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h i g h l i g h t s
� Pure-phase LSCM nanopowder has been successfully synthesized by combustion method.
� A detailed morphological, textural and structural characterization is presented.
� A bottom-up building process of LSCM nanoelectrodes onto LSGMg electrolyte was performed.
� Electrocatalytic responses of the cells, under oxidizing and reducing atmospheres, are discussed.
� The ASR trends obtained were correlated with the electrode microstructure.
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a b s t r a c t

Pure-phase La0.75Sr0.25Cr0.5Mn0.5O3�d (LSCM) nanocrystallites have been successfully synthesized by the
combustion method, employing glycine as fuel and complexing agent, and ammonium nitrate as com-
bustion trigger. A detailed morphological and structural characterization is performed, by using of X-ray
diffraction, N2 physisorption and electron microscopy. The LSCM material consists in interconnected
nanocrystallites (w30 nm) forming a sponge-like structure with meso and macropores, being its specific
surface area around 10 m2 g�1. Crystalline structural analyses show that the LSCM nanopowder has
trigonal/rhombohedral symmetry in the R-3c space group. By employing the spin coating technique and
quick-stuck thermal treatments of the ink-electrolyte, electrodes with different crystallite size (95, 160
and 325 nm) are built onto both sides of the La0.8Sr0.2Ga0.8Mg0.2O3�d-disk electrolyte. To test the influ-
ence of the electrode crystallite size on the electrocatalytic behavior of the symmetrical cells, electro-
chemical impedance spectroscopy measurements at 800 �C were performed. When the electrode
crystallite size becomes smaller, the area specific resistance decreases from 3.6 to 1.31 U cm2 under 0.2O2

e0.8Ar atmosphere, possibly due to the enlarging of the triple-phase boundary, while this value in-
creases from 7.04 to 13.78 U cm2 under 0.17H2e0.03H2Oe0.8Ar atmosphere, probably due to thermo-
dynamic instability of the LSCM nanocrystallites.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Solid oxide fuel cells (SOFCs) have attracted a great attention
due to its high efficiency and the more clean electrical power
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generation [1]. A SOFC device mainly consists of three compo-
nents: a porous cathode, a porous anode and a dense electrolyte.
The traditional materials used in SOFC operating between 800
and 1000 �C are yttria-stabilized zirconia (YSZ) as electrolyte, Ni/
YSZ cermet as anode and La0.8Sr0.2MnO3 as cathode [2].
Strontium-substituted manganites have been chosen due to their
excellent electronic conductivities and good catalytic behavior
toward oxygen reduction [2]. Ni/YSZ offers excellent catalytic
properties, electronic/ionic conductivity and good current
collection. However, such cermets present some disadvantages
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related to the low tolerance to sulfur and carbon built up when
using hydrocarbon fuels [3e5].

Symmetrical-solid oxide fuel cells (S-SOFC), as an alternative
approach to this configuration, adopt the same material both as
anode and cathode, simultaneously. It has several advantages
compared to the conventional SOFCs. The reduced number of cell
components could facilitate the assembly of a fuel cell in a single
thermal treatment and minimize compatibility requirements
(thermal and chemical). Besides, this configuration could overcome
two main drawbacks associated with SOFC technology when it
directly operates with hydrocarbon fuels, i.e., the reversible sulfur
poisoning and carbon deposition due to the possibility to revert the
gas flow which will oxidize any sulfur species or carbon deposit
[6,7]. The requirements for candidate symmetrical electrode ma-
terials are rather stringent, as they should include all the conditions
applicable to an anode and cathode simultaneously: (1) good cat-
alytic activity toward oxygen reduction and fuel oxidation; (2)
chemical stability under both reducing and oxidizing atmospheres;
(3) compatible thermal expansion with the other fuel cell compo-
nents; and (4) acceptable electron and oxygen ion conductivity in
both reducing and oxidizing atmospheres. Therefore, it is a chal-
lenging task to find materials that meet all requirements simulta-
neously. Thus, the typical performances obtained for S-SOFCs are
somewhat lower as compared to traditional Fuel Cells due to the
extreme difficulty to find a perfect material that fulfills all the re-
quirements [8].

Up to now, only a very limited number of materials has been
successfully demonstrated as electrodes of symmetrical-SOFCs [8e
11]. A promising combination of properties, including phase and
dimensional stability, high electrochemical activity in both
reducing and oxidizing atmospheres, and chemical compatibility
with various solid electrolytes, was recently reported for
(La,Sr)(Cr,Mn)O3�d perovskites [12e19]. La0.75Sr0.25Cr0.5Mn0.5O3�d

(LSCM) represents one of the most attractive materials
[7,10,12,16,20,21]. The LSCM composition arises from the need to
combine the properties of La1�xAxCrO3�d and La1�xAxMnO3�d ma-
terials. Chromite-based materials have been generally employed as
interconnecting materials for SOFCs due to their relatively good
stability in both reducing and oxidizing atmospheres at high tem-
peratures [12,22]. The reported polarization resistance using these
materials is too high for efficient SOFC operation, although signif-
icant improvements have been achieved by using doping in the B-
site [12]. Manganite-based materials, as mentioned above, are the
standard choice as cathode but they are unstable in anode condi-
tions [7,23]. The main limitation to the LSCM material is its lower
ionic conduction compared with the known mixed-conducting
electrode materials and solid electrolytes [24].

The electrocatalytic performances of the anode and the cathode
in SOFCs are critically dependent on the microstructures of the
electrode layer, in particular, the total length of the triple-phase
boundary (i.e. interface between electrolyte disk, electrode mate-
rial and gas phase) and its porosity and tortuosity. These properties,
in turn, are strongly dependent on the features of the starting oxide
powder and its synthesis process [20]. In the literature, solid state
reaction is the main synthesis process reported for type-perovskite
LSCM oxides [6,12,17,18,25e30]. This synthesis route produces
materials with large particle sizes (>5 mm) and low porosity, mainly
due to the high synthesis temperature employed (>1300 �C).
Therefore, the preparation of fine and pure-phase LSCM powders
with less agglomeration is desirable to improve the electrode
performance.

In this context, the so-called combustion method has been
considered as an attractive way to synthesize a wide variety of
ultrafine particles of metallic oxides including perovskites [31,32].
This is a simple method with the advantage of using inexpensive
precursors and producing highly reactive nano-sized powders. The
resulting powders are crystalline, homogeneous, softly agglomer-
ated, and vary in size between 1 and 100 nm depending upon
composition and synthesis parameters. This process is simple,
rapid, low cost, and environmentally compatible [33]. However, the
mechanism of the combustion reaction is quite complex because
many parameters influence the reaction such as the chemical na-
ture of the fuel molecule, the fuel to oxidizer ratio, the use of excess
oxidizer, the use of combustion aid, the ignition temperature and
the water content of the precursor mixture. In a previous work we
reported the synthesis and characterization of pure-phase LSCM
fine-crystallites showing a size distribution around 200 nm, which
were prepared by the combustion method evaluating the influence
of the glycine-to-nitrates molar ratio and the subsequent thermal
treatment [34].

In the present study, the former aim is the optimization of the
combustion synthesis conditions to obtain a pure-phase
La0.75Sr0.25Cr0.5Mn0.5O3�d nanopowder. The addition of ammo-
nium nitrate in the combustion precursor gel, as oxidizer agent and
to trigger the combustion, was evaluated. A detailedmorphological,
structural and textural characterization of the nanostructured
LSCM materials was performed. The next aim is the bottom-up
building process of LSCM nanoelectrodes in symmetrical-SOFC.
The attention is focused to keep as much as possible the nano-
structured nature of the starting LSCM powders in the final
morphology of the electrodes in the symmetrical (LSCM/LSGMg/
LSCM) cells. Finally, preliminary electrocatalytic testing of the
symmetrical cells in both oxidizing and reducing symmetric at-
mospheres for electrodes with different crystallite size are pre-
sented and discussed.

2. Experimental section

2.1. Synthesis of electrode material

Nanostructured powders of La0.75Sr0.25Cr0.5Mn0.5O3�d compo-
sitionwere prepared by combustion synthesis employing glycine as
fuel and complexing agent, and ammonium nitrate as trigger to
promote the combustion process. Glycine is known to act as a
complexing agent for a number of metal ions, as it has a carboxylic
acid group at one end and an amino group at the other end [31].
This zwitterionic characteristic of the glycine molecule enables the
effective formation of complexes with metal ions of varying ionic
sizes. These complexes help to maintain compositional homoge-
neity among the constituents by preventing their selective pre-
cipitation. On the other hand, glycine also serves as a fuel in the
combustion reaction, as it is oxidized by nitrate ions. Glycine acts as
a fuel during the combustion reaction, being oxidized by the nitrate
ions. Oxygen from air does not play an important role during this
combustion process [35]. On the other hand, ammonium nitrate is
often chosen as a combustion aid in combustion synthesis because
of its low cost and highly exothermic decomposition. Also, gener-
ates gaseous products only, without altering the proportion of
other elements that are produced [32].

In a typical procedure, stoichiometric amounts of La2O3 (Alfa
Aesar, 99.99%), SrCO3 (Alfa Aesar, 99%), Cr(NO3)3.9H2O (Alfa Aesar,
98.5%) and metallic Mn (Alfa Aesar, 99.99%) were dissolved in a
HNO3 (Cicarelli, 65%) diluted solution. In order to obtain the ni-
trates mixture, the metal ions solution was heated at T w 80 �C
during 24 h. Then, distilled water, NH2CH2COOH (Aldrich, 98%) and
NH4NO3 (Mallinckrodt, 99.99%) were added to the dried metal-
nitrates mixture. The glycine (NH2CH2COOH) content was
adjusted to an elemental stoichiometric coefficient (4) equal to 1.8,
according to the results reported elsewhere [34]. The 4 coefficient is
defined as the ratio between the total valences of the fuel
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(C2H5NO2) and the total valences of the oxidizers (nitrates) [34].
The influence of NH4NO3 in the initial synthesis gel over the final
structural properties was evaluated. The obtained solutions (with
and without NH4NO3) were transferred to a glass ball, which was
placed in a preheated “electric heating case” and kept at 250 �C.
During the final stage of the evaporation, the solution began to
swell forming a viscous foam, followed subsequently by the spon-
taneous combustion of the precursor with the release of a large
amount of gases. The La0.75Sr0.25Cr0.5Mn0.5O3�d phase evolution
was evaluated subjecting the as-synthesized nanopowders to
thermal treatments during 6 h in air atmosphere in a furnace at
500, 700 and 1000 �C (heating rate of 5 �C min�1). The powder
samples were labeled LSCM(ss) without and with “-Aid”, i.e.
absence/presence of ammonium nitrate in the precursor gel,
respectively, and “ss” indicates the synthesis stage, from the as-
synthesized materials (as) to the subsequent thermal treatment
applied (500, 700 and 1000 �C during 6 h).

2.2. Cell construction

To test the electrode behavior, a symmetrical 2-electrode
configuration, using LSGMg (La0.8Sr0.2Ga0.8Mg0.2O3�d, Next Tech
Materials Ltd.) as electrolyte, was employed. Dense LSGMg disks of
w1 mm thickness and w10 mm diameter were obtained after
uniaxially pressing powder at 7.35 MPa, and then sintered at
1400 �C for 6 h. Inks for electrode deposition were prepared using
100 mg of LSCM (nano- or fine-powder), 13 mg of PVB (polyvinyl
butyral, Aldrich) as binder, 10 mg of PVP (polyvinylpyrrolidone, Alfa
Aesar) as dispersant and 59 mg of a-terpineol (95%, Alfa Aesar) as
densifier, in an isopropylic alcohol medium. Three LSCM-ink layers
were deposited onto both surfaces of the LSGMg electrolyte by the
spin coating technique. The film depositions were performed at
ambient conditions and each ink layer was dried at 165 �C. In order
to obtain different electrode morphology of the symmetrical cells,
experimental parameters such as LSCM crystallite size and “quick-
stuck” thermal treatments of the inks-pellets have been modified:
Cell-95 and Cell-165 were constructed by employing LSCM(500)-
Aid nanocrystallites, being then placed and maintained during 10
and 30 min in a preheated furnace at 1000 �C, respectively;
whereas for the Cell-365, LSCM(1000)-Aid fine-crystallites were
employed in the ink and then it was thermally treaded at 1000 �C
during 30min in the preheated furnace. The cells were labeled Cell-
xxx, where “xxx” is the average crystallite size into the electrode
material.

2.3. Characterization techniques

The nanostructured LSCMmaterials were characterized by X-ray
diffraction (XRD), nitrogen adsorption/desorption, scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM)
and electrochemical impedance spectroscopy (EIS).

XRD patterns were collected in air, at room temperature, on a
Philips PW 1700 diffractometer by using Cu K(a1 þ a2) lines and a
graphite monochromator. Diffraction data were recorded in the
range of 2q between 10 and 99� at an interval of 0.02� and a dwell
time of 13 s.

The lattice parameters and the average apparent crystallite size
for each sample were determined from powder X-ray diffracto-
grams by employing the Rietveld method and the FULLPROF pro-
gram [36e38]. The XRD patterns were refined on the basis at
trigonal/rhombohedral crystalline system in the R-3c space group
(N� 167), in agreement with the ICSD Collection Code N� 157857
[39]. The initial structural parameters for Rietveld refinement were
taken from the mentioned reference. The refined parameters were
the scale factor, background, shift lattice constants, profile half-
width parameters (U, V, W, X and Y), isotropic thermal factors, oc-
cupancy and atomic functional positions. The background was
adjusted using a linear interpolation between several points
manually chosen. The diffraction peak profiles were fitted by the
ThompsoneCoxeHastings pseudo-Voigt (pV-TCH) function and the
asymmetry function described by Finger et al. [40].

Specific surface areas and pore size distributions were deter-
mined from N2 adsorption/desorption isotherms obtained at 77 K
using a Micromeritics ASAP 2020 (Accelerated Surface Area and
Porosimetry System). The surface area was determined by the Bru-
nauer, Emmett, and Teller (BET) method. The pore size distribution,
obtained for the adsorption branch, was calculated by the Barrett,
Joyner, and Halenda (BJH) method, based on the Kelvin equation.

The morphology of LSCM perovskites was determined by
scanning electronmicroscopy (SEM) using a FEI Field-Emission Gun
(FEG) in a Nova NANO-SEM 230 equipment, operating at 5 kV and
an electron landing energy of 1 keV. These conditions were used in
order to observe insulator materials without any conducting
coating.

Microstructure and morphology at high magnifications were
studied using Transmission Electron Microscopy (TEM) and High
Resolution TEM (HR-TEM). Powder samples were dispersed in
isopropanol and ultrasonicated for 15 min. After that two or three
drops were deposited over ultrathin carbon support films TEM
grids and let dry in air. The images were obtained using a Philips
CM 200 UT microscope equipped with an ultra-twin objective lens.
The electron source used was a LaB6 filament operated at 200 keV.
The nominal resolution was 2 �A for the HR-TEM mode. The mi-
croscope was equipped with a CCD camera for image digital
acquisition. The contrast and illumination were adjusted linearly
afterward using commercially available image treatment programs.
Statistics on the crystallites was performed with the programs
Image J 1.43U and Origin� 8.0. Crystallite size is given as the
mathematical average � standard deviation (�SD) of the largest
crystallite dimension.

Area specific resistance (ASR) electrode values were deter-
mined from electrochemical impedance spectroscopy (EIS) under
symmetric atmospheres (synthetic air or wet 20% H2eAr) using a
frequency response potentiostat/impedance analyzer AUTOLAB
PGSTAT-30. The ASR values obtained from symmetrical measure-
ment under the same gas composition (without chemical potential
gradient) can be different to those obtained from fuel cell tests [7].
This is due to the fact that SOFC operates under an oxygen
chemical potential gradient with oxidant and reducing gases in the
cathode and anode respectively, and the current across the cell
affects the polarization of both electrodes. Nevertheless, the
symmetrical cell electrode measurement is a useful and easy
method to compare different materials. The impedance spectra
were recorded over a frequency range 106 to 0.01 Hz with signal
amplitude of 10 mV under open circuit conditions. The electro-
chemical cells prepared with symmetrical configuration were
placed and slightly pressed on porous electrodes between plat-
inum grids, which were used as current collectors. In contrast to
the almost all experimental settings reported in literature
[7,12,17,41], no additional Pt or Au coatings onto electrode surfaces
were applied, in order to avoid any additional catalytic effect.
These coatings improve the electron transport limitations, possibly
by introducing errors in the actual values of the electrode polari-
zation resistance. The EIS measurements were carried out both of
0.2O2e0.8Ar vol.% and 0.17H2e0.03H2Oe0.8Ar vol.% atmospheres,
heating and maintaining the cells at 800 �C until 30 h. The flow
rate of gases was about 100 mL min�1. The water content in the
reducing flow was controlled by electrochemical cell (Pt/YSZ/Pt),
which injected O2 from atmospheric air to the 0.2H2e0.8Ar flow
[42].



Table 1
Structural and textural parameters of the as-synthesized LSCM nanopowders pre-
pared without and with NH4NO3 (Aid) in the initial synthesis gel and its respective
thermal treatments at 700 and 1000 �C during 6 h.

Sample SBET
a

(m2 g�1)
Dp

b

(nm)
a ¼ bc

(�A)
cc (�A) Vd (�A3) De

(g cm�3)

LSCM(700) 18.41 14.31 5.5019 13.3162 349.085 6.59
LSCM(1000) 2.84 284.52 5.5002 13.3235 349.056 6.43
LSCM(as)-Aid 10.26 30.45 5.5005 13.3597 350.052 6.43
LSCM(700)-Aid 8.38 38.47 5.4955 13.3420 348.948 6.50
LSCM(1000)-Aid 2.59 302.13 5.5044 13.3314 349.806 6.40

a Specific surface area calculated by BET method. Parameters obtained from
Rietveld refinement:

b Average crystallite size.
c Direct cell parameters.
d Unit cell volume.
e Density (volumicmass). Fitting confidence: c2< 3, RBragg< 3, Rp< 8 and Rwp< 9.
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3. Results and discussions

3.1. Synthesis of pure-phase LSCM nanocrystallites

Fig. 1 presents the XRD patterns of the LSCM nano-perovskites
prepared in fuel-rich conditions from an elemental stoichiometric
coefficient 4 ¼ 1.8 [34], showing the influence of NH4NO3 in the
starting solution on the final structure of the materials. This figure
presents the XRD patterns of the as-synthesized (as) nanopowders
as well as the same thermally treated at 700 and 1000 �C. As it can
be seen in Fig. 1(A), when the synthesis was performed without the
adding of NH4NO3 in the initial synthesis gel, the LSCM perovskite-
phase was obtained after the combustion but the presence of an
additional organic amorphous phase can also be observed [43,44].
For these conditions, a non-flame smothering combustion took
place and only occasional sparks can be observed. The auto-
combustion was conducted in a gentle manner and lasted several
seconds. The carbonaceous amorphous residues remained after
combustion possibly due to the insufficient quantity of oxidizers
species. Then, when a thermal treatment at 700 �C during 6 h was
applied at these LSCM(as) nanopowders, several impurities were
formed: SrCrO4 (PDF N�. 00-011-0519), MnCO3 (PDF N� 00-007-
0268), SrCO3 (PDF N� 00-001-0556), Sr2CrO4 (PDF N� 00-019-1206)
and La2C3 (PDF N� 01-082-0622). Only a thermal treatment at
1000 �C during 6 h causes the pure-phase La0.75Sr0.25Cr0.5Mn0.5O3�d

formation, as has been reported elsewhere [34].
On the other hand, when the NH4NO3 (1 g per gram of catalyst)

assisted the auto-combustion process, a volumetric combustion
happened simultaneously throughout the whole swelled foam,
generating a vigorous flame during 3 or 4 s. As can be seen in
Fig. 1(B), pure-phase La0.75Sr0.25Cr0.5Mn0.5O3�d nanocrystallites
were formed directly after the combustion (LSCM(as)-Aid). Addi-
tionally, when this nanopowder was subjected to subsequent
thermal treatments at 700 and 1000 �C, the purity of the LSCM
phase was preserved. It can be said that the presence of the
ammonium nitrate in the starting batch will accelerate the reac-
tion: as the decomposition of NH4NO3 takes place at less than
250 �C, probably this intensive exothermic reaction will provide
sufficient energy to trigger the complete auto-combustion [32,45].
It is worth to mention that the diffraction peaks of the LSCM(as)-
Aid catalyst became sharper in comparison with the LSCM(as)
catalyst, which indicates a grow in the nanocrystallites size. Addi-
tionally, different NH4NO3 contents (1, 2, and 4 g per gram of
catalyst) in the initial synthesis gel were also evaluated (results not
Fig. 1. XRD patterns of as-synthesized LSCM nanopowders prepared without (A) and with 1
1000 �C. Phases present: C La0.75Sr0.25Cr0.5Mn0.5O3�d; > SrCrO4; B Sr2CrO4; 6 MnCO3; 7
showed here). The increasing amount of NH4NO3 employed in the
precursor gel extended the flame duration from 3e4 s to w10 s,
when 1 and 4 g of NH4NO3 were employed, respectively [32]. This
behavior generated the growing of crystallites from w30 to
w60 nm. In this sense, Ge and co-workers [46] said that the tem-
perature during the combustion is strongly affected by the NH4NO3
amount added to the initial synthesis gel. Therefore, the growing of
the nanocrystallites could be the result of the co-participation of
these two phenomena.

In order to determine the lattice parameters and the average
apparent crystal size of the LSCM nanopowders, the XRD
patterns were analyzed with the FULLPROF program by employing
Rietveld refinement technique. This method employs the
intensity profile obtained from step-scanning measurements of the
ceramic to refine the structure model of a material [37]. Some re-
sults of the Rietveld refinements of La0.75Sr0.25Cr0.5Mn0.5O3�d

powders are presented in Table 1. In addition, a representative
Rietveld refinement of the LSCM(as)-Aid sample is shown in Fig. 2.
The fitting parameter values (Rp, Rwp, RBragg, and c2) shown in
Table 1, indicate a good agreement between the refined and
observed XRD patterns for the LSCM phase, which confirms that the
La0.75Sr0.25Cr0.5Mn0.5O3�d nanocrystallites belongs to trigonal/
rhombohedral crystalline system in R-3c space group (N� 167). In
addition, the Rietveld refinement results obtained in this study are
in good agreement with those reported in the literature for LSCM
ceramics [39]. On the other hand, the apparent crystallite sizes, Dp,
of LSCM(as) nanopowders, also calculated from Rietveld
g of NH4NO3 (B) per gram of catalyst, and its respective thermal treatments at 700 and
SrCO3; - La2C3.



Fig. 2. Rietveld-refined XRD profile of LSCM(as)-Aid nanopowder. The � signs repre-
sent experimental points and the solid line represents Rietveld-refined data. The
dotted lines show the difference between experimental and refined data.

C.M. Chanquía et al. / Journal of Power Sources 245 (2014) 377e388 381
refinement, are shown in Table 1. As it can be observed, the average
crystallite size of the as-synthesized LSCM nanopowders increases
from w6 to w30 nm, when 1 g of NH4NO3 (per gram of final
catalyst) was added to the starting batch. This behavior is probably
due to the change of the combustion mode from non-flame
smothering to flame-volumetric process. Then, when a heat treat-
ment at 1000 �C during 6 h was applied, the growth of the nano-
crystallite size was similar for both LSCM(as) and LSCM(as)-Aid
nanopowders.

Fig. 3 shows the N2 physisorption isotherms of the as-
synthesized La0.75Sr0.25Cr0.5Mn0.5O3�d nanopowders prepared
without andwith NH4NO3 (aid-combustion). Bothmaterials exhibit
type II isotherms in IUPAC classification, typical of macroporous
Fig. 3. Nitrogen physisorption isotherms and BJH pore size distribution (inset) of as-
synthesized LSCM nanopowders prepared without (C) and with NH4NO3 (:).
structures with stronger interactions with the adsorbate [47e49].
In addition, these isotherms exhibit a marked H3-type hysteresis
loop in IUPAC classification, which do not exhibit any limiting
adsorption at high p/p0 [47]. This feature is characteristic of ag-
gregates of plate-like crystallites giving rise to slit-shaped pores. In
particular, the hysteresis loop of the LSCM(as) samplewas extended
to the intermediary pressure range, which indicates the presence
of intercrystallite mesoporosity in addition to the macropore
network. In fact, the inset of Fig. 3 shows a wide BJH-size distri-
bution in the meso- and macroporous region for the LSCM(as)
sample; while the LSCM(as)-Aid sample evidenced a marked
decrease of the pore size distribution curve, which it is found
predominantly in the macroporous region. The BET specific surface
areas (SBET) of as-synthesized LSCM samples are shown in Table 1.
The pure-phase LSCM(as)-Aid material, synthesized employing
NH4NO3 as combustion trigger agent and oxidizer, showed a lower
specific surface area around w 10 m2 g�1 in comparison with the
w26 m2 g�1 presented by the LSCM(as) material prepared without
ammonium nitrate in the initial synthesis gel. This behavior is due
to the increase in the crystallite size from 6 to 30 nm, and probably
also to the complete elimination of the organic amorphous phase.

Fig. 4 shows SEM images of as-synthesized LSCM nanopowders
prepared without (a, b) and with NH4NO3 (c, d) in the initial syn-
thesis gel. The LSCM(as) nanopowders, synthesized without
ammonium nitrate, displayed sponge-like morphology, which
would consist of small nanocrystallites aggregated with typical
meso and macropores. The SEM images cannot resolve the crys-
tallites since their sizes are too small (around 6 nm) and/or the
grains boundaries do not present morphological contrast to be
observed within the resolution of this technique. On the other
hand, the LSCM(as)-Aid sample evidenced the presence of strongly
interconnected nanocrystallites, with a relatively homogenous
crystallite size, forming a porous structure with cavities mainly in
the macroscale, which is in concordance with the XRD and N2
physisorption results presented above.

The morphology and crystallinity of these as-synthesized LSCM
nanopowders was further analyzed by TEM and HR-TEM images. As
shown in the images (aec) of Fig. 5, the LSCM(as) sample shows the
presence of strongly aggregated nanocrystallites forming a foam
structure with several cavities (low contrast randomly regions) in
the mesoscale. Even considering that the LSCM(as)-Aid sample
evidenced a bigger crystallite size and a lower porous structure in
comparison with the sample prepared without ammonium nitrate,
the images (d, e) show a mesoporosity between crystallites, which
probably would help to the diffusion of the reactive gases into
nanopowder. It is noteworthy that all these nanopowders are
constituted by well-crystallized nanograin, where each grain is a
single nanocrystal, i.e. within each crystallite, lattice images (indi-
vidual atomic planes) show a single orientation. The images (b, c, e,
f), of high magnification, also show some interface fringes, which
are generated by the overlapping of nanocrystallites with lattice
planes at different orientations.

In addition, crystallite-size distributions were calculated from
the statistics taken from hundreds of crystalline domains of each
sample using both high resolution and dark field images. As
observed in the bottom of Fig. 5, the LSCM(as)-Aid sample evi-
denced a wide distribution crystallite size around 30 nm, whereas
the LSCM(as) material shows a narrow distribution around of 6 nm;
both results are very close to the values obtained by the Rietveld
refinement.

3.2. Cell construction

XRD patterns of the precursor elements for the construction of
the LSCM/LSGMg/LSCM cells, i.e. electrode precursor powders and



Fig. 4. SEM images of as-synthesized LSCM nanopowders prepared without (a, b) and with NH4NO3 (c, d) in the initial synthesis gel, shown at different magnitude order.
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electrolyte disk sintered are shown in Fig. 6(A). As it was detailed in
the experimental section, two precursor powders (nano and fine-
crystallites) were employed to build different electrode morphol-
ogies. It is noteworthy that the LSCM(as)-Aid nanopowder was
subjected to the thermal treatment in static air atmosphere at
500 �C during 6 h, in order to eliminate the possible carbonaceous
residues from the chemical synthesis route. This thermal treatment
did not modify the crystallite size neither its specific surface area in
respect to LSCM(as)-Aid nanopowder. On the other hand, in order
to obtain bigger crystallite size (fine-crystallites) to compare elec-
trochemical activities, the LSCM(as)-Aid nanopowder was also
subjected to thermal treatment in air static atmosphere at 1000 �C
during 6 h. In addition, Fig. 6(B) presents the XRD pattern of the
final electrode surface of the cells constructed. It can be observed
that all electrode surfaces of the cells show only the peaks corre-
sponding to the perovskite-type La0.75Sr0.25Cr0.5Mn0.5O3�d oxide
phase. Therefore, it is demonstrated that by optimizing the syn-
thesis conditions of the nanopowders and by employing quick-
stuck thermal treatments for the inks, it is possible to build pure-
phase La0.75Sr0.25Cr0.5Mn0.5O3�d nanoelectrodes.

Fig. 7 shows cross-section images of the representative elec-
trode/electrolyte interfaces of the LSCM/LSGMg/LSCM symmet-
rical cells after the electrocatalytic testing. The electrodes show
porous microstructures with adequate adherence to the LSGMg
electrolyte disk. Although an equal mass of crystallites (1 g) was
employed in all of LSCM-inks, the electrode thicknesses obtained
in the final cells varied markedly. The electrode thickness of the
Cell-365 (image-c), constructed from fine-crystallites, was
around w20 mm, while for the Cell-95 (image-a) and Cell-160,
constructed from nanocrystallites, were above to 40 mm. This
behavior indicates that the final porosity degree obtained in the
electrodes constructed from nanocrystallites is bigger, which
probably would enhance the diffusion of the reactive gases into
the electrodes. It is noteworthy that no significant changes
were observed in the electrode morphologies as in the electrode/
electrolyte interfaces, after the cells were subjected to the
electrocatalytic tests under both oxidizing and reducing
atmospheres.

Fig. 8 shows images of internal morphology of the LSCM elec-
trodes in the symmetrical cells after of the electrocatalytic testing;
their average crystallite sizes and an approximation of their specific
surface areas (SBET) are presented in Table 2. The SBET were
measured in LSCM powders (nano and fine) subjected at the same
thermal treatments employed to bond the inks over the electrolyte.
By varying the experimental parameters, such as LSCM crystallite
size and bonding thermal treatments of the inks-electrolyte,
different electrode morphologies were obtained. All the elec-
trodes are made of uniform crystallite with homogenous size dis-
tribution in the ranges between 95 and 325 nm. The electrode of
the Cell-95 is constituted by well-interconnected nanocrystallites,
while in the Cell-160 is formed by fine-crystallites partially sin-
tered. The Cell-325 was built for comparative purpose in order to
obtain electrode with markedly larger crystallites size. It is note-
worthy that no appreciable change in the particle size distribution
of the electrodes, before and after of the electrocatalytic testing,
was evidenced. By using nanocrystallites in the ink-precursor, it can



Fig. 5. TEM and HR-TEM images of as-synthesized LSCM nanopowders: (aec) correspond to the sample prepared without “Aid”, while (def) correspond to the sample prepared
with 1 g of NH4NO3 per gram of catalyst. (a, d) Are low magnification images which depicts the porosity and the grain sizes. (b, c, e, f) Are images of greater magnification (HR-TEM),
where the interphases between the grains are resolved. Its respective crystallite-size distributions are also shown at the bottom.
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be constructed electrodes with crystallite size in the nanoscale, low
densification, open porosity, adequate adherence with the elec-
trolyte, and probably with sufficient integrity to enhance their
electrocatalytic performance.
3.3. Electrocatalytic testing

The electrocatalytic behavior of the LSCM electrodes with
different morphologies was evaluated by electrochemical



Fig. 6. XRD patterns of the precursor elements for the cells construction (A), and electrode surfaces of the symmetrical (LSCM/LSGMg/LSCM) cells with different electrode crystallite
size (95, 160 and 325 nm) (B).
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impedance spectroscopy (EIS) in symmetric (LSCM/LSGMg/LSCM)
cells at 800 �C under symmetric atmospheres and zero dc polari-
zation. The EIS spectra of the LSCM electrodes with different
average crystallite sizes (95, 160 and 325 nm) obtained after 20 h,
are presented in Fig. 9. For the sake of comparison, the series
resistance determined from the high frequency intercept of the
electrode impedance on the real axis in the Nyquist plane, which
Fig. 7. SEM images of fractured cross-sections of the Cell-95 (a, b) and Cell-3
represents the sum of the electrolyte resistance and additional
contacts, has been subtracted. In order to obtain all of the electrode
polarization resistance values, the impedance spectra were fitted
with equivalent circuits employing the ZView 3.0 program
[50]. The area specific resistance (ASR) of the electrodes was
determined according to the following formulae for a symmetric
cell: ASR ¼ Rp*A/2 [51], where Rp is the electrode polarization
25 (c, d), after electrocatalytic testing, showed at different magnification.



Fig. 8. SEM images of the different morphologies of LSCM electrodes obtained in the (LSCM/LSGMg/LSCM) cells, showed at different magnification.

Table 2
Electrode polarization resistances of symmetrical (LSCM/LSGMg/LSCM) cells with
different electrode crystallite size (95,160 and 325 nm), obtained after 20 h at 800 �C
under symmetric oxidizing and reducing atmospheres.

Cells Dp
a (nm) wSBET

b (m2 g�1) ASR (U cm2)

O2eAr H2eH2OeAr

Cell-95 95 � 17 5.29 1.31 13.78
Cell-160 160 � 29 3.95 2.32 9.28
Cell-325 325 � 82 2.09 3.60 7.04

a Calculated from SEM images employing histograms of particle size distributions.
b Specific surface area calculated by BET method from N2 physisorption measures

of LSCM powder thermally treated.

Fig. 9. Electrochemical impedance spectra of LSCM electrodes with different average crysta
under symmetric atmosphere: oxidizing (:) and reducing (C).
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resistance and A is the geometrical electrode area; Rp values were
halved due to the symmetric configuration. The ASR values for the
LSCM electrodes, by varying their morphologies, both oxidizing and
reducing symmetric atmospheres, are presented in Table 2. As it
can be seen, the lowest ASR values obtained, after 20 h at 800 �C,
were 1.51 U cm2 in oxidizing atmosphere for the Cell-95 and
7.04 U cm2 in reducing atmosphere for Cell-325. Both ASR values
are significantly lower than those reported in literature [41,52e55].
In particular, Kharton et al. [41] reported ASR values, for the
(La0.75Sr0.25)0.95Cr0.5Mn0.5O3 electrode employing (La0.9Sr0.1)0.98
Ga0.8Mg0.2O3�d as electrolyte, of 24.1 and 35.6 U cm2 at 800 �C in air
and wet 0.1H2e0.9N2 atmospheres, respectively. These authors
synthesized the LSCM electrode by the glycine-nitrate process,
however, to obtain the pure phase they calcined the as-synthesized
llite size (95, 160 and 325 nm) collected after 20 h at 800 �C, in the symmetrical cells



Fig. 10. Evolution of ASR values vs. exposure time under reducing atmosphere at
800 �C, for the cells with different electrode crystallite size (95, 160 and 325 nm).
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material above 1300 �C. In the present study, since Pt grids were
employed as current collectors, without any extra Au or Pt paste,
the improvement on the polarization resistance values is mainly
related to the microstructural optimization of the electrodes. As it
can be seen in Table 2, in oxidizing atmosphere, the ASR values
decrease when the crystallite size of the electrodes becomes
smaller, whereas in reducing atmosphere it shows the opposite
behavior, the ASR values increase when the crystallite size in the
electrodes decreases. In addition, the cells exhibit lower total po-
larization resistance in oxidizing atmosphere than that obtained
under reducing atmosphere, probably due to the fact that the
limiting effect of charged carriers transport becomes even more
pronounced for the reducing condition [41]. The electrocatalytic
behavior as cathode, i.e. in oxidizing atmosphere, is probably due to
the enlarging of the exposure surface generated by the crystallite-
size decrease, with the consequent increase of the triple-phase
boundary (TPB) in the electrode/electrolyte interface. On the
other side, the electrocatalytic testing as anode, i.e. in reducing
atmosphere, evidence possibly a degradation degree of the LSCM
phase: the reduction of crystallite size also increases such unde-
sired reactivity of the electrode material, but this time, negatively
influencing the electrocatalytic response.
Fig. 11. XRD patterns of the cells components after anodic testing (AT), i.e. after 30 h at 800
crystallite size (95, 160 and 325 nm); and (B) electrode/electrolyte interface of the Cell-95
In order to investigate the stability of the LSCM material in
0.2O2e0.8Ar and 0.17H2e0.03H2Oe0.8Ar atmospheres at 800 �C,
EIS spectra were collected as a function of exposure time (between
5 and 30 h). In oxidizing conditions, the ASR values were remained
practically constant for the three cells, in all the time range of our
test. Nevertheless, this behavior was not the same under reducing
conditions. Fig. 10 presents the evolution of the ASR values vs. the
exposure time in reducing atmosphere for the symmetrical cells. As
it can be seen, all the symmetrical cells evidenced an increase in the
ASR values with the exposure time under reducing conditions.
However, the Cell-95 showed amarked increase, around 50%, in the
ASR values respect to those of Cell-160 and Cell-325, which only
showed an increase nearly 20% in its electrode polarization resis-
tance. These behaviors are probably due to the lower thermody-
namic stability (or bigger undesired reactivity) of nanocrystallites
(<100 nm) respect to fine-crystallites (>100 nm) under reducing
conditions.

Fig. 11(A) presents the XRD pattern of the electrode surfaces of
the symmetrical cells after anodic testing (AT), i.e. 30 h in 0.17H2e

0.03H2Oe0.8Ar atmosphere at 800 �C. As it can be observed, only
the XRD patterns of the Cell-95 and Cell-160 show an extra-peak
compatible to A2BO4�d RuddlesdenePopper (RP) phase, which
could to correspond to Sr2MnO3.84 (PDF N� 01-081-1880),
La2MnO4.15 (PDF N� 00-040-0002), La2MnO4 (PDF N� 00-033-
0897), Sr2MnO4 (PDF N� 00-024-1222) and/or Sr2CrO4 (PDF N� 00-
027-1436) phases. It is noteworthy that the peaks-intensity of the
RP phase increases when the electrode particle size becomes
smaller, which probably would evidence the undesired reactivity of
the LSCM phase under reducing conditions, mentioned above. An
RP phase is formed from a perovskite-like oxide by the inclusion of
additional AO layers between the perovskite lattice layers, where
A¼ La or Sr in this case, making a layered perovskite structure [56].
RP phases are thermodynamically more stable than perovskite ones
in reducing environment due to a lower valence state of manganese
than in parent perovskite structure [57]. In agreement with these
results, some authors reported that especially the La-rich part of
the LSM family, generally decomposes under reducing conditions at
high temperature into (La,Sr)2MnO4 and MnO [52,58], although a
more complete dissociation with formation of La2O3 and an
SrMnO3-type phase has also been observed [59,60]. In addition,
Fonseca et al. reported for LSCM, a partial decomposition into
(La,Sr)2(Cr,Mn)O4 after firing in pure H2 for 5 h at 1000 �C, while a
treatment at 800 �C, for the same period time, resulted in no
detectable degradation of the LSCM phase [61]. It is noteworthy
�C in 0.17H2e0.03H2Oe0.8Ar atmosphere. (A) Electrode surface of cells with different
and electrolyte disk. Phases present: C LSCM; ( LSGMg; * (La,Sr)2(Cr,Mn)O4�d.
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that these authors obtained the pure LSCM phase after sintering at
1400 �C and consequently the crystallite sizes are within the range
of micrometers. van den Bossche and McIntosh also reported, by
XRD measurements, the formation of the RP phase when the LSCM
material was thermally treated under reducing conditions (CH4/N2
and H2/N2) at 800 �C, being increased its intensity to high tem-
perature treatments [62]. Therefore, all of these results suggest that
the LSCM phase degradation would be strongly related with the
particle size being increased for small particles and therefore
observable even at 800 �C. Additionally, it is worth to mention that
XRD measurements were also performed for the symmetrical cells
after cathodic testing (not showed here), which only evidenced the
characteristic peaks of the LSCM phase.

Finally, in order to infer the electrolyte reactivity in reducing
conditions, a sintered LSGMg disk was subjected to the same
reducing conditions that the symmetrical cells, and to infer the
electrode/electrolyte reactivity, some electrode layers of the Cell-
95, previously subjected to anodic testing, were removed of the
electrolyte surface. Fig. 11(B) shows XRD patterns of the electrode/
electrolyte interface of the Cell-95 and disk LSGMg electrolyte
after 30 h under 0.17H2e0.03H2Oe0.8Ar atmosphere at 800 �C. As
it can be seen, none extra-peaks are observed in the XRD pat-
terns, neither for the electrode/electrolyte interface nor for the
electrolyte disk, which demonstrate that the LSCM does not react
with the LSGMg electrolyte under typical SOFC operating
conditions.

4. Conclusions

In the present study, LSCM nanopowders have been successfully
synthesized by the low-temperature auto-combustion method by
using glycine as fuel and complexing agent, and ammonium nitrate
as oxidizer and combustion trigger. By employing a stoichiometric
elemental coefficient (4) equal to 1.8, and 1 g of ammonium nitrate
in the combustion precursor gel, pure-phase La0.75Sr0.25Cr0.5
Mn0.5O3�d nanocrystallites were obtained. These as-synthesized
pure-phase LSCM nanopowders consist of strongly aggregated
nanocrystallites forming a sponge-like structure. The average
nanocrystallite size of the pure-phase LSCMwas around 30 nm, and
its specific surface areawas around 10m2 g�1. Crystalline structural
analyses showed that the LSCM nanopowders present a trigonal/
rhombohedral symmetry in the R-3c space group. Electrodes with
crystallite size in the nanoscale were built by employing these
LSCM nanocrystallites in the precursor ink and quick-stuck thermal
treatments of the inks-electrolyte. This nanoelectrodes presented
low densification, open porosity, good connectivity between par-
ticles, adequate adherence with the electrolyte, and uniform grain
with homogenous size distribution. These properties are desired in
order to maximize the length of the triple-phase boundaries of the
cathode and/or anode, which would be useful to decrease the
electrode polarization resistance during SOFC operation. The ASR
values obtained were 1.31 U cm2 in oxidizing atmosphere for the
Cell-95, and 7.04 U cm2 in reducing atmosphere for the Cell-325,
both at 800 �C after 20 h of exposition, which are significantly
lower than those reported in literature, but it is worth to mention
that are still too high for practical applications. In oxidizing atmo-
sphere, the ASR values decrease when the crystallite size of the
electrodes becomes smaller, while in reducing atmosphere, these
values increase when the crystallite size of the electrodes de-
creases. The first behavior was related with the increase of the TPB
in the electrode/electrolyte interface under oxidation condition,
and the latter behavior was associated to the thermodynamic
instability of the LSCM phase under anodic condition, in agreement
with traces of RuddlesdenePopper A2BO4�d phase observed after
EIS measurements.
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