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Sol–gel processing of Sr0.5Sm0.5CoO3 film
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Abstract

Strontium-doped samarium cobaltite (Sm0.5Sr0.5CoO3, SSC) has attracted increasing attention as cathode material for intermediate-
temperature solid oxide fuel cells (IT-SOFCs) due to its mixed-conduction characteristics and relatively high ionic conductivity. In this paper,
sol–gel-derived SSC films were deposited on yttria stabilized zirconia (YSZ) substrates from an alkoxide solution of strontium isopropoxide,
samarium isopropoxide and cobalt isopropoxide. The alkoxide solution was chelated with 2-ethylacetoacetate (CH3COCH2COOC2H5), and
the effect of polyethylene glycol (PEG) addition on the crystallization behavior and microstructure evolution of SSC films was investigated.
XRD, TGA and SEM measurements indicated that single-perovskite phase SSC films were formed when the films were heated at 700 ◦C, and
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EG could significantly refine the crystalline size of the SSC film from around 100–50 nm.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion
evices, which have gained increasing interest in recent
ecades due to their high efficiency and low emission of pol-
utants [1,2]. While existing SOFC technology has demon-
trated much higher energy efficiency, the cost of current
OFC systems is still prohibitive for broad commercializa-

ion except for demonstration plants. One effective approach
o cost reduction is to reduce the operating temperature,
or example, below 700 ◦C [3–5]. At such low operating
emperature, the interconnect, heat exchange and structure
omponents may be fabricated from relatively inexpensive
etal components [6,7]. The lower operating temperature
ould also solve various problems associated with the higher

emperature operation, such as densification of electrodes,
ormation of an insulating layer at the electrode/electrolyte
nterface by interdiffusion, and crack formation from stress
aused by large differences in the thermal expansion coef-
cients of the cell components [4]. Reduction of operating

temperature can be achieved either by thinning the electrolyte
layer, or by using highly conductive electrolytes, such as
doped ceria. At reduced operating temperatures, the cath-
ode becomes critical for the fuel cell performance since the
activation energy for cathodic reaction is very large [3,4].

Currently, La1 − xSrxMnO3 perovskite (LSM) is com-
monly used as cathode material for SOFCs because of its
high catalytic activity for oxygen reduction and thermal and
chemical compatibility with yttria stabilized zirconia (YSZ)
[1,8]. While LSM has shown promising performance for
SOFCs operating at temperatures around 800 ◦C, its per-
formance decreases rapidly as the operating temperature
decreases. Therefore, considerable research interest is cur-
rently directed towards cobalt-containing perovskite oxides,
which tend to exhibit mixed-conduction characteristics and
relatively higher ionic conductivities than LSM due to a
greater concentration of oxygen vacancies [9–11]. In par-
ticular, interest has grown in the strontium-doped samar-
ium cobaltite with a composition of Sm0.5Sr0.5CoO3 (SSC),
which shows a high conductivity up to 103 S cm−1 [12]. It
was also reported that the over potentials of SOFC cathodes
∗ Corresponding author. Tel.: +1 604 221 3000; fax: +1 604 221 3088.
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made of SSC are low, and SSC shows good compatibility
with ceria electrolyte [13].
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The electrochemical properties of cathodes depend not
only on their chemical composition but also on their
microstructure. The cathode microstructure is mostly related
to the deposition process applied. Screen-printing is typically
used to apply the electrode material on YSZ electrolytes.
The screen-printed electrode is often fired above 1100 ◦C
to assure strong contact with the electrolyte. Such a high
temperature heat-treatment cannot only produces insulating
phases, like La2Zr2O7 or SrZrO3 [14,15] but also reduces
the surface area of the electrode, thus reducing its catalytic
activity. Therefore, alternative processes, such as electro-
less plating, sol–gel processing, chemical vapor deposition,
plasma processing and laser ablation have been proposed to
improve the contact between the electrode and electrolyte,
while retaining its porous microstructure [16,17]. Among
the above methods, the sol–gel process provides several
advantages: (i) the microstructure and composition of elec-
trode materials can be controlled with relative ease, (ii)
low-temperature processing is possible and (iii) the elec-
trode and electrolyte adherence is strong. Currently, there
are some reports related to the sol–gel processing of doped
LaMnO3 [18,19], but none on SSC. In the present study, SSC
gelled films were prepared by dip-coating from the alkox-
ide precursor solution modified with an organic polymer
(polyethylene glycol (PEG)), and the effects of PEG addition
on crystallization behavior and microstructure evolution were
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at 80 ◦C for 10 min, and fired at 500–700 ◦C for 1 h. The
coating, drying and firing processes were repeated twice.
The coating thickness was around 200 nm as measured by
optical (interferometric) surface imaging using a WYKO
NT-2000 instrument. Additionally, some powders were pre-
pared with a firing temperature of 500–700 ◦C for XRD
measurement.

Differential thermal analysis (DTA) and thermogravime-
try (TG) measurements were performed on gelled powders
that were dried from the precursor solution at 80 ◦C. These
were carried out on a Setaram 96 instrument with a heating
rate of 10 ◦C min−1. The powders fired at 500, 600 and 700 ◦C
were characterized with X-ray diffraction (XRD) to identify
the suitable temperature for forming perovskite phase. The
surface morphologies of coatings were examined by optical
microscopy and scanning electron microscopy (SEM).

3. Results and discussion

Fig. 1 shows the DTA and TG curves of the gelled powders
of SSC sol with and without PEG addition. The DTA curve
of the gelled SSC powder without PEG addition shows two
small and broad exothermic peaks at around 250 and 320 ◦C,
and was followed by a strong exothermic peak at 480 ◦C.
The two peaks at around 250 and 320 ◦C are attributed to the
d
a
r
f
4
p
p
b
r
b
5
k
o
m
fi
t

F
a

nvestigated.

. Experimental procedure

Strontium isopropoxide (Sr(O-i-C3H7)2), samarium iso-
ropoxide (Sm(O-i-C3H7)3), and cobalt isopropoxide
Co(O-i-C3H7)2) were used as starting materials (all chemi-
als were purchased from Alfa Aesar). First, 0.01 mol Sr(O-i-
3H7)2 and 0.01 mol Sm(O-i-C3H7)3) were completely dis-

olved with 250 ml 2-methoxyethanol (CH3OCH2CH2OH)
y stirring the solution at room temperature for 30 min. Sub-
equently, 0.02 mol Co(O-i-C3H7)2 was added into this solu-
ion, and the solution was heated at 60 ◦C for 1 h. To increase
he solubility of each alkoxide, and also to improve the sta-
ility of the alkoxide solution, 0.02 mol of a chelating agent,
-ethylacetoacetate, (CH3COCH2COOC2H5), was added to
he alkoxide solution. The solution was mixed and refluxed
t 75 ◦C for 2 h in dried air. After cooling, 0.04 ml H2O
iluted with 2-methoxyethanol (1.8 g) was added to the
olution for partial hydrolysis and condensation. The molar
atio of H2O to the alkoxide (H2O:(Sm + Sr + Co)) was
. Half of the solution was taken out and modified with
g PEG (HOCH2(CH2O·CH2)nCH2OH, mw = 2000). Both
EG modified and unmodified precursor solutions were
tirred at room temperature for 2 h.

SSC thin films were deposited on polished YSZ substrate
1 cm × 2 cm) by dip-coating. Film deposition was carried
ut with a holding time of 30 s in the sol and a withdrawal
peed of 7.6 cm min−1. Subsequently, the samples were dried
ecomposition and oxidation of acetate groups [18], which
re contained in the chelating agent, 2-ethylacetoacetate. The
emoval of organic residues and water can be responsible
or the DTA peak at 320 ◦C. The strong exothermic peak at
80 ◦C is attributed to the crystallization of the perovskite
hase. The addition of PEG did not obviously change the
eak position for the crystallization of the perovskite phase,
ut brought an additional peak at around 325 ◦C, which is
elated to the decomposition of PEG. The XRD patterns for
oth SSC powder with and without PEG addition fired at
00–700 ◦C are similar as shown in Fig. 2. It is found that both
inds of powders fired at 500 ◦C are amorphous. At 600 ◦C,
nly partial peaks of SSC appear in the XRD patterns, which
ean that the crystallization to the perovskite phase does not
nish completely at this temperature. At 700 ◦C, it is found

hat well-crystallized powders were formed. From Fig. 1,

ig. 1. DTA/TG curves of the gelled SSC powders with and without PEG
ddition.
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Fig. 2. XRD patterns of SSC powders sintered at 500, 600 and 700 ◦C: (a)
SSC powders without PEG addition and (b) SSC powders with PEG addition.

the slow TG loss in the temperature range of 400–700 ◦C
indicates that polymeric species still exist in the structure.
It is also seen that the XRD pattern at 600 ◦C show better
crystallization for SCC without PEG addition than with PEG
addition, which indicated that PEG may retard the SCC crys-
tallization. Based on the above DTA/TG and XRD results,
the temperature of 700 ◦C is identified as optimal for the
crystallization of the perovskite phase with or without PEG
addition.

Fig. 3 shows the surface morphologies of sol–gel coatings
fired at 500, 600 and 700 ◦C. For the coatings prepared from
precursor without PEG addition, amorphous morphologies
were observed for those fired at 500 ◦C. The coating was par-
tially crystallized at 600 ◦C, and well-crystallized at 700 ◦C,
which is consistent with the XRD results. For the coatings
prepared from precursor with PEG addition, quite similar
trends were observed, as shown in Fig. 4. However, after fir-
ing at 700 ◦C, the grain size is much finer than that without
PEG addition. The grain size for film without PEG addition is
around 100 nm, whereas it is only about 50 nm for film with
PEG addition.

Polymeric species, such as citric acid, poly(vinyl alco-
hol), and PEG have been used widely to modify the sols,
and subsequently the sol–gel coating microstructures and
properties [19–21]. Some researchers have reported accel-
eration of crystallization in the perovskite-type oxide thin

Fig. 3. Surface morphologies of SSC films without PEG addition sintered
at: (a) 500 ◦C, (b) 600 ◦C and (c) 700 ◦C.

films or powders prepared from solutions containing the poly-
meric species, as they can help in the formation of a chelate
between constituting cations in the polymer structure. For
example, it was reported that PEG assists the crystallization of
sol–gel processed LaMnO3 thin films, and the temperature at
which the perovskite phase starts to appear was decreased by
50 ◦C [19]. However, in other studies, the crystallization was
retarded in LaCoO3 thin films that were prepared from the
precursor solution with PEG [20]. In the current study, there
was indication that PEG retards the crystallization of the per-
ovskite oxide. In particular, the modification of the precursor
solution by PEG refines the grain size of the SSC thin films.
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Fig. 4. Surface morphologies of SSC films with PEG addition sintered at:
(a) 500 ◦C, (b) 600 ◦C and (c) 700 ◦C.

The different effect of PEG on different perovskite oxides
is mostly due to the modification of the network structure
of the Sm, Sr–Co precursor solution, according to the par-
ticular reaction between Sm/Sr(O-i-C3H7)2–Co(CH3COO)2
and PEG. The detailed nature of such modifications to the
network structure of the La(O-i-C3H7)2–Co(CH3COO)2 pre-
cursor solution need further study. The refined SSC film
structure should be very beneficial for the SOFC cathode, as
its increased surface area should provide more reaction sites
for oxygen reduction. For SCC used as cathode, a porous
structure is required for gas transportation. One of the advan-
tages of sol–gel process is to easily optimize the porous

structure through different parameters, and how to achieve
the required porous structure need further study.

4. Conclusions

An all-alkoxide route has been developed to prepare
sol–gel-derived SSC films on zirconia substrates. XRD, TGA
and SEM measurements indicated that single-perovskite
phase SSC films were formed when the film was heated at
700 ◦C. It was found PEG addition slightly retarded the crys-
tallization of SSC perovskite oxide. However, PEG addition
significantly refined the crystalline size of SSC film to around
50 nm.
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