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Samples of the solid solutions Zr, Y ,0, s—BiScO; and Ce;,Y ,0, s~BiScO, were obtained by solid-phase
synthesis. X-ray diffraction revealed that the system Zr,, ;Y ,0, BiScO; corresponds to a tetragonal struc-
ture with space symmetry group P42/nme. The ceramic Ce, Y, 0, +BiScO, is two-phase and is characte-
rized by a cubic structure with space symmetry group Fm3m and la—3. It was ascertained by means of impe-
dance spectroscopy that the system Ce, Y, ;0, s—BiScO; has the highest electrical conductivity, but the acti-
vation energy is lower in the ceramic Zr;,Y,,0, sBiScO,, equal to 0.3 eV in the temperature range
420 — 680°C. The activation energy of the solid solution Ce, 1Y ,0,_s~BiScOj; is equal to 1.0 eV.

Keywords: multicomponent ceramic system, microstructure, ionic conductivity, impedance spectroscopy, ac-

tivation energy.

INTRODUCTION

Solid solutions based on zirconium and cerium dioxide
are used in the manufacture of solid electrolytes for solid
oxide fuel cells, electrochemical sensors, electronic devices,
and so on [1 — 3].

Doping of zirconium dioxide and cerium with rare earth
and alkali metals, such as Y, Sc, Ca, Sr, and others, increases
the electrical conductivity of electrolytes [1, 4 — §].

The high operating temperatures (800 — 1000°C) of solid
electrolytes, such as Zr; Y, ;0,_5, effect a number of disad-
vantages, namely: long start-up time, the need for expensive
sealing materials, and high energy costs to heat the element
to operating temperature [9, 10].

More over, the electronic conductivity through the elec-
trolyte must be negligible in order to avoid higher voltage
losses, oxygen leakage, and the possibility of a short circuit
[11,12].

Recently, researchers have shown great interest in
multicomponent ceramic systems with an eye toward im-
proving the low-temperature properties of the developed ma-
terials of solid electrolytes based on ZrO, and CeO, as well
as expanding the range of their applications.
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Bi,0; stabilized with isovalent cations exhibits high con-
ductivity at temperatures < 650°C, which is approximately
two orders of magnitude higher than that of zirconium diox-
ide [13]. However, the material based on Bi1,0; is thermody-
namically unstable in a reducing atmosphere [14]. The addi-
tion of stabilized Bi,0; to zirconium and cerium dioxide in-
creases conductivity at < 700°C and also improves thermo-
dynamic stability [15, 16].

For example, the authors of [15] found that the ionic con-
ductivity of the ceramic ErBiO, 5~YZrO, (4.6 x 10~2 Sm/cm
at 700°C) increased on account of the diffusion of oxygen
ions in the ErBiO,_g phase.

An investigation of the Er,Bi; (O5—Smy 475Nd; 475Ce0 35055
multicomponent system is advanced in [16]. The introduction
of the composition Ery ,Bi; (O into the Smy y75sNd; 75Ce) 8505
matrix leads to a decrease in the sintering temperature to
1150°C, and as a result a structure with a finer grain size and
higher conductivity is formed compared to the system
Smy 475N d g75Ceg 850 5 -

Stabilization of Bi,O; by scandium oxide in multi-
component systems ZrO,-SrTiO;—BiScO; and YZrO,—
SrTiO;-BiScO; is presented in [17, 18]. The presence of the
component SrTiO; with the perovskite structure, which has
dielectric properties with a 3.2 eV band gap [19], can lead to
an increase in the resistance along the grain boundaries.

The problem of the present work was to compare the
microstructure and electrical conductivity of the ceramic sys-
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tems ZI'O‘()Y()_lOz_S—BiSCO:; and Ce().()YO.lOZ—S_BiSCOS belOW
700°C.

EXPERIMENTAL RESULTS, EQUIPMENT,
AND PROCEDURES

Samples of the compositions 0.8Zry¢Y 0, 5—
0.2BiScO; and 0.8Ce( 4 Y, ;0,_5-0.2BiScO; were obtained in
two stages. The first one consisted in obtaining BiScO;. For
this, the oxides Bi,0; and Sc,03, taken in stoichiometric ra-
tio, were stirred in an agate mortar with the addition of ethyl
alcohol for 1 h, and then dried at 100°C for 30 min. The re-
sulting powder was annealed at 1250°C for 2 h. The next
stage consisted in obtaining Zr, Y ;0,5 and Cey Y0, 5
from the precursors Y,0;, ZrO,, and CeO,, taken in
stoichiometric ratio. The resulting Zr,4Y,,0, 5 and
CeyoY( 0,5 powders were mixed with BiScOj; in the ratio
4 : 1, taken by weight. Next, the compositions with the addi-
tion of ethyl alcohol were stirred in an agate mortar for 2 h,
dried then dried at 100°C for 30 min. The compaction of the
powders in the form of 1 mm thick and 10 mm in diameter
tablets was conducted by a biaxial pressing method. For the
composition 0.8Zr;¢Y, 0, 50.2BiScO;, the pressure was
70 MPa; the composition 0.8Ce Y0, 5-0.2BiScO; was
pressed at 25 MPa. The samples were fired at 1250°C for 1 h
in an air atmosphere.

The phase composition of the obtained samples was de-
termined by x-ray diffraction (Rigaku Ultima IV x-ray dif-
fractometer). The microstructure and elemental composition
of ceramic samples were studied using a Quanta 600 FEG
scanning ion-electron microscope. The electrical conducti-
vity was measured using a Novocontrol Concept 43 impe-
dance spectrometer operating on alternating current.

RESULTS AND DISCUSSION

It was ascertained by means of x-ray phase analysis
(Fig. 1) that the ceramic system Zr; oY ;0,_s—BiScOj is sin-
gle-phase, possesses a tetragonal structure with space sym-
metry group P42/nmc, and crystal lattice parameters equal to
a=b=3.6016 A, c=5.1056 A The ceramic Ce;Y, 0, 5~
BiScO; has two phases and a cubic structure with space sym-
metry group Fm3m with crystal lattice parameters
a=b=c=53649 A and Ia-3 with crystal lattice parame-
tersa = b = c=9.9076 A, respectively.

SEM images of the cleavage faces of the samples of
Z154Y(10,_5BiScO; and Ce;4Y(0,_5BiScO; are dis-
played in Fig. 2.

The obtained images of both solid solutions
Z154Y(10,_5BiScO; and Cey,Y 0, 5-BiScO; demon-
strate grain structure. The system Zr, 4Y ;0,_sBiScO; with
average grain size 1.017 um is distinguished by the greatest
homogeneity; the ceramic Ce,oY,;0,_s—BiScO; is charac-
terized by the presence of grains of two types: (1) dark gray
— according to elemental composition determination by
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Fig. 1. X-ray diffraction patterns of the ceramic systems:
a) Zry oY 10,_5-BiScO;3; b) Ce( Y 10,_5BiScO;.

Fig.2. SEM images of a cleavage of the ceramic systems:
a) Zry oY 10,_5-BiScO;; b ) Ce( Y 10,_5BiScO;.

means of SEM — corresponds to the system Ce; oY ;05 5—
BiScO; with the average size 0.62 pum, and (2) bright grains
— differing in the smallest size (0.41 um) — correspond to
BiScO;.

The elemental composition of the samples and their per-
centage ratios were determined by means of energy
dispersive analysis (EDS) of the ceramic systems
Z1ry9Y (0, 5BiScO; and Cej4Y, 0, 5BiScO; presented
in Fig. 3.

The percentage weight fractions Wt of the elements in all
samples are given in Table 1.

An analysis of the EMF results confirms the presence of
the elements Y, Zr, Bi, Sc, Ce, and O in the two systems and
the absence of other impurity elements, whose presence can
result in specific conductivity reduction in the materials.

The temperature dependence of the electrical conductiv-
ity of the solid solutions systems Zr;4Y, ;0, 5BiScO; and
Ce9Y (10,5 BiScO; is determined by the dependence

_Eq
c=cq4e ', )

where G, is an exponential factor; £, is the activation energy;
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TABLE 1. Elemental Weight Fractions Wt of the Synthesized
Samples

Material Element Wt, % Error, %
Zry9Y(.10,_5BiScO5 (6] 36.73 10.75
Sc 5.24 5.35
Y 2.40 12.99
Zr 51.45 343
Bi 4.19 9.23
Ce9Y( 10, 5BiScO, (0] 7.19 0.47
Y 18.27 0.25
Bi 15.83 0.36
Sc 5.04 0.36
Ce 53.68 0.16

and k is Boltzmann’s constant 1.38 x 102 J/K, and T is
temperature, K (Fig. 4).

An analysis of the conductivity spectrum shows that the
electrical ~conductivity is highest in the system
Ce9Y (10, 5 BiScO;. This is associated with the large ionic
radius of the cation Ce*" (0.97 A) compared to Zr* (0.84 A)
[20], so that a crystal structure with large conduction chan-
nels is formed [21, 22]. A sharp increase in the conductivity
of the obtained ceramics is observed at 700 K, since the mo-
bility of charge carriers increases with increasing tempera-
ture. To explain the mobility of charge carriers at different
temperatures, the activation energy of the conduction process
was calculated from the tangent of the slope angle of the
function Inc/(1/T) (inset in Fig. 4). For the system
Cey Y10, 5BiScO; the activation energy in the range
300 — 680°C was equal to 1.0 eV. The solid solution is cha-
racterized by the presence of two straight line segments in-
tersecting at the point 420°C (designated by an arrow on the
graph). The activation energy of the system Zr; oY, 0, 5
BiScO; was equal to 0.3 eV in the 300 — 420°C and to 0.7 eV
in the range 420 — 680°C.

In the low temperature range (300 — 420°C) the activa-
tion energy depends on two factors: the energy required to
release charge carriers from complex defect associates and
the energy required for the migration of oxygen vacancies.
At lower temperatures the defects are coupled to one another
and a large amount of energy is required to release oxygen
vacancies from these defects. For this reason, at low operat-
ing temperatures, fewer mobile charge carriers are released,
resulting in high activation energy and lower ionic conduc-
tivity. However, the enthalpy of association of defects began
to decrease with increasing temperature, and an increasing
number of charge carriers participate in the hopping mecha-
nism. Therefore, the ionic conductivity is higher and the acti-
vation energy is lower.

In the system Zr;4Y, 0, 5BiScO; in our case an in-
crease in the specific electrical conductivity and an increase
in the activation energy are observed with increasing tempe-
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Fig. 3. Energy-dispersive  spectra  of  ceramic
a) Zr09YO]OZ—§_BISCO3; b) C609Y010278—BISCO3

systems:

rature, which could be associated with an increase in elec-
tronic conductivity.

CONCLUSIONS

Samples of the solid solutions Zr; 4Y ;0,_5—BiScO; and
Cej Y 0, 5—BiScO; were obtained by solid-phase synthe-
sis. With the aid of an x-ray diffractometer it was found that
the system Zr)oY, 0, s~BiScO; system has a tetragonal
structure with the symmetry space group P42/nmc. The ce-
ramic Ceg Y ;0,_5—BiScO; corresponds to a cubic structure
with a space symmetry group Fm3m and la—3.

It was shown that the system Zr; Y ;0,_s—BiScO; with
average grain size 1.017 um is distinguished by the greatest
homogeneity. The ceramic Ce; oY ;0, s—BiScOj; is charac-
terized by the presence of grains of two types: (1) dark gray
— corresponding to the system Ce( oY, 0, s—BiScO; with
an average grain size of 0.62 um and (2) bright grains corre-
sponding to BiScOj; (average grain size 0.41 um).

It was found by means of impedance spectroscopy that of
the materials investigated the ceramic CeoY 0, 5~BiScO;
has the highest electric conductivity, but the activation en-
ergy is lower in the system Zr, 4Y ;0,_s—BiScO; amounting
to 0.3 eV in the temperature range 300 — 420°C and 0.7 ¢V in
420 — 680°C. The activation energy of the solid solution
Cey9Y( 10, 5-BiScO; is equal to 1.0 eV.
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Fig. 4. Temperature dependence of the electrical conductivity of the
ceramic systems Zr oYy ;O,_5—BiScO5 and Ce( oY) |O,_5—BiScO;.
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