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Abstract. Solid oxide fuel cells (SOFCs) rely on electrolytes with high ionic conductivity and thermal stability,
especially for intermediate-temperature operations (500-700 °C). Yttria-stabilized zirconia (YSZ), the
conventional SOFC electrolyte, requires high operating temperatures, which leads to thermal mismatch, interfacial
degradation, and other performance issues. Samarium-doped ceria (SDC) is a promising alternative due to its
superior ionic conductivity at lower temperatures. However, SDC still faces challenges in achieving full
densification and minimal porosity without elevated sintering temperatures. This study explores the incorporation
of natural silica derived from rice husk ash (RHASIO:) as an eco-friendly sintering aid to enhance the structural
and electrochemical performance of SDC electrolytes. RHASiIO: was calcined at 700 °C and combined with
commercial SDC powder in various weight percentages (0 %—3 %) using dry ball milling. The mixtures were
uniaxially pressed into pellets and sintered at 1200 °C. Thermogravimetric analysis (TGA) showed that RHASiO:
improved thermal stability by reducing weight loss during intermediate and final degradation phases. The
microstructure and morphology were characterized using scanning electron microscopy (SEM), while porosity
was quantified through image analysis using ImagelJ software. The results revealed a decreasing trend in porosity
with increasing RHASIO: content, reaching the lowest value of 4.58 % in the SDC3.0 sample. Electrochemical
impedance spectroscopy (EIS) demonstrated enhanced conductivity and reduced grain boundary resistance for
RHASiO:-modified samples. The highest total ionic conductivity, 2.76 x 102 S-ecm™ at 700 °C, was achieved by
SDC3.0, which also exhibited the lowest activation energy of 0.768 e¢V. These results confirm that RHASiO:
effectively promotes densification and enhances the electrical conductivity of SDC electrolytes, offering a
sustainable and low-cost route to improve SOFC performance.
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1. INTRODUCTION

Solid oxide fuel cells (SOFCs) rely heavily on the performance of their electrolytes, which
serve as a medium for oxide ion conduction. Among the key parameters, ionic conductivity is the most
critical property of solid oxide electrolytes [1]. YSZ is the most widely used electrolyte in conventional
SOFCs due to its chemical stability and mechanical robustness. However, YSZ requires high operating
temperatures (800—1000 °C) to achieve adequate ionic conductivity (~0.01 S/cm), leading to several
material challenges such as thermal expansion mismatches between components, electrode coking,
interfacial diffusion, and difficulties in achieving reliable cell sealing [2,3]. As an alternative, ceria-
based electrolytes, particularly SDC, have emerged as promising candidates for intermediate-
temperature SOFCs (IT-SOFCs, 500-700 °C) due to their superior ionic conductivity in this range [4].
Previous studies have reported that SDC exhibits conductivity in the range of 1073 to 1072 S-cm™ at
600-700 °C, mainly due to the formation of oxygen vacancies from Sm?" substitution in the ceria lattice.
In addition, SDC shows good compatibility with electrode materials, further improving its
electrochemical performance. However, challenges such as incomplete densification and possible
electronic conduction under reducing conditions still limit its performance [5,6].

In recent years, the incorporation of silica (SiO:) as a sintering aid has been widely explored to
reduce the sintering temperature and enhance the densification of ceria-based electrolytes. Among
various silica sources, rice husk ash (RHA) has emerged as a promising natural precursor due to its high
silica content (typically >85-95 wt%), amorphous structure, low cost, and abundant availability as an
agricultural waste by-product. Compared to conventional commercial silica, RHA-derived silica offers
advantages such as higher reactivity, finer particle size after processing, and environmental
sustainability. Previous studies have demonstrated that RHA-derived silica can improve densification
and reduce sintering temperature; however, several limitations remain, including insufficient control of
microstructural homogeneity, limited analysis on conductivity enhancement mechanisms, and lack of
optimization of silica content, which may lead to excessive grain boundary resistance when used in
higher amounts [7].

The addition of silica must therefore be carefully controlled. While low silica content can
promote liquid-phase sintering and improve grain packing, excessive silica may segregate at grain
boundaries, forming insulating phases that hinder oxide ion transport [8,9]. In this study, the silica
content was limited to a maximum of 3.0 wt% to balance densification and ionic conductivity. This
selection is based on prior findings indicating that silica content beyond this threshold tends to increase
grain boundary resistance and reduce overall conductivity. Investigating this compositional range
allows the study to identify the optimal trade-off, while also providing insight into the potential impact
of higher silica content, which is expected to negatively affect electrochemical performance due to
phase segregation and blocking effects.

In addition, a modified ball-milling approach was employed to improve powder homogeneity
and particle size distribution. Unlike conventional ball-milling, the modification in this study involves
extended milling duration, controlled milling speed, and optimized ball-to-powder ratio, which
collectively enhance particle refinement and ensure uniform dispersion of RHA-derived silica within
the SDC matrix. This modification is critical to achieving better mixing at the nanoscale level, thereby
promoting uniform densification and minimizing agglomeration during sintering [10].

Despite numerous studies utilizing RHA as a sintering aid, the novelty of this work lies in the
systematic integration of controlled low-percentage RHA-derived silica with an optimized powder
processing route to achieve enhanced electrolyte performance. Unlike previous reports that primarily
focus on densification behavior, this study provides a comprehensive evaluation of both microstructural
and electrochemical properties, particularly emphasizing the correlation between silica content, grain
boundary characteristics, and ionic conductivity. Furthermore, this work addresses the gap in
understanding the optimal silica loading and its influence on conductivity degradation at higher
concentrations [4].
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EIS was employed to characterize the electrochemical properties of the sintered SDC—
RHASIO: samples. EIS is a powerful technique that provides detailed insights into various polarization
phenomena within SOFC systems, including ohmic, activation, and concentration losses [11]. By
applying an alternating current over a wide frequency range, the impedance response can be analyzed
through Nyquist plots, where the high-frequency intercept represents the bulk resistance, and the low-
frequency intercept corresponds to the total resistance. This enables the separation of grain interior and
grain boundary contributions, which is essential for understanding the effect of silica addition on ionic
transport [12].

Therefore, this study aims to investigate the role of RHA-derived SiO- as a sustainable and
cost-effective sintering aid in enhancing the densification and ionic conductivity of SDC-based
electrolytes. By systematically evaluating compositions up to 3.0 wt% SiO: and employing an improved
powder processing technique, this work provides new insights into optimizing electrolyte performance
while addressing the limitations of previous studies.

2. MATERIALS AND METHODS
2.1 Silica production from rice husk

RHASIO: was produced from rice husk waste collected from a rice milling facility in Muar,
Johor, Malaysia. The rice husks were initially subjected to uncontrolled open-air combustion at the
milling site, generating rice husk ash at an estimated temperature of approximately 450 °C. The
resulting ash, which contained silica along with residual carbonaceous components and trace impurities,
appeared as a greyish powder. To enhance silica purity and eliminate remaining organic residues, the
collected ash was further calcined in a muffle furnace at 700 °C. This thermal treatment facilitated the
oxidation of residual carbon and promoted the formation of amorphous silica structures commonly
found in rice husk ash—derived materials. Following calcination, the RHASiO: powder was subjected
to particle size refinement using a dry ball-milling process for 3 hours. This process reduced particle
agglomeration and produced a relatively uniform particle size distribution within the range of
approximately 0.1-0.6 um. The processed silica powder was then stored in sealed containers to
minimize contamination and moisture absorption prior to further processing.

2.2 Characterizations of composite powder

Commercial SDC powder supplied by Kceracell (Korea) was used as the primary electrolyte
material for composite preparation. The RHASiO: additive was blended with SDC powder using a low-
speed ball-milling technique to ensure homogeneous dispersion of silica particles within the ceria
matrix. The mixing process was performed at a rotational speed of 200 rpm for 3 hours. A series of
SDC-RHASIO: composite powders were prepared by varying the silica additive content relative to
SDC. The compositions were designated as SDCO (0 wt%), SDCO0.25 (0.25 wt%), SDCO0.5 (0.5 wt%),
SDCI1.0 (1.0 wt%), SDC2.0 (2.0 wt%), and SDC3.0 (3.0 wt%). The homogenized powders were
subsequently compacted into disc-shaped pellets using a uniaxial hydraulic press. The pellets were
fabricated with a diameter of 30 mm and an approximate thickness of 1 mm. This compaction step
ensured sufficient green density and structural integrity prior to sintering. All pellets were sintered at
900 °C, 1000 °C, 1100 °C and 1200 °C for 60 minutes with heating rate 10 °C.min" in a high-
temperature furnace to promote densification and microstructural development of the electrolyte
materials. The sintered samples were then allowed to cool naturally to room temperature before being
subjected to further characterization and electrochemical evaluation.

The thermal behavior and decomposition characteristics of the synthesized SDC-RHASiO2
composite powders were investigated using simultaneous Differential Thermal Analyzer and
Thermogravimetric Analyzer (DTA-TGA, Model: SDT2960). The measurements were conducted
under ambient air atmosphere with a heating rate of 10 °C min™' from room temperature to the desired
temperature range. TGA data provided quantitative information on weight loss associated with moisture
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removal, decomposition of organic residues, and volatilization of residual components. The
microstructural morphology of the rice husk ash—derived silica and sintered electrolyte samples was
examined using a scanning electron microscope (SEM, Hitachi SU1510, Japan). Quantitative porosity
analysis was performed using Image] image-processing software based on the acquired SEM
micrographs. High-resolution thin-section images of the pellet surface were selected to ensure accurate
representation of the pore distribution within the material. Image processing steps included grayscale
conversion, contrast enhancement, and threshold segmentation to clearly distinguish pore regions from
the solid matrix. The porosity percentage was then calculated by determining the ratio of pore area to
the total image area, allowing for improved accuracy and reproducibility in the porosity measurement.

The conductivity of the sintered SDC-RHASIO: electrolyte pellets was evaluated using EIS.
The measurements were carried out using an Autolab electrochemical workstation (Metrohm,
Switzerland) integrated with a high-temperature tube furnace. Prior to measurement, platinum mesh
electrodes were attached to both sides of the electrolyte pellets to serve as current collectors and ensure
stable electrical contact. The impedance spectra were recorded over a frequency range of 0.01 Hz to 1
MHz using an AC signal amplitude of 0.01 mV. The conductivity measurements were performed within
a temperature range of 500 °C to 700 °C to simulate the operating conditions of IT-SOFCs. Each sample
was maintained at the target temperature for at least 30 minutes prior to measurement to ensure thermal
equilibrium and stabilization of the electrochemical response. The applied current ranged from 10 pA
to 1 A depending on the impedance characteristics of the sample. The obtained impedance spectra were
analyzed and fitted using NOVA 2.1 software to determine the bulk resistance and grain boundary
resistance of the electrolyte materials. The ionic conductivity was subsequently calculated using the
standard relationship between sample geometry and measured resistance.

3. RESULTS AND DISCUSSION

The novelty of this work is highlighted by the use of natural RHASiO: as a sustainable and
low-cost silica source, together with the identification of an optimal low silica content (<3 wt%) that
balances densification and ionic conductivity. This study demonstrates simultaneous improvements in
thermal stability, microstructural densification, and electrochemical performance, while providing
clearer insight into the roles of grain boundary and bulk transport mechanisms. In contrast to previous
studies that often address these aspects separately, the present work establishes a comprehensive
correlation between porosity, impedance behavior, and conductivity, and further discusses the
limitations associated with excessive silica addition, particularly its impact on grain boundary resistance
and overall electrolyte performance.

3.1 Thermal Characterization (TGA) of SDC-RHASIO;

TGA was employed to evaluate the thermal decomposition behavior and weight loss
characteristics of SDC-RHASiO, composite powders, with results summarized in Table 1 and
illustrated in Figure 1. The sintering temperatures of 900 °C, 1000 °C, 1100 °C, and 1200 °C do not
represent separate sintering experiments, but rather selected data extraction points from a single
continuous TGA heating profile. These points were used to simulate the effect of sintering temperatures
on mass stability. The analysis covered six compositions (SDC0, SDC0.25, SDCO0.5, SDC1.0, SDC2.0,
and SDC3.0) each demonstrating distinct weight loss trends corresponding to increasing RHASiO»
content. The TGA curves were interpreted across three degradation phases: initial (room temperature
to 400 °C), intermediate (400—800 °C), and final (800—1300 °C). The initial phase showed mass loss
due to water evaporation, particularly in the SDCO sample, while the intermediate phase reflected
decomposition of organic content and partial burning of SDC. The final degradation stage involved
oxidation of residual organics and structural transitions within the ceria lattice, further influenced by
the incorporation of silica from RHASiO,. These phase transitions, driven by increasing temperature,
are strongly associated with changes in crystallinity and porosity, indicating that the Si element plays a
vital role in enhancing thermal stability and reducing weight loss by stabilizing the composite structure
during sintering [13].
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The graph was also plotted to identify the weight loss of four different sintering temperatures,
which are 900 °C, 1000 °C, 1100 °C and 1200 °C which can be observed as the sintering temperature
increases, the weight loss will increase. The amount of weight loss for all samples is shown in Table 1.
The weight loss happened through a process of heating rate. Through initial degradation shows that 100
% SDC has the highest weight loss at a range of 0°C to 400 °C, with 0.2555 mg followed by SDC-
RHASIO> 2 %, SDC-RHASIO:; 3 %, and SDC-RHASIO> 1 % with 0.1454 mg, 0.1327 mg, and 0.0494
mg. Next phase, the intermediate phase was set at a range of 401 °C to 800 °C to see the weight loss of
4 different compositions of SDC-RHASIO; starting at temperatures 500°C-600 °C. The highest weight
loss in an intermediate phase is SDC-RHASIO; 3 % with losses of 0.0997 mg, and the lower weight
loss is 100 % SDC with 0.0522 mg. The final degradation of the graph of thermogravimetric analysis
shows the highest weight loss of the composition powder at 801 to 1300 °C because a lot of the
composition powder has a melting point in that temperature range. At these temperatures, the SDC-
RHASIO: 3 % lost a lot of weight at 0.2696 mg and was followed by SDC-RHASiIO; 2 %, SDC-
RHASIO: 1 %, and 100 % SDC with 0.2182 mg, 0.2063 mg, and 0.2058 mg.

Table 1: Weight loss of SDC-RHASIO; composite powder at 900 °C, 1000 °C, 1100 °C and 1200 °C

Weight Loss (mg)
Samples Sintering Temperature (°C)

900 1000 1100 1200
SDCO0 1.34 1.5 1.62 1.78
SDC0.25 0.86 1.11 1.24 1.36
SDCO0.5 0.85 0.95 1.08 1.29
SDC1.0 0.78 0.81 0.86 0.93
SDC2.0 0.5 0.66 0.76 0.93
SDC3.0 0.61 0.69 0.74 0.86
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Figure 1: Weight loss of SDC-RHASiO, composite powder at sintering temperature of 900 °C, 1000
°C, 1100 °C and 1200 °C

The data presented in Table 1 and Figure 1 clearly demonstrate that the incorporation of
RHASIO: into the SDC-RHASIO: composite enhances thermal stability, as evidenced by the overall
reduction in weight loss with increasing RHASiO: content. This trend indicates that RHASiO: serves a
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stabilizing role within the composite, counteracting the effects of thermal decomposition and
volatilisation that are typically intensified at higher sintering temperatures. One possible explanation is
that RHASiO: contributes to the formation of a denser and more thermally robust microstructure, which
minimizes porosity and restricts the escape of volatile components, thereby helping the composite
maintain its integrity under elevated temperatures [13]. Additionally, RHASiO. may promote phase
stabilization by chemically interacting with other constituents to form thermodynamically stable phases
that resist high-temperature breakdown. This effect could also help suppress the volatilisation of
impurity phases or undesirable secondary compounds. Moreover, RHASiO: may act as a scavenger for
impurities, reducing their concentration and further preventing thermally induced mass loss [14].
Weight loss due to the decomposition of organic additives or binders, which typically release gaseous
by-products during heating, is also mitigated by the presence of RHASiO.. Furthermore, volatilisation
of intrinsic or processing-related impurities often a result of sintering conditions or raw material
inconsistencies that can be reduced through RHASIO: interaction, ultimately enhancing the thermal
resilience of the SDC-RHASIO: system [15].

Although absolute weight loss increases with temperature due to thermally activated processes,
the relative thermal stability improves with RHASiO: addition, as evidenced by the lower overall weight
loss in doped samples compared to pure SDC. This apparent contradiction can be explained by
distinguishing between temperature-driven weight loss and composition-driven stability. RHASiO:
promotes structural stability by forming a more compact network and reducing volatilisation pathways.
Regarding possible redox effects, slight weight variations at high temperature may also be associated
with partial reduction of Ce*" to Ce*" under local oxygen-deficient conditions. However, this effect is
expected to be minimal under the present experimental conditions and does not dominate the observed
trends. In terms of purity, rice husk ash (RHA) typically contains high silica content (>85-95 wt%)
after calcination, with minor impurities such as K-O and CaO [16]. These impurities can act as fluxing
agents, promoting liquid-phase sintering and enhancing densification. Although XRD analysis was not
included in this study, the improved densification and reduced porosity indirectly suggest that no
detrimental secondary phases were formed at the studied compositions. Future work will include XRD
to further confirm phase purity and structural stability.

3.2 Porosity of SDC-RHASIO;

Porosity was evaluated from SEM micrographs using Image] software based on grayscale
thresholding and area fraction analysis. To improve statistical reliability, multiple SEM images (at least
3-5 regions per sample) were analyzed and averaged. The top surface section image may be used to
determine porosity to increase accuracy and precision. This improvement in the colour palette, along
with higher resolution and more thorough photography of the microporosity, will result in an
improvement in the true area that the computer would threshold as pore space. The porosity was
coloured red to set it apart from the top surface as a whole in Image J. Red dots indicated the presence
of porosity and holes in the SDC-RHASiO, composite electrolyte. Consequently, the porosity number
will be more precise and consistent with the overall porosity of the samples [17-19].

Table 2 and Figure 2 present the porosity values of SDC-RHASIO; electrolyte samples sintered
at 1200 °C and RHASIO; concentrations (0, 0.25, 0.5, 1.0, 2.0, and 3.0 wt%). This comprehensive
dataset enables a thorough analysis of the relationship between RHASIiIO, content, sintering
temperature, and porosity. The porosity values range from approximately 4.95 % to 4.58 %, with a
general trend of decreasing porosity with increasing RHASiO; concentration.

Several variables contribute to the observed reduction in porosity as RHASiO; concentrations
increase in SDC-RHASIO; electrolytes. One important element is the effect of RHASiO; on particle
packing during sintering. RHASiO,'s unique chemical and physical features, such as surface energy,
atomic size, and crystal structure, may improve particle density. This tighter packing can minimise the
void space within the material, resulting in lower porosity. Additionally, RHASiO, may inhibit grain
growth, contributing further to porosity reduction. RHASiO, may function as a grain development
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inhibitor, resulting in a finer-grained microstructure. Smaller grains tend to reduce porosity at grain
boundaries, leading to a denser material. Impurities in the RHASiO, material, as well as secondary
phases formed during sintering, may further impact the densification process. These contaminants can
interact with the SDC matrix, influencing the sintering process and subsequent microstructure.

Impurities, for example, may interfere with grain boundary movement, resulting in a denser material
[20,21].

Table 2: Porosity of SDC-RHASIO; electrolyte

Temperature (°C) Sample Porosity (%)
SDCO 4.95
SDCO0.25 4.94
SDCO0.5 4.89

1200 SDC1.0 4.75
SDC2.0 4.64
SDC3.0 4.58
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Figure 2: Graph of porosity of SDC-RHASIO; electrolyte

The results imply that adding RHASIO, to SDC-based electrolytes can dramatically reduce
porosity. This is most likely owing to a mix of variables, including better particle packing, grain
refining, and possible impurity effects. Based on the result obtained, the porosity percentage of SDC-
RHASIO; pallets with 3wt% at 1200 °C showed the best result as the lowest porosity percentage. Figure
3 supports the findings. Although SDC3.0 shows the lowest porosity, it should be clarified that this does
not necessarily represent the absolute optimum. Based on sintering theory, further increase (>3 wt%) is
expected to result in silica segregation and formation of insulating grain boundary phases, which may
trap pores or even increase effective porosity [8,9]. Therefore, 3 wt% is considered the optimal range
within this study, not a universal maximum. Regarding the relatively small change in porosity (=0.4
%), this difference is still significant in dense ceramic electrolytes. Even minor reductions in residual
porosity can substantially improve ionic pathways and reduce grain boundary resistance, which is
consistent with the observed conductivity enhancement. It should also be acknowledged that Imagel
analysis represents surface porosity estimation. While the results strongly indicate improved
densification, future work incorporating bulk density measurements (e.g., Archimedes method) would
further validate internal densification.
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Figure 3: SEM images of surface morphology and porosity value through the ImagelJ software for
SDC-RHASIO; electrolyte at 1200 °C
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3.3 Conductivity analysis of SDC-RHASiO;

Figures 4, 5, and 6 present the EIS results of SDC-RHASIO; electrolytes measured at 500 °C.
Ceria-based ceramics typically exhibit three distinct arcs in EIS spectra, corresponding to grain interior
(HF), grain boundaries (MF), and electrode/electrolyte interface (LF) conduction processes. However,
only two arcs were observed in this study, which can be attributed to the overlap or suppression of the
high-frequency bulk response at elevated temperatures, where the associated relaxation time falls
beyond the measurable frequency range of the instrument. The assignment of these arcs was validated
through equivalent circuit modelling using the Ro(R:CPE:)(R:CPE:) configuration, supported by
comparison with reported literature and analysis of the capacitance values associated with each process.
Based on this evaluation, the high-frequency arc is interpreted as a combined bulk response, while the
mid-frequency arc corresponds to grain boundary conduction, indicating that the dominant contribution
to impedance arises from grain boundary effects in the studied system.
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Figure 4: EIS results for SDCO electrolytes measured at 500 °C

20
sDC0.25
154 ft
£
1.0
=
z 1 1k
Nos- 10K {
% 100
0-0 L l Ll l L " L l LJ l L
40 45 50 55 26.0 65 7.0
Z' (Qcm®)

Figure 5: EIS results for SDCO0.25 electrolytes measured at 500 °C

At elevated temperatures like 700 °C, the bulk conduction arc becomes less distinguishable due
to reduced relaxation time beyond the analyser’s detection limit (1 MHz), as reported in prior studies
[22]. For example, the SDCO sample (Figure 4) displays only two arcs, with the HF arc appearing
increasingly truncated. To model the impedance behavior, the Ro(RiCPE)(R2,CPE>) equivalent circuit
was used, which is well-established for doped ceria systems [22]. This model, shown in Figure 7,
includes constant phase elements (CPEs) to represent non-ideal capacitive behavior arising from
distributed current paths and electroactive species [23]. The impedance spectra of the SDC0.25 sample
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(Figure 5) show overlapping semicircles due to similar relaxation times, while the SDC3.0 sample
(Figure 6) exhibits two clearly resolved arcs. Bulk resistance (Rb), grain boundary resistance (Rgb),
and electrode/electrolyte interfacial resistance (Rel) were extracted from Ry, Ry, and R», respectively
[24]. As shown in Figure 7, Rgb values for SDC0.25 and SDC3.0 dropped by nearly an order of
magnitude compared to SDCO, indicating significantly improved grain boundary conductivity, while
Rb showed a gradual increase with higher RHASiO, content.
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Figure 6: EIS results for SDC3.0 electrolytes measured at 500 °C
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Figure 7: The Ro(RiCPE)(R,CPE) model to fit the EIS data

Figure 8 shows the Arrhenius plots (IndtT-1/T) for SDC-RHASIO: electrolytes measured
between 500 °C and 700 °C, with total conductivity (dt) calculated using Equation 1,

dt = I/SRt, (D

where dt is total ionic conductivity (S-cm™), Rt is total resistance obtained from EIS (Q), / is the pellet
thickness and S is the effective cross-sectional area. Total conductivities (df) at 500 °C, 600 °C and 700
°C and conduction activation energy (Ea) in different electrolytes was tabulated in Table 3. At 500 °C,
the total conductivity of the samples increased from 0.59 x 10? S-cm™ (SDCO) to 0.77 x 10 S-cm’!
(SDC0.25) and further to 0.94 x 102 S-cm™ (SDC3.0). A similar trend was observed at 600 °C, where
conductivity rose from 1.21 x 102 S-cm™ (SDCO0) to 1.34 x 10% S-cm™ (SDC0.25) and 1.72 x 102 S-cm”
' (SDC3.0). The enhancement became more pronounced at 700 °C, with SDC3.0 reaching 2.76 x 10~
S-cm™!, surpassing both SDC0.25 (2.07 x 10 S-cm™) and the undoped SDCO (1.96 x 10 S-cm™). This
enhancement is attributed to a substantial reduction in grain boundary resistance (Rgb), facilitated by
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finer grain structures that increase boundary area and dilute impurity effects, thus improving ionic
transport. The slight increase in bulk resistance (Rb) with RHASiO: addition can be attributed to the
intrinsically insulating nature of silica, which may partially block ionic transport within grain interiors.
However, this negative effect is outweighed by the significant reduction in grain boundary resistance
(Rgb) due to improved densification and reduced porosity. Activation energy (Ea) values further
support these findings, decreasing from 0.898 eV in SDCO to 0.796 eV and 0.768 eV in SDCO0.25 and
SDC3.0, respectively. These values align with previously reported data for ceria-based and proton-
conducting electrolytes, indicating that RHASiO» not only improves densification but also contributes
to more efficient charge transport across the electrolyte matrix [22, 23].

4 " ® ¢ socso
. [ § SDC0.25
g * u € sDco
g - [ N
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=i R §
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Figure 8: Arrhenius plot (IndtT — 1/T) of different electrolytes measured between 500 and 700 °C

Among the studied compositions, SDC3.0 demonstrated the highest total ionic conductivity
within the temperature range of 500—700 °C. At 700 °C, SDC3.0 achieved a conductivity of 2.76 x 10
2S-cm™, outperforming both SDC0.25 (2.07 x 10 S-cm™) and the undoped SDCO (1.96 x 10 S-cm™).
The conductivity improvement observed (up to 2.76 X 1072 S-cm™ at 700 °C) is comparable and in some
cases superior to reported values for SDC-based electrolytes in the literature, which typically range
from 1.0 x 1072 to 2.5 x 10 S-cm™' at similar temperatures. This confirms the effectiveness of
RHASIO: as a sintering aid. This superior performance is primarily attributed to a significant reduction
in grain boundary resistance (Rgb), likely driven by the refined microstructure and increased grain
boundary density associated with higher RHASiO; content

Table 3: Total conductivities (df) at 500 °C, 600 °C and 700 °C and conduction activation energy (Ea)
in different electrolytes

Electrolyte dt at 500 °C dr at 600 °C dr at 700 °C Ea (eV)
(S:'em)x102  (S:em™)x 102 (S-em™) x 1072

SDCO0 0.59 1.21 1.96 0.898
SDCO0.25 0.77 1.34 2.07 0.796
SDC3.0 0.94 1.72 2.76 0.768

Furthermore, SDC3.0 exhibited the lowest conduction activation energy (0.768 eV) among the
three compositions, compared to 0.796 eV for SDC0.25 and 0.898 eV for SDCO. The progressive
decline in activation energy with increasing RHASiO» concentration suggests that the RHASiO; phase
not only enhances microstructural properties but also directly contributes to charge transport, thereby
improving overall conductivity. Although the bulk resistance (Rb) was observed to increase slightly
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with RHASIO, addition, the substantial drop in Rgb and the reduced activation energy more than
compensated for this effect. Consequently, SDC3.0 emerged as the optimal composition, offering the
most effective balance of microstructure, activation energy, and conductivity enhancement for high-
temperature electrochemical applications.

4. CONCLUSIONS

This study successfully demonstrates the potential of natural RHASIO, as a sustainable and
effective sintering aid for enhancing the structural and electrochemical performance of SDC electrolytes
in intermediate-temperature solid oxide fuel cells. TGA confirmed that RHASiO; incorporation
improves thermal stability by reducing total weight loss across all degradation phases, with SDC3.0
showing the most significant resistance to decomposition. Morphological observations via SEM
coupled with ImagelJ analysis revealed a progressive reduction in porosity, from 4.95 % in pure SDC to
4.58 % in the 3 wt% RHASiO: composite, confirming improved densification. EIS further highlighted
the positive effect of RHASiO; on electrical properties, particularly grain boundary conductivity. The
highest total ionic conductivity of 2.76 x 107 S-cm™ at 700°C was achieved by the SDC3.0
composition, which also exhibited the lowest activation energy of 0.768 V.

Overall, the addition of RHASiO; not only enhances the microstructural integrity and reduces
porosity, but also significantly boosts the ionic conductivity of SDC electrolytes without requiring
extreme sintering temperatures. These findings underline RHASIO; as a promising, eco-friendly, and

low-cost sintering additive for the development of high-performance IT-SOFC electrolytes,
contributing to the advancement of more sustainable and efficient fuel cell technologies.
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