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ABSTRACT 
 
High productivity and environmental consciousness have made the environmentally friendly features of solid oxide fuel cells (SOFC) an 
alternative energy source that has attracted attention as a potential solution to problems such as pollution, global warming, and lack of 
fuel availability. In the field of SOFC, extensive research has been focused on the development of cells that exhibit good electrochemical 
performances and are highly durable. Samarium doped ceria (SDC) has become the material that is frequently investigated as a potential 
electrolyte for SOFC. Compositional modification of SDC doped with Fe as second dopant was investigated in this project. The samples 
were synthesized using a solid state reaction method from raw materials, which are cerium oxide, samarium oxide, and iron oxide, then 
sintered at temperatures of 1480 oC. Different concentrations of Fe (0-10 mol%) were doped in SDC. To assess the effects of double 
dopants on the crystal structure and electrical characteristics, X-ray diffraction (XRD) analysis was employed for phase confirmation, and 
impedance was measured to determine electrical conductivity. All samples were sintered at 1480 oC and have a relative density more 
than 95%. It was discovered that, in the lower temperature range of 300-600 oC, significant improvement can be seen when Fe was doped 
in SDC, where 5 mol% Fe doped SDC shows the highest conductivity with a value of 1.09 S/m at 600 oC, which is more than 3 times higher 
than SDC, showing that Fe is a potential candidate as second dopant in SDC. 
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1. INTRODUCTION 
 
In recent research on renewable energy sources, fuel cells 
have been singled out as one of the most promising 
potential energy sources for the future. Fuel cells have 
various advantages including high efficiency, mobility in the 
use of the essential fuels and the flexibility to be 
manufactured for a wide variety of operating temperatures. 
Because of such features, fuel cells have become a 
competitive power source in recent years.   These features 
allow fuel cells to be applied in a variety of applications, 
which has led to their development in demand [1]. Solid 
oxide fuel cell (SOFC) is the one type of example of fuel cell 
[2] where can generate electricity by converting chemical 
energy like oxygen and hydrogen as a fuel at high efficiency 
[3-7]. SOFC has been attracting a lot attention since it has 
good dominance like affordability, high efficiency and green 
credentials [2,8,9].  Due to the excellent electrical 
characteristic along with high ionic conductivity, ceria 
based solid electrolyte has been identified as an attractive 
candidate for electrolyte of SOFC [10-15].  
 
CeO2 is a highly stable oxide material that may be doped 
with a variety of elements in order to increase its ionic 
conductivity [5,12,16,17]. This is possible since pure ceria 
has a low ionic conductivity. Samarium doped ceria, often 
known as samarium doped ceria (SDC), is a common solid 
electrolyte that is based on ceria and is typically utilized in 
SOFC. This is due to the fact that SDC have low activation 

energy, making it easier for vacancies to move across the 
lattice, as well as also make it simple to produce oxygen 
vacancies. However, in order to improve the performance of 
SOFCs, a co-doping ceria-based method that increases the 
conductivity of solid electrolytes used in SOFCs is utilized. 
This method was reported to be effective in a prior study 
[10]. Due to the fact that Fe2O3 is an excellent dopant for 
increasing ionic conductivity and acts as a sintering aid for 
CeO2-based electrolytes, it was decided to use it as the 
dopant in this investigation [18,19]. In addition to this, it 
acts as an impurity degreaser at grain boundaries, and the 
oxidation state of Fe3+ has the ability to increase the number 
of oxygen vacancies and the ionic conductivity of the 
material.  During the course of this research, Fe2O3 doped 
SDC was synthesized, and the correlation between the 
structural and electrical properties of such doping was 
investigated.   
 
 
2. MATERIALS AND METHOD 
 
CeO2 (99.9% purity, Acros Organics), Sm2O3 (99.95% purity, 
Sigma Aldrich), and Fe2O3 (96% purity, Sigma Aldrich) were 
used as raw materials. Samarium doped ceria (SDC) was 
used as the reference sample throughout the research, and 
various concentration of dopant, Fe was substituted in Sm. 
Samples were synthesized using the conventional solid 
state reaction method. Raw materials were measured out in 
a stoichiometric ratio and mixed in an agate mortar with 
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ethanol for an hour to ensure homogeneity. The solid 
solution of Ce0.8Sm0.2O1.9, Ce0.8 Sm0.175Fe0.025O1.9, 
Ce0.8Sm0.15Fe0.05O1.9, Ce0.8Sm0.125Fe0.075O1.9, 
Ce0.8Sm0.1Fe0.1O1.9, are abbreviated as SDC, SDC-Fe0.025, 
SDC-Fe0.05, SDC-Fe0.075 and SDC-Fe0.1. The uniformly dry 
powder was pressed into pellets using a manual hand press 
and subjected to pressure of 3000 psi before being sintered 
at temperatures of 1480 oC for five hours. The green bodies 
were 15 mm in diameter and 2-3 mm in diameter in 
thickness.  
 
The density of the sintered pellet was measured using 
Archimedes' method for three times replication. 
Meanwhile, to perform an X-ray diffraction (XRD) analysis 
by using Bruker D2 Phaser, the sintered pellet was crushed 
to a powder. XRD was performed using Cu Kα radiation and 
scan range was between 20o and 90o. An XRD analysis was 
performed to verify the phase.  
 
After applying silver paste to both sides of the pellet and 
heating it for one hour at 700 oC, impedance measurement 
was done at temperatures from 300 °C to 800 °C with 
frequencies from 0.1 Hz to 1 MHz [20]. Impedance 
spectroscopy was used to investigate the sintered pellet's 
electrical conductivity. Additionally, by comparing the 
diameter and thickness of the sample before and after 
sintering, the volume shrinkage that occurs during the 
process was measured by five time replication.  
 
 
3. RESULT AND DISCUSSION  

 

3.1. Phase Confirmation and Crystal Structure Analysis 
 
The XRD pattern of SDC-Fe with various Fe concentrations 
has been sintered at 1480 oC for five hours is shown in figure 
1. All samples exhibit all of the main peaks that are 
characteristic of the flourite structure. However, SDC-
Fe0.05 and SDC-Fe0.075 sample have secondary phase 
meanwhile, other samples have single that can be identified. 
The samples display all main reflections conforming to the 
references listed on the PDF card 01-075-0157, which is 
suggestive of the complete development of a CeO2-based 
solid solution with a characteristic cubic flourite structure. 
In addition, the peak of the XRD pattern obtained by a 
sample with Fe doping is narrow than the peak obtained by 
a sample with no Fe added especially at 2θ, 27-28o. 
Therefore, the crystal structure of the sample might be 
improved with Fe doped into SDC in comparison to the 
sample that was not doped. Due to this, Fe doping can 
produce major alterations of the original crystalline 
structure, such as covalent imbalance and lattice distortion, 
which could result in a rise in the concentration of oxygen 
vacancy and boost the migration of lattice oxygen, in other 
words, an increase in the number of applications for which 
the material is suitable [21,22].  
 
The lattice parameter of the sample was derived from the 
XRD analysis, which is displayed in figure 2. The values of 
each sample's lattice parameter were calculated by using 
the HighScores Plus software to the peak data of the XRD. 

Compared to CeO2 without any dopant which has a lattice 
parameter of 0.5411 nm [23], synthesized has a slightly 
larger lattice parameter of 0.5444 nm. In the meantime, the 
lattice parameter of SDC-Fe decreases with an increase in 
the concentration of Fe. At 10 mol% of Fe, the lattice 
parameter is 0.5422 nm, but it slightly increases to 0.5428 
nm when doped with 2.5 mol% of Fe. Changes in the crystal 
lattice and the way charges are distributed affect its 
chemical and physical properties [21]. Changes to the lattice 
parameters can occur when dopant atoms made of Fe are 
introduced into a crystal lattice. One of the most evident 
mechanisms occurs due to a size mismatch between the 
dopant impurity and the host atom that it substitutes for 
[24]. Because the sizes of individual atoms can vary, the 
process of incorporating additional atoms might result in 
the lattice being stretched or distorted in order to 
accommodate the new atom's dimensions. In this case, Fe3+ 
with ionic radius of 0.0645nm [25] was doped in Sm3+ with 
ionic radius of 0.0964 nm [26]. 
 

 
Figure 1. The diffractions peaks position with 2 theta degree. 

 

 
Figure 2. Lattice parameter of sample derived from XRD pattern. 
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3.2. Physical Properties  
 
The density measurement of SDC sample as well as SDC-Fe 
with varying concentrations is displayed in Figure 3. The 
density of the sample is greatly increased by the addition of 
a little amount of Fe (0-10 mol %), which indicates that the 
addition has a beneficial impact in promoting the formation 
of dense solid electrolyte. However, the density of all 
samples are increase when compared to SDC samples that 
have not been doped with any Fe at all. For a SOFC, the 
relative density of a suitable solid electrolyte must be 
greater than 90% for the device to operate as intended. This 
is to prevent cross-diffusion during operation in SOFC, 
which could lead to a short circuit in the device. The 
incorporation of Fe into SDC has the potential to result in a 
high density, which in turn can serve as a sintering aid [27]. 
Sintering additives are commonly included to enhance the 
process of densification. The use of metallic additives such 
as Fe is employed to enhance the sinterability of materials. 
This improvement primarily relies on the formation of 
liquid phase, which facilitates particle rearrangement and 
mass transfer throughout the sintering process [28]. So that, 
by adding Fe greatly promotes the densification of SDC. This 
is most likely because viscous flow sintering happened in 
Fe-doped SDC prior to the addition of Fe [28].  
 
Figure 4 depicts the volume reduction that occurred in the 
sample as a result of the sintering process, which was 
measured both before and after the process. The trend 
percentage of shrinkage gradually increases from 29.99% 
to 38.48% for SDC and SDC-Fe0.025, and the trend 
percentage of shrinkage increases similarly for SDC-
Fe0.075 and SDC-Fe0.1, which are respectively 38.57% and 
38.98%. The sample with SDC-Fe0.05 had a shrinkage 
percentage of 40.07%, making it the winner in this category. 
In a nutshell, the addition of Fe into SDC resulted in 
shrinkage in all of the samples following the sintering 
process.  
 

 
 

Figure 3. Density value sintered at 1480 oC. 

 

 
 

Figure 4. Volume shrinkage of sample sintered at 1480 oC. 
 
3.3. Electrical Properties  
 
The correlation between the total conductivity value of 
samples with varied concentrations of Fe and temperatures 
ranging from 300 oC to 800 oC is depicted in Figure 5. By 
applying Equation 1, one can determine the total 
conductivity of the sample.  
 
σ=L/SR                                                                                        (1) 
 
Where, L and S represent the sample thickness and area of 
the surface respectively while R represents as resistances. 
The measured conductivity data at different temperature 
are analysed with the Arrhenius equation in Equation 2.  
 
σ= A/T exp(-E/kT)                                                                        (2) 
 
The presence of Fe has a positive effect on the conductivity 
of the samples where we can see from Figure 5, all SDC-Fe 
samples show higher conductivity compared to SDC. 
Noticeable enhancements are observable within the low 
temperature range 300 oC to 600 oC, as opposed to the 
higher-temperature range of 700 oC to 800 oC. At 300 oC, 
SDC-Fe0.05 managed to attain the highest conductivity, in 
comparison to all the samples which is 0.024 S/m and more 
than one order compared to SDC. This sample maintained 
its ability to attain the highest conductivity at temperatures 
ranging from 300 oC to 600 oC.  
 
As the temperatures increase, the disparity in conductivity 
becomes reduced. At high temperatures between 700 oC – 
800 oC, the conductivity of SDC-Fe sample is comparable. 
Nevertheless, SDC-Fe0.075 shows slightly higher 
conductivity than that of other samples. At 800 oC, SDC-
Fe0.075 attained highest conductivity, which is 3.402 S/m 
and 8 times higher compared to SDC. Another study found 
that adding 5 mol% of Fe led to greater conductivity at 
temperatures ranging from 600 oC to 800 oC [9]. However, 
the ionic conductivity can be influenced by the lattice 
parameter due to its impact on the ionic radius of the ions 
present in the crystal lattice. As can be seen in Figure 2, the 
lattice parameter become slightly smaller after the mol% of 
Fe was added. So, when the lattice parameter is reduced, it 
might impose limitations on the mobility of ions, resulting 
in a decrease in ionic conductivity. Comparing the 
conductivity of all samples at 600 oC in Figure 6, 
conductivity of SDC-Fe increase when Fe concentration is 
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up to 5 mol%, and further doping resulted in decreasing 
conductivity. Aside from that, the conductivity of the SDC-
Fe0.10 sample is just marginally higher than that of the 
reference sample SDC.  
 
Figure 7 shows the activation energy obtained from the 
Arrhenius plot. As can be seen generally from this figure, 
single doped SDC has higher activation energy compared to 
SDC-Fe samples. This indicates the agreement on 
correlation between activation energy and conductivity 
value. The activation energy of SDC is 0.828 eV, meanwhile 
SDC-Fe0.025, SDC-Fe0.05, SDC-Fe0.075 and SDC-Fe0.1 has 
0.658 eV, 0.577 eV, 0.657 eV and 0.638 eV respectively. SDC-
Fe0.05 sample has the lowest activation energy. The 
increase in ionic conductivity can be related to a decrease in 
the activation energy required for ionic conduction [24].  

 
 

Figure 5. Arrhenius plot of different sample at 300 oC to 800 oC. 

 
 

 
Figure 6. Total conductivity represent at 600 oC. 

 
 

 
 

Figure 7. Activation energy of the samples. 
 
 
4. CONCLUSION  
 
The crystal structure of each of the produced Fe2O3 doped 
SDC samples as well as their ionic conductivity was 
analyzed. At a sintering temperature of 1480 oC, SDC and 
SDC-Fe0.025 samples successfully achieved a single phase 
meanwhile SDC-Fe0.05, SDC-Fe0.075 and SDC-Fe0.1 
samples have secondary phase and agreed very well with 
the PDF card 01-075-0157. Fe doping has the potential to 
improve the density of the material. Doping with Fe can 
result in an increase in the conductivity of SDC, which 
results in an obvious increase at temperature of 300 oC for 
all samples but only a slight increase compared to SDC 
whenever it is heated between 700 oC and 800 oC. The 
results of this analysis showed that every sample obtained 
more than 95% densification, SDC-Fe0.05 shows the most 
significant improvement at lower temperature region 
meanwhile SDC-Fe0.075 sample achieving the highest 
conductivity at 800 oC which is 3.402 S/m. However, these 
candidates material need to be explored more to improve 
the conductivity and other properties most for application 
of electrolyte for SOFC.  
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