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Solid oxide fuel cells (SOFCs) are promising alternative energy sources; 
however, their commercialisation is hindered by the requirement of 
high operating temperatures. The development of low-temperature 
SOFCs (LT-SOFCs) offers a potential solution to mitigate this limitation, 
with barium strontium cobalt ferrite (BSCF) emerging as a promising 
mixed ionic and electronic conductor (MIEC) material for cathode 
applications. Nevertheless, the advancement of BSCF-based cathodes 
necessitates further enhancements in both conductivity and stability to 
achieve optimal performance. This study investigates the incorporation 
of 1, 3, and 5 wt.% argentum (Ag) as a catalyst material into a BSCF-
samarium doped ceria (BSCF-SDC) composite cathode, with the 
objective of improving its chemical, physical, thermal, and 
electrochemical properties for LT-SOFC operation within the 
temperature range of 400 - 600°C. The particle size increases with the 
increment of Ag addition, enhancing the triple-phase boundary (TPB) 
length at the cathode-electrolyte interface. The composite cathodes 
exhibited optimised porosity ranging from 35.34% to 36.45%, falling 
within a sufficient porosity of 20% - 40% for SOFC cathode 
components. The TEC analysis revealed improved compatibility with 
the electrolyte as Ag content increased, with BS-Ag5% showing the 
lowest TEC mismatch (2.1%), indicating enhanced thermal stability. 
The electrochemical performance, ASR, also increased with higher Ag 
content while maintaining a consistent trend across operating 
temperatures. By this outcome, the presence of secondary phases, such 
as BaFe₂O₄ and CeO₂, did not adversely affect cell performance; instead, 
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they may have contributed to catalytic activity and structural stability. 
The study concludes that BS-Ag composite cathodes exhibit significant 
potential for LT-SOFC cathode materials. 

1. Introduction 
The global demand for energy continues to rise at an unprecedented rate, driven by a combination of population 
growth, rapid industrialisation, and advancement in technology. This escalating reliance on conventional primary 
energy sources, such as coal, natural gas, and oil, has raised significant concerns regarding their finite availability 
and the detrimental environmental impact associated with their extraction and consumption, including 
greenhouse gas emissions and climate change [1-2]. In response to these challenges, there has been a concerted 
global effort to transition towards alternative energy technologies that are not only sustainable and efficient but 
also environmentally friendly. Among the various alternatives being explored, hydrogen energy, particularly fuel 
cells, has emerged as a promising solution. Fuel cells are advanced electrochemical devices that directly convert 
chemical energy into electrical energy, offering a highly efficient energy conversion process with minimal 
environmental impact [3]. Solid oxide fuel cells (SOFCs), a prominent type of fuel cell, are particularly notable for 
their high energy conversion efficiency, versatility in fuel usage, and compatibility with renewable biofuels, 
making them a key candidate for addressing future energy needs while mitigating environmental concerns [4]. 

However, conventional SOFCs typically operate at high temperatures, often exceeding 1000°C, which 
introduces a range of technical and economic challenges. These include accelerated material degradation, 
difficulties in achieving effective sealing, and elevated manufacturing and operational costs, all of which hinder 
their widespread adoption and long-term viability [5]. These issues have spurred research into lowering the 
operating temperature of SOFCs to the intermediate range of 600-800°C and even below 600°C. Lowering the 
operating temperature offers several advantages, such as reduced material degradation, improved thermal 
compatibility, simplified sealing mechanisms, and decreased overall costs, thereby enhancing the durability and 
commercial feasibility of SOFC systems [6-7]. Nevertheless, achieving high electrochemical performance at these 
reduced temperatures remains a formidable challenge, as it necessitates the development of advanced materials 
with superior ionic and electronic conductivity, enhanced catalytic activity, and improved stability under 
operational conditions [8]. Thus, the focus of ongoing research is on innovating novel electrolyte, electrode, and 
interconnect materials, as well as optimising cell architectures, to enable efficient and reliable SOFC operation at 
lower temperatures, paving the way for their broader application in sustainable energy systems [9]. 

One of the most significant challenges in advancing SOFC technology lies in the identification and development 
of suitable materials that can effectively address its inherent limitations. Recently, Ba₀.₅Sr₀.₅Co₀.₈Fe₀.₂O₃ (BSCF) 
has garnered considerable attention as a cathode material due to its exceptional electrochemical stability and 
compatibility with SOFC systems [10]. BSCF exhibits high oxygen permeability and robust structural stability 
under operational conditions, making it an ideal candidate for enhancing the performance of SOFCs, particularly 
at intermediate and lower operating temperatures [11]. In addition, the electrolyte components also play a crucial 
role in determining the overall efficiency and durability of SOFCs, as they directly influence the reaction pathway 
and ionic conductivity. Since the electrolyte interacts with both the anode and cathode, it must maintain chemical 
stability across a wide range of oxygen partial pressures and temperatures [12]. Doped ceria-based materials, 
such as gadolinium-doped ceria (GDC) and samarium-doped ceria (SDC), have been widely recognised as excellent 
electrolyte choices due to their high oxygen ion conductivity, especially at intermediate temperatures (600-800°C) 
[13]. Recent studies have further demonstrated that BSCF-SDC composites exhibit highly encouraging 
performance characteristics, including enhanced ionic conductivity and improved interfacial compatibility, 
making them particularly suitable for low-temperature SOFC applications [14]. To further enhance cathode 
performance, the incorporation of catalyst materials, such as argentum (Ag), has gained significant attention. Ag 
serves as an effective catalyst by facilitating oxygen surface adsorption, dissociation, and permeation processes, 
thereby accelerating the oxygen reduction reaction (ORR) and significantly improving the overall electrochemical 
efficiency of the cell [15]. 

Moreover, for materials to be considered viable candidates for cathode components in SOFC, they must exhibit 
several critical properties, including sufficient porosity and a thermal expansion behaviour (TEC) that is 
compatible with other cell components [16]. Porosity is a fundamental requirement, as it facilitates the diffusion 
of gases and the transport of oxygen within the cathode structure, ensuring efficient electrochemical reactions at 
the triple boundaries (TPB) where the electrolyte, cathode, and gas phase interact [17]. Without adequate 
porosity, the ORR would be hindered, leading to diminished cell performance. Equally important are the TEC 
values of the cathode material, as mismatches in the TEC between the cathode and electrolyte can result in 
significant thermal stresses during operational thermal cycling. These stresses can cause delamination, cracking, 
or mechanical failure, ultimately compromising the structural integrity, durability, and long-term performance of 
the SOFC [18]. The TEC determines the compatibility between the cathode and electrolyte, as mismatches can lead 
to thermal stress, delamination, or cracking during operation, ultimately compromising the cell’s durability and 
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performance [19]. Therefore, achieving an optimal balance between porosity and TEC is essential for developing 
high-performance cathode materials that can withstand the thermal and mechanical demands of SOFC operation. 
This balance not only enhances the electrochemical efficiency but also ensures the reliability and longevity of the 
fuel cell, making it a critical consideration in the design and optimisation of SOFC systems. 

This study focuses on the development and optimisation of BSCF-SDC composite cathodes incorporating Ag 
as a catalyst addition, specifically tailored for LT-SOFC applications. The primary objective is to systematically 
investigate the influence of varying Ag content on the chemical, physical, thermal, and electrochemical properties 
of the composite cathode. By elucidating the relationship between Ag incorporation and cathode performance, 
this research seeks to identify the optimal composition that enhances ORR kinetics, improves interfacial 
compatibility, and mitigates thermal stress-related issues. Furthermore, this work aims to advance the 
understanding of material design principles for SOFC cathodes, particularly in the context of low-temperature 
operation, where achieving high electrochemical efficiency and long-term durability remains a significant 
challenge. The findings from this study are expected to contribute to the broader development of SOFC technology, 
providing critical insights into the design of high-performance, cost-effective, and durable cathode materials. 
Ultimately, this research strives to support the transition towards more sustainable and efficient energy systems 
by making SOFCs more viable for widespread adoption in both stationary and mobile energy applications. 

2. Materials and Methods 
Commercial powder of Ba₀.₅Sr₀.₅Co₀.₈Fe₀.₂O₃ (BSCF) and Sm₀.₂Ce₀.₈O₁.₉ (SDC) (Kceracell, Korea) was employed 
to prepare the BSCF-SDC composite cathode powder. The BSCF and SDC commercial powders were meticulously 
mixed in a 50:50 weight ratio. The mixture was then subjected to a calcination process to produce the BSCF-SDC 
composite cathode powder. To fabricate the BS-Ag composite, commercial argentum (Ag) powder (Alfa Aesar, 
USA) was incorporated into the BSCF-SDC mixture using a dry milling method. The Ag content was systematically 
varied at 1 wt.%, 3 wt.%, and 5 wt.% to investigate its catalytic influence on the composite properties. All 
composite powders were uniaxially pressed into pellet form and sintered at 900°C.  

The chemical, physical, thermal, and electrochemical properties of all composite pellets were 
comprehensively characterised to evaluate their suitability for LT-SOFC applications. Phase identification was 
conducted using X-ray diffraction (XRD) (Bruker D8 Advance, Germany) with Cu Kα radiation (λ = 0.15418) at 
room temperature. The diffraction patterns were scanned over a range of 20° to 90° with a step size of 0.02°, and 
the acquired data were analysed using EVA software to identify crystalline phases and assess phase purity. The 
particle size of the cathode composite was analysed using a nanoparticle Zeta-Sizer (Zetasizer Nano ZS, Malvern, 
United Kingdom) machine. The average particle size result was derived based on 100 readings per run. The 
porosity and density of the sintered pellets were determined using the Archimedes method (Density Kit AY220, 
Shimadzu, Japan), which provides critical insights into the microstructural characteristics essential for gas 
diffusion and electrochemical performance. The thermal expansion coefficient (TEC) of the composites was 
measured using a dilatometer (Linseis, DIL L75V, Germany) over a temperature range from ambient to 900°C, 
following the ASTM E228-11 standard, to evaluate thermal compatibility with other SOFC components. The 
electrochemical performance was evaluated using electrochemical impedance spectroscopy (EIS) (Autolab 
AUT302 FRA) with data analysis performed using Nova software to determine key parameters such as ionic 
conductivity and interfacial resistance. 

3. Results and Discussion 
The XRD analysis was performed to investigate the phase composition and stability of the BSCF-SDC and BS-Ag 
(1, 3, and 5 wt.%) composite cathode pellets sintered at 900ºC. The XRD diffractograms, as illustrated in Fig. 1, 
confirmed the presence of three primary phases: BSCF, SDC, and Ag. These phases were identified by their spectral 
peaks with the Joint Committee on Powder Diffraction Standard (JCPDS) pattern numbers 00-055-0563 for BSCF, 
01-075-0157 for SDC, and 00-041-1402 for Ag. In addition, two secondary phases were detected in the sintered 
pellets. The first secondary phase, barium ferrite (BaFe₂O₄), was identified at JCPDS number 00-025-1191. This 
phase exhibits an orthorhombic lattice structure with a lattice parameter of *a* = 19.05000 nm and a space group 
of *Pnma* (62). The second secondary phase, cerium oxide (CeO₂), was observed at JCPDS number 00-043-1002. 
CeO₂ shows a face-centred cubic (FCC) crystal structure with a lattice parameter of *a* = 5.41134 nm and a space 
group of *Fm-3m* (225). The presence of these secondary phases suggests potential interactions or phase 
transformations during the sintering process. 

The formation of BaFe₂O₄ in the BS-Ag composite cathode pellets aligns with findings from prior research, 
which indicate that this phase typically emerges at sintering temperatures ranging between 700ºC and 1000ºC 
[20-21]. The presence of BaFe₂O₄ is likely attributed to the decomposition of residual carbonates and the thermal 
conditions during the sintering process. At elevated temperatures, residual carbonates from the precursor 
materials decompose, leading to the formation of a secondary phase [22]. Furthermore, BaFe₂O₄ is also recognised 
for its catalytic properties, including its ability to facilitate redox reactions and act as an oxygen carrier, which 
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could contribute positively to the electrochemical performance of the composite cathode [23]. In addition, CeO₂ 
was also identified as a secondary phase in the BS-Ag composite cathode pellets. Its formation is attributed to 
crystallite growth and particle agglomeration during sintering, particularly at elevated temperatures [24]. As the 
temperature increases, enhances atomic and ionic mobility facilitates the coalescence of smaller crystallites into 
larger ones, while also promoting particle agglomeration. Notably, the porosity values of all composite samples 
remain within the acceptable range for SOFC cathode materials, suggesting that the secondary phase (CeO2) has 
negligible influence on whole porosity. However, uncontrolled crystallite growth may lead to residual or closed 
porosity, which could adversely affect the microstructure and properties of the material. A detailed discussion on 
porosity and density characteristics will be presented in the following section. Additionally, the secondary peaks 
observed in the XRD analysis are more likely to arise at the nearness of the primary peaks of BSCF, SDC, and Ag. 
This phenomenon can be explained by the interaction between the adsorption and desorption of CO₂ with these 
primary peak phases during the sintering process [16]. The incorporation of Ag as a catalytic material may further 
accelerate specific chemical reactions, interacting with the high-temperature sintering environment that 
promotes the formation of these secondary phases [25]. Furthermore, the observed secondary phase formation 
can be understood as a thermodynamically driven phase separation process, where the detachment of iron ions 
reduces the overall system energy through lattice relaxation [26]. Crucially, this phenomenon does not appear to 
compromise cathode performance, as evidenced by maintained electrochemical functionality. This aligns with 
established reports by Shurui et al. (2025) and Yangyang et al. (2025) demonstrating that similar structural 
evolutions in perovskite-based cathodes often remain electrochemically benign when the primary conduction 
pathways remain intact. This is consistent with the findings that even in systems experiencing phase transitions, 
the electrochemical performance of the cathode remains largely unaffected, as the electrode-electrolyte interface 
retains its functionality. This will be supported by the electrochemical analysis discussed in subsequent sections. 
 

 

Fig. 1 XRD spectrum pattern for the commercial powder, BSCF-SDC, and BS-Ag 1, 3, and 5 wt.% composite cathode 
pellets 

The particle size analysis conducted using Zeta-sizer ZS, as shown in Table 1, revealed that the BSCF-SDC 
composite cathode has a smaller particle size compared to samples with Ag additions (1, 3, and 5 wt.%). The larger 
particle sizes observed in the Ag-added samples are primarily attributed to the presence of Ag elements, which 
have a particle size of 1300 nm. The data presented in Table 1 reveal a clear and consistent trend: as the Ag content 
increases, the particle size of the composite cathode also increases, demonstrating a direct correlation between 
the amount of Ag added and particle size enlargement. This phenomenon can be attributed to the agglomeration 
of smaller particles during the heat treatment process, where elevated temperatures enhance atomic diffusion 
and promote particle bonding and compaction [24]. 
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Despite the observed increase in particle size, all samples remain within the acceptable range for cathode 
materials, with particle sizes below 1 μm [26]. This is particularly significant because nano-powders within this 
size range play a critical role in optimising the triple-phase boundary (TPB) length at the interface between the 
cathode and electrolyte layers [29-30]. An optimised TPB is essential for enhancing the oxygen reduction reaction 
(ORR) kinetics, as it provides a greater active area for the electrochemical reactions to occur, thereby improving 
the overall electrochemical performance of the material. Furthermore, the retention of particle sizes below 1 μm 
ensures a high surface area-to-volume ratio, which is crucial for facilitating efficient ion and electron transport 
within the cathode structure [31]. These characteristics make the composite cathode highly suitable for efficient 
SOFC applications, where high catalytic activity and ionic conductivity are paramount. Additionally, the controlled 
particle size distribution and microstructure achieved in these materials contribute to their long-term stability 
and durability under operating conditions, further underscoring their potential for use in advanced energy 
conversion technologies. 

Table 1 The average particle sizes of each sample 
Samples Average particle sizes (nm) 
BSCF 524.1 ± 0.01 
SDC 217.4 ± 0.01 
Ag 1300.0 ± 0.01 
BSCF-SDC 351.6 ± 3.46 
BS-Ag1% 493.5 ± 5.80 
BS-Ag3% 856.2 ± 6.29 
BS-Ag5% 1181.0 ± 5.66 

 
Achieving optimal porosity is a critical factor in the production of high-quality composite cathode pellets, as 

it directly influences oxygen transport and electrochemical performance. Porosity plays a vital role in facilitating 
the ORR by enabling efficient oxygen diffusion through the cathode-electrolyte interface. The optimal porosity 
range for SOFC cathodes typically falls between 20% and 40%, as this ensures a balance between sufficient gas 
transport and robust electrochemical activity [32]. The porosity and density measurements for the BSCF-SDC and 
BS-Ag composite cathode pellets are presented in Table 2 and illustrated in Fig. 2. The BSCF-SDC sample exhibited 
the highest porosity at 36.45%, with a corresponding density of 3.95 g/cm³. As the Ag content increased, a 
consistent trend was observed: the density of the pellets increased, while the porosity experienced a slight 
decrease. 

This behaviour can be attributed to the greater particle agglomeration and larger grain sizes resulting from 
the addition of Ag, which contributed to the observed reduction in porosity. These findings align with previous 
findings, which have shown that increased particle size and agglomeration lead to lower porosity levels. Despite 
these variations, the differences in porosity between the samples were minimal (less than 1%), and all samples 
demonstrated porosity values within the desirable range of 35.0% to 36.5%. This range falls well within the 
acceptable 20-40% porosity (60-80% relative density) required for SOFC electrodes, ensuring optimal gas 
transport and electrochemical activity while maintaining sufficient mechanical strength [33]. The porosity of 
35.34% has 64.66% relative density which remains suitable for cathode performance, as it promotes effective 
oxygen diffusion and surface reactions without significantly compromising structural integrity [34]. 

Table 2 The average of porosity and density values for BSCF-SDC and BS-Ag (1, 3, and 5 wt.%) composite cathode 
pellets 

Samples Average porosity 
(%) 

Average density 
(g/cm³) 

BSCF-SDC 36.45 ± 0.92 3.95 ± 0.02 
BS-Ag1% 36.34 ± 0.90 3.97 ± 0.04 
BS-Ag3% 35.40 ± 1.57 4.06 ± 0.06 
BS-Ag5% 35.34 ± 0.53 4.14 ± 0.05 
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Fig. 2 The apparent percentage of porosity and density of BSCF-SDC and BS-Ag (1, 3, and 5 wt.%) composite 
cathode pellets 

In addition to porosity, which plays a critical role in facilitating oxygen transport and enhancing 
electrochemical performances, the thermal expansion coefficient (TEC) is another key factor that significantly 
influences the compatibility and stability of SOFC components. A well-matched TEC between the cathode and 
electrolyte is essential to prevent thermal stress, cracking, or delamination during thermal cycling and ensure the 
long-term durability and reliability of the cell. Table 2 displays the TEC values of SDC as an electrolyte, as well as 
for the BSCF-SDC and BS-Ag (1, 3, and 5 wt.%) composite cathodes, measured at a temperature range of 30°C to 
600°C. These measurements provide critical insights into the thermal compatibility of the materials, which is vital 
for maintaining structural integrity and operational stability under the thermal gradients experienced during 
SOFC operation. By ensuring that the TEC values of the cathode and electrolyte are closely aligned, the risk of 
mechanical failure due to thermal mismatch is significantly reduced, thereby enhancing the overall performance 
and lifespan of the fuel cell [35]. 

Table 3 The TEC value measured at a temperature range of 30°C to 600°C 
Samples TEC value 

(10-6 K-1) 
SDC 10.44 ± 0.1 
BSCF-SDC 15.27 ± 0.6 
BS-Ag1% 14.48 ± 0.6 
BS-Ag3% 11.44 ± 0.6 
BS-Ag5% 10.23 ± 0.6 

 
The addition of Ag to the BSCF-SDC composite cathode had a significant impact on the TEC values, with higher 

Ag content leading to a progressive decrease in TEC values. This reduction resulted in better alignment with the 
TEC of the electrolyte, thereby improving thermal compatibility. For example, the BS-Ag5% sample exhibited the 
lowest TEC mismatch of 2.01% relative to the electrolyte, making it the most thermally compatible among the 
tested samples. As reported by the previous study, to mitigate excessive stress, which can lead to cracking and 
spallation during operation, the TEC mismatch between SOFC components should be maintained below 10% [36].  

As shown in Table 3, the BS-Ag3% sample also demonstrated a TEC mismatch below 10%, while the BSCF-
SDC and BS-Ag1% samples exceeded this threshold. This trend indicates that higher Ag content improves thermal 
compatibility, reducing the risk of thermal stress and enhancing the mechanical stability of the cathode-electrolyte 
interface. Moreover, materials with higher TEC, such as cobalt-based perovskite, are known for their superior 
electrochemical activity due to enhanced oxygen diffusion, and the lower TEC values achieved in this study suggest 
improved thermal stability [37]. The electrochemical performance of the composite cathodes, discussed in the 
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subsequent sections, further validated the impact of TEC on the overall cell functionality and durability of the 
SOFC. These findings highlight the dual benefits of Ag addition: improved thermal compatibility and enhanced 
electrochemical performance, making it a promising strategy for advancing SOFC cathode materials. 

To the understanding, porosity and TEC are critical factors that significantly influence the performance and 
durability of SOFC cathodes. Porosity plays a vital role in facilitating oxygen transport and gas diffusion, ensuring 
efficient electrochemical reactions at the TPBs. Meanwhile, a well-matched TEC between the cathode and 
electrolyte is essential to maintain mechanical stability, prevent thermal stress cracking or delamination, and 
ensure long-term operational reliability. Together, porosity and TEC are key factors influencing the overall 
functionality and durability of SOFC cathodes. To evaluate the electrochemical performance of the composite 
cathode samples, electrochemical impedance spectroscopy (EIS) was employed. The area-specific resistance 
(ASR) values of all samples, measured at operating temperatures ranging from 400°C to 600°C, are summarised 
in Table 4. These measurements provide critical insights into the electrochemical efficiency of the cathodes, 
further highlighting the interplay between porosity, TEC, and overall cell performance. 

Table 4 The value of area-specific resistance (ASR) for symmetrical cell samples at various operation temperatures 
Operating temperature 

(°C) 
Samples ASR 

(Ωcm²) 

400 

BSCF-SDC 12.7638 
BS-Ag1% 0.9496 
BS-Ag3% 5.8599 
BS-Ag5% 17.7127 

500 

BSCF-SDC 1.1435 
BS-Ag1% 0.6044 
BS-Ag3% 1.1428 
BS-Ag5% 6.4091 

600 

BSCF-SDC 0.1723 
BS-Ag1% 0.1267 
BS-Ag3% 0.1907 
BS-Ag5% 0.4954 

 
The EIS data revealed a positive correlation between Ag content and ASR, with BS-Ag1% exhibiting the lowest 

ASR value of 0.1267 Ωcm², while BS-Ag5% showed the highest ASR value of 0.4954 Ωcm² at 600°C. This trend was 
consistent across all operating temperatures (400°C, 500°C, and 600°C), indicating that higher Ag content led to 
increased ASR values. Despite this, BS-Ag5% demonstrated the best TEC mismatch between cell components, 
along with sufficient porosity, resulting in good ASR performance at each operating temperature. The increase of 
ASR value amongst each sample indicates better performances for the cell samples. Moreover, among the tested 
samples, BS-Ag1% exhibited the smallest particle size and showed the lowest ASR values. In contrast, increasing 
the Ag content by 5% resulted in larger particle sizes and a higher ASR value. This trend was consistent across all 
operating conditions, indicating that particle size significantly influences the surface area and, consequently, the 
electrochemical performance of the composite cathodes. Smaller particles increase the surface area and expand 
the TPB, where the ORR occurs, leading to enhanced cell performance. As highlighted by a previous study, cathode 
performance depends on factors such as operating temperature, preparation process, microstructure, and grain 
size [38-39]. This emphasised that an increased TPB area significantly improved electrode performance by 
facilitating the reaction of gas molecules [40]. Additionally, the presence of secondary phases, such as BaFe₂O₄ 
and CeO₂, did not adversely affect electrochemical performances. Instead, these phases contributed to catalytic 
activity and structural stability, further enhancing the functionality of the cathode. These findings proved the good 
effects of incorporating Ag as catalyst material into the BSCF-SDC composite cathode, as it improves thermal 
compatibility, maintains sufficient porosity, and enhances catalytic activity, all of which are critical for optimising 
the performance and durability of SOFC cathodes. 

4. Conclusion 
In conclusion, this study demonstrates that the incorporation of Ag into BSCF-SDC composite cathodes 
significantly influences their physical, thermal, and electrochemical properties. The optimised porosity range of 
35.34% to 36.45% ensures efficient gas diffusion and oxygen transport, which are critical for facilitating the ORR. 
Furthermore, the particle size analysis revealed a direct correlation between Ag content and particle size 
enlargement, with all samples maintaining particle size below 1 μm. This is particularly advantageous as nano-
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powders within this range optimise TPB length, enhancing ORR kinetics and overall electrochemical performance. 
Additionally, the TEC values improve with increasing Ag content, with the BS-Ag5% sample exhibiting the lowest 
TEC mismatch (2.1%) relative to the electrolyte, highlighting its superior thermal stability and compatibility. 
Electrochemical performance analysis revealed that while the ASR tends to increase with higher Ag content, the 
samples consistently demonstrate favourable performance across all operating temperatures, maintaining a good 
trend in electrochemical activity. Following this, the appearance of secondary phases (BaFe₂O₄ and CeO₂) on the 
composite cathode pellets after the sintering process did not adversely affect the cell performances; instead, they 
may have provided catalytic benefits and structural stability. Overall, the BS-Ag composite cathodes exhibit 
promising potential for low-temperature SOFCs, with their performance strongly dependent on a balance of 
porosity, particle size, TPB optimisation, and TEC properties. These findings underscore the importance of 
meticulous material design and processing to develop reliable and efficient cathode materials for advanced SOFC 
systems, paving the way for their broader use in sustainable energy technologies. 
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