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a  b  s  t  r  a  c  t

In  this  study,  Cu2+ ions  doped  La0.6Sr0.4Co0.2Fe0.8O3−ı cathodes  are  prepared  for  use  in  solid  oxide  fuel
cells  (SOFCs).  The  maximum  electrical  conductivities  of  the  La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı (438  S cm−1)  and
the  La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı (340  S cm−1) discs  are  higher  than  that  of  the  La0.6Sr0.4Co0.2Fe0.8O3−ı disc
(LSCF;  81  S  cm−1)  sintered  at 1100 ◦C.  The  substitution  of  Cu2+ over  Fe3+ leads  to  a  higher  coefficients
of  thermal  expansion  (CTE),  while  the  replacement  of  Co3+ by  Cu2+ results  in  a lower  CTE.  Single  cells
with  the  La0.6Sr0.4Co0.2Fe0.8O3−ı, La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and  La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes
operating  at 650 ◦C  and  550 ◦C  show  similar  ohmic  resistance  (R0) values  while  the  polarization  resis-
tance  (RP)  values  of  the  cells  with  the  La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı and  a0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes
icrostructure
mpedance
ell performance

are slightly  lower  than  that  of  the  single  cell  with  the  La0.6Sr0.4Co0.2Fe0.8O3−ı cathode,  indicating  that
the Cu2+-doped  LSCF  cathode  exhibits  a greater  electrochemical  catalytic  activity  for  oxygen  reduction.
Maximum  power  densities  of  the cells  with  the  La0.6Sr0.4Co0.2Fe0.8O3−ı, La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı,  and
La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes  operating  at 700 ◦C  read  respectively  1.07,  1.15,  and  1.24  W  cm−2.

ing  of 2+
It  is  evident  that  the  dop
cells.

. Introduction

Solid oxide fuel cell (SOFC) system has been attracting increased
ttention for commercialization because of its self-reforming abil-
ty, high energy conversion efficiency, no need of noble metals as
atalysts, use of solid state materials, and compatibility with com-
on  hydrocarbon fuels [1,2]. Ideal for heat and power generation

or homes and businesses, SOFCs can also be applied to large-
ize stationary power facilities as well as auxiliary power units
or electrical systems in transportation vehicles. Able to operate
t temperatures between 500 and 700 ◦C, intermediate tempera-
ure SOFCs (IT-SOFCs) in particular have become a popular R&D
opic [3].  The performance of IT-SOFCs depends to a great extent
n the ionic conductivity of the electrolyte and the polarization
esistance (Rp) of the electrodes [4].  To improve the former feature,
ne may  consider the replacement of electrolytes with higher ionic
onductivity at low temperatures, such as Sm0.2Ce0.8O2−ı (SDC)
nd La0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM), or the use of a thin yttria-
tabilized zirconia (YSZ) electrolyte film [5].  The cathode, on the
ther hand, is often the major source of the SOFC cell resistance

ecause of its large overpotential, since oxygen reduction reac-
ion is usually considered to be more exigent to activate on SOFCs
perating at intermediate temperatures [6].

∗ Corresponding author. Tel.: +886 2 2771 2171x2735; fax: +886 2 2731 7185.
E-mail address: sfwang@ntut.edu.tw (S.-F. Wang).
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 Cu ions  in  LSCF  is  beneficial  to  the  electrochemical  performance  of  the
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Thanks to their high electrical conductivities in an oxygen-
containing atmosphere, several doped perovskite oxides, including
La1−xSrxMnO3 (LSM), La1−xSrxFeO3 (LSF), La1−xSrxCoO3 (LSC), and
La1−xSrxCo1−yFeyO3 (LSCF), have been suggested to serve as the
cathode materials for SOFCs. While La1−xSrxMnO3 (LSM) contin-
ues to be a top choice as the desired cathode material for use with
YSZ at high temperatures (>850 ◦C), other cathodes have been rec-
ommended for use in IT-SOFCs whose performance tends to grow
poorer at temperatures below 800 ◦C [6,7]. The performance of LSM
cathode drops drastically as the operating temperature decreases,
mainly due to its low oxygen ion conductivity and high activation
energy for oxygen disassociation [6,8]. Hence, one strategy is to
use materials with mixed ionic/electronic conductivity (MIEC) like
La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF), utilizing their high catalytic activity
for oxygen exchange reaction and high electronic conductivity for
current pickup to enhance the performance of the cathodes [9,10].
Single phase mixed conductors have been found to bring about
dramatic improvement in the electrochemical performance of the
cathodes since oxygen reduction can take place along the entire
cathode–gas interface [8,11].

In our previous study [12], the effects of bi-layer cathodes, con-
sisting of a current collector LSCF layer and a functional LSCF–SDC
composite layer in various thicknesses, on the cell performance of

SOFCs were reported. The results indicated that insertion of the
composite layer is crucial for ensuring a good adhesion of the cath-
ode layer to the electrolyte layer. However, the ohmic (R0) and
polarization resistances (RP) escalated rapidly with the thickness

dx.doi.org/10.1016/j.jpowsour.2011.10.074
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sfwang@ntut.edu.tw
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f the LSCF–SDC composite layer in the cathode, especially at tem-
eratures ≤550 ◦C. When the electrical and mechanical integrity
f the single cell is taken into consideration, the composite layer
hould be kept as thin as possible so as to trim down the R0 and
P values and to prop up the cell performance. In this study, a
ifferent approach to improve the performance of cathodes in IT-
OFCs was explored by doping ions in the LSCF host materials. As
eported in the literature, the conductivity and the polarization
esistance of La1−xSrxCuO3−ı (LSCu) are significantly higher than
hose of LSM, though the coefficient of thermal expansion (CTE) of
SCu at 1.8 × 10−6 K−1 to 17.9 × 10−6 K−1 is much higher than that
f YSZ (∼10 × 10−6 K−1) [13,11].  With Co2+ partially substituted
y Cu2+ in (La1−xSrx)CoO3−ı (LSC), the ionic conductivity and the
lectrode activity of the (La1−xSrx)(Co1−yCuy)O3−ı (LSCC) cathode
ppears to be better than those of its LSC counterpart, although the
lectrical conductivity of LSCC is lower [14]. Substituting Cu2+ for
he La1−xSrxFeO3−ı (LSF) compound also results in a lower melting
oint and a higher power density [15,16]. Though Cu2+ substitu-
ion over B sites of the above perovskite oxides brings about a
ubstantial improvement in the cathode performance at reduced
emperatures [13,11,14–16], it has not been attempted in the LSCF
athodes. In this study, Cu2+ ions doped LSCF cathodes were used as
otential cathode materials in order to enhance the electrode per-
ormance, since LSCF is a common cathode material for use with
DC electrolyte in IT-SOFC. The electrical conductivity and CTE of
he prepared (La,Sr)(Co,Fe,Cu)O3−ı (LSCFC) cathodes were deter-

ined first. IT-SOFCs were then built, using NiO–SDC, SDC, and
SCFC–SDC, respectively as the anode, electrolyte, and cathode, to
acilitate the characterization and discussion of cell performance
nd impedance analysis.

. Experimental procedure

.1. Preparation of the cathode materials

The cathode powders used in this investigation were synthe-
ized by solid state reaction method. Highly pure (>99.9% purity)
a2O3 (SHOWA, Reagent grade), SrCO3 (SHOWA, Reagent grade),
o3O4 (ALDRICH, Reagent grade), Fe2O3 (SHOWA, Reagent grade),
nd CuO (SHOWA, Reagent grade) were used as raw materials.
xides based on the compositions of La0.6Sr0.4Co0.2Fe0.8O3−ı,
a0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

ere mixed and milled in methyl alcohol solution using polyethy-
ene jars and zirconia balls for 24 h and then oven dried at 80 ◦C
or overnight. After drying, the powders were calcined at 950 ◦C
or 4 h at a heating rate of 5 ◦C min−1, and then re-milled in

ethyl alcohol for 24 h. Phase identification on the calcined
owders was conducted using X-ray diffraction (XRD, Rigaku
MAX-2200) with Cu-K� radiation (� = 1.5418 Å). The scanning

egion 2� was equal to 20–80◦ with step 0.05◦. Jade 5 programs
ere adopted to analyze the experimental data. For measuring

lectrical conductivity, the powders were added with a 5 wt% of
5%-PVA solution and pressed into disc-shaped compacts under

 uniaxial pressure of 0.9 tons cm−2. The samples were then heat
reated at 550 ◦C for 4 h to remove PVA, followed by sintering at
100 ◦C to 1300 ◦C for 2 h (heating rate = 5 ◦C min−1). Densities
f the specimens were measured using the liquid displacement
ethod. Scanning electron microscopy (SEM, Hitachi S4700)

tudies on the surfaces of the sintered discs were performed
or microstructure examination. Conductivity as a function of
emperature was measured by a standard four-probe method in

ir using Keithley 2400 in the temperature range of 25–800 ◦C.
TE (coefficient of thermal expansion) was determined from the
ilatometer curve of the dense samples (NETZSCH 402C) at a
eating rate of 5 ◦C min−1.
r Sources 201 (2012) 18– 25 19

2.2. Fabrication of single cells

Commercially available raw materials for SOFC, including
Sm0.2Ce0.8O2−ı (SDC; Fuel Cell Materials, USA; d50 = 0.53 �m and
BET surface area = 6.2 m2 g−1) and NiO (anode functional layer: Fuel
Cell Materials, USA; current collector layer: SHOWA, Japan) were
used in this study. Two  kinds of NiO powders were used to fabri-
cate the SOFCs. The one with a smaller particle size (d50 = 0.8 �m
and BET surface area = 3.4 m2 g−1) was used for anode functional
layers to increase the TPB (triple-phase boundary) and, by exten-
sion, the electrochemical activity; the other with a larger particle
size (d50 = 10.1 �m and BET surface area = 0.06 m2 g−1) was used for
the anode current collector layer to reduce the sintering shrink-
age mismatch with other layers and to tailor the porosity of
the layer. La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF: Fuel Cell Materials, USA;
d50 = 0.99 �m and BET surface area = 5.4 m2 g−1) was also used as
the cathode material for comparison.

The anode-supported substrates incorporate a SDC  electrolyte
layer and a three-layer anode composed of a current collector layer
(outer layer) of pure NiO and two functional layers of NiO–SDC
composites with ratios of 60 wt%/40 wt%  and 50 wt%/50 wt%,
respectively. The thin 50 wt% NiO/50 wt% SDC composite layer
guarantees a good contact with the nearby electrolyte layer. The
anode-supported substrates were fabricated using tape casting
process with the dried and laminated tapes drilled into discs. The
discs with a size of 25 mm  in diameter and 0.5 mm in thickness were
then co-fired at 1400 ◦C for 2 h at a heating rate of 2 ◦C min−1. The
cathode, prepared by screen-printing on the anode-supported SDC
substrate, was fired at 1000 ◦C for 2 h. The porosity of the cathode
layer was determined using mercury porosimetry (Micromeritics
AUTOPORE 9520/NTUPT03).

2.3. Electrochemical characterizations

The electrochemical performance of the single cells was  mea-
sured using a commercially available ProboStat (NorECs, Norway)
system. Hydrogen humidified through water at room temperature
was  channeled into the anode side as fuel gas, and compressed air
was  delivered to the cathode side as oxidant gas. The flow rates
of hydrogen and air were kept respectively at 40 and 160 sccm by
electronic mass flow controllers. The pressures of hydrogen and air
flows were controlled respectively at ≈1.04 bar and ≈1.10 bar by a
pressure regulator with a graduated cylinder filled with water. The
current density as a function of cell voltage (I–V curves) was  mea-
sured under various applied loads across the cell, and evaluations
were carried out from 500 to 700 ◦C at an interval of 50 ◦C. Elec-
trochemical impedance spectra (EIS) were measured after holding
the cells under OCV (open circuit voltage) for 15 min  at the tem-
peratures ranging from 500 to 700 ◦C. The EIS measurements were
performed with a four-lead two-electrode configuration using a
multi-channel potentiostat/galvanostat (Solartron 1470E) and a
1260 frequency response analyzer with a computer interface and
Corr-view software. The frequency ranged from 105 Hz to 0.015 Hz,
and the signal amplitude read 10 mV.  I–V curves and power curves
were obtained using linear sweep from OCV to 0.2 V at a sweep
rate of 5 mV  s−1. After testing, the cross-section microstructure of
the cells was  examined by SEM.

3. Results and discussion

XRD results showed that pure perovskite phase could not be

achieved when La0.6Sr0.4Co0.2Fe0.8O3−ı was calcined at temper-
atures of 950 ◦C and lower; a second phase of CuO, however,
was  detected when the Cu2+ doped La0.6Sr0.4Co0.2Fe0.8O3−ı was
calcined at temperatures of 1150 ◦C and higher. The calcination



20 S.-F. Wang et al. / Journal of Power Sources 201 (2012) 18– 25

Table  1
Lattice parameters and physical properties of La0.6Sr0.4Co0.2Fe0.8O3−ı , La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı , and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes.

Cathode Lattice constant c/a Theoretical density
(g cm−3)

TEC (1 K−1, 25–800 ◦C) Maximum electrical
conductivity (S cm−1)

a (Å) c (Å)

6.3 −6 ◦

6.4
6.4

t
t
C
f
t
L
p
0
t
s
b
T
r
u
g
L
l
d
o

L
p
2
g
a
L
L
(
o
L
e
s

F
L

La0.6Sr0.4Co0.2Fe0.8O3−ı 5.4871 2.4298 2.4298 

La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı 5.4544 2.4559 2.4559 

La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı 5.4692 2.4421 2.4421 

emperatures of 1000 ◦C and 1100 ◦C were therefore selected
o synthesize the cathode materials. It was found that the
u2+ content, when exceeding 30% of B-site ions, triggered the
ormation of the second phase of CuO. As revealed in Fig. 1
hat shows the XRD patterns of the La0.6Sr0.4Co0.2Fe0.8O3−ı,
a0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

owders calcined at 1000 ◦C for 4 h and indexed using JCPDS
0-048-0124, a rhombohedrally distorted perovskite-like struc-
ure (space group R3̄c) emerged after calcination. No visible
econd phase was observed in the XRD patterns. As indicated
y the lattice parameters and c/a ratios of the samples listed in
able 1, lattice parameter a dropped while lattice parameter c
ose with the Cu2+ ion substitution. The c/a ratio is generally
sed to characterize the Jahn–Teller distortion of the oxy-
en octahedron around the B-site ions [17]. The c/a ratios of
a0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı are
arger than that of La0.6Sr0.4Co0.2Fe0.8O3−ı, suggesting that the
oping of Cu2+ increased the Jahn–Teller distortion of the MO6
ctahedron and led to different transport properties [18].

The calcined and milled La0.6Sr0.4Co0.2Fe0.8O3−ı,
a0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

owders showed respectively an average particle size of
.70, 2.86, and 2.96 �m.  Fig. 2 presents the SEM micro-
raphs of the La0.6Sr0.4Co0.2Fe0.8O3−ı discs sintered at 1300 ◦C
nd 1100 ◦C, and the La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı and the
a0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı discs sintered at 1100 ◦C. Pure
a0.6Sr0.4Co0.2Fe0.8O3−ı reported a theoretical density of 98.95%
i.e., a sintered density of 6.30 g cm−3) and an average grain size

f 2.47 �m when sintered at 1300 ◦C for 2 h [Fig. 2(a)]. Since a
a0.6Sr0.4Co0.2Fe0.8O3−ı cathode is typically screen-printed on the
lectrolyte–anode substrates and post-fired at 1000–1100 ◦C, the
intering of LSCF was also performed at 1100 ◦C, and a theoretical

ig. 1. XRD patterns of La0.6Sr0.4Co0.2Fe0.8O3−ı , La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı , and
a0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı powders calcined at 1000 ◦C for 4 h.
87 15.9 × 10 81 (400 C)
56 17.6 × 10−6 438 (400 ◦C)
30 12.2 × 10−6 340 (350 ◦C)

density of 61.07% (i.e., a sintered density of 3.89 g cm−3) and an
average grain size of 0.39 �m were obtained, as shown in Fig. 2(b).
Only neck growth among gains was observed while the densifica-
tion process was  absent after the firing process. For the Cu2+ doped
La0.6Sr0.4Co0.2Fe0.8O3−ı discs, the La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı

and the La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı discs sintered at 1100 ◦C
reached a theoretical density respectively of 90.00% and 86.80%
(i.e., sintered densities of 5.73 and 5.53 g cm−3, respectively), and
the average grain sizes read 0.60 �m and 0.67 �m.  It is apparent
that densification was  significantly enhanced by the Cu2+ ion
substitution, a result consistent with the finding reported in the
literature [16].

The electrical conductivities, measured at ambient pressure in
air, as a function of temperature for the La0.6Sr0.4Co0.2Fe0.8O3−ı

discs sintered at 1300 ◦C and 1100 ◦C, and for the
La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and the La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

discs sintered at 1100 ◦C were shown in Fig. 3. The conductivity
of the perovskite cathodes increased with the temperature and
reached its peak approximately between 300 ◦C and 600 ◦C, but
started to drop with further rise in the temperature. The peak was
reached probably due to the temperatures at which the oxygen
exchange of the materials started to create an increasing number
of vacancies to compete with hole carriers [19]. This was to be
expected since Sr substitution is compensated by formation of
oxygen vacancies and the tetravalent Co ad Fe in the perovskite
lattices, according to 2[VO

••] + [CoCo
•] + [FeFe

•] = [Sr′
La] [20,21].

At lower temperatures (T < 300 ◦K), the conductivity shows a
thermally activated behavior and increases with the temperature
due to the increasing mobility of the electronic charge carriers,
FeFe

• and CoCo
•, which represent the holes localized on B sites. At

higher temperatures, on the other hand, the electronic conduc-
tivity is reduced by the decrease in the number of p-type charge
carriers due to the progressive formation of oxygen vacancies
at the expense of FeFe

• and CoCo
• [10,22]. In agreement with

the results reported in the literature [23], the sintered discs
exhibited mixed ionic–electronic properties at temperatures
beyond the peak, helping enhance the contribution of the bulk
pathway to oxygen reduction. The discs, however, displayed
mainly electronic properties and surface pathway at tempera-
tures below the peak. Comparing the electrical conductivities
of the La0.6Sr0.4Co0.2Fe0.8O3−ı, La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and
La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı discs sintered at 1100 ◦C as shown
in Fig. 3, the study found the La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı disc
reporting a highest conductivity of 438 S cm−1 at 400 ◦C, followed
subsequently by the La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı disc (340 S cm−1

at 400 ◦C) and the La0.6Sr0.4Co0.2Fe0.8O3−ı disc (81 S cm−1 at 400 ◦C).
The differences in the electrical conductivity may be caused by
two  major factors. First, the density of the La0.6Sr0.4Co0.2Fe0.8O3−ı

disc was much lower than those of its La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı

and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı counterparts when sintered
at 1100 ◦C. The La0.6Sr0.4Co0.2Fe0.8O3−ı disc sintered at 1300 ◦C
was  observed to result in a much higher electrical conductivity

(422 S cm−1 at 600 ◦C), a finding in accord with that observed in
the literature [24,25]. Another reason may lie in the Cu2+ substi-
tution over the B-site ions, which generates a metallic conduction
behavior [13]. The plots in Fig. 3(b) were nearly linear below the
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ig. 2. Surface SEM micrographs of La0.6Sr0.4Co0.2Fe0.8O3−ı discs sintered at (a) 1300
iscs sintered at 1100 ◦C.

emperature range at which the electrical conductivity reached
ts peak; this may  suggest that the small polar on hopping is the
redominant mechanism. The temperature dependence of the
lectrical conductivity was found to follow the relationship for
he adiabatic small polar on hopping mechanism, which can be
xpressed as [21]:

 =
(

A

kT

)
exp

(−Ea

kT

)
,

In which A is a material constant containing the carrier concen-
ration term; Ea is the activation energy for the hopping conduction;

 is the Boltzmann constant. At higher temperatures, the plots
ndicate a substantial negative deviation from linearity due to the
ignificant increase in oxygen vacancies [24,25].

The dilatometric curves of the La0.6Sr0.4Co0.2Fe0.8O3−ı,
a0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

iscs are shown in Fig. 4. Calculated by fitting the dilatometric
urves from 25 ◦C to 800 ◦C, the CTEs of the La0.6Sr0.4Co0.2Fe0.8O3−ı,

a0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

iscs read, respectively 15.9 × 10−6 K−1, 17.6 × 10−6 K−1, and
2.2 × 10−6 K−1 (Table 1). It is clear that substituting Cu2+ for Fe3+

ed to a higher CTE while replacing Co3+ with Cu2+ resulted in a

able 2
hmic and polarization resistances, open circuit voltages, and maximum power densities

Cathode materials for single cells Maximum electrical
conductivity (S cm−1)

R0 (�-cm2) 

650 ◦C 550

La0.6Sr0.4Co0.2Fe0.8O3−ı 81 (400 ◦C) 0.045 0.12
La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı 438 (400 ◦C) 0.046 0.11
La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı 340 (350 ◦C) 0.051 0.12
 (b) 1100 ◦C, and (c) La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı and (d) La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

lower CTE, which is correlated to the bond length between metal
ions and oxygen ions [26,27]. The CTE values are equal to or larger
than that of the commonly used Sm0.2Ce0.8O2−ı cathode (SDC:
12.6 × 10−6 K−1) [28,29]. A composite cathode made of cathode
and electrolyte materials is generally employed to minimize
the CTE mismatch at the electrolyte/cathode interface [30]. The
change in the slope of the dilatometric curves at approximately
330 ◦C, which resulted in an inflection point, was attributed to
the beginning oxygen exchange of the materials [21,24,31].  A
repulsion force arose between the mutually exposed cations when
oxygen ions were extracted from the lattice, thus causing the
lattice expansion. An additional chemical expansion took place
due to the reduction of the Fe and Co ions from higher to lower
valences (ex. Fe4+ ions were reduced to the larger Fe3+ ions),
occurring in conjunction with the creation of oxygen vacancies
(increasing oxygen non-stoichiometry) to retain the electrical
neutrality at high temperatures [16,19]. This appears to be in
agreement with the change in conductivity with the temperature

as shown in Fig. 4.

Fig. 5 presents the cross-section SEM micrographs
of the single cells with the La0.6Sr0.4Co0.2Fe0.8O3−ı,
La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

 of the single cells with various cathodes measured at 650 ◦C and 550 ◦C.

RP (�-cm2) OCV (V) MPD  (Wcm−2)

◦C 650 ◦C 550 ◦C 650 ◦C 550 ◦C 650 ◦C 550 ◦C

0 0.105 0.212 0.74 0.75 1.03 0.46
7 0.088 0.198 0.78 0.85 1.09 0.49
2 0.079 0.200 0.80 0.85 1.17 0.49
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Fig. 3. (a) Electrical conductivities (�) as a function of temperature and (b) log �T
versus 1000/T, measured at ambient pressure in air, for La0.6Sr0.4Co0.2Fe0.8O3−ı

discs sintered at 1300 ◦C and 1100 ◦C, and for La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı and
La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı discs sintered at 1100 ◦C.

Fig. 4. Dilatometric curves of La0.6Sr0.4Co0.2Fe0.8O3−ı , La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı ,
and  La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı discs.

Fig. 5. Cross-section SEM micrographs of the single cells prepared in this

study with (a) La0.6Sr0.4Co0.2Fe0.8O3−ı , (b) La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı , and (c)
La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı cathodes after electrochemical measurements.

cathodes prepared in this study after electrochemical measure-
ments. It can be seen that the interfaces among the anode,
electrolyte, and cathode layers for all cells show no sign of
crack, delamination, or discontinuity. The SDC electrolyte with
a thickness of nearly 13 �m is dense and crack-free with some
scattering closed pores. The anode electrode, reporting a total
thickness of approximately 0.5 mm,  is composed of three layers,
including a NiO current collector layer (thickness ≈20 �m)  plus
a 60 wt% NiO/40 wt%  SDC (thicknesses ≈460 �m) and a 50 wt%
NiO/50 wt%  SDC (thickness ≈6 �m)  functional composite layers.

XRD analysis verified that the NiO at the anode was  completely
reduced to Ni after the electrochemical test. Both the anode
and cathode layers were marked with the presence of porous



S.-F. Wang et al. / Journal of Power Sources 201 (2012) 18– 25 23

F
g
L

m
L
L
p
t
t
d

c
L
L
5
s
s
g
r
c
[
r
g
p
t
s
[

ig. 6. Nyquist plots of electrochemical impedance spectra of the sin-
le  cells containing La0.6Sr0.4Co0.2Fe0.8O3−ı , La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı , and
a0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes measured at (a) 650 ◦C and (b) 550 ◦C.

icrostructures. The porosity contents of the
a0.6Sr0.4Co0.2Fe0.8O3−ı, La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and
a0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathode layers, measured by mercury
orosimetry, read 60.3%, 46.3% and 45.9%, respectively, though
heir initial powder sizes were highly similar and firing condi-
ions identical. The Cu2+ doped cathodes demonstrated better
ensification and thus lower porosity contents.

Fig. 6(a) and (b) shows the Nyquist plots of the electro-
hemical impedance spectra of the single cells with the
a0.6Sr0.4Co0.2Fe0.8O3−ı, La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and
a0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes measured at 650 ◦C and
50 ◦C, indicating that the inductive process caused by the mea-
urement setup became noticeable at the high frequency of the
pectra. The highest frequency intercept of the impedance spectra
ives the total ohmic resistance of the cell (R0), including the
esistive contributions of the electrolyte, the two  electrodes, the
urrent collectors, and the lead wires, as reported in the literature
32–34]. The lowest frequency intercept corresponds to the overall
esistance of the cell, and the distance between the two  intercepts
ives the total interfacial polarization resistance (RP) [9].  The

olarization loss resulting from the anode side was small enough
o be disregarded as compared to its counterpart from the cathode
ide, as observed by Huang et al. [35], Xia and Liu [36], and Fu et al.
37]. In addition, since the anode/electrolyte substrates in all of
Fig. 7. I–V curves and the corresponding power densities of the anode supported
single cells with various cathodes measured at (a) 650 ◦C and (b) 550 ◦C.

the single cells were fabricated using the exactly same design and
processing method in this study, the distinctions in RP value of the
single cells shown in the impedance spectra should be entirely
accounted for by the differences in cathodes. The R0 and RP values
of the single cells at 650 ◦C and 550 ◦C are presented in Table 2.
At the measurement temperature of 650 ◦C, though the single
cell with La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−( showed a slightly higher R0
value, all three single cells had similar R0 values (≈0.05 �-cm2),
which appeared to be lower than those reported in the literature
[28,38]. At 550 ◦C, the ohmic resistance of these single cells
increased from ≈0.05 �-cm2 to ≈0.12 �-cm2, clearly indicating
that the increase in R0 was  caused by the low conductivity of
the SDC electrolyte. As shown in Table 2, it is evident that the
RP value increased significantly as the temperature decreased. As
illustrated in Fig. 6(b), the RP values for all single cells at 550 ◦C
were more than twice greater than those at 650 ◦C. The polarization
resistances of the single cells with the La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı

and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes showed no significant
difference and were slightly lower than that of the single cell with
the La0.6Sr0.4Co0.2Fe0.8O3−ı cathode. The RP values of the single
cells, lower than most of the results for the cells with LSCF cathodes
shown in the literature [30,39,40],  are expected to experience

further decline if ≈40 wt% SDC electrolyte was added to form a
composite cathode [40,41].

The cell performances for the single cells with various cath-
odes at 650 ◦C and 550 ◦C are shown in Fig. 7(a) and (b). The open
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ig. 8. (a) Open circuit voltages and (b) maximum power densities of the single cells
ith  various cathodes measured at various temperatures.

ircuit voltages (OCV) and maximum power densities (MPD) of the
ingle cells operating at various temperatures are plotted in Fig. 8(a)
nd (b) and part of the results are listed in Table 2. The OCV of
he single cells declined with the increase in temperature, drop-
ing from 0.75 V at 500 ◦C to 0.72 V at 700 ◦C for the single cell
ith the La0.6Sr0.4Co0.2Fe0.8O3−ı cathode, from 0.87 V to 0.77 V for

he one with the La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathode, and from
.88 V to 0.75 V for the one with the La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı

athode. The OCV values are lower than the expected theoretical
alues at higher temperatures mainly because of the electrolyte
hickness effect occurred in the SDC electrolyte having mixed
onic and electronic conduction [5,42,43], particularly at tem-
eratures higher than 600 ◦C. Two attributes responsible for the
ecrease in the OCV value of the cells with reduced film thick-
ess were reported in the literature, including the increase in
he oxygen permeation flux (as proposed by Duncan el al. [42])
nd the rise in electron flux (as suggested by Ding et al. [43]) as
he SDC electrolyte gets thinner. With decreasing temperature,
CV value gradually rose as the electronic conduction degraded
t lower temperatures. As indicated in Fig. 8(a), the single cell
ith the La0.6Sr0.4Co0.2Fe0.8O3−ı cathode has the lowest OCV
hile the single cells with the La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and
a0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes have a similar OCV at tem-
eratures ranging from 500 ◦C to 600 ◦C, and the OCVs at 650 ◦C
nd 700 ◦C of the single cell with the La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

athode were slightly higher than those of the single cell with

[

[
[
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the La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı cathode. Fig. 8(b) indicates that
MPD  declined with decreasing operating temperature due to the
increase in the R0 and RP values of the single cells as shown
in Fig. 6 and Table 2. Of the three single cells, the one with
the La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathode was observed to report
the highest MPD, and the cell with the La0.6Sr0.4Co0.2Fe0.8O3−ı

cathode the lowest at all temperatures measured. The maxi-
mum  power densities of the single cell with the single-phase
LSCF-based cathode (1.07 and 0.46 W cm−2 at 650 ◦C and 550 ◦C)
are consistent with those reported in the literature [44–46],
though their designs and preparation methods among the sin-
gle cells are not exactly the same. The MPDs for the single cells
with the La0.6Sr0.4Co0.2Fe0.8O3−ı, La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and
La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı cathodes were respectively 1.07, 1.15,
and 1.24 W cm−2 at 650 ◦C. It is evident that the doping of Cu2+

ions in LSCF is beneficial to the electrochemical performance of the
electrode.

4. Conclusions

In this study, the electrical conductivities of the
La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

discs were higher than that of the La0.6Sr0.4Co0.2Fe0.8O3−ı disc
sintered at 1100 ◦C. The coefficients of thermal expansion of
the La0.6Sr0.4Co0.2Fe0.8O3−ı, La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı, and
La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı discs read respectively 15.9 × 10−6,
17.6 × 10−6, and 12.2 × 10−6 K−1. SOFCs using NiO–SDC, SDC,
and LSCF–SDC, respectively, as anode, electrolyte, and cathode
were built and characterized. The cells were similar in ohmic
resistance while the polarization resistances of the cells with
the La0.6Sr0.4Co0.2Fe0.7Cu0.1O3−ı and La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

cathodes were slightly lower than that of the cell with the LSCF
cathode, indicating that the Cu2+-doped LSCF cathode exhibited
greater electrochemical catalytic activity for oxygen reduction. Of
the three single cells, the one with La0.6Sr0.4Co0.1Fe0.8Cu0.1O3−ı

cathode reported the highest MPD. It is evident that the doping
of Cu2+ ions in LSCF is capable of enhancing the electrochemical
performance of the cells.
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