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ABSTRACT: Bismuth is doped to lanthanum strontium
ferrite to produce ferrite-based perovskites with a composition
of La0.8‑xBixSr0.2FeO3‑δ (0 ≤ x ≤ 0.8) as novel cathode material
for intermediate-temperature solid oxide fuel cells. The
perovskite properties including oxygen nonstoichiometry
coefficient (δ), average valence of Fe, sinterability, thermal
expansion coefficient, electrical conductivity (σ), oxygen
chemical surface exchange coefficient (Kchem), and chemical
diffusion coefficient (Dchem) are explored as a function of
bismuth content. While σ decreases with x due to the reduced
Fe4+ content, Dchem and Kchem increase since the oxygen vacancy concentration is increased by Bi doping. Consequently, the
electrochemical performance is substantially improved and the interfacial polarization resistance is reduced from 1.0 to 0.10 Ω
cm2 at 700 °C with Bi doping. The perovskite with x = 0.4 is suggested as the most promising composition as solid oxide fuel cell
cathode material since it has demonstrated high electrical conductivity and low interfacial polarization resistance.
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■ INTRODUCTION

Solid oxide fuel cells (SOFCs) can convert chemical energy in
the fuel directly to electrical energy with fuel flexibility, high
efficiency and low emissions.1 In SOFCs, the cathode plays
critical role since cathode polarization usually dominates in the
total cell resistance. Consequently, there have been substantial
interests in exploring novel cathode materials to reduce the cell
polarization resistance in addition to reduce the operation
temperature down to intermediate range (600−750 °C). As
potential cathode materials for intermediate temperature
SOFCs, ferrite-based perovskites have been studied to replace
the conventional manganite based materials, typically stron-
tium-doped lanthanum manganite (LSM).2−4 Among various
ferrite-based perovskites, strontium-doped lanthanum ferrite
(LSF) has been extensively investigated since it exhibits high
electrical conductivity.5−9 For example, La0.8Sr0.2FeO3−δ has a
conductivity higher than 100 S cm−1 above 400 °C,5,9,10

although some lower values (50−80 S cm−1) have been
reported in a larger temperature range.6−8 Comparing with
LSM, LSF has exhibited much higher electrochemical perform-
ance, i.e., much lower interfacial polarization resistance, Rp.

11

However, the cathode polarization resistance of LSF is still
relatively high, e.g., Rp is 3.45 Ω cm2 at 700 °C for
La0.8Sr0.2FeO3−δ.

12 When the A-site lanthanum is replaced by
bismuth, strontium-doped bismuth ferrite (BSF) has shown
much higher electrochemical performance, and Rp is reduced to
only 0.14 Ω cm2 at 700 °C for Bi0.7Sr0.3FeO3‑δ.

2 However, the

electrical conductivity of BSF is relatively low, which can
potentially limit its application when SOFCs are operated at
high current densities. The maximum conductivity is below 1 S
cm−1 for Bi0.8Sr0.2FeO3‑δ from 300 to 750 °C,13 and it is only
about 1 S cm−1 for Bi0.7Sr0.3FeO3‑δ between 300 and 900 °C.2

Consequently, the high Rp values of LSF and the low electrical
conductivity of BSF are the major barriers for application of
ferrite-based materials as the SOFC cathodes. Although La3+

(1.22 Å) and Bi3+ (1.24 Å) have the same valence state and
similar ionic radius, there are substantial differences in
electrochemical performance and electrical conductivity due
to the existence of highly polarizable 6s2 lone pair electrons for
Bi3+ in comparison to La3+.14−16 Consequently, it will be
valuable to explore the synergistic effect of La and Bi for ferrite-
based perovskite, but there has been no systematic studies
available.
In this work, bismuth is doped to the A-site of La0.8Sr0.2O3−δ

to form a series of ferrite-based perovskites with a general
formula of La0.8‑xBixSr0.2FeO3‑δ, where x = 0.0−0.8. These
compounds are prepared using a combustion process and their
lattice parameters, electrical conductivities, sintering behaviors,
and oxygen transport properties are systematically evaluated as
a function of the Bi content. The effects of Bi contents on the
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electrochemical performances are also evaluated using samaria
doped ceria (SDC) as the electrolyte.

■ EXPERIMENTAL SECTION
Materials Synthesis. La0.8‑xBixSr0.2FeO3‑δ (LBSF, x = 0−0.8)

powders were synthesized using a combustion process with ethyl-
enediaminetetraacetic acid (EDTA) and citric acid as the combustion
agents. The cation precursors were Bi(NO3)3·5H2O (99.0%),
Sr(NO3)2 (99.5%), Fe(NO3)3·9H2O (98.5%), and La2O3 (99.99%).
La2O3 was dissolved in nitric acid to form lanthanum nitrate. Aqueous
nitrate solutions were formed by adding stoichiometric amounts of the
nitrate precursors to distilled water. The combustion agents were
subsequently added to the nitrate solution with a molar ratio of 1:1:2
for the total metal ions, EDTA (99.5%), and citric acid (99.5%),
respectively. The pH was adjusted to about 6.0 with ammonia. The
mixed solution was then stirred for 2 h with magnetic stirring
apparatus before it was heated on a hot plate until self-combustion
occurred. The as-prepared ash was collected and heated at 800 °C for
2 h to form the required powders. Sm0.2Ce0.8O1.9 (SDC) was prepared
using the carbonate coprecipitation method.17 Sm(NO3)3 (99.95%)
and Ce(NO3)3 (99%) were used as the cation sources, and ammonia
carbonate (99.7%) was used as the precipitant. The precipitates were
dried at 90 °C and then calcined at 600 °C for 2 h to obtain SDC
powders with fluorite structure. All chemicals were from Sinopharm
Chemical Reagent Co. Ltd.
Transport Properties. LBSF bars were prepared to determine the

transport properties, including electrical conductivity, chemical surface
exchange coefficient (Kchem) and chemical diffusion coefficient (Dchem).
The measurement was conducted using a four-probe method with a
digital multimeter (Keithley, 2001-785D). The bar samples with
dimension of 1.0 × 5.5 × 16 mm3 were fabricated with the LBSF
powders, which were uniaxially pressed at 300 MPa, followed by
sintering at temperatures ranged from 900 to 1225 °C for 5 h in air to
ensure high relative density, over 95% of the theoretical density as
determined with the Archimedes drainage method. The Kchem and
Dchem values were determined using electrical conductivity relaxation
(ECR) method.18−20 To conduct the ECR measurement, LBSF bars
were placed in a quartz tube, heated to a high temperature and then
stabilized for about 1 h to make sure they were completely equilibrated
with the surrounding atmosphere of air (PO2

= 0.21 atm), and the

atmosphere was then rapidly changed to pure oxygen (PO2
= 1 atm).

The increase in PO2
led to electrical conductivity change, which was

recorded, normalized and fitted to a solution of Fick’s second law to
obtain Dchem and Kchem.

21 Gas flow was fixed at 200 mL min−1 to
ensure that the time spent to achieve gas concentration equilibrium
was no more than 20 s. Electrical conductivities were recorded using a
dc four-probe technique, where four silver wires were attached to the
sample as the lead wires, and silver paste (Sina-Platinm Metals Co.,
Ltd.) was used to improve the contacts between the wires and the
sample. The experimental temperature was in the range from 550 to
800 °C.
Electrochemical Properties of LBSF Electrodes. Symmetrical

cells with the configuration of LBSF/SDC/LBSF were prepared for
electrochemical characterization. The SDC powders were uniaxially
pressed at 250 MPa and then sintered at 1400 °C for 5 h to form
dense SDC pellets as the electrolyte substrates, which were about 10
mm in diameter and 0.5 mm thick. LBSF powders were mechanically
mixed with organic additives (α-terpineol and ethyl cellulose) to form
a slurry with 40 wt % LBSF. The slurry was then printed to both sides
of the SDC pellets using the screen-printing technique, and
subsequently calcined at 850 °C for 2 h in air to form porous LBSF
electrodes. The interfacial polarization resistance of the symmetrical
cells was determined from ac impedance spectroscopy using Solartron
1260 impedance/gain-phase analyzer in ambient air with the frequency
in the range of 0.01 Hz to 1 MHz and a bias voltage of 10 mV.
The electrochemical performance of La0.4Bi0.4Sr0.2FeO3‑δ cathode is

further characterized using single cells with Ni-SDC anode substrates
and SDC film electrolytes. The anode powders consisting of 60 wt %

NiO and SDC were mixed and pressed at 30 MPa. SDC powder as the
electrolyte was subsequently added on the top of the prepressed anode
pellet and then copressed at 180 MPa to form a green bilayer
structure: a thin SDC layer supported on a thick NiO-SDC layer.22

The bilayers were sintered at 1375 °C for 5 h to densify the electrolyte.
La0.4Bi0.4Sr0.2FeO3‑δ slurry was then applied on the surface of the dense
electrolyte and fired at 850 °C for 2 h.

Characterizations. The phase structures were investigated using
X-ray diffraction (XRD, Rigaku TTR-III diffractmeter) with Cu Kα
radiation source. The XRD patterns were obtained in the range of 20−
80° with a 0.02° step size and a scan speed of 1°/min at 40 kV and 200
mA, and the initial intensity of peaks for all the spectra were about
20000 CPS. Oxygen nonstoichiometry coefficient, average Fe valence
and crystalline parameters were calculated from the XRD data using
the Rietveld refinement method. To evaluate the chemical
compatibility between LBSF electrode and SDC electrolyte at fuel
cel l operation and electrode fabrication temperatures,
La0.8‑xBixSr0.2FeO3‑δ (x = 0.0, 0.4, 0.8) powders were mixed with
SDC powders with weight ratio of 1:1. The mixture was heated at 850
°C for 5 h, forming LBSF-SDC composites for XRD measurement.
The thermal expansion behavior and sintering process were
investigated using a dilatometer (NETZSCH DIL402C, Germany)
at a heating rate of 5 °C/min. The microstructures were characterized
using scanning electron microscopy (SEM, JSM-6700F).

■ RESULTS AND DISCUSSION

Phase Structures. Figure 1a shows the X-ray diffraction
patterns for the LBSF powders, which have been heated at 800
°C for 2 h. The XRD pattern exhibits well-crystallized
perovskite structure without any observable secondary phases.
The samples show cubic structure when x ≥ 0.3, while those
show orthorhombic structure when x ≤ 0.2. Figure 1b shows
the magnified view of the XRD patterns for (020) lattice plane.

Figure 1. (a) X-ray diffraction patterns of La0.8‑xBixSr0.2FeO3‑δ powders
with various Bi contents and (b) the magnified view for the (020)
peak.
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With an increase in the bismuth content, the corresponding
XRD peaks shift toward smaller angles, indicating expansion of
the lattice volume within the same crystal structure, possibly
caused by the relatively larger Bi3+ (1.24 Å) than La3+ (1.22 Å)
in addition to oxygen vacancy formation, which will be
discussed later. Oxygen nonstoichiometry coefficient (δ),
average Fe valence (n), as well as lattice parameters (a, b,
and c) are calculated from the XRD patterns by Rietveld
refinement23 and listed in Table 1. The values of Rp and Rwp

indicate the good quality of the simulation. The good
agreement between the calculated and experimental XRD
profiles of La0.4Bi0.4Sr0.2FeO3‑δ is presented as an example,
Figure 2. When the Bi content (x) increases, δ increases, n

decreases, while the lattice parameter for the cubic phase
increases. The highest δ is 0.1 for Bi0.8Sr0.2FeO2.9 and the
greatest value of n is 3.2 for La0.8Sr0.2FeO2.999.
In the La0.8‑xBixSr0.2FeO3‑δ perovskites, δ value represents

oxygen vacancy content. Therefore, δ increases with x
demonstrating that Bi doping can increase the oxygen vacancy
content. Bi3+cation has highly polarizable 6s2 lone pair
electrons. Oxygen ions adjacent to the lone pair electron
plane can leave the structure easily, that is, the relaxation of the
structure should be easier in the proximity of these lone pair
electrons than in any other places in the network.24,25 When x
increases, the concentration of the lone pair electrons increases,
facilitating the defect formation, and consequently leading to an
increase in the oxygen vacancy content. Meanwhile, the lattice
volume increases due to the enhanced repulsion force between
those mutually exposed cations when oxygen ions are extracted
from the lattice in addition to the increase in cation size of Fe

ions from higher to lower valence associated with the creation
of oxygen vacancies.26

Figure 3 is the XRD patterns for SDC as well as the LBSF-
SDC composites. The XRD pattern of the composite can be

attributed to either LBSF or SDC, indicating that there is no
detectable chemical reaction between SDC and LBSF under the
experimental conditions. The results further demonstrate that
LBSF is chemically compatible with SDC under the electrode
fabrication and typical fuel cell operating conditions.

Sintering Characteristics. Figure 4a shows the shrinkage
curves of the La0.8‑xBixSr0.2FeO3‑δ bars with different composi-
tions where x = 0.0, 0.2, 0.4, 0.6, and 0.8. The bars were formed
by pressing the corresponding powders at room temperature. It

Table 1. Lattice Parameters (a, b, and c), Oxygen
Nonstoichiometry Coefficient (δ) and Average Fe Valence
(n) of La0.8‑xBixSr0.2FeO3‑δ

x a (Å) b (Å) c (Å)
Rwp
(%)

Rp
(%) δ n

0.8 3.9533 3.9533 3.9533 7.25 5.44 0.100 3.002
0.7 3.9457 3.9457 3.9457 6.81 4.98 0.090 3.020
0.6 3.9415 3.9415 3.9415 6.82 5.00 0.074 3.052
0.5 3.9353 3.9353 3.9353 6.54 4.75 0.042 3.116
0.4 3.9292 3.9292 3.9292 6.38 4.44 0.030 3.140
0.3 3.9256 3.9256 3.9256 6.72 4.55 0.021 3.158
0.2 5.5476 5.5405 7.8317 6.47 4.51 0.012 3.176
0.1 5.5462 5.5330 7.8261 6.08 4.04 0.006 3.188
0.0 5.5490 5.5261 7.8190 7.83 4.90 0.001 3.200

Figure 2. Rietveld refinement plot of La0.4Bi0.4Sr0.2FeO3‑δ.

Figure 3. XRD patterns of (a) SDC powder fired at 600 °C for 2 h,
and (b−d) the composites of SDC and La0.8‑xBixSr0.2FeO3‑δ (x = 0.8,
0.4, 0.0) fired at 850 °C for 5 h.

Figure 4. (a) Sintering curves and (b) thermal expansion curves for
La0.8‑xBixSr0.2FeO3‑δ (x = 0.0, 0.2, 0.4, 0.6, 0.8).
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can be seen that La0.8Sr0.2FeO3‑δ starts to sinter at about 780
°C. When La is partially replaced by Bi, the sintering
temperature is reduced from 780 to 700 °C for x = 0.2, to
650 °C for x = 0.4, and to about 600 °C for x = 0.6. Finally,
when La is completely replaced by Bi, the sintering temperature
decreases to 550 °C for Bi0.8Sr0.2FeO3‑δ. Consequently, Bi
doping reduces the sintering temperature, which might be
caused by the relatively low melting point of Bi2O3, which is
only 860 °C. Therefore, the sintering temperature is different
for La0.8‑xBixSr0.2FeO3‑δ with various doping level x. Table 2 lists
the sintering temperature and relative density. Figure 4b shows
the typical thermal expansion behaviors of La0.8‑xBixSr0.2FeO3‑δ.
The average thermal expansion coefficient (TEC) is calculated
from the thermal expansion curves and the values are presented
in Table 2. The TEC value for La0.8Sr0.2FeO3‑δ is 13.1 × 10−6

K−1, close to 12.6 × 10−6 K−1 as reported by Tai et al.25 The
effect of Bi doping on TEC is much complicated. Usually, TEC
increases with oxygen vacancy concentration.27 In the low
temperature range, the concentration increases with x. When
the temperature increases, some Fe4+ change to Fe3+,
generating more oxygen vacancies.28 Since the average Fe
valence (n) decreases with x, less vacancies are yielded at high
temperature for La0.8‑xBixSr0.2FeO3‑δ with larger x. Figure 5
shows the surface morphology of La0.8‑xBixSr0.2FeO3‑δ (x =0.0,
0.4, 0.8) bars. Although the sintering temperature of
La0.4Bi0.4Sr0.2FeO3‑δ is higher than that of Bi0.8Sr0.2FeO3‑δ, they
have a similar average grain size of about 0.2 μm. The grain size
of La0.8Sr0.2FeO3‑δ is about 1.0 μm.
Electrical Conductivities. Figure 6 shows LBSF electrical

conductivity measured in air. At the same temperature, the
conductivity decreases upon increasing x, Figure 6a. The
highest conductivity is observed for the sample without
bismuth, La0.8Sr0.2FeO3‑δ. At 700 °C, it is 94.6 S cm−1, in
good agreement to 93 S cm−1 at the same temperature reported
by Tai et al.26 It is noted that the electrical conductivities of
La0.8Sr0.2FeO3‑δ at temperatures above 400 °C are in the range
from 50 to 125 S cm−1.5−10 The lowest conductivity is
presented by Bi0.8Sr0.2FeO3‑δ. At 700 °C, it is only 0.56 S cm−1,
similar to 0.49 S cm−1 reported by Anja et al. at the same
temperature.13 For the same sample, an increase in temperature
leads to a steady increase in conductivity except for x = 0.7 and
0.8. The perovskites for x ≤ 0.4 exhibit metallic and
semiconducting behavior, while the others show semiconduct-
ing behavior. The relationships between 1/T and ln(σT) in
Arrhenius plots are shown in Figure 6b, indicating that the
thermally activated hopping of small polarons dominates in
these materials when T ≤ 700 °C.29,30 The activation energy
(Ea) for conductivity is determined from the linear part of the
Arrhenius plot. The conductivities at 700 °C and activation
energies are also listed in Table 2. The Ea value for
La0.8Sr0.2FeO3‑δ is 0.073 eV while it is 0.563 eV for
Bi0.8Sr0.2FeO3‑δ. Obviously, Ea increases by bismuth doping.

The total electrical conductivity from the sample is the sum
of electronic and oxygen ionic conductivities. The electric
conductivity is determined by the double exchange between
oxygen ions and ferric ions, and the mechanistic model can be
written as31

− − − −+ − + − +Fe O Fe O Fe3 2 4 2 3

Table 2. Conductivity (σ, S cm−1) at 700 °C, Activation Energy (Ea, eV) for Conductivity, Sintering Temperature (T, °C),
Thermal Expansion Coefficient (TEC, 10−6 K−1), and Relative Density (ρr, %) of La0.8‑xBixSr0.2FeO3‑δ

x 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Ea 0.073 0.120 0.132 0.136 0.140 0.182 0.258 0.395 0.563
σ 94.6 55.0 37.8 16.5 9.3 4.2 2.3 0.98 0.56
T 1225 1190 1160 1100 1065 1040 1000 980 900
ρr 98.2 98.6 97.4 98.0 97.8 97.7 97.9 98.3 95.1
TEC 13.1 13.8 13.7 14.0 14.8 14.6 15.9 14.5 13.6

Figure 5. SEM graphs for the surface microstructures of
La0.8‑xBixSr0.2FeO3‑δ bars (a) x = 0.8; (b) x = 0.4; (c) x = 0.0.
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The transport of the electrons along Fe3+, O2−, and Fe4+

contributes to the electronic conductivity. Since the content of
Fe3+ is much higher than Fe4+, the Fe4+ content determines the
electronic conductivity. Table 1 shows that the average Fe
valence state in these samples is higher than 3.0 and decreases
with x. Therefore, increasing Bi content reduces the Fe4+

content, consequently reducing the electronic conductivity.
The activation energy increases with x, implying increased
oxygen ionic transfer number at higher Bi content. Since the
oxygen vacancy concentration increases with x, the ionic
conductivity should also increase with the Bi content.
Oxygen Transport Properties. The oxygen transport

properties are determined using the ECR method. The
transport kinetics are obtained by fitting the experimental
data (Figure S1(a−h)) and the Kchem and Dchem values are
presented in Figure 7a,b, respectively. Kchem for La0.8Sr0.2FeO3‑δ
obtained in this study is consistent with that reported in the
literature. For example, at 650 °C, Kchem is 1.2 × 10−5 cm s−1,
close to 1.0 × 10−5 cm s−1 and at 700 °C, Kchem is 3.0 × 10−5

cm s−1, equal to that reported by la O’ et al.32 At 800 °C, the
relaxation time is about 2.5 × 103 s for La0.8Sr0.2FeO3‑δ and
increases upon decreasing temperature. At 650 °C, it increases
to 1.6 × 104 s, and further to 2.2 × 104 s at 600 °C. The much
longer equilibrium time makes it difficult to fit the experimental
results well. Therefore, the transport properties for
La0.8Sr0.2FeO3‑δ at 600 and 500 °C can not be obtained with
the ECR method. Dchem (1.85 × 10−4 cm2 s−1) and Kchem (1.9 ×
10−3 cm s−1) for Bi0.8Sr0.2FeO3‑δ are only measured at 550 °C,
and the relaxation time is about 150 s and decreases with
increasing temperature, which reduces the reliability of the
results.33,34 Consequently, the transport properties at temper-
ature higher than 550 °C are not measured for Bi0.8Sr0.2FeO3‑δ.
Figure 7 shows that the transport properties, both surface

exchange and oxygen bulk transport coefficients, are substan-
tially improved by Bi doping.
The surface reaction can be written as35

+ + ′ =·· ×g
1
2

O ( ) V 2e V2 O O

The reaction rate depends on the oxygen partial pressure Po2,
and the concentrations of oxygen vacancies and electrons.
When PO2

is fixed, the rate is controlled by the concentrations
of oxygen vacancies and electrons. Since La0.8‑xBixSr0.2FeO3‑δ
are predominately electronic conductors, their electron
concentration are much larger than that of the oxygen
vacancies. Therefore, surface reaction rate is limited by the
oxygen vacancy concentration, which corresponds to δ.
Meanwhile, the diffusion rate usually scales with the oxygen
vacancy concentration. As described earlier, δ increases with Bi
content (x). Consequently, Dchem and Kchem increase with x. It
should be noted that Dchem and Kchem are different from the self-
diffusion coefficient (Do) and surface exchange coefficient
(Ktrue), respectively. Theoretically, they can be related to the
thermodynamic factor.35,36

Electrochemical Properties. To examine the electro-
chemical properties of LBSF, impedance spectra are measured
at temperatures from 450 to 800 °C using symmetrical cell
configuration with LBSF electrodes on the SDC electrolyte
substrates. Figure 8a,b shows the interfacial polarization
resistance at various temperatures. Rp generally decreases with
Bi content, Figure 8a. At 700 °C, Rp is about 1.0 Ω cm2 for

Figure 6. Conductivity (σ) for La0.8‑xBixSr0.2FeO3‑δ. (a) σ versus
temperature at various Bi content (x); (b) σT in Arrhenius form.

Figure 7. (a) Chemical surface exchange coefficient (Kchem) and (b)
Chemical diffusion coefficient (Dchem) versus temperature for
La0.8‑xBixSr0.2FeO3‑δ.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5017045 | ACS Appl. Mater. Interfaces 2014, 6, 11286−1129411290



La0.8Sr0.2FeO3‑δ. The performance is in good agreement with
that (1.1 Ω cm2 at 700 °C) reported for a La0.7Sr0.3FeO3‑δ
electrode on a SDC electrolyte,37 but is much smaller than 3.45
Ω cm2 for La0.8Sr0.2FeO3‑δ electrode on a YSZ electrolyte
reported by Martinez-Amesti et al.12 The interfacial polarization
resistance is reduced by adding bismuth and is 0.85 Ω cm2 at
700 °C when x = 0.1. It further decreases to 0.10 Ω cm2 at 700
°C when x = 0.8, i.e., Bi0.8Sr0.2FeO3‑δ. It is noted that Rp is 0.12
Ω cm2 at 700 °C when x = 0.4. Therefore, under open circuit
conditions, La0.4Bi0.4Sr0.2FeO3‑δ demonstrates similar electro-
chemical performance to Bi0.8Sr0.2FeO3‑δ. Meanwhile, the
electrical conductivity for La0.4Bi0.4Sr0.2FeO3‑δ is more than 1
order of magnitude higher than Bi0.8Sr0.2FeO3‑δ, Figure 8c. On
the other hand, La0.4Bi0.4Sr0.2FeO3‑δ demonstrates much better
electrochemical performance than La0.8Sr0.2FeO3‑δ. Figure 8c
compares the interfacial polarization resistance and the
electronic resistance of these materials. It clearly shows that x
= 0.4 should be the best composition for La0.8‑xBixSr0.2FeO3‑δ
perovskites as the cathode materials for intermediate-temper-

ature SOFCs. It should be noted that the electrochemical
performance could be further improved by adding electrolyte
material to form a composite cathode such as LBSF-SDC.
The Nyquist plots and the fitting results with two arcs are

presented in Figure 9a−c for the impedance spectra measured

at 650 °C. Note that the ohmic resistance from the electrolyte
and leading wires has been subtracted while the interfacial
polarization resistance is divided by two in order to account for
the contributions of two symmetrical electrodes. The
impedance spectra could be separated to one high-frequency
and one low-frequency arc. As suggested by Adler38 and
Escudero,39 the high-frequency arc (RH) corresponds to the
charge transport step while the low-frequency arc (RL) can be
ascribed to the surface step. Figure 9 shows that both the high
and low frequency arcs are reduced when Bi is doped.
Furthermore, both RH and RL decrease with the increase of x,
Figure 10, suggesting that Bi doping can accelerate the kinetics
related to both oxygen ion transport and oxygen surface
exchange, consistent with the ECR measurement, which has
shown increased Dchem and Kchem values with x.
As shown in Figure 11, the activation energy (Ea) for Rp for

different samples decreases with x: La0.8Sr0.2FeO3‑δ has the
highest Ea (1.87 eV), consistent with the value of 1.9 eV
reported by others,40 while Bi0.8Sr0.2FeO3‑δ has the lowest Ea
(1.40 eV). With the increase in Bi content, oxygen vacancy
increases, and the energy barrier for oxygen adsorption and
oxygen ion transport decreases correspondingly. Therefore, the
catalytic activity increases with bismuth content, which in turn
explains the decrease in Rp values with the increase in bismuth
content for La0.8‑xBixSr0.2FeO3‑δ.
The electrochemical performance of the La0.4Bi0.4Sr0.2FeO3‑δ

cathode is further characterized using a single cell with a Ni-
SDC anode and a 30-μm-thick SDC electrolyte. Figure 12a

Figure 8. Interfacia l polar izat ion res istance (Rp) for
La0.8‑xBixSr0.2FeO3‑δ electrode measured from 450 to 800 °C. (a) Rp
versus Bi content (x); (b) Rp versus 1/T; and (c) Rp and 1/σ versus x
at 700 °C.

Figure 9. (a−c) Electrochemical impedance spectra (EIS) for
La0.8‑xBixSr0.2FeO3‑δ symmetrical cells at 650 °C.
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shows the impedance spectra for the single cell operated with
humidified H2 as the fuel and ambient air as the oxidant. The
interfacial polarization resistance between the two intercepts at
the real axis is contributed by both the cathode and the anode.
For an anode supported single cell operated with H2 fuel, the

anode polarization resistance is usually negligible.41 Therefore,
the total cell polarization resistance is dominated by the
cathode. Figure 12b compares the resistances obtained with the
single cell and the symmetrical cell. It is obvious that the
resistance from the single cell is much lower than the
symmetrical cell. Since the electronic conduction in SDC is
not negligible under the fuel cell conditions, the interfacial
resistance derived from the single cell is much lower than the
symmetrical cell, where the electronic conduction is negli-
gible.42 In addition, the small resistance could be attributed to
the activation effect, which is common in perovskite cathode
materials such as LSM and La0.6Sr0.4Co0.2Fe0.8O3‑δ (LSCF).43

The single cell generates a peak power density of 480 mW cm−2

at 600 °C. The performance is comparable to those obtained
with composite cathodes such as Sm0.5Sr0.5CoO3‑δ-SDC and
LSCF-GDC.44,45 It should be noted that the present result is
obtained with single phase La0.4Bi0.4Sr0.2FeO3‑δ cathode. The
cathode performance could be further improved by adding an
electrolyte material to form a composite electrode.41,43

■ CONCLUSIONS
Bismuth is doped to La0.8Sr0.2FeO3‑δ to form a series of
perovskites, La0.8‑xBixSr0.2FeO3‑δ (0 ≤ x ≤ 0.8). Their properties
are evaluated as a function of Bi doping content. The crystal
structure changes from orthorhombic structure to cubic
structure when x = 0.3, and the lattice volume and oxygen
vacancy concentration increase with x. The electrical
conductivity decreases with x, while the activation energy
(Ea) for conductivity increases, indicating increased oxygen
ionic conduction at higher Bi dopant content. The oxygen
chemical diffusion coefficient (Dchem) and chemical surface
exchange coefficient (Kchem) are evaluated by ECR measure-
ment, and both Dchem and Kchem increase with bismuth content.
Analysis of electrochemical impedance spectra shows enhanced
catalytic activity for oxygen reduction reaction with Bi doping.
Although the interfacial polarization resistance decreases with x,
La0.4Bi0.4Sr0.2FeO3‑δ is suggested as the most promising
potential cathode material since it possesses small Rp and
high electrical conductivity.
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