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Abstract

In this work, we investigate the effects of Sr and Mn co-doping on the microstructural development and elec-
trical properties of LaAlO3 synthesised by solid state reaction and sintered at 1500 and 1600 °C. The addition
of Sr and Mn contributed to the crystallization and stabilization of the perovskite structure. However, the ad-
dition of Sr alone lead to the formation of heterogeneous microstructure, while the combined effect of Sr and
Mn improved Al and La homogeneity in the perovskite structure. Total electrical conductivity is enhanced by
three orders of magnitude with Sr addition (La0.8Sr0.2AlO3-δ: 5.74 × 10−4 S/cm at 600 °C) and five orders of

magnitude with Mn co-doping (La0.8Sr0.2Al0.8Mn0.2O3-δ: 3.6 × 10−2 S/cm at 600 °C) compared to the undoped

LaAlO3 (2.96 × 10−6 S/cm at 600 °C). The Sr and Mn co-doped LaAlO3 present favourable catalytic activity
for electrode reactions even with a low dopant concentration (20 mol%).
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I. Introduction

Perovskite-type and perovskite-related structures
constitute an important class of materials and have
received considerable attention for applications in
physics, solid-state chemistry and advanced materials
due to their outstanding properties. These materials
present general formula ABX3 and can accommodate a
variety of elements in the crystal lattice without destroy-
ing the matrix structure, in which A positions are gen-
erally occupied by a rare earth metal or alkaline earth
metal cation, B positions with small transition metal
cations and X denotes oxygen anions. This structural
diversity offers numerous advantages in terms of com-
pounds with enhanced properties, such as thermal and
chemical stability in large range of oxygen partial pres-
sure, and ionic, protonic and electronic conductivity [1].

Mixed conducting perovskites are the most applied
and studied materials and have been used as compo-
nents in oxygen separation membranes, chemical sen-
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sors, oxygen pumps, thermoelectric devices, catalyst for
combustion of hydrocarbons decomposition and appli-
cation in solid oxide fuel cells (SOFC) as electrodes
and electrolytes materials [2,3]. For any of these ap-
plications, the promising properties of perovskites are
obtained by properly selecting their crystalline structure
and symmetries. It is important to control stoichiometry
and microstructure, avoiding secondary phases that can
deteriorate any functional properties [4,5].

Among perovskite-type oxides, lanthanum aluminate
(LaAlO3) exhibit interesting electrical and electrocat-
alytic properties, with application in numerous fields,
such as high frequency capacitors, substrate material for
thin film high temperature superconductors, and elec-
trolyte material for solid oxide fuel cells (SOFC) [1–
3,6]. The properties of this material arise from substi-
tution by different dopants either on the La or Al sites.
Consequently, oxygen vacancies are generated to com-
pensate the electrical charge of substituting ions. Since
the electrical conductivity of LaAlO3 is significantly af-
fected by adding appropriate dopants, systems based on
LaAlO3 are known to be mixed ionic and p-type elec-
tronic conductors at high oxygen partial pressure and

333

https://doi.org/10.2298/PAC1904333V


L.A. Villas-Boas et al. / Processing and Application of Ceramics 13 [4] (2019) 333–341

good ionic conductors at low oxygen partial pressure.
These materials have also low cost, higher stability in
different types of atmospheres, and moderate thermal
expansion, which make them adequate for SOFC appli-
cations [7–11].

In the present study, we investigate the effects of Sr
and Mn co-doping at A and B sites of LaAlO3 on the mi-
crostructural development and electrical properties, us-
ing a concentration of 20 mol% of each dopant to create
a reasonable number of oxygen vacancies and electronic
holes.

II. Experimental

2.1. Sample preparation

Pure, Sr-doped and Sr and Mn co-doped LaAlO3
powders were synthesized by solid-state reaction
method, using La2O3 (Aldrich, 99.9%), Al2O3 (Baikow-
ski-CR30), Sr(NO3)2 (Riedel-de Haën, 99.99%) and
Mn(NO3)2 · 6 H2O (Aldrich, 99.9%). Suitable amounts
of each raw material were mixed in isopropyl alcohol
for 12 h in a vibratory mill with zirconia milling me-
dia (� = 3 mm, YTZ Grinding Media Tosoh, Japan).
The suspensions were dried at room temperature, af-
ter which the resulting powders were calcined at 800 °C
in air for 30 min. This procedure was repeated twice.
The calcined powders were then milled in vibratory mill
with isopropyl alcohol and 1 wt.% of poly-vinylbutyral
(B-98, Solutia). The suspensions were dried and de-
agglomerated through an 80 mesh nylon sieve. The
powders were formed into pellets by uniaxial pressing
(100 MPa) followed by and isostatic pressing (200 MPa)
and sintered at 1500 and 1600 °C in air with a dwell time
of 6 h. Table 1 lists their compositions and respective
identifications.

Table 1. Sample identification

Composition Sample identification
LaAlO3 LA

La0.8Sr0.2AlO3-δ LSA
La0.8Sr0.2Al0.8Mn0.2O3-δ LSAM

2.2. Sample characterization

X-ray diffraction (XRD, Siemens D5000, Cu Kα ra-
diation, 2θ = 15–80°, 0.02 °/s) was used to evaluate
crystal structure of each powder. The cell parameters
were determined by Rietveld refinement using the Gen-
eral Structure Analysis System (GSAS) software, using
the graphical interface EXPGU and ICSD (Inorganic
Crystal Structure Database) CIF files.

The bulk densities of sintered samples were deter-
mined by the Archimedes principle using an analyti-
cal balance (Metler Toledo AX 204). Relative density
was derived using the theoretical value determined from
the experimental lattice parameters and the measured
one. The microstructure of polished and etched surfaces
of sintered samples was analysed by scanning electron
microscopy (SEM, Phillips XL 30 FEG). Grain size

and grain size distribution were calculated by analysing
SEM images (at least 100 grains for each sample) with
the open license software ImageJ and then treating the
data with the software Minitab®.

The pellets were characterized electrically by
impedance spectroscopy (Impedance analyser HP
4192A LF) in the frequency range of 13 MHz to 5 Hz
with AC current amplitude of 500 mV. Symmetrical Pt
electrodes (Demetron 308A) were applied on both sides
of the pellets, which were then fired at 1100 °C for
30 min. The impedance measurements were performed
in air over a temperature range of 100–800 °C with
25 °C steps and in a reductive atmosphere (Ar/4% H2)
between 400 and 600 °C at 50 °C steps.

Electrochemical performance was measured by
impedance spectroscopy with a symmetric cell config-
uration using frequency response analyser (Solartron
1260) in the frequency range of 13 MHz to 0.05 Hz,
with AC current amplitude of 50 mA, in air and under
reducing atmosphere (Ar/4% H2) at 600 °C. The sym-
metric cells consisted of 8 mol% yttria-stabilised zirco-
nia (YSZ) (TZ-8YS Tosoh) electrolytes with platinum
or LSAM as electrodes in order to evaluate the per-
formance of LSAM by comparison. YSZ powder was
formed into pellets by uniaxial pressing (100 MPa) fol-
lowed by isostatic pressing (200 MPa), and sintered with
heating rate of 5 °C/min up to 1500 °C with dwell time
of 4 h and cooling rates of 5 °C/min to room temper-
ature. A commercial platinum paste (Demetron 308A)
and a paste produced by mixing LSAM powder with a
terpineol-based ink vehicle (Fuel Cell Materials) were
applied onto both sides of the YSZ pellets by brushing
and then sintered in air at 1100 °C for 30 min and 1.5 h,
respectively. All impedance spectra were analysed with
ZView® software (Scribner Associates, Inc.).

III. Results and discussion

3.1. Density, crystalline phases and microstructure

Figure 1 presents the X-ray diffractograms of the
sintered samples. The diffraction peaks are indexed to
the cubic perovskite structure of LaAlO3 (JCPDS card
85-848), with La2O3 (JCPDS: 73-2141) detected as a
residual secondary phase in all samples. Rietveld re-
finement results show that the amount of La2O3 is less
than 5 wt.% in all samples but the LSA ones sintered at
1600 °C, as indicated by the very low intensities of the
peaks indexed for this phase. The exception presented
by the LSA samples sintered at 1600 °C will be clarified
later along the discussion concerning the microstruc-
tural results. Besides, the presence of La2O3 as residual
phase after sintering at high temperatures (T ≥ 1500 °C)
indicates that the ratio of compounds in the starting raw
materials was higher in La2O3. This left the composi-
tion of the sintered samples in the La2O3-LaAlO3 field,
which is slightly to the left of the LaAlO3 line composi-
tion in the phase equilibria diagram of the La2O3-Al2O3
system [12].
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Figure 1. X-ray diffractograms of LA, LSA and LSAM
samples sintered at 1500 °C (a) and 1600 °C (b) for 6 h

Table 2 presents the lattice parameters, evaluated
from XRD data, and the theoretical density, which was
calculated using following equation:

ρtheo =

∑
A

V · NA

(1)

where
∑

A is the sum of the atomic weights of all
the atoms in the unit cell, NA is the Avogadro number
(6.023 × 1023 mol-1) and V is the unit cell volume. The
unit cell parameters were determined by a Rietveld re-
finement of the X-ray diffraction pattern and consider-
ing 0.1 oxygen deficiency relative to oxygen sites for
LSA. Table 2 also exhibits the percentage of relative
density of the samples sintered at 1500 and 1600 °C.

The weight of each ion per unit cell is given by:

ρion =
Ns · Os · AA

NA

(2)

where Ns is number of sites, Os is fraction of occu-
pied sites and AA is atomic weight [2]. Each unit cell of
LaAlO3 has one La3+ cation, one Al3+ cation and three
O2 – anions, so:

∑
A = 1 · ALa + 1 · AAl + 3 · AO (3)

where ALa is the La3+ atomic weight, AAl is the
Al3+ atomic weight and AO is the O2 – atomic
weight. When doped the chemical formula becomes
(La1-xMx)Al1-yNy)O3-δ, therefore:

∑
A = [(1−x)ALa+xAM]+[(1−y)AAl+yAN ]+(3−δ)AO (4)

where x and AM are the amount and atomic weight of
the La3+ site dopant, respectively, and y and AN are the
amount and atomic weight of the Al3+ site dopant, re-
spectively.

Theoretically, Sr2+ cations occupy the same positions
as La3+ when added to the LaAlO3 perovskite structure,
which leads to a decrease of the theoretical density, as
shown in Table 2, due to the lower atomic weight of Sr2+

(87.62 g/mol) compared to La3+ (138.9055 g/mol). In
contrast, Mn co-doped samples present a lesser decrease
in theoretical density, since Mn occupies the same po-
sition as Al, and Mn atomic weight (54.938 g/mol) is
higher than Al (26.981 g/mol), compensating some of
the difference between Sr2+ and La3+.

The substitution of La for Sr may also be responsible
for the lower theoretical density due to the creation of
oxygen vacancies in order to maintain charge neutral-
ity in the structure. Oxygen vacancies are generated to
compensate the charge of the substitution of Sr2+ ions
in the La-cation sublattice, according to defect reaction
(Eq. 5) where notation of defects by Kroger and Vink
was adopted [13]:

2 SrO
LaAlO3
−−−−−→ LaLa + 2 Sr′La + AlAl + 2 OO + V••O (5)

In these compositions, the concentration of oxygen va-
cancy per unit cell (δ) is 0.1, since [V••O ] = δ.

For the Al site doping (LSAM), if considering Mn
valence being the same as Al, its presence in the crys-
talline lattice does not introduce additional oxygen va-
cancies. However, for relatively high oxygen pressures

Table 2. Lattice parameter and theoretical and relative densities of sintered samples

Composition
Lattice parameter [Å]

Theoretical
Relative density [%TD]

density [g/cm3]
1500 °C 1600 °C 1500 °C 1600 °C

LA 3.7915(1) 3.7914(1) 6.52 99.2 99.9
LSA 3.7986(3) 3.7970(2) 6.13 96.6 97.3

LSAM 3.8006(3) 3.8011(3) 6.32 91.4 98.2
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(pO2
∼ 1–0.01 atm), the oxygen vacancies [V••O ] created

by the introduction of an aliovalent cation in La site,
such as Sr, is mainly compensated electronically by the
oxidation of Mn3+ ions to Mn4+ ions [9,10]. A signifi-
cant amount of ionic compensation by double-positively
charged oxygen vacancies is unlikely due to the pres-
ence of Mn, as indicated by Eq. 6:

2 Mnx
Al + V••O +

1
2

O2 −−−→ 2 Mn•Al + Ox
O (6)

Thus, under oxidant atmosphere, the amount of oxygen
vacancies in the lattice is very small. Therefore, to cal-
culate the theoretical density, the value of δ was consid-
ered to be approximately equal to zero. The chemical
formula for this composition is La0.8Sr0.2Al0.8Mn0.2O3.

Figure 2. SEM micrographs of polished and etched surfaces,
and calculated grain size distribution of LA samples

sintered at 1500 and 1600 °C

The observed increase in cell parameters of the Sr
and Sr-Mn co-doped samples (Table 2) indicates the
successful formation of solid solution, which can be at-
tributed to the substitution of La3+ by Sr2+ ions in the A
site and Al3+ to Mn +3 ions in the B site, considering that
the ionic radii for La3+ is 1.36 Å, for Sr2+ is 1.44 Å, for
Al3+ is 0.535 Å and for Mn3+ is 0.58 Å [14].

Figures 2, 3 and 4 depict the microstructures of the
polished and etched surfaces of the sintered samples
along with calculated grain size distribution. The BSE
images of the undoped LaAlO3 and Sr-Mn co-doped
samples (Figs. 2 and 3) show homogeneous microstruc-
ture, while the Sr-doped samples (Fig. 4) present a
chemically heterogeneous microstructure composed of
bright and dark grains. Since BSE images provide con-

Figure 3. SEM micrographs of polished and etched surfaces,
and calculated grain size distribution of LSAM samples

sintered at 1500 and 1600 °C
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Figure 4. SEM micrographs of polished and etched surfaces, and calculated grain size distribution for bright and dark grains
of LSA samples sintered at 1500 and 1600 °C

trast due to atomic number differences, i.e. larger atoms
scatter more electrons compared to lighter ones and thus
create a higher signal, the dark regions correspond to a
phase rich in low atomic number elements as compared
to the brighter matrix. The brighter grains are richer in
La, while the darker grains have a composition closer
to that of the theoretical phase, in similar way to other
published results [3,15].

It is also interesting to note the differences in grain
size and grain size distribution of the different compo-
sitions and sintering conditions. Despite the composi-
tional homogeneity mentioned earlier in the undoped
compositions (Fig. 2), the samples sintered at 1500 °C
present larger grains and broader size distribution than
samples sintered at 1600 °C. Calcination in the temper-
ature range of 700–1000 °C is sufficient to crystallize
the LaAlO3 perovskite structure in the starting powders,
which were obtained by chemical routes, with the crys-
tallite size increasing directly proportional to the calci-
nation temperature [16,17]. However, the solid-state re-
action route leads to larger crystallite sizes when com-
pared to chemical synthesis routes [17,18]. In this way,
the powders obtained by solid-state reaction after the
successive steps of calcination, as described in Sec-
tion 2, are crystallized in the desired crystal structure
of LaAlO3, however, the crystallites may present a het-
erogeneous size distribution. Therefore, the heating rate
of 10 °C/min up to 1600 °C may offer enough thermal
energy in a shorter period of time to homogenize the
crystallite sizes and to densify the samples during the
sintering process, leading the samples to reach the grain
growth regime with a well-established perovskite struc-

ture that is refractory. This may explain the smaller av-
erage grain size and narrower size distribution. Con-
versely, at 1500 °C, there may not be enough thermal
energy in the same window of time, resulting in a het-
erogeneous development of microstructure, similar to
an abnormal grain growth process [19], which in turn
may explain the larger average grain size and broader
size distribution.

On the other hand, the addition of dopants (Sr and
Mn) may lower the energy barrier and facilitate the ki-
netics of crystallization for the perovskite structure dur-
ing the sintering process at an earlier moment than the
undoped samples, so that the LSAM (Fig. 3) and LSA
(Fig. 4) samples present smaller average grain sizes than
the undoped ones (Fig. 2), as well as a traditional trend
of increase of grain size as function of temperature.
However, average grain sizes are larger and size distri-
butions are broader for LSA than LSAM samples, in-
dicating that the formation of charge compensating de-
fects that enhance mass transport during sintering [20] is
higher in the presence of Sr alone than the combination
of Sr and Mn, as discussed previously (Eqs. 4 and 5).
This higher mobility caused by the Sr doping could also
facilitate the incorporation of the residual La2O3 into
the LaAlO3 structure at the higher sintering temperature
(1600 °C). Accordingly, this explains the lack of peaks
for the La2O3 phase in the X-ray diffractogram of LSA
samples sintered at 1600 °C (Fig. 1b) as well as the de-
velopment of the chemically heterogeneous microstruc-
ture observed in LSA samples (Fig. 4), with some grains
richer in La as discussed previously. The distribution
of Sr is uniform and homogeneous throughout the en-
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tire sample, as shown by EDS analysis in a previous
work [15].

3.2. Electrical conductivity

The LA, LSA and LSAM sintered samples were
analysed by impedance spectroscopy in air at temper-
atures between 100 and 800 °C at 25 °C intervals. Fig-
ure 5 shows the impedance spectra of the LA, LSA and
LSAM samples corrected for their thickness and elec-
trode area. The LA samples are highly resistive and
present only the beginning of one semicircle. In the pure
LaAlO3, the ionic conduction occurs by the movement
of oxygen ion carriers through oxygen vacancies. It is
very low since the formation of intrinsic oxygen vacan-
cies through the thermally activated process is difficult
due to the high binding strength of Al–O [21]. Thus, the
pure LaAlO3 exhibits low ionic conductivity and conse-
quently high activation energy, since the activation en-
ergies for non-doped samples have to include the en-
thalpy for formation of oxygen vacancies as well as the
enthalpy for the migration of these ions. For the LSA
and LSAM samples, the Nyquist plots are typical and
exhibit two semicircles: the high frequency one is at-

Figure 5. Impedance spectroscopy spectra, measured in air
for LA (a), LSA (b) and LSAM (c) samples sintered at 1500

and 1600 °C/6 h

tributed to the bulk response and the low frequency one
to the grain boundary. For the LSA samples, the resis-
tance related to the grain boundary semicircle is higher
than the resistance of the bulk semicircle, but for the
LSAM samples, they have similar resistances. As the
temperature increases, the higher frequency semicircle
gradually disappears, for the LSA this temperature is at
500 °C, while for the LSAM it is 200 °C.

The impedance spectra were analysed through data
fitting, using the ZView program and equivalent elemen-
tary circuits arranged in series consisting of one resis-
tance (R) and one constant phase element (CPE) in par-
allel. Figure 6 depicts the Arrhenius plots of total elec-
trical conductivities measured in air for the LA, LSA
and LSAM samples sintered at 1500 and 1600 °C/6 h.
The total electrical conductivity increases with Sr dop-
ing (5.74×10−4 S/cm at 600 °C) compared to LA (2.96×
10−6 S/cm at 600 °C) for samples sintered at 1600 °C.
Equation 5 shows that the number of oxygen vacancies
can be increased by replacing La3+ with smaller valence
cations, such as Sr2+ and Ca2+, at the A site. It also
can be increased by replacing Al3+ with smaller valence
cations, such as Mg2+, at the B site, or by both substitu-

Figure 6. Arrhenius plots of total electrical conductivity
measured in air for: LA, LSA and LSAM samples sintered at
1600 °C/6 h (a) and LSA and LSAM samples sintered at 1500

and 1600 °C/6 h (b)
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Table 3. Comparison of total electrical conductivity (σT) at 800 °C in air and activation energy (Ea)

Composition
σT [S/cm] at 800 °C Ea [eV]

1500 °C/6 h 1600 °C/6 h 1500 °C/6 h 1600 °C/6 h

LSA 1.0 × 10−3 8.9 × 10−3 1.18 ± 0.01 1.16 ± 0.02
LSAM 4.9 × 10−2 6.8 × 10−2 0.411 ± 0.002 0.359 ± 0.002

tions at A and B sites. Consequently, ionic conduction
is significantly enhanced, in this case, by three orders
of magnitude by Sr addition. With Mn co-doping, the
total electrical conductivity increased by five and two
orders of magnitude (3.6 × 10−2 S/cm at 600 °C) com-
pared with the LA and LSA samples, respectively. The
Mn co-doped samples exhibit higher electrical conduc-
tivity and lower activation energy, which may be due to
an electronic conduction.

Table 3 presents the total electrical conductivity (σT )
at 800 °C and the activation energies (Ea), which were
calculated by linear fitting of the data presented in Fig.
6, for the LSA and LSAM samples.

It is well established in the literature that doped
LaAlO3 is a p-type electronic conductor under oxidiz-
ing conditions. The defect equilibria, based on the oxy-
gen vacancies generated by dopants (Sr, Mg) and filled

Figure 7. Arrhenius plots of total electrical conductivity
measured in low oxygen partial pressure and in air for LSA

(a) and LSAM (b) samples sintered at 1600 °C/6 h

by oxygen gas at high oxygen partial pressure (pO2
), can

be used to explain the observed conductivity behaviour.
This suggests the appearance of hole conduction in per-
ovskite oxides according to [22]:

1
2

O2(g) + V••O −−−→ Ox
O + 2 h• (7)

where [V••O ] is the oxygen vacancy, Ox
O the oxygen ion

at normal lattice site, h• electronic hole.
To understand the p-type semiconductor behaviour

of LaAlO3, the LSA samples were co-doped with Mn,
since Mn ions can have different valences at high tem-
peratures during sintering. In order to better evaluate
the higher conductivity of the Mn co-doped sample,
the LSA and LSAM were submitted to the conductiv-
ity measurement in reducing atmosphere. Figure 7 com-
pares the total electrical conductivity measured in low
oxygen partial pressure (Ar/H2) with those in air for the
LSA and LSAM samples sintered at 1600 °C/6 h.

Table 4. Comparison of activation energy (Ea) in air and
under low oxygen partial pressures (Ar/4% H2)

Composition
Ea [eV]

1500 °C/6 h 1600 °C/6 h
LSA 1.16 ± 0.02 1.13 ± 0.03

LSAM 0.359 ± 0.002 0.46 ± 0.01

Table 4 presents activation energies (Ea) calculated
by linear fitting of the data presented in Fig. 7 for
the LSA and LSAM samples in reducing atmosphere
(Ar/4% H2) and in air. Conductivity of the LSA sam-
ples shows no dependence with the type of atmosphere,
so conductivity and activation energies are the same
for reducing and oxidant atmospheres. Meanwhile, the
LSAM samples exhibit lower conductivity and higher
activation energy in Ar/4% H2 than in air, which sug-
gests the appearance of relatively large p-type semicon-
ductor behaviour under high oxygen partial pressures.
The high electronic conductivity presented by the Mn
co-doped composition can be attributed to the mecha-
nism of small polaron hopping due to the presence of
Mn3+ and Mn4+ ions [9]:

2 Mnx
Al + V••O +

1
2

O2 −−−→ 2 Mn•Mn + Ox
O (8)

The LSAM exhibits higher electrical conductivity
than the LSA sample both in air and reducing atmo-
sphere, indicating that LSA is mainly an oxide ionic
conductor, while LSAM is dominated by p-type elec-
tronic conduction. Table 5 compares total electrical con-
ductivity data reported in the literature of samples with

339



L.A. Villas-Boas et al. / Processing and Application of Ceramics 13 [4] (2019) 333–341

Table 5. Total electrical conductivity for LSA and LSAM sintered at 1600 °C/6 h compared to values reported in the literature

Composition
Measured Measured

σT [S/cm] Referencetemperature [°C] atmosphere
La0.8Sr0.2AlO3-δ 800 Air 8.9 × 10−3 this work
La0.8Sr0.2AlO3-δ 800 Ar/H2 7.7 × 10−3 this work

La0.8Sr0.2Al0.8Mn0.2O3-δ 800 Air 6.8 × 10−2 this work
La0.8Sr0.2Al0.8Mn0.2O3-δ 800 Ar/H2 0.11 this work

LaAlO3 800 Air 2.0 × 10−3 [21]
La0.9Sr0.1AlO3-δ 800 Air 2.0 × 10−3 [22]
La0.8Sr0.2AlO3-δ 800 Air 5.0 × 10−3 [21]

La0.8Sr0.2Al0.7Mn0.3O3-δ 810 Air 0.74 [10]
La0.8Sr0.2Al0.5Mn0.5O3-δ 810 Air 10 [10]
La0.8Sr0.2Al0.5Mn0.5O3-δ 810 Ar/H2 2.7 [10]
La0.8Sr0.2Al0.5Mn0.5O3-δ 800 Air 8.6 ± 0.3 [7]

Figure 8. Impedance spectra of one electrode for
LSAM-YSZ and Pt-YSZ showing electrode polarization
resistances in Ar/4% H2 (a) and air (b) at 600 °C (insets
present a magnified view of the high frequency region of

Pt-YSZ electrodes and open symbols indicate
the frequency decades)

similar chemical compositions used in this work with
the results of LSA and LSAM in different atmospheres.
It is interesting to note that LSAM with only 20 mol%
of Mn presents total conductivities close to that of
compounds with higher concentrations of Mn (30 and
50 mol%).

Figure 8 presents the impedance spectra of one elec-
trode for LSAM-YSZ-LSAM and Pt-YSZ-Pt symmetric
cells. The polarization resistance of the symmetric cell
was divided by two to obtain the contribution from one
single electrode and normalized by the area. The differ-
ences in the frequency range of electrode response in
air and Ar/4% H2 of Pt electrodes indicate that oxygen
oxidation reaction is slower than the hydrogen reduction
reaction and requires more energy to happen (higher po-
larization resistance).

The high total polarization resistance of the samples
can be attributed to the small number of triple phase

boundary (TPB) points, considering that electrode mi-
crostructures were not optimized by grading or deposi-
tion method. However, the comparison with Pt shows
that LSAM presents catalytic activity for electrode re-
actions even with a low dopant concentration.

IV. Conclusions

LaAlO3 (LA), La0.8Sr0.2AlO3-δ (LSA) and
La0.8Sr0.2Al0.8Mn0.2O3-δ (LSAM) perovskite ce-
ramics were successfully obtained by solid state
reaction and sintering at 1500 and 1600 °C. Sr and Mn
additions played an important role in the stabilization
of the perovskite structure, which affected chemical
homogeneity and grain growth. The LA and LSAM
ceramics showed homogeneous microstructure, while
the LSA samples presented grains with slightly different
compositions: grains rich in Al and deficient in La,
and grains with a composition closer to that of the
theoretical phase.

The LSAM samples presented mixed electrical con-
ductivity, combining ionic with p-type electronic con-
ductivity, which lead to an increase in total electrical
conductivity of five and two orders of magnitude com-
pared to the LA and LSA samples, respectively, which
are oxide ionic conductors. The electrical conductivity
of the LSAM reached 0.11 S/cm at 800 °C under typical
SOFC anode conditions, and the LSAM also presents
catalytic activity for electrode reactions even with a low
dopant concentration (20 mol%).
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