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Abstract

In this work, we examine the benefits of alternative powder processing methods, with a primary focus on microwave-based synthesis, that 
could both lower material manufacturing costs and further enhance cathode performance for solid oxide fuel cell applications. 
La0.3Ca0.7Fe0.7Cr0.3O3�δ (LCFCr), formed using conventional solid-state methods, has been shown in earlier work to be a very promising 
catalyst for the oxygen reduction reaction. To further increase its performance, microwave methods were used to increase the surface area of 
LCFCr and to decrease the synthesis time. It was found that the material could be obtained in crystalline form in only 7 h, with the synthesis 
temperature lowered by roughly 300 1C as compared to conventional methods.
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1. Introduction

Current research in the solid oxide fuel cell (SOFC) field is
moving towards the use of mixed ionic and electronic conduct-
ing oxides (MIEC), which have been shown to be more durable
as cathodes than conventional La1�xSrxMnO3 (LSM) materials.
Usually, MIECs are synthesized by solid-state reactions, where
the process involves multiple heating (Z1200 1C) and regrind-
ing steps to help overcome the solid-state diffusion barrier [1,2].
Some of the methods by which MIECs have been traditionally
prepared include the sol–gel method [3], the EDTA citrate
complexing process [4], the auto-ignition process [5], the
Pechini method [6], and most commonly, by using combustion
methods [7].

In order to enhance the diffusion rate of the ceramic
precursors by several orders of magnitude, thus shortening the
reaction time and potentially lowering the reaction temperature,
there has been an interest in the use of microwave-assisted
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methods. Also, microwave-assisted techniques are understood to
be environmentally friendly, as they require less energy than
conventional material processing methods. This makes micro-
wave synthesis an example of “Green Chemistry” or “Sustain-
able Chemistry” [8,9].
The main features that distinguish microwave synthesis from

conventional methods are faster energy transfer rates, i.e., more
rapid heating rates, and the selective heating of materials. This
leads to a unique temperature distribution within the material
when it is heated in a microwave furnace. During conventional
heat treatment, energy is transferred to a material through
thermal conduction and convection, creating thermal gradients.
However, in the case of microwave heating, energy is trans-
ferred directly to the material through an interaction of the
electromagnetic waves with the material at the molecular level
[10]. The most important contribution in microwave heating
may be that the dipoles in the material follow the alternating
electromagnetic field associated with the microwave, with its
rapidly changing electric field (ca. 2.4� 109 times s�1). The
resistance to this movement generates a considerable amount of
heat [11,12], thus leading to more rapid heating rates.
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It has been suggested that the more complex a material is,
the more difficult it is to prepare using microwave-assisted
synthesis. In more complex systems, very good diffusion is
required to uniformly disperse three or more cations through-
out the sample during the synthesis. The usual solution to this
problem is to combine microwave irradiation with other
methods, such as sol–gel or combustion synthesis, as has been
done for the synthesis of complex perovskites, such as
La0.8Sr0.2Fe0.5Co0.5O3 or CaCu3Ti4O12 [1,13].

Previous research in our group has focused on the develop-
ment of a sulphur and coke tolerant electrode-supported SOFCs,
most recently based on La0.3Sr0.7Fe0.7Cr0.3O3�δ (LSFCr) as a
mixed ionic–electronic conducting perovskite material. LSFCr
has shown very good catalytic activity for both H2/CO oxidation
and O2 reduction, thus potentially having use in symmetrical
SOFCs [7]. In order to take advantage of the excellent
performance of LSFCr, the A-site of the perovskite was doped
with Ca instead of Sr, as Ca has a smaller ionic radius than Sr.
The goal was to decrease the thermal expansion coefficient of
this derivative of LSFCr, i.e., La0.3Ca0.7Fe0.7Cr0.3O3�δ

(LCFCr), to more closely match that of a Gd-doped ceria
(GDC) electrolyte. The partial substitution of Ca for Sr may also
enable the introduction of structural inhomogeneties, as Ca
doping of LaFeO3 is known to promote oxygen-vacancy
ordering [14,15].

In the present study, we are focused on the synthesis and
characterization of LCFCr, formed using three different meth-
ods, regular combustion (Method 1), microwave-assisted com-
bustion (Method 2), and microwave-assisted sol–gel synthesis
(Method 3). We show that a single phase material can be
successfully synthesized using microwave-assisted methods and
that we can also lower the calcination temperature by 200–
300 1C using this approach. Our recent work on LCFCr,
synthesized using Method 1, has shown very good electro-
chemical characteristics [16]. For this reason, parallel compar-
ison studies [17] of the performance of LCFCr-based cathodes,
constructed using the three methods described in this paper, are
currently being carried out.

2. Experimental methods

2.1. Material synthesis

La0.3Ca0.7Cr0.3Fe0.7O3�δ (LCFCr) powders were synthesized
using three different methods, the regular combustion method
(Method 1), microwave-assisted combustion (Method 2), and
microwave-assisted sol–gel synthesis (Method 3). When synthe-
sized using the regular combustion method (Method 1), the
metal nitrates were mixed in stoichiometric proportions and
dissolved in deionized water. A 2:1 mole ratio of glycine to the
total cation content was used. Solutions were slowly stirred on a
hot plate until auto-ignition and self-sustaining combustion
occurred. The sample was first ground and then calcined in
air at 1200 1C for 12 h.

LCFCr powders were also synthesized by microwave-assisted
combustion (Method 2). Here, the metal nitrates and glycine
were dissolved in deionized water using the metal cation
proportions required to generate the correct oxide stoichiometry.
A 2:1 mole ratio of glycine to the total metal content was used.
The stirred solutions were introduced into the microwave
furnace and exposed to a 2.45 GHz frequency and 800 W
power for 30 min. When the water had evaporated, combustion
occurred. The sample was ground and then different fractions
were calcined in air at 700 1C, 900 1C and 1000 1C, respec-
tively, for 6 h in order to decompose the organic remnants,
rendering a black powder as the final product. The reason for
selecting those temperatures is to find the minimum temperature
at which the pure phase is formed.
In Method 3, microwave energy and a sol–gel methodology

were combined to produce the LCFCr powders, with the metal
cation proportions used based on the desired stoichiometry.
Metal nitrates were dissolved in distilled water and a saturated
polyvinyl alcohol (PVA) solution was added to serve as the
complexing agent. The amount of PVA added was such that the
ratio of the total number of moles of cations to that of PVA was
1:2. Then the final solution was maintained at 80 1C for 1.5 h to
form a viscous gel. The gel was then microwave irradiated (up
to 30 min) in a porcelain crucible placed inside another larger
crucible filled with mullite. The microwave source was again
operated at a 2.45 GHz frequency and 800 W power. Fractions
of the polymeric precursor were first ground and then calcined
in air at 700 1C, 900 1C and 1000 1C, respectively, for 6 h in
order to decompose the organic remnants, rendering a black
powder as the final product.
2.2. Material characterization

X-ray diffraction (XRD) patterns of all samples synthesized
in this work were collected using a Philips X’Pert PRO
ALPHA1 of Panalytical B.V. diffractometer with Cu Kα1
monochromatic radiation (λ¼1.54056 Å). The diffractometer
was equipped with a primary curved Ge111 primary beam
monochromator and a speed X’Celerator fast detector, operating
at 45 kV and 40 mA. XRD patterns were collected in the 2θ
range of 5–1201 at room temperature, with a step size of 0.0171
and 8 s counting time, in order to ensure sufficient resolution for
structural refinement.
Fullprof Software was employed to carry out structural refine-

ments from conventional XRD patterns using the Rietveld method.
This method of refining the powder diffraction data was used to
determine the crystal structure. Zero shift, lattice parameters,
background, peak width, shape and asymmetry, atomic positions
and isotropic temperature factors were all refined. The Thompson–
Cox–Hastings pseudo-Voigt convoluted with axial divergence
asymmetry function was used to describe the peak shape. Linear
interpolation between set background points with refinable heights
was used afterwards. The values were refined to improve the
agreement factors.
All samples investigated by scanning electron microscopy

(SEM) were first sputter-coated with Au in an EMITECH K550
apparatus. Field-emission scanning electron microscopy (FE-
SEM) was performed using a JEM 6335F electron microscope
with a field-emission gun operating at 10 kV. The FE-SEM was



Fig. 1. Comparison of XRD patterns of LCFCr, synthesized by (a) the regular
combustion method (Method 1) and two microwave-related methods, (b) by the
microwave-combustion method (Method 2), and (c) by the microwave-assisted sol–
gel method (Method 3) and calcined at three different temperatures, 700 1C (green),
900 1C (red) and 1000 1C (blue). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
also equipped with a LINK ISIS 300 detector for the energy-
dispersive analysis of the X-rays (XEDS).

The specific surface area of the samples was determined by
applying the BET method to nitrogen adsorption isotherms
recorded at 77 K, using a Micrometrics apparatus model
ASAP-2020. Prior to adsorption, the samples were degassed
for 3 h at 110 1C.

High resolution transmission electron microscopy (HRTEM)
analysis of the LCFCr powders was performed using a JEOL
3000F TEM, yielding an information limit of 1.1 Å. Images were
recorded with an objective aperture of 70 mm, centered on a
sample spot within the diffraction pattern area. Fast Fourier
Transforms (FFTs) of the HRTEM images were carried out to
reveal the periodic image contents using the Digital Micrograph
package. The experimental HRTEM images were also compared
to simulated images using MacTempas software. These computa-
tions were performed using information from the structural
parameters, obtained from the Rietveld refinement, the micro-
scope parameters, such as microscope operating voltage (300 kV)
and spherical aberration coefficient (0.6 mm), and specimen
parameters, such as zone axis and thickness. The defocus and
sample thickness parameters were optimized by assessing the
agreement between the model and the experimental data.

3. Results and discussion

3.1. Microwave-assisted synthesis of LCFCr powders: X-ray
diffraction and Rietveld refinement

Fig. 1(a) shows the XRD patterns of the LCFCr powders
synthesized by the combustion method (Method 1), as well as
by microwave-assisted combustion (Method 2), and microwave-
assisted sol–gel synthesis (Method 3). The diffraction patterns
show that a pure crystalline phase is obtained for all three
synthesis methods. Importantly, the temperature used did not
exceed 1000 1C, and without the use of microwave methods, the
normal temperature required to achieve the same result would
be 1200 1C.

Fig. 1(b) shows the XRD patterns for the material synthe-
sized by the microwave-assisted combustion method (Method
2) and calcined at three different temperatures. It can be seen
that, at 700 1C, the phase is already forming and at 900 1C, the
crystalline phase for LCFC has formed. Fig. 1(c) shows the
XRD patterns for the material synthesized by the microwave-
assisted sol–gel (Method 3) and calcined at the same tempera-
tures. It can be seen that, at 700 1C and 900 1C, the desired
phase is already forming and similar to Method 2, while at
1000 1C, the desired product is present in the pure form.

Fig. 2 shows the Rietveld refinement fits for the LCFCr
samples produced by microwave-combustion method (Method 2,
Fig. 1a) and synthesized by the microwave-assisted sol–gel
synthesis (Method 3, Fig. 1b). The Rieltveld refinement for the
LCFCr powders synthesized by the regular combustion method
(Method 1) has been carried out in our parallel comparison
studies [17]. A distorted perovskite structure with an orthorhom-
bic symmetry (S.G. Pnma, 62) was confirmed for both samples.
The unit cell vectors can be represented by √2ap� 2ap�√2ap,
where ap refers to the simple cubic perovskite cell. The results
obtained for both samples concerning the cells parameters and the
atomic positions are summarized in Table 1.



Fig. 2. Rietveld refinement of powder X ray diffraction patterns for LCFCr
observed (red dotted lines), refined (black solid lines), and their difference
(bottom line). Green vertical bars indicate the X-ray reflection positions. The
patterns are for LCFCr powder (a) synthesized by the microwave-combustion
method (Method 2) and (b) by the microwave-assisted sol–gel method (Method
3). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Table 1
Structural parameters for LCFCr obtained from Rietveld refined XRD data.

LCFCr
Conventional
combustion (method 1)

MW—combustion
(method 2)

MW—sol–gel
(method 3)

a (Å) 5.4540(2) 5.4615 (8) 5.4476(4)
b (Å) 7.7158(3) 7.7470 (7) 7.7194(2)
c (Å) 5.4544(1) 5.4619 (7) 5.4504(4)
La/Ca position 4c:
X 0.0145(6) 0.01959 (7) 0.0151(6)
Z �0.003(3) �0.003 (1) �0.0062(7)
Occ (La/
Ca)

0.30(1)/0.70(1) 0.30(1)/0.70(1) 0.30(1)/0.70(1)

Un100
(Å2)

0.40(3) 0.44(4) 0.52(2)

Fe/Cr position 4b:
Occ (Fe/
Cr)

0.70(1)/0.30(1) 0.70(1)/0.30(1) 0.70(1)/0.30(1)

Un100
(Å2)

0.35(2) 0.32(3) 0.43(2)

O(1) position 4c:
X 0.502(2) 0.503(4) 0.501(3)
Z 0.105(2) 0.106(4) 0.106(4)
Occ 1.00(1) 1.00(1) 1.00(1)
Un100
(Å2)

0.44(2) 0.27(3) 0.41(5)

O(2) position 8d:
X 0.297(4) 0.256(2) 0.257(3)
Y 0.003(4) 0.005(3) 0.005(2)
Z �0.254(3) �0.31(2) �0.30(3)
Occ 1.00(1) 1.00(1) 1.00(1)
Un100
(Å2)

0.33(2) 0.27(3) 0.41(5)

χ2 0.96 1.58 1.74
Rwp/Rexp

(%/%)
4.29/4.37 2.42/1.96 2.65/2.01

RBragg 4 3.83 5.11
S.G. Pnma: 4c (x 1/4 z), 4b (0 0 1/2), 8d (xyz)
3.2. Microstructural analysis of LCFCr powders synthesized
using microwave-assisted methods

Fig. 3 shows the SEM images of LCFCr powders formed
using microwave-assisted combustion synthesis at 900 1C
(Method 2, Fig. 3(a)) and microwave-assisted sol–gel synthesis
and (Method 3, Fig. 3(b)). As can be seen, in both cases, the
material has a porous morphology, which makes it a good
candidate as an electrode material. A sponge-like porous mor-
phology can be observed for the powders formed using Method 2
(Fig. 3(a)), which is the typical morphology found after combus-
tion processes. The sponge-like porous morphology from Method
2 is quite different from the morphology obtained using the sol–
gel method (Method 3, Fig. 3(b)) which consists of quite
homogeneous agglomerated particles (approximate size 400 nm).

Further characterization of the material obtained by microwave-
assisted sol–gel synthesis (Method 3) at 1000 1C and microwave-
assisted combustion synthesis at 900 1C (Method 2) was
performed, with Table 2 giving the elemental analysis of the
materials. Table 2 shows the atomic percentage of the cations in
LCFCr. The second column of results corresponds to the
microwave-assisted combustion synthesis (Method 2) and the third
column corresponds to microwave-assisted sol–gel synthesis
(Method 3). The atomic percentage observed by EDX is compar-
able to the theoretical values, based on the expected stoichiometry
of our material (La0.3Ca0.7Fe0.7Cr0.3O3�δ).
According to SBET data in Table 3, the sample synthetized

by the regular combustion method (Method 1) has a specific
surface area of 0.89 m2 g�1 whereas the sample synthetized by
microwave-assisted combustion synthesis (Method 2) has a
specific surface area of 10.4 m2 g�1. This data is consistent
with the calcination temperatures, as the lower calcination
temperatures (300 1C lower for the microwave-assisted com-
bustion synthesis (Method 2) sample) should lead to higher
surface areas. Note that relatively low surfaces areas are
observed in both cases, as typically observed for samples of
this type [18]. However, a ca. 10 times increase in surface area
is achieved by microwave-assisted combustion synthesis.



Fig. 3. SEM images of LCFCr powders formed using (a) microwave-assisted combustion synthesis (Method 2) and (b) microwave-assisted sol–gel synthesis
(Method 3).

Table 2
EDX-determined composition (atomic %) of LCFCr powders, formed by
microwave-assisted combustion (Method 2) and microwave-assisted sol–gel
synthesis (Method 3) approaches.

Atomic % composition of La0.3Ca0.7Fe0.7Cr0.3O3�δ

MW and comb MW and sol–gel Theoretical

La 1670.5 1670.5 15
Ca 3570.5 3470.5 35
Cr 1570.5 1570.5 15
Fe 3470.5 3670.5 35

Table 3
Specific surface areas of LCFCr powders, formed by regular combustion
(Method 1) and microwave-assisted combustion (Method 2) approaches.

Sample SBET (m2 g�1)

Regular combustion (Method 1) 0.89
Microwave-assisted combustion (Method 2) 10.4
Transmission Electron Microscopy analysis was also per-
formed on the LCFCr powder obtained using the different
synthetic methods described above. The cation composition,
measured semi-quantitatively by X-ray energy dispersive spec-
troscopy in more than ten single crystals, is in good agreement
with the theoretical proportions in La0.3Ca0.7Cr0.3Fe0.7O3�δ,
indicating the high purity of the powder.

In the HRTEM images of the crystals prepared by
microwave-assisted combustion synthesis (Method 2)
(Fig. 4a) and assisted sol–gel synthesis (Method 3) (Fig. 4b),
nanosized twinned domains are seen. The appearance of these
domains can be associated with the pseudo-cubic nature of
these materials. Furthermore, their presence avoids the forma-
tion of tetrahedral chains and therefore the formation of
undesired brownmillerite-type defects [19]. We have only
detected the formation of defects in the sample prepared by
sol–gel synthesis, Method 3 (Fig. 4b), showing a periodicity of
1.12 nm. This corresponds to the c axis of the A3B3O8 type
structure, which results from the intergrowth of a perovskite
ABO3 and a brownmillerite phase. HTREM images of the
crystals prepared by the regular combustion method (Method
1) are shown in our parallel electrochemical study [17]. It is
worth noting that the microwave-assisted combustion synthesis
(Method 2), as it involves very fast processes, favors dis-
ordered phases (perovskite in our case).
4. Conclusions

The mixed ion–electron conducting perovskite, La0.3Ca0.7
Fe0.7Cr0.3O3�δ (LCFCr), was prepared here by using several
microwave-assisted methods, for the ultimate use as a cathode
in solid oxide fuel cells (SOFCs). The material was success-
fully prepared by microwave-assisted combustion (Method 2)
and microwave-assisted sol–gel synthesis (Method 3). The
desired product was obtained in crystalline form in only 7 hrs
(vs. 13 h) and the synthesis temperature was roughly 300 1C
lower than what is required for conventional solid-state
combustion synthesis. This new approach has enhanced the
rate of formation of the LCFCr powder and significantly
increased the specific surface area from 0.89 to 10.4 m2 g�1.
These results are very encouraging, as they suggest that
microwave synthesis can be used in the preparation of the
perovskite materials used in our work. Whether the
microwave-synthesized materials will give superior electro-
chemical performance is currently under investigation. It is
suggested here that the partial substitution of Ca for Sr may
promote oxygen-vacancy disordering and thus stabilize the
perovskite phase vs. the brownmillerite phase. In our HRTEM
work, the formation of brownmillerite-type defects was
detected only in the sample prepared by sol–gel synthesis
(Method 3). In addition, the calcination temperature for
microwave-assisted combustion (Method 2) was 900 1C vs.
1000 1C for microwave-assisted sol–gel synthesis (Method 3).
Based on the lower calcination temperature and the absence of
brownmillerite-type defects, microwave-assisted combustion
(Method 2) would likely be the preferred method for the future
synthesis of highly active SOFC cathodes composed of the
La0.3Ca0.7Fe0.7Cr0.3O3�δ material.



Fig. 4. HRTEM images of LCFCr crystals along the [1 0 1] zone axis and the corresponding diffraction patterns for powders formed by (a) microwave-assisted
combustion synthesis (Method 2) and (b) microwave-assisted sol–gel synthesis (Method 3).
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