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Abstract: 8 mol% Y2O3-stabilized ZrO2 (8YSZ) ceramics were prepared with KCl and LiF additions
to obtain porous specimens with high skeletal density. Thermogravimetric and differential thermal
analyses (TG/DTA) were carried out on 8YSZ and on 8YSZ mixed to 5 wt.% KCl or 5 wt.% LiF as
sacrificial pore formers that were thermally removed during sintering. The melting and evaporation
of the alkali halides were evaluated by differential thermal analysis. Dilatometric analysis was also
carried out following the same TG/DTA temperature profile with results suggesting rearrangement
of the 8YSZ particles during LiF and KCl melting. The dilatometric data of 8YSZ green pellets
mixed to KCl or LiF exhibited an initial expansion up to the melting of the alkali halide, followed by
shrinkage due to sintering evolution with grain growth and pore elimination. The time that the alkali
halide molten phase was kept during sintering was found to be an important parameter for obtaining
8YSZ-sintered specimens with specific pore content; bulk density and open porosity could then be
tuned by controlling the time the alkali halide remained liquid during sintering. Scanning electron
microscopy images of the pellet fracture surfaces showed pores that contributed to increasing the
electrical resistivity as evaluated by impedance spectroscopy analysis.
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1. Introduction

Sintering is one of the main thermal steps that has long been applied in the ceramics
industry. During the process, modification to the microstructure of the materials occurs
continuously, the control of which is necessary for obtaining functional ceramics [1]. Con-
ventional sintering processes usually require high temperatures and a long time, but new
approaches, like the ones using low-melting-point additives, have been proposed to pro-
duce ceramic materials with a controlled microstructure at lower temperatures and a shorter
time, thereby reducing costs and eventually an improved final product [2].

Liquid-phase sintering is characterized by using a liquid phase to provide the interpar-
ticle bond of a solid particulate matrix with particle re-arrangement due to capillary forces.
When both the liquid and solid phases interact, diffusion mechanisms take place that
improve the final densification [3]. If the average size of the melt-forming particles is larger
than the interparticle voids, pore formation can occur due to the persistent liquid phase
and possible accumulation of gaseous species in the pores (even in closed pores swelling is
expected), which promotes coarsening of the pores and inhibiting densification [3–6].

By controlling the processing of porous ceramics, a wide range of applications has
been found, for example, as inorganic membranes [7,8] and in solid-oxide fuel cells [9,10].

Zirconia (ZrO2) is a paradigmatic ceramic material that finds application in several
sectors of the economy. Even though zirconia ceramics have been studied thoroughly in
recent decades such as at dedicated topic conferences [11], research is still being carried
out to look for further applications. Zirconia may be found in three main crystallographic
phases from room temperature to its melting point at approximately 2700 ◦C: monoclinic
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at room temperature, tetragonal from 900 to 1200 ◦C and cubic from 2370 ◦C to the melt-
ing point. The cubic phase may be stabilized at room temperature by constituting solid
solution with aliovalent cations like Ca2+, Mg2+, Y3+ and RE3+ (Rare Earths) [10]. Zirconia
stabilized with 8 mol% yttria (8YSZ) is a well-used ceramic material that has oxygen ion
conductivity appropriate for use as a solid-electrolyte oxygen sensor in vehicles to improve
engine efficiency and fuel economy [12–16], in high-temperature solid-oxide fuel cells for
alternative electrical energy production [17–20] and in thermal barrier coatings [21–24].

Porous solid electrolytes (like 8YSZ) are particularly interesting because their physical
properties have been widely studied [10] and find many applications [9]. Porous mono-
clinic zirconia has been proposed for use in separation processes for microfiltration with a
pressure gradient [25]. The interdependence among sintering conditions, electrical prop-
erties, and porosity in liquid-phase, flash-sintered 8YSZ (with LiF as a sintering additive)
has already been shown [26]; however, the sintering process in that case was faster due
to Joule heating promoted by an electric current through the sample in an electric field.
Porous 8YSZ is also used in in microporous membranes for gas nanofiltration [7] and
carbon dioxide capture [27] and in thermal barrier coatings [28].

In this work, data from thermal analyses (thermogravimetry, differential thermal
analysis and dilatometry) were collected in 8YSZ mixed to the alkali halides KCl or LiF
(chosen due to their lower melting points, 770 and 845 ◦C, respectively, compared with that
of ZrO2) to evaluate the thermal removal of the alkali halides as sacrificial pore formers.
Impedance spectroscopy analysis was carried out after removal to determine the electrical
resistivity of the porous 8YSZ specimens. Scanning electron microscopy images were
collected for analysis of pore content. Even though porous ceramics can be obtained by
different techniques (e.g., sacrificial polymers [29], coal-gang residual industrial waste [30]),
the main objective here was to show that alkali halides could be used to obtain 8YSZ with
controlled porosity using conventional sintering procedures: heating temperature and
level-dwelling time-cooling steps.

2. Materials and Methods
2.1. Materials

ZrO2: 8 mol% Y2O3 ceramic powders (6.9 m2 g−1 specific surface area, 0.5–0.7 µm
average particle size, 8YSZ, tape cast-grade powder, fuel cell materials, USA [31]) were dry
mixed with 5 wt.% KCl (99.5%, Merck, São Paulo, Brazil) or with 5 wt.% LiF (99.5%, Oregon
Labware, São Paulo, Brazil) pore formers, uniaxially pressed (50 MPa) into disk-shaped
pellets having a 5 mm diameter and 3 mm thickness, and isostatically pressed (140 MPa,
National Forge Co., Irvine, PA, USA). For collecting the FEG-SEM images and impedance
spectroscopy data, the pellets were sintered in a furnace (Lindberg-BlueM, Watertown,
NY, USA) with the following temperature profile: 1100 ◦C/1 h to remove the KCl or LiF,
followed by 1400 ◦C/2 h with 5 ◦C min−1 heating and cooling rates, for densification.
The density of the sintered samples was evaluated by applying the Archimedes principle,
using distilled water as medium and an AG245 analytical balance (Mettler-Toledo, LLC,
Columbus, OH, USA).

2.2. Thermal Analysis

Simultaneous thermogravimetric and differential thermal analyses (TG-DTA) were
performed in the 8YSZ powder and in mixtures of 8YSZ with LiF or KCl, from room
temperature to 1400 ◦C at 10 ◦C min−1, under flowing synthetic air at 10 L min−1 in a
STA 409E (Netzsch, Selb, Germany) thermal analysis equipment; α-alumina was used as
reference. For dilatometric analyses, data were collected by a green pellet inserted into
the vertical dilatometer Unitherm 1161 (Anter, Pittsburgh, PA, USA), during heating to
and cooling from 1400 ◦C at 10 ◦C min−1; The temperature was monitored by a type S
thermocouple with its sensing tip positioned close to the sample.
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2.3. X-ray Diffraction

X-ray diffraction data were collected in a Bruker-AXS D8-Advance diffractometer
(Karlsruhe, Germany) with a θ–2θ Bragg–Brentano configuration with a scintillation de-
tector, 40 kV–40 mA Cu-kα radiation, in the 20–80◦ 2θ range, 0.05◦ step size at 5 s per
step. The specimens were powders obtained by grinding the sintered pellets in an agate
mortar. PDF files 30-1468 (8YSZ), 78-1217 (LiF) and 72-1540 (KCl) were used to analyze the
diffration patterns.

2.4. Scanning Electron Microscopy

For observation in the scanning electron microscope, the sintered pellets were suc-
cessively polished with 400-, 600- and 1000-grade SiC powders, followed by 15, 3 and
1 µm diamond pastes (Buehler, Lake Bluff, IL, USA), with further ultrasonic cleaning with
isopropanol. The polished specimens were thermally etched at 1300 ◦C/15 min, inserted to
and removed from the furnace with a 2 ◦C s−1 cooling rate using a platinum grid and leads.

The polished and thermally etched surfaces and fracture surfaces of samples were
observed in a Inspect F50 FEG Scanning Electron Microscope (FEI, Brno, Czech Republic).
The porosity level of the ceramic specimens was evaluated in two ways: (i) comparing
the density determined by the Archimedes method with theoretical density [10]; (ii) sig-
naling the pores in amplified scanning electron microscopy images and using the ImageJ
software [32] to evaluate pore sizes and pore-size distribution. Energy Dispersive X-ray
Spectrometer (EDAX Octane Elect Plus, Ametek, Berwyn, IL, USA) was used for the ele-
mental searching of the sample surfaces for residual alkali halides after heat treatment to
remove KCl and LiF in 8YSZ + 5 wt.% KCl and 8YSZ + 5 wt.% LiF, respectively.

2.5. Impedance Spectroscopy

In the [−Z′′(ω) × Z′(ω)] diagrams, Z′ and Z′′ are the real and imaginary components
of impedance, respectively, and f = ω/2π is the frequency of the input signal. These
were obtained by electrochemical impedance spectroscopy using a Hewlett Packard 4192A
impedance analyzer (Yokogawa-Hewlett Packard, Tokyo, Japan) connected to a desktop
workstation (series 360 HP Controller Yokogawa-Hewlett Packard, Tokyo, Japan) with
a 200 mV input signal at 20 points per decade in the 10 Hz–10 MHz range. For the
measurements, three samples were spring-loaded between platinum disks inside Inconel
600, alumina, and platinum terminal leads in a custom-made chamber connected to an
impedance analyzer by 1 m coaxial cables. Silver paste was deposited on the parallel
surfaces of the ceramic pellets and cured at 400 ◦C/15 min. Special software was used to
collect and plot the [−Z′′(ω) × Z′(ω)] data [33]. Deconvolution analysis of the diagrams
was done with the same software, allowing for evaluating resistance and capacitance of the
diagram semicircles.

3. Results
3.1. Density and Porosity Evaluation

The geometrical green density of the 8YSZ cold-pressed powders was approximately
45% of the theoretical density, (TD) [10]. The Archimedes density of the 8YSZ sintered
pellets was 5.85 g cm−3 (98.2% TD). The 8YSZ sintered with KCl addition and 8YSZ sintered
with LiF addition had approximately 78.9 and 56.2% TD, respectively, with corresponding
21.1 and 43.8% apparent open porosity.

3.2. Thermal Analyses

The thermogravimetric and differential thermal analysis curves during heating 8YSZ
mixed to KCl or LiF at 10 ◦C min−1 to 1400 ◦C are presented in Figure 1a,b, respectively.
The mass reduction after the specimen started melting was approximately 4 and 5% for
LiF and KCl, respectively, meaning that a small amount of LiF might have remained
in the sample. For both 8YSZ with KCl and with LiF, the differential thermal analysis
showed endothermic peaks corresponding to the melting processes (approximately 772 and
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842 ◦C for KCl and LiF, respectively, indicated by arrows), and wider high-temperature
endothermic peaks associated with the evaporation of the liquid phase, approximately
1050 and 1200 ◦C for LiF, respectively, indicated by arrows), which was in agreement with
the thermogravimetric data.
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Figure 1. (a) Thermogravimetric and (b) differential thermal analysis curves of mixtures of
8YSZ + 5 wt.% KCl and 8YSZ + 5 wt.% LiF powders; heating rate: 10 ◦C min−1.

Figure 2a shows dilatometric curves of 8YSZ, 8YSZ + 5 wt.% KCl and 8YSZ + 5 wt.%
LiF cold-pressed pellets. The final attained shrinkage levels were 28.7, 21.3 and 9.4% for
8YSZ, 8YSZ + 5 wt.% KCl and 8YSZ + 5 wt.% LiF, respectively, indicating that the sin-
tering additives inhibited shrinkage upon heating, probably by impeding pore removal
and inhibiting grain growth. The dilatometry behavior depended on LiF and KCl melt-
ing due to the rearrangement of the 8YSZ solid particles—melting point higher than
2700 ◦C [10])—promoted by volume reduction during melting. Nearly negligible thermal
expansions due to melting of KCl at 778 ◦C and of LiF at 850 ◦C were detected (Figure 2b),
which agreed with the differential thermal analysis results in Figure 1. Moreover, shrinkage
starts after melting and the partial or total thermal removal of the sintering additives
allowed at least partial pore removal. If there is no densification because of the temperature,
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the additive becomes liquid until its removal, suggesting that the solubility of 8YSZ at both
KCl and LiF liquid phases is negligible.
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The differential thermal analysis data showed that KCl remained liquid from its
melting point up to approximately 1050 ◦C for 8YSZ + 5 wt.% KCl. For 8YSZ + 5 wt.%
LiF, this behavior occurred up to 1200 ◦C, the temperature reached when the sintering of
8YSZ would have already started. In both cases, the capillary forces exerted at the ceramic
particles by the molten sintering additives allowed for 8YSZ particle rearrangement and
pellet sintering; however, one should consider that the liquid phase may have remained
partially undissolved in the bulk of the specimens, while its vapor pressure and its fluidity
increased, thus promoting the formation of pores and consequently the build-up of a
skeletal 8YSZ structure. At the end of the sintering process, the remaining time when the
liquid phase and the 8YSZ sintering processes overlapped (longer in the sample with LiF)
controlled the level of porosity of the sintered sample after the removal of the sintering
additives by thermal action, as suggested by the dilatometry results (Cf. Figure 2a). From
this point of view, the final bulk density and open porosity of the samples could apparently
have been controlled by adjusting the dwelling time of the liquid phase during sintering,
thus allowing for the sintering of ceramic ionic conductors with the approximate desired
porosity (e.g., dense and porous specimens for solid electrolytes and anodes in solid-oxide
fuel cells [20]).

3.3. Microstructural Analyses

X-ray diffraction patterns of powders obtained by grinding the sintered pellets are
shown in Figure 3. The data are in agreement with PDF #30-1468, corresponding to cubic
8YSZ. According to the X-ray diffractograms, KCl and LiF with their peak reflections
signaled in Figure 3, were apparently removed completely from the samples, leaving only
the 8YSZ ceramic matrix. Additional energy dispersive X-ray experiments were performed
to confirm this result.

Figure 4 shows FEG–SEM images of the fractured and polished surfaces of 8YSZ, 8YSZ
+ 5 wt.% KCl and 8YSZ + 5 wt.% LiF sintered pellets. The 8YSZ pellet surfaces presented
high density, some inter- and intragranular porosity in the bulk (Figure 4a) but none at the
external surface (Figure 4b), and a >3 µm average grain size with polygonal shape. The
images of the 8YSZ pellet, sintered at 1400 ◦C to remove the KCl (Figure 4c,d) shows neck
formation among grains in the submicron range and rounded grains, typical of liquid phase
sintered ceramics. The 8YSZ sample, which had LiF as the sintering additive (Figure 4e,f),
showed a different behavior: wide distribution of welded grains, predominant submicron
grain sizes, pores and dense skeletal framework with neck formation among grains.
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According to these images, the difference in the microstructure of 8YSZ samples
sintered with the additives was probably related to fouling, a reaction known to occur in
the liquid phase with the zirconia–yttria particles. In the specimen with the LiF addition,
the alkali halide remained partially in the sample at relatively higher temperatures than for
KCl, and the grains achieved a higher than average size (~1 µm).

Additional scanning electron microscopy images were collected at different regions of
polished and thermally etched surfaces of 8YSZ, 8YSZ + 5 wt.% KCl and 8YSZ + 5 wt.%
LiF-sintered specimens. ImageJ software [32] was applied to evaluate the areas of selected
pores in 5 images collected at different regions for each sample. The distribution and
the average size of the pore areas are plotted in Figure 5. These values are 7.9, 6.3 and
1.4 µm2 for 8YSZ + 5 wt.% KCl, 8YSZ + 5 wt.% LiF and 8YSZ, respectively. These values
are consistent with the total electrical resistance of the samples (Cf. Figures 6 and 7): the
larger the average pore area the higher the total electrical resistance.
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wt.% LiF pellets sintered at 1400 ◦C/4 h.

The search for the residues of KCl and LiF in 8YSZ + 5 wt.% KCl- and 8YSZ + 5 wt.%
LiF-sintered pellets was conducted by EDX analysis. The results are shown in Figure 6.

The three spectra, obtained from collecting data over a long time (10 min), are quite
similar without any trace of potassium or chlorine (Figure 6b) or fluorine (Figure 6c).
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Oxygen (0.510 keV, kα1), yttrium (1.920 keV, Lα1), and zirconium (2070 keV, Lα1) were the
detected elements.

3.4. Impedance Spectroscopy

Figure 7 shows impedance spectroscopy diagrams of 8YSZ, 8YSZ + 5 wt.% KCl and
8YSZ + 5 wt.% LiF pellets. The values of the total electrical resistance R were collected at
the intersection of the high frequency semicircle at the low frequency side of the impedance
diagrams. Considering the geometric factor S/t, where S is the electrode area and t is
the pellet thickness, the electrical resistivity values (ρ = R.S/t) at 390 ◦C were evaluated:
24.0, 24.2, and 186.5 kΩ.cm for 8YSZ, 8YSZ + 5 wt.% KCl and 8YSZ + 5 wt.% LiF pellets,
respectively. The higher electrical resistivity of the specimens sintered with additives,
comparing to 8YSZ reflected the contribution of pores to the increase in resistivity [34].
Porosity is known to contribute to the increase in the electrical resistivity of stabilized
zirconia as a consequence of the higher path to be pursued by the oxygen ions to circumvent
the pore surface [34]. Arrhenius plots of the collected values are shown in Figure 8. An
activation energy of 1.1 eV was evaluated for the electrical conduction of oxygen ions, which
was in agreement with published values (~1 ([2] p. 9), 1.03 [35] and 0.98–1.11 eV [36]).
The same activation energy meant that the charge carrier (O2−) was the same; higher
resistivity meant that the O2− percolation path was larger due to the existence of pores to
be circumvented.
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The overall results showed the possibility of using either potassium chloride or lithium
fluoride as sacrificial pore formers to prepare, by conventional sintering, zirconia that was
fully yttria stabilized to be used as matrix in, e.g., dual phase membranes for chemical
species capture [28] or thermal barrier coatings [29].

4. Conclusions

Porous 8YSZ ceramics were obtained using KCl and LiF as pore-forming sacrificial
sintering additives. Thermogravimetric data indicated the nearly complete thermal re-
moval of KCl and LiF. Simultaneous differential thermal analysis showed two endothermic
peaks associated with the melting process of the sintering additives and their evapora-
tion. Thermal dilatometry measurements exhibited a final attained shrinkage for 8YSZ-,
8YSZ + 5 wt.% KCl- and 8YSZ + 5 wt.% LiF-pressed pellets, respectively, of 28.7, 21.3 and
9.4%, indicating that the sintering additives inhibited densification. Moreover, during the
thermal expansion before sintering, the melting of LiF and KCl was evident. The thermal
experiments suggested that the final bulk density and the open porosity could be managed
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by controlling the time the liquid phase remained during sintering. Scanning electron
microscopy images of the surfaces of the sintered samples showed that the 8YSZ specimens
sintered with KCl and LiF had average grain sizes much smaller than that of the 8YSZ
specimen. Impedance spectroscopy analysis showed higher electrical resistivity of the 8YSZ
samples that had been sintered with the alkali halide additions, which was in agreement
with the dilatometry and SEM results.

Author Contributions: R.M.: Conceptualization, methodology, investigation, writing—original draft
preparation, writing—review and editing, supervision, project administration, funding acquisition;
J.C.C.A.D.: investigation, formal analysis, writing—review; E.N.d.S.M.: investigation, formal analysis,
writing—review. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by CNEN, CINE-SHELL (ANP) (FAPESP Proc. 2017/11937-4),
CDMF-CEPID (FAPESP Proc. 2013/07296-2), FAPESP 2020/05250-9, and CNPq (Procs. 402966/2021-
0, 302357/2018-1, 305889/2018-4).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: J.C.C.A. Diaz acknowledges FAPESP (S. Paulo Research Foundation) (Proc.
2018/13620-0) and CINE-SHELL for post-doctoral fellowships.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rahaman, M.N. Sintering of Ceramics: Fundamentals; CRC Press: Boca Raton, FL, USA, 2008.
2. Rahaman, M.N. Grain growth and microstructure control. In Ceramics Processing and Sintering, 2nd ed.; Marcel Dekker:

New York, NY, USA, 1996; pp. 540–619.
3. German, R.M.; Suri, P.; Park, S.J. Review: Liquid phase sintering. J. Mater. Sci. 2009, 44, 1–39. [CrossRef]
4. Oh, U.C.; Chung, Y.S.; Kim, D.Y.; Yoon, D.N. Effect of grain growth on pore coalescence during the liquid-phase sintering of

MgO-CaMgSiO4 systems. J. Am. Ceram. Soc. 1988, 71, 854–857. [CrossRef]
5. Xydas, N.K.; Salam, L.A. Transient liquid phase sintering of high density Fe3Al using Fe and Fe2Al5–FeAl2 powders. Part

2-Densification mechanism analysis. Powder Metall. 2006, 49, 146–152. [CrossRef]
6. German, R.M. Sintering with a Liquid Phase. In Sintering: From Empirical Observations to Scientific Principles; Butterworth-

Heinemann: Woburn, MA, USA, 2014; pp. 247–303. [CrossRef]
7. Van der Donk, G.S.W.; Serra, J.M.; Meulenberg, W.A. Microporous and mesoporous 8YSZ materials derived from polymeric

acetylacetone-modified precursors for inorganic membrane applications. J. Noncryst. Solids 2018, 34, 3723–3731. [CrossRef]
8. Van Gestel, T.; Velterop, F.; Meulenberg, W.A. Zirconia-supported hybrid organosilica microporous membranes for CO2 separation

and pervaporation. Sep. Purif. Technol. 2021, 259, 118114. [CrossRef]
9. Brandon, N.P.; Brett, D.J. Engineering porous materials for fuel cell applications. Phil. Trans. R. Soc. A 2006, 364, 147–159.

[CrossRef] [PubMed]
10. Stevens, R. Zirconia and Zirconia Ceramics; Publ. No. 113; Magnesium Elektron Ltd.: Twickenham, UK, 1986.
11. Heuer, A.H.; Hobbs, L.W. (Eds.) Science and Technology of zirconia. In Advances in Ceramics; The American Ceramic Society Inc.:

Columbus, OH, USA, 1981; Volume 3, ISBN 0-916094-42-1.
12. Jagannathan, K.P.; Tiku, S.K.; Ray, H.S.; Ghosh, A.; Subbarao, E.C. Technological Applications of Solid Electrolytes. In Solid

Electrolytes and Their Applications; Subbarao, E.C., Ed.; Springer: Boston, MA, USA, 1980; pp. 201–259.
13. Prasad, N.V.K.; Prasad, K.V.; Ramesh, S.; Phanidhar, S.V.; Ratnam, K.V.; Janardhan, S.; Manjunatha, H.; Sarma, M.S.S.R.K.N.;

Srinivas, K. Ceramic Sensors: A mini-review of their applications. Front. Mater. 2020, 7, 593342. [CrossRef]
14. Moos, R. A brief overview on automotive exhaust gas sensors based on electroceramics. Int. J. Appl. Ceram. Technol. 2005,

2, 401–413. [CrossRef]
15. Plashnitsa, V.V.; Elumalai, P.; Fujio, Y.; Miura, N. Zirconia-based electrochemical gas sensors using nano-structured sensing

materials aiming at detection of automotive exhausts. Electrochim. Acta 2009, 54, 6090–6106. [CrossRef]
16. Zuiykov, S.; Miura, N. Development of zirconia-based potentiometric NOx sensors for automotive and energy industries in the

early 21st century: What are the prospects for sensors? Sens. Actuators B 2007, 121, 639–651. [CrossRef]
17. Goodenough, J.B. Oxide-ion electrolytes. Ann. Rev. Mater. Res. 2003, 33, 91–128. [CrossRef]
18. Akhkozov, L.; Danilenko, I.; Podhurska, V.; Shylo, A.; Vasyliv, B.; Ostash, O.; Lyubchyk, A. Zirconia-based materials in alternative

energy devices—A strategy for improving material properties by optimizing the characteristics of initial powders. Int. J. Hydrogen
Energy 2022, 97, 41359–41371. [CrossRef]

19. Kusnezoff, M.; Trofimenko, N.; Müller, M.; Michaelis, A. Influence of Electrode Design and Contacting Layers on Performance of
Electrolyte Supported SOFC/SOEC Single Cells. Materials 2016, 9, 906. [CrossRef] [PubMed]

https://doi.org/10.1007/s10853-008-3008-0
https://doi.org/10.1111/j.1151-2916.1988.tb07535.x
https://doi.org/10.1179/174329006X110303
https://doi.org/10.1016/C2012-0-00717-X
https://doi.org/10.1016/j.jnoncrysol.2008.03.048
https://doi.org/10.1016/j.seppur.2020.118114
https://doi.org/10.1098/rsta.2005.1684
https://www.ncbi.nlm.nih.gov/pubmed/18272457
https://doi.org/10.3389/fmats.2020.593342
https://doi.org/10.1111/j.1744-7402.2005.02041.x
https://doi.org/10.1016/j.electacta.2008.12.040
https://doi.org/10.1016/j.snb.2006.03.044
https://doi.org/10.1146/annurev.matsci.33.022802.091651
https://doi.org/10.1016/j.ijhydene.2021.11.193
https://doi.org/10.3390/ma9110906
https://www.ncbi.nlm.nih.gov/pubmed/28774024


Materials 2023, 16, 3509 11 of 11

20. Zhang, H.; Chen, T.; Huang, Z.; Hu, G.; Zhou, J.; Wang, S. A cathode-supported solid oxide fuel cell prepared by the phase-
inversion tape casting an impregnating method. Int. J. Hydrogen Energy 2022, 47, 18810–18819. [CrossRef]

21. Clarke, D.R.; Levi, C.G. Materials design for the next generation thermal barrier coatings. Ann. Rev. Mater. Sci. 2003, 33, 383–417.
[CrossRef]

22. Huang, J.; Chu, X.; Yang, T.; Fang, H.; Ye, D.; Wang, W.; Zhang, X.; Sun, W.; Huang, R.; Li, C.J. Achieving high anti-sintering
performance of plasma-sprayed YSZ thermal barrier coatings through pore structure design. Surf. Coat. Technol. 2022, 434, 128259.
[CrossRef]

23. Sharma, A.; Witz, G.; LeCreux, C.; Hitchman, N. High heat flux burner-rig testing of 8YSZ thermal barrier coatings: Influence of
the powder feedstock. J. Eur. Ceram. Soc. 2022, 42, 7267–7274. [CrossRef]

24. Kulyk, V.; Duriagina, Z.; Vasyliv, B.; Vavrukh, V.; Kovbasiuk, T.; Lyutyy, P.; Vira, V. The Effect of Sintering Temperature on the
Phase Composition, Microstructure, and Mechanical Properties of Yttria-Stabilized Zirconia. Materials 2022, 15, 2707. [CrossRef]

25. Shojai, F.; Mäntylä, T. Monoclinic Zirconia Microfiltration Membranes: Preparation and Characterization. J. Porous Mater. 2001,
8, 129–142. [CrossRef]

26. Diaz, J.C.C.A.; Muccillo, R. Liquid-phase flash sintering 8YSZ with alkali halide sintering aids. J. Eur. Ceram. Soc. 2020,
40, 4299–4303. [CrossRef]

27. Ahn, H.; Kim, D.; Melgar, V.M.A.; Kim, J.; Othman, M.R.; Nguyen, H.V.P.; Han, J. YSZ-carbonate dual-phase membranes for high
temperature carbon dioxide separation. J. Ind. Eng. Chem. 2014, 20, 3703–3708. [CrossRef]

28. Chen, D.; Dambra, C.; Dorfman, M. Process and properties of dense and porous vertically-cracked yttria stabilized zirconia
thermal barrier coatings. Surf. Coat. Technol. 2020, 404, 126467. [CrossRef]

29. Vakifahmetoglu, C.; Zeydanli, D.; Colombo, P. Porous polymer derived ceramics. Mater. Sci. Eng. R 2016, 106, 1–30. [CrossRef]
30. Li, X.; Shao, J.; Zheng, J.; Bai, C.; Zhang, X.; Qiao, Y.; Colombo, P. Fabrication and application of porous materials made from coal

gangue: A review. Int. J. Appl. Ceram. Technol. 2023, 1–26. [CrossRef]
31. Yttria-Stabilized Zirconia Tape Cast Grade Electrolyte Powder. Available online: www.fuelcellmaterials.com (accessed on

1 January 2001).
32. Available online: https://imagej.nih.gov/ij/ (accessed on 1 January 2021).
33. Kleitz, M.; Kennedy, J.H. Resolution of multicomponent impedance diagrams. In Fast Ion Transport in Solids; Mundy, J.N.,

Shenoy, G.K., Vashishta, P., Eds.; Elsevier: Amsterdam, The Netherlands, 1979; pp. 185–188. ISBN 0444003533.
34. Muccillo, R. Impedance spectroscopy analysis of zirconia:8 mol% yttria solid electrolytes with graphite pore former. J. Mater. Res.

2009, 24, 1780–1784. [CrossRef]
35. Kuma, S.; Subbarao, E.C. Complex impedance and admittance of stabilized zirconia. Solid State Ion. 1981, 5, 543–546. [CrossRef]
36. Ramirez, E.B.; Huanosta, A.; Sebastian, J.P.; Huerta, L.; Ortiz, A.; Alonso, J.C. Structure, composition and electrical properties of

YSZ films deposited by ultrasonic spray pyrolysis. J. Mater. Sci. 2007, 42, 901–907. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijhydene.2022.04.021
https://doi.org/10.1146/annurev.matsci.33.011403.113718
https://doi.org/10.1016/j.surfcoat.2022.128259
https://doi.org/10.1016/j.jeurceramsoc.2022.07.049
https://doi.org/10.3390/ma15082707
https://doi.org/10.1023/A:1009694709010
https://doi.org/10.1016/j.jeurceramsoc.2020.03.022
https://doi.org/10.1016/j.jiec.2013.12.069
https://doi.org/10.1016/j.surfcoat.2020.126467
https://doi.org/10.1016/j.mser.2016.05.001
https://doi.org/10.1111/ijac.14359
www.fuelcellmaterials.com
https://imagej.nih.gov/ij/
https://doi.org/10.1557/jmr.2009.0209
https://doi.org/10.1016/0167-2738(81)90312-X
https://doi.org/10.1007/s10853-006-0004-0

	Introduction 
	Materials and Methods 
	Materials 
	Thermal Analysis 
	X-ray Diffraction 
	Scanning Electron Microscopy 
	Impedance Spectroscopy 

	Results 
	Density and Porosity Evaluation 
	Thermal Analyses 
	Microstructural Analyses 
	Impedance Spectroscopy 

	Conclusions 
	References

