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Abstract: Ceramic electrolytes formed by Bi (4 mol%)-doped 8YSZ, i.e., Y,03; (8 mol%)-doped
ZrO,, were synthesized by a simple co-precipitation route, using ammonia solution as precipitating
agent. The amorphous as-synthesized powders convert into zirconia-based single phase with fluorite
structure through a mild calcination step at 500 <C. The calcined powders were sintered at very low
temperatures (i.e., 900-1100 <C) achieving in both cases very high values of relative densities
(i.e., >95%); the corresponding microstructures were highly homogeneous and characterized by
micrometric grains or sub-micrometric grains for sintering at 1100 <C and 900 <C, respectively. Very
interesting electrochemical properties were determined by Electrochemical Impedance Spectroscopy
(EIS) in the best samples. In particular, their total ionic conductivity, recorded at 650 <C, are
6.06 <10 2 S/cm and 4.44 =10 2 S/cm for Bi (4 mol%)-doped 8YSZ sintered at 1100 < and 900 T,
respectively. Therefore, Bi was proved to be an excellent sintering aid dopant for YSZ, highly
improving its densification at lower temperatures while increasing its total ionic conductivity.

Keywords: yttria-doped zirconia; bismuth oxide; co-precipitation; ceramic electrolyte; sintering aids;
ionic conductivity




611

1. Introduction

Solid oxide fuel cells (SOFCs), being able to directly convert chemical energy of hydrocarbon
fuels into electricity, are regarded as the next generation of energy conversion devices mainly for
them high efficiency, low environmental impact and high fuel flexibility [1]. One of the most
important components of a SOFC is the ceramic electrolyte, which must own several challenging
properties such as very high ionic conductivity, good mechanical strength and high chemical and
thermal stability. The state-of-the-art material that better fulfill these requirements is the
fluorite-structured yttria (8 mol%) doped-zirconia (8YSZ), which has been widely applied in a
variety of fields, with specific interest as electrolyte in solid oxide fuel cells (SOFC) [2,3]. More
recently, it also found application in composites with interesting thermal properties [4] and as porous
ceramic material [5,6]. 8YSZ has an adequate ionic conductivity as electrolyte in SOFCs only at
temperatures higher than 800 <C. However, at such high temperatures, high material costs, limited
durability and similar drawbacks have been penalizing their commercialization and market
diffusion [7]. To this regard, it is imperative to reduce the operating temperature of SOFCs by
developing the so-called intermediate temperature SOFC (IT-SOFCs), which have operating
temperatures in the range 500-800 <C; this goal requires the significant increase of the ionic
conductivity of the adopted ceramic electrolyte. A first possibility to fulfill this target is to use
ceramic electrolytes based on different classes of materials such as doped and/or co-doped
ceria [8-10] or the very recently proposed rhombohedral Bismuth oxide [11], whilst a second
strategy consists of improving the properties of existing yttria-doped zirconia ceramics by further
adding selected dopants [12]. To this regard, several reviews about SOFC materials can be found in
literature. Mahato [13] authored a comprehensive review for each SOFC components, electrolyte
included. Da Silva [14] reviewed novel materials for SOFC, among them novel oxide ion conductors
(e.g., lanthanum apatites and molybdenum oxides), and novel protonic conductors were discussed.
The use of additives in 8YSZ has been previously studied mainly because they do not simply
improve the final electrochemical properties, but also they lead to a significant reduction of the
sintering temperature. In fact, zirconia-based ceramics are usually sintered at about 1600 <C, thus
causing manufacturing difficulties during the production. Among different possible dopants, Bi,O3
has been extensively studied for several materials, especially for fluorite phase materials such as
doped-ceria [15] and doped-zirconia [2,16], even if some conflicting results are reported in
literature [16]. Furthermore, in order to improve the ceramic sinterability, a key point is to dispose of
very reactive powders. Various synthesis methods have been proposed in literature to prepare highly
reactive zirconia-based nanopowders, such as hydrothermal treatment [17], homogeneous
precipitation [18,19], combustion synthesis [20], precipitation [21], sol-gel [22], etc. Due to its
intrinsic higher simplicity and lower cost, a series of different samples of Bi (4 mol%)-doped 8YSZ
were synthesized via co-precipitation method. The as-synthesized sample was sintered at 900 <C and
1100 <€ and the electrochemical behavior was ascertained by Electrochemical Impedance
Spectroscopy. The obtained results highlighted the very positive effect of Bi,O3 in the samples both
on powders sinterability and on sintered pellets electrochemical properties.
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2. Materials and method
2.1. Synthesis of the materials

ZrO(NOs), nH,0 (Sigma-Aldrich, Italy), Y(NOgs)s 6H,0 (Carlo Erba, Italy) and Bi,O3; (Carlo
Erba, Italy) were used as starting materials without any further purification. Ammonia solution (NH3
30%, Carlo Erba, Italy) was used as precipitating agent. The co-precipitation was carried out in two
separate steps: firstly, two solutions were prepared. The first one (solution A) was obtained by
dissolving the proper amount of raw materials in diluted nitric acid (~1 M), in order to have into the
solution the following atomic ratio Bi:Y:Zr = 4.0:14.2:81.8, which corresponds to BiO;s
(4 mol%)-8YSZ as global composition. The second one (solution B) was obtained by diluting
ammonia solution up to about 4 M. Subsequently, solution B was quickly added to solution A (kept
under vigorous stirring), to induce the formation of a white precipitate by using an excess of
ammonia solution in order to ensure the completion of the co-precipitation process. The as-obtained
sample (even after calcination and sintering) will be labelled as 4Bi-8YSZ in the following. After a
short ageing of the suspension (about 10 minutes), the as-obtained co-precipitate was recovered by
vacuum filtration, then repeatedly washed with deionized water to remove undesired ions, and finally
dried overnight at 70 <C. A final calcination step in air, at 500 <C for 1 h, was carried out to allow the
crystallization of the fluorite phase and the complete dissolution into the fluorite lattice of yttrium
and bismuth cations.

2.2. Characterization of the materials

The formed phases of the various samples were detected by X-ray Diffraction (XRD) by using a
diffractometer (X’PERT, Panalytical, Almelo, The Netherlands) with CuKo radiation. The crystal
size of the samples was calculated using the Scherrer formula, whereas the cell parameters of the
fluorite phases were calculated by the least-square procedure proposed by Razik [23].

The thermal behavior of the powders was determined by thermogravimetric analysis and
differential thermal analysis (DTA-TGA) in air (STA 409 Thermoanalyzer, Netzsch Instruments, Selb,
Germany) with a heating rate of 10 < min * up to 1200 < and using a-Al,O3 as a reference.

The calcined powders were formed in a cylindrical shape by uniaxial pressing and finally
sintered in air at 900 <C and 1100 <T by using 5 <T min ™" as heating rate and 3 h as soaking time.
The microstructure of the sintered pellets and of the calcined powders was highlighted by Scanning
Electron Microscopy (SEM), using an instrument (Novasem, FEI Co.) equipped with both the
standard ETD detector and with EDS microanalysis. The external surfaces of both pellets were
polished and to highlight the grain boundaries, a thermal etching for 1 h at a temperature of 100 C
lower than the sintering temperature was carried out. The relative density of the sintered pellets was
evaluated by hydrostatic balance.

The electrochemical properties have been investigated by EIS technique. The measurements
were performed on sintered pellets using a gold conductive paste deposited on both sides of pellets as
electrodes. Measurements were carried out in 650-900 <T temperature range using a frequency
response analyzer (FRA, Solartron 1260) coupled with a dielectric interface (Solartron 1296) in the
frequency range 0.1 Hz-1 MHz. The data analysis of measured impedances was carried out using the
ZPlot and Zview software.
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3. Results and discussion

The 4Bi-8YSZ co-precipitate has an amorphous structure as it clearly appears in the diffraction
patterns shown in Figure 1a, displaying only a very broad halo centered at about 30°(20). The
appearance of the diffraction pattern in Figure 1a is the typical one of amorphous co-precipitates of
zirconia-based ceramics with ammonia solutions [24,25].
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Figure 1. X-ray diffraction patterns of co-precipitated (a) and calcined (b) 4Bi-8YSZ.

The thermal behavior of sample 4Bi-8YSZ is displayed in Figure 2 and it is characterized by a
noticeable weight loss (37%), see Figure 2B. Most of this loss is attributable to absorbed water
released at low temperature, well highlighted by the large endothermic peak at about 170 <C (see
Figure 2A) which is almost superimposed to the peak of derivative of weight loss. At higher
temperature, the zirconia-based sample crystallizes in the fluorite form, as highlighted by the
exothermic peak at 520 <C. It is interesting to notice that the presence of bismuth in the crystallizing
amorphous materials strongly influences the crystallization temperature of cubic zirconia, i.e., by
remarkably increasing it of about 50-80 <C. In fact, amorphous 8YSZ coprecipitated with an
analogous process using ammonia solution exhibited the crystallization peak at 445 <C when the
DTA was carried out in the same conditions, i.e., the same heating rate [3]. In general both pure
zirconia and variously doped zirconia (starting from an amorphous phase obtained with analogous
precipitation processes) crystallize at around 420-460 T [24,25].

The data reported in Figure 2, considering that DTA-TGA is a dynamic measurement, suggested
that a calcination step at 500 <C sufficed for completing the thermal decomposition and allowing the
crystallization of fluorite structure (we wanted to hold the calcination temperature as low as possible
in order to avoid unnecessary grain growth phenomena). The diffraction pattern of the calcined
sample displayed in Figure 1b shows only the peaks of fluorite structure zirconia, thus indicating the
complete dissolution of yttrium and bismuth in the lattice. The cell parameter of calcined 4Bi-8YSZ
and calculated by least-square procedure is 0.5167(2) nm, which is almost coincident with the
theoretical value equal to 0.5160 nm. The theoretical a-value has been estimated starting from the
nominal composition of sample 4Bi-8YSZ and using the following correlation to evaluate the lattice
parameter for fluorite structures based on ZrO, proposed by Kim [26]:
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a=05120 + 2(0.0212Ari +0.00023Az)m; )
i

where a is the cell parameter (in nm) of the fluorite oxide at room temperature, Ar; is the difference

between the ionic radius of the dopant ions (i.e., Y and Bi) and Zr*" in 8-fold coordination, Az; is the

difference in charge between the dopants and Zr**, and m; is the concentration of ith dopant
expressed as mole percentage in the form of MO,.
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Figure 2. DTA (A) and TGA (solid green line) and derivative of TGA (dotted red line) of
coprecipitated 4Bi-8YSZ (B).

On the contrary, the cell parameter of sample 4Bi-8YSZ is rather higher than the theoretical
value of 8YSZ, equal to 0.5139 nm (see ICDD n. 30-1468), signaling again the substitution of Y**
and Zr** with larger cations, as Bi**. Therefore, we can assume that calcined 4Bi-8YSZ is constituted
by a single phase with fluorite structure in which the cations are Zr**, Y** and Bi*". The crystal size,
determined by Scherrer formula using the main XRD peak (111), is 18 nm so proving the very low
crystal growth resulting from the calcination step. Despite the very low crystal size, the morphology
of the calcined powders is characterized by much larger particles with irregular shape (see Figure 3).
The big particles are actually clusters of rounded sub-micrometric particles (highlighted in the inset

in Figure 3). Indeed such morphology is frequently observed in powders of calcined zirconia based
materials obtained from wet-chemical method [3].

Figure 3. SEM micrographs of 4Bi-8YSZ calcined at 500 <C for 1 h, at lower and higher
(inset) magnification.
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The calcined powders were pressed by uniaxial pressing and then sintered at two different
temperatures, 900 <C and 1100 <C. The final relative densities of the samples were measured through
Archimede’s principles by using a hydrostatic balance and resulted to be 96.5%, for the sintering at
900 <C, and 98.6% for the sintering at 1100 <C, thus showing very good densification despite the far
from ideal morphology of the calcined powders and the low sintering temperature. This suggests that
the presence of Bi was able to substantially reduce the sintering temperature. The microstructures of
both the pellets, obtained by SEM analysis, are displayed in Figure 4. At a first glance both the
microstructures are very dense, according with the very high relative density, and quite homogeneous,
with the presence of regular and equiaxed grains. The sample sintered at 900 <C exhibits very small
grains, whose size is in the order of several hundreds of nanometers, and some residual porosity
(Figure 4a). Despite the rather low sintering temperature, the microstructure highlighted in Figure 4a
remains certainly adequate for use as SOFC electrolyte. However, the sample sintered at 1100 T, is
characterized by an even denser texture highlighted by the practical absence of any porosity (see
Figure 4b) confirming the measured density next to 99%. The grain size is in the order of some
micrometers and it is obviously well larger than the one of the pellet sintered at 900 <C.

Figure 4. SEM micrographs of 4Bi-8Y SZ sintered at 900 <C for 3h (a) and at 1100 <C for 3h (b).

In order to evaluate the amount of Bi present in the samples and its distribution, the EDS
analysis was carried out on the pellets. The cationic composition obtained from the whole area
shown in Figure 5 (related to the sample sintered at 1100 <C) is Bi = 4%, Y = 18% and Zr = 78%.
These values are in good agreement with the nominal composition reported in materials and methods
section. Therefore, these results support the previous evaluations based on XRD data and
consequently we can claim that zirconia co-doped with yttrium and bismuth can be prepared by
co-precipitation with ammonia. Furthermore, Figure 5 presents a homogeneous distribution of
bismuth, as shown by the fuchsia dots. Bi is present both inside the grains and in the grain
boundaries, and only in very few of the latter a slightly excess is registered.

AIMS Materials Science Volume 6, Issue 4, 610-620.
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Figure 5. EDS mapping of Bi for sample sintered at 1100 <C for 3 h.

To detect possible phase-stability issues as a consequence of the sintering, X-ray analysis was
carried out on the sample sintered at 1100 <C, after grinding by hand [27]. The related diffraction
pattern is displayed in Figure 6. It is clear that only peaks belonging to fluorite-like cubic zirconia are
present, with the exception of just some perceivable peaks (marked with a star), that can be ascribed
to a negligible amount of monoclinic zirconia. Thus, no significant phase modification occurred
during the sintering treatment, and the fluorite-like structure of 4Bi-8YSZ is expected to be definitely

stable at the IT-SOFCs operating conditions.
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Figure 6. X-ray diffraction patterns of 4Bi-8YSZ sintered at 1100 <C for 3 h.

Finally, both sintered pellets were characterized by EIS in order to investigate their
electrochemical properties. The measured data have been fitted using an equivalent circuit, consisting
of two (R-CPE) elements joined together in series representing the total (bulk + grain boundary)
contribution (Rt-CPE) and the electrode contribution (Rel-CPE), to estimate the total resistivity
values [28]. In the analyzed temperature range (i.e., 650-900 <C) all Nyquist plots exhibit a large
semicircle due to the electrodes process and a smaller faint semicircle in the high-frequency region
corresponding to the whole electrolyte process. The two separated contributions of bulk and grain
boundary could not be separately detected. This is due to the high temperature that weakens their

AIMS Materials Science Volume 6, Issue 4, 610-620.
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response causing them to assume frequencies beyond the range of investigation [29]. In the Nyquist
plot in Figure 7, the best-sintered sample (1100 <C) is shown as representative highlighting the
impedance behavior at 650 <C along with the rather good accordance between measured and fitted

data.
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Figure 7. Nyquist plot at 650 <C of 4Bi-8YSZ sintered at 1100 <C.

All the data collected in the range 650-900 <C, for both the sintered samples, were summarized
in the Arrhenius plots shown in Figure 8. In the analyzed temperature range, a nearly perfect linear
trend for both samples appears. The electrochemical properties achieved for 4Bi-8YSZ samples are
better than the ones of conventional 8YSZ electrolytes sintered in the temperature range of
1300-1650 <C [16]. In particular, the total ionic conductivity, recorded at 650 <C, is 6.06 <1072 S/cm
and 4.44 x 1072 S/cm for 4BiYSZ sintered at 1100 <C and 900 <C, respectively. The higher ionic
conductivity of the sample sintered at 1100 <C obviously depends on its slightly better

microstructural features compared to the ones sintered at lower temperature.
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Figure 8. Arrhenius plot of 4Bi-8YSZ, both sintered at 900 <C and 1100 <C.
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4. Conclusion

By using a simple and cheap co-precipitation synthesis route, it has been possible to produce
very well densified 4Bi-8YSZ pellets in which Bi is homogeneously distributed in the matrix. Bi has
been proved to have very positive effects upon sintering behavior, i.e., lowering the sintering
temperature of YSZ well below their typical values despite the morphology of the calcined powders
far from ideal, favoring enhanced ionic conduction respect to 8YSZ, too. Furthermore, under
sintering step the samples do not withstand any phase modification. In conclusion, although further
investigations upon synthesis and sintering parameters have still to be done, 4Bi-8YSZ can be
considered as a high-performance class of zirconia-based electrolyte for future IT-SOFCs production.
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