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DUAL PORE CATHODE MATERIALS FOR SOLID OXIDE FUEL CELLS

In this work, we developed the lanthanum strontium cobalt ferrite and it’s composite with yttrium iron cobaltite (mass ratio 
of 1:1) cathodes as a thin layer on Ce0.8Sm0.2O1.9 electrolyte. Two kinds of electrode pastes were prepared, with and without 6 mm 
polystyrene beads as an additional pore former. The performance of cathode materials was investigated by electrochemical impedance 
spectroscopy as a function of electrode morphology, oxygen partial pressure, potential, and temperature. The polarization resist-
ance of the more porous electrodes was lower than those electrodes prepared without additional pore former in the whole potential 
range at 800°C, slightly lower at 700°C and 600°C. The addition of yttrium iron cobaltite decreased the performance of both types 
of cathodes. The lower polarization resistance of porous cathodes is due to the facilitated gas diffusion through their structure.
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1. Introduction

Solid oxide fuel cells (SOFC) as the power generators 
have the theoretical conversion efficiency of the stored in fuel 
chemical energy into electrical energy close to 100% [1] and 
highest among all types of fuel cells [2]. Recently, efforts have 
been devoted to the development of SOFC working in lower 
and lower temperatures. The slow oxygen reduction reaction on 
a cathode is the main source of energy losses. Now, the research 
community is focused on the development of new effective 
cathode materials working in the intermediate temperature range 
(IT) (500-800°C) and low-temperature range  (350-500°C). 
Lanthanum strontium cobalt ferrite (LSCF) is the state-of-the-
art cathode material for the IT range. LSCF exhibits excellent 
catalytic activity in oxygen reduction reaction (ORR), ionic con-
ductivity (greater than 215 S cm−1 at 550°C) [3] and electronic 
conductivity [4]. Composite cathodes containing a second active 
component in addition to LSCF may exhibit better properties 
than pure LSCF cathodes. The addition of the electrolyte ma-
terial to the cathode material is the most popular practice [5]. 
It allows to improve the ionic conductivity and reduce the high 
thermal expansion coefficient (TEC). The catalytic activity [6-8] 
can be improved by the addition of noble metals [6-8] or due 

to the addition of another cathode material (even less active 
than LSCF) [9-12].

Recently reported YFe0.5Co0.5O3 (YFC) cathode material 
reveals very low polarization resistance (Rp) of 0.07 W cm2 
at 750°C. Moreover, it has not too large TEC equal to  15-20 × 
10–6 K–1 in the IT range and excellent conductivity 183 S cm–1 
at 750°C [13]. YFC seems to be an excellent candidate for the 
second phase in the composite cathode for SOFCs. 

Another issue limiting the performance of the cathode is 
its microstructure. LSCF is an excellent mixed ionic-electronic 
conductor. ORR occurs at the interface cathode/gas phase [14]. 
The surface area of that interface rises with increasing porosity 
and the thickness of the cathode, which may lead to a decrease 
in the Rp [15,16]. Although in thicker cathodes gas diffusion 
resistance, as well as electronic and ionic resistances, restrict 
the decrease of Rp. It was shown that the addition of the organic 
polymer beads to the lanthanum strontium manganite cathode 
paste leads to the dual pore structure of the sintered cathode 
which facilitates its infiltration by silver nitrate solution for the 
introduction of silver as the second phase [17]. 

In the present work, we checked if the performance of the 
LSCF cathode can be improved due to the addition to the LSCF 
cathode ink either YFC and/or 6 mm polystyrene beads, causing 
dual pore size structure.
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2. Experimental

2.1. Materials

Ce0.8Sm0.2O1.9 electrolyte disks were elaborated from com-
mercial powder (Terio Inc., Qingdao, China) and sintered for 2 h 
at 1500°C as described in [18]. Y2O3 (Onyxmet) dissolved in 
nitric acid was added to the solution of iron and cobalt nitrates 
(both Sigma Aldrich, reagent grade) in stoichiometric propor-
tions, then citric acid (Sigma Aldrich, reagent grade) was added 
and the solution was dried and obtained gel was calcined at 
950°C for 10 h. The YFe0.5Co0.5O3 cathodic powder of perovskite 
structure [19] was obtained as is described in [17]. The LSCF 
and organic vehicle (all Nexceris) were used for the preparation 
of cathode pastes. Polystyrene balls of 6 μm in diameter (Micro 
Beads) were added to the inks for creating of grater pores in the 
part of sintered electrodes. Such electrodes are denoted in this 
work with the suffix –PS.

The electrolyte disks of 20 mm diameter were cut in half. 
The cathode pastes containing ink vehicle, and following cathode 
materials LSCF, LSCF and YFC (1:1), LSCF and polystyrene 
balls as well as LSCF, YFC and polystyrene balls, were applied 
on the surface of the electrolyte half-disk. The Matte Finish 
Magic Tape (Scotch) of 0.15 mm thickness was used as a shap-
ing mask forming two identical round working and reference 
electrodes (Fig. 2c in [18]), whereas on the whole rear side of the 
electrolyte disk the LSCF counter electrode was screen printed. 
The samples were sintered for 2 h at 1000°C with heating and 
cooling rates 1°C min–1. Obtained cells were mounted in the 
alumina text fixture detailed sketched in [20]. 

2.2. Methods

The structure of the powder was checked with the X’Pert 
PRO (PANalytical B.V.) diffractometer operated at 40 kV and 
30 mA by using Ni-filtered Cu Kα radiation.

The morphology of the samples was carried out by means of 
JEOL JSM-7500F field emission scanning electron microscope 
equipped with the energy dispersive X-ray spectroscopy (EDS) 
INCA PentaFetx3 EDS detection system of characteristic X-ray 
radiation.

Electrochemical measurements were performed using 
300 series potentiostat/galvanostat/ZRA in the three-electrode 
setup in oxygen (99.5%, Air Liquide Polska) and the mixture 
of oxygen and argon (99.999%, Air Liquide Polska) in defined 
proportions. The electrochemical impedance spectroscopy (EIS) 
spectra were recorded in the 10 mHz-300 kHz frequency range 
with a density of 8 frequency points per decade. The sinusoidal 
voltage of the amplitude 5 mV rms was applied. EIS parameters 
were calculated by fitting the impedance equation proper for 
the assumed equivalent electrical circuit (EEC) to the obtained 
data. The data-treatment procedure and the quality of the fit 
were characterized by the standard deviation as is described in 
previous work [21].

3. Results and discussion

The microstructure of YFC sintered powder and prepared 
cells are presented in Fig. 1. The obtained cathodes were 
 60-80 μm thick. The 6 μm in diameter holes were evenly dis-
tributed in cathodes prepared with polystyrene balls. 

Fig. 1. SEM images of (a) YFC powder; (b) the LSCF-PS electrode 
surface with EDX analysis

The impedance spectra recorded at 800°C contain an induc-
tive loop and three strongly overlapped capacitive semicircles 
(Fig. 2). The spectra recorded at 700 and 600°C contain one 
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separated high-frequency semicircle, which can be ascribed to the 
electrolyte grain boundary process and two or three overlapped 
capacitive semicircles, which can be ascribed to the electrode 
processes. The assumed EECs contain 2 or 3 connected in series 
sub-circuits, each contains resistance and capacitance parallel 
connected (R, C) and an inductance for spectra recorded at 
800°C or additional (R, C) sub-circuit for spectra recorded at 
lower temperatures.

Each capacitor is replaced by the constant phase element 
(CPE).

The impedance of the CPE can be expressed by the fol-
lowing formula [21]:

 
iCPE

i

f
Z

f C j f
 (1)

where: f is the frequency, f0 is the frequency of reference assumed 
f0 = 1 kHz [21], Ci is the capacitance at the frequency of reference, 
j is an imaginary unit, index i is the number of (R, CPE) pairs, 
and α is a coefficient, which value should be in the range from 
0.5 to 1 (usually, its values are in the range of 0.8-1.0, while for 
diffusion processes α is close to 0.5). The polarization resistance 
(Rp) was calculated as the sum of all resistances representing 
electrode processes. The EECs used and an example of the fit 
are presented in Fig. 3.

The polarization resistance of LSCF and LSCF-PS elec-
trodes versus applied potential are compared in Fig. 4. LSCF-PS 
electrode reveals much smaller Rp in the whole potential range at 
800°C, slightly smaller at 700°C and 600°C. It is worth noting 
that if the cathode is polarized with negative potential, a direct 
current proportional to the applied potential flows through it. 
The cathodic reaction:

 O2 + 4e– → 2O2– (2)

consumes gaseous oxygen lowering its concentration in the 
surrounding gas. The fastest gas exchange takes place in the 

cathode layer which is located directly under the flow of gas 
feeding the cell, while in the deeper layers closer to the electro-
lyte the gas exchange is slower and, therefore, the gas atmos-
phere is poorer in oxygen due to the reaction (2). The decrease 
in oxygen concentration in the deeper layers of the cathode is 
greater at the more cathodic applied potentials. The depend-
ences shown in Fig. 4 reveal that the difference in polarization 
resistance of both types of electrodes at 800°C is increasing 
with increasing negative potential, whereas at 700 and 600°C 
this difference is negligible for the small negative polarization 
and significant for a more negatively polarized electrode. Adler 
et al. [14] showed that for an LSCF electrode at 700°C below 
a certain concentration of oxygen, an additional relatively large 
capacitive semicircle appears in the impedance spectrum, in 
other words, there is a sharp increase in polarizing resistance. 
A similar dependence of polarization resistance on oxygen 
concentration was reported by Murray et al. [22]. These authors 
showed that the polarization resistance of the LSCF electrode 
increases slowly with a decrease in oxygen concentration, 
whereas below P(O2) = 0.02 it increases very fast [22]. The 
observed in our experiments lower polarization resistance of 
electrodes with increased porosity can be explained by the easier 
diffusion of gas into the electrode, which prevents the oxygen 
concentration from falling too low. The effect of improving the 
cathode’s oper ation is less pronounced at lower temperatures 
because the direct current flowing through the electrode is 
lower and hence the decrease in oxygen concentration is not 
so great.

The dependency of polarization resistance on oxygen partial 
pressure is depicted in Fig. 5. The improvement of electrode 
properties is denoted in the whole examined concentration range, 
however, at the lowest concentration, the improvement is not 
so big. In the case of such small oxygen partial pressure, the 
amount of oxygen that can reach the deeper layer of the cathode 
is effectively very low. 

Fig. 2. Examples of EIS spectra of LSCF (a) and LSCF-PS (b) electrodes 
in Nyquist representation at 800°C in oxygen and mixtures of argon and 
oxygen; P(O2) P –1 in the legend; the numbers near filled experimental 
points denote the logarithm of the frequency

Fig. 3. Equivalent electrical circuits used to fit the data (a) and (b); 
example of the fit, LSCF-YFC-PS electrode, 700°C, P(O2) P–1 = 0.1, 
crosses – measured data, circles – fitted data; the numbers above filled 
points denote the logarithm of the frequency (c)
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Fig. 4. Polarization resistance of LSCF (squares) and LSCF-PS (dia-
monds) electrodes measured versus applied potential in synthetic air 
(20% of oxygen in argon) at: (a) 800; (b) 700; (c) 600°C

Fig. 5. Polarization resistance of LSCF (squares) and LSCF-PS (dia-
monds) electrodes measured versus oxygen partial pressure at 800°C

Composite LSCF-YFC cathodes reveal worse performance 
than pure LSCF ones. The polarization resistance of LSCF-YFC 
and LSCF-YFC-PS electrodes versus oxygen partial pressure are 

compared in Fig. 6. Both cathodes reveal greater Rp than similar 
LSCF and LSCF-PS cathodes, respectively, although the effect of 
additional porosity from added polystyrene beads in the LSCF-
YFC composite electrode is higher than in the LSCF electrode.

Fig. 6. Polarization resistance of LSCF-YFC (squares) and LSCF-YFC-
PS (diamonds) electrodes measured versus oxygen partial pressure at 
800°C

4. Conclusions

The effect of addition YFC powder and 6 μm polystyrene 
beads to electrode ink were examined. The performance of 
cathodes was evaluated by the measurements of polarization 
resistance. The cathodes with lower polarization resistance are 
better because they generate lower energy losses in the cell.

The addition of YFC did not improve electrode perfor-
mance. The LSFC-YFC and LSCF-YFC-PS cathodes revealed 
much higher polarization resistance than LSCF and LSCF-PS 
electrodes, respectively, in the whole examined concentration 
range. 

The addition of polystyrene balls to LSCF and LSCF-YFC 
cathode inks facilitates gas diffusion in the obtained electrodes 
of enhanced porosity. These electrodes reveal lower polarization 
resistances than similar ones without additional porosity. The 
biggest improvement in performance caused by the additional 
porosity was achieved at the LSCF electrode at 800°C. 
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