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Abstract The results of a systematic investigation on the effects of processing steps, via solid-state reactions, on structural phase
characteristics and ionic conductivity of Lag oSty ; Gag sMgg 2035 solid electrolyte are reported. The main purpose of this work is
to establish an optimized route for obtaining good densification and high ionic conductivity of this solid electrolyte. Processing
routes with three successive calcinations at 1250 °C followed by attrition milling (R1), and with two sequences of calcination at
1350 °C with intermediary attrition milling (R2) give rise to near full density at 1450 °C sintering temperature. The rate of grain
growth is fast when the relative density reaches 95%. Elemental mapping reveals uniform distribution of the constituents in the
matrix along with La;Ga,0, LaSrGa;0- and sub-micrometer MgO grains at grain boundaries. The ionic conductivity of grains
remains unchanged with the processing route and sintering profile. The blocking effect of charge carriers at grain boundaries

decreases with increasing the dwell temperature.
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Introduction

Oxide ion conductors are functional materials with wide range
of technological applications including oxygen pumps,
oxygen-permeable membranes, chemical sensors, and fuel
cells for clean energy production [1]. For these applications,
the most studied materials encompass those with face-
centered cubic structures, such as yttria-stabilized zirconia
and ceria-containing rare-earths.

Over the last decades, an impressive development of
oxide ion conductors with crystalline structures, other
than cubic fluorite-like, has emerged and attracted great
attention. Ishihara et al. [2] and Feng and Goodenough [3]
reported the properties of a new family of compounds
based on lanthanum gallate, LaGaOs3, with ionic conduc-
tivity about 2.5 times higher than that of yttria-stabilized
zirconia at the same temperature. These compounds con-
taining partial substitutions by Sr and Mg in the La and
Ga sites, respectively, comprise a perovskite structure and
the conduction mechanism is similar to that of fluorite
structures, i.e., via oxygen ion migration through vacant
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sites in the crystalline structure. These solid electrolytes
display interesting properties from the viewpoint of tech-
nological applications, like high stability in both oxidizing
and reducing atmospheres, such that the ion transference
number is approximately 1 in a wide range of oxygen
partial pressures (0.4—1072% atm at 800 °C) [2—4].

Among the studied compounds, the one with stoichiometry
Lag oSty 1Gag gMg( »05.5, hereafter referred as LSGM, ex-
hibits high ionic conductivity (0.127 S cm ™' at 800 °C) and
relatively low fraction of impurity phases [5].

Doped lanthanum gallate compounds are recognized as
potential candidates for application as solid electrolyte in solid
oxide fuel and electrolysis cells [6-9]. Several properties of
these solid electrolytes have been investigated such as me-
chanical [10], thermal expansion [11, 12], crystalline structure
[12, 13], and ionic conductivity in polycrystalline and single
crystals [2-5, 10, 14-16]. Some of these properties depend on
the final microstructure and, consequently, on the processing
steps during sample preparation [17, 18]. Recently, sintering
of'these solid electrolytes has been the subject of investigation
[19-21].

These solid electrolytes are frequently prepared by the
conventional method of mixture of the starting reagents
followed by solid-state reactions at high temperatures.
This method of synthesis has main advantages to be less
complex than others based on precursor solutions and the
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possibility of large-scale production per batch along with
relatively low cost. The main disadvantage of this method
is related to the inherent difficulty to ensure reaction com-
pletion among the several components in a reasonable
time at the reaction temperature [22]. In general, these
compounds obtained by either conventional or solution
methods, contain impurity phases such as LaSrGaOy,
LaSrGa3;05, and LasGa,O9 [17, 18, 23]. These phases
may be formed by loss of gallium in the form of Ga,O
during sintering at high temperatures, especially in reduc-
ing atmospheres [24]. The fraction of impurity phases also
increases with increasing the strontium content, but de-
pends on the MgO concentration, because the latter in-
creases the solubility of strontium in the matrix [25]. In
addition, increasing of Sr and Mg contents assists the
formation of LasGa,Oq [26].

Detection of these impurity phases may not be trivial.
Oncel et al. observed grains of MgO precipitated on the
grain surfaces of LSGM by scanning electron microscopy
[27]. Djurado and Labeau [23] reported that the single
perovskite phase exists only on the surface of sintered
specimens. Moreover, depending on the relative fractions
of impurity phases, they may not be detected in conven-
tional X-ray diffraction experiments, due to limitations of
the technique.

The impurity phases LaSrGaO,4 and La,Ga,0, exhibit rel-
atively low ionic conductivity (~ 10~*and 107> Scm ™, respec-
tively, at 800 °C). The stoichiometric LaSrGa;0, behaves as
an insulating phase, but changes in the lanthanum/strontium
stoichiometry, La; , ,Sr;_,Ga;07_s, may give rise to ionic con-
ductivity values similar to that of the parent solid electrolyte
[28].

The conventional method of solid-state reaction re-
quires strict control of the processing steps to ensure that
the product will retain a negligible fraction of unreacted
material. In a previous work, we have shown that attrition
milling and calcination steps influence the characteristics
of the powder materials [29]. In this work, results of a
systematic investigation of the conventional method for
the preparation of Lag oSty 1GagsMgy,05.5 are reported.
The main purpose of this work is to establish an opti-
mized route to obtain dense specimens with high ionic
conductivity.

Experimental

Sample preparation

La,03 (99.9%), Ga,03 (99.99%), MgO (P.A.), and SrCO3
(P.A.) were used as starting materials to prepare the

Lag 9Sry.1Gag Mg ,05.5 composition. The lanthanum oxide
powder was heat treated at 1000 °C for 3 h before use.
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The main steps of processing (calcination,
deagglomeration, and milling) were varied giving rise to
five routes. The main differences among these routes are
the temperature of calcination (1000, 1250, and 1350 °C)
and the attrition milling (number and time). After a fast
survey on these processing steps, two routes were chosen
according to the obtained results. Figure 1 shows the
flowchart of the processing steps of the chosen routes.
Route 1 (R1) consists of three steps of calcination at
1250 °C for 4 h with intermediate deagglomeration in
agate mortar with pestle, followed by attrition milling.
For this last step,10 g of the powder was loaded in
200 mL volume teflon jar and milled for 1 h at 500 rpm
in a conventional attrition mill containing 60 mL of zir-
conia balls (¢ 2 mm) and 30 mL of isopropyl alcohol,
before drying in an oven at 40 °C. Route 2 (R2) starts
with attrition milling followed by calcination at 1350 °C
for 4 h and attrition milling for half-hour. These last two
steps were repeated once in this route. The total time of
milling was limited to 1.5 h to avoid, as much as possible,
contamination of the powder mixture with the milling
media. These processing steps were investigated to im-
prove the final microstructure and the ionic conductivity
of doped lanthanum gallate.

Disc-shaped samples of 10 mm diameter were prepared by
uniaxial (50 MPa) followed by isostatic pressing (100 MPa).

starting materials
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Fig. 1 Flowchart of experimental sequences for the synthesis of LSGM



lonics (2018) 24:1693-1700

1695

0.00 -
1 R2
-0.08
- ]
S 016 /
P4 . R1
-0.24 -
-0.32
Ll I L] I T l L
0 400 800 1200 1600
T (°C)

Fig. 2 Linear shrinkage curves of LSGM compacts prepared with
powder mixtures from routes R1 and R2

Sintering was carried out at temperatures of 1300-1500 °C
with holding times of 1-6 h.

Characterization

The linear shrinkage of green compacts was followed by
thermodilatometry (Anter, Unitherm™ 1161) up to
1500 °C in air with heating rate of 10 °C min™'. The
apparent density of sintered discs was determined by the
immersion method. The theoretical density was 6.67
gem (PDF 70-2787). The identification of crystalline
phases was performed by X-ray diffraction, XRD
(Bruker-AXS, D8 Advance) in the20—80° 20 range using
Ni-filtered Cu K« radiation. The collected diffraction pat-
terns were normalized by the highest intensity peak of the
orthorhombic phase for comparison purposes. Impurity
phases were identified according to the following PDF

files: 37-1433 (LasGa,0y), 24-1208 (LaSrGaQ,), and
45-0637 (LaSrGas0,). Microstructure observations were
carried out by scanning electron microscopy, SEM
(Philips XL30 and FEI Inspect F50), coupled to energy
dispersive X-ray analysis (EDS, Apollo 10) on polished
and thermally etched (in general, 100 °C below the
sintering temperature for 40 min) surfaces of sintered
specimens. The mean grain size, G, was estimated by
the intercept method [30]. The ionic conductivity of
sintered discs was measured by electrochemical imped-
ance spectroscopy (HP 4192A and model 362 HP control-
ler) using silver as electrode material. These measure-
ments were performed in the 5 Hz—13 MHz and 280-
420 °C frequency and temperature ranges, respectively,
with 100 mV of applied signal. Deconvolution of imped-
ance spectroscopy spectra was performed with specially
designed software based on equivalent circuit fitting as
described in [31].

Results and discussion
Thermodilatometry

Linear shrinkage curves of green compacts prepared with
powder mixtures from routes R1 and R2 are shown in
Fig. 2. The total shrinkage up to 1500 °C was 18 (R1)
and 3% (R2), and the temperature at which shrinkage
starts, Tonger, Was ~ 1090 (R1) and ~1225°C (R2). It was
previously reported that T, for compacts of doped lan-
thanum gallate prepared with powder mixtures calcined at

Fig. 3 XRD patterns of LSGM S * —_ —_ a 2
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Fig. 4 XRD patterns of sintered %
LSGM specimens prepared with
powder mixtures from route a R1 (a)
and b R2 in the 20-80° (left-hand 1500°C/ 6h
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1200 °C is around 1200 °C [28]. Then, the lower Tg,get These results on linear shrinkage suggest that the process-
obtained in this work may be attributed to attrition mill-  ing route with lower temperature of calcination is preferred to

ing, which is regarded as an efficient processing step for  obtain high densification of powder compacts subject to non-
breaking agglomerates of ceramic powders. The lower  isothermal sintering.

total shrinkage of LSGM compacts prepared with powder

mixture from route R2 is probably related to the compar-  X-ray diffraction

atively higher calcination temperature, at which the

sintering process has already started, reducing the reactiv- ~ XRD patterns of specimens prepared with powder mixture
ity of the powder particles. In addition, high degree of  from route R1 and sintered at several temperatures for 2 h
agglomeration of the powder particles is known to occur  are shown in Fig. 3a. The main diffraction peaks were indexed
with increasing the calcination temperature. according to the orthorhombic perovskite structure of LSGM.
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Table 1 Values of relative density and mean grain size (G) of LSGM

specimens prepared by routes R1 and R2

Route Temp / time (°C/h)  Relative density (%) G (um)

R1 1300/2 87 +1 1.64 +£0.04
1350/2 92+1 2.88 £0.07
1400/2 97 +1 3.45+0.09
1450/1 99 +1 531+0.15
1450/2 99+1 6.80 £0.20
1450/4 99 +1 7.49 £0.20
1500/6 99 +1 13.28 £0.26

R2 1450/1 95+1 4.82+0.10
145072 97 +1 545+0.12
1450/4 98 +1 8.00+£0.18
150072 97 +1 7.99 £0.20
1500/6 99 +1 11.45+0.24

Minor amounts of impurity phases, mainly LayGa,0Oo, are
revealed in the zoomed view of the 25-32° angular range
(Fig. 3b). The content of this impurity phase increases with
increasing the dwell temperature. Qualitatively similar results
were obtained for sintered compacts prepared with powder
mixture from route R2.

The effects of the dwell time on phase composition of
specimens prepared with powder mixtures from routes R1
and R2 are shown in Fig. 4a and b, respectively. The XRD
pattern of the specimen sintered at 1500 °C for 2 h is included
in this figure for comparison purpose. When the sintering is
carried out at 1450 °C, the dwell time has a marginal effect on
phase composition. In contrast, at 1500 °C, increasing the
dwell time from 2 to 6 h (Fig. 4a and b) increases the amount
of the rich-gallium, LaSrGa;0O,, phase at expenses of other
impurity phases. These results are in general agreement with
those of Wu and Lee [32], and evidence that the type and
content of impurity phases are largely determined by the ce-
ramic processing and sintering steps.

8
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' | ! | ! |
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Fig. 5 Evolution of the mean grain size, G, with the relative density of
LSGM specimens prepared from route R1 and sintered for 2 h at several
temperatures

Density and microstructure

Relative density values of sintered LSGM specimens are sum-
marized in Table 1. In this calculation, the density of impurity
phases was neglected, due to their small contents.

Density values are high for dwell temperatures at and
above 1350 °C. The dwell time has no significant effect at
the sintering temperatures of 1450 °C, when the compacts
reach near full density. This high degree of densification
attained by LSGM specimens is probably due to the previous
attrition milling of the powders.

The mean grain size of sintered specimens 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 pum for sintering at 1500° for
6 h.

Figure 5 shows the evolution of the mean grain size
with the relative density for specimens prepared with
powder mixture from route R1 and sintered with several
dwell temperatures for 2 h. The grain growth is sluggish
up to approximately 95% of relative density and then
shows a deep increase.

The microstructure features are similar for the investigated
specimens. Figure 6 shows, as example, scanning electron
microscopy micrographs of LSGM specimens sintered at (a)
1450 °C for 2 h and (b) 1500 °C for 6 h (powder mixture
prepared from route R1). The microstructure consists of po-
lygonal grains with relatively wide distribution in size. This
effect is due to impurity phases, which exhibit grains with
characteristic sizes, such as the sub-micrometer MgO grains
(dark-contrast grains in Fig. 6b). The LSGM specimens are
dense with residual porosity found at grain boundaries.

Energy dispersive X-ray analyses were performed for spec-
imens sintered at 1500 °C for 6 h prepared with powder mix-
tures from routes R1 and R2 and for specimens sintered at
1450 °C for 4 h. The same trends are obtained for these spec-
imens. Figure 7a shows the backscattered image obtained for a
LSGM specimen sintered at 1500 °C for 6 h (route R1). The
dark-contrast grains are related to impurity phases, whereas
the gray color represents the matrix. The X-ray elemental
mapping of the same micro-region is shown in Fig. 7b.
Results on energy dispersive X-ray analysis reveal no or neg-
ligible contamination with milling media. Local point analy-
ses are indicated by numbers. The main results evidence that
point 1 consists of small rounded grains of MgO. Point 2 and
those with light color (mixed green and blue colors) corre-
spond to impurity phases, with prevalence of LaSrGa;0;.
The matrix, point 3, has a uniform distribution of La and Ga.

Impedance spectroscopy

The ionic conductivity was determined by impedance spec-
troscopy analysis of all investigated specimens. The results
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Fig. 6 SEM micrographs of
LSGM specimens prepared with
powder mixture from route R1
and sintered at a 1450 °C for 2 h
and b 1500 °C for 6 h

show minor differences for specimens prepared from routes
R1 and R2. Therefore, hereafter we focus on specimens pre-
pared according to route R1.

Figure 8 shows [-Z”(w) x Z’(w)] plots recorded at 365 °C
for LSGM specimens sintered at several temperatures for 2 h.
In these plots, the measured impedance was normalized for
specimen dimensions. Numbers over experimental data are
the logarithm of the frequency (in Hz).

The impedance spectroscopy diagrams consist of two
arcs and a spike, the latter related to the reactions occur-
ring at the interface LSGM/Ag. The high-frequency arc,
due to the grain conductivity, o,, predominates over the
intermediate-frequency arc, attributed to the blocking of
charge carriers at interfaces, mainly grain boundaries and
interphase boundaries. It is worth noting that the higher
is the sintering temperature the lower is the blocking
effect.

Arrhenius plots of the ionic conductivity of grains and
blocking effect, 0y, are shown in Fig. 9. A single straight
line was found in the temperature range of measurements. The
grain conductivity (Fig. 9a) is nearly the same for all speci-
mens independent on the sintering temperature. The ionic
conductivity of interfaces (Fig. 9b) increases with increasing
the dwell temperature, due to grain growth, and the

Fig. 7 a Backscattered image and
b X-ray elemental mapping of
LSGM specimen sintered at
1500 °C for 6 h prepared with
powder mixture from route R1.
Point # 1: MgO grain; Point # 2:
impurity phase; Point # 3: matrix

@ Springer

consequent decrease of the blocking area. The activation en-
ergy for total (grain and interfaces) ionic conductivity are ~
0.90 £0.05 eV, in agreement with previous reports [2—4, 10,
14, 15, 20].

Figure 10 shows Arrhenius plots of the ionic conduc-
tivity of LSGM specimens sintered at 1450 °C for 4 h and
1500 °C for 6 h. These sintering profiles are frequently
used and are here compared taking into account that at
1500 °C the solubility of the individual elements is higher
[28], and then an enhanced ionic conductivity is expected.
The grain conductivity (Fig. 10a) is essentially unchanged
with the sintering dwell time and temperature. Therefore,
we can infer that both the anion and the cation sub-lattices
are the same at both sintering profiles, and that no signif-
icant changes due to solubility occur in the ionic conduc-
tivity. Figure 10b shows the conductivity of interfaces
normalized by the grain size of these specimens. The ion-
ic conductivity at interfaces increases by approximately
half-order of magnitude with increasing dwell temperature
and time. According to XRD patterns (Fig. 4), the
sintering at 1500 °C for 6 h resulted in an increased frac-
tion of the LaSrGa; 05 phase. This result suggests that the
rich-gallium impurity phase forms a less-blocking inter-
face with the matrix, compared to other impurity phases.
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Fig. 8 Impedance spectroscopy
spectra of LSGM specimens
prepared with powder mixture
from route R1 and sintered at
several temperatures for 2 h
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Conclusions

The Lag oSty 1GagsMgy,05.5 compound with orthorhombic
phase was successfully prepared by solid-state synthesis fol-
lowing two routes (R1 and R2). The total linear shrinkage up
to 1500 °C decreases from 18 to 3% with increasing calcina-
tion temperature from 1250 to 1350 °C. The calcination tem-
perature along with the attrition milling step are found to in-
fluence the initial temperature of shrinkage. The sintered
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Fig. 9 Arrhenius plots of a grain and b interface conductivity of LSGM
specimens prepared with powder mixture from route R1 and sintered at
several temperatures for 2 h
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density and the type and content of impurity phases are con-
trolled by dwell time and temperature during sintering. Near
full density was achieved at 1450 °C dwell temperature due to
attrition milling of the powder mixtures. XRD results evi-
dence that the fraction of impurity phases is quite low follow-
ing these processing routes. The predominant impurity phase
after sintering at 1500 °C for 6 h is LaSrGa;O. The grain
conductivity of LSGM is found unchanged with the sintering
profile, within experimental errors. In contrast, the
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Fig. 10 Arrhenius plots of a grain and b interface conductivity normalized
for the mean grain size of LSGM specimens prepared with powder mixture
from route R1 and sintered at specific temperatures and times
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conductivity of interfaces increases with the dwell tempera-
ture, and the rich-gallium phase seems to contribute for this
effect. The total activation energy for conduction is 0.90 £
0.05 eV. The overall results allowed for obtaining an opti-
mized route for preparing LSGM ceramics with improved
properties. This result suggests that composite solid electro-
lytes based on doped lanthanum gallate may exhibit higher
ionic conductivity than the base material.
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