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1. Introduction

Intermediate-temperature SOFCs (IT-SOFCs) have at-
tracted a great deal of attention as potential power genera-
tors due to the high efficiency, low environmental impact, 
and fuel versatility [1–3]. Among perovskite-type oxides 

noted as ABO3-δ, mixed ionic and electronic conductors 
(MIEC) have been widely used in IT-SOFCs [4–8]. They 
are good materials for important applications, including as 
electro-catalysts for solid oxide fuel cells (SOFCs), in oxy-
gen-permeable membranes, and in oxygen absorbers. Some 
studies have reported that the MIEC cathode demonstrated 
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A cobalt-free perovskite oxide 
Sm0.5Sr0.5Fe0.8Cr0.2O3-δ (SSFC) has been 
exploited as a novel cathode for inter-
mediate-temperature solid oxide fuel 
cells (IT-SOFCs). The cathode model 
was synthesized with the addition of the 
chromium element in the B side of the 
composite metallic oxide system, which 
was then formed by the solid-state reac-
tion method. The model system was 
further characterized in detail for get-
ting the properties behavior. The sol-
id-state reaction of the SSFC system 
was observed through thermal gravi-
metric analysis. Meanwhile, the struc-
tural properties were investigated by 
x-ray diffraction, and the weight loss 
was examined by the thermal gravi-
metric analysis as well. Furthermore, 
the thermal expansion coefficient was 
determined by the thermal-mechanical 
analysis, and the conductivity proper-
ties were tested by the thermal con-
ductivity analysis. The result showed 
that the SSFC cathode demonstrated 
the crystalline structure based on the 
design with a perovskite phase. The oxy-
gen content created on the model struc-
ture was obtained to be 2.98 after the 
calcination process. The average ther-
mal expansion coefficient was achieved 
up to 5.0×10-6 K-1 as the heating given 
up to 800 °С. Moreover, the conduc-
tivity value reached from 2 S∙cm-1 at 
400 °С and it increased to be a maximum  
of 7.5 S∙cm-1 at 700 °С. In addition, the 
presence of Cr6+ cation valence coor-
dinated with the oxygen anion could 
lead to generating a large concentra-
tion of oxygen vacancies on the cath-
ode surface, facilitating the trans-
port of the O2− anion in the cathode 
system. Based on these results, the 
SSFC cathode has good properties 
as a composite system promising for  
IT-SOFCs application in the future
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high performance electro-catalytic activities, excellent ox-
ygen transport and surface exchange properties, and con-
sequently high electrochemical activities [9–14]. However, 
as in practice for a long-term application, these Co-based 
MIECs have low stability influenced by the difference of 
high thermal expansion with an electrolyte, which has chal-
lenged to develop the cathode for IT-SOFCs. Moreover, a 
high cost of Co compared to other rare metals is also another 
thing to be considered for effective application [15]. There-
fore, a comprehensive study is needed to find out a novel 
cathode for intermediate-temperature solid oxide fuel cells 
(IT-SOFCs) to overcome the various limitations above. The 
use of another material, including the chromium element as 
the metal transition for the cathode system could be a smart 
strategy to the development of the IT-SOFCs system [16]. 
The development of IT-SOFCs has also made it preferable 
to use metallic interconnects (MICs) to reduce the cost and 
significantly increase efficiency.

2. Literature review and problem statement

Recently, impressive studies have been devoted to explor-
ing the free Co-based cathode to overcome several issues for 
applying the IT-SOFCs [15–18]. The use of the Fe element in 
the B side of the cathode system as the Fe-based composite 
oxides is expected to be low-cost and more stable under SOFC 
operation conditions (500 to 800 °С and air atmosphere), 
which is due to the stable electronic configuration of the Fe 
ions [19, 20]. Up to now, the model system is continually de-
veloping in the B side of the Fe-based perovskite oxides to get 
excellent performance in the cathode system. The extensive 
work has been reported using the metal transition for improv-
ing the B-side of perovskite structure [21–25]. The addition 
of the Cr element in the perovskite oxides contains a high 
valence transition, which is stable over a wide range of oxy-
gen partial pressure pO2 values [26]. Even more interesting, 
the Cr-doped Fe in the B-side of perovskite structure leads 
to the best performance for the cathode material of SOFCs. 
The use of Cr6+ cation valence coordinated with the oxygen 
anion, producing a large concentration of oxygen vacancies 
on the surface of the cathode system [27]. Moreover, the more 
oxygen vacancies present, the more rapidly oxygen can be ab-
sorbed and separating reduced on the surface, and then move 
into an oxide lattice for a given chemical potential driving 
force. In addition, Cr co-doped in electrolyte also shows better 
ionic conductivity, which increases ionic transfer from cath-
ode to anode elements during operation [28]. Unfortunately, 
the analysis of the cobalt-free cathode based on the Cr doped 
Fe ions in the B-site mixed with the Sm and Sr element in the 
A-site of the composite system have been not explored yet. So, 
in this work, we schematically investigated the structure and 
properties of the cobalt-free cathode based on the composite 
materials of Sm, Sr, Fe, and Cr for potential application in 
IT-SOFCs. Several characterizations and analysis will be 
conducted to investigate the properties of the cathode model 
in more detail. 

3. The aim and objectives of the study

The aim of the study is to investigate the properties of 
cobalt-free perovskite oxide (Sm0.5Sr0.5Fe0.8Cr0.2O3-δ) cath-
ode for IT-SOFCS.

To achieve this aim, the following objectives are accom-
plished:

– modification of the perovskite structure with the addi-
tion of the Cr element in the B side to be a composite cathode 
of SSFC using the solid-state reaction method;

– characterization and testing of the structure of com-
posite metal oxide and performing the model system of 
SSFC cathode.

4. Materials and methods of the study of cobalt-free 
perovskite oxide (Sm0.5Sr0.5Fe0.8Cr0.2O3-δ) cathode for 

IT-SOFCS

The SSFC cathodes are prepared conventionally using 
the solid-state reaction method. A stoichiometric amount of 
metallic oxide composite of Sm2O3, SrCO3, Fe2O3, and CrO 
material was dissolved and mixed with an alcohol solution 
for 12 hours using zirconia balls. The precipitate powders 
were further dried in the oven at 80 °С for 24 hours. The 
obtained precursor powders of SSFC were calcined under 
air atmosphere at 1,000 °С for 4 hours with a heating rate of 
3 °С min-1 and natural cooling in the furnace. Further, the 
calcination powder was ground with an agate mortar and 
screened at 400 mesh. The powders were further pressed into 
a square bulk with a size of 5×7×10 mm and a cylindrical one 
with a diameter of 5 mm and a length of 10 mm. Two types 
of bulk were then sintered at 1,200 °С for 4 hours with a 
heating rate of 3 °С min-1 and natural cooling in the furnace. 
The crystal structure of the cathode powder was character-
ized using XRD. The thermogravimetric (TG) analysis of 
the powders related to weight loss is performed on thermal 
derivatives for a heating rate of 10 °С min-1. In addition, two 
kinds of bulk samples were then measured to determine both 
the electrical conductivity and the coefficient of thermal 
expansion.

5. Results

5. 1. Modification of the structure of SSFC cathode
Thermal Gravimetric Analysis.
Fig. 1, a shows the curves of both Differential Thermal 

Analysis (DTA) and Thermogravimetric (TG) Analysis of 
SSFC oxide powders, which were calcined from the room 
temperature to 1,200 °С. There are three steep valleys on 
the curve (DTA) attended at 295 °С, 430 °С, and 900 °С for 
point A, B and C, serially. As well as on the TG curve, the 
decreasing curve was also drastically created at the same 
location, namely started from point 1 to 5, respectively. 

Fig. 1, b displays the curve of the DTA and TG analysis 
of samarium oxide powder, which was heated from room 
temperature to 1,200 °С. There are two steep valleys on the 
curve attended at 300 °С and 452 °С for point A and B of 
DTA. As well as the TG curve, the decreasing curve was also 
drastically created around the same location.

Fig. 2 demonstrates the thermal gravimetric curve of 
the SSFC cathode material after the calcination process ob-
served from room temperature to 1,000 °С. The y-axis shows 
the percentage of TG (%) of SSFC material during the heat-
ing process. The thermal gravimetric curve demonstrated 
the behavior of weight loss of cathode materials. 

The exhibiting curve in Fig. 2 started from point A at 25 °С 
and was stable up to 150 °С. The curve was further going to de-
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crease to 0.03 % TG at 380 °С (point B to C). Finally, the curve 
drop was drastically along point C–D with a decrease of 0.17 % 
TG as the temperature reached up to 900 °С. Meanwhile, the 
curve was further stable after this temperature to 1,000 °С.

5. 2. Characterization and testing of SSFC cathode
Structure Analysis.
Fig. 3 shows the XRD pattern of the SSFC powder 

structure (A) calcined at 1,000 °С during 4 hours. While the 

perovskite structure (B) of lanthanum ferrite (LaFeO3) was 
used as a reference. The characterization was carried out for 
observing as long as six degrees in 2θ.

There are nine main peaks in the pattern with different in-
tensity and broadening peak raised shown in Fig. 3 (A). Those 
peaks were located at 22.98°, 32.74°, 40.66°, 46.88°, 52.52°, 
57.98°, 67.72°, 72.78°, and 77.44°. The peak position seems 
matched with the references of perovskite structure (B). 

Oxygen Content Analysis.
Fig. 4 shows the oxygen content (O3-δ) formed in the 

SSFC cathode composite material after the calcination 
process. The observation of O3-δ has been done from room 
temperature to 1,000 °С. The oxygen content of the model 
was designed using O3 in the perovskite structure shown on 
the y-axis.

The O3-δ curve in Fig. 4 was noted from point A to D as 
the behavior of SSFC cathode materials. The trend of the 
displaying curve was similar to the TG analysis demonstrated 
in Fig. 2. The stable curve was in the A to B region, and the 
decreasing curve of 0.02 during 200 °С was located at point B 
to C. As well, the reduction curve was continually as long point 
C to D for 498 °С with the reduction of oxygen content of 0.22.

Thermal expansion coefficient measurement.
The coefficient of thermal expansion of the SSFC cath-

ode is displayed in detail in Fig. 5. The heating temperature 
given to the sample ranges from room temperature to 850 °С. 

Fig.	1.	Differential	Thermal	Analysis	(DTA)	and	
Thermogravimetric	(TG)	Analysis	for:	a –	SSFC	cathode	

powders,	b –	samarium	oxide	powders
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Fig.	2.	Thermal	gravimetric	curve	of	SSFC	composite	cathode
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While the expansion thermal value was recorded by the 
strain of the SSFC cathode in ∆L/Lo of 10-6 K-1 on the y-axis.

Based on the result exhibited in Fig. 5, the curve was stable 
and the slope of the curve was just close to zero at low tempera-
ture. The increased strain of SSFC began as the temperature 
reached 140 °С. The initial strain of the curve pattern is a little 
bit parabolic and it subsequently becomes linear as the tem-
perature increases up to the range of 300 to 850 °С. The average 
of the thermal coefficient of 4.7×10-6 K-1 at a temperature of 
100–800 °С was obtained. Its value consists of 3.8×10-6 K-1 as 
the initial heating temperature is 100–300 °С and it becomes 
5.0×10-6 K-1 at the temperature between 300–800 °С.

Conductivity properties.
Fig. 6 illustrated the curve related to the conductivity 

of the SSFC cathode composite materials. The performance 
was carried out in the temperature range of 400 to 800 °С 
under atmospheric air pressure with an oxygen content of 
0.21 atm (21 % O2). The conductivity value was shown on 
the y-axis with S∙cm-1 unit.

The trend curve shown in Fig. 6 was exhibited by the 
conductivity value recorded in the beginning value of 
2 S∙cm-1. The parabolic curve was demonstrated by the 
increasing temperature. The conductivity value increased 
regularly up to 7.25 S∙cm-1 at 800 °С, and it reached to be 
a maximum of 7.32 S∙cm-1 at 766 °С. As the temperature 
increased, the curve was regularly reduced.

6. Discussion of experimental results

For the thermal gravimetric curve shown in Fig. 1, a, the 
calcination process of composite powders was carried out to 
generate the solid-state reaction of the model system. The 
decrease of the TG curve for number 1 to 5 was related to 
the reduction of weigh loss of powders. The reduction of the 
curve at the first phase occurred in the range of 150–380 °С 
for the calcination process [30]. It could be evaporated wa-
ter content contained in the SSFC powders due to the heat 
energy given by the system. The evaporated water content 
was also demonstrated by the samarium powder, which 
was performed by the weight loss in the temperature range 
shown in Fig. 1, b. It was also proven by the endothermic 
peak at the same temperature due to the dehydration of 
materials. Meanwhile, at point 3 around 600 °С in Fig. 1, a, 
the weight loss happened was believed that evaporating was 
dominated from the impurity of samarium material con-
firmed in Fig. 1, b. While, at the point of 4 to 5, the rate of 
subsequent weight loss occurs due to the decomposition of 
strontium carbonate up to oxide materials of SSFC. The sol-
id-state reaction was created on the SSFC, which was held 
from this temperature up to 900 °С [31]. So, the total weight 
loss of SSFC powders during the calcination process reached 
up to 9 %. In addition, the endothermic reaction further will 
generate the formation of the perovskite structure, which 
was confirmed by XRD characterization in Fig. 3. More-
over, the decrease of the oxygen content shown in Fig. 4 was 
affected by the heat energy given by the system. Heat energy 
could encourage the reduction reaction at the oxygen levels 
decreased to 2.98 of O3-δ for the perovskite structure in the 
SSFC cathode. The decreased oxygen content as an increase 
in temperature could facilitate the transport of the mobility 
oxygen to be easier in the cathode system as it was applied in 
the IT-SOFC system. 

To get a deep understanding of the crystalline structure 
formed, the XRD pattern is demonstrated in detail for the 
SSFC cathode. The main nine peaks with different intensity 
at several theta positions related to the crystalline structure 
used on the XRD pattern are shown in Fig. 3 (A). The crys-
talline structure exhibited the perovskite-phase construct-
ed on the composite model system. The structure of the 
phase is also similar to a nearly cubic structure of LaFeO3 
in Fig. 3 (A) [29], indicating that the crystalline structure 
with the perovskite phase was formed on the SSFC cathode. 
This structure corresponded to the initial design in the 
perovskite phase for the SSFC cathode materials event the 
Cr element added on the B-side of the model system. Based 
on the XRD pattern above, the stoichiometry of composite 
metal oxide for the SSFC cathode materials could be con-
structed the crystalline structure with the perovskite-phase 
through the solid-state reaction method.

Furthermore, the thermal strain of the SSFC cathode is 
shown clearly in Fig. 5. Low thermal strain of 5.0×10-6 K-1 
was demonstrated by the model system, indicating that 
it has a small expansion coefficient compared to the SDC 
electrolyte, 12.6×10-6 K-1 [32]. However, a large enough 
difference in the thermal expansion coefficient between the 
SSFC cathode and SDC electrolyte might reduce the per-
formance for long-term applications. The thermal expansion 
behavior is important for the thermal compatibility of the 
cathode with the electrolyte or interlayer in the SOFCs 
system. It also contributes to the interface resistance in elec-
trochemical performance as well as the long-term stability 

Fig.	5.	Thermal	expansion	coefficient	of	SSFC	cathode
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of the cathode [33]. According to the test result, the curve 
increased with raising temperature. This could be due to the 
lattice expansion of the oxides induced by the weakening of 
the electrostatic attractive force between anions (O2−) and 
thermally reduced cations at elevated temperature [29]. 
Moreover, the slope of the curves increases at a higher tem-
perature because of the loss of oxygen in the SSFC cathode.

In addition, the conductivity of SSFC is the sum of the 
electronic and ionic conductivity, which was associated with 
the electronic hole and the oxygen vacancy in the structure. 
The increase in conductivity at lower temperatures is as-
sociated with the transfer of thermally activated electrons 
by jumping through the Fe4+−O−Fe3+ and Cr3+−O−Cr6+ 
bonds [33, 34], whereas the decrease in conductivity above 
766 °C is related to the decrease of electronic hole concen-
tration through thermal reduction of Fe4+, Fe3+, as well as 
the formation of more oxygen vacancies. Moreover, the use of 
Cr6+ cation valence coordinated with the oxygen anion, pro-
ducing a large concentration of oxygen vacancies on the sur-
face of the cathode system, which facilitated the transport 
of O2− in the SSFC cathode system. Based on the thermal 
strain analysis, it takes a stoichiometry Cr composition on 
the B-side to produce a close match of the thermal expansion 
coefficient compared to the SDC electrolyte. In addition, 
further studies are needed for investigating the performance 
of SSFCs as was integrated with the electrolyte and cathode 
in a single cell.

7. Conclusions

1. The composite structure of the SSFC cathode has been 
successfully modified by the solid-state reaction method. 
The perovskite structure was constructed with the addition 
of the Cr element in the B side of the SSFC system.

2. The characterization and testing results of the SSFC 
system demonstrated that the thermal gravimetric reported 
a weight reduction of 0.2 % for SSFC cathode materials 
associated with oxygen losses during the heating process. 
Low thermal expansion coefficient of 4.7×10-6 K-1 for the 
model system was also exhibited by the thermal-mechanical 
analysis. Thus, good conductivity properties related to the 
performance of SSFC cathode were obtained to be a maxi-
mum of 7.32 S∙cm-1 at 766 °С.
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