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Abstract

(LaxSr1�x)MnO3 (LSMO) and (LaxSr1�x)FeO3 (LSFO) (x = 0.2–0.4) ceramics prepared by a simple and effective reaction-sintering process

were investigated. Without any calcination involved, La2O3 and SrCO3 were mixed with MnO2 (LSMO) or Fe2O3 (LSFO) then pressed and

sintered directly. LSMO and LSFO ceramics were obtained after 2 and 4 h sintering at 1350–1400 and 1200–1280 8C, respectively. Grain size

decreased as La content increased in LSMO and LSFO ceramics.
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1. Introduction

Perovskite-type oxides LnMO3 (Ln = lanthanide elements;

M = transition metals) have received much attention because

their applications in solid-oxide fuel cells (SOFC) [1–4] and

sensor materials for alcohol, carbon monoxide, oxygen, and

humidity [5–8]. SOFCs are energy-conversion devices and

contain three parts, including the electrolyte, the anode and the

cathode. A dense electrolyte is needed to prevent gas mixing,

whereas the anode and cathode must be porous to allow gas

transport to the reaction sites. Mixed ionic-electronic con-

ductors (LaxSr1�x)MnO3 (LSMO) and (LaxSr1�x)FeO3 (LSFO)

are receiving great attention as cathode and interconnection

materials for SOFCs [9–13]. LSMO and LSFO ceramics are

conventionally prepared by solid-state reaction process,

calcining and sintering at high temperatures are involved.

Bilger et al. produced LSMO via a sol–gel method [14]. Licci

and co-workers obtained LSMO from the mixed citrate

precursors [15]. Perovskite-type LSMO powders were synthe-

sized via a mechanochemical process by grinding the

constituent oxides using a planetary mill in air by Zhang

et al. [16]. Simner and co-workers synthesized LSFO via a

glycine nitrate combustion technique [17].
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Recently, Liou et al. prepared Pb(Mg1/3Nb2/3)O3 (PMN) and

Pb(Fe1/2Nb1/2)O3 (PFN) ceramics by a simple and effective

reaction-sintering process [18,19]. PbO and Nb2O5 were mixed

with Mg(NO3)2 or Fe(NO3)3 then pressed and sintered directly

into PMN and PFN ceramics with the calcination step bypassed.

These are the first successful synthesis of perovskite relaxor

ferroelectric ceramics without having to go through the

calcination step in the conventional mixed oxide route or in

the columbite/wolframite route (two calcination steps were

involved). PMN ceramics with a density 8.09 g/cm3 and

dielectric constant 19,900 (1 kHz) were obtained. Other Pb-

based complex perovskite ceramics were also produced by this

reaction-sintering process successfully. In recent studies, some

microwave dielectric ceramics such as BaTi4O9, (BaxSr1�x)(Zn1/

3Nb2/3)O3, Ba5Nb4O15, Sr5Nb4O15, CaNb2O6 and NiNb2O6 were

also prepared successfully by this reaction-sintering process

[20–24]. In this study, we try to prepare (LaxSr1�x)MnO3 and

(LaxSr1�x)FeO3 ceramics by a reaction-sintering process.

2. Experimental procedure

All samples in this study were prepared from reagent-grade

oxides: La2O3 (99.9%), SrCO3 (99%), MnO2 (99.9%) and

Fe2O3 (99.9%). Appropriate amounts of raw materials for

stoichiometric (LaxSr1�x)MnO3 and (LaxSr1�x)FeO3 (x = 0.2,

0.25, 0.3, 0.35 and 0.4) were milled in distilled water with
d.
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Fig. 1. XRD profiles of LSMO ceramics sintered at 1350 8C for 2 h.

Fig. 2. Density of LSMO ceramics sintered at various temperatures for (A) 2 h

and (B) 4 h.
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alumina balls for 24 h. After the slurry was dried and pulverized

the powder was pressed into pellets 12 mm in diameter and 1–

2 mm thick. The pellets were then heated at a rate 10 8C/min

and sintered in a covered alumina crucible for 2 and 4 h in air at

temperatures 1350–1400 8C for LSMO and 1200–1280 8C for

LSFO.

The density of sintered pellets was measured by the

Archimedes method. The sintered LSMO and LSFO ceramics

were analyzed by X-ray diffraction (XRD) to check the

reflections of the phases. Microstructures were analyzed by

scanning electron microscopy (SEM).
Fig. 3. SEM photographs of the as-fired (LaxSr1�x)MnO3 ceramics with (A) x = 0.2, (B) x = 0.25, (C) x = 0.3, (D) x = 0.35 and (E) x = 0.4 after 1350 8C/2 h sintering.
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3. Results and discussion

Fig. 1 shows XRD profiles of LSMO ceramics prepared by

the reaction-sintering process. All peaks match well with the

standard pattern. LSMO ceramics could be obtained success-

fully by a simple process even with the calcining stage

bypassed. Therefore, the reaction-sintering process is proven

effective in preparing LSMO ceramics. The density values of

LSMO sintered at various temperatures are shown in Fig. 2. It

increases with sintering temperature and reaches a maximum

value at 1380 8C in 2 h sintering LSMO. It also increased with

La content till x = 0.35 then decreased obviously at x = 0.4. The

maximum density occurred at 1400 8C for 4 h sintering LSMO

with x = 0.35 and 0.4.

SEM photographs of as-fired LSMO ceramics sintered at

1350 8C/2 h are shown in Fig. 3. Porous pellets with fine grains

about 1 mm were formed in these LSMO ceramics. This means

that 1350 8C/2 h sintering is not high enough for grain growth

and densification in LSMO ceramics prepared by the reaction-

sintering process. It can be easily observed that pores decreased

as the La content increased at x = 0.2–0.35 and increased again

at x = 0.4. Similar trend was observed in LSMO ceramics

prepared by the conventional mixed oxide route [25]. SEM

photographs of the as-fired LSMO ceramics sintered at

1380 8C/2 h are illustrated in Fig. 4. Pores are still found in

LSMO ceramics with x = 0.2 and deceased obviously at

x = 0.25. Increased porosity is needed in a cathode of SOFC to
Fig. 4. SEM photographs of the as-fired (LaxSr1�x)MnO3 ceramics with (A) x = 0.2, (
increase the gas transported to the reaction sites in the

electrolyte. Larger grains were formed in LSMO prepared by

the reaction-sintering process as compared with LSMO

prepared by the conventional mixed oxide route [25]. It is

also noted that the grain size decreased as La content increased.

This is the same as in LSMO, (LaxSr1�x)CoO3, LSFO ceramics

by the conventional mixed oxide route we investigated and in

La1�xSrxCo0.2Fe0.8O3 ceramics reported by Chou and co-

workers. In LSMO by the conventional route, grains of 1.9 and

<0.8 mm were found after 1400 8C/4 h sintering with x = 0.25

and 0.4, respectively [25]. While in LSFO ceramics by the

conventional route, 6.1 mm grains were formed for x = 0.2 and

2.4 mm for x = 0.4 at 1250 8C/4 h sintering [26]. Chou et al.

reported mean grain size of La1�xSrxCo0.2Fe0.8O3 ceramics

increased about 12 times from 1.8 mm for 80% La content to

21.9 mm for 20% La content after 1250 8C/4 h sintering [27].

All of these studies show that less La content makes the grain

growth easier at the same sintering temperature.

Fig. 5 shows XRD profiles of LSFO ceramics prepared by

the reaction-sintering process. It can be easily found that all

peaks match with the ICDD PDF #01-082-1963 standard

pattern of (La0.4Sr0.6)FeO3. LSFO ceramics could be obtained

successfully by a simple process with the calcining stage

bypassed. Density values of LSFO sintered at various

temperatures are shown in Fig. 6. For LSFO with x = 0.2,

density is not affected obviously by the sintering temperature. It

increased with sintering temperature and reached a maximum
B) x = 0.25, (C) x = 0.3, (D) x = 0.35 and (E) x = 0.4 after 1380 8C/2 h sintering.



Fig. 5. XRD profiles of LSFO ceramics sintered at 1200 8C for 2 h.

Fig. 6. Density of LSFO ceramics sintered at various temperatures for (A) 2 h

and (B) 4 h.
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value at 1230 8C. More La content resulted in a higher density

at high sintering temperatures. The maximum density for LSFO

with x = 0.4 is observed at 1250 8C. It implies that the

temperature for densification in LSFO increases with increas-

ing La content. Sintering temperature for LSFO is 150 8C lower

than LSMO ceramics by a reaction-sintering process as shown

in Fig. 2.

SEM photographs of as-fired LSFO ceramics sintered at

1230 8C/4 h are shown in Fig. 7. Very few pores were formed in

these LSFO ceramics. This means that 1230 8C/4 h sintering is

high enough for grain growth and densification in LSFO
Fig. 7. SEM photographs of the as-fired (LaxSr1�x)FeO3 ceramics with (A) x = 0.2, (B) x = 0.25, (C) x = 0.3, (D) x = 0.35 and (E) x = 0.4 after 1350 8C/2 h sintering.



Fig. 8. SEM photographs of the as-fired (LaxSr1�x)FeO3 ceramics with (A) x = 0.2, (B) x = 0.25, (C) x = 0.3, (D) x = 0.35 and (E) x = 0.4 after 1380 8C/2 h sintering.
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ceramics prepared by the reaction-sintering process. It can be

easily observed that the grain size of LSFO decreased as the La

content increased. Similar tendency were observed in LSFO

ceramics prepared by the conventional mixed oxide route [26].

SEM photographs of the as-fired LSFO ceramics sintered at

1250 8C/4 h are illustrated in Fig. 8. Pores are found in LSFO

ceramics with x = 0.2 and 0.25. Similar results were found in

LSFO by the conventional mixed oxide route [26]. Pores are not

found in LSFO ceramics with x = 0.35 and 0.4. Grains of

6.95 mm for x = 0.2 and 3.37 mm for x = 0.4 were observed in

LSFO ceramics sintered at 1250 8C/4 h. This is larger than

LSFO ceramics prepared by the conventional route [26]. In

LSFO ceramics prepared by the conventional route, 6.1 mm

grains were formed for x = 0.2 and 2.4 mm for x = 0.4 at

1250 8C/4 h sintering [26].

4. Conclusion

LSMO and LSFO ceramics could be effectively obtained by

a simple process with the calcining stage bypassed. Density

increases with sintering temperature and reaches a maximum

value at 1380 8C in 2 h sintering LSMO. The maximum density

occurred at 1400 8C for 4 h sintering LSMO with x = 0.35 and

0.4. Sintering temperature for LSFO is about 150 8C lower than

LSMO ceramics. Grain size decreased as La content increased

in LSMO and LSFO ceramics. This is the same as in LSMO and

LSFO ceramics prepared by conventional mixed oxide route.
Larger grains were formed in LSMO and LSFO prepared by the

reaction-sintering process than by the conventional mixed

oxide route.
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