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Abstract: The samples of ceramics (Y,Ce,Mg,Sr)O2-δ; 10YCe3Mg5Sr; 10SmCe3Mg5Sr were obtained
by the method of standard solid-state reaction. According to X-ray analysis, all systems have the
fluorite cubic structure, but in the (Y,Ce,Mg,Sr)O2-δ system, the presence of the second orthorhombic
phase was observed. The microstructure of powders and synthesized tablets were characterized by
electron-microscopy. The average particle size of the powder was shown to be 23.88 nm; 22.32 nm;
and 13.4 nm for the compositions (Y,Ce,Mg,Sr)O2-δ; 10YCe3Mg5Sr; and 10SmCe3Mg5Sr, respectively.
After the sintering at temperature 1450 ◦C; the grain size increased to 5.1 µm; 3.95 µm; 5.07 µm
for (Y,Ce,Mg,Sr)O2-δ; 10YCe5Mg5Sr; and 10SmCe5Mg5Sr, respectively. The ionic conduction of
the obtained samples was defined by ac impedance spectroscopy. The activation energy was then
calculated. The 10SmCe5Mg5Sr system was found to have the highest electrical conductivity, reaching
20.5 mS/cm at a temperature of 700 ◦C. The activation energy was 0.62 eV in the temperature range
of 600–800 ◦C. The results of the density, microhardness, and crack resistance measurements of the
solid solutions under investigation were obtained.

Keywords: multicomponent oxide; ionic conductivity; impedance spectroscopy; solid electrolyte

1. Introduction

Solid oxide fuel cells (SOFCs) convert chemical fuel energy into electrical energy
in an environmentally friendly way with a cogeneration efficiency of approximately
60–85% [1–4]. The ceramic materials on the base of ZrO2, stabilized Y, Sc, Ca, etc., are
the most popular among the wide spectra of materials for the production of the solid elec-
trolyte in the high-temperature range. However, the disadvantage for practical application
of SOFCs is high operating temperatures (800–1000 ◦C), at which the conductivity of the
main component–the solid electrolyte—reaches a sufficient level. At high temperatures, the
degradation processes and chemical interaction of SOFCs components are accelerated, and
the problem of compatibility of thermal properties of materials arises, which is the reason
for the high cost of SOFCs and limits their commercialization [5–8].

The application of the cerium with fluorite structure, doped by the rare earth and
alkaline metals for the production of solid electrolytes of the solid oxide fuel cell, leads to
the decrease in the operating temperature to 500 ◦C–800 ◦C (ITSOFC) [9–18]. Moreover,
the solid electrolytes based on cerium dioxide have an order of magnitude greater electric
conductivity (~10−1–10−2 S/cm) than zirconium dioxide in the intermediate tempera-
ture [19–22], which is due to the large ionic radius of the Ce4+ cation (0.96 Å) compared
to Zr4+ (0.84 Å) [21], resulting in a crystal structure with large conduction channels [23].
However, the main disadvantage of the doped electrolytes based on the dioxide of cerium
application is significant electronic conductivity, especially at intermediate temperatures,
which causes a partial internal electrical short-circuiting in the cell [24–26]. To find a
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solution to the arising problem, scientists concentrated on the conception of the poly-
component doping of electrolytes based on cerium with the fluorite structure using two
approaches: the first is the manufacturing of the high-entropy oxides (HEOs) with 20–25%
concentration of cerium dioxide [27–29]. The second approach is the manufacturing of the
multicomponent dioxide ceramics with the concentration of the cerium oxide being no
more than 80% [14,23,30–34].

In the first approach, the highly-entropic oxide systems (Ce, Gd, Nd, Pr, Sm, Mox)
O2-δ and (Ce, Gd, La, Nd, Pr, Mox) O2-δ, x = 0, 0.3, 0.5 were obtained by the authors of [27].
It was found that the conductivity activation energy of obtained ceramic systems in the
temperature range 25–450 ◦C is 0.55–0.59 eV. Evidently, the samples have a sufficiently high
electrical conductivity at low temperatures because of the predominance of the electron
type of conductivity due to the jumps of electrons (polarons) associated mainly with Pr
3+/Pr 4+ ions. In the temperature range 500–1000 ◦C, the conductivity activation energy of
obtained systems is 0.64–0.69 eV, respectively.

The second approach is the manufacturing of the multicomponent oxide ceramics
with the concentration of the cerium oxide being no more than 80% [14,23,30–35].

In addition to rare earth metals (Sm, Gd, Y), it is cost-effective to use alkaline earth
oxides, such as MgO, SrO, as dopants of cerium dioxide [23,32–42]. They create additional
oxygen vacancies, thereby reducing the activation energy and improving the conductivity
of the oxide ions at intermediate temperatures.

Y. Zheng, L. Wu [39] showed that co-doping of CeO2 with yttrium and strontium leads
to an ionic conductivity improvement at a temperature 750 ◦C by two times compared with
doping only with Y. Co-doping of Sm2O3 and MgO improves the electrical characteristics
of the cerium-based electrolytes. The materials’ cost for producing the ceria-based interme-
diate temperature solid oxide fuel cells (IT-SOFCs) may be significantly reduced owing to
the cost difference between Mg and Sm [40].

Co-doping of the cerium dioxide by Sm, Sr was studied in [23,41,42]. It was found [23]
that Ce0.78Sm0.20Sr0.02O1.88 has a high ionic conductivity compared with Ce0.8Sm0.2O1.9.
These authors ascribed the enhancement in the conductivity to the increase in the number
of oxygen vacancies, decrease in the association enthalpy, and increase in radius of oxygen
vacancies, which widened the channels for easy movement of oxygen ions. Oxides of
alkaline earth metals are not less profitable than oxides of rare earth metals.

The feature of the use of alkaline earth metals as alloying additives is not only the
creation of the additional oxygen vacancies but also the scavenging of siliceous impuri-
ties present at the grain boundaries, which leads to an increase in the grain boundaries’
conductivity and, in turn, the total conductivity of the electrolyte.

The authors of [34] studied the scavenging effect of MgO. It reacts with SiO2 and the
resultant material gathers at the triple point junction of the grain boundaries; as a result,
the resistance of the grain boundaries is reduced. The scavenging effect of SrO has been
studied in the works [42,43].

An example of a two-fold increase in electrical conductivity of the solid electrolyte
Ce0.8Sm0.2O1.9 by doping with Sr is given in [42]. The authors substantiate an increase
in electrical conductivity of Ce0.82Sm0.16Sr0.02 O1.90 composition with a scavenging effect
of Sr.

The objective of this work was to compare the electrical and mechanical properties of the
multicomponent systems with high entropy Y0.25Ce0.25Mg0.25Sr0.25O2-δ, multicomponent
systems based on the cerium dioxide (~80%) Y0.1Ce0.78Mg0.03Sr0.05O2-δ, Sm0.1Ce0.78Mg0.03S
0.05O2-δ.

2. Materials and Methods

The samples of Y0.25Ce0.25Mg0.25Sr0.25O2-δ, (Y,Ce,Mg,Sr)O2-δ, Y0.1Ce0.82Mg0.03Sr0.05O2-δ
(10YCe3Mg5Sr), and Sm0.1Ce0.82Mg0.03Sr0.05O2-δ (10SmCe3Mg5Sr) compositions were syn-
thesized by solid-state reaction from precursors: Ce(NO3)3•6H2O, 99.9%, Sr(CO3)2, Y2O3 и
MgCO3, (Sm(NO3)3•6H2O)3, 99.9% (Sigma Aldrich), taken in stoichiometric ratio.
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The powders of Ce(NO3)3•6H2O, MgCO3, (Sm(NO3)3•6H2O were annealed at 600 ◦C
for 30 min until the formation of CeO2, Mg2O3, and Sm2O3. The obtention of the oxide
phase was determined by the X-ray method. The powder was ground in an agate mortar for
2 h with the addition of ethyl alcohol, then dried. The synthesized mixture was compressed
in form of discs with a diameter of 10 mm and a height of 1 mm by the method of isostatic
pressing at a pressure of 250 MPa. The samples were sintered in an air atmosphere at
1450 ◦C for 4 h. After sintering, the samples were thoroughly ground and polished for
further study of the formed structure and properties.

The phase composition of the ceramics was investigated by X-ray phase analysis on
the diffractometer Rigaku Ultima IV. The particle size of the synthesized powders was
determined based on the transmission electron microscope (TEM) JEM 2100 (Japanese
Electron Optics Laboratory, Jeol) images. The microstructure of the obtained ceramic
pellets was studied using the the scanning electronic microscope (SEM) Quanta 600 FEG
(FEI, Netherlands), and their elemental composition was determined through energy
dispersive spectroscopy (EDS). Density was measured by micrometrics AccuPyc II 1340
helium pycnometer. There were 15 measurements taken for every sample. The average
value was recorded as the result.

Relative density (ρ) was determined as a ratio of the apparent density (ρexp) to the
theoretical density (ρth) according to the dependence (1).

ρ = (ρexp/ρth) × 100% (1)

The theoretical density was calculated from the following crystallographic
Equation (2) [44]:

ρth = (Z ∑I vi Mi)/(a3 Na) (2)

where Z is the number of formula units per unit cell (i.e., 4 for the fluorite structure of ceria),
vi is the stoichiometric coefficient of the element i, Mi is the molar mass in g × mol−1, a
is the lattice parameter from XRD patterns (Table 1), and Na is Avogadro’s number, equal
6022 × 1023 mol−1.

Table 1. The results of the apparent and relative densities, microhardness, and crack resistance
measurements of the ceramics (Y,Ce,Mg,Sr)O2-δ, 10YCe3Mg5Sr, and 10SmCe3Mg5Sr.

S. No Compositions Apparent Density,
g/sm3 Relative Density, % Vickers Hardness,

Hv, GPa
Crack Resistance,

MPam1/2

1 (Y,Ce,Mg,Sr)O2-δ 4.4 88 7.26 1.48

2 10YCe3Mg5Sr 6.0 90 7.80 1.82

3 10SmCe3Mg5Sr 6.48 96 7.80 2.1

DM-8 microhardness meter was used to measure the Vickers microhardness and crack
resistance. Load on the indenter was 0.1 kg, introduction time of the indenter into the
material surface was 15 s. The total number of prints made on the sample surface was 10.

The crack resistance (K1c (MPam1/2)) of material was defined using Niihara’s
Formula (3) [45]:

K1c = 0.203 (c⁄a)−3/2 H a1/2 (3)

Here, a is a length of diagonal of the indenter print (mm), c is a crack length (mm),
and H–Vickers hardness (Hv).

The electric properties of the ceramics were investigated using Novocontrol concept
43 impedance, equipped with platinum contacts, at a heating rate of 0.3 K/min within a
temperature ranging from 300 K to 1070 K and frequency ranging from 10−2 Hz to 107 Hz.
To measure the impedance, a sample in the form of pellets was used with a diameter
of 10 mm and a thickness of 1.0 mm; both sides of the sample were coated with silver
paste electrodes.
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3. Results

The samples of ceramics (Y,Ce,Mg,Sr)O2-δ, 10YCe3Mg5Sr, and 10SmCe3Mg5Sr were
sintered at a temperature of 1450 ◦C. The results of microindentation, as well as the
values of density measured by picnometry, are presented in Table 1. It was found that
the ceramics system 10SmCe3Mg5Sr had the largest density, which is 6.48 g/cm3 (96%),
and the ceramic (Y,Ce,Mg,Sr)O2-δ, had the smallest density, which is 4.4 g/cm3 (88%)
and corresponds to the microscopy results presented below. The obtained SEM-images
demonstrate the dense structure and the smallest number of pores in the 10SmCe3Mg5Sr
system. The results of microhardness and crack resistance measurements range from 7.26
to 7.8 GPa and 1.48–2.2 MPam1/2, are in agreement with the results presented in [13,37,46]
for Ce0.8M0.2O2-δ (M = Y, Sm, Gd, La Nd) systems, and are also compared with the crack
resistance of the pure CeO2, which is 1.5 MPam1/2 [47].

3.1. XRD Analysis

The diffractograms of the sintered ceramic samples of (Y,Ce,Mg,Sr)O2-δ, 10YCe3Mg5Sr,
and 10SmCe3Mg5Sr compositions showing that the cubic structure of fluorite, belonging to
CeO2 with space group of symmetry Fm3m (225), according to the reference pattern for this
oxide (ICDD, PDF 00-043-1002) and crystal lattice parameters, given in Table 2, prevails in
all systems. These are presented in Figure 1a.

Table 2. Phase content data, average grain size, and lattice parameter of composition of the
sintered ceramics.

S. No Compositions Average Grain Size 1450 ◦C (µm) Phase Content Data Lattice Parameter (Å)

1 (Y,Ce,Mg,Sr)O2-δ 5.1
Fm3m 5.3944

Pnam 10.1086, 11.9452, 3.4275

2 10YCe3Mg5Sr 3.95 Fm3m 5.4142

3 10SmCe3Mg5Sr 5.07 Fm3m 5.4426
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However, in the (Y,Ce,Mg,Sr)O2-δ system, the presence of the second orthorhombic
phase with the symmetry space group Pnam (62), corresponding to SrY2O4 and amounting
to approximately 33%, is observed, which is due to the poor solubility of Sr2+ and Y3+

(5–10%) in the cerium oxide lattice [48].
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An increase occurred in the lattice parameter (Table 2) in the system of electrolyte
10SmCe3Mg5Sr, connected with the large ion radius of Sm3+ (1.08 Å) [23,42] in comparison
with Y3+ (0.90 Å) [49]. An increase in the lattice parameter was additionally confirmed by
the peak intensity decreasing and its shifting towards low values of 2θ with the composition
changing (Figure 1b).

The ionic conduction of the dioxide cerium multicomponent electrolytes depends
on the oxygen vacancies’ radius. The large radius of an oxygen vacancy creates a wide
channel for ion conductivity that increases it [23,31,50], and this is confirmed by the results
of electric conductivity measurements presented below.

3.2. TEM Aanalysis

TEM-images of 10SmCe3Mg5Sr, 10YCe3Mg5Sr, and (Y,Ce,Mg,Sr)O2-δ powders are
shown in Figure 2. The obtained compositions 10SmCe3Mg5Sr and 10YCe3Mg5Sr have
rounded grains (Figure 2a,b). In the powder (Y,Ce,Mg,Sr)O2-δ, rounded grains predominate
in larger amounts and grains with a crystal cut in small amounts (Figure 2c). Each individ-
ual powder showed a uniform particle size distribution in the nanometer range. However,
the average particle size in (Y,Ce,Mg,Sr)O2-δ and 10SmCe3Mg5Sr compositions decreased
from 23.88 nm to 13.4 nm. The largest grain size dispersion from 9.55 nm to 56.9 nm in
(Y,Ce,Mg,Sr)O2-δ powder was observed. The composition of 10YCe3Mg5Sr powder was
most uniform by the grain size. The average grain size was 22.32 nm, min–12.16 nm,
max–35.08 nm. The composition of 10SmCe3Mg5Sr powder had the least grain size, with a
minimal value of 6.57 nm and a maximum value of 25.9 nm.
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Figure 2. TEM images of powders (a) 10SmCe3Mg5Sr; (b) 10YCe3Mg5Sr; and (c) (Y,Ce,Mg,Sr)O2-δ.

The crystallite sizes of powders obtained by TEM method (d) are in agreement with
the XRD analysis results, and were calculated by the Scherrer Equation (4):

d = kλ/βcosθ (4)

where d is the crystallite size, k is the shape factor (=0.9), λ is the wavelength of radiation, β
is the full width half maxima of the (111) plane of reflection, and θ is the diffraction angle.

The calculated crystallite sizes are: 13.8 nm for 10SmCe3Mg5Sr; 11.9 nm for 10YCe3Mg5Sr;
the (Y,Ce,Mg,Sr)O2-δ contains two phases, 20.3 nm corresponds to the cubic phase belong-
ing to CeO2, and 58.7 nm corresponds to the orthorhombic phase SrY2O4.

3.3. Microstructure

SEM images of the cleavage of sintered samples of 10SmCe3Mg5Sr, 10YCe3Mg5Sr,
and (Y,Ce,Mg,Sr)O2-δ ceramics at a temperature of 1450 ◦C are presented in Figure 3.

Grains of a rounded form with the average size of 5.1 µm were observed in the
(Y,Ce,Mg,Sr)O2-δ ceramic system (Figure 3a). In the samples of 10YCe3Mg5Sr and 10SmCe3Mg5Sr
ceramics (Figure 3b,c), grains with a crystal cut and an average size of 3.95 µm and 5.07 µm,
respectively, prevailed, on the boundaries of which there were spheres, as shown in Fig-
ure 3d on the example of the 10SmCe3Mg5Sr system sample, associated with grain bound-
aries scavenging effect and with a decrease of resistance on the grain boundaries [41,43,51].
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The elemental analysis of the sintered ceramics was performed using EDS. The EDS
results, along with the elemental mapping of 10YCe3Mg5Sr and 10SmCe3Mg5Sr, are shown
in Figure 4. The weight percentages of all the compositions are shown in Table 3.
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Table 3. Weight % obtained from EDS analysis of the sintered ceramics.

Composition Element Weight % from EDS Error %

(Y,Ce,Mg,Sr)O2-δ

O 6.47 2.39

Mg 17.04 1.12

Sr 23.28 0.61

Ce 25.31 0.6

Y 27.90 0.43

10YCe3Mg5Sr

O 29.71 10.33

Mg 2.18 13.11

Sr 3.88 10.44

Ce 57.10 3.00

Y 7.13 10.04

10SmCe3Mg5Sr

O 31.77 10.07

Mg 2.97 17.22

Sr 4.41 12.17

Ce 48.93 3.00

Sm 11.92 4.38

Obtained spectrograms and maps confirm the presence and homogeneous distribution
of all elements in the sintered electrolyte pellets.

3.4. Electric Conductivity

Doped cerium oxide in the air atmosphere has ionic conductivity that is carried out by
the migration of oxygen vacancies [19]. The Nyquist graphs for all three systems obtained
at a temperature of 415 K are shown in Figure 5.
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The impedance spectra analysis and the selection of equivalent circuits were carried
out in the framework of the block model [52]. The choice of impedance temperature
is defined by a possibility to estimate the contribution of the volume of grains and the
grain boundaries to the total resistance. Since with increasing temperature, the relaxation
frequency of all polarization processes increases, it leads to a shift of the corresponding
arcs to the region of higher frequencies. Due to the limited frequency range available in the
equipment, all of these arcs cannot be observed.

On the graph of each of the samples in the measured frequency range two semicircles
are observed, indicating the presence of two relaxing processes: the high-frequency arc
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describes polarization in the grain and the middle-frequency arc is connected with polar-
ization on the grain boundary. In this case, the third section corresponds to the influence
of the electrodes, and it is not taken into account at all. The inset in Figure 4 shows the
equivalent circuits, containing included in series two parallel-connected sub-circuits with
an element of the constant phase (CPE = Q), bulk resistance (Rb), and grain boundary resis-
tance (Rgb). An element of the constant phase is used to describe the resistive-capacitive
properties of the system in an equivalent electrical circuit, since the microstructure of the
samples is inhomogeneous. The total resistance (Rt) is defined by the following dependence:
Rt = Rb + Rgb. Ionic conductivity is expressed by the formula: σ = t /(R × A), where σ

(S/cm)–ionic conductivity, R (Ohm)–total resistance, A (cm2)–the surface tablet area, and
t–the tablet thickness.

It is evident from Figure 4 that the system (Y,Ce,Mg,Sr)O2-δ has the largest resistance
with indistinctly expressed arcs, corresponding to the bulk resistance and grain boundary
resistance. The increase in the resistance of HEO (Y,Ce,Mg,Sr)O2-δ in comparison with the
systems 10YCe3Mg5Sr and 10SmCe3Mg5Sr is due to the fact that for the cerium oxide,
the upper doping limit exists above a certain upper limit, and the concentration of the
alloying substance leads to an increase in defects (oxygen vacancies) [53,54]. It reduces
the electrolyte conductivity as the defects begin to interact with each other; as a result, the
oxygen vacancies’ mobility decreases, and therefore, so does the conductivity. The obtained
HEO (Y,Ce,Mg,Sr)O2-δ has a higher doping level, as a result of which the conductivity
decreases and the resistance increases.

Temperature dependences of the total (σt), bulk (σb), and grain boundary (σgb) con-
ductivities of the (Y,Ce,Mg,Sr)O2-δ, 10YCe3Mg5Sr, and 10SmCe3Mg5Sr systems, the graphs
of which are given in Figure 6a,b in coordinates lnσ (1/T), obey the Arrhenius law (5):

σ = σ0 exp (−E/kT) (5)

where σ0–prefactor; E–the energy of the electrical conductivity activation; and k–Boltzmann
constant, equal to 1.38 × 10−23 J/K.
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Figure 6. Temperature dependence of (a) the total, (b) the bulk, and the grain boundary electri-
cal conductivity for 10SmCe3Mg5Sr, 10YCe3Mg5Sr, and (Y,Ce,Mg,Sr)O2-δ ceramics in Arrhenius
coordinates. Closed symbols correspond to the bulk conductivity, opened symbols to the grain
boundary conductivity.

The analysis of the electric conductivity temperature dependence of the obtained
systems indicates an increase of conductivity in all samples with a temperature increase,
which is associated with the destruction of defect associates while releasing more and more
mobile charge carriers, which leads to an increase of ionic conductivity. To explain the
charge carriers’ mobility at different temperatures, the activation energy of the conductivity
process was calculated by the slope of the dependence lnσ at 1000/Т. The values of the
electric conductivity and activation energy are presented in Table 4. At a low-temperature
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range (400–600 ◦C), the activation energy of the ceramics 10YCe3Mg5Sr and 10SmCe3Mg5Sr
is more than at an intermediate temperature range (600–800 ◦C), since at a low-temperature
range, the activation energy is necessary for the destruction of defect associates and release
of mobile charge carriers, as well as for the migration of oxygen vacancies. On the other
hand, in the high-temperature range, the activation energy is consumed only for the
migration of oxygen vacancies [41,43,55].

Table 4. The values of the total electrical conductivity and of the activation energy of the total, bulk,
and grain boundary conductivity of ceramics 10SmCe3Mg5Sr, 10YCe3Mg5Sr, and (Y,Ce,Mg,Sr)O2-δ

at various temperatures.

S. No Materials
σt , S/cm Et , eV Eb , eV Egb , eV

500 ◦C 700 ◦C 400–600 ◦C 600–800 ◦C 400–470 ◦C 470–800 ◦C 400–600 ◦C 400–470 ◦C 470–600 ◦C 400–600 ◦C 400–470 ◦C 470–600 ◦C

1 (Y,Ce,Mg,Sr)O2-δ 3.12 × 10−7 2.1 × 10−5 - - 0.96 1.37 - 0.3 0.6 - 0.96 1.17

2 10YCe3Mg5Sr 1.38 × 10−3 1.7 × 10−2 0.90 0.72 - - 0.89 - - 1.0 - -

3 10SmCe3Mg5Sr 1.7 × 10−3 2.05 × 10−2 0.72 0.62 - - 0.70 - - 0.82 - -

However, the activation energy of the total conductivity of HEO (Y,Ce,Mg,Sr)O2-δ
increases with the temperature increasing from 0.96 eV (400–470 ◦C) to 1.37 eV (470–800 ◦C),
due to the prevailing of the electronic type of conductivity at a given temperature range.
This effect is more clearly observed in the characteristic temperature dependence of the
electrical conductivity of the bulk in the Arrhenius coordinates, shown in Figure 6b, ac-
cording to which the activation energy increases with increasing temperature from 0.3 eV
(400–470 ◦C) to 0.6 eV (470–600 ◦C).

According to the Arrhenius graph shown in Figure 6b, the bulk conductivity is larger
than the grain boundary conductivity for all systems. The activation energy of the grain
boundary conductivity is higher than the activation energy of the bulk conductivity, which
is consistent with the results of the work presented in [24,35,41,43].

Among the received ceramics with a concentration of CeO2 ~80%, the lowest activation
energy (Ea = 0.62 eV) and the highest value of ionic conductivity (σ700 = 20.5 mS/cm) were
found in the system 10SmCe3Mg5Sr, since the ionic radius Sm3+ (1.08 Å) was larger than
Y3+ (0.9 Å), which provides a larger channel of the oxygen-ionic conductivity [23,53].

HEO (Y,Ce,Mg,Sr)O2-δ had the highest activation energy and the lowest electrical
conductivity due to the presence of a second orthorhombic phase SrY2O4, which has
dielectric properties with a band gap of 4.9 eV [55].

The obtained investigation results of the multicomponent system 10SmCe5Mg5Sr
match with the results of the authors’ other works. Thus, for example, in [56], at 700 ◦C the
electrical conductivity of a system 20ErDC was 18.22 mS/cm, Et (400–600 ◦C) = 0.97 eV, Et
(600–800 ◦C) = 0.55 eV; 2.5Sr15ErDC–17.25 mS/cm, Et (400–600 ◦C) = 1.01 eV,
Et (600–800 ◦C) = 0.57 eV; 5Sr15ErDC–16.22 mS/cm, Et (400–600 ◦C) = 1.05 eV, Et
(600–800 ◦C) = 0.59 eV; 7.5Sr12.5ErDC–15.67 mS/cm, Et (400–600 ◦C) = 1.03 eV,
Et (600–800 ◦C) = 0.64 eV.

The system Ce0.8(Sm1-xSrx)0.2O2-δ (x = 0.03, 0.5, 0.7) was obtained by the authors
of [31]. It was found that the sample Ce0.8(Sm0.7Sr0.3)0.2O2-δ had the highest electrical
conductivity, which amounts to 18 mS/cm at a temperature of 700 ◦C, Et = 0.86 eV. For the
system Ce0.8Sm0.2O2-δ, the electrical conductivity was 12 mS/cm, Et = 1.05 eV (data were
taken from the graphs).

The conductivity of the Ce0.8Gd0.2O2-δ electrolyte [56] was observed at 16 mS/cm at
700 ◦C and 0.78 eV activation energy.

4. Discussion

The samples of the ceramics (Y,Ce,Mg,Sr)O2-δ, 10YCe3Mg5Sr, and 10SmCe3Mg5Sr
were obtained by the solid-state reaction. It has been shown that the cubic structure of
fluorite belonging to CeO2 prevailed in all systems, but in the (Y,Ce,Mg,Sr)O2-δ system, the
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secondary orthorhombic phase corresponding to SrY2O4 was observed, which is due to the
poor solubility of Sr2+ and Y3+ (5–10%) in the cerium oxide lattice.

Microscopy investigations (TEM and REM) showed that each individual powder
had a uniform particle size distribution in the nanometer range. The average particle
size in (Y,Ce,Mg,Sr)O2-δ, 10YCe3Mg5Sr, and 10SmCe3Mg5Sr compositions was 23.88 nm,
22.32 nm, and 13.4 nm, respectively. After sintering at a temperature of 1500 ◦C, the
grain size increased up to 5.1 µм, 3.95 µм, and 5.07 for (Y,Ce,Mg,Sr)O2-δ, 10YCe3Mg5Sr,
and 10SmCe3Mg5Sr, respectively. The obtained SEM images demonstrated the densest
structure and the smallest number of pores to be in the 10SmCe3Mg5Sr system. The
microhardness and crack resistance measurement results were in a range of 7.07 to 7.3 GPa
and 1.48–2.2 MPam1/2.

The impedance spectrometry found the lowest activation energy (Ea = 0.62 eV at tem-
perature range 600–800 ◦C) and the highest value of ionic conductivity (σ700 = 20.5 mS/cm)
to be in the system 10SmCe3Mg5Sr.
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