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The effects of the Ga incorporation on the crystal chemistry and high temperature properties of the n=3
Ruddlesden Popper system LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ (0≤x≤0.8) have been investigated. As the Ga
content increases the symmetry of the unit cell varies from tetragonal for the samples with x=0 and 0.3 to
orthorhombic for the x=0.8 sample. Due to the fixed Ga+3 oxidation state, the substitution of Ga for Fe and
Co increases the oxygen vacancy concentration in the samples at room temperature while it decreases the
variation of the oxygen content with temperature. The total expansion coefficient of the LaSr3Fe1.5−x/2

Co1.5−x/2GaxO10− δ specimen in the temperature range 80≤T≤900 °C decreases with increasing Ga content
due to the suppression of the chemical expansion at high temperature. Similarly, the electrical conductivity
also decreases as the Ga content increases. The electrochemical performances of the LaSr3Fe1.5−x/2Co1.5−x/2

GaxO10−δ samples as cathode materials in SOFC have been tested with electrolyte-supported single cells
using La0.8Sr0.2Ga0.8Mg0.2O2.8 (LSGM) as an electrolyte. Although the maximum power density of the cells
decreases with increasing Ga content, the LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ cathode provides an important
advantage of decrease in total expansion with increasing Ga content.
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1. Introduction

The mixed oxide ion and electronic conducting properties of the
Ruddlesden Popper (R-P) series of oxides An+1BnO3n+1 with n=1, 2
and3havebeen explored in the recentyears to evaluate theiruse athigh
temperatures as cathodes in SOFC and oxygen separation membranes
[1–5]. The crystal structure of the R-P phases consists of n ABO3

perovskite layers alternating with AO rock salt layers along the c-axis
[6]. Previous work has focused on the synthesis and oxygen permeation
properties of the n=3 R-P solid solution LaSr3Fe3−xCoxO10−δ with
0≤x≤1.5 [4,5]. These studies have shown that the x=1.5 compound
exhibits good structural stability combined with adequate values of
oxide ion and electronic conductivity [4] for electrochemical applica-
tions. In an attempt to increase the oxygen vacancy concentration and
thereby to improve the oxide-ion conductivity, Ga has been incorpo-
rated in the B site and the solid solution LaSr3GaFe2−xCoxO10−δ has
been investigated [7]. However, the presence of 1/3 of Ga in the B
site has induced a structural transformation from tetragonal to
orthorhombic [7,8] affecting the mixed conducting properties. More
recently, Lee and Manthiram [9] have found that LaSr3Fe1.5Co1.5O10−δ

exhibits cathode performance in SOFC comparable to the perovskite
phase La0.6Sr0.4CoO3− δ. Although the total expansion coefficient
α=20.5×10−6 K−1 was lower than that of the perovskite phase, it
was still higher than thevalues exhibitedby theGDCor LSGMelectrolytes
(∼10–12×10−6 K−1). With an aim to develop a mixed conductor with
lower total lattice expansion,wepresenthere the incorporationofGa into
the B sites of the composition LaSr3Fe1.5Co1.5O10−δ, keeping the Fe:Co
ratio constant at 1, and discuss the effects of Ga substitution on the crystal
structure, lattice expansion, electrical conductivity, and electrochemical
performance.

2. Experimental

The LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ samples were prepared by
solid state reactions of stoichiometric amounts of La2O3, SrCO3, Fe2O3,
Co3O4, and Ga2O3. The powders were heat treated first at 900 °C and
then pressed and sintered at temperatures ranging between 1300 and
1350 °C. Both heat treatments were carried out in air for 24 h. In
addition, the powders were ball milled in ethanol for 1 day before
each heat treatment. The resultingmaterials were then heat treated at
600 °C for 6 h in air followed by slow cooling to room temperature at a
rate of 1 °C/min to maximize the oxygen content. The La0.8Sr0.2
Ga0.8 Mg0.2O2.8 (LSGM) electrolyte disks, interlayer materials
Ce0.9Gd0.1O1.95 (GDC) and La0.4Ce0.6O1.8 (LDC), and Ni/GDC anode
composite (Ni:GDC=70:30 vol.%) were prepared following the
procedures described elsewhere [10]. X-ray diffraction (XRD) data
were collected using Cu Kα radiation and a graphite monochromator
from 2θ=10 to 100º with a counting time of 10 s per 0.02º. The crystal
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Fig. 1. X-ray diffraction patterns of the LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ samples with
x=0, 0.3, 0.6, and 0.8. The reflections are indexed to follow the symmetry transformation
of the unit cell.

Table 1
Oxygen content, average oxidation state, and crystal symmetry of LaSr3Fe1.5−x/2Co1.5−x/2

GaxO10−δ at 20 °C.

Ga content, x Oxygen content Oxidation state of (Fe/Co) Crystal symmetry

0 10.04±0.03 3.7 I4/mmm
0.3 9.9±0.04 3.67 I4/mmm
0.6 9.53±0.02 3.44 Fmmm
0.8 9.18±0.03 3.16 Fmmm
1.0 a 9.11±0.03 3.11 Fmmm

a Data from Ref. [7].
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structures of the samples were analyzed by the Rietveldmethod using
the FullProf Program [11]. The average oxidation state of (Fe/Co) and
the room temperature oxygen content of the samples were deter-
mined by iodometric titration [12]. The TEC values were measured in
air in the temperature range 80–900 °C with a heating/cooling rate of
5 °C/min using a Perkin-Elmer Series 7 thermal analysis system.
Electrical conductivity measurements were carried out in air in the
temperature range 20≤T≤900 °C using a four-probe dc technique on
disc samples with the Van der Pauw configuration. The single cells
were constructed using 0.5 mm thick disks of LSGM as electrolyte,
NiO–Ce0.9Gd0.1O1.95 as anode, and LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ

as cathode. To prevent the reaction of the electrodes with the
electrolyte, GDC and LDCwere used as buffer layers, respectively, onto
the cathode and anode sides of LSGM. Electrodes and buffer layers
were deposited on an area of 5×5 mm by screen printing. The slurry
preparation and deposition and heat treatment sequence are available
elsewhere [10]. Pt mesh attached to Pt wires was used as current
collector. The thickness, microstructure, and LSGM-electrodes inter-
faces of the single cells were analyzed with a JEOL-5610 scanning
electron microscope (SEM). The electrochemical performances were
evaluated in the temperature range 600≤T≤800 °C. During the
single-cell performance test, humidified H2 (3% H2O at 25 °C) was
supplied at the anode as fuel and air at the cathode as oxidant at a rate
of 100 cm3/min.
Fig. 2. Variations of the lattice parameters a and b of the crystal structure of
LaSr3Fe1.5−x/2Co1.5− x/2GaxO10− δ with the Ga content x. The inset shows the variation
of the lattice parameter c with x.
3. Results and discussion

The XRD patterns of the LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ samples
with x=0, 0.3, 0.6 and 0.8 are shown in Fig. 1. The analysis of the XRD
data using the Rietveld method indicates that the samples are single
phase. The symmetry of the crystal structure changes from tetragonal
(S.G. I 4/mmm) for samples with x=0 and 0.3 to orthorhombic (S.G.
Fmmm) for samples with x≥0.6 [2]. Different models have been tried
to refine the x=0.6 sample crystal structure. The best refinement was
obtained with the orthorhombic symmetry. After the transformation,
the tetragonal cell of dimensions aT×aT×cT is rotated 45º to give the
orthorhombic dimensions aO≈

ffiffiffi

2
p

aT × bO≈
ffiffiffi

2
p

aT × cO≈cT. The varia-
tions of the lattice parameters with the Ga content are shown in Fig. 2.
Besides the splitting of the lattice parameter a, a clear increase in the
lattice parameter c is observed in the orthorhombic phase. This
behavior is associated with a decrease in the oxygen content and the
average oxidation state for (Fe/Co) as the Ga content varies from 0 to
1.0 (Table 1).

Fig. 3 shows the total linear expansion (ΔL/L0) vs. T curves for
LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ. For the samples with x≤0.6, the
total linear expansion contains both the thermal and chemical con-
tributions. The latter is distinguished by an increase in slope at
T≥500 °C caused by the removal of oxygen atoms from the crystal
lattice. The incorporation of an element with fixed oxidation state like
Ga+3 reduces the variations in the oxygen content causing a systematic
decrease in the chemical contribution and thereby in the total expansion
of LaSr3Fe1.5−x/2Co1.5−x/2GaxO10−δ. The variations of the total expan-
sion coefficientα = ΔL

ΔT × L0
with Ga content for the temperature ranges

80≤T≤900 °C; 80≤T≤700 °C and 80≤T≤500 °C are shown in the
inset of Fig. 3. The reduction of α is more significant for the x=0.8
samplewith orthorhombic symmetry, reaching a valueα=12.9×10−6

(Κ−1) almost constant with temperature.
Fig. 3. ΔL/L0 vs. T curves of the LaSr3Fe1.5−x/2Co1.5− x/2GaxO10− δ samples with x=0,
0.3, 0.6, and 0.8. The inset shows the total expansion coefficient α calculated for the
temperature range ●) 80–900 °C, □) 80–700 °C, and ○) 80–500 °C.
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Fig. 4. Variations of the total conductivity with temperature for LaSr3Fe1.5− x/2Co1.5−x/2

GaxO10− δ in air for 0≤x≤0.8.
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Fig. 4 shows the variations of the electrical conductivity (σ) with
temperature in the range 20≤T≤900 °C. The replacement of Fe and
Co by Ga affects the O–(Fe/Co)–O extended interaction in different
ways: a) the O–Fe/Co–O covalency decreases as the Fe/Co–O bond
length enlarge with the addition of Ga+3, and b) the presence of Ga+3

itself with pseudo-inert gas configuration along with the increasing
concentration of oxygen vacancies at a given temperature reduce the
available electronic states leading to a larger electron localization. This
effect is more significant at room temperature where a difference of
approximately four orders of magnitude between the σ values of the
x=0 and 0.8 samples is observed. Above room temperature, the
electrical conductivity was found to be thermally activated for all the
samples. In the high temperature region (T≥400–500 °C), samples
with low Ga content (x=0 and 0.3) begin to lose oxygen, which
causes a decrease in the electrical conductivity with temperature. On
the other hand, the x=0.8 sample exhibits a thermally activated
Fig. 5. SEM micrographs of the LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ cathodes with GDC interla
the x=0.3 sample, and (d) x=0.6.
behavior for the whole temperature range. As a consequence, the
difference in the σ values at T∼800–900 °C is approximately one
order of magnitude.

Chemical reactivity tests were carried out by annealing the
cathode materials LaSr3Fe1.5− x/2Co1.5− x/2GaxO10− δ mixed with
LSGM and GDC at 1000 and 1100 °C in air for three hours. The
analysis of the powder XRD data of the final products indicates that
while LaSr3Fe1.5−x/2Co1.5−x/2GaxO10− δ reacts with LSGM at 1100 °C,
no evidence of reaction with GDC was detected. Based on this result,
GDCwasused asan interlayer between thecathode andLSGM.Similarly,
to avoid the chemical reaction between Ni and LSGM at the firing
temperature of the anode material (T=1300 °C), the cells were
prepared using LDC as an interlayer between the GDC+Ni cermet
anode and LSGM [9,10]. SEM micrographs of the single-cell cross
sections including cathode, GDC interlayer, and the electrolyte are
shown in Fig. 5 for the cathode materials with x=0, 0.3, and 0.6 after
testing thecells in the temperature range600≤T≤800 °C. The thickness
of the layers obtained by screen printing at the cathode sidewas around
25–30 μmfor the cathode and 3–4 μmfor theGDC interlayermaterial. In
Fig. 5c, the electron backscattering image of the cell cross section clearly
reveals the uniformity of the interlayer material. Finally, the micro-
structure of the cathode materials appears to be quite similar for all the
samples suggesting that the variations of the electrochemical perfor-
mance are due to the variations in the composition of the cathodes and
not due to changes in the microstructure.

From the electrochemical tests of the LaSr3Fe1.5−x/2Co1.5−x/2

GaxO10−δ/GDC/LSGM/LDC/Ni–GDC single cells, we have obtained the
variations of the cell voltage (V) and power density (P) as a function of
current density (I) for various cathodes materials. Measurements were
performed by heating the cell at 800 °C and then lowering the
temperature in steps of 50 °C until reaching 600 °C. Typical V–I and P–
I curves obtained for the x=0 sample are displayed in the inset of Fig. 6.
The variations of the maximum power density (Pmax) delivered by the
cells as a function of the temperature for the x=0, 0.3, and 0.6 cathodes
are shown in Fig. 6. The best performance was obtained for the Ga-free
LaSr3Fe1.5Co1.5O10−δ cathodewith a Pmax value of 0.42 W/cm2 at 800 °C.
The incorporation of Ga in the cathode reduces the performance of the
yer on the LSGM electrolyte: (a) x=0, (b) x=0.3, (c) electron backscattering image of
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Fig. 6. Maximum power density of LaSr3Fe1.5−x/2Co1.5− x/2GaxO10− δ/GDC/LSGM/LDC/
Ni–GDC single cells as a function of temperature. The inset shows the variations of the
cell voltage and the power density with current density for the x=0 cathode at 800,
750, and 700 °C.
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cell, leading to a maximum power of 0.35W/cm2 at 800 °C for the
x=0.6 cathode.

4. Conclusions

The n=3 member of the R-P series of phases LaSr3Fe1.5−x/2

Co1.5− x/2GaxO10− δ with 0≤x≤0.8 have been synthesized and
characterized as cathodes for SOFC. The incorporation of Ga into the
crystal lattice of LaSr3Fe1.5Co1.5O10− δ causes a (i) transformation of
the unit cell symmetry from tetragonal to orthorhombic, (ii) sup-
pression of the chemical contribution to the total thermal expansion,
and (iii) reduction of the electrical conductivity. The electrochemical
performances of these R-P phases as cathode material have been
tested with electrolyte-supported single cells using LSGM as the
electrolyte. Although the presence of Ga+3 reduces the maximum
power delivered by the cell, the lowering of the total expansion
coefficient may be helpful to realize better compatibility with the
electrolyte.
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