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Low thermal expansion Ba0.5Sr0.5Co0.7Fe0.2Mn0.1O3-(BSCFM-0.1) material was prepared to improve 

the thermal compatibility between cathode and electrolyte for intermediate temperature solid oxide 

fuel cells. The pure perovskite BSCFM-0.1 can be obtained by a combined citrate and EDTA 

complexing method. The results show that Mn was introduced to replace Co in B-site of 

Ba0.5Sr0.5Co0.8Fe0.2O3-(BSCF) to depress thermal expansion. Thermal expansion coefficient of 

BSCFM-0.1 is 14.24×10
-6 

K
-1

 at 600
o
C, and 14.97×10

-6 
K

-1
 at 700

o
C, respectively. It is a smaller value 

comparing with BSCF for 15.62×10
-6 

K
-1 

at 600
o
C and 16.76×10

-6 
K

-1 
at 700

o
C. The small difference of 

thermal expansion is helpful for cathode adhering to the ceria-base electrolyte. As to the single cell, the 

maximum power density is 110 mW cm
-2

 at 600
o
C, which is slightly higher than that of BSCF cathode 

(102 mW cm
-2

 at 600
o
C). The results imply that the rate of lattice oxygen release has been slowed 

down to control the concentration of oxygen vacancies in the lattice by Mn partial substitution without 

reducing electrical properties. The gradual increase of thermal expansion is beneficial to improve the 

thermal compatibility between cathode and electrolyte for SOFCs. 
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1. INTRODUCTION 

Perovskite oxide (Ba0.5Sr0.5Co0.8Fe0.2O3-δ) is an attractive mixed conductor with the oxygen ion 

and electronic conduction for solid oxide fuel cells [1-6]. Oxygen vacancies are created by the 

introduction of low valence metal ion into A-sites for the oxygen ionic conductivity [7, 8]. As for B-

sites, the electron can be transferred among the metal ions for electron conduction. However, when the 

temperature increases, B-site ion will be reduced. The reduction increases the concentration of oxygen 

vacancy by the loss of lattice oxygen. The concentration of oxygen vacancies is closely related to 

electrical conductivity and thermal expansion. In addition, thermal compatibility is also a critical factor 

for the lifetime of fuel cells. The mismatch of thermal expansion between cathode and electrolyte 
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usually causes completely damage of cell especially for the larger different of thermal expansion 

coefficient. If the cathode material expansion coefficient is closed to ceria-base electrolyte, the cathode 

could be directly sintered with electrolyte to avoid the redundant phase existing in the grain boundary 

to improve the oxygen ionic conduction. Hence, low expansion cathode material should be discussed. 

As report that positive or negative charge concentration and their relative distance in the lattice are 

related to the character of thermal expansion [9]. Shao investigates the relationship between doped 

metal ions in A-site and thermal expansion in BaxSr1-xCo0.8Fe0.2O3- and concludes that 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ has less thermal expansion coefficient (TEC) when x=0.5 [10]. Tietz et al. [11]
 

studied the kind of B-site element on the effect of thermal expansion of La1-xSrxMeO3(Me=Mn, Co, 

Fe) perovskite series. Their results showed that La0.8Sr0.2MnO3-δ has the lowest TEC value (11.80×10
-6 

K
-1

) than that of La0.8Sr0.2CoO3-δ (19.10×10
-6 

K
-1

) and La0.8Sr0.2FeO3-δ (12.20×10
-6 

K
-1

) for SOFCs. It 

indicated that Mn is a selective element in decreasing the thermal expansion of cathode. However, 

La0.8Sr0.2MnO3-δ material is usually used for the high temperature SOFCs because the oxygen ion 

conductivity can be sufficiently activated only in the high temperature [12, 13]. As for intermediate 

temperature SOFCs, BSCF is an attractive material for its high oxygen vacancy diffusion rate, oxygen 

permeability, oxygen adsorption/desorption except for the large thermal expansion (20.00×10
-6 

K
-1

) 

[14-16]. Mn ion have more different valence in the oxidation-reduction reaction. The difference 

between radius values of Mn ion adjacent valence is greater than that of Co ion. The greater the 

difference values, the more difficult the reduction reaction of Mn ion in the lattice. The large difference 

of ionic radius depressed the thermal expansion in relatively low temperature. When the temperature is 

increased, the Mn ion could be activated for the transmission of electrons.  

On the other hand, multivalent metal ions in B-sites of perovskite material usually have high 

TEC because of the reduction of high oxidation state especially for Co
4+

 [17]. In order to increase the 

thermal compatibility of the cell component, the large TEC should be decreased. Therefore, the 

multivalent Mn ion was introduced to B-sites of BSCF perovskite to reduce the cathode material 

expansion for IT-SOFCs. In the present work, the character, thermal expansion and electrochemical 

performance of partial substitution for Co by Mn of Ba0.5Sr0.5Co0.8-xFe0.2MnxO3- cathode materials 

were investigated. 

 

 

 

2. EXPERIMENTAL 

2.1 Materials and Methods 

Ba0.5Sr0.5Co0.8Fe0.2O3- (noted as BSCF) and Ba0.5Sr0.5Co0.8-xFe0.2MnxO3-(x= 0.1, 0.2, 0.3) 

(BSCFM-x) powders were synthesized by a combined citrate and EDTA complexing method [15]. All 

the nitrate salts, Ba(NO3)2, Sr(NO3)2, Co(NO3)2·6H2O, Fe(NO3)3·9H2O and Mn(NO3)2·6H2O, were 

dissolved in the mixed EDTA and NH4OH solution. When the nitrate salts were completely mixed, the 

citric acid as a complexing reagent was added into the solution. The ratio was set to 1:1:1.5 for metal 

ions: EDTA: citric acid. Then the mixed solution was stirred at 80
o
C. Finally, the gel is formed. When 

the gel was dried, the precursor was calcinated at different temperatures to obtain the target compound. 
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2.2 Characterizations 

In the TEC measurement, the cathode samples were sintered to a compact cylinder with the 

dimensions of 114 mm
3 

for BSCF and BSCFM-0.1. Two samples were fired at 1100
o
C for 4h, the 

finally densities were higher than 94% of the theoretical value as measured by the Archimedes method. 

At the same times, La doped ceria electrolyte Ce0.82La0.18O2- (LDC) was prepared by solid phase 

reaction [18]. The single cell is fabricated with LDC electrolyte (1.5 mm thickness and 11 mm 

diameter), BSCFM-x cathode (120μm thickness) and NiO (50 wt%)+LDC(50 wt%) anode (100μm 

thickness) for the output performance test, which is described detailedly in the literature [19]. The 

effective electrode area was 0.50 cm
2
. On the cell performance test, the cathode was exposed to air, 

and the anode side was exposed to 3% H2O + humidified H2 at a constant flowing rate of 50 ml min
-1

. 

The crystal structures of powders were characterized by X-ray diffraction (PANalytical B.V.) 

using an X’pert PRO diffractometer and Cu K radiation in the 2Ɵ range of 10-80
o
. Scanning electron 

microscopy (SEM) (JSM-6700F) and energy dispersive spectrometry (EDS) were employed to 

examine the morphology and element distribution of the sample. The linear thermal expansion 

coefficient was measured on the thermal expansion apparatus (LINSEIS DIL L76) using quartz as the 

reference material with a heating rate of 5
o
C min

-1
 from room temperature to 800

o
C. The performance 

of a single cell was measured by an electrochemical workstation (PARSTAT 2273, Princeton, USA). 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Crystal structure of Ba0.5Sr0.5Co0.8-xFe0.2MnxO3- 

Figure 1 shows the XRD patterns of Ba0.5Sr0.5Co0.7Fe0.2Mn0.1O3- precursor powder after 

calcination at 900, 1000, 1100
o
C for 4h. As can be seen, the perovskite structure of Mn-doped 

Ba0.5Sr0.5Co0.7Fe0.2Mn0.1O3- has been formed at 900
o
C. However, the secondary phases were also 

existed even at 1000
o
C. Some of extra peaks were observed around at 27.82, 29.38, 43.88 degrees of 

2Ɵ. The impurity phases of BaFe2O4 (JCPDS: 00-26-0158) and BaSrFe4O8 (JCPDS: 01-076-2172) 

were detected in the sample sintering at 900
o
C and 1000

o
C. In fact, it is easy to generate impurity 

phases in the process of material synthesis. Niedrig et al. also reported that the hexagonal phase might 

be formed after the cubic BSCF power annealing in ambient air for a long time [20]. Wang et al. 

investigated the intermediate process of BSCF powder by High-temperature X-ray diffraction during 

the cooling and heating at different oxygen partial pressure [21]. They also found the intermediate 

phase of BSCF was existed only in a specific environment. When the calcinated temperature increased 

to 1100
o
C, the trivial peaks almost disappear. The cubic perovskite of Ba0.5Sr0.5Co0.7Fe0.2Mn0.1O3- 

were obtained. 
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Figure 1. XRD patterns of BSCFM-0.1 calcination at 900, 1000, 1100
o
C for 4h. 

 

Figure 2 shows the XRD patterns of BSCF and BSCFM-x (x=0, 0.1, 0.2, 0.3) powders. From 

the patterns, all the samples possess the perovskite structure. When the Mn addition is beyond 0.2, the 

extra phases such as barium iron oxide and strontium cobalt oxide were also observed. For BSCFM-

0.1 oxide, the diffraction peaks shift slightly to a higher 2Ɵ angle compared to that of BSCF. The 

lattice of BSCFM-0.1 is contracted under the Mn doped. It might be due to the relatively larger Co
4+

 

and Co
3+

 ions substituted by the Mn
4+

 in BSCF oxide [10]. The radius of Mn
4+

 is smaller than that of 

Co
3+

 [22]. This contraction is useful to reduce the expansion of cathode material in matching the ceria-

based electrolyte for SOFCs.  

 

 
 

Figure 2. XRD patterns of BSCFM-x(x=0, 0.1, 0.2, 0.3) powders calcination at 1100
o
C for 4h. 

 

3.2 Microstructure 

In order to exhibit the element composition of BSCFM-0.1, the SEM-EDS micro-region 

analysis was taken on the surface of calcinated powder. As can be seen in Figure 3(a), the powder is 

fine on the whole image. The random regions were selected for the chemical composition analysis. 

Figure 3(b) gives the EDS pattern of BSCFM-0.1, and the precise composition is summarized in Table 

1. The average chemical compositions are as follows: Ba 9.00%, Sr 9.06%, Co 13.31%, Fe 3.62% and 

Mn 1.49%. The ratio of A-site to B-site is close to 1 for the BSCFM-0.1 perovskite oxide. We also 
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examined the BSCFM-0.1 cathode material sintering at 1100
o
C by ICP (Agilent 7500CS), the element 

contents (Ba 8.95%, Sr 9.11%, Co 13.11%, Fe 3.55% and Mn 1.71%) are closed to the data, which 

were analyzed by Energy Dispersive Spectrometry. It might indicate the Mn is successfully added into 

the B-site of the perovskite structure.  

 

Table 1 Composition of the detected elements of two random areas on the surface of BSCFM-0.1. 

 

Element BSCFM-0.1 (Atom (%)) Average 

 Spectrum 1 Spectrum 2  

O K 62.31 64.72 63.52 

Mn K 1.44 1.54 1.49 

Fe K 3.80 3.44 3.62 

Co K 13.87 12.75 13.31 

Sr K 9.28 8.85 9.06 

Ba L 9.30 8.70 9.00 

Total 100.00 100.00 100.00 

 

 
 

Figure 3. SEM and EDS of the BSCFM-0.1 sintered at 1100
o
C for 4h: (a)SEM micrograph; (b) 

Typical EDS spectrum of area 1. 

 

3.3 Thermal expansion 

Figure 4(a) shows the variation of relative length of BSCF and BSCFM-0.1 at a heating rate of 

5
o
C min

-1
 from room temperature to 800

o
C. The whole expansion behaviors are similar, but the 

thermal expansion is more gently for BSCFM-0.1 than that of BSCF in the whole temperature range. 

From the curve, there are two obvious inflexions around to 100 and 450
o
C. At the inflexion of 100

o
C, 

the appearance maybe attribute to the influence of water evaporation and gas release. The more 

obvious inflexion around 450
o
C mainly be related to the loss of the lattice oxygen followed by the 

thermal reductions of Co
4+

/Fe
4+

 to Co
3+

/Fe
3+ 

in B-site [23].  

The corresponding values of thermal expansion coefficient (TEC) are shown in Figure 4(b). As 

can be seen, the value of BSCF TEC is decreased as the Mn doped. The curve of BSCFM-0.1 is raised 

more slowly than that of BSCF when the temperature increased from 200
o
C to 800

o
C. The slower the 
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TEC increased, the better the cathode tightly adheres to the electrolyte. The TEC of BSCFM-0.1 is 

14.24×10
-6 

K
-1

 at 600
o
C, 14.65×10

-6 
K

-1
 at 650

o
C and 14.97×10

-6 
K

-1
at 700

o
C, respectively. The values 

were lower than that of BSCF. Li reported that the TEC of Gd doped (Ba0.7Sr0.3)0.95Gd0.05Co0.8Fe0.2O3– 

have the minimum TEC value (19.80×10
-6 

K
-1

) between 50 and 800
o
C [24]. The TEC value of Sm 

doped (Ba0.5Sr0.5)1−xSmxCo0.8Fe0.2O3− are between 19.50 and 20.10×10
-6 

K
-1

 from 30 to 800
o
C [25]. 

However, the expansion of Mn doped BSCFM-0.1 cathode material is more closed to ceria-based 

electrolyte, such as SDC and GDC (12.20×10
-6 

K
-1 

[26]) for intermediate temperature solid oxide fuel 

cells. It could be concluded that this low expansion cathode material could enhance the thermal 

compatibility between cathode and ceria-based electrolyte. 

 

  
 

Figure 4. Thermal expansion curves for BSCF and BSCFM-0.1: (a) Relative length variation; (b) TEC 

value. 

 

3.4 Performance of single cell 

 
 

Figure 5. Cross-sectional SEM image of BSCFM-0.1 cathode on the electrolyte after sintering at 

1100
o
C for 2h. 
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Figure 6. Performances of the Ni-LDC|LDC|cathode single cells with H2 as the fuel and ambient air as 

oxidant at the 600 and 650
o
C using (a) BSCF; (b) BSCFM-0.1 as cathodes. 

 

Single cell is fabricated to evaluate the performance of different cathode material under the 

same conditions. Figure 5 shows the cross-sectional SEM image of BSCFM-0.1 cathode layer on LDC 

electrolyte after co-sintering at 1100
o
C for 2h. The BSCFM-0.1 cathode layer is very porous, which 

the atmosphere can pass through easily. The electrochemical performances of a single cell were shown 

in Figure 6. The cell with BSCF cathode show the maximum power densities of 102 mW cm
-2

 at 

600
o
C and 125 mW cm

-2 
at 650

o
C in Figure 6(a), while the cell with BSCFM-0.1 cathode has the 

relative higher values of 110 mW cm
-2

 at 600
o
C and 142 mW cm

-2 
at 650

o
C in Figure 6(b). Comparing 

with our electrolyte-supported fuel cell, Kim et al. reported that the anode-supported cell with BSCF 

cathode shows the high output power density of 220 mW cm
-2

 at 650
o
C [17]. This high power density 

of the cell is attributed to thin electrolyte with low ohmic loss [27]. As to B-site doping of BSCF 

perovskite, Zr was taken to replace the Co in order to increase structural stability but decrease the 

electrical conductivity of Ba0.5Sr0.5(Co0.6Zr0.2)Fe0.2O3- [28]. Ti was used to partial replacement the B-

site of BSCF, materials of Ba0.5Sr0.5(Co0.8Fe0.2)1−xTixO3− were increased in chemical stability but bad 

in electrochemical properties [29]. In our manuscript, the same thickness (~1.5mm) electrolyte of a 

single cell was used to evaluate the performances of different cathodes. The cell performance suggests 

that the output power density of BSCFM-0.1 is high than that of BSCF. Generally, B-site modification 

of perovskite can change the lattice expansion [30]. Co-riched materials usually have high thermal 

expansion [10]. However, partial substitution for Co by Mn was successfully taken to improve the 

electrochemical and depress thermal expansion properties in BSCF materials.   

 

 

 

4. CONCLUSIONS 

The effects of Mn on structure, thermal expansion and performance for 

Ba0.5Sr0.5Co0.7Fe0.2Mn0.1O3- were investigated. The pure perovskite structure can be obtained when the 

content of Mn less than 0.1 under the calcinated temperature of 1100
o
C. Substitution by Mn for Co 

reduces the thermal expansion of Ba0.5Sr0.5Co0.8Fe0.2O3- cathode material. The value of BSCFM-0.1 

TEC is decreased to 14.24×10
-6 

K
-1

 (600
o
C) comparing with BSCF. The small difference of thermal 

expansion will be good for the cathode to adhere on the electrolyte in SOFCs. This thermal matching 

of cell devices is helpful to extend the life in the thermal cycle. On the other hand, the reduction of 
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Mn
4+

 expands the crystal lattice to benefit the conduction of oxygen ion. The output power density of 

BSCFM-0.1 cell is 110 W cm
-2

 at 600
o
C for the intermediate temperature SOFCs. These results 

suggest that the low expansion and suitable performance of BSCFM-0.1 is a very promising cathode 

for IT-SOFCs.  
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