
Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

High temperature electrical conductivity and electrochemical investigation
of La2-xSrxCoO4 nanoparticles for IT-SOFC cathode

T. Ghorbani-Moghadama, A. Kompanya,b,⁎, M.M. Bagheri-Mohagheghic,
M. Ebrahimizadeh Abrishamib

aMaterials and Electroceramics Lab, Department of Physics, Ferdowsi University of Mashhad, Mashhad, Iran
bNano Research Center, Ferdowsi University of Mashhad, Mashhad, Iran
c School of Physics, Damghan University, Damghan, Iran

A R T I C L E I N F O

Keywords:
La2-xSrxCoO4

Solid oxide fuel cell
Symmetrical cell
Electrochemical performance

A B S T R A C T

Single-phase Ruddlesden popper of La2-xSrxCoO4 nanopowders with x= 0.7, 0.9, 1.1 and 1.3, were successfully
synthesized by a modified sol-gel method. Structural stability and morphology of the prepared samples were
examined using HT-XRD analysis, FE-SEM and SEM techniques. HT-XRD analysis of the samples, in the range of
room temperature to 850 °C, revealed that the structure of all samples was tetragonal. The electrical conductivity
measurements, in the range of room temperature to 850 °C, indicated that by increasing the temperature the
electrical conductivity mechanism inverts from variable range hopping to the nearest-neighbor hopping of small
polarons. In addition, it was found that by increasing Sr concentration the structure of the sintered samples
becomes more stable. The electrochemical characterization was carried out using the impedance spectroscopy
(EIS) measurements on symmetrical cells at three different temperatures, 650 °C, 750 °C and 850 °C. The area
specific polarization resistance (ASR) of La2-xSrxCoO4-CGO-La2-xSrxCoO4 symmetrical cell, in oxygen flow, was
obtained about 1.07, 0.35, 0.33 and 0.43 Ωcm2 at 850 °C for the samples with x= 0.7, 0.9, 1.1 and x=1.3,
respectively. According to our EIS results, the main rate-limiting step for La2-xSrxCoO4 cathode performance is
the dissociation process of oxygen at the surface of cathode at 650 °C and the charge transfer limiting in the
cathode/electrolyte at 750 °C and 850 °C. Our results showed that the samples with Sr contents of x= 0.9 and
x=1.1 can be the promising cathodes for IT-SOFC applications.

1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical energy conversion
devices in which fuel energy is directly transformed into electricity with
high efficiency, fuel flexibility, noise free as well as being en-
vironmentally friendly [1]. SOFCs usually work at temperatures higher
than 900 °C. Lowering the operation temperature to the intermediate
range (650–850 °C) can significantly optimize their operation along
with longer term stability, selecting more alternative materials and also
cost reduction [2]. However, lowering the temperature often reduces
the cell efficiency, due to the large activation energy of oxygen re-
duction reaction in the cathodes [3,4]. Many attentions have focused on
developing the cathode materials to be used at the intermediate tem-

peratures [5–9]. Ruddlesden Popper (RP) phase structures
(An+1BnO3n+1), known as mixed ionic and electronic conductors
(MIEC), have offered fast oxygen reduction kinetics and high electrical
conductivities which are essential for cathode materials used at inter-
mediate temperatures solid oxide fuel cells (IT-SOFCs) [9–12]. For ex-
ample, nickelite RP based phase with n=1 such as Pr2NiO4 and
Nd2NiO4 and also higher order of RP phase with n= 3 including
La2Pr2Ni3O10, have shown good stability and electrochemical perfor-
mance as cathode materials in SOFC single cells [13–15]. A2BO4

layered perovskites (A= alkaline earth metals and rare earth elements,
B= transition metals), in comparison with ABO3 perovskites, show
better ionic conductivity and structural phase stability. In addition,
layered perovskites match better with commonly used electrolytes such
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as CGO (Ce0.9Gd0.1O3) and YSZ (Y2O3/ZrO2) due to their smaller
thermal expansion coefficient [16–19]. However, they still suffer from
their low electrical conductivity (≈ 100 S/cm) compared to some
transition metal perovskites which have high electrical conductivity
(≈ 1000 S/cm) such as La1-xSrxCoO3 and La1-xSrxCo1-yFeyO3 com-
pounds [10,20]. The RP phases such as Ln2NiO4, Ln2CoO4 and
Ln2MnO4 (Ln= La, Pr and Nd) groups are interesting materials because
of their high structural stability under reduction and oxidation condi-
tions [21–23]. The complex ion conductivity mechanism has been re-
ported for these groups of materials, involving both ion migration in
vacancy sites in the perovskite planes and the interstitial ion migration
in the rock salt layers, which improve their ionic conductivity for IT-
SOFC applications [24–27]. Among these compounds, Ln2NiO4 is the
most extensively studied which has mixed ionic and electronic con-
ductivity [28–30]. Although, it has been reported that Ln2MnO4 based
compounds are suitable cathode materials for SOFC, they suffer from
low electrical conductivity at high temperatures [22]. Comparing to
other RP phases, the layered perovskites based on Ln2CoO4 are rarely
studied, since it is difficult to synthesize the single phase of these oxides
[4,9,31]. These types of cobaltites are interesting due to the presence of
different Co valences and the various corresponding spin states. For
Co3+ ions, in the octahedral coordination, there are three spin states: (i)
low spin state (LS: t2g6 eg°), (ii) intermediate spin state (IS: t2g5 eg1) and
(iii) high spin state (HS: t2g4 eg2). Materials with Co3+ in LS state are
nonmagnetic insulators, while materials with Co3+ in IS and HS states
are magnetic semiconductors. For Co4+ ions, there are two spin states:
LS (t2g5 eg°) and IS (t2g4 eg1) and one spin state (HS: t2g5 eg2( for
Co2+ions [32,33]. The RP parent of cobaltite (La2CoO4) is an anti-
ferromagnetic insulator in which the valency of Co is 2+, with high
spin state [34]. In Sr doped lanthanum cobaltites (La2-xSrxCoO4), cobalt
ions have mixed valences as Co2+/Co3+ for 0 < x < 1 and Co3+/
Co4+ for 1 < x < 2 [32,35].

Although, some studies have focused on the electrical and transport
properties of La2-xSrxCoO4 compounds, up to our knowledge not much
data have been reported regarding their electrochemical performance
as cathode for IT-SOFC. In this article, the temperature dependence

mechanism of electrical conductivity as well as the structural stability
of the prepared cobaltite samples have been investigated in detail.
Furthermore, since it is believed that the nanoparticles comparing to
microparticles show better electrochemical activities [36], we have
studied the electrochemical behavior of La2-xSrxCoO4 (x= 0.7, 0.9, 1.1
and 1.3) nanopowders at different temperatures.

2. Experimental method

2.1. Synthesis of the nanopowders

Single-phase nanopowders of La2-xSrxCoO4 (x= 0.7, 0.9, 1.1, 1.3)
were synthesized via a modified sol-gel method. The starting materials
were La(NO3)3·6H2O, Sr(NO3)2, Co(NO3)2·6H2O and gelatin as the
polymerization and stabilization agent. First, the nitrates were added
gradually into deionized water, under stirring at room temperature.
Gelatin was dissolved separately in deionized water and stirred for
30min at 60 °C. Then, the solution containing the ions was added to the
aqueous solution of gelatin and kept at 80 °C in an oil bath until a red
colour resin was obtained. The resin (gel) was heated at 220 °C for 2 h
and the produced black powder was first ground and then calcined at
900 °C for 4 h.

2.2. Characterizations

The structure of the synthesized La2-xSrxCoO4 compounds were ex-
amined, at room temperature and in the range 150–850 °C, by an X-ray
diffractometer (GNR, Explorer, CuK, λ=1.5406 Å). The lattice para-
meters were obtained using celeref program.

Field emission scanning electron microscopy (FE-SEM: TE-SCAN,
MIRA3) images were used to investigate the morphology and determine
the particle size of the synthesized powders. The particle size dis-
tributions were obtained by counting 100 particles from three different
batches. For electrical measurements, the synthesized powders were
pressed into pellets and sintered at 1100 °C for 10 h. Scanning electron
microscopy (SEM: LEO 1450VP) was used to study the surface mor-
phology of the sintered ceramic specimens. The electrical conductivity
of the sintered La2-xSrxCoO4 samples were measured by four-point DC
method [37,38]. The conductivity measurements were carried out from
room temperature to 850 °C in air. Impedance spectroscopy of the
samples were performed on the cathode symmetrical cell with Po-
tentiostat/Galvanostat (Autolab302N). Ceria gadolinium oxide (CGO)
powder was pressed into pellets and sintered at 1350 °C for 4 h in air to
obtain dense electrolyte substrate. La2-xSrxCoO4 nanopowders slurry
were screen printed on both sides of the dense CGO electrolyte to form a
symmetrical cell, which was then heated at 1000 °C for 4 h. The
thickness of the cathode layers was about 30 µm and silver meshes were
used as the current collectors. Impedance spectra of the symmetrical
cells were recorded at high stable state in the frequency range of
10–1.33MHz at 650 °C, 750 °C and 850 °C in oxygen flow (83 cm3/
min).

3. Results and discussion

The X-ray diffraction patterns of the synthesized La2-xSrxCoO4

(x= 0.7, 0.9, 1.1, 1.3) powders, at room temperature, are shown in
Fig. 1. The characteristic peaks correspond to the tetragonal structure
with the space group I4/mmm. The details of the calculated cell

Fig. 1. XRD patterns of the synthesized La2-xSrxCoO4 (x= 0.7, 0.9, 1.1, 1.3), at
room temperature.
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Fig. 2. HT-XRD patterns of the synthesized La2-xSrxCoO4 nanopowders (a) x= 0.7 (b) x= 0.9 (c) x= 1.1 and (d) x=1.3.

Table 1
The Lattice parameter variation of La2-xSrxCoO4 nanopowders with temperature.

Temperature (°C) La1.3Sr0.7CoO4 La1.1Sr0.9CoO4 La0.9Sr1.1CoO4 La0.7Sr1.3CoO4

a(Å) c(Å) V (Å3) a(Å) c(Å) V (Å3) a(Å) c(Å) V (Å3) a(Å) c(Å) V (Å3)

150 3.826 12.523 183.32 3.819 12.524 182.72 3.806 12.529 181.53 3.809 12.566 182.34
250 3.833 12.560 184.53 3.820 12.532 182.83 3.813 12.563 182.61 3.815 12.590 183.29
350 3.834 12.591 185.08 3.819 12.567 183.25 3.815 12.598 183.41 3.811 12.617 183.81
450 3.832 12.631 185.48 3.821 12.620 184.26 3.812 12.609 183.52 3.824 12.633 184.82
550 3.830 12.658 185.68 3.820 12.664 184.76 3.813 12.619 183.60 3.825 12.665 185.28
650 3.826 12.699 185.89 3.818 12.697 185.12 3.811 12.64 183.67 3.827 12.694 185.92
750 3.840 12.798 188.74 3.819 12.740 185.96 3.826 12.725 186.28 3.837 12.726 187.42
850 3.844 12.820 189.64 3.810 12.694 184.80 3.831 12.748 187.15 3.850 12.739 188.91
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Fig. 3. FE-SEM images (a, b, c, d), and (e, f, g, h) the particle size distribution histograms, of the synthesized La2-xSrxCoO4 with x=0.7, 0.9, 1.1, 1.3, respectively.
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parameters, at room temperature, are given in our previous work [39].
The structural stability of La2-xSrxCoO4 powders in 150–850 °C tem-
perature range was checked by HT-XRD analysis. The HT-XRD patterns
(Fig. 2) show that the crystal structures remained tetragonal in this
range of temperature. However, for x= 1.3, the appearance of La1-
xSrxCoO3 secondary phase was observed at 650 °C, 750 °C and 850 °C.
This secondary phase is presented as an inset in Fig. 2(d).

The segregation of ABO3 perovskite phase is also observed in other
RPs as well as double perovskite materials, due to the temperature in-
crease [40–42] or under electrochemical reactions [43]. The crystal
structure data of the synthesized powders were refined using Celeref
program which are presented in Table 1. HT-XRD data analysis revealed
the anisotropic thermal expansion for all samples, in which c parameter
has increased more rapidly than that of a parameter at higher tem-
perature. This anisotropic behavior can be due to Jahn-Teller distortion
[44], which demonstrates the more stability of Co3+ in IS state.
Thermal Expansion Coefficient (TEC) values obtained from change of
the structural parameters are 13.7× 10−6 K−1, 12.30 × 10−6 K−1,
13.01×10−6 K−1 and 13.57 ×10−6 K−1 for x= 0.7, 0.9, 1.1 and
x=1.3, respectively. These values are lower than those reported pre-
viously for La2-xSrxCoO4 (14–22×10−6 K−1) in the range of room
temperature to 700 °C [17,45] (Table 1).

Fig. 3 shows the FE-SEM images and their corresponding particle
size distribution histograms of the synthesized La2-xSrxCoO4 samples.
The average particle size of all the powders are below 100 nm. Also, the
SEM images of the surface of sintered ceramics of La2-xSrxCoO4 are
presented in Fig. 4. The micrographs in Fig. 4 are prepared from the
surface of the samples after the electrical measurement versus tem-
perature. As can be seen in Fig. 4-d, the morphology of the sample for
x= 1.3 is not as good as the others (Figs. a, b, c), which can lead to less
structural stability at high temperatures.

The electrical conductivity of the samples was calculated by heating
up the samples to 850 °C and then cooling down to room temperature.
As can be seen in Fig. 5, the electrical conductivity does not follow the
same path during the heating and cooling processes. However, with the
increase of Sr content the thermal hysteresis loop becomes smaller in-
dicating the increase of La2-xSrxCoO4 structural stability. This can be
due to more stability of Co IS spin state in the samples with higher Sr
content. The temperature dependence of electrical conductivity me-
chanism discussed in this study is based on two regimes:(i) the adia-
batic nearest-neighbor hopping model of small polarons in which
σ(T)= σ

T
0 exp (-EA/ kBT)), and (ii) the variable range hopping (VRH) of

small polarons model, (σ(T)= σ0exp(-T0/T)1/4), where σ0 is the con-
ductivity at the extreme high temperature, kB is the Boltzmann con-
stant, EA is the activation energy of the polarons, and T0 is the max-
imum temperature in which VRH model holds [46]. According to
Vekilov et al. [47], when the thermal energy is not enough for hopping
of small polarons between nearest neighbors the transport of small
polarons could be accomplished in two steps: (i) the small polarons are
thermally activated into an intermediate state in which the carriers are
weakly localized and (ii) an external agent such as electrical, magnetic
or thermal excitation cause the small polarons hopping to the proper
sites. This kind of transport is known as variable range hopping (VRH)
of small polarons, because the carriers in both the initial and final states
are small polarons [48]. Figs. 6, 7 show the semi logarithmic graphs of
conductivity versus T−1/4 and T−1 for all samples related to variable
range hopping and the nearest-neighbor hopping of small polarons
mechanisms, respectively. As observed in these Figs, for all samples the
conductivity curves are compatible with the variable range hopping of
small polarons below 300 °C, while at higher temperatures nearest
neighbor hopping of small polarons dominates. For x=1.3, the peak
observed in Fig. 5(d) at about 650 °C can be related to the presence ofFig. 4. SEM micrographs of the sintered ceramics of La2-xSrxCoO4 (a) x= 0.7,

(b) x= 0.9, (c) x= 1.1 and (d) x=1.3, after electrical measurements.
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perovskite phase of La1-xSrxCoO3 in addition to La2-xSrxCoO4 layered
perovskite as discussed in Sections 2. 2, Fig. 2(b). This anomaly of
conductivity for rich Sr sample (x= 1.3) can be explained in terms of
electronic phase separation between metal and semiconductor phases.
This behavior has already been reported for high Cd doped LaMnO3 by
Rao et al. as double peak in resistivity curves [49]. In our study, La ions
are partially substituted by Sr ions, in which more Co4+ are produced in
addition to Co3+ions. This valence difference can result in electronic
inhomogeneity and phase separation in La0.7Sr1.3CoO4 sample. The
phase separation is very common in strongly electron correlated sys-
tems such as manganites and cobaltites. Zhang et al. have reported the
phase separation of La2-xSrxCuO4 and La1-xSr1+xMnO4 in La1.85–1.5x
Sr0.5 Cu1-xMnO4 compounds [50].

The electrocatalytic activities of La2-xSrxCoO4 cathodes were eval-
uated using the electrochemical impedance spectroscopy (EIS) analysis
of symmetrical cells with CGO electrolyte at three different tempera-
tures. The cathode reaction process includes the surface adsorption and
reduction of molecular oxygen to oxygen ions, charge transfer and gas
diffusion inside the porous cathode. Fig. 8 shows the Nyquist plots of

La2-xSrxCoO4 symmetrical cells at; 750 and 850 °C. According to the
literatures, the impedance spectra consist of three distinguished re-
sistances: (i) ohmic resistance (RΩ), in which the impedance arc inter-
cepts the real axis from the high frequency side. This resistance corre-
sponds to the electrolyte, electrode and current collector resistances (ii)
charge transfer resistance (Rct) in which the high and intermediate
frequency behavior of the impedance are related to the charge transfer
process at the electrode/electrolyte interface and (iii) non-charge
transfer resistance (Rnct), corresponding to the low frequency behavior
of impedance associated with the adsorption of oxygen and dissociation
of O2 into O2- at the cathode surface [51,52]. The contribution of Rct

and Rnct are evaluated by fitting EIS data with EIS software analyzer.
The obtained resistance values at three different temperatures are
presented in Table 2. It can be seen that at 650 °C, Rnct is higher than Rct

in all samples. This corresponds to the rate -limiting step of the mole-
cular dissociation process at the cathode surface at this temperature
[53–55]. However, at 750 °C and 850 °C Rnct is lower than Rct, due to
the increase of electrical conductivity at the cathode surface at higher
temperatures. The significant decrease of both ohmic (RΩ) and

Fig. 5. Electrical conductivity of La2-xSrxCoO4 sintered ceramics: (a) x= 0.7, (b) x=0.9, (c) x= 1.1 and (d) x=1.3, from room temperature to 850 °C.
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polarization resistance (Rp =Rct + Rnct) with increasing temperature
indicates the thermal activation behavior of the cathode reaction pro-
cess. Increasing the ohmic resistance for x= 0.7 can be due to the
decrease of adhesion strength between cathode and electrolyte, because
of the thermal expansion coefficient difference between cathode and
electrolyte [56]. For x= 1.3 at 650 °C, this is possibly attributed to the
perovskite decomposition.

The Arrhenius plots of the area specific resistance (ASR) for La2-
xSrxCoO4 derived from the Nyquist plots are given in Fig. 9. The ASRpol

values of La2-xSrxCoO4 are around 1Ω cm2 for x > 0.7, at 750 °C,
which are lower than the value already reported at this temperature
(ASR > 2) [45]. These can be due to the high surface to volume ratio
of our synthesized powders (nanoparticles) in which the catalytic be-
havior have been improved [36]. At 850 °C, the obtained ASRpol values
are about 1.07Ω cm2, 0.35Ω cm2, 0.33Ω cm2 and 0.43Ω cm2 for
x= 0.7, 0.9, 1.1 and 1.3, respectively. The ASRpol values indicate that
the electrochemical performance in our La2-xSrxCoO4 sample has been
improved in the samples up to x=1.1, but falls for the samples with
x=1.3. This behavior can be due to the existence of LaSrCoO3 sec-
ondary phase, which appeared in the XRD patterns, Fig. 2(b). The
presence of the secondary phase can result in disordering of the oxygen

diffusion paths, leading to the reduction of ionic conductivity at higher
temperatures [57]. The ASRpol values obtained in this work and by the
others, for comparison, are presented in Table 3. However, the per-
formance of the cathode can be improved by optimizing the micro-
structure, change of the sintering temperature and using the electrolyte-
electrode composite which helps increasing the adherence between the
cathode and electrolyte. For example, the ASRpol value of La2NiO4 has
been reduced from 6Ωcm2 to 0.11Ωcm2 by optimizing the micro-
structure [58]. However, the aim of this study was not to optimize the
electrode/electrolyte interface, but more focus on the effect of Sr
doping on electrical and electrochemical mechanisms of La2-xSrxCoO4

as suitable cathode material for SOFC.

4. Conclusion

In summary, La2-xSrxCoO4 (0.7, 0.9, 1.1, and 1.3) single phase na-
nopowders were successfully synthesized and their electrical and elec-
trochemical properties were investigated as cathode for IT-SOFC. It was
found that by increasing the temperature, the electrical conduction
mechanism inverts from the variable range hopping to the nearest
neighbor hopping of small polaron. Also, an unusual behavior of con-

Fig. 6. Logarithm behavior of conductivity vs T−1/4 in La2-xSrxCoO4 ceramics (a) x= 0.7, (b) x=0.9, (c) x= 1.1 and (d) x= 1.3. The red lines are the experimental
results and the black lines are fitting curves by VRH model.
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ductivity was observed in La0.7Sr1.3CoO4 in the temperature range
600–800 °C. This behavior can be explained as the electronic in-
homogeneity and phase separation in terms of semiconductor and metal
separation. From the electrochemical measurements, ASRpol of La2-
xSrxCoO4-CGO-La2-xSrxCoO4 symmetrical cell was obtained about
1Ωcm2 for the samples with x > 0.7 at 750 °C, which is lower than the

value reported by the others as mentioned earlier. This can be attrib-
uted to the cathode morphology optimization in nanoscale. The ob-
tained ASRpol values at 850 °C are 1.075Ω cm2, 0.35Ω cm2, 0.33Ω cm2

and 0.43Ω cm2 for x= 0.7, 0.9, 1.1 and 1.3, respectively. So, the op-
timum Sr doping values in our synthesized La2-xSrxCoO4 compound, for
IT-SOFC application, is found to be x=0.9 and x= 1.1.

Fig. 7. Logarithm behavior of conductivity vs T−1of the sintered La2-xSrxCoO4 ceramics (a) x= 0.7, (b) x=0.9, (c) x= 1.1 and (d) x= 1.3. The red lines are the
experimental and the black lines are the fitting curves of nearest- neighbor hopping of small polarons model.
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Table 2
The resistances (RΩ, Rct, Rnct) obtained from the impedance spectra of La2-xSrxCoO4-CGO-La2-xSrxCoO4 symmetrical cell at three different temperatures (unit of R:
Ω cm2).

La1.3Sr0.7CoO4 La1.1Sr0.9CoO4 La0.9Sr1.1CoO4 La0.7Sr1.3CoO4

Temperature RΩ Rct Rnct RΩ Rct Rnct RΩ Rct Rnct RΩ Rct Rnct

650 °C 2.1 5 10.9 3.8 3.6 8.5 3.7 4.5 7.8 2.1 5.9 9.11
750 °C 2.6 4.2 4 2.7 2.1 0.19 1.95 2.5 0.15 2.32 2.45 0.1
850 °C 2.75 1.8 0.35 1.45 0.65 0.06 1.35 0.61 0.058 1.29 0.85 0.07

Fig. 9. Arrhenius plot of the polarization area specific resistance (ASRpol) in
La2-xSrxCoO4-CGO-La2-xSrxCoO4 symmetrical cell (x= 0.7, 0.9,1.1 and 1.3) at
different temperatures.

Fig. 8. Impedance spectra and the fitted Nyquist plots of La2-xSrxCoO4-CGO-La2-xSrXCoO4 symmetrical cell (a) x= 0.7, (b) x= 0.9, (c) x= 1.1, (d) x= 1.3, at
750 °C and 850 °C.

Table 3
The ASRpol values of cathode symmetrical cell, this work and others.

sample temperature ASRpol

La1.3Sr0.7CoO4 850 °C 1.07Ω cm2 (this work)
La1.1Sr0.9CoO4 850 °C 0.34Ω cm2 (this work)
La0.9Sr1.1CoO4 850 °C 0.36Ω cm2 (this work)
La0.7Sr1.3CoO4 850 °C 0.43Ω cm2 (this work)
La0.5Sr1.5MnO4 800 °C 1.2Ω cm2 [59]
La1.7Sr0.3Co0.5Ni0.5O4 850 °C 1.92Ω cm2 [60]
La0.6Sr1.4MnO4 800 °C 0.39Ω cm2 [61]
(La0.75Sr0.25)Cr0.5Mn0.5O3 900 °C 0.47Ω cm2 [62]
La0.9Sr1.1CoO4 850 °C 0.35Ω cm2 [45]
La1.7Sr0.3CuO4 700 °C 0.16Ω cm2 [19]
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