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a  b  s  t  r  a  c  t

Cobalt-containing  perovskite,  PrNi0.6Co0.4O3 (PNC)  has  been  investigated  as a possible  candidate  for  cath-
ode  material  for  intermediate  temperature  solid  oxide  fuel  cells.  It  is  found  that  the  maximum  and
minimum  electrical  conductivity  of PNC  are  1580  S cm−1 at  50 ◦C  and  1031  S cm−1 at  1000 ◦C,  respec-
tively.  The  thermal  expansion  coefficient  (TEC)  of  the  PNC is  14.21  × 10−6 K−1 at  700 ◦C.  The  TEC  of the
PNC–50  wt.%  Ce0.8Sm0.2O1.9 (PNC–50SDC)  composite  cathode  is  13.49  × 10−6 K−1 at  700 ◦C,  which  is  much
eywords:
olid oxide fuel cell
athode
erovskite
rea specific resistance

more matching  with  the other  components  within  the  cell.  The  cathodic  polarization  of the  single-phase
PNC  and  composite  cathodes  with  SDC  shows  that  a  weight  ratio  between  PNC  and  SDC of  50:50  yields
the  lowest  area  specific  resistance  of 0.097  �  cm2 at 600 ◦C and  0.031  �  cm2 at  700 ◦C. The  maximum
power density  of the  PNC–50SDC  cathode  in  an  anode-supported  SOFC  is  1.09  W  cm−2 at  700 ◦C.

© 2011 Elsevier B.V. All rights reserved.

hermal expansion

. Introduction

It is widely accepted that the performance of the solid
xide fuel cells (SOFCs) depends significantly on the cathode
olarization resistance, as the operating temperature reduces
o the intermediate temperature (IT) range of 600–800 ◦C [1,2].
a0.8Sr0.2MnO3, as a traditional cathode using at high temperatures
800–1000 ◦C), is unfavorable for cathode material at interme-
iate temperatures since the polarization loss increases rapidly

n this temperature range [3,4]. Cobalt-containing perovskites
(Ln,Sr)(Co,Fe)O3, Ln = La, Sm,  Gd, Ba and Pr) are considered as the

ost promising cathode materials for ITSOFCs because of their
ood oxygen ionic and electronic conductivities and good electro-
atalytic activities towards oxygen reduction [5–14]. For instance,
hao and Haile reported that Ba0.5Sr0.5Co0.8Fe0.2O3 exhibits high
ower densities (1010 mW cm−2 and 402 mW cm−2 at 600 ◦C
nd 500 ◦C, respectively) [10]. The area specific resistance of
a0.5Sr0.5Co0.8Fe0.2O3 was remarkably low: 0.055–0.071 � cm2 at
00 ◦C, and 0.51–0.60 � cm2 at 500 ◦C. Unfortunately, perovskites
ontaining cobalt usually have much higher thermal expansion
oefficients (TECs) (17–24 × 10−6 K−1) than those of the elec-

rolytes (10–13 × 10−6 K−1) due to the electronic spin transition
nd particularly the thermal reduction of Co4+ to Co3+ [14].

∗ Corresponding author. Tel.: +86 551 5107284; fax: +86 551 5846849.
∗∗ Corresponding author.

E-mail addresses: huangsg@ustc.edu (S. Huang), ccwang@ahu.edu.cn (C. Wang).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.10.025
Recently, several research groups have reported that part of the
cobalt replaced by nickel in LnCoO3 leads to good electrochemi-
cal performances and relative low TEC [15–19].  For example, the
total conductivity of LaNi0.6Co0.4−yFeyO3 is more than 500 S cm−1

at 1073 K, and its average thermal expansion coefficient is smaller
than that of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) [19]. Hjalmarsson et al.
reported that the polarization resistance of the composite cath-
ode consisting of LaCo0.4Ni0.6O3 (LNC) and Ce0.9Gd0.1O1.95 was to
0.05 ± 0.01 � cm2 at 750 ◦C and the activation energy was  be about
1 eV [15]. Therefore, the Ni-doped materials might be desirable
cathode materials.

In this study, we  propose PrNi0.6Co0.4O3–Ce0.8Sm0.2O1.9
(PNC–SDC) as a new cathode material. The chemical and ther-
mal  compatibilities between the cathodes and the SDC electrolytes
were discussed. The cathode electrochemical performance was
investigated in details.

2. Experimental

Both PrNi0.6Co0.4O3 and Ce0.8Sm0.2O1.9 powders used as cathode
were prepared by glycine–nitrate process [20]. The stoichiometric
amounts of Pr, Ni, and Co nitrates with analytical reagent grade
were dissolved into distilled water, and then mixed with glycine
to obtain a solution with pH value close to 3. The precursor solu-
tion was heated on a hot plate under stirring, leading to a viscous

gel due to evaporation, and then ignited to flame, resulting in a
fine “ash” with pale-black color. The “ash” was  calcined at 900 ◦C
for 4 h to remove any carbon residues remaining in the ash and
finally a well-crystallined structure was obtained. Meanwhile, SDC

dx.doi.org/10.1016/j.jpowsour.2011.10.025
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:huangsg@ustc.edu
mailto:ccwang@ahu.edu.cn
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owders used as electrolyte were synthesized by using an oxalate
o-precipitation method as described elsewhere [21]. The SDC
owders were pressed into pellets and sintered at 1400 ◦C for 5 h
s electrolyte substrates.

The PNC and PNC–SDC cathode powders were mixed with
 wt.% polyvinyl buteral-76 binder, and 25 wt.% sodium-free corn
il, respectively. Methyl ethyl ketone was used as the solvent. The
athode slurries were screen-printed onto both sides of the SDC
lectrolyte pellets, and subsequently sintered in air at 950 ◦C for

 h.
X-ray diffraction (XRD) (MXP18AHF, MARK, Japan) was  used

o identify the crystal structure of the prepared PNC powder and
he phase reaction. The crossing-sectional images of the inter-
aces between electrodes and electrolyte were characterized by

 scanning electron microscope (SEM, S-4800, Hitachi). The total
onductivity of the well-sintered samples was measured with

 standard dc four-probe technique. The pressed and sintered
ectangular-shaped bars in size of 3 mm  × 5 mm × 12 mm  were
ainted with platinum paste and wired with platinum threads at
oth ends. The resistance was measured with a HP 34401 multi-
eter. The applied currents were varied between −50 and 50 mA.

he distance between potential probes was 8 mm.  The total con-
uctivity was performed at temperatures ranging from 50 ◦C to
000 ◦C in air. The total conductivity was calculated from the IV
haracteristics.

The samples for thermal expansion coefficient (TEC) measure-
ents were sintered at 1100 ◦C for 12 h in air. Typical specimen

eometry of the samples was a column-like pillar in size of
6 mm × 18 mm.  The TEC was measured with a dilatometer (PCY-

II, Xiangtan Huafeng Indus. Co.) from 25 ◦C to 1000 ◦C with a
eating rate of 3 ◦C min−1 in air.

Electrochemical impedance spectroscopy (EIS) measurements
ere carried out with an electrochemical workstation (CHI650D,
henhua Indus., Shanghai) in the temperature range of 500–750 ◦C

n air. The frequency range was 0.01–105 Hz with a signal ampli-
ude of 10 mV  under open circuit voltage condition. Data of the
mpedance spectra were treated with the software Zview to obtain
n equivalent circuit model.

The performance of the cathodes was evaluated in an anode-
upported fuel cell. NiO–SDC (with a weight ratio of 60:40) mixture
as used as the anode and SDC was used as the electrolyte. The
iO–SDC anode substrate and the SDC electrolyte film with an
SZ buffer interlayer were prepared via tape casting and co-firing
rocess [22,23].  The electrolyte layer and anode support were co-
red at 1400 ◦C for 5 h, which resulted in a dense SDC film on
he NiO–SDC substrate. Finally, PNC and PNC–SDC cathode slurries
ere subsequently screen printed onto the side of the SDC film and

intered at 950 ◦C for 2 h. The single-cell performance was  tested at
00 ◦C with humidified (3% H2O) hydrogen as the fuel and ambient
ir as the oxidant.

. Results and discussion

Fig. 1 shows the XRD patterns of the PNC powder fired at
00 ◦C for 2 h and the PNC–SDC mixture (with a weight ratio of
0:50, PNC–50SDC) fired at 1000 ◦C for 24 h. It is found that the
NC oxide is of a cubic perovskite structure (space group Pm-3 m)
shown in Fig. 1a). To evaluate the phase reaction between PNC
nd SDC, the chemical compatibility of PNC and SDC was  inves-
igated via XRD pattern. The XRD peaks of the PNC–SDC mixture
owder (shown in Fig. 1b) are ascribed to be the perovskite phase

f PNC and the cubic phase of SDC. No unexpected diffraction peaks
nd any peak shifting are observed, indicating that PNC is chemi-
ally compatible with the SDC electrolyte under the SOFC operating
ondition.
Fig. 1. X-ray diffraction patterns of (a) PrNi0.6Co0.4O3 fired at 900 ◦C for 4 h and (b)
PrNi0.6Co0.4O3–Ce0.8Sm0.2O1.9 mixture fired at 1000 ◦C for 24 h.

Fig. 2 plots the electrical conductivity of PNC from 50 ◦C to
1000 ◦C in air. The conductivity exhibits a metallic nature, which
linearly decreases from 1580 S cm−1 at 50 ◦C to 1031 S cm−1 at
1000 ◦C. This metallic-like conductivity is characteristic of Co-based
perovskites due to the energy band overlap between Co-3d and O-
2p. These conductivity values of PNC are higher than those of LSCF
in the same temperature range between 323 and 1323 K, and reach
the same magnitude as those reported in LNC [6,15].  This result sug-
gests that the PNC is a good conductor suitable for a SOFC cathode
material.

Fig. 3 shows the area specific resistances (ASRs) of the PNC and
PNC–SDC cathodes at various temperatures. The ASR values were
deduced from the EIS defined as the difference between the low-
frequency and the high-frequency intercepts with the real axis. The
ASR value of the PNC cathode is 0.27 � cm2 at 700 ◦C, which is lower
than that of LaNi0.6Co0.4O3 at the same temperature [15]. However,
the ASR value of the PNC cathode is still slightly higher than the
expected value of 0.15 � cm2 at 700 ◦C.

To improve the electrochemical performance, various contents
of SDC were added into the PNC. The addition of SDC into PNC causes
10008006004002000

Tempe rature  ( oC)

Fig. 2. Electrical conductivity of the PNC with respect to the temperature.
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contribution at low frequencies can be associated with non-charge-
transfer processes (including oxygen surface exchange, solid-state
diffusion, and gas-phase diffusion inside and outside the elec-
trode). In most cases, the impedance spectrum consists of multiple
ig. 3. Temperature-dependent area specific resistance of the PNC and PNC–SDC
athodes with different SDC contents.

rom 0.27 � cm2 for the pure PNC to 0.046 � cm2 when 30% SDC
as added. This value decreases further to 0.031 � cm2 when 50%

DC was added, which is only 11.5% of the original value. This might
e due to the fact that the addition of SDC results in improving the
xygen ion diffusion, increasing the triple phase boundaries where
he oxygen reduction reaction occurs, and meanwhile enhancing
he bonding between the electrolyte and electrode. As the SDC
ontent increases, the SDC particles gradually form a continuous
etwork in the PNC matrix, extending the TPBs from the physical
athode/electrolyte interface to the bulk of cathode.

The ASR value of the PNC–SDC composite cathode is found
o be not only much lower (4–10 times) than that of the pure
NC cathode, but also significantly lower than those of LSCF–SDC,
NC–SDC, as well as other cobalt-containing cathodes like
m0.5Sr0.5CoO3–SDC and so on [6,8,15]. The low polarization resis-
ances are also comparable to those of Ba0.5Sr0.5Co0.8Fe0.2O3–SDC,
mBa0.5Sr0.5Co2O6–SDC cathodes, indicating the present cathode
s more suitable for SOFC cathode material [10,13].

For the pure PNC, the apparent activation energy was  1.31 eV,
nd for the PNC–SDC composite cathodes, the apparent activation
nergy was found to vary from 1.19 eV to 1.24 eV. SDC addition
as no obvious influence on the apparent activation energy, sug-
esting that the introducing of SDC into the PNC cathode does not
ignificantly affect the mechanism of oxygen reduction.

The comparison shows that the lowest polarization resistance
as obtained at the ratio of PNC:SDC to be 50:50. This agrees well
ith the effective medium percolation theory of composite cath-

des, which predicates the maximum triple phase boundary for
lectrochemical exchange at that ratio. However, this advantage
an only be realized once the secondary phase has formed perco-
ating network, allowing the full extent of the increased triple phase
oundary to be utilized.

Fig. 4 shows the ASR as a function of SDC content at several fixed
emperatures. It is clearly seen that, with increasing SDC content,
he ASR value decreases initially, passes though a minimum at SDC
ontent around 50%, and then increases for further addition of SDC.
his feature agrees very well with the percolation model as afore-
entioned. Below the percolation limit (SDC content <50%), the

ddition of the SDC merely disrupts the conduction in the electrode,
eading to higher observed resistance; as it reaches the percola-

ion threshold, the full triple-phase-boundary network is able to
ontribute to the electrochemical processes, resulting in a reduced
olarization. As the SDC level continues to increase, the polarization
esistance increases again as the percolation in the PNC phase will
Fig. 4. ASR results as a function of weight percentage of SDC in the PNC–SDC com-
posite cathode at several fixed temperatures.

be destroyed by the high levels of SDC. One, thus, would expect
a minimum ASR in the mixture with a ratio of 50:50 of the two
phases, where the best balance between the maximum triple phase
boundary and the percolation in both phases is achieved.

Fig. 5a shows the measured impedance spectra at 700 ◦C for
the PNC and PNC–50SDC cathodes. The difference between the
high frequency and low frequency intercepting with the real axis
represents the area specific resistance (ASR) of the cathode. The
impedance of a cathode actually is the sum of charge-transfer
resistance, impedance, and a “chemical” impedance associated
with non-charge-transfer processes [24,25]. The contribution at
intermediate/high frequencies is related essentially to electron
and ion transfer at the electrode/electrolyte interfaces; while the
Fig. 5. AC impedance spectra of PNC and PNC–50SDC cathodes at 700 ◦C in air (a)
and the corresponding equivalent circuit (b). The numbers in the plots correspond
to logarithm of frequency.
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emi-circles, indicating different electrode reaction processes
ccurring at different time scales and contributing significantly to
he total electrode polarization resistance [25–28].  The impedance
pectra of the pure PNC and PNC–50SDC electrodes exhibit two arcs
n their spectra at 700 ◦C.

For comparative analysis of the single phase and composite
athodes, the cathode polarization was analyzed by fitting the
mpedance spectra to an equivalent circuit (EQC) shown in Fig. 5b.
he equivalent circuit comprises of an inductor, series resistance
nd two distributed elements each consisting of a resistor and con-
tant phase element (CPE) in parallel with the distributed elements
epresenting the middle and low frequency arcs. In the equivalent
ircuit, the resistance from the middle-frequency arc is attributed
o the charge transfer (R1), and the lower-frequency arc to the oxy-
en dissociation and bulk or surface oxygen diffusion process (R2).
ne can see from Fig. 5a that the R2 values are higher than those
f R1 in the PNC cathode system. This implies that the cathodic
olarization of the composite cathode is governed by R2 at 700 ◦C.
owever, R1 is higher than R2 in the PNC–50SDC cathode, sug-
esting that charge-transfer resistance can be considered as the

◦
ate-determining step in the single-phase cathode at 700 C.
The performance of the PNC and PNC–50SDC cathode was fur-

her evaluated using a single cell based on a SDC electrolyte and
i–SDC anode with an YSZ buffer interlayer. Fig. 6 shows the cell

ig. 7. SEM images of (a) the cross-sectional microstructures of PNC–50SDC, (b) the surfa
icrostructures of the PNC powders fired at 900 ◦C for 2 h.
Fig. 6. I–V performance measured at 700 ◦C for Ni–SDC supported thin SDC elec-
trolyte with PNC and PNC–50SDC cathodes.

voltage and power density as a function of current density for cells

with the PNC and PNC–50SDC cathodes at 700 ◦C. With humidified
(3% H2O) hydrogen as the fuel and ambient air as the oxidant, the
maximum power densities of the cell with the PNC and PNC–50SDC

ce microstructures of the PNC–SDC cathodes sintered at 950 ◦C for 2 h, and (c) the
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Table 1
Thermal expansion coefficient of PNC and PNC–50SDC at different temperatures.

Sample TEC (×10−6 K−1)

25–600 ◦C 25–700 ◦C 25–800 ◦C 25–900 ◦C 25–1000 ◦C

c
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t
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c
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(
P
1
e
t

PNC 13.64 14.21 

PNC–50 SDC 13.16 13.49 

athodes are found to be 586 and 1090 mWcm−2 with the open
ircuit voltage (OCV) of 0.92 V and 0.93 V, respectively. Consider-
ng the electronic conductivity of SDC which causes short circuit in
he cell, the OCV hints that the electrolyte membrane is sufficiently
ense, which is in good agreement with the result of SEM observa-
ion shown in the next figure. The cell performance suggests that
he PNC–50SDC is a very promising cathode material for ITSOFCs.

Fig. 7a presents the cross-sectional image of the as-prepared
ell. As can be seen from Fig. 7a, the well-sintered SDC electrolyte
embrane is quite dense with a thickness of about 10 �m.  It is

lear that the PNC–50SDC cathode layer contains large number of
orosity, which is favorable for the diffusion and activation of the
2 molecules, and adheres well to the electrolyte. The cathodes
isplay a fine uniform microstructure with appropriate porosity.
here are no delamination and crack in the interfaces, suggesting a
ood thermal compatibility between the two materials. Shown in
ig. 7b and c are the typical surface SEM image of the PNC–50SDC
athode sintered at 950 ◦C for 2 h and the SEM image of PNC powder
red at 900 ◦C for 2 h. The microstructure shows that the cathode
ontains regular-shaped particles with about 0.1–0.2 �m in size
Fig. 7b). The particles connect with each other forming a porously
ontinuous network structure.

The good thermal compatibility between the PNC–50SDC cath-
de and SDC electrolyte could be partly explained based on the
esults of their thermal expansion coefficients (shown in Table 1).
hermal expansion curves with increasing temperature for the PNC
nd PNC–50SDC cathodes are given in Fig. 8.

The TEC value of the PNC is close to that of the LNC
about 14–15 × 10−6 K−1), and lower than that of the LSCF
17.5 × 10−6 K−1). Moreover, the addition of 50 wt.% SDC into
NC can further decrease the TEC. The TEC of the PNC–SDC is
3.49 × 10−6 K−1 at 700 ◦C, which is very close to that of the SDC
lectrolyte (12.8 × 10−6 K−1), and thus the effective expansion of
he PNC–50SDC composite cathode will be matched relatively well
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Fig. 8. Fractional thermal expansion of PNC and PNC–50 wt.% SDC in air.
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with the rest of the cell. This good chemical and thermal compati-
bility might be favorable for the cell long-term stability.

4. Conclusions

PrNi0.6Co0.4O3–Ce0.8Sm0.2O1.9 has been evaluated as new com-
posite cathodes for intermediate temperature solid oxide fuel cells.
Single-phase perovskite PNC exhibited metallic behavior with elec-
trical conductivities of 1580 S cm−1 at 50 ◦C and 1031 S cm−1 at
1000 ◦C. The area specific resistances of the PNC and PNC–50SDC
cathodes on the SDC electrolyte were as low as 0.27 � cm2 and
0.031 � cm2 at 700 ◦C, respectively. A maximum power density of
a single cell was found to be 1090 mW cm−2 at 700 ◦C with a cell
of a 10 �m thick SDC electrolyte and a PNC–50SDC cathode. The
TEC of the PNC–50SDC composite cathode is 13.49 × 10−6 K−1 at
700 ◦C. The PNC–50SDC cathode is chemical and thermal compati-
bility with the SDC electrolyte. Our preliminary results suggest that
PNC–50SDC is a very promising cathode for ITSOFCs.
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