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Abstract: This paper examines the development and characterization of composite cathodes for low-temperature
solid oxide fuel cells (SOFCs) utilizing gadolinium-doped ceria (GDC) as the electrolyte material. The advantages
of operating SOFCs at low temperatures include increased durability, decreased material costs, and improved start-
up characteristics. The composite cathodes seek to optimize the electrochemical performance of SOFCs operating at
low temperatures. The focus of this study is on combining GDC with other cathode materials to improve the overall
efficacy of composite cathodes. Due to its high ionic conductivity at low temperatures, chemical stability, and
compatibility with a variety of cathode materials, GDC is chosen as the electrolyte material. Using techniques such
as co-precipitation, solid-state mixing, and electrodeposition, composite cathodes are fabricated, and their structural
and electrochemical properties are characterized by scanning electron microscopy, X-ray diffraction, and
electrochemical analysis. In low-temperature SOFCs, performance evaluations reveal that composite cathodes with
GDC electrolyte exhibit enhanced power density, cell voltage, and stability. Combining GDC with other cathode
materials produces synergistic effects that result in enhanced electrochemical activity, reduced polarization losses,
and improved compatibility with the low-temperature operation. This study contributes to the development of
composite cathodes for low-temperature SOFCs by shedding light on their design and optimization for enhanced
performance and durability. Utilizing GDC as an electrolyte material provides benefits in terms of its ionic
conductivity and chemical stability. Exploring additional cathode materials and optimizing the composite cathode
design for improved performance at low temperatures requires additional research.
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1.0 INTRODUCTION

Solid oxide fuel cells (SOFCs) are electrochemical energy conversion devices that have attracted
considerable attention due to their potential for highly efficient and environmentally friendly energy
conversion. They directly convert the chemical energy contained in fuels into electric power without
the limitation of the Carnot cycle, resulting in a higher energy conversion efficiency (around 60 percent)
than traditional combustion engines (30-40%) (Adams et al., 2013; Liu & Duan, 2021). Hydrogen is
regarded as the purest fuel, but it is not abundant in nature, and its production and storage are difficult.
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Therefore, based on Figure 1, SOFCs are being developed to efficiently convert energy from other fuels,
such as hydrocarbons (Leng et al., 2004).
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Figure 1. Schematic illustration of SOFCs with (a) a proton-conducting electrolyte; (b) an oxygen on
conductor (Leng et al., 2004)

Electrochemical devices, such as fuel cells, batteries, and electrolysers, have demonstrated
tremendous potential for large-scale applications involving the conversion and storage of clean energy.
These technologies are considered pure and have the potential to mitigate climate change issues
brought on by the intensive use of fossil fuels. However, electrode efficiency, membrane costs, and
electrolyte stability continue to impede the widespread commercialization of electrochemical energy
conversion/storage devices (Appetecchi, 2020).

It is essential to increase the performance of batteries, supercapacitors, and fuel cell electrodes
by developing new and improved electrocatalytic materials (Costa et al., 2021). Recent advances in
electrocatalysts/electrode development for energy conversion and storage devices (Hussain &
Yangping, 2020) have yielded promising results, making research and development of efficient
catalysts crucial to achieving this goal.

SOFCs shown in Figure 2, and other electrochemical energy conversion and storage devices
have the potential to revolutionise how renewable energy is generated and stored. By overcoming
current limitations in electrode efficacy, membrane costs, and electrolyte stability, these devices can

play a significant role in the transition to a low-carbon and sustainable future (Hussain & Yangping,
2020).
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Figure 2. Diagram of ionic & proton conductions (Hussain & Yangping, 2020)
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1.1 Significance of Developing Low-Temperature SOFCS

Due to their numerous benefits and prospective applications, the development of low-
temperature solid oxide fuel cells (LT-SOFCS) is significant. LT-SOFCS can operate at temperatures
between 400-600°C, which is lower than conventional SOFCS shown in Figure 3, which typically
operate at 800-1000°C (Vostakola & Horri, 2021). This decreased operating temperature has numerous
advantages, including reduced material degradation, enhanced durability, and a quicker start-up (Xia
& Liu, 2001).
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Figure 3. Schematic of (a) Solid oxide fuel cells (SOFC) operation and (b) Single cells assembly in-series
(Vostakola & Horri, 2021)

One of the primary benefits of LT-SOFCs is their compatibility with a wide variety of fuels,
such as hydrogen, natural gas, propane, butane, ethanol, and methanol (E. D. Wachsman & Lee, 2011).
This fuel versatility enables the use of generally available and renewable fuels, making LT-SOFCs a
desirable option for sustainable energy conversion. In addition, the lower operating temperature
reduces the need for costly materials and complex thermal management systems, resulting in reduced
fabrication expenses (Vostakola & Horri, 2021).

LT-SOFCs have prospective applications in numerous industries, including combined heat and
power (CHP) systems, stationary and mobile power plants, hybrid vehicles, distributed power sources,
and even spacecraft [3]. Hydrogen and liquid fuels such as petrol and methanol are preferred for light
vehicles and low-temperature applications (E. D. Wachsman & Lee, 2011). Heavy vehicles, jets and
military applications can use diesel with a high sulphur content, while natural gas is the preferable fuel
for small and stationary plants (E. D. Wachsman & Lee, 2011).

1.2 Composite Cathode Development using Gadolinium-Doped Ceria as the Electrolyte

Because of its high ionic conductivity and compatibility with other materials, composite
cathode development with gadolinium-doped ceria (GDC) as the electrolyte has been an area of interest
in low-temperature solid oxide fuel cells (LTSOFCs). There has been research done to see if improving
the performance and stability of LTSOFCs with GDC-based composite cathodes is possible.

Combining GDC with perovskite materials, such as lanthanum strontium cobalt ferrite (LSCF),
is one strategy for generating composite cathodes (Baharuddin et al., 2013). Another strategy is to
combine GDC with other materials. This combination has the potential to improve the cathode's
electrochemical performance by enhancing the kinetics of the oxygen reduction process (ORR) and
lowering the polarization resistance. In terms of power density and stability at moderate to low
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temperatures, the LSCF-GDC composite cathode has demonstrated some encouraging results
(Baharuddin et al., 2013).

Another strategy is to use GDC as a barrier layer between the cathode and the electrolyte to
prevent unwanted reactions and improve the fuel cell's overall performance. Before applying the
material that makes up the cathode, it is necessary to first deposit a very thin layer of GDC onto the
surface of the electrolyte. Both the cathode and the electrolyte's ability to adhere to one another and the
interfacial resistance can be lowered with the help of the GDC layer (Baharuddin et al., 2013) shown in
Figure 4.
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Figure 4. Simplified schematic of the mechanism of electronic and ionic conductions in a composite cathode
(Baharuddin et al., 2013)

In conclusion, the development of composite cathodes that use GDC as the electrolyte has
concentrated on enhancing the electrochemical performance of LTSOFCs as well as their stability and
compatibility. Researchers have been able to improve the performance of these fuel cells while also
lowering the temperatures at which they must be operated by mixing GDC with other materials or
utilizing it as a barrier layer.

2. FUNDAMENTALS OF SOLID OXIDE FUEL CELLS, INCLUDING THEIR OPERATING
PRINCIPLES, COMPONENTS, AND ELECTROCHEMICAL REACTIONS

Electrochemical devices known as solid oxide fuel cells (SOFCs) convert the chemical energy
that is contained in fuels into direct electrical energy through a series of electrochemical reactions. The
generation of an electric current is the result of the transfer of oxygen ions (O2-) from the cathode to the
anode in a SOFC, which takes place in an electrolyte. (Tsipis & Kharton, 2008) This process is known as
the fundamental operating principle of SOFCs.

An SOFC is comprised of three primary parts: the anode, the cathode, and the electrolyte. The
anode is often constructed out of a porous ceramic material, such as nickel-yttria-stabilized zirconia
(Ni-YSZ). This type of material allows for the conduction of electrons as well as the diffusion of fuel
(Vostakola & Horri, 2021). The cathode is also built out of a porous ceramic material, such as lanthanum
strontium manganite (LSM) or lanthanum strontium cobalt ferrite (LSCF), which makes it easier for the
reduction of oxygen and the conduction of oxygen ions (E. Wachsman et al., 2014). The electrolyte is a
dense ceramic substance, such as yttria-stabilized zirconia (YSZ) or gadolinium-doped ceria (GDC),
which conducts oxygen ions while impeding the flow of electrons. This ensures that electrochemical
reactions only take place at the interfaces between the electrodes and the electrolyte (Yamamoto, 2000).

The oxidation of fuel takes place at the anode, and the reduction of oxygen takes place at the
cathode, in the electrochemical reactions that take place in a SOFC. At the anode, the fuel (such as
hydrogen) combines with oxygen ions (O2-) to make water and release electrons. These electrons then
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flow through an external circuit, which results in the generation of electricity. The comprehensive
reaction that takes place at the anode can be depicted as follows:

H2 + O2- —» H20 + 2e- (Fan et al., 2015)

At the cathode, oxygen molecules from the surrounding air are accepted as electrons from the
external circuit, which results in the production of oxygen ions (O2-). The comprehensive reaction that
takes place at the cathode can be represented as follows:

1/2 O2 + 2e- — O2- (Fan et al., 2015)

In a nutshell, the operation of SOFCs is predicated on the movement of oxygen ions through
an electrolyte, which results in the production of an electric current. The anode, the cathode, and the
electrolyte are the primary elements that make up SOFC. The electrochemical reactions that take place
in a SOFC involve the oxidation of fuel at the anode and the reduction of oxygen at the cathode.

2.1 Challenges Associated with High-Temperature SOFCS and the Motivation for Developing Low-Temperature
Alternatives

Electrochemical devices known as solid oxide fuel cells (SOFCs) convert the chemical energy
that is contained in fuels into direct electrical energy through a series of electrochemical reactions. The
generation of an electric current is the result of the transfer of oxygen ions (O2-) from the cathode to the
anode in a SOFC, which takes place in an electrolyte. (E. Wachsman et al., 2014) This process is known
as the fundamental operating principle of SOFCs.

There are several obstacles that must be overcome by high-temperature solid oxide fuel cells
(SOFCs), which is what drives the research and development of low-temperature alternatives. The
following are some of the most significant difficulties related with high-temperature SOFCs:

1. Material compatibility: High operating temperatures (800-1000°C) can lead to undesirable reactions
between the electrolyte, cathode, and anode materials, causing performance degradation and
limiting the choice of materials (E. Wachsman et al., 2014).

2. Thermal stress: high temperatures can cause thermal stress and mechanical failure in the cell
components due to differences in thermal expansion coefficients (Vostakola & Horri, 2021).

3. Sealing: Achieving a hermetic seal between the cell components at high temperatures is difficult,
leading to gas leakage and reduced performance (Tsipis & Kharton, 2008).

4. Cost: High-temperature SOFCs require expensive materials, such as interconnects and seals, that
can withstand the harsh operating conditions, increasing the overall cost of the system (Zha et al.,
2004).

5. Durability: High operating temperatures can accelerate the degradation of cell components,
reducing the lifetime of the fuel cell (Xia & Liu, 2001).

As an alternate solution, low-temperature solid oxide fuel cells, or LTSOFCs, have been
developed because of these issues. Operating at lower temperatures (400-600°C) than high-temperature
SOFCs allows LTSOFCs to address many of the challenges that are associated with high-temperature
SOFCs. This can result in improved material compatibility, reduced thermal stress, simplified sealing,
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reduced costs, and increased durability (Wang et al., 2019). The development of low temperature solid
oxide fuel cells, or LTSOFCs, has primarily focused on enhancing the performance and stability of these
fuel cells while continuing to preserve the benefits of conventional SOFCs.

2.2 Existing Literature on Gadolinium-Doped Ceria (GDC) as an Electrolyte Material and its Potential
Advantages in Low-Temperature SOFCS

Due to its high ionic conductivity and compatibility with other materials, gadolinium-doped
ceria, also known as GDC, has been the subject of a significant amount of research as an electrolyte
material for low-temperature solid oxide fuel cells, also known as LTSOFCs (Tsoga et al., 2000). When
compared to the yttria-stabilized zirconia (YSZ) electrolytes that are typically utilized, the ionic
conductivity of GDC electrolytes is significantly higher (by a factor of 4-5) in the temperature range of
600-800 degrees Celsius (Li et al., 2016). Furthermore, materials based on CeO2, such as GDC, are
thermodynamically stable in the presence of water and hydrocarbon vapors, and they are chemically
compatible with perovskite oxide cathodes containing cobalt (Li et al., 2016). In BZY -H-SOFCs, the
reduced oxygen ion may only meet the proton carried from the anode through BZY at the TPB lines at
the interface between Pt cathode and BZY (in Figure 5), and these are the likely places where the water
evolution process happens. In addition, the reduced oxygen ion may only meet the proton near the TPB
lines near the interface between Pt cathode and BZY.
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Figure 5. XRD patterns of BZY thin film electrolytes (a) with and (b) without GDC interlayer, with the reference
peaks indices for BZY and GDC in (c) (Li et al., 2016)

The development of long-term solid oxide fuel cells (LTSOFCs) employing GDC as the
electrolyte has mostly focused on enhancing the fuel cells' electrochemical performance as well as their
compatibility and stability. It has been observed that proton-conducting micro-solid oxide fuel cells (-
SOFCs) with a nanoscale thin film GDC interlayer can boost cathode reactions as well as overall cell
performance (Vostakola & Horri, 2021).

However, there are issues connected with GDC electrolytes, such as the reduction of Sm-doped
ceria in the reducing environment of the SOFC anode. This reduction can bring additional electrical
conductivity to the system, which can result in a large loss of power (Choolaei et al., 2018). Another
difficulty related with GDC electrolytes is that they are not as stable as other electrolytes. Despite these
drawbacks, GDC shown in Figure 6, continues to be a potential electrolyte material for LTSOFCs due
to the high ionic conductivity it possesses as well as its compatibility with the various other components
of the cell.
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Figure 6. Cross-sectional views (SEM micrographs) of (a). a single cell, (b). the porous Ni-GDC anode, (c). the
dense GDC electrolyte, and (d). the porous SSC-GDC cathode (Choolaei et al., 2018)

2.3 Previous Studies on Composite Cathodes, Focusing on the Use of GDC-Based Materials and Their
Performance Characteristics

In previous research on composite cathodes, the emphasis was placed on the use of GDC-based
materials as a means of enhancing the performance characteristics of low-temperature solid oxide fuel
cells, also known as LTSOFCs. Combining GDC with perovskite materials, such as lanthanum
strontium cobalt ferrite (LSCF), is one method of approaching this problem. In terms of power density
and stability at moderate to low temperatures, the LSCF-GDC composite cathode has demonstrated
some encouraging results (Baharuddin et al., 2013). The composite cathode has the potential to improve
the electrochemical performance by enhancing the kinetics of the oxygen reduction reaction (ORR) and
lowering the polarization resistance.

Another study investigated the usage of GDC as a barrier layer between the cathode and the
electrolyte in a fuel cell in order to reduce unfavorable reactions and improve the fuel cell's overall
performance (Sumi et al., 2021). Before putting the material that makes up the cathode, you should first
deposit a thin layer of GDC on the surface of the electrolyte. This will allow the GDC layer to help
minimize the interfacial resistance and increase the adhesion between the cathode and the electrolyte.

In addition, researchers have investigated the possibility of using GDC-based composite
cathodes in conjunction with other materials, including silver (Ag) and samarium-doped ceria (SDC)
(Liu & Duan, 2021). When compared to more conventional cathode materials, the Ag-SDC-GDC
composite cathode displayed superior electrochemical performance as well as greater stability at lower
temperatures.

In a nutshell, the goal of the earlier research on composite cathodes made from GDC-based
materials was to improve the performance of LTSOFCs while maintaining their stability. Researchers
have been able to increase the electrochemical efficiency of these fuel cells at lower operating
temperatures by mixing GDC with other materials or utilizing it as a barrier layer. This has enabled
them to operate at lower temperatures.
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3.0 CONCLUSION

Composite cathodes for low-temperature solid oxide fuel cells (LT-SOFCs) employing
gadolinium-doped ceria (GDC) as an electrolyte are significant because they have the potential to
improve the overall performance and efficiency of fuel cells. This is the relevance of composite
cathodes. GDC is a viable electrolyte material for LT-SOFCs because to its high ionic conductivity,
which is 4 to 5 times higher than that of the commonly used yttria-stabilized zirconia (YSZ) electrolyte
in the temperature range of 600 to 800 degrees Celsius [1]. This makes GDC an attractive option for the
electrolyte material in LT-SOFCs. In addition, GDC is chemically compatible with cobalt-containing
perovskite oxide cathodes and possesses thermodynamic stability in the presence of water and vapors
of hydrocarbons.

Composite cathodes have the potential to improve the electrochemical performance of LT-
SOFCs by lowering the resistance of the electrode reaction and the ohmic resistance of the electrolyte
[2]. These resistances are the primary obstacles that need to be overcome to improve cell performance.
The use of composite cathodes can also promote greater interfacial contact between the cathode and
the electrolyte, which can ultimately result in improved electrochemical processes and less polarization

resistance.

In recent years, researchers have focused their attention on developing alternative co-doped
electrolyte composites, such as samarium-doped ceria (SDC) and lanthanum strontium gallium
magnesium oxide (LSGM), along with geometrical modifications of the cell structures by minimizing
the electrolyte thickness and fabricating anode-supported SOFCs. In addition, these researchers have
made modifications to the cell structures to increase the efficiency of the cells. These efforts are geared
towards bringing the working temperature of SOFCs down to a more manageable level while
simultaneously improving their performance, durability, and cost-effectiveness.

In conclusion, composite cathodes for low-temperature solid oxide fuel cells (SOFCs) that use
gadolinium-doped ceria as an electrolyte are significant because they have the potential to improve the
electrochemical performance, efficiency, and durability of the fuel cells. The creation of these composite
cathodes, along with alternate electrolyte materials and sophisticated cell designs, has the potential to
contribute to the development of long-term solid oxide fuel cell (LT-SOFC) technology and its
widespread use in a variety of energy applications.
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