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bstract

Nanocrystalline La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) powder with a specific surface area of 22.9 m2 g−1 and an average particle size of 175 nm was
repared by a nitrate-glycine solution combustion method and subsequent ball-milling. The LSCF precalcined at 800 ◦C (LSCF-800) shows very
ood low-temperature sintering activity, and can well adhere to electrolyte after sintering at 700 ◦C and above. The single cell Ni–YSZ/YSZ/LSCF-
00 with the cathode sintered at 750 ◦C demonstrates the lowest polarization resistance and good electrical generation performance, but poor
athode microstructure stability. The sintering activity of LSCF cathode can be tailored through the control of the precalcination temperature of
he precursor powder. Precalcining of LSCF powder at 900 ◦C (LSCF-900) increases the optimum sintering temperature of the cathode to 850 ◦C
nd improves the microstructure stability. The cell Ni–YSZ/YSZ/LSCF-900 with this cathode demonstrates excellent generation performances

ith the maximum power density greater than 1.0 W cm−2 and the power density of above 0.80 W cm−2 at 0.7 V under operation at 700 ◦C. Low

emperature processing of the interlayer-free LSCF cathode with good microstructure is beneficial to simplifying the cell structure and improving
uel cell performance.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) have been promising for
lectrical power generation due to their high-energy conver-
ion efficiency, low pollution emissions and high flexibility
o various fuels. Recently, much attention has been focused
n lowering the operation temperature to intermediate tem-
eratures (600–800 ◦C) in order to meet various application
equirements, such as facilitating the use of cheap materials
nd improving the long-term stability [1–3]. Among various cell
tructures, NiO–8 mol% Y2O3-stabilized ZrO2 (8YSZ) anode-
upported SOFC with a thin zirconia-based electrolyte and a
a1−x−ySrxO3−δ (LSM)–YSZ composite cathode is most widely

sed because of its excellent mechanical reliability and stability
n the reduced and oxidized atmospheres (RedOx) cycle [4,5].
owever, in the intermediate temperature range, the cathode
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verpotential grows significantly and becomes the main issue
ffecting the cell performance [3,6].

Electron-ion mixed conductor La0.6Sr0.4Co0.2Fe0.8O3−δ

LSCF) possessing high conductivity in air at intermediate tem-
eratures and high catalytic activity for the cathodic reaction is
nown to be one of the best alternatives to the LSM–YSZ cath-
de material for intermediate temperature SOFCs (IT-SOFCs).
onventionally, a temperature over 900 ◦C is required for the
SCF cathode fabrication in order to obtain sufficient con-

act with electrolytes [7]. Unfortunately, solid-state reactions
ccur between the LSCF cathode and zirconia-based electrolytes
bove 900 ◦C, and insulating zirconate phases such as SrZrO3
re often formed at the cathode-electrolyte interface during sin-
ering [7–10]. Thus, a buffer interlayer of doped ceria film such
s Ce0.8Gd0.2O2−δ (CGO) is commonly applied to avoid the
eleterious reactions, resulting in the complexity of the cell

tructure and the manufacturing process. Recently, LSCF cath-
de prepared from a citrate method was directly applied on
he NiO–YSZ anode-supported YSZ electrolyte without inter-
ayer by sintering the cathode below 900 ◦C, suggesting that

mailto:qszhu@home.ipe.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.06.016
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der increases from 11.9 to 22.9 m g after the ball-milling,
which is much higher than those prepared by other methods, for
instance, a specific surface area of 8.9 m2 g−1 was reported for
the LSCF powder by a citrate method [11]. Dynamic laser scat-
170 Z. Lei et al. / Journal of Pow

SCF cathodes could be directly utilized on the zirconia-based
lectrolyte [11]. The performances of SOFCs with LSCF cath-
des strongly depend on the powder preparation conditions and
esulting microstructure of cathodes [10]. Therefore, through
ptimizing the processing conditions of the precursor LSCF
owder and the resulting microstructure of the cathode, the per-
ormance of the cell without the ceria interlayer can be further
mproved.

In this study, LSCF powders with high sintering activity
ere synthesized via a nitrate-glycine solution combustion (SC)

oute, and the sintering activity of LSCF cathode was tailored
hrough the control of the precalcination temperature of the pre-
ursor powder. The Ni–YSZ/YSZ/LSCF cell performance was
mproved through optimizing the sintering procedure and the
esulting microstructure of the LSCF cathode.

. Experimental

.1. Powder preparation and characterization

LSCF precursor powder was prepared via a solution com-
ustion (SC) route by using nitrates of each element (analytical
eagent grade, Beijing Chem. Reag. Co., China) and glycine
NH2CH2COOH, biological reagent grade, Beijing Aoboxing
ioTechnologies Co. Ltd., China) as the starting materials. A
ixed solution containing glycine and nitrates (molar ratio of

.5:1) was heated and concentrated in a big glass beaker at 80 ◦C
ntil it turned to a viscous liquid. The viscous liquid was then
eated to ∼180 ◦C until spontaneous ignition of the liquid, after
hich a porous, foamy and fragile material was obtained. The

s-ignited material was calcined at 800 ◦C for 5 h in air to remove
arbonaceous residues and to form a well crystalline structure,
ollowed by ball-milling at 760 rpm in ethanol for 24 h and dry-
ng at 80 ◦C for 24 h (LSCF-800). The phase structure of the
SCF powders was analyzed by an X-ray diffractometer (X’Pert
PD Pro, PANalytical, The Netherlands). The microstructure,

article size distribution and specific surface areas of the pow-
ers were characterized by field-emission scanning electron
icroscopy (FESEM, JSM-6700F, JEOL, Japan), the dynamic

aser scattering (DLS) method (90 Plus, BROOKHAVEN, USA)
nd the BET method (Autosorb-1, QUANTACHROM, USA),
espectively.

.2. Cell fabrication and evaluation of the cathode
erformance

The 8YSZ powder (d50 = 200 nm, Jifang Gaotai material Co.
td., Shanghai, China) was mixed with NiO powder (Pinggu
huangyan Chem. Plant, Beijing, China) in weight ratio of 44:56
y ball-milling to form an anode powder mixture, which was
ubsequently cold-pressed at 50 MPa to form green substrates
f 20 mm in diameter and 1 mm in thickness. The green anode
ubstrates were then presintered at 800 ◦C for 4 h. 8YSZ elec-

rolyte film was dip-coated onto the presintered substrates with
he slurry consisting of 8YSZ powder, ethanol, ethyl cellulose,
nd abietyl alcohol. The anode-electrolyte bi-layer was then
ried at room temperature, calcined at 350 ◦C for 2 h to remove

F
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he organics, followed by sintering at 1260 ◦C for 2 h. A slurry
onsisting of LSCF-800 powder, ethyl cellulose and abietyl alco-
ol was screen-printed onto the electrolyte to form a sandwich
f NiO–YSZ/YSZ/LSCF. The sandwich was dried at 80 ◦C for
2 h, then calcined at 350 ◦C for 2 h to remove the organics
nd sintered at temperatures from 700 to 850 ◦C for 2 h with
heating rate of 1 ◦C min−1. The microstructure of the cath-

des was observed by FESEM. Platinum paste and silver paste
ere screen-printed respectively on the cathode and anode as

he current collector.
Single cells were tested at 650 and 700 ◦C in a home-

eveloped-cell-testing system with dry hydrogen as the fuel and
tatic air as the oxidant. The I–V characteristics of the cell were
hen measured at a constant fuel flow rate of 40 cm3 min−1 (room
emperature). Resistances of the single cells under open circuit
onditions were measured using AC impedance spectroscopy
PM6306, Fluke, USA). FESEM was used to reveal the post-
est microstructure of the single cell.

. Results and discussion

.1. Properties of LSCF powders

Fig. 1 shows the XRD patterns of the LSCF powders cal-
ined at different temperatures. The as-ignited LSCF powder
s mainly in the rhombohedral perovskite structure, and only

trace of other phases can be detected. However, after calci-
ation at 800 or 900 ◦C for 5 h, well crystalline LSCF pow-
ers with the rhombohedral perovskite structure are obtained.
rystallite sizes calculated according to the Scherrer equation

12] are ∼25 and 42 nm for the powders calcined at 800 and
00 ◦C for 5 h, respectively. Typical morphologies of the as-
alcined LSCF powder and the powder after ball-milling are
hown in Fig. 2. It indicates that the as-calcined LSCF pow-
er is porous with foam-like nature, and can be ball-milled to
ne particles. The measured surface area of the LSCF pow-

2 −1
ig. 1. XRD patterns of the as-ignited LSCF powder and the powders calcined
t different temperatures.
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ig. 2. FESEM micrographs of the LSCF powders calcined at 800 ◦C for 5h (a)
nd the powder after subsequent ball-milling at 760 rpm for 24 h (b).

ering investigations reveal that LSCF-800 particles in ethanol
xhibit bimodal size distribution with the most probable agglom-
rate sizes of 26 and 191 nm, as illustrated in Fig. 3. The aver-
ge agglomerate size is calculated to be 175 nm and 95 vol.%

f the agglomerates are in the narrow range of 130–250 nm
Fig. 3), in accordance with the FESEM observation shown in
ig. 2(b).

ig. 3. Particle size distribution of the LSCF-800 powder determined by
ynamic laser scattering.
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.2. Sintering behavior of LSCF-800 cathode

Fig. 4 shows the FESEM images of the fractured cross sec-
ions of LSCF-800 films on the YSZ electrolyte sintered at tem-
eratures from 700 to 850 ◦C. It is observed that the nanocrys-
alline LSCF-800 powder shows high sintering activity, and can
e tightly sintered to the dense YSZ electrolyte after sintering
t 700 ◦C or above. The porosity of the cathode decreases with
ncreasing the sintering temperature. Below 850 ◦C, the cathode
as quite uniform structure with an evenly distributed pores of
anometer or submicrometer sizes and good particle-to-particle
ontact, while at 850 ◦C or above, nonuniform cathode structure
ith a denser outer surface, as illustrated by Fig. 4(d), is normally
btained, suggesting that the cathode should be fabricated below
50 ◦C. The high sintering activity at low temperature achieved
n this study is mainly attributed to the small particle size with
igh surface area and weak agglomeration of precursor powder
ith narrow particle size distribution. The cathode fabrication

emperature below 900 ◦C would be beneficial to avoid adverse
nteractions between the LSCF cathode and the zirconia based
lectrolyte during the NiO–YSZ/YSZ/LSCF fabrication without
he ceria interlayer.

.3. Performances of anode-supported single cells with
SCF-800 cathode

The electric generation performances of the single cell
i–YSZ/YSZ/LSCF-800 with the cathodes sintered at 700, 750,
00 and 850 ◦C for 2 h, measured at 650 and 700 ◦C, are shown
n Fig. 5. As can be seen, the performance of the single cell is
trongly dependent on the sintering temperature of the cathode.
he cell with the cathode sintered at 750 ◦C has the best perfor-
ance with the peak-power (mW cm−2)/power (mW cm−2) at

.7 V of 507/390 at 650 ◦C and 1114/932 at 700 ◦C, respectively,
hich is much higher than that reported by Murata et al. for the
i–YSZ/YSZ/LSCF single cell [11], and the performance is also

lightly better than that of the single cell with the CGO interlayer
13], indicating that the electrode performances are sensitive to
he preparation conditions of precursor powders. Table 1 sum-
arizes the power densities, the area-specific resistances (ASRs)

nd ohmic resistances of single cells with LSCF-800 cathodes
intered at various temperatures. The ASRs were calculated by
he cell voltage difference between open circuit and at a current
ensity of 1.0 A cm−2 according to the literature [2,14], and
he ohmic resistances were determined from the high-frequency
ntercepts of eletrochemical impedance spectra. The total polar-
zation resistance of electrodes, including anode and cathode as
function of cathode sintering temperature determined from the
ifference between the ASR and the ohmic resistance, is plot-
ed in Fig. 6. The lowest polarization resistance is found for
he cathode sintered at 750 ◦C, in accordance with the results of
he I–V measurements. It should be noted that the anodes were

anufactured under identical conditions, so the difference in the

olarization resistance is mainly caused by the cathodes. In gen-
ral, electrode reactions are closely dependent on the electrode
icrostructure. The high polarization resistance of the cathode

intered at 700 ◦C may be attributed to insufficient sintering of
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ig. 4. FESEM photographs of the cross section of LSCF-800 cathode film on t
h.

he cathode, while the high resistance of the cathode sintered
t 800 ◦C or above might be attributed to the over sintering
f the cathode that causes the decrease of reactive sites espe-
ially on the exterior region, as illustrated by the cross-section
n Fig. 4(d).

.4. Microstructure stability improvement and performance

f an anode-supported single cell with LSCF-900 cathode

Since the cathode fabrication temperature is quite close to
he cell operation temperature (e.g. 750 ◦C versus 700 ◦C), den-

i
t
o
p

able 1
erformance of the single cell Ni–YSZ/YSZ/LSCF-800 with LSCF-800 cathode sint

intering temperature
f cathode (◦C)

Peak power density
(mW cm−2)

Power density at 0.7
(mW cm−2)

650 ◦C 700 ◦C 650 ◦C 700 ◦C

00 315 825 196 592
50 507 1114 390 932
00 360 967 248 834
50 330 832 243 730

a The values were determined by the cell voltage difference between open circuit a
b The values were determined by the high-frequency intercepts in Cole–Cole plots
SZ electrolyte sintered at 700 ◦C (a), 750 ◦C (b), 800 ◦C (c) and 850 ◦C (d) for

ification of the cathode may proceed during the long term
peration at 700 ◦C. The LSCF-800 cathode fabricated at 750 ◦C
as therefore aged at 700 ◦C for 100 h to check whether signif-

cant microstructure change would occur after the aging test.
s shown by the cross section microstructure in Fig. 7(a), sig-
ificant densification is clearly observed after the aging test,
s compared with the microstructure before aging in Fig. 4(b),

ndicating that the fabrication temperature of 750 ◦C would be
oo low to obtain a stabilized cathode for a cell intended to
perate at 700 ◦C. Moreover, serious deterioration of the I–V
erformance was observed on the cell Ni–YSZ/YSZ/LSCF-

ered at different temperatures, measured at 650 and 700 ◦C

V ASR at 1 A cm−2

(� cm2)a
Ohmic resistance
(� cm2)b

650 ◦C 700 ◦C 650 ◦C 700 ◦C

0.87 0.34 0.20 0.12
0.55 0.24 0.12 0.08
0.69 0.32 0.15 0.10
0.73 0.33 0.16 0.11

nd at a current density of 1.0 A cm−2.
of AC impedance.
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ig. 5. Cell performance data of anode-supported single cells with LSCF-800
athode sintered at different temperatures for 2 h, measured at 650 ◦C (a) and
00 ◦C (b).

00 after aging at 700 ◦C for 100 h, in accordance with the
act of the densification of the cathode. These investigations
how clearly that the sintering activity of the LSCF-800 should

e reduced and a compromise between good cell performance
nd stable microstructure should be balanced carefully. In the
resent study, the sintering activity of the LSCF powder is
ailored through controlling the calcination temperature, as pow-

ig. 6. Polarization resistance of electrodes at various sintering temperature
easured at 650 and 700 ◦C.

Fig. 7. FESEM images of the fractured cross-section for the samples after aging
at 700 ◦C for 100 h with LSCF-800 cathode on YSZ electrolyte sintered at 750 ◦C
(
s

d
c
t
a
t
t

a) and LSCF-900 cathode on YSZ electrolyte sintered at 850 ◦C (b), and the
urface view of LSCF-900 cathode on YSZ electrolyte sintered at 850 ◦C (c).

ers generally show decreased sintering activity with increasing
alcination temperature. It was found that by raising the calcina-
ion temperature from 800 to 900 ◦C (LSCF powders calcined

t 900 ◦C for 5 h will be referred to as LSCF-900 hereafter),
he optimal cathode fabrication temperature could be increased
o 850 ◦C and the cathode fabricated at 850 ◦C using LSCF-
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[6] J.D. Zhang, Y. Ji, H.B. Gao, T.M. He, J. Liu, J. Alloys Compd. 395 (2005)
ig. 8. Cell performance data at operation temperatures of 650 and 700 ◦C for
node-supported single cell with LSCF-900 cathode sintered at 850 ◦C for 2 h.

00 showed excellent structure stability at 700 ◦C, where after
eing aged for 100 h at 700 ◦C, significant densification is not
bserved as illustrated by the cross section and surface view in
ig. 7(b) and (c), respectively. The LSCF-900 cathode sintered
t 850 ◦C also exhibits the highly uniform microstructure with
n even distribution of pores and good particle to particle con-
act, which would be favorable for the cathodic electrochemical
eactions.

Fig. 8 shows the I–V performance of an anode-supported
ingle cell Ni–YSZ/YSZ (∼8 �m)/LSCF-900 with the cathode
intered at 850 ◦C, measured at 650 and 700 ◦C. At opera-
ion temperature of 650 ◦C, the maximum power density is
.45 W cm−2 at 1.0 A cm−2 and the power density at 0.7 V
s about 0.34 W cm−2 with current density of 0.50 A cm−2.
t operation temperature of 700 ◦C, the maximum power
ensity is 1.06 W cm−2 at 2.0 A cm−2 and the power den-
ity at 0.7 V is about 0.83 W cm−2 with current density of
.2 A cm−2. Such performances are a little lower than those
f the cell with LSCF-800 cathode sintered at 750 ◦C, due
o the decrease of reactive sites resulted from particle growth
ith the increased sintering temperature. However, the per-

ormances achieved on the present single cell are higher
han those of anode-supported YSZ cells with interlayer-free
SCF cathode reported previously (0.5 W cm−2 at 700 ◦C and
.7 V) [11], and can be comparable with the best performance
chieved on the Ni–YSZ/YSZ/LSCF cell with CGO inter-
ayer (0.9 W cm−2 at 700 ◦C and 0.7 V) [13]. The good per-
ormance obtained in the present study can be attributed to the
ell adherence of YSZ/LSCF interface, the excellent cathode
icrostructure and the thin electrolyte film with thickness of

nly ∼8 �m. Furthermore, it is noted that there is no obvi-
us decrease in the generation performance for the single cell
i–YSZ/YSZ/LSCF-900 after aging at 700 ◦C for 100 h, sug-
esting that LSCF-900 cathode possesses good microstructure
tability.

This study indicates that LSCF-900 sintered at 850 ◦C is
uitable to be used as a high-performance cathode material for

irconia-based IT-SOFCs without the CGO interlayer. The sin-
ering activity of LSCF cathode can be tailored through the
ontrol of the calcination temperature of the precursor powder,
rces 161 (2006) 1169–1175

hus good cell performance and structure stability are achieved
n the Ni–YSZ/YSZ/LSCF cells. This interlayer-free design is
eneficial to simplify the cell structure and the manufacturing
rocess.

. Conclusions

1) Nanocrystalline La0.6Sr0.4Co0.2Fe0.8O3-� (LSCF) powder
with single perovskite phase was prepared by a nitrate-
glycine solution combustion method. The LSCF powder cal-
cined at 800 ◦C for 5 h and subsequent milled at 760 rpm for
24 h (LSCF-800) has a specific surface area of 22.9 m2 g−1

and an average particle size of 175 nm.
2) The LSCF-800 powder possesses high sintering activity,

and can be well adhered to YSZ electrolyte after sin-
tering above 700 ◦C. The best power generation perfor-
mance of single cell of Ni–YSZ/YSZ/LSCF-800 has been
achieved with the LSCF-800 sintered at 750 ◦C, with peak-
power of 507 mW cm−2 at 650 ◦C and 1114 mW cm−2 at
700 ◦C, respectively. On the other hand, the cathode man-
ufactured at 750 ◦C will be gradually sintered to dense
structure due to the good sintering activity under long
term operation, resulting in the degradation of cell perfor-
mance.

3) The sintering activity of LSCF cathode can be tailored
through altering the calcination temperature of the precursor
powder. The optimum sintering temperature of the cathode
can be increased to 850 ◦C by raising the precalcination
temperature from 800 to 900 ◦C. The single cell with this
cathode demonstrates good structure stability and high gen-
eration performance with the peak-power (W cm−2)/power
(W cm−2) at 0.7 V of 0.45/0.34 at 650 ◦C and 1.06/0.83 at
700 ◦C, respectively.

4) Excellent power generation performance achieved in the
study is ascribed to the cathode with highly uniform
microstructure and sufficient adherence to the thin YSZ
electrolyte.
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