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Abstract: Ba0.3Sr0.7Co0.6Fe0.4O3-δ(BSCF3764) was synthesized via three 
different methods; solid state reaction(SSR), glycine nitrate 
process(GNP), and EDTA-citric acid complexing sol-gel method (SG). 
Effect of preparation techniques on XRD, microstructure, 4-probe DC 
conductivity and transport properties using EIS were studied. Both, phase 
formation temperature and time of BSCF3764 synthesized by SG was 
found to be low as compared to other two methods. Grain size of around 
0.2-0.3 µm in case of SSR and grown grains with size of approximately 
0.1-0.2 µm along with pinholes. Composition synthesized by SG showed 
highest electrical conductivity at around 700 °C. The performance of 
BSCF3764 cathode on GDC (8020) electrolyte was dependent on the 
synthesis technique. The ASR values of BSCF3764 prepared by SSR, 
GNP and Sol-gel were found to be 1.567, 0.931 and 0.548 cm2 at 700 
°C. The cathode polarization resistance and activation energy was found 
to be minimum in BSCF3764 prepared by SG. The polarization resistance 
was found to be linearly dependent on oxygen partial pressure; Ea for 
variation of ASR with Po2 was lowest, 0.0028 eV, in composition 
synthesized via SG.
Keywords:  MIEC; BSCF; Scanning electron microscopy; EIS; Oxygen 
partial pressure.

1. Introduction

Solid oxide fuel cells (SOFCs) are currently attracting considerable 
interest as stationary power generators due to the high efficiency and low 
emission levels of pollution that they promise. SOFCs offer flexibility in 
planning and establishment of power generation capacity as a result of their 
modular nature1. Fuel cells have been commonly accepted as a kind of clean, 
safe and convenient power source with high energy efficiency and are on the 
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verge of revolutionizing the electric power industry by offering better ways 
to produce electricity and to deliver it to the consumers2,3. High temperature 
SOFC (HT-SOFC) has disadvantages like high cost, degradation and 
fabrication. Hence, with the need to decrease the operating temperature and 
commercialize it; intermediate-temperature SOFC (IT-SOFC) with high 
functional cathode materials providing mixed ionic and electronic 
conductivity along with low polarization resistance has been developed.

During the past two decades, mixed ionic-electronic conducting (MIEC) 
materials have received great interest because of their potential applications 
in separation of oxygen from air, as electrodes for solid oxide fuel cells 
(SOFCs)4,5, construction of membrane reactors for partial oxidation of 
methane to syngas6,7 and oxidative coupling of hydrocarbon to value-added 
products8. The main advantage of the MIEC membrane reactor is that air 
instead of oxygen can be used as the oxygen source, which avoids the 
expensive separation of the nitrogen either before or after the reaction. 
Furthermore, the gradual introduction of oxygen reduces the contact with the 
partially oxidized products, which enhances the yield of the desired products.
For a promising oxygen separating membrane material, it must possess high 
oxygen permeability as well as stable lattice structure under changes in 
oxygen partial pressure. The structure of the porous electrodes is critical for 
the performance of a solid oxide fuel cell (SOFC). Recently, Shao et al.9

have reported Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) as a high performance cathode 
material for next generation solid oxide fuel cell. The high power output of 
BSCF cathodes has been resulted from the high rate of oxygen diffusion 
through the material. In recent years, perovskite type mixed conducting 
oxides Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF5582) composite showed great 
potential as a cathode material and has received considerable attentions. 
MIEC offers reduced cathode polarization at operating temperatures by 
extending the active oxygen reduction site from the typical electrolyte-
electrode gas TPB through the disclosed cathode surface10-14.

Additionally, LnxSr1-xCoyFe1−yO3−δ (Ln =La, Pr, Nd, Sm), 
Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) compound have been also evaluated and 
achieved excellent results in both dual-chamber and single chamber 
configurations[15]. Bo Wei et al. reported the crystal structure, thermal 
expansion and electrical conductivity of the pervoskite oxide BaxSr1-

xCo0.8Fe0.2O3-δ (0.3 < x < 0.7) for x < 0.6. They found that the composition 
lattice constant increase with increase in Ba content16. Recently effect of a 
reducing agent for silver modified Ag/Ba0.5Sr0.5Co0.8Fe0.2O3-δ electrode on 
the electrochemical activity prepared by electroless deposition technique has 
been studied. The anode-supported single cell with the N2H4-reduced 
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Ag/BSCF cathode showed improved performance and reached peak power 
densities of 826, 562 and 428 mWcm−2 at 600, 550 and 500 °C, 
respectively17. The influence of iron content on the area-specific resistance 
(ASR) for Ba0.5Sr0.5Co1-yFeyO3-δ using LSGM as electrolyte material has 
been investigated18. The increase of iron content in BSCF materials results in 
an increase of area-specific resistance (ASR), e.g. 0.04, 0.08 and 0.13 Ω.cm2

for compositions with y = 0.2, 0.4 and 0.6, respectively, at 800 °C. 

The conventional method for the preparation of hetero-metallic oxides or 
carbonates, such as perovskite, has been the solid state reaction at high 
temperatures of the corresponding binary metal oxides or carbonates19. The 
development of innovative processing methods through chemistry permits 
one to lower the preparation temperature and to improve homogeneity and 
reproducibility of the ceramic products. Furthermore, it facilitates synthesis 
of porous, ultrafine and chemically pure powders of mixed metal oxides at 
lower temperatures. In present work, Ba0.3Sr0.7Co0.6Fe0.4O3-δ abbreviated as 
BSCF3764; is synthesized by three different methods. The emphasis is put 
on the effect of preparative technique on microstructure, dc conductivity and 
electrochemical impedance with varying oxygen partial pressure of 
BSCF3764 cathode on GDC (8020) electrolyte.

2. Experimental

In present investigation, the perovskite BSCF3764 were prepared by 
three different methods; designated by the abbreviations solid state reaction 
(SSR), glycine nitrate process (GNP) and EDTA-citric acid complexing sol-
gel method (SG).

2.1 Methods of synthesis

2.1.1 Solid state reaction (SSR)

The perovskite type Ba0.3Sr0.7Co0.6Fe0.4O3-δ was synthesized by 
conventional solid state reaction method which has been reported earlier20. 
The starting compounds were SrCO3, BaCO3, Co3O4 and Fe3O4, procured 
from Sigma Aldrich were 99.99 % pure. Initially, these starting reagents 
were heated at 200 C in an electric oven for more than 12 hour, before 
weighting, in order to remove water content, if any. The dried reagents were 
weighed, using Mettler balance AE 163 with an accuracy of 0.00001 g, 
according to the stoichiometry of Ba0.3Sr0.7Co0.6Fe0.4O3-δ; and ground in an 
agate mortar under acetone as a medium. The homogeneous powder was 
later compacted in the form of circular discs of dimension 91-2 mm, 
diameter and thickness, using Specac (UK) hydraulic press and dia at 5 
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ton/cm2 and allowed to react at 1,000 °C in air for 10 h a temperature 
required for perovskite phase formation, followed by cooling the products 
down to room temperature with a rate of 5 K/min. The ceramic pellets 
produced were again crushed, pelletized followed by sintering in air at a 
temperature of 50 to 100 °C higher than the temperature of powder 
annealing.

2.1.2 Glycine nitrate process (GNP)

Ba(NO3)2, Sr(NO3)2, Fe(NO3)3.9H2O, Co(NO3).6H2O and glycine 
(H2NCH2COOH), all of which were procured from sigma Aldrich, were used 
as starting materials. These starting materials with the required molar ratios 
were mixed in deionized water to obtain transparent solutions. The solutions 
were heated to obtain viscous liquids on a hot plate at about 80 °C. Then the 
viscous liquids were transferred into a baker which was heated to 200-300 
°C. The water was evaporated quickly and the solutions got swelled and 
ignited resulting in porous, foamy and fragile materials. The as prepared 
materials were calcined at 1,000 °C for 5 h in air to obtain pure, well-
crystallized powders21. 

2.1.3 EDTA-Citric acid complexing sol-gel process (SG)

BSCF3764 powders were synthesized by a combined EDTA–citrate 
complexing sol–gel process. The detailed procedure for this process has been 
reported in Ref. [22]. In brief, required amounts of metal nitrates were 
prepared into a mixed solution followed by the addition of EDTA and citric 
acid, at a pH of 6 with the help of NH4OH at a mole ratio of total metal 
ions:EDTA:citric acid of 1:1:1.5. The water was evaporated at 90 °C, 
resulting in transparent gels which were first pre-fired at 250 °C and then 
further calcined at 1,000°C for 5 h in air to produce the final products.

2.2 Cell fabrication

For electrochemical investigations, the initial slurry/ink of the 
Ba0.3Sr0.7Co0.6Fe0.4O3-δ cathode was obtained as follows. A gram of 
BSCF3764 powder was mixed with 3 wt.% polyvinyl buteral binder, ¼% 
sodium free corn oil, and ethyl methyl ketone (2-3ml). The mixture was then 
ball-milled using a Pulverisette-6 (Fritsch Germany) for 3 h with 300 
revolutions per minute (optimised). Fifteen tungsten carbide balls of 
diameter 10mm and 80-ml bowl of the same material were used. 
Gadolinium-doped ceria (GDC8020), nano-powder (GDC8020, 99.99% 
pure, Sigma Aldrich, USA), was fired at 900 °C for 2 h. Subsequently, GDC 
electrolyte pellets of 9 and 1–2 mm diameter and thickness, respectively 
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were prepared followed by sintering at 1,400 °C for 6 h. The density of GDC 
pellet was about 96% of the theoretical value. The slurry/ink of cathode 
material was then spin coated at 1000 rpm for 60 s and 1500 rpm for 60s, 
during stage 1 and stage 2 respectively; on both the flat surfaces of the 
sintered GDC electrolyte to obtain the symmetric cells of following 
configuration, BSCF3764/GDC/BSCF3764, for all the three methods. The 
symmetric cells were initially baked in microwave oven at P-HI (90% 
power) for 10 m so as to burn out the organic binders. Finally, they were 
sintered at 1,000 °C for 3 h so as to study the effect of synthesis method on 
microstructure and electrochemical performance of the BSCF3764 cathode. 

2.3 Characterizations

The phase identification of the BSCF powders prepared by three 
different methods was performed by X-ray powder diffraction (XRD) with a 
PANalytical X’pert PRO (Philips, the Netherlands) instrument that 
employed Cu Kα radiation. A curved graphite crystal was used as a 
monochromator. The X-ray diffraction measurements were carried out in a 
2θ range from 20 to 80° with a step size and time per step of 0.020 ° and 5 s, 
respectively. The sintered densities of all the samples were determined using 
Archimedes’ principle using Metller Toledo balance with density kit. The 
microstructures of the sintered samples were examined with a JEOL JSM-
6380A scanning electron microscope (SEM) to evaluate the morphologies of 
the as-synthesized powders and grain size of the compound. Microhardness 
was measured by the Vickers indentation technique (HMV-2 microhardness 
tester, Shimadzu, Japan). Spin coating was done with the help of Millman 
spin coater. A thin platinum film on both flat surfaces of sintered samples 
was obtained by d.c. sputtering and resulted in good ohmic contacts for d.c. 
electrical conductivity measurements. Prior to the conductivity 
measurements, the sample was spring-loaded in a ceramic cell holder (Amel, 
Italy) and heated to 700 °C for 1 h to homogenize the charge carriers. The 
resistance during the cooling cycle was measured as a function of 
temperature using the four-probe method with a computer-controlled 
Keithley 6221 current source and a 2182A nanovoltmeter in delta mode. The 
temperature of the sample during the measurement was controlled with an 
accuracy of ±1 °C with a Eurotherm 2216e temperature controller. 

The electrochemical impedance spectroscopy (EIS) measurements on all 
the sintered cells were carried out using computer-controlled Solartron 
1255B FRA in combination with Solartron SI 1287 potentiostat. Prior to the 
impedance measurement, the spring-loaded cells were heated to 700 °C. 
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During the cooling cycle, at each set temperature, a dwell time of 30 m was 
given to ensure thermal equilibrium in the cell. Real and imaginary parts of 
impedance were measured as a parametric function of frequency and 
temperature in the range of 0.01 to 1×106 Hz and 500 to 700 °C, 
respectively. The ac signal amplitude was 50 mV. The desired oxygen partial 
pressure (Po2) around the cell, during impedance measurements, was 
achieved by mixing appropriate quantity of high purity grade oxygen gas 
with nitrogen using electronic mass-flow-meters-cum-controllers (Teledyne-
Hastings, USA). The dc polarization potential was applied across cell during 
the EIS measurements with Solartron SI 1287 electrochemical interface. The 
EIS data were collected and fitted using the complex non-linear least square 
(CNLS) fitting program from the Scribner advanced Zview 3.3a software for 
electrochemical research and development.

3. Results and Discussion

3.1 XRD

The XRD patterns of calcined Ba0.3Sr0.7Co0.6Fe0.4O3-δ (BSCF3764) 
prepared by three different methods are shown fig.1.The results obtained by 
XRD show only the presence of cubic perovskite phase BSCF (JCPDS-00-
039-1083) for all the samples [already published in previous work, ref 23]. It 
can be seen that the cubic perovskite phase has been formed after 
calcinations. Some amount of impurity phases is present which becomes 
almost negligible after sintering. Fig. 2 shows XRD patterns of sintered 
samples at temperatures required by respective methods. In case of 
BSCF3764 prepared by SSR the impurity phases are more as compared to 
the other two. In GNP and SG techniques the sintering temperature should 
be 950 °C in order to obtain the single phase. In contrast, a sintering 
temperature of 1150 C and a processing time at least 10 h are usually 
required by the conventional solid-state reaction method to obtain the pure 
perovskite structure oxides. Compared to that, the samples prepared by GNP 
and SG method shows a substantial decrease of the sintering temperature and 
the processing time for the formation of the desired single-phase perovskite 
structure, the reason could be that the energy required in there two methods 
for phase transformation is less. The crystallite size of samples prepared by 
GNP and SG were smaller then that prepared by SSR. The crystallite size, 
lattice parameter, sintered density and cell volume of BSCF3764 prepared by 
three different methods along with the microhardness of the perovskite 
structure are listed in table 1.
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3.2 SEM

In ceramic materials the microstructure, particle size, the connection 
between the particles and the porosity is certainly influenced by the synthesis 
method. Methods like GNP and SG favor obtaining of porous particles, 
because the reactions produce homogeneous material composed of small and 
uniform particles. The sample prepared by SSR showed lower surface area 
and larger particle size than the other two. Aggregates of fine particles and 
irregularly shaped patches consisting of larger aggregates are found. As seen 
from fig.3 (b) and (c) the sample prepared by GNP and SG has pinhole like 
structure which could be associated with the fast gas release and combustion 
behavior. Clear grain boundaries are found on the surface with the grain size 
of around 0.2-0.3 µm in case of SSR. Well necked grown grains with size of 
approximately 0.1-0.2 µm along with some pinholes; resulting form of 
completely fused together particle and no grain boundary; were observed in 
sample prepared by GNP and SG. The SEM images of symmetric cell 
BSCG/GDC/BSCF shown in fig. 4 were sufficiently porous with good 
interfacial contact with the electrolyte with no sign of delamination. In 
samples synthesized by SSR well densified and enclosed pores were 
observed. No visible cracks were found across the electrolyte when SEM 
images of symmetric cell were examined. Scanning electron microscopy 
reveals the formation of porous material consists of aggregates of fine 
particles and irregularly shaped patches in case of composition synthesized 
by SSR. A well-bonded pinholes network is obtained in samples prepared by 
GNP and SG method.

3.3 Electrical conductivity

The plots of ln T versus 103/T for BSCF3764 synthesized by three 
methods is depicted in fig 5. It is evident from the fig. 5 that the electrical 
conductivity of the sample prepared by three methods increases with 
increase in temperature. The conductivity of the sample prepared by SG 
shows a steady increase. There is a sudden increase at 580 °C in the 
conductivity of the sample prepared by SSR and GNP, which could be 
attributed to the phase transition. With increase in temperature, the 
proportion between the number of triple and tetravalent state cation reaches 
the optimum value to give highest concentration of electron holes, which 
results in higher conductivity. Below and above the transition temperature all 
the samples obey Arrhenius law

(3.3.1)                   )/exp(0 kTEa  ,               
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where, 0  and Ea are pre-exponential factor and activation energy 
respectively.

Apparently activation energy (Ea) can be calculated from the slopes of 
linear correlations. The values of Ea for BSCF3764 prepared by SSR, GNP 
and SG were 0.048, 0.045 and 0.046 eV, respectively. The decrease in 
electrical conductivity at high temperature (above 700 °C) observed in 
BSCF3764 (SG) was attributed to the decrease of carrier mobility. The 
reduction in carrier mobility is believed to be resultant due to the high 
oxygen vacancy concentration present in high temperature region which may 
act as scattering centre’s or as random traps for electrons. Furthermore, 
along with the thermally induced lattice oxygen losses, more oxygen are 
formed, which in turn causes the thermal reduction of Con/Fen to lower 
valence site i.e.Con-1/Fen-1, respectively [24-29]. These can be described 
according to the defect reaction (in the Kroger–Vink notation).

(3.3.2)               22

1
22 OVCoOCo OCoOCo   ,

   

(3.3.3)               22

1
22 OVFeOFe OFeOFe   .

The valence changes are also associated with an increase of the ionic 
radius, as can be seen in Table 2, especially for the reduction of Co4+ to 
Co3+. Accordingly, the reductions cause a decrease in the B-O bond 
according to Pauling’s second rule, and hence the size of BO6 octahedra 
increases, thus enhancing the lattice expansion30. This, in turn, decreases the 
concentration of charge carriers and the covalent interaction, and may cause 
the observed change in the conductivity31.

3.4 Electrochemical impedance studies

Figs. 6, 7 and 8 shows the impedance spectra for BSCF 3764 /GDC
/BSCF 3764 symmetric cell prepared by three methods at 600, 650 and 700 
°C, respectively. The impedance spectra consisted of two separable 
depressed arcs. This indicated that there were at least two electrode 
processes corresponding to the two arcs during molecular oxygen reduction. 
The impedance spectra are successfully fitted by equivalent circuit as shown 
in fig.9. Here, L represents the inductance which might be the consequence 
of current/voltage probe or the high frequency phase shift of the 
electrochemical device. The overall ohmic resistance, R, includes the 
electrolyte resistance, the electrode ohmic resistance, and the lead resistance.
The resistance at the high frequency is probably associated with the charge 
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transfer processes (RE1), which include the ion-transfer process occurring at 
the electrode/electrolyte interfaces and the electron-transfer process 
accompanying with the oxygen reduction reaction. The low-frequency arc 
can be attributed to the diffusion processes (RE2), which  include the 
adsorption–desorption of oxygen, oxygen diffusion at the gas-cathode 
interface and surface diffusion of intermediate oxygen species[32-40]. The 
difference between real axes intercepts of the impedance plot is considered 
to be the electrode polarization resistance (Rp = RE1 + RE2). The fitting 
results of the three parts resistances obtained from the 3.3a Zview program 
(Scribner Associates, Inc.) Parameters Q1 and Q2 are constant phase 
elements. The cathode area specific resistance was deduced by the relation.

(3.4.1)           ASR = Rinterface * Surface area/2.           

Fig.10 shows ASR of BSCF3764 prepared by the methods as a function of 
temperature. The tail present in the fourth quadrant may be attributed to the 
inductance of the circuit. The area specific resistance was found to be 
decreased with increase in temperature. The area specific resistance was 
1.567, 0.931 and 0.548 .cm2 at 700 °C and 2.89, 2.01 and 1.642 cm2 at 
600 °C, for BSCF3764 prepared by SSR GNP and SG, respectively. Also 
there was decrease in the activation energy from SSR, GNP to SG. These 
values are low as compared to other cathode material; e.g. BSCF5546, 
BSCF5564 and BSCF5582 with approximate ASR values 20.88, 26.205 and 
29.558 cm2 at 600 °C [41]. Fig.11 shows the effect of variation in the dc 
potential on ASR of the BSCF3764 prepared by SSR and SG, but the change 
in the dc potential overloaded the voltage across the cell above 0.3V in case 
of BSCF3764 prepared by GNP. In general, the ASR reduces with an 
increased biasing potential. The dependence of polarization resistance on 
oxygen partial pressure is depicted in fig. 12. ASR and Po2 are found to be 
linearly dependent. For BSCF3764 composition synthesized by SG, Ea was 
found to be 0.0028 eV at 700 °C; lowest within the three methods used; in 
presence of oxygen partial pressure. Since the slope of ASR with variation in 
Po2 is almost straight, also the activation energy is found to be less in 
BSCF3764 synthesized by SG, it could be concluded that it has stable lattice 
structure under different oxygen partial pressures.

Conclusion

Ba0.3Sr0.7Co0.6Fe0.4O3-δ was synthesized using three different methods. 
Single phase perovskite can be obtained by calcining the gelled BSCF (SG) 
at 1000 °C for 5h. BSCF3764 prepared by SSR show well necked 
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consolidated particles and hence the coalescence between neighboring 
particles while pinhole were observed in case GNP and SG. Electrochemical 
performance of BSCF/GDC/BSCF was evaluated with respect to change in 
temperature, dc potential and oxygen partial pressures. The cell prepared by 
SG showed a promising electrochemical performance with lowest ASR 
value of 0.5486 Ω.cm2 at 700 °C. Furthermore, BSCF3764 prepared by SG 
depicted lowest activation energy in EIS in presence of Po2, i.e. Ea = 0.0028 
eV. Amongst the three methods used to synthesize BSCF3764, SG was 
found to be the best performing method and BSCF3764 as a potential 
candidate for IT-SOFC. 
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Fig. 1: XRD patterns of 
BSCF3764 after calcination (a) 
SSR [10000C for 10h], (b) GNP 
[10000C for 5h], (c) SG [10000C 
for 5h]

Fig. 2: XRD patterns of 
BSCF3764 after sintering (a) 
SSR [10500C for 10h], (b) GNP 
[9500C for 5h], (c) SG [9000C 
for 3h]
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Fig. 3: SEM images of BSCF3764 surface (a) SSR, (b) GNP, (c) Sol-gel
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     Figure 6: AC impedance spectra of BSCF3764 at 
600 °C synthesized by three methods.

Figure 5:  Arrhenius plot for conductivity 
of BSCF3764 synthesized by three methods.

Fig. 4: SEM images of cross section of BSCF/GDC/BSCF (a) SSR, (b) GNP, 
(c) Sol-gel
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Figure 8: AC impedance spectra of 
BSCF3764 at 700 °C  synthesized by 
three methods.

Figure 7: AC impedance spectra of 
BSCF3764 at 650 °C synthesized by
three methods.
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Figure 9: Electrical equivalent circuit for symmetric cell
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(ρSint),cell volume  and microhardness (µ-hardness) of BSCF3764  synthesized by 
three methods

Methods Cs (nm) a (Å) ρSint (g/cm3) V( Å) µ-hardness (HV)

SSR 258.8 3.822 3.706 55.87 359.24
GNP 193.7 3.922 4.353 60.36 456.93
SG 203.6 3.963 4.714 62.24 426.32
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Abstract: Ba0.3Sr0.7Co0.6Fe0.4O3-δ(BSCF3764) was synthesized via three different methods; solid state reaction(SSR), glycine nitrate process(GNP), and EDTA-citric acid complexing sol-gel method (SG). Effect of preparation techniques on XRD, microstructure, 4-probe DC conductivity and transport properties using EIS were studied. Both, phase formation temperature and time of BSCF3764 synthesized by SG was found to be low as compared to other two methods. Grain size of around 0.2-0.3 µm in case of SSR and grown grains with size of approximately 0.1-0.2 µm along with pinholes. Composition synthesized by SG showed highest electrical conductivity at around 700 °C. The performance of BSCF3764 cathode on GDC (8020) electrolyte was dependent on the synthesis technique. The ASR values of BSCF3764 prepared by SSR, GNP and Sol-gel were found to be 1.567, 0.931 and 0.548 (cm2 at 700 °C. The cathode polarization resistance and activation energy was found to be minimum in BSCF3764 prepared by SG. The polarization resistance was found to be linearly dependent on oxygen partial pressure; Ea for variation of ASR with Po2 was lowest, 0.0028 eV, in composition synthesized via SG.


Keywords:  MIEC; BSCF; Scanning electron microscopy; EIS; Oxygen partial pressure.


1. Introduction


Solid oxide fuel cells (SOFCs) are currently attracting considerable interest as stationary power generators due to the high efficiency and low emission levels of pollution that they promise. SOFCs offer flexibility in planning and establishment of power generation capacity as a result of their modular nature1. Fuel cells have been commonly accepted as a kind of clean, safe and convenient power source with high energy efficiency and are on the verge of revolutionizing the electric power industry by offering better ways to produce electricity and to deliver it to the consumers2,3. High temperature SOFC (HT-SOFC) has disadvantages like high cost, degradation and fabrication. Hence, with the need to decrease the operating temperature and commercialize it; intermediate-temperature SOFC (IT-SOFC) with high functional cathode materials providing mixed ionic and electronic conductivity along with low polarization resistance has been developed.

During the past two decades, mixed ionic-electronic conducting (MIEC) materials have received great interest because of their potential applications in separation of oxygen from air, as electrodes for solid oxide fuel cells (SOFCs)4,5, construction of membrane reactors for partial oxidation of methane to syngas6,7 and oxidative coupling of hydrocarbon to value-added products8. The main advantage of the MIEC membrane reactor is that air instead of oxygen can be used as the oxygen source, which avoids the expensive separation of the nitrogen either before or after the reaction. Furthermore, the gradual introduction of oxygen reduces the contact with the partially oxidized products, which enhances the yield of the desired products. For a promising oxygen separating membrane material, it must possess high oxygen permeability as well as stable lattice structure under changes in oxygen partial pressure. The structure of the porous electrodes is critical for the performance of a solid oxide fuel cell (SOFC). Recently, Shao et al.9 have reported Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) as a high performance cathode material for next generation solid oxide fuel cell. The high power output of BSCF cathodes has been resulted from the high rate of oxygen diffusion through the material. In recent years, perovskite type mixed conducting oxides Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF5582) composite showed great potential as a cathode material and has received considerable attentions. MIEC offers reduced cathode polarization at operating temperatures by extending the active oxygen reduction site from the typical electrolyte-electrode gas TPB through the disclosed cathode surface10-14.

Additionally, LnxSr1-xCoyFe1−yO3−δ (Ln =La, Pr, Nd, Sm), Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) compound have been also evaluated and achieved excellent results in both dual-chamber and single chamber configurations[15]. Bo Wei et al. reported the crystal structure, thermal expansion and electrical conductivity of the pervoskite oxide BaxSr1-xCo0.8Fe0.2O3-δ (0.3 < x < 0.7) for x < 0.6. They found that the composition lattice constant increase with increase in Ba content16. Recently effect of a reducing agent for silver modified Ag/Ba0.5Sr0.5Co0.8Fe0.2O3-δ electrode on the electrochemical activity prepared by electroless deposition technique has been studied. The anode-supported single cell with the N2H4-reduced Ag/BSCF cathode showed improved performance and reached peak power densities of 826, 562 and 428 mWcm−2 at 600, 550 and 500 °C, respectively17. The influence of iron content on the area-specific resistance (ASR) for Ba0.5Sr0.5Co1-yFeyO3-δ using LSGM as electrolyte material has been investigated18. The increase of iron content in BSCF materials results in an increase of area-specific resistance (ASR), e.g. 0.04, 0.08 and 0.13 Ω.cm2 for compositions with y = 0.2, 0.4 and 0.6, respectively, at 800 °C. 


The conventional method for the preparation of hetero-metallic oxides or carbonates, such as perovskite, has been the solid state reaction at high temperatures of the corresponding binary metal oxides or carbonates19. The development of innovative processing methods through chemistry permits one to lower the preparation temperature and to improve homogeneity and reproducibility of the ceramic products. Furthermore, it facilitates synthesis of porous, ultrafine and chemically pure powders of mixed metal oxides at lower temperatures. In present work, Ba0.3Sr0.7Co0.6Fe0.4O3-δ abbreviated as BSCF3764; is synthesized by three different methods. The emphasis is put on the effect of preparative technique on microstructure, dc conductivity and electrochemical impedance with varying oxygen partial pressure of BSCF3764 cathode on GDC (8020) electrolyte.


2. Experimental

In present investigation, the perovskite BSCF3764 were prepared by three different methods; designated by the abbreviations solid state reaction (SSR), glycine nitrate process (GNP) and EDTA-citric acid complexing sol-gel method (SG).


2.1  Methods of synthesis

2.1.1 Solid state reaction (SSR)


The perovskite type Ba0.3Sr0.7Co0.6Fe0.4O3-δ was synthesized by conventional solid state reaction method which has been reported earlier20. The starting compounds were SrCO3, BaCO3, Co3O4 and Fe3O4, procured from Sigma Aldrich were 99.99 % pure. Initially, these starting reagents were heated at 200 (C in an electric oven for more than 12 hour, before weighting, in order to remove water content, if any. The dried reagents were weighed, using Mettler balance AE 163 with an accuracy of 0.00001 g, according to the stoichiometry of Ba0.3Sr0.7Co0.6Fe0.4O3-δ; and ground in an agate mortar under acetone as a medium. The homogeneous powder was later compacted in the form of circular discs of dimension 9(1-2 mm, diameter and thickness, using Specac (UK) hydraulic press and dia at 5 ton/cm2 and allowed to react at 1,000 °C in air for 10 h a temperature required for perovskite phase formation, followed by cooling the products down to room temperature with a rate of 5 K/min. The ceramic pellets produced were again crushed, pelletized followed by sintering in air at a temperature of 50 to 100 °C higher than the temperature of powder annealing.

2.1.2 Glycine nitrate process (GNP)


Ba(NO3)2, Sr(NO3)2, Fe(NO3)3.9H2O, Co(NO3).6H2O and glycine (H2NCH2COOH), all of which were procured from sigma Aldrich, were used as starting materials. These starting materials with the required molar ratios were mixed in deionized water to obtain transparent solutions. The solutions were heated to obtain viscous liquids on a hot plate at about 80 °C. Then the viscous liquids were transferred into a baker which was heated to 200-300 °C. The water was evaporated quickly and the solutions got swelled and ignited resulting in porous, foamy and fragile materials. The as prepared materials were calcined at 1,000 °C for 5 h in air to obtain pure, well-crystallized powders21. 


2.1.3 EDTA-Citric acid complexing sol-gel process (SG)


BSCF3764 powders were synthesized by a combined EDTA–citrate complexing sol–gel process. The detailed procedure for this process has been reported in Ref. [22]. In brief, required amounts of metal nitrates were prepared into a mixed solution followed by the addition of EDTA and citric acid, at a pH of (6 with the help of NH4OH at a mole ratio of total metal ions:EDTA:citric acid of 1:1:1.5. The water was evaporated at 90 °C, resulting in transparent gels which were first pre-fired at 250 °C and then further calcined at 1,000°C for 5 h in air to produce the final products.


2.2  Cell fabrication

For electrochemical investigations, the initial slurry/ink of the Ba0.3Sr0.7Co0.6Fe0.4O3-δ cathode was obtained as follows. A gram of BSCF3764 powder was mixed with 3 wt.% polyvinyl buteral binder, ¼% sodium free corn oil, and ethyl methyl ketone (2-3ml). The mixture was then ball-milled using a Pulverisette-6 (Fritsch Germany) for 3 h with 300 revolutions per minute (optimised). Fifteen tungsten carbide balls of diameter 10mm and 80-ml bowl of the same material were used. Gadolinium-doped ceria (GDC8020), nano-powder (GDC8020, 99.99% pure, Sigma Aldrich, USA), was fired at 900 °C for 2 h. Subsequently, GDC electrolyte pellets of 9 and 1–2 mm diameter and thickness, respectively were prepared followed by sintering at 1,400 °C for 6 h. The density of GDC pellet was about 96% of the theoretical value. The slurry/ink of cathode material was then spin coated at 1000 rpm for 60 s and 1500 rpm for 60s, during stage 1 and stage 2 respectively; on both the flat surfaces of the sintered GDC electrolyte to obtain the symmetric cells of following configuration, BSCF3764/GDC/BSCF3764, for all the three methods. The symmetric cells were initially baked in microwave oven at P-HI (90% power) for 10 m so as to burn out the organic binders. Finally, they were sintered at 1,000 °C for 3 h so as to study the effect of synthesis method on microstructure and electrochemical performance of the BSCF3764 cathode. 


2.3  Characterizations


The phase identification of the BSCF powders prepared by three different methods was performed by X-ray powder diffraction (XRD) with a PANalytical X’pert PRO (Philips, the Netherlands) instrument that employed Cu Kα radiation. A curved graphite crystal was used as a monochromator. The X-ray diffraction measurements were carried out in a 2θ range from 20 to 80° with a step size and time per step of 0.020 ° and 5 s, respectively. The sintered densities of all the samples were determined using Archimedes’ principle using Metller Toledo balance with density kit. The microstructures of the sintered samples were examined with a JEOL JSM-6380A scanning electron microscope (SEM) to evaluate the morphologies of the as-synthesized powders and grain size of the compound. Microhardness was measured by the Vickers indentation technique (HMV-2 microhardness tester, Shimadzu, Japan). Spin coating was done with the help of Millman spin coater. A thin platinum film on both flat surfaces of sintered samples was obtained by d.c. sputtering and resulted in good ohmic contacts for d.c. electrical conductivity measurements. Prior to the conductivity measurements, the sample was spring-loaded in a ceramic cell holder (Amel, Italy) and heated to 700 °C for 1 h to homogenize the charge carriers. The resistance during the cooling cycle was measured as a function of temperature using the four-probe method with a computer-controlled Keithley 6221 current source and a 2182A nanovoltmeter in delta mode. The temperature of the sample during the measurement was controlled with an accuracy of ±1 °C with a Eurotherm 2216e temperature controller. 

The electrochemical impedance spectroscopy (EIS) measurements on all the sintered cells were carried out using computer-controlled Solartron 1255B FRA in combination with Solartron SI 1287 potentiostat. Prior to the impedance measurement, the spring-loaded cells were heated to 700 °C. During the cooling cycle, at each set temperature, a dwell time of 30 m was given to ensure thermal equilibrium in the cell. Real and imaginary parts of impedance were measured as a parametric function of frequency and temperature in the range of 0.01 to 1×106 Hz and 500 to 700 °C, respectively. The ac signal amplitude was 50 mV. The desired oxygen partial pressure (Po2) around the cell, during impedance measurements, was achieved by mixing appropriate quantity of high purity grade oxygen gas with nitrogen using electronic mass-flow-meters-cum-controllers (Teledyne-Hastings, USA). The dc polarization potential was applied across cell during the EIS measurements with Solartron SI 1287 electrochemical interface. The EIS data were collected and fitted using the complex non-linear least square (CNLS) fitting program from the Scribner advanced Zview 3.3a software for electrochemical research and development.


3. Results and Discussion

3.1 XRD


The XRD patterns of calcined Ba0.3Sr0.7Co0.6Fe0.4O3-δ (BSCF3764) prepared by three different methods are shown fig.1.The results obtained by XRD show only the presence of cubic perovskite phase BSCF (JCPDS-00-039-1083) for all the samples [already published in previous work, ref 23]. It can be seen that the cubic perovskite phase has been formed after calcinations. Some amount of impurity phases is present which becomes almost negligible after sintering. Fig. 2 shows XRD patterns of sintered samples at temperatures required by respective methods. In case of BSCF3764 prepared by SSR the impurity phases are more as compared to the other two. In GNP and SG techniques the sintering temperature should be 950 °C in order to obtain the single phase. In contrast, a sintering temperature of 1150 (C and a processing time at least 10 h are usually required by the conventional solid-state reaction method to obtain the pure perovskite structure oxides. Compared to that, the samples prepared by GNP and SG method shows a substantial decrease of the sintering temperature and the processing time for the formation of the desired single-phase perovskite structure, the reason could be that the energy required in there two methods for phase transformation is less. The crystallite size of samples prepared by GNP and SG were smaller then that prepared by SSR. The crystallite size, lattice parameter, sintered density and cell volume of BSCF3764 prepared by three different methods along with the microhardness of the perovskite structure are listed in table 1.


3.2 SEM


In ceramic materials the microstructure, particle size, the connection between the particles and the porosity is certainly influenced by the synthesis method. Methods like GNP and SG favor obtaining of porous particles, because the reactions produce homogeneous material composed of small and uniform particles. The sample prepared by SSR showed lower surface area and larger particle size than the other two. Aggregates of fine particles and irregularly shaped patches consisting of larger aggregates are found. As seen from fig.3 (b) and (c) the sample prepared by GNP and SG has pinhole like structure which could be associated with the fast gas release and combustion behavior. Clear grain boundaries are found on the surface with the grain size of around 0.2-0.3 µm in case of SSR. Well necked grown grains with size of approximately 0.1-0.2 µm along with some pinholes; resulting form of completely fused together particle and no grain boundary; were observed in sample prepared by GNP and SG. The SEM images of symmetric cell BSCG/GDC/BSCF shown in fig. 4 were sufficiently porous with good interfacial contact with the electrolyte with no sign of delamination. In samples synthesized by SSR well densified and enclosed pores were observed. No visible cracks were found across the electrolyte when SEM images of symmetric cell were examined. Scanning electron microscopy reveals the formation of porous material consists of aggregates of fine particles and irregularly shaped patches in case of composition synthesized by SSR. A well-bonded pinholes network is obtained in samples prepared by GNP and SG method.


3.3 Electrical conductivity


The plots of ln (T versus 103/T for BSCF3764 synthesized by three methods is depicted in fig 5. It is evident from the fig. 5 that the electrical conductivity of the sample prepared by three methods increases with increase in temperature. The conductivity of the sample prepared by SG shows a steady increase. There is a sudden increase at 580 °C in the conductivity of the sample prepared by SSR and GNP, which could be attributed to the phase transition. With increase in temperature, the proportion between the number of triple and tetravalent state cation reaches the optimum value to give highest concentration of electron holes, which results in higher conductivity. Below and above the transition temperature all the samples obey Arrhenius law
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Apparently activation energy (Ea) can be calculated from the slopes of linear correlations. The values of Ea for BSCF3764 prepared by SSR, GNP and SG were 0.048, 0.045 and 0.046 eV, respectively. The decrease in electrical conductivity at high temperature (above 700 °C) observed in BSCF3764 (SG) was attributed to the decrease of carrier mobility. The reduction in carrier mobility is believed to be resultant due to the high oxygen vacancy concentration present in high temperature region which may act as scattering centre’s or as random traps for electrons. Furthermore, along with the thermally induced lattice oxygen losses, more oxygen are formed, which in turn causes the thermal reduction of Con/Fen to lower valence site i.e.Con-1/Fen-1, respectively [24-29]. These can be described according to the defect reaction (in the Kroger–Vink notation).
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The valence changes are also associated with an increase of the ionic radius, as can be seen in Table 2, especially for the reduction of Co4+ to Co3+. Accordingly, the reductions cause a decrease in the B-O bond according to Pauling’s second rule, and hence the size of BO6 octahedra increases, thus enhancing the lattice expansion30. This, in turn, decreases the concentration of charge carriers and the covalent interaction, and may cause the observed change in the conductivity31.


3.4 Electrochemical impedance studies


Figs. 6, 7 and 8 shows the impedance spectra for BSCF 3764 /GDC /BSCF 3764 symmetric cell prepared by three methods at 600, 650 and 700 °C, respectively. The impedance spectra consisted of two separable depressed arcs. This indicated that there were at least two electrode processes corresponding to the two arcs during molecular oxygen reduction. The impedance spectra are successfully fitted by equivalent circuit as shown in fig.9. Here, L represents the inductance which might be the consequence of current/voltage probe or the high frequency phase shift of the electrochemical device. The overall ohmic resistance, R(, includes the electrolyte resistance, the electrode ohmic resistance, and the lead resistance. The resistance at the high frequency is probably associated with the charge transfer processes (RE1), which include the ion-transfer process occurring at the electrode/electrolyte interfaces and the electron-transfer process accompanying with the oxygen reduction reaction. The low-frequency arc can be attributed to the diffusion processes (RE2), which  include the adsorption–desorption of oxygen, oxygen diffusion at the gas-cathode interface and surface diffusion of intermediate oxygen species[32-40]. The difference between real axes intercepts of the impedance plot is considered to be the electrode polarization resistance (Rp = RE1 + RE2). The fitting results of the three parts resistances obtained from the 3.3a Zview program (Scribner Associates, Inc.) Parameters Q1 and Q2 are constant phase elements. The cathode area specific resistance was deduced by the relation.

(3.4.1)
          ASR = Rinterface * Surface area/2.           




Fig.10 shows ASR of BSCF3764 prepared by the methods as a function of temperature. The tail present in the fourth quadrant may be attributed to the inductance of the circuit. The area specific resistance was found to be decreased with increase in temperature. The area specific resistance was 1.567, 0.931 and 0.548 (.cm2 at 700 °C and 2.89, 2.01 and 1.642 (cm2 at 600 °C, for BSCF3764 prepared by SSR GNP and SG, respectively. Also there was decrease in the activation energy from SSR, GNP to SG. These values are low as compared to other cathode material; e.g. BSCF5546, BSCF5564 and BSCF5582 with approximate ASR values 20.88, 26.205 and 29.558 (cm2 at 600 °C [41]. Fig.11 shows the effect of variation in the dc potential on ASR of the BSCF3764 prepared by SSR and SG, but the change in the dc potential overloaded the voltage across the cell above 0.3V in case of BSCF3764 prepared by GNP. In general, the ASR reduces with an increased biasing potential. The dependence of polarization resistance on oxygen partial pressure is depicted in fig. 12. ASR and Po2 are found to be linearly dependent. For BSCF3764 composition synthesized by SG, Ea was found to be 0.0028 eV at 700 °C; lowest within the three methods used; in presence of oxygen partial pressure. Since the slope of ASR with variation in Po2 is almost straight, also the activation energy is found to be less in BSCF3764 synthesized by SG, it could be concluded that it has stable lattice structure under different oxygen partial pressures.

Conclusion

Ba0.3Sr0.7Co0.6Fe0.4O3-δ was synthesized using three different methods. Single phase perovskite can be obtained by calcining the gelled BSCF (SG) at 1000 °C for 5h. BSCF3764 prepared by SSR show well necked consolidated particles and hence the coalescence between neighboring particles while pinhole were observed in case GNP and SG. Electrochemical performance of BSCF/GDC/BSCF was evaluated with respect to change in temperature, dc potential and oxygen partial pressures. The cell prepared by SG showed a promising electrochemical performance with lowest ASR value of 0.5486 Ω.cm2 at 700 °C. Furthermore, BSCF3764 prepared by SG depicted lowest activation energy in EIS in presence of Po2, i.e. Ea = 0.0028 eV. Amongst the three methods used to synthesize BSCF3764, SG was found to be the best performing method and BSCF3764 as a potential candidate for IT-SOFC. 
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Figure 3 : SEM images of BSCF3764  surface  (a)   SSR   (b)   GNP and (c) Sol - gel  
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Figure  1 :  XRD patterns of BSCF3764 after  calcination   (a) SSR [1 00 0  °C    for 10h] (b) GNP [1000 °C for 5 h] and (c) SG [1000 °C  for 5 h]    
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Figure 2:  XRD patterns of BSCF3764 after sintering (a) SSR [1150  °C    for 10h] (b) GNP [950 °C for 5 h] and (c) SG [900 °C  for 3h]    




[image: image14.emf] 


Figure 4: SEM images of cross - section of BSCF/GDC/BSCF   (a) SSR (b) GNP    and (c) Sol - gel  
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Figure 12: Variation of ASR as a function of  pO2
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Figure 10: Variation of ASR as a 



function of temperature
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Figure 11:  Variation of ASR of BSCF3764



 synthesized by SSR and  SG as a 



function of DC potential
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Figure 9: Electrical equivalent circuit for symmetric cell
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Fig. 1: XRD patterns of BSCF3764 after calcination (a) SSR [10000C for 10h], (b) GNP [10000C for 5h], (c) SG [10000C for 5h]







	      Table 1: A comparison of crystallite size (Cs), lattice parameter (a), sintered density 	   		(ρSint),cell volume  and microhardness (µ-hardness) of BSCF3764  synthesized by 		three methods



Methods�

Cs (nm)�

a (Å) �

ρSint (g/cm3)�

V( Å)�

µ-hardness (HV)�

�

SSR�

258.8�

3.822�

3.706�

55.87�

359.24�

�

GNP�

193.7�

3.922�

4.353�

60.36�

456.93�

�

SG�

203.6�

3.963�

4.714�

62.24�

426.32�

�









Figure 7: AC impedance spectra of 



BSCF3764 at 650 °C synthesized by



 three methods.







Figure 8: AC impedance spectra of 



BSCF3764 at 700 °C  synthesized by 



three methods.
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     Figure 6: AC impedance spectra of BSCF3764 at 



	600 °C synthesized by three methods.



















         Table 3: A comparison of activation energies of BSCF3764synthesized by the methods



Methods of synthesis�

Ea(eV)



(log (T Vs 103/T)�

Ea(eV)



(ASR Vs temp.)�

Ea(eV)



(ASR Vs dc pot.)



at 700 °C�

Ea(eV)



(ASR Vs Po2)�

�

�

�

�

�

700 °C�

650 °C



�

�

SSR�

0.048�

2.951�

0.1339�

0.0053�

0.0111�

�

GNP�

0.045�

2.190�

----�

0.0052�

0.009�

�

SG�

0.040�

1.7925�

0.129�

0.0028�

0.0079�

�









	Table 2: Effective ionic radii and oxidation states of cations in the perovskite lattice [26



Element�

Oxidation states�

Effective ionic radius(nm)�

�

Oxygen�

O2-�

0.126   (CN=6)a�

�

Barium�

Ba2+�

0.175   (CN=12)�

�

Strontium�

Sr2+�

0.158   (CN=12)�

�

Cobalt�

Co2+�

0.0885 (CN=6)HSb�

�

�

Co3+�

0.075   (CN=6)HS�

�

�

Co4+�

0.067   (CN=6)HS�

�

Iron�

Fe3+�

0.0785 (CN=6)HS�

�

�

Fe4+�

0.0725 (CN=6)�

�

	a- CN, co-ordination number, b – HS, high spin















Fig. 2: XRD patterns of BSCF3764 after sintering (a) SSR [10500C for 10h], (b) GNP [9500C for 5h], (c) SG [9000C for 3h]
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Figure 5:  Arrhenius plot for conductivity 



of BSCF3764 synthesized by three methods.
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Fig. 3: SEM images of BSCF3764 surface (a) SSR, (b) GNP, (c) Sol-gel







Fig. 4: SEM images of cross section of BSCF/GDC/BSCF (a) SSR, (b) GNP, (c) Sol-gel
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