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Abstract. Among the three types of Solid Oxide Fuel Cell (SOFC), intermediate temperature solid
oxide fuel cells (IT-SOFC) have been widely developed due to reducing operating costs and
materials. In this study, we produced an anode-supported IT-SOFC cell through the dry-pressing
method for NiO-CSZ anode production and spray coating technique for Calcia-Stabilized Zirconia
(CSZ) electrolyte and calcium cobalt zinc oxide (CCZ0)-CSZ cathode fabrication. A single cell was
enhanced by changing the anode’s composition, increasing the sintering temperature, using a ball
mill as mixing equipment, and multiplying the coating of the electrolyte. The cell with eight times of
electrolyte coating had a greater peak power density than that of one time of electrolyte coating
even though the curvature of eight times of electrolyte coating was higher. Additionally, the cell
performance with eight times of electrolyte achieved the peak power density of 0.24; 0.35; and 1.08
mW /cm? and the ohmic resistance of 168.3; 90.10; and 26.78 ) at the operating temperature of 600,
700, and 800 °C, respectively.
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1. Introduction

Fuel cell directly transforms the chemical energy of various fuels and an oxidant (often
air) into electricity and heat without burning the fuel. The advantages of fuel cells are high
electrical efficiency, silent operation, and little or no emission (Sazali et al,, 2020; Wang and
Jiang, 2017). Solid oxide fuel cell (SOFC) is one of the highly promising fuel cells in small to
large-scale power plant applications. SOFC is classified as a high-temperature fuel cell
operated between 800 and 1,000 °C. Unlike low-temperature fuel cells (PEMFCs), which
need pure hydrogen as fuel, fossil or renewable fuels such as natural gas and bioethanol
can be used directly in SOFC through internal reforming. Moreover, noble metals are
unnecessary for SOFC’s electrode materials since the high operating temperature enhances
the reaction kinetics of electrodes (Shi et al, 2020; Kaur and Singh, 2020). However, the
production and operation cost of conventional SOFC is too high due to complex materials
and high heat requirements. To overcome these drawbacks, the operating temperature of
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the recent SOFC decreases to 500 - 800 °C, called an intermediate-temperature SOFC (IT-
SOFC) (Baharuddin, Muchtara, and Somalu, 2017).

The main parts of the SOFC cell are a porous cermet anode, a dense ceramic electrolyte,
and a porous oxide-based cathode. NiO is frequently used as an anode material which has
great electrical conductivity and oxidation kinetics of hydrogen (Abdalla et al, 2018;
Singhal and Kendall, 2003). On the other hand, the common cathode material is lanthanum-
based oxide composites such as lanthanum strontium manganite (LSM) and lanthanum
cobalt ferrite (LSCF). However, the side reaction of lanthanum-based cathode and zirconia-
based electrolyte can occur at high temperatures to form a high-resistance product (Chen
et al, 2014). Nowadays, calcium- and cobalt-based materials such as calcium cobalt oxide
(CCO) and calcium cobalt zinc oxide (CCZO) is prospective cathodes in IT-SOFC owing to
low cost, great oxygen reduction activity, suitable thermal expansion with electrolyte
materials and thermoelectric behavior to utilize waste heat to electricity (Yu et al, 2017;
Takami and Ikuta, 2005). Additionally, yttria-stabilized zirconia (YSZ) is widely used as an
electrolyte in SOFC systems (Rahmawati et al, 2017). However, yttria is costly and has low
reserves associated with rare earth materials. Calcia (Ca0) can be an alternative stabilizer
to maintain the cubic phase of zirconia at all temperatures (Kurapova et al, 2017; Muccillo,
Netto, and Muccillo, 2001). Calcia can be produced from lime which is extremely abundant
in the world. In 2018, the world production of lime reached 420 million tons, but the
production of yttria is only 5,000 to 7,000 tons which are entirely centralized in China
(USGS, 2019). In industrial applications, calcia-stabilized zirconia (CSZ) is regularly used to
measure oxygen partial pressure in situ in metal, glass, and refractory processing at high
temperatures (Zhou and Ahmad, 2006).

Generally, there are three types of SOFC cell design consisting of electrolyte-supported,
electrode-supported, and metal-supported. The electrolyte-supported design offers high
mechanical strength and avoid side reaction between conventional cathodes such as LSM
or LSCF and zirconia-based electrolyte during the sintering process (Stolten and Emonts,
2012). However, the design requires a high operating temperature to decrease ohmic
resistance. Moreover, in electrode configuration, anode-supported design is more popular
than cathode-supported design owing to ease of fabrication, high electrical conductivity,
low operating temperature, and cost-effective design. Moreover, the disadvantage of the
anode-supported design is the large volume change due to the reduction process during
operation, making it prone to electrolyte cracking (Roehrens et al, 2015; Islam and Hill,
2013).

Another phenomenon that causes a crack in the electrolyte is curvature during half-cell
sintering in an anode-supported design. The curvature occurs due to the difference in
thermal expansion and sintering rates of the anode and electrolyte (Cologna et al, 2010).
To sort out curvature, the thickness of the electrolyte should be controlled. In the anode-
supported configuration, the thin-film electrolytes are produced through some techniques
such as chemical vapor deposition (CVD) (Gelfond et al, 2009), DC sputtering (Sonderby et
al, 2015), and spray coating (Abarzua et al, 2021). Among the methods, spray coating is a
low-cost technique for the mass production of thin electrolytes in anode-supported cells.
Previous studies showed that this method could produce thin dense electrolytes with less
than 50 um of thickness, and the electrolyte film was stable during testing (Yang, Zhang,
and Yan, 2022).

Our previous SOFC had greatly poor electrochemical (ohmic resistance up to 3,624 Q
and 0.001 mW/cm? of maximum power density) and mechanical performance (0 Mohs of
hardness) since the electrolyte and anode structure are too porous (Widiatmoko et al,
2019). In this work, we exhibited an enhancement to our previous work by the fabrication
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and characterization of an anode-supported SOFC single cell using NiO-CSZ anode, CSZ
electrolyte, and CCZ0O-CSZ cathode with the different pore-former composition, powder
mixing method, sintering condition, and amount of electrolyte coating from our previous
work. These parameters were the key to producing the robust anode as a support and the
dense and thin electrolyte.

2. Materials and Methods

2.1. Powder Preparation

Firstly, electrolyte powder was prepared by mixing 3 wt.% of CaO from Bratachem
(technical grade, Bandung, Indonesia) and 97 wt.% of ZrO2z purchased from Pingxiang Ball-
Tec New Materials Co., Ltd (technical grade, Jianxi, China) with 1 wt.% of polyethylene
glycol (PEG) as a plasticizer, polyvinyl alcohol (PVA) as a binder and ethanol from
Bratachem (technical grade, Bandung, Indonesia) as a medium in a ball mill and mixer.
Secondly, the anode powder consisting of 65 wt.% of NiO purchased from Changsha
Easchem Co., Ltd (technical grade, Changsa, China), 35 wt.% of CSZ, 1 wt.% of PVA and corn
starch (0, 10, and 15 wt.%) was mixed at ball mill and mixer with ethanol. Lastly, to produce
CCZO cathode powder, Ca0, Co304, and ZnO from Bratachem (technical grade, Bandung,
Indonesia), weighed in a stoichiometric amount, were blended with 1 wt.% of PVA, PEG,
and ethanol in a ball mill. The drying of all powders is carried out at 100 °C for 24 h.

2.2. Cell Fabrication

To produce an anode-supported IT-SOFC, the anode powder was molded through dry
pressing with a load of 8 tons for 5 minutes. The dimension of the anode was 40 mm in
diameter. The NiO-CSZ anode was sintered at 1,100 °C for 3 h. Electrolyte and cathode
powders were mixed with isopropyl alcohol (IPA) as a dispersant to form a slurry. The
electrolyte slurry was coated onto the anode surface using the spray coating method at a
pressure of 2 bar and continued heating in the oven for 1 h to remove dispersants. The
lining process of the electrolyte was done once and eight times by coating. The CSZ
electrolyte was sintered at 1,100 °C for 3 and 2 h. Moreover, the cathode slurry was coated
onto the anode-electrolyte surface using a spray coating technique with an effective area of
7 cm?. The sintering of the CCZO cathode was carried out at 900 °C for 5 h.

2.3. Physical Characterization

The porosity of the anode was determined by ASTM C373-88, while the microstructure
of the cells was observed by scanning electron microscope (SEM, Hitachi SU3500, Hitachi
High-Technologies Corporation, Japan). The hardness of NiO-CSZ anodes was tested by the
Mohs method using SNI 7275-2008 in the Center for Ceramics, Indonesia. In addition, the
curvature was examined with angle measurement and the value of curvature was
calculated by using Equation (1) (Nguyen et al,, 2016):

Curvature (flatness) =b —a (D

Where b is the height from the flat surface to the top of the curved substrate, and a is the
thickness of the half-cell sample.

2.4. Electrochemical Characterization

The electrochemical test was performed in stainless steel (SS) 316L frame and sealed
with ceramic paper and castable refractory cement C-18. SS 304 mesh was used as a current
collector in the anode and cathode sides. The anode was reduced from NiO to Ni at 800 °C
with pure hydrogen. Anode-supported cells were characterized at 600, 700, and 800 °C
using hydrogen as a fuel and ambient air as an oxidant with a flow rate of 200 and 2,000
ml/min, respectively. The impedance cell was measured at a frequency range from 100 kHz
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to 0.1 Hz under an open-circuit voltage (OCV) condition. Current-voltage characteristics
and impedance at each temperature were carried out by Gamry V3000 potentiostat (Gamry
Instruments, USA). Figure 1 exhibits a schematic of the setup for cell testing.
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Figure 1 A schematic of SOFC single-cell testing using a tubular furnace connected to a
potentiostat

3. Results and Discussion

3.1. Porosity and Microstructure

Table 1 illustrates the effect of the amount of pore former on the porosity and hardness
of anode sintered at 1,100 °C for 3 h. The porosity of the anode before reduction without a
pore-forming agent was 9.8%, while with the pore-forming agent was 24.7% for 10 wt.%
of corn starch, 1 wt.% of PVA and 40.1% for 15 wt.% of corn starch, 1 wt.% of PVA.
Moreover, the hardness of the cermet without pore former was 7 Mohs, while with pore
former was 1 Mohs for 10 wt.% of corn starch, 1 wt.% of PVA, and 0 Mohs for 15 wt.% of
corn starch, 1 wt.% of PVA. The porosity of sintered anode increases with the increasing
amount of corn starch.

Table 1 Effect of amount of pore former on the porosity and hardness of anode sintered at
1,100 °C for 3 h

Corn starch (wt%) PVA (wt%) Porosity before reduction (%)  Hardness (Mohs)
0 0 9.8 7
10 1 24.7 1
15 40.1 0

Additionally, PVA can act as not only a binder but also a pore former (Amiri and Paydar,
2017). According to the literature, an increase in the porosity of anode after reduction with
corn starch and PVA as pore former can reach up to 18% (Batool et al, 2018; Ding et al.,
2016). The recommended SOFC anode should have a 30-40% porosity after reduction to
obtain high electronic conductivity, desired electrochemical characteristics, and higher gas
diffusion to triple phase boundary (TPB) (Horri, Selomulya, and Wang, 2012). However, the
high weight percentage of the pore former decreases the hardness of the anode. It showed
the strength of the anode as a support to prevent cracking during cell testing and operation.
From our previous work (Widiatmoko et al,, 2019), the anode sintered at 1,000 °C for 5 h
with 15 wt.% of corn starch and 1 wt.% of PVA was chosen as support resulting in poor
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mechanical strength of the anode due to the high amount of pore-forming agent and low-
temperature sintering. Therefore, in this study, the NiO-CSZ cermet sintered at 1,100 °C for
3 h with 10 wt.% of corn starch and 1 wt.% of PVA was selected as a supported substrate.

Figure 2 shows a cross-sectional and surface view of the anode-supported single cell
before testing. The thickness of the anode and cathode was ~1.1 mm and ~34.8 um,
respectively. Figure 2a and 2b clearly shows that the morphology of NiO-CSZ cermet and
CCZO-CSZ composite was porous. In addition, the particle size of the anode was much bigger
than that of the cathode since the sintering temperature of the cathode was lower than that
of the anode (900 °C versus 1,100 °C) (Joo and Choi, 2008). The particle size of the NiO-CSZ
anode and CCZO-CSZ cathode was ~1.2 and ~0.5 um, respectively. Meanwhile, in the
electrolyte part, the microstructure with eight times of coating was denser than that with
one time of coating, as shown in Figures 2d and 2e. The thickness of electrolyte with one
time and eight times of coating was ~17.0 and ~87.2 pum, respectively. The CSZ electrolyte
film will be thicker with the increasing amount of coating process repetition. However, the
sintered electrolyte with eight times coating still had a porous structure, and the film
thickness of the electrolyte and cathode was not uniform.

2 Eitclrolyle

Figure 2 SEM micrograph of the (a) cross-section of an electrolyte-supported IT-SOFC cell
before testing; (b) surface view of NiO-CSZ anode; (c) CCZO cathode; CSZ electrolyte with
(d) one time; and (e) eight times of coating

3.2. Curvature of Anode-Electrolyte Cell

In anode and electrolyte powder preparation, a mixer and ball mill were used as mixing
equipment. The sintering process of half-cell (anode-electrolyte), particularly in the anode-
supported cell, is the potential for curvature phenomenon. Figure 3 and Table 2 revealed
curvature photograph and value in half-cell using a mixer and ball mill in powder
preparation with a different dwell time of sintering and amount of electrolyte coating. The
half-cell with a mixer in powder preparation shown in Figure 3a has a different angle on
both sides. The powder blending with the mixer was not homogenous, so the thermal
expansion did not spread uniformly. Meanwhile, the anode-electrolyte cell with ball mill in
powder preparation shown in Figure 3b has a similar angle on both sides even though the
angle of this half-cell was larger than that of the half-cell with mixer. The curvature value of
anode-electrolyte cell sintered at 1,100 °C for 3 h with a mixer and ball mill in powder
preparation was 0.89 and 1.18 mm, respectively, as shown in Table 2. This confirmed that
the bigger the angle is, the higher the curvature value is. This phenomenon means the
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anode-electrolyte cell with a ball mill in powder preparation produces homogenous
mixtures (Malzbender, Wakui, and Steinbrech, 2006). Additionally, it is reasoned that the
sintering rate of the electrolyte was larger than the anode, which could not resist forces
applied to the anode by electrolyte sintering (Lankin and Karan, 2009).

Figure 3 Curvature of anode-electrolyte cell sintered at 1,100 °C for 3 h using (a) mixer; (b)
ball mill in preparation; for 2 h using ball mill in preparation with (c) one time; and (d) eight
times of electrolyte coating

The study by (Cologna et al, 2009) reported the curvature could be solved by reducing
the dwell time of half-cell sintering. In Figure 3c, the dwell time of anode-electrolyte
sintering decreased from 3 to 2 h. The picture exhibited the angle on both sides was lesser
than the angle in half-cell with a dwell time of 3 h. The curvature value reduced by ~62%
when the dwell time of sintering decreased. It is clear that the shorter the anode-electrolyte
sample is held at the sintering temperature, the lesser the curvature occurs. However, when
the dwell time of electrolyte sintering decreases, the electrolyte densification will be worse.
On the other hand, Figure 3d showed that the half-cell with eight times of electrolyte coating
curved sharply on both sides compared with the half-cell with one time of electrolyte
coating, as shown in Figure 3c. The curvature value of half-cell with eight times of
electrolyte coating increased by about 66%. Hence, the thick electrolyte layer enforces
greater stress on the anode, causing an increase in curvature (Ruhma et al, 2021).

Table 2 Curvature value of four half-cell substrates sintered at 1,100 °C with different
mixing methods, dwell time of sintering, and amount of coating electrolyte

Mixing Method Amount of Electrolyte Dwell Time of b a Curvature
Coating Sintering (h) (mm) (mm) (mm)
Mixer 3 2.04 1.15 0.89
Once 3 2.33 1.15 1.18
Ball Mill 2 1.60 1.15 0.45
Eight times 2 2.54 1.20 1.34

3.3. Electrochemical Performance

Polarization curves of anode-supported cells with one time and eight times of
electrolyte coating at 800 °C were shown in Figure 4. The OCV of a single cell with eight
times of electrolyte coating was greater than that with one time of electrolyte coating.
However, the OCV of the cells was significantly lower than the theoretical OCV based on the
Nernst equation. The dropped voltage is led to fuel and oxidant crossover phenomenon and
gas leakage through sealant to the environment (Rasmussen, Hendriksen, and Hagen, 2008;
Suzuki et al, 2005). Moreover, the current densities of cells with one time and eight times
of electrolyte coating achieved about 14 and 10 mA/cm?, respectively. When the electrolyte
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was thick, the resistance was so high that the current density of the cell declined. The peak
power densities of anode-supported cells with one time and eight times of electrolyte
coating were 0.94 and 1.08 mW/cm?, respectively. Moreover, Figure 5 presented the
performance of an anode-supported cell with eight times of electrolyte coating at different
operating temperatures (600, 700, and 800 °C). The values of maximum power density at
600, 700, and 800 °C were 0.24; 0.35; and 1.08 mW/cm?, respectively. Peak power density
decreases, and OCV increases with a lowering operating temperature. Additionally, the
peak power density at 700 °C boosted about 350 times higher than that of our previous
work from 0.001 to 0.35 mW/cm? (Widiatmoko et al, 2019).
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Figure 4 Polarization curves of anode-supported cell with one time and eight times of
electrolyte coating at 800 °C
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Figure 5 Polarization curves of anode-supported cell with eight times of electrolyte coating
at different temperatures.

Impedance measurements of the cell were performed under OCV, and the curves were
fitted with an equivalent circuit model, as shown in Figure 6. Ohmic resistances (Rohm) of
the cell at 600, 700, and 800 °C were 168.30; 90.10; and 26.78 (, respectively, as
summarized in Table 3. The thick electrolyte layer leads to high ohmic resistance of the
single cell (Park et al, 2018).

On the other hand, the polarization resistance (Rp) values, including charge and mass
transfer, of 155.10; 103.56; and 11.57 Q) were gained at 600, 700, and 800 °C, respectively.
Conductivity and gas diffusion in the anode and cathode were responsible for high
polarization resistance (Troskialina, 2015). Moreover, Rohm and Rp values were
significantly lower in this work than in our previous work. Hence, the improvement in the
fabrication of anode-supported IT-SOFC cells enhanced electrochemical performance.
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Overall, compared with our previous study, the maximum power density of the cell at 700
°C was ~350 times higher, while ohmic and polarization resistance at 700 °C was highly
reduced at ~40 times and ~500 times, respectively.

Table 3 Summary of resistance values extracted from an equivalent circuit model at 600,
700, and 800 °C under OCV condition

T (°C) Rohm (£2) Rp =Ri+Rz (Q) R1 (Q) Rz (Q)
600 168.30 155.10 98.22 56.88
700 90.10 103.56 97.70 5.86
7.00 3,624 54,670 22,750 31,920
(our previous work)
800 26.78 11.57 5.86 5.71
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Figure 6 Electrochemical impedance spectra and equivalent circuit model of the anode-
supported single cell at 600, 700, and 800 °C under OCV condition

4. Conclusions

The anode-supported single cell consisting of NiO-CSZ anode, CSZ electrolyte, and
CCZO0-CCZO cathode was successfully improved both in electrochemical and mechanical
characteristics. The porosity of the anode is sufficient to obtain a robust structure and to
allow fuel gas diffusion to TPB. Meanwhile, electrolytes with eight times of coating still had
a porous structure which is highly potential to fuel and oxidant crossover phenomenon. On
the other hand, curvature was overcome by reducing the dwell time of sintering, but when
the electrolyte film was thick, the curvature increased two times/twice. In electrochemical
performance, peak power density, Rohm, and Rp at 800 °C was 1.08 mW/cm?, 26.78 (), and
11.57 Q, respectively. However, the spray-coated CSZ single cell was still lower than
commercial YSZ-based SOFC cell. In future studies, the CSZ electrolyte fabrication technique
is key to making denser and thin electrolytes to avoid fuel crossover.
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