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1. Introduction
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is a mixed ionic-

electronic conducting (MIEC) oxide which has received 
attention as a promising material in advanced technologies, 
such as, solid-oxide fuel cells (SOFCs) or protonic ceramic 
fuel cells (PCFCs) cathodes, and membrane reactors in 
air separation and catalytic conversion of methane1,2. The 
BSCF compound was originally developed to application in 
oxygen permeable ceramic membranes. In this application, 
an oxygen partial pressure gradient between the membrane 
sides acts as the driving force for the oxygen transport 
across the membrane. The oxygen permeation process 
through these membranes involves oxygen exchange on the 
membrane surfaces and migration of oxygen anions through 
the crystal lattice via oxygen vacancies until to reach the 
opposite side and the exchange reverse process occurs1-5. In 
particular, the BSCF perovskite is known by its high oxygen 
diffusivity and extremely low surface resistance to oxygen 
reduction, and incorporation into crystal lattice1,2,6-8.

While the search for novel materials with improved 
transport and mechanical properties have been continued, 
research efforts were also directed towards optimization 
of the membrane architecture. An architecture composed 
of a dense layer permeable only to oxygen and a porous 
layer of high specific surface area is usually employed to 
increase the oxygen permeability. In order to maximize the 
oxygen permeation flux, the membrane thickness is often 
reduced. However, with decreasing membrane thickness, the 
mechanical strength is affected. Furthermore, the membrane 
becomes surface limiting and the flux no longer increase in 
proportion as decreasing membrane thickness. The most 

employed strategy is to use thick porous layer with high 
permeability and high specific surface area, in order to 
improve the mechanical properties and increase the available 
area to exchange reactions. Thereby, this architecture 
development suggests the using of starting powders with 
nanometer particles size and high specific surface area4,8-11.

Consequently, BSCF powders synthesis has become 
a subject of great relevance and the BSCF perovskite has 
been synthesized by several methods: conventionally by 
solid state reaction12,13, combustion synthesis reaction14,15, 
co-precipitation method8,16, complexing method5,11,12, and 
others17. Moreover, the use of microwave heating together 
with these synthesis methods has emerged as a novel route 
to produce materials in nanoscale17. On the other hand, the 
sintering process is important for membrane consolidation 
and microstructural development. The control of this 
stage is indispensable to retain a thinner microstructure in 
dense layer aiming to improve the mechanical properties 
of these membranes. Regarding the porous layer, the 
control of grain size aiming to avoid grain growth, results 
an increase of membrane specific surface5,8,16,18-20. The 
use of microwave energy in ceramic materials sintering 
has been widely studied over the last decades. Some of 
the most important advantages of microwave heating are 
volumetric energy absorption and enhancement of the 
mass transport. Therefore, higher heating rates and shorter 
processing time can be employed in microwave heating. 
Thus, the final microstructure can be better controlled, 
resulting in materials with thinner microstructure and better 
functional properties in comparison to conventional heating 
methods21-25. Accordingly, the aims of this present study are 
microwave synthesis and sintering of BSCF perovskite in 
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order to evaluate the effectiveness of this heating method 
to control particles size of BSCF powder, and densification 
and microstructural development of BSCF phase.

2. Experimental
All the reagents used in the experiments were acquired 

from Synth Analytical Reagents and were used without 
further purification. BSCF powder was synthesized by 
microwave assisted combustion synthesis. Stoichiometric 
amounts of metal nitrates corresponding to BSCF phase 
(Ba(NO3)2, Sr(NO3)2, Co(NO3)2.6H2O, Fe(NO3)3.9H2O) 
and the fuel urea ((CO(NH2)2) were dissolved in deionized 
water into a silica crucible at temperature of 80 °C. After 
that, the crucible was placed in a domestic microwave oven 
(2.45 GHz, 900W) for 8 min. Firstly, the solution boils, 
undergoes dehydration, and increases the concentration 
of regents in solution followed by decomposition with 
the evolution of large amount of gases. Next, the solution 
reaches the spontaneous combustion temperature, burns, 
instantly vaporizes, and becomes a dark powder with friable 
appearance. The as-prepared powder was analyzed by X-ray 
diffraction (XRD) using a SIEMENS D-5005 diffractometer 
with CuKa radiation (λ = 0.15418 nm) and by differential 
scanning calorimetry / thermogravimetry (DCS / TG) using 
a equipment Netzsch Sta 449c under heating rate of 10 °C/
min. In order to crystallize BSCF phase, the powder was 
treated at temperature of 900 °C according to data from 
DCS/TG analysis and, the treatment time was kept in two 
hours according to some reports14,15. Then, BSCF powder 
was subject to wet ball milling in ethanol for 12 h in order to 
decrease agglomeration and to provide easier densification 
in sintering stage. The structure and crystallinity of BSCF 
powder were again characterized by XRD. The powder 
morphology was examined by scanning electron microscope 
(SEM) using an equipment FEI Inspect s50. Specific surface 
area was indirectly measured using ASAP 2020 through 
adsorption-desorption nitrogen isotherms and estimated by 
BET method. Dilatometric analysis of a compacted sample 
was performed in a contact dilatometer Netzsch 402C under 
heating rate of 5 °C/min from 25 °C to 1050 °C.

As for the sintering stage, the synthetized BSCF powder 
was pressed in disk-shape samples using a 10mm diameter 
stainless die under uniaxial pressure of 250MPa for 3 min. 
The sintering stage was conducted in several dwell times and 
temperatures, using conventional and microwave heating. 
Table 1 shows the different conditions of dwell time and 

temperature used in this study. It was used heating rates of 
5 °C/min and 50 °C/min in conventional and microwave 
sintering, respectively. The microwave equipment and its 
installation scheme were reported in previous study23, and 
the heating power was kept in 2.1KW. Bulk density of the 
sintered discs was measured by water immersion technique 
based on Archimedes’ principle after two hours immersed 
in boiling water. Relative density was determined using 
the theoretical density of BSCF phase. The dense ceramic 
disks were polished and thermally attached 25 °C below 
the sintering temperature without dwell time and under 
heating rate of 15 °C/min. The microstructure of samples 
was evaluated by optical microscopy and the distribution 
and average grain size were estimated by using Image 
J software considering projected area diameter of the 
measured grain area.

3. Results and Discussion
3.1. Synthesis

XRD patterns of as-prepared powder and heat-treated 
BSCF powder are presented in Figure 1. In as-prepared XRD 
patterns, several basal reflections can be seen which makes 
the phases identifications difficult; surely corresponding 
to the main phase and other secondary phases. On the 
other hand, XRD pattern of heat-treated BSCF powder has 
presented complete formation of cubic perovskite BSCF. 
The main reflection planes of BSCF phase are indicated 
in Figure  1 according to some reports15,16. The average 
crystallite size was evaluated from XRD broadening peak 
using the Scherrer’s equation26 which was found to be 
~23 nm. The specific surface area of BSCF powder and the 
corresponding size estimated by BET diameter equation27 
were found to be 9.93 m2/g and 107.8 nm, respectively.

Morphology and characteristics of BSCF powder can 
be seen in SEM micrographs, which is shown in Figure 2. 
The micrograph under magnification of 10000 X shown in 
Figure 2a presents a more general view of the synthesized 
powder, which presents a homogeneous morphology. 
Figure  2b shows a micrograph under magnification of 
60000 X, where the particles of BSCF powder can be seen 
better, presenting a size smaller than 1 μm. Dilatometric 
analysis of a green disk-shape BSCF was made in order to 
observe the temperature of maximum densification rate of 
synthesized powder. Figure 3 shows the shrinkage curve 
and the first derivative curve. It can be seen by means of the 

Table 1. Conditions of dwell time and temperature for conventional and microwave sintering.

Conventional Sintering Microwave Sintering

Sample Temperature (°C) Time(min) Sample Temperature (°C) Time(min)
C975-300 975 300 M975-30 975 30

C1000-300 1000 300 M1000-30 1000 30
C1025-300 1025 300 M1025-30 1025 30
C1050-300 1050 300 M1050-30 1050 30
C1025-60 1025 60 M1025-6 1025 6

C1025-120 1025 120 M1025-12 1025 12
C1025-600 1025 600 M1025-60 1025 60
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first derivative curve that the maximum densification rate 
occurs around 975 °C. From this result were determined the 
sintering conditions to both sintering methods.

3.2. Sintering
The synthetized BSCF powder has presented excellent 

sinterability reaching relative densities superior to 97%. 
Figure  4 shows the dependence of the relative density 
and the average grain size on the temperature and the 
dwell time, for the two sintering methods. By means of 

comparison between Figure  4a (conventional sintering) 
and Figure  4b (microwave sintering), it can be noticed 
that the dependence of both average grain size and relative 
density on temperature follows a trend which seems to be 
independent of the sintering method. Nevertheless, although 
the relative densities in two heating methods were found in 
the same range, the average grain size reached in microwave 
sintering was about 44% smaller than conventional sintering. 
In case the variable is the dwell time, in short times sintering, 
there is a significant difference between relative densities 

Figure 1. XRD patterns of as-prepared powder and BSCF powder after heat treatment at 900oC.

Figure 2. SEM micrographs of BSCF powder in two different magnifications: 10000X (a) and 60000X (b).
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Figure 3. Dilatometric analysis of a green disk-shape of BSCF synthesized powder.

Figure 4. Dependence of relative density and average grain size with: i) temperature in (a) conventional heating and (b) microwave 
heating; ii) dwell time in conventional heating (c) and microwave heating (d).
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Figure 5. Optical micrographs under 1000X magnification for the samples C1000-300 (a), M1000-30 (b), C1050-300 (c) and M1025-60 (d).

Figure 6. Grain size distribution for the samples C1000-300 (a), M1000-30 (b), C1050-300 (c) and M1025-60 (d).
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in conventional (Figure  4c) and microwave sintering 
(Figure 4d). Under dwell time of 60 minutes in conventional 
heating and 6 minutes in microwave heating, the relative 
densities reached were 94.1 ± 0.1% and 88.9 ± 0.9%, 
respectively. However, this difference between heating 
methods is overcome in long times sintering. Concerning to 
microstructure, the microwave sintering retains grain size of 
up to 46.5% smaller than convectional sintering.

Figure 5 shows four optical micrographs under 
magnification of 1000X corresponding to samples 
C1000‑300 (a), M1000-30 (b), C1050-300 (c), and 
M1025‑60 (d). Samples C1000-300 and M1000-30 have 
presented the same relative densities within the error 
tolerances; 94.7 ± 0.9% and 94.6 ± 0.1%, respectively. 
Comparing the micrograph of samples C1000-300 and 
M1000-30 , despite the same density, the effectiveness 
of microwave sintering on control of final microstructure 
of BSCF phase can be readily observed. The same effect 
occurs in samples C1050-300 and M1025-60, which 
presented relative density of 97.3% ± 0.6% and 97.3± 0.8%, 
respectively. In all these cases, microwave sintering resulted 
in a more refined microstructure than conventional sintering. 
This grain size reducing in microwave sintering can be 
attributed to shorter dwell time (10 times shorter) and higher 
heating rate (10 times higher), comparatively to conventional 
heating. Another advantage noted in microwave sintering is 
the effect in the grain size distribution. Figure 6 shows grain 
size distribution for each one of the microstructure presented 
in Figure 5. The use of microwave sintering resulted in a 
grain size distribution narrower than conventional sintering. 
This effect was observed in shorter dwell times and lower 
temperatures sintering (Figure 6a and Figure 6b) as well 

as in longer dwell times and higher temperature sintering 
(Figure 6c and Figure 6d). It is well known that the more 
homogeneous microstructures usually lead to better 
functional properties.

4. Conclusion
The BSCF perovskite was successfully synthesized 

using microwave-assisted combustion method followed 
by heat treatment. The synthesized powder shows a set 
of interesting characteristics to membrane development 
such as, phase homogeneity, high specific surface area, 
nanometric crystallite size, and submicrometric particle size. 
High densities can be reached even at temperature as low 
as 975°C. Microwave sintering has proven effectiveness in 
densification of BSCF perovskite. In the most of sintering 
conditions used, microwave sintering reaches the same 
densification of conventional sintering with only 10% of 
processing time. The processing time reduction has resulted 
in more homogeneous and finer microstructure related to 
size and grain size distribution. These results suggest the 
use of microwave synthesis and sintering in processing of 
oxygen separation and catalytic membranes as well as fuel 
cells cathodes in order to develop architecture with better 
oxygen permeation properties, improving the efficiency of 
these technologies.
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