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The electrochemical performance of Prg7Sro3C009Cug103_s—xCepgSmp2019 (PSCC-XSDC, x =0-40 wt%)
composite cathodes has been investigated for their potential utilization in intermediate-temperature
solid oxide fuel cells (SOFCs). The results showed that the addition of SDC to PSCC improved remark-
ably the electrochemical performance of a PSCC cathode, and that a PSCC-35SDC cathode exhibited the
best electrochemical performance in the PSCC-xSDC system. When SDC was used as the electrolyte,
the interfacial resistance was smallest for 35 wt% SDC, where the value was 0.137 2 cm?2 at 700°C and
0.062 €2 cm? at 750 °C, much lower than the corresponding interfacial resistance for pure PSCC. At 700 °C,
Pro7Sro3C00sClo1 Os.s the cathodic overpotential of the PSCC-35SDC cathode in the SDC electrolyte was 70mV at a current
Electrochemical performance density of 0.5Acm~2. This is a factor of two lower than that for a pure PSCC cathode (152mV at 700°C)
SOFC under the same current conditions. The maximum power density of a single-cell using PSCC-35SDC as
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the cathode was 388 and 615 mW cm~2 at 650 and 700 °C, respectively.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are considered as one of the most
promising energy conversion devices because of their high effi-
ciency, low pollution and flexibility with respect to fuel. However,
for traditional SOFC structures, the necessity for high operating
temperatures (800-1000 °C) has resulted in high costs and material
compatibility challenges [1]. As a consequence, significant effort
has been devoted to the development of intermediate-temperature
(500-800°C) SOFCs [2]. A key obstacle to reduced-temperature
operation of SOFCs is the poor activity of traditional cathode mate-
rials such as La;_xSryMnO3 (LSM) for electrochemical reduction
of oxygen in this temperature range [1,3]. Accordingly, the devel-
opment of alternative cathode materials with adequate mixed
ionic-electronic conductivity is needed to make intermediate-
temperature SOFC technology successful.

Considerable research interest is currently being directed
towards cobalt-containing perovskite oxides, which tend to exhibit
higher ionic conductivities than LSM owing to a greater concen-
tration of oxygen vacancies [4-6]. Interest has especially grown in
Sr-doped LaCoOs3 (LSC) compositions owing to their high electronic
and oxide-ion conductivities [7,8]. Unfortunately, LSC exhibits a
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high thermal expansion coefficient due to a low-spin-to-high-spin
transition associated with Co3*, and high chemical reactivity with
the electrolyte [8,9]. These difficulties could be minimized by the
replacement of La by other, smaller lanthanides or a partial substi-
tution of Co by other transition metal cations [10,11]. Yasumoto et
al. reported that doping with Cu into the Co sites further enhanced
the ionic conductivity and catalytic activity of (La,Sr)CoO3_g [12].
We have recently reported that the composition x=0.1 in the
Pro7S1r03C01_yCuy03_;5 (x=0.05-0.4) system exhibits the best elec-
trochemical performance with adequate electronic conductivity
[13].

It is widely accepted that composite cathodes, for exam-
ple LSM-YSZ or SSC-SDC composite cathodes, can extend
the electrochemically active reaction zone from the triple
phase boundaries at the two-dimensional interface between
the electrolyte and the cathode to the three-dimensional bulk
of the electrode, and thus significantly improve the cath-
ode performance [6,14-16]. With the aim of improving the
electrocatalytic activity of Prg7Srg3C009Cup103_5 (PSCC) and
achieving a match of the thermal expansion coefficient between
the electrolyte and the cathode, we present here the elec-
trochemical properties of Prg7Srg3C009Cug103_5-CepgSmg2019
composite cathodes. Then, the performance of an anode-supported
single-cell using PSCC-35SDC as the cathode, NiO-SDC as the
anode and an SDC thin film as the electrolyte is evalu-
ated.
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2. Experimental

A PSCC powder was synthesized by a sol-gel method. Stoi-
chiometric amounts of PrgOq; (99.99%, Analytical Reagent (A.R.),
Shanghai Yuelong New Materials Company Ltd., China), Sr(NOs),
(99.5%, AR. Xinhua Chemical Reagent Plant, Beijing, China),
Co(NO3),-6H,0 (99.9%, A.R., Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China) and CuO (99.0%, A.R., Shenyang Reagent Plant,
Liaoning, China) were used as the starting materials. The PrgOq;
and CuO were dissolved completely in concentrated nitric acid
(65-68%), and the Sr(NO3), and Co(NOs3), were dissolved in dis-
tilled water. They were then mixed together to obtain a mixed
solution, and citric acid (99.8%, A.R., Beijing Chemical Plant, China)
was added as a solid in a molar ratio of 1:1.2 to the metallic ions. The
mixed solution was subsequently stirred and heated slowly to form
a glutinous colloid. The colloid was dried, ground and calcined at
800 °C for 10 h to obtain the cathode powder. A Cep gSmg 019 (SDC)
powder was prepared by the glycine-nitrate process as described
elsewhere [17]. Stoichiometric amounts of Ce(NO3)3-6H,0 (99.0%,
AR, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) and
Sm;,03 (99.99%, A.R., Shanghai Yuelong New Materials Company
Ltd., China) were used as the starting materials. The precursor pow-
ders were calcined at 800 °C for 2 h to obtain the SDC powder. The
SDC powder was cold-pressed into pellets about 13 mm in diame-
ter and 1 mm thick under 360 MPa, and sintered at 1400°C for 10 h
in air to obtain a dense electrolyte substrate.

The PSCC powder obtained was mixed with different amounts
of SDC powder (0-40 wt%) to make composite cathodes (denoted
here by “PSCC-xSDC”, x = 0-40). The cathode powders were mixed
with ethyl cellulose (C.R., Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China) and terpineol (A.R., Huadong Chemical Reagent
Plant, Tianjin, China) to obtain a well-distributed cathode slurry.
The cathode slurry was painted onto one side of the SDC substrate
and sintered in air at 900°C for 2 h. These pellets were used to
measure the cathodic overpotential.

In order to evaluate the performance of the cathodes, cells with
a structure PSCC-35SDC/SDC/NiO-SDC were fabricated by a dry
pressing process. NiO powder was prepared by an ammonia pre-
cipitation method as described elsewhere [18]. Ammonia (A.R.)
and Ni(NO3),-6H,0 (A.R., Shantou Xilong Chemical Reagent Plant,
Guangdong, China) were used as the starting materials. The NiO and
SDC powders obtained were mixed in a weight ratio of 60:40 and
ball-milled for 20 h using ethanol as a medium. As a pore former,
15 wt% of flour was added to the mixture, which was subsequently
ball-milled for another 2 h. After drying, the anode powder was
pressed under 100 MPa into pellets with a diameter of 13 mm to be
used as anode substrates. To prepare a thin SDC film on the anode
substrate, the prepared SDC powder was added to the anode sub-
strate through a screen (silk net, 180 mesh), and then co-pressed
at 220 MPa to obtain a green bilayer. The green bilayer was subse-
quently sintered at 1400°C for 4 h to form a dense SDC electrolyte
film. A PSCC-35SDC powder was mixed with ethyl cellulose and
terpineol, painted onto the sintered SDC film and sintered in air at
900°C for 2 h. Silver paste was applied to the anode and cathode
surfaces to serve as current collectors, followed by attachment of
two silver wires to each electrode to serve as current and voltage
leads. The single-cell made in this way was then sealed onto one
end of an alumina tube with silver paste. The performance of the
cell was tested from 600 to 700 °C. Hydrogen was used as the fuel
at the anode side, and air as the oxidant at the cathode side.

The crystal structure and phase purity were characterized by X-
ray diffraction (XRD) (Rigaku-D-Max Ra system, Cu Ko radiation,
operated at 12kW). The cathodic overpotential was measured in
air with a Solartron SI 1287 electrochemical interface-measuring
apparatus using a current-interruption technique. Interfacial polar-

ization resistances were determined on symmetric cells with a
two-electrode configuration using AC impedance spectroscopy
(CHI 604C, Chenhua Inc., Shanghai). The frequency range was
0.01-10° Hz with a signal amplitude of 10 mV. The morphologies
of the cathodes after the electrochemical tests were characterized
by a scanning electron microscope (SEM, JSM-6480LV, JEOL, Japan).
The single-cell performance was tested at temperatures from 600
to 700°C.

3. Results and discussion

Fig. 1 shows an XRD pattern of a PSCC-35SDC composite cath-
ode. For comparison, the patterns of PSCC and SDC are also shown
in the same figure. It can be seen that the PSCC cathode mate-
rial synthesized by the sol-gel method is single-phase with an
orthorhombic perovskite structure. The structure of the SDC is
the cubic fluorite structure. After the PSCC-35SDC mixture has
been sintered at 900°C for 8 h, the PSCC and SDC still retain their
own structures. This suggests that there are no obvious reactions
between PSCC and SDC or solid solution formation. It seems that
PSCC is a chemically stable cathode material for SOFCs based on
SDC when the operating temperature is below 900°C.

Fig. 2 shows cathodic polarization curves for PSCCand PSCC-SDC
composite cathodes as a function of current density at 650 and
700°C in air. It is very clear that the addition of the SDC elec-
trolyte to the PSCC leads to a remarkable improvement in electrode
performance. At each temperature, the overpotential for these
two-phase composite cathodes decreases with increasing SDC con-
tent x for 0 <x<0.35, reaches a minimum at x=0.35, and then
increases for x=0.4. At 700 °C, the overpotential for the pure PSCCis
152 mV at 0.5 Acm~2. For the PSCC-35SDC cathode, the overpoten-
tial is reduced to 70 mV under the same current conditions. Similar
improvements in the electrode polarization performance are also
observed at 650 °C.

The cathode performance of the PSCC and PSCC-SDC sintered
at 900°C for 2 h was investigated by AC impedance spectroscopy
based on a symmetric cell configuration under a symmetric air
atmosphere. The impedance curves were measured under open-
circuit conditions. Nyquist plots of the electrochemical impedance
spectra for PSCC and PSCC-SDC at 700°C are shown in Fig. 3(a),
and the equivalent circuit for the analysis of the impedance data
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Fig. 1. XRD patterns of PSCC, SDC and PSCC-35SDC.
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Fig. 2. Overpotential curves for PSCC-xSDC composites obtained at 650 and 700°C.

is illustrated in Fig. 3(b). The impedance spectra consist of two
depressed semicircles. This indicates that there are at least two-
electrode processes, corresponding to the two semicircles, during
reduction of molecular oxygen. As discussed by previous workers
[19,20], the high-frequency semicircle can be attributed to polar-
ization during charge transfer. The low-frequency semicircle can
be attributed to oxygen adsorption/dissociation on the electrode
surface and diffusion of the oxygen ions. The elements of the equiv-
alent circuit correspond to elements of the electrochemical process.
Rq corresponds to the resistance of the ohmic polarization, R, cor-
responds to the resistance of the charge transfer process through
the electrode-electrolyte interface, and the Warburg impedance
(W7) in the equivalent circuit is related to the resistance of oxy-
gen adsorption/decomposition and the diffusion of oxygen ions in
the cathode [21]; CPE; corresponds to the capacitance of the whole
electrode.

Fig. 4 summarizes the total interfacial polarization resistance
Rp (i.e., the difference between the intercepts of the impedance
arc on the real axis) for each of the PSCC-SDC cathodes tested
in air. It can be seen that R, decreases as the SDC concentration
increases up to 35wt%. A further increase in SDC content to a

(@) 0.30
700°C
025 —{O— 40SDC
e 358DC
020+ -~ - 30SDC
---57--- 0SDC
N
5
g 015}
N
0.10}
0.05 F
0.00 L4 :
055 060 065 070 075 080 085 0.90
Z/Q.cm?
(b)
R1 R2 W1
NN W=
CPE1
>

Fig.3. (a) Impedance spectra of the PSCC cathode and PSCC-SDC composite cathode
at 700°C and (b) equivalent circuit.

value higher than 35 wt% results in a higher interfacial polariza-
tion resistance. This may be due to a decrease in the continuity of
the PSCC phase in the composite, and hence a decrease in electri-
cal conductivity [15]. This corresponds very well to the results for
the overpotential (Fig. 2). The interfacial resistance R, was about
0.282 © cm? at 700 °C for pure PSCC. However, the optimal compo-
sition, PSCC-35SDC, yielded an R, value of less than 0.137 2 cm?
at 700°C. Thus the addition of SDC could dramatically improve
the electrochemical performance of PSCC. CeO,-based oxides are
known for their ability to store, release and transport oxygen under
SOFC operating conditions owing to their high ionic conductiv-
ity [22]. The oxygen ion conductivity of Smg,CepgO19 has been
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Fig. 4. Total interfacial resistance versus cathode composition at 700-800°C.
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Fig. 5. SEM cross-sectional images of half-cells with (a) a PSCC-35SDC composite
cathode and (b) a PSCC cathode layer, after electrochemical tests.

reported to be as high as 0.084Scm~! at 800 °C [23]. This indicates
that the ionically conducting phase SDC, when added to a porous
cathode, functions effectively as an oxygen conduction path, greatly
extending the electrochemically active reaction sites from the elec-
trode/electrolyte interface region to the bulk of the PSCC electrode.
This reduces the resistance of charge transfer R,. At the same time,
the addition of this ionically conducting phase also increases the
total concentration of oxygen vacancies and the diffusion of oxy-
gen ions in the electrode is improved, which results in a decrease
in the Warburg resistance W;. Therefore, a decrease in the total
interfacial polarization resistance R, owing to the addition of SDC
can be expected.

It is well known that the microstructure of a cathode can have
a significant effect on cathode performance. Micrographs of cross-
sectional views of PSCC-35SDC/SDC and PSCC/SDC half-cells after
electrochemical tests are shown in Fig. 5(a) and (b), respectively. It
is evident that the PSCC-35SDC composite cathode has a smaller

grain size and a more homogeneous grain size distribution. This
means that the PSCC-35SDC cathode layer has a finer microstruc-
ture than the pure PSCC cathode layer has. Moreover, the visual
appearance of the electrolyte/cathode interface in the micrographs
indicates clearly that the porous PSCC-35SDC composite cathode
shows better adhesion to the dense SDC than does the pure PSCC
cathode. Adding SDC particles to PSCC has two functions: on the
one hand, it helps to reduce the thermal expansion coefficient
of the cathode and thus makes it mechanically more compatible
with the electrolyte; on the other hand, it also results in sup-
pression of the growth of PSCC particles, thereby maintaining the
porosity, optimizing the connectivity between the particles of each
solid phase and optimizing the size distribution, so as to yield a
larger three-phase (cathode-electrolyte-gas) contact area that is
accessible for oxygen reduction [16]. This partly explains why the
PSCC-35SDC composite cathode exhibited a higher electrochemi-
cal performance in general compared with the pure PSCC cathode.

Fig. 6 shows plots of the performance of a single fuel cell with
PSCC-35SDC as the cathode and NiO/SDC as the anode and with
an SDC electrolyte film, at 600-700°C. It can be seen that the
power density and current density increase with increasing oper-
ating temperature. The maximum power density of the cell is 204,
388 and 615 mW cm~2 at 600, 650 and 700 °C, respectively, illus-
trating that good performance can be obtained for a single fuel cell
using PSCC-35SDC as the cathode and an SDC film as the electrolyte.
However, the open-circuit voltage (OCV) of this cell based on an
SDC membrane is relatively low, about 0.685V at 650°C, which is
much lower than the theoretical OCV [24]. According to the report
of Zhang et al. [25], a thinner electrolyte film not only will reduce
the cell resistance, but also will enhance the possibility of defects in
the electrolyte such as pinholes or microcracks spanning the entire
electrolyte thickness, leading to a lower OCV because of gas leakage.

AC impedance spectra of the cell under open-circuit conditions
are plotted in Fig. 7. The high-frequency intercept with the real
axis gives the ohmic losses (R,), and the difference between the
high-frequency and low-frequency intercepts represents the sum
of the electrode interfacial resistances in the cell. The electrode
interfacial resistance (Re), which is higher than the ohmic resis-
tance (Table 1), accounts for about 54.7-64.8% of the total cell
resistance (R;) from 600 to 700°C. This implies that the perfor-
mance of the cell is critically limited by the interfacial resistance.
According to previous studies [26,27], the interfacial resistance is
dominated by the cathode-electrolyte interface, and the resistance
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Fig. 6. Performance of a cell with a PSCC-35SDC composite cathode at 600-700°C.
Hydrogen and ambient air were used as the fuel and oxidant, respectively.
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Fig. 7. Impedance spectra of a single-cell (PSCC-35SDC/SDC/NiO-SDC) measured
under open-circuit conditions (HF, high frequency; LF, low frequency).

Table 1

Ohmic polarization resistance (R,), electrode interfacial resistance (R.) and total
cell resistance (R;) for a single PSCC-35SDC/SDC/NiO-SDC cell at different operating
temperatures

Temperature (°C) Ro (2 cm?) Re (2cm?) R: (2cm?) Re/R: (%)
600 0.158 0.191 0.349 54.7
650 0.118 0.178 0.296 60.1
700 0.083 0.153 0.236 64.8

of the anode-electrolyte interface is negligible. Therefore reducing
the cathode-electrolyte interfacial resistance is the key to reducing
the total resistance as well as to improving the performance of the
cell.

4. Conclusions

A new PSCC-SDC composite cathode for potential applica-
tion in intermediate-temperature SOFCs has been reported. The
addition of an SDC electrolyte to the PSCC greatly improved the
electrochemical performance of the PSCC cathode. A PSCC cath-
ode containing 35wt% SDC exhibited a low overpotential. The
interfacial polarization resistance for this PSCC-35SDC cathode
was as low as 0.062 Qcm? at 750°C and 0.137 Q cm? at 700°C.
Using a PSCC-35SDC cathode, an anode-supported single-cell

with an SDC electrolyte membrane achieved excellent perfor-
mance. The maximum power density of this cell was 204, 388
and 615mWcm~2 at 600, 650 and 700°C, respectively. These
results indicate that PSCC-35SDC should be a good candidate for
intermediate-temperature SOFC cathode materials.
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