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Abstract

Solid solutions of Sr and Mg doped lanthanum-gallate (LSGM) with addition of 3 and 5 at% of cobalt and nickel at the B-site in

ABO3 perovskite structure were obtained using citrate sol–gel method. The synthesized powders were calcined at 900 1C and then finally

sintered at 1450 1C for only 2 h, which resulted in approximately 95% density. Impedance spectroscopy was utilized for electrical

characterization in the temperature range 200–600 1C. The activation energies calculated from impedance spectra for bulk and grain

boundary conductivities were decreased by the addition of transition metals (Co and Ni) and subsequently the conductivity was

increased. Two different regions were clearly distinguished in the plots ln(sT) vs. 10,000/T for grain boundary conductivities, indicating

changes in the mechanism of charge transport with the temperature. It is concluded that addition of cobalt above 5 at% in the LSGM

prepared by citrate sol–gel method does not enhance the electrolytic properties of LSGM. XRD results suggested possible coexistence of

two perovskite crystalline phases in nickel doped samples. However, it is still more favorable for use in IT-SOFC applications than

cobalt since it has less influence on the electrolytic domain of LSGM.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sol–gel processes; C. Ionic conductivity; D. Perovskites; E. Fuel cells
1. Introduction

Solid Oxide Fuel Cells (SOFC) are generally considered
as promising devices for electrical and heat power genera-
tion. Depending on the size of stack cells a power of 1 kW
up to 100 MW can be reached with fuel utilization as high
as 80% at zero or low emissions. Commercially available
systems are mainly based on yttria stabilized zirconia
(YSZ) as electrolyte material. YSZ is a pure ionic con-
ductor in both oxidizing and reducing atmospheres. How-
ever, the high working temperature of YSZ electrolyte is
the major drawback and imposes the utilization of thin
film techniques for the fabrication of thin electrolyte layers
in order to reduce the working temperature below 800 1C
[1,2]. Nevertheless, this temperature range is still too high
for the use of cost effective stack components (e.g. steel as
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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current collector) and demands a long start-up time.
Several materials such as doped ceria (CeO2), bismuth-
oxide (Bi2O3) and lanthanum-gallate (LaGaO3) have been
proposed to replace YSZ [1,3,4]. Doped ceria and bismuth
oxide have higher ionic conductivities than YSZ but mixed
conductivity in reducing atmospheres [3,4]. Sr and Mg
doped LaGaO3 (LSGM) are reported in literature as pure
ionic conductors in a wide range of oxygen partial
pressures and substantially higher conductivity than YSZ
below 800 1C [3–9].
Ishihara et al. [3] reported a high ionic conductivity of

0.31 S cm�1 at 1000 1C for the LSGM and since then
various studies have been made on synthesis and char-
acterization of this material system [5,10–12]. Alternative
synthesis such as co-precipitation, combustion synthesis,
Pechini method and plasma spraying have been also
reported [10,13–26]. However, all of these methods suffer
from similar problems such as long calcination and
sintering times, presence of secondary phases and low
ll rights reserved.
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Table 1

Chemical composition, notation of the samples and results of image

analysis with Gwyddion 2.25.

Sample

name

Chemical composition Pore

fraction

(%)

Grains

fraction

(%)

L85G80 La0.85Sr0.15Ga0.80Mg0.2O2.825 – –

L85G80C3 La0.85Sr0.15Ga0.80Mg0.17Co0.03O2.825 4.3 95.7

L85G80C5 La0.85Sr0.15Ga0.80Mg0.15Co0.05O2.825 3 97

L85G80N3 La0.85Sr0.15Ga0.80Mg0.17Ni0.03O2.825 2.4 97.6

L85G80N5 La0.85Sr0.15Ga0.80Mg0.15Ni0.05O2.825 5.7 94.3

Fig. 1. XRD results of the sintered samples: (a) with cobalt and (b) with

nickel.
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density (93–95% of the theoretical density). In our pre-
vious work [27] we reported a modified Pechini synthesis of
LSGM called citrate sol–gel method [28]. The citrate sol–
gel method offers substantially better control of stoichio-
metry, especially in multi component material systems, as
there are no washing or filtering steps. Powders prepared
by citrate sol–gel method can be further processed for the
fabrication of thin electrolytes (o50 mm) [29].

Substitutional doping of B-site with transition metals
(Co, Ni, and Fe) can further improve the ionic conductiv-
ity of LSGM without significant decrease in oxygen
transference number [30–38]. Modified compositions of
LSGM have been utilized by Kansai Electric Power Co.,
Inc. (KEPCO) and Mitsubishi Materials Corporation
(MMC) for the fabrication of IT-SOFC stacks of 1–
10 kW based on natural gas as a fuel [39,40]. They showed
that Co doped LSGM could be successfully applied as an
electrolyte for SOFC working at temperatures below
800 1C and still providing high efficiency and enabling
long time stability.

It has been considered that the electrolyte material should
have an ionic conductivity of about 0.01 S cm�1 at tempera-
tures below 800 1C in order to be used in IT-SOFC. With
LSGM this demand is already fulfilled at �600 1C [5]. The
highest ionic conductivities were reported for the La1�xSrx

Ga1�yMgyO3�d (0.1rx, yr0.2) material system. Higher
ionic conductivity can be achieved by increasing the doping
level which in turn increases the number of oxygen vacancies.
Nevertheless, the solid solubility of Sr in Mg in the perovskite
structure of LaGaO3 is limited and higher doping levels lead
to the formation of secondary phases which in turn affects
the conductivity. There are contradictory reports on solubi-
lity limits of Sr and Mg, which can be explained by the use of
different synthesis routes and preparation conditions. In our
earlier studies, high level doped single phase La0.85Sr0.15Ga0.8
Mg0.2O3�d with high ionic conductivity at 600 1C (s¼0.01
S cm�1) was achieved by the citrate sol–gel method [27]. In
this work, the effect of partial substitution (3 and 5 at%) of
Mg by Co or Ni in La0.85Sr0.15Ga0.8Mg0.2O3�d will be
discussed.

2. Experimental

Stoichiometric amounts of the nitrates La(NO3)3 � 6H2O
(Riedel-de Haen), Ga(NO3)3 � xH2O (Merck), Sr(NO3)2
(Fluka), Mg(NO3)2 � 6H2O (Merck), Co(NO3)2 � 6H2O
(Merck), and Ni(NO3)2 (Fluka), were dissolved in distilled
water to form solutions with a total cation concentration
of 0.2 M. The level of hydration in gallium nitrate was
determined experimentally by thermogravimetric analysis
(BAHR Thermoanalyse STA503). Citric acid was added
with molar ratio of 2:1 to the total cations in the solution.
The solution was stirred for 1 h at room temperature,
followed by 1 h at 80 1C. The solution was then evaporated
until a dark yellow resin formed. After drying at 120 1C for
12 h the obtained yellow foam was ground and subse-
quently calcined. The calcination was performed with a
heating rate of 1 1C/min below 270 1C followed by 5 1C/
min (270–900 1C), and kept at 900 1C for 1 h.
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Calcined powders were uniaxially pressed at a pressure
of 625 MPa in a steel die to form pellets and then sintered.
The temperature regime of sintering had several stages.
The heating rate of 5 1C/min was used at first with 1 h
dwell at 500 1C, followed by heating at the rate of 10 1C/
min up to 1450 1C with 2 h hold at this temperature. The
temperature was then decreased by 10 1C/min to room
temperature. Notation of samples is given in Table 1.

Structural analysis was performed by X-ray diffraction
method (PANalytical X’Pert PRO) using Cu–Ka radiation
and wavelength of 0.15406 nm with a step of 0.031/s.
Fig. 2. SEM images of the sintered samples at x2000 magnification: (a

Fig. 3. SEM images for the sintered samples with 5 at% of transition
Scanning electron microscopy (SEM, JEOL JSM
6460LV) was used to analyze the microstructure and to
determine the density of the sintered samples. Samples
were ground and polished and thermally etched at 1300 1C
for 30 min. ImageJ 1.44p [42] and Gwyddion 2.25 [43]
software were used for SEM image analysis. Density was
also measured by the Archimedes method in distilled
water. Conductivity measurements were performed by
means of impedance spectroscopy (Solartron 1260 Impe-
dance Analyzer) in the temperature range 200–600 1C and
frequency range 0.05–1 MHz with a perturbation voltage
) L85G80C3; (b) L85G80C5; (c) L85G80N3; and (d) L85G80N5.

metal at x5000 magnification: (a) L85G80C5 and (b) L85G80N5.
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of 30 mV. As current collectors 50 nm thin layers of gold
were sputtered on both sides of the pellets. A frequently
suggested equivalent circuit [44] was used in order to fit the
impedance spectra and the conductivity values were
extracted from the ZView2 software.
Fig. 5. Equivalent circuits used for fitting IS spectra: (a) parallel R–C–

CPE circuit and (b) parallel R–C–CPE circuit in series with parallel R–C

circuit.
3. Results and discussion

XRD results of sintered samples are shown in Fig. 1.
Solid solutions with cobalt could be identified as orthor-
hombic perovskite phase since there is obvious peak
splitting in reflections 202, 312, 224 and 420, which are
characteristic of this crystal structure (Fig. 1a). Addition-
ally, by substitution of Mg by 5 at% cobalt, there is a
small amount of secondary phase identified as tetragonal
SrLaGaO4 (JCPDS 24-1208). This could be a consequence
of the decrease in Sr solubility in the solid solution since it
is highly dependent on the amount of Mg present [41]. As
magnesium content decreased from 20 to 15 at% in
L85G80C5, Sr solubility dropped from its initial value of
Fig. 4. IS spectra for three different samples: (a)
15 at% to lower values and excess of strontium formed in
the afore-mentioned secondary phase.
In the case of nickel doping (Fig. 1b), there is no peak

splitting but the shape of the peaks is not symmetrical,
which could indicate the presence of two phases. Similar
behavior is reported for LSGM ceramics by Shkerin et al.
[45] and they assigned it to the change in chemical
composition only at the surface of the sample. Rozumek
L85G80; (b) L85G80C3; and (c) L85G80N5.
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et al. [46] reported that lanthanum-gallate perovskite
phases containing 15–20 at% of Sr and 15–20 at% of Mg
are metastable in their nature and exist in orthorhombic,
rhombohedral and cubic forms depending on the composi-
tion and sintering temperatures and time. Considering the
very short sintering time used in this work (only 2 h) and
the influence of Ni addition, it is possible that two different
lanthanum-gallate crystal structures are present and coex-
ist in the bulk ceramics.

According to SEM images (Fig. 2), samples were not fully
dense after sintering at 1450 1C for 2 h. This indicates that
the sintering time should be prolonged in order to obtain
higher density. However, image analysis at several different
magnifications showed that pore fraction is from 2 to 6% of
the image (Table 1). Also, it should be noted that the sample
with 3 at% of nickel had the highest density after sintering,
which was 97.4% of the theoretical density as measured by
Archimedes’ method. This result is in good agreement with
the value of 97.6% of the grain fraction given in Table 1.
There are also some structural defects along grain
Fig. 6. Bulk conductivities for samples with different amounts of transi-

tion metals: (a) 3 at% and (b) 5 at%.
boundaries visible at higher magnification, shown in
Fig. 3. However, it is not possible to ascribe them to the
presence of a secondary phase. More likely, they are the
consequence of the increased roughness induced by thermal
etching.
Impedance spectroscopy has been used for the electrical

characterization of samples in the temperature range 200–
600 1C (Fig. 4). Different equivalent circuits have been
applied in order to fit the experimental data (Fig. 5). It
should be noted that the given circuits were not used to fit the
whole spectra but rather separate regions corresponding to
bulk and grain boundary responses. The first equivalent
circuit (Fig. 5a) gave the best fit for sample L85G80 and for
the samples with cobalt. There was no need for additional
elements (Fig. 5b) as suggested by Abram et al. [44], neither
for bulk nor grain boundary response. However, in the case
of nickel doping, a new semicircle component appeared in the
bulk region (Fig. 4c) and the equivalent circuit shown in
Fig. 5b resulted in the best fit for bulk response. This could
be explained by the presence of another perovskite crystal
Fig. 7. Grain boundary conductivities for samples with different amounts

of transition metals: (a) 3 at% and (b) 5 at%.



Table 2

Activation energies for bulk and grain boundary conductivities in electron

volts.

Sample name Ebulk (eV) Egb1 (eV) Egb2 (eV)

L85G80 1.004 1.079

L85G80C3 0.633 0.211 0.932

L85G80C5 0.249 �0.130 0.806

L85G80N3 1.006 0.819 1.058

L85G80N5 0.863 0.706 1.073
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phase in the bulk of the material which is indicated by the
XRD results as well. It should be noted that this behavior is
only visible in the bulk part of the impedance spectra of the
LSGMN samples and it could not be observed in the grain
boundary region (low frequency part in Fig. 4c).

It can be seen from Figs. 6 and 7 that doping with Co
and Ni increased both the bulk and grain boundary
conductivities, as expected. There is no bulk response
visible above 325 1C and the fitting was possible only
below this temperature giving a single slope in the ln(sbT)
vs. 10,000/T plot. Activation energies of the bulk con-
ductivities for samples L85G80 and L85G80N3 (Table 2)
are almost the same as reported by Kurumada et al. [12].
However, the activation energy for the sample with 5 at%
of Ni is somewhat lower than reported, while the samples
with cobalt show significantly lower values.

On the other hand, the grain boundary semicircle could
be identified throughout the temperature range. The
addition of cobalt and nickel in L85G80 had a significant
impact on the grain boundary conductivity and changed
the activation energy drastically (Table 2). There are two
different activation energy values at two temperature
ranges in ln(sgbT) vs. 10,000/T plots, both at 3 and
5 at% of the dopants. Similar results were reported for
the total conductivity by Huang et al. [33] for the cobalt
and nickel doped LSGM prepared by the solid state
reaction. It is well known that doping with transition
metals somewhat increases the hole conductivity, especially
at lower temperatures and higher oxygen partial pressures,
and it has been suggested that the optimal content of Co
for solid state route is about 8.5 at% for IT-SOFC
[30,31,47]. However, the addition of only 5 at% of cobalt
in our study led to metallic-like behavior of the samples
with negative value of Ea below 350 1C for grain boundary
conductivity (Table 2). This could indicate the formation
of cobalt-rich regions along the grain boundaries and its
oxidation from 2þ to 3þ . Higher level of Co doping
could shift this transition temperature to higher values and
would significantly reduce the electrolytic region of
LSGMC. However, L85G80C5 could still be used as the
electrolyte for IT-SOFC since above 350 1C ionic conduc-
tivity is still the dominant conduction mechanism. There-
fore, in the citrate sol–gel synthesis which was used, 5 at%
of cobalt is probably the highest content possible for
LSGM ceramics with practical applications.
In the nickel doped samples (L85G80N3 and
L85G80N5), there are also two slopes in the grain bound-
ary conductivity plots (Fig. 7) but the decrease in Ea is not
as pronounced as with cobalt and at higher temperatures it
is quite close to the literature data [12]. Nickel also
increased the conductivity of the L85G80 but without such
significant influence on the hole conductivity which is very
important for electrolyte application. From the point of
view of electrolytic domains, this could indicate that doping
with Ni in citrate method is more favorable than with Co
which agrees well with literature reports.

4. Conclusions

The citrate sol–gel method has been used to synthesize
solid solutions of La0.85Sr0.15Ga0.8Mg0.2O3�d with 3 and
5 at% Mg substitution by cobalt and nickel. Phase compo-
sition was influenced by the amount and type of the
transition metal. With addition of transition metals both
bulk and grain boundary conductivities were increased. In
the case of nickel doping, XRD results suggested the
coexistence of two different lanthanum-gallate perovskite
crystal phases. Impedance spectroscopy of nickel doped
samples showed the appearance of the second semicircle in
the bulk response and two new elements were added to the
equivalent circuit in order to fit the bulk region in those
samples. Activation energies for conductivities were signifi-
cantly decreased and even metallic-like behavior was
observed for the sample with 5 at% of Co at lower
temperatures. It is concluded that this is the highest content
of Co addition in the La0.85Sr0.15Ga0.8Mg0.2O3�d electrolyte
material which is possible to obtain with citrate sol–gel
method, keeping in mind its IT-SOFC application. On the
other hand, nickel increased conductivity but it showed
milder impact on hole conductivity in comparison with
cobalt.
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electronic mixed conduction relations in perovskite-type oxides by

defect structure, Journal of the European Ceramic Society 19 (1999)

791–796.

[33] K. Huang, J. Wan, J.B. Goodenough, Oxide–ion conducting cera-

mics for solid oxide fuel cells, Journal of Materials Science 36 (2001)

1093–1098.

[34] V.V. Kharton, F.M.B. Marques, A. Atkinson, Transport properties

of solid oxide electrolyte ceramics: a brief review, Solid State Ionics

174 (2004) 135–149.

[35] T. Ishihara, S. Ishikawa, K. Hosoi, H. Nishiguchi, Y. Takita, Oxide

ionic and electronic conduction in Ni-doped LaGaO3-based oxide,

Solid State Ionics 175 (2004) 319–322.

[36] T. Ishihara, J. Tabuchi, S. Ishikawa, J. Yan, M. Enoki,

H. Matsumoto, Recent progress in LaGaO3 based solid electrolyte

for intermediate temperature SOFCs, Solid State Ionics 177 (2006)

1949–1953.

[37] M. Enoki, J. Yan, H. Matsumoto, T. Ishihara, High oxide ion

conductivity in Fe and Mg doped LaGaO3 as the electrolyte of solid

oxide fuel cells, Solid State Ionics 177 (2006) 2053–2057.

[38] A. Nobuta, F.F. Hsieh, T.H. Shin, S. Hosokai, S. Yamamoto,

N. Okinaka, T. Ishihara, T. Akiyama, Self-propagating high-tem-

perature synthesis of La(Sr)Ga(Mg,Fe)O3�d with planetary ball–mill

treatment for solid oxide fuel cell electrolytes, Journal of Alloys and

Compounds. 509 (2011) 8387–8391.

[39] F. Nishiwaki, T. Inagaki, J. Kano, J. Akikusa, N. Murakami,

K. Hosoi, Development of disc-type intermediate-temperature

solid oxide fuel cell, Journal of Power Sources 157 (2006)

809–815.

[40] T. Inagaki, F. Nishiwaki, S. Yamasaki, T. Akbay, K. Hosoi,

Intermediate temperature solid oxide fuel cell based on lanthanum

gallate electrolyte, Journal of Power Sources 181 (2008) 274–280.

[41] V.P. Gorelov, D.J. Bronin, Ju.V. Sokolova, H. Nafe, F. Aldinger,

The effect of doping and processing conditions on properties of

La1�xSrxGa1�yMgyO3�a, Journal of the European Ceramic Society

21 (2001) 2311–2317.

[42] /http://imagej.nih.govs/ij/index.htmlS.

[43] /http://gwyddion.net/S.

&M03008;http://imagej.nih.govs/ij/index.html&M03009;
&M03008;http://gwyddion.net/&M03009;


I. Stijepovic et al. / Ceramics International 39 (2013) 1495–15021502
[44] E.J. Abram, D.C. Sinclair, A.R. West, A strategy for analysis and

modelling of impedance spectroscopy data of electroceramics: doped

lanthanum gallate, Journal of Electroceramics 10 (2003) 165–177.

[45] S.N. Shkerin, D.I. Bronin, S.A. Kovyazina, V.P. Gorelov,

A.V. Kuz’min, Z.S. Martem’yanova, S.M. Beresnev, Structure and

electric conductivity of (La,Sr)(Ga,Mg)O3�a solid electrolyte, Jour-

nal of Structural Chemistry 44 (2) (2003) 216–221.
[46] M. Rozumek, P. Majewski, F. Aldinger, Metastable crystal structure

of strontium- and magnesium-substituted LaGaO3, Journal of the

American Ceramic Society 87 (4) (2004) 656–661.

[47] J. Xue, Y. Shen, Q. Zhou, T. He, Y. Han, Combustion synthesis and

properties of highly phase-pure perovskite electrolyte Co-doped

La0.9Sr0.1Ga0.8Mg0.2O2.85 for IT-SOFCs, International Journal of

Hydrogen Energy 35 (2010) 294–300.


	Conductivity of Co and Ni doped lanthanum-gallate synthesized by citrate sol-gel method
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments
	References




