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Abstract
Ceramics with the composition of  (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 was obtained by tape casting onto a moving substrate 
using the original powder obtained by grinding single crystals. The phase composition, crystalline, and local structure 
of ceramics and single crystals were studied using X-ray diffractometry, Raman, and optical spectroscopy. The elec-
trical conductivity of the samples was measured using impedance spectroscopy methods in the temperature range of 
350–900 °C. It has been shown that the phase composition, crystalline and local structure, as well as the crystal lattice 
parameter of ceramics do not undergo changes compared to single crystals. The technological process used for ceramics 
manufacture did not lead to contamination of the material with foreign impurities. The electrical conductivity of ceramic 
samples was less than the electrical conductivity of a single crystal over the entire temperature range. Thus, the values 
of electrical conductivity of ceramics and single crystals at a temperature of 1173 °K were equal to 0.176 and 0.235 S/
cm, respectively. The observed differences in electrical conductivity are likely due to the presence of pores and grain 
boundaries in the ceramic samples.
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Introduction

Currently, ceramic materials based on zirconium dioxide 
have oxygen ion conductivity at elevated temperatures and 
they are used as solid electrolytes [1–10]. Modern develop-
ment of ceramic technology makes it possible to produce 
products of complex shapes and high density and ensures 
scaling of their sizes. A wide range of modern manufac-
turing techniques makes it possible to organize industrial 
production at existing enterprises. The technology for the 
production of ceramic solid electrolytes for electrochemical 
devices should provide the ability to obtain mechanically 
strong and dense membranes with small thicknesses and 
large areas, possessing the required transport characteris-
tics with a high degree of stability at operating tempera-
tures. The electrical characteristics and stability of ceramics 
under operating conditions are influenced by many factors 
related to the characteristics of the microstructure, such as 
grain sizes, heterogeneity in the distribution of components 
along the grain boundaries and in their volume, impurities, 
and pores at the grain boundaries. The characteristics of the 
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structure and transport properties, in turn, depend on the 
method of synthesis and specific temperature–time regimes 
for obtaining these materials [11–21].

One of the methods for the synthesis of solid solutions 
based on zirconium dioxide is the method of directional 
crystallization of the melt in a cold crucible [22]. These 
materials do not contain grain boundaries, and their electri-
cal conductivity depends only on the initial composition and 
crystallization conditions, including the growth and cooling 
rates of the crystal ingot. Fast and complete synthesis in a 
melt from the starting oxides does not require intermedi-
ate steps, which may lead to contamination of the starting 
materials and, in addition, further purification from external 
impurities occurs during the crystallization process. This 
method was used to obtain crystals of  ZrO2-based solid solu-
tions stabilized by  Sc2O3 and co-doped with oxides of rare 
earth elements [23–28]. However, the practical application 
of single-crystalline materials is limited by the requirements 
for size and shape, since additional costs are required for 
their mechanical processing.

The structure, physical, and transport properties of 
ceramic solid electrolytes based on  Sc2O3-stabilized  ZrO2 
и co-doped with oxides of rare earth elements are being 
actively studied [8, 10–17, 19].

One of the effective co-doping oxides that stabilize the 
highly conductive cubic phase in the  ZrO2–Sc2O3 binary 
system is  Yb2O3 [29–31]. It has been shown that the elec-
trical conductivity at high temperatures of these solid 
solutions decreases with increasing  Yb2O3 concentration. 
Single-phase cubic ceramic samples of the composition 
 (ZrO2)0.91(Sc2O3)0.08(Yb2O3)0.01, obtained by solid-phase 
synthesis, had the maximum conductivity (0.30 S/cm at 
1273 °K) [31]. These materials also have high phase sta-
bility to high-temperature exposures and high long-term 
stability of electrical conductivity [29]. High stability of 
structural and transport characteristics during long-term 
exposure at a temperature of 850 °C was also observed in 
 (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 single crystals [28].

The purpose of this work was to obtain ceramic solid elec-
trolyte with the composition  (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01, 
using powder prepared from crushed crystals as a starting 
material, as well as to conduct a comparative analysis of 
the structure and electrical properties of single crystal and 
ceramic samples of this solid electrolytes.

Materials and experimental techniques

Single crystals  (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 were grown 
using the method of directional crystallization of the melt 
in a cold crucible [22]. The starting materials used were 
zirconium, scandium, and ytterbium oxide powders with a 
purity of at least 99.99%. Small concentrations of  Eu2O3 

(no more than 0.1 mol%) were additionally introduced into 
the composition of some crystals, and  Eu2O3 was used as a 
spectroscopic probe for spectral and luminescence studies. 
A part of the crystals was used to make initial powders for 
ceramic samples.

(ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 single crystals were 
pre-ground in a Fritsch Pulverisette 6 classic line planetary 
mill (Germany). Grinding was carried out in ethanol using 
a 10-mm grinding media made of partially stabilized zirco-
nium dioxide. Grinding mode, 400 rpm; 60 min. After grind-
ing, the powder was dried in a SNOL drying box (Russia) at 
a temperature of 100 °C for 30–60 min. The determination 
of the average particle size of ceramic powders was car-
ried out on an Analysette 22 NanoTec plus analyzer (Fritsch, 
Germany) using the laser diffraction method.

The casting suspension was prepared in a Thinky ARE-
250 planetary mixer (Japan). Organic base consisting of 
solvents—methyl ethyl ketone (MEK) (Vekton, Russia) 
and ethanol, plasticizer—butyl benzyl phthalate (BBP) 
(Reakhim, Russia), binder—polyvinyl butyral (PVB) (Sigma 
Aldrich, Germany), and surfactant—N-tallow diamine 
(Shaanhi Dideg Medichem Co., Ltd., China) was manu-
factured separately. The content of the components in the 
casting suspension was (mass%) MEK, 44.6; ethanol, 29.5; 
PVB, 18.5; and BBP, 7.4. The surfactant content was 1% by 
weight of the powder.

Mixing was carried out in the following mode: 1000 rpm; 
the total mixing time was 30 min. After introducing the elec-
trolyte powder into the final organic mixture, it was mixed 
in a mixer according to the following mode: 1000 rpm; the 
total mixing time was 1–2 h.

The casting of the finished suspension was carried out on 
a Lisa TTC-1000 line (USA) using a two-blade system. The 
level of the lifting of the first blade above the supporting 
polyethylene (PE) film was 800 µm, and the level of lifting 
of the second blade was 600 µm. The temperature at which 
casting was carried out was in the range of 22–23 °C. The 
cast tape was dried in the air for 4 h. Annealing was carried 
out in a high-temperature Nabertherm HTC 40/16 furnace 
(Germany) in air at the temperature of 1500 °C for 1 h using 
alumina cover plates.

The microstructure of ceramics was studied using a scan-
ning electron microscope Supra 50VP equipped with an 
INCA Energy + microanalysis system.

The phase composition and structure were studied by 
X-ray diffraction and Raman spectroscopy. X-ray diffrac-
tion studies were carried out using an Empyrean diffrac-
tometer manufactured by PANalitical B.V. (CuKα radiation, 
λ = 1.5414  Å) with a vertical goniometer and a PIXcel 3D 
detector, respectively. To decipher diffraction patterns, the 
JSPDS PDF 2 1911 database was used. Raman studies were 
carried out using excitation radiation with a wavelength of 
λext = 633 nm.
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The study of spectral and luminescent properties was 
carried out by optical spectroscopy using  Eu3+ ions as a 
spectroscopic probe. Registration of luminescence spectra 
at T = 300 °K was carried out using an inVia spectrometer 
manufactured by RENISHAW.

The study of the transport characteristics of single-
crystal and ceramic samples was carried out by imped-
ance spectroscopy using a Solartron SI 1260 frequency 
response analyzer in the frequency range of 1–5 MHz 
with an alternating current signal amplitude of 24 mV in 
a temperature range of 350–900 °C with a step of 50° 
while holding at each temperature for 30–40 min. The 
samples were plates measuring 7 × 7  mm2 with a thickness 
of 0.50 mm for single-crystal and 0.14 mm for ceramic 
samples. Impedance measurements were carried out using 
the four-contact method on samples with symmetrically 
located platinum electrodes. The electrodes were made 
of Pt paste, which was applied to the samples and then 
fired at a temperature of 950 °C for 1 h in air. Impedance 
spectra were processed using the ZView program (ver. 

2.8). The electrical conductivity was calculated from data 
obtained by processing impedance spectra, taking into 
account the geometric dimensions of the samples.

Results and discussion

Figure 1 shows a diagram of the ceramic manufacturing process.
The results of X-ray diffraction analysis of the studied ceramic 

and single crystal samples  (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 are 
shown in Fig. 2. The crystals were single-phase and had a cubic 
fluorite-type structure. Phase analysis of single crystals was 
carried out on plates cut from the central part of the crystals 
perpendicular to the < 100 > direction. As follows from Fig. 2, 
the grinding of single crystals and further operations for the pro-
duction of ceramic samples did not lead to a change in the phase 
composition of the samples. The crystal lattice parameters also 
did not change and amounted to 0.5094 nm. The results of X-ray 
diffraction analysis of the studied ceramic samples indicate that 
they are single-phase and have a cubic fluorite-type structure.

Fig. 1  Scheme of the ceramic manufacturing process
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The structure and phase composition of the ceram-
ics and the initial crystal were controlled by the Raman 
method. The Raman spectra of ceramics and single crys-
tal  (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 is shown in Fig. 3. 

The Raman spectra of the ceramics and single crystal 
indicated no detectable change in the chemical structure, 
formation of new peaks, or significant displacement of 
existing peak centers. In the given spectra of ceramics 
and crystals, peaks at 250  cm−1, 365  cm−1, and 610  cm−1 
are observed, which belong to the cubic phase of zirco-
nium dioxide. In addition, the spectra have a peak with 
a maximum of ~ 480  cm−1, which is characteristic of the 
t″-phase structure close to cubic [32]. The coincidence of 
the patterns of the Raman spectra of ceramics at different 
points indicates that the phase composition is the same 
throughout the sample.

Figure 4 shows the microstructure of cross-section (a) 
and the surface (b) of the ceramic sample obtained using a 
scanning electron microscope.

The presence of isolated pores in the cross-section of the 
sample with dimensions of no more than 2–5 µm is visible. 
An analysis was carried out on the distribution of grain sizes 
(Fig. 5). The analysis showed that the ceramic grain size is 
in the range of ~ 1 to 10 µm. Most of the grains, ~ 50%, have 
sizes of up to ~ 5–6 µm.

Spectral analysis on a scanning electron microscope using 
the energy dispersive method did not show the presence of 
any foreign impurities.

Fig. 2  X-ray diffraction 
patterns of the single crys-
tal and ceramic sample 
 (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01

Fig. 3  Raman spectra of  (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 ceramics 
and single crystal
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In this work, we used the excitation of  Eu3+ ions to the  
5D1 level. Luminescence spectra were recorded for the transi-
tions 5D0 → 7F0, 5D0 → 7F1, 5D0 → 7F2, 5D0 → 7F3, 5D0 → 7F4.

Figure  6 shows the luminescence spectra of 
 (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 single crystals and ceram-
ics, recorded upon excitation by radiation with a wavelength 
of 532 nm at room temperature.

Analysis of the luminescence spectra for transitions 
between the 5D0 and 7FJ(0–4) multiplets of  Eu3+ ions in 
 (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 ceramics, recorded upon 
excitation of the 5D1 level of  Eu3+ ions at T = 300 °K indi-
cates that they are characterized by the presence of the 
same spectral lines as for a similar spectrum of a single 
crystal. This indicates the same local oxygen environ-
ment of  Eu3+ ions in single crystals and ceramics. Dur-
ing the process of grinding crystals and manufacturing 

ceramic samples, the material may become contaminated 
with uncontrolled impurities. Thus, in ceramic samples of 
zirconium dioxide stabilized with scandium oxide, also 
made from grounded crystals, the presence of intense 
additional lines associated with  Al2O3:Cr3+ impurity 
was noted in the luminescence spectrum [33]. No addi-
tional lines were detected in the luminescence spectra of 
 (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 ceramics, which indicates 
the absence of external impurities in it.

Thus, the structural studies of ceramic samples made from 
grounded crystals using the tape-casting method showed that 
the phase composition, crystalline and local structure, as 
well as the crystal lattice parameter of the ceramics do not 
undergo changes compared to single crystals.

Figure 7 shows the characteristic impedance spectra of 
ceramic and single-crystal samples at various temperatures.

Fig. 4  SEM image of the cross 
section (a) and surface (b) of 
the ceramic sample

Fig. 5  Grain size distribution of 
 (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 
ceramic sample
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When analyzing the impedance spectra of samples in 
the low-temperature region, the polarization contributions 
that relate to the material under study and the electrode/
electrolyte interface are well-separated. For ceramic sam-
ples, an additional arc was observed in the impedance 
spectra in the high-frequency region, which is due to the 

contribution of the capacitive-resistive polarization of the 
electrolyte due to the partial blocking of oxygen ions at 
the grain boundaries of the electrolyte. For single-crystal 
samples, there is no additional arc in the impedance spectra 
due to the absence of grain boundaries. The volume resist-
ance value of single crystals (Rb) was calculated within 
the framework of an equivalent electrical circuit model 
(Rb −  CPEb)(Relectrode −  CPEelectrode) at low temperatures of 
350–400 °C, and for ceramics, the volume resistance value 
was calculated within the framework of an equivalent elec-
trical circuit model (Rb −  CPEb)(Rgb −  CPEgb)(Relectrode −  
CPEelectrode). For the high-temperature range 450–900 °C, 
the equivalent circuit  LRb(Relectrode −  CPEelectrode) for single 
crystals and ceramics was used, where Relectrode is the resist-
ance of the electrode/electrolyte interface,  CPEelectrode is a 
constant phase element characterizing processes at the elec-
trode interface, Rgb is the resistance of the boundaries grains, 
 CPEgb is a constant phase element characterizing processes 
at grain boundaries, and L is the inductance of current leads.

Figure 8 shows the temperature dependencies of the elec-
trical conductivity of single crystal and ceramic samples in 
Arrhenius coordinates. It was found that throughout the 
entire temperature range for ceramic and single-crystal solid 
electrolytes, the values of the electrical conductivity are dif-
ferent. A possible reason for this difference is the errors that 
arise in determining the geometric factor due to the presence 
of closed pores in the sample, as shown in the image of a 
cross-section of the ceramic sample. A decrease in the elec-
trical conductivity of ceramics compared to a single crystal 
(from 0.176 to 0.235 S/cm, respectively, at 1173 °K) may 
also be associated with an increased electrical resistance of 
grain boundaries. The non-uniform distribution of oxygen 

Fig. 6  Luminescence spectra of 
 (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 
single crystals and ceramics, 
λexc = 532 nm, T = 300 °K

Fig. 7  Impedance spectra of  (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 ceram-
ics and single crystal at 623 (a) and 1173 °K (b)
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vacancies at grain boundaries leads to the appearance of a 
space charge at these boundaries and to an increase in elec-
trical resistance even in high-purity ceramics [34].

From Fig.  8, it is clearly seen that the temperature 
dependences of the electrical conductivity of single crystal 
and ceramic samples in Arrhenius coordinates are nonlinear, 
which indicates a different conductivity mechanism in dif-
ferent temperature ranges.

Activation energy for electrical conductivity (Ea) was 
calculated from impedance data in two temperature ranges 
of 350–500 and 750–900 °C. The Ea values of the single 
crystal and ceramic sample in the low-temperature region 
were 1.43 ± 0.02 and 1.36 ± 0.02 eV, respectively; in the 
high-temperature region, these values were 0.73 ± 0.03 and 
0.76 ± 0.03 eV. In accordance with the model proposed in 
[35], in oxygen-ion conductors, such as solid solutions based 
on zirconium dioxide,  Ea in the low-temperature region con-
sists of the migration energy of oxygen vacancies (Em) and 
the association energy (Eas). Eas is the energy required to 
dissociate different types of clusters containing vacancies. 
At high temperatures, free migration of isolated vacancies 
occurs, and Ea is equal to the enthalpy of migration. The data 
obtained show that Em in single-crystal and ceramic samples 
does not differ within the measurement error.

Thus, the electrical conductivity of the ceramic samples 
is close to the electrical conductivity of single crystals. A 
slight decrease in conductivity is associated with the charac-
teristics of the ceramic microstructure, namely the presence 
of residual porosity, grain size, and the presence of grain 
boundaries. These characteristics are determined by the 
conditions of the sintering of ceramic samples. It is obvious 
that changes in sintering conditions aimed at increasing the 
density of ceramics can bring its conductivity closer to the 
conductivity values of a single-crystal material.

Conclusions

Ceramic solid electrolytes  (ZrO2)0.90(Sc2O3)0.09(Yb2O3)0.01 
were obtained from powders prepared by grinding single 
crystals of the same chemical composition. The grain size 
of ceramics is in the range from ~ 1 to 10 µm. The maximum 
particle size distribution was at ~ 5 µm. In the cross-section 
of the samples, there were a small number of closed pores 
with sizes up to ~ 2–5 µm.

A comparative analysis of the structure of ceramic and 
single crystal samples showed that the phase composi-
tion, crystalline and local structure, as well as the crys-
tal lattice parameter of ceramics do not undergo changes 
compared to single crystals. Both of these samples had 
the structure of a pseudocubic t″-phase. The electrical 
conductivity of ceramics was less than the electrical con-
ductivity of a single crystal over the entire temperature 
range. The observed differences in electrical conductivity 
are likely due to the presence of pores and grain bounda-
ries in ceramic samples.
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