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bstract

To reduce the cathode–electrolyte interfacial polarization resistance of low-temperature solid oxide fuel cells (SOFCs), a nanostructured porous
hin cathode consisting of Sm0.5Sr0.5CoO3 (SSC) and Ce0.8Sm0.2O1.9 (SDC) was fabricated on an anode-supported electrolyte film using spin-coating

echnique. A suspension with nanosized cathode materials, volatilizable solvents and a soluble pore former was developed. The results indicated
hat the cell with the nanostructured porous thin cathode sintered at 950 ◦C showed relatively high maximum power density of 212 mW cm−2 at
00 ◦C and 114 mW cm−2 at 450 ◦C, and low interfacial polarization resistance of 0.79 � cm2 at 500 ◦C and 2.81 � cm2 at 450 ◦C. Hence, the
anostructured porous thin cathode is expected to be a promising cathode for low-temperature SOFCs.

2007 Elsevier B.V. All rights reserved.
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. Introduction

With the development of the solid oxide fuel cells (SOFCs),
ore and more attention has been paid on the low work-

ng temperature (<600 ◦C) SOFCs, which demonstrate to be
ost-effective, reliable, portable and durable [1–6]. However,
peration at low temperature could greatly limit the current
utput of the SOFCs due to the great increase of cathodic inter-
acial polarization resistance [7–9]. If such resistance can be
ecreased, the SOFCs are capable of working well at low tem-
erature.

Two main approaches can be adopted to decrease the
athodic interfacial polarization resistance [7]: (a) changing
aterial compositions or components, such as using mixed

onic/electronic conductor (MIEC) cathode materials [5], and (b)
ptimizing cathodic structure, such as adjusting porosity, parti-
le size, spatial distribution of electrolyte materials and electrode
aterials and the cathode thickness [10–14]. It is found that the
nterfacial polarization resistance could be reduced by creating a
anostructured porous thin electrode with uniform distribution
f MIEC [11–12], in which, interconnecting macropores (on
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he order of micrometers) and nanosized grains are formed. The
acropores promote rapidly gas transport through the porous

lectrodes, and the nanosized grains provide high specific sur-
ace areas for gas adsorption/desorption and more catalytically
ctive sites. Furthermore, proper reduction in the thickness of
athode can also decrease polarization resistance because elec-
rochemical reactions can take place throughout the thickness;
he thin cathode shows a very low mass transfer resistance [15].
owever, till now, how to fabricate such optimal microstructure

ost-effectively remains the major technical challenge [11].
Spin coating, as a simple and cost-effective method, has been

eveloped to fabricate porous cathode [16] and thin electrolyte
ayers [17,18] for SOFC. However, in conventional processes,
areful drying and/or baking even sintering processes have to be
dopted and repeated for several times [17], leading to non-
niform pores and the grain size, which in turn affects the
ormation of continuous nanostructured porous structure. In this
ork, in order to avoid these unfavorable processes and directly
btain nanostructured porous structure, a suspension with nano-
ized cathode materials, volatile solvents and a soluble pore
ormer was developed. A nanostructured porous thin cathode

onsisting of SSC (70 wt.%) and SDC (30 wt.%) was prepared on
n anode-supported electrolyte film by spin coating. The influ-
nce of sintering temperature on the cathodic microstructure and
lectrochemical properties was studied. Single cell with nanos-
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ructured porous thin cathode was tested in the temperature range
f 450–650 ◦C.

. Experimental

.1. Powder preparation

Nanosized Ce0.8Sm0.2O1.9 (SDC) powder, Sm0.5Sr0.5CoO3
SSC) powder, and NiO–SDC (35 wt.% SDC) powder were
repared by a glycine–nitrate method [19–21]. The stoichio-
etric amounts of precursors Ce(NO3)4·6H2O (99.9%) and
m(NO3)3·6H2O (99.9%) were dissolved in the deioned water.
hen, the glycine was added with simultaneous stirring. The
olar ratio of NO3

− to glycine was 2. The resulting solution
as heated to evaporate the excess free water until the resid-
al viscous resin transformed into dark-brownish foam. When
eated further, spontaneous ignition occurred, and a volumi-
ous, pale-yellow, sponge-like SDC ash was yielded. The SDC
sh was subsequently calcined at 700 ◦C for 2 h to become SDC
owder. SSC and NiO–SDC powders were prepared following
he similar procedures. SSC powder was mixed with 30 wt.%
DC powder by ball-milling for 72 h. The particle size distri-
ution of ball-milled SDC and SSC powders was measured by
alvern Zeta-Sizer (Nano-S90, Malvern).

.2. Single cell fabrication

In this work, an anode-supported cell structure was adopted
o study the influences of different thin cathodes on the cell
erformance. Here, the bilayer pieces of anode and electrolyte
ere prepared using a co-pressing and co-sintering method [8].
he NiO–SDC powders were first pressed at 100 MPa into a
isc (∼15 mm diameter and 1 mm thick), then, SDC powder
as added onto the disc and co-pressed at 200 MPa to form a
ilayer disc. The bilayer disc was co-sintered at 1350 ± 5 ◦C
or 5 h (Nabertherm, Germany). The sintered electrolyte/anode
ilayer pieces were used to deposit different cathode to form
ingle cells.

In spin coating for cathode, the suspension consisted of
0 wt.% SSC–SDC powders and 10 wt.% ethylcellulose. The
olvent was ethanol and liquid/solid volume ratio was 10. The
thylcellulose was dissolved in ethanol, then the SSC–SDC pow-
er was added, and finally the suspension was homogenized in
n airproof vessel by ultrasound for at least 6 h. The suspen-
ion was dropped on electrolyte surface of the bilayer pieces,
hich was immediately spun at 6000 rpm for 30 s to form a uni-

orm layer and remove the solvent at room temperature, and then
nother cycle was done and 50 cycles were performed of each
ample in this work. The samples were fired at 400 ◦C for 2 h
o burn off the ethylcellulose, and then sintered at 900, 950, and
000 ◦C in air for 4 h, respectively, to form single cells.

The resulting thin cathodes were characterized by energy
ispersive X-ray (EDX) analysis for identifying chemical com-

ositions, and five measurements were made for each sample.
he morphologies of the thin cathode were observed using both
econdary electron imaging and backscattered electron imag-
ng (BSE) in a field emission scanning electron microscopy
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FESEM, Model SIRION-100, FEI). The cathode porosity was
btained from the difference in porosity of the electrolyte/anode
ilayer and the single cell, which were characterized by
rchimedes’ density measurements.

.3. The performance measurements of the single cells

The single cells were mounted onto a quartz tube. Silver paste
as used to seal the anode compartment. A silver current col-

ector was made onto the cathode surface by painting a circular
attern in the center of the cathode using the silver paste [19].
wo silver wires were attached to the anode and cathode with

he silver paste. The measurements were conducted from 450 to
50 ◦C, and the anode and the cathode were fed with humidi-
ed (3% H2O) H2/air as fuel/oxidant. Current density–voltage
I–V) curves of the cells were determined by a potentiostate
CHI600C, CH Instrument) with a constant fuel flow rate of
0 ml min−1. The impedance of the cell was measured in the
requency range from 0.01 Hz to 100 kHz in an ac impedance
pectroscopy interfaced with a computer. The microstructure of
he post-test single cells was observed by FESEM.

. Results and discussion

In this work, a single cell consists of ∼20 �m SSC–SDC cath-
de, ∼25 �m SDC electrolyte and ∼550 �m Ni–SDC anode.
ig. 1a shows its microstructure of a typical post-test single cell.
he thin cathode has an interconnected pore structure without

arge and collapsed pores, and appears to adhere well to the
lectrolyte. And there are almost no cracks on the surface of
athode as shown in Fig. 1b. The result shows that the porous
hin cathode can be directly prepared without any treatment dur-
ng spin-coating suspension using the developed suspension, and
uniform microstructure is obtained.

.1. Effect of sintering temperature on microstructure of
hin cathode

Fig. 2a–c shows the surface microstructures of the cathode
intered at 900, 950 and 1000 ◦C, respectively. It is obvious
hat morphology of the cathode varies depending on sinter-
ng temperature. The cathode sintered at 900 ◦C (Fig. 2(a))
hows smaller grain sizes (25–80 nm) and larger porosity (39%).
owever, it can be discerned that the primary crystallites

gglomerated into larger particles and formed the cathode, which
eans that the particles in the porous framework have a poor

onding with each other (the inset in Fig. 2(a)). While the
athode sintered at 1000 ◦C (Fig. 2(c)) shows large size grains
200–500 nm), leading to low specific area of the cathode. Fur-
hermore, the porosity reduces to 25% due to the densification
f the ceramics.

When a cathode was sintered at 950 ◦C, the cathode shows
ood adhesion to the electrolyte (Fig. 2d). Also the cathode

as a good porous structure with the porosity about 31%, and
n interconnecting porous structure consisting of well bonded
0–100 nm grains (inset in Fig. 2b). The BSE (Fig. 2e) and
DX analysis results (Fig. 3 and Table 1) demonstrate that nano-



432 Z. Wang et al. / Journal of Power Sources 175 (2008) 430–435

Fig. 1. SEM micrographs of (a) cross-sectional view and (b) surface

Table 1
Molar ratio of SSC–SDC thin films deposited by spin coating and after sintering
at 950 ◦C in the air

Element

Sr Co Sm Ce

Observed (%) 17 ± 2 21 ± 2 37 ± 3 25 ± 1
Precursor (%) 17 23 36 24

s
f
m
n
a

c
a

Fig. 2. SEM micrographs of surface microstructures of cathode sintered at 900 ◦C (a
interface and (e) BSE micrograph of cathode sintered at 950 ◦C.
of the post-test single cell with the cathode sintered at 950 ◦C.

ized SSC and SDC grains are homogeneously distributed in the
ramework, and chemical composition is in fairly good agree-
ent with those of the suspension. These indicate a desired

anostructure of a porous cathode can be attained when sintered
t 950 ◦C.
The formation of the nanostructured porous thin cathode
ould be attributed to that: (1) the nanosized SSC (d50 ∼ 167 nm)
nd SDC (d50 ∼ 44 nm) powders are mixed well, guaranteeing

), 950 ◦C (b) and 1000 ◦C (c); (d) cross-sectional view of cathode–electrolyte
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ig. 3. EDX spectrum of an SSC–SDC layer deposited on the substrate with
000 rpm and sintered at 950 ◦C in the air for 4 h. Electron acceleration voltage:
5 kV.

homogeneous chemical composition distribution and homo-
eneous microstructure; In addition, uniformly distributed SSC
nd SDC powders restrains the grain growth each other when
he cathode is sintered [22]; (2) the utilization of spin-coating
echnique and the developed suspension both lead to a porous
hin cathode formation; (3) 950 ◦C sintering of the SSC and SDC
articles cause these particles to join together closely but do not
row obviously.

.2. Effect of different porous cathode on single cell
erformance

Fig. 4 shows the cell voltages and power densities as functions
f current density of cells measured at 600 ◦C with the cathode
intered at different temperature. Maximum power densities are
bout 278, 399 and 227 mW cm−2, respectively, when sintered
t 900, 950 and 1000 ◦C.

Fig. 5 shows the electrode impedance spectra measured under
pen circuit condition for the cathodes sintered at 900, 950 and
000 ◦C. Area specific resistance (ASR), a difference in the

ntercepts on the real axis between high and low frequency, is
sed to represent the interfacial polarization resistance between
lectrode and electrolyte [8]. Since the anodes are unchanged
n this work, the changes in ASR (Fig. 5) for different sin-

ig. 4. Cell voltages (solid symbols) and power densities (open symbols) as
unction of current density of cells tested at 600 ◦C with the cathode sintered at
00, 950 and 1000 ◦C.
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ig. 5. Electrode impedance spectra measured at 600 ◦C in open circuit condi-
ion for cathodes that sintered at 900, 950 and 1000 ◦C.

le cells could be contributed to the interface between cathode
nd electrolyte. Therefore, the interfacial polarization resistance
f the single cell with the cathode sintered at 950 ◦C is the
owest.

Both the I–V curves and impedance spectra show that the sin-
le cell with 950 ◦C sintered cathode obviously has better cell
erformance than others. This could be attributed to the cell with
required nanostructured porous cathode. In the cathode, the

anosized grains on the cathode framework can provide high
urface areas for gas adsorption and desorption, and the uni-
orm distribution of SSC and SDC grains leads to an increase in
he active sites for electrochemical reactions for whole cathode.
hese can strongly favor the electrochemical reactions, and the

ransportation of electrically charged carriers. As a result, the
olarization resistances decrease.

.3. Performance of the single cell with the nanostructured
orous thin cathode

As discussed above, the cell with nanostructured porous thin
athode has preliminarily exhibited good performance at 600 ◦C.
ere, in order to investigate the effects of operation temperature
n performances, further electrochemical performances of the
ell based on nanostructured porous thin cathode is characterized
t 450–650 ◦C.

AC impedance spectra of the cell under open circuit condi-
ion is shown in Fig. 6a using a two-electrode configuration.
he ohmic resistances measured from high-frequency inter-
epts with the real axis are primarily due to contributions from
he electrolyte (Rb), and the difference between the intercepts
n the real axis at high and low frequency of the impedance
oop corresponds to the impedance of the two interfaces [23]:
he cathode–electrolyte interface Rc and the anode–electrolyte
nterface Ra. The total interfacial resistances (Ra + Rc) are
btained from the impedance data and open circuit voltage
OCV) measurements [24]. The electrode–electrolyte interfa-
ial polarization resistance is calculated to be 2.81 � cm2 at
50 ◦C, 0.79 � cm2 at 500 ◦C, 0.43 � cm2 at 550 ◦C, 0.17 � cm2

t 600 ◦C and 0.12 � cm2 at 650 ◦C, which are shown
n Fig. 6b.
It is reported [25] that the resistances of the cathode–
lectrolyte interface (Rc) are much greater than those of
he anode–electrolyte interface (Ra), and the most part
f the total interfacial resistances is contributed from the



434 Z. Wang et al. / Journal of Power Sources 175 (2008) 430–435

F a two
p

c
o
a
i
5
s
v
e
[

t
a
t
t
d
a
i
o
a
c
p
t

F
f
c

5
a
t
t
r

4

S
e
S
T
9
a
g
t
w

ig. 6. (a) Impedance spectra of a signal cell measured at 450–650 ◦C using
olarization resistance (Ra + Rc) obtained from impedance spectra and OCV.

athode–electrolyte interfacial polarization. Comparing with
ther studies [8,11,20] of the cells prepared by the same materi-
ls, the obtained interfacial polarization resistance in this work
s the lowest, especially when operating temperature is below
50 ◦C. The total interfacial resistances (Ra + Rc) obtained in this
tudy is only 0.79 � cm2, which is less than half of the reported
alue for a single cell based on a 26 mm thick Gd0.1Ce0.9O1.95
lectrolyte membrane and an SSC + SDC composite cathode
8].

Fig. 7 shows the cell voltages and power densities as func-
ions of current density and temperature. An OCV of 0.82 V is
chieved at 650 ◦C, which is lower than the theoretical value,
hat is due to the mixed ionic and electronic conduction of
he SDC electrolyte in the reducing environment [26]. With
ecreasing temperature, the OCV gradually increases to 0.95 V
t 450 ◦C because electronic conductivity in the SDC electrolyte
s decreased at low temperatures. Maximum power densities
f the cell is operated at 450, 500, 550, 600 and 650 ◦C are

bout 114, 212, 293, 399 and 487 mW cm−2, respectively. The
ell shows higher maximum power densities than that of the
reviously reported performance and is about 1.5 times higher
han the values reported in Ref. [8] when operation is below

ig. 7. Cell voltages (solid symbols) and power densities (open symbols) as
unction of current density of the cell tested at different temperature with the
athode sintered at 950 ◦C.

t

R

[

[
[

[
[
[

-electrode configuration and (b) the bulk electrolyte (Rb) and total interfacial

50 ◦C. These indicate again that the performance of SOFC
t low temperature can be greatly improved by decreasing
he interfacial resistances, while the formation of a nanostruc-
ured porous thin cathode is an effective route to reduce the
esistance.

. Conclusions

Nanostructured porous thin cathode consisting of 70 wt.%
SC and 30 wt.% SDC were formed on the anode-supported
lectrolyte film by spin coating. In the cathode, the nanosized
DC grains distributed uniformly on and across the SSC matrix.
he measurements show that the cell with the cathode sintered at
50 ◦C has the best performance, 212 mW cm−2 power density
nd 0.79 � cm2 interfacial polarization resistance at 500 ◦C. The
ood performance is attributed to that the nanostructured porous
hin cathode has high triple-phase boundaries (TPBs) length,
hich favors the electrochemical reactions and the transporta-

ion of electrically charged carriers.
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