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HIGHLIGHTS GRAPHICAL ABSTRACT

e SOFC cathodes face durability issues
from high thermal expansion.

o Negative thermal expansion material Detached interface
has been incorporated.

e Composite cathodes reduce the thermal
expansion coefficient.

e The derived cathodes maintain activity
and stability after thermal cycling.
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ARTICLE INFO ABSTRACT

Keywords: Solid oxide fuel cells (SOFCs) offer promising prospects for sustainable electricity generation, attributed to high
Solid oxide fuel cells efficiency and fuel adaptability. However, their widespread application relies on three critical factors: perfor-
Durability

mance, cost-effectiveness, and durability. Durability presents a significant hurdle; one key reason is the thermal
expansion mismatch between cobalt-based cathodes and electrolytes, potentially leading to detachment at the
cathode-electrolyte interface. In this study, we propose an approach to mitigate this challenge by fine-tuning the
thermal expansion characteristics of the cathode. By tailoring lattice and chemical expansion, our composite
cathode incorporates recognized materials like Bag.sSro.5C0¢.gFep.203.5 with Smg 2Ceo.01.9 and the negative
thermal expansion (NTE) material YaW3015. Through the design of composite materials, we achieve enhanced
thermal cycling stability with only ~20 % area-specific resistance (ASR) increases after 40 harsh thermal cycles
between 300-600 °C compared to pure BSCF with over 100 % increment. This optimization process effectively
reduces the thermal expansion coefficient while preserving BSCF’s overall properties, offering a promising path
for supporting SOFC durability and performance.
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1. Introduction

Solid oxide fuel cells (SOFCs) have emerged as a captivating choice
for green energy solutions owing to their high efficiency, fuel flexibility,
solid-state construction, invariant (solid) electrolyte, high-quality waste
heat, and the absence of precious metals [1-4]. However, to fully realize
their potential as a viable energy conversion technology, addressing
critical challenges associated with their performance, cost-effectiveness,
and durability is crucial. Durability is vital in ensuring the consistent and
prolonged operation of SOFCs, which is essential for their widespread
adoption [5]. However, the majority of the research in this field focused
more on the performance enhancement of SOFCs through the develop-
ment and designing of electrode materials such as
Bag.5Srg.5C0q.gFeg.003.5 (BSCF) [6], SrTag.1Nbg.1C0¢.803.5 (STNC) [7],
SrSco.175Tag.025C00.803.5 (SSTC) [8], SrNbg.1Co.9035 (SNC) [9],
SrCoyg.gTip.1Tag.103.5 (SCTT) [10]. Cobalt-based perovskite gained a lot
of attention due to its behaviour at intermediate temperatures lower
than 700 °C [11-14], and though these materials behave better, they
possess a higher thermal expansion coefficient [15]. Among the factors
impacting durability, the thermal expansion mismatch between
different components of SOFCs has significant implications.

Thermal expansion coefficient (TEC) values and their profiles can
influence the performance of the SOFC system [16,17]. For instance,
Rapid thermal cycling can hinder the application of SOFCs in mobile/-
portable devices requiring quick start-up and shut-down capabilities
[18]. Therefore, understanding and mitigating the impact of thermal
expansion mismatch is critical for advancing the practical imple-
mentation of SOFCs in various applications. Delamination between
functional layers, caused by thermal expansion mismatch and nonlinear
TEC profile, is a challenge that compromises the durability and perfor-
mance of SOFCs [19]. Delamination adversely affects the diffusion
mechanism and increases overall resistance in the stack, leading to
inconsistent and degraded performance outcomes [20]. Furthermore,
the mismatch between the thermal expansion behaviours of the cathode
and electrolyte materials and the sudden change in thermal expansion of
the cathode, which led to thermal stress accumulation at the interface
[21,22], is a primary contributor to delamination, further exacerbating
the problem [23,24]. A study of SOFC based on ceria-based materials
has shown that chemical expansion can have profound implications on
delamination and vertical crack development in the layer itself [25].
However, chemical expansion relates to oxygen release and is directly
proportional to oxygen release in the case of perovskites. To achieve
better ORR activity, more oxygen vacancies and/or faster oxygen release
are preferred. However, faster loss of lattice oxygen or sudden loss of
lattice oxygen can be linked with the sudden increase in thermal
expansion coefficient value at the temperature when the reduction re-
action starts. This sudden change can create stresses in the electrode
material itself and at the interface, which leads to cracking and delam-
ination. So, it’s critical to control chemical expansion along with lattice
expansion with temperature changes.

To address these issues, the development of more robust and durable
fuel cell systems is paramount. Researchers have focused on improving
the thermo-mechanical compatibility between adjoined components to
enhance the sustainability of SOFCs. Several strategies, such as A-site or
B-site substitution [26,27], A-site deficiency creation [28,29], use of
composite cathode by incorporating electrolyte material or NTE mate-
rial into cathode material, etc. [26-28]. The later approach that has
gained attention is the utilization of composite cathodes to improve
thermal compatibility between the cathode and electrolyte. The thermal
expansion behaviour of cathode materials, such as the widely studied
cobalt-based perovskites, poses challenges due to their high TEC values
[29]. Although Strontium cobaltite (SC) -type perovskites demonstrate
excellent electrochemical behaviour, their practical applicability is
hindered by the instability of their crystal structure at temperatures
below 900 °C [30] and their high thermal expansion coefficients [31,
32].
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Doping strategies involving A-site and B-site modifications have
shown promise in improving the stability and oxygen reduction reaction
(ORR) activity of these materials. However, this strategy does not always
provide an optimum solution, as the electrochemical activity reduces
with the decreasing concentration of Strontium and cobalt in the elec-
trode material [33,34]. The substantial difference in TECs between the
cathode materials and traditionally used electrolytes, such as
Gadolinium-doped ceria (GDC), Yttria-stabilized zirconia (YSZ), and
Samarium-doped ceria (SDC), exacerbates thermal incompatibility is-
sues, leading to delamination between functional layers [35,36]. Other
modification approaches also have limitations, such as limited defi-
ciency creation to avoid structural instability [37,38] and limited
addition of electrolyte or NTE content. In most cases, this limit might not
be sufficient for tailoring the TEC of the cathode to a required value. The
incorporation of composite materials with negative thermal expansion
coefficients has proven effective in reducing thermal expansion in fuel
cells and thermoelectric converters, where precise control of thermal
expansion is critical [39]. Recently, researchers have extended this
approach to the cathode materials of SOFCs [40-42]. The most impor-
tant limitation of research in this area is that most strategies focused on
overall thermal expansion with temperature and achieved a reduction in
that value. However, chemical expansion is underestimated in terms of
maintaining or improving electrochemical performance.

This paper aims to contribute to the development of durable SOFC
systems by addressing the thermal expansion mismatch and its impact
on cell performance. We propose an approach focusing on reducing
lattice and chemical expansion. This involves fabricating composite
cathodes to achieve reduced and gradual thermal expansion while pre-
serving electrochemical behaviour. By incorporating NTE and electro-
lyte materials tailoring the TEC of perovskite cathode materials, we aim
to improve thermal compatibility between the cathode and electrolyte.
We investigate the composite cathode prepared using BSCF cathode,
Smy 2Ce(.801.9 (SDC) electrolyte material, and YoW3012 (YWO) as the
NTE material. This study aims to analyse the potential of this approach,
leading to comparable performance and improved durability. We
selected BSCF as a cathode material for its outstanding performance at
intermediate temperatures (around 600 °C) despite its thermal in-
compatibility with traditional electrolytes. The trade-off between cata-
lytic activity and stability complicates electrode material development,
making BSCF, a benchmark MIEC material, the ideal choice for this
study. By addressing the challenges of thermal expansion mismatch, we
aim to ensure sustained and efficient operation of SOFCs. Additionally,
this strategy transforms BSCF from a theoretical concept into a practical
solution, making this renowned material viable for real-world
applications.

2. Experimental method
2.1. Sample synthesis

Phase-pure Bag.5Sr(.5Co.gFeg.203.5 (BSCF) powder was synthesized
using the sol-gel method, where stoichiometric amounts of nitrates were
dissolved in water, a combination of EDTA and citric acid served as
complexing agents, and an ammonia solution used to maintain the pH of
the solution. Mild heating was applied to attain gelation of the solution,
and then the resulting gel was heated at 250 °C for 12 h to remove or-
ganics. The obtained powder was calcined at 950 °C for 2 h in air. NTE
material YoW301, was prepared using a solid-state reaction route.
Ethanol was added into an appropriate amount of Y,03 and WOg3; the
mixture was ball-milled for 10 h at 300 Rpm. The mixture was air-dried
in an oven at 80 °C and calcined at 1100 °C for 5 h in air. Commer-
cialized electrolyte material Smg 2Cey.g01.9 (SDC) has been used as
electrolyte material to prepare composite cathode powder and electro-
lyte disc. An appropriate amount of BSCF, SDC, and YWO has been
mixed with the use of mortar and calcined at 950 °C for 2 h in the air to
produce a composite cathode.
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2.2. Fabrication of fuel cells

Electrolyte pellets having 495 pm thickness and 11 mm diameter
were prepared using Smg 2Ce.s01.9(SDC), which is dry pressed at 4 Mpa
and calcined at 1400 °C for 7 h in air. Composite cathode powder was
dispersed in IPA (isopropyl alcohol) and glycerol, and then the mixture
was ball milled at 300 Rpm for 2 h to produce cathode slurry. Then, the
obtained cathode slurry was sprayed on both sides of the electrolyte
disc, followed by calcination at 950 °C for 2h under an air atmosphere to
acquire a symmetric cell configuration cathode\electrolyte\cathode.

2.3. Basic characterization

The crystal structure characterization of synthesized composite
cathode powder has done by X-Ray Diffraction (XRD) to identify the
crystalline structure of synthesized powder at room temperature, and
patterns were recorded using the Bruker D8-Advanced X-Ray diffrac-
tometer using nickel-filtered Cu-Ko radiations. The samples were scan-
ned under 40 kV and 40 mA in an angle range of 26 = 10° to 90° using a
0.1° for step increment. The XPS test was conducted using Kratos Axis
Ultra spectrometric with AlKa (1486.8eV) radiation source at 150 W to
understand surface chemistry and its effect. Data were analysed using
CASAII software. Dense rectangular bar-shaped samples were formed by
dry-pressing synthesized powders and fired at 1200 °C for 5h for BSCF
and composite cathodes at 1150 °C for 20h in the air to observe thermal
expansion. The temperature-programmed desorption (TPD) of oxygen
was assessed utilizing the Micromeritics AutoChem II & HP apparatus.
The specimens underwent a reduction in pure helium (50 mL/min),
followed by the recording of TCD signals within the temperature range
of 50-800 °C under a helium flow. The electrode material underwent
thermal analysis through thermal gravimetric analysis using TGA, Q50
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with a heating rate of 10 °C/min. The analysis was performed under
flowing air (20 mL/min), starting from room temperature and pro-
gressing up to 800 °C. Surface morphology and the cathode/electrolyte
interface were examined before and after a durability test using scan-
ning electron microscopy (SEM) with a JEOL 7100 instrument. Addi-
tionally, transmission electron microscopy (TEM) imaging was
performed using a field emission transmission electron microscope
(HF5000) equipped with energy-dispersive X-ray spectroscopy (EDS)
capabilities. The samples were prepared using an ethanol dispersion
method and then mounted on a copper grid. A dense rectangular bar-
shaped sample of the composite cathode BSY20 was formed by dry-
pressing synthesized powders and fired at 1150 °C for 20h in the air
to observe EDS using SEM Hitachi SU-3500.

2.4. Electrochemical test

Electrochemical impedance spectroscopy (EIS) was used to deter-
mine symmetrical cell polarization resistance (Rp) using the PGSTAT302
auto lab workstation. The EIS is carried out in a frequency range of
10000 Hz-0.1 Hz for a temperature range of 500-700 °C, where the air
is used as fuel and flowrate kept at 150 mL/min for all tests. The dif-
ference between the lower and high-frequency intercepts on the real axis
determined the R;, from the EIS spectra. Silver paste has been used as a
current collector, and cells were connected using silver wires to enable
connection with an external circuit.

3. Result and discussion

The schematic in Fig. 1a illustrates the configuration of the SOFC
system employed in our study, highlighting the assembly of the cathode
and electrolyte. The focus is on the effects of thermal expansion

[
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Fig. 1. (a) Schematic presentation of the experimental strategy, SEM analysis after durability test (b) Cross section of the interface of BSCF cathode and electrolyte
(c) surface morphology of BSCF (d)Cross section of the interface of BSY20 composite cathode and electrolyte (e) surface morphology of BSY20.
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mismatch and the nonlinear TEC profile between the pristine cathode
and electrolyte materials. The schematic also represents the same
configuration and its impact on the composite cathode developed in this
study. This hypothesis is subsequently tested by assessing the pristine
and composite cathode materials, specifically the BSY20 composite
cathode synthesized in this study.

To explore this concept, five variants of composite cathodes were
prepared, namely Bag.5Sr(.5Cog.gFe(.203.5 (BSCF), (BSCF:YWO) (mass
ratio = 100:10)) (BY10), (BSCF:YWO (mass ratio = 100:20)) (BY20),
(BSCF:SDC:YWO (mass ratio = 100:20:10)) (BSY10), and (BSCF:SDC:
YWO (mass ratio = 100:20:20)) (BSY20). The choice of 20 % SDC
incorporation was based on a previous study [43], suggesting it as an
optimum level to enhance the triple phase boundary (TPB) and provide
more reactive sites. Additionally, SDC is known to be effective at lower
temperatures [44]. However, excessive loading of electrolyte material
might lead to agglomeration, potentially interfering with diffusion and
affecting the oxygen reduction reaction (ORR) mechanism.

The study considers the balance between electrolyte and NTE ma-
terial in the composite cathode, focusing on maintaining the optimum
amount of SDC and NTE material YWO. The addition of YWO aims to
balance the thermal expansion coefficient of the composite cathode, as
demonstrated in previous research [45]. The interaction between the
cathode and YWO introduces A-site deficiency, improving performance.
However, an excess of NTE material may lead to a more significant A-site
deficiency, potentially deteriorating cell performance due to a shift in
the rate-determining step from oxygen surface diffusion to
charge-transfer processes [46]. Hence, this research was conducted to
maintain the optimal concentration of electrolyte (SDC) and NTE ma-
terial (YWO) within the composite cathode and evaluate the synergistic
effects arising from the addition of SDC and YWO. The study system-
atically assesses the compatibility of BSCF, SDC, and YWO, investigating
their influence on the electrochemical and thermal characteristics of the
synthesized composite cathode to determine the viability of this
material.

To validate our hypothesis, scanning electron microscopy (SEM)
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analysis was conducted on the cathode materials after undergoing
durability tests. Durability tests were carried out by frequent thermal
cycling to both materials. SEM images after thermal cycling tests are
presented for the interface of BSCF/SDC, Surface analysis of BSCF
cathode, the interface of BSY20/SDC, and surface analysis of BSY20 in
Fig. 1 b, ¢, d, & e, respectively. The SEM results confirm the correctness
of our hypothesis and reveal significant insights. In the pristine cathode
material, numerous cracks are observed, indicating the occurrence of
mechanical stress and strain during thermal cycling. A similar occur-
rence was noted in the microstructural alterations and performance
decline of BSCF during prolonged operation in electrolysis mode [47].
These cracks can compromise the overall performance and stability of
the material. Furthermore, detachment between the cathode and elec-
trolyte is evident, highlighting the vulnerability of the pristine cathode
material to degradation and delamination under thermal cycling con-
ditions. In contrast, the composite cathode material demonstrates
improved structural integrity. SEM analysis reveals a limited occurrence
of cracks and reduced detachment between the cathode and electrolyte.
This signifies the ability of the composite cathode material to withstand
the mechanical stresses associated with thermal cycling. Consequently,
the composite cathode exhibits enhanced thermal cycle resistance and
long-term durability in SOFC applications. The improved durability and
reduced occurrence of cracks and detachment validate the effectiveness
of the composite cathode in addressing the thermal expansion mismatch
issue and enhancing the long-term stability of SOFCs.

The outcomes of the durability test highlight the potential of the
composite cathode material to enhance the long-term performance and
reliability of SOFCs under varying temperature conditions. Specifically,
Fig. 2a illustrates that BSY20 exhibits a lower thermal expansion coef-
ficient (TEC) and more gradual expansion behaviour compared to BSCF.
This reduction in TEC, particularly within the operating temperature
range, contributes significantly to improved thermal cycle resistance.
BSY20 demonstrates a TEC of (12.81 + 0.41) x 107® K™! within the
temperature range of RT-800 °C, in contrast to the pristine cathode
material’s TEC of (20.92 + 0.68) x 107° K1 in the same temperature
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Fig. 2. (a) Thermal expansion of BSCF, BSY20, and SDC in the air for temperature range RT-800 °C (b) thermogravimetric analysis for BSCF and BSY20 (c) O2-TPD

profiles for BSCF and BSY20 (d) XPS analysis of Ols for BSCF and BSY20.
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range. The reduced thermal expansion of the composite cathode mate-
rial results in minimized stress and strain accumulation during thermal
cycling, mitigating the risk of mechanical failures, such as cracking or
delamination, that could adversely affect cathode performance and
stability.

The incorporation of electrolyte and NTE components in the com-
posite cathode material achieves a more balanced and controlled ther-
mal expansion response. Literature suggests that chemical expansion
occurs due to cobalt ion spin transition, thermal/chemical reduction of
cobalt ions to lower oxidation states [48], and the release of more ox-
ygen [49]. As presented in Fig. 2b, the higher thermal expansion
observed in BSCF, particularly after reaching a temperature of 400 °C, is
primarily attributed to the increased release of oxygen. The TGA data
depicted in Fig. 2b under an air atmosphere indicate that BSY20 expe-
riences a lesser release of lattice oxygen compared to BSCF. This
reduction in chemical expansion may contribute to performance sta-
bility during thermal cycling, enhancing the overall thermal stability of
the composite cathode material.

The TEC of the BSCF perovskites is closely linked to the effects of
chemical expansion resulting from variations in the concentration of
point defects and the spin state of cobalt ions [50]. Fig. 2¢ illustrates the
Temperature-Programmed Oxygen Desorption (O2-TPD) curves ob-
tained for BSCF and BSY20. Two distinct onset temperatures, approxi-
mately 300 °C and 800 °C, indicate oxygen desorption, referred to as a-
and p-oxygen desorption. BSCF exhibits significant desorption peaks in
the intermediate-temperature range of 300-600 °C (a-peak) and the
range of 700-900 °C (p-peak), consistent with previous literature [46,
51]. These peaks correspond to the reduction of Co™/Fe ™ to Co*3/Fe*3
and Co™® to Co*z, respectively [46]. The reduction in peak intensity
implies a decreased conversion of cobalt and/or iron from higher
oxidation states to lower oxidation states, ultimately resulting in a
reduction in chemical expansion. When BSCF, SDC, and YWO interact at
elevated temperatures, it alters the valence state of the B-site cation,
allowing for a reduction in chemical expansion. Our selection of mate-
rials and optimal loading result in the BSY20 composite cathode
achieving a balance between thermal and electrochemical properties.

Table 1 overviews the oxygen component concentrations for BSCF
and BSY20, indicating the presence of lattice 0%, 0, 2/07, oxygen
vacancies (Oy), and water (H;0). Surface analysis through X-ray
Photoelectron Spectroscopy (XPS) supports the dilution of BSCF by
confirming a low oxygen vacancy concentration in the composite cath-
ode. The O1s spectra in the region of 525-540 eV reveal distinct peaks,
representing lattice oxygen species, oxygen vacancies, surface oxidative
oxygen or adsorbed O, and the presence of water on the surface [52] for
both BSY20 and BSCF. Comparing the O1s spectra of BSY20 and BSCF, a
lower concentration of oxygen vacancies (Ov) is evident in BSY20,
aligning with the slight increase in ASR value and activation energy of
composite cathode as explained in the following section. The reduction
in oxygen vacancy concentration can be attributed to the dilution of
BSCF material in the composite cathode material prepared using BSCF,
SDC, and YWO, as BSCF has higher oxygen vacancy.

The X-ray diffraction (XRD) patterns for BSCF and its composites
with YWO (negative thermal expansion material) and SDC (electrolyte
material) were recorded at room temperature after mixing and sintering
at 950 °C for 2 h in air. These patterns are shown in Fig. 3a, with
additional data in Supporting Information Figure S1. To optimize the

Table 1
Oxygen components concentration for BSCF and BSY20.
Cathode lattice 0% 0,%/0 Oxygen H,0
material vacancy
BSCF 4.38 % + 60.78 % + 13.53 % + 21.31 % +
0.44 % 6.08 % 1.35% 213 %
BSY20 17.72 % + 49.90 % £ 5 4.40 % + 27.98 % +
1.77 % % 0.44 % 2.80 %
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calcination temperature for the composite cathode powders, we con-
ducted XRD analysis of BY10 at 800 °C, 950 °C, and at room tempera-
ture. Significant lattice shrinkage at 950 °C, indicated by the main peak
shifting towards higher angles, led us to select 950 °C as the optimal
calcination temperature to achieve favorable thermal expansion prop-
erties with SDC. The BSWO,4 phase formed at both temperatures.
Fig. S2a presents XRD data for BSCF, BY10_RT (BY10 composite cathode
without calcination), BY10_800 (BY10 composite cathode calcined at
800 °C for 2h), and BY10_950 (BY10 composite cathode calcined at
950 °C for 2h). Fig. S2b provides zoomed-in sections illustrating greater
lattice shrinkage at 950 °C, justifying its selection. This ensures the
composite cathode maintains structural integrity and performance
under operational conditions.

The chemical compatibility of BSCF and SDC persists up to 900 °C,
with negligible reactions reported [43]. Calcination of the BSY20 com-
posite at 950 °C reveals an additional phase, BaSrCeOs, evidenced by a
minor shoulder peak at 28.8° 20 in the XRD pattern, though challenging
to confirm due to overlapping with another peak at the same value.
HRTEM analysis in Supplementary Fig. S7 confirms the presence of the
extra phase barium strontium tungstate (BSWO) in composites, indi-
cating a chemical reaction between BSCF and YWO. The reaction
involving A-site cations Ba and Sr induces A-site deficiency in the BSCF
structure. A-site deficiency creates an extra oxygen vacancy to maintain
charge balance for A-site deficient BSCF [46,53]. Surprisingly, our
developed material shows no additional oxygen vacancies; instead, a
reduction in oxygen vacancy content is observed in the composite ma-
terial. This reduction is attributed to the dilution of BSCF in composite
material.

Fig. 3b magnifies the diffraction for the main peak of BSCF in BSCF
and BSY20. Composites BY10, BY20, BSY10, and BSY20 exhibit a shift to
a higher angle value of 26, indicating lattice shrinkage. The presence of
YWO influences the TEC value, as illustrated in Fig. 2a. The formation of
additional phases in a composite material results in the establishment of
chemical bonds between all three base materials, potentially enhancing
cohesion and overall performance. High-Resolution Transmission Elec-
tron Microscopy (HRTEM) analysis at a selected site in Fig. 3¢ confirms
the coexistence of all base phases (BSCF, SDC, and YWO), as shown in
Fig. 3d. STEM analysis, combined with elemental mapping, confirms the
presence of all expected elements in the structure (Fig. S9), including
barium, strontium, cobalt, iron, cerium, samarium, yttrium, tungsten,
and oxygen. The high intensity of samarium, cerium, and oxygen in-
dicates that the selected EDS area contains a significant quantity of SDC,
suggesting that SDC remains largely unreacted with other materials in
the composite. This observation also points to a degree of chemical
compatibility between SDC and the other composite components. The
presence of other elements at lower intensities suggests their incorpo-
ration into the matrix, verifying the successful integration of all con-
stituents within the composite. We prepared a bar-shaped pellet to
achieve a broader coverage for EDS and facilitate a smooth surface
suitable for EDS analysis. As anticipated, the subsequent SEM-EDS
analysis revealed a uniform distribution of all metals on the microscale.

Reduced cobalt and iron reduction leads to decreased chemical
expansion, potentially impacting electrochemical reactions and Oxygen
Reduction Reaction (ORR) activity. However, adding Solid Electrolyte
material (SDC) extends the triple-phase boundary (TPB) [54,55],
improving diffusion and maintaining electrochemical activity compa-
rable to BSCF, with increased cathode thickness (33 pm). The formation
of the new phase BSWO does not compromise performance.

To evaluate electrochemical activity, both materials were tested
under air in a symmetric cell configuration. Electrochemical Impedance
Spectroscopy (EIS) results (Fig. 4a) show that the pristine BSCF and the
composite cathode achieve comparable Area-Specific Resistance (ASR)
values. At 600 °C, BSCF exhibits an ASR of 0.058 = 0.006 Q cm?, while
the composite cathode shows 0.074 + 0.003 Q cm?. Despite a slight
difference, the composite cathode’s performance remains promising,
indicating suitable electrochemical activity for SOFC applications.
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Fig. 3. (a) X-ray diffraction plot for composite cathode material BSY20 (b) Magnified XRD data section for the range between 20 = 31-32.8-degree (c) STEM and (d)
corresponding HRTEM image of the interfaces of BSCF, SDC and YWO for BSY20 (e) SEM-EDS analysis of BSY20.

The reduced oxygen vacancy content observed in TGA and XPS data
does not significantly impact electrochemical performance. Impedance
tests show comparable ASR for BSY20 to BSCF. The inclusion of SDC
extends the TPB, providing more reactive sites, while unreacted YWO
does not participate in ORR (supporting info Fig. S3). In the BSY20
composite, YWO reacts with BSCF to form BSWO, with yttrium likely
occupying the B-site of BSCF. This is suggested by the peak shift in XRD
data (Fig. 3b) and confirmed by EDS analysis (Fig. 3e) showing yttrium
distribution. The comparable ORR performance is attributed to TPB
extension and B-site yttrium incorporation, which enhances perfor-
mance and provides structural stability to BSCF, mitigating the impact of
BSCF dilution with YWO and SDC.

The stability of the symmetric cell with BSY20 in air was evaluated at
600 °C over a span of approximately 200 h under open circuit condi-
tions. Throughout the test, a consistently low value of ASR was
observed, as depicted in Fig. 4b, with an initial ASR of 0.064 Q cm® and a
final ASR of 0.079 Q cm?. We also evaluated the long-term structural
stability of the BSY20 composite cathode material. The material un-
derwent a prolonged heat treatment at 600 °C for 200 h. Post-treatment
XRD analysis showed no additional peak formation, indicating the
preservation of the original structure. This stability suggests that the
structural integrity of the composite material is maintained, which
correlates with the consistent electrochemical performance observed
during the extended testing period. XRD results are presented in the

Supporting Information as Fig. S10. This finding emphasizes the reli-
ability of the composite material for long-term applications in SOFCs.

A spider chart analysis in Fig. 4c evaluates thermally and electro-
chemically controlled performance parameters. The results indicate that
the prepared composite cathode material is a balanced choice for per-
formance across various criteria. The addition of electrolyte material
contributes to extending TPB, while the presence of the NTE component
provides a compensating effect, counteracting excessive expansion. This
combined approach effectively mitigates thermal expansion mismatch
between the cathode material and other cell components, reducing the
risk of thermo-mechanical stress and enhancing the material’s ability to
withstand thermal cycling.

As presented in Fig. 4d, the evaluation of thermal cycle resistance in
the composite cathode material BSY20, incorporating electrolyte and
NTE components, was compared to the pristine cathode material BSCF.
The increase in measured ASR after multiple thermal cycles provided
insights into performance degradation and thermal cycle stability. The
pristine cathode material exhibited a significant increase in ASR from
0.060 to 0.13 Q cm?, indicating reduced stability and degradation with
each subsequent thermal cycle. In contrast, BSY20 exhibited a lower
increase in ASR, rising from 0.079 to 0.098 © cm? after 10 thermal cy-
cles and remaining consistent up to 40 thermal cycles. To demonstrate
the feasibility of using a thicker electrode in the composite cathode, we
intentionally increased the thickness when incorporating SDC, which
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stability (d) ASR response on symmetric cells using BSCF and BSY20 cathode materials during thermal cycling with a heating rate of 30 °C/min and passive cooling

between the temperature range of 600-300 °C.

extends the TPB. This extension results in a more robust and thicker
electrode. Conversely, a similarly thick BSCF electrode would experi-
ence delamination during thermal cycling owing to its higher TEC [56,
57], complicating reliable material testing. To avoid these issues, the
BSCF layer was maintained at a thickness of 10-15 pm. This approach
ensures a fair comparison while preserving the integrity of the BSCF and
showcasing the enhanced stability of the SDC-incorporated composite
cathode. Literature supports that thicker composite cathodes perform
better electrochemically [45,58-60].

This result explains improved thermal cycle resistance and enhanced
durability compared to the pristine cathode material. The stabilization
of ASR in the composite cathode material reflects its ability to maintain
performance and stability throughout subsequent thermal cycles. The
incorporation of electrolyte and NTE components in the composite
cathode formulation effectively mitigates the detrimental effects of
thermal cycling on the cathode material.

In summary, the composite cathode comprises three components:
perovskite BSCF, electrolyte SDC, and negative thermal expansion ma-
terial YWO. These components have different thermal expansion be-
haviors, and their distribution within the composite cathode
significantly impacts the overall thermal expansion coefficient (TEC)
and potential for microcracking under thermal cycling. However, the
interaction between BSCF and YWO leads to the formation of an inte-
grated structure. The contact structure among BSCF, YWO, BSWO, and
SDC can self-reconstruct through mechanisms such as pore-filling and
topology changes [45], which enhances stability and prevents internal
delamination. Although this interphase formation may appear to dilute
the perovskite phase, it helps maintain structural integrity and reduce
chemical expansion by distributing the BSCF more evenly.

Additionally, the literature has demonstrated that the incorporation
of materials like YWO enhances the thermal and mechanical stability of
composite cathodes. The formation of strong interphase boundaries and
the minimization of TEC mismatch are critical in mitigating issues
related to thermal cycling and chemical expansion. To further address

these concerns, we conducted X-ray diffraction (XRD) tests after long-
term heat treatment to observe structural changes. These tests show
that our composite material maintains structural stability over extended
periods, supporting the reliability of our approach.

4. Conclusion

The composite cathode design, comprising BSCF, SDC, and YWO in a
100:20:20 mass ratio, aimed to maintain thermomechanical strength
and durability under operating conditions. Fabricated through sintering
at 950 °C, the composite cathode, labelled BSY20, exhibited resistance
to thermal cycling and sustained stability. Compared to pristine cathode
BSCF, BSY20 displayed superior performance, with only a 24 % increase
in ASR after 10 thermal cycles and consistent behaviour up to 40 cycles
(19 % ASR increase). Notably, BSY20 avoided delamination between the
electrolyte and cathode, maintaining integrity with the electrolyte sur-
face. Morphological examination post-durability testing confirmed
BSY20’s intactness, supporting its enhanced durability. These findings
emphasize BSY20’s potential as a promising cathode material for
intermediate-temperature SOFCs, offering optimized electrochemical
performance and superior durability for practical application. The suc-
cessful integration of BSCF, SDC, and YWO in the composite cathode
demonstrates a synergistic solution to thermal cycling and material
stability challenges, advancing SOFC technology.
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