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Abstract This study reports the successful preparation of
potential candidate Bag sSrysCoggFeq,05_5 (BSCF) oxi-
des for intermediate-temperature solid oxide fuel cells
(IT-SOFCs) by a combined citrate-ethylenediaminete-
traacetic acid (EDTA) complexing method. The resulting
crystal properties, chemical composition, conductivity, and
electrochemical properties were studied by X-ray diffrac-
tion (XRD), inductively coupled plasma mass spectroscopy
(ICP-MS), energy dispersive spectrum (EDS), four-point
DC measurement and AC impedance. The X-ray diffrac-
tion results of all samples with different pH values reveal a
basic perovskite structure. Although samples prepared
from different pH solutions have a similar structure, their
chemical composition and grain morphologies are differ-
ent. The optimized composition of BSCF is the sample
prepared from the precursor solution with a pH value of 6;
this produced highest conductivity at 50.2 S/cm at 400 °C,
which is 1.3 times higher than the sample prepared from
the precursor solution with a pH value of 9. Electro-
chemical impedance spectra at an intermediate temperature
reveal the better electrochemical performance of BSCF
electrode prepared from the solution with pH of 6. The
lowest polarization resistance values for charge transfer
and oxygen diffusion are 0.07 and 0.11 Q cm? at 800 °C,
respectively.
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Introduction

Solid oxide fuel cells (SOFCs) directly convert chemical
energy into heat and electricity without involving
combustion cycles. Comparing with traditional energy
technology, SOFCs have many advantages, such as high-
energy conversion efficiency, high power density, low
pollution, and flexibility in using hydrocarbon fuels [1].
Conventional SOFCs operate at high temperatures of
around 800-1000 °C. However, this high temperature leads
to many disadvantages, including unwanted chemical
reactions between components, a long warm-up period, and
the requirement of using an expensive ceramic conductor
as an interconnector, etc. If the operation temperature of
SOFCs could be decreased to 600-800 °C, inexpensive
stainless steel could be used as the interconnector; and the
chemical and thermal durability of all the components
would be increased. However, the conductivity of the
cathode material would also decrease, and the activation
polarization of the cathode electrode would increase
significantly at lower temperatures. Therefore, the devel-
opment of high performance cathode materials is an
important issue for intermediate-temperature SOFCs
(IT-SOFCs).

Among various perovskite cathodes, the (La, Sr)(Co,
Fe)O;_s (LSCF) oxides have been widely investigated as
cathodes for IT-SOFCs working below 800 °C. The high
catalytic activity of LSCF is due to rapid surface exchange
kinetics and high oxygen vacancy concentration [2]. In 1985,
Teraoka et al. reported a SrCoq gFe ,03_5 (SCF) membrane
with a very high oxygen permeation flux due to a high con-
centration of oxygen vacancies [3]. In 2001, Huang et al.
used SCF as a cathode material for SOFCs, but the SCF is not
stable at lower oxygen partial pressures [4]. In 2000, Shao
et al. [5] widely investigated BagsSrgsCoggFeq203_s
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(BSCF) as an oxygen separation membrane, and found that
the BSCF exhibits high oxygen permeation and acceptable
conductivity. Recently, researchers used BSCF as a new
cathode material for IT-SOFCs [6]. This IT-SOFC exhibits a
high power density of 1010 mW/cm? at 600 °C when using
hydrogen as the fuel and air as the cathode gas.

Researchers generally agree that the oxygen electro-
reduction process in a cathode electrode is a multistep
electrochemical process, including (1) diffusion of O, from
the gas phase to the surface of cathode; (2) dissociation of
the chemisorbed oxygen molecule into atomic oxygen at
the active site; (3) charge transfer; (4) diffusion of 0>~
from the cathode electrode to the cathode/electrolyte
interface and into the electrolyte [7]. The excellent elec-
trochemical performance of BSCF can be attributed to its
high oxygen vacancy and high rate of oxygen diffusion. In
fact, the oxygen diffusion flux of cathode electrode is
affected both in the chemical composition and the micro-
structure. Previous study shows that oxygen diffusion flux
increases as the average grain size of BSCF materials
decreases [8]. However, the desired stoichiometric com-
position is the major factor for determining the oxygen
diffusion flux rate of BSCF prepared from different syn-
thesis methods.

Recently, BSCF has been widely prepared by the citrate-
ethylenediaminetetraacetic acid (EDTA) complexing
method and several studies have investigated the electro-
chemical characterization of the sample [9-11]. Lee et al.
reported that a BSCF electrode prepared from a precursor
solution with a pH value of 8 showed the best electro-
chemical performance [12]. However, there are few pub-
lished results about the characterization of BSCF oxides
prepared by citric—edta from precursor solutions with dif-
ferent pH values. Therefore, this study reports the synthesis
of BSCF by the citric—edta complexing method with dif-
ferent pH precursor solutions. This study also investigates
the characterization, conductivity, and the electrochemical
performance of all samples.

Experimental

BSCF powders were prepared using the citrate—edta
complexing method. First, 0.04 mol of ethylenediamine-
tetraacetic acid (EDTA, Riedel-dehaen, 98%) was mixed
with 50 mL of 13 N NH4OH solution to make a NHjs-
EDTA solution. Then, 0.01 mol of Ba(NOs), (J. T. Baker,
99.6%) was added to the NH5;-EDTA solution, which was
then heated and stirred. Next, 0.01 mol of Sr(NOs), (Alfa
Aesar, 99.0%), 0.016 mol of Co(NOs),-6H,O (J. T. Baker,
99.8%), and 0.004 mol of Fe(NO3);-9H,O (Alfa Aesar,
98.0-101.0%) were dissolved in the other NH;-EDTA
solution. These two solutions were mixed and stirred, then

0.06 mol of citric acid was added to the mixed solution.
The mole ratios of EDTA:citric acid:total metal ions were
1:1.5:1. The pH value was adjusted to 5, 6, 8, 9, and 10 in
different solution samples by adding different amounts of
NH4OH solution (designed as pHS5-BSCF, pH6-BSCF,
pH8-BSCF, pH9-BSCF, and pH10-BSCF). Each solution
was heated on a hotplate at 100 °C and stirred until the
water evaporated and a sticky gel formed. The gelled
BSCEF precursors were then heated at 200 °C for 3 h. After
heat treatment, the samples were calcined at 950 °C for
12 h. Finally, the samples were sintered at 1050 °C for
5h

The phase identification of the BSCF powders was
performed with a powder diffractometer (LabX, XRD-
6000) with Ni-filtered Cu Ko radiation, and a diffraction
angle from 20° to 80° with a step of 0.01° and a rate of
1°/min. The weight loss of BSCF6 sample as function as
temperature was measured by thermogravimetric analysis
(TGA, PerkinElmer Pyris 1) with heating rate of 5 °C/min
in air. The chemical composition of all samples was ana-
lyzed by inductively coupled plasma mass spectroscopy
(ICP-MS, Perkin Elmer, SCIEX ELAN 5000) and energy
dispersive spectrum (EDS). The EDS analysis measured at
least 10 points. The conductivity was measured in air by
the DC four-terminal method using Agilent Technologies
34970A and 6645A data acquisition/switch units with sil-
ver as the metallic electrode and wire from room temper-
ature to 800 °C. The BSCF rods were dry pressed on
25 MPa and sintered at 1050 °C for 5 h. The rod size is
about 10 mm long, 2 mm wide, and 2 mm thick. The
morphologies of the sintered BSCF electrode were
observed by field emission scanning electron microscopy
(FE-SEM, Jeol 6701F). The average grain size was cal-
culated by the linear intercept method using the relation
G = 1.5L/MN where 1.5 is a geometry dependent propor-
tionality constant, L is the total test line length, M is the
magnification, and N is the total number of intercepts. The
electrochemical impedance spectra (EIS) of the BSCF-
30 wt% CepgSmp,019 (BCSF-SDC) composite cathode
were measured by using a three-electrode cell. BSCF-
30 wt% CeygSmy,0,9 (SDC, Gimat) composite films
were screen printed on one side of SDC disks to prepare
cells for electrochemical impedance spectroscopy (EIS).
The SDC substrate disks, 10 mm in diameter and 0.5 mm
thick, were prepared by solid-state method and sintering at
1550 °C for 6 h. A slurry with proper viscosity for screen
printing was typically obtained by ball-milling a mixture of
0.3 g BSCF powder with 0.13 g SDC powder and 0.0258 g
ethyl cellulose-terpineol (J. T. Baker) binder. After screen
printing, the cells were baked at 120 °C and then sintered
at 1050 °C for 5 h. Pt was used as the reference and
counting electrodes on the other side of the electrolyte. The
EIS was measured using an impedance analyzer (HIOKI,
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3532-50) set to 30 mV over a frequency range from
1000 kHz to 0.01 Hz.

Results and discussion

To confirm the formation of the BSCF oxide, the samples
were analyzed using XRD. Figure 1 presents the XRD
patterns of the BSCF powders. The five kinds of BSCF
powders, which were prepared from precursor solutions
with different pH solutions, were well indexed as a single-
phase cubic ABOj perovskite-type structure with a lattice
parameter ranging from 3.985 to 3.987 A. This result
shows that the samples prepared from the precursor solu-
tions with different pH values exhibited the same structure
and phases. Figure 2 shows the morphologies of the BSCF
electrodes prepared from precursor solutions with different
pH values and sintered at 1050 °C for 5 h. The grain size
and porosity of all samples were shown in Table 1. The
porosity of samples was between 13.7 and 17.7%, as
measured by the Archimedes method. The grain size of
BSCEF electrodes increased from 6.9 to 9.3 um as the pH
value of precursor increased from 5 to 10.
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Fig. 1 XRD patterns of (a) pH5-BSCF, (b) pH6-BSCF, (c) pHS-
BSCF, (d) pH9-BSCEF, and (e) pH10-BSCF electrodes
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A high electronic conductivity is important because it
may produce a good current-collecting efficiency and a low
ohmic resistance for an IT-SOFC cathode. Due to the
co-existence of electron holes and oxygen vacancies, there
are electronic and ionic conductivity mechanisms in a
mixed ionic and electronic conductor (MIEC). However,
the ionic conductivity is much lower than the electric
conductivity. Therefore, the conductivity measured by the
DC 4 terminal method in this study can be believed to
occur by the hopping of p-type plarons and associated with
the behaviors of the multivalent state Co and Fe cations
[13, 14]. Sintering conditions also influence the perfor-
mance of a BSCF electrode. The bonding between BSCF
and the Ce(gSm(,0;9 (SDC) electrolyte is poor if the
sintering temperature is as low as 900 °C. However, a
chemical reaction will occur between BSCF and SDC at
temperatures above 1100 °C. Therefore, the BSCF elec-
trodes sintered at 1050 °C on the SDC electrolyte have the
best performance. Figure 3 shows the temperature depen-
dence of the total electrical conductivity of all BSCF
samples sintered at 1050 °C for 5 h in air. This figure
shows that the electrical conductivity of all the samples
prepared from precursors with different pH values first
increases gradually with temperature, reaches a maximum
value at 400 °C, and then decreases as the operation tem-
perature continues to rise. The sample prepared from the
precursor solution with a pH of 6 exhibited the highest
conductivity at 50.2 S/cm, which is about 33% higher than
that of the sample prepared from the precursor solution
with a pH of 9 (37.7 S/cm). The conductivity of all samples
decreases as the temperature exceeds 400 °C. The tem-
perature at which the samples exhibit maximum conduc-
tivity in this study is much higher than the reported of
conductivity of about 33 S/cm at 570 °C by Wei et al. [10],
but similar to that reported by Shao and coworkers [15].
This difference may be due to slight variation in chemical
composition. Although the conductivity of all samples is
lower than that of cathode materials, such as LaggSrg,.
CopgFe,05_s (LSCF) [16], the loss of lattice oxygen
upon heating can lead to the formation of oxygen vacancies
in BSCF. Therefore, BSCF should exhibit higher oxygen
ionic conductivity than LSCF, not only on the triple-phase
boundary but also on the surface of the electrode. This is an
important reason why BSCF exhibits better electrochemi-
cal performance [17].

If the carrier concentration remains constant throughout
the temperature range measurement, the Arrhenius plots of
polaron conduction should be linear, following the formula
relation:

0 = A/Texp(—E,/kT) (1)

Fig. 4 and Table 2 provide the Arrhenius plot and calcu-
lated activation energies E, using the linear part in the two
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Fig. 2 SEM pictures of a pH5-
BSCF, b pH6-BSCF, ¢ pHS-
BSCF, d pH9-BSCF, and

e pH10-BSCF electrodes
sintered at 1050 °C for 5 h

Table 1 The average grain size and porosity of BSCF electrodes
prepared from precursor solutions with different pH values

Samples Average grain size (um) Porosity (%)
pH5-BSCF 6.9 + 0.74 15.1
pH6-BSCF 7.0 £ 1.16 13.7
pH8-BSCF 79 £ 1.56 16.4
pH9-BSCF 8.8 +1.95 14.6
pH10-BSCF 9.3 £ 1.68 17.7

temperature ranges 50-400 and 400-750 °C for all
samples. The activation energy (E,;) ranges from 24 to
25 kJ/mole for all samples at temperatures between 50 and
450 °C, which is much lower than the data reported by Wei
et al. [10] but similar to the data reported by Wang et al.
[18]. The activation energy (E,,) of all samples ranges
from 2.0 to 4.6 kJ/mole in the temperature range 400—
750 °C. Note that the value of E,, is much lower than that
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Fig. 3 Conductivity of pH5-BSCF, pH6-BSCF, pH8-BSCF, pHO9-
BSCF, and pH10-BSCF electrodes at various temperatures
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Fig. 4 Arrhenius plot of the conductivity of pH5-BSCF, pH6-BSCF,
pHS8-BSCF, pH9-BSCF, and pH10-BSCF electrodes

Table 2 Activation energy of BSCF electrodes prepared from pre-
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Fig. 5 TGA curve of pH6-BSCF with heating rate of 5 °C/min in air
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Fig. 6 Impedance spectra of Pt/SDC/BSCF cells. The operating
temperature was a 600 °C, b 650 °C, and ¢ 700 °C

of E,;, only 10% of E,;. The approximate E, of these
samples means that samples prepared from precursor
solutions with different pH values share a similar con-
duction mechanism. Figure 5 shows the thermogravimetric
analysis (TGA) of the BSCF6 sample in air. There is an
apparently weight loss of BSCF as temperature above
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Table 3 Impedance spectra fitting results at different temperatures
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400 °C that is due to the loss of oxygen and formation of
oxygen vacancies in BSCF.

The concentration of charged carries of BSCF depends
on the oxygen partial pressure, ratio of A-site and B-site

Temperature (°C)  pH5-BSCF pH6-BSCF pH8-BSCF pH9-BSCF pH10-BSCF

R> Rs Ry R Ry R Ry R Ry R

(Q cm?) (Q cm?) (Q cm?) (Q cm?) (Q cm?) (Q cm?) (Q cm?) (Q cm?) (Q cm?) (Q cm?)
550 4.60 15.7 1.41 13.6 2.49 11.9 3.15 9.38 2.53 10.8
600 1.45 4.86 0.39 5.33 1.05 4.45 1.51 3.33 0.60 4.74
650 0.50 1.80 0.28 1.74 0.67 1.30 0.24 2.19 0.31 3.52
700 0.17 0.90 0.20 0.64 0.08 0.63 0.31 0.97 0.26 2.75
750 0.12 0.39 0.10 0.26 0.09 0.72 0.15 0.46 0.11 1.82
800 0.11 0.14 0.07 0.11 0.04 0.42 0.08 0.25 0.13 1.22
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Table 4 Activation energy of BSCF electrodes prepared from pre-
cursor solutions with different pH values

Samples E,r, (KJ/mole) E,g, (KJ/mole)
pH5-BSCF 125 126
pH6-BSCF 74 136
pH8-BSCF 113 88
pH9-BSCF 102 97
pH10-BSCF 100 51

cations, and valences of B-site cations. Under Po, =
0.21 atm, the filling of oxygen vacancies will produce
electron holes according to Eq. 2 as followed:

1
5 Og + V& — 05 +20° (2)

From the results of conductivity and TGA data, it can be
inferred that the BSCF samples were the p-type conductor
below 673 K in air. The conductivity of this p-type BSCF
conductor increases hopping between Co>" and Co*" or
Fe*' and Fe*". At the temperature above 400 °C, electrons
are produced due to the formation of oxygen vacancies,
according to Eq. 3 as follows:

1
05 — 2 + Vg + 502 (3)

The conductivity contributed from electron holes decreases
as the electron concentration increases due to formation of
oxygen vacancies at temperature above 400 °C. Along with
the formation of oxygen deficiency, it causes the thermal
reduction of Co and Fe cations to lower states. To retain

electrical neutrality, the reduction of the Fe and Co ions,
which is expected to occur, can be described in Eqs. 4 and
5, respectively:

1
2Cog, + Oy < 2Co¢, + V& + 502 (4)

1
2Fep, + O < 2Fef, + Vo + 502 (5)

This phenomenon arises from hopping between Co®*/Co>™
and Fe*t/Fe?t. Therefore, the decrease in concentration of
electron holes results in low activation energy (E,;) from
the In ¢T versus 1/T graphs.

Figure 6a—c show the impedance spectra of BSCF
electrodes prepared from different pH value solutions on
SDC electrolyte measured at 600, 650, and 700 °C in air.
Figure 7a presents the equivalent circuit. The elements of
the equivalent circuit correspond to the electrochemical
process: Ry corresponds to the resistance of electrolyte, R,
corresponds to the resistance of charge transfer process,
and the Rj; corresponds to the diffusion resistance of oxy-
gen [19-21]. Figure 7b and c¢ and Table 3 show the fitting
results of R, and R;. The charge transfer resistances of
BSCF electrodes prepared from the precursor solution with
a pH value of 6 are lower than that of other BSCF elec-
trodes at all operating temperatures, especially in the low
temperature range from 550 to 650 °C. However, the pH9-
BSCEF electrode prepared from the precursor solution with
a pH of 9 showed a lower oxygen diffusion resistance than
other samples in the temperature range from 550 to 650 °C.
The pH6-BSCF electrode showed the lowest area specific
resistance (ASR) of R, and R; resistances of 0.07 and

Table 5 ICP-MS and EDS analysis of BSCF powders prepared from precursor solutions with different pH values

ICP-MS
Ba Sr Co Fe Ba/Sr Co/Fe A site/B site
(mol.%) (mol.%) (mol.%) (mol.%) (mole ratio) (mole ratio) (mole ratio)
pH5-BSCF 39.45 26.03 27.78 6.74 0.97 391 0.99
pH6-BSCF 39.58 26.08 27.68 6.66 0.97 3.94 0.99
pH8-BSCF 38.13 26.62 28.42 6.82 0.91 3.95 0.96
pH9-BSCF 37.27 26.86 2891 6.96 0.89 3.94 0.94
pH10-BSCF 39.19 26.13 27.90 6.78 0.96 3.90 0.98
EDS
Ba (mol.%) Sr (mol.%) Co (mol.%) Fe (mol.%)
pHS5-BSCF 2574 + 1.41 27.09 £ 0.54 37.42 + 1.80 9.750 + 0.69
pH6-BSCF 23.92 + 0.30 26.79 £ 0.74 39.00 + 0.57 10.29 + 0.21
pH8-BSCF 22.92 + 0.35 26.36 £ 0.62 40.12 £ 0.40 10.60 £ 0.22
pH9-BSCF 21.83 + 045 28.24 £+ 1.37 40.13 £ 0.79 9.800 + 0.36
pH10-BSCF 23.42 + 0.30 27.55 £ 047 39.09 + 0.55 9.940 + 0.21
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0.11 Q cm?, respectively, at an operating temperature of
800 °C. Figure 8 shows the R, and R3 polarization resis-
tance versus temperature relationship, and Table 4 shows
the calculated activation energy. The activation energies of
R, were 125, 74, 113, 102, and 100 kJ/mole for the pHS5-
BSCF, pH6-BSCF, pH8-BSCF, pH9-BSCF, and pH10-
BSCF samples, respectively. The activation energies of Rj3
were 126, 136, 88, 97, and 51 kJ/mole for the pH5-BSCF,
pH6-BSCF, pHS8-BSCF, pH9-BSCF, and pHI10-BSCF
samples, respectively. These values are lower than those of
LSCF, which was to be 135-142 kJ/mole [21]. Shao et al.
[6] reported that the activation energy of polarization
resistance of BSCF was 116 kJ/mol in the temperature
range from 400 to 725 °C. In this study, the pH6-BSCF
sample exhibited the lowest ASR and activation energy
of charge transfer resistance due to the higher electronic
conductivity of BSCF6 sample. The pH6-BSCF sample
had higher activation energy of oxygen diffusion resistance
comparing to the other samples, such as pH9-BSCF and
pH10-BSCF. This is typical value for the stoichiometric
BSCF oxygen conductor [20]. Since oxygen reduction
occurs both on triple-phase-boundary (TPB) and the sur-
face of a mixed ionic and electronic conductor (MIEC),
BSCF is more active than that of the conventional pure
electronic cathode electrode, such as LaggSrg,MnOs,
where oxygen reduction occurs only on the TPB area.
Therefore, the oxygen diffusion of an MIEC electrode
strongly depends on the composition stoichiometry and
elements distribution variation.

Table 5 shows the ICP-MS and EDS analysis of the
BSCF powders, confirming the composition of the mate-
rials. All element content from the EDS analysis based on a
standard Bag 5Srg sCog gFey,05_s sample which was pre-
pared by solid state reaction and the content was identified
by ICP-MS. It is well known that EDS is not a particularly
accurate method to determine atomic concentrations. ICP-
MS is a more accurate technique to determine atomic
concentrations. Therefore, the atomic concentrations of all
elements were determined from ICP-MS method not from
the EDS in this manuscript. However, the data of ICP-MS
cannot show the composition distribution of samples [22];
therefore, we show the composition variation of samples by
EDS analysis even the accuracy can be compared to ICP-
MS. The ICP-MS results show that the BSCF6 sample
prepared from the precursor solution with a pH value of 6
had the best stoichiometric ratio. Future, EDS results show
that the element distribution is more homogeneous com-
pared to the other samples, especially for Ba, Co, and Fe
elements. This is the major reason why BSCF6 exhibits
better conductivity and electrochemical performance than
the other samples. These results suggest that the pH value
of the precursor solution affects the chelating between the
EDTA or citric acid and metal cations. Therefore, the

composition of BSCF samples is different after heat
treatment and affects the performance of BSCF electrodes.

Conclusion

Perovskite oxide BSCF oxides were successfully synthe-
sized by the citric—edta complexing method from precursor
solutions with different pH values. All the samples exhib-
ited similar crystals, lattice parameters, porosity, and
microstructures. However, the chemical composition and
element homogeneity of the samples were different, lead-
ing to different levels of conductivity and electrochemical
performance. The BSCF powder prepared from the pre-
cursor solution with a pH value of 6 has the best stoichi-
ometric ratio of composition and exhibits the highest
conductivity of 50.2 S/cm at 400 °C, which is 1.3 times
higher than the sample prepared from the precursor solu-
tion with a pH value of 9. The polarization resistance
values for charge transfer and oxygen diffusion are 0.07
and 0.11 Q cm? at 800 °C, respectively.
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