
IDEVELOPING low-polarization and stable cathodes is a key element to the success of 
intermediate-temperature solid oxide fuel cells (IT-SOFCs). Here we report a study on the 

electrochemical performance and stability of a La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) cathode material 
using gamma irradiation approach; with different doses namely, 20kGy, 250kGy and 500 
kGy. This is an innovative method; which has an tremendous effect on the Morphology and 
electrical properties. LSCF cathode samples were systematically characterized using X-ray 
diffraction (XRD), photoluminescence (PL), high resolution transmission electron microscope 
(HRTEM), and BET surface area analyzer. The occupancy of oxygen vacancies in the samples 
was conceded by PL studies. Electrical properties were investigated for both the un irradiated 
and irradiated (LSCF) samples at various operating temperatures from room temperature up to 
400oC.This novel study shows that the cathode performance was strongly influenced by particle 
size, surface area and formation of oxygen vacancies. All physical and electrical properties for 
LSCF samples were improved by using gamma radiation approach; which has a high impact 
on the cell performance.
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Introduction                                                                   

Solid oxide fuel cell (SOFC) is an electrochemical 
device that efficiently converts chemical energy 
to electrical energy (Mahmud et al., 2017). 
Commercially available SOFC operates at 
considerably high temperature (800–1000°C) 
for stationary applications. The reduction of 
operating temperature is a breakthrough for 
SOFC applications in mobile (electronics and 
transport sector) and portable (military sector) 
devices (Hussain et al., 2016). Cathode electrode 
should have large specific surface area for small 
cathode reaction resistance. That is, cathode 
electrode should be porous with fine crystal 
grains. LSCF is one of the most promising 
cathode materials because it has a high ionic and 

electronic conductivity, and fast oxygen surface 
exchange (Katsuki et al., 2003; Wang et al., 2003). 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) is a very interesting 
material that can work as a cathode for solid-oxide 
fuel cells and batteries (Laruelle et al., 2000). It is 
widely used as a  cathode material for SOFC in 
an intermediate temperature range (500–800°C) 
because of its excellent thermal-chemical stability 
in contact with ceria-based electrolytes and high 
electrocatalytic activity in reducing environment 
(Marinha et al., 2011). LSCF cathode materials 
can be prepared through several methods, such 
as solid-state reaction (Richardson et al., 2004), 
spray pyrolysis (Luyten et al., 2000), sol-gel 
process (SG) (Hsu & Hwang, 2006), glycine-
nitrate process (GNP) (Ghouse et al., 2010), 
ethylene diamine tetraacetic acid-citrate process 
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(Leng et al., 2008), and co-precipitation process 
(Zhou et al., 2008). Among them, SG is becoming 
an increasingly popular route for the preparation 
of SOFC materials (Alber & Cox, 1997; Lev 
& Wu, 1997). While this approach gives time 
and energy saving advantages, the main benefit 
is the formation of highly porous structures, 
providing very high surface areas, useful for 
many applications. The SG method also allows 
the preparation of a mixture in solution, achieving 
homogeneity on the molecular scale in the solid 
product. Furthermore, the composition of the oxide 
can easily be tailored by varying the ratios of the 
precursors in solution. In general, SG processing 
allows the control of the texture, composition, 
homogeneity, and structural properties of the 
resulting materials, which in turn, influences 
the structural and electrochemical properties of 
materials (Liu & Wang, 1995; Wanqin Jin et al., 
2000).

Tremendous efforts have been made to alter 
LSCF cathode microstructure using carbon 
based dispersing agent into LSCF mixtures 
in a sol-gel process that is believed to alter the 
cathode microstructure which will facilitates 
the electrochemical reaction rates. However, the 
dispersion activity of carbon-based material is 
low and surface modification is needed to prevent 
the agglomeration of cathode powder (Adler, 
1998). Morever, to enhance the performance and/
or stability of LSCF cathode, several approaches 
have been studied, including using composite 
cathode of LSCF-SDC (Hwang et al., 2005; 
Suzuki et al., 2004) and LSCF-GDC (Murray 
et al., 2002). Producing the ultrafine cathode 
powders with a good crystallization, uniform 
shape, and narrow size distribution is desirable 
for high cathode performance as it will provide 
larger active areas for the cathode reactions and 
consequently reduces the cathode polarization 
resistance. The polarization resistance of the LSCF 
cathode significantly depends on the composition, 
sintering temperature, microstructure, testing 
environment (fuel and operating temperature), and 
fabrication methods of the cathode components 
(Nie et al., 2010). 

In the present study; we dispense with 
these traditional techniques using γ-irradiation. 
This innovative approach induced synthesis 
of nanomaterials attracted significant attention 
due to the following advantages: low energy 
consumption; minimal use of potentially harmful 

chemicals; relatively simple synthesis schemes 
(Berejka, 1995). γ-irradiation has a great effect 
on morphology and electrochemical properties 
of LSCF samples which related by formation of 
oxygen vacancies. Oxygen vacancies in ABO3 
perovskite oxides have a direct impact on their 
crystal structure, electronic property, and surface 
chemistry. Understanding the role of oxygen 
vacancies in the oxygen reduction reaction (ORR) 
is extremely important in terms of design and 
synthesis of new perovskite oxide catalysts for 
energy storage and conversion (Qianqian et al., 
2020).  Oxygen ionic conductivity is ascribed to the 
concentration of oxygen carrier (oxygen vacancy). 
The oxide ion conductivity can be improved by the 
creation of more oxygen vacancies (Cohen, 1992; 
Jin et al., 1994). The presence of these oxygen 
vacancies can lead to perovskite oxides exhibiting 
different physical and chemical properties, 
including electrocatalytic and photocatalytic 
properties (Mefford et al., 2014; Bi et al., 2017; 
Wang et al., 2019). These vacancies also bring 
a series of catalytic performance improvements 
to perovskites. LSCF cathode materials should 
possess adequate oxygen vacancies enabling for 
the oxygen reduction reaction (ORR) to occur 
on the whole surface of the cathode not just at 
the cathode/electrolyte interface or triple phase 
boundary (TPB). In addition, LSCF perovskite-
type membranes have been shown to display 2 to 
4 orders of magnitude higher oxygen permeation 
fluxes than LSM cathodes at identical operating 
temperatures (Tai  et al., 1995). The ionizing effect 
of gamma radiation may alter the structurally 
dependent properties of materials and hence their 
performance. The magnitude of such changes is 
largely dependent on radiation parameters such as 
linear energy transfer, dose and energy, nature of 
the material and its structural phase (Raj Mani et 
al., 2015).

In this study, the morphological change of 
La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) electrode was 
performed using γ- radiation. Specific features 
focused on are the influences of porosity, particle 
size, specific surface area and oxygen vacancies 
on the electrical performance of LSCF cathode.

Experimental                                                                 

Preparation of LSCF powders:
LSFC powders were synthesized by a Sol-gel 

and modified sol-gel by irradiation technique. 
The calculated amounts of La(NO3)3.6H2O (99 
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%), Sr(NO3)2.6H2O (99 %), Co(NO3)2·6H2O 
(98.9%) , Fe(NO3)3·9H2O (99%) and urea (98%) 
as chelating agent, (all from Fluka company ) were 
first dissolved and mixed in a 100 mL of distilled 
water by magnetic stirring at room temperature. 
The resultant solution was heated and stirred at 
200 °C for 5 h that results in formation of dark 
brown gel. After that; the yield product was 
radiated from the sol gel route by different doses 
of gamma irradiation (20, 250 and 500 kGy), with 
Cobalt 60 source (Ge 4000A). The Co-60 γ -rays 
source of NCCRT (India Gamma chamber 4000 
A,) was used for the irradiation of the samples. 
The samples were subjected to γ -rays at room 
temperature with a dose rate of  1.347 kGy/h. All 
samples were calcined at 1100oC for 6 h to obtain 
LSCF powders.

Structural and morphological characterization:
The phase structure of the unirradiated and 

irradiated LSCF powders was characterized by 
BET surface area Micromeritics-2020, X-ray 
diffraction (Philips XPERT) analysis with Cu-
Kα (λ=0.1544 nm) radiation with an angle range 
of 10º≤2θ≤90º and 0.025º step size at room 
temperature. Photoluminescence spectrometer 
was employed to analyze the optical characteristics 
of LSCFsamples at room temperature using a 
spectrofluorometer (JASCOFR-6500) with an 
excitation wave length set at λ=240 nm.

Electrical performance analysis 
For electrical conductivity measurement, the 

LSCF powders were pressed into pellet (diameter= 
12 mm and thickness=4mm) using uniaxial 
pressure (50 MPa). The pellet was sintered at 
850°C for 2 h in air.The electrical properties of the 
pellet were measured using a standard two-probe 
method. Silver paste was applied on the pellet.

The electrical properties of LSCF samples 
were measured in air from room temperature up 
to 400 °C. All data were acquired using an LCR 
meter with the frequency range of 20 Hz up to 5 
MHz and wave amplitude of 10 mV.

Results and Discussion                                                                        

XRD results of LSCF prepared powder:
The X-ray diffraction patterns of the as 

prepared and LSCF powders after being calcined 
at 1100°C are shown in Fig. 1. The calcined 
powders have well crystalline perovskite phase of 
LSCF and the diffraction peaks can be indexed to 

(110), (020), (202), (220), (132), (224), (332). All 
the diffraction peaks can be assigned to single-
phase of LSCF with orthorhombic structure 
(JCPSD 48-0125) (Deshmukh & Bari, 2015). The 
obtained peaks are in a good agreement with each 
other .The average crystallite size of the sample 
was also evaluated from mathematical expression 
given by Scherrer.

The equation given as:

D = K λ / β cos θ

where D is the volume mean diameter, K is a 
constant (=0.94), ß is the integral width, λ is the 
wavelength (=1.54055 Å), and θ is the diffraction 
angle (Deshmukh & Bari, 2015). The average 
crystallite size calculated for the unirradiated and 
irradiated(20 kGy, 250 kGy and 500 kGy) samples 
were 19, 18, 27 and 42 respectively.

Fig. 1. XRD spectra of (a) unirradiated and 
irradiated (b), 20kGy (c) 250 kGy, (d) 500 
kGy LSCF samples after calcined at 1100oC
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Figure (1): XRD spectra of (a) unirradiated and irradiated (b), 20kGy (c) 250 
kGy, (d) 500 kGy LSCF samples after calcined at 1100 oC 

 

 

 

 

 

 

 

 

 

 

 

BET studies
The specific surface areas were measured 

using BET analysis to obtain information about 
the granularity of the synthesized powder.It was 
observed that 20 KGy irradiated sample has 
higher surface area, pore size and porosity as 
mentioned in our published article (Ahmed et 
al., 2022) compared to other studies (Abd Al-
Rahman, 2013). 
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Field emission electron microscopy:
FESEM was used for examination 

microstructure for all LSC samples as shown 
in Fig. 2. It was observed that the un-irradiated 
sample has a bulky   structure while irradiated 
samples (20 KGy, 250 KGy and 500 KGy) have 
more refined structure (Ali et al., 2012).

DRS spectra
Diffuse reflectance of the  un irradiated 

and irradiated LSCF samples studied in 
ultraviolet–visible range (200–800 nm) and NIR 
range (760-2500 nm) by using JASCO-V570 
spectrophotometer. Kubelka Munk function is 
converted the diffuse reflectance spectroscopy data 
of powder into equivalent absorption coefficients 
(α) (Zhu et al., 2016). Kubelka Munk function (K-
M) is given by the following equation:

F(R) = (K-M)=α=(1-R)2/2R

where R is the reflectance data of all LSCF samples, 
F(R) is Kubelka Munk function, α is absorption 
coefficients. The band gap of the prepared powder 
can be determined (Ng et al., 2010; Anand et al., 
2013) using the following equation: 

(F(R)hυ) = (αhυ) = A(hυ-Eg)Z 

where h is constant, F(R) is Kubelka Munk 
function, F(hυ) is energy function, R is the 
reflectance of the samples, α is absorption 
coefficients, Eg is band gap energy and Z is the 
value between 1/2, 3/2, 2 and 3 depending on the 
direct allowed, direct forbidden, indirect allowed 
and indirect forbidden electronic transitions, 
respectively (Tandon & Gupta, 1970). The diffuse 
reflectance spectra for the irradiated LSCF sample 
(i.e. 20 kGy) is shown as an representative example  
in Fig. 3.The indirect band gap energy (Eg) of the 
20 kGy irradiated sample has been determined 
by plotting [F(R)* hν]0.5 vs hν and extrapolating 
the linear part of the curve [F(R)* hν]0.5 to zero as 
shown in Fig. 4. The calculated indirect band gap 
of the unirradiated and irradiated LSCF samples 
ranged between 2.27-2.48 ev are shown in Table 
1. From Eg values, it is clear that the band gap of 
2.27 eV for the un irradiated LSCF has widened 
with radiation to about 2.48 eV for irradiated 
LSCF samples except for 500 kGy sample; which 
may be attributed to the increase in crystallites size 
than other irradiated samples as was discussed in a 
published article (Ahmed et al., 2022). This optical 
band gap widening can be attributed to existence of 

large numbers of defects and or oxygen vacancies. 
We concluded that band gap energy increased by 
radiation due to increasing the concentration of 
oxygen vacancies; which  contrary to the concept 
that oxygen vacancies would reduce the apparent 
band gap (Sreeram et al., 2008). Similar results of 
blue shift band gaps due to oxygen vacancies have 
been previously reported in literature (Kaur et al., 
2018). By comparison, the calculated values of the 
activation energy in a published review (Ahmed 
et al., 2022) and optical band gaps energy for 
investigated  LSCF samples could be noticed that 
values of an electrical activation energy were very 
small compared with the optical band gap energy 
which  indicate that  oxygen vacancies acts as 
electron donors in our samples and marked n-type 
semi conductor. 

Photoluminescence spectroscopy
PL spectroscopy is an effective method 

to identify the existence of different types 
of defects and vacancies in qLSCF powder. 
The Photoluminescence characteristics were 
determined at room temperature using a 
spectrofluorometer (JASCO FP-6500) with an 
excitation wave length set at λ=240 nm ; which 
was higher than the optical gap of our samples. 
(Ismariza et al., 2020) demonstrated that the 
480 and 600 nm emission peaks originate from 
defect electronic states formed by surface oxygen 
vacancies and 435 nm luminescence emission 
peaks from the in-plan oxygen vacancies. 
AS shown in Fig. 5, all LSCF samples have a 
strong green photoluminescence (PL) at room 
temperature; where the emission peak located 
at 480 nm is related to the combination of holes 
with two electron trape oxygen vacancies (VO). 
Morever, the PL intensity for irradiated samples 
was decreased than irradiated one due to radiation; 
which led to formation of high oxygen vacancies 
(Adler et al., 2007; Kernazhitsky et al., 2017; Abd 
Malek et al., 2020).

Electrochemical analysis:
Electrochemical impedance spectroscopy 

(EIS) was employed to evaluate the area-specific 
polarization resistance (ASR) of LSCF samples 
as a function of temperature in air; the instrument 
used to perform EIS was LCR meter. The frequency 
was swept from 5 MHz to 20 Hz under a zero DC 
bias with an AC perturbation amplitude of 1V. The 
temperature dependence of RP was studied from 
room temperature to 400°C. 
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Fig. 2. FESEM for un irradiated and Irradiated LSCF samples calcined at 1100oC                     

Figure (2): FESEM for un irradiated and Irradiated LSCF samples calcined at 
1100 oC 
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Figure (3): Diffuse reflectance spectra of irradiated LSCF sample 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Diffuse reflectance spectra of irradiated 
LSCF sample
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Figure (4): Band gap of 20 kGy sample calcined at 1100 oC.  

 

 

 

 

 

 

 

 

 

 

Fig. 4. Band gap of 20 kGy sample calcined at 
1100oC 
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TABLE 1. Band gap energy and calculated activation energy for all LSCF samples

LSCF Sample Band gap energy (Eg); ev from DRS Activation Energy (Ea), ev
Un irradiated 2.27 2.045 *10 -4

20 kGy 2.42 2.013*10 -4

250 kGy 2.48 1.698*10 -4

500 kGy 2.43 1.8836*10 -4

Fig. 5. PL spectra for un-irradiated and irradiated 
LSCF sample
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Figure (5): PL spectra for un-irradiated and irradiated LSCF sample 

 

 

 

 

 

 

 

 

Nyquist plot
The EIS data were further analyzed by fitting 

the Nyquist plots with Z-plot software using the 
equivalent circuit shown in Fig. 6 (a, b, c and d) at 
different temperatures, from which RP (the length 
on the Z′-axis intersected by the arc) is determined. 
This nyquist plot represents a parallel equivalent 
circuit; which consist of resistor and capacitor for 
all LSCF samples at different temperatures. As 
expected, all the impedances decrease with the 
increase of temperature. The resultant arc in nyquist 
plot was indicated to ORR; according to pervious 
studies (Perry Murray et al., 2002; Gu et al., 2009; 
Ali et al., 2012). These arcs in all LSCF samples 
were led to information about oxygen diffusion and 
dissociation processes determinate the ORR rate 
(Ismariza et al., 2020). The polarization resistance 
(Rp) at high frequency arc is related to charge (ion 
and electron) transfer resistances occurring at the 
current collector/cathode interfaces.

Polarization resistance 
Polarization resistance (Rp) was decreased with 

raising temperature and decreased frequency for all 
LSCF as shown in Fig. 7. This was considered very 
important parameter that determined the cathode 
performance in terms of the interfacial polarization 
resistance, and generally reported in terms of the 

area specific resistance (ASR). The polarization 
resistance (Rp) was determined by the EIS analysis.
The ASR of the electrode reactions is calculated 
using the relation ASR = RP × S/2, where S is 
defined as the effective surface area of the electrode 
and the factor 1/2 takes into account that symmetrical 
sample were used. The ASR values determined for 
the LSCF cathode samples are presented in Table 2. 
From these results; it can be deduced that the highest 
performance  cathode material which evidenced 
by the lowest ASR value exhibited at 4000C (i.e. 
20 KGy); which is also of higher surface area and 
oxygen vacancy formation.The lowest ASR is 
associated with extension of TPB. This result is 
excellently compared by other studies (Abd Malek 
et al., 2020; Ismariza  et al., 2020).

Electrical conductivity
The electrical conductivity of the LSCF sintered 

pellets as a function of operating temperature (°C) 
was investigated as shown in Fig. 8. In general, 
the total electrical conductivity of the MIEC is the 
sum of electronic and ionic conductivity, which are 
closely associated with electron hole and oxygen 
vacancies (Kostogloudis & Ftikos, 1999). However, 
the ionic conductivity, in this type of oxides, is lower 
than the electronic conductivity. Therefore, it can 
be assumed reasonably that the measured values 
refer to the electronic conductivity alone (Yin et 
al., 2014). The formation of electron holes and 
oxygen vacancies in the LSCF is due to increase in 
the substitution of divalent cations, such as Sr2+ for 
La3+ (El-Mallah,, 2012). So in LSCF, the electronic 
compensation is induced by raising the valence of 
B-site cations forms electronic holes (e,g., Fe4+ and 
Co4+ cations), and ionic compensation forms oxygen 
vacancies (Kostogloudis & Ftikos, 1999). It was 
observed from our results that conductivity increases 
with raising temperatures for all LSCF samples. As 
shown in Table 3 that 20 kGy has a great maximum 
electrical conductivity value at high temperatures 
than other samples. It was also clearly that radiation 
mechanism had a big role in improving conductivity 
as porosity, particle size, surface area and formation 
of the oxygen vacancies increased.
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Figure(6): Impedance spectra of unirradiated and irradiated LSCF samples 
measured from room temperature up to 400 oC in air using two probe 

techniques. 
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Figure (7): Plot of Polarization resistance vs Temperature for the unirradiated 
and irradiated LSCF samples 
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TABLE 2. Area specific resistance (Ω cm2) for the LSCF cathode samples measured at room temperature and 400°C

Sample Unradiared LSCF 20 kGy 250 kGy 500 kGy
Rp, room temperature (Ω) 3.78 15.4 15.6 10.3
ASR, room temperature(Ω cm2) 2.14 8.71 8.82 5.82
Rp, 400oC(Ω) 2.24E-01 1.02E-01 3.98E-01 4.05E-01
ASR, 400oC Ω cm2) 0.1267 0.0577 0.2251 0.1396

 

 

 

 

Figure (8): Electrical ac conductivity for the unirradiated and irradiated LSCF 
Samples 
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Fig. 8. Electrical ac conductivity for the unirradiated and irradiated LSCF samples

TABLE 3. Maximum ac electrical conductivity for all LSCF samples at different temperatures

Sample
Un-irradiated 

LSCF
20 kGy 250 kGy 500 kGy

Max.ac conductivity 
(S.cm-1)

25oC 0.0562 2.32 2.28 3.45
100oC 0.124 8.9 6.57 9.35
200oC 0.151 17.5 7.33 11.8
300oC 0.274 77.9 7.95 21.6
400oC 1.03 340 89.2 90.3

Dielectric constant 
A dielectric is an electrical insulator when the 

dielectric is placed in an electric field, electric 
charges do not flow through the material as they 
do in a conductor, but only slightly shift from 
their average equilibrium positions causing 

dielectric polarization. From Fig. 9, it was 
shown that dielectric constant decreases with 
increasing the  frequency and reaches a constant 
value at a high frequency for all LSCF samples 
(Harish et al., 2018). The effect of the frequency 
on the dielectric constant can be explained on 
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Figure (9): Plot of dielectric constant for unirradiated and irradiated LSCF 
samples 
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Fig. 9. Plot of dielectric constant for unirradiated and irradiated LSCF samples

basis of interfacial polarization occurs through 
the hopping of electrons at grain boundary 
that causes for high dielectric constant at a low 
frequency. At a high frequency the hopping of 
electrons does not follow fluctuations of AC field. 
Consequently there is a decrease in the probability 
of electrons reaching grain boundary as a result 
the contribution of interfacial polarization falls 
down and that causes to a decreases in the value 
of the dielectric constant (Harish et al., 2018). 
Morever, as the temperature, crystallinalty and 
radiation dose increases charge carriers have 
enough thermal energy to move freely through 
the crystal causing polarization ;which results in 
increasing the dielectric constant of the LSCF 
sample.

Conclusion                                                                 

Developing intermediate temperature SOFCs 
requires discovering new cathode materials 
with faster ORR kinetics. MIEC oxides such as 
LSCF oxides are promising alternative cathode 
materials to other materials such as i.e. LSM. 
In this paper; we carried out improvement  

microstructure  and electrical properties such 
as; polarization resistance, ac conductivity and 
dielectric constant for LSCF cathode material  
using innovative approach “γ-radiation” instead 
of utilizing new cathode materials as they are very 
expensive. LSCF precursor was synthesized by 
sol-gel and modified sol-gel by gamma radiation 
technique. From the XRD results, we succeeded 
in obtaining pure pervoskite crystalline LSCF 
powders by calcining the precursor at 1100oC in 
air. Also, A strong impact of using  new technique 
“radiation” on characterization  physical and 
electrical properties for irradiated LSCF samples; 
where results  showed that specific surface area 
increased from 62 to 74 m2/g due to radiation. 
Furthermore,formation of oxygen vacancies 
increased as shown in PL spectra for the  irradiated 
LSCF samples. 

ASR, conductivity and dielectric constant were 
also improved due to radiation Thus, radiation 
technique has a great influence on selection of  
promising LSCF material for use as a cathode 
at IT-SOFCS application; where the operating 
performance for LSCF samples was improved. 
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