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Accepted: 2 December 2025 the development of solid oxide fuel cells (SOFCs), which offer efficient

Available online: 31 December 2025 and eco-friendly energy conversion. However, conventional SOFCs high

operating temperatures accelerate material degradation, necessitating

the exploration of low-temperature SOFC (LT-SOFC) materials. This

study investigates samarium strontium cobalt-samarium doped ceria

ASR, composite cathode, HEBM, LT-  carbonate (SSC-SDCC) composite cathodes with varying weight ratios

SOFC, SSC-SDCC, TEC (50:50, 60:40, and 70:30, denoted as SSCB55, SSCB64, and SSCB73)
mixed via high-energy ball milling (HEBM). The powders were calcined
at 750°C, pelletised using the uniaxial pressing method, and sintered at
600°C. X-ray diffraction (XRD) analysis confirmed the formation of the
SrCO;z secondary phase, despite this phase formation, the cathode
exhibited enhanced electrochemical performance with reduced ASR
values. The energy dispersive spectroscopy (EDS) mapping
demonstrated uniform elemental distribution across all samples,
ensuring compositional homogeneity. The field emission scanning
electron microscopy (FESEM) revealed microstructural evolution,
including increased agglomeration after calcination process. Porosity
measurement (31-44%) aligned with optimal cathode material
requirements, facilitating efficient gas diffusion and electrochemical
reactions. Thermal expansion coefficient (TEC) analysis indicated that
only SSCB55 exhibited acceptable compatibility with the SDCC
electrolyte, whereas SSCB64 and SSCB73 exceeded the recommended
thresholds, risking mechanical failure during thermal cycling.
Electrochemical impedance spectroscopy (EIS) further revealed that
the SSCB55 cathode achieved low area specific resistance (ASR) by 5.06
Qcm? at 600°C, indicating superior oxygen reduction reaction (ORR)
kinetics and highlighting its potential for LT-SOFC applications. These
findings suggest that optimised SSC-SDCC composites, particularly
SSCB55, are promising candidates for high-performance LT-SOFC
cathodes.
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1. Introduction

Globally, the transition to clean energy technologies has become imperative as nations strive to meet climate
commitments under the Paris Agreement, with particular emphasis on reducing carbon (CO,) emissions from
fossil fuel dependence [1]. In Malaysia, where energy production accounted for approximately 45% of total CO,
emissions in 2022 [2], the need for sustainable alternatives is critical to align with the nation’s pledge to achieve
carbon neutrality by 2050. To address this challenge, Malaysia is exploring various renewable energy sources [3],
including:

e Solar energy: Leveraging its tropical climate for photovoltaic systems.

e Hydropower: Expanding capacity through both large-scale and micro hydro projects.

e Biomass: Utilising agricultural waste for bioenergy production.

¢ Wind energy: Developing offshore wind potential in strategic locations.

e Hydrogen and fuel cell technologies: Emerging as a key solution for clean power generation.

Among these alternatives, fuel cell technology, particularly solid oxide fuel cells (SOFC), has gained significant
attention due to its high efficiency (up to 60-85% in cogeneration systems) and low emissions profile [4]. Unlike
intermittent renewable sources, like solar and wind power, which are dependent on weather conditions, SOFCs
provide stable baseload power while emitting only water vapour as a byproduct when using hydrogen fuel [5].
This technology is particularly promising for Malaysia’s energy transition, as it can be integrated with existing
infrastructure and scaled for both urban and industrial applications. However, the widespread adoption of
conventional SOFC technology has been hindered by its requirement for extremely high operating temperatures
(800-1000°C), which leads to rapid material degradation and increased processing costs [6]. This challenge is
particularly acute in Malaysia’s tropical climate, where temperature and humidity fluctuations further stress
energy systems.

Recognising these limitations, the global scientific community has turned its attention to developing low-
temperature SOFCs (LT-SOFCs) capable of operating below 700°C while maintaining performance efficiency [7].
This shift has created new opportunities for Malaysia to leapfrog into next-generation energy technology by
focusing on innovative cathode materials that combine thermal stability with excellent electrochemical
performance at reduced temperatures. The development of advanced composites represents a crucial step in this
direction, offering a pathway to make SOFC technology both environmentally sustainable and economically viable
for Malaysia’s unique energy landscape [8].

Perovskite-structured materials have emerged as highly promising cathode candidates for SOFCs, with
SmosSrosCo0s-s (SSC) demonstrating exceptional electrochemical performance due to its high mixed ionic-
electronic conductivity (MIEC) and superior oxygen reduction reaction (ORR) activity at intermediate
temperatures [9]. The SSC perovskite’s remarkable catalytic properties stem from its optimal oxygen vacancy
concentration and stable cobaltite framework, facilitating rapid oxygen ion transport while maintaining structural
integrity during operation [10]. Similarly, samarium-doped ceria carbonate (SDCC) composite has gained
attention for its enhanced ionic conductivity and improved thermal compatibility with common electrolytes,
achieved through the synergistic effect of samarium doping and carbonate phase incorporation [11]. The SDCC
material system offers unique advantages, including extended triple-phase boundaries (TPB) and reduced
interfacial resistance, making it particularly suitable for LT-SOFC applications [12].

Moreover, when combined in composite cathodes, these materials create a functionally graded system where
SSC provides excellent electronic conductivity and electrocatalytic activity [13]. At the same time, SDCC ensures
superior ionic transport and thermal expansion matching, addressing the critical challenges of conventional
single-phase cathodes [14]. Although SSC and SDCC have been both demonstrated promising properties
individually, the synergistic effects of SSC-SDCC composites on structural and thermal properties for LT-SOFCs
below 600°C remain largely unexplored.

This study systematically investigates the optimisation of SSC-SDCC composite cathodes for LT-SOFCs
through a comprehensive evaluation of compositional ratios. The research employs a multifaceted
characterisation approach to elucidate the relationship between processing parameters and material properties,
focusing on the critical role of stable chemical structure in maintaining phase purity and preventing detrimental
secondary phase formation, while controlled particle size ensures optimal microstructural homogeneity and
active surface area for ORR. Meanwhile, the tailored porosity influences gas diffusion kinetics and TPB density
(where ionic/electronic conductors and gas phase intersect), directly impacting electrochemical performance
[15].

Furthermore, the thermal stability of the composites is assessed to identify suitable processing conditions. A
key focus lies in achieving thermal compatibility between the cathode and electrolyte layers, as mismatched
thermal expansion coefficients (TEC) can lead to mechanical failure during cell operation. The TEC mismatch
problem becomes particularly pronounced in SOFC systems due to the repeated thermal cycling between room
temperature and operating temperature. When the cathode (typically with higher TEC values in the range of 12-
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20x107° K 1) and electrolyte (commonly 10-12 x 10~® K™* for SDCC) expand at different rates, the resulting stress
accumulation can create microcracks that degrade the ionic pathway, increase interfacial resistance at critical
boundaries, and ultimately shorten the operational lifespan of the cell [16]. This thermal stress degradation can
be mitigated through, compositional tuning of the cathode to better match SDCC’s TEC or microstructural
engineering to create stress relieving pore networks while maintaining ionic percolation pathways.

The findings from this investigation are expected to provide fundamental insights into the design principles
of advanced composite cathode materials, ultimately contributing to the realisation of more efficient and durable
LT-SOFC systems operating in the 400-600°C range. By elucidating the synergistic effects through compositional
tuning and calcination temperature, this work provides a scientific framework for optimising ionic-electronic
conductivity, thermal expansion compatibility, and microstructural stability in composite cathode materials. The
acquired dataset will serve as a valuable reference for future material optimisation efforts targeting reduced-
temperature SOFC operation without compromising cell stability and performance.

2. Materials and Methods

The SmosSro5C003-5-Smo.2Ceo501.9 carbonate (SSC-SDCC) composite cathode powders were prepared using three
distinct ratios (50:50, 60:40, and 70:30, designated as SSCB55, SSCB64, and SSCB73). Prior to mixing, the SDCC
electrolyte composition was determined to consist of 80 wt.% samarium-doped ceria (SDC) (Kceracell, Korea) and
20 wt.% binary carbonates (Li,CO3: Na,CO3) (Sigma Aldrich, USA), which was thoroughly mixed via wet ball
milling for 24 hours at 150 rpm, followed by calcination at 680°C for 1 hour. The SSC commercial powder
(Kceracell, Korea) and SDCC composite were then mixed using high-energy ball milling (HEBM) (550 rpm within
2 hours) to ensure homogeneous mixing and nanoscale refinement in the making of SSC-SDCC composite cathode
powder. The resulting powders underwent calcination at 750°C to optimise crystallinity and phase stability.
Moreover, for material characterisation, composite cathode pellets and symmetrical cells were fabricated via
uniaxial pressing to evaluate porosity and electrochemical properties. Symmetrical cells were prepared in an
electrolyte-supported configuration with a cathode-electrolyte-cathode design. Both the pellets and symmetrical
cells were sintered at 600°C for 1 hour to ensure structural integrity and optimal performance.

Subsequently, the characterisation of SSC-SDCC composite cathode powder was then examined for their
phase identification conducted via X-ray diffraction (XRD, D8 Advanced Bruker, Germany) to assess crystallinity
and phase purity. The physical properties, including elemental distribution, powder morphology, porosity density
and was characterised using advanced analytical techniques. Field emission scanning electron microscopy
(FESEM, JEOL JSM-7600F, Japan), coupled with energy dispersive spectroscopy (EDS), was employed to examine
the elemental composition and microstructure. Porosity and density measurements were performed using a
precision density kit (Density Kit XP, Mettler Toledo, USA), the reported values are the average of five independent
measurement, with an estimated error of £2%.

Additionally, the thermal expansion coefficient (TEC) was measured via a dilatometer (L75H, Linseis,
Germany) to assess thermal compatibility between the composite components. Each TEC value reported
represents the mean of three consecutive heating/cooling cycles, and the standard deviation was within +1.0 x
10-¢K-1. Electrochemical performance was evaluated (400-600°C) through electrochemical impedance
spectroscopy (EIS) using an Autolab PGSTAT302N potentiostat coupled with an impedance analyser (Autolab 302,
Eco Chemie, Netherlands) to determine the ionic and electronic conductivity of the composite cathode. The area-
specific resistance (ASR) values were obtained from the EIS data, and the measurements were repeated three
times at each operating temperature to ensure the consistency of the measurements. Fig. 1 below illustrates the
flow chart of the experiments.
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Fig. 1 A schematic flow chart illustrating the experimental procedure

3. Results and Discussion

This section presents the experimental findings and their implications for the SSC-SDCC composite cathodes in
LT-SOFC applications. Through systematic characterization (XRD, EDS, FESEM, porosity density, TEC and EIS), the
relationship between composition, microstructure, and performance can be elucidated. Key focus area includes
the role of SrCOs secondary phases in conductivity enhancement, thermal expansion compatibility between
cathode and electrolyte and the electrochemical optimization of composite cathodes. These results provide
actionable insights for material design and operational stability in LT-SOFCs systems.

3.1 Phase Structure Identification

The XRD diffractograms of pure SSC, pure SDC carbonate (SDCC), and the as-prepared SSCB55, SSCB64, and
SSCB73 composite cathodes are presented in Fig. 2. The XRD spectra of SSC and SDCC powders exhibited
characteristic peaks corresponding to their respective reference phases: SSC displayed an orthorhombic
perovskite structure (JCPDS No. 53-0112), while SDCC showed a face-centred cubic fluorite structure (JCPDS No.
75-0158). The XRD patterns did not reveal the presence of carbonate phases, as the carbonate layer uniformly
coated the SDC particle and remained in an amorphous state, leaving the fluorite structure of SDC unaltered [17].
Notably, even after the HEBM process, the amorphous nature of the carbonate species was preserved without
disruptions. Furthermore, as the SDCC content increased across the composite series, a systematic reduction in
SSC peak intensity was observed alongside a corresponding enhancement in SDCC peak intensity, confirming the
progressive phase dominance of SDCC in the composite structure. These results demonstrate that the HEBM
method, with proper selection of milling parameters, successfully produced well-structured SSC-SDCC composite
powders while maintaining the integrity of both crystalline and amorphous phases. This is effective for
compositional modulation achieved through the controlled variation of SSC-SDCC ratios while maintaining
structural integrity.

Notably, the composite cathodes retained the distinct phases of both SSC and SDCC, with no observable
secondary phases, confirming the successful formation of the intended perovskite-fluorite composite system
without chemical interaction between the constituent materials. The presence of well-defined peaks in all samples
indicates high crystallinity and phase purity, essential for optimal electrochemical performance [18]. Considering
these findings, the HEBM method even at a high milling speed of 550 rpm are proved effectively produce well
dispersed SSC-SDCC composite cathode powders with homogeneous phase distribution and improved interfacial
contact.
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Fig. 2 X-ray diffraction spectra (Cu Ko radiation, 26 = 10-80 °with a step size of 0.02 °) for commercial SSC, SDCC
powder, and the as-prepared SSCB55, SSCB64 and SSCB73 composite cathode powders

Fig. 3 presents the XRD diffractograms of calcined SSC-SDCC composite cathode at 750°C, alongside reference
patterns of commercial SSC and SDCC composite electrolyte. Notably, the calcined composite (SSCB55, SSCB64,
and SSCB73) exhibited distinct secondary peaks corresponding to strontium carbonate (SrC0s), which emerged
between 20 = 25-50° across all compositions. Based on the figure, the secondary phase intensities show varied
composition dependently, which SSCB73 showed the weakest SrCOs peaks, followed by SSCB64 and SSCB55
demonstrating the most pronounced formation. This phenomenon likely originated from reactions between
strontium precursors and residual carbon dioxide or sodium carbonate (Li2CO3/Na2C03) during preparation
process [19].

The identification of SrCOs secondary phases is consistent with documented behaviour in perovskite oxide
systems, where its controlled presence is common occurrence in such mixing and syntheses process [20]. While
the primary perovskite structure remains dominant, the presence of SrCOs warrants consideration of its potential
role. It could potentially form a passive, insulating phase that might block active sites. Conversely, it is also
plausible that it modifies ionic pathways at the grain boundaries, influencing oxygen surface exchange and
transport. Crucially, subsequent EIS and polarization measurements revealed that the SrCOs formation did not
adversely impact cathode performance metrics such as ASR or ORR activity. This suggests that its influence is
either minimal or its effects are counterbalanced within the composite. Further investigation to elucidate potential
synergistic effects on cathode performance, particularly regarding stability and ionic transport.
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Fig. 3 XRD diffractogram (Cu Ka radiation, 26 = 10-80 °with a step size of 0.02 °) of commercial SSC, SDCC, and
SSCB55, SSCB64, SSCB73 composite cathode powders after calcination process
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3.2 Elemental Distribution Analysis

The compositional homogeneity of SSC-SDCC composite cathode powders was further evaluated by using FESEM
coupled with EDS analysis following HEBM processing. Figs. 4 and 5 presents the elemental mapping for both as-
prepared and calcined SSC-SDCC composites. The elemental mapping of as-prepared SSCB55 (Fig. 4(a)) revealed
a uniform distribution of all major constituent elements (Na [4a(b)], Co [4a(c)], Sr [4a(d)], Ce [4a(e)], and Sm
[4a(f)]), confirming effective homogenization through HEBM. Notably, lithium (Li) was not detected in the EDS
spectrum, due to its low atomic mass limitations [21]. Quantitatively, the EDS analysis demonstrated composition
dependent trends. The SSCB55 sample exhibited the highest Na content (Fig. 4(a)), while SSCB73 showed elevated
Sr concentrations (Fig. 4(c)), as detailed in table attached at every EDS graph below. This correlation aligns
perfectly with the designed carbonate and SSC ratios in each composite. The observed elemental uniformity is
critical for optimizing ORR kinetics and electrochemical performance, as homogeneous elemental distribution
enhances active site accessibility and charge transfer efficiency [22]. Importantly, the HEBM process parameters
successfully achieved the desired nanoscale mixing, with no elemental segregation in any composite formulation.
These results, supported by both visual mapping and quantitative data, validate the efficacy of HEBM for preparing
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high-quality composite cathodes with controlled stoichiometry and element distribution.
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The FESEM-EDS analysis in Fig. 5 confirms the uniform distribution of all major elemental constituents within
the calcined SSC-SDCC composite powders. This nanoscale compositional homogeneity directly translates to
electrical homogeneity, ensuring a continues network for ion and electron transport. Such a uniform environment
is crucial for ORR activity, as it maximizes the density and accessibility of triple-phase boundaries (TPBs), which
serve as an active site where oxygen, electrons, and ions converge. A homogenous distribution prevents the
formation of localized inactive regions with poor conductivity, thereby facilitating efficient oxygen surface
exchange and bulk diffusion. The preservation of elemental uniformity after calcination suggests that the HEBM
derived precursor powders possess inherent thermal stability, enabling the reproducible fabrication of composite
cathodes with optimized microstructural for enhanced electrochemical performance [23]. The plotted graph
quantifies the atomic percentages of all major constituent elements in the SSC-SDCC composite cathode powders.
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Fig. 5 Elemental distribution analysis of calcined SSC-SDCC composite cathode (a) SSCB55; (b) SSCB64; (c) SSCB73

Penerbit
UTHM



Int. Journal of Integrated Engineering Vol. 17 No. 8 (2025) p. 257-271 264

3.3 Microstructural and Morphological Analysis

All FESEM micrographs presented in this study were obtained after HEBM processing, which mechanically
breakages particles into fine, well-distributed powders through intense impact and shear forces [24]. As
demonstrated by Lun Feng et al. [24], HEBM effectively refines particle phases and enhances interfacial contact
between mixed powders, thereby increasing the specific surface area of SSC-based composite cathodes within a
remarkably short processing time (2 hours in this study). Fig. 6 compares the morphological evolution across
processing stages, showing raw SSC, as-prepared SDCC, and both as-milled and calcined SSC-SDCC powders. While
HEBM initially produces nanoscale particles (20-50 nm), subsequent calcination at 750°C induces soft
agglomeration due to weak interparticle bonding from surface energy minimization. Crucially, the aggregates
formed (particularly in SSCB73 compared to SSCB64 and SSCB55) remained porous and were readily dispersed,
preserving the essential nanoscale features and high active surface area necessary for efficient gas diffusion and
change transfer. This behaviour aligns with calcination theory, where elevated temperatures promote bonding
while aiming to maintain the intrinsic homogeneity achieved by HEBM [25], [26]. The composition dependent
cohesion strength, with SSCB73 forming rougher aggregates, suggests a link between stoichiometry, sintering
behaviour, and the resulting electroactive microstructure.

‘;‘.c‘

100nm

Fig. 6 FESEM morphology of (a) Commercial SSC; (b) SDCC electrolyte, and as-prepared SSC-SDCC composite
cathode; (c) SSCB55; (d) SSCB64; (e) SSCB73 also calcined SSC-SDCC composite powder; (f) SSCB55; (g)
SSCB64; (h) SSCB73
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3.4 Apparent Porosity and Density

This section presents a systematic investigation of the physical properties of SSC-SDCC composite cathode pellets,
focusing on the effects of compositional on apparent porosity and bulk density. The quantitative results, tabulated
in Table 1 and graphically represented in Fig. 7, reveal distinct trends in these microstructural characteristics. As
the increasing SSC content in the SSC-SDCC composite cathode composition, the apparent porosity increased from
SSCB55 to SSCB64 and decrease to SSCB73, while the bulk density steadily decreased from SSCB55 to SSCB73.
The porosity reduction mechanism operates through two complementary pathways; (i) particle coarsening
during calcination, which decreases surface area and promotes densification, and (ii) controlled agglomeration
that enhances particle packing efficiency [27].

In addition, with pellet pressing it can effectively eliminate soft agglomerates that formed during calcination,
but on hard agglomerates persist as evidenced by FESEM analysis at Section 3.3. These residual agglomerates
contribute to the porosity profile, with SSCB55 and SSCB64 showing more pronounced agglomeration compared
to SSCB73. The findings by Liu et al. [28] further support this interpretation, confirming that mechanical pressing
only partially mitigates the porosity introduced by calcination-induced agglomeration. The observed porosity
density relationship significantly impacts cathode performance, as it directly influences both gas diffusion
pathways and electrochemical active sites [29].

Besides, the formation of SrCOs secondary phases during calcination exhibits an inverse relationship with
porosity reduction in SSC-SDCC composite cathodes. As demonstrated in Section 3.1, calcined SSCB55 and SSCB64
compositions showed minimal SrCOs formation, which correlates with their lower porosity values. This
observation aligns with established materials sciences principles where secondary phases typically inhibit
densification by creating microstructural defects and pore stabilization sites [30]. Extensive studies in SOFC
research have established that optimal ionic conductivity in cathode materials is achieved when the porosity
ranges between 20-40%, with peak performances typically observed at approximately 30% porosity [31]. While
the calcined SSC-SDCC composite cathode (SSCB55, SSCB64, and SSCN73) exhibited slightly fluctuated porosity
values (35.43-38.57%), these measurements remain within a functionally relevant range for cathode operation.
The observed porosity characteristics, coupled with complementary density measurements, confirm that all three
compositions maintain suitable microstructural properties for practical application.

Table 1 The average of porosity and density values of calcined SSC-SDCC composite cathode pellets
SSC-SDCC composite Porosity (%) Density (gcm1)

cathode
SSCB55 35.43+0.22 5.26 £0.02
SSCB64 38.57+1.82 5.27 £0.28
SSCB73 37.69 £0.84 5.30+£0.15
39 ‘ : , 5.4
38 1 1 + 5.35
g : 1 £
£ 37 4 ! | 153 X
g | | z
g ! : 2
[ I [4]
36 + 1 1 +525 ©
35 : |
SSCB55 SSCB64 SSCB73
=@ POrosity === Density

Fig. 7 The average of porosity and density value for SSC-SDCC composite cathode pellets with varying weight ratio
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3.5 Thermal Compatibility of Cell Components

Thermodynamic compatibility, particularly TEC matching between cathode and electrolyte, represents a critical
design criterion for SOFCs. Cobalt-rich cathodes such as SSC presents a significant challenge in this regard, as
typically exhibit high TEC values (12-20 x 10-¢ K1), compared to the lower TEC of common electrolyte (10-12 x
10-6 K1) [32]. This mismatch induces substantial thermal stresses during heating cycles, leading to detrimental
interfacial delamination and microcrack formation at the cathode/electrolyte interface [33]. As quantified in Table
2 and graph trend in Fig. 8, the developed SSC-SDCC composite cathodes demonstrate improved thermal
expansion behaviour through strategic compositional tuning, effectively mitigating these stress related
degradation mechanisms while maintaining electrochemical performance.

Table 2 The thermal expansion behaviours of SSC-SDCC composite cathodes at temperature 30-600 C

Composite pellets TEC value (x 10-6 K1) TEC mismatch (%)
SDCC 11.1+£0.3 -
SSCB55 12.0+0.4 8.1
SSCB64 16.0+£0.1 44.1
SSCB73 17.0+£0.9 53.2
25.0 - . - 60
~ 200 1 ; i 1 as
= ! : S
o 150 1 ! : 13 §
x i | o
Fl | ! G
= 100 + i 1 +24 5
5 | : o
@ : : =
= 50t | : 1 12
0.0 ' ' 0
SSCB55 SSCB64 SSCB64
=@==TEC Value =@==TEC Missmatch

Fig. 8 The TEC value and mismatch percentage of SSC-SDCC composite cathode pellets with modifying weight ratio

Thermal expansion compatibility analysis reveals significant improvements in the SSC-SDCC composite
cathode systems, as detailed in Table 2 and Fig. 8. Based on the table, SDCC electrolyte have an average TEC value
of 11.1 x 106 K-* and conventional SSC cathodes exhibit substantially higher values, the composite effectively
addresses this mismatch. Systematic incorporation of SDCC electrolyte progressively reduce the composite TEC,
with SSB55 demonstrating optimal thermal compatibility (12.0 x 10-¢ K1), closely matching the SDCC electrolyte
across all composite pellets. This represents a 30-40% reduction compared to standard SSC-based cathodes,
achieving values within the ideal operational range (10-13 x 10-6 K1) for SOFC components [34]. These findings
demonstrate that electrolyte content effectively tunes thermal expansion in SSC-SDCC cathodes, resolving
cobaltite limitations while maintaining their advantageous electrochemical properties.

Moreover, the increasing of TEC values with higher SSC content are shown directly correlated with the
agglomeration phenomena observed in FESEM analysis in Section 3.3. This behaviour aligns with established
nanocomposite principles [35], where homogeneous dispersion of fine particles as in SSCB55, yields superior
thermo-mechanical properties and lower TEC values, while particle agglomeration prominent in SSCB64 and
SSCB73, detrimentally increase thermal expansion. Quantitative analysis shows the SSCB55-SDCC system
maintains exceptional thermal compatibility, with only 8.1% TEC mismatch and its well within the 20% threshold
for thermodynamic compatibility [36]. In contrast, SSCB64 and SSCB73 exceed this limit by 44.1% and 53.2%
respectively.

In a stress-strain perspective, this significant TEC mismatch generates substantial interfacial shear stresses
during thermal cycling. Under repeated cyclic loading, this accumulated strain energy promotes crack initiation
and propagation, ultimately resulting in layer delamination. These interfacial thermal stresses compromise
mechanical stability during thermal cycling [37]. These results conclusively identify SSCB55 as the optimal
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composition, demonstrating superior TEC compatibility while maintaining electrochemical functionality which is
key requirements for durable SOFC operation, and this compositional will be further investigated to validate its
performance. The findings establish how microstructural control through compositional optimization can
effectively mitigate one of the most challenging limitations in cobaltite cathode applications.

3.6 Electrochemical Performance

This section elaborates on the electrochemical impedance spectra of SSB55 composite cathode measured under
open-circuit conditions in air across the temperature range of 450-600°C. Table 3 and Fig. 9 recorded the ASR
value and trends of these findings that were fitted using equivalent circuit model Ro/(R1-CPE)/(R2-CPE)/(R3-CPE).
The plot in Fig. 9 includes magnified views of select curves to clarify subtle features at different frequency scales.
On this study, the focus specifically on the ASR derived from the impedance data, as it directly reflects the
cathode’s electrochemical performance. The impedance spectra in Fig. 9 exhibit characteristic semi-circular arc
above the real axis, followed by low-frequency tails, representing the electrochemical processes in the SSB55
composite cathode. ASR values demonstrate decreased dramatically from 53.93 Qcm?2at 450°C to 5.06 QQcm? at
600°C. This reduction attributed to microstructural evolution and enhanced ionic conduction. The molten
carbonate phase particularly enhances charge transfer by creating percolating ionic networks at SSCB55
interfaces, effectively expanding the active sites for ORR [20].

Table 3 The ASR values of SSCB55 at operating temperature of 450-600 C

Operating temperature (°C) ASR values (Qcm?)

450 53.93
500 10.97
550 10.06
600 5.06
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Fig. 9 The Nyquist plot of SSCB5 operated at 450-600 C

A distinct transition in electrochemical behaviour is observed when operating temperatures fall below the
carbonate melting point (~450°C). In this regime, the impedance spectra exhibit enlarged semi-circular arcs
disappearance of the low-frequent tail, indicative of compromised ionic transport [38]. As established in Section
3.1, the formation of SrCO3 secondary phases in SSCB55 composites affected oxide ion (0?%) transport at cathode-
electrolyte interfaces. While the MIEC properties of SSC facilitate ORR across the entire cathode surface, SrC0O3
phases introduce unfavourable functions that elevate ASR. Besides, there have been a reliable suggestion that the
existence of a small number of secondary phases from SSC cathode assisted in the better cell performance [39].
Strategic carbonate incorporation into the SDC electrolyte has proven effective by creating additional ionic
conduction networks that compensate for SSC instability [40]. EIS analysis confirms that these composite
cathodes achieve acceptable performance at lower temperatures, with an ASR of 5.06 QQcm? at 600°C. A
comparison with the prior work of Hui Deng et al. [41] underscores a key improvement with their SSC-GDC
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cathode has an ASR range of 0.3-1.1 Qcm?at operating temperature 630-780°C. In contrast, the SSC-SDCC cathode
achieves in this study are comparable and even superior minimum ASR (5.06 Qcm?) at a much lower temperature
of 600°C. This successful shift of high-performance operation to a lower thermal regime highlights the efficacy of
the SDCC composite in enhancing oxygen ion kinetics and reducing interfacial resistance at reduced temperatures.

The microstructural optimization of SSCB55 cathodes demonstrates a clear correlation between porosity and
electrochemical performance, with ideal ASR achieved at 35.43% porosity. This aligns with the established
porosity range (20-40%) required for effective oxygen transport to active reaction sites while maintaining
structural integrity [31]. In addition, the superior performance of SSCB55 is further attributed to its exceptional
thermal compatibility with SDCC electrolyte, exhibiting only 8.1% TEC mismatch. This minimal discrepancy
collectively contributing to its achieved ASR of 5.06 Qcm?2 at 600°C. A reduction in ASR, which signifies lower
polarization resistance, facilitates more efficient electrode kinetics and thereby lead to a higher overall cell
performance.

4. Conclusions

This comprehensive study elucidates the critical structure property relationships in SSC-SDCC composite
cathodes through systematic characterization of chemical compatibility, microstructure, physical properties,
thermal behaviour, and electrochemical performance. Both SSC (orthorhombic) and SDCC (face-centred cubic)
phases maintain their structural integrity after processing, with SrO3 secondary phase formation. Among the
investigated compositions, SSCB55 demonstrates optimal performance, exhibiting: (i) exceptional chemical
compatibility with less formation of SrCOs, (ii) ideal porosity with 35.43% for gas diffusion and TPB formation,
and (iii) greater TEC mismatch with only 8.1% different to SDCC electrolyte (SSCB55 =12.0 x 10-¢ Kt and SDCC =
11.1 x 106 K1), and (iv) superior electrochemical activity by low ASR value, 5.06 Qcm? at 600°C. The enhanced
electrocatalytic performance at elevated temperatures stems from synergistic effects between the SSC cathode
and SDCC electrolyte, particularly through improved ionic conduction pathways. These findings collectively
establish SSCB55 as a highly promising cathode material for LT-SOFCs, achieving an optimal balance between
thermo-mechanical stability and electrochemical functionality through careful compositional optimization.
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