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a b s t r a c t

Cathode material Pr2Ni0.6Cu0.4O4 (PNCO) for intermediate-temperature solid oxide fuel cells (IT-SOFCs)
is synthesized by a glycine–nitrate process using Pr6O11, NiO, and CuO powders as raw materials. X-ray
diffraction analysis reveals that nanosized Pr2Ni0.6Cu0.4O4 powders with K2NiF4-type structure can be
obtained from calcining the precursors at 1000 ◦C for 3 h. Scanning electron microscopy shows that the
sintered PNCO samples have porous microstructure with a porosity of more than 30% and grain size
smaller than 2 �m. A maximum conductivity of 130 S cm−1 is obtained from the PNCO samples sintered

◦

olid oxide fuel cell
athode materials
lycine–nitrate process
lectrochemical performance

at 1050 C. A single fuel cell based on the PNCO cathode with 30 �m Sm0.2Ce0.8O1.9 (SCO) electrolyte film
and a 1 mm NiO–SCO anode support is constructed. The ohmic resistance of the single Ni–SCO/SCO/PNCO
cell is 0.08 � cm2 and the area specific resistance (ASR) value is 0.19 � cm2 at 800 ◦C. Cell performance
was also tested using humidified hydrogen (3% H2O) as fuel and air as oxidant. The single cell shows an
open circuit voltage of 0.82 V and 0.75 V at 700 ◦C and 800 ◦C, respectively. Maximum power density is
238 mW cm−2 and 308 mW cm−2 at 700 ◦C and 800 ◦C, respectively. The preliminary tests have shown

ials c
that Pr2Ni1−xCuxO4mater

. Introduction

Solid oxide fuel cell has been considered as one of the most
romising energy conversion devices due to their high energy
onversion efficiency, less emission of pollutants and flexibility
f fuels [1,2]. In particular, the possibility of direct utilization
f hydrocarbon and renewable fuels (e.g., methane and ethanol)
ill greatly reduce the cost of SOFC technology [3]. A conven-

ional SOFC generally operates at high temperature (>800 ◦C),
hich not only leads to complex material degradation and reac-

ion, but also limits material choice of the cell components [4].
herefore, much work has been done to reduce the operating
emperature of SOFC to low to intermediate temperature range
600–800 ◦C). However, as the operating temperature decreases,
he cathode overpotential and interfacial resistances between
he electrolyte and electrodes, especially cathode, also increase,
eading to lower cell performance [5]. There are two ways to
olve this problem. One is to use composite cathode materials to

ncrease the areas of the triple phase boundary (TPB). Another
s to find new mixed oxygen ionic and electronic conducting
MIEC) materials, which have rapid surface exchange kinetics,
igh oxygen vacancy concentration, and extended TPB from the

∗ Corresponding author. Tel.: +86 551 2901793; fax: +86 551 2901793.
E-mail address: jgcheng63@sina.com (J. Cheng).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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an be a good candidate for cathode materials of IT-SOFCs.
© 2010 Elsevier B.V. All rights reserved.

gas/electrode/electrolyte interface to the total external electrode
surface area [6,7].

Recently, A2MO4 oxides have received considerable attention
in using as cathode materials for solid oxide fuel cells due to their
interesting mixed transport properties [8]. The A2MO4 oxides, with
M a transition metal cation like Ni and A, a lanthanide or alka-
line earth, characterizes some oxygen over stoichiometry and a
mixed valence of M in the compound [6]. The crystal structure
of A2MO4 oxides can be described as taking of perovskite layers
alternating with NaCl (rock salt) layers. For a mixed oxygen–ionic
and electronic conductor (MIEC) as the A2MO4 oxide, the change of
composition or oxidation–reduction treatments can greatly affect
the transport properties, and the cathode reaction O2 + 4e− = 2O2

−

occurs at the gas–MIEC two-phase interface, whereas it takes place
only at a triple-phase boundary if the cathode is a pure electronic
conductor [8,9]. In this way, several systems have been proposed
either by doping at the A position with alkaline-earths and with
other rare earths like Nd or Pr or by doping in the M position with
other transition metals, typically Cu and Co, leading to dramatic
changes of the structural and physical properties. Ishihara et al.
reported that among different rare earth cations at the A-site, those

incorporated Pr3+ exhibit the highest electrical conductivity and the
lowest overpotential values [10,11]. Therefore, a combination of Pr
for A-site and Cu for M-site material Pr2Ni1−xCuxO4 is expected
to bring better electrochemical properties as a cathode material at
intermediate temperature. Aguadero et al. investigated the electro-

dx.doi.org/10.1016/j.jpowsour.2010.11.106
http://www.sciencedirect.com/science/journal/03787753
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ent temperature. All of the sintered samples have porous structure.
This porous structure can facilitate the diffusion of oxidant gases
and extend the area of the triple-phase boundary (TPB). However, as
the sintering temperature increases, the porosity of the PNCO sam-
ples deceases. This is consistent with the results listed in Table 1.

Table 1
Open porosity and relative density of the PNCO samples sintered at different
Y. Wang et al. / Journal of Pow

hemical property of La2Ni1−xCuxO4 materials and reported that
mong the La2Ni1−xCuxO4 (x = 0–1.0) system, the La2Ni0.6Cu0.4O4
omposition exhibits the highest electrical conductivity [8].

In this paper, Pr2Ni0.6Cu0.4O4 (PNCO) powders were synthesized
y a glycine–nitrate methods. The microstructure and electro-
hemical property of the sintered PNCO material, including the
lectrical conductivity, the ohmic resistance and the electrode
nterfacial resistance were investigated, and single cells based on
he PNCO cathode were also constructed and tested [12].

. Experimental

.1. Sample preparation

Pr2Ni0.6Cu0.4O4 powder was prepared by a glycine nitrate
ethod using Pr6O11 (AR), NiO (AR), CuO (AR) powders, HNO3 (AR)

nd C2H5NO2 (AR) as raw materials. Stoichiometry chemicals were
issolved into nitric acid to get a nitrate solution. Then glycine
as added into the solution to form a transparent and homoge-
eous solution, which was subsequently heated and the viscosity
f the solution increases gradually [13]. As temperature rises, a self-
ustaining combustion finally occurs in the viscous gels and dark
recursor powders were obtained. The precursor powders were
hen calcined at 1000 ◦C for 3 h to remove residue organics and form
stable crystalline structure. The calcined powders were subse-

uently pressed in a rigid die, and the compacts were then sintered
t 900–1050 ◦C for 2 h for later test.

Commercial NiO (2.5 �m) and Sm0.2Ce0.8O1.9 (SCO, prepared
y the gel-casting process, 30 nm) powders were employed to
repare the NiO/SCO anode substrates. After mechanically blend-

ng (NiO:SCO = 60:40 wt%), the powder mixes were compacted in
steel die with 18 mm in diameter, the green anode substrates
ere fired at 1000 ◦C for 2 h. SCO electrolyte slurry was prepared

nto the fired NiO/SDC substrates by a dip-coating method. The
oated samples were then co-sintered at 1400 ◦C for 4 h to obtain
node/electrolyte bilayer structure with dense SCO electrolyte film
upported on porous NiO/SCO substrates. After screen-printing
r2Ni0.6Cu0.4O4 slurry onto the electrolyte side of the NiO/SCO
ilayer and subsequently sintering at 1050 ◦C for 2 h, single cells
ere obtained [14]. The active area of the cathode in the single

ells was 0.24 cm2. Thickness of the anode, the cathode and the
lectrolyte in the single cell is about 1 mm, 100 �m and 30 �m,
espectively.

.2. Sample characterization

Phase structure of the precursors and the calcined
r2Ni0.6Cu0.4O4 powders were characterized by X-ray diffrac-
ion analysis (XRD). Porosity of the PNCO samples sintered at
ifferent temperatures was tested using the Archimedes method
ith a theoretical density of Pr2Ni0.6Cu0.4O4 taken as 7.38 g cm−3,
hich was calculated according data obtained from the XRD
attern. Microstructure of the PNCO samples sintered at different
emperature was observed by scanning electron microscope
SEM, Sirion 200). Electrical conductivity of the sintered PNCO
amples was measured using the four-probe method. Single cell
erformance was tested using a house-made fuel cell testing
evice, with humidified hydrogen (3% H2O) as the fuel and steady

ir as the oxidant. Impendence spectra of the single cells were
lso tested using an electrochemical workstation (Chenhua 604A)
nder open-circuit conditions over a frequency range from 0.01 Hz
o 1 MHz, with signal amplitude of 10 mV. The spectra were
imulated by the Zsimpwin software.
Fig. 1. XRD patterns of the PNCO powders calcined at different temperature.

3. Results and discussions

3.1. XRD analysis

Fig. 1 shows XRD patterns of the precursors and the calcined
Pr2Ni0.6Cu0.4O4 powders. There exist some peaks of miscellaneous
phases in the XRD patterns of the precursor powders. This indi-
cates that the chemicals did not react completely during the
self-sustaining combustion. It can be seen from Fig. 1 that as the
calcining temperature increases, miscellaneous phases reduce. And
when calcining temperature increases to 1000 ◦C, only K2NiF4-
type structure was observed in the XRD patterns. The samples
retained the K2NiF4-type structure when the calcining tempera-
ture increases to 1100 ◦C. But the diffraction peaks become sharper
and narrower than those of 1000 ◦C, which indicates grain growth
of the calcined powders.

According to the crystalline structure and the molecular for-
mula of the PNCO powders, the grain parameters were calculated.
The lattice content values are a = 5.456, b = 5.392, c = 12.446, ˛ = 90◦,
ˇ = 90◦, � = 90◦. The grain size of the PNCO powders calcined at
1000 ◦C is 29.02 nm based on the Scherrer Formula. And the theo-
retical density of the PNCO powders is calculated to be 7.38 g cm−3.

3.2. Porosity and microstructure of the sintered PNCO samples

Table 1 lists relative density and open porosity of the
Pr2Ni0.6Cu0.4O4 samples sintered at different temperature. As sin-
tering temperature increases, the samples become dense. While the
samples sintered at 900 ◦C have an open porosity of 51%, the sam-
ples sintered at 1100 ◦C only have an open porosity of 27%. Fig. 2
shows SEM microstructure of the PNCO samples sintered at differ-
temperature.

Sintered temperature (◦C) 900 1000 1050 1100

Open porosity (%) 51.10 44.13 37.24 27.12
Relative density (%) 45.12 53.38 59.33 66.50
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Fig. 2. SEM images of the as-prepared PNCO samples

t can also be seen from Fig. 2 that the samples sintered at lower
emperature have a smaller grain size. Average grain sizes of the
NCO samples sintered at 900 ◦C, 1000 ◦C, 1050 ◦C and 1100 ◦C is
bout 0.7, 0.8, 1.0 and 1.5 �m, respectively.

.3. Electrical conductivity

Electrical conductivity (�) of the sintered Pr2Ni0.6Cu0.4O4 sam-
les was measured in air by the four-probe method in the

emperature range from 500 to 800 ◦C. Fig. 3 shows electrical con-
uctivity as a function of testing temperature of the PNCO samples.
s the sintering temperature of the PNCO samples increases, elec-

rical conductivity increases gradually. A maximum conductivity of

ig. 3. Electrical conductivity of the sintered PNCO samples as a function of testing
emperature.
ed at: (a) 900 ◦C; (b) 1000 ◦C; (c) 1050 ◦C; (d) 1100 ◦C.

130 S cm−1 was got for samples sintered at 1050 ◦C under testing
temperature 500 ◦C. As sintering temperature increases, the sam-
ples become dense and the grain grows, which are beneficial to
the transfer of ions and electrons, thus leading to the increase of
electrical conduction. However, when the sintering temperature
increases to 1100 ◦C, the conductivity of the sample becomes lower
than that sintered at 1050 ◦C. This may be caused by the loss of sur-
face area of grain boundaries, which results from the grain growth
as sintering temperature. It can also be seen from Fig. 3 that con-
ductivity of the PNCO samples decreases as measuring temperature
increases, which indicates the electron conduction of the PNCO
materials.

Boehm et al. reported that La2Ni0.6Cu0.4O4 material with
K2NiF4-type structure has a conductivity of 87 S cm−1 at 580 ◦C [6].
This value is lower than the conductivity value of Pr2Ni0.6Cu0.4O4+ı

obtained in this work (about 130 S cm−1). This may be caused by the
different ionic of La3+ (1.06 Å) with Pr3+ (1.01 Å) and the additional
contribution of the Pr3+/Pr4+ valence change [11]. Average conduc-
tion activation energy was calculated from the ln � and T−1 values,
and the result is about 0.189, 0.137,0.110 and 0.114 eV for PNCO
samples sintered at 900 ◦C, 1000 ◦C 1050 ◦C and 1100 ◦C for 2 h,
respectively. The low-temperature sintered samples show slightly
high resistant potential. This is consistent with the ionic conduction
values.

3.4. Impedance spectra results

Fig. 4 shows impedance spectra of the NiO–SCO/SCO/PNCO sin-
gle cell at 800 ◦C in air. The high-frequency intercept with the real
axis represents the ohmic losses, and the difference between the

high frequency and low frequency intercepts denotes the total elec-
trode interfacial resistances in the cell. The ASR value obtained in
this work is the total electrode resistance. It includes the contribu-
tion of the anode and the cathode. Min Chen et al. have reported
the ASR values of Ni/SDC electrodes [15], which is about 0.12 � cm2
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Fig. 4. AC impendence spectra of the single NiO–SCO/SCO/PNCO cell.

or a Ni/SDC anode with 60% NiO. In this work we simply use this
alue as the anode ASR of the single cell we prepared, and because
he total ASR value of the single cell tested is 0.19 � cm2, the cath-
de ASR value was calculated to be about 0.07 � cm2

. It has been
eported that the ASR value of the La0.6Sr0.4Co0.2Fe0.8 O3 material
s about 0.30 � cm2 [16]. By comparison, ASR value of the PNCO

aterial is much lower. The lower ASR value of the PNCO material
akes it have high-electrocatalytic activity for oxygen-reduction

eactions at intermediate temperatures. The excellent cathodic per-
ormance of the PNCO material can be ascribed to the fast oxygen
iffusion in the bulk and the high surface kinetics on the surface of
lectrode. Moreover, as a MIEC oxide, PNCO provides multiple path-
ays for the oxygen ions to migrate to the electrode/electrolyte

nterface.

.5. Single cell performance

Fig. 5 shows the open circuit voltage (OCV) and power den-
ities of a single solid oxide fuel cell with humidified hydrogen
3% H2O) as fuel and air as the oxidant in the temperature range
f 500–800 ◦C. The single cell shows a maximum open circuit

◦ ◦
oltage of 0.82 V and 0.75 V at 700 C and 800 C, respectively.
owever, with increasing testing temperature, the OCV value
eceases and is lower than the theoretical values. This may be
ue to the electronic penetration through SCO electrolyte. Max-

mum power densities of the cell were 238 and 308 mW cm−2

ig. 5. I–V–P curves of the single NiO–SCO/SCO/PNCO cell at different test temper-
ture.
Fig. 6. Cross-section images of the single cell based on the PNCO cathode after test.

at 700 ◦C and 800 ◦C, respectively, indicating that good perfor-
mance can be obtained for the single fuel cell using Pr2Ni0.6Cu0.4O4
as cathode and SCO film as electrolyte. It has mentioned above
that the ASR value of Pr2Ni0.6Cu0.4O4 is lower than that of
the La0.6Sr0.4Co0.2Fe0.8O3 material. Therefore, the cell based on
Pr2Ni0.6Cu0.4O4 cathode shows a better performance than the
traditional cathode La0.6Sr0.4Co0.2Fe0.8O3 [15]. Fig. 6 shows cross-
section microstructure of the single cell after testing. There exists
a good combination between the electrodes and the electrolyte.

4. Conclusions

Pr2Ni0.6Cu0.4O4 (PNCO) powders with K2NiF4-type structure
were successfully synthesized by a glycine–nitrate method. Sin-
tered PNCO samples have porous structure and good electrical
conductivity. A maximum electrical conductivity of 130 S cm−1

was obtained at 500 ◦C in air. There exist low ohmic resistance
and electrode interfacial resistance of 0.08 � cm2 and 0.19 � cm2,
respectively. A single fuel cell based on the PNCO cathode with a
30 �m Sm0.2Ce0.8O1.9 electrolyte and a 1 mm thickness NiO–SCO
anode was constructed. The single cell shows an open circuit
voltage of 0.82 V and 0.75 V and maximum power density of
238 mW cm−2 and 308 mW cm−2 at 700 ◦C and 800 ◦C, respectively.
The present work has shown that the PNCO materials may be a
favorable candidate for cathode material of intermediate temper-
ature solid oxide fuel cells.
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