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Abstract: This study is an effort to cover and interconnect multiple aspects of the fabrication of the
yttria-stabilized zirconia (YSZ) from powder preparation to a solid electrolyte suitable for utilization
in solid oxide cells. Thus, a series of YSZ electrolytes was prepared, differing in the content of
the Y,0O3 dopant and in the method of preparation. Combustion synthesis along with the ther-
mal decomposition of precursors was used for YSZ powder synthesis with a dopant content of
8 to 18 mol.%. Post-synthesis treatment of the powder was necessary for achieving satisfactory
quality of the subsequent sintering step. The morphology analyses of the YSZ powders and sintered
electrolytes produced proved that small particles with a uniform size distribution are essential for
obtaining a dense electrolyte. Furthermore, the conductivity of YSZ electrolytes with different Y,0O3
contents was examined in the temperature range of 400 to 800 °C. The lowest conductivity was found
for the sample with the highest Y,O3 content. The obtained results enable the preparation methods,
YSZ powder morphology, and composition to be connected to the mechanical and electrochemical
ﬁ:edcgtfgsf properties of the YSZ electrolyte. Thus, this study links every step of YSZ electrolyte fabrication,
which has not been sufficiently clearly described until now.
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needed to reduce this particular process efficiency loss. Despite the rapid development
of new materials, yttria-stabilized zirconia (ZrO,—Y,0O3; YSZ) is still among the most
important materials for high-temperature solid ion-conducting electrolytes [8-10]. YSZ
electrolytes represent an inexpensive, nonporous, gas-tight and stable material, character-
ized by very good ion conductivity [11]. For applications in SOCs, its thermomechanical
compatibility with the majority of electrode materials is also important [12-14]. The ionic
conductivity of YSZ is based on the motion of oxygen vacancies through its crystalline
structure. These vacancies originate from a partial substitution of quadrivalent Zr** ions in
the cubic ZrO, lattice by the trivalent Y**. The amount of Y,03 dopant directly determines
the ionic conductivity and stability of YSZ [15-19]. The very low content of Y,0O3 leads
to high mechanical stability of the resulting materials, at the cost of its reduced ionic con-
ductivity. On the other hand, an overly high dopant concentration also results in reduced
ionic conductivity of the electrolyte. This is caused by the increased affinity of the oxygen
vacancies and dopant cations, resulting in defects with low mobility [20]. Additionally,
it causes limited thermal stability of the resulting YSZ. The optimal amount of dopant in
YSZ is in the range of 8-10 mol.%, which exhibits high ionic conductivity and satisfactory
stability [15,20]. Due to the wide range of YSZ applications, ranging from SOCs and oxygen
sensors to technical ceramics, YSZ powders are commercially available, albeit limited only
to the most commonly required concentrations of Y,0O3 (i.e., 3 and 8 mol.% of Y,O3) [11].
This could be very limiting, because the development of SOCs often demands specially
tailored YSZ with particular properties.

Therefore, YSZ electrolytes with a desired Y,O3 content different from those avail-
able commercially have to be prepared in-house. In the past, numerous authors have
published articles regarding YSZ powder or electrolyte fabrication. However, they gen-
erally share a common flaw, because they focused their attention only on a particular
step in the fabrication process. These published works could be sorted to powder [21-24]
or electrolyte fabrication [25-28], and the characterization of YSZ with various dopant
contents [15,16,29-31]. The entire process and significance of its individual steps with
respect to the resulting materials has, however, not yet been described. This is an important
aspect for obtaining reproducible and directly comparable results reached by the individual
authors. The present study aims to address this major shortcoming by featuring the whole
fabrication process and cell examination. Individual steps of the YSZ electrolyte fabrication
are identified and described, together with their impact on the properties of the resulting
YSZ electrolyte. Neglecting particular material properties or process conditions could lead
to decreased cell performance, mechanical stability issues or a diminished system lifetime.

In the extant literature, several techniques can be found to prepare ceramic particles
used as a precursor for the subsequent molding and sintering of solid YSZ electrolytes [32].
However, the majority of these techniques, such as solution precursor plasma spraying, the
sol-gel method, microwave synthesis, or sprayed solution drying, are either complicated or
require sophisticated machinery [5,28,33-39]. In contrast, combustion synthesis or the ther-
mal decomposition of suitable precursors represent rather simple and reliable methods for
the preparation of YSZ powder with the desired dopant contents [22,24,40-42]. Among the
most utilized processes, uniaxial powder compression and slurry casting are preferentially
selected to form a solid electrolyte from powder precursors. Uniaxial compression is a fast
and inexpensive molding method for the preparation of pellets of any shape. However, its
drawback is its limited applicability, mainly for laboratory research purposes, because it
produces relatively thick (>500 pm) pellets. On the other hand, the slurry casting method
allows electrolytes to be produced around 100 um thick, or even thinner [25-27,32,43].
However, this method is more complicated and expensive compared with uniaxial com-
pression, due to the many process steps and the addition of dispersants. The last step of
the conventional preparation of ceramic electrolytes involves particle sintering at a high
temperature. From this information, it is clear that the method and conditions of YSZ
powder preparation, as well as its subsequent sintering, will strongly impact the properties
of the produced electrolyte, namely, its ionic conductivity and compactness or gas tightness.
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Even though YSZ represents one of the most widespread electrolytes in SOC technology,
comprehensive information on this aspect is lacking in the extant literature. It is thus the
aim of this study to fill this gap.

The objective of this study is to present procedures for fabricating in-house YSZ
electrolytes with suitable mechanical and morphological properties for utilization in SOCs.
Different methods of YSZ powder preparation and shape molding techniques are compared.
Combustion synthesis and the thermal decomposition of commercially available Zr/Y
nitrates were chosen as fast and simple procedures to accomplish this task. The content of
Y,0O3 dopants varied in the range of 8 to 18 mol.%. This particular range of dopant content
was chosen due to the following reasons:

e A number of researchers have investigated the properties of YSZ with very low dopant
contents (i.e., 3 mol.%), confirming the very poor conductivity of such
electrolytes [16,44—46]. On the other hand, a slight Y,O3 overdoping may be beneficial
for solid oxide cell applications operating at lower temperatures [47-49]. Therefore, a
lower limit of the range was chosen at a generally accepted optimum Y,Oj3 content to
investigate potential property improvements with increasing the dopant content;

e On the other hand, excessive dopant content results in a decline in the YSZ conductivity.
Y,03 content of 18 mol.% was chosen as an upper dopant limit, because it clearly
exceeds the optimum and falls into the declining conductivity range [47].

Commercially available powders and sintered electrolytes served to compare the
electrolyte properties produced. Uniaxial compression or slurry casting were used to
form the electrolyte pellet from the powders. These two techniques were chosen because
they represent considerably different approaches. A direct comparison of the different
powders and the two electrolyte formation techniques allows to set into relation the YSZ
composition and preparation methods, an aspect that, until now, has been missing in the
extant literature.

2. Experimental Section

The experimental workflow is displayed in Figure 1. The full description of individual
steps is provided in the corresponding paragraphs.
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Figure 1. Graphical presentation of the experimental sequence.
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2.1. Reference Materials

To compare multiple different fabrication approaches, a reference benchmark is nec-
essary. Sintered polycrystalline YSZ pellets with a diameter of 25 mm and thickness of
0.15 mm and containing 8 mol.% of Y,O3; were purchased from KERAFOL GmbH. Addi-
tionally, polycrystalline YSZ powders (TZ-8YS, TZ-8YSB) containing 8 mol.% Y,0O3 were
purchased from Tosoh Corp. The only difference between these two powders is that the
latter contains 3 wt.% of stearic acid as a binder agent for easier compression moldability.

2.2. YSZ Powder Synthesis

The following precursors were used for the in-house combustion synthesis of YSZ
electrolyte powders: yttrium (III) nitrate hexahydrate (99.9%, ACROS Organics), Zirconium
(IV) oxynitrate n-hydrate (99.5%, ACROS Organics) and glycine (A.G., PENTA).

The combustion synthesis procedure was described in our previous study [50]. In
general, aqueous solutions of zirconium oxynitrate and yttrium nitrate were prepared,
containing the desired ratios of both metal ions. Glycine, serving as a fuel for combustion,
was added in the required amount. Then, the aqueous solution was boiled to remove excess
water. The combustion synthesis was performed in a furnace at 400 °C for 12 h followed by
calcination at 600 °C for 24 h.

In the case of thermal decomposition, the powders of ZrO?* and Y?* nitrates were
mixed in the desired molar ratio. The prepared mixture was placed in a furnace. The
decomposition took place at 600 °C for 24 h.

2.3. Solid Electrolyte Shape Molding from YSZ Powders

In-house-prepared powders were subjected to post-synthesis treatment. The first
method was milling in a ball mill (Pulverisette 23, FRITSCH, Idar-Oberstein, Germany).
A stainless-steel milling bowl cannot be utilized, because Cr is reported to be a possible
catalytic poison for some electrode materials [51-53]. To avoid any contamination, a ZrO,
milling bowl with ZrO; milling balls was used. The bowl was then filled with ethanol and
the prepared YSZ powder. The milling was carried out at 50 revolutions per second for
15 min. The suspension of YSZ powder in ethanol was then dried at 80 °C for 24 h. The
second post-synthesis treatment method was the application of ultrasound by means of an
ultrasonic horn (Sonoplus VS 70 T horn, Sonoplus HD3100, BANDELIN, Berlin, Germany).
A stainless-steel horn had to be utilized, regardless of the potential contamination of
the YSZ powder. Nevertheless, due to the nature of the process, in this case, the risk of
contamination may be considered to be insignificant. A fabricated powder was mixed with
deionized water instead of ethanol to avoid possible ignition of the mixture due to the
high-power output of the ultrasonic horn. The mixture (50 mL) was homogenized with a
power output of 45 W for 15 min. After the ultrasound treatment, the aqueous suspension
was dried at 80 °C for 24 h.

When uniaxial compression was used as a molding method, the corresponding YSZ
powder was transferred into a circular mold and compressed at 68 MPa for 2 min (Trystom
H-62 pressing machine) [54]. The amount of powder needed was calculated using the YSZ
density to form pellets with an approximate thickness of 1 mm. Both in-house-synthesized
as well as commercial TZ-8YSB powders were used for electrolyte pellet preparation by
means of uniaxial compression.

In contrast to commercial slurry casting, where organic or even toxic dispersants
are used, in the present case, the method was optimized to utilize water as a nontoxic,
inexpensive dispersant. The aqueous suspension was prepared by mixing TZ-8YS and
in-house powder after ultrasonic treatment with water in a 1:1.16 weight ratio, which has
optimal properties for slurry casting. The suspension was then homogenized in a ball mill
(Pulverisette 23, Fritsch) at 20 revolutions per second for 20 min. The prepared slurry was
cast into a circular clay form located on a plaster support. A plaster support was chosen
due to its hygroscopicity and smooth surface. These two properties are essential to quickly
remove water content from ceramic suspension and to prepare as smooth and regular an
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electrolyte surface as possible. In addition, the plaster support was chosen similarly to
the whole method as an inexpensive material with a simple scale adjustment. The casted
electrolyte was transferred directly into the furnace for sintering.

2.4. Sintering Procedure

The optimal sintering procedure depends on the YSZ powder preparation techniques
and powder origin. Pellets prepared by the uniaxial compression of a commercial TZ-8YSB
powder required sintering at 1360 °C for 6 h to achieve a sufficient degree of sintering, due
to the homogeneity of the particle size distribution and easy sintering procedure declared
by the manufacturer.

In contrast, pellets based on in-house-prepared powders required an elevated temper-
ature to sinter, as discussed previously [50]. These electrolytes were sintered at 1360 °C
for 6 h, and subsequently, the temperature was increased to 1550 °C for 12 h. The most
complicated sintering protocol was applied to samples fabricated by slurry casting. At
first, samples were heated to 1000 °C for 5 h. This temperature is not sufficient for the
sufficient sintering degree of YSZ particles; however, it results in a slightly more rigid
sample, still allowing potential shape processing when needed. To ensure the planarity of
the sample during subsequent sintering, an alumina plate was placed over the samples. In
the next step, the samples were sintered at 1360 °C for 6 h. Different sintering procedures
resulted in two types of electrolytes. The first type was represented by electrolytes fabri-
cated by the uniaxial compression of commercial and in-house-sintered powders resulting
in approximately 0.8 mm thick pellets of 28 mm in diameter. The second type included elec-
trolytes fabricated by slurry casting. They were less than 0.5 mm thick and had a diameter
of 28 mm.

2.5. Determination of the Structure and Conductivity of the Samples

The structural and morphological characteristics of the materials were investigated
after YSZ powder synthesis, as well as after electrolyte sintering. The YSZ powders
were examined by means of X-ray diffraction (XRD; X’pert3), X-ray fluorescence (XRF;
ARL 9400), scanning electron microscopy (SEM, Hitachi S5-4700, Hitachi, Tokyo, Japan),
and laser scattering (Mastersizer 3000), utilizing the Mie scattering model to determine the
composition, particle shape and size distribution. The inner volume structure of sintered
electrolyte cross-sections was examined by means of scanning electron microscopy (SEM;
Hitachi S4700).

For conductivity measurements, the in-house-prepared Ag,O powder was mixed with
ethylene glycol (A.G., PENTA) and homogenized in an ultrasonic bath for 30 min in order
to prepare the suspension of the electrode ink. The electrode ink was then painted on
both sides of sintered electrolytes and annealed at 800 °C for 4 h, resulting in the thermal
decomposition of Ag,O to Ag. The geometric area of the electrodes was calculated by
image analysis using Image] software. The list of electrolytes whose conductivities were to
be determined is summarized in Table 1.

Experimental apparatus was placed inside a furnace with an inbuilt thermocouple
allowing precise temperature control. The experimental apparatus consisted of a quartz
tube containing a fabricated cell, electrically contacted by a silver mesh. The exact operating
temperature was verified by an additional type K thermocouple positioned close to the
sample. Electrochemical impedance spectra (EIS) of the samples were recorded under
an open-air atmosphere (1 bar) and in the temperature range of 400 to 800 °C using a
programmable LCR-bridge (HAMEG HMS8118). The EIS parameters were as follows: open
circuit voltage; perturbing signal amplitude 50 mV; and frequency range of 200 kHz to
20 Hz. Spectra were recorded multiple times; the first measurement started at least 15 min
after the desired temperature had stabilized. Results were evaluated by the method of
equivalent circuits based on the work of Ahamer et al. [15]. To eliminate the impedance
contribution of wires, blank spectra were recorded for a short-circuited apparatus with Ag
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meshes for each temperature investigated. The Ohmic resistance contribution of the wiring
was subtracted from the Ohmic resistance of each individual YSZ electrolyte sample.

Table 1. Various YSZ solid electrolytes used in this study for conductivity measurements.

. Y,03; Content  Mono-/Poly- Synthesis Preparation Sintering
Sample Name Supplier [mol.%] Crystalline Method Method Procedure
YSZ8—KERAFOL KERAFOL 8 Poly - - -
YSZ8—TZ-8YS (1360, casted) TOSOH 8 Poly - slurry casting 1360 °C/6 h
YSZ8—TZ-8YSB (1360) TOSOH 8 Poly - uniaxial 1360 °C/6 h
compresswn
YSZ8—TZ-8YSB (1550) TOSOH 8 Poly - uniaxial 1550 °C/24 h
compression
YSZ8—m. (1550) in-house 8 Poly combustion + uniaxial 1550 °C/24 h
milled compression
YSZ13—(1360) in-house 13 Poly combustion uniaxial 1360 °C/6 h
compresswn
YSZ13—(1550) in-house 13 Poly combustion uniaxial 1550 °C/24 h
compression
YSZ13—m. (1550) in-house 13 Poly combustion + uniaxial 1550 °C/24 h
milled compression
combustion + uniaxial
YSZ13—US (1550) in-house 13 Poly ultrasonic . 1550 °C/24 h
horn Compressmn
YSZ18—m. (1550) in-house 18 Poly combustion + uniaxial 1550 °C/24 h
milled compression

3. Results and Discussion
3.1. Determination of Structure and Composition of YSZ Powder

Initial results of YSZ powder preparation by means of combustion synthesis have been
discussed previously [50]. In the present study, all synthesized powders were examined by
means of XRD and XRF to confirm the desired crystalline structure and dopant content.
XRD spectra shown in Figure 2 confirmed that commercial YSZ powder, as well as pow-
ders prepared by combustion or thermal decomposition synthesis, contained only a single
phase. Diffraction line positions confirmed that all samples were of a cubic structure [10,21],
thus proving homogeneity of the in-house-prepared powders. In addition, a pure crys-
talline structure was confirmed for all samples. XRF measurements confirmed the desired
ZrO,-Y,03 composition according to the corresponding load. Thus, both methods are
suitable for crystalline YSZ powder preparation of the desired dopant content.

3.2. Synthesis and Post-Synthesis Treatment of YSZ Powder

In our previous study, it was demonstrated that the sintering protocol suitable for
commercially available powders (e.g., TZ-8YSB) is not sufficient for in-house-prepared
powders, due to their large particles with an inhomogeneous geometry [50]. In the present
study, an additional post-synthesis treatment was introduced to reduce the particle size
and, in particular, to break down particle agglomerates formed during combustion syn-
thesis. The combustion and thermal decomposition methods used in the present study
prevented the formation of directly spherical particles similar to those of commercial pow-
ders. Nevertheless, the particle agglomerates created during synthesis (Figure 3a) could be
disintegrated by a mechanical force or by applying sufficiently strong ultrasound.
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Figure 2. XRD analysis of YSZ commercial and in-house fabricated powders.

The impact of ball milling on the shape of YSZ particles is shown in Figure 3b. It
is apparent that particle agglomerates had clearly disintegrated; however, the shape of
particles remained unmodified, due to the hardness of the YSZ. Figure 3¢ shows YSZ
powder particles after post-synthesis treatment by ultrasound. Similar to the ball milling
result, the original particle agglomerates had disintegrated; moreover, the application of
ultrasound resulted in even smaller YSZ particles than by ball milling. This result was
confirmed by the particle size distribution obtained by means of laser scattering. Therefore,
ultrasound is also a viable technique for YSZ powder treatment. Both methods resulted in
electrolytes with equal properties, as discussed later. In this study, the ball milling method
was preferentially used over the ultrasound treatment. This is because in the case of the
ultrasonic treatment, commonly available ultrasonic baths cannot provide sufficient power
output to disintegrate particles; thus, an ultrasound horn has to be used. It is not suitable
for large volumes of synthesized powder processing, and the highly abrasive powder
easily wears away the metallic horn. Additionally, ball milling offers a more flexible
production capacity.

The thermal decomposition method represents the second approach chosen in this
study. YSZ powder produced by this method consists of large crystallites rather than
agglomerates, as shown in the SEM image in Figure 4a. In this case, the term crystallites
instead of agglomerates is used, because the particles produced were difficult to disintegrate
by post-synthesis treatment. This is demonstrated by an SEM image of a large particle
which did not change its dimensions even after the ultrasonic post-synthesis powder
treatment, as shown in Figure 4b. The ball milling treatment resulted in a nearly identical
particle shape and size as in Figure 4b; thus, this image was omitted. This observation led
to the conclusion that the thermal decomposition method is not suitable for production of
YSZ powder targeted for further utilization in YSZ electrolyte membrane fabrication.
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$4700 15.0kV 13.1mm x250 SE(M)

Figure 3. SEM images of YSZ particles containing 8 mol.% of Y,O3 prepared in-house by combus-
tion method: (a) without post-synthesis treatment; treated by: (b) ball milling (50 rev./s; 15 min);
(c) ultrasound horn (with a power output of 45 W for 15 min).

e

(b)

Figure 4. SEM images of YSZ particles containing 8 mol.% of Y,Oj3 prepared in-house by the thermal

decomposition method: (a) without post-synthesis treatment; (b) treated by an ultrasound horn (with
a power output of 45 W for 15 min).
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In addition to the particle shape, the size distribution is a crucial parameter for a
successful sintering process. Laser scattering was used to obtain this information. The
results of particle size distribution for commercial powders (TZ-8YS and TZ-8YSB) are
shown in Figure 5a. Consequently, for in-house-prepared powders based on the synthesis
methods and post-synthesis treatments discussed, the results are shown in Figure 5b,c.

— TZ-8YS-commercial
L —— TZ-8YSB-commercial

12 |- (a)

—_
()]
I

Volume Density / %
0]
I

0-....l L PR sl L PR sl P L L A
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16 |- ——YSZ-8-combustion synthesis
+ = YSZ-8-combustion + milling
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Figure 5. Particle size distribution of (a) commercially available powders TZ-8YS and TZ-
8YSB; in-house-synthesized YSZ particles with 8 mol.% of Y,0O3 prepared by: (b) combustion
synthesis and subsequent post-synthesis treatment; (c) thermal decomposition and subsequent
post-synthesis treatment.

Commercial powders exhibit a narrow particle size distribution. TZ-8YS powder
shows bimodal size distribution, whereas TZ-8YSB is clearly unimodal. As already men-
tioned, the difference between the two powders consists solely of the presence of stearic
acid (the binder) in the TZ-8YSB sample. The binder causes the smaller particles to be
attached to the larger fraction, forming agglomerates. Due to the adherence strength, the
larger particle fraction is unaffected by the presence of a binder. This arrangement results
in the formal disappearance of the smaller fraction from the distribution diagram and a
slight increase in the size of the larger fraction, as observed in Figure 5a.

In contrast to the commercial powders, as-prepared in-house-synthesized powders
exhibited a significantly broader particle size distribution with a relatively large particle
diameter. This is especially true in the case of powder prepared by the thermal decompo-
sition of precursors (Figure 5c), as already shown in the SEM images. This preparation
method results in crystallites with particles predominantly of 230 um in diameter. Both
post-synthesis treatment methods resulted in only slightly diminished particle sizes com-
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pared with the untreated sample. Similarly to the combustion synthesis, small particles
of approximately 3 pm in diameter were detached from larger particles. In the case of the
thermal decomposition synthesis, however, the size of the main particle fraction remained
largely unaffected by the post-synthesis treatment. In the case of powder prepared by
combustion synthesis (Figure 5b), the YSZ particles had a broad size distribution with two
dominant particle sizes. The smaller fraction was of approximately 40 um, the larger one
of approximately 200 um in diameter. This is in agreement with the result obtained from
the SEM images, reported above. The utilization of a ball mill results in a single fraction of
particles (approximately 20 um in diameter), although the size distribution is still relatively
broad. The application of ultrasound horn produced the most uniform distribution of
prepared powders, with the majority of particles being approximately 3 um in diameter. In
addition to uniform distribution, the size of these particles was comparable to the smaller
particle fraction of TZ-8YS. Based on these observations, it is likely that combustion synthe-
sis produced primarily agglomerated smaller particles rather than crystallites. Although
alteration of the particle shape was not achieved, it was possible to efficiently disintegrate
particle agglomerates by the chosen post-synthesis treatment.

3.3. Shape Molding and Sintering Process

In this study, two methods of electrolyte shape molding were considered: uniaxial
compression and slurry casting. The first method discussed is uniaxial compression. It
was shown that sintering at 1360 °C is clearly insufficient for in-house-prepared powders
to form a compact and homogeneous electrolyte layer. A higher sintering temperature
is necessary [50]. The best result was achieved for an electrolyte sintered at 1550 °C for
24 h. Nevertheless, traces of individual, poorly sintered particles remained visible at
the cross-section of the electrolyte (Figure 6a). This degree of sintering was achieved for
YSZ powder without post-synthesis treatment. The homogeneity of the sample was not
sufficient to ensure mechanical stability and gas tightness sufficient for applications in
SOCs [55]. Furthermore, the use of a powder with the broad size distribution of particles
may result in an undesired, uneven thickness and irregular surface.

After post-synthesis treatment by milling or ultrasound of the YSZ powder prepared
in-house, the sintered electrolyte exhibited an inner volume structure similar to that of the
commercial powder electrolyte, as shown in Figure 6. In addition, the thickness of such
an electrolyte is homogeneous due to the similar degree of contraction connected with
the particles sintering over the electrolyte volume. Nevertheless, a higher frequency of
pore occurrence is visible in the electrolyte cross-section, which is due to the non-uniform
particle morphology before sintering. Examined samples, however, did not display open
porosity or gas permeation through the electrolyte.

The slurry casting method is frequently used to fabricate thin electrolytes with a larger
area. For the purpose of this study, commercial TZ-8YS powder characterized by the two
distinct fractions of particle size was used to demonstrate the impact of the size distribution
of broad YSZ powder particles on the properties of the resulting electrolyte. In contrast
to uniaxial compression, in the case of slurry casting, the sedimentation of larger particles
may occur during cast layer treatment. This results in an electrolyte layer with a gradient
in the particle size, which is documented in Figure 7a. Homogenization to slurry just prior
to the casting may partly help. This may limit the degree of sedimentation (especially
for the relatively narrow particle size distribution), and thus increase the homogeneity
of the sintered electrolyte (Figure 7b). Although the sedimentation effect was partly
reduced, it could not be avoided completely. As a consequence of the particle size gradient
in the layer, bending was observed during the sintering procedure due to the different
volume contractions of the electrolyte parts consisting of different particle sizes. Thus,
only powders with uniform particle size distribution clearly ensured the absence of any
particle size gradient and formation of YSZ electrolyte with satisfactory properties. This
was confirmed by the utilization of in-house-fabricated powder after ball milling treatment
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(Figure 7c), where neither separation of particles according to their size, nor electrolyte
bending was observed.

S4700 15.0kV 12.8mm x2.50k SE(M) 20.0um

(d)

Figure 6. SEM images of the cross-section of sintered YSZ electrolytes, 8 mol.% of Y,0Os, sintering
temperature 1550 °C, sintering duration 24 h: (a) combustion synthesis—no post-synthesis treatment;
(b) combustion synthesis—ball-milled; (c) combustion synthesis—ultrasound horn; (d) TZ-8YSB.

Although the optimized slurry casting allows production of thinner electrolytes when
compared with those fabricated by the uniaxial compression, both methods resulted in
electrolytes with equal conductivity, as discussed later. Thus, electrolytes fabricated by
uniaxial compression are mainly utilized to avoid the limitations of particle sedimentation.

3.4. Conductivity Dependence of the YSZ Electrolyte on Temperature and Degree of Y,03 Doping

Arrhenius plots were used to compare all the conductivity data recorded for the elec-
trolytes under study. The dopant concentration and the electrolyte fabrication method are
two main parameters discussed. Each electrolyte investigated (Table 1) was examined over
a temperature range of 400 to 800 °C. At first, to compare the conductivity of the in-house-
fabricated electrolyte with commercially available materials, electrolytes with 8 mol.% of
Y,03 dopant were investigated. All samples compared exhibited very similar conductivity
regardless of the origin of the YSZ electrolyte (Figure 8). A slightly lower conductivity
of the "YSZ8—m. (1550)" sample can be explained by the marginal difference (<0.5%) in
the dopant content in the synthesized YSZ powder. The expected linear dependence of
In(c) vs. T~! was observed for all samples tested. An inhomogeneous distribution of
oxygen vacancies in YSZ lattices or the influence of intergrain conductivity would cause a
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change in the activation energy (E5 ) value, and consequently, the occurrence of different
slopes in the Arrhenius plot [15,16,56]. It is thus possible to conclude that in-house-prepared
YSZ powder, and also subsequently the electrolyte, have properties comparable with those
of commercial products.

S4700 15.0kV 13.1mm x35 SE(M)

S4700 15.0kV 13.0mm x35 SE(M)

Figure 7. SEM images of the cross-section of sintered electrolytes, 8 mol.% Y03, fabricated by slurry
casting: (a) TZ-8YS powder (1360 °C), the highlighted part of the electrolyte contains larger particles,
which sedimented during the slurry casting; (b) TZ-8YS powder (1360 °C), freshly homogenized
slurry; (c) in-house-fabricated powder (combustion synthesis—ball-milled; 1550 °C), a homogeneous
electrolyte based on uniform particle size distribution.

In the next step, the impact of the synthesis method of YSZ powder and post-synthesis
treatment was evaluated. The significant impact of different powder post-synthesis treat-
ment and sintering protocols of YSZ powder is documented in Figure 9. Due to the more
pronounced differences, samples containing 13 mol.% of Y,O3 were chosen to demonstrate
the impact of the individual parameters. As per the discussed inner volume structure
of the sintered electrolyte [50], the low sintering degree resulted in low conductivity of
the electrolyte caused by the high resistance to the inter-grain contacts. The improved
performance was achieved by elevating the sintering temperature (Figure 6a); however,
the remaining inhomogeneity of the sintered electrolyte still limited the conductivity.
The electrolyte based on milled powder and sintered at elevated temperature (Figure 6b)
represented the result of the optimization of the in-house preparation of the electrolyte.
This sample exhibited the highest conductivity of all the polycrystalline electrolytes, with
13 mol.% of Y,0O3 under study. Identical results were achieved for electrolytes based on the
ultrasonic post-synthesis treatment. This result documents the parity of both post-synthesis
methods (Figure 6c), ensuring a homogeneous structure of the electrolyte with minimum
void fraction and well-sintered YSZ particles.



Energies 2022, 15, 2565 13 of 17

-2
s
* i
ni C x
2 Yy
e 5 = !
S i
a o |
£ °r &
= |
LT -7t ¢
- ”
_a |l ®m YSz8-TZ-8YSB (1550) 4
® YSZ8-TZ-8YSB (1360)
9 A YSZ8 - KERAFOL ]
| v YSZ8-TZ-8YS (1360, casted) :
¢ YSZ8-m. (1550)
-10 1 . 1 . 1 . 1 . 1 A 1 A 1
0.9 1.0 11 1.2 1.3 1.4 15
1000-T™" /K™
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The values of conductivity and activation energy for in-house electrolytes with differ-
ent dopant content determined within the framework of this study are in agreement with
those already reported [15,16,44]. Similar to data cited in the open literature, our samples
exhibited the highest conductivity for YSZ electrolytes, with 8 mol.% of Y,Os3 [20,44]. The
conductivity of the samples diminished with increasing dopant contents, and the observed
differences became less pronounced with increasing temperatures (shown in Figure 10).
The conductivities determined for the evaluated samples with their respective activation

energies (E) are summarized in Table 2.
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Figure 10. Arrhenius plot of the conductivity of all polycrystalline YSZ samples studied with varying

Y,03 dopant contents.

Table 2. YSZ electrolytes studied with their determined conductivity at 800 °C and activation energy (Ex).

Sample Name 010%/S-cm~1 @ 800 °C Ea/kJ-mol—1
Y,03 mol. % —commercial name (sintering
temperature)
YSZ8—TZ-8YSB (1550) 54.12 87.9
YSZ8—TZ-8YSB (1360) 48.35 89.6
YSZ8—KERAFOL 4491 87.4
YSZ8—TZ-8YS (1360, casted) 62.28 97.3
Y, 03 mol.% —post-synthesis method
(sintering temperature)

YSZ8—m. (1550) 35.88 89.1
YSZ13—m. (1550) 9.10 103.5
YSZ13—US (1550) 10.58 106.9
YSZ13—(1550) 5.22 108.2
YSZ13—(1360) 2.42 113.1
YSZ18—m. (1550) 2.10 122.3
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4. Conclusions

This study compared simple methods of YSZ powder synthesis with varying Y,O3
contents suitable for the preparation of electrolytes in research laboratories. The main
results can be summarized as follows:

e  The combustion synthesis of precursors produced powders more suited for further
processing than the thermal decomposition of the precursors;

e  The combustion synthesis resulted in powder agglomerates that can be easily disin-
tegrated during post-synthesis treatment to small particles of 3 um in diameter and
with a narrow size distribution;

e  Small powder particles with uniform size distribution were essential in fabricating
a dense YSZ electrolyte with minimal porosity, regardless of the molding
technique used;

e  The obtained conductivity values confirmed the assumed dependence of dopant
content showing the maximum for the sample with 8 mol.% of Y,0Os3;

e All the studied samples displayed Arrhenius-like behavior in the whole range
of temperatures.

Thus, this study clarifies the aspects to be considered during the in-house synthesis
of YSZ electrolytes with a broad range of compositions. Above all, this study clarifies the
impact of the individual fabrication steps on the properties of the resulting electrolyte. This
is an important contribution to the community, because this detailed information was not
available in the corresponding literature. It thus opens the way for studies focusing on the
impact of YSZ electrolyte composition beyond the range offered by commercial suppliers.
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