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ABSTRACT

The development and analysis of Yttria-Stabilized Zirconia-Samarium-Doped Ceria Carbonate (YSZ-SDCC) composite electrolytes that
are intended for use in Solid Oxide Fuel Cells (ITSOFC) at intermediate temperatures is the primary focus of this study, which
represents a significant advancement in the technology of SOFC. When it comes to assessing the efficiency of fuel cells, which is a
strategy that shows promise for the conversion of energy, the electrolyte material is one of the most significant components that
must be considered. In this study, several different compositions of YSZ-SDCC composite electrolytes were investigated in detail.
Electrochemical impedance spectroscopy, often known as EIS, was applied in order to carry out a thorough investigation into the
conductivity and area-specific resistance (ASR) of these composite electrolytes. This investigation covered a temperature range from
500 °C to 700 °C. Several other techniques, including XRD, FTIR, FESEM, and EDS, were applied to explore the chemical compatibility
of these YSZ-SDCC composite electrolytes and to analyse the microstructure characteristics of these electrolytes. Additionally, the
percentage of the pellet's porosity was also calculated. YSZ-SDCC composite electrolyte with a composition ratio of 50:50 wt.%
exhibits the lowest total polarization resistance (Rp) of 13.24 Q at 700°C with 9.0 x 103 Scm~! ionic conductivity. These findings
indicate that a YSZ-SDCC composite electrolyte with a 50:50 wt.% has a promising potential for future research due to the high
conductivity resulting from the presence of strong electrolytes that produce many ions.
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1. Introduction

Afuel cell system generates electricity and water with enhanced efficiency while producing nearly
zero emissions [1]. One of the fuel cells is solid oxide fuel cells (SOFC), which have garnered increased
attention and attractiveness as a potentially useful power technology for the next generation.
Compared to other types of fuel cells, SOFC technology has been deemed to be the most reliable and
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efficient. SOFC has several benefits, including its high energy efficiency, its adaptability to fuel, and
its capacity to employ non-precious metals with electrode components [2]. SOFC is an
electrochemical device that uses ion-conducting ceramic membranes to transform gaseous fuel into
electrical energy. Common gases, such as hydrogen, natural gas, and biogas, were the primary fuel
for SOFC [3]. When discussing the working principle of SOFC, water (H.0) is generated as a result of
the reaction with hydrogen. As a consequence of this, the products that are generated are heat,
water, and electricity [4]. SOFC places a strong emphasis on its solid build where a single SOFC cell
consists of two porous electrodes, referred to as cathode and anode, with a dense electrolyte
layer dividing them. The anode of a SOFC is the negative terminal where oxygen ions from the
electrolyte combine with fuel, producing electrons that flow into the external circuit [4]. The cathode
component of the SOFC acts as the positive terminal, where oxygen molecules from the air are
converted into oxygen ions by gaining electrons from the external circuit [4]. Additionally, the
electrolyte layer serves as the central component of the SOFC, which is responsible for conducting
electricity through the free movement of oxygen ions [5,6].

SOFCs function at high temperatures, usually ranging from 800°C to 1,000 °C to enable effective
fuel-to-electricity conversion [7]. The high working temperature allows for the utilization of different
fuels and the recovery of excess heat for increased power production [8]. As a consequence of this,
the cost of manufacturing and operating the SOFC is excessively high, despite the fact that the cell's
overall lifespan is limited [9]. One effective approach to enhancing the sustained durability, stability,
and reducing production costs of SOFC systems is by lowering their operating temperature to below
800°C [10]. On a side note, lowering the operating temperatures could result in degradation of cell
performance. Improving cell performance at low temperatures can be accomplished by developing
new materials or enhancing current materials [11].

The high ionic conductivity of YSZ makes it a popular solid electrolyte material for use in SOFC.
Yttria dopant stabilizes zirconia's cubic and tetragonal structure at high and low temperatures.
However, dopant yttria concentration affects cell conductivity. Fergus et al., [12] discovered that cell
conductivity increases with yttria dopant concentration, although the composition must not exceed
8.0 mol% Y»03.SDC has been widely utilized in numerous research studies because of its outstanding
ionic conductivity, stability, and compatibility [13,14]. Regrettably, doped ceria may experience
mixed ionic and electronic conduction (MIEC) issues, resulting in a decrease in cell performance. It
was discovered that ceria possesses a fluorite type crystal structure, which is not ideal for conducting
oxygen when utilized as MIEC materials [15]. Introducing salts or hydrates like chlorides, fluorites,
carbonate, and sulphates as a secondary phase into doped ceria has the potential to enhance ionic
conductivity [16,17]. These salts have shown proton conduction, which aligns with oxygen ion
conduction.

The investigation of Yttria-stabilized zirconia (YSZ) and samarium-doped ceria (SDC) carbonates
aimed to identify an effective solution for enhancing electrolyte performance. To achieve this,
electrochemical impedance spectroscopy (EIS) was employed to perform a thorough analysis of the
conductivity and area-specific resistance (ASR) of these composite electrolytes within a temperature
range of 500°C to 700°C. Additionally, various advanced characterization techniques were used to
assess the chemical compatibility and microstructural properties of the YSZ-SDC composite
electrolytes. X-ray diffraction (XRD) was utilized to examine the crystalline structure, Fourier-
transform infrared spectroscopy (FTIR) provided insights into functional groups and bonding, field
emission scanning electron microscopy (FESEM) was employed to observe surface morphology and
detailed microstructural features, and energy-dispersive X-ray spectroscopy (EDS) was used to
determine elemental composition. In addition, the porosity percentage of the pellets was
determined to provide a thorough grasp of the material's characteristics.

15



Journal of Advanced Research in Experimental Fluid Mechanics and Heat Transfer
Volume 18, Issue 1 (2024) 14-25

2. Methodology
2.1 Preparation of YSZ-SDCC Composite Electrolyte Powder and Characterization of the Powder

A composite powder of SDCC was prepared using wet ball milling method with 80 wt.% of SDC
(KCeracell Co. Ltd. Korea) raw powder and 20 wt.% of binary carbonates (Li»COs; and NaCOs). The
molar ratios of Li,COs; and Na>COs (Sigma Aldrich, USA) were 67:33 [18]. The SDCC slurry was dried at
90°C for 12 hours and the dried SDCC was crushed in an agate mortar to form a fine powder. The
powder was heated to 680°C and maintained at that temperature for an hour, with a heating and
cooling rate of 5°C/min. Following that, commercial powder YSZ (KCeracell Co. Ltd. Korea) was mixed
with prepared SDCC composite powder at three different compositions by using high speed ball
milling method. The milled YSZ-SDCC wet mixes were dried and calcined. Table 1 shows the
compositions of the prepared YSZ-SDCC composite electrolytes powders. Prior research on the NiO-
SDCC composite and SSC-SDCC composite influenced the selection of the composition ratio for YSz-
SDCC [19,20].

YSZ-SDCC composite electrolytes powder were analysed for phase identification using X-ray
diffraction (XRD) machine (Brucker D8 Advance, Germany). The analysis was conducted with Cu Ka
emission radiation at a wavelength of 0.15418 nm (A=0.15418) and a scanning range of 26 from 20°
to 80°. The crystalline phase of all the powders was analysed to verify a pure crystalline structure
without any contamination or presence of a second phase. Fourier transform infrared spectroscopy
(FTIR) (Perkin Elmer Spectrum 100, USA) was implemented to identify the potential presence of
carbonates that may remain following the extensive milling procedure. Next, the microstructure and
element composition distribution were analysed using field-emission scanning electron microscopy
(FESEM) with electron-dispersive spectroscopy (EDS; JSM 6380-Jeol, Japan).

Table 1

Weight ratio composition (wt.%) of YSZ-SDCC composite electrolytes powders
Electrolytes composite powders Weight ratio composition (wt.%) Designated samples
YSZ-SDCC 50:50 YSC55

YSZ-SDCC 60:40 YSC64

YSZ-SDCC 70:30 YSC73

2.2 Electrochemical Performances of YSZ-SDCC Symmetrical Cell

The uniaxial pressing method was used to press the pellet samples for the YSZ-SDCC composite
electrolyte powder. This approach is compatible with prepared powders and is easy to manage. A
0.5g powder is compressed using uniaxial pressing with 1 ton of pressure applied. The pellets were
sintered at 680°C for one hour with a controlled heating and cooling rate of 5°C/min. The YSZ-SDCC
pellets were coated on both sides with silver conductive paste after sintering procedure. The 8 pellets
with a silver paste coating were dried in an oven at 135°C to ensure the adherence and stability of
the conductive layers. A 1 mm thick and 13 mm diameter YSZ-SDCC symmetrical cell was fabricated
and subsequently evaluated for its electrochemical performance. Electrochemical Impedance
Spectroscopy (EIS) was utilized to assess the conductivity and area specific resistance (ASR) for all the
fabricated YSZ-SDCC samples at 500°C, 600°C and 700°C.

The electrochemical performance of YSC55, YSC64, and YSC73 was evaluated within the
temperature range of 700°C to 50°C. Impedance research was conducted in the frequency range of
0.01 Hz to 1 MHz using a 0.01 mV AC signal amplitude. To ensure the materials were stable at their
specified temperatures, the experimental conditions required a 30-minute holding period before
evaluating each composition at each working temperature. The impedance spectra of YSC55, YSC64,
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and YSC73 were analysed using two equivalent circuit models consisting of resistances R1 and R2,
and constant phase elements CPE1 and CPE2. Figure 1 shows the equivalent circuit model used to
analyse the impedance spectrum for YSC55, YSC64 and YSC73.

RO R1 R2

A'AA"

B % 2

CPE1 CPE2
Fig. 1. Equivalent circuit for YSC55, YSC64 and YSC73

2.3 Porosity Testing

The process begins by preparing dry, well-sintered samples that meet specified standards. The
study includes 12 YSZSDCC samples with composition ratios of 50:50, 60:40, and 70:30. Each sample
is labelled with its composition and material type for easy grouping. The weights of all samples (Wp)
are initially measured using a weighing machine. Subsequently, the samples are immersed in ethanol
for an extended period of time to ensure complete saturation. Following the overnight soaking
period, measure the weight of each sample while it is submerged to determine the soaking weight
(Ws). Next, employ tissue to delicately absorb or eliminate surplus fluid from the sample prior to
measuring the weight of the specimen when wet (Ww). The record weight was determined using the
Eqg. 1 for calculating the percentage apparent porosity.

Percentage apparent porosity = % x 100 X p (1)

w-=Wg

where Wp is the dry sample weight, W, is the wet sample weight, Ws is the soak sample weight and
p is the density of fluid (Ethanol = 0.785 g/cm?3).

3. Results
3.1 Phase Compatibility of YSZ-SDCC Composite Electrolyte Powders

XRD testing was conducted to identify the phase compatibility between YSZ commercial powder,
and SDCC composite powders. Figure 2 shows that each composite electrolyte's XRD spectrum
indicated the absence of secondary peaks or impurities following the milling process. The wet ball
milling method and chosen calcination temperature are appropriate and do not interrupt the
crystallite structure of YSZ-SDCC composites. The X-ray pattern of YSZ-SDCC composite cathode
powders displays identical crystallite peaks to those of YSZ and SDC. SDC JCPDS pattern number is
01-075-0157. Once more, this demonstrates that only SDC exhibits a distinct fluorite crystal structure,
while carbonates take on an amorphous structure. The study conducted by Mohamad et al., [20] also
identified the similar tendency. YSZ has s a JCPDS pattern number of 00-030-1468, featuring a face-
centered cubic (FCC) lattice structure and belonging to the Fm3m space group. In an atomic
arrangement structure, the FCC configuration includes an atom positioned at each of the eight
corners and at the centre of each of the six faces, resulting in a closely packed structure. FCC material
is often denser with a compact microstructure and exhibits stability at high temperatures because of
its atomic packing arrangement [21].
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Fig. 2. XRD analysis for YSZ-SDCC composite electrolyte,
commercial YSZ and SDC powder

3.2 FTIR Analysis of YSZ-SDCC Composite Electrolyte Powders

Due to the amorphous condition, XRD analysis did not detect the presence of carbonates.
Therefore, FTIR spectroscopy was utilized to confirm the existence of carbonate bonding in the
prepared YSZ-SDCC composite electrolyte. In Figure 3,the infrared spectra of commercial
(Li/Na),C0s3, commercial SDC, and SDCC composite powder are displayed. Carbonate ions were
identified in commercial (Li/Na),COsat 1410 cm™ and 1419 cm™*. Minor peaks of carbonate ions were
also identified at 860 cm™ and 868 cm™. SDCC composite powder had peaks at 1430 cm™ and 1506
cml, indicating the presence of CO3% bonds. Furthermore, small peaks of CO3* bonds were identified
at 860 cm™. Carbonate bonds were detected between 1500 cm™ and 1410 cm™ by Hoa et al., [22]
and Bakar et al., [23]. The investigation of carbonate bonding was conducted using the infrared band
database provided by the National Institute of Standards and Technology (NIST).

The presence of the CO3% phase on YSZ-SDCC is essential in order to maintain carbonate elements
in the composite powder after undergoing milling with YSZ electrolyte. Figure 4 displays the FTIR
spectra of SDCC, YSZ-SDC and prepared YSZ-SDCC composite powders in the three distinct
compositions. As expected, the carbonates bond was not detected in the YSZ-SDC composite powder
sample. The YSZ-SDCC composite powders exhibited peaks corresponding to carbonate bonds in the
spectral region of 1430-1520 cm™ and 866 cm™. The functional groups of carbonate ions are found
at wavenumbers of 1490 cm™ to 1410 cm™ and 880 cm™ to 860 cm™ [24]. The peak in the 1430-1520
cm! range exhibited stretching and expanding modes in comparison to the second region. The first
absorption in infrared analysis is commonly strong and wide. Conversely, the second absorption is of
low to moderate strength and results in a narrow peak [24].
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Fig. 3. The infrared spectra of commercial SDC, Fig. 4. FTIR spectra of YSZ-SDCC composite
commercial (Li/Na),CO3; and SDCC composite cathode at three different compositions
powders

3.3 Particle Morphology Analysis and Element Distribution Of YSZ-SDCC Composite Electrolytes
Powders

The powder morphology and elemental distribution of YSZ-SDCC composite electrolytes powders
with three compositions were investigated. The morphology of YSZ-SDCC composite electrolytes
powders with different ratios of YSZ and SDC is portrayed in Figures 5(a) to 5(c). The morphology of
the particles displays a highly detailed structure. Observing some mild clumping among the particles.
Prior to milling and calcining, the particle sizes of the commercial YSZ and SDC powders were 379 nm
and 130 nm, respectively. Following the milling and calcination procedure, YSZ-SDCC composite
cathode powders exhibit consistent particle sizes that are less than 300 nm. The Image J software
was utilized to calculate the average particle size of all the produced powders obtained via FESEM
micrograph examination.

(b)
Fig. 5. FESEM micrograph of composite electrolyte powders (a) YSC55 (b) YSC64 (c) YSC73

Table 2 shows the average particle size for YSZ-SDCC composite electrolytes powders. The results
show that YSC73 has the smallest particles sizes, followed by YSC55 and YSC64. The composite
powders' particle size of 100-200 nm was advantageous since it reduced the particle size and
improved the surface area. This scenario will expand the triple phase boundary (TPB) area for the
oxygen reduction reaction in cathode components, leading to improved cell performance [25,26].
The investigation of particle size for the YSZ-SDCC composite cathode indicates that variations in
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composition of the manufactured composite powders do not have a major impact on their particle
size. Figure 6 shows the EDS spectra of YSZ-SDCC composite electrolytes powders after milling at 550
rpm for 2 hours.

Table 2

Average particles sizes for YSZ-SDCC composites electrolytes powders
Samples Average particle size (nm)

YSC55 24497 + 40.66

YSC64 213.47 £41.63

YSC73 173.27 + 25.83

Ut

Electron Image 1 NaKai_2 ZrLat

Celat SmLat YLat

(a)

Electron Image 1 Haka1_2 2rLat

SmLat YLat Haka1_2

arkal Celal

SmLat Yiat NaKa1_2

(c)
Fig. 6. EDS spectra (a) YSC55 (b) YSC64 (c) YSC73
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According to Figure 6, all elements in the mixed YSZ-SDCC powders such as yttrium (Y), zirconia
(Zr), samarium (Sm), cerium (Ce), and sodium (Na) were homogenously and well distributed. The
HEBM method contributed to the production of a uniform and evenly distributed YSZ-SDCC
composite electrolyte powder. However, the absence of lithium (Li) detection can be attributed to
its low scanning X-ray energy band and low atomic mass [26]. Another important thing to keep in
mind is that following the milling process, homogeneity and evenly distributed elements are crucial
for extending the triple phase boundary (TPB), which helps to complete catalytic activity and improve
electrochemical performances [27].

3.4 Electrochemical Performances of YSZ-SDCC Symmetrical Cell

Nyquist plot was constructed, and impedance values (Z value) were determined from the plotted
graph. Figures 7(a) to 7(c) shows the Nyquist plots for the symmetrical cell of YSZ-SDCC at three
different operating temperatures. The ionic conductivity was determined using the Rp data extracted
from the impedance graph. Rp is the total of R1 and R2. Table 3 displays the calculated ionic
conductivity and Rp values for YSC55, YSC64 and YSC73. Total conductivity was calculated using the
equation from Eq. 2.

1

o=5={E)*6 2

where p is the resistivity (Q.m), R is the total resistance of Rp values (Q), [ and S is the thickness of
the sample (cm) and the effective area of the sample (cm?).

Figure 7 displays Nyquist plots illustrating a decrease in impedance curves' resistance as the
operating temperature rises from 500°C to 700°C. At 700 °C, YSC55 gives the lowest resistance
followed by YSC64 and YSC73. This demonstrates that a higher carbonate ratio helps to improve the
electrochemical performance of the symmetrical cell. As seen in Table 3, the measured ionic
conductivity was significantly low. The desired high ionic conductivity for the ideal fuel cell operation
at low temperatures typically falls within the range of 0.001-0.1 Scm™ [28]. The highest ionic
conductivity achieved in this investigation was with YSC55, followed by YSC64 and YSC73, with
conductivity values of 0.009 Scm™, 0.005 Scm™ and 0.0004 Scm™ respectively. The variations in
conductivity in YSZ-SDCC were due to changes in carbonate concentration among the samples. YSC55
exhibits the best conductivity at 700 degrees due to its higher SDCC concentration compared to
YSC64 and YSC73. Jing et al., [29] demonstrated that the ionic conductivity increases when the
concentration of carbonate salt is increased in the combination with SDC. Rahman et al., [30] also
discovered that a composite cathode containing 50% SDCC concentration (the highest carbonate
percentage) had superior cell performance compared to other ratios. Additionally, the
electrochemical performance of YSC55, YSC64 and YSC73 was calculated using area specific
resistance (ASR) formula in Eq. 3. The ASR values for YSC55 at  700°C are the smallest (8.79 Q cm?)
compared to YSC64 (14.65 Q cm?) and YSC73 (186.22 Q cm?).

ASR = (R, X S5)/2 (3)

where Ry, is polarisation resistance (Q) and S the effective area of the sample (cm?).
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Fig. 7. Nyquist plot for YSC55, YSC64 and YSC73 (a) 700 °C (b) 600 °C (c) 500°C

Table 3
Electrochemical performances of YSC55, YSC64 and YSC73 at 500°C-700°C
Temperature (°C) Samples Total resistance (Rp) [Q]  Conductivity, (0) [x 1073S cm™]  ASR [Q cm?]

700 YSC55 13.24 9.0 8.79
YSC64 22.07 5.0 14.65
YSC73 280.6 0.4 186.22

600 YSC55 38.00 3.0 25.22
YSC64 59.26 2.0 39.33
YSC73 612.00 0.1 406.16

500 YSC55 404.00 0.3 268.12
YSC64 294.00 0.4 195.12
YSC73 1450.00 0.07 962.31

A further analysis of the porosity of YSC55, YSC64, and YSC73 is also being carried out as part of
this study. Porosity is an essential attribute that can impact the physical, mechanical, and thermal
traits of a material. Pores impact characteristics including density, strength, permeability, and
thermal conductivity. One important consideration is the relationship between the powder's particle
size and the samples' porosity. It is evident that the sample with the highest porosity is the one with
the lowest particle size. YSC73 has the smallest average particle size of 173.27 + 25.83 nm compared
to YSC64 and YSC55. Smaller particle sizes exhibit greater porosity, with YSC73 showing a porosity of
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39%. Small particles are prone to agglomeration, leading to a reduction in the rate of body
compaction and particle development during the pellet sintering process. The calculated porosity for
YSC55, YSC64 and YSC73 was from Eq. 3 and summarized in Table 4.

Table 4

Average porosity for YSC55, YSC64 and YSC73
Samples Apparent porosity (%)

YSC55 34.43 +0.72

YSC64 36.72 +0.72

YSC73 39.62 +0.72

4. Conclusions

In conclusion, the findings from this study mark a notable step forward particularly in the
exploration of composite electrolytes involving YSZ-SDCC. The results of phase identification,
carbonate analysis, morphological microstructural, and electrochemical performances of YSC-SDCC
composite electrolytes and YSZ-SDCC symmetrical cells at 3 distinct compositions were thoroughly
examined and confirmed. YSC55, YSC64 and YSC73 successfully maintained their lattice structure
without the presence of impurity after the milling process. This investigation showed that the
composition ratio of YSZ-SDCC composite had a modest impact on the particle size, elemental
distribution, surface area, porosity, and polarization resistance of composite electrolytes. The
present study shows that a higher ratio of binary carbonate in composite electrolytes enhances the
performance of electrochemical cells. The composite electrolytes are made of 50wt.% YSZ and
50wt.% SDCC was determined to be the most promising composition in this study. Although the ionic
conductivity and polarization resistance of YSC55, YSC64, and YSC73 are currently not within the
desired range, there is still potential to improve with further evaluation of physical, chemical,
mechanical, and electrochemical properties
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