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Abstract Cathodic materials Nd2�xSrxFeO4þd (x=0.5, 0.6,
0.8, 1.0) with K2NiF4-type structure, for use in intermediate-
temperature solid oxide fuel cells (IT-SOFCs), have been
prepared by the glycine–nitrate process and characterized by
XRD, SEM, AC impedance spectroscopy, and DC polariza-
tion measurements. The results have shown that no reaction
occurs between an Nd2�xSrxFeO4þd electrode and an
Sm0.2Gd0.8O1.9 electrolyte at 1,200 °C, and that the electrode
forms a good contact with the electrolyte after sintering at
1,000 °C for 2 h. In the series Nd2�xSrxFeO4þd (x=0.5, 0.6,
0.8, 1.0), the composition Nd1:0Sr1:0FeO4þd shows the
lowest polarization resistance and cathodic overpotential,
2.75 Ω cm2 at 700 °C and 68 mV at a current density of
24.3 mA cm−2 at 700 °C, respectively. It has also been found
that the electrochemical properties are remarkably improved
the increasing Sr content in the experimental range.

Keywords Intermediate-temperature solid oxide fuel
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Introduction

Solid oxide fuel cells (SOFCs) are the most efficient
devices among the energy technologies hitherto devised

for the conversion of chemical fuels directly into electrical
power [1, 2]. The development of intermediate-temperature
(600–800 °C) SOFCs (IT-SOFCs) is attracting increasing
interest because they can be fabricated from a wider range
of materials resulting from widening the materials chosen
and are associated with decreased material degradation,
prolonged lifetimes, and reduced costs, which may accel-
erate the commercialization of SOFCs [3]. However, a
major issue that stems from the reduced operating temper-
ature is the decrease in the catalytic activity of the cathode
for oxygen reduction [4]. Therefore, many efforts are
focused on reducing the operating temperature without
decreasing the cell efficiency. The most promising cathode
materials are mixed ionic electronic conducting (MIEC)
oxides. Most of the studies on MIEC cathodes have focused
on perovskites, such as BaCoO3 and LaCoO3 [5, 6].

Recently, a family of compounds of the form K2NiF4 (or
A2BO4), with a perovskite-related structure, has attracted
attention for use as MIEC cathodes due to favorable
characteristics. They show good electronic conductivity
attributable to the mixed valence of the B site metal and
good oxygen ionic transport properties due to the oxygen
overstoichiometry [7–10]. They also show thermal expan-
sion coefficients (10.5–14.2×10−6 K−1) comparable to
those of the commonly used solid electrolytes [9, 11, 12].
Therefore, A2BO4 materials have been mainly used as
oxygen separators, oxygen sensors, and low-temperature
superconductors [13]. At present, these oxides are being
extensively reexamined with regard to their possible use as
cathode materials for IT-SOFCs.

Among K2NiF4-type A2BO4 compounds for potential
application in SOFC cathodes, several previous studies
have been focused on Ln2NiO4þd-based materials, where
Ln is usually some rare earth element, most frequently La,
Pr, Nd, or Sm [14–19]. It has been reported that Sr doping
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can improve the p-type electrical conductivity of
La2�xSrxNiO4þd nickelates [20], and different kinds of
oxygen defects can be formed, depending on the Sr dopant
concentration [21]. It is generally believed that these
oxygen defects offer the possibility of rapid oxygen
transport through the ceramic material. Similar results have
been obtained for Sr-doped A2�xA

0
xBO4þd (A=La, Pr, Sm,

Nd; A′=Sr; B=Fe, Co, Cu) [12, 22–24]. Another group of
compounds that possess the same structure and also
contain excess oxygen are the materials Ln2FeO4þd (Ln=
La, Ba). Jin et al. [25] reported that Sr doping in Ba2FeO4

could improve its cathodic properties. They found that
single-phase K2NiF4-type structures were obtained for
Ba2�xSrxFeO4þd over the composition range of 0.5≤x≤1.0
for Ba. To the best of our knowledge, there has not
hitherto been any report on Nd metal in the A site of
Ln2�xSrxFeO4þd materials in the literature. Therefore, the
investigation and evaluation of the potential of new
materials of the type Nd2�xSrxFeO4þd as cathode materials
for IT-SOFCs is very interesting.

In the present study, materials of the Nd2�xSrxFeO4þd

(0.5≤x≤1.0) series have been synthesized and character-
ized. In order to extend our research work, the electro-
chemical properties of these Sr-doped Nd2FeO4 materials
supported on Sm0.2Gd0.8O1.9 (SDC)-based electrolyte have
also been studied.

Experimental

Preparation and characterization of the materials

Single-phase Nd2�xSrxFeO4þd (x=0.5, 0.6, 0.8, 1.0) pow-
ders were prepared using the glycine–nitrate combustion
process [26]. Stoichiometric amounts of analytical grade
Nd(NO3)3·6H2O, Sr(NO3)2, and Fe(NO3)3·9H2O were
dissolved together in deionized water. Glycine was then
added to the solution in a 2:1 molar ratio with respect to the
total amount of metal ions. The solution was heated to
ignition on a hot plate to obtain a powder precursor. The
final powders were obtained after calcination in air at
1,000 °C for 10 h. The obtained materials are denoted, for
example, as NSF1010 for Nd1:0Sr1:0FeO4þd, NSF1505 for
Nd1:5Sr0:5FeO4þd, and so on. SDC powder was prepared by
a nitrate–citrate process followed by calcination at 800 °C
for 2 h [27]. SDC powder was first pressed uniaxially at
500 MPa to form a pellet and then sintered at 1,400 °C
for 4 h.

The structures and phase stabilities of the materials were
characterized by X-ray powder diffraction (XRD) using a
Shimadzu XD-3A diffractometer (Cu� Ka radiation, oper-
ated at 35 kV, 30 mA, λ=0.15406 nm). The selected 2θ
range was from 20 to 80º, scanning at a step size of 0.02º.

The morphologies and microstructures of the sintered
electrodes were examined with a Philips XL-30FEG
scanning electron microscope (SEM).

Fabrication and measurement of half-cells

A typical three-electrode method was used for electrochem-
ical characterization of the Nd2�xSrxFeO4þd cathodes on an
SDC electrolyte in air. The Nd2�xSrxFeO4þd powders were
mixed with an ethylcellulose–terpineol vehicle to form an
ink, which was subsequently painted on one side of the
SDC pellet to form a working electrode with an area of
0.35 cm2. Silver paste was painted on the other side of the
pellet in a symmetrical configuration as the counter
electrode. A silver wire was used as reference electrode
(RE) and put on the same side of the working electrode.
The RE was normally placed at 3–5 mm from the working
electrode, ensuring that this distance was at least three times
the thickness of the electrolyte. A silver grid was applied to
the surface of the cathode by painting with silver paste, which
served as the final current collector. The cathodes were first
heated at 400 °C for 2 h to eliminate organic binders, and then
sintered at 950–1,100 °C for 2 h in air, with a heating/cooling
rate of 5 °C min−1. Electrochemical impedance spectroscopy
(EIS) and steady-state polarization measurements of the half-
cells were performed using an Autolab PGSTAT30 (Holland)
electrochemical analyzer. For the steady-state polarization
measurements of the half-cells, IR compensation was carried
out by the interruption method to eliminate the ohmic
polarization. EIS measurements were performed in the
frequency range 100 kHz to 0.1 Hz with a signal amplitude
of 10 mV under open-circuit conditions at 500–700 °C.

Results and discussion

Characterization of the powders

Figure 1 shows the XRD patterns of prepared
Nd2�xSrxFeO4þd (x=0.5, 0.6, 0.8, 1.0) after sintering at
1,000 °C for 10 h. Samples with x=0.5, 0.6, 1.0 basically
crystallized in a single phase with K2NiF4 structure, while
sample with x=0.8 shows a small amount of impurity
peaks, which can be indexed as NdO2. Reaction between
the electrode and electrolyte is of course undesirable for the
long-term stability of SOFCs. Hence, the reactivity of
NSF1010 with the SDC electrolyte was further studied.
Figure 2 shows the XRD pattern of a mixture of NSF1010
and SDC powders in a weight ratio of 1:1 after heat
treatment at 1,200 °C for 24 h, along with those of the
individual components. It was observed that the structures
of NSF1010 and SDC remained unchanged. No new peaks
or shifts of XRD peaks were discernible in the pattern
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(Fig. 2), indicating that no reaction and/or inter-diffusion of
elements occurred between NSF1010 and SDC within the
XRD method resolution range. This result revealed that
NSF1010 had good chemical compatibility with the SDC
electrolyte in the experimental range.

Electrochemical measurements of the cathode material

In order to investigate the effect of sintering temperature on
the NSF cathode properties, a number of different sintering
conditions were studied. NSF1010 cathodes were sintered
at 950, 1,000, and 1,100 °C for 2 h, and then the EIS was
measured at 700 °C in air. The results are presented in
Fig. 3. The impedance spectra were fitted using the
equivalent circuit RE(R1CPE1)(R2CPE2) shown in Fig. 3
(see inset), which is given by the measuring system. The

intercepts of the impedance arcs with the real axis at high
frequencies correspond to the overall ohmic resistance,
which comprises the electrolyte resistance, electrode (in-
cluding anode and cathode) ohmic resistance, and the
contact resistance between electrode, current collector, and
lead wires, while the overall size of the arcs can be
attributed to cathode polarization resistance (Rp). Two
impedance arcs are observed at low and high frequencies,
which indicates that there are at least two electrode
processes limiting the oxygen reduction reaction. The
resistance at high frequency corresponds to the charge–
transfer resistance (R1), which is contributed by the
electrochemical reaction at the electrode/electrolyte inter-
face, while that at the low-frequency arc is attributed to the
oxygen adsorption or desorption process on the electrode
surface and the diffusion of oxygen ions (R2) [28, 29]. The
total cathodic Rp is the sum of R1 and R2. CPE1 and CPE2
are the corresponding constant phase elements [30]. It was
found that the sintering temperature had a remarkable effect
on the electrode performance. From the impedance spectra,
it was observed that the electrode polarization was
relatively high after sintering at 950 °C. Rp attained its
lowest value at 1,000 °C, and then increased once more
when the sintering temperature was increased to 1,100 °C.

As is well known, the sintering temperature has a
dramatic effect on the electrode microstructure, which in
turn will influence the electrode properties. Therefore, the
microstructures of the NSF cathodes at each sintering
temperature were studied. Figure 4 shows typical SEM
images of NSF1010 electrodes after sintering at different
temperatures for 2 h. It was observed that only poor
contacts were formed between the NSF1010 particles when
the sintering temperature was 950 °C (Fig. 4a). Sintering at
1,000 °C resulted in a structure with moderate porosity, and
strong contacts between the NSF1010 electrode and the
SDC electrolyte. The thickness of the electrode was about
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Fig. 2 XRD patterns of Nd1:0Sr1:0FeO4þd –SDC mixture sintered at
1,200 °C for 24 h in air
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Fig. 3 Impedance spectra under open-circuit potential at 700 °C in air
of NSF1010 cathodes sintered at 950–1,100 °C for 2 h
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Fig. 1 XRD patterns of Nd2�xSrxFeO4þd (x=0.5, 0.6, 0.8, 1.0)
sintered at 1,000 °C for 10 h in air

J Solid State Electrochem (2012) 16:83–88 85



20 μm (Fig. 4b, d). When the electrode was sintered at
1,100 °C for 2 h, however, an oversintering phenomenon
was observed (Fig. 4c). This effect decreased the electrode
porosity and triple-phase boundary length, resulting in an
increase in Rp. A similar effect has been reported in the
literature [31]. On the basis of the above results, sintering at
1,000 °C for 2 h was chosen as a fixed parameter to obtain
the best sintering performance for all subsequent studies.

The temperature dependence of polarization resistance
for the Nd2�xSrxFeO4þd (x=0.5, 0.6, 0.8, 1.0) materials is
presented in Fig. 5. As can be seen from Fig. 5, the

polarization resistance decreased with increasing Sr dopant
content over the entire temperature range examined. This
may be attributed to the loss of lattice oxygen and the
formation of oxygen vacancies, a process enhanced by the
Sr doping [32]. It was observed that NSF1010 showed the
lowest polarization resistance of 2.75 Ω cm2 at 700 °C in
this experiment, similar to the values reported for
Ba2�xSrxFeO4þd and Sm2�xSrxCoO4þd electrode materials
[22, 25], but this is still higher than the resistances reported
for well-known materials such as La1�xSrxCo1�yFeyO3�d:

In order to clearly delineate the electrochemical process,
the fitting results of these cathodes were calculated and are
summarized in Table 1. The high-frequency resistance (R1)
is smaller than the low-frequency resistance (R2), and the
processes occurring in the higher frequency region proceed
more rapidly than those occurring in the lower frequency
region, implying that the oxygen reduction reaction is
limited primarily by the oxygen adsorption or desorption
process on the electrode surface. Arrhenius plots of R1 and
R2 separated from the fitting results of the electrochemical
impedance spectrum for the NSF1010 cathode are plotted
in Fig. 6. The fitting data could be well formulated using
the Arrhenius equation [33]. The apparent activation energy
(Ea) values calculated from the slopes of the ln(T/R) versus
1,000/T plots are also included in Fig. 6. Based on the
slopes of the fitting lines in Fig. 6, the Ea (98.1 kJ mol−1)
for the R1 was smaller than the Ea (107.8 kJ mol−1) for the
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Fig. 4 SEM images of the surfaces of NSF1010 electrodes sintered at (a) 950 °C; (b) 1,000 °C; (c) 1,100 °C; (d) a cross-section image of the test cell

4 5 6 7 8 9 10
0

1

2

3

4

5
 NSF1010
 NSF1208
 NSF1406
 NSF1505

 ______ Fitting results

-Z
'' 

(Ω
 c

m
2 )

Z' (Ω Ω  cm2)

700 oC, air
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R2. This result further demonstrates that it is the oxygen
desorption or adsorption process that constitutes the rate-
limiting step for oxygen reduction in these cathode
materials.

According to the impedance data obtained at different test
temperatures, the temperature dependence of the polarization
resistance for the Nd2�xSrxFeO4þd (x=0.5, 0.6, 0.8, 1.0)
materials is plotted in Fig. 7. As can be seen from Fig. 7, the
Ea values for NSF1010, NSF1208, NSF1406, and NSF1505
were 105.6, 118.6, 123.6, and 126.7 kJ mol−1, respectively,
similar to that of the Ba2�xSrxFeO4þd electrode material
reported by Jin et al. [25].

Cathodic overpotential is an important parameter for
SOFCs. The cathodic overpotential as a function of
current density at different temperatures is plotted in
Fig. 8. At low overpotentials (less than 10 mV), we can
expect a linear expression [34], i= i0ZFη/RT, where i is the
current density, i0 is the exchange current density, η is the
overpotential, F is Faraday’s constant, and R is the
universal gas constant. From the inverse of the derivative
of i against η, we can obtain the area-specific resistance.

The value obtained at 700 °C in air was 2.31 Ω cm2, which
is very close to the value obtained from the impedance
measurements. It is evident from Fig. 7 that the current
density increases with increasing temperature. It can be
seen that the cathode overpotential was also affected by
the Sr content. The increase in Sr content resulted in a
significant reduction in the cathode overpotential in the
experimental range. The lowest polarization overpotential
of 68 mV was measured for an NSF1010 cathode at a
current density of 24.3 mA cm−2 at 700 °C in air.
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Table 1 Fitting polarization resistance extracted from the impedance
of Nd2�xSrxFeO4þd (x = 0.5, 0.6, 0.8, 1.0) cathodes at 700 °C

Experimental
data

Fitted resistance values of the different
parameters

Rp (Ω cm2) R1 (Ω cm2) R2 (Ω cm2) R1 + R2 (Ω cm2)

NSF1010 2.75 0.56 2.23 2.79

NSF1208 4.25 0.81 3.51 4.32

NSF1406 4.29 1.00 3.43 4.43

NSF1505 5.14 1.13 4.18 5.31
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Conclusions

Nd2�xSrxFeO4þd (x=0.5, 0.6, 0.8, 1.0) materials have
been prepared and their potential as cathode materials for
IT-SOFCs has been evaluated. All of the samples were
obtained as a K2NiF4-type structural phase by the glycine–
nitrate gel route. Nd1:0Sr1:0FeO4þd have been found to have
good chemical compatibility with SDC electrolyte. The
NSF cathode formed good contacts with the SDC electro-
lyte after sintering at 1,000 °C for 24 h. In the series
Nd2�xSrxFeO4þd (x=0.5, 0.6, 0.8, 1.0), Nd2�xSrxFeO4þd

showed the lowest polarization resistance of 2.75 Ω cm2 at
700 °C. It was also found that the electrochemical
properties were remarkably improved with increasing Sr
content in the experimental range. The electrochemical
impedance spectra revealed that the process ascribed to the
low-frequency impedance arc (desorption or adsorption
process) is the rate-limiting process for the oxygen
reduction reaction in these cathode materials. According
to the cathodic polarization results, at an overpotential of
68 mV, the maximum polarization current density of the
Nd1:0Sr1:0FeO4þd cathode on SDC electrolyte at 700 °C
was about 24.3 mA cm−2. The present experimental results
suggest that the studied system may have potential
application as a cathode material for solid oxide fuel cells.
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