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The ceramics Ce, ¢Bi, ;0,_; was obtained by solid-phase synthesis. It is shown that the obtained samples pos-
sess a cubic fluorite structure with the space symmetry group Fm3m. The electrical properties of the solid so-
lution Ce, 4Bi, ,0, s solid solution were investigated by means of ac impedance spectrometry. The activation
energy of electric conduction falls into two regions — 0.51 eV (400 — 680°C) and 1.6 eV (680 — 800°C); di-
electric relaxation is activated at 0.88 eV.
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INTRODUCTION

Cerium-oxide based ceramic doped with rare-earth and
(or) alkaline-earth elements finds owing to its high ionic con-
ductivity application in medium-temperature solid electro-
lytes of solid-oxide fuel cells [1 — 3], oxygen sensors [4, 5],
catalysts [6, 7], and elsewhere.

Numerous investigations have shown that Gd-, Sm-, and
Y-doping of cerium oxide effects production of ceramics
with heightened oxygen ion conductivity in the medium tem-
perature range [8—15]. However, the sintering temperature of
such a ceramic exceeds 1500°C, which results in grain en-
largement and, consequently, growth of the resistance along
grain boundaries and deterioration in mechanical properties
[16, 17].

It is well known that on account of a high concentration
of oxygen vacancies and high mobility of anions Bi,O; with
fluorite structure has high ionic conductivity and low sin-
tering temperature [18, 19].

The preparation of a single-phase CeO,-Bi,0; solution
with fluorite structure depends on the synthesis parameters
and the sintering temperature [19 — 23].

The authors of [19] investigated the CeO,—Bi,05 system
obtained by means of a solid-phase reaction at Bi,O; concen-
tration 0 to 40 mol.% and annealing temperature 820°C. Flu-
orite structure was not detected.
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The solid solution (CeO,),_(BiO; 5), , where 0 <x < 0.50,
was obtained by means of low-temperature hydrothermal
synthesis [24]. All the resulting solutions possessed a sin-
gle-phase cubic fluorite structure. The conductivity of the
composition (CeO,),5(BiO,s), reached 3.8 x 10-*S/cm
at 1400°C. The activation energy of this system was equal
to 1.17 eV.

A sintering temperature reduction in doped ceramic
based on cerium dioxide to 1250°C is displayed in [25].
Doping Bi,0; to 2% cerium oxide doped with Gd (20%) ef-
fects the formation of a fluorite structure with a higher den-
sity and electrical conductivity in the range 550-800°C
(1.1 x1072-1.1 x 10~2 S/cm).

The main process of increasing the electrical conducti-
vity in doped cerium dioxide is the diffusion of oxygen ions
through oxygen vacancies. The activation energy of ionic
conduction is the sum of the migration energy £, and the
energy required to create a mobile free oxygen vacancy that
promotes oxygen migration E, [26]. Ionic displacements re-
sulting from the migration of oxygen ions result in the ap-
pearances of a dipole moment and a dielectric relaxation pro-
cess [27]. The method for measuring dielectric relaxation is
the dielectric loss tangent method, or dissipation of electrical
energy, the cause of which is the reorientation of defects in-
duced by an electric field [28].

The purpose of the present work was to investigate the
electrical conductivity and dielectric relaxation of CeO,Bi,0;
ceramics.
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OBTAINING SAMPLES AND METHODS
OF INVESTIGATION

Samples of the solid solution Ce,4Bi,;0, 5 were ob-
tained by the solid phase reaction method. The composition
0.9Ce0,—-0.1Bi,0;, taken in stoichiometric ratio, was stirred
for 2 h in an agate mortar with the addition of ethyl alcohol.
The mixture thus obtained was dried at 373 K for 1 h. The
obtained powders were compacted, by means of biaxial
pressing under 25 MPa, in the form of tablets with diameter
12 mm and thickness 1 mm. The samples were sintered for
3 hinairat 1073 K.

The phase composition of the synthesized samples was
determined using a Rigaku Ultima IV x-ray diffractometer.

The relative density p was calculated as the ratio of the
apparent density p.,, to the theoretical density py,. according
to the correlation

p:‘;expxmo%. 1)
th

The theoretical density was determined from the crystal-
lographic equation [30]

P =7Zz;"y M )
a Ny

where v, is the stoichiometric coefficient; Z is the number of

formula units per unit cell (i.e. four for cerium with the fluo-

rite structure); M, is the molar mass of an atom, g - mol~ I

a is a lattice parameter; N, is the Avogadro constant, equal to

6.022 x 10 mol 1.

The electrical characteristics of the obtained samples
were measured on a Novocontrol Concept 43 impedance
spectrometer. To do this, silver paste was pre-applied to the
ends of the sample on both sides.

RESULTS AND DISCUSSION

Figure 1 shows an x-ray diffraction pattern of a
Ce( ¢Bi, ;0,_5 ceramic sample sintered at 800°C for 3 h, be-
longing to a cubic fluorite structure with space symmetry
group Fm3m (225) and crystal lattice parameters a =b=c =
5.3874 A corresponding to CeO,.

The relative density of the sintered ceramic was 80% of
the theoretical density of 7.27 g/cm3.

Figure 2 shows the impedance spectrum obtained at
300 K, where the real part 29 Z' of the total impedance de-
pends on the imaginary part Z".

Three sections are observed in the impedance spectrum:
high-frequency arc (cyclic frequency ® = 2mf), related with
the polarization in the bulk of the grain; mid-frequency re-
gion associated with polarization along grain boundaries;
low-frequency region due to the influence of the elec-
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Fig. 1. X-ray diffraction pattern of Ce oBij 10, 5.
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Fig. 2. Impedance spectrum of ceramic Ce oBij ;O,_g obtained at
300 K.

trode/electrolyte interface. In the present case the third sec-
tion (the influence of the electrodes is neglected) will not be
considered. The inset in Fig. 2, following the brick-row
model [29], shows standard equivalent circuits containing a
constant phase element (CPE = Q) [12].

Impedance spectroscopy is necessary for studying the
transport properties of materials. The electric and transport
properties can be analyzed using the equations [30]:

Z =7+j7" 3)
R AR U —
Z,2+ZHZ (DCO Z'2+Z"2 (DCO

where ¢’ is the real part of the permittivity; €” is the imagi-
nary part of the permittivity; j is the imaginary unit; C, =
€,A/t — geometric capacitance; £, = 8.85 x 10~ F/m; 4 —
area of surface; and, ¢ is the sample thickness.

The ac conductance is calculated according to the ex-
pression

VA

t
(7:72’2-}_2"2 Z (5)
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Fig. 3. Temperature dependence of the electrical conductivity of
Ce ¢Bij 1O,_g ceramics.

The activation energy of the specific electrical conduc-
tivity is determined by the Arrhenius relation

v
oc=c4e T, (6)

where o, is the pre-exponential factor; & is the Boltzmann
constant; 7'is temperature; and, U is activation energy.

The temperature dependence of electrical conductivity is
shown in Fig. 3, according to which an exponential increase
in electrical conductivity is observed with increasing tempe-
rature. The inset in Fig. 3 shows the function Inc (1/7) for
the ceramic CejoBij;0,_ 5, calculated from the tangent of
the slope angle, on which two linear sections are observed,
the intersection of these sections on the graph is indicated by
the symbol T*. The activation energy was equal to 0.51 eV in
the low temperature range 400 — 680°C (about 950 K) and
1.6 eV in the range 680 — 800°C, respectively, which is asso-
ciated with the predominance of the electronic type conduc-
tivity in this temperature range, as is characteristic of pure
CeO, above 550°C [2].

The frequency dependence of the conductivity spectrum
of the Cej¢Bi; 0,5 system at different temperatures is
shown in Fig. 4.

The obtained frequency spectra of electrical conductivity
demonstrate a strong dependence on temperature. In the
low-temperature range, the electrical conductivity increases
exponentially.

As temperature increases, the observed steps of the fre-
quency dispersion at mid-range frequencies shift to high fre-
quencies, which is associated with the relaxation of grain
boundaries [31]. The large dispersion obtained in the inter-
mediate frequency range of the conductivity plot can also be
associated with the mobility of dimer associates, which do
not participate in the conductivity of oxide ions but contri-
bute to the permittivity [32].
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Fig. 4. Logarithmic curves of the electrical conductivity spectrum
versus the frequency for the ceramics Ce ¢Bij ;O, 5 at different
temperatures.
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Fig. 5. Logarithmic curves of the real part of the permittivity of the
Ce 9Bij 10,_g solid solution versus frequency.

The frequency dependence of the real part of the
permittivity of Ce ¢Bi, ;0,_s ceramics, obtained at different
temperatures, is shown in Fig. 5.

At low frequencies the increase is associated with the po-
larization of oxygen ions at the electrode—electrolyte inter-
face, since oxygen ions hop in the direction of the field and
accumulate in places with a high energy barrier, which ef-
fects higher capacitance in the direction of the field after
hopping through places with low energy barrier. At high fre-
quencies, the periodic reversal of the field occurs so rapidly
that there are no excessive hops of ions in the direction of the
field. The capacitive effect disappears in regions with a high
energy barrier, which reduces the contribution of charge car-
riers to the permittivity and manifests itself as reduction with
increasing frequency [33]. The observed frequency disper-
sion shifts with increasing temperature, which is associated
with the effect of grain boundaries.

The temperature dependence of the real part of the di-
electric permittivity and the dielectric loss tangent tan & of
Ce( ¢Bi, ;O,_5 ceramics is shown in Fig. 6.

A step in the temperature range of 450 — 650 K is ob-
served on the temperature dependence of the permittivity. An
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Fig. 6. Temperature dependence of the permittivity and dielectric
loss tangent of Ce, ¢Bi ;O,_g ceramics.

analysis of the dielectric loss spectrum shows that at 475 K
and 300 Hz a peak is observed; as frequency increases, the
peak shifts towards higher temperatures — dielectric relax-
ation associated with the migration of oxygen vacancies in
the system Ce ¢Bi; 0, ;5.

The activation energy U of the dielectric relaxation pro-
cess is determined from the Arrhenius law

T=T, exp(;j R (7)

where 1 is a pre-exponential factor. The relaxation time was
determined using the expression

=, ®)
2nf
where fis the frequency. The activation energy of the dielec-

tric relaxation process in Ce ¢Bi, ;0, 5 ceramic was equal to
0.88 eV.

CONCLUSIONS

Samples of the compositions Ce,¢Bi, 0, 5 were ob-
tained by the method of reactions in the solid phase. The
sintering temperature was equal to 800°C and the exposure

time 3 h. The x-ray method showed that the ceramics had a
cubic lattice with a fluorite structure and symmetry space
group Fm3m belonging to CeO,.

Using impedance spectrometry on alternating current, it
was found that the activation energy of electrical conducti-
vity has two sections — 0.51 eV (400 — 680°C) and 1.6 eV
(680 — 800°C), which is associated with the predominance of
the electronic type of conductivity in this temperature range,
characteristic of pure CeO,.

The spectra of electrical conductivity and dielectric
permittivity show strong dispersion in the mid-frequency
range associated with relaxation along grain boundaries. The
activation energy of the dielectric relaxation process was de-
termined to be 0.88 eV, which is associated with the migra-
tion of oxygen vacancies.

The article was prepared as part of the development pro-
gram of the National Research University “BelSU” for
2021 — 2030. (The program of strategic academic leadership

“Priority-2030") using the equipment of the Center for Col-
lective Use “Technologies and Materials of the National Re-
search University BelSU.”
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