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powder (50-70 wt.% YSZ: 50- 30 wt.% SDCC). The calcined LSCF/YSZ-SDCC powders
were then successfully screen-printed on YSZ pellet to form a cathode thin film. A
complete symmetrical cell was sintered for 90 minutes at 600°C. The crystalline phase,
the carbonate bonding and the physical morphologies of the YSZ-SDCC composite
cathode powders and the LSCF/YSZ-SDCC dual composite cathode powders were
investigated. Furthermore, the microstructure and cathode thin film properties
including electrochemical performances of LSCF/YSZ-SDCC were all evaluated. The
various processes did not affect the carbonate bonding in any of the samples, however,
phase identification analysis revealed the appearance of strontium carbonate (SrCOs)
as the secondary phase in the calcined LSCF/YSZ-SDCC powders. The microstructure
study of the particles after milling demonstrates that the particles for all three YSZ-
SDCC compositions do not agglomerate, with grain sizes of 244.97 + 40.66, 213.47

Keywords: +41.63, and 173.27 + 25.83 nm, respectively. Following that, all samples were
Cathode; Dual Composite; ITSOFC; LSCF; electrochemically analyzed at temperatures of 700°C, 600°C, and 500°C. As compared
Screen Printing; YSZ-SDCC to the other combinations, LSCF/YSZ-SDCC with 50:50 wt.% YSZ-SDCC compositions co-

fired at 700°C showed the most favourable value in this study.

1. Introduction

A fuel cell is a device that uses a chemical reaction to turn hydrogen or gas into electricity [1]. As
long as the energy source is available, fuel cells can continually create electricity; compare batteries
which must be charged on a regular basis [1]. Proton exchange membrane fuel cells (PEMFC), direct
methanol fuel cells (DMFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC),
and solid oxide fuel cell (SOFC) are the most common types of fuel cells. SOFC is made up of two
porous electrodes (cathode and anode) and separated by a dense of an electrolyte layer. An
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important aspect of solid oxide fuel cell (SOFC) technology is the choice of electrode material, which
is determined by electrochemical performance, microstructure, and fabrication methods [2]. The
cathode's performance must meet several critical criteria, including high mix-electronic-and-ionic
conductivity to transport oxygen ions and electrons to the reaction sites. Additionally, the cathode's
microstructure must provide numerous contact points for reactive gases, electronic conductors, and
ionic conductors at the triple phase boundary to increase the number of electron transfer [2]. For the
successful fabrication of a high performance SOFC, a cathode material must satisfy each of the
following conditions: High ionic conductivity in an oxidizing environment within a range 0.001-0.1
S/cm, have greater resistance to cell performance loss brought on by chromium deposition, good
thermal stability, and are catalysts for the oxygen reduction process [2]. Beyond that, cathodes must
have a high electrical conductivity in the region of 100 S/cm as well as sufficient material porosity
(20-40%) to aid in oxygen gas passage at the interface between the electrolyte and anode [3].
Moreover, the cathode material and electrolyte material need to be chemically compatible [4]. The
choice of materials has benefited greatly by lowering the operating temperature of the cells.
However, lowering the temperature below 800°C can result in inadequate catalytic activity of the
selected material during the reduction process [5]. It is proposed to introduce a new type of material
that can enhance the performance of the SOFC while decreasing its operating temperature. To
overcome these obstacles, it will be necessary to thoroughly study potential ceramic materials,
improve current fabrication methods, and use wide range of materials [6].

In this study, YSZ-SDCC composite powders were prepared with three different ratios.
Y>Z105(YSZ) is indeed a leading ceramic-based electrolyte for SOFC due to its excellent ionic
conductivity, low cost, good bend strength, and high chemical inertness [7]. A lot of studies have used
Sm0.2Ce0.801.9 (SDC) because of its superior ionic conductivity, stability, and compatibility [5].
Interestingly, the ionic conductivity of doped ceria can be enhanced by using salts or hydrates like
chlorides, fluorites, carbonates, and sulphates as a second phase. This is because these salts have
been observed to conduct proton, which is compatible with the ion conductivity of oxygen [8]. The
inclusion of carbonate in the composite cathode aids in enhancing the electrode's close proximity to
the electrolyte interface, which can improve the ionic conductivity in the cell [9]. It once more
increases the triple-phase boundary (TPB) to the full surface, enhanced the performance of the SOFC
system. For that reason, this research concentrates on SDC carbonates rather than SDC material in
the hopes that it will improve the performance of the cell. For the dual composite powder, YSZ-SDCC
composite powders and La0.6570.4C00.2Fe0.803-6 (LSCF) material were milled mechanically using
a 50:50 wt. % ratio. At temperatures below 700°C, LSCF has outstanding ionic and electronic
conductivity [10]. As a result, LSCF has gained popularity as an electrode material for SOFC
applications at moderate temperatures.

2. Methodology
2.1 Powders Preparation

The SDCC electrolyte powder composed of 80 wt.% raw SDC powder (Kceracell, South Korea) and
20 wt.% binary carbonates, which are made up of 67 mol.% lithium carbonate (Li,Co3) and 33 mol.%
sodium carbonates (Na,Co3) (Sigma Aldrich, USA), was prepared by low-speed ball milled for 24
hours followed by calcination process at 680°C [9]. From there on, the different weight ratios of YSZ
powder (Kceracell, Korea) and aforementioned SDCC powder were ball milled (50:50, 60:40, and
70:30 wt. %) using high energy ball milling machine (HEBM) (Fritsch Pulveristte, Germany) for two
hours at 550 rpm. Hence all the obtained YSZ-SDCC composite powders were subjected to calcination
process at 680°C at a rate of 5°C/min for one hour.
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The acquired YSZ-SDCC composite powders were mixed equally with a commercial LSCF powder
(Kceracell, South Korea) to create LSCF/YSZ-SDCC dual composite cathode powders. Both powders
were ball-milled in ethanol for 2 hours at 550 rpm, oven dried, and calcined at 750°C at a rate of
5°C/min in air for 1 hour. The prepared YSZ-SDCC composite cathode and LSCF/YSZ-SDCC dual
composite cathode with a different composition are shown in Table 1.

Table 1

Prepared composite and dual composite powders samples

Composite Powders Weight ratio composition (wt.%) Denoted samples
YSZ-SDCC 50:50 YSC55

YSZ-SDCC 60:40 YSC64

YSZ-SDCC 70:30 YSC73

Dual Composite Powders

LSCF/YSZ-SDCC 50/50:50 LYSC55
LSCF/YSZ-SDCC 50/60:40 LYSC64
LSCF/YSZ-SDCC 50/70:30 LYCS73

2.2 Preparation of Symmetrical Cells

YSZ electrolyte pellets (Imm thickness and 13mm diameter) were produced by the uniaxial
pressing method using a manual hydraulic press (Bench Top 3851, Carver, USA). 1 ton weight
pressure was applied with a holding time of 2 minutes for each pellet. On cathode components, the
screen-printing technique was used to achieve consistent and considerable thickness [10]. LSCF/YSZ-
SDCC dual composite cathode ink was screen printed on the top and bottom of the YSZ pellet to
create a complete symmetrical cell. The LSCF/YSZ-SDCC dual composite ink was squeegeed through
the 355 meshes onto the YSZ electrolyte pellet for 10 repetitions per layer (Figure 1). In details,
formulation for dual composite cathode ink was created using the following ingredients: dual
composite cathode powder, terpineol (solvent), oleic acid (dispersant), and ethyl cellulose (binding)
[13]. All the ingredients were mixed manually using an agate mortar until the ink become slurry and
achieved the desired viscosity. Subsequently, the obtained symmetrical cell was heat heated at 600°C
in air atmosphere. A heat treatment above 600°C for the SDCC material has to be avoided in order
to ensure that the value for the porosity of the SDCC is not less than 20% [14].

vale amV @04k
.8 ( e

Set up the screen printing Place YSZ electrolyte Make sure the stencil frame Put dual cathode ink on Shake and & stencil

equipment. pellet (substrate) carefully and printing zrea (yellow) the green area and use frame slowly to avoid the
on sample holder at jigs was placed approximately squeegee to spread the pellet stick at frame.
*YSZ pellet fragile and on YSZ electrolyte ink. Screen pnnt the layer
casily break (substrate) for 10 times repetition.

Fig. 1. Preparation of LSCF/YSZ-SDCC cathode thin film
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2.3 Samples Characterization

X-ray diffraction (XRD; D8 Advanced Bruker, Germany) was used to determine the crystalline
phases and the creation of any secondary phases in all the powders and cathode thin film that were
created. To determine the presence of carbonates following various milling processes, Fourier
transform infrared spectroscopy (FTIR; Perkin Elmer Spectrum 100, USA) was used. The infrared
spectrum was captured in the wavelength range of 500 cm™ to 4000 cm™. The microstructure of the
produced powders was then investigated using field-emission scanning electron microscopy (FESEM;
JSM 6380-Jeol, Japan). Using the micrographs acquired by FESEM, the particle sizes of all the
generated powders were roughly approximated using the Imagel software.

The electrochemical performance of the LSCF/YSZ-SDCC symmetric cell was measured over the
temperature range 700°C and 600°C. The analysis of the polarization resistance and electrical
conductivity in term of area specific resistance (ASR) of the dual composite cathode was measured
using electrochemical impedance spectroscopy (EIS; Autolab 302, Eco Chemic, Netherlands) with a
computer interface using NOVA software. The symmetrical cell was sandwiched between the
platinum (Pt) mesh and the quartz (Figure 2). Pt meshes needs to be placed on the coating's surface
for the current collector. The symmetrical cell configuration was then heated in the tube furnace
(Berkeley, USA) to the desired temperature. The acquired impedance graph was being fitted and
evaluated using the NOVA 1.10 software.

Al Tube
Pt. Wire
Pt. Mesh

Fig. 2. Set up of the symmetrical cell

3. Results and Discussion
3.1 The Characteristics of the Prepared Powders

The XRD pattern for commercial powders of Li,Co3, Na,Cosz, SDC, and milling SDCC composite
powder is shown in Figure 3. The JCPDS numbers for Li,Co; and Na,Co; were 00-022-1141 and 01-
070-9248, respectively. The JCPDS pattern number for SDC is 01-075-0157, and the SDCC diffraction
may be validated using the same JCPDS pattern number as SDC, with a face-centered cubic lattice
unit cell and space group of Fm3m. The SDCC composite did not demonstrate lithium carbonate or
sodium carbonate diffraction peaks since the substances were present as amorphous phases that
coated the powders during the calcination process. The resultant of the amorphous phase in the
binary carbonates occurs at calcination temperatures of 680°C since this temperature is higher than
their melting point of 600°C. It has been found that the amorphous state of the carbonate layer
improves the ionic conduction for low-temperature solid oxide cells (LTSOFC) [11].
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Fig. 3. XRD pattern for SDCC composite

The XRD diffraction patterns of YSZ-SDCC composite powders (YSC55, YSC64 and YSC73) are
shown in Figure 4(a). No secondary phase was present, indicating good chemical compatibility
between commercial YSZ and SDCC powders. The diffractograms was in correct alignment when the
prepared YSZ-SDCC composite powders showed the same crystallite peak as YSZ and SDC raw
material. Again, this demonstrates that only SDC has a well-defined fluorite crystal structure, whereas
carbonates have an amorphous structure as aforementioned. YSZ has the JCPDS pattern number 00-
030-1468 with a face centred cubic (FCC) lattice structure and the Fm3m space group. The generated
YSZ-SDCC composite cathodes powders from three ratios demonstrated the appropriate intensity for
each YSZ content and SDCC content, as shown in enlarged XRD pattern in Figures 4(b). The intensity
of YSZ peaks grows as the composition ratio increases, whereas SDCC intensity decreases as the
composition ratio decreases. This outcome can be viewed as proof that the rising ratio and rising YSZ
electrolyte solid content are related.
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Fig. 4. (a) XRD pattern for YSZ-SDCC composite powders, (b) Enlargement XRD pattern
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Afterwards, the YSZ-SDCC composite powders were combined with the LSCF powder to create
LSCF/YSZ-SDCC dual composite powders. Figure 5(a) shows the XRD pattern of LSCF/YSZ-SDCC dual
composite powder alongside with LSCF, YSZ, and SDCC powders. Secondary peaks were found in all
three compositions of LSCF/YSZ-SDCC dual composite powders. Strontium carbonate (SrCOs3) with
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JCPDS pattern number 00-005-0418 was observed. SrCOs exists as a secondary phase and has an
orthorhombic lattice structure with the Pmcn (62) space group. The formation of a strontium
carbonate peak might cause by the presence of strontium (Sr) element in La0.6570.4C00.2Fe0.803-
6 (LSCF) and carbonate, COs3 in (Li/Na),COs3 [15,16]. The existence of SrCOs after mixing with
commercial LSCF powder might be attributed to the uncontrollable power created during the HEBM
process, which triggered the formation of SrCO3 [17]. There is a possibility that the presence of SrCO3
as a secondary phase may degrade the performance of electrochemical cells. In order to determine
the purity of the LSCF/YSZ-SDCC powder, the percentage of LSCF perovskite phase was determined
using Eq. (1) provided by Swarts and Shrout [18]. For LYSC55, LYSC64, and LYSC73, the calculated
perovskite phase percentages were 80.06%, 85.32%, and 81.19%, respectively. For lab-scale powder
production, synthesized powders should have purity better than 90%. Obtaining absolute purity
(100%) in lab-scale powder manufacturing is difficult [19].

Perovskite phase = —2— x100% (1)
I+

where,
Ip = Maximum intensity of the perovskite phase
Im= Maximum intensity of the impurity phase
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Fig. 5. (a) XRD pattern for LSCF/YSZ-SDCC composite powders, (b) Enlargement XRD
pattern for LSCF/YSZ-SDCC dual composite powder

A FTIR analysis is employed to further clarify the existence of the carbonate layer on composite
powders. Figure 6(a) shows the FTIR spectra of Li,Cos; and Na,Cos, SDC and SDCC powders. The
binary carbonates exhibit transmission signals at 1410 cm™ and 1419 cm™ (stretching vibration) as
well as 860 cm™ and 868 cm™ (bending vibration) where these peaks are associated with the
absorption of carbonate ions (CO3?) [20]. An intense and broad peak was also found in the SDCC
composite powder region at 1430 cm™ and 1506 cm™, as well as a sharp peak at 860 cm™?, which
corresponded to the vibration of the carbonate’s ion. Figure 6(b) depicts FTIR spectra for commercial
YSZ and SDC powders, manufactured SDCC, and three compositions of YSZ-SDCC composite powders.
As expected, Due to the lack of any related constituents, the stretching and bending vibrations of the
carbonate ions did not initiate any transmission signal during the FTIR investigation of commercial
YSZ. The functional groups of the carbonate ions are 1490 cm™ - 1410 cm™ (stretching) and 880 cm™
- 860 cm™(bending) [20]. For YSC55, YSC64, and YSC73, the broad peak at stretching and acute peak
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at the bending vibration were found at wavenumbers between 1430 and 1520 cm™ and 866 cm?,
respectively. Compared to the bending region, the absorption peak at the wavenumber range of
1430-1520 cmtis wide and intense. As stated by Coates et al., the first absorption during the infrared
investigation is often intense and broad. The second absorption, on the other hand, is mild to medium
in strength and generates a narrow peak.
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Fig. 6. (a) FTIR spectra of Li,Co; and Na,Cos, SDC and SDCC powders, (b) FTIR spectra
for commercial YSZ powder, SDCC composite powder, and YSZ-SDCC composite powders

Figure 7 depicts the FTIR screening of LYSC55, LYSC64, and LYSC73 revealed the CO3*bonding
transmission signal at 1450, 1451, and 1456 cm™, respectively. Furthermore, a second transmission
signal at 860 cm™ was recorded for each composition. The identified transmission signal is
comparable to those found by Ng et al., and Mohammad et al., where the stretching mode start to
happened between 1500 cm™ and 1410 cm™ and the bending region occurred between 880 cm™ and
860 cm™. In specifics, stretching vibration comparison shows that LYSC55 has a sharper peak,
followed by LYSC64. The lowest stretching peak can also be seen on the dual composite cathode for
LYSC73. This effect happened as a result of decreased absorption in the carbonate transmittance
band due to the low composition of the SDCC composite used. As a result of the FTIR investigation,
SDCC has strong compatibility with LSCF, YSZ, and SDC materials, as evidenced by the capacity to
sustain the presence of carbonate in this YSZ-SDCC composite powders and LSCF/YSZ-SDCC dual
composite cathode powders.
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The microstructure of YSZ-SDCC composite cathode powders based on YSZ and SDCC in varying
ratios is shown in Figures 8(a-c). Particles of the YSZ-SDCC were seen stacking with one another and
the microstructure of the particles exhibits extremely fine structure. The particle size of commercial
YSZ and SDC powder before milling and calcining was 379 nm and 130 nm, respectively. Following
milling and calcination, all YSZ-SDCC composite cathode powders exhibit consistent particle sizes less
than 300 nm. YSC55, YSC64 and YSC73 particles size are 244.97 + 40.66 nm, 213.47 + 41.63 nm, and
173.27 + 25.83 nm. The microstructure of the LSCF/YSZ-SDCC dual composite cathode will not be
covered in this study because the findings have previously been reported in a previous publication.

Fig. 8. FESEM micrographs for (a) YSC55, (b) YSC64 and (c) YSC73

3.2 LSCF/YSZ-SDCC Cathode Thin Film Morphology

Figure 9(a-c), show micrographs of the LSCF/YSZ-SDCC cathode thin film screen printed at 10
repetitions, which clearly show non-uniform thickness layer for each composition. The thickness for
cathode thin film of LYSC73 is 45.6 + 1.131 um, whereas the thickness of LYSC55 is 23.8 + 0.849 um,
and the thickness of LYSC64 is 32.5 + 1.626 um. The average one-time printing results for the LYSC55,
LYSC64, and LYSC73 are 2.38 + 0.085 um, 3.25 + 0.163um and 4.56 + 0.113um. Simply said, since
the mesh size of the screen print is set, the amount of solid content has an impact on the increment
and decrement of the screen-printed thickness. Terpineol formulation is reliant on the quantity of
LSCF/YSZ-SDCC ratio applied, thus the calculated amount used in this investigation varied
considerably for each composition. The amount of solid content was found to be proportional to the
thickness of the cathode layers. Moreover, the measured thicknesses of the dual composite cathode
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thin films fell within the 10 um to 100 um range, matching a similar finding for printed thin film that
was investigated from the previous research [21,22].

100um
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72 '("f-{' \’I“ﬁ ‘ tt?i

Fig. 9. Micrograph of screen-printed cathode thin film
3.3 Electrochemical Performances of LYSZ/YSZ-SDCC

The impedance spectra for the LYSC55, LYSC64 and LYSC73 have been fitted with two equivalent
circuit resistances Rohm (R1-CPE1) (R2-CPE2). Resistance and constant phase element were
abbreviated as R and CPE. Rohm uses the term to refer to the electrolyte, while R1-CPE1 and R2-CPE2
are the ionic charge transfer and oxygen adsorption/dissociation effects at the cathode-electrolyte
interface, respectively [23]. Figure 10 shows the equivalent circuit model that was used to examine
the impedance spectrum that was acquired from this investigation.

RO R1 R2

AN NN M\

CPE1 CPE2
Fig. 10. The equivalent circuit

The Nyquist plot for the LSCF/YSZ-SDCC dual composite cathode is shown in Figure 11(a-c). The
sample with the lowest resistance is LYSC55, followed by LYSC64 and LYSC73. This shows that a
compound with a higher carbonate composition performs better electrochemical reaction. One
semicircle can be observed on the Nyquist plot for the composition parameters studied for LYSC55,
LYSC64, and LYSC73. The semicircles on the Nyquist plot represent the interaction between the
resistance of the electrolyte within the pores of the cathode components and the resistance of the
contact interface between the electrodes and the current collector [24]. The Nyquist plot of LYSC55,
LYSC64 and LYSC73 shows that when the operating temperature is lowered, the impedance
semicircle curves keep rising, leading to arise in polarization resistance.
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According to the total resistances listed in Table 2, the total resistances were excessively high,
which resulted in the cell's unsatisfactory performance in this study. In comparison to earlier research
findings, the calculated ionic conductivity from this study was very low. For standard fuel cell
performance at intermediate to low operating temperature, the targeted high ionic conductivity
must normally fall within a range of 0.001 - 0.1 Scm™ [25]. Meanwhile, the best ionic conductivity
achieved from this investigation was from LYSZ 55, with values of 44.232 x 107® Scm™. Furthermore,
the area specific resistance (ASR) Eq. (2) was used to calculate the electrochemical performance of
each dual composite powder. The computed electrochemical performance values for the LYSC55,
LYSC64, and LYSC73 sample are presented in Table 3. For this finding, LYSC55 has the minimum ASR
values (1.13 kQ cm?) at operating temperature 700°C.

Area specific resistance (ASR) formula:

ASR= (Rp xS) /2

where,

Rp: Polarization resistance (Q)
S: Effective area (cm?)

(2)
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Table 2

Electrochemical performances for LYSC55, LYSC64

and LYSC73

Temperatures Samples Conductivity, (o) ASR

(°C) [x1078S cm™] (kQ cm?)
LYSC55 44.232 1.13

700 LYSC64 18.277 2.74
LYSC73 10.391 4.81
LYSC55 21.302 2.35

600 LYSC64  10.554 4.98
LYSC73 9.762 5.12

4. Conclusion

The findings of the phase identification carbonate analysis, morphology, microstructural, and
electrochemical performances of prepared powders and cathode thin films were meticulously
clarified and validated to finish the final study. In this investigation, LYSC55 were shown to be the
most promising composition. Although the ionic conductivity and polarization resistance are outside
of the acceptable range, the newly developed dual composite cathode still has a possibility to
advance and become highly effective cells at intermediate temperature once all the addressed
problems have been resolved. Further suggestions should include optimizing the production of dual
composite cathode symmetrical cells. Purity and microstructure of the dual composite cathode
should be improved by adjusting the calcination temperature and ensuring that secondary phases
are not found. Alternatively, use SDCC or YSZ/SDCC as electrolyte components for the symmetrical
cell and perform the TEC test to determine which material is suitable with the LSCF/YSZ-SDCC dual
composite cathode. The challenges associated with the development of dual composite cathode
materials for intermediate temperatures are more complex. Additional evaluations of physical,
chemical, mechanical, and electrochemical properties are required for deeper analysis in the future.
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