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Abstract

After preparing 8-mol% Y,0O,-stabilized ZrO, electrolytes with SiO, contents to < 40, 550, 1200, and 2800 ppm and attaching
Pt electrodes, a direct-current (DC) load test wherein 1V was applied at 800 °C in air atmosphere for 1000 h was conducted to
investigate the effect of SiO, on the electrical properties. The DC resistance at 800 °C for all samples increased immediately after
the test was started, but tended to stabilize over time, and remained almost constant after approximately 600 h. The bulk and
the grain-boundary resistances measured by the AC complex impedance analysis at 300 °C after the DC voltage load test were
increased in all samples compared to that before the test, but no clear correlation was found between the amount of SiO, and
the resistance. Moreover, the electrode interface resistance measured by complex impedance analysis at 800 °C also increased

after the DC voltage load test.
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1. Introduction

Among the raw materials of yttria-stabilized zirconia (YSZ),
an electrolyte material for solid oxide fuel cells (SOFCs) (Tik-
kanen et al, 2011; Samui et al,, 2016; Bouhamed, 2017; Cong
et al, 2020), the standard values of certain aspects are deter-
mined by SOFC-making companies. These aspects include
composition, average particle size, and specific surface area.
In addition, the allowable range of the amount of impurities
is an important factor. However, there have only been a few
studies on the effects of impurities on the electrical proper-
ties of electrolytes. In contrast, the electrical resistance of YSZ
is known to increase when the material is held at a high tem-
perature for a long time. In addition, the electromotive force
of SOFCs using YSZ as an electrolyte decreases when used at
high temperatures for a long time. Therefore, it is necessary

between the amount of SiO, of < 40 ppm and 500-3000 ppm
that is contained in 8-mol% Y,0,-stabilized ZrO, (8YSZ) and
the changes in the electrical properties.

2. Experimental procedure

The 8YSZ raw materials containing SiO, used in this work
were produced by Daiichi Kigenso Kagaku Kogyo Co., Ltd.
(Table 1). The raw material was cold isostatic press-molded
at 100 MPa and then sintered at 1430 °C. The density of the
sintered sample was then measured using the Archimedes
method. The sintered sample was processed into a cube with
a side length of 5 mm. Pt paste (Tanaka Kikinzoku Kogyo KK,
TR-7905 (SiO,-less type)) was applied to both sides of the
sample and baked at 1000 °C to provide a Pt electrode. As

Table 1: Composition (wt.%) of 8YSZ raw materials containing
SiO, used in this work

SiO, content

to elucidate and remedy the cause of this reduction (Ciacchi <40ppm  550ppm 1200 ppm 2800 ppm
and Badwal, 1991; Yamamoto et al,, 1995; Hattori et al., 2004; Si0, 0,004 0.055 012 028
Kwon and Choi, 2006). The raw materials of YSZ generally 710, 8639 3648 36.17 86,17
contain silicon dioxide (SiO,) as an impurity, and such impuri- Y.0. 1361 1359 1383 1383
ties affect the increase in grain-boundary resistance. The bad- A0 0005

deleyite (ZrO,, the zirconium ore) contains a few percent SiO,, = -

but the SiO, content can be reduced to 500-3000 ppm by the Fe.0; 0004 0004 0004 0005
acid treatment process of impurity removal. In this study, we TiG, 0.001 0.002 0.001 0.002
assumed that the abovementioned increase in resistance for Ca0 0.002 0.001 0.001 0.001
YSZ exposed to high temperatures for a long time was relat- Na,0 0.003 0.003 0.001 0.001
ed to the SiO, impurity in the YSZ (Hughes and Badwal, 1991). H,0 0.17 0.31 0.38 0.33
Based on this assumption, we investigated the relationship Ig.loss 035 0.58 034 041
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shown in Figure 1, the electrode area and distance between
electrodes of the measurement sample were 0.25 cm? (0.5
cm x 0.5 cm) and 0.5 cm, respectively. The initial electrical
properties were measured using an impedance analyser
(HP4194A) in the frequency range of 100 kHz to 10 MHz
in the atmosphere, and the bulk resistance and the grain-
boundary resistance of each sample was determined by
complex impedance analysis using an alternating-current
(AC) method. After measuring the initial electrical characteris-
tics, the sample was placed in an electric furnace, as shown in
Figure 1, and the temperature was raised to 800 °C. A voltage
of 1V was applied across the sample with a regulated direct-
current (DC) power supply and maintained.

The voltage load was stopped at regular intervals, the DC
resistance was measured using a multimeter (Advantest Co,
TR6847) at 800 °C, and the change in DC resistance was mon-
itored for up to 1000 h. After 1000 h of the DC voltage load
test, the bulk resistance and the grain-boundary resistance of
each sample was determined via complex impedance analy-
sis using the impedance analyzer. After polishing the surface
of the sintered sample before and after the DC voltage load
test and performing thermal etching treatment, the sample
surface was observed using a field-emission scanning elec-
tron microscope (JEOL Ltd., JSSM-7500F). Furthermore, X-ray
diffraction (XRD) data of the # 400 diamond grindstone pro-

cessed surface of the sintered sample were obtained using
an X-ray diffractometer (Rigaku Co., MiniFlex II) with CuKal
radiation and a graphite monochromator.

3. Results and discussion
3.1 Initial electrical characteristics

The raw materials used were prepared by setting the SiO,
contents to < 40, 550, 1200, and 2800 ppm while maintain-
ing constant levels of the components other than SiO.. The
densities of the sintered samples containing < 40, 550, 1200,
and 2800 ppm SiO, prepared by molding the raw materials
and sintering at 1430 °C were 5.77, 5.83,5.78, and 5.78 gcm™,
respectively. As seen in the results, similar densities were ob-
tained for all samples.

In Figure 2, the Nyquist plot for each sample at 300 °C
before the DC voltage load test is shown as filled circles. In
all samples, arcs originating from the bulk resistance (at the
high-frequency side shown on the left section of the figure)
and the grain-boundary resistance (at the low-frequency side
shown on the right section of the figure) were observed. It
is explained in detail in the appendix section. The bulk resis-
tance was almost constant irrespective of the SiO, content.
However, the grain-boundary resistance increased with in-
creasing SiO, content. This means that SiO, in the raw mate-
rial was present at the grain-boundary of 8YSZ and not within
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Figure 1: Apparatus for the direct-current (DC) voltage load test for 1000 h at 800 °C and schematic diagram of

measurement sample
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Figure 2: Nyquist plot before (filled circle) and after (open cir-
cle) the DC voltage load test of 8YSZ (SiO, contents: (a) < 40
ppm, (b) 550 ppm, (c) 1200 ppm, and (d) 2800 ppm) at 300 °C

the bulk, and was considered to cause the increase in the
grain-boundary resistance. The arc originating from the grain
boundary resistance decreased as the temperature increased
and could not be observed around 700 °C.

In Figure 3, the Nyquist plot for each sample before the
DC voltage load test at 800 °C is shown as filled circles. For all
samples, the arcs originating from the bulk and grain-bound-
ary resistances could no longer be observed, only the arc
originating from the electrode interface resistance was ob-
served. From the result, the sum of the bulk + grain-boundary
resistance is determined by extrapolation to zero reactance
of the arc in the higher frequency side. On the other hand,
the sum of the bulk + grain-boundary + electrode interface

resistance is determined by extrapolation to zero reactance
of the arc in the lower frequency side.

3.2 DCvoltage load test

Figure 4 shows the relationship between the elapsed time
and changes in the DC resistance (R,) following the DC volt-
age load test. In all samples, the DC resistance significantly
increased immediately after the test was started, but the
increase progressed at a diminished rate as time elapsed. For
the samples with high SiO, contents of 550, 1200, and 2800
ppm, the initial increase in the resistance was large, but the
resistance became almost constant after approximately 400
h. In contrast, for the sample with low SiO, content of < 40
ppm, the resistance increased slowly up to approximately
600 h, and then remained constant. These tendencies were
consistent with those reported by Hattori et al. (Hattori et al,
2004).

3.3 Electrical properties after the DC voltage load test

In Figure 2, the Nyquist plot at 300 °C after the DC voltage
load test is shown as open circles. Figure 5 (a) and (b) show
the bulk resistance (R,) and the grain-boundary resistance (R,,)
at 300 °C, respectively, before and after the test as a function
of the SiO, content, which was obtained via complex imped-
ance analysis. This plot showed that the bulk resistance after
0 % in all samples.
The grain-boundary resistance increased in all samples, but
the level of increase was independent of the SiO, content.
Compared with the initial grain-boundary resistance, the
grain-boundary resistance after the test increased by 23%
for an SiO, content of < 40 ppm, 28 % for that of 550 ppm,
25 % for that of 1200 ppm, and 26 % for that of 2800 ppm.
Therefore, the SiO, content and the amount of increase in
the grain-boundary resistance show little correlation. On the
other hand, the bulk resistance after the test was observed to
increase slightly (2-10 %) in all samples compared with that
before the test.

In Figure 3, the Nyquist plot for each sample after the DC
voltage load test at 800 °C is shown as open circles. Figure
5(c) shows the electrode interface resistance (R,) at 800 °C,
before and after the test as a function of the SiO, content.
From the plot, the electrode interface resistance after the test
was also observed to increase. In addition, the sum (R, + Ry, +
R.) of the bulk + grain-boundary resistance and the electrode
interface resistance at 800 °C determined from the Nyquist
plot in Figure 3 was in agreement with the DC resistance (R,)
at 800 °C shown in Figure 4.

The reflected electron images of the thermally etched
surfaces of samples with SiO, contents of < 40 and 2800
ppm before and after the DC voltage load test are shown in
Figure 6. The black spots are considered to be pores. A map-
ping analysis of Si, Zr, and Y was performed by an energy-

the test increased by approximately 5-1
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Figure 3: Nyquist plot before (filled circle) and after (open circle) the DC voltage load test of 8YSZ (SiO, contents: (a)
<40 ppm, (b) 550 ppm, (c) 1200 ppm, and (d) 2800 ppm) at 800 °C: The inset shows an enlarged view
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Figure 4: Relationship between elapsed time and DC resis-
tance (R,) at 800 °C during the DC voltage load test

dispersive X-ray spectroscope, but specific elements were
not concentrated and detected in the black spots. Before and
after the test, there was no change in morphology, such as
crystal grain size.

The XRD peaks observed in all samples were only those
attributed to cubic ZrO,, and no change was observed in
the XRD patterns before and after the DC voltage load test

194

as seen in Figure 7. This result is consistent with a previous
report stating that the synchrotron XRD patterns of 8YSZ sin-
tered at 1500 °C did not change after annealing at 800 °C for
2000 h in the atmosphere (Itoh, 2016).

4. Conclusion

The influence of SiO, (< 40, 550, 1200, and 2800 ppm) con-
tained in 8YSZ ceramics that are used as solid electrolytes in
SOFCs on the electrical characteristics was investigated using
the DC voltage load test (in air, at 800 °C, for 1000 h, and un-
der DC 1V load). The following facts were clarified:

- As the SiO, content increased, the grain-boundary resis-
tance of 8YSZ obtained by complex impedance analysis at
300 °C increased, while the bulk resistance remained con-
stant. Therefore, SiO, is considered to be segregated at the
grain-boundary.

« Although the DC resistance during the DC voltage load test
increased immediately after the beginning of the test for all
samples, it tended to stabilize as time elapsed. Ultimately,
the DC resistance became almost constant after 600 h or
more.

- The bulk resistance and the grain-boundary resistance

Studies in Science and Technology, Volume 10, Number 2, 2021
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Figure 5: Relationship between content of SiO, in 8YSZ and
each resistance ((a) bulk resistance (R,) at 300 °C, (b) grain-
boundary resistance (R,,) at 300 °C, (c) electrode interface
resistance (R.) at 800 °C before (filled mark) and after (open
mark) the DC voltage load test)

obtained by complex impedance analysis at 300 °C after
the DC voltage load test increased by 2-10 % and 23-28 %,
respectively, compared with the respective initial values ir-
respective of the SiO, content.

- The arc originating from the electrode interface resistance
was observed by complex impedance analysis at 800 °C
and the resistance also increased after the DC voltage load
test.
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Appendix

As shown in Figure 8 (a), the electrolyte ceramic (ion con-
ductor) is formed a collection of bulks (grains, microcrystals).
The behavior of bulk, the behavior of grain-boundary, and the
behavior of the interface with electrolyte-electrode are ap-
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Figure 8: (a) Various components generated in the microstruc-
ture of electrolyte ceramic (ion conductor) and electrodes, (b)
typical equivalent circuit, and (c) Nyquist plot example for the
equivalent circuit

pear the Nyquist plot shown in Figure 8 (c). The typical equiv-
alent circuit is shown in Figure 8 (b). There are bulk resistance
(R,), grain-boundary resistance (R,,), and charge transfer re-
sistance (electrode interface resistance, R.;) as resistances that
hinder ion conduction. When direct current (DC) is applied,
the sum of these resistance components is the resistance (Ry.)
of the entire electrolyte ceramic. (R, = R, + Ry, + R.) When
alternating current (AC) is applied, different frequency re-
sponses appear because the relaxation time of each behavior
is different. In the equivalent circuit, the capacitance com-
ponents are connected in parallel to each component, and
the capacitances corresponding to each behavior are called
bulk capacitance (C,), grain-boundary capacitance (C,,), and
electric double layer capacitance (electrode interface capaci-
tance, C,). The Nyquist plot example of this equivalent circuit
is as shown in Figure 8 ().
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