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ABSTRACT

YCoO;s is discussed as a novel cathode material for solid oxide fuel cells (SOFCs).
One of the major issues for SOFC development is the side reactions that occur at the
electrode and electrolyte interfaces. Characteristics such as the phase stability, reactivity
against YSZ, electrical conductivity, and thermal expansion coefficients (TECs) of
YCoO; were investigated. YCoO; was produced by the sol-gel method below 975 °C,
and the least impurities were observed at a Y molar ratio of 0.96 (YCO-096). YCO-096
did not react significantly with the YSZ electrolyte when fired at 975 °C for 1 h. The
main charge carrier of YCO-096 was confirmed to be electron-holes, h*, and the
maximum conductivity was estimated to be 700 S cm™ at 900 °C. The TECs of
YCO-096 were in the range of 16.5-44.2x10 °C-! from room temperature to 900 °C.
The YCO-096 cathode was stable in the YSZ electrolyte SOFC. Oxygen defects formed
at the surfaces of particle YCO-096 were considered to significantly improve the

cathodic performance.

Keywords: YCo0;; SOFCs; Oxide cathode; Cobaltite; Perovskite oxide
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Introduction

Solid oxide fuel cells (SOFCs) have recently received considerable attention due to
their higher energy efficiency than other fuel cells. In this electrochemical device, a
zirconia-based oxide ion conductor such as yttria-stabilized zirconia (YSZ) '? or
Scandia-stabilized zirconia (ScSZ) 3# with a higher ion conductivity at around 800 °C is
often used as the electrolyte. YSZ has been most frequently selected as the electrolyte
for commercially available SOFCs due to its cost advantage, although its ionic
conductivity is inferior to that of ScSZ. However, the critical problem of the ZrO, based
oxide is reactivity with La cobaltite-based perovskite oxides, which are commonly used
as cathode materials due to their excellent electrode performance 5-8. ZrO, easily reacts
with La or alkaline earth elements contained in these materials and forms an impurity
phases such as lanthanoid pyrochlore (La,Zr,0-) or alkaline earth perovskites (ReZrO5)
at higher temperatures *12. CeO, based oxides such as gadolinium doped ceria (GDC)
are introduced between the YSZ electrolyte and cathode as an interlayer to prevent this
reaction. However, the introduction of a CeQO, interlayer causes another problem
because the CeO, based oxide easily reacts with YSZ and forms a solid solution, which
leads to a significant decrease in the ionic conductivity of YSZ 3. Therefore, the
development of a cathode material with less reactivity toward ZrO, based electrolyte is
desirable to further improve the SOFC performance. A new cathode material that does
not utilize any alkaline earth element has been reported; the LaCo;NiyOs5 series
oxides exhibit relatively high cathode performance 413, However, the problem with the
use of La cannot be solved by this material, because a large amount of La is still

contained in the A sites of the perovskite structure. The substitution of other lanthanoid
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elements for La also cannot solve the reactivity problem, because the current La based
cathode is the most stable toward the ZrO, electrolyte, as shown in Fig. SI; all
lanthanoid type cobaltites inevitably form the pyrochlore phase (or LnyZr;O;, phase '©)
during the typical cathode firing at around 1000 °C and the problem of reactivity cannot
be avoided. Aside from the lanthanoid cobaltites, yttrium cobaltite (YCoOs3) (YCO) has
been reported as a magnetic material or thermoelectric material '7-'%. There is a
possibility that YCO has low reactivity toward YSZ because Y is already contained in
its structure. In addition, even if YCO only reacted slightly with the YSZ electrolyte, it
is considered that its influence on the electrolyte would not be severe, because only the
amount of Y doping would increase slightly.

Here, YCO was synthesized and its phase stability, reactivity toward YSZ,
electrical conductivity, and thermal expansion coefficient (TEC), which are important
features as an SOFC cathode, were investigated. YCO was also applied to a YSZ

electrolyte based SOFC and its cathode properties were investigated.

Experimental
Sample preparation

YCO oxide was synthesized by the sol-gel method using Y(NO;);-6H,0 (Kishida
Chemical Co., Ltd.), Co(NO;),-6H,0 (Kishida Chemical Co., Ltd.), and citric acid
(Wako Pure Chemical Industries, Ltd.). The water content of these nitrates was
confirmed by thermogravimetry (TG-8120, Rigaku Corp.). The starting materials were
dissolved in distilled water at a molar ratio of 1:1:2, and stirred and heated with a hot
stirrer until the water in the solution was fully evaporated. The obtained precursor was

calcined at 400 °C for 2 h in air to remove NO,. After calcination, the resultant product
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was ground with a mortar and pestle and calcined at 900-1000 °C for 20 h in air to
obtain the YCO powder. For the electrical conductivity, Seebeck coefficient, and TEC
measurements, bar-type samples were prepared by the following procedure. YCO
powder was molded into pellets, cold isostatically pressed at 300 MPa, sintered at 975
°C for 20 h, and cut into bar-shaped specimens with a diamond cuter. The cathode
performance of the YCO powder was tested with 8 mol% Y,0;3-ZrO, (8YSZ)
electrolyte and Ni-Ce(gSm(,0,.5 (Ni/SDC) anode. An 8YSZ electrolyte pellet was
prepared by molding commercially available 8YSZ powder (TZ-8Y, Tosoh Corp.) into
a disk shape, cold isostatically pressing at 300 MPa, sintering at 1500 °C for 10 h, and
polishing with #2000 abrasive paper. The thickness of the 8YSZ electrolyte was ca. 0.3
mm. Ni/SDC anode paste was prepared by mixing NiO (Wako Pure Chemical
Industries, Ltd.) and SDC (SDC20, Daiichi Kigenso Kagaku Kogyo, Co., Ltd.) in a ratio
of 90:10 (wt%), ball-milling at 300 rpm for 1 h in ethanol with 15 mm zirconia balls,
and processing into a paste with ethyl cellulose at a weight ratio of 100:6 and mixing
with a thinner. The YCO powder was also ball-milled and processed into a paste by a
similar procedure. The particle size of YCO-096 was several micrometers, as shown in
Fig. S2. The anode and cathode pastes were then screen-printed onto the YSZ
electrolyte. The diameter of the electrodes was ca. ®5 mm (= 0.2 cm?) and the amount

was ca. 10 mg cm™ to achieve sufficient current collection properties .

Characterization
The crystal structure of the synthesized YCO powder was confirmed using X-ray

diffraction (XRD; RINT-2000, Rigaku Corp.) with Cu-K, radiation. Electrical

conductivity measurements were performed using the conventional DC 4-probe method
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with a commercially available Pt electrode (TR-7907, Tanaka K.K. Corp.) and a
thermoelectric property measurement system (RZ2001i, Ozawa Kagaku Corp.). The
Seebeck coefficient was also measured during the conductivity measurement. TEC was
measured with a dilatometer (DIL-40C, NETZSCH Gerédtebau GmbH) and an ALO;
type sample holder by scanning the temperature from room temperature (R.T.) to 900
°C at arate of 2 °C min’'.

The experimental apparatus for the SOFC power generation test using the YCO
cathode is shown in Fig. S3. The cell was sandwiched with pyrex glass sealing rings and
heated at 975 °C for 1 h to fire the electrodes before the power generation test. O, gas
was introduced to the YCO cathode at 30 mL min! during the firing process. For the
power generation test, humidified H, gas at R.T. (about 3%H,0-H, gas) and 100%0,
gas were introduced to the anode and cathode compartments at a flow rate of 100 mL
min’!, respectively. The cathode impedance was measured using an electrochemical
impedance analyzer (Solartron 1287+1260, Ametek Inc.,), and the power generation test

was performed using a potentio/galvanostat (HA-151B, Hokuto Denko Corp.).

Results and discussion

Figure 1 shows XRD patterns of the YCO (YxCoOss5, 0.9 < x < 1.0) oxides
synthesized at 925 °C for 20 h. The XRD pattern of YCO (x = 1.0) revealed peaks that
were mainly attributed to those of the YCO perovskite, of which the structure is an
orthorhombic type (space group: Pmna). However, as shown in Fig. 3(b), a small peak
was observed at around 29°, which corresponds to the main peak of Y,0; and indicates
that the sample obtained contained trace Y,0O; as a secondary phase. Thus, to decrease

this secondary phase, the content of Y was decreased up to 0.9, as shown in Fig. 1. In
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addition, this introduction of Y defect was also aimed at the increase of the amount of
oxide ion vacancies, which would increase the cathode performance of YCO

Even though the Y,0; peak seemed to decease slightly with the amount of Y, a peak
attributed to Co;0,4 appeared and it increased for Y contents of 0.96 and less, as shown
in Fig. 1(c). It is likely that the elimination of secondary phases by changing the amount
of Y is difficult for the YCO oxide and the composition around Y = 0.96 contained the
least secondary phases. Therefore, Y(9sC00;.5 (YCO-096) was mainly evaluated for
subsequent measurements.

Figure 2 shows the thermal stability of YCO-096 confirmed by XRD. YCO-096
was treated at 900 to 1000 °C for 20 h in air. YCO-096 decomposed to Y,05 and Co304
at around 1000 °C, and a similar tendency was also reported by Feng et al. '7. This
result suggests that YCO oxide is thermodynamically unstable at higher temperature
and should be used below 1000 °C.

To confirm the reactivity of YCO-096 with YSZ, YCO-096 powder was mixed
with 8YSZ powder in a weight ratio of 1:1 using mortar and pestle, and the mixture was
heat-treated at 950 or 975 °C for 1 h in air. The 8YSZ powder was calcined at 1500 °C
before mixing with the YCO-096 powder. Figure 3 shows XRD patterns of the mixtures
before and after the heat treatment. The main peak of Co304 should increase when the Y
in the YCO oxide reacts with 8YSZ; however, the main peak of Co;04 was significantly
small in both cases. This result indicates that the reactivity of YCO-096 with 8YSZ was
low and the reaction did not readily proceed, even at the typical electrode firing
temperature around 1000 °C. After treatment at 975 °C for 100 h, as shown in Fig. S4,

reaction of the powders was clearly observed. The peak of Co;0, was observed at 37°,
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and a slight peak that may be attributed to a Y-rich phase was also observed at the
shoulder of the main YSZ peak. However, heat treatment for 100 h is not a typical
condition for the electrode firing process.

Figure 4 shows the electrical conductivity of YCO-096 measured by the DC
4-probe method. The conductivity of YCO-096 was less than 103 S cm! at R.T., but
suddenly increased at 300-600 °C and was eventually ca. 10> S cm’! at 800 °C. A
similar sudden increase in conductivity was observed for LaCoO; !°. Tagawa et al.
reported that the electrical conductivity varies with the relative density of the sample;
therefore, the electrical conductivity was calibrated with respect to the relative density
using a calibration equation 2°. The maximum electrical conductivity of YCO-096
reached 700 S cm! at 900 °C, as shown in Fig. 4.

Figure 5 shows the Seebeck coefficient of YCO-096 measured from R.T. to 900
°C. The Seebeck coefficient of YCO-096 was positive, which suggests the main charge
carrier is electron-holes, h*. The Seebeck coefficient at around R.T. was as high as 1700
uV K-, which indicates that the charge carrier density of YCO-096 at a lower
temperature is significantly small. Therefore, the low electrical conductivity of
YCO-096 at lower temperature is attributed to the low charge carrier density. In
addition, the Seebeck coefficient suddenly increased at 300-600 °C, which also
indicates that the charge carrier density increased significantly in this temperature range,
which is consistent with the sudden increase in the conductivity observed. There are two
possibilities for the increase in the carrier density. One is that oxide ion vacancies are
filled with oxygen when the temperature increases, which would lead to an increase in
the electron-hole concentration (Eq. (1)). The other is a change in the valence of the

cobalt ion from 3+ to 2+ as the temperature increases (Eq. (2)).
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1
& +50,-0% +2h (1),

Co¥,—Coco + h* (2,

where V& is an oxide ion vacancy, 0F is an O ion in the lattice of YCO, Cog, and
Cog, are Co*" and Co?' in the lattice of YCO, and h* is an electron-hole, h*. The
oxygen vacancies of perovskite oxides generally increase with the temperature 2'-23;
therefore, the former reaction is unlikely to occur in the perovskite oxide. The latter
reaction may thus explain the increase in the charge carrier density.

Figure 6 shows the TEC of YCO-096 as a function of temperature. The TEC
increased at around 300-600 °C, the range of which is similar to the variations observed
in the electrical conductivity and Seebeck coefficient. The ionic radius of Co?* is larger
than that of Co3", so that this result also supports the possibility of a valence change of
the Co ion in YCO-096. The TECs of YCO-096 at various temperatures are
summarized in Table 1. The TECs of YCO-096 are significantly larger than that of
8YSZ, of which the TEC is typically 10x10-6 °C-! 24, which is consistent with the high
TECs that are often observed for cobaltite-based oxides.?> The high TEC of YCO-096 is
thus problematic for practical application.

Figure 7 shows IV and IP curves for the YCO-096|8YSZ|Ni/SDC cell operated at
800 °C. Stable IV and IP curves were obtained using the YCO-096 cathode, which
indicates that YCO is stable and applicable as an SOFC cathode. However, the cell
voltage rapidly decreased in the low current bias region (within 100 mAcm2= 20 mA)

of the IP curve. In this case, the voltage change by the water vapor pressure is estimated

10
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at less than 3 mV, and it is unlikely that this voltage drop was caused by the water vapor
pressure change produced by the power generation. Thus, this result suggests that the
performance of the YCO-096 cathode requires a certain bias voltage for activation. The
electrochemical impedance spectroscopy results shown in Fig. S5 also indicate
considerable activation of the YCO-096 cathode by a cathodic bias. It is well known
that the main rate-determining step of the electrode reaction is the surface diffusion of
adsorbed oxygen species 20?7. There is a strong possibility that the cathodic bias
produced the oxide ion vacancies, V@, and the produced V& would enhance the
surface adsorption and diffusion of oxygen species, which resulted in a significant
activation of the cathode performance.

The present results showed that the YCO cathode is stable in the YSZ based cell.
The introduction of more oxygen defects in YCO would be expected to further improve

the cathode performance.

Conclusion

YCO was synthesized by the sol-gel method and the phase stability, reactivity
toward YSZ, electrical conductivity, and the TECs were investigated. Orthorhombic
perovskite-type YCO was obtained below 975 °C, even though a small amount of
impurities such as Y,0; and Co3;0, remained. The least impurities were observed when
the Y molar ratio was 0.96 (Y(.96C0035 YCO-096). YCO-096 did not readily react
with the YSZ electrolyte when fired at 975 °C for 1 h. Electrical conductivity and
Seebeck coefficient measurements indicated that the main charge carrier of YCO-096

was electron-holes, and a maximum conductivity of 700 S cm! was observed at 900 °C.

11
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The TECs of YCO-096 were in the range of 16.5-44.2x10 °C-! from R.T. to 900 °C.
YCO-096 was used as the cathode with an 8YSZ electrolyte cell. The YCO-096 cathode
was stable during cell operation and showed significant activation under a cathodic bias,

which was attributed to an increase in oxide ion vacancies on the YCO-096 surface.
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Fig. 1. XRD patterns of Y,CoOs_s synthesized by the sol-gel method (0.9 <x < 1.0). (a)
XRD patterns from 10° to 80°, (b) magnified patterns from 27° to 31°, and (c)

magnified patterns from 35° to 38°.

Fig. 2. XRD patterns of Y(9sC00O5_s after heating at various temperatures for 20 h.

Fig. 3. XRD patterns for a mixture of Y(9sC00O;_s and YSZ-8 heated at 950 and 975 °C
for 1 h. The weight ratio of the YCO-YSZ mixture was 1:1. (a) XRD patterns from 10°

to 80° and (b) magnified patterns from 35° to 39°.

Fig. 4 Electrical conductivity of Y(9sC003.s measured by DC 4 probe method under
ambient air (P, = 0.21 atm); the closed symbols are raw data and the open symbol are

the conductivity calibrated by the effect of the relative density.

Fig. 5. Seebeck coefficient of Y(9sC00;_s measured from R.T. to 900 °C in air (Po; =

0.21 atm).

Fig. 6. Thermal expansion curve of Y ¢sC003.s measured from R.T. to 900 °C in air at a

scan rate of 2 °C min!.

Fig. 7. IV and IP curves of the YCO cathode for a Ni/SDC|YSZ|YCO cell measured at

800 °C.
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Table 1 TECs of Y(.9sC00s3_s calculated from the thermal expansion rate.
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Fig. 1 XRD pattern of Y,CoOs_5 synthesized by sol-gel method (0.9 < x < 1.0). XRD

pattern from 10 to 80 degree (a), magnified pattern from 27 to 31 degree (b) and

magnified pattern from 35 to 38 degree (c).
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Fig. 5 Seebeck coefficient of Y(9sC0O;.s measured from

0.21 atm).

R.T. to 900°C in air (Po; =
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Fig. 6 Thermal expansion curve of Y 9sC00O;_s measured from R.T. to 900°C in air at the

scan rate of 2°C/min.
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Fig. 7 IV curve and IP curve of the YCO cathode of the Ni/SDC|YSZ|YCO cell

measured at 800°C.
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Table 1 Thermal expansion coefficient (TECs) of Y(9sC00O;.s calculated from the

thermal expansion rate.

Temperature / °C TEC /°C!
200-300 16.5 x 106
300-400 25.7 x 106
400-500 40.7 x 106
500-600 44,2 x 106
600-700 35.6 x 106
700-800 29.6 x 106
800-900 17.4 x 106
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