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1. Introduction

Two parameters commonly used to describe the cath-
ode’s ORR activity of Solid Oxide Fuel Cells (SOFC) are 𝑘𝑐ℎ𝑒𝑚  
and 𝐷𝑐ℎ𝑒𝑚, the oxygen surface molar exchange rate and the 
oxygen diffusion coefficient in the electrode material, re-
spectively 1,2. 

This work presents a comparative study of the diffusion 
and surface molar exchange rates of porous 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and Co3O4 nanoparticles deco-
rated LSCF electrodes. The study was carried out using the 
3DT-EIS method, which combines Electrochemical Imped-
ance Spectroscopy experiments with FIB-SEM tomography 
data, interpreted through an adapted Transmission Line - 
Adler Lane Steele electrochemical model.  

By analyzing the electrochemical response as a function 
of oxygen partial pressure, this study allowed to identify the 
ORR limiting mechanisms and how the nanoparticle decora-
tion affects them.  

A reduction of the polarization resistance of about 60% 
was measured for the Co3O4 decorated LSCF respect to the 
reference LSCF cathode, in air at 700 °C. The Co3O4 decora-
tion was found to modify the ORR surface reaction limiting 
mechanism from O2 dissociation to O-ion incorporation, 
whereas the diffusion coefficient was not modified by the 
decoration, which represents a surface diffusion process for 
both electrodes. 

2. Experimental

2.1 Cells preparation 

Symmetric cathode/electrolyte/cathode cells were pre-
pared using La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) as cathode scaffold 
and La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) as electrolyte. The sym-
metrical cells were infiltrated with a Cobalt nitrate solution. 
The final quantity of Cobalt Oxide synthesized on each side 
of the cell was roughly 10% of the electrode’s mass.  For 
more details, see Ref 3. 

2.2 Microstructure characterization. 

The microstructure of all cells was characterized using 
SEM, XRD, TEM and FIB-SEM. 

The specific surface area (𝑎), porosity (𝜀) and tortuosity 
factor (𝜏) values of the reference LSCF electrode were ob-
tained by performing a FIB-SEM tomography to an LSCF sam-
ple as shown in Ref 4. For the Co3O4 decorated sample, con-
sidering that the effect of the decoration on the microstruc-
tural parameters is within the range of uncertainty of the 
FIB-SEM reconstruction, it was assumed that the microstruc-
tural parameters were not significantly modified (see Ref 3). 

2.3 Electrochemical characterization. 

EIS was used to study the mechanism of the oxygen re-
duction reaction (ORR) of the electrodes. All impedance 
spectra were fitted using a series combination of an induct-
ance, a resistance, a Transmission Line Model –TLM– ele-
ment and an R//CPE circuit (the latter at low pO2). All these 
spectra were also modeled with the Adler-Lane-Steele 
model for macro-homogeneous SOFC cathodes 4–6. 

3. Results

Figure 1 shows a SEM image of the pristine Co3O4 deco-
rated LSCF electrode, where the ~ 200 𝑛𝑚 sized particles 
are the LSCF electrode grains, while the small ~ 10 𝑛𝑚 sized 
particles are the Co3O4 decoration. 

Figure 1 : SEM image of the Co3O4 decorated LSCF sample. 

3.1 FIB-SEM reconstruction 

Figure 2 shows the reconstructed volume of LSCF, 
performed using FIB-SEM. 
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Figure 2: Reconstructed volume of the LSCF sample used. 

From this reconstruction, the microstructural parameters specific 
surface area (𝑎), porosity (𝜀) and tortuosity factor (𝜏) were ob-

tained 4. 

From the FIB-SEM reconstruction, the following values 
were obtained for microstructural parameters -see Ref 3,4-: 
𝑎 = (8.2 ± 1.4) 𝜇𝑚−1, 𝜀 = 0.38 ± 0.03 and 𝜏 = 1.3 ±
0.3. As mentioned, the same values of 𝑎, 𝜀 and 𝜏 were used 
for LSCF and Co3O4 decorated LSCF (see Ref 3). 

 
3.2 Electrochemical characterization  

Figure 3 shows an example of EIS Nyquist plots of the 
reference LSCF (red) and Co3O4 decorated LSCF (green) 
samples, both measured in air at 700 °C, respectively. The 
Nyquist plot makes clear that the ASR is significantly 
reduced when decorating with Co3O4 nanoparticles, 
obtaining a 60% reduction. 

 
Figure 3: Example of EIS Nyquist plots of the reference LSCF 

(red) and Co3O4 decorated LSCF (green) samples, measured in air 
at 700 °C. 

 
Similar measurements were performed varying 𝑝𝑂2, 

these are not shown for the sake of brevity, but were used 
to interpret the ORR limiting mechanisms. 

3.3 Kinetic rate coefficients 

Following the adapted TLM-ALS model (See Ref 3,4), 
which relates the behaviour of the EIS fitted parameters 
with the microstructural parameters (from FIB-SEM) and 

thermodynamical parameters, the equilibrium molar ex-
change rate of O2 between the gas and the surface -ℜ0- and 
the oxygen chemical diffusion coefficient -𝐷𝑐ℎ𝑒𝑚-, were cal-
culated. Note that ℜ0 is proportional to the surface ex-
change rate -𝑘𝑐ℎ𝑒𝑚- through:  

 

   ℜ0 =  
𝑘𝑐ℎ𝑒𝑚

𝐴0
𝑐𝑣𝑝𝑂2

𝑛                                          (1) 

 
where 𝑐𝑣 is the molar concentration of O-vacancies in 

the lattice and 𝑛 is a real constant. 
For these calculations, the thermodynamical parameters 

were obtained from literature 7,8. 
Figure 4a shows the obtained values of 𝐷𝑐ℎ𝑒𝑚, which at 

low pO2 is very similar for both samples, while at high pO2 
Co3O4 decorated LSCF presents higher values. The high pO2 
dependence of 𝐷𝑐ℎ𝑒𝑚  for LSCF is interpreted to be due to an 
O-ion surface diffusion process. The fact that the values of 
𝐷𝑐ℎ𝑒𝑚  are modified by the surface decoration, especially at 
high pO2’s, is consistent with the surface diffusion hypothe-
sis. 

Figure 4b shows the dependence of ℜ0 as a function of 
𝑝𝑂2 for each sample. ℜ0 increases around one order of mag-
nitude or more for Co3O4 decorated LSCF when 𝑝𝑂2 <
10−2 𝑎𝑡𝑚, as a consequence of a difference in the pO2 de-
pendence.  

For LSCF, the value 𝑘𝑐ℎ𝑒𝑚 =  1.7. 10−5cm. s−1 was ob-
tained 700 °C in air, and 𝑘𝑐ℎ𝑒𝑚 =  1. 10−5cm. s−1 for LSCF + 
Co3O4, in the same conditions. 

The values of the surface exchange rate -𝑘𝑐ℎ𝑒𝑚- in air re-
main almost unchanged, and is even slightly reduced by 
the decoration. However, the pO2 dependence is drastically 
affected, suggesting a change in the surface exchange rate 
limiting mechanism. 
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Figure 4: (a) 𝐷𝑐ℎ𝑒𝑚 for LSCF (red) and Co3O4 decorated LSCF 
(green dots). (b) ℜ0 for LSCF and Co3O4 decorated LSCF 3. 

4. Reaction mechanisms 

To analyze the surface reaction mechanisms, a method sim-
ilar to that performed by Adler et. al. 9 and also discussed for 
different electrode materials in Ref 1 was used. Taking into 
account Equation (1) and that the dependence of ℜ0 with 

𝑝𝑂2 (𝑛 =
𝜕𝑙𝑛ℜ𝑜

𝜕𝑙𝑛𝑝𝑂2
) is related to the limiting mechanism of the 

speed of the surface reaction, Figure 5 compares, in red 
(LSCF) and green dots (Co3O4 decorated LSCF), the values ob-
tained for ℜ0 normalized by the values of ℜ0(𝑝𝑂2  =  1) as 
a function of pO2. Note that Figure 5 only helps to identify 
the surface limiting mechanisms, but does not give infor-
mation about the speed of the reactions, which can be ex-
tracted from the values of ℜ0 in Figure 4b. 

These values are compared with the expected pO2 depend-
encies for different controlling surface mechanisms (repre-
sented in grayscale colors in Figure 5, as proposed by Adler 
et. al.1,2,9.  

It is very clear how the Co3O4 decoration modifies the sur-
face reaction from a mechanism limited by dissociation to a 
mechanism limited by O2-incorporation1,3. The dissociation 
process is mainly limited by a charge transfer process to the 
oxygen species. In contrast, the incorporation process is lim-
ited by the oxygen-vacancy availability on the LSCF surface. 
We assume that this change in the surface mechanism is due 
to the role the Co3O4 nanoparticles play in increasing the 
probability of charge transfer. 

 

 

 

Fig. 5. ℜ0, normalized by the value of ℜ0(𝑝𝑂2 = 1), for LSCF and 

Co3O4 decorated LSCF 3. In grayscale colors, the pO2 dependencies 

for different controlling surface mechanisms are shown, esti-

mated as proposed by Adler et. al.1,2,9. 

5. Conclusions 

In this work, the application of the 3DT-EIS method to 
porous LSCF and Co3O4 decorated LSCF cathodes for SOFC is 
reported, obtaining the ORR kinetic parameters (𝐷𝑐ℎ𝑒𝑚  and 
𝑘𝑐ℎ𝑒𝑚) as a function of pO2 and temperature, from which 
the ORR limiting mechanisms were extracted. This study 
shows that the 3DT-EIS method is suitable for characterizing 
surface modified SOFC electrodes. 

A reduction of around 60 % of the EIS area specific re-
sistance (ASR) was produced by the Co3O4 nanoparticles 
decoration, at 700° in air, which also produced a change in 
the surface limiting mechanism from O2 dissociation to O-
ion incorporation. 
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