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Abstract. One of the most challenging aspects of fuel cell technology is searching for
appropriate materials that can address and compensate for solid oxide fuel cell (SOFC)
weaknesses. This study focuses on a barium strontium cobalt ferrite-samarium doped ceria
carbonate-argentum (BSCF-SDCC-Ag). Some experimental work has been done to
investigate the material’s potential use in low-temperature SOFCs. The experimental
variables include chemical, physical, and electrochemical characteristics. The phase
identification of the composite cathode powder was analysed and showed that all element
intensity peaks appear at their respective JCPDS numbers, with no secondary peaks
occurring. The morphology and element distribution analysis illustrated micrograph images
and the mapping of the material demonstrated that all elements are properly distributed and
mixed. Based on the findings of the porosity and density tests, each sample contained the
acceptable range value of porosity between 21.12 % and 22.50 %. The electrochemical
performance was analysed at 400 °C, 500 °C and 600 °C. In comparison to BSCF-SDCC,
BSCF-SDCC-Ag 1 wt% had a greater ASR value. The ASR value drops in the BSCF-SDCC-
Ag 3 wt% sample while increasing in the BSCF-SDCC-Ag 5 wt% sample. Apparently, when
the temperature is set to high, the ASR value is inconsistent. This might be due to the
symmetrical cell sample condition, since its surface is cracked. Overall, the BSCF-SDCC-Ag
3 % contributes to a decrease in the ASR value at temperatures 400 °C and 500 °C, but at 600
°C has a slight increase in ASR value of approximately 10.4 %. Thus, further exploration of
the production technique and preparation procedure is crucial to ensure the cathode reliability
and performance for SOFC application.
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Introduction

The daily amount of energy consumed is steadily growing in various countries.
Consequently, the main energy sources such as coal, natural gas and oil will become scarcer
to fulfil the demand needed by society [1]. Thus, an alternate energy source has emerged in
recent times to address and mitigate the issue of losses in main energy sources. Hydrogen
energy, commonly known as fuel cells, is one of the alternative energy sources that is
currently being explored [2,3]. A fuel cell is an electrochemical device that can convert
chemical energy into electrical energy. The solid oxide fuel cell (SOFC) is the most common
and well-known form of fuel cell [4]. In addition, SOFC systems offer high efficiency in
generating power from fuels. Their flexibility in fuels and great electric energy efficiency
make a major contribution to the problem of environmental sustainability when fuelled with
biofuels [2,3].

Generally, the SOFC system must operate at a high temperature of more than 600 °C
to function properly [4]. Moreover, SOFCs have certain benefits because of their high
operating temperature (400 °C - 1000 °C) as compared to other fuel cell types [5]. According
to Kuterbekov et al. [5], high operating temperatures can lead to some problems with sealing,
electrode morphology, chemical stability of cell components and accessory heat resistance.
As a consequence of these issues, the cost of cells is increased, and their useful lifespan is
shortened [5]. Thus, decreasing the operating temperature to approximately below 600 °C or
intermediate temperatures around 600 °C—800 °C is a strategy to make them more realistic
[6]. The lowering of operating temperature may reduce the cell’s material costs, thereby
making it more economical. In addition, these materials will offer a longer lifespan and less
degradation [7].

However, the search for appropriate materials that can address and compensate for
SOFC’s weaknesses is one of the most challenging aspects of this technology. Recently,
Bao.sSr0.5Co0.8Fe0203 (BSCF) has received a lot of interest as a cathode material because of
its electrochemical stability with SOFC [8]. As a result of its high oxygen permeability and
excellent stability, BSCF has emerged as a potential material for SOFC application [9]. In
SOFC systems, characteristics of the electrolyte influence the reaction path, open circuit
voltage, stability, mechanical behaviour and operating temperature of the cell. Given that the
electrolyte is exposed to both the anode and cathode sites, it should be chemically stable
throughout a broad range of oxygen partial pressures [10]. As reported by Shi et al. [10],
doped CeO2 (Gdo.1Ce0.901.95 (GDC) and Smo2Ceo.s01.9 (SDC)) is an excellent electrolyte
material that has substantially better oxygen ion conductivity, particularly at intermediate
temperatures. Research by Tan et al. [11] showed that BSCF-SDCC has features in low-
temperature SOFC that were quite encouraging for the future.

In addition, the catalyst material is another component that contributes to the
improved performance of the SOFC system. This substance can hasten the reactions that take
place between the anode and the cathode [12]. As reported by Mosialek et al. [13], Argentum
(Ag) is an excellent catalyst for oxygen surface adsorption, dissociation of molecular oxygen
into atomic oxygen and oxygen surface diffusion, hence enhancing the total oxygen surface
exchange kinetics of BSCF electrodes. Generally, additional investigation into the
manufacturing method and preparation process is required to guarantee the cathode’s
dependability and performance when it is used in a SOFC application.
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Materials and Methods

Commercial powders of BSCF (Bao.sSro.5Co0.8Feo.2), SDC (Smo.2Ceo.801.9) (Kceracell,
Korea), lithium carbonate (Li2CO3) and sodium carbonate (Na2COs3) (Sigma—Aldrich, USA)
were used in the production of the BSCF-SDCC composite cathode powder. The BSCF and
SDCC were combined in an equal part mixture by a 50:50 ratio. The SDCC was produced by
combining the SDC with a mixture of Li and Na carbonate in the proportion of 80:20 by
using the wet milling technique at 150 rpm. The calcination procedure for the BSCF—SDCC
was carried out at 600 °C. Furthermore, the BSCF-SDCC-Ag composite cathode was created
by using the dry milling process at 150 rpm by adding commercial powders of Argentum
(Ag) (Alfa Aesar, USA). The composite cathode powder was mixed with various weight
percentages of Ag as a catalyst material. These weight percentages ranged from 1 %, 3 % and
5 %. After the preparation, the powder was compacted into a pellet sample. Afterwards, the
sample was sintered at 600 °C. The chemical, physical and electrochemical characteristics of
BSCF-SDCC-Ag powder and pellets were investigated. Then, X-ray diffraction (XRD)
(Bruker D8 Advance, Germany) was used to identify the composite powder phase using Cu
Ka radiation (A = 0.15418 A) at an ambient temperature with the scanning of the diffraction
patterns in the angle 2 0 between 20° and 90°, with a step size of 0.02°. EVA software was
used to analyse the result gathered. The composite cathode powder’s morphology was
determined by scanning electron microscopy (SEM) (Hitachi Tabletop3030, Japan) and
element distribution by energy dispersive spectrometry (EDS) (EDX Oxford Instruments).
The porosity and density of the composite cathode pellet sample were examined using the
Archimedes method (Density Kit AY220, Shimadzu, Japan). Finally, the electrochemical
performance of the sample was investigated using electrochemical impedance spectroscopy
(EIS) (Autolab AUT302 FRA) and analysis using Nova software.

Results and Discussion

The XRD testing is carried out to examine the x-ray pattern, phase stability and lattice
structure of composite cathode powder. The chemical compatibility between the components
in BSCF-SDCC-Ag composite cathode powder may be determined through a phase stability
analysis. Figure 1 shows the XRD spectrum pattern for SDCC, BSCF-SDCC and BSCF-
SDCC-Ag 1 wt%, 3 wt and 5 wt% composite cathode powder. The spectrum patterns element
peaks are identified using the JCPDS number. Commercial powders of BSCF have a JCPDS
number of 00-055-0563 with a lattice structure of cubic and space group Pm-3m (221).
Furthermore, the SDC have a JCPDS number of 01-075-0158 and a face-centred cubic lattice
structure with space group Fm-3m (225). Meanwhile, the Ag JCPDS number is 00-004-0783
and the lattice structure is face-centred cubic with space group Fm-3m (225).

In addition, carbonate, the mixture of lithium carbonate (Li2CO3) and sodium
carbonate (Na2CO3), has a JCPDS number pattern of 00-022-1141 and 01-070-9248,
respectively. The Li2CO3 and Na2CO3 have a based-centred monoclinic structure with space
groups of C2/c (15) and C2/m (12), correspondingly. Referring to the XRD graph, all of the
elements have been found at the JCPDS number that corresponds to them and have an
excellent purity with no secondary peak that can be seen. Moreover, the peak intensity of the
Ag element, visible at 38°, rises in tandem with the percentage of Ag in the sample.
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Figure 1: XRD spectrums pattern for SDCC, BSCF-SDCC and BSCF-SDCC-Ag 1 wt%, 3
wt% and 5 wt% composite cathode powder

The scanning electron microscopy (SEM) technique was used to discover the
microstructure of the composite cathode powder. Figure 2, which presents the morphological
picture of BSCF-SDCC and BSCF-SDCC-Ag (1 wt%, 3 wt% and 5 wt%), shows that
agglomeration of the particle can be seen with an increasing amount of Ag addition [12].
Furthermore, agglomeration was most likely generated by the elimination of any remnant
carbon dioxide during the calcination process, which in turn contributed to strong bonding
within each element [14].

The energy dispersive spectroscopy (EDS) method was used to investigate the sample
element distribution. Therefore, it is essential to initially achieve a homogenous state of
powder that is distributed well across the sample area to create a good sample for SOFC. In
this research, high-energy ball milling (HEBM) was used as a mixing medium to accomplish
this condition. Figure 3 displays the EDS mapping and quantitative value of BSCF-SDCC-Ag
5 wt% composite cathode powder. Based on the figure, the sample was uniformly mixed
during the milling process and it was distributed well. The quantitative table provides
information on the atomic percentage of each element, and the mapping image is coloured in
a variety of colours to depict the various types of elements.
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Figure 2: SEM morphology of BSCF-SDCC and BSCF-SDCC-Ag 1 wt%, 3 wt% and
5 wt%

The porosity and density of the sample were determined by applying the Archimedes
Principle. A sufficient amount of porosity is one of the most important variables to consider
while making a good composite cathode pellet sample. Porosity in the range of 20 %—40 %
for the cathode cell is appropriate for a decent SOFC sample [15-16]. This porosity may be
attained by sintering the material at a low temperature [16]. Table 1 shows the average
porosity and density value for BSCF-SDCC and BSCF-SDCC-Ag (1 wt%, 3 wt% and 5 wt%)
composite cathode pellets, meanwhile, Figure 4 illustrates the data for a clearer view. Based
on the data collected, the porosity percentage of every BSCF-SDCC-Ag sample is much
lower than the BSCF-SDCC by a difference of <3.2 %. Meanwhile, the density value of
BSCF-SDCC-Ag has grown as compared to BSCF-SDCC by the contrast of <0.2 %. Thus,
increasing the quantity of Ag addition causes the sample porosity to drop while increasing the
density value, but the porosity value remains within the acceptable range of a good cathode
cell [17].
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Element Atomic (%)
Ba 7.22
Sr 248
Co 6.75
Fe 0.52
Sm 832
Ce 21.26
Na 0.19
Ag 133
G 31.76
o 20.18

Figure 3: Element distribution and atomic percentage of BSCF-SDCC-Ag 5 wt%
composite cathode powder
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Table 1: The average porosity and density values for BSCF-SDCC and BSCF-SDCC-Ag (1
wt%, 3 wt% and 5 wt%) composite cathode pellets

Sample Porosity (%) Density (g/cm?)
BSCF-SDCC 22.50+1.88 3.63+£0.06
BSCF-SDCC-Ag 1% 21.12£0.65 3.74 £ 0.03
BSCF-SDCC-Ag 3% 21.69 £ 0.41 3.76 £ 0.01
BSCF-SDCC-Ag 5% 21.78 £0.60 3.77+0.01
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Figure 4: Porosity and density of BSCF-SDCC and BSCF-SDCC-Ag 1 wt%, 3 wt% and 5
wt% composite cathode powder

The impedance test was carried out to identify the electrochemical performance of
BSCF-SDCC and BSCF-SDCC-Ag (1 wt%, 3 wt% and 5 wt%) symmetrical cell samples.
Table 2 displays the area-specific resistance (ASR) value of the symmetrical cell samples at
different operating temperatures. Based on the data recorded, it was shown that at 400 °C, the
addition of 1 wt% and 3 wt% Ag reduces the ASR value whereas, at the 5 wt% of Ag
addition, the ASR value rises. However, the ASR result is inconsistent when the temperature
is set at 500 °C. This might be because of the symmetrical cell sample condition, as it cracks
on the surface. The ASR value of BSCF-SDCC-Ag 1 wt% was higher than that of BSCF-
SDCC. With the BSCF-SDCC-Ag 3 wt% sample, the ASR value decreases, meanwhile, in
the BSCF-SDCC-Ag 5 wt% sample, the ASR increases. Similar to the ASR value at 500 °C,
at 600 °C, the data exhibits that the ASR value for the BSCF-SDCC-Ag 1 wt% is greater as
compared to BSCF-SDCC. The ASR value is lower for BSCF-SDCC-Ag 3 wt% as compared
to BSCF-SDCC-Ag 5 % and thus significantly greater than that of BSCF-SDCC-Ag 3 %.
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This indicates that adding 3 wt% of Ag assists to minimise the ASR value at 400 °C and 500
°C. However, the ASR value at 600 °C shows that the addition of Ag didn’t show
enhancement to help reduce the ASR value of the sample.

Table 2 shows the previous ASR value of the BSCF-SDC and BSCF-SDC-Ag (1
wt%, 3 wt% and 5 wt%) from Yusop et al. [17]. The data shows a decrease in the ASR value
of each composite cathodes sample when the temperature increased. The ASR values for
BSCF-SDC-Ag are ranging from 0.003 Qcm? at 600 °C to 0.019 Qcm? at 400 °C were much
lower than BSCF-SDCC-Ag in this study. Besides that, the ASR values for SDCC based
electrolyte studied by Rahman et al. [18] reported that the LSCF-SDCC has lower ASR value
with a minimum of 0.69 Qcm? at 600 °C and a maximum value of 266.6 Qcm? at 400 °C.
Figures 5 to 7 show the illustration graphs of comparison data between the previous study by
Yusop et al. [17] with the collected experimental data.

Table 2: Area-specific resistance value of the symmetrical cell samples at different
operating temperatures

Area
Area Specific
Temperature Specific Resistance
po C Samples Resistance Samples ASR
) ASR (Qcm?)
(Qcm?) Yusop et
al. (2020)

BSCF-SDCC 70.33 BSCF-SDC 0.256
BSCF-SDCC-Ag 1% 61.60 BSCF-SDC-Ag 1% 0.019

400
BSCF-SDCC-Ag 3% 24.85 BSCF-SDC-Ag 3% 0.235
BSCF-SDCC-Ag 5% 55.31 BSCF-SDC-Ag 5% 0.355
BSCF-SDCC 8.76 BSCF-SDC 0.023
BSCF-SDCC-Ag 1% 21.03 BSCF-SDC-Ag 1% 0.012

500
BSCF-SDCC-Ag 3% 6.55 BSCF-SDC-Ag 3% 0.023
BSCF-SDCC-Ag 5% 8.88 BSCF-SDC-Ag 5% 0.128
BSCF-SDCC 1.73 BSCF-SDC 0.003
BSCF-SDCC-Ag 1% 6.99 BSCF-SDC-Ag 1% 0.003

600

BSCF-SDCC-Ag 3% 1.91 BSCF-SDC-Ag 3% 0.004
BSCF-SDCC-Ag 5% 3.20 BSCF-SDC-Ag 5% 0.010
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Figure 5: The comparison data of ASR value from the experiment with previous research
at an operating temperature of 400 °C
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Figure 6: The comparison data of ASR value from the experiment with previous research
at an operating temperature of 500 °C
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Figure 7: The comparison data of ASR value from the experiment with previous research
at an operating temperature of 600 °C

Conclusions

In this study, BSCF-SDCC and BSCF-SDCC-Ag (1 wt%, 3 wt% and 5 wt%)
composite cathode powder was made through a dry milling process using high-energy ball
milling (HEBM). All of the samples were examined based on their chemical, physical and
electrochemical properties. Based on the XRD pattern of the BSCF-SDCC-Ag, the peak
intensity increases as the amount of Ag added to the samples increases. The porosity of
BSCF-SDCC and BSCF-SDCC-Ag are in the range of 20 %40 % which is acceptable for
SOFC cathode. BSCF-SDCC-Ag sample has a porosity of approximately 21 %22 % while a
density of about 34 %-37 %. The higher percentage of porosity for BSCF-SDCC-Ag was
reflected by the SEM images. The EDS mapping for BSCF-SDCC and BSCF-SDCC-Ag
shows that all the elements in the composite cathodes are well distributed. The determination
of the ASR value for BSCF-SDCC and BSCF-SDCC-Ag composite cathodes is slightly
difficult because of the symmetrical cell sample surface defects in the form of cracks which
appeared after going through the EIS testing at the temperature of 400 °C, 500 °C and 600
°C. Therefore, further exploration into the production technique and preparation procedure is
crucial to ensure the cathode reliability and performance for SOFC application.

Acknowledgements

The authors would like to express their gratitude to the Malaysian Ministry of Higher
Education (MOHE) for supporting this research through Fundamental Research Grant

223



Umira Asyikin Yusop et al. Malaysian Journal of Microscopy Vol. 19, No. 1 (2023), Page 214-225

Scheme (FRGS/1/2020/TK0/UTHM/02/22) and partially funded by Universiti Tun Hussein
Onn Malaysia (UTHM) under Postgraduate Research Grant (GPPSS H692).

Author Contributions

All authors contributed toward data analysis, drafting and critically revising the paper
and agree to be accountable for all aspects of the work.

Disclosure of Conflict of Interest

The authors have no disclosures to declare

Compliance with Ethical Standards

The work is compliant with ethical standards

References

[1] Energy (2022). [Online]. [Accessed 12" October 2022]. Available from World Wide
Web: https://ourworldindata.org/energy.

[2] Khan, F. A., Pal, N. & Saeed, S. H. (2021). Stand-alone hybrid system of solar
photovoltaics/ wind energy resources: an eco-friendly sustainable approach. In Renewable
Energy Systems: Modelling, Optimization and Control. Ed. Azar, A. T. & Kamal, N. A.
(Advances in Nonlinear Dynamics and Chaos (ANDC)), pp. 687-705.

[3] Corigliano, O., Pagnotta, L. & Fragiacomo, P. (2022). On the Technology of Solid Oxide
Fuel Cell (SOFC) Energy Systems for Stationary Power Generation: A Review.
Sustainability. 14, 15276.

[4] O’Hayre, R. P. (2017). Fuel cells for electrochemical energy conversion. In Proceedings
of the 5th course of the MRS-EMRS “Materials for Energy and Sustainability” and 3rd
course of the Joint EPS-SIF International School on Energy, Erice, Italy, 13-19 July 2016.

[5] Kuterbekov, K. A., Nikonov, A. V., Bekmyrza, K. Z., Pavzderin, N. B., Kabyshev, A. M.,
Kubenova, M. M., Kabdrakhimova, G. D. & Aidarbekov, N. (2022). Classification of Solid
Oxide Fuel Cells. Nanomaterials. 12, 1059.

[6] Delibas, N. C., Gharamaleki, S. B, Mansouri, M. & Niaei, A. (2022). Reduction of
operation temperature in SOFCs utilizing perovskites: Review. International Advanced
Research and Engineering Journal. 06(01), 056-067.

[7] Afroze, S., Karim, A., Cheok, Q., Eriksson, S. & Azad, A. K. (2019). Latest development

of double perovskite electrode materials for solid oxide fuel cells: a review. Front. Energy.
13(4), 770-797.

224



Umira Asyikin Yusop et al. Malaysian Journal of Microscopy Vol. 19, No. 1 (2023), Page 214-225

[8] Sun, S. & Cheng, Z. (2020). SrCoo.sNbo.1Tao.103-5s Based Cathodes for Electrolyte-
Supported  Proton-Conducting  Solid Oxide Fuel Cells: Comparison  with
Bao.sSro.5Coo.sFe0203-5s Based Cathodes and implications. Journal of The Electrochemical
Society. 167, 024514.

[9] Sahini, M., Mwankemwa, B. & Kanas, N. (2022). BaxSr1xCoyFeiyO3.5 (BSCF) mixed
ionic-electronic conducting (MIEC) materials for oxygen separation membrane and SOFC
applications: Insights into processing, stability, and functional properties. Ceramics
International. 48(3), 2948 — 2964.

[10] Shi, H., Su, C., Ran, R., Cao, J. & Shao, Z. (2020). Electrolyte materials for
intermediate-temperature solid oxide fuel cells. Progress in Natural Science: Materials
International. 30, 764-774.

[11] Tan, K. H., Rahman, H. A., Azami, M. S., Yusop, U. A., Baharuddin, N. A. & Nor
Ma’arof, M. 1. (2022). Electrochemical and material characteristics of Bao.sSro.sCoo.sFe0.203-5-

Smo.2Ceo.801.9 carbonate perovskite cathode composite for low-temperature solid oxide fuel
cell. Ceramics International. 48(23), 34258-34264.

[12] Yusop, U. A., Rahman, H. A. & Tan, K. H. (2019). Effect of Ag Addition on the
Structural Properties of Bao.sSr0.5Co0.8Fe0.203-5-Smo.2Ce0.801.9 Composite Cathode Powder.
The International Journal of Integrated Engineering. 11(7), 169-175.

[13] Mosiatek, M., Dudek, M., Michna, A., Tatko, M., Kedra, A. & Zimowska, M. (2014).
Composite cathode materials Ag-Bao.5Sr0.5Coo.8Fe0.203 for solid oxide fuel cell. Journal Solid
State Electrochemical. 18,3011-3021.

[14] Bonturim, E., Vargas, R. A., Andreoli, M. & Seo, E. S. M. (2012). Effect pH Variation
of Powder Materials of the Composite Oxide Bawx)Sra-x)CoyFe(-y)O@3-5) obtained by Citrate-
EDTA Method. Materials Science Forum. 727-728, 764-768.

[15] Conceicao, L. A., Silva, A. M., Ribeiro, N. F. P & Souza, M. V. M. (2011). Combustion
synthesis of Lao.7Sr03Coo0.5Fe0.s03 (LSCF) porous materials for application as cathode in IT-
SOFC. Materials Research Bulletin. 46, 308-314.

[16] Agun, L., Jimat, S. F. & Rahman, H. A. (2016). Effects of Soaking Duration on the
Properties of LSCF-SDCC for Low-Temperature SOFC. Advanced Materials Research.
1133, 28-32.

[17] Yusop, U. A., Tan, K. H., Rahman, H. A., Baharuddin, N. A. & Roharjo, J. (2020).
Electrochemical Performance of Barium Strontium Cobalt Ferrite — Samarium Doped Ceria-

Argentum for Low- Temperature Solid Oxide Fuel Cell. Materials Science Forum. 991, 94-
100.

[18] Rahman, H. A., Agun, L., Hoa, N. K., Ahmad, S. Nordin, N. A. (2020). Effects of

Binary (Lithium/Natrium)2 Carbonates on the Phase and Microstructural Stability of LSCF-
SDC for Low Temperature Solid Oxide Fuel Cells. Sains Malaysiana. 49(12), 3155-3167.

225



	Article Info

