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A B S T R A C T  
 

 

In this study, Thermal expansion coefficient variation of Ln0.6Sr0.4Co0.2M0.8O3−δ (Ln=La,Nd,Sm and M= 
Fe,Ni,Mn) perovskite oxide  were evalouated. Different compounds  were prepared and thermal 
expansion coefficient  were meseaured in different temperature by means of dilatometer analysis. 
Structural parameters of compounds  were  determined by X-ray diffraction and Field Emission 
Scanning Electron Microscopy (FE-SEM)  was used for the morphological study. Using Nd3+ instead 
of La3+ led to tilting of the BO6 octahedra, phase transition from rhombohedral to the orthorhombic. 
Experimental results  showed  TEC decreases favorably with substitution of  Nd3+ and Mn3+ ions in the 
lattice. 

 

1. INTRODUCTION1 

The solid oxide fuel cell (SOFC) is an all solid energy 
conversion device with high efficiency and very low 
greenhouse emissions. Thus, the use of SOFC 
technologies can significantly reduce the production of 
greenhouse gases and improve our environment[1-3]. A 
typical SOFC consists of a dense layer of an oxygen ion 
conducting electrolyte, separating a cathode, on which 
oxygen molecules react with electrons to produce 
oxygen anions, from an anode on which the fuel is 
oxidized (see Figure 1.) The electrons that are produced 
during the oxidation of fuels are transported through an 
external load back to the cathode[4,5]. The materials 
used as the SOFC cathodes should have high electrical 
conductivity and oxygen ion  conductivity, they should 
also meet the requirements of chemical and thermal 
stability in oxidizing environment, chemical and 
thermal compatibility with the electrolyte, and high 
catalytic activity  toward oxygen reduction reactions at 
intermediate temperatures[4-6]. The chemical reactivity 
and thermal expansion mismatch among the 
components as well as the limited choice of interconnect 
and cathode materials at the conventional operating 
temperatures (1000°C) of SOFC have created enormous 
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interest in intermediate temperature (500–800°C) SOFC 
in the recent years[7]. 

 

Figure 1. Schematic of operating principle of a solid oxide 
fuel cell. 

The traditional view of the perovskite lattice is, it 
consists of small B cations within oxygen octahedra, 
and larger A cations which are XII fold coordinated by 
oxygen. In general, ionic bonds have a larger thermal 
expansion than the covalent bonds. Therefore, the 
variations in TEC can be understood by considering the 
ionic character of the Ln–O bonds in A site. Elements in 
the B sites have strong covalent bond.  In order to 
compare the bond strength of these elements, their 
capacity of change in system should be considered. 
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According to paulling's rules, tetravalent ions create 
stronger bond in BO6 octahedra, reduce the size and unit 
cell volume of the octahedra  and decreas the TEC. 
Mixed ionic and electronic conducting (MIEC) oxides 
with perovskite structures have been the focus of the 
recent research activities for being  used as the SOFC 
cathodes. These MIEC oxides, including (La,Sr) MnO3 
(LSM) [8] (La,Sr) CoO3 (LSC) [9-11], (La,Sr) (Co,Fe)O3 
(LSCF) [12,13], (Sm,Sr) Co3. (SSC) [14,15,16,4], (Ba,Sr) 
(Co,Fe) O3 (BSCF) [18], and (GdBaCoO5)  [6,17,20] 
demonstrated very high electrochemical performance. 
Besides containing MIECs which have received 
considerable attention, afew other new cathode 
materials have been developed, including pyrochlore 
oxides [18-22], Ruddlesden–Popper type oxides [23,24], 
and LaNi1−xFexO3. (LNF) based oxides [25,26]. 
Development of new cathode materials for IT-SOFC is 
still an area of intense research. 
In the present work, we  tried to study variation of 
thermal expansion coefficient and structural parameters 

in Ln0.6Sr0.4Co0.2M0.8O3−δ (Ln=La,Nd,Sm and M= 
Fe,Ni,Mn) perovskite oxide. 

2. EXPERIMENTAL 

The material sources for the powder synthesis were 
La2O3, Nd2O3,Sm2O3,SrCO3, Fe2O3, Co3O4, NiO and 
Mn2O3.The stoichiometry of the different compounds  
were sumerized in Table 1. Different compounds were 
synthesized by the conventional solid-state reaction 
methods. Raw materials were thoroughly mixed with 
ethanol by using an agate mortar and pestle, and 
calcined in air at 900 °C for 12 hs. The calcined 
powders were pressed by using a uniaxial hydraulic 
press into 20 mm × 20 mm disc specimens at final 
pressure of 60 MPa pressed into pellets and finally 
sintered at 1300°C for 24 hin an electrical furnace at a 
heating rate of 5 ºC/min. For the phase identification, X-
ray diffraction profile was equipped using a Philips Cu 
Kα radiation (λ=1.5404 Å).  All XRD experiments were 
performed with step size of 0.02° and a step time of 2 s.

TABLE 1. stoichiometry of the different compounds 

Compounds Sample 

code 

La2O3 

(2811) 

mol% 

SrCO3 

(1633)  

mol% 

Co3O4 

(1308049) 

 mol% 

Fe2O3 

(3924)  

mol% 

Nd2O3 

(131397)  

mol% 

Sm2O3 

(11229) 

mol% 

Mn2O3 

(145737)  

mol% 

NiO 

(2010)  

mol% 

La0.6Sr0.4Co0.2Fe0.8O3 LSCF 0.3 0.4 0.06 0.4 - - - - 

Nd0.6 Sr0.4Co0.2Fe0.8O3 NSCF - 0.4 0.06 0.4 0.3 - -  

Sm0.6 Sr0.4Co0.2Fe0.8O3 SSCF - 0.4 0.06 0.4 - 0.3 -  

La0.6Sr0.4Co0.2Mn0.8O3 LSCM 0.3 0.4 0.06 - - - 0.4  

La0.6Sr0.4Co0.2Ni0.8O3 LSCN 0.3 0.4 0.06 - - - - 0.4 

Nd0.6Sr0.4Co0.2Mn0.8O3 NSCM - 0.4 0.06 - 0.3 - 0.4  

The lattice parameter was determined by fitting the 
observed reflection with a least squares refinement 
program. The TECs of sintered samples were measured 
from room temperature to 800°C with a heating/cooling 
rate of 10°C/min by Dilatometry 402ENETZSCH. Field 
Emission Scanning  Electron  Microscopy  (FE-SEM)  
Philips XL30S FEG with the accelerating voltage of 
5kV was used for the microstructure study. 

3. RESULT AND DISCUSSION 

3-1. Thermal expansion coefficient of different 
compounds   The average thermal expansion 
coefficients (TECs) of the different compounds 
measured in the range of 25-800°C in air are given in 
Figure 2. 
substitution of Nd for La (A site) decreased the thermal 
expansion coefficient whereas substitution of Sm for La 
(A site) increased it. In general, ionic bonds have a 
larger thermal expansion than the covalent bonds. 
Therefore, the variations in TEC can be understood by 
considering the ionic character of the Ln–O bonds. Mori 
et al.[27]  also discussed the variations of TEC in the 
analogous lanthanum manganites La1−xAxMnO3A = 
alkaline-earth in terms of the ionic character of the A–O 

bond. The percent ionic character of a bond is related to 
the electro negativity difference between the bonded 
atoms A and B in the A–B bond by the following 
empirical relationship:[28] 

Ionicity%=[1-exp(-0.25(XA-XB)2]×100                     (1) 

 
Figure 2. The variations of thermal expansion coefficient 
versus temperature in different compounds in air. 

where xA and xB are the electro negativities of the A and 
B atoms, respectively. Based on the Pauling electro 
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negativity values, [29] one can  understand that the TEC 
values in compounds contaning Nd is due to the increas 
electro negativity of Nd and the decreas ionic character 
of the Ln–O bond. Substitution of Ni for Fe (B site)  
increased the coefficient of thermal expansion of the 
compounds, however substitution of Mn ions for Fe (B 
site) decreased TEC favorably. 
Elements in the B sites have strong covalent bond. In 
order to compare the bond strength of these elements, 
changes of their capacity in system should be 
considered. According to paulling's rules bond strenght, 
tetravalent ions create stronger bond in BO6 octahedra, 
reduce the size and unit cell volume of the octahedra  
and decreas the TEC. Simultaneous using of Nd and Mn 
in Nd0.6Sr0.4Co0.2Mn0.8O3(NSCM)   led to lowest TEC. 
Figure 2. The variations of thermal expansionc 
oefficient versus temperature in different compounds in 
air. 

3.2. Phase evaluation      Figure 3. shows the XRD 
profile of different compounds. The XRD pattern of 
LSCF was compared with JCPDS file nos.00-050-0308 
and was indexed as rhombohedral (trigonal) perovskite 
phase with the R3c space group. NSCF and SSCF 
compounds were compared with JCPDS file nos.01-
088-0060 and  were indexed as orthorhombic perovskite 
phase with the Pnma space group. It can be seen that 
LSCF,NSCF,SSCF compounds are single phase. 
Compounds containing Mn were single phase with a 
rhombohedral (trigonal) perovskite phase with the R3c 
space group with JCPDS file nos.00-050-0308. It can be 
seen that compound containing Ni was not single phase 
and NiO, LaNiO3 and La2NiO4 phases precipitated. 
NSCM compound was compared with JCPDS file 
nos.01-088-0060. It was indexed as orthorhombic 
perovskite phase with the Pnma space group. 

 
Figure 3. XRD profiles of  different compounds. 

Structural properties of single phase compounds  were 
sumerized in Table 2. With substitution of smaller ions 
the A site, lattice parameter, unit cell volume and 
Goldschmidt’s tolerance factor were decreased and 
successive tilting of the BO6 octahedra was incresed and 
unit cell volume was decreased. As a result in this 
compounds morecompact crystal structure can be seen. 
In addition decreasing tolerance factor is an expression 
of phase transition from rhombohedral to orthorhombic. 
Moreover, increasing electro negativity of Nd and 
decreasing ionic character of the Ln–O bond led to an 
increase in bond strength and more stable oxygen ions. 
As it has been seen with substitution of Mn in B site 
lattice parameter and  unit cell volume were decreased. 
All of these factors have significant effect on the 
reduction of thermal expansion coefficient. Tetravalent 
ions form stronger bond in BO6 octahedra and reduce 
the size of the octahedra with concomitant decreas in 
TEC. Greater stability of the Mn4+ ions compared to 
Fe4+ led to decrease in TEC of compounds containing 
Mn.

TABLE 2. Lattice parameters, lattice volume, pseudocubic lattice parameter ( apc) and tolerance factor (t) of different compounds 

 

Compounds 

 

Structure 

 

 

a (Å) 

 

 

b(Å) 

 

 

c(Å) 

 

V(Å)3 

 

apc(Å) 

 

t 

La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF) 

 

Rhombohedral 

 

5.47 

 

- 

 

13.69 

 

350.46 

 

3.88 

 

0.97 

Nd0.6Sr0.4Co0.2Fe0.8O3-δ 

(NSCF) 

 

Orthorhombic 

 

5.35 

 

5.57 

 

7.48 

 

222.9 

 

3.54 

 

0.90 

Sm0.6Sr0.4Co0.2Fe0.8O3-δ 

(SSCF) 

 

Orthorhombic 

 

5.50 

 

5.40 

 

6.88 

 

204.34 

 

3.44 

 

0.89 

La0.6Sr0.4Co0.2Mn0.8O3-δ  

(LSCM) 

 

Rhombohedral 

 

5.43 

 

- 

 

13.01 

 

329.95 

 

3.80 

 

0.97 

Nd0.6Sr0.4Co0.2Mn0.8O3-δ 

(NSCM) 

 

Orthorhombic 

 

5.46 

 

5.24 

 

7 

 

206.88 

 

3.45 

 

0.90 

 
 
3.3. Microstructural evaluation       Figure 4. and 5. 
show SEM micrographs for fractured surface of 

different compounds. In order to evaluate the 
distribution of different elements in grains and grain 
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boundries, line scan analysis was carried out. The scan 
analysis from  NSCF and SSCF compounds could be 
seen in Figure 6. As can be seen, Nd  was distributed in 
grains and grain boundries uniformly, but Sm was more 
concentrated in the grain boundries region. It seems 
using Sm in the lattice creat more stress compared to 
Nd, which is due to greater difference in ionic radius of 
Sm in comparison  to Sr. As a result, Sm migrates to the 
grain boundries to reduce the lattice energy. The 
concentration of Sm in the garin boundries led to 
behavior change of SSCF compounds. By comparing 
the microstructure of different compounds one can 
understand average size of particles were decreased by 
using Mn in the lattice. 

 

Figure 4. SEM micrographs for fractured surface of (a) LSCF, 
(b) NSCF, (c) LSCM and (d) NSCM. 

 
Figure 5. SEM micrographs for fractured surface of LSCN. 

 
Figure 6. Line Scan analysis of (a) NSCF and (b) SSCF 
compounds. 

4. CONCLUSION 

Thermal expansion coefficient of perovskite with 
composition of Ln0.6Sr0.4Co0.2M0.8O3−δ (Ln=La,Nd,Sm 
and M=Mn,Fe,Ni)  were evaluated. Using Nd3+ instead 
of La3+ led to tilting of the BO6 octahedra, phase 
transition from rhombohedral to the orthorhombic and 
consequently  decrease in volume unit cell. Using Sm in 
the lattice creat more stress compared to Nd, which is 
due to greater difference in ionic radius of Sm in 
comparison  to Sr. As a result, Sm migrates to the grain 
boundries to reduce the lattice energy. Compounds 
containing Mn were single phase,but compound 
containing Ni was not  single phase and NiO, LaNiO3 
and La2NiO4 phases were precipitated. Simultaneous 
using of Nd and Mn  in Nd0.6Sr0.4Co0.2Mn0.8O3 (NSCM)  
led to lowest TEC. 

REFERENCES 

1. Chen, A. and Holt-Hindle, P., "Platinum-based nanostructured 
materials: synthesis, properties, and applications", Journal of 
Chemical Reviews, Vol. ,110, No. 6, (2010), 3767-804. 

2. Brett, D.J.L., Atkinson, A., Brandon, N.P. and Skinner, S., " 
Intermediate temperature solid oxide fuel cells" Journal of 
Chemical Society Reviews, Vol. 37, (2008), 1568-1578. 

3. Kharton, V., Marques, F. and Atkinson, A., "Transport 
properties of solid oxide electrolyte ceramics: a brief review", 
Journal of Solid State Ionics, Vol. 174, (2004), 135-149. 

4. Shao, Z. and Haile, S., "A high-performance cathode for the 
next generation of solid-oxide fuel cells", Journal of Nature, 
Vol. 431, (2004), 170-173. 

5. Wei, B., Lu, Z., Li, S. Y., Liu, Y.Q., Liu, K.Y. and Su, W.H., 
"Thermal and electrical properties of new cathode material 
Ba0.5Sr0.5Co0.8Fe0.2O3-delta for solid oxide fuel cells". Journal of 
Electrochem Solid State, Vol. 8, (2005), 428-431. 

6. Jiang, S., Love, J. and Apateanu, L.,"Effect of contact between 
electrode and current collector on the performance of solid 



 F. Heydari et al. / ACRP:  Vol. 1, No. 1, (Spring 2015)  27-31    31 

oxide fuel cells", Journal of  Solid State Ionics, Vol. 160, 
(2003), 15-26. 

7. Lee, K.T. and Manthiram, A., "Comparison of Ln0.6Sr0.4CoO3− 

δ(Ln = La, Pr, Nd, Sm, and Gd) as Cathode Materials for 
Intermediate Temperature SolidOxide Fuel Cells", Journal of 
The Electrochemical Society, Vol. 153, (2006), 794-798. 

8. Carter, S., Selcuk, A., Chater, J., Kajda, R.J., Kilner, J.A. and 
Steele, B.C.H., "Oxygen-transport in selected nonstoichiometric 
perovskite structure oxides", Journal of  Solid State Ionics, 
Vol. 53, (1992), 597-605. 

9. Jiang, S., "A comparison of O2 reduction reactions on porous 
(La, Sr)MnO3 and (La, Sr)(Co, Fe)O3 electrodes", Journal of 
Solid State Ionics,  Vol. 146, (2002), 1-22. 

10. Murray, E.P., sai, T. and  Barnett, S.A., "Oxygen transfer 
processes in (La, Sr)MnO3/Y2O3-stabilized ZrO2 cathodes: an 
impedance spectroscopy study", Journal of Solid State Ionics, 
Vol. 110, (1998), 235-243. 

11. E.Murray, E. and Barnett, S., "(La, Sr) MnO3-(Ce, Gd)O2-x 
composite cathodes for solid oxide fuel cells", Journal of Solid 
State Ionics, Vol. 143, (2001), 265-273. 

12. Esquirol, A., Brandon, N., Kilner, J. and Mogensen, M., 
"Electrochemical characterization of La0.6Sr0.4Co0.2Fe0.8O3 
cathodes for intermediate-temperature SOFCs", Journal of the 
Electrochemical Society, Vol. 151, (2004), 1847-1855. 

13. Ding, C. and Hashida. T., "High performance anode-supported 
solid oxide fuel cell based on thin-film electrolyte and 
nanostructured cathode", Journal of Energy and 
Environmental Science, Vol. 3, (2010), 1729-1731. 

14. Usui, T., Ito, Y. and Kikuta, K., "Fabrication and 
characterization of LSCF-GDC/GDC/NiO-GDC microtubular 
SOFCs prepared by multi-dip coating", Journal of the Ceramic 
Society of Japan, Vol. 118, (2010), 564-567. 

15. Hwang, H.J., Moon, J.W., Lee, S. and Lee, E.A., 
"Electrochemical performance of LSCF-based composite 

cathodes for intermediate temperature SOFCs", Journal of 
Power Sources, Vol. 145, (2005), 243-248. 

16. Park, Y.M., Kim, J.H. and Kim, H.,"High-performance 
composite cathodes for solid oxide fuel cells", International 
Journal of Hydrogen Energy, Vol. 36, No. 15, (2011), 9169-
9179. 

17. Yan, A., Yang, M., Hou, Z., Dong, Y. and Cheng, M., 
"Investigation of Ba1-xSrxCo0.8Fe0.2O3-δ as cathodes for low-
temperature solid oxide fuel cells both in the absence 
andpresence of CO2", Journal of Power Sources, Vol. 185, 
(2008), 76-84. 

18. Laberty, C., Zhao, F., Swider-Lyons, K.E. and Virkar, A.V., 
"High-performance solid oxide fuel cell cathodes with 
lanthanum-nickelate-based composites", Journal of 
Electrochemical and Solid-State Letters, Vol. 10, (2007), 170-
174. 

19. Chiba, R., Yoshimura, F. and Sakurai, Y., "An investigation of 
LaNi1-xFexO3 as a cathode material for solid oxide fuel cells", 
Journal of Solid-State Ionics, Vol. 124, (1999), 281-188. 

20. Bastidas, D., Tao, S., Irvine, J., "A symmetrical solid oxide fuel 
cell demonstrating redox stable perovskite electrodes", Journal 
of Materials Chemistry, Vol. 16, (2006), 1603-1605. 

21. Tarancon, A., Skinner, S.J., Chater, R.J., Hernandez-Ramirez, 
F. and Kilner, J.A., "Layered perovskites as promising cathodes 
for intermediate temperature solid oxide fuel cells", Journal of 
Materials Chemistry, Vol. 17, (2007), 3175-3181. 

22. Yokokawa, H.,  "Understanding materials compatibility", 
Journal of Annual Review of Materials Research, Vol. 33, 
(2003), 581-610. 

23. Simner, S.P., Bonnett, J.F., Canfield, N.L., Meinhardt, K.D., 
Sprenkle, V.L. and Stevenson, J.W., "Optimized lanthanum 
ferrite-based cathodes for anode-supported SOFCs", Journal of 
Electrochemical and Solid-State Letters, Nol. 5, (2002), 173-
175. 

24. Simner, S.P., Bonnett, J.F., Canfield, N.L., Meinhardt, K.D., 
Shelton, J.P., Sprenkle, V.L., Stevenson, J.W., "Development of 
lanthanum ferrite SOFC cathodes", Journal of  Power Sources, 
Vol. 113, (2003), 1-10. 

25. Jiang, S., "A comparative study of fabrication and performance 
of Ni/3 mol % Y2O3-ZrO2 and Ni/8 mol% Y2O3-ZrO2 cermet 
electrodes", Journal of the Electrochemical Society, Vol. 150, 
(2003), 548-559. 

26. Zha, S., Cheng, Z. and Liu, M., "Sulfur poisoning and 
regeneration of Ni-based anodes in solid oxide fuel cells", 
Journal of the Electrochemical Society, Vol. 154, (2007), 201-
206. 

27. Mori, M., Hiei, Y., Sammes, N.M. and Tompsett, G.A., 
"Thermal-expansion behaviors and mechanisms for Ca- or Sr-

doped lanthanum manganite perovskites under oxidizing 
atmospheres", Journal of the Electrochemical Society, Vol. 
147, No. 4., (2000), 1295-1302. 

28. Callister, W.D., Journal of Materials Science and Engineering 
an Introduction, 5thed, p.23, John Wiley & Sons Inc., New 
York (2000). 

29. Barsoum, M., "Fundamentals of Ceramics", p. 26, McGraw-Hill 
Companies Inc.,New York (1997). 

 


