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Abstract

In this study, a complex oxide solid solution consisting of lanthanum gallate with partial substitutions for strontium and
magnesium (La, ¢St ;Ga, Mg, ,0, 5) was synthesized by the sol-gel route, aiming to obtain a sinter active powder and a
final material that could be stoichiometrically controlled. The thermal behavior of the synthesized powder involves several
steps of decomposition. The linear shrinkage of green compacts up to 1500 °C was 31%. The bulk conductivity of sintered
specimens increases with sintering temperature up to 1400 °C. The stoichiometry was maintained for sintering temperatures
up to 1450 °C. Elemental mapping obtained by energy-dispersive spectroscopy evidenced magnesium segregation at the
grain boundaries. The overall results evidence the suitability of the synthesis method for preparing doped lanthanum gallate.
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Introduction

Mixed oxides and complex oxide solid solutions consisting
of several cations are receiving great attention due to their
unique and special properties. Examples of these materials
may be found in diverse areas such as biotechnological and
biomedical applications [1], catalysis [2], renewable energy
[3, 4], and battery development [5].

Lanthanum gallate with partial substitutions for strontium
and magnesium, La,_,Sr,Ga,_ Mg O;_5, where 0.1 <x,
¥<0.2, and perovskite structure is a promising material as
solid electrolyte and electrode in solid oxide fuel cells oper-
ating at intermediate temperatures [4, 6, 7]. High ionic con-
ductivity, low electronic conductivity, and wide electrolytic
domain are the main properties of this family of oxide-ion
conductors [4, 6, 7].

The mixing of starting reagents followed by high-tem-
perature reaction is often employed for preparing doped
lanthanum gallate [6—10]. This method offers some advan-
tages, including high production rate and moderate cost,
although undesired phases, mainly La,Ga,04, LaSrGaO,,
and LaSrGa;0,, are frequently observed [9, 11, 12]. The
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physicochemical properties of these materials depend on the
method of synthesis [13]. The electrical resistance measured
in solid oxide fuel cells consisting of lanthanum gallate is
largely influenced by changes in the compound stoichiom-
etry and manufacturing process [14]. In this context, solu-
tion methods are preferred for the synthesis of doped lantha-
num gallate because they enable minimization of undesired
phases and better stoichiometry control.

Previous studies applying solution methods for preparing
doped lanthanum gallates focused on variants of simultane-
ous precipitation (also called coprecipitation), such as copre-
cipitation starting with acetate precursors [15], carbonate
coprecipitation [16], freeze drying following coprecipitation
[17], and combustion [13, 18]. Few works may be found uti-
lizing solution techniques where a polymer, an amorphous,
or a gelatinous matrix is employed [19-21]. These latter
methods are preferred for synthesizing complex compounds
due to the relatively low diffusion rate of cations in those
matrices, allowing for their better distribution without or
with negligible segregation [22].

In this work, the compound La, ¢St ;Gay {Mg ;05 gs,
hereafter LSGM, was synthesized by a soft chemistry route,
with the aim of minimizing the fraction of undesired phases
and obtaining high densification with homogeneous micro-
structure and stoichiometry control.
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Experimental
Materials and sample preparation

The La, ¢St ;Ga, sMg; ,0, g5 nominal composition was
synthesized using a sol-gel method based on that proposed
in [23]. Similar methods have been used for studying the
sintering behavior of LSGM either by the conventional
or fast firing [20, 24], and other simple [25] or complex
oxides [26]. The main differences between these methods
are briefly described below.

Lanthanum nitrate (99.99%, Alfa Aesar), gallium
nitrate (99.99%, Alfa Aesar), and strontium carbonate
(99%, Sigma Aldrich) and magnesium nitrate (99%, Sigma
Aldrich) were used as starting materials without further
purification. Stock solutions of the starting nitrates were
prepared with distilled water. The strontium nitrate solu-
tion was prepared by dissolving the starting strontium car-
bonate in nitric acid 36% (P.A., Sigma-Aldric) by dipping
nitric acid onto the carbonate solution. The concentration
of the stock solutions was determined by gravimetry and
fixed at 1 mol L™!. Stoichiometric amounts of the stock
solutions were mixed under magnetic stirring and heating
for homogenization. Afterward, an aqueous solution of
anhydrous citric acid, C;HgO, (P. A.-ACS, Synth), was
added to the cation solution. In general, 1 mol of citric
acid is sufficient for complexation of cations in solution. In
this case, the citric acid/metal ratio was set to 3:1 to avoid
precipitation of the strontium precursor. The temperature
of the resulting solution was raised to 70 °C, promoting
gradual elimination of water and NO, vapor. Continuous
heating of the clean and transparent cation solution pro-
duced a yellow porous foam. The foam was heat-treated at
250 °C for 1 h and deagglomerated in an agate mortar with
pestle. Calcination of the heat-treated foam was accom-
plished at 800 °C for 1 h. All thermal treatments were
completed in air with furnace cooling, contrary to what
was previously proposed [23].

Disc-shaped samples (¢ 8 mm and 2 mm thickness)
were obtained by uniaxially pressed (20 MPa) followed by
cold isostatic pressing at 100 MPa. Sintering experiments
were conducted between 1300 and 1500 °C for 4 h, and at
1400 °C for 4, 10, and 15 h.

Characterization

About 50 mg of the porous foam without any previous
heat treatment was characterized by simultaneous ther-
mogravimetry (TG) and differential thermal analysis
(DTA; Netzsch, STA409E) up to 1000 °C, heating at a
rate of 10 °C min~!, under synthetic air (5 mL min~h),
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with a-alumina as the reference material. Structural char-
acterization of powders and sintered samples was per-
formed by X-ray diffraction (XRD) (Bruker-AXS, D8
Advance) at 40 kV and 40 mA, Ni-filtered Cu K, radiation
(4=1.5405 10\) in the 20° <260 < 80° range, with 0.05° step
size. The diffraction patterns were indexed with the corre-
sponding diffraction files. The linear shrinkage of calcined
and pressed (green compacts) specimens was measured
by thermodilatometry (Anter, Unitherm 1161™) up to
1500 °C with a 10 °C min~! heating rate. True elemental
composition of sintered samples was determined by X-ray
fluorescence (XRF, Shimadzu, EDX-720). The crystallite
size was estimated by the Debye—Scherrer equation. The
apparent density was measured using the water immer-
sion method allowing for calculating the relative density
of sintered samples. The theoretical density used was
6.67 g cm™> (ICSD 51-288).

Polished and thermally etched surfaces of samples were
observed by scanning electron microscopy (SEM, Philips,
XL30) for topography analysis, coupled to energy-dispersive
X-ray analysis (EDS, EDAX, Apollo 10), for elemental map-
ping. The mean grain size was determined by the intercept
method. Additional spectroscopic characterization was per-
formed by measurement of the ionic conductivity by electro-
chemical impedance spectroscopy (HP 4192A). Silver was
used as the electrode for measurements in the 5 to 13 MHz
and 280 to 420 °C frequency and temperature ranges, respec-
tively, with 100 mV of applied (AC) voltage.

Results and discussion

The thermal decomposition behavior of the porous foam
before any heat treatment is depicted in Fig. 1. The TG
curve shows total mass loss of about 81% up to 650 °C.
The mass loss occurs in several steps with corresponding
thermal events in the DTA curve. The first step occurs up
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Fig. 1 a Thermogravimetry TG and b DTA curves of the porous foam
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to approximately 350 °C, with mass loss of 64% and endo-
thermic peaks at 145 °C and about 240 °C as main thermal
events. The first endothermic peak is associated with foam
dehydration, whereas the second peak is related to the ther-
mal decomposition of free citric acid [27], added in excess
during synthesis.

The second step of mass loss (14%) extending from 350
to about 500 °C is accompanied by a large exothermic peak
with maximum at 355 °C with shoulders at 400 and 450 °C.
These several peaks occurring during the thermal decompo-
sition of the porous foam are probably related to the complex
decomposition of the mixed citrate. The lanthanum citrate,
for example, is known to decompose involving intermedi-
ates, such as lanthanum carbonate and oxycarbonate [28].
This step is attributed to the simultaneous decomposition of
organic matter, CO and CO,, and burnout of the decomposi-
tion products. The final step of mass loss of about 3%, from
about 500 to 650 °C, is assigned to the final combustion of
the residual decomposition products and crystallization of
LSGM, with an exothermic peak at 635 °C.

To determine the nature of the DTA peaks, some XRD
experiments were performed after heating powder sam-
ples up to specific temperatures followed by cooling to
room temperature without a holding time (Fig. 2). The as-
prepared and the heat-treated (250 °C for 1 h) foams are
amorphous to X-rays. Calcination of the as-prepared foam
at 800 °C led to the desired composition (indicated by *),
along with undesired phases (indicated by numbers 1, 2
and 3, La,Ga,0,, LaSrGa;0, and SrO, respectively), due
to the incomplete reaction among the oxides at such a low
temperature. That temperature is about 400 °C lower than
that usually employed in the synthesis of doped lanthanum
gallate via the conventional solid-state reaction method [9],

800 °C/1 h

*

Intensity

20/°

Fig.2 XRD patterns of the porous foam after specific thermal treat-
ments. 1-La,Ga,0,, 2-LaSrGa;0,, 3-SrO and (*) LSGM

and 200 °C lower than nanopowders synthesized via other
solution methods [13, 16, 19]. These results emphasize the
decisive role of this synthesis method for preparing fine par-
ticulate materials with high homogeneity.

Figure 3 shows a SEM micrograph of the calcined pow-
der. The main microstructure features are agglomerated
particles with wide size distribution. The crystallite size
estimated by Debye—Scherrer is about 40 nm.

The linear shrinkage of green compacts up to 1500 °C
and the first derivative curves are depicted in Fig. 4. The
shrinkage starts at approximately 900 °C, accounting for a
31% shrinkage at the final experimental temperature. Two
shrinkage stages were observed at temperatures correspond-
ing to the maximum shrinkage rates: 1100 °C in the first
stage (from ~900 to~ 1140 °C) and 1420 °C in the second
stage (from~ 1140 to 1500 °C). The detection of the two
stages in the linear shrinkage curve of LSGM may be attrib-
uted to several factors, such as agglomerates, as observed in
the SEM micrograph (Fig. 3), phase changes, impurities and
changes in the main sintering mechanism, among others. It
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Fig.3 SEM micrograph of the calcined powder
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Fig.4 Linear shrinkage and first derivative curves of green compacts
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is worth to note that for the same compound prepared by
solid-state route, the final shrinkage achieved was only 18%
under the same experimental conditions [9].

Table 1 lists relative density values obtained for speci-
mens sintered at different temperatures and for several hold-
ing times. A steady increase in the density was observed
with both temperature and holding time. For all sinter-
ing temperature and time profiles, the LSGM specimens
achieved relatively high densities (higher than 92%).

The XRD patterns of the samples sintered at several tem-
peratures for four hours (Fig. 5a) and for different holding
times at 1400 °C (Fig. 5b) show narrow diffraction peaks,
all of them belonging to a single-phase LSGM with the
characteristic orthorhombic structure. There is no indica-
tion of undesired phases, even for relatively low sintering
temperatures (1300 °C). The diffraction peaks were indexed
according to the ICSD 51-288 file of the orthorhombic struc-
ture of LSGM. The gradual increase in the bulk conduc-
tivity of LSGM seems to be related to the density of the
sintered specimen, because at 1300 °C the orthorhombic
phase (space group Imma and cell parameters 5.5179(1)
7.8200(2) 5.5394(1) A—ICSD 51-288) had already been
formed (Fig. 5).

The [-Z" (w) X Z' (w)] impedance spectroscopy diagrams
of LSGM specimens sintered at several temperatures are
shown in Fig. 6. The numbers over the experimental points
in these plots are the decimal logarithm of the frequency.
The real [Z' (w)] and the imaginary [-Z" (®)] components
of the total impedance were normalized for the geometry of
the specimens for the purpose of comparison.

For polycrystalline ceramics with ion-conducting behav-
ior, the impedance diagrams consist of a sequence of
decentralized arcs identified with the resistive and capaci-
tive effects of the bulk (or grains) at high frequencies, grain
boundaries (intermediate frequencies), and the reactions
occurring at the electrode/electrolyte interface (low frequen-
cies) [29]. The high-frequency range in Fig. 6 is highlighted
in the inset, revealing differences in the bulk properties with
different sintering temperatures. The blocking of charge car-
riers (oxide-ion vacancies), usually detected at intermediate
frequencies, is not seen in these plots, probably due to the
relatively large grain sizes (Table 1) of LSGM specimens as
a consequence of the high sintering temperatures. In general,

the larger the grain size, the smaller the grain boundary
blocking effect in ionic conductors.

The temperature dependence of the intragrain conductiv-
ity of sintered LSGM is shown in Fig. 7. The effect of the
holding time was investigated for specimens sintered at 1400
°C exhibiting high ionic conductivity (Fig. 7a). As can be
seen (Fig. 7a) no substantial differences were observed in
the bulk conductivity. This means that all the thermal energy
supplied to the ceramic at the sintering temperature was used
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Fig.5 XRD patterns of LSGM sintered at several a temperatures and
b times

Table 1 Relative density and

L N Temperature/  Relative Mean grain size/pm Temperature/  Relative Mean grain size/pm
mean grain size values of time/°Ch™"  density/% time/°Ch™"  density/%
LSGM specimens sintered
at several temperatures and 1300/4 9241 5.0+0.1 1400/4 93+1 5.7+0.1
holding times 1350/4 92+1 52+0.1 1400/10 95+1 8.8+0.2
1400/4 93+1 5.7+0.1 1400/15 96+1 12.1+0.3
1450/4 94+1 14.0+0.3
1500/4 95+1 15.0+0.4
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Fig.7 Temperature dependence of the ionic conductivity of LSGM
specimens sintered at different a holding times and b temperatures

for densification and grain growth, without any change in the
stoichiometry. The bulk conductivity of specimens sintered
at different temperatures (Fig. 7b) increased up to approx-
imately 1400 °C, and decreased for the highest sintering
temperature (1500 °C). The gradual increase in the bulk
conductivity of LSGM seems to be related to the density of

Table2 Nominal and determined composition of LSGM sintered at
1450 °C

Element Nominal/mol Determined/mol
La 0.9 0.84+0.05
Sr 0.1 0.15+0.05
Ga 0.8 0.85+0.05
Mg 0.2 0.20+0.05

the sintered specimen, because at 1300 °C the orthorhom-
bic phase had already formed (Fig. 5). In this context, the
minimum density of the sintered specimens should be higher
than 92% of the theoretical value to achieve high conductiv-
ity. That decrease in the ionic conductivity for sintering at
1500 °C may be related to deviation from stoichiometry. The
apparent activation energy for conduction is 1.01+0.05 eV.
The specimen sintered at 1500 °C shows a slightly higher
(1.08 +0.05 eV) activation energy.

The following experiments were conducted on specimens
sintered at 1450 °C for four hours. The elemental composi-
tion determined by XRF measurements is summarized in
Table 2 along with nominal values. The determined ele-
mental fractions agree, within experimental errors, with the
nominal values, ensuring the desired stoichiometry. This is
an additional advantage of this method whenever complex
compounds are synthesized. Loss of gallium in the form of
Ga,0 is thought to occur during thermal treatments at high
temperatures [30]. Results in Table 2 suggest no Ga loss for
sintering temperatures up to 1450 °C.

Figure 8 shows SEM micrographs obtained for specimens
sintered at 1350 and 1400 °C for 4 h. The main microstruc-
ture features are micrometric grains and homogeneity with
respect to grain size and morphology. The increase in tem-
perature promoted the grain growth and the gradual decrease
of open porosity. The mean grain size of sintered specimens
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Fig.8 SEM micrograph of the LSGM specimen sintered for 4 h at:
a 1350 °C and b 1400 °C

estimated by the intercept method is listed in Table 1.
Increasing both dwell temperature and time promoted grain
growth, as expected, reaching values higher than 10 pm for
sintering at 1450 °C for 4 h.

Figure 9 shows the microstructure characterization of
LSGM by SEM coupled to EDS analysis. The micrograph
detected with backscattered electrons (Fig. 9a) revealed
some grain pullout and porosity concentrated at grain
boundaries. The elemental mapping in Fig. 9b evidences
a random and homogeneous distribution of La (purple), Sr
(green), and Ga (blue) in the matrix. No indication of segre-
gation of those elements was observed, contrary to what was
reported for specimens prepared by solid-state synthesis [9].
This result agrees with the XRD result (Fig. 5a). Figure 9c
highlights the elemental map of Mg (red). The elemen-
tal distribution is random over the observed microregion,
although non-homogenous and with a high concentration of
Mg at the grain boundaries. Mg precipitation at the grain
boundaries was not detected by XRD due to the experimen-
tal limitations of the technique, but it was already evidenced
by dark contrast grains appearing in SEM micrographs [31,
32], and seems to be related to the thermodynamics of phase
formation in this complex solid solution.

@ Springer

Fig.9 SEM micrograph and EDS analysis of the LSGM specimen
sintered at 1450 °C for 4 h: a backscattered image, b, ¢ elemental
mapping of La (purple), Sr (green), Ga (blue), and Mg (red). (Color
figure online)

These overall results show that stoichiometric complex
oxide solid solutions may be easily synthesized using this
solution method, allowing for the production of high-density
ceramic compacts with minimization of undesired phases.

Conclusions

A solution method using an amorphous matrix was success-
fully applied to synthesize doped lanthanum gallate. The
thermal decomposition of the synthesized porous foam was
almost complete at 650 °C. Crystallization of the LSGM
phase shows an exothermic peak at 635 °C. The linear
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shrinkage of green compacts was 31% up to 1500 °C. Rela-
tive density values of sintered specimens were in 92-96% for
sintering temperatures of 1300-1500 °C. High ionic conduc-
tivity was obtained for specimens sintered at 1400 °C. XRF
results evidenced the suitability of the powder preparation
method to control the stoichiometry of the produced bulk
specimens.
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