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Abstract

Ba0.5Sr0.5Co1�xFexO3�d (x = 0.2, 0.6, and 0.8) and Ba0.5Sr0.5Cu1�xFexO3�d (x = 0.6 and 0.8) perovskite oxides have been investigated as

cathode materials for intermediate temperature solid oxide fuel cells. All the samples synthesized by a citrate–EDTA complexing method were

single-phase cubic perovskite solid solutions. Then, the thermal expansion coefficient, electrical conductivities, the oxygen vacancy concentra-

tions, the polarization resistances (Rp), and the power densities were measured. An increase in the Co content resulted in a decrease in the

polarization resistance, the electrical conductivities at low temperatures, and the inflection point of the thermal expansion coefficient, but it led to

an increase in the electrical conductivities at high temperatures, the oxygen vacancy concentrations, and the maximum power densities. The Cu-

based system has similar behavior to the Co-based system; yet, in terms of the electrical conductivities, high Cu content gave a better result than

low content for the entire range of temperatures.
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1. Introduction

Solid oxide fuel cells (SOFCs) have high energy conversion

efficiency, low pollution emissions, and other environmental

advantages that make them an attractive alternative to other

energy conversion devices. Recently, intermediate temperature

SOFCs (IT-SOFCs), which operate in the range of 500–800 8C,

have drawn attention due to their versatility in terms of

components, mechanical stability, decreased chemical reactiv-

ity, and other favorable attributes. Unfortunately, conventional

cathode materials such as La1�xSrxMnO3 do not have enough

catalytic activity to induce the oxygen reduction reaction in the

intermediate temperature range due to their low oxygen ion

vacancy concentrations, which result in low oxygen perme-

ability and thereby limit the oxygen reduction rates in the triple-

phase boundary (TPB) [1,2]. Consequently, discovering
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alternative candidates for IT-SOFC cathodes has become a

high research priority.

Mixed-conduction perovskite oxides have been extensively

explored as cathode materials for IT-SOFCs because they possess

an ideal combination of electronic and ionic conductivities, a

beneficial electrochemical reaction, and a fine structural stability

[3–8]. In particular, La0.6Sr0.4Co0.2Fe0.8O3�d (LSCF) has been

reported to perform exceptionally well as an IT-SOFC cathode

material [9–13].

Since Shao et al. first discovered Ba0.5Sr0.5Co0.8Fe0.2O3�d

(BSCF), which substitutes Ba, a divalent alkaline-earth

element, for La, a trivalent rare-earth element, in the

La1�xSrxCo1�yFeyO3�d composition, and BSCF and modi-

fied-BSCF have been widely studied as promising cathode

materials in IT-SOFCs [6–8,14–16]. BSCF is a prospective

cathode material because it has a high catalytic activity for the

oxygen reduction reaction and a good oxygen diffusion rate [6–

8,14]; however, BSCFs with a high Co content also have a large

thermal expansion coefficient (TEC), which can cause

considerable problems, such as decreased mechanical stability

with the other cell components [17–19].
d.
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Fig. 1. X-ray diffraction patterns of Ba0.5Sr0.5Co1�xFexO3�d (x = 0.2, 0.6, and

0.8), Ba0.5Sr0.5Cu1�xFexO3�d (x = 0.6 and 0.8), and La0.6Sr0.4Co0.2Fe0.8O3�d

(LSCF) oxides calcined at 900 8C for 5 h.
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Thus, the objective of this study was to improve the

electrical conductivity and reduce the TEC of BSCF by

substituting various amounts of Co and Cu onto the B site of

BSCF, all while retaining its remarkable electrochemical

reaction. To do so, Ba0.5Sr0.5Co1�xFexO3�d (x = 0.2, 0.6, and

0.8; BSCoF) and Ba0.5Sr0.5Cu1�xFexO3�d (x = 0.6 and 0.8;

BSCuF) were synthesized using a citrate–EDTA complexing

method, and the effects of Co and Cu on the oxide ion vacancy

concentrations, the TECs, the electrical conductivities, and the

electrochemical performances were investigated. In addition,

all the compositions were compared to LSCF to determine their

relative performances.

2. Experimental procedure

All cathode powders were synthesized using a citrate-EDTA

complexing method [20]. The nomenclature for each composi-

tion is listed in Table 1. The required amount of ethylene-

diamine-tetraacetic acid (EDTA) was initially dissolved in

aqueous NH4OH. The stoichiometric quantity of metal nitrates,

Ba(NO3)2, Sr(NO3)2, Co(NO3)2�6H2O, Cu(NO3)2�2.5H2O,

Fe(NO3)3�9H2O, and La(NO3)3�6H2O, for each composition

was then added to the EDTA–NH4OH solution under stirring.

Next, an appropriate amount of citric acid was mixed with the

solution, and NH4OH was added until the pH reached �8. The

molar ratio of the EDTA/citric acid/metal ions was 1:1.5:1.

The precursor was kept at 90 8C with stirring to evaporate the

water. After transparent gels were obtained, they were dried

in an oven at 130 8C for 24 h, creating porous ashes. These

ashes were then calcined at 900 8C for 5 h in air to obtain

end-products possessing a single phase of the perovskite

structure. The Ce0.8Gd0.2O1.9 (GDC) electrolyte was prepared

by the urea combustion method [21]. The dense GDC

electrolyte was sintered at 1450 8C for 4 h, and the anode

powder (Ni:YSZ = 60:40 vol%) was prepared by ball milling

for 12 h with NiO (FP, Japan) and 8YSZ (Tosoh, Japan)

commercial powders.

The phase identification of the prepared powders was carried

out using an X-ray diffractometer (XRD, D/MAX-111A,

Rigaku Corporation, Japan) with a scanning speed of 48/min

using Cu Ka radiation. Microstructural characterization of the

prepared samples was carried out with a scanning electron

microscope (SEM, SN-3000 Hitachi, Japan). Iodometric

titration was performed at room temperature in order to

investigate the oxygen vacancy concentration, d, for all the
Table 1

Nomenclature for the synthesized powders.

Composition Abbreviation

Ba0.5Sr0.5Co0.8Fe0.2O3�d BSCoF20

Ba0.5Sr0.5Co0.4Fe0.6O3�d BSCoF60

Ba0.5Sr0.5Co0.2Fe0.8O3�d BSCoF80

Ba0.5Sr0.5Cu0.4Fe0.6O3�d BSCuF60

Ba0.5Sr0.5Cu0.2Fe0.8O3�d BSCuF80

La0.6Sr0.4Co0.2Fe0.8O3�d LSCF
cathode compositions except LSCF. The variation of oxygen

contents with temperature (25–900 8C) was assessed with a

Perkin-Elmer Series 7 thermogravimetric analyzer (TGA) in air

with a heating/cooling rate of 2 8C/min. In order to exclude

moisture effect, all samples were heated at 200 8C for 6 h

before TGA experiment. The electrical conductivities were

measured via a four-probe DC method in the range of 300-

800 8C at 50 8C increments in air and oxygen atmosphere,

respectively. Thermal expansion coefficients (TECs) were

observed using TMA from room temperature to 800 8C with a

heating/cooling rate of 2 8C/min in air. For the electrical

conductivity and TEC measurements, the BSCoF, BSCuF, and

LSCF samples were sintered at 1100, 900, and 1200 8C for 5,

10, and 5 h, respectively. All the samples used for conductivity

and TEC measurements had densities greater than 95% of the

theoretical values.

Electrochemical performances were evaluated via AC

impedance analysis and current–voltage (I–V) measurements

with electrolyte-supported symmetrical half cells and single

cells, respectively. The screen printed cathodes were fired at

925 8C (BSCuF) and 1000 8C (BSCoF and LSCF) for 2 h. The

symmetrical half cells with a geometrical electrode area of
Table 2

B-site mean valence and oxygen content (3 � d) data as measured by iodometric

titration at room temperature.

Composition Mean valence of B-site cations Oxygen content (3 � d)

BSCoF20 3.24 2.62

BSCoF60 3.27 2.64

BSCoF80 3.33 2.67

BSCuF60 2.90 2.45

BSCuF80 2.98 2.49

LSCF 3.35 [26] 2.97 [26]



10008006004002000
2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.0

LSCF

BSCuF60
BSCuF80

BSCoF80
BSCoF60O

xy
ge

n 
co

nt
en

t, 
3-

δ

Temperature (ºC)

BSCoF20

Fig. 2. The oxygen content (3 � d) as a function of temperature in

Ba0.5Sr0.5Co1�xFexO3�d (x = 0.2, 0.6, and 0.8), Ba0.5Sr0.5Cu1�xFexO3�d

(x = 0.6 and 0.8), and La0.6Sr0.4Co0.2Fe0.8O3�d (LSCF) oxides determined from

iodometric titration (room temperature) and TGA from room temperature to

900 8C.
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Fig. 3. Thermal expansion behaviors of BSCoF, BSCuF, and LSCF samples

sintered at 1100, 900, and 1200 8C for 5, 10, and 5 h, respectively, in the

temperature range of 100–800 8C.
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0.25 cm2 were monitored by AC impedance spectroscopy with

an applied frequency range of 1 mHz–100 kHz and with a

voltage amplitude of 20 mV. Current–voltage (I–V) measure-

ments of the single cells with three electrodes, which allowed

for the separation and monitoring of the cathode over-potentials

during the cell operation, were carried out at 800 8C using a

cathode/GDC electrolyte/Ni-8YSZ cermet anode. Pt paste was

used as the reference electrode on the cathode side. The

cathodes and the Ni-8YSZ cermet anode were prepared by

screen printing onto a 0.8-mm-thick GDC electrolyte pellet,

followed by firing for 2 h at 925–1000 8C for the cathode and

1200 8C for the anode. The geometrical area of the electrode

was 0.25 cm2. Humidified H2 (�3% H2O at 30 8C) and dry air

were supplied at a rate of 60 cm3/min as fuel and oxidant to the

anode and cathode, respectively.

3. Results and discussion

3.1. Crystal chemistry and defect structure

The X-ray diffraction patterns of the Ba0.5Sr0.5Co1�xFexO3�d

(x = 0.2, 0.6, and 0.8), Ba0.5Sr0.5Cu1�xFexO3�d (x = 0.6 and 0.8),
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Fig. 4. Variation in the electrical conductivity of BSCoF, BSCuF, and LSCF

oxides measured in (a) oxygen and (b) air atmospheres.

Table 3

Linear TECs of BSCoF, BSCuF, and LSCF samples calculated from the thermal

expansion curves with temperature.

Sample TEC (�10�6/8C)

Low temperature region High temperature region Overall

BSCoF20 15.2 34.2 19.6

BSCoF60 14.8 32.4 19.0

BSCoF80 14.7 24.4 16.5

BSCuF60 7.6 37.2 29.2

BSCuF80 17.4 44.4 27.1

LSCF 14.3 20.2 14.7
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and La0.6Sr0.4Co0.2Fe0.8O3�d (LSCF) samples synthesized by the

citrate–EDTA complexing method and calcined at 900 8C for 5 h

are shown in Fig. 1. All patterns show a typical perovskite

structure without any impurities. While BSCoF and BSCuF were

found to be cubic structures, LSCF was found to be a

rhombohedral structure.

The average oxidation state values for the transition metal

ions on the B-site of the perovskite structure and the oxygen
Fig. 5. Typical AC impedance spectra of the symmetrical half cells with the variou

BSCoF20, (b) BSCoF60, (c) BSCoF80, (d) BSCuF60, (e) BSCuF80, and (f) LSCF
content determined by iodometric titration at room tempera-

ture are summarized in Table 2. The variations of the oxygen

content with temperature in the samples are also shown in

Fig. 2. The oxygen stoichiometries measured in this work lies

within the range reported in the literature [22]. Note that the

oxygen nonstoichiometry increases with increasing Co and

Cu content. Since Ba and Sr have a fixed valence state of +2 in

the BSCoF and BSCuF perovskite, B-site elements such as
s cathodes on the GDC electrolyte in air or oxygen atmospheres at 600 8C: (a)

.
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Co, Cu, and Fe need to take +4 valence states to be electrically

neutralized. However, it is difficult to change Co from a

trivalent state to a tetravalent state in the B-site of perovskite,

so a considerable amount of Co might remain as Co3+ ions. Fe

ions, on the other hand, easily form a tetravalent state [23]. Cu

does not exist well in a +4 valence state in air, so all the Cu

would remain as Cu2+ or Cu3+ [24,25]. As a result, both Co

and Cu lead to a large amount of oxide ion vacancies. In

particular, the Cu-doped compositions introduce remarkable

oxygen nonstoichiometry. In contrast to BSCoF and BSCuF,

since La and Sr in the A-site of LSCF perovskite are fixed

valence ions, likewise, La3+ and Sr2+, the mean valence state

of Co and Fe in B-site is much lower than +4 valence state at

+3.4, and 0.8 mol of Fe ions easily form a tetravalent state

might be enough to make charge compensation in LSCF

[23,26]. Therefore, LSCF creates a smaller number of oxygen

vacancies compared to BSCoF and BSCuF.

3.2. Thermal expansion behavior

The thermal expansion behaviors of the BSCoF, BSCuF,

and LSCF samples sintered at 1100, 900, and 1200 8C for 5,

10, and 5 h, respectively, in the temperature range of 100–

800 8C, are presented in Fig. 3, and the calculated TEC

values for the different temperature ranges are listed in Table

3. It has been reported that the introduction of Co in the B-

site of a perovskite structure causes an increase in the TEC

[26–28]. In the BSCoF samples, the average TEC increased

with increasing Co content, as shown in Fig. 3 and Table 3.

This TEC increase can be attributed to the higher degree of

oxide ion vacancies and the low-spin to high-spin transition

associated with the Co3+ ion [29–31]. For instance, a

significant quantity of Co3+ ions is present in BSCoF [23],

and the number of Co3+ ions increases with increasing Co

content. Additionally, the Co3+ ions experience a spin

transition from the smaller ionic radius of the low spin Co3+

ion (r = 0.545 Å) to the higher radius of the high spin Co3+

ion (r = 0.61 Å) with increasing temperature [29,30], which

leads to an increase in the TEC [32]. Moreover, oxide ion

vacancies induce a reduction in the electrostatic bond

strength, which is inversely proportional to the TEC [31].

Thus, it can be concluded that an increase in the TEC with

increasing Co content in the BSCoF samples is also due to an

increase in the concentration of oxide ion vacancies. At the

same time, the inflection point of the TEC was observed to

have also risen slightly with the increasing Co content. This

result, which demonstrates the effects of the formation of

oxide ion vacancies on the TEC, corresponds to oxygen non-

stoichiometry results found in Table 2 and Fig. 2.

In a Cu-doped system, it has been reported that the

substitution of Co with Cu in the LSCF system decreases the

TEC due to the significant overlap of orbitals with a covalent

character [33]. However, the BSCuF oxides exhibits a much

larger average TEC compared with the BSCoF oxides. This

phenomenon can be explained by the presence of a

considerable number of oxide ion vacancies. As shown in

Table 2 and Fig. 2, BSCuF possesses much larger quantities
of oxide ion deficiencies than BSCoF because of the Cu

ions, which supports the above explanation. Accordingly, a

markedly elevated TEC was observed in the BSCuF sample,

and the TEC increased with increasing Cu content. In

comparison, LSCF showed lower TEC values than did

BSCoF and BSCuF, most likely because it possesses fewer

oxide ion vacancies.

3.3. Electrical conductivity

Fig. 4 shows the electrical conductivities of BSCoF,

BSCuF, and LSCF measured in oxygen and air atmosphere,

respectively, as a function of temperature. The electrical

conductivities of all of the compositions were found to

increase to a maximum with increasing temperature, and

then decrease with a further increase in the operation

temperature in oxygen and air. A decrease in the conductivity

at high temperatures could explain the oxygen loss from the

lattice, since the formation of oxide ion vacancies tends to
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decrease the carrier mobility and (Co/Cu,Fe)–O–(Co/Cu,Fe)

periodic potential [34]. In particular, for BSCuF, the

magnitude of the observed conductivity value increased

with increasing Cu content, and the conductivity of BSCuF,

especially BSCuF60, exhibited better values than those of

BSCoF at low temperatures because of the Cu valence state

in the B4+ site in the BSCuF perovskite. As explained above,

Cu exists in divalent and trivalent states, which creates

charge carriers. Therefore, BSCuF had relatively higher

electrical conductivity with a highly effective charge carrier,

BCu2þ , in the low temperature range. However, lower

conductivity values for BSCuF were observed with a

subsequent increase to higher temperatures when compared

to BSCoF. This observation may be closely related to the

release of lattice oxygen from the oxides. BSCuF possesses a

greater number of oxygen vacancies, as shown in Table 2 and

Fig. 2, which may increase dramatically with the thermal

reduction of Cu3+/Fe4+ to Cu2+/Fe3+ and with an increase in
Fig. 7. SEM micrographs of (a) BSCoF20, (b) BSCoF60, (c) BSCoF80, (d) BSCuF6

test at 800 8C.
temperature to carry out the charge compensation. As a

result, significant quantities of oxide ion vacancies would be

generated at high temperatures. The phenomenon of the low

conductivity of BSCuF versus BSCoF in the high tempera-

ture region can therefore be attributed to the decline in

carrier mobility and (Cu,Fe)–O–(Cu,Fe) periodic potential.

In the BSCoF samples, as Co content increased, the electrical

conductivity decreased in the low temperature region

because the number of oxide ion vacancies increased. After

reaching a maximum, the conductivity values diminished

more steadily with Co quantity, which consequently led to an

increase in the total conductivity relative to the Co

magnitude in the high temperature region. This change

might have been caused by the generation of charge carriers

from thermally reduced Co ions, Co4+ to Co3+. From the

viewpoint of bond strength, the Fe–O bond is stronger than

the Co–O bond [35], thus the thermal reduction of Co ions

should be easier than that of Fe ions. Hence, with increasing
0, (e) BSCuF80, and (f) LSCF cathodes on the GDC electrolyte after a single cell
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Co content, more charge carriers such as Co3þ0
B4þ might be

generated, which could explain the superior conductivity

values and steady electrical conductivity reduction that was

observed in the high temperature region.

3.4. Electrochemical performance

The typical AC impedance spectra of the symmetrical half

cells with the GDC electrolyte and the cathodes at 600 8C in

oxygen and air atmosphere, respectively, are shown in Fig. 5.

A simple equivalent circuit consisting of an inductor (L), a

resistor (R0), and two RQ elements were employed to fit the

impedance data. The left intercept with the impedance arc on

the Z0 (real) axis at high frequencies corresponds to the

ohmic resistance, Rb, and the right intercept on the Z0 axis

indicates total resistance, Rtot. The polarization resistance,

Rp, is the overall size of the arcs (Rtot � Rb). The temperature

dependence of Rp is illustrated in Fig. 6. In the BSCoF

and BSCuF samples, the polarization resistance values

decreased remarkably with increasing Co and Cu content.

The results are consistent with the concentration of oxide ion

vacancies and electrical conductivities, as shown in

Figs. 2 and 4, respectively. In comparison, between BSCoF,

BSCuF, and LSCF, almost all of the BSCoF and BSCuF

compositions yielded better electrochemical performance

than the LSCF compositions, which had significantly higher

electrical conductivities than the BSCoF and BSCuF in all

atmospheres, except for the BSCuF80 composition that

possessed a relatively large polarization resistance. This

result implies that the quantity of oxide ion vacancies is more

influential in electrochemical performance than the electrical

conductivity.

Typical SEM micrographs of the cathodes on the GDC

electrolyte after testing the single cell at 800 8C are shown in

Fig. 7. The morphological images indicate that good adhesion

is maintained between the layers, and the thickness of the

cathode layer is about 20 mm. The LSCF layer displays a

relatively fine grain size compared to others, although it was

prepared using the same process to synthesize the powder and

fabricate the single cells.

Variations in the I–V curve, power density, and cathode

over-potential of the samples, which were constructed with the

cathodes/GDC/Ni-YSZ configuration, are illustrated in Fig. 8.

The electrochemical performance of the SOFCs was measured

using humidified H2 (�3 vol% H2O) as a fuel and air as an

oxidant, respectively, at 800 8C. The power density of the

SOFCs increased and the over-potential of the cathodes

decreased with increasing Co and Cu content, which agrees

well with the impedance spectra data in Fig. 5. Since the

oxygen reduction reaction is a complex catalytic reaction, the

oxygen ion mobility, the surface exchange during the

adsorption and dissociation of the oxygen molecule, and the

electronic conductivity of the cathodes are all important

factors for optimizing the electrochemical performance. As

shown in Figs. 2 and 4, the concentration of the oxide ion

vacancies and electrical conductivities increases with an

increase in Co and Cu content. Generally, the oxygen
permeability is influenced by both oxide ion mobility and

oxide ion vacancy concentration [36]. Likewise, the surface

oxygen exchange coefficient is directly proportional to the

mobile fraction of the oxide ion vacancies [37]. For these

reasons, the addition of Co and Cu drives an increase in the

electrochemical performance of BSCoF and BSCuF. The

BSCoF60 and BSCuF60 compositions preformed slightly

better while the BSCoF20 composition had a much better

electrochemical performance than LSCF.

Since the impedance spectra under open circuit conditions

can reflect the performances of the SOFCs, the results of the

impedance spectra in Fig. 9 are consistent with those of the

single cell test. The high frequency resistance is associated

with charge transfer processes and the low frequency arc is

attributed to the adsorption reaction and oxygen diffusion

[8,38–40]. Consequently, the cathode impedance data in

Fig. 9 indicate that the charge transfer processes influence

BSCoF, and the diffusion processes affect BSCuF and LSCF

as a rate-determining step. It should be noted that the Rp of

the BSCoF cathode is much smaller than that of the whole

single cell, while the Rp of the BSCuF and LSCF cathode

are almost same. Thus, if the cells with the BSCoF cathode

are optimized, the electrochemical performance could be

improved further.
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Fig. 9. Impedance spectra of the cathodes (open symbols) and the single cells (closed symbols) with the cathodes/GDC/Ni-YSZ configuration, measured under open-

circuit conditions at 800 8C: (a) BSCoF20, (b) BSCoF60, (c) BSCoF80, (d) BSCuF60, (e) BSCuF80, and (f) LSCF.
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4. Conclusions

The mixed conducting Ba0.5Sr0.5Co1�xFexO3�d (x = 0.2, 0.6

and 0.8) and Ba0.5Sr0.5Cu1�xFexO3�d (x = 0.6 and 0.8) oxide

cathodes were synthesized by a citrate–EDTA complexing

method. With increasing Co and Cu content, the polarization

resistance values decreased dramatically due to an increase in the

electrical conductivities and oxide ion vacancy concentrations,

which are directly proportional to the surface oxygen exchange

kinetics, while the TEC increased. Although the BSCoF and

BSCuF samples had much lower electrical conductivities and a

higher TEC than the LSCF sample, the majority of the BSCoF

and BSCuF samples exhibited better power densities and lower

cathode over-potentials than the LSCF sample in the single cell

performance test. The maximum power density of BSCoF80,

BSCoF60, BSCuF60, and LSCF at 800 8C was 266, 202, 190,

and 167 mW/cm2, respectively. It should be noted that the

polarization resistances of the BSCoF cathodes were signifi-

cantly lower than those of the whole single cell, while the

polarization resistances of the BSCuF and LSCF cathodes were
nearly identical to those of the whole single cells. Thus, using

BSCoF cathode materials while fully optimizing the other

relevant components will likely improve the electrochemical

performance of the cathode.
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