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Abstract

The electrochemical performances were investigated for proton-conducting solid oxide fuel cells (SOFCs) with the perovskite-type oxide cathodes.
As for proton-conducting SOFC using BaCe3Y (203 (BCYO) and SrCe 95 Ybg 0503 (SCYO) electrolytes, Lay 7Sty 3FeO3; (LSFO) cathode showed
the best electrochemical performance among the perovskite-type oxides tested in the present study. The spin-coating technique was applied to
fabricate BCYO thin film on the LSFO substrate. With this technique, dense and crack-free BCYO thin film could be fabricated on LSFO electrode
substrate. However, the electrical conductivity of BCYO thin film fabricated on LSFO electrode substrate was lower than that of the bulk BCYO
specimen, suggesting the formation of the second phase between the electrolyte film and the oxide substrate.
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1. Introduction

Several doped perovskite-type oxides such as Yb-doped
SrCe03! and Nd-, Y-, or Gd-doped BaCeO3%3 showed high
protonic conductivities and are of interest for application in
SOFCs.* Iwahara and co-workers® reported the operation of a
H,—-0, fuel cell using SCYO solid electrolyte at 1073—-1273 K.
However, they pointed out that the cathode overpotential is high
similar to that observed for SOFCs with an oxide-ion conductor.
Recently, we have demonstrated that the cathodic overpoten-
tial of LSFO was smaller than that of a platinum electrode for
proton-conducting SOFC.’

In this paper, the results of structure and electrical conduc-
tivity measurements of BCYO thin film fabricated on LSFO
electrode substrate are presented. Several techniques such as
MOCVD.,? a polymeric precursor spin-coating,” and a colloidal
suspension spin-coating,'® have been reported for preparing thin
film of proton conductors. Spin-coating is one of the simplest
techniques among the techniques reported for developing thin
film electrolytes and with this technique, dense and crack-free
YSZ films supported on NiO-SDC substrates were attained after
sintering at 1573 K for 5h.!! Therefore, we attempted to fabri-
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cate a thin film on LSFO electrode substrate by spin-coating
suspensions of BCYO powders.

2. Experimental

Cathode materials (Lag7Srg3FeOs, Lag7Srg3MnQO3, and
Lag 7Sr93C003) and electrolytes (SCYO and BCYO) were
prepared by solid-state reaction reported elsewhere.” XRD
measurement (Rigaku, RINT2200HF) demonstrated that the
obtained samples exhibited single-phase XRD patterns. The
electrochemical data were collected by the following two fuel
cells;

H;, Pt|BaCey §Y0203|Lag7Srg3MO3
(M = Mn, Fe, and Co), O, (cell 1)

Hy, Pt|S1Ce.95 Yb.0503|Lag.7Sr9.3MO3
(M = Mn, Fe, and Co), O, (cell 2)

where the diameter and the thickness of disc electrolyte were
ca. 9mm and ca. 2.3 mm, respectively, and the sputtered Pt was
used as an anode. The thickness of cathode was confirmed by
scanning electron microscopy (JEOL, JSL-5310) to be around
0.2 mm.
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The LSFO electrode substrate was prepared by the solid-
state reaction. LayO3 (99.99%, Wako), SrCO3 (95%, Wako),
and Fe;03 (99.5%, Wako) were mixed in appropriate ratio and
calcined at 1673 K for 10 h in air. The powder sample was uni-
axially pressed into pellets under a pressure of 2000kg cm ™2
and then heated at 1673 K for 10 h in air.

Polycrystalline BCYO precursor powders for spin-coating
were prepared by the following evaporation-to-dryness method.
Ba(CH3COO); (99%, Wako), Ce(NO3)3-6H20 (98%, Wako),
and Y(NO3)3-6H20 (99.99%, Kanto Chemical) with an appro-
priate ratio were dissolved in deionized water and heated
under stirring until the water was completely vaporized. The
obtained solid products were calcined at 1273K for 10h
to yield the BCYO precursor powders, of which the crys-
talline structure was confirmed by XRD measurement. The
BCYO powder was ultrasonically mixed with isopropanol for
60 min to form a homogeneous dispersion. The BCYO powder-
suspended solution was added dropwise onto a LSFO substrate
rotated at 7200 rpm. The sample was dried at room temperature
and annealed at 1473-1573 K for 12h. The coating-drying-
annealing cycles were repeated several times. Here-in-after, the
samples were abbreviated as BCYO/LSFO(1573, 3), where the
numerical values in the parenthesis indicate the annealing tem-
perature and the number of cycles.

The electrical conductivities of BCYO thin films were stud-
ied by a conventional 2-probe ac measurement with LCR meter
(Ando, type AG-4311). The impedance spectra were obtained
with the frequency range of 0.1-100 kHz at 873-1073 K.

3. Results and discussion

3.1. Properties of proton-conducting SOFC with the
different cathode

The electrochemical data of two cells, cells 1 and 2, are shown
in Fig. 1. In both cases, when LSFO was used as a cathode, a
large current density was obtained at 773 K. From these results,
it was concluded that among the various perovskite-type oxide
examined, LSFO is the most suitable potential candidate for the
cathode material in a H,—O; fuel cell with a proton conductor.
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Fig. 1. I-V characteristics of (H, @, ¥) cell 1 and (O, O, V) cell 2 at
973 K. Cathode; (1, [J) Lag7Sry3MnOs3, (@,0) Lag7Srg3FeO3, and (V, V)
La0'7Sr0,3C003.
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Fig. 2. SEM images of (a) the cross-section and (b) the surface of
BCYO/LSFO(1573, 3) device.

Therefore, LSFO was used as a cathode material in subsequent
measurements.

3.2. Structure of BCYO/LSFO device

Fig. 2 shows SEM micrographs of cross-section and surface
of BCYO/LSFO(1573, 3) device. As can be seen in Fig. 2(a),
dense and crack-free BCYO thin film was obtained with thick-
ness of about 1.7 wm. The thicknesses of BCYO/LSFO(1573,
1) and BCYO/LSFO(1573, 7) devices were measured by sim-
ilar SEM measurements to be 0.5 and 4.8 wm, respectively.
This result indicates that the thickness of BCYO thin film is
proportional to the number of spin-coating cycles. Fig. 2(b)
shows a SEM micrograph of the surface morphology of the
BCYO/LSFO(1573, 3) device. The grain size is relatively large,
suggesting that the BCYO thin films grew with preferred crys-
tallographic orientation on the surface LSFO substrate.

Fig. 3(a) presents the XRD pattern of BCYO/LSFO(1573,
3). A weak peak assigned to BCYO was observed at 26 =28.7°
together with a set of peaks assigned to the LSFO substrate. This
result demonstrated the successful preparation of BCYO thin
film on LSFO electrode substrate. The increase in the number
of cycles resulted in both an increment of XRD peak intensity
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Fig. 3. XRD patterns of (a) BCYO/LSFO(1573, 3), (b) BCYO/LSFO(1573,7),
and (c) the 50/50vol% BCYO/LSFO mixed powder annealed at 1573 K. (@)
BCYO, (W) LSFO, (O) BaFeOs, and ((J) CeO,.
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Fig. 4. SEM images of (a) the cross-section and (b) the surface of
BCYO/LSFO(1473, 3) device.

of BCYO and the appearance of new XRD peaks, as shown in
Fig. 3(b). The details of these new peaks will be discussed later.

Fig. 4 shows SEM micrographs of the cross-section
and the surface morphology of the BCYO/LSFO(1473,
3) device annealed at lower temperature. In contrast to
BCYO/LSFO(1573, 3), the thin film of BCYO/LSFO(1473, 3)
device dose not appear to be dense although the XRD peak
assigned to BCYO was clearly observed. This indicates that the
BCYO thin film growth rate on LSFO substrate was very slow
at 1473 K.

3.3. Electrical conductivities of BCYO/LSFO devices

The electrical conductivities of BCYO/LSFO(1573, 3) and
BCYO/LSFO(1573, 7) devices are shown in Fig. 5 as a function
of reciprocal temperature. The electrical conductivity for the
bulk polycrystalline BCYO is also shown in this figure. The
electrical conductivity of bulk BCYO is about 1 and 2 orders
of magnitude larger than those of BCYO/LSFO(1573, 3) and
BCYO/LSFO(1573, 7), respectively. This suggests that there is
the large interfacial resistance between a BCYO thin film and
LSFO electrode substrate due to the formation of the second
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Fig. 5. Electrical conductivities of (@) BCYO/LSFO(1573, 3), (A)
BCYO/LSFO(1573, 7), and (M) disc BCYO as a function of reciprocal tem-
perature.

phase with low electrical conductivity, because the electrical
conductivity of LSFO was much higher than that of BCYO.

Diffusion of metal ions leading to the chemical reaction at
the electrode and electrolyte interface also causes degradation
of the electrical properties. LaCoO3 and LaMnO3 were reported
to react with YSZ to yield the poorly conducting La- and Sr-
zirconate at the interface,'>!? whereas LSFO is thermally stable
in contact with YSZ at 1673 K.!#

In order to presume the formation of the second phase at
electrolyte/electrode substrate interface, the XRD measurement
was carried out for the 50/50 vol% BCYO/LSFO mixed pow-
der annealed at 1573 K for 12h. The XRD pattern is shown
in Fig. 3(c). Besides the sets of peaks assigned to BCYO
and LSFO, new peaks were observed at 26.3°, 31.5°, 47.5°,
and 56.3°. The peaks at 26.3 and 31.5° could be assigned to
BaFeO3 (JSPDS file no. 23-1024), while the peaks at 47.5°
and 56.3° could be assigned to CeO, (JSPDS file no. 34-394).
Such second phases may be formed at electrolyte/electrode
substrate interface, resulting in the decrease in the electrical
conductivity.

The linear relationship between log electrical conductiv-
ity and reciprocal temperature was obtained for all samples,
suggesting that the activation energy of electrical conduction
remains unchanged in the temperature range of 873—1073 K.
The activation energies were determined from the slope of
each line to be 26.6, 45.3, and 57.3 kJmol~! for bulk BCYO,
BCYO/LSFO(1573, 3), and BCYO/LSFO(1573, 7), respec-
tively. The fact that the activation energies of BCYO/LSFO were
higher than that of BCYO also suggests the presence of the
interfacial effect. Further studies to inhibit the chemical reac-
tion between the dense thin film and the oxide substrate are in
progress.

4. Conclusion

The following aspects were obtained from the present study.

(1) When LSFO was used as a cathode, the best electrochemical
performance was obtained for proton-conducting SOFCs.

(2) With the present spin-coating technique, dense and crack-
free BCYO thin film on LSFO electrode substrate was
attained after annealing at 1573 K.

(3) The electrical conductivity of BCYO fabricated on LSFO
electrode substrate was lower than that of the bulk BCYO.
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