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Abstract
In this study, a potential cathode material, La0.6Sr0.4CoxFe1−xO3 (LSCF), for intermediate-temperature solid oxide fuel cells 
(SOFCs) is synthesized via a citric acid-assisted combustion method. The electrolyte-supported solid oxide fuel cell is 
formed in a conventional way to estimate the cell performance. Results show that the as-prepared powders have a pure per-
ovskite structure after calcination at 1050°C, and the initial powders have a fluffy and spongy mass with a porous structure. 
The cell performance is affected by the LSCF powder morphology and calcination temperature. The peak power density of 
the Y2O3-stabilized ZrO2 (YSZ) electrolyte-supported single cell using LSCF as cathode is 28 mW cm−2 at 800°C, while 
the smallest area-specific resistance obtained is 19 Ω cm2. This suggests that La0.6Sr0.4CoxFe1−xO3 is a promising potential 
cathode material for SOFCs.
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Introduction

With the rapid pace of economic development and social 
progress, the use of fossil fuels has increased dramatically. 
Excessive use of fossil fuels not only causes the depletion 
of resources, but also causes great pollution of the environ-
ment.1 As the demand for clean energy increases, sustainable 
energy and new energy conversion facilities are gaining trac-
tion.2 A fuel cell is a device that converts chemical energy 
directly into electrical energy.3 Compared with other fuel 
cells, solid oxide fuel cells (SOFCs) have the advantages 
of low cost, low pollution, high utilization rate and high 
conversion rate, and have great development potential.4,5 
However, traditional SOFCs based on Y2O3-stabilized ZrO2 
(YSZ) electrolytes must work at high temperatures, and there 
are some technical and economical obstacles for SOFCs 
working at high temperatures for long periods.6 Thus, inter-
mediate-temperature SOFCs operating below 800°C have 
attracted much attention, as this operation enables the use 
of low-cost metal interconnects, provides long-term cell 

material stability, and reduces the material corrosion of fac-
tory components.7,8

Several composite oxides with a perovskite structure have 
been used as cathode materials for intermediate-temperature 
SOFCs (600–800°C),9 because of their high electric and 
ionic conductivity and high catalytic activity for oxygen.10–13 
Among these materials, compounds containing La and Sr on 
the A-site and Co and/or Fe on the B-site have been widely 
studied for SOFCs.14,15 The results indicate that the sintering 
temperature influences the conductivity, microstructure and 
electrochemical performance. Giuseppe et al. investigated 
the effect of different sintering temperatures on the electro-
chemical properties of La0.6Sr0.4CoxFe1−xO3 (LSCF) cathode 
materials and found that the cell performance increased with 
the increase in sintering temperature.16 Zhou et al. studied 
the effect of cerium doping for the performance of LSCF 
cathodes.17 The electrochemical performance of LSCF was 
enhanced with the increase in cerium content.

The aim of this work is to investigate the effect of intro-
ducing cobalt into strontium lanthanum ferrite on the struc-
ture of the material. With respect to its use as SOFC cathode, 
the effect of the presence of cobalt on the electrochemical 
performance is investigated in detail. Therefore, the present 
work is focused on determining the effects of cobalt content 
and calcination temperature on the performance of electro-
lyte-supported SOFCs using LSCF as cathode materials. 
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We attempt to substitute Fe3+ in La0.6Sr0.4FeO3 with Co3+. 
In addition, we elucidate the relationship between the Co-
substituted La0.6Sr0.4FeO3 crystal structure and its electro-
chemical performance, with the aim of developing novel 
cathode materials that can be used in low- and intermediate-
temperature SOFCs.

Experimental

Preparation of LSCF Powders

The La0.6Sr0.4CoxFe1−xO3 (x = 0.2, 0.4, 0.6) powders were 
prepared via a citric acid-assisted combustion method. In the 
process, Fe(NO3)3·6H2O, Sr(NO3)2·6H2O, Co(NO3)2·6H2O 
and La(NO3)3·6H2O were used as the raw materials. All raw 
materials were analytically pure and purchased from China 
Sinopharm Chemical Reagent Co., Ltd.

The four nitrates were dissolved in deionized water and 
mixed together. Citric acid was also dissolved in deionized 
water, and the citric acid solution was then slowly added 
to the aqueous solution of the metallic salts under constant 
stirring. The molar ratio of citric acid to metal ions (Ce, 
Sm, Fe) was 1.5:1. The complexation process of citric acid 
increases the solubility of metal ions and helps to maintain 
homogeneity by preventing their selective precipitation. The 
precursor solution was stirred at 80°C and then converted 
to a viscous gel. The gel was subsequently heated until it 
ignited, and then formed metal-oxide “ash.” The collected 
“ash” was sintered at different temperatures for 2 h to form 
La0.6Sr0.4CoxFe1−xO3 powders.

Assembly of the Fuel Cell

In order to assemble a sing cell, we selected YSZ as the 
electrolyte. YSZ powders with purity of 99.99% were pur-
chased from Jiangsu Lida High-Tech Special Materials Co., 
Ltd., China. Commercially available YSZ powders with size 
of 1.0 μm were pressed into discs under 200 MPa and then 
calcined in air at 1400°C for 5 h to obtain electrolyte discs 
(about 300 µm in thickness) with relative density over 95%. 
The density of the sintered body is determined by the stand-
ard Archimedes method.

NiO and YSZ powders with a mass ratio of 1.5:1 were 
mixed together and ground in an agate mortar for 1 h, 
after which a certain amount of terpineol was added 
and ground for 2 h to form an anode slurry. The mass 
ratio of solids to terpineol was 75:25. The slurry was 
screen-printed on one side of the YSZ electrolyte disc 
and then calcined at 1350°C for 2  h. With a similar 
method, a cathode slurry consisting of the as-prepared 

La0.6Sr0.4CoxFe1−xO3 powders and terpineol was screen-
printed onto the other side of the electrolyte disc and cal-
cined at 1200°C for 1 h. The electrodes have an effective 
area of 1.0 cm2 with a thickness of about 50 µm. Thus, 
a single cell with the structure Ni-YSZ|YSZ|LSCF was 
assembled.

Characterization

The crystal structure of La0.6Sr0.4CoxFe1−xO3 powders 
were characterized by x-ray diffraction (XRD, Rigaku 
SmartLab 9 kW  diffractometer, Japan). The diffracto-
grams were scanned in 2θ from 10° to 80° using Cu Kα line 
(λ = 0.154056 nm) with a scan step size of 0.05 and single 
point time of 0.5 s. The obtained data were processed using 
Jade software. The microstructure of LSCF samples were 
examined by scanning electron microscopy (SEM, Hitachi 
SU8010, Japan) at accelerating voltage of 5 and 15 kV. For 
electrochemical measurement, the cell was sealed in an alu-
mina tube with a silver paste. The silver paste was coated 
on each electrode as current collector. During the test, the 
cell was slowly heated from room temperature to the desired 
temperature, and the NiO was reduced to Ni by hydrogen 
until the open-circuit voltage of the cell was stable.18 Elec-
trochemical impedance spectroscopy (EIS) measurements 
were taken using an electrochemical analyzer (CHI604C, 
Chenhua, China). Measurement of the data was conducted 
over a frequency range of 0.1 Hz to 100 kHz from 700°C to 
800°C in increments of 50°C, and the obtained impedance 
spectra were processed using ZSimpWin software. For cell 
performance testing, H2 + 3% H2O, which can be achieved 
by bubbling H2 through water at about 25°C, were used as 
fuel and ambient air as oxidant.

Results and Discussion

XRD Analysis

The XRD patterns of La0.6Sr0.4Co0.4Fe0.6O3 powders cal-
cined at different temperatures are shown in Fig.  1a. 
Although there are some typical diffraction peaks when 
the calcination temperature is 900°C, the intensity of dif-
fraction peaks is weak, and there are many impurity peaks. 
As the calcination temperature increases, several peaks 
appear at 2θ = 22.6°, 32.4°, 41.5°, 46.3° and 57.5°, which 
can be attributed to 110, 020, 113, 220 and 024 reflec-
tions of the single-phase orthorhombic structure of perovs-
kite La0.8Sr0.2FeO3. All the diffraction peak positions are 
in agreement with those of JCPDF# 35-1480. When the 
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calcination temperature reaches 1050°C, the phase becomes 
a pure perovskite structure as identified by XRD, indicat-
ing that the substitution of Sr2+ and Co3+ ions has taken 
place, and formed a solid solution with the general formula 
of La0.6Sr0.4Co0.4Fe0.6O3 with a single orthorhombic perovs-
kite phase.

Figure 1b shows the XRD patterns of the LSCF powders 
with different cobalt dopant content calcined at 1150°C. All 
the samples have a single perovskite phase, and there are 
no obvious impurity peaks. It can be seen from Fig. 1c that 
with the increase in Co content, the diffraction peak of the 
corresponding XRD pattern is shifted slightly to higher 2θ 
values. This may be due to the incorporation of Co3+ ions 
partially replacing the Fe3+ in La0.6Sr0.4FeO3, and result-
ing in increased lattice distortion. As we know, the radius 
of Co3+ and Fe3+ is 0.061 nm and 0.645 nm, respectively. 
When Fe3+ ions were partially substituted by Co3+, and with 
a smaller radius, the lattice constant becomes smaller and 
the diffraction peaks shift to higher 2θ values.

SEM Analysis

The SEM micrograph of the LSCF powder calcined at 1150 
ºC for 2 h in air is presented in Fig. 2. It can be seen from the 
figure that the initial powder is a spongy mass with a porous 
structure. In the process of powder preparation, since all the 
reactants are uniformly mixed in solution at the atomic or 
molecular level, reaction can occur through rearrangement 
and short-distance diffusion of nearby atoms and molecules. 
During the rapid combustion process, there is not enough 
energy and time for atoms to diffuse or migrate over long 
distances, which leads to the growth of nanoscale crystal-
lites. At the same time, due to the high temperature and rapid 
pyrolysis during the combustion process, a large amount of 
gas is rapidly released, so that the initial powder forms this 
fluffy and porous structure.19 The obtained porous powder 
helps to achieve the microstructure of the porous electrode.20

Performance of the Single Cell

In order to evaluate the electrode performance, electrochem-
ical impedance spectroscopy (EIS) of YSZ-based cells with 
the LSCF cathode and Ni/YSZ anode is carried out. Figure 3 
shows the Nyquist plots of the single cell tested at different 
temperatures under H2 atmosphere. It can be seen from the 
figure that the impedance spectrum of the cell consists of 
two arcs at high frequencies and low frequencies, respec-
tively. The intercept of the impedance arc with the real axis 
at high frequencies corresponds to the ohmic resistance of 
the cell. The intercept of the impedance arc with the real axis 
at low frequencies represents the total resistance of the cell. 
The distance between the arcs represents the area-specific 
resistance for the cell. The values of the ohmic and area-
specific resistance are summarized in Table I.

It can also be seen from the figure that the arc at low 
frequencies is much larger than that at high frequencies. As 

(a) (b) (c)

Fig. 1   XRD patterns of La0.6Sr0.4CoxFe1−xO3 cathode powders, (a) 
samples of x = 0.4 calcined at different temperatures, (b) samples with 
different x calcined at 1150°C (blue vertical lines represent the stand-

ard diffraction peak of the La0.8Sr0.2FeO3, JCPDF# 35–1480), and (c) 
magnification of the diffraction peak at 32.4° (Color figure online).

Fig. 2   SEM photograph of La0.6Sr0.4Co0.4Fe0.6O3 calcined at 1150°C 
for 2 h.
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the temperature increases, the arcs in the impedance spec-
trum become smaller, which is more obvious for the arc at 
high frequencies. At low temperatures, oxygen ions cannot 

obtain enough energy from the outside to overcome their 
transformation barrier, and the charge transfer is controlled 
by the reaction rate. As the temperature increases, a large 
number of oxygen ion holes are formed, and capacitance 
decreases. Therefore, the resistance decreases and the arcs 
in the impedance spectrum become smaller.

Figure 4 shows the voltage–current (V–I, Fig. 4a) and 
power density–current curves (Fig. 4b) of the YSZ-based 
single cell with LSCF as cathode and Ni/YSZ as anode, 
using air as oxidant and 3% H2O + H2 as fuel. As can be seen 
from Fig. 4a, the open-circuit voltage of the cell remains 
almost the same value of 1.0 V at different operating tem-
peratures. Nevertheless, the voltage decreases linearly with 
the increase in the current, and the lower the operating tem-
perature, the faster the decrease in the voltage. This may 
be because the voltage is related mainly to the differences 
in differential pressure of H2 and O2 across the cell, but 
has nothing to do with the temperature, so the open-circuit 
voltage is the same. However, the resistance of the elec-
trolyte decreases as the temperature increases, resulting in 
a decrease in voltage. In addition, with the increase in the 
current, the voltage decreases linearly, and the lower the 
working temperature, the faster the decrease in the voltage.

Figure 4b shows that the power density increases with 
the increase in current density. When the current reaches a 
certain value, the power density reaches a maximum, and 
then decreases. This may be because the power consumed 
by the internal resistance of the fuel cell increases as the 
current increases. Once the current reaches a certain value, 
the output power of the cell reaches the maximum, and then 
the power consumed by the internal resistance is dominant, 
which leads to the decrease in the output power of the cell. 

Fig. 3   Impedance spectroscopy of the single cell.

Table I   Electrochemical performance of the La0.6Sr0.4CoxFe1−xO3 
cathode

700°C 750°C 800°C

Ohmic resistance (Ω) 10.5 6.6 5.0
Area-specific resistance (Ω) 26.5 21.6 19.0
Open-circuit voltage (V) 0.98 0.98 1.0
Peak power densities (mW/cm2) 6 14 28

(a) (b)

Fig. 4   The voltage (a) and power density (b) as a function of the current density for the YSZ-based cell with LSCF cathode and Ni/YSZ anode 
tested from 700°C to 800°C under 3% H2O + H2 atmosphere.
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The values of open-circuit voltage and peak power densities 
are also listed in Table I. The peak power density obtained 
from the single cell performance testing is consistent with 
the result of the impedance spectrum measurement.

The peak power density is close to that of other cathode 
materials working in the intermediate temperature range, 
such as LSCF infiltrated with PNM5,21 Sr2Fe1.5Mo0.5O6−δ,22 
Mn1.5Co1.5O4,23 and so on. The results show that 
La0.6Sr0.4CoxFe1−xO3 is a promising cathode material for 
intermediate-temperature SOFC applications.

Conclusions

In this paper, a series of La0.6Sr0.4CoxFe1−xO3 (LSCF, x = 0.2, 
0.4, 0.6) is prepared by citric acid-assisted combustion, and 
the effect of Co doping on the lattice structure and elec-
trochemical performance of La0.8Sr0.2FeO3 is systemically 
investigated. The results of XRD and EIS show that doping 
with Co induces lattice distortion but does not change its 
perovskite structure, which improves the electrochemical 
performance. Among all the samples, La0.6Sr0.4Co0.4Fe0.6O3 
demonstrates the best electrochemical performance. The 
peak power density of the YSZ electrolyte-supported single 
cell fabricated with the LSCF cathode reaches 28 mW cm−2 
at 800°C, and it has minimum area resistivity of 19 Ω cm2. 
These results suggest that Co doping of La0.8Sr0.2FeO3 is 
an effective strategy to improve its electrochemical perfor-
mance, while La0.6Sr0.4Co0.4Fe0.6O3 is a promising cathode 
material for intermediate-temperature SOFCs.
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