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High temperature solid oxide electrolysis cells (SOECs) have the potential to efficiently and
economically produce of hydrogen fuels. In this paper, large area fuel electrode-supported half cells with
Zr092Y0.0802-5 (YSZ) electrolyte and Ni/YSZ fuel electrode were fabricated by aqueous-based co-tape
casting in conjunction with co-sintering, and the air electrode with
La0.6Sro0.4C00.2Fe0.803+5/Ce0.9Gd0.102+5 (LSCF/CGO) was fabricated by screen printing. In solid oxide
fuel cell (SOFC) mode, the maximum power density is 447 mW cm at 800 °C with humidified H2 as
the fuel and air as the oxidant. In solid oxide electrolysis cell (SOEC) mode, the hydrogen production
rate of button cell is 222.2 ml h'* cm™ under an electrolysis voltage of 1.3 V with 70 vol.% steam.
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1. INTRODUCTION

The different between available energy supplies and society demand is becoming increasingly
apparent as a result of continued worldwide economic development. At the same time, the environmental
pollution caused by the use of fossil fuels presents a great urgency for sustainable development
approaches [1, 2]. To solve these two problems, many countries have invested many resources in the
development and utilization of clean and renewable energy sources. For example, wind energy and solar
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energy have made great progress in recent years [3]. They are intermittent and uncontrollable because
they are both affected by changes in natural conditions. Hence, the lack of control has negative impacts
on power grids, such as voltage and frequency instability, resulting in the decline of power quality and
affecting the health of the power grid. If these problems are not handled properly, they will seriously
affect the development of photovoltaic and wind power industries. Developing effective energy storage
technologies is a method to solve these problems. At present, battery energy storage technologies
(including lithium batteries, sodium sulfur batteries, and liquid flow batteries) are developing rapidly,
but some problems still need to solved, such as limited energy storage capacity, short system life, energy
waste and high cost [4].

Hydrogen is considered a promising energy carrier for the storage and transportation
applications, especially for renewable energy sources because of its cleanliness, high energy density and
regenerative properties [5]. In addition, hydrogen has served as an energy storage medium, and has
attracted widespread attention in research institutions and industry over the past decade. The 96%
hydrogen production is made from fossil fuels [6], such as steam reforming of methane. Since fossil
fuels are non-renewable and unclean, reforming them will be difficult [7]. But, hydrogen also can be
produced by thermo chemical water splitting and water electrolysis, it’s a more environmentally manner
[8]. The outstanding advantage of hydrogen production by water electrolysis is that it can make full use
of the remaining renewable energy [9].

High-purity, nonpolluting Hz is a very promising method by electrolyzing water. The Solid Oxide
Electrolysis cells (SOECs) from High Temperature Electrolysis Steam Technology (HTSE) can
overcome the shortcomings(e.g. high energy consumption, low energy conversion efficiency, and high
cost) of low temperature water electrolysis, and realize efficient hydrogen production from electrolysis
steam [10]. In addition, due to the high operating temperature, the SOECs system has the following
advantages: (I) high reaction rate, (I1) no expensive catalyst (e.g. platinum is not used), and (3) high
electrical efficiency [11]. However, the high manufacturing cost of SOECs seriously hinders its wide
application in hydrogen production industry.

Due to the solid-state ceramic structure and the reverse process of solid oxide fuel cells (SOFCs),
SOECs can be supported by any structural part, and they have different characteristics [12, 13]. The fuel
electrode supported SOECs type is a good choice compared to the other types due to the mechanical
strength and conductivity in the supported layer. Porous nickel-yttrium stabilized zircon (Ni-YSZ) [14]
is a very mature fuel electrode material due to its catalytic and stability properties [15]. During the
fabrication process, the starting materials of the fuel electrode (NiO and YSZ mixture) are prepared by
high temperature processing. The NiO-YSZ is then reduced to metallic Ni-YSZ when the anode is
exposed to the fuel environment during the cell operation [16].

Tape casting method is not only a cheap method but also a mass producing process [17]. It is
widely used in the electronics industry to manufacture low temperature co-sintered ceramic substrates
[18], capacitors, microwave dielectric ceramics and other devices for the continuous production and
thickness control of the ceramic tape [19]. In general, the tape casting technology can be divided into
two types, organic-based and aqueous-based, but organic-based tape casting is more mature than aqueous
tape casting. Furthermore, compare with organic tape casting, aqueous tape casting has significant
advantages in environmental protection and protection of researchers’ health. The application of aqueous
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tape casting technology to prepare large area single cells can significantly reduce production costs and
accelerate the commercialization of SOECs [16, 20].

In this work, fuel electrode-supported SOECs were fabricated by aqueous-based tape casting
with co-sintering process based on our previous work [16, 21]. The characterization in SOEC mode and
SOFC mode were determined at different temperatures and different steam conditions, which verified
the feasibility of agueous tape casting technology for the fabrication of fuel electrode-supported SOECs.

2. EXPERIMENTAL

2.1 Fabrication

The fuel electrode layer is prepared from the commercial NiO (J. T. Baker, US) and Zro.92Y 0.0802-
s (YSZ, TOSOH, Japan) with the weight ratio of 5:5, and the electrolyte layer is prepared from the YSZ
powder. The air electrode is prepared from the commercial Lao.sSro.4Coo0.2Feo.s03+s (LSCF, Fuel Cell
Materials, US) and Ce0.9Gdo.102+5 (CGO, Fuel Cell Materials, US) with the weight ratio of 5:5. The
weight ratio of the pore former (potato starch) to the fuel electrode slurry is 2.5%. In order to prevent
the chemical reaction between electrolyte and air electrode, the sintering temperature of 900 °C is still
selected. Finally, 10 cm by 10 cm single cells were fabricated. For the convenience of measurement, cut
button cells 2.5 cm in diameter from a large area cell. The effective area of the air electrode was ~0.5
cm?, the details of fabrication process can be found in our previous work [16].

2.2 Measurements

Ag paste

Air electrode

/ Fuel electrode

Aluminum tube

Electrolyte

Cremic paste

Aluminum tube

Ag wire Ag wire

-a—— Gas outlet
Swagelok fitting

Gas inlet

Figure 1. Schematic diagram of the solid oxide electrolytic cells test platform.
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Fig. 1 shows the experimental setup for the SOEC electrolysis of fuel gas. Seal ceramic paste
with cell before measuring, then the fuel electrode to reduce by hydrogen with the rate of 50 ml min* at
800 °C for 2 h, and the air electrode was exposed in the air. Conduct performance and electrochemical
impedance measurements on the cell from 800 to 700 °C with 30, 50 and 70 vol.% steam in the N2 carrier
gas. The current density-voltage (I-V) curve and electrochemical impedance spectrum (EIS) were
obtained using an Electrochemical Analyzer (CHIG04E) in the frequency range of 0.1 Hz-100 kHz with
voltage stage between 0.4 V and 1.5 V. The microstructure of the cell was characterized by field-
emission scanning electron microscopy (FESEM, Quant 250 FEG).

3. RESULTS AND DISCUSSION

Fig. 2(a) shows the 1-V-P curve of the cell with humidified H2 as the fuel and air as the oxidant
at 800 °C. The value of open circuit voltage is 1.09 V at 800 °C, which is very close to the theoretical
value at this temperature, indicating that the electrolyte is well densification. The cell has a maximum
power density of 447 mW cm at a current density of 884 mA cm™. In literature, Timurkutluk [22]
reported that the peak power densities at 800 °C are measured to be 483 mW cm for cell with aqueous
tape casting method for preparing fuel electrode-supported SOFCs. Fig. 2(b) shows the corresponding
EIS curve of the cell at 800 °C. The high frequency intercept of the EIS curve reflects the ohmic
impedance of the cell, and the low frequency intercept is the total impedance of the cell. The difference
between the two represents the polarization impedance of the cell. In the open circuit voltage condition,
the total impedance of the cell is 1.94 Q cm?, and the ohmic impedance is 0.99 Q cm?, so that the
polarization impedance of the cell is 0.95 Q cm?. Wang [23] have reported their work with similarity
method for preparing cell. The open circuit voltage (OCV) of 1.08 V is close to the theoretical value at
800 °C. The total impedance resistance value is 0.79 Q cm? and the maximum power density is over 800
mW cm 2 at 800 °C. In comparison, the performance of SOFCs is lower than that of Wang study, because
the ratio of NiO and YSZ of fuel electrode and air electrode materials is different. But this also indicates
that excellent performance can be achieved by using aqueous tape casting.
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Figure 2. The 1-V-P and EIS curves of the cell at 800 °C.
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The raw material for hydrogen production by SOECs electrolysis is steam, and the supply flow
of steam in the SOECs fuel electrode will significantly influence the cell electrolysis performance.
Different steam contents with 30 vol.%, 50 vol.%, and 70 vol.% steam was set at 800 °C respectively.
Fig. 3(a) shows the cell 1-V of a fuel electrode at 800 °C under three different sets of steam content. The
OCV of the cell at 30, 50 and 70 vol.% steam content are 0.98, 0.94 and 0.90 V, respectively. The
increase of steam content in fuel electrode significantly reduces the open circuit voltage during
electrolysis. Besides, with the increase of the steam content increase, the I-V curve is still in the linear
region. Where, at the electrolytic voltage of 1.3 V, the electrolytic current of 50 vol.% steam is 630 mA
cm2, which is higher than 30 vol.% and 70 vol.%. The electrolytic current of 70 vol.% steam is 540 mA
cm?, similar study [24] the cell of NiO-YSZ fuel electrode supporter was prepared by dry pressing
method, the electrolysis current is 500 mA cm2 with 70vol.% steam in 800 °C. The electrolytic current
of cell prepared by aqueous tape casting is higher than that of cell prepared by dry- pressing method at
the same electrolytic voltage. Fig. 3(b) shows the impedance spectroscopy of cell measured in three
different steam contents at 800 °C. The Ro values are 1.010, 1.085, and 1.250 Q cm? at 30 vol.% steam,
50 vol.% steam, and 70 vol.% steam, respectively. The Rp values are 0.204, 0.161, and 0.190 Q cm? at
30 vol.% steam, 50 vol.% steam, and 70 vol.% steam, respectively. As can be seen from the Ro values,
after the steam concentration increases from 30 vol.% to 70 vol.%, ohmic resistance of the cell also
increases sharply. But for Rp values, the trend of polarization resistance is to decrease first and then
increase, and the value of Rp is at least 0.161 Q cm? at 50 vol.% steam.
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Figure 3. (a) The I-V curve and (b) EIS curve of the cell with different steam contents at 800 °C.

Fig. 4 shows the current-voltage (I-V) for a single cell tested at different temperatures with 70
vol.% steam, respectively 800, 750, and 700 °C. When the current density of cell is in the negative, the
cell is in SOEC mode, and SOFC mode in the contrary. In SOEC mode, the current densities at a voltage
of 1.3 V were -195, -300, and -530 mA cm at temperatures of 700, 750, and 800 °C, respectively. In
SOFC mode, the current densities at a voltage of 0.6 V were 187, 300, 440 mA cm™ at temperatures of
700, 750, and 800 °C, respectively. The I-V curves is linear regardless of whether it is under SOEC or
SOFC, and they have similar slopes at different temperature. The slope of the I-V curve represents the
area specific resistance (ASR) of the cell, although the cell is in a different mode, it has a similar ASR
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at the same temperature, and the cell is in the dominant region of ohmic polarization. The performance
improved with increasing temperature both in SOFC and SOEC modes. This was due to oxygen ions
passed through the electrolyte, and electrochemical reactions on the electrodes were thermally activated.
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Figure 4. The current-voltage of SOFC mode and SOEC mode at 700,750 and 800 °C.

Temperature is of great importance for the operation of SOECs since it seriously influences the
thermodynamics and kinetics. Fig. 5(a) shows the curve of the 1-V of the cell in 70 vol.% steam at
different temperatures, respectively 700, 750 and 800 °C. Along with the rise of temperature, the slope
of each curve becomes declined. At an electrolysis voltage of 1.3 V, the electrolysis current densities
were 200 mA cm2, 311.2 mA cm? and 531 mA cm, and the corresponding hydrogen production rates
were 83.6 ml h™ cm2,130.2 ml h't cm2 and 222.2 ml h't cm™, respectively. Apparently, the temperature
promotes the rate of hydrogen production. As the operating temperature of the cell continues to increase,
the OCV of the cell gradually decreases while the electrolytic performance increases. The reason is that
Brownian motion is affected by temperature. Higher temperature is conducive to gas diffusion, and
electrode reaction is enhanced, so exchange current density increases. Fig. 5(b) shows the impedance
spectral of cell measured in 70 vol.% steam contents at different temperatures of 700, 750 and 800 °C.
As shown in Fig. 5(b), the cell ohmic resistances of cell were 1.31 Q cm?, 1.92 Q cm?, and 2.50 Q cm?
at temperatures of 800, 750, 700 °C respectively, under high frequency operation. The Rp values are
0.231, 0.482, and 1.151 Q cm? at 800 °C, 750 °C, and 700 °C, respectively. The cell ohmic resistance
was found to decrease with increasing temperature. Obviously, the ohmic resistance is large, so that the
performance of the cell is low. Similar result has also been found by Jung [25]. Although cell ohmic
resistance is a combination of all cell components, most studies simplify cell ohmic resistance as the
resistance of the electrolyte only as it displays the lowest conductivity. Therefore, the cell (electrolyte)



Int. J. Electrochem. Sci., Vol. 14, 2019 11577

resistance decreasing with increasing temperature implied that the process of oxygen ions transferring
through oxygen vacancies in the electrolyte was thermally activated. The Rp values are 0.231, 0.482,
and 1.151 ©Q cm? at 800 °C, 750 °C, and 700 °C, respectively. As the polarization resistance of the fuel
electrode on the hydrogen fuel is generally small, the polarization resistance can only be attributed to
the air electrode. Therefore, as the temperature increases, the oxygen reduction resistance on the air
electrode decreases, indicating that the reaction on the air electrode is also thermally activated. From the
I-V curves in Fig. 4, a very smooth transition between the SOFC and SOEC mode proves that the cell

gets a good reversibility performance [26].
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Figure 5. The I-V and EIS curves of the cell at 800, 750 and 700°C with 70 vol.% steam.

After the measurements, SEM was conducted to examine the microstructures of the cell
components. Fig. 6(a) is the cross-section image of the whole cell. From left to right, the air electrode
(LSCEF), the electrolyte (YSZ) and the fuel electrode (Ni-YSZ) are shown, respectively. As can be seen,
no cracking or delamination was observed. The thickness of the air electrode and electrolyte was
approximately 10 pm and the interfaces between the functional layers were good. It can be clearly found
that the SSZ electrolyte is flawless and very dense, it also adheres fairly well to the air electrode and Ni-
YSZ fuel electrode. Ni-YSZ fuel electrode possesses good porous microstructure and it is beneficial
for water vapor transportation. Thereby prove the stable microstructure of the single cell of fuel
electrode-supported Ni-YSZ/YSZ/LSCF which is fabricated by aqueous tape casting and printing. The
pore size of the anode was small and uniformly distributed, as shown in Fig. 6(b). However, as shown
in Fig. 6(c) and (d), the boundary of the air electrode had poor connectivity, which had much room for
improving the electrolysis performance and electrochemical impedance.
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Figure 6. Cross-section images of the whole cell (a), the fuel electrode (b), the interface of air electrode
and electrolyte (c) and the air electrode (d).

4. CONCLUSIONS

The cell was fabricated by aqueous-based co-tape casting in conjunction with a co-sintering
process. The feasibility of the SOECs electrolysis of different steam contents and different temperatures
was evaluated. Under SOFC mode, the maximum power density is 447 mW cm™ at 800 °C with
humidified H2 as the fuel and air as the oxidant. Under SOEC mode, the best electrolysis performance
was obtained when the steam content was 70% of the volume, and the hydrogen production rate of button
cell is 222.2 ml h™t cm. These results prove the feasibility of manufacturing the large area fuel electrode
supported SOECs by aqueous-based co-tape casting, which make SOECs is more competitive in the
hydrogen production industry.
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