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Abstract

This study presents the electrochemical performance of (BagsSrgs)o9Smg;CoggFeg203_s (BSSCF) as a cathode material for intermediate
temperature solid oxide fuel cells IT-SOFC). AC-impedance analyses were carried on an electrolyte supported BSSCF/Sm,Ce( 30,9 (SDC)/Ag
half-cell and a Bag5Sr5CogsFeq,0;_s (BSCF)/SDC/Ag half-cell. In contrast to the BSCF cathode half-cell, the total resistance of the BSSCF
cathode half-cell was lower, e.g., at 550 °C; the values for the BSSCF and BSCF were 1.54 and 2.33 Q cm?, respectively. The cell performance
measurements were conducted on a Ni-SDC anode supported single cell using a SDC thin film as electrolyte, and BSSCF layer as cathode. The
maximum power densities were 681 mW cm~2 at 600 °C and 820 mW cm™2 at 650 °C.
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1. Introduction

With the increasing attention to the IT-SOFC, finding one
kind of cathode material with good performance at the lower
temperature is believed to be the key to enhancing the power
density [1,2]. Co-based perovskite compounds are the main
cathodes for the IT-SOFC because of their mixed-conductor
characteristics and higher ion-conductivity [3,4]. Especially, the
composition of BSCF presented as a cathode material, improves
the performance of both dual-chamber and single-chamber con-
figurations at low temperatures further. This material provides a
high rate of oxygen ion diffusion following oxygen reduction.
But its electrical conductivity is lower, for example, at 600 °C.
The electrical conductivity values for La;_,Sr,Cog2FepgO3
(LSCF) and BSCF are 330 and 28 S cm™!, respectively [5-8],
which is not beneficial to cathode performance. So in our
earlier work, Sm was introduced in the A-site of BSCF com-
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posing “BSSCF” to enhance the electrical conductivity and
we succeeded. The improved electrical conductivity can get to
215S cm~! at 400 °C, and is attributed to the increased concen-
tration of electronic charge carriers because of the reduction of
Co™, Fe** [9].

In the present study, the AC-impedance spectra of the BSSCF
cathode was investigated on the cathode/electrolyte half-cell
(BSSCF/SDC/Ag) and was compared with a BSCF cathode
half-cell (BSCF/SDC/Ag). Then, the performance of the anode
supported single cell using BSSCF as the cathode material, SDC
thin film as electrolyte (BSSCF/SDC/NiO-SDC) was evaluated.

2. Experiment
2.1. preparations of powder

(Bag 5510.5)0.05mg.1Cop gFep203_5s (BSSCF) powder was
prepared by the EDTA-citric acid complexing method. Powders
of Ba(NO3); (>99.5%), Sr(NO3)> (>99.5%), Co(NO3)2:6H>0
(>97.0%), Fe(NO3)3-9H,0 (>98.5%), SmpO3 and EDTA
(ethylenediamine tetraacetic acid, >99.5%), citric acid (>99.5%)
were weighed in stoichiometric proportions and mixed together
in a water bath at a temperature of 80°C. Then they were
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dissolved completely, a certain amount of citric acid was intro-
duced, and the mole ratio of EDTA acid: Citric acid: total metal
ions was controlled around 1:1.5:1. Mild heating induced gela-
tion of the solution, and the resulting gel was held at 200 °C
for several hours to remove organics. Lastly, the primary pow-
ders were calcined at 950 °C for 5h [9-13]. The Smg2CepgO1 9
(SDC) powders were prepared using a glycine-nitrate process
and calcined at 800 °C for 2 h in this study [14]. Nickel oxide
(NiO) powders were synthesized by the precipitation method,
using Ni (NO3)2-6H,O as the material and ammonia as the
precipitant. The resultant powder was calcined at 400 °C for
2h.

2.2. Electrochemical testing

Electrochemical testing in this study was carried out using
AC-impedance and the three-electrode method. The SDC pow-
der was compacted under uniaxial pressure (200 Mpa) to form
a disc (0.4 mm in thickness). After pre-sintering at 1000 °C,
the surface of the SDC disc was coarsened by spraying a SDC
layer as a roughness treatment, and then sintered at 1400 °C for
4 h. The BSSCF powder mixture was dispersed in terpineol and
spread on the coarsened electrolyte surface used as the work-
ing electrode (WE) and reference electrode (RE), then sintered
at 1050°C for 4h in air. A silver counter electrode (CE) was
arranged on the other side of the electrolyte disk using DADS7
silver paste then pyrolysis.

The measurements of AC-impedance spectra were performed
at 400, 450, 500 and 550 °C using an Impedance/Gain-phase
Analyzer (Solartron SI 1260) with a 10mV ac signal, over a
0.1 Hz-910 kHz frequency range.

The microstructure of the BSSCF/SDC half-cell was studied
by SEM.

2.3. Single cell fabrication and testing

The anode powders were prepared by mixing together NiO,
SDC powders and flour in a weight ratio of 65:35:20, followed
by ball-milling. After drying, the anode powders were subse-
quently pressed then calcined at 1000 °C for 2 h as substrates.
A multilayer SDC film was prepared on the anode substrate
using a slurry spin coating technique, and then a bilayer of
SDC film/NiO-SDC anode was co-sintered at 1400 °C for4 h. A
slurry containing the BSSCF powders, ethyl cellulose and ter-
pineol, was spin coated on the SDC film to form the cathode
layer, followed by sintering at 1050 °C for 4 h. The substrate-
electrolyte bilayer was sealed at one end of an alumina tube
by applying a silver paste (DAD-87) to form a single cell, as
shown in Fig. 1. This cell was heated in a furnace gradually
to 650 °C to reduce the NiO on the anode support to Ni, and
then the performance was tested by the four-probe method from
500 to 650°C. Dry hydrogen was used as the fuel and the
cathode was exposed to stationary air. The cell output perfor-
mance and electrochemical impedance spectra were measured
with a SI 1278 electrochemical interface (Solartron Instruments,
Hampshire, UK) and SI 1260 Impedance/Gain-phase Analyzer,
respectively.
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Fig. 1. Illustration of the single cell.

3. Result and discussion
3.1. Microstructure characterization

The micrographs of the cross-section views of electrolyte-
supported BSSCF/SDC half-cell as well as the surface of
cathode are shown in Fig. 2(a) and (b), respectively. It can
be seen that the electrolyte is dense, and the cathode is fab-
ricated in a high porosity structure to assure gas diffusion.
Due to the surface roughness treatment of SDC, the connec-
tion between SDC and BSSCF cathode was good, as shown in
Fig. 2(a).

3.2. Impedance spectra

Fig. 3(a) and (b) show the impedance spectra of the elec-
trolyte supported half-cell using BSCF and BSSCF as cathode,
respectively, from 400 to 550 °C in air. The equivalent circuit is
presented in Fig. 3(c), and the fitting results of the resistance for
the two materials using the Zview program (Scribner Associates,
Inc.) are shown in Fig. 4.

As shown in Fig. 3, the impedance spectra consisted of two
depressed semi-circles. This indicates that there are at least two
electrode processes corresponding to the two semi-circles dur-
ing molecular oxygen reduction. According to Heuveln and
Bouwmeester [15] and Leng et al’s works [16], the high fre-
quency semi-circle can be attributed to the polarization during
charge transfer. On the other hand, the low frequency semi-circle
can be attributed to oxygen adsorption and desorption on the
electrode surface and the diffusion of the oxygen ions. Therefore,
in the equivalent circuit, the R; is denoted as the ohmic resis-
tance including the electrolyte resistance between the working
electrode and reference electrode, as well as the DC resistance
of leads and electrode. The resistance R» is interpreted as the
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Fig. 2. (a) SEM cross-section image of the half-cell (BSSCF as cathode and SDC as electrolyte) (b) SEM top view of the cathode (BSSCF) layer.

charge transfer resistance, which is contributed by the electro-
chemical reaction at cathode—electrolyte interface. The Warburg
impedance (W) in the equivalent circuit is related to the resis-
tance of oxygen adsorption/decomposition and the oxygen ions
diffusion in the cathode [17]. It can be seen in Fig. 4 that the total
resistance (Re)) of BSSCF is lower than that of BSCFE. Thus the
doped of Sm in A-site not only enhances the electrical conduc-
tivity, but also lowers the cathode resistance [9]. Furthermore,
the resistance of oxygen diffusion (W;) governs the total resis-
tance (Re]), and the decrease of total resistance is mainly the
result of its reduction.

For mixed conductors like BSCF and BSSCEF, the oxygen
reduction occurs on not only the TPBs but also the surface
and inside of the electrode [9]. On the electrode surface, the
adsorbed molecular oxygen is decomposed, and then takes up
oxygen vacancies, obtaining electrons to become lattice oxy-
gen. Through transportation, the lattice oxygen goes into the
crystal lattice, and at the same time, oxygen vacancies dif-
fuse from the interface of electrode/electrolyte to the surface
reaction region. In this process, the resistance of the oxygen
adsorption/decomposition and mass transfer is the main part
of the total resistance, so reducing the resistance of oxygen
diffusion effectively is important for the reduction of total resis-
tance [17,18]. For the BSSCF material, the doped of Sm3*
enhances the average valence of A-sites, inducing the reduction
of Co*" and Fe** to maintain the charge balance. This bene-
fits the diffusion of oxygen in BSSCF and lowers the resistance
to oxygen diffusion, and therefore reduces the total resistance
obviously.

Fig. 5 shows the Arrhenous plots of the diffusion resistance
(W1) for BSCF and BSSCEF cathodes, the activation energies of
oxygen diffusion obtained from the slope of the fitted line are
88.79 and 70.51 kJ mol~!, respectively. The value of BSSCF
is lower than that of BSCF, which means the doping with Sm
indeed reduces the activation energy for oxygen diffusion, and so
accelerates oxygen diffusion. In addition, the activation energies
of total cathode resistance (Rej) were also calculated, BSSCF:
E,=75.62kJ mol~!, BSCF: E,=89.55kJ mol~!, are shown in
Fig. 6.

3.3. Performance evaluation

Fig. 7 shows the variation of cell voltage and power density
as a function of current density for the BSSCF/SDC/NiO-SDC
cell under 30 mL min~! of hydrogen from 500 to 650°C. As
seen in Fig. 7, the power density increases with increasing the
operating temperature. Maximum power densities of the cell are
268, 442, 681 and 820 mW cm 2 at 500, 550, 600 and 650 °C,
respectively. The excellent performance of the cell illustrates
that the BSSCF is a good choice for IT-SOFC cathode material.

Fig. 8 shows the AC-impedances of the cell under open-
circuit conditions (OCV). The total resistance contains the
interfacial resistance and the ohmic resistance, which are deter-
mined from the impedance spectra and shown in Table 1. All
kinds of resistances decrease with increasing temperature, and
the total resistance of the cell is mainly governed by the inter-
facial resistance, from 62.3% at 650°C to 86.6% at 500 °C.
Furthermore, the interfacial resistance of the anode—electrolyte
is relative small [19,20], thus the interfacial resistance is
mainly from the cathode—electrolyte interface. So reducing the
cathode—electrolyte interface resistance is the key to reducing
the total resistance as well as to improve the performance of the
cell [14].

In addition, it is observed that the resistances of the single
cell (BSSCF/SDC/NiO-SDC) are lower than that of the half-cell
BSSCF/SDC/Ag. For example, at 550 °C the total resistances of
the single cell and half-cell are 0.45 and 1.54 Qcm?, respec-
tively. It is considered that the difference is mainly caused by
two reasons: (1) the electronic conductivity of electrolyte film
(SDC) (2) the atmosphere in which the SDC works in.

Table 1
Fitted impedance spectra values for single cell BSSCF/SDC/NiO-SDC (2 cm?)
Temperature
500°C 550°C 600°C 650°C
Interface resistance 1.010 0.360 0.140 0.074
Ohmic resistance 0.160 0.090 0.074 0.045
Total resistance 1.170 0.450 0.210 0.120
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Fig. 3. (a) Impedance spectra of BSCF at 400,450,500 and 550°C. (b)
Impedance spectra of BSSCF at 400,450,500 and 550 °C (c) Equivalent circuit
model. R;: ohmic resistance; R;: charge transfer resistance; W;: oxygen adsorp-
tion/decomposition resistance and oxygen diffusion resistance; CPE;: constant
phase element.

Firstly, because of the mixed conductivity characteristic of
SDC, the electronic conduction in the SDC film is not negligible.
Thus, even under the condition of OCYV, the cell can discharge
through the electronic resistance. Therefore, there is still an elec-
tric current in the cell under this condition [17,18]. Actually, the
cell was under a polarization condition when the AC-impedances
were measured. It is expected that the reduction of the molecular
oxygen to oxygen ions as well as the oxygen ion concentration
around the reaction region can be greatly enhanced by the elec-
tric current [17,21,22]. Therefore, a decrease of oxygen diffusion
resistance can be expected.

Secondly, the different atmosphere where the half-cell and
the single cell work is another reason causing the difference
of resistance. For the half-cell, the whole electrolyte (SDC) as
well as the electrode is in the stationary air. While for the cell,
the mixed atmosphere (Hy/air) where the cell works in has an
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Fig. 4. The total resistance (Re]), charge transfer resistance (R;) and oxygen
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~g ® BSCF (E=88.79 kl/mol)
0.0 ~ O BSSCF (E =70.51 kJ/mol)
~
B
By

BNe

'
(=
T

-In W, /(€.om’)

da
o
T

1.2 1.3 1.4 1.5
1000/T (K™

Fig. 5. Arrhenius plots of the diffusion conductance (W;) for BSCF and BSSCF
cathode from 400 to 550 °C.
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Fig. 8. The impedance spectra of the cell (BSSCF/SDC/NiO-SDC) measured
under open-circuit condition.

effect on the performance of the SDC film, which influences
the resistance. The effect of atmosphere on the cell performance
will been investigated in detail in the future.

Since the cathode—electrolyte interface resistance is the main
reason affecting the single cell performance, a modified BSSCF
by addition of high ionic conductivity electrolyte material to
increase oxygen ion pathways should yield better performance.
The high thermal expansion coefficient of BSSCF will induce
the cathode to delaminate during the sintering and measuring
processes, so an additional porous interlayer of electrolyte can
be deposited between the cathode and the film layer as coarse
layer to enhance the performance.

4. Conclusion

In this study, the electrochemical characterization and perfor-
mance of [T-SOFC using (Bag 5Sr¢ 5)0.90Smg. 1 Cog gFeg203_s as

acathode material was investigated. The impedance spectra were
measured on the BSSCF/SDC/Ag half-cell as well as on the
BSCF/SDC/Ag half-cell. The resistance values of the BSSCF
cathode were lower than the BSCF cathode, e.g. at 550°C,
the values for BSSCF and BSCF were 1.54 and 2.33 Q cm?,
respectively. This indicates that the doping of Sm in the BSSCF
lowers the resistance to oxygen diffusion effectively and thus
reduces the total resistance. For the performance testing car-
ried out on a BSSCF/SDC/NiO-SDC single cell, the maximum
power densities obtained were 268, 442, 681 and 820 mW cm™2
at 500, 550, 600 and 650 °C. The total resistances of the cell
were 1.17,0.45,0.21 and 0.12 € cm? respectively. These results
illustrate that BSSCF is a good choice for the IT-SOFC cath-
ode material. In future investigations, the BSSCF compositional
modification and microstructure optimization of the interface of
cathode/electrolyte film will be adopted.
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