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Abstract

A YSZ electrolyte based ceramic supported Solid Oxide Cell (SOC) and a metal interconnect supported SOC was investigated
under both fuel cell and co-electrolysis (steam and COz) mode at 800°C. The single cell performance was analyzed by impedance
spectra and product gas composition with gas chromatography(GC). The long-term performance in the co-electrolysis mode
under a current density of 800 mA/cm? was obtained using steam and carbon dioxide (CO2) mixed gas condition.
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I. INTRODUCTION

In recent years, due to the fossil fuel crisis and global
warming, there has been a push to expand clean energy
sources as well as increasing demands for carbon dioxide
capture and its storage/utilization technology. Solid oxide
fuel cells(SOFCs) for clean energy generation systems have
attracted significant attention [1][2]. Selectivity and
flexibility of SOFCs for fuel use have expanded from large
scale power plants to the smaller power units such as the
distributed generation system [3]-[5]. With a concept similar
to the SOFC, reversible solid oxide cells(RSOCs) have
generated interest for the development of energy storage and
electricity generation [6][7], because a RSOC system can
provide effective power delivery system and has an efficient
electrical energy storage device for use in power plants [8].
The RSOC system can also make renewable energy using
steam electrolysis [9]. Fig. 1 shows a schematic of the
principle RSOC mode under different conditions at the
electrodes during operation. High temperature electrolysis of
steam (H20) and carbon dioxide (COz) (Co-electrolysis, Co-EC,
H20 + COz2 — Hz + CO + O2) using renewable energy sources
has emerged as a new ESS technology [10]. Thus, developing
suitable electrolyte and electrode materials is a key issue in
RSOC development [11][12].
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Current studies on high-temperature CO:/steam co-
electrolysis mainly focus on materials development, system
design, economic analysis, performance and durability of
single cells and stacks [13]-[23]. For the RSOC, the choice of
an oxygen electrode has been important, as the major
contributor toward the overall cell polarization resistance
[24]. As a result, a number of materials, such as
(Lao.7sSro25)0.9sMn0s3,  LaosSro2MnOs  (LSM) and the
LaosSro2Fe0s3, LSM-YSZ compound and the Smo.sSrosCoOs-
Smo.2Ce08019 composite [25][26], have been used as an
oxygen electrode in the RSOC. Cobalt-based perovskite
materials are a potential oxygen electrode material in the
RSOC system for their high catalytic activity and oxygen
permeability. However, they suffer the drawback of reaction
with the electrolyte during operation at high temperature [27]
and delamination from the electrolyte surface.

In this study, we fabricated a ceramic supported SOC
integrated with a metal interconnect by a joining process.
This integrated form with a metal interconnect was
developed to make a more compact size and eliminate a
sealing problem during the stack integration. We inserted a
barrier layer between the electrolyte and air electrode to
prevent delamination. We analyzed the electrochemical
performance by electrochemical impedance spectroscopy
(EIS).
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Fig.1.  Schematic representation of process occurring during the
operation in SOFC and RSOC.
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Fig.2.  Cross section schematic view and photograph of the fabricated
ceramic supported SOC.

II. EXPERIMENTAL

For the fabrication of the ceramic supported cells, Ni and
yttria stabilized zirconia (YSZ) composites were used with a
weight ratio of 50:50. For a pore former, graphite power (24
vol%) was employed with sufficient porosity. This NiO+YSZ
powder mixture was then uniaxially pressed into an anode
substrate and pre-sintered at 1,400°C for 1 hour. Then the Ni-
YSZ, YSZ electrolyte was coated using slurry coating and
sintered at 1,550°C for 2 hours. Before coating of the oxygen
electrode, samarium stabilized zirconia (SDC) was adjusted
as a buffer layer on the YSZ surface by screen printing and
heated for 1 hour at 1,250°C. For the air electrode,
Lao.eSro.4Coo2Feos03 (LSCF6428) was made by screen printing
and heated for 1 hour at 1,100°C. The effective area of the air
electrode was set to 0.5 cm? (diameter: 0.8 cm). A schematic
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Fig.3.  Photograph of metal-supported electrolysis cell. (a) air electrode
side. (b) metal interconnect side.
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Fig. 4. Schematic diagram of the co-electrolysis (water steam and carbon
dioxide) test system.

of the cell and the fabricated cell are shown in Fig. 2.

The metal supported SOC was prepared and adjusted for
integration with metal interconnects without an oxygen
electrode layer. A ferritic stainless steel (STS) 430 plate was
adjusted as a metal interconnect with 2.0 mm thickness and
28 mm diameter. The fuel supply channel was designed in a
serpentine shape. To attach the metal interconnect on the
ceramic electrode, bonding slurry was used with a NiO, YSZ
and STS 430 powder mixture. This bonding slurry was
adjusted on both the metal interconnect and fuel electrode
side sintered at 1,400°C for 2 hours in a reducing atmosphere
with Ar valance 4% hydrogen gas. LSCF6428 was used for an
air electrode. The effective area of the cathode was set to
0.636 cmz2. The oxygen electrode of the metal supported SOC
was heated in air during cell operation. Fig. 3 shows
photographs of the metal supported SOC.
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Fig.5. A cross section SEM image of the ceramic supported SOC.
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Fig. 6. Impedance spectra and I-V characteristics of the ceramic-
supported SOC.

We evaluated the current-voltage (I-V) and electro-
chemical performance. The I-V test used an electrical load
(KIKUSUI PLZ-4W) and digital multi-meter (KEITHLEY 2400)
and the electrochemical performance was analyzed using a
Solartron 1287 potentiostat / galvanostat and 1260
impedance/gain phase analyzer. For the fuel cell test,
hydrogen gas mixed with 3% steam was supplied as fuel with
flow rate of 100 cc/min and 250 cc/min of air flowed to the
cathode side. The long-term performances in an electrolysis
mode were monitored at a constant current density of 0.8
A/cm? at 800°C for about 350 hours (total). The cell was
operated in a galvanostatic mode with the current load
operating for 1 hour at each galvanostatic measurement. The
outlet gas composition was analyzed using a gas
chromatograph (HP-Agilent 6890) at the hydrogen electrode
side during each galvanostatic operation.

II1. RESULTS AND DISCUSSIONS

The cross-sectional SEM image of the ceramic supported
SOC is shown in Fig. 5. There were no observable internal
cracks between the electrode and the electrolyte. This image
indicated that the dense SDC barrier layer was in good contact
with the air electrode and the electrolyte layer

The performance in the SOFC mode at 800°C is show in
Fig. 6. The open circuit voltage (OCV) was show 1.1 V and the
maximum power density (MPD) was 1.16 W/cm? at 800°C.
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Fig. 7. Impedance spectra and [-V curves of ceramic supported SOC with
Co-EC mode.
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Fig.8. Impedance spectra and I-V characteristics of the metal-supported
SOC in the FC mode.

Fig. 6(a) shows impedance spectra of the button cell. As can
be seen, the impedance spectrum consisted of two elongated
arcs. The impedance spectrum consisted of two elongated
arcs which are accompanied with a high frequency intercept
on the real axis. The high frequency intercept was due to
ohmic resistance, mainly from the electrolyte, whereas the
elongated arcs corresponded to electrode polarization
phenomena. Generally, it is common practice to use
equivalent circuit fitting to the calculate area specific
resistances from the EIS data. However, this process involves
the use of a predefined equivalent circuit without any
knowledge about the polarization subprocesses, and
therefore it may lead to ambiguous or incorrect conclusions.
In future studies, to avoid any such ambiguity, the DRT of the
impedance data will be performed to isolate the subprocesses
that contribute to the electrode phenomena as a function of
temperature and time.

The concept of solid oxide electrolyzer cells is H:
generation and carbon sequestration by the electrolytic
reduction. Furthermore, the co-electrolysis of steam/CO2 to
produce syngas enables a unified and ingenious solution
obtained from the steam/CO:z co-electrolysis utilizing the
electricity and heat from carbon-free sources in the Fischer-
Tropsch process. To produce this syngas composition, we
studied the most important parameter which can be
controlled is the upstream gas composition. The ceramic
supported SOC was continuously run in SOFC and Co-EC
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Table 1

Variation of hydrogen and CO fluxes during galvanostatic measurement
with different current densities of both types SOC cells.

Current density

Ceramic supported SOC

Metal supported SOC

Hz co H. co
0 A/cm? 12.76% 3.87% 10.40% 3.80%
0.3 A/cm? 13.90% 4.04% 11.80% 3.50%
0.6 A/cm? 14.38% 4.58% 12.60% 4.64%
0.8 A/cm? 14.68% 5.07% 13.10% 5.01%
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Fig.9. (a) Impedance spectra and (b) I-V characteristics of both types of
SOC during the Co-EC operation at 800°C with an Hz/N2/CO2/H20
gas mixture..
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Fig. 10. Long-term performance in the Co-EC mode of the integrated SOC
with metal interconnect at 800°C under a constant current density
at 800°C.

modes to test its reversibility in different CO2 and H20 gas
ratios. Fig. 7 shows the impedance spectra and performance
of the ceramic supported SOC during ROSC operations with
several gas mixtures at the fuel electrode side at 800°C. The
ohmic and total resistance shows similar behavior, even with
different gas conditions at OCV conditions as shown in Fig.
7(a). The I-V characteristics were nearly constant after each
different gas composition, indicating that the SOC can work
well in several Hz2-CO2-H20-CO environments. There was no
observable effect of the gas-diffusion limitation at higher
current densities.

Fig. 8 shows a typical impedance and I-V curve of the
metal supported SOC under FC mode operation. As can be
seen, compared with the ceramic supported SOC, the
maximum power density of the metal supported SOC has a
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value similar to the ceramic supported SOC. However, in the
metal supported SOC, at a high current density, the voltage
sharply decreased due to a huge concentration polarization
whereas this did not occur in the ceramic supported SOC. We
have not yet determined the main reason for this difference
and we only estimated it by the different gas supplying
conditions in both types of SOC. We also observed these
phenomena by impedance spectroscopy. The ohmic
resistances were similar between the ceramic supported SOC
and the metal supported SOC, but the arc of low frequency at
the metal supported SOC was higher than the value of the
ceramic supported SOC. From this difference, we could
estimate that the gas path was not enough to supply gases
well at the fuel side. Moreover, compared with different types
of cell, the power density had similar behavior before the
mass transport limitation.

The performance of the metal supported SOC during Co-
EC mode operation was different from that of the ceramic
supported SOC (Fig. 9(b)). In the metal supported SOC, a huge
concentration polarization occurred like in the FC mode
operation. The concentration polarization also appeared in
the impedance results. Resistance at the low frequency was
four times higher than in the ceramic supported cell.

Moreover, the oxygen electrode degradation was more
serious because the oxygen gas evolved in the air electrode
side, thereby easily causing a gas build-up at the interface.
Because, the air electrode did not have pre-heat treatment for
robust adhesion, the aforementioned interface was subject to
more significant damage than that of the SOC.

Table 1 shows the variation in Hz content and CO content
with various current densities for two kinds SOC cells in the
outlet gas composition during galvanostatic measurements at
800°C in 35% N2, 5% Hz, 20% COz and 40% H20 conditions.
In both types of cells, when the current density initially
increased, H: flux increased significantly over that of CO flux
proving that at the applied current density, the steam
electrolysis was easier than CO: electrolysis, because the
voltage required for the electrolysis of steam was lower than
that of CO2 electrolysis. At higher current densities, although
there was a clear increase in CO flux, the Hz flux remained
nearly unchanged. The two types of cell demonstrated similar
gas flux with various current densities.

Nevertheless, our metal supported SOC was almost
constant in long-term performance (Fig. 10) during the co-
electrolysis of COz (45 ml/min) and Hz0 (2.2 ml/hr). Fig. 10
shows a fairly stable cell voltage over 200 hours at 800°C
under a constant current density of 0.8 A/cm?2. However, there



was an increasing voltage at a constant current in the SOC
performance after 200 hours, which could have occurred
because there was not enough steam supply because the
syringe pump was empty in water. When the steam was
resumed, the voltage revived but the rate of degradation
slightly increased and the microstructural would be damaged
due to the shortage of steam.

IV. CONCLUSION

In our study, a ceramic supported SOC integrated with a
metal interconnect by a joining process (Ferritic stainless
steel, STS 430) was successfully developed. Comparing the
electrochemical performance, we found that the maximum
power density in the FC mode metal supported SOC was
slightly higher than that of the ceramic supported SOC.
However, the metal supported SOC performed well in Co-EC
operation and was stable for over 300 hours.
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