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Abstract
In this work, La0.85Sr0.15–xBaxGa0.85Mg0.15O3–δ (LSBGM), with 0 ≤ x ≤ 0.075, were prepared as electrolytes for solid oxide 
fuel cells applications. The effect of barium and sintering temperature on the structure and electrical properties was stud-
ied. A fast combustion method was used, starting with nitrate salts and citric acid as fuel. The XRD spectra showed two 
main phases corresponding to LSGM orthorhombic (space group Imma) and LSGM-cubic (space group Pm-3 m). From 
literature, both structures are reported as high oxygen ion conductive species, but normally, they are not reported to appear 
together. Major secondary phases were LaSrGaO4, BaLaGaO4, and BaLaGaO7. SEM revealed a material with low porosity, 
indicating incomplete densification. The sample La0.85Sr0.075Ba0.075Ga0.85Mg0.15O3–δ showed a conductivity of 0.016 and 
0.058 S cm−1 at 600 °C and 800 °C, respectively. This means an improvement of 34% compared to the non-barium sample 
La0.85Sr0.15Ga0.85Mg0.15O3-δ at 600 °C. Thus, this composition could be used in SOFC.

Introduction

As is well known, the CO2 concentrations in the atmos-
phere have skyrocketed in recent decades, reaching more 
than 418 ppm [1]. This is often associated with climate 
change and subsequent problems. Fuel cells emerged as 

a clean alternative to produce energy through an electro-
chemical reaction CO2-free. Typical fuels are CH4, CO, and 
CO2 [2]. The solid oxide fuel cell (SOFC) tends to have the 
highest efficiencies [3]. A typical SOFC consists of a solid 
electrolyte, a fuel electrode, and the air/oxygen electrode. 
Classical electrolytes are ceria and zirconia with excellent 
performance near 800–1000 °C, some degradation may 
occur, besides the high fabrication cost for the device to 
operate at these temperatures. To face this inconvenience, 
LaGaO3-based materials have become a good option. They 
show high ionic conduction under both oxidant and reduc-
ing atmosphere [4] and good thermal and chemical stability 
[5] at a lower temperature (600–800 °C). The intermediate 
working temperature for fuel cells allows cost-effective gas 
sealing and interconnecting materials [6].

Structural modification of LaGaO3 (general formula 
ABO3) by the introduction of dopants both in positions A and 
B allows an increase in the O2 due to the creation of oxygen 
defects in the LaGaO3 perovskite [7]. Thus, the ionic con-
ductivity increases, improving the whole performance of the 
fuel cell. One traditional dopant is Sr for position A, while 
Mg is studied for position B leading to the classic LSGM 
structure [5]. Huang and Goodenough [8] reported a contour 
diagram for the optimum composition of LSGM by varying 
the strontium (x: 0.1–0.2) and magnesium (y: 0.1–0.2) con-
tent. In low concentrations, some codopants such as Ca have 
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been studied [4]. Biswal and Biswas [9] found that the pres-
ence of barium as codopant at 5% increased the conductivity 
of La0.85Sr0.1Ba0.05Ga0.85Mg0.15O3–δ by 44% (0.046 S cm−1 
@600 °C) concerning non-barium electrolyte. Singh [10] 
found that a barium content of 0.07% increased the con-
ductivity, but higher concentrations made the conductivity 
worst.

Besides the chemical composition, the crystal structure 
is decisive for oxygen diffusion: cubic and orthorhombic 
facilitate this mechanism for LaGaO3-based electrolytes 
[11]. Typically, researchers report one of these phases at 
once but it is rare to find the coexistence of both of them. For 
example, Wang et al. [12] mention that the crystal structure 
of undoped LaGa03 is orthorhombic at room temperature, 
while Huang et al. [13] identified the cubic phase as the 
main phase starting from oxides. Also, the differentiation of 
the phases is a matter of broad debate in the literature [11]. 
Then, the synthesis method has some relationship with the 
final structure and the electrical properties. A classical syn-
thesis method is the solid-state reaction (SSR) which allows 
reaching high conductivity, with the inconvenience of being 
high time and energy consuming. Also, techniques such as 
sol–gel [14], Pechini, and the use of organic fuels such as 
ethylenediaminetetraacetic acid (EDTA), citric acid (CA), 
polyvinyl alcohol (PVA), and tartaric acid (TA) [15] are 
used to reach pure phases. For instance, the Pechini method 
involves the formation of stable metal–chelate complexes 
with specific alpha hydroxy carboxyl acids, such as citric 
acid (CA), and the poly esterification in the presence of 
polyhydroxy alcohol, such as ethylene glycol (EG), to form 
a polymeric resin. Thus, metal cations are better distributed 
among the resin, which aids the obtention of a homogene-
ous material after calcination [16]. This method is suitable 
for preparing multi-component oxides of high purity at low 
temperatures [17, 18]. The pure phase of LSGM normally 
appears between 1400 and 1450 °C [19] and frequent sec-
ondary phases are SrLaGa3O7 and SrLaGaO4 [20].

In this work, a LaGaO3-based electrolyte was synthe-
sized by the fast combustion method. The idea is based on 
reaching the maximum conductivity using a shorter and less 
energetically expensive method than some studied until now. 
The effect of the barium content as codopant in position A 

and the sintering temperature on the final properties was 
investigated.

Methodology

The fast combustion method was used to synthesize the 
La0.85Sr1–xBaxGa0.85Mg0.15O3–δ (LSBGM) with x = 0; 0.05; 
0.075. Nitrate salts as starting materials were put into a 
beaker glass. The citric acid (CA) was added as fuel and 
distilled water. The mixture was stirred for 10 min and 
then burnt in a furnace to complete the fast combustion 
method. The precursors and purity are provided in Table 1. 
For a typical preparation, a selected amount of nitrates was 
mixed with citric acid (CA) at a molar ratio CA/nitrates of 2. 
Nitrate salts were used for their high solubility at room tem-
perature. Distilled water was added and subjected to stirring 
for 15 min at 500 rpm at room temperature. The solution 
was then transferred to an alumina crucible and subjected 
to heat treatment in an oven (Muffle Nabertherm, LT) at 
500 °C for 10 min to achieve the full combustion reaction. 
The resultant foamy material was carefully collected and 
ground into powder using an agate mortar. The as-prepared 
fine powder was stored in hermetic vessels until further heat 
treatment. The as-prepared powder was then subjected to 
calcination at 1000 °C for 4 h with a heating and cooling 
rate of 8 °C/min (hereby referred to as calcinated powder). 
A color change in the powder from black to light brown was 
evident. The brown powder was then molded into pellets 
using a uniaxial pressing with 10,000 lbf for 1 min at room 
temperature. The pellets were then subjected to sintering at 
1400 °C and 1450 °C for 6 h. (ramp ≈5.7 °C/min) using a 
muffle furnace (Nabertherm HT 16/16). The sintering tem-
perature and barium content were studied on the final prop-
erties of the LSBGM electrolyte. Samples are code named 
as given in Table 2. 

X-ray diffractograms for the samples in the range of 
20–80o were obtained using a (Bruker AXS, D4 Endeavor, 
Bremen, Germany) with 40 kV, 20 mA, and 0.1542 nm 
Cu-Kα line. Rietveld refinements for phase quantifica-
tion and further microstructural information were made 
by software TOPAS-Brucker. The morphology change 

Table 1   Starting materials used 
for the preparation of the LSGM

Precursor Formula Purity % Vendor

Lanthanum (III) nitrate hexahydrate La (NO3)3.6H2O 99.999 Merck
Strontium nitrate Sr (NO3)2  ≥ 99 Sigma Aldrich
Gallium (III) nitrate hydrate Ga (NO3)3.xH2O 99.9 Sigma Aldrich
Magnesium nitrate hexahydrate Mg (NO3)2.6H2O 99.0 Sigma Aldrich
Barium Nitrate Ba(NO3)2  ≥ 99 Sigma Aldrich
Citric acid (CA) C6H8O7 99.0 Sigma Aldrich
Distilled water (DW) H2O – Diprolab
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was analyzed by SEM (JSM-6380LV, Chicago, IL, USA). 
For the SEM studies, the samples were pre-coated with 
gold film. Density was calculated using the Archimedes 
method. The mechanical microhardness at room tempera-
ture of the consolidated material was evaluated using an 
8187.5 ZHU Zwick/Roell microhardness tester. The bulk 
microhardness of each sample was characterized by an 
average value taken from eight indentations carried out 
by applying a load of 3 N on a polished surface for 10 s 
at different locations. For the electrochemical impedance 
spectroscopy (EIS) studies, Bio-Logic BP-300 potentiostat 
system was adopted. For these studies, the pellets were 
coated with silver paste on both faces and allowed to cure 
at 200 °C for 2 h. The measurements were carried out in 
the frequency range of 6 MHz to 100 MHz for an ampli-
tude of 50 mV. The measurements were carried out in an 
isolated alumina tube inside a furnace (Thermcraft XST-3-
0-12-1V2). The impedance measurements were carried out 
under different temperatures (300–800 °C). The conductiv-
ity related to grain or grain boundary was calculated from 
the equation σg/gb = L/(ARg/gb) where L is the thickness, A 
is the area, and R is the resistance for grain (Rg) or grain 
boundary (Rgb). The activation energy was obtained from 
the respective Arrhenius plot and Eq. 1.

Results and discussion

X‑ray diffraction (XRD)

XRD diffractograms for samples sintered at 1400 and 1450 °C 
are shown in Fig. 1. Corresponding Rietveld results are found 
in Table 3. For all samples, nine characteristic peaks of LSGM 
appeared between angles 20 and 80 °C. That indicates that 
the phase was formed, but almost negligible secondary phase 
peaks are also observed. For all samples, the main phase 
found was the orthorhombic LSGM with space group Imma, 
followed by a cubic LSGM phase (Pm-3 m). The crystalline 
structures present in the perovskite are very sensitive to slight 
variations in the dopants concentration, small local alterations 
of the exact stoichiometry can give rise to the appearance of 
different types of perovskites. For pellets sintered at 1450 °C, 
the cubic phase increases with the barium content. The sec-
ondary phase SrLaGaO4 was common for both temperatures 
used, as well as the LSGM orthorhombic or cubic. BaLaGaO4, 
BaLaGaO7, and Ba0.5Sr0.5O appeared for 1450 °C. BaLaGaO4 
has been reported by [21], while no reports for the other were 
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)
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Table 2   Variation of the composition in samples with code names

Theoretical composition sintered at 1400 °C Code name Theoretical composition sintered at 1450 °C Code name

La0.85Sr0.15Ga0.85Mg0.15O3–δ A1 La0.85Sr0.15Ga0.85Mg0.15O3–δ B1
La0.85Sr0.10Ba0.05Ga0.85Mg0.15O3–δ A2 La0.85Sr0.10Ba0.05Ga0.85Mg0.15O3–δ B2
La0.85Sr0.075Ba0.075Ga0.85Mg0.15O3–δ A3 La0.85Sr0.075Ba0.075Ga0.85Mg0.15O3–δ B3

Fig. 1   XRD for LSBGM electrolyte sintered by 6 h at A 1400 °C and B 1450 °C
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found. From Table 3, sample A1 showed the highest purity 
for the orthorhombic structure of LSGM at 1400 °C (96.59%). 
When the orthorhombic and cubic phases of LSGM are con-
sidered together, LSGM reached 100% at 1400 °C for samples 
A3. 

Scanning electron microscopy (SEM)

The morphology of sintered pellets at 1400 °C and 1450 °C 
for 6 h was observed by SEM. Images are shown in Fig. 2. 
At first glance, almost negligible porosity is seen for samples 
sintered at 1400 °C. This indicates that the temperature and 
time of sintering are not enough to obtain a full densification. 
At 1400 °C, the pellet with a barium content of 7.5% (A3) 
presented a greater porosity.

Moreover, sample A2 exhibits a texture not observed in 
the other samples, associated with its higher quantity of sec-
ondary phases (up to 13.4%). On the other hand, the porous 
size observed at 1450 °C is nearly four times larger than the 
porous size at 1400 °C. This phenomenon is unusual at these 
temperatures: usually, the materials tend to be dense when 
temperature increases as an effect of sintering. Nevertheless, 
other studies reported similarities with this work [22].

Density and microhardness

The density, relative density, and microhardness are pre-
sented in Table 4. The values obtained are between 2 and 
2.4 GPa, which are lower than the reported for similar mate-
rials (around 7 to 8 GPa) [23]. The samples appearance, 
mechanical properties, and porosity vary significantly with 

Table 3   Quantitative analysis 
for the current phases

Phase/Sample 1400 °C 1450 °C

A1 A2 A3 B1 B2 B3

LSGM (Imma) 96.6 77.64 86.88 89.59 85.37 85.2
LSGM (Pm-3 m) 2.5 8.96 13.12 9.96 11.78 13.11
SrLaGaO4 (I4/mmm) 0.95 – – 0.45 1.425 –
BaLaGaO4 (P212121) – – – – 0.50 0.49
BaLaGaO7 (P-421 m) – – – – 0.85 1.05
Ba0.5 Sr0.5O (Fm-3 m) – – – – 0.06 0.16
Others – 13.39 – – – –
LSGM (subtotal) 99.05 86.60 100.00 99.55 97.15 98.31

Fig. 2   Scanning electron microscopy images for different barium content and sintering temperature
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the content of Ba and the sintering temperature. The lower 
densification obtained was 89% for sample B3, sintered at 
1450 °C, with the highest barium content. This lower density 
is congruent with the SEM images, which revealed pores 
around 20 μm in size (Fig. 2). However, the hardness of the 
samples does not exhibit a direct relationship with the den-
sity. This could be associated with the material, specifically 
with the LSGM, Pm-3 m crystal structure, which seems to 
increase the hardness of the material sintered at 1400 °C.

Electrochemical impedance spectroscopy (EIS)

The Nyquist plots for samples evaluated at 600 and 800 °C 
are shown in Fig. 3. For temperatures lower than 450 °C, 
two arcs corresponding to the grain bulk and grain boundary 
resistance, respectively, appear. An inductance coil appears 
and keeps around 450–800 °C. In this upper range of testing, 
it is impossible to distinguish the relative resistance to grain 
bulk or grain boundary. For samples sintered at 1400 °C, 

the Nyquist plot for 600 °C shows almost the same resist-
ance for samples A1 and A3, but this is higher for A2. This 
should be related to many secondary phases [24], as shown 
in Table 3. At 800 °C, the resistance between samples A1 
and A3 remains almost indistinguishable but is slightly 
higher for sample A3. Again, sample A2 shows the highest 
resistance. For samples sintered at 1450 °C, the resistance 
increased in the order B1, B3, and B2, respectively, for both 
of the measured temperatures, 600 and 800 °C.

Based on the Rietveld analysis, all samples should pre-
sent similar conductivity except for sample A2, which pre-
sents a lower amount of perovskite. This was confirmed by 
impedance analysis. The conductivity data for all samples 
measured in the range of 300–800 °C are shown in Table 5. 
Arrhenius’s plot can be seen in Fig. 4. For samples sintered 
at 1400 °C, the highest conductivity corresponds to sample 
A3 (La0.85Sr0.075Ba0.075Ga0.85Mg0.15O3–δ). The conductivity 
increased by 34% at 600 °C, which is a promising result 
because of increasing the efficiency of the cell at interme-
diate temperatures. At 800 °C, the conductivity was 3% 
higher for this sample. In contrast, A2 shows a reduction 
in the conductivity of about 0.6 times for measurements 
of 600 and 800 °C concerning A1. For samples sintered at 
1450 °C, a barium content of 5% (B2) increased the con-
ductivity, contrasting with the sample sintered at 1400 °C. 
From Table 3, this sample shows a negligible secondary 
phase (only 0.45% of SrLaGaO4). This sample showed an 
increase of 9% at 600 °C and only 3% at 800 °C in the con-
ductivity value in comparison with the sample without the 
presence of barium sintered at the same temperature. Again, 
the highest content of barium (B3) showed an improvement 
in conductivity: 22% and 25% at 600 and 800 °C, respec-
tively. In synthesis, only the sample with a content of 5% 

Table 4   Properties of the electrolyte

*Referred to a density of 6.68 g cm−3 JCPDS, card numbers 98-0080

Sample Sintering 
Temp. (°C)

Microhard-
ness (GPa)

Density 
(kg/m3)

Relative 
density 
(%)*

A1 1400 2.3 6.5 98
A2 2.3 6.3 94
A3 2.4 6.0 90
B1 1450 2.3 6.3 94
B2 2.2 6.0 90
B3 1.9 5.9 89

Fig. 3   EIS measured at 600 and 800 °C for LSBGM sintered at 1400 °C and 1450 °C for 6 h
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barium increased the conductivity when the sintering tem-
perature increased from 1400 to 1450 °C. Thus, the best 
conductivity was demonstrated for sample A3 (7.5% barium 
content) sintered at 1400 °C, while the worst conductivity 
was demonstrated for A2 (5% barium content) at the same 
temperature. It is worth noting that, from the literature, very 
different values have been reported. Different size samples 
could explain such variations. For example, Huang & Petric 
[14] reported 0.121 S cm−1 at 800 °C, while Singh & Singh 
[21] reported a conductivity of 0.056 S cm−1 at 800 °C for 
La0.9Sr0.1Ga0.8Mg0.2O3–δ at 600 °C. 

A contour diagram shows the relationships between the 
cubic and orthorhombic phases and the conductivity of the 
sample at 800 °C (Fig. 5). Also, a relationship between these 
phases and conductivity σ was found by linear regression to 
data from Tables 3–5. Equation 2 shows this relationship, 
where F1 and F2 correspond to the orthorhombic and cubic 
phase content, respectively.
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Finally, the activation energy (Ea) was calculated from the 
Arrhenius plot. Normally, a slope change is seen in the plot, 
often associated with a thermal change in the internal struc-
ture, which allows the re-accommodation of the atoms, thus 
allowing better ionic conduction over a certain temperature 
[25]. In this study, the temperature was around 450–500 °C, 
but no phase identification at such a temperature was made 

Table 5   Activation energy and conductivity (S cm−1) were measured at temperatures between 300 and 800 °C

*300–450 °C and **450–800 °C

Sample 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C Ea1* (eV) Ea2**(eV)

A1 1.48 × 10–5 4.58 × 10–4 3.80 × 10–3 1.18 × 10–2 2.97 × 10–2 5.65 × 10–2 1.18 0.74
A2 9.39 × 10–6 2.02 × 10–4 2.53 × 10–3 6.95 × 10–3 1.56 × 10–2 3.33 × 10–2 1.17 0.68
A3 1.82 × 10–5 6.10 × 10–4 5.20 × 10–3 1.58 × 10–2 3.63 × 10–2 5.82 × 10–2 1.20 0.70
B1 9.41 × 10–6 2.34 × 10–4 2.60 × 10–3 7.93 × 10–3 2.05 × 10–2 4.05 × 10–2 1.19 0.75
B2 1.02 × 10–5 2.78 × 10–4 2.59 × 10–3 8.65 × 10–3 2.09 × 10–2 4.18 × 10–2 1.26 0.76
B3 1.26 × 10–5 3.39 × 10–4 2.91 × 10–3 9.67 × 10–3 2.62 × 10–2 5.08 × 10–2 1.17 0.78

Fig. 4   Arrhenius plots from conductivity measurements

Fig. 5   Contour diagram for conductivity at 800  °C as a function of 
cubic and orthorhombic structure
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due to equipment restrictions. Data are shown in Table 5. 
The average Ea for the lower range was 1.2 eV, while for the 
upper range, it was 0.74 eV. Literature shows average values 
around 1.0–1.1 eV [9].

Conclusion

Different concentrations of barium were introduced into an 
LSGM electrolyte prepared by a fast combustion method 
starting from nitrate salts. The coexistence of the orthorhom-
bic and cubic phases of LSGM was found in all samples. 
The combination of them could directly affect the final 
conductivity, as shown by a correlation found in the study. 
Furthermore, sintered samples at 1400 °C/6 h with 7.5% 
barium increased the electrolyte conductivity at 600 °C by 
34% (La0.85Sr0.075Ba0.075Ga0.85Mg0.15O3–δ σ: 0.016 S cm−1

). 
Conductivities for samples sintered at 1450 °C were lower 
than those at 1400 °C, except for the sample with a 5% 
barium content. Finally, the conductivities were within the 
literature range. Thus, this method is suitable for improving 
the performance of LSGM electrolytes at intermediate tem-
peratures when barium is used as a co-dopant.
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