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bstract

(Pr–Nd)1−ySryMnO3−δ (P-NSM, y = 0.2, 0.25, 0.3, 0.35) powders made from commercial Pr–Nd mixed oxide, as well as (Pr1−xNdx)0.7Sr0.3MnO3−δ

PN3SM, x = 0, 0.5, 0.7, 1) were synthesized by a glycine-nitrate process and characterized as cathode materials for intermediate temperature
olid oxide fuel cell (IT-SOFC). XRD patterns showed the powders had formed pure perovskite phase after being calcined at 800 ◦C for 2 h.
Pr–Nd) Sr MnO (P-N3SM) achieved a high conductivity of 194 S cm−1 at 500 ◦C and showed a good chemical stability against YSZ at
0.7 0.3 3−δ

150 ◦C. And the thermal expansion coefficient of P-N3SM/YSZ cathode was 11.1 × 10−6 K−1, which well matched YSZ electrolyte film. The
ubular SOFC with P-N3SM/YSZ cathode exhibited the maximum power densities of 415, 367, 327 and 282 mW cm−2 at 850, 800, 750 and 700 ◦C,
espectively, which indicated P-N3SM was potentially applied in SOFC for low cost.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) is the most efficient device
mong the energy technology invented so far for the conver-
ion of chemical fuels directly into electrical power [1,2]. The
evelopment of intermediate temperature SOFC (IT-SOFC) can
iden the materials chosen, decrease material degradation, pro-

ong the lifetime and reduce the cost that may accelerate the
ommercialization of SOFCs. However, a major issue produced
y the reduced operating temperature is the decrease in the
atalytic activity of the cathode for oxygen reduction [3].

The most promising cathode materials are the mixed con-
ucting perovskite oxides. The state-of-the-art cathode material
a1−xSrxMnO3−δ (LSM) perovskite oxides are widely investi-
ated as promising cathodes for high temperature (∼1000 ◦C)

peration [4,5]. However, as the temperature decreases, the cath-
de/electrolyte interface resistance increases rapidly due to poor
xygen-ion conductivity.
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In order to improve the cathode performance, many
ther perovskite which exhibit high mixed oxygen-ion and
lectron conductivity, like LaxSr1−xCoyFe1−yO3−δ (LSCF)
6], Ln0.6Sr0.4Co0.2Fe0.8O3−δ (Ln = Ce, Gd, Sm, Dy) [7],
axSr1−xCoO3−δ (LSC) [8], Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF)

9,10] and Sm0.5Sr0.5CoO3−δ (SSC) [11,12], have been applied
s the cathode for IT-SOFC. However, the disadvantages, such
s high thermal expansion coefficient, cobalt migration and high
ost of cobalt element, restrict their application in SOFC. Hence,
t is an urgent task now to develop a less expensive cathode with
igh performance that can be used at a relatively low tempera-
ure.

It has been reported that the LSM with either pure Pr or Nd as
substitute has higher electrochemical properties and much less

eactivity with Y2O3-stablized ZrO2 than LSM at intermediate
emperature [13–16]. However, the performance of LSM with
r–Nd mixture as substitutes has not been reported. As is known

o all, the elements of Pr and Nd always co-exist in the minerals.
t apparent that it is worthy to utilize commercial mixed Pr + Nd

owder instead of pure Pr or Nd to prepare cathode materials in
rder to reduce the fabrication cost.

In the present study, (Pr–Nd)1−ySryMnO3−δ (P-NSM, y = 0.2,
.25, 0.3, 0.35) and (Pr1−xNdx)0.7Sr0.3MnO3−δ (PN3SM, x = 0,
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stant and Ea is the activation energy of conduction. For P-NSM,
electrical conductivity significantly increased with the increase
of the Sr substitution and a sample with Sr substitution of 0.3
reached a maximum value of 216 S cm−1 at 800 ◦C, which is
08 M. Liu et al. / Journal of Po

.5, 0.7, 1) (PNSM) powers were synthesized by a glycine-
itrate process and characterized as cathode materials. For the
otential application in SOFCs, the chemical compatibility of
-N3SM with YSZ electrolyte was investigated, and the elec-

rochemical properties of it were also tested in cell.

. Experimental

.1. Preparation of PNSM powders

Fine powders (Pr–Nd)1−ySryMnO3−δ (P-NSM, y = 0.2, 0.25,
.3, 0.35) and (Pr1−xNdx)0.7Sr0.3MnO3−δ (PN3SM, x = 0, 0.5,
.7, 1) were synthesized by a glycine-nitrite process [17]. Stoi-
hiometric amount of the Pr6O11, Nd2O3, SrCO3, MnCO3 (all in
9.9%, Sinopharm Chemical) and Pr–Nd mixed oxides (99%,
hengdu Henry Advanced Materials Ltd., 26 mol% Pr) were
issolved in calculated amount of nitric acid. Glycine, which
as used as complexation/polymerization agent, was then added
ith glycine/metal mole ratio set at 1.6:1. This solution was

tirring on a heating plate until it changed into black foam and
nally ignited to flame, forming the primary powders. The as-
ynthesized powders were subsequently calcined at 800 ◦C for
h to get fine P-NSM and PN3SM powders. The phases of the
ne powders were indentified by X-ray diffraction (XRD) anal-
sis on Philips PW 1730 diffractometer using Cu K� radiation.

.2. Measurement of electrical conductivity and thermal
xpansion behavior

The fine powders were ball milled in an ethanol medium
or 24 h and dried subsequently. Rectangular bar specimens
ere then prepared by pressing the powder under 360 MPa and

intered in air at 1350 ◦C for 5 h. The heating rate was fixed
t 1 ◦C min−1 below 500 ◦C and 2 ◦C min−1 between 500 and
350 ◦C. The electrical conductivity of the specimens was stud-
ed using a standard dc four-probe technique on H.P. multimeter
Model 34401) from 500 to 800 ◦C.

To examine the thermo-mechanical compatibility of the mate-
ials with other component such as electrolyte, the sintered
pecimens were underwent thermal expansion measurement on
dilatometer, SHIMADZU50 at temperatures ranging from 20

o 1000 ◦C at a heating rate of 10 ◦C min−1.

.3. Fabrication of tubular cell with PNSM as the cathode

The cell components were selected as follows: NiO/YSZ,
SZ and P-N3SM/40 wt%YSZ (P-N3SM/YSZ) were used as

node, electrolyte and cathode materials, respectively. The tubu-
ar anode support with out diameter of 7 mm and wall thickness
f 1 mm were fabricated by a extrude technique and then thin
SZ electrolyte layer was deposited on the outer surface fabri-

ated as described in the previous study [18]. A suspension of

-N3SM/YSZ powder was prepared by mixing and ball-milling

he two powders in ethanol for 24 h. Cathode layer was then
repared by spraying the suspension on the electrolyte surface
19], followed by sintering at 1150 ◦C for 2 h.
urces 176 (2008) 107–111

.4. Cell performance testing

The single tubular cell was sealed on a steel tube with sil-
er paste, and electrochemically tested in a self-assembled cell
esting system with humidified hydrogen (3% H2O) as fuel and
tationary air as oxidant. The cell voltage and output current of
he cells were measured with digital multimeters (CDM-8145).
he polarization resistances of the cell were measured using a

wo-probe impedance spectroscopy (Chi604a, Shanghai, Chen-
ua) under open circuit voltage (OCV) mode with amplitude of
mV over the frequency range of 0.01 Hz to 100 kHz. A scan-
ing electron microscope was used to observe the microstructure
f the cells after testing.

. Results and discussion

XRD patterns of fine PNSM powder samples with various
ompositions are shown in Fig. 1. It can be seen that the major
eaks are well indexed and almost the same as Nd0.7Sr0.3MnO3
JCPDS card no. 86-1534), showing the single orthorhombic
erovskite-type structure. And the very small peaks occurred
or the compositions with mixed Pr and Nd oxides, may come
rom the impurity in the mixed Pr and Nd oxide source, the
nfluence of which on the cathode property needs to examine.

Fig. 2(a and b) shows the temperature dependence of the
lectrical conductivity of the samples on compositions. A good
inearity between log(σT) and the reciprocal absolute tempera-
ure is found over a wide temperature range from 500 to 800 ◦C,
ndicating that the conduction may be explained by the small
olaron hopping mechanism[16,20]:

= A

T
exp

(
− Ea

RT

)
(1)

here σ is electrical conductivity, A is a constant, R is gas con-
Fig. 1. XRD patterns of various compositions of fine PNSM powders.
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F sitions. (a) The electrical conductivity of P-NSM with difference Sr content; (b) the
a tivity of P-NSM with difference Sr content; (d) the activity energy of PN3SM with
d

h
p
c
W
t
t
c
a
0
i
a
a
o
r
b
t
N
t
t
H
a

a
e
1
p
n

F
1

g
a
r
a

3
t

ig. 2. Electrical conductivity and activity energy of PNSM with various compo
ctivity energy of PN3SM with difference Nd content; (c) the electrical conduc
ifference Nd content.

igher than LSM [21]. The values of Ea calculated from the
lots of Fig. 2(a) by linear regression are given in Fig. 2(c). As
an be seen, activity energy decreased from 14.1 to 9.9 kJ mol−1.
ith further increasing of the Sr substitution to 0.35, the conduc-

ivity had little change. The effect on Pr–Nd content in terms of
he electrical conductivities is shown in Fig. 2(b). The electrical
onductivity increased as the amount of Nd content increased,
nd achieved 206, 230, 235 and 238 S cm−1 at 800 ◦C as x = 0,
.5, 0.7 and 1, respectively. The activity energies of the spec-
mens are all about 10–11 kJ mol−1, which suggested that the
mount of Nd had little effect on the conductivity of the materi-
ls. The values of electrical conductivities and activity energies
f pure Nd doped LSM in our work were similar to the values
eported by Kostogloudis and Ftikos [16]. The little difference
etween P-N3SM and PN3SM may due to different purity of
he primary materials used in the preparation. Therefore, the P-
3SM would be a good choice for SOFC materials. In order

o improve cathode adhesion and extend cathode active zone,
he electrolyte powders are always added as a part of cathode.
ence, the subsequent researches are based on P-N3SM/YSZ

s composite cathode material for SOFC.
In order to simulate the SOFC cathode preparation and oper-

ting condition, some tests are made on the XRD and thermal

xpansion behavior of P-N3SM/YSZ pellet after sintering at
150 ◦C for 2 h in the air. The XRD pattern of P-N3SM/YSZ
ellet is shown in Fig. 3. It can be found that P-N3SM does
ot react with YSZ as the diffraction patterns clearly depict two

P
i

c

ig. 3. XRD pattern of the mixture of YSZ and P-N3SM after sintering at
150 ◦C for 2 h.

roups of diffraction peaks. One group belongs to the P-N3SM
nd the other is cubic phase of ZrO2. So the X-ray diffraction
esults indicate that P-N3SM is chemically stable against YSZ
t operating temperature.

The TEC value of P-N3SM/YSZ is 11.1 × 10−6 K−1 between
50 and 1000 ◦C, which is very close to that of YSZ elec-
rolyte, 10.8 × 10−6 K−1. The small mismatch in TEC between

-N3SM/YSZ and YSZ can be beneficial for the SOFC system

n maintaining long-term stability and enduring thermal cycle.
The cross-sectional fracture of the tubular anode-supported

ell with P-N3SM/YSZ cathode was shown in Fig. 4. The
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Fig. 6. (a) Impedance spectra of a single cell as measured at 800 ◦C and (b)
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ig. 4. Cross-sectional fractured surface micrograph of the cell after testing.

athode has a homogeneous porous structure and is coherent
ery well to YSZ membrane, and the thickness of the electrolyte
nd cathode is about 15 and 30 �m, respectively. The P-N3SM
ith 40 wt%SDC is also used to prepare the cathode film on
SZ membrane using the same method, but it cannot get a good

dhesion with YSZ membrane. So the addition of YSZ in cath-
de could improve the cathode/electrolyte interface, which can
e seen from Fig. 4.

The current–voltage (I–V) and current–power (I–P) curves
f the cell tested at 700–850 ◦C is shown in Fig. 5. As can
e seen from the curves, the maximum power densities of
15, 367, 327 and 282 mW cm−2 with the OCV of 1.04, 1.06,
.07 and 1.08 V are achieved at 850, 800, 750 and 700 ◦C,
espectively. Although the performance characteristics of the
ubular cell with P-N3SM/YSZ cathode is still not as high

s we hoped and still lower than that of planar SOFC, the
erformance achieved in the tubular SOFC is encouraging.
n order to further improve the performance of the tubu-
ar cell, a simple calculation based on electricity was used

ig. 5. The I–V and I–P curves of the tubular cell with P-N3SM/YSZ cathode.

(

r

w
i
o
0
(
r

he ASR of the total cell resistances, total ohmic resistance, interfacial polariza-
ion resistances and electrolyte resistance (estimated from literature) at different
emperature.

or investigating the factor that influenced the cell perfor-
ance.
We assume that the total areal specific resistance of a cell

i.e. Rinternal) is constant as a function of current density, when
he power is output from a cell, the maximum power can be
alculated by Eq. (2):

max = V 2
OCV

4Rinternal
(2)

here VOCV is the open circuit voltage, Rinternal is the total
real specific resistance of the cell, Pmax is the maximum
ower density. So we can use Eq. (2) to estimate the total
esistance of the cell, which is shown in the curve A in
ig. 6.

For a single cell, the total internal resistances mainly come
rom two parts:

1) The area specific polarization resistances of the two
interfaces: the cathode–electrolyte interface and the
anode–electrolyte interface. The total interfacial polar-
ization resistances were determined from the impedance
spectra, the values were 0.14, 0.21, 0.31 and 0.42 � cm2

at 850, 800, 750 and 700 ◦C, respectively, which was shown
in Fig. 6 curve B.

2) The ohmic resistance, including the cathode, anode, elec-
trolyte and wire, etc., was shown in Fig. 6 curve C.
Compared with the electrolyte, the cathode and anode resis-
tance can be ignored. The electrolyte resistance can be
estimated by Eq. (3):

= l

s
(3)

here r is the areal specific ohmic resistance; σ is the conductiv-
ty; l is the thickness of the electrolyte. The electrolyte resistance

f 15 �m thick with an area of 1 cm2 can be estimated to be about
.051, 0.074, 0.113 and 0.180 � cm2 at 850, 800, 750 and 700 ◦C
the conductivity is from literature data [22]), respectively. The
esistance of electrolyte was shown in Fig. 6 curve D. Taking
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he existence of some closed pores into account, the resistance
ay be a little higher than the value of calculation.
It can be seen from Fig. 6 that the ASR of the ohmic part

ppeared to be about 0.43–0.48 � cm2 higher than the estimated
alue of YSZ film, which might result from the method of current
ollection as the resistance of wire was very small (Ag wire was
sed to collect the current). Therefore, if the method of current
ollection ameliorated, the cell performance could be highly
mproved.

. Conclusions

The P-NSM and PN3SM powders were synthesized by a
lycine-nitrate process to be used as cathode materials for SOFC.
he electrical conductivity of P-N3SM made from Pr–Nd mixed
xide was 215 S cm−1 at 800 ◦C, which could compared with
hat of PN3SM made from high pure Pr6O11and Nd2O3 powders.
he average thermal expansion coefficient of P-N3SM/YSZ was
1.1 × 10−6 K−1, which was very close to that of YSZ elec-
rolyte film. A single tubular cell with the composite cathode
chieved the power densities of 415, 367, 327 and 282 mW cm−2

t 850, 800, 750 and 700 ◦C, respectively. The results suggested
hat the P-N3SM was a good choice of cathode materials for
T-SOFC with low cost.
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