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The goal of this study was to understand the effect of sintering temperature and duration on the morphology and mechanical 
properties of the La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) asymmetric flat membrane. The LSCF was prepared using the solid-state 
method and flat asymmetric membranes were prepared from LSCF powder using polyethersulfone (PESf) as the binder, 
dimethyl sulfoxide (DMSO) as the solvent and demineralized water as the coagulant (non-solvent). The membranes were 
sintered at 950, 1100, and 1250 °C for 4 and 8 h to examine the effect of sintering temperature on the morphology, porosity, 
hardness and thermal expansion properties of the resulting membranes. Analysis of the results showed a slight difference in 
membrane density when employing a sintering duration of 4 and 8 h at the same temperature. Whilst sintering temperature 
was observed to significantly affect the morphology and mechanical properties of the asymmetric membrane. SEM images 
showed that all membranes TTes retained their asymmetric structure with finger-like pores in their porous layer. Increasing 
the sintering temperature produced greater membrane density, where sintering at 1250 °C produced the strongest membrane 
with the greatest density and hardness (412.36 Hv). The thermal expansion of the membranes was also measured by TMA, 
which demonstrated a low thermal expansion coefficient associated with the denser membranes.

INTRODUCTION

	 Membrane technology has been widely used for 
separation processes. One membrane type that has 
been developed as an oxygen separator and catalyst are 
inorganic ceramic membranes. One example of such 
ceramic membrane materials with promising charac-
teristics are those derived from the perovskite oxide 
families, due to the specific Mixed Ionic and Electro-
nic Conductor (MIEC) characteristics associated with 
the perovskite structure. These oxides have the ability 
to release lattice oxygen without causing significant 
structural changes in the crystal lattice [1]. Therefore, 
the MIEC membrane has the potential to be used for 
applications such as functioning as a selective oxygen 
supplier for partial oxidation of the methane (POM) 
reaction and for solid oxide fuel cells (SOFC) [2]. 
	 Among the perovskite oxide families, lanthanum-
based perovskites, such as La0.6Sr0.4Co0.2Fe0.8O3δ (LSCF) 
show high oxygen permeability characteristics [3-6]. 
However, the oxygen permeability of these materials 
needs to be improved to be able to be applied to commer-

cial applications. Improving oxygen permeability may be 
achieved by preparing the material upon an asymmetric 
membrane, which consists of a very thin but dense layer 
located on a thicker, porous support. The microstructure 
of the asymmetric membrane also provides additional 
mechanical strength to the dense layer [7].
	 Phase inversion, followed by sintering, is one 
method that can be used to prepare an asymmetric LSCF 
membrane. The phase inversion method is a process 
by which polymers in a solution coagulate and change 
phase from liquid to solid when the solvent is displaced 
by a non solvent. The coagulation process is influenced 
by several factors, such as the nature of the polymer, 
the type of solvent and non-solvent, the viscosity of the 
polymer solution, and the sintering temperature applied 
during the process [8]. 
	 Tan et al. [9] reported the fabrication of a LSCF 
asymmetric membrane employing polyethersulfone 
(PESf) as the polymer binder to form the asymmetric 
structure, whereby the resulting membrane exhibited 
good mechanical strength. Setyaningsih et al. [10] repor-
ted that polyetherimide (PEI) could also be used as the 
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polymer binder in the preparation of the asymmetric 
CaTiO3 membrane. However, the membrane was very 
fragile due to low membrane density and the membrane 
morphology changed significantly before and after sin-
tering. Whilst the pre-sintered membrane showed well-
formed, finger-like pores, the pores became irregular 
after sintering. It was assumed that the change was 
caused by very rapid polymer decomposition occurring 
during the sintering process. 
	 The sintering process and its effect on the mechanical 
properties of the BaxSr1-xCo0.8Fe0.2O3-δ (BSCF) membrane 
were also studied in detail by Fansuri et al. [11]. It was 
found that the sintering process could lead to shrinkage 
of the membrane and increase the membrane’s density. 
A sintering process found to be inappropriate is a direct 
process whereby the temperature is raised rapidly from 
room temperature to the final sintering temperature. 
Rapid temperature increases can create cracks on the 
membrane due to thermal shock. This cracking can be 
minimized by a step-by-step sintering process, which 
gives sufficient time for the membrane to decompose 
its organic and volatile matter before being subjected to 
the final sintering step at an increased temperature. This 
can be achieved by employing a sintering process that is 
subjected to some holding at certain temperatures prior 
to elevation to the final temperature. This procedure may 
function to reduce thermal shock and retain the original 
shape of the sintered membranes. Furthermore, the final 
sintering temperature may also affect the morphology 
and characteristics of the membrane. 
	 Utomo et al. [12] reported that the optimal final 
sintering temperature was mainly determined by the 
composition of the perovskite. With the composition 
which was studied by the Utomo et al., when the sin-
tering temperature was too low, the density of the 
membrane is also too low. On the other hand, when 
the temperature was too high, the membrane melted. 
The melting damaged the asymmetric structure of the 
membrane as the particles from the dense layers melted 
down into the porous layer, creating holes in the dense 
layer and causing pore formations on the dense layer. In 
addition, for an asymmetric membrane prepared by the 
phase inversion method, the polymer removal during the 
sintering process should be caried to cautiosuly to avoid 
pore structure damage [13].
	 Based on previous research, it is suggested that the 
sintering stage is one of the main factors that influences 
the formation of the asymmetric dense membrane. 
Sintering temperatures may affect the final product 
of the membrane in terms of morphology and its 
mechanical properties. Therefore, the work of this study 
was aimed at obtaining a deeper understanding of the 
effect of sintering temperature on the LSCF asymmetric 
membrane prepared by the phase inversion method. 
The membrane density, as well as its morphology and 
mechanical properties, especially membrane hardness 
and thermal coefficient, are discussed below.

EXPERIMENTAL

Materials

	 The materials used for synthesis of LSCF were 
lanthanum oxide (La2O3) pa 99.5 % (Merck), strontium 
carbonate (SrCO3) pa 99.9 % (Merck), cobalt oxide 
(Co3O4) pa 99.5 % (Merck) and iron oxide (Fe2O3) pa 
> 97 % (UPT BPPTK LIPI). The materials were used 
directly without any pre-treatment and any further 
purification. Preparation of the asymmetric membrane 
was carried out using polyethersulfone (PESf) as the 
polymer binder, dimethylsulfoxide (DMSO) as the 
solvent and demineralized water (DM water) as the non-
solvent.

Methods

Synthesis of LSCF 6428
	 La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF 6428) was synthesized 
using solid-state methods as reported by Setyaningsih 
et.al. [10] and Nurherdiana et. al. [14]. Before starting 
the synthesis, all reactants were dried in an oven at 
105 °C for 1 h. After drying, the materials were left to 
cool to room temperature inside a desicator. The dried 
reactants were weighed according to their stoichio-
metric compositions. After weighing, the stoichiometric 
amounts of La2O3 (0.3 mole), SrCO3 (0.4 mole), Co3O4 
(0.067  mole), and Fe2O3 (0.4  mole) were then mixed 
and ground for 2  h until homogeneous. The powdered 
mixture was then subject to calcination at 1000 °C for 2 h 
with an increasing temperature rate of 3  °C·min-1. The 
calcination process was repeated twice with intermediate 
grinding to improve the formation rate of LSCF perov-
skites. After calcination, the product was then ground 
again for 15 minutes and sieved using a 400-mesh test 
sieve (particle size ≤ 45 μm). The resulting powder was 
then characterized by an X-ray Diffractometer (XRD 
JEOL JDX-3530) using Cu Kα radiation (λ = 1.5406 Å). 
The measurement was performed at 2θ = 20-90° with a 
speed of 0.5°·min-1 and 0.02° step size.

Preparation of the asymmetric membrane
	 The asymmetric membrane of LSCF was prepared 
by the phase inversion method as reported by Wang et 
al. [15]. The composition of reactants (in wt.  %) was 
5.23 % PESf, 42.66 % DMSO and 53.11 % LSCF as a 
fine powder. The mixture was made by placing DMSO 
into a conical flask followed by pouring the LSCF into 
the flask. The conical flask was then closed and the 
mixture was stirred using a magnetic stirrer for 2 h until a 
homogeneous slurry was formed. PESf pellets were then 
gradually added into the stirred slurry and the mixture 
was continuously stirred for another 48  h to allow the 
polymer solution and perovskite powder to blend and 
form a homogenous suspension. The suspension was 
then poured directly onto a glass plate and levelled, and 
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directly immersed into a bath containing DM water. The 
resulting green membrane was cut into a 17.0 × 17.0 mm 
square and sintered at various temperatures (950, 1100 
or 1250 °C).
	 The shrinkage of the membranes after sintering was 
calculated based on the difference in the membrane’s 
length (l), before and after sintering as shown in 
Equation 1. The porosity of the membrane was measured 
approximately based on the volume of water that could 
be absorbed onto the membrane. For this purpose, the 
dry membrane was weighed initially and then immersed 
in warm water (40 °C) for 15 min to wet the membrane. 
The membrane was then taken out of the warm water and 
excess water on its surface was carefully wiped off. The 
mass of adsorbed water was determined from the weight 
difference between the dry and wet membrane. The mass 
difference indicated the mass of water adsorbed, and by 
using water density data, the volume of adsorbed water 
could be calculated. The porosity was calculated per 
gram of the initial membrane using Equation 2.

(1)

(2)

where m1 is the mass of the dry membrane (in g), m2 is 
the mass of wet membranes (in g) and ρ is the density of 
water (1 g·ml1).
	 The surface and cross-section of the green mem-
branes before and after sintering were examined by 
Scanning Electron Microscope (SEM) ZEISS EVO MA 
10 with an accelerating voltage of 20.00 kV using a Se-
condary Electron (SE) detector. Carbon coating was 
applied to the sample before SEM analyses to improve 
the electrical conductivity of the samples. Thermal de-
composition of the green membrane was analyzed by 
Mettler-Teledo TGA-DSC 1 at temperatures ranging from 
room temperature to 1000 °C in air with an increasing 
temperature rate of 10  °C·min1. The membrane hard-
ness was characterized by MITUTOYO type 211 Micro 
Vickers Hardness Tester with a 0.2 kgF indentation for-
ce and was retained for 10 s at 5 different points on the 
membrane’s surface. The thermal expansion coefficient 
of the membranes was characterized by METLER 
TOLEDO TMA/SDTA 840 measured in the range from 
room temperature to 1000  °C with an increasing tem-
perature rate of 10 °C·min-1 and load of 0.02 N. 

RESULTS AND DISCUSSION

Synthesis of LSCF 6428

	 The solid-state method was used to synthesize the 
fine LSCF perovskite powder where the apparent change 
in powder color from red to black was an indicator of 
the phase change from metal oxides and carbonates to 
the perovskite oxide. The crystal structure of the powder 
was then characterized using X-ray diffraction to con-
firm the formation of the perovskite structure. Figure 1 
shows the diffractogram of the LSCF fine powder, 
which is consistent with the diffractogram of the LSCF 
6428 (PDF No. 049-0285) standard, demonstrating that 
perovskite oxides were successfully formed using this 
method. The absence of additional peaks showed that 
there was no other phase beside the perovskites present. 
The X-ray diffractogram also exhibited sharp and in-
tense peaks as an indication of high crystallinity of the 
resulting perovskite oxide.
	 To obtain additional data, the diffractogram was fur-
ther analyzed by the Rietveld refinement method using 
RieticaTM software. When a single LSCF 6428 phase 
(using model of PDF No. 00-049-0284) was used as the 
input file, there were some very clear residual peaks as 
shown in Figure 1b. 
	 Futher investigation using search & match software 
with a JCPDS database shows the possibility of a se-
cond phase similar to the LaCoO3 structure, which 
possesses symmetry similar to LSCF 6428. Therefore, 
the diffractogram was refined by adding a LaCoO3 
structural model (PDF No. 00-086-1665) as the second 
phase. Table 1 shows the crystal models that were used 
as input data for the refinement. By using this data, the 
results were consistent with the diffraction data shown in 
Figure 1c where Rp = 6.04, Rwp = 7.61 and the goodness 
of fit (χ2) was 1.38. The weight percentages of the phases 
were 56.41 and 43.59 for the LSCF 6428 and LaCoO3 

Shrinkage (%) =
linitial – lfinal

linitial

Porosity (       ) = m2 – m1/ρ
m1

mL
g

Table 1.  Database for refinement of LSCF 6428.

PDF No.	 Space group	 Lattice

00-049-0284	 R – 3 C : H	 Trigonal [Hex]
00-086-1665	 R – 3 C : R	 Trigonal [Rh]
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Figure 1.  XRD pattern of LSCF 6428 (a). (Continue on next 
page)
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structures, respectively. In addition, the derived bragg 
R-factors (%) were 3.03 for LSCF 6428 and 1.49 for 
LaCoO3. The refined unit cell parameters are listed in 
Table 2.
	 The measured lattice size of the R-3C:R cube phase 
was slightly lower than that reported by Mineshige et 
al. [16], where the authors reported that the length of 

the lattice (a = b = c) was 5.468  Å, which increased 
when there were more Sr deficiencies. The smaller 
size observed in this study, therefore indicates that the 
resulting LSCF 6428 has a low Sr deficiency.
	 The existence of two similar lattice structures was 
also reported by other researchers such as Hjalmarsson at 
al. [17] and Kivi et al. [18] who reported LSCF 6426 with 
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Figure 1.  The refinement result using single LSCF 6428 (b) and a combination of LSCF 6428 and LaCoO3 structure data input (c).

Table 2.  Lattice parameters of refined structure.

Space group	 a (Å)	 b (Å)	 c (Å)	 α (°)	 β (°)	 γ (°)	 Lattice volume (Å3)

R- 3 C :H	 5.5443	 5.5443	 13.5241	 90	 90	 120	 360.0248
R- 3 C :R	 5.4655	 5.4655	 5.4655	 59.98	 59.98	 59.98	 115.3953
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a rhombohedral R-3C:R space group while Hashimoto 
et al. [19] reported a trigonal structure. However, all 
previous reports show a slightly smaller unit cell size 
than the results obtained through this research.

Preparation of asymmetric
membranes

	 Asymmetric membranes were prepared by the phase 
inversion method. The method was chosen because of its 
ability to produce membranes with various asymmetric 
structures as well as the relative simplicity of the pro-
cess [15]. In asymmetric dense membranes, there are 
two layers, namely the dense and porous layers. The 
thickness of the dense layers should be as thin as possib-
le, whereas the porous layer should be thicker and have 
finger-like pores. The finger-like pores integrate the 
sponge-like pores in the microstructure of the membrane, 
which initiates enhancement of oxygen ion diffusion, as 
described elsewhere [12].
	 The suspension was first prepared using DMSO 
as the solvent, which has the ability to dissolve PESf 
and is soluble in the non-solvent (DM water) [13]. 
The suspension was then poured onto a glass plate. 
The thickness of the membrane was maintained at 
± 2  mm and directly transferred to a coagulant bath 
containing DM water. In this process, the DMSO was 
dissolved in water, where the water exchanges with the 
DMSO causing the polymer to change from the liquid 
to the solid phase. The exchange of DMSO with water 
facilitated the creation of pores during the immersion 

process. As the solvent is exchanged within the polymer 
solution with the demineralized water, the polymer is 
coagulated, resulting in a membrane of increased density 
with a certain pore structures as reported by Yuan et.al. 
[20]. The membrane is then immersed for 24 h prior to 
sintering.
	 Chemical analysis was carried out to determine the 
composition of LSCF 6428 in the flat membrane using 
SEM-EDX at several analysis points. According to 
Figure 2, the LSCF 6428 membrane contains different 
average atomic percentages of La, Sr, Co, Fe and O. 
The elemental composition ratios for each analysis site 
is shown in Table 3. The calculation of the element 
ratios theoretically did not vary significantly from the 
experimental results, which confirmed that there was no 
significant change in the composition of LSCF 6428 in 
the membrane form. In addition, this also supports the 
XRD result that LSCF 6428 was successfully synthesized 
using the precursors and methods carried out in previous 
studies.
	 The green membrane obtained from the phase in-
version method was then analyzed by TGA to determine 
the effect of the sintering process. The TGA curve was 
divided into five weight loss steps as shown in Figure 3. 
The first (I) step ranging from room temperature to 
500 °C was assigned as the step relating to the removal 
of any physically adsorbed water and residual solvent 
that might exist in the membranes [20]. Previous re-
searchers have reported that the pure PESf membrane 
would decompose directly at temperatures between 
500 and 600  °C [9, 20, 21, 22, 23]. Thus, the second 
(II) step ranging from 500-600  °C was attributed to 
the decomposition of the PESf polymer. However, the 
proportion of weight lost in this step (3.86 %) is much 
less than the calculated theoretical proportion (9.12 %) 
based on the weights of PESf and LSCF when DMSO 
was excluded. The result shows that not all of the PESf 
was directly decomposed into CO2, SOx and H2O in step 
II when exposed to the air atmosphere.
	 The weight loss was continuously recorded up to 
step IV at 820 °C. It was predicted that in step II, some of 
PESf polymers would undergo imperfect decomposition 
resulting in deposited carbon. The deposited carbon 
would then be oxidized at 600-820  °C to form CO2 
in step III and IV [20]. However, the percentage of 
weight loss in the PESf-related weight loss steps (II-IV) 
(10.28  %) was the larger than was expected based on 
the theoretical value calculation. This means that not 
only PESf, but also some parts of LSCF were removed 
during steps II-IV. This may be due to the oxidation of 
carbon/graphite that not only consumes oxygen from the 
atmosphere but also oxygen in the LSCF crystal lattice, 
leaving a reduced amount of LSCF 6428. However, 
further analysis revealed that there was an increase in 
weight at temperatures 820-1000  °C (step V) with the 
final weight being 5.66 mg. The increase in weight was 
caused by the adsorption of oxygen from the air by the 

Table 3.  Element ratio of the A and B site cations in LSCF 
6428 membrane.

	The site of	 Elements	
Theory	 Experiment

	 cations	 ratio

	 A	 La/Sr	 1.5	 1.1
	 B	 Co/Fe	 0.25	 0.21
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Figure 2.  EDX elemental compositions of sintered LSCF 6428 
membrane at 1250 °C.
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LSCF crystal lattice to reoxidize the oxygen vacancies 
in LSCF [13]. The total weight loss observed from 
500-1000 °C was 9.00 %, which was similar to the theo-
retical value.

	 The slight difference between the theoretical va-
lue and the TGA result (0.12  %) might be attributed 
to the sluggish decomposition of PESf that may occur 
before 500 °C [20] [23]. The TGA results suggest that 
the sintering process for the green membrane should 
be carried out gradually so that the PESf polymer does 
not decompose rapidly, which causes damage to the 
pore structure. Thus, in this work, the sintering process 
was performed by holding the starting temperature for 
PESf decomposition at 500 °C for an hour, followed by 
holding the temperature at 700 °C for an hour to allow 
time for the decomposition of the carbon to occur.

Morphological analysis

	 SEM analysis was performed to examine the mor-
phology of the perovskite membranes, at the dense and 
porous surfaces, as well as at the cross-section of the 
membrane. The analysis was conducted before, on the 
green membrane, and after sintering was performed 
(sintered membrane at each temperature). The SEM 
images of the green membrane are shown in Figure 4. 
It can be seen that for both surfaces (Figures 4a and 
b), the LSCF particles were uniformly distributed and 

connected by the presence of the polymer binder [9]. 
It is also apparent that the membrane preparation pro- 
cedure was successful in forming an asymmetric mem-
brane, as shown through the presence of the porous and 
dense layers in the cross-section image (Figure 4c). 
The porous layer was dominated by finger-like pores, 
where the sponge-like pores were formed by the quick 
exchange between the solvent (DMSO) with DM water. 
The DM water replaced the DMSO as the DMSO was 
dissolved in the water, creating pores along its path in the 
microstructure of the membrane called finger-like pores 
[9, 13].
	 Figure 5 shows the morphology of membranes, 
which were sintered at various temperatures and dura-
tions. The sintering temperatures at 950 °C and 1100 °C 
were maintained for 4 and 8 hours, while the sintering 
at 1250 °C was conducted for 4 hours only. Sintering at 
950  °C and 1100  °C for 4 hours produced membranes 
with high porosity and with an irregular surface mor-
phology in the porous and dense layer as shown in 
Figures 5a and 5b. The formation of an asymmetric 
pore was not clearly observed for both membranes. 
However, the finger-like pores which present in the 
green membrane are still apparent. The irregular surface 
morphology and lack of clarity for the finger-like porous 
layer are possibly caused by the reduction in particles 
sintering after the removal of the polymer binder (PESf). 
Where the sintering temperatures of 950 and 1100  °C 
were not high enough to effectively sinter the membrane, 
causing only partial sintering of each LSCF particle, 
leaving an irregular pore structure as depicted in Figu- 
re 5a and Figure 5b. The results suggest that sintering at 
950 and 1100 °C for 4 h is not sufficient to create a fine 
asymmetric membrane [10].
	 In contrast to membranes that were sintered at 
950 and 1100 °C, those sintered at 1250 °C showed an 
increasingly regular surface morphology as can be seen 
in Figure 5c, where the LSCF particles on both surfaces 
were sintered and connected. The pore was still apparent 
on both porous and dense layer after sintering. However, 
the size and the number of pores found on the dense layer 
was much less than on the porous layer, indicating that 
the dense layer was indeed denser than the porous layer. 
Further examination of the cross-section is shown in 
Figure 5c, where the asymmetric membrane was formed. 
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Figure 3.  TGA curve of LSCF 6428 green membrane.
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Figure 4.  SEM images of green LSCF membrane: a) dense layer, b) pores layer and c) cross section.
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	 1 – dense layer	 2 – porous layer	 3 – cross section

	 1 – dense layer	 2 – porous layer	 3 – cross section

	 1 – dense layer	 2 – porous layer	 3 – cross section

	 1 – dense layer	 2 – porous layer	 3 – cross section

	 1 – dense layer	 2 – porous layer	 3 – cross section

a) 950 °C for 4 h

b) 1100 °C for 4 h

d) 950 °C for 8 h

c) 1250 °C for 4 h

e) 1100 °C for 8 h

Figure 5.  SEM images of sintered membranes at: a) 950 °C for 4 h, b) 1100 °C for 4 h, c) 1250 °C for 4 h, d) 950 °C for 8 h and 
e) 1100 °C for 8 h.
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The sintered membrane at 1250 °C retains the finger-like 
pores of the green membrane, where the temperature is 
high enough to sinter the LSCF particles to form larger 
particles and reduce the size of the hole on the membrane 
surface.

Membrane shrinkage

	 The sintering process has been shown to promote 
membrane shrinkage due to the removal of holes in the 
green membranes. In this work, the degree of shrinkage 
was determined in terms of membrane thickness. The 
percentage of shrinkage depended on several factors 
such as particle size, amount of polymer binder, and 
sintering temperature [15]. Table 4 shows the shrinkage 
of the sintered membrane at various temperatures. 
It can be seen that the highest shrinkage percentage 
(55.88  %) occurs for membranes sintered at 1250  °C 
for 4 hours. The shrinkage observed at this temperature 
is in accordance with the SEM analysis. Whereby the 
shrinkage is due to sintering of the LSCF particles to 
form larger particles, which effectively also increases the 
density of the membrane [11]. For membranes sintered 
at 950 °C and 1100 °C, the increased sintering duration 
was associated with an increased shrinkage percentage. 
The sintering duration seems to have an effect on the 
compaction of the particle but the effect observed also 
less than that relating to the sintering temperature.

	 To obtain a deeper understanding of the factors 
influencing membrane sintering, including sintering 
temperature and sintering duration, the membranes were 
also sintered at 950 and 1100 °C with a longer duration 
than before i.e. 8 h. The resulting morphology was then 
examined using SEM to compare any difference with 
the shorter sintering duration (4 h) at the same sintering 
temperature. The SEM image of membranes sintered 
at 950 and 1100 °C for 8 h is shown in Figure 5d and 
Figure 5e. The figures show that the membrane surfaces 
still possess irregular morphology on both the porous and 
dense layers. It seems that the sintering temperature has 
the greatest effect on the formation of the asymmetric 
membrane when compared with the sintering duration, 
whereby increased sintering temperatures were asso-
ciated with the production of denser membranes.

	 In addition to shrinkage of the membranes, the po-
rosity of the membranes was also examined. The porosi-
ty was approximated from the amount of water adsorbed 
by the membranes, whereby the more porous membrane 
will adsorb greater volumes of water. The results of 
the volume of water adsorbed by the membranes is 
tabulated in Table 5. The membrane associated with 
a sintering temperature of 1250  °C demonstrated the 
smallest amount of water adsorbed (0.07 ml·g-1). This is 
in accordance with the SEM results shown in Figure 5c, 
and the shrinkage trend, indicating that this membrane 
has the greatest density. Membranes  sintered at 950 °C 
and 1100  °C for 4  hours were observed to adsorb a 
larger amount of water than those sintered at the same 
temperature for 8  hours. The results indicated that 
although there was apparently no significant change 
in the membrane morphology, the prolonged sintering 
duration may still produce denser membranes.

Vickers hardness analysis
	 Vickers hardness analysis was also carried out 
to determine the strength of the sintered membranes. 
The membrane that was sintered at 1250  °C was the 
only sample to be tested as the others were too brittle 
to be tested. In this test, the membrane was indented at 
five different points on its surface with a load of 0.5 N 
and held for a period of 10  seconds for each test. The 
hardness recorded for each of the five indentation points 
was tabulated on Table 6, which shows that the average 
hardness of the membrane was 412.36 Hv. The hardness 
value was similar to that recorded for the symmetric 
membranes of Ba0.7Sr0.3Co0.8Fe0.2O3-δ prepared by the 
dry pressing method [11]. However, the hardness at each 

Table 4.  Shrinkage of membranes sintered at various tempe-
rature.

Sintering condition
	                Length (mm)	 Shrinkage

	 Initial	 Final	 (%)

1250 °C, 4 h	 17.0	   7.5	 55.88
1100 °C, 4 h	 17.0	 15.0	 11.76
950 °C, 4 h	 17.0	 16.0	   5.88
1100 °C, 8 h	 17.0	 10.0	 41.17
950 °C, 8 h	 17.0	 12.0	 29.41

Table 5.  Porosity of LSCF membranes determined by the water 
adsorption method.

Sintering condition
	 Pores volume

	 (ml·g-1)

1250 °C, 4 h	 0.07
1100 °C, 4 h	 0.21
950 °C, 4 h	 0.45
1100 °C, 8 h	 0.13
950 °C, 8 h	 0.25

Table 6.  Hardness value of sintered LSCF asymmetric mem-
brane at 1250 °C.

	Indentation	 Hv	 Hv average
	 point	 (Kgf·mm-2)	 (Kgf·mm-2)

	 1	 386.2
	 2	 488.9
	 3	 456.4	 412.36
	 4	 451.4
	 5	 278.9
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indentation point was varied, indicating that the hardness 
on the membrane was not uniform. This effect may be 
caused by the different morphology at each indentation 
point on the sample tested.

Thermal expansion coefficient analysis

	 The thermal expansion coefficient (TEC) is an im-
portant factor to consider for the perovskite membrane 
due to its function as an ionic transport mechanism for 
POM at high temperatures. The large mismatch between 
the membrane and reactor support, such as alumina, 
could lead to cracking  in the membrane and/or ceramic 
sealant. Therefore, the TEC of the resulting asymmetric 
membranes were further tested using TMA (Thermal 
Mechanical Analyzer). 
	 Figure 6 shows the TEC value of the sintered mem-
brane at a different temperature of 950, 110 and 1250 °C. 
The results show that the sintered membrane at 950 °C 
was associated with the highest TEC value.  These results 
are in accordance with previous reports [11] that found 
that the physical properties of membranes, especially the 
asymmetric ones, affect the TEC value. As the sintered 
structure leads to a change in density, which may provide 
different spaces within the membrane. In this case, the 
hole within the membranes could function as space for 
particles to be expended. Therefore, increased pores 
located on the membrane were associated with a higher 
TEC value [9]. In addition, some literature reports show 
that perovskite in powder form influenced the TEC value 
recorded [9, 11, 24]. However, in this work, the effect 
of this factor can be negated as the membranes were 
prepared from the same fine powder composition.

CONCLUSIONS

	 The asymmetric dense membrane of La0.6Sr0.4Co0.2 

Fe0.8O3-δ (LSCF) has been successfully prepared by the 
phase inversion method, followed by sintering. The mem- 
branes possess finger-like pores integrated with sponge-
like pores. The morphology and mechanical properties 
of the membranes were observed to be affected by 
the sintering temperature. In addition, the sintering 
temperature 1250 °C showed the greatest density at the 
dense layer and a smaller hole on the membrane surface, 
with a clear asymmetric structure. Membranes that were 
sintered at 950 and 1100 °C showed decreased densities 
for both the dense and porous layers and an unclear 
asymmetric structure due to poor sintering. Higher tem-
peratures were also found to cause greater shrinkage 
on the membranes, which influenced the associated 
hardness and thermal expansion coefficient. These 
analyses showed that the higher density and hardness of 
the membrane were correlated with lower TEC values. 
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