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The solid solution Ce, (Y, ,0,_5 Was obtained by three methods: sol-gel, glycine-nitrate, and solid-phase reac-
tions. The synthesis temperature was 1350°C for the sol-gel method and 1500°C for the remaining samples.
The x-ray method showed that all samples have a cubic lattice with fluorite structure. The microstructure, den-
sity, electrical conductivity, microhardness, and crack resistance of the resulting ceramics were studied. It was
found by means of impedance spectroscopy that the Ce, ;Y ,0,_5 system obtained by the sol-gel method has
the highest electrical conductivity, 5.37 mS/cm at 550°C, and the lowest activation energy, equal to 0.83 eV in
the temperature range of 300 — 550°C. The contribution made to the conductivity by grains and grain boun-
daries is determined. It is shown that the total conductivity for all samples decreases due to the resistance

along the grain boundaries.

Keywords: doped cerium, ton conductivity, impedance spectroscopy, microhardness, crack resistance.

INTRODUCTION

The CeO,-based solid solution with fluorite structure is
characterized by high ionic conductivity at lower tempera-
tures than yttrium-stabilized zirconium and by the absence of
phase transitions at temperatures ranging from room to melt-
ing point, which makes it promising for use in low- and me-
dium-temperature solid electrolytes of solid oxide fuel cells
(SOFC) [1 — 8], semiconductor heterostructures [9], oxygen
sensors [10 — 12], in nanostructured materials in the energy
sector [13], and catalysts [14 — 15] as well as in the design of
micro-SOFC as a solid electrolyte for battery replacement in
small electronic devices such as laptops, cell phones, and
elsewhere [16 — 19].

The electric conductivity of CeO, ceramics can be in-
creased by introducing Sm, Gd, and Y impurities [4, 6, 8, 11,
14,20 - 23].

The electric conductivity of electrolytes is determined by
the density of sintered ceramic materials, impurity type, im-
purity concentration, and grain boundaries [24 — 28]. How-
ever, the question of the influence of the method of obtaining
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a ceramic system based on CeO, on the structure and electro-
physical properties remains open.

It is known that among the methods used to for obtaining
ceramic systems, the most popular are: the reaction method
in the solid phase [29] as the simplest, cheapest, and fastest;
sol-gel method [30], since it allows making powders with the
highest homogeneity, as a result of which denser ceramics
are formed during sintering; glycine-nitrate method [29] as a
fairly simple way to obtain a finer powder.

The solid solution Y,0;—CeO, is of particular interest
because up to 700°C it electrical conductivity is relatively
high [21, 31, 32] and the yttrium element is cheap [33].

The purpose of the present work is to determine how the
method of obtaining ceramics affects the structure and elec-
trical properties of the composition 0.2Y,0; — 0.8CeO, as an
example.

EXPERIMENTAL RESULTS

Sample preparation

Powders of the composition (stoichiometric)
0.8Ce0,-0.2Y,0; were obtained by three methods:
solid-phase reactions (SPR), sol-gel (SG), and glycine-ni-
trate (GN). Y(NO;); - 6H,O 99.9% (Acros organics) and
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Fig. 1. X-ray diffraction pattern of ceramic samples of the system
Ce gY(,0,_g obtained by different methods: a) SG; b) GN; ¢) SPR.

Ce(NOy); - 6H,0 99.5% (Acros organics) were used as pre-
Cursors.

Reaction in the solid phase method. CeO, and Y,0;
precursors were obtained by annealing at 600°C for 1 h in air
until the required phase is formed. Stoichiometric powders
were stirred in an agate mortar for 1 h with the addition
of ethyl alcohol; the resulting suspension was dried at 373 K
for 1 h.

Sol-gel method. For synthesis by the sol-gel method, the
precursors Y(NO;); - 6H,O and Ce(NO;); - 6H,O are taken
according to stoichiometry in accordance with the composi-
tion Ce(gY,0,_5 . The precursors are dissolved in 100 ml of
water in a beaker until a clear solution is formed (with con-
stant stirring and at 50 °C). The resulting solution is kept for
1 h at 50°C. Next, 35 ml of a 25% aqueous ammonia solution
is added. The resulting gel is kept at room temperature for
1 day. Water removal is conducted at 125°C for several
hours. After drying, the gel is annealed at 600°C for 1 h until
the required phase is formed.

Glycine-nitrate method. Yttrium and cerium nitrates
were also used for the synthesis by the glycine-nitrate
method. Glycine was taken as a ‘fuel’ in molar ratio 1 : 1 to
nitrate ions.
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Weighed portions of yttrium and cerium nitrates were
weighed into a flat-bottomed flask with a wide neck. They
are dissolved at low heat (50°C) in a minimum amount of
water. Glycine is added to the resulting solution. The solu-
tion is allowed to stand for 30 min until the glycine is com-
pletely dissolved.

The resulting solution is slowly evaporated until the mix-
ture starts to ignite. The resulting flaky powder was tho-
roughly ground in a mortar and annealed in a muffle furnace
at 600°C for 1 h to remove traces of carbon.

The powders were compacted by biaxial isostatic press-
ing at 250 MPa into tablets. The sintering temperature was
determined based on the analysis of the literature [21] and
amounted to 1500°C in an air atmosphere for 1 h, after which
the samples obtained by the sol-gel method completely
melted, which is associated with the smallest grain size com-
pared to other methods and is confirmed by the SEM images
displayed in Fig. 2. The sintering temperature of the cera-
mics obtained by the sol-gel method was determined via
TGA/DSC analysis, from which the sintering temperature
was found to be 1350°C

Equipment and procedures

A Rigaku Ultima IV x-ray diffractometer was employed
to determine the phase composition of the obtained samples.
A Quanta 200 3D scanning ion-electron microscope was
used to investigate the microstructure. A Novocontrol Con-
cept 43 impedance meter with alternating current was used
for impedance spectroscopy at temperatures ranging from
room temperature to 800°C and frequencies 0.1 Hz to
1 MHz. Silver paste was applied beforehand to the end faces
of the tablets on both sides. The measurement was performed
with platinum electrodes. The density of the obtained sam-
ples after sintering was determined by pycnometry using a
micrometrics AccuPyc II 1340 helium pycnometer; 15 mea-
surements were performed for each sample. The mean value
was fixed as the result. The microhardness and crack resis-
tance of ceramic systems were investigated with a DM-8
microhardness tester, making 10 imprints for each sample.
The load on the indenter was equal to 0.1 kg, and the pene-

Fig. 2. SEM images of the cleavage of samples obtained by different methods: @) SG; b) GN; ¢) SPR.
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tration time of the indenter into the surface of the material
was equal to 15 sec. The arithmetic mean of 10 measure-
ments was taken as the result.

RESULTS AND DISCUSSION

Microstructure characteristics

A diffraction pattern obtained for the system
Ce(3Y (20,5 by different methods — SG, GN, SPR — is
displayed in Fig. 1; it is identical for all three methods.

Post-sintering XRD analysis of the samples shows that a
cubic phase with a fluorite structure (space group of symme-
try Fm3m) obtains for all three methods of preparing pow-
ders with lattice parameters a = b = ¢ = 5.4019 A.

The post-sintering density of the samples is equal to
6.03 g/cm? for the SPR method, 6.47 g/cm? for the GN
method, and 6.51 g/cm? for the SG method.

SEM images of the cleavage of Ce3Y,0, 5 samples
obtained by different methods are shown in Fig. 2. The
smallest grain size and the greatest homogeneity are seen in
the ceramic, obtained by SG (Fig. 2a ), with average grain
size 0.4 um, which is associated with a lower sintering tem-
perature. For GN and SPR, this characteristic is equal to 2.86
and 2.62 um (Fig. 2b and c), respectively.

Impedance spectroscopy and specific electric conductivity

Impedance spectroscopy was used to measure the total
resistance R, of Ce(gY,0,_5 ceramic electrolytes. The total
resistance R, is the sum of the bulk R, and intergranular R,
resistance

R,=R,+R,,. (1)

The values of the total resistance were used to calculate
the total ionic conductivity of the sintered samples according
to the expression

/
o, =——, (2)
" R4

where / is the sample thickness and 4 is the area of a tablet.
The conductivity of the volume of the grains and grain
boundaries was determined by the formulas [34]:

(¢ _71 , O _71
b Rb > gb RgbA'

The contribution of the bulk and intergranular resistances
to the total resistance can be determined by using the capaci-
tances in the impedance spectra. Ideally, the frequency re-
sponse of polycrystalline doped cerium oxide can be simu-
lated by connecting a resistor and a capacitor with losses RC
in parallel. In the case under consideration the microstructure
of the samples is inhomogeneous, so that the lossy capacitor
was replaced by a constant phase Q element. The equivalent
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Fig. 3. Impedance spectrum of the solid solution Ce(gY(,05_5,
obtained by different methods, at a temperature 485 K: /) SG;
2)GN; 3) SPR.

circuits containing two serially connected subcircuits with a
constant phase element, resistance along the volume of the
grains and resistance along the grain boundaries, are pre-
sented in the inset in Fig. 3.

The impedance spectrum of the Ce;gY,,0, 5 samples
plotted in the Nyquist coordinates is shown in Fig. 3.

A block model [35] was used to analyze the impedance
spectra. The choice of the impedance temperature is deter-
mined by the possibility of estimating the contribution of the
grain volume and grain boundaries to the total resistance.
With an increase in temperature the relaxation frequency of
polarization processes increases, which leads to a shift of the
corresponding arcs to higher frequencies. Since the fre-
quency range in the equipment is limited, not all arcs are ob-
served as temperature rises.

The Nyquist plots constructed to determine the contribu-
tion of the volume of grains and grain boundaries to the re-
sistance show that three relaxation processes are observed
for the samples of Ce( 3 Y, ,0,_5 ceramics obtained by the SG
and SPR methods: a high-frequency arc associated with the
transport of oxygen inside the grain volume ; medium-fre-
quency arc associated with conduction along grain bound-
aries; an increase in the low-frequency region due to the
movement of oxygen ions in a concentration gradient near
the solid electrolyte — electrode interface. The impedance
spectrum of the Ce; Y ,0,_5 solid solution obtained by the
GN method has two circles, indicating the contribution of the
volume of grains and their boundaries to the total conductiv-
ity of the material. The third section, associated with the in-
fluence of the electrodes, is situated at lower frequencies.
The frequency dependence of the electrical conductivity of
the CegY(,0,_5 system, obtained by different methods, is
shown in Fig. 4.

Comparing the methods for obtaining Ce;3Y,,0, 5 ce-
ramics based on the analysis of isotherms of the frequency
response of electrical conductivity and impedance results, it
can be concluded that GN-ceramics with the highest material
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Fig. 4. Spectrum of the frequency dependence of the electrical con-
ductivity of the solid solution CejgY,05_5 obtained by the SG,
GN, SPR methods at 485 K.

density and the smallest grain size have the highest electrical
conductivity. This is associated with the lowest sintering
temperature.

The highest electrical conductivity of samples sintered at
a lower temperature is due to a lower concentration of impu-
rities at the grain boundaries as a result of small grain size
and large grain boundary areas, as well as less solute segre-
gation and less developed space charge regions at grain
boundaries due to small grain size and low mobility of cat-
ions at lower temperatures [31].

To determine the transport properties of solid electro-
lytes, the temperature dependence of the total, grain, and
grain-boundary electrical conductivity of the ceramics
Cey3Y (2,0, 5 ceramics was constructed in the In o (1/7) co-
ordinates. According to the Arrhenius law (3)

o =6, exp (- E/(kT)), 3)

where o, is the pre-exponential factor; £ is the activation
energy of electrical conductivity; & is the Boltzmann con-
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stant, equal to 1.3810~2* J/K. The results are presented
in Fig. 5.

The total activation energy of the conduction process in
the ceramics Ce3Y,0, 5, calculated from the slope of the
linear dependence In o (1/7T) (Fig. 5a) was equal to 0.83 eV
for the SG method, 0.86 eV for GN, and 1.03 eV for SPR,
which is consistent with the results presented in [21]. The to-
tal conductivity at 550°C was 5.37 mS/cm for the SG
method, 4.10 mS/cm for GN, and 0.58 mS/cm for SPR.

The values of the activation energy of the conduction
process in the grain bulk and along grain boundaries
(Fig. 5b) and the total electrical conductivity are presented in
Table 1.

It follows from the plot in Fig. 55 and Table 1 that
the highest electrical conductivity obtains in the system
Ce(3Y(,0,_s obtained by the SG method.

For all three methods of obtaining an electrolyte, the
conductivity of grains is higher than the conductivity of grain
boundaries in the entire temperature range, i.e. the total con-
ductivity decreases on account of grain boundary conduc-
tion. The grain boundary conductivity is determined by a
grain blocking factor. The degree of blocking of grain bound-
aries for the transport of oxygen ions is determined by the
blocking factor [36, 37]

oy = )
(R, +Ry)

The blocking factor carries information about the propor-
tion of charge carriers that are partially blocked at internal in-
terfaces with respect to the total amount of electric charge
carriers [37]. The values of the blocking factor are given in
Table 2 for all obtained samples.

The Ce( Y ,0,_5 system obtained by the SG method has
the lowest value of the blocking factor and SPR the highest.
This agrees with the conduction results. For all samples the
blocking factor decreases with rising temperature; this is due
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Fig. 5. Logarithmic dependence of the total electrical conductivity (a), electrical conductivity in the grain bulk
and along grain boundaries (b ) on the value of the reciprocal temperature of the Ce( Y ,0,_5 ceramic ob-
tained by the SG, GN, and SPR methods, frequency equals to 1.13 kHz.
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TABLE 1. Values of the Total, Grain Boundary, and Grain Activa-
tion Energies of the System Ce,3Y,0,_s Depending on the Prepara-
tion Method and Total Electrical Conductivity at 550°C.

c,,1073Sm/cm, E,,eV, Ep, eV, E,, eV,
Method ™ 550°C 300 i 550°C 300 —550°C 300{ 550°C
SG 5.37 0.83 0.73 0.85
GN 4.10 0.86 0.74 0.88
SPR 0.58 1.03 0.80 1.03

to an increase in thermal activation processes, as a result of
which complex associates of defect are destroyed, releasing a
larger number of charge carriers involved in the hopping
mechanism.

The Ce3Y(,0,_5 system obtained by the SG method
with a higher density and small grain size exhibits a much
higher grain boundary conductivity because the grain boun-
dary area is so large that the final amount of impurities con-
tained in these samples, such as Si, is insufficient for a con-
tinuous and homogeneous layer of the glassy phase to form
along the grain boundaries. As a result, grain boundary zones
remain without impurities for contact with the grain. Con-
sequently, oxygen ions move through impurity-free boun-
daries [31].

Mechanical properties

The Vickers microhardness and the fracture toughness
were measured to reckon the influence of the preparation
method on the mechanical properties of the system
Cey3Y (20,5 . The results of [38] were used to reckon the
fracture toughness:

K,,=0.203(c/a) **Ha'?, )

where a is the length of the indentation diagonal, mm; ¢ —
the crack length, mm; H — the Vickers hardness (Hv).

The measurements of microhardness and fracture tough-
ness of ceramic Ce, gY,,0,_g are presented in Table 3.

The highest hardness and fracture toughness 11.56 GPa
and 2.29 MPa - m!/2 were demonstrated by the solid solution
obtained by the SG method; the microhardness was equal

TABLE 2. Blocking Factor o, for All Samples at Different Tem-
peratures

Q.

Sample production gb
method 300°C 550°C
SG 0.80 0.70
GN 0.83 0.70
SPR 0.90 0.72

TABLE 3. Microhardness and Fracture Toughness of Samples of
the Ceramic Ce(3Y,0, 5

Method Vickers Fracture toughness,
of sample preparation hardness, GPa MPa - m!/2
SG 11.56 2.29
GN 8.78 1.88
SPR 6.00 1.73

8.78 and 6.00 GPa, respectively, for the GN and SRP meth-
ods and the fracture toughness 1.88 and 1.73 MPa-m!/2,
which is confirmed by photographs of indenter prints dis-
played in Fig. 6 and is associated with the densest packing of
atoms due to the smallest grain size.

The measurements of the microhardness and fracture
toughness of the ceramic Ce;¢Y,,0, 5 are consistent with
the experimental data presented in [21, 27].

CONCLUSIONS

The ceramics Ce; Y ,0, 5 were obtained by three meth-
ods — SG, GN, and SPR with a sintering at 1350°C for the
SG method and 1500°C for the rest. It was shown that the cu-
bic fluorite structure belonging to CeO, dominates in all
samples. It was established by means of impedance spectros-
copy that ceramics obtained by the SG method have the
highest electrical conductivity, reaching 5.37 mS/cm at
550°C and the lowest activation energy (0.83 eV), which is
due to the highest density of the material — 6.51 g/cm? and
the smallest grain size 0.4 um, which provides the least resis-

Fig. 6. Indenter Imprints in samples of the ceramic system Ce Y ,Oo_g obtained by different me-
thods: a) SPR; b) GN; ¢) SG.
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tance along the grain boundaries in comparison with the GN
and SPR methods, which also effects the highest hardness
and fracture toughness.
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