Int. J. Renew. Energy Dev. 2022,11 (4), 1037-1042

D\ Rerenable £

D
DRED

Contents list available at IJRED website

iji < RE International Journal of Renewable Energy Development

Journal homepage: https:/fijred.undip.ac.id

Research Article

Performance Evaluation of An Electrolyte-Supported

Intermediate-Temperature Solid Oxide Fuel Cell (IT-SOFC)
with Low-Cost Materials

Fauzi Yusupandiab, Hary Devianto2®, Pramujo Widiatmoko?, Isdiriayani Nurdina,
Sung Pil Yoon¢, Tae-Hoon Lime¢, Aditya Farhan Arifd
aDepartment of Chemical Engineering, Faculty of Industrial Technology, Institut Teknologi Bandung, JI. Ganesha No. 10, Bandung
40132, Indonesia

bDepartment of Chemical Engineering, Institut Teknologi Sumatera, JI. Terusan Ryacudu, Way Huwi, Kec. Jati Agung, Lampung
Selatan 35365, Indonesia

cCenter for Hydrogen-Fuel Cell Research, Korea Institute of Science and Technology (KIST), 5, Hwarangro 14-gil, Seongbuk-gu, Seoul,
South Korea

dDepartment of New Investment, PT Rekayasa Industri, Jl. Kalibata Timur I No. 36, Jakarta 12740, Indonesia

Abstract. Intermediate temperature solid oxide fuel cell (IT-SOFC) provides economic and technical advantages over the conventional
SOFC because of the wider material use, lower fabrication cost and longer lifetime of the cell components. In this work, we fabricated
electrolyte-supported IT-SOFC using low-cost materials such as calcia-stabilized zirconia (CSZ) electrolyte fabricated by dry-pressing,
NiO-CSZ anode and Ca3C01.9Zn0.106 (CCZO) cathode produced through brush coating technique. According to the XRD result, the
monoclinic phase dominated over the cubic phase, and the relative density of the electrolyte was low but the hardness of the CSZ
electrolyte was close to the hardness of commercial 8YSZ electrolyte. The performance of the single cell was performed with hydrogen
ambient air. An open-circuit voltage (OCV) of 0.43, 0.46, and 0.45 V and a maximum power density of 0.14, 0.50, and 1.00 mW/cm2 were
achieved at the operating temperature of 600, 700, and 800 °C, respectively. The ohmic resistance of the cell at 700 and 800 °C achieved
81.5 and 33.00 Q, respectively due to the contribution of thick electrolyte and Cr poisoning in electrodes and electrolyte.
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1. Introduction lower production cost and higher power density
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Solid oxide fuel cell (SOFC) offers high electrical L murkutluk etal, 2016). Aplanar SOFC s classified into
- L two configurations: an electrode-supported and electrolyte-
efficiency (up to 70%), zero or low emissions of pollutants, .
/ . . . . supported cell. Electrode-supported cells, consisting of
modularity, quiet operation, wide range of fuel options and o
. . . . anode and cathode-supported, can operate at 600 — 800 °C
capability to operate in hybrid power generating system because of thin electrolytes. However, the configurations
(Irshad et al., 2016; Fleischhauer et al., 2015; Abdalla et ’
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al., 2018). SOFC is commonly performed at 850 — 1,000 °C ave several disadvantages such as a limitation of mass

. t t, tential d -oxidati fi de-
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L . . supported and low conductivity for cathode-supported. An

fabrication and operation cost of HT-SOFC have remained electrolyte-supported SOFC is a conventional design of
high due to high heat and complex materials. The Y

development of intermediate-temperature SOFC (IT- SOFC cell using thick electrolyte to support thin electrodes

. . . on both surfaces. The minimum thickness of electrolyte-
SOFC) is paramount to accelerate the wide application of . ! J

SOFC since IT-SOFC operates below 800 °C to reduce heat supportgd configuration is ~150 um to aymd cracks during
. . . the sealing (Chelmehsara & Mahmoudimehr, 2018). The
requirement and material cost (Fragiacomo et al., 2020;
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Shi et al., 2020). advantages of this design are robust structure and
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configuration requires high operating temperature to
reduce ohmic resistance (Singhal & Kendall, 2003).

Yttria-stabilized zirconia (YSZ) has been utilized as an
electrolyte in SOFCs for a long time owing to chemical
fitness with cermet electrodes, excellent thermal stability,
and strong ionic conductivity. Nevertheless, price of yttria
is exorbitant and low resources worldwide (U.S. Geological
Survey, 2019; Zhang et al., 2017). Calcia (CaO) can be a
promising alternative stabilizer to zirconia owing to its
economical price and abundant reserve. In contrast to YSZ,
which reverts to monoclinic phase at low temperatures, the
cubic structure of calcia-stabilized zirconia (CSZ) remains
stable at any temperatures (Etsell & Flengas, 1969;
Subbarao & Maiti, 1984; Durrani et al., 2006). CSZ is
frequently utilized as an oxygen sensor in metal refining
process (Fray, 1996). In addition, ionic conductivity of CSZ
has been studied and it can be used as a low-cost
electrolyte of SOFC (Kurapova et al., 2017; Zhou & Ahmad,
2006; Muccillo et al., 2001). In the anode side, NiO is a
prevalent anode material of SOFC because of high
electrical conductivity and superior catalyst for Hs
oxidation. Merino et al. (2004) reported that NiO-CSZ
cermet can be an alternatively suitable material for anode.
The cermet has a sufficient electrical conductivity and a
robust structure when the cermet is reduced.

Meanwhile in the cathode part, lanthanum and
strontium-based composites such as lanthanum strontium
manganite (LSM) are regularly used as cathode because of
high oxygen reduction kinetics and electrical conductivity
at 800-1,000 °C. However, this material is costly and only
can operate in high temperatures. Besides, the barrier
layer is needed because lanthanum- and strontium-based
cathodes can react with zirconia-based electrolyte at 800-
1,000 °C to form a low conductivity product such as SrZrOs
and La2Zr207 (Kindermann et al., 1996; Chen et al., 2014).
Ca3Co0206 (CCO) recently emerged as a promising material
for IT-SOFC cathode as it demonstrates good oxygen-
reduction activity, relatively high electrical conductivity,
good chemical stability up to 1300K, suitable thermal
expansion with the electrolyte and thermoelectric
capabilities for converting waste heat to electricity (Wei et
al.,2013; Yu et al., 2017; Yu et al., 2015). In another study,
Zn doping in CCO cathode leads to a reduced amount of
cobalt and an increase in thermoelectric properties. The
resistivity of CaszCozxZnx0Os (CCZO) lowers with increasing
temperature and when the value of x is 0.1 (Takami &
Tkuta, 2005). Therefore, CCZO can be a promising cathode
of IT-SOFC.

In our previous study, we fabricated the anode-
supported IT-SOFC cell consisting of NiO-CSZ anode as
support, thin-film CSZ electrolyte, and CCZO-CSZ
cathode. However, the physical characteristic and cell
performance were exceedingly low because the electrolyte
was too porous and the structure of anode easily fractured
(Widiatmoko et al., 2019). In this work, we demonstrated
an improvement to our previous study by fabricating an
electrolyte-supported IT-SOFC single cell composed of CSZ
electrolyte produced through dry pressing method, NiO-
CSZ anode, and CCZO cathode fabricated by brush coating
technique to obtain solid structure and improved
electrochemical performance. The porosity of anode,
density and hardness of electrolyte and morphology of each
component were investigated. The electrolyte-supported
cell was examined using hydrogen as fuel and ambient air
as an oxidant at various operating temperatures. This
paper serves a fundamental knowledge of the production
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and characterization of low-cost SOFC to boost the
development and commercialization of SOFC technologies.

2. Materials and Methods

2.1 Cell Fabrication

Three wt% of CaO and 97 wt% of ZrO2z acquired from
Pingxiang Ball-Tec New Materials Co., Ltd (technical
grade, Jianxi, China) were prepared by mixing with
ethanol as a medium in a ball mill for 12 h at 90 rpm. The
mixtures were dried at 100 °C for 24 h to produce CSZ
powders. After drying, CSZ powder was pressed through
dry pressing method at 10.5 MPa for 2.5 min to fabricate a
disk-planar electrolyte-supported IT-SOFC. The CSZ
pellet had a diameter of 37 mm and a thickness of 1 mm.
The CSZ pellet was sintered at 1,480 °C for 2 h. On the
other hand, 65 wt% of NiO purchased from Changsha
Easchem Co., Ltd (technical grade, Changsa, China) and
35 wt% of CSZ were ball milled for 12 h at 90 rpm with
ethanol as medium and 10 wt% of corn starch as pore
former. Then, CaO, Co030s4 and ZnO, weighed in a
stoichiometric amount, were blended with ethanol as
medium and 1 wt% of polyethylene glycol (PEG) as a
plasticizer from Bratachem (technical grade, Bandung,
Indonesia) in a ball mill for 12 h at 90 rpm. Each electrode
mixture was dried in an oven at 100 °C for 24 h to produce
NiO-CSZ anode and CasCo1.9Zno.10s (CCZO) cathode
powders. To obtain anode and cathode slurries, each
electrode powders were mixed with polyvinyl alcohol (PVA)
as a binder and ethanol in a mass ratio of 1:0.1:10. Each
mixture was dispersed homogenously using an ultrasonic
bath for 30 min. The electrodes were painted onto both
surfaces of CSZ electrolyte using a brush coating technique
with an effective area of 1 cm2. The NiO-CSZ anode and
CCZO cathode were co-sintered at 1,100 °C for 3 h.

2.2 Physical Characterization

A scanning electron microscope (SEM, Hitachi SU3500,
Hitachi High-Technologies Corporation, Tokyo, Japan)
was used to observe the microstructure and the actual
thickness of the cells. Prior to SEM examination, the single
cell was coated with a thin film of gold in a sputtering
system to prevent localized electric charging during
imaging. JSM IT-300 (Jeol Ltd, Tokyo, Japan) Energy
Dispersive X-Ray Spectroscopy (EDS) was used to define
elemental composition in the area. The phase structure of
CSZ was analyzed using X-Ray Diffractometer (XRD,
Bruker D8 Advance, Karlsruhe, Germany) with Cu Ka
radiation (A = 1.5406 A) with scanning angle from 0 to 100°
(20) at a step size of 0.019°. Additionally, the density of CSZ
pellets was evaluated using the Archimedes method with
deionized water as the immersion medium, and the
porosity of the anode was performed using ASTM C373-88.
The hardness of CSZ electrolytes was obtained by Mohs
method using SNI 7275-2008 in Center for Ceramics,
Indonesia.

2.3 Electrochemical Characterization

An electrolyte-supported cell was located between two
stainless steel (SS) 316L frame and sealed with ceramic
paper and castable refractory cement C-18. A current
collector in anode and cathode part was SS 304 mesh. In
anode, NiO was reduced to Ni in situ at 800 °C with pure
hydrogen in a tubular furnace.
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Fig. 1 (a) Schematic of an electrolyte-supported IT-SOFC cell
testing (b) air (bottom view) and fuel (top view) flow path.

The sample was tested at 600, 700 and 800 °C using dry
hydrogen and ambient air with a flow rate of 200 and 1,000
ml/min, respectively. The impedance cell was recorded
from 100 kHz to 0.1 Hz under an open-circuit voltage
(OCV) condition with AC amplitude of 10 mV and
evaluated by using the equivalent circuit. Current-voltage
characteristics and impedance at each temperature were
carried out by Gamry V3000 potentiostat (Gamry
Instruments, Warminster, USA). Figure 1 shows a
schematic of cell testing to analyze the performance of an
electrolyte-supported cell.

3. Result and Discussion
3.1 Physical Characteristic

The XRD result of CSZ electrolyte is presented in
Figure 2. The spectra in Figure 2a indicated that a zirconia
powder was dominated by monoclinic phase. A CSZ
electrolyte was composed of the cubic, tetragonal and
monoclinic phases as shown in Figure 2b. The 20 of
monoclinic peaks at 28.5° (111) and 31.8° (111) had higher
intensity than other monoclinic peaks. Moreover, the
intensity of other cubic orientations was lower than that of
cubic (111) of 26 peaks at around 30°. In addition, the
monoclinic and cubic volume fraction (Vm and Vc) were
calculated using Eq. (1) and (2) from the XRD peaks
(Hermawan et al., 2017; Toraya et al., 1984).
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Fig 2. XRD patterns of (a) zirconia powder (b) CSZ electrolyte
sintered at 1480 °C
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Im and Ic data, the intensity of monoclinic [(111) and
(111)] and cubic (111), are required to calculate the
monoclinic peak intensity ratio called Xm. The value of Vm
was 55.14% which implied the domination of monoclinic
over cubic phase due to the low amount of calcia and low
sintering temperature (Changlian et al., 2009). Moreover,
the lattice parameter of CSZ electrolyte was estimated
using Eq. (3), where A is the x-ray wavelength (1.5406 A),
0 is the angle of cubic (111) phase and a is the lattice
parameter (A). The value of CSZ lattice parameter was
5.0724 A. The lattice space of CSZ in this study was
narrower than that of CSZ reported by Changlian et al.
(2009) inasmuch as amount of calcia in this study (3 wt%
of calcia) was lower than Changlian’s work that used a 7
wt% of calcia loading. Besides the amount of calcia, the
sintering temperature enhanced the lattice parameter
since the formation of CSZ lattice required energy to
diffuse more Ca?*into zirconia lattice (Chourashiya, et al.,
2008; Changlian, et al., 2009). The XRD results are fit with
ICDD cards (ZrOs; 01-083-0939 and Cao.2Zro.801.8; 01-075-
0359)

For cell dimension, the diameter of CSZ shrank from 37
to ~28 mm after sintering process. The relative density of
sample sintered at 1,480 °C was approximately 83.3%. The
low relative density was caused by a low amount of calcia.
Changlian et al. (2009) reported that a CSZ pellet with 7
wt% of calcia sintered at 1,450 °C produced relative density
of 94.5%, which is higher than that of CSZ with 3 wt% of
calcia. Moreover, the hardness of CSZ electrolyte in Mohs’
scale was 6, equal to 8.01 GPa which was slightly lower
than that of commercial 8YSZ electrolyte (Dudek et al.,
2011). The porosity of NiO-CSZ with 10 wt% of corn starch
was about 23% before reduction. The 10 wt% of corn starch
produced the optimum porosity of anode before and after
reduction based on a study by Yoshito et al. (2009). SEM
observation of cross-section and surface of NiO-

CSZ/CSZ/CCZO-CSZ cell before test is shown in Figure 3.
The traversed-section SEM structure of single cell was
shown in Figure 3a. The microstructure of CSZ electrolyte
was slightly porous as revealed in Figure 3b which
confirmed a low relative density.

Fig. 3 SEM micrograph of (a) cross-section of an electrolyte-
supported IT-SOFC cell; close view of (b) CSZ electrolyte; (c) NiO-
CSZ anode and (d) CCZO cathode surface before testing
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The sintering temperature was responsible to a quite
porous microstructure in the CSZ electrolyte. At this
temperature, the integration of grains was observed but
they did not fully fill up the porosity of CSZ surface so that
pinhole still existed. Moreover, the thickness of electrolyte
was ~1 mm as shown in Figure 3a. The micrograph also
confirmed that the NiO-CSZ anode and CCZO-CSZ
cathode had a porous structure as revealed in Figure 3c
and 3d. The thickness of anode and cathode was ~26.3 and
~42.4 pum, respectively. However, the layer of anode and
cathode was not uniform.

3.2 Electrochemical Performance

I-V-P curves under different operating temperatures
are reported in Figure 4a. OCV value of the single cell at
600, 700 and 800 °C was 0.43; 0.48; and 0.45 V,
respectively. The measured OCV were lower than the
theoretical OCV based on the Nernst equation. Fuel and
oxidant crossover and gas leakage through ceramic paper
and castable cement sealing to the environment were the
main factors of significant distinction between
experimental and theoretical OCV (Rasmussen et al., 2008;
Pusz et al., 2007). Kim et al. (2019) reported that the
presence of N2 from the air in anode chamber can lower the
OCV. The sinusoidal curves in Figure 4a show that peak
power density at 600, 700 and 800 °C was 0.14; 0.50; and
1.00 mW/cm?2, respectively. The peak power density
enhanced by approximately 500 times higher than our
previous work based on anode-supported cell design at 700
°C (Widiatmoko et al., 2019). However, the obtained result
was extremely lower than other researches that used
commercial YSZ-based msterials (Saebea, et al., 2017). The
contribution of ohmic and polarization resistances was
exhibited by electrochemical impedance spectroscopy (EIS)
analysis.

The spectra were matched with the circuit model as
shown in Figure 4b. Rohm is the ohmic resistance of
electrolyte, anode, cathode and current collector. The
ohmic resistance was connected in series with two parallel
R (resistance) and Q@ (constant phase element). The
polarization resistance (Rp) consists of R1 indicating fast
processes such as electronic and ionic charge transfer and
R2 revealing slow processes such as diffusion and mass
transfer (Li et al., 2016; Leonide et al., 2007).

The Rohm and Rp were summarized in Table 1. The
Rohm values of 81.5 and 33.00 Q were achieved at 700 and

Int. J. Renew. Energy Dev 2022, 11(4), 1037-1042

| 1040

800 °C, respectively. Thick electrolyte was responsible to
high ohmic resistance in the cell (Park et al., 2018; Tiwari
& Basu, 2014). SS 304 current collector also contributed to
increasing the ohmic resistance as the conductivity of SS
304 is much lower than Pt mesh/wire and the SS 304 mesh
is easily oxidized at high temperature. SS 304 contains 18-
20 wt% of Cr that can be evaporated and then form Cr
deposit which poisons the electrodes and electrolyte.
Figure 5 showed the cross-sectional EDS mapping of Ni,
Co, Cr, Zn and O in the cell after examination. Ni was
spread evenly at the top layer while Co and Zn were not
clearly seen at the bottom layer due to extremely thin and
not uniform layer. Cr was detected in electrodes and
electrolyte with amount of 0.61 wt%. The presence of Cr
from SS 304 in the precursor can lower the performance of
the SOFC cell (Molin et al., 2009; Zhou et al., 2020; Jiang
& Chen, 2014).
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Fig. 4 (a) The I-V-P curves and (b) The Nyquist plot of NiO-
CSZ/CSZ/CCZO-CSZ with Hs flow rate of 200 ml/min and ambient
airflow rates of 1,000 ml/min

Fig. 5 EDS mapping of Ni, Co, Cr, Zn and O on the cross sectioned cell after test
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Table 1
The resistance values extracted from an equivalent circuit of the
Nyquist curves at 700 and 800 °C

Ry, =RitRe
T (°C) Rohm (Q) Ri (Q) Rz (Q)
Q)
700 81.5 285.4 6.57 278.8
800 33.0 39.4 1.57 37.8

The polarization resistances at 700 and 800°C were
285.4 and 39.4 Q, respectively. The high value of Rp was
related to conductivity and mass transfer in anode and
cathode. The electrical conductivity of the electrodes, NiO-
CSZ anode and CCZO cathode, are slightly lower than
conventional electrodes of SOFC (Ouri et al., 2015; Paydar
et al., 2016).

4. Conclusion

In this work, an electrolyte-supported IT-SOFC cell with
low-cost material was successfully fabricated and
evaluated. The single cell contained NiO anode, CSZ
electrolyte, and CCZO cathode. The structure of electrodes
was porous while the electrolyte had a quite porous
morphology which was potential for gas crossover
phenomenon. The electrochemical characterization
exhibited ~500 times increase in the maximum power
density at 700°C from our previous research. Nevertheless,
the voltage and power density were still low compared to
YSZ-based IT-SOFC. In future work, the improvement of
low-cost electrolyte fabrication is a critical part to prevent
fuel and oxidant crossover. Additionally, a gas-tight
sealing material is needed to avoid gas leakage into the
environment.
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