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In this study, structural and electrical properties of La0.5Sr1.5Mn0.5T0.5O4 (T = Mn, Fe, and Co) manganites,
with K2NiF4 structure, have been investigated and compared with those of La0.5Sr0.5Mn0.5T0.5O3 perovskite
manganites. The room temperature X-ray diffraction patterns of the synthesized La0.5Sr1.5Mn0.5T0.5O4
layered-structures and La0.5Sr0.5Mn0.5T0.5O3 perovskites were indexed with tetragonal and orthorhombic
structures, respectively. The FE-SEM images revealed that the average size of La0.5Sr1.5Mn0.5T0.5O4 particles
prepared by solid state reaction method using La0.5Sr0.5Mn0.5T0.5O3, as the starting materials, is larger
compared with that of La0.5Sr0.5Mn0.5T0.5O3 synthesized by the modified sol-gel route. The SEM micro
graphs of the sintered ceramics indicated that the average grain size of La0.5Sr1.5Mn0.5T0.5O4 layeredstructures is larger than that of the corresponding La0.5Sr0.5Mn0.5T0.5O3 perovskites, which is supported by
FE-SEM images. The electrical conductivity measurements, in the range of room temperature to 800 °C,
indicated that these oxides have semiconducting behavior, and their transport properties can be described
by small polaron conduction mechanism. Results showed that La0.5Sr1.5Mn0.5T0.5O4 layered-structures have
lower electrical conductivity in comparing to the corresponding La0.5Sr0.5Mn0.5T0.5O3 perovskites, since the
perovskite structure provides three-dimensional (Mn/T)3+–O–(Mn/T)4+ interaction, whereas it is two-di
mensional interaction in the layered-structure. The reduction in conductivity with Fe doping could be due
to the presence of Fe3+ ions, which causes a decrease in Mn3+/Mn4+ ratio and the number of electrons
involved in hopping mechanism. The electrical conductivity enhancement of La0.5Sr1.5MnO4 by doping Co
can be associated with reducing Mn/Co‒O bond length and the increase in the overlap between O 2p and
Mn/Co 3d orbitals.
© 2021 Elsevier B.V. All rights reserved.
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1. Introduction
Ruddlesden Popper (RP) oxides An+1BnO3n+1 (n = 1, 2, 3) with
mixed ionic and electronic conducting properties have attracted
much interests in recent years. These oxides have been evaluated to
be used as cathodes in solid oxide fuel cells (SOFCs) and oxygen
separation membranes at high temperatures [1–13]. The crystal
structure of RP oxides consists of n-layers of ABO3 perovskite
structure, which are stacked in between AO rock-salt layers along
the c-axis.
A2BO4 oxides with K2NiF4 structure and ABO3 perovskite oxides
are well known members of the RP series with n = 1 and n = ∞,
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respectively. In these oxides A is a rare-earth and/or alkaline-earth
ion and B stands for a 3d transition-metal ion. The ideal ABO3 per
ovskite structure has cubic symmetric cell in which the B-site ca
tions at the cube center are coordinated with six oxygen anions at
the face centers, forming BO6 octahedron. Within the K2NiF4 struc
ture, BO6 octahedra are connected by corner-sharing the oxygen
atoms to form a two-dimensional perovskite layer. These layers, si
milar to those found in the perovskite structures, are separated by
AO rock-salt layers. A-site cations in AO rock-salt layers are co
ordinated with nine oxygen anions. The AO rock-salt layer disturbs
the three-dimensional periodicity of the perovskite structure. The
primary difference between K2NiF4-type and perovskite oxides, be
sides the difference in their crystal structures, lies in their oxygen
non-stoichiometry. Perovskite oxides are common in oxygen-defi
cient, whereas K2NiF4-type oxides show either oxygen deficiency as
an oxygen vacancy or oxygen excess as oxygen interstitial. It is
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20◦ ≤ 2θ ≤ 80◦. The lattice parameters were determined using celref
software. Field emission scanning electron microscopy (FE-SEM:
TESCAN, MIRA3) was used to study the morphology and determine
the particle size of the synthesized powders. In order to measure the
electrical conductivity, the powders were first pressed into pellets
and then sintered at 1300 °C for 24 h in air. The surface morphology
of the sintered pellets was studied by scanning electron microscopy
(SEM: Zeiss, LEO 1450VP). The electrical conductivity of the prepared
samples was measured using four-probe method over the tem
perature range of 40–800 °C in a programmable furnace.

known that A-site cations in A2BO4 oxides determine the content of
interstitial oxygen and the oxygen ionic conductivity, and B-site
cations determine the electrical, magnetic, and catalytic proper
ties [14–16].
Perovskite manganites such as La1−xSrxMnO3 have extensively
been studied [17–19]. Most of the researches have concentrated on
the presence of Ni, Cu, Co in B-sites based on K2NiF4 type cathode
materials [20–27]. Some studies have focused on La2−xSrxMnO4 ± δ
manganites due to their good redox stability, electrical conductivity,
and acceptable electrochemical behavior in both oxidizing and re
ducing atmosphere [28,29]. Also, it has been reported that
La2−xSrxMnO4 ± δ has good thermochemical stability over a wide
range of oxygen partial pressures, and having the thermal expansion
coefficient comparable to Yttria Stabilized Zirconia (YSZ) and gado
linium-doped ceria (GDC) electrolytes [30]. Substitution of Co or Fe
in Mn sites of La2−xSrxMnO4 manganites affects both the physical
and chemical properties. Results of transition- metal doping show
that the spin and oxidation states of the transition metal ions to
gether with their ionic radii play essential roles on the physical and
chemical properties of La2−xSrxMnO4 ± δ manganites [31–35]. Ac
cording to the lectures substitution of Mn by Co in perovskite
manganites induces a mixed valence of Mn3+/Mn4+ and Co3+/Co4+
[36,37]. Therefore, cobalt ions in octahedral coordination can exist in
different spin and oxidation states. Substitution of Fe in Mn sites in
perovskite manganites is in the form of Fe3+ state replacing Mn3+
ions [38,39]. Ions of Fe3+ and Mn3+ have identical ionic radii
(0.645 Å [40]).
In this research, structural and electrical properties of the syn
thesized La0.5Sr1.5Mn0.5T0.5O4 (LSMTO4) layered-structures as well as
La0.5Sr0.5Mn0.5T0.5O3 (LSMTO3) (T = Mn, Fe, Co) perovskites have
been investigated and a comparative study is reported. Our results
show that the electrical conductivity in these oxides has semi
conducting behavior, and the electrical conductivity of LSMTO4
layered-structures is lower than that of LSMTO3 perovskites.

3. Results and discussion
3.1. Structure and morphology
XRD patterns of the synthesized La0.5Sr1.5Mn0.5T0.5O4 layeredstructures and the perovskites of La0.5Sr0.5Mn0.5T0.5O3 (T = Mn, Fe,
Co) are given in Fig. 1. As can be seen in Fig. 1(a), all the diffraction
peaks of the La0.5Sr1.5Mn0.5T0.5O4 manganites can be indexed based
on the tetragonal structure of K2NiF4-type with I4/mmm space
group, in agreement with Sandoval et al. [28] and Liping et al. [29]
reports. The patterns of LSMTO3 perovskite manganites, in Fig. 1(b),
reveal that the crystal structure of all samples is orthorhombic with
Pnma space group. The single phase of LSMO3 perovskite was formed
at 750 °C calcination temperature, but the single phases of LSMTO3
(T = Fe, Co) were not obtained at this temperature. However, the

2. Experimental
2.1. Synthesis
Perovskite powders of La0.5Sr0.5Mn0.5T0.5O3 (LSMTO3, T = Mn, Fe,
Co) were synthesized by a modified sol-gel route using metal ni
trates of La(NO3)3.6H2O, Sr(NO3)2, Mn(NO3)2.4H2O, Co(NO3)2.6H2O,
and Fe(NO3)3.9H2O as source materials and gelatin as the poly
merization and stabilization agent, as described elsewhere [41]. An
appropriate amount of metal nitrates was weighed and dissolved in
deionized water by magnetic stirring. The nitrate solutions were
then added to an aqueous gelatin solution, which had been prepared
by dissolving an appropriate amount of gelatin in deionized water
and stirring for 30 min at 40 °C. The mixed solution was first heated
at 60 °C for 1 h in an oil bath to form a clear solution with no pre
cipitates or particulates and then heated at 90 °C while stirring to
obtain a viscous resin. In the next step, the resin was dried in an oven
at 200 °C for 20 min. Then, the dry gels of LSMTO3 (T = Mn, Fe, Co)
were ground and calcined in temperature range of 750–1400 °C for
6 h in air environment.
The layered-structure powders of La0.5Sr1.5Mn0.5T0.5O4 were
prepared using solid state reaction method, in which LSMTO3 and
SrCO3 were employed as the starting materials [41]. In this method,
stoichiometric amounts of the corresponding oxides were first
mixed, ball-milled, and then calcined at 1400 °C for 24 h.
2.2. Characterization
The crystal structure of the calcined powders was characterized
at room temperature by X-ray powder diffractometer (XRD: GNR,
Explorer) with CuKα radiations (λ = 1.5406 Å) with 2θ in the range

Fig. 1. XRD patterns of
La0.5Sr0.5Mn0.5T0.5O3.
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Table 1
The lattice parameters and the unit cell volume of La0.5Sr1.5Mn0.5 T
structure and La0.5Sr0.5Mn0.5 T 0.5O3 perovskite samples.

0.5O4

Fig. 2 shows the morphology and microstructure of LSMO3 and
LSMO4 powders, representing the typical results for LSMTO3 per
ovskites and LSMTO4 layered-structures, respectively. Histograms of
each FE-SEM image show the size distribution of the particles. These
results indicate that the particle size distribution is almost homo
genous. From FE-SEM images, the average particle size of LSMO3
[Fig. 2(a)] synthesized by the modified sol-gel route calcined at
750 °C is determined 60 nm, while the average particle size of this
sample [Fig. 2(b)] calcined at 1400 °C is about 800 nm. This increase
of the average particle size by increasing the calcination temperature
is expectable. Also, the average particle size of LSMTO4 layeredstructures [Fig. 2(c)] prepared by solid-state reaction was obtained
more than 1 µm, which is larger than that of LSMTO3 perovskite.
SEM images and their corresponding grain size histograms of
LSMTO4 layered-structure and LSMTO3 perovskite ceramics sintered
at 1300 °C are given in Fig. 3. The micrographs in Fig. 3 are prepared
from the surface of the samples after electrical measurements. These
images indicate that the average grain size of LSMTO4 layeredstructures is larger than that of the corresponding LSMTO3 per
ovskites, which is also confirmed by FE-SEM images. By comparing
the SEM images, it is clear that the grain size of LSMO4 and LSMO3
samples has become larger by doping cobalt, from 1.5 and 0.8 µm to
5 and 1.5 µm, respectively. However, doping Fe did not change the
grain size of LSMO4 and LSMO3 significantly.

layered-

Sample

Calcination
temperature

Crystal symmetry

a (Å)

b (Å)

c (Å)

V (Å3)

LSMO4
LSMFO4
LSMCO4
LSMO3
LSMFO3
LSMCO3

1400 °C
1400 °C
1400 °C
750 °C
1400 °C
1400 °C

Tetragonal
Tetragonal
Tetragonal
Orthorhombic
Orthorhombic
Orthorhombic

3.85
3.84
3.80
5.42
5.48
5.44

3.85
3.84
3.80
7.70
7.75
7.69

12.41
12.56
12.45
5.44
5.49
5.43

183.95
185.20
179.78
227.02
233.22
227.21

single phases of LSMFO3 and LSMCO3 were formed at 1400 °C. In
addition, a small secondary phase of Mn2O3 was observed in the XRD
pattern of LSMO3 calcined at 1400 °C. It was found that the re
placement of Mn by Fe and Co does not affect the LSMO4 structure,
but changes the lattice parameters. The lattice parameters obtained
from the XRD data refinements using celref software are listed in
Table 1. Standard deviations were obtained lower than 0.01. The
results show that the a-lattice parameter has reduced from 3.85 to
3.84 and 3.80 Å, while the c-lattice parameter has increased from
12.41 to 12.56 and 12.45 Å for the 50 wt% Fe and Co doped samples,
respectively. Also, the unit cell volume of the samples has increased
with Fe doping, but it has reduced with Co doping. It should be noted
that the obtained lattice parameters for Fe and Co-doped LSMO4 are
almost comparable to the results reported by others [32,34].
As given in Table 1, the lattice parameters of LSMCO3 are smaller
than those of LSMFO3 perovskite. The average ionic radius of Mn-Co
in LSMCO3 is smaller than the average ionic radius of Mn-Fe in
LSMFO3,which is related to the ionic radii of Mn3+ (0.645 Å), Fe3+
(0.645 Å), and Co3+ (LS: 0.54 Å, IS: 0.56 Å) [40].

3.2. Electrical conductivity
The total electrical conductivity in perovskite and perovskiterelated structures is mainly referred to as the electronic conductivity
because ionic conductivity in these materials is a few orders of

Fig. 2. FE-SEM images of perovskites of (a) LSMO3 calcined at 750 °C, (b) LSMO3 calcined at 1400 °C, and (c) layered-structure of LSMO4 particles. Histograms in (d), (e), and (f)
show the particle size distribution of LSMO3 and LSMO4, respectively.
3
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occurs in equatorial (ab) planes of BO6 octahedron. In both oxides,
LSMO4 layered-structure and LSMO3 perovskite, substitution of La3+
ions by Sr2+ ions gives rise to mixed valance states of Mn3+ and Mn4+
ions. Ions of Mn4+ with electronic configuration t 32g e0g have three
localized electrons in t2g orbital, while Mn3+ ions with an electronic
configuration of t 32g e1g have an additional electron in eg orbital, which
is responsible for the conduction. The eg electron transfers from
Mn3+ to Mn4+ ions via 2p orbitals of O2− ions leading to double ex
change interactions.
Fig. 4 shows the variations of electrical conductivity of LSMTO4
and LSMTO3 in the temperature range of 40–800 °C. It can be seen
that the electrical conductivity in both LSMTO4 layered-structures
and LSMTO3 perovskites enhances with increasing temperature, re
presenting the semiconducting behavior. As shown in Fig. 4(a), the
substitution of Mn by Fe in the La0.5Sr1.5MnO4 results in a decrease in
the conductivity, while the conductivity of LSMO4 is improved with
Co incorporation. As can be seen in Fig. 4(b), the doped perovskite
manganites (LSMFO3 and LSMCO3) have smaller conductivity than
the pure perovskite manganite (LSMO3).
The temperature dependence of resistivity during heating and
cooling processes for LSMCO4 and LSMCO3 samples is given in the
insets of Fig. 4, representing typical results for LSMTO4 layeredstructures and LSMTO3 perovskites, respectively. Overlapping the
heating-cooling curves at high temperatures in doped samples sig
nifies the outstanding resistivity stability of the samples in each run.
The layered-structures LSMTO4 show a relatively lower con
ductivity compared to the corresponding LSMTO3 perovskites. This
lower conductivity in comparison with conductivity of LSMTO3
having the three-dimensional (Mn/T)3+–O–(Mn/T)4+ interaction can
be due to the two-dimensional conductivity path of (Mn/
T)3+–O–(Mn/T)4+ in LSMTO4 layered-structures and the discontinuity
of (Mn/T)3+–O–(Mn/T)4+ interaction along the c axis.
It has been found that addition of 50 mol% Fe into La0.5Sr1.5MnO4
and La0.5Sr0.5MnO3 samples decreases the conductivity from 0.64 to
0.08 S cm−1 and from 2.71 to 0.71 S cm−1 at 800 °C, respectively. The
results on Mӧssbauer spectroscopy and X ray photoemission spectra
have confirmed that, it is more likely for Fe to be presented as Fe3+
states in these samples, which replaces Mn3+ ions [32,38,42,43].
The nominal stoichiometry of LSMFO4 and LSMFO3 is
3 + 2+
4+
3+
3 + 2+
4+
3+
Sr0.5 Mn0.5
Mn03 +Fe0.5
O3, respec
La0.5
Sr1.5 Mn0.5
Mn03 +Fe0.5
O4 and La0.5
tively. According to defect chemistry, the replacement of Mn by Fe
can lead to hole trapping, as described by Krӧger–Vink notation:
×
×
•
FeMn
+ MnMn
= FeMn + MnMn

(1)

It has been reported that Fe3+ can be reduced to Fe2+ at 1560 °C
[44], according the following relation:
×
2FeFe
+ OO×

2FeFe + VO•• +

1
O2
2

(2)

Therefore, Fe3+ cannot be reduced to Fe2+ in the temperature
range of 40–800 °C. As for LSMFO4 and LSMFO3 samples, the si
multaneous presence of Fe3+, Mn3+, and Mn4+ indicates that based on
the configuration of Fe3+ (HS Fe3+: t 32g e2g ), the electron hopping be
tween Mn3+ and Fe3+ sites is forbidden because of the lack of
available electronic states in the Fe eg orbital. By substitution of Fe3+
ions with Mn 3+ ions, the Mn3+/Mn4+ ratio and the number of hop
ping electrons decrease which results in reducing the conductivity.
Ions of Co in LSMCO4 layered-structure and the corresponding
LSMCO3 perovskite exist in mixed valences of Co3+ (LS: t 62g e0g or IS:
t52g e1g ) and Co4+ (LS: t52g e0g ). Therefore, the conduction process also
could occur in the Co sub-lattice. In these samples, Mn is partially
replaced by Co:

Fig. 3. SEM images of the sintered ceramics of (a–c) La0.5Sr1.5Mn0.5T0.5O4 and (d–e)
La0.5Sr0.5Mn0.5T0.5O3 with their corresponding grain size distribution histograms.

magnitude lower than the electronic conductivity. Electronic con
ductivity in these oxides is mostly performed by electron hopping
between B-site cations along Bn+–O–B(n+1)+ exchange interaction. In
perovskite-related structures, transport of charge carries mainly
4

•
×
×
•
CoMn
+ MnMn
= CoMn
+ MnMn

(3)

×
×
•
CoMn
+ MnMn
= CoMn + MnMn

(4)

M. Mootabian, S.R. Ghorbani, A. Kompany et al.

Journal of Alloys and Compounds 868 (2021) 159185

Fig. 4. Electrical conductivity vs temperature of the prepared (a) La0.5Sr1.5Mn0.5T0.5O4 and (b) La0.5Sr0.5Mn0.5T0.5O3. The insets show temperature dependence of the resistivity for
La0.5Sr1.5Mn0.5Co0.5O4 layered-structure and La0.5Sr0.5Mn0.5Co0.5O3 perovskite. The solid and open symbols indicate the heating and cooling processes, respectively.

Co4+ and Co3+ to lower valence state of Co3+ and Co2+are described in
the following expressions, respectively.

In comparison with LSMO4, the substitution of cobalt in LSMO4
increases the electrical conductivity from 0.64 to 1.55 S cm−1 at
800 °C. The lattice parameter a as well as the unit cell volume V of
LSMO4 was found to decrease when doped with cobalt. These de
creases of a and V result in reducing Mn/Co–O bond length, which in
turn increases the overlap between O 2p and Mn/Co 3d orbitals. As a
result, the mobility of electrons in (Mn/Co)3+–O–(Mn/Co)4+ interac
tion increases, leading to conductivity enhancement in LSMCO4.
Furthermore, this enhancement might be related to the increase in
the grain size. As can be seen in Fig. 3, the grain size of LSMO4
sample has become larger by doping cobalt leading to decrease the
grain boundaries density and the increase of the interconnectivity
between the grains. Therefore, the charge carriers scattering is re
duced at the grain boundaries and the electron hopping between the
neighboring sites enhances [45–47]. On the other hand, Co doping in
LSMO3 leads to reducing the electrical conductivity at high tem
peratures (T > 200 °C). It is known, the possibility of oxygen va
cancies enhances with increasing temperature. Also, cobaltites show
a greater tendency for oxygen vacancies compared with manganites
[36,37]. At high temperatures, the creation of oxygen vacancies is
accompanied by the reduction of Co ions, from Co4+(3+) to Co3+(2+),
causing the increase of broken Co-O bonds and decreasing the
charge carrier concentration, resulting in decrease in conductivity.
The related thermal reductions of Co ions, from high valence state of

•
2Coco
+ OO×

×
2CoCo
+ VO•• +

1
O2
2

(5)

×
2Coco
+ OO×

2CoCo + VO•• +

1
O2
2

(6)

For better understanding of conductivity mechanism in these
oxides, the Arrhenius plots for the electrical conductivity of LSMTO4
layered-structure and LSMTO3 perovskite are presented in Fig. 5. The
linear relationship between ln (σT) and 1/T indicates the small po
laron conduction mechanism. The activation energy of the synthe
sized samples was determined from these plots using the best fitting
of the following expression, which was derived for small polaron
mechanism [48]:

=

A
Ea
exp
T
kB T

(7)

where A is the pre-exponential factor, kB is the Boltzmann constant,
T is the absolute temperature, and Ea is the activation energy for
hopping mechanism. Table 2 presents the obtained activation energy
of LSMTO4 and LSMTO3 samples. Our results show that the activa
tion energy increases with doping of Fe in both LSMO4 and LSMO3

Fig. 5. Arrhenius plots of electrical conductivity of (a) La0.5Sr1.5Mn0.5T0.5O4 and (b) La0.5Sr0.5Mn0.5T0.5O3.
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Ea (eV)

LSMO4
LSMFO4
LSMCO4
LSMO3
LSMFO3
LSMCO3
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0.38
0.25
0.12
0.32
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