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Abstract: In this work, ceramic samples of cerium oxide doped with yttrium were investigated.
The concentration of a dopant Y(NO3)3 varied from 5 to 25 wt% in the initial charge. In the course
of the experiment, a simple method was developed to obtain ceramics with a porosity of ~20%
via one-step annealing in air in a muffle furnace. For comparison, samples with two annealings
were also synthesized to determine the effects of pores on electrical, structural, and mechanical
characteristics. The obtained samples were examined via X-ray powder diffraction, scanning electron
microscopy, X-ray energy dispersive spectroscopy, Raman spectroscopy, dielectric spectroscopy, and
Vickers microhardness measurements. The substitution of Ce** ions with Y3* ions led to a significant
decrease in the lattice parameter, average crystallite size, and average grain size, with a simultaneous
increase in the lattice defectivity, dielectric constant, electrical conductivity, and microhardness values.
It is shown that samples with a dopant weight fraction of 0.05-0.15 and one-step annealing have
favorable electrical and mechanical characteristics for energy applications as porous materials with
ionic conductivity.

Keywords: ceria ceramics; permittivity; microhardness; porous ceramics; solid-state sintering

1. Introduction

Currently, scientists worldwide are looking for new materials that can fulfill the
increasing requirements of the power industry. Ceramics made from metal oxides and
nitrides have favorable functional and structural properties, leading to their extensive use
in the field of power engineering [1]. Specific examples of applications include ceramics
employed as inert matrices for dispersed nuclear fuel [2,3], ceramics designed for solid
oxide fuel cells [4], ceramics utilized in the generation of hydrogen through two-stage ther-
mochemical water separation cycles [5], and ceramic additives incorporated into polymer
membrane electrolytes [6].

Cerium oxide (CeO»), also known as ceria, is a multifunctional material suitable for
these applications. CeO; exhibits exceptional heat resistance due to its high melting point
of approximately 2750 K. Fluorite-type crystal lattice (space group Fm3m) allows CeO,
to withstand irradiation by energetic particles without undergoing amorphization. As a
result, the material demonstrates remarkable stability against radiation effects. Cerium
oxide is characterized by a density ranging from 6.44 to 6.76 g/cm?, thermal conductivity
of 2-6 W/m-K, and specific heat capacity in the range of 0.35 to 0.45 J/g-K within a
temperature interval of 273 to 1473 K [7]. The coefficient of thermal expansion of CeO,
is 10-12.5 x 107 K~1. Moreover, it demonstrates Young’s modulus values ranging from
207 to 228 GPa, shear modulus values of 79 to 86 GPa, and bulk modulus values ranging
from 185 to 208 GPa [8].
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These parameters are very important for the manufacture of structural materials for
nuclear power engineering. One of the most promising applications of ceramic materi-
als in this field is the creation of inert matrices of dispersed nuclear fuel. Within these
matrices, the nuclear fuel (e.g., plutonium oxide) is uniformly distributed throughout the
volume of the fuel cell. In particular, the dispersed fuel matrix material has the following
requirements: good thermal conductivity; insolubility in hot water; high melting point
(~3000 K); chemical inertness; compatibility with nuclear reactor materials; and trans-
parency to thermal neutrons. Cerium oxide is an excellent candidate for the role of an inert
matrix in dispersed nuclear fuels. The inert matrix/nuclear fuel composite will have more
advantageous structural properties compared to conventional structural materials. This
would increase fuel production in solid fuel cells and improve the efficiency of the nuclear
reactor [9]. In addition, the use of dispersed fuel opens up the possibility of using safer
nuclear fuel and creating a reprocessing cycle for military weapons-grade plutonium [10].

In the case of solid oxide fuel cells, materials are required to have high ionic con-
ductivity, chemical resistance under redox reaction conditions, relatively high electronic
conductivity, and mechanical strength. These properties can be realized in doped ceramics
with cerium. When substituting cerium with elements of lower valence, it is possible to
create oxygen vacancies, which, in turn, can significantly change the ionic conductivity of
ceramics. Relatively high electronic conductivity is possible due to the hopping mechanism
caused by the existence of Ce®* and Ce** cations. For doped CeO,, the operating tempera-
tures as a solid oxide fuel cell are in the range of 773-973 K. In this temperature range, the
current flow follows the mechanism of ionic conductivity.

Doping CeO, with Y, Sm, or Gd shows improved properties due to enhanced ionic
conductivity [11,12]. Substitution of Ce ions with Sm, Ca, Y, Gd, and La ions leads to high
conductivity values at 873 K of 1.13 x 1073 to 7.7 x 1072 S/cm [4]. Impedance spectra of
the obtained doped ceramics show that at temperatures above 573 K, Ca-doped cerium
oxide samples have improved ionic conductivity, with charge transfer occurring mainly
through the grains (grain conductivity) [13]. The introduction of calcium cations changes
the charge state of cerium oxide, in which anionic vacancies are formed. The presence of
such vacancies can improve the ionic conductivity of cerium ceramics.

These changes are especially intriguing when tetravalent cerium ions in the fluorite
lattice are replaced by a trivalent dopant ion. As a result, oxygen vacancies are created in
the anionic sublattice in order to balance the charge [14,15]. The geometry, structure, and
properties of these defects resulting from atomic substitution depend not only on the nature
of the dopant (e.g., its crystal structure, electronic charge, ionic radius, electronegativity,
etc.) but also on the mole fraction in the host matrix [16].

In previous works, much effort has been invested in the study of substitution with
different ions on the electrical and mechanical properties and morphological features of
ceria ceramics [4,13,17]. These studies showed the effectiveness of this approach in improv-
ing the performance of the solid fuel cell element. Another known approach to modifying
the properties of solid fuel cell elements, ceria-based electrolytes, and hydrogen generation
systems is the creation of porous ceramic structures [18,19]. This study aimed to assess
the effect of variations in the dopant concentration on the electrical, mechanical, phase,
and morphological characteristics of cerium oxide ceramics. In addition, highly porous
ceria ceramics with the same composition were also synthesized to investigate the effects
of pore formation during the sintering process on the physical and structural properties.
To achieve this goal, a simple method, including yttrium nitrate usage as the initial pre-
cursor for pore formation, was implemented. The research involved the synthesis of CeO,
ceramics doped with Y, followed by a comprehensive analysis employing techniques such
as X-ray powder diffraction (XRD), Raman spectroscopy, scanning electron microscopy,
dielectric spectroscopy, and Vickers microhardness testing. XRD and Raman spectroscopy
are very useful tools for confirming the successful substitution of Ce** ions when dielectric
spectroscopy can show changes in electric properties in doped ceria ceramics. This is
very important for the evaluation of the applicability of synthesized experimental sam-
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ples as solid oxide electrolytes. Vickers microhardness can show variations in mechanical
characteristics, which can help with finding the optimal porosity for practical applications.

2. Experimental Section

Ceramic samples for the study were obtained via the conventional solid-state method,
including the mixing of initial components into a homogeneous mixture, compaction, and
sintering. Two series of samples were prepared: in the first series, one annealing of the
initial charge after compacting was performed; in the second series, two annealings were
conducted. For the first series of samples (one annealing), the fabrication route included
the following operations: weighing — mixing, homogenization — plasticizer addition —
compaction — final annealing. The second series of samples (two annealings) was fabricated
according to the following route: weighing — mixing, homogenization — pre annealing for
nitrate combustion — milling — plasticizer addition — compacting — final annealing.

Cerium oxide CeO; and yttrium nitrate Y(NOg3)3 (Sigma Aldrich, high purity, St. Louis,
MO, USA) in the form of powders less than 5 um in size were used as starting reagents. The
mixture was weighed according to the formula (1 — x)-CeO; + x-Y(NOj3)3, where x is the
weight concentration. A Fritsch Pulverisette 6 planetary mill was used for homogenization
of the mixture (and milling) of the powders. Dry milling was performed in grinding bowls
with tungsten carbide balls for 30 min at a speed of 250 rpm. Milling after pre-annealing
for nitrate decomposition was conducted for 1 h. An aqueous solution of polyvinyl alcohol
(10 wt%) was used as a plasticizer. Compacting was performed on a hydraulic press in
a stainless steel mold. The green pellets for subsequent annealing were in the form of
tablets with an outer diameter of 12.1 mm and a thickness of 1.2 mm. Air annealing was
performed in a muffle furnace with resistive heaters. Pre-annealing for the decomposition
of nitrate from the charge was performed at 900 °C for 2 h, and the annealing of the pellets
was performed for 5 h at 1500 °C (heating rate 10 °C/min).

The apparent density measurements of both series of sintered tablets were conducted
using a micrometer and high-precision scales. Powder diffraction patterns were registered
in Bragg-Brentano geometry on a Bruker D8 Advance diffractometer (Bruker GmbH,
Mannheim, Germany). The conditions for recording the diffraction pattern were as follows:
CuKa radiation (wavelength A = 1.5406 A); scanning rate of 1.8°/min; angular range of
20 = 20-75°. The Profex 5.2.0 program [20] was utilized for processing the diffraction
patterns using the Rietveld refinement method. Scanning electron microscopy (SEM)
microphotographs and energy-dispersive X-ray spectroscopy (elemental composition)
spectra were obtained using a Phenom ProX G6 microscope (Thermo Fisher Scientific,
Eindhoven, The Netherlands). The chemical composition was averaged from measurements
taken at five points across different areas of the sample. The samples were also investigated
via Raman spectroscopy on an Enspectr M532 spectrometer (Spectr-M LLC, Chernogolovka,
Russia) at a laser wavelength of 532 nm.

Frequency spectra of the dielectric permittivity (¢') and the tangent of the dielectric
loss angle (tan ) were measured using an RLC meter model HIOKI IM3533-01 (manu-
factured by Hioki E.E Corporation, Singapore) at room temperature. Prior to conducting
measurements, a conductive silver paste was applied to the surfaces of the tablets to create
a flat capacitor configuration. The samples were subsequently dried in an oven at 60 °C
for a duration of 24 h. The conversion of measured data to dielectric permittivity was
calculated utilizing the formula ¢ = e%' where I denotes the thickness of the tablet, S
represents the electrode surface area, C signifies the capacitance, and ¢ is the dielectric
constant. The calculation of alternating current conductivity (c4c) was derived using the
formula c4c = 27 fepe’tan §, where f corresponds to the frequency of the measurement.
The Vickers microhardness was measured using a MIKON Duroline-M1 microhardness
tester (manufactured by METKON instruments, Bursa, Turkey) with an applied load of
0.2 kgf. Additionally, optical microscopy micrographs of the surface of the samples were
acquired via an optical microhardness tester system.
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3. Results and Discussion

The results of the phase analysis of the synthesized ceramics with concentrations
ranging from x = 0.00 to 0.25 indicate that the investigated samples have a cubic phase with
the Fm-3m space group (fluorite structure). Identical diffraction patterns were obtained
for samples subjected to one and two annealings. Experimental and calculated diffraction
patterns using the Rietveld refinement method are presented in Figure 1. The Rietveld
refinement method was employed to calculate the parameters of the crystalline structure.
The calculated values with their corresponding statistical convergence parameters are listed
in Table 1. The obtained convergence parameters signify a favorable agreement between
the model and experiment. As evident from Table 1, an increase in dopant concentration
leads to a decrease in the lattice parameter, which is attributed to the formation of oxygen
vacancies [21,22]. It is worth noting that the formation of oxygen vacancies is primarily
driven by the crystal’s tendency to neutralize the charge imbalance resulting from the sub-
stitution of Ce** ions with Y3* ions of lower oxidation states. Ceramics composed of cerium
oxide doped with yttrium can be described via the chemical formula Ce;_yYyO;_y /5. In
this formula, it is evident that the substitution of cerium ions by yttrium ions leads to a
reduction in the number of oxygen cations within the formula unit. If the substitution does
not result in the formation of new phases, oxygen vacancies are created to compensate for
the excessive negative charge within the crystal lattice.

Table 1. Dependence of lattice parameters a and X-ray density on dopant concentration.

X a, A X-ray Density, g/em®  Rexp Rwp GOF x?
0.00 5.411094 + 0.000052 7.215 6.63 9.47 1.43 2.04
0.05 5.410745 4 0.000030 7.182 6.55 7.26 1.11 1.23
0.10 5.410057 £ 0.000037 7.115 6.50 7.05 1.08 1.18
0.15 5.408659 + 0.000074 7.015 6.46 8.89 1.38 1.89
0.20 5.408249 + 0.000045 6.877 5.86 6.61 1.13 1.27
0.25 5.406372 + 0.000067 6.841 6.24 7.35 1.19 1.41

During the refinement using the Rietveld method, in order to enhance convergence
parameters, yttrium ions were introduced into the initial CeO; lattice at the atomic position
of the Ce ion (Wyckoff a, x = 0.00, y = 0.00, z = 0.00). The quantity of yttrium ions was
adjusted to minimize the standard deviation x?. In general, the yttrium content per formula
unit deviated by £0.03 from the calculated mass concentrations x, indicating the possible
loss of a certain amount of yttrium during nitrate decomposition or segregation of yttrium
atoms at grain boundaries. The latter phenomenon has been observed, for instance, in
ceramics with a fluorite-type zirconium oxide structure stabilized with yttrium [23]. The
calculated X-ray density, as well as the lattice parameter 4, also decreases with an increase
in dopant concentration x.

The diffraction peaks (111), (200), (220), (311), (222), and (400) were fitted using the
pseudo-Voigt function to extract parameters such as the peak center on the 20 axis and the full
width at half maximum (B;). This approximation was employed for microstrain calculations
following the Williamson-Hall method [24]. Additionally, the average sizes of the crystallites
(dav) were determined using the Debye-Scherrer formula. The calculated results, depicted
as dependencies of Bicos(0)(4sin(0)), are presented in both Figure 2 and Table 2. From the
calculated microstrain values (Table 2), it can be seen that compressive stresses exist within
the fluorite lattice of both the original CeO, ceramic and the yttrium-doped. However, an
increase in the dopant concentration results in a reduction in the stress modulus, a trend that
contradicts prior investigations of CeO, oxides [25,26]. These investigations have revealed
that in studies where the crystallite size (day) increases, there is a decrease in the microstrain
within the lattice. However, the present study presents an opposite trend, as observed in
Table 2. The potential reasons for this discrepancy will be discussed further in the text.
Additionally, it is worth noting that an increase in the dopant concentration leads to an



J. Compos. Sci. 2023, 7, 411

50f19

increase in dislocation density, calculated based on the average crystallite size (dav) [27], as a
consequence of the formation of a greater number of oxygen vacancies.

8,000 - - -
= CeO, ® Experiment
7.000 4 Calculated
Background
6.000 4 =~ Difference
’ N
8

—1,000 -
—2,000 T T T T T
20 30 40 50 60 70
20 (deg)
(a)
10,000 — « Experiment
= xperimen
9,000 4 l‘:, 0.90 CeO, - 0.10 Y(NO;), Calculated
—— Background
8,000 Difference
7,000 s
N —
6,000 d hy
<

20 30 40 50 60 70

13,000 -
- ® Experiment
12,000 ] = 0.80 CeO, - 0.20 Y(NO,), o
11,000 — Background
10,000 Difference
9,000 .
8,000 1 Q
o
F 7000 ’f
% 6,000 3
£ 5,000~ S
-_— N
4,000 o
3,000 —~ —~
g o
2,000 c\u, g
1,000
0
—1,000
t T T T T T
20 30 40 50 60 70
26 (deg)

12,000 E
= e Experiment
11,000 - 0.95 Ce0, - 0.05 Y(NO,), Calculated
10,000 ] Background
= Difference
9,000 N =
Q =
8,000 by o
7,000
:@ 6,000
5 5,000 g
3" &
= 4,000 by
3,000 g g
N
2,000 S g
1,000 i
04
—1,000
—2,000 T T T y ,
20 30 40 50 60 70
26 (deg)
6,000 —~ e E i t
= xperimen
e 0.85 CeO, - 0.15 Y(NO,); Calculated
5,000 — Background
Difference
s ~
4,000 ) )

6,000
5,000
4,000

@ 3,000 1

(111)

0.75 CeO, - 0.25 Y(NO,),

(220)

(311)

60 70

e Experiment
Calculated
Background
Difference

60 70

Figure 1. Experimental and calculated by the Rietveld refinement method diffraction patterns of
synthesized samples: (a) x = 0.00; (b) x = 0.05; (c) x = 0.10; (d) x = 0.15; (e) x = 0.20; (f) x = 0.25.
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Figure 2. Williamson-Hall dependencies calculated from measured diffractograms for synthesized
ceramics: (a) x = 0.00; (b) x = 0.05; (c) x = 0.10; (d) x = 0.15; (e) x = 0.20; (f) x = 0.25.

SEM and optical microscopy micrographs were used to study the microstructure.

In the case of the experimental samples, it was discovered that the boundaries between
grains were particularly well-defined on the surfaces of the annealed tablets. As a result,
optical microscopy was performed on the surfaces of the ceramic tablets. The microstructure
of the cerium oxide ceramic sample without the addition of Y(NO3); was similar in the
cases of one and two annealings. Figure 3 shows optical micrographs of the tablet surface
(left images) and SEM micrographs (right images) of cross-sections of the twice-annealed
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tablets. It should be noted that for the undoped sample, the grains have the appearance of
irregular polygons, while samples with x > 0.00 have ellipsoidal and round grains. For the
cross-sections, the grains have excellent cohesion, which indirectly shows the intensity of
sintering processes during synthesis [28].

Table 2. Dependence of average crystallite size day, dislocation density, and microstresses on
dopant concentration.

X day, nm Dislocation Density~1015, Line per m? Microstrain
0.00 82.1 £ 21.08 0.15 —0.00101 + 0.00014
0.05 95.1 +23.94 0.11 —0.00084 + 0.00019
0.10 80.7 + 15.99 0.15 —0.00073 4 0.00014
0.15 60.7 = 11.57 0.27 —0.00092 + 0.00022
0.20 68.2 +7.87 0.22 —0.00036 + 0.00016
0.25 57.7 £5.41 0.30 —0.00042 4+ 0.00011

In the undoped sample, internal pores within the grains can be observed, which might
be responsible for the higher microstrain in the x = 0.00 sample as detected through the
Williamson-Hall method. As the concentration x increases, predominantly intergranular
pores are detected within the microstructure. Analysis of optical micrographs of samples
subjected to two annealing processes reveals a reduction in grain size upon introducing
the dopant into the initial mixture. The decrease in grain size in the synthesized ceramic
is attributed to the segregation of the doping Y ions at the grain boundaries. This results
in a slower movement of boundaries between neighboring coalescing particles during the
sintering process [29], thus preventing the grain growth observed in the undoped sample
under the given temperature and time conditions.

(b)

Figure 3. Cont.



J. Compos. Sci. 2023, 7, 411 8 of 19

Figure 3. Optical micrographs (left) and SEM micrographs of cross sections (right) of samples with
two annealings: (a) x = 0.00; (b) x = 0.05; (¢) x = 0.10; (d) x = 0.15; (e) x = 0.20; (f) x = 0.25.

Micrographs of samples subjected to a single annealing reveal the formation of pores,
which occurs due to the decomposition of yttrium nitrate following 4Y(NOs); — 2Y,03 +
12NO; + 30;. The released nitrogen dioxide and oxygen create macroscopic pores within
the microstructure at low dopant concentrations. At higher dopant concentrations, the
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merging of macroscopic pores and the formation of a sponge-like structure can be observed.
These changes can be traced in the microphotographs presented in Figure 4.

Figure 4. Cont.
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Figure 4. Optical micrographs (left, a—c) and SEM micrographs of samples with one annealing:
(a) x =0.05; (b) x = 0.10; (c) x = 0.15; (d) x = 0.20; (e) x = 0.25.

The average grain size was determined using the line intercept method for cases of
both one and two annealings based on micrographs obtained from optical microscopy or
SEM, utilizing the Image] software 1.54f [30]. Figure 5a illustrates the relationship between
the average grain size and dopant concentration. It is evident that for CeO, ceramics, the
largest grain size is 27.6 um, whereas for yttrium-doped cerium ceramics with x > 0.05, the
average grain size ranges from 1.5 to 4.2 um. Furthermore, from the graph in Figure 5a,
it can also be observed that the formation of pores during annealing can influence the
average grain size within the range of x = 0.15-0.25. The possible explanation of this effect
is associated with a high concentration of macropores, which reduce mass transport during
solid-state sintering and limit grain growth.

O 2 annealings

® 1 l v ce
—=— 1 annealings ,AM " _
} —=— 2 annealings ! MS

20 .
= 0
2 S 1 x=0.20
< 101 3
N o
N8 -
£ 6 =
g % 1 x=0.15
§ " — 2
=

’ — N\ A x=0.05

1 T T T T T T T T T T

\ e Jj\M JIUA x=0.10
.

000 005 010 015 020 025 0 1 2 3 4 5 6 7 8
X Energy (keV)
(a) (b)

Figure 5. Dependence of average grain size on dopant concentration (a) and energy dispersive
analysis spectra (b) for the synthesized samples.

Energy-dispersive X-ray analysis (EDX) of cross-sections of experimental samples
subjected to two annealings is shown in Figure 5b. The EDX spectra indicate the presence
of only Y, Ce, and O elements in all prepared experimental samples. The calculation of the
elemental composition based on the obtained spectra is presented in Table 3. The Ce/O
ratio in atomic concentrations, considering uncertainties and standard deviations, aligns
with the stoichiometry of the experimental samples.
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Table 3. Results of surface chemical composition analysis via the EDX method.

O Concentration,

Ce Concentration,

Y Concentration,

X at.% at.% at.%

0.00—1 annealing 55.23 £ 4.57 42.77 £ 4.24 -

0.05—1 annealing 52.20 £9.64 45.60 £ 9.02 0.46 = 0.11
0.10—1 annealing 56.25 £+ 4.01 39.77 £3.75 2.06 £0.26
0.15—1 annealing 61.74 £10.76 33.79 £8.73 2.75+1.41
0.20—1 annealing 55.92 £7.08 37.74 £7.18 4.39 £ 0.52
0.25—1 annealing 56.99 + 6.69 35.82 £5.82 522 £0.52
0.05—2 annealings 58.06 + 6.08 39.50 £ 5.92 0.65 +£0.28
0.10—2 annealings 41.77 £ 4.81 52.83 = 4.47 2.53 £ 0.59
0.15—2 annealings 59.12 £ 4.34 37.08 + 3.88 1.39 + 0.47
0.20—2 annealings 62.47 £2.19 32.19 £2.09 3.32£0.48
0.25—2 annealings 52.01 £7.54 42.63 £ 6.72 2.58 £ 1.01

The obtained CeO, samples with varying Y concentrations were examined using
Raman spectroscopy, and the spectra are depicted in Figure 6. The most prominent peak in
the spectra, occurring at 464 cm ™!, corresponds to the triply degenerate optical phonon
mode Fpg, which is characteristic of the cubic fluorite structure of cerium oxide with the
Oy’ spatial group (Fm3m). The high symmetry of the CeO, structure, along with the
strong polarizability of Ce-O bonds, contributes to the high intensity of the Fo; mode [31].
This mode is often associated with the symmetric stretching vibrations of Ce-O8, yet the
force constants of O-O also contribute, and their influence is more significant than that of
Ce-O [32].
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Figure 6. Raman spectra obtained for CeO, samples with different Y(NOj3)3 concentrations.

In the Raman spectra of pure CeO, and with 5 wt.% concentration of Y(NO3)3, only
one peak at 464 cm ! related to the Fpg mode is observed. With the rising concertation of the
dopant, the original translational symmetry of the crystal is broken due to the introduction
of anion vacancies and other defects. As a result, phonons coming from different regions
of the Brillouin zone begin to participate in the formation of optical spectra. This leads
to the appearance of many broadened and low-intensity bands in the spectra [16]. At a
Y concentration of 10 wt.%, weak and broad peaks appear in the regions of 250, 550, and
600 cm~!. The peak at 250 cm ! corresponds to the second-order transverse acoustic mode
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(2TA) [33]. The modes observed in the 550-600 cm ™! range are typically attributed to the
D-band (D is for defects). Its positioning corresponds to the LO mode (F;, symmetry),
arising due to the relaxation of selection rules caused by the lowering of symmetry resulting
from the presence of defects [34].

Sometimes, in addition to the D-band around 600 cm !, a peak at 1200 cem ! attributed
to the second harmonic of the longitudinal optical (2LO) mode in the cubic phase, is also
observed. However, it is typically enhanced under conditions of resonant Raman scattering,
which did not manifest in our experiment. With an increase in the Y concentration, a
slight growth of these peaks is observed, indicating the formation of oxygen vacancies.
The appearance of the peak at 550 cm~! is linked to oxygen vacancies, acting as charge
compensation defects, ensuring charge neutrality upon CeO, doping when Y** ions replace
Ce** ions [35,36]. The peak at 600 cm ™! is also attributed to oxygen vacancies, which arise
as Ce** is reduced to Ce?* [17].

Table 4 shows the change in the full width at half maximum (FWHM) of the F,; peak
as the concentration of Y(NO3);3 increases. The broadening of this peak can be attributed to
both a reduction in crystallite size and the formation of defects [37,38].

Table 4. Changes in Fp; mode peak parameters for CeO, samples with the increasing concentration
of Y(NO3)3.

X Center FWHM

0 464.44 8.62
0.05 464.82 10.80
0.10 465.31 14.27
0.15 465.80 18.17
0.20 465.23 18.35
0.25 465.46 22.79

The electrical properties of the obtained samples were investigated using dielectric
spectroscopy. Figures 7 and 8 depict the frequency-dependent behaviors of the real part of
the permittivity (¢/) and the dielectric loss tangent (tan §) within the frequency range from
100 Hz to 220 kHz for samples annealed twice and once, respectively. For the undoped
CeO, sample, it was observed that the permittivity (¢') remains constant at a value of 18.5
with increasing frequency, while the dielectric loss tangent (tan J) is ~7 x 10~%. This value is
lower than that calculated and measured in the study [39] due to the porosity of the sample.
The low value of the dielectric loss tangent is attributed to the high crystalline perfection of
the crystallites and the largest grain size in the x = 0.00 sample [40]. Indirect confirmation of
this was provided via X-ray and Raman analysis of the peaks. With an increase in dopant
concentration, permittivity and dielectric losses also increase. Frequency dispersion appears
in the low-frequency range of the spectrum in the dielectric characteristics’ frequency
dependencies. However, it can be noted that for samples annealed once at concentrations
of x = 0.20 and 0.25, the permittivity significantly decreases compared to other samples.

A comparison of the dependencies of permittivity at low frequency (100 Hz) and high
frequency (10 kHz) on dopant concentration and the number of annealing cycles for all
samples is presented in Figure 9a,b. It is well known that several factors influence the value
of ceramic permittivity, such as the ceramic’s chemical composition, the perfection of the
crystalline lattice, and microstructure characteristics (porosity, grain size). To explain the
changes in the electrical properties of the synthesized samples, the influence of chemical
composition and defects in the crystalline lattice should be primarily considered. The
increase in low-frequency ¢ values (and the appearance of low-frequency permittivity
dispersion) with an increase in x is primarily associated with the influence of through-ion
conduction [41,42]. This type of conductivity arises during the substitution of Ce*" ions
with Y3* ions, leading to the formation of oxygen vacancies in the crystalline lattice. For
the same reason, low-frequency dielectric losses increase. Upon substitution, the concen-
tration of point defects and the mobility of charged particles interacting with vacancies
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increase, enhancing ionic conductivity. However, this effect is limited by vacancy—vacancy
interactions at concentrations of x greater than 0.15 [21].
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Figure 7. Frequency dependencies of permittivity (a) and dielectric loss tangents (b) for samples
obtained with two annealings.
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Figure 8. Frequency dependencies of permittivity (a) and dielectric loss tangents (b) for samples
obtained with one annealing.

Further, it is important to consider the characteristics of the microstructure that can
significantly influence the ¢ (f) spectrum. The dispersion of the permittivity is associated
with the emergence of polarons in the crystalline lattice, as well as interface polarization at
the grain/grain boundary interfaces [43—45].

The latter phenomenon is possible because the conductivity increases within the grains,
while the grain boundaries remain insulating, creating conditions for charge accumulation
at the interface. Thus, the increase in low-frequency ¢’ with the rise in x up to 0.15 in samples
subjected to two annealings is associated with changes in the ceramic’s conductivity. This
can also be confirmed by examining the calculated values of electrical conductivity at
low frequency (Figure 9c). Up to a concentration of x = 0.10, a sharp increase in o 4¢ is
observed with a tenfold rise in dopant concentration. With further increases in x, the
conductivity remains higher than in the non-substituted sample. In samples subjected to a
single annealing process, the growth of low-frequency ¢’ is limited by high porosity.
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Figure 9. Dependences of permittivity on dopant concentration at 100 Hz (a), 10 kHz (b), AC
conductivity at 100 Hz (c), and dielectric loss tangent on dopant concentration at 10 kHz (d).

When considering the variation of high-frequency dielectric permittivity from dopant
concentration, an increase in ¢ values with increasing x is also observed for the sample
with two annealings. However, in this case, the increase is not related to a change in
the ionic conductivity of the ceramics. Since the cubic lattice parameter decreases with
increasing dopant concentration, the unit cell volume also decreases. According to the
Clausius—Mossotti relation [46], a decrease in the lattice volume can increase the dielectric
constant of oxides. Thus, in Y substituted stabilized zirconia ceramics, the dielectric
permittivity can increase from 23 to 40 with the stabilization of the tetragonal phase and
the reduction of the lattice volume by 5% [47].

Moreover, the addition of dopants can increase the polarizability of ions in the oxide
crystal lattice. The dependence of dielectric losses on x of both series of samples at 10 kHz
is shown in Figure 9d. In the case of one annealing and two annealings, the dielectric losses
in the obtained samples increase with the increasing concentration of Y(NO3)3 in the initial
charge up to concentrations x = 0.10-0.15. The increased values of tan J in the substituted
CeO5-Y ceramics are associated with an increase in the defect concentration, which was
detected through X-ray diffraction analysis and Raman studies of the obtained samples.

The mechanical properties of the synthesized ceramics were evaluated by measuring
the microhardness using the Vickers method with a load of 0.2 kgf (HV0.2). The results
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of the measurements are shown in Figure 10a. In the case of samples obtained with
one annealing, the microhardness reaches its maximum at a dopant concentration of
0.05, then decreases to the values of the undoped sample. For this series, microhardness
measurements could not be made for samples with concentrations x = 0.20 and 0.25 because
the porous structure of the ceramic could not withstand the indentation load. For the series
of samples with two annealings, an increase in microhardness values was observed with
increasing Y(NOj3)s concentration up to a dopant concentration of 0.20. In both cases, the
decrease in HV0.2 values correlates with the change in density and porosity (Figure 10b,c).
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Figure 10. Dependence of HV0.2 microhardness (a), apparent density (b), and porosity (c) on
dopant concentration.

For all the samples, the apparent density and porosity were calculated using the
X-ray density values (Table 1). The highest HV0.2 value was obtained for the least porous
sample, which demonstrates a pronounced dependence of microhardness on the presence
of pores in the sample [48,49]. On the other hand, despite the decrease in apparent density
(increase in porosity), in some cases, it was observed that microhardness does not follow
the change in apparent density (e.g., sample with two annealings and concentration x = 0.2).
In this case, the increasing value of HV0.2 may be due to the small value of the average
grain size as well as the high concentration of dislocations. In large grains, mechanical
stresses can propagate along dislocations over longer distances than in the case of small
grains [50]. The propagation of mechanical stresses stops at grain boundaries, which causes
the hardening of ceramics. In addition, similar to metals, hardening can be affected by a
high concentration of dislocations, the values of which are maximum for samples with high
dopant content.
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The experimental results show that the sintering of Y-doped CeO, ceramics from
charge containing Y(NO3)3 nitrate is of practical interest in the field of energy. In previous
work that was dedicated to the possibility of the application of non-porous doped ceria
ceramics in electrochemical devices, complex investigations were conducted [51]. By com-
parison, the data obtained from this work with [51] indicate that porous ceria ceramics
have comparable microhardness (805.6-860.6) and grain size (3—6 m). As mentioned be-
fore, high-temperature ionic conductivity in ceramics for fuel cells should be in the order
of 1 x 1073 to 8 x 1072 S/cm. In this work, high-temperature measurements of electrical
properties were not carried out, but room-temperature results are also promising. First,
significant improvements in the electrical properties of ceramics with 1 annealing and
2 annealings were found. Second, substitution of Ce** by Y3* was also confirmed via
XRD, Raman spectroscopy, and dielectric measurements, which are necessary for improv-
ing oxygen conductivity. If functional elements made of porous materials are required in
the production of, for example, solid oxide fuel cells or hydrogen separation systems, the
one-stage annealing process proposed in this work can be applied to create such materi-
als. At concentrations of x = 0.05-0.15, samples fabricated with a single annealing process
(porosity 15-20%) had values of low-frequency electrical conductivity (at room temperature)
~3 x 1078 S/cm, dielectric constant ~27, and microhardness HV0.2 in the range of 700-825.
In less porous samples fabricated with two annealings, these values were higher by 20-30%
with porosity of 1-8%. Regardless of the annealing variants, doping CeO, with Y ions leads
to an increase in the ionic conductivity, permittivity, and microhardness, which improves
the functional and performance characteristics of ceramics made from cerium oxide.

4. Conclusions

In this study, CeO, ceramic samples with Ce** substitution for Y3* were successfully
synthesized via the solid-phase method with one and two annealing steps. The impact of
the dopant concentration (ranging from 0.00 to 0.25) on the structural, dielectric, and me-
chanical properties of the cerium oxide ceramics was investigated using various techniques:
powder X-ray diffraction; Raman spectroscopy; microhardness measurements; and dielec-
tric spectroscopy. The findings reveal a substantial influence of the dopant concentration
on the sample morphology, lattice parameter, electrical conductivity, dielectric constant,
and HV microhardness. Notably, the substitution of Ce*" ions with Y3* led to a decrease in
the lattice parameter from 5.411094 to 5.406372 A. This phenomenon is attributed to the
presence of oxygen vacancies, which maintain the crystal’s electroneutrality.

In addition, X-ray structural analysis and Raman spectroscopy showed that with
increasing dopant concentration, the crystallite size decreased, and the defect density
within the crystalline structure increased. Scanning electron microscopy (SEM) and optical
microscopy images indicated a reduction in the average grain size of ceramics with high
substitution levels from 27.6 to 3.5 pm. Doping CeO, with yttrium ions led to an increase
in the low-frequency dielectric constant from 18 to 32 for the series of samples subjected
to two annealings, and from 18 to 27 for the series with a single annealing. Furthermore,
a concentration-dependent trend in low-frequency electrical conductivity was observed
across the investigated concentration range. This trend exhibited a maximum where
samples subjected to two annealing processes demonstrated the highest conductivity at
3.9 x 1078 Sm/m, while porous samples with one annealing exhibited a conductivity of
3.3 x 1078 Sm/m. Despite having a porosity of 20%, the samples subjected to a single
annealing process showed only a ~20% reduction in microhardness (HV0.2), which is close
to the microhardness of the undoped sample.

In summary, it was determined that using a single annealing process during the solid-
phase synthesis of yttrium nitrate-doped ceramics (with weight concentrations ranging
from 0.05 to 0.15) enables the production of porous samples with favorable mechanical and
electrical properties for practical applications in the field of energy.
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