have
observed a new evolution with a maximum of conductivity
at x = 0.70. This evolution might be clearly ascribed to
the existence of a biphasic solid-solution system based on a
solid solution having a ceria structure with disordered Bi**
and vacancy defects, coexisting with a tetragonal 5'-Bi,O3
lattice that probably has cerium defects. As the proportion
of the highly conducting Bi,O; phase increases, the ionic
conduction also increases. For compositions greater than
x = 0.70, the conductivity decreases. Two effects are in
competition in these conductivity values: the high ionic
conduction of the bismuth phase and the microstructure of
the samples. As shown in our previous work [1], the specific
surface areas exhibit a strong variation as x increases. In
the solid-solution range x < 0.3, the BET analyses showed
that specific surface areas are very high, whereas the specific
surface areas strongly decrease as x increases in the biphasic
system due to crystal growth of the bismuth phase. Thus,
this evolving microstructure in the compacted pellets could
play a prominent role in conduction. Cavities may play a
decisive role in ionic conduction due to the formation of the
tetragonal f3 phase.

Finally, in the case of the monoclinic Bi,O; phase
obtained for x = 1, the observed large conductivity
decrease can be attributed to the more compact monoclinic
structure compared to the previous tetragonal ones, which
limits oxygen mobility. For this monoclinic Bi,O; phase,
we have observed the expected transition [20, 23, 24] at
® = 740°C, with a large increase in conductivity due to
the structural transformation involving a specific volume
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FiGure 6: Evolution of sample conductivity for the system (1 —
x)CeO, - (x/2)Bi, 03 as a function of composition x and for various
temperatures. The monoclinic transition is observed between 700
and 750°C in the diagram (x = 1) with a large log(o) jump.

increase (monoclinic phase transforming into the cubic

phase).

5. Conclusions

In this CeO,-Bi, O3 system produced at 600°C under air,
the main result should reside in the high conductivity of
the polycrystalline and compacted mix system with com-
positions x close to 0.6-0.7. In this composition range, the
stabilization of the 8’ tetragonal phase should be responsible
for such a high conductivity. In our EIS experiments, this
complex system is stabilized after two thermal cycles. In the
composition range 0.3 < x < 0.7, we observe a large increase
in conductivity mainly due to ionic conduction of oxygen
ions in this tetragonal f'-Bi,Os lattice. This ionic conduc-
tion is clearly suggested by the Warburg components in
Nyquist representations (for ® > 300°C). For compositions
0.7 < x < 1, a new tetragonal structure 3-Bi,Os is formed at
600°C: however, it evolves after thermal treatment and gives
rise to a more complex system where 5" and « phases coexist.
This modification of the  phase into 3" and « phases might
be ascribed to thermal cycling up to 750°C involving ionic
diffusion: this should argue in favor of a higher stability of
the " phase due to a sufficiently proportion of cerium ions
in the tetragonal lattice. For x = 1, the monoclinic a-Bi,O;
phase systematically presents a conductivity lower than the
one of the mix system with composition x = 0.7.

Finally, the mix system with composition close to
x = 0.7 should be an interesting optimized electrolyte for
applications limited to temperatures of 700°C: below this
temperature, the stability of the system should be ensured.
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TaBLE 2: (a) Electrical characteristics of compacted samples: CPE terms A; (in Q~!-Hz™" unit) and CPE exponents n, as a function of
composition and for various temperatures ® < 450°C; 10% error for A; and n parameters. (b) Modeling parameters for x = 0.7 sample as a
function of temperature ©: resistances R; (in ), CPE terms A; (in Q~'-Hz™"), A,, (in s) and exponents n. Three types of impedance models
have been used to interpret the results. (c) Modeling parameters as a function of composition x, at 700°C: resistances R; (in Q2), CPE terms
A; (in Q" '-Hz™"), A, (in s) and exponents n. Two types of impedance models have been used to interpret the results.

(a)

® =300"C ® =350°C ® =400°C ® =450°C
A;in10°M Q- '.Hz™" n A;in 1071 Q- 1.Hz ™" n A;in 1071 Q- '.Hz ™" o A;in10°1 Q- 1.Hz ™" o
0.0 2.5 0.90 3.0 0.92 3.7 0.93 4.2 0.91
0.10 1.7 0.94 1.9 0.94 2.8 091 2.9 0.91
0.20 2.4 0.91 3.2 0.92 3.6 0.91 3.8 0.90
0.30 6.5 0.92 6.3 0.93 7.6 0.96 9.2 0.96
0.40 3.3 0.94 6.4 0.96 7.7 0.96 15.4 0.88
0.50 6.5 0.96 6.3 0.94 8.5 0.94 36.2 0.88
0.60 11.0 0.93 12.7 0.94 22.8 091 31.8 0.86
0.70 13.2 0.93 18.7 0.94 36.1 0.90 39.8 0.81
0.80 15.2 0.92 26.5 0.90 47.5 0.87 42.9 0.87
0.90 13.1 0.91 11.2 0.94 16.5 0.90 51.9 0.88
1.00 14.8 0.86 23.2 0.85 28.0 0.84 40.5 0.80
(b)
Model 1/Z; = 1/R; + A, - (jw)™
0 (-C) Riin10°0 O,II‘R,THZ," ”
110 932 9.9 0.97
150 482 8.1 0.98
200 191 10.9 0.87
250 8 33.7 0.81
% error 5% 10% 10%
Model Z, + Zy; 1/Z, = 1/R, + A, - (jw)"; 1/Zy = Ry + A; - (jw)™
0 (:C) Rini0-0 AN R, in 10°Q) X 0,11’2;,11?Hz,n "
300 667 13 0.93 124 30 0.78
350 58 18 0.92 12 200 0.61
400 8 36 0.90 7 2400 0.54
450 2 39 0.81 3 2000 0.51
% error 5% 10% 10% 5% 10% 10%
Model Z = Zs; + Z4, + Z,,

Zs = Ry + jLw; 1/Z4 = 1/Ry + Ay(jw)™; Z,, = R,, - Tanh[(jA, @)™ ]/(A, @)™
0 (-C) R, (Q) Linl0"H  R(Q) g g‘{ " " R, (Q) fOW, » "
560 109 1.4 1034 120 0.67 258.0 7.9 0.25
600 84 3.1 172 400 0.72 71.0 8.5 0.27
650 32 3.5 126 3400 0.71 43.0 3.2 0.30
700 19 2.4 22 2800 0.54 24.0 18.0 0.41
750 12 3.6 3 7700 0.59 0.3 0.1 0.37
% error 5% 10% 5% 10% 10% 10% 10% 10%

()
Model 1/Z; = 1/Ry + Ay - (j - )™

Fraction x 15)241 (1;12) Ajin107t Q7'-Hz ™" 1
0 12 7.1 0.86
0.1 2 9.6 0.85
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(c) Continued.

Model l/Zl = l/Rl +A1 . (] . w)m

Fraction x 1(1)241 (1;12) A;in1071 Q- 1.Hz™" m

0.2 1 33.2 0.80

% error 5% 10% 10%

Model Z = Z;+ Z, + Z,,
Zy = Ry + jLw; 1/Z4 = 1/Ry + Ay - (jo)"; Zy = R,, - Tanh[(jA, ©)™)/(GA, @)™
Fractionx Ry () Lin 10 (H) RO g omo R@ e
0.3 99 2.2 10 4.3 0.54 49 1.8 0.32
0.4 76 3.2 24 2.6 0.58 45 3.2 0.40
0.5 26 3.4 6 4.4 0.73 26 6.0 0.40
0.6 16 3.6 13 10.8 0.70 27 15.0 0.40
0.7 19 2.4 22 28.0 0.54 24 18.0 0.41
0.8 24 3.6 2 43.1 0.35 20 25.0 0.35
0.9 61 2.4 4 38.3 0.45 25 12.4 0.34
% error 5% 10% 5% 10% 10% 10% 10% 10%
TaBLE 3: Values of activation energies E,. as a function of Acknowledgments

composition x and temperature.

Activation energies E,¢ (eV)
400°C < ® <750°C

x ® <400°C

0.0 0.16 1.23
0.10 031 1.16
020 0.8 1.09
030 048 1.15
040 024 1.19

© <200°C  200°C < © < 500°C  500°C < ® < 750°C
050  0.26 1.28 0.97
0.60 036 1.40 1.05
070 0.25 1.36 0.95
080 024 1.34 0.95
090 024 1.24

© <200°C  200°C < © < 740°C
.00  0.13 1.02
Appendix

According to authors of [39-43], the Warburg element can
be expressed as follows:

Tanh[(jAw)”]

e (A1)
(jAw)

Z=7Z= [RWarb] '

where w is a pulsation and 7 is equal to 1/2. In this expression,
A is related to the chemical diffusion constant D (in m?-s™!),
A = I[%/D, L is a length characteristic of reaction process.
The term Ry has the dimension of a resistance (in Q). In
the case of heterogeneous interfaces, the n exponent can be
different from n = 1/2. This model could account for ionic
diffusion associated with gas formation at grain boundaries
and electrode interfaces: 0>~ — 2e~ + (1/2)O; (g).
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