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Abstract A modified sol–gel (MSG) method was devel-

oped to synthesize perovskite La1-xSrxMnO3 (x = 0.2, 0.4,

0.6, 0.8) with large specific surface area that allows for

control of their particle size from the micrometer level to the

nanometer level with novel nanoporous structure. The MSG

method utilized carbon black (Vulcan XC-72R) as a pore-

forming material during the preparation process. Two

important process parameters, the calcination temperature

and the pore former material addition, were investigated to

control the size of the La1-xSrxMnO3 particles. The phase

evolution of La1-xSrxMnO3 powders was investigated by

thermogravimetric analysis (TG/DSC) and X-ray diffraction

pattern. The results showed that the pure La0.6Sr0.4MnO3

phase has been obtained at about 550 �C in air, which is

lowered around 150 �C comparing to conventional sol–gel

method. In scanning electron microscope studied, it pre-

sented novel homogeneous nanoporousmorphologywith the

average particle size from 30 to 100 nm. Based on the Bru-

nauer–Emmett–Teller method analysis, the specific surface

area of La1-xSrxMnO3 was significantly influenced by the

calcination temperature, the pore former material addition

and the strontium content. The largest specific surface area of

La0.2Sr0.8MnO3 reached 114.3 m2/g.
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1 Introduction

Perovskite-type oxides have been attracting much attention

and extensively reviewed their catalytic abilities for oxygen

reduction reaction (ORR)/oxygen evolution reaction (OER)
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in metal-air batteries [1–3] and for combustion of volatile

organic compounds in the abatement of exhaust gases [4, 5].

Among them, La1-xSrxMnO3 (x = 0.2–0.8) materials

showed the reasonable catalytic activity for ORR/OER and

for combustion of volatile organic compounds [6–8]. As a

catalyst, the catalytic activity and stability are prerequisite,

strongly relating to its morphology, particle size distribution,

and crystallinity, which are determined by the preparation

method adopted [9]. Traditionally, the preparation method

(e.g., sol–gel [10], citrate complexation [11], solid-state

reaction [12], co-precipitation [13]) involve in high-tem-

perature solid-state reactions, leading to the destruction of

pore structures and hence to low surface areas (\25 m2/g).

That would greatly hinder their practical applications in

heterogeneous catalysis. Previously, Kaliaguine et al. [14–

16] adopted a reactive grinding method, in which ZnO as

additive was ground together with the perovskites-type

materials and then leached byNH4NO3, to prepare a series of

LaBO3 (B=Co, Mn, and Fe) catalysts with high specific

surface area, finding that their catalytic performance for

methanol oxidation enhanced with their specific surface area

increasing (from 20 to 100 m2/g). However, after the

leaching process, a small amount of ZnO still existed and

contaminated the perovskite samples, which would reduce

the catalytic activities. In order to further increase their

catalytic activity, the use of polymeric material as a soft

template for the preparation of porous perovskite oxides has

also received great interest. Dai et al. [17–19] reported that

poly(methyl methacrylate) (PMMA) microspheres are good

soft template for the preparation of three dimensionally

ordered macroporous (3DOM) perovskite oxides (LaMnO3

and La0.6Sr0.4MnO3), of which macropore sizes and surface

areas were 165 nm and 40 m2/g, respectively. And they

found that the 3DOM La0.6Sr0.4MnO3 displayed better cat-

alytic performance for methane combustion than that of the

bulk La0.6Sr0.4MnO3, due to the larger surface area of 3DOM

La0.6Sr0.4MnO3. Nevertheless, it is more complex and dif-

ficult for the preparation of soft template with controlled

properties in most cases. For the PMMA mentioned above,

the preparation and separation of 3-DOM PMMA from the

solution is difficult because of the low density of PMMA,

thus the separation process (by centrifugal machine) needs

high rotational speed and long rotational time. Additionally,

the formation of PMMA is sensitive to the environmental

conditions and randomly arranged PMMA is usually yiel-

ded. To overcome these difficulties, the focus has shifted

from increasing its specific surface areas to controlling its

morphology. Recently, Jin et al. [20] have successfully

synthesized an urchin-like La0.8Sr0.2MnO3 perovskite oxide

by co-precipitation method with urea as a precipitator,

finding that the urchin-like La0.8Sr0.2MnO3 perovskite oxide

exhibits an encouraging catalytic activity for ORR and OER

due to its novel morphology. Whereafter, Lu et al. [21] have

prepared a hollow spherical La0.8Sr0.2MnO3 (HS-LSM)

perovskite oxide using a new carbonate-template route,

discovering that the HS-LSM showed high activity and

stability for ORR in alkaline solution, outperforming the

commercial Pt/C. Although these novel structural perovskite

oxides could provide a larger active surface area with reac-

tants relative to the bulk, the particle size and shape of the

resulting perovskite oxides is hard to control owing to the

complex overall procedures of the preparation methods.

Therefore, it is highly desirable to develop an effective facile

strategy for the controlled preparation of porous perovskite

oxides with high specific surface area.

The aim of this work is to explore a facile modified sol–

gel (MSG) method in order to not only reduce the calci-

nation temperature but also increase the surface area of

perovskite oxides. A pore-forming material, carbon black

Vulcan XC-72R, was introduced into the precursor during

preparation by SG method. The MSG method was practical

to prepare perovskite La1-xSrxMnO3 with a high surface

area without any additional supporters. The phase evolu-

tion of La0.6Sr0.4MnO3 powders has been systematically

studied by thermogravimetric analysis (TG/DSC), X-rays

diffraction pattern (XRD). Furthermore, the effects of the

amount of the pore-forming material and the doped Sr

element on the La1-xSrxMnO3 microstructure and specific

surface area were investigated by scanning electron

microscope (SEM) and Brunauer–Emmett–Teller (BET),

respectively.

2 Experimental

2.1 Preparation of nanoporous La12xSrxMnO3

(x 5 0.2, 0.4, 0.6, 0.8)

A series of nanoporous La1-xSrxMnO3 (defined as LSMx,

where the x represented different Sr doping content in the

samples, x = 0.2, 0.4, 0.6, 0.8) powders were synthesized by

a MSG method. Carbon black (Vulcan XC-72R, 30 nm,

Cabot)was used as a pore-formingmaterial. La(NO3)3�6H2O

(C99.9 %, Guoyao Chemical Reagent Co. Ltd.),

Sr(NO3)2(C99.0 %, Gouyao Chemical Reagent Co. Ltd.),

Mn(NO3)2 (50 wt% aqueous solution, Gouyao Chemical

Reagent Co. Ltd.) and citric acid monohydrate (C99.8 %,

Gouyao Chemical Reagent Co. Ltd.) were used as reagents.

The key steps are summarized in Fig. 1. Typically, an

aqueous solution of citric acid with a 10 % excess mole over

the number of ionic equivalents of cations was prepared. The
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aqueous solution of citric acid was added to various amounts

of pore former material, in which the mass ratio of pore

former to the theoretical mass of LSMxwere 1:1, 2:1 and 3:1,

labeled as LSMx-1, LSMx-2, LSMx-3 (x = 0.2, 0.4, 0.6,

0.8). Then they were agitated vigorously for 1 h in room

temperature to form homogeneous solution. Subsequently,

the aqueous solutions of the stoichiometric metal nitrates

were gradually added to the as-prepared solution and they

were agitated for another 15 min. After mixture, the result-

ing solution was stirred vigorously while being heated to

80 �C and kept at this temperature for about 6 h until water

nearly completely evaporated and a black dough-like paste

was obtained. In order to produce a dry precursor, this paste

was dried at 150 �Cwith a heating rate of 5 �C/min for 2 h in

an oven. The precursor was milled to fine powders, which

were calcined at various temperatures between 450 and

600 �C with a heating rate of 5 �C/min and maintained for

4 h in air. For comparison, the bulk La1-xSrxMnO3 samples,

marked as B-LSMx (x = 0.2, 0.4, 0.6, 0.8), were prepared by

the conventional sol–gel (CSG) method [22, 23]. All syn-

thetic conditions of CSG method were identical to that of

MSG method except for the calcinations temperatures (be-

tween 600 and 750 �C) and the addition of the pore-forming

material.

Pore-formin  material   

Citric acid solution  

Resultant black solution   

La(NO3)3 & Sr(NO3)2 &      
Mn(NO3)2 mixed solution

Mixin  and stirrin

Heated to 80 °C for 6 h  
Stirrin and eva oratin

Black dou h like aste  

Mixin  and stirrin

Resultant black solution   

Heated to 150 °C for 2 h  
Dr in

Solid amorphous precursor 

Fig. 1 Flow chart for the preparation of LSMx (x = 0.2, 0.4, 0.6, 0.8)

precursors by the MSG method
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Fig. 2 TG-DSC curves of the LSM0.4 precursors prepared by the CSG method (a) and by the MSG method with the mass ratio of pore former to

the theoretical mass of final products (b) 1:1, c 2:1 and d 3:1 for comparison
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2.2 Characterization of the as-prepared samples

Phase identifications of the synthesized powders were

conducted by a MXPAHF X-ray diffractometer from 20� to
80� with a Cu Ka of 1.54056 Å. Thermogravimetric and

differential scanning calorimetry (TG/DSC) was performed

with a Netzsch STA 499C in a flow of air (40 cm-3/min) at

a heating rate of 10 �C min-1 from room temperature up to

900 �C. Both the morphologies and energy-dispersive

X-ray spectroscopy (EDS) of the as-prepared samples were

observed by a Hitachi S-4800 SEM equipment. The crystal

size of the samples was measured by a Talos F200S

transmission electron microscope equipment. The specific

surface area was measured by nitrogen adsorption–des-

orption with the BET method using a NOVA 4200E sur-

face area and pore size analyzer.

3 Results and discussion

Figure 2 shows the TG-DSC curves of the LSM0.4 pre-

cursors prepared by the CSG method and the MSG method,

which were measured from room temperature to 900 �C in

air flow. In the CSG method case, the process could be

divided into four stages noted by stage I, II, III and IV in

Fig. 2a. There were no peaks in the DSC curve in stage I

(around 20–130 �C) corresponding to a mass loss of 2.2 %,

which was a consequence of the removal of the residual

adsorbed and hydrated water. In stage II (around

130–300 �C), there was an sharp exothermic peak around

150 �C in the DSC curve associating to a mass loss of

54.9 % at this stage, which was due to the loss of nitrate

and citric anions by decomposition and oxidation. In stage

III (around 300–630 �C), there was an apparent exothermic

peak at 328 �C with a mass loss of 23.1 %, which could be

assigned to the combustion of metal citrates because the

decomposition of metal citrates started at around 320 �C
[11]. And the weak exothermic peak at 617 �C is due to

formation of the perovskite phase, which is consistent with

Ref. [7]. In stage IV (around 630–900 �C), no significant

weight loss is observed which implies that almost all the

nitrite anion and organic derivatives are removed. In the

MSG method case, comparison of the TG and DSC curves

showed that the whole process could be divided into five

stages noted by stage I, II, III, IV and V in Fig. 2b–d.

Compared with the DSC curves of the CSG method, there

was an additional strong and sharp exothermal peak

between 418 and 580 �C with an obvious mass loss in stage

IV when the pore-forming carbon black was introduced

during preparation. This was due to the burning combus-

tion of the pore-forming carbon black [24]. In stage V, no

significant mass loss was observed, which implied that

almost the pore-forming carbon black were removed. As

shown in Fig. 2b–d, the onset temperature of no weight

loss decreased first and then increased with the increasing

amounts of the pore-forming carbon black. For the

LSM0.4-1 sample, the crystallization of the perovskite

phase is also observed as small endothermic peak around

603 �C in the Fig. 2b. With the pore-forming carbon black

content increasing, no noticeable crystallization feature

was observed in the DSC profile in Fig. 2c–d. This can

probably be attributed to reducing the formation tempera-

ture of the perovskite phase in stage IV. And the lowest

onset temperature of no weight loss could be reached

510 �C for the LSM0.4-2 sample as shown in Fig. 2c,

indicating that the releasing heat in stage IV was beneficial

to formation of perovskite phase and decrease the calci-

nation temperature during preparation. While, the onset

temperature of no weight loss conversely increased to

580 �C with the further increasing amounts of the pore-

forming carbon black, which is due to the formation of the

SrCO3 impurity as shown in Fig. 2d.
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Fig. 3 XRD patterns of LSM0.4 prepared by the MSG method

(a) and the CSG method (b) calcined at different temperatures
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To obtain information about the formation of crystal-

lographic phase during thermal treatment, XRD analysis

was conducted. Figure 3a shows the XRD patterns of the

LSM0.4-2 calcined at 450, 500, 550 and 600 �C for 4 h,

respectively. For comparison, the XRD patterns of the

B-LSM0.4 calcined at 600, 650, 700, 750 �C for 4 h are

presented in Fig. 3b. And the standard crystallographic

spectrum of perovskite La0.65Sr0.35MnO3 from JCPDS card

No. 49-0595 was included. For the LSM0.4-2 samples, a

few peaks corresponding to perovskite phase La0.6Sr0.4
MnO3 were observed but not well developed at 450 �C,
implying that the La0.6Sr0.4MnO3 perovskite phase started

to form at 450 �C. Compared with the B-LSM0.4 sample,

the peaks of the LSM0.4-2 sample corresponding to

perovskite La0.6Sr0.4MnO3 phase were almost observed at

500 �C as shown in Fig. 3a, indicating that perovskite-type

oxide La0.6Mn0.4CoO3 phase had already formed. While all

diffraction peaks of the B-LSM0.4 sample were indexed as

pure La0.6Sr0.4MnO3 phase until the calcination tempera-

ture is above 650 �C as shown in Fig. 3b, which was

150 �C higher than that of the LSM0.4-2 sample. This

might be ascribed to the introduction of the pore-forming

material releasing lots of heat between 350 and 500 �C,
which was beneficial to formation of perovskite La0.6
Sr0.4MnO3 phase at relatively low calcination temperature.

With elevating the calcination temperature, the LSM0.4-2

sample calcined above 550 �C presented the typical pattern

of perovskite La0.6Sr0.4MnO3 phase (JCPDS 49-0595) and

(e)

(d)

(f)(c)

(a)

(b)

500 °C

550 °C

600 °C

Fig. 4 SEM images of the LSM0.4-2 calcined at 500 �C (a), 550 �C (b), 600 �C (c) and d–f the EDS spectrum collected onto the square zone of

the corresponding images
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the corresponding characteristic peaks became sharper as

the calcination temperature elevated, demonstrating that

better crystalline structure was formed. And no impurities

such as manganese oxides, lanthanum oxides and strontium

oxides were detected from the XRD patterns.

Figure 4 shows the morphologies of the LSM0.4-2 at

different calcination temperatures for 4 h, together with the

EDS spectrum of the particles in the selected regions. As

shown in Fig. 4a, most of the particles are in round shape

with an average particle size of about 30 nm and aggre-

gated to form spongy morphology. The EDS detected

amounts of the carbon element (Fig. 4d) confirm that the

pore-forming carbon black had not been completely elim-

inated and still existed in the as-prepared powders when the

calcination temperature was 500 �C. With elevating the

calcination temperature up to 550 �C, the morphology of

the LSM0.4-2 presented a novel nanoporous structure with

the pore size of about 100 nm (Fig. 4b). And EDS only

detected trace amount of the carbon element as compared

Fig. 4e with Fig. 4d, demonstrating that most of the pore-

forming carbon black was burnt out, which resulted in

homogeneous nanoporous structure in the as-prepared

sample. But the particle size of the as-prepared powders

increased slightly up to 50 nm than that of the samples

calcined at 500 �C (see Fig. 4a). With the calcination

temperature further elevating to 600 �C, the LSM0.4-2

powder exhibited particles severely aggregated in platelet

shape and the homogeneous nanoporous structure disap-

peared, owing to excessively high calcination temperature.
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Fig. 5 XRD patterns of LSM0.4 prepared by the MSG method with

different addition amounts of the pore-forming carbon black
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Fig. 6 SEM images of LSM0.4 prepared by the MSG method calcined at 550 �C for 4 h b LSM0.4-1, c LSM0.4-2, d LSM0.4-3, and prepared

by the CSG method calcined at 700 �C for 4 h: a B-LSM0.4 for comparison
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EDS also did detect trace amount of the carbon element,

which might come from the carbon tap during the EDS test.

As shown in Fig. 4e, f, the intensity of the carbon element

peak almost kept constant, which further suggested that the

pore-forming carbon black was completely eliminated at

550 �C. The specific surface area of the LSM0.4-2 samples

calcined at 500, 550, 600 �C determined by the BET

technique were 71.2, 83.7 and 62.3 m2/g, respectively. It

could conclude that excessively high calcination tempera-

ture was not conducive to the preparation of the nonporous

perovskite oxides with high specific surface area using the

MSG method.

The influence of the addition amounts of the pore-

forming carbon black on the structure and the morpholo-

gies of the LSM0.4 samples was investigated by XRD and

SEM. Figure 5 presents the XRD patterns of the LSM0.4

prepared by the MSG method with different amounts of the

pore-forming carbon black calcined at 550 �C for 4 h. All

these three samples displayed the typical pattern of per-

ovskite La0.6Sr0.4MnO3 phase (JCPDS 49-0595), further

confirming that the crystallization temperature of the per-

ovskite oxides was greatly reduced when the pore-forming

carbon black was introduced. As shown in Fig. 5, the rel-

ative intensity of the characteristic peaks for perovskite

(a)   LSM0.2-2     

a-1        

a-2        
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b-2

b-1

LSM0.6-2     (c)   

c-1
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(d)   LSM0.8-2     

d-1
d-2
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La:Sr:Mn =0.63:0.37:1.0
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La:Sr:Mn =0.62:0.38:1.0

d-1    

La:Sr:Mn =0.78:0.22:1.0

d-2
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Fig. 7 SEM images of a LSM0.2-2, b LSM0.4-2, c LSM0.6-2 and d LSM0.8-2 prepared by the MSG method calcined at 550 �C for 4 h and the

EDS spectrum collected onto the square zones and points of the corresponding images
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La0.6Sr0.4MnO3 phase obviously strengthened with the

increasing amounts of the pore-forming carbon black. The

more pore-forming carbon black was introduced, the more

heat it would release, which led to formation better crys-

talline structure. However, the XRD pattern of the

LSM0.4-3 sample appeared impurity peaks at about 25�,
36�, 44� and 50�. This impurity was well indexed as

SrCO3, which likely resulted from the reaction of Sr2? with

CO2 (from the combustion of carbon black) during the

annealing process. With the increasing amounts of the

pore-forming carbon black, the concentration of CO2

gradually increased, promoting the formation of SrCO3.

Figure 6 shows the morphologies of the as-synthesized

powders with different amounts of the pore-forming carbon

black calcined at 550 �C for 4 h. As shown in Fig. 6a, the

B-LSM0.4 powders without the pore-forming material,

which were obtained by CSG method, exhibited irregular

morphology with an average particle size of over 2 lm.

When the pore-forming carbon black was introduced, the

particle size decreased from the micrometer level to the

nanometer level as compared Fig. 6a with Fig. 6b, because

the carbon black can hinder the growth of solid particles

during heating [25]. Although the particles size of the

LSM0.4-1 sample could reached round 100 nm, the parti-

cles were severely agglomerated. With the increasing

amounts of carbon black, the particle size of LSM0.4-2

sample further reduced to about 50 nm. And the LSM0.4-2

powders exhibited a homogenous novel nonporous struc-

ture with the pore size of about 100 nm. The reason is that

the carbon black acting as the pore-forming material was

burnt out during calcination process and formed the non-

porous structure inside the powders. With the further

increasing amounts of carbon black, LSM0.4-2 and

LSM0.4-3 had the similar particle size as shown in Fig. 6c,

d, indicating no influence on morphology with excess

addition of carbon black. The specific surface area of

B-LSM0.4, LSM0.4-1, LSM0.4-2 and LSM0.4-3 deter-

mined by the BET technique were 26.6, 55.6, 83.7 and

112.4 m2/g. The specific surface area of LSM0.4-3 further

increased with the amounts of carbon black increasing,

manifesting that the more carbon black could produce more

nanopores inside the samples. However, the impurity

(SrCO3) would be produced when excess amounts of car-

bon black was added during preparation as shown in the

XRD pattern of Fig. 5.

The influence of the ratio of La to Sr on the structure of

LSMx powders was investigated by XRD and SEM toge-

ther with EDS. Figure 7 presents the morphologies and

EDS spectrums of LSMx-2 samples with different Sr

doping contents prepared by the MSG method calcined at

550 �C for 4 h. Most of the particles are in irregular shape

and connected to form a sponge-like morphologies for

these four samples. With the increase in Sr content, the

sponge-like morphologies remained but the particles size

of the samples reduced obviously due to the decrease of

unit cell volume with the Sr mole fraction increasing (to be

discussed later). For better understanding the actual Sr

mole fraction in the samples, the atomic ratio of the tran-

sition metals in the samples was determined by EDS,

respectively. As shown in Fig. 7, the La/Sr/Mn atomic ratio

obtained either from the square zones or from the points

were both almost close to the theoretical value, indicating

that the Sr content nearly kept constant in the samples after

preparation. Figure 8 shows their XRD patterns and the

standard crystallographic spectrum of the LaMnO3 parent

material based on a cubic unit cell from JCPDS card No.

51-1516. As shown in Fig. 8, the XRD patterns are in good

agreement with that reported in literatures for perovskite-

type La1-xSrxMnO3 [7, 26]. Furthermore, there is no the

SrCO3 impurity with the increasing Sr content, which was

probably due to the relatively low calcination temperature

in the MSG case. From the XRD patterns of Fig. 8, the

lattice parameters of these four samples could be calculated

based on the Pm-3 m space group of the LaMnO3 parent

material and the results are summarized in Table 1.

Clearly, the unit cell volume decreased with the Sr mole
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LSM0.6-2
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Fig. 8 XRD patterns of a series of LSMx compounds with x from 0.2

to 0.8 prepared by the MSG method

Table 1 Lattice parameters of LMSx-2

Sample a (Å)a V (Å3) Crystallite size (nm)b

LMS0.2-2 3.88296 58.54 87

LMS0.4-2 3.87292 58.09 56

LMS0.6-2 3.86464 57.72 43

LMS0.8-2 3.85838 57.44 32

a Assuming pseudo-cubic unit cell geometry
b Crystallite sizes were calculated by Debye–Scherrer equation
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fraction increasing, which was somewhat contrary to the

smaller ionic radius of La3? (117 pm) than that of Sr2?

(132 pm) [28]. The cause of this was that the unit cell size

was mainly determined by the manganese ionic radius.

With the addition of Sr2?, the manganese oxidation state

would change proportionately from Mn3? to Mn4?, leading

to the reduction in the manganese ionic radius from Mn3?

(79 pm) to Mn4? (67 pm) [6]. With the increase in the ratio

of Sr to La, the relative intensity of peaks for LSMx

powders gradually reduced implying that the crystallinity

of LSMx powders was lowered with increasing Sr content.

Moreover, the XRD spectrum of LSMx powders displayed

significantly broadening, which might be due to the

reduction in the particle size with increasing Sr content.

The average crystallite sizes (D) of these four samples were

estimated using the Debye–Scherrer equation ðD hklð Þ ¼
0:89 k= b cos hð Þ, where b is the half-height width of the

diffraction peak, h is the diffraction angle, and k is the

X-ray wavelength) [6, 27]. And their values were about 87,

56, 43, and 32 nm for x = 0.2, 0.4, 0.6, and 0.8,

respectively. It was implied that the reduction in the unit

cell volume with the increase in the Sr mole fraction led to

the crystallite sizes decreased.

In order to gain additional supporting evidence, Fig. 9

exhibits the TEM images of LSMx powders for various Sr

doping contents. As shown in Fig. 9, all these four samples

presented novel nanoporous structure and their average

sizes determined by TEM was around 100, 54, 45, and

35 nm for x = 0.2, 0.4, 0.6, and 0.8, respectively, which

were in good agreement with that calculated from XRD

pattern. This was confirmed that average particle diameter

decreased with increasing Sr doping content. The average

value lay in the range of 35–100 nm with a fairly narrow

size distribution. Furthermore, the specific surface area of

the LSMx powders was shown to fall in the range of around

70–110 m2/g and found to be influenced by the Sr doping

content. Figure 10 shows a plot of the specific surface area

for LSMx powders as a function of the Sr content. As

shown in Fig. 10, the specific surface area increased with

the Sr doping content, which was consistent with that

(a)   (b)   

(c)   (d)   

LSM0.2-2       LSM0.4-2       

LSM0.6-2       LSM0.8-2       

Fig. 9 TEM images of a LSM0.2-2, b LSM0.4-2, c LSM0.6-2 and d LSM0.8-2 prepared by the MSG method calcined at 550 �C for 4 h
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reported in Ref. [26]. The specific surface area of

LSMx were 72.3, 83.7, 96.4 and 114.3 m2/g for x = 0.2,

0.4, 0.6, and 0.8, respectively. The cause of this is that the

more nanopores would be produced in the sample with

smaller particle size. Obviously, the perovskite-type oxides

LSMx, which could be prepared by the MSG method under

relatively low calcination temperature (550 �C) condition,
demonstrated novel homogeneous nanoporous morphology

with the average particle size from 30 to 100 nm. And their

specific surface areas surpassed that of LSMx prepared by

the CSG method. So, the MSG would be convenient and

feasible method to prepare the homogeneous nanoporous

oxides with high specific surface area.

4 Conclusions

The MSG synthesis presented in this paper can be adopted to

prepare homogeneous nanoporous structural perovskite-type

oxides with control of their particle size from micrometers to

the order of tens of nanometers. Based on TG-DSC and

XRD results, the pore-forming material were burn out and

perovskite phase could be formed at 550 �C. Furthermore, it

was observed that the addition of the pore-forming material

and the Sr doping content significantly influenced their

microstructure and specific surface area. The specific surface

area apparently enlarged with the increasing addition of the

pore-forming material. However, the SrCO3 impurity was

inclined to be produce with excessive pore-forming material.

With increasing Sr doping content, the specific surface area

of LSMx increased as well. These exciting results provided

conclusive evidence that this MSG was a facile and practical

method to prepared perovskite-type oxides which possessed

homogeneous nanoporous structure and large specific sur-

face area for heterogeneous catalysis.
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