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1. Introduction

The performance of solid oxide fuel cells (SOFCs) is de-
termined by the sum of resistances associated with each of 
its constituent component. Significant improvements can be 
made by minimizing the resistance of the electrodes. The 
electrodes must have a high electronic and ionic conductiv-
ity, sufficient porosity to allow the diffusion of the gas phase, 
high electrochemical activity for the oxygen reduction reac-
tion (ORR) at the cathode, and for the oxidation of the fuel 
at the anode. Intrinsic reaction kinetics and transport coef-
ficients are properties of the materials. However, the net 
rate of the electrochemical reaction at the electrodes also 
depends on microstructure. The connectivity of the differ-
ent phases and the abundance of reaction sites also deter-
mine the electrochemical performance of the electrode. In 
the electrodes, the reaction occurs in the so-called triple 
phase boundary (TPB) where the three different percolat-
ing-phases are in contact:  ionic conductor, electronic con-
ductor and the gas phase [1]. 

An infiltrated electrode consists of a porous skeleton, 
usually made of the electrolyte material, and calcined at 
high temperature (900-1500 °C) to obtain adequate me-
chanical strength. A solution containing the precursors of 
the electrocatalytic material is infiltrated in the backbone, 
and the set is calcined at a lower temperature (400-1000 °C) 
than that used to obtain the scaffolds. Compared to a com-
posite electrode, this process produces electro-catalytic par-
ticles of smaller size and increases the TPB length. In addi-
tion, the thermal expansion coefficient of an infiltrated elec-
trode is similar to that of the electrolyte material and does 
not show great dependence on the proportion of the mate-
rials as in a composite electrode. 

Enormous progress has been made in numerical, analyt-
ical and experimental modeling of SOFCs. An accurate SOFC 
model is dependent on the understanding of the phenom-
ena that occur in the cell. The physical and electrochemical 
phenomena, in addition to the large number of variables in-
volved, make it impossible to develop an analytical method 
for the SOFC simulation. On the other hand, the installation 
of experimental setups for different operational conditions 
and various geometries is not efficient in terms of time or 
costs. Thus, it is not possible to measure all the characteris-
tics in the experiment. All this makes the numerical model-
ing of SOFC an attractive area.  

Simulations of the infiltrated electrodes can be repre-
sented using the finite element method, Monte-Carlo sto-
chastic simulation technique or the random packing spheres 

method. These representations must consider the parame-
ters and variables that characterize the electrode geometry. 
In that sense, phases proportions, dimensions of the back-
bone, infiltrated particle and pores, the procedure to build 
the backbone and the infiltration process are important. 
Thus, Tanner et al. [2] proposed a simple two-dimensional 
model for a composite material of an ionic and an electronic 
conductor very similar to an infiltrated electrode, being able 
to solve the polarization resistance for the case when the 
diffusion in the electrode pores is not the limiting process in 
the reaction. In the simulation, the authors were able to ob-
serve the effect of the electrode porosity and thickness on 
the performance taking into account the charge transfer 
process. In any case, in these two-dimensional models, the 
electro-catalyst is a layer that covers the entire porous skel-
eton and the percolation of the phases occurs inde-
pendently of several parameters of interest. For this reason, 
the TPB length computation is not necessary and the elec-
tro-catalytic proportion and particle size are not considered 
as variable parameters for the simulation.  

In works with infiltrated electrodes, the study of perfor-
mance focused mainly on the computation of TPB length, 
percolation thresholds and effective medium theory to de-
duce effective conductivities.  Zhang et al. [3] simulated in-
filtrated electrodes by generating a backbone formed with 
the random packing method of micrometric sized spheres 
that is then infiltrated by the electro-catalytic phase with na-
nometric hemispheres that meet different conditions to 
avoid overlapping and aggregation of particles.  

To the best of our knowledge, there is no information 
available about simulation of infiltrated electrodes that uses 
a 3-D resistor network for the computation of the effective 
conductivity or the RP. Taking into account the above, for the 
present work we propose to carry out a novel study on the 
simulation of 3D infiltrated electrodes that takes into ac-
count the process of charge transfer through a resistor net-
work. The analysis will focus on the RP calculation based on 
the parameters that characterize the infiltrated electrode 
such as thickness, particle size, porosity, phase proportions, 
materials conductivities and charge transfer resistance. In 
addition, TPBL curve will be compare and analyzed respect 
to admittance curves, establishing in which conditions they 
present a similar behavior. 
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2. Methodology 

2.1 Microstructure Generation 

Fig. 1 shows the schematic model of the infiltrated elec-
trode. It consists of three phases: the backbone of the elec-
trolyte material (gray color), the pores with the gas phase 
(black color) and the electro-catalytic or electronic conduc-
tor phase (white color). The generated electrode is a 3D-ma-
trix that contains all three elements.  

The initial matrix only contains elements of electrolyte 
material. Spherical pores of radius rG are included in this ma-
trix, replacing the ionic material at random until reaching 

the desired apparent pre-infiltrated porosity ().  
Once the matrix with the electrolyte and the gas phase 

has been generated, the metal phase is incorporated simi-
larly to an infiltration. The electro-catalytic material in the 
form of hemispheres of radius rM is randomly located at the 
electrolyte-gas interface. The infiltration continues until the 

desired volume proportion of electro-catalytic phase (M) is 

reached.  

 
Figure 1- Infiltrated electrode generation procedure 
 

2.2 TPBL computation and Determination of Rp 

The computation of the triple phase boundary length 
(TPBL) was carried out considering the interfaces where the 
charge transfer takes place at a TPB point, and the 
percolation of the different phases. In the resistor network 
method, Charge transfer points are used to introduce a 
resistor between a voxel of ionic and electronic phases at 
TPB. To determine the polarization resistance (Rp) of the 
electrode we use a resistors network method with active 
sites, similar to that implemented by Abel et al.[4] The 
model takes into account the ionic conductivity of the ionic 
backbone and infiltrated MIEC, the electrical conductivity of 
the MIEC material and the rate of charge transfer at the in-
terface between them. It is assumed that the diffusion of the 
gas phase inside the pores of the electrode is fast enough to 
not influence the RP and not be the limiting stage of the pro-
cess. The three-phase cubic matrix (electrolyte-gas-metal) 
that represents the electrode gives rise to a network of re-
sistors, which is generated by assigning a resistor to the con-
tact between two neighboring elements. Thus, each voxel p 

(i, j, k) becomes a node in the cubic network, linked to the 
six nearest neighbors with six resistors. A difference in elec-
tric potential V = 1 V is applied between the current collec-
tor and the dense electrolyte, while the voltage vi for each 
node in the network and the total current flowing through 
the electrode, are obtained through the relaxation proce-
dure based on Kirchhoff's current law. In addition, if n is 
the conductivity between two adjacent nodes, the condition 
for each node with coordinate (i, j, k) is: 
∑nn(vi,j,k-vn)=0. 
where n varies from 1 to 6 corresponding to the six lines con-
necting the node (i, j, k) to the six nearest neighbors. 

3. Results and discussion 

3.1 Calculation of admittance as a function of thickness  

Fig. 2 presents the polarization resistance values of infil-
trated electrodes using the model proposed in this work. Fig. 
2a shows the RP curves as a function of the thickness of the 

infiltrated electrode. For conductivity values i-e << i-i<< e-

e (curve 1), the RP decreases with increasing electrode thick-
ness until it reaches a constant value. The plateau value, the 
thickness at which it is reached, and the rate of variation de-
pend on the conductivity values of the materials, the CT re-
sistance, the size of the infiltrated material and the pores 
and the porosity of the electrolyte. In addition, Fig. 2a shows 
the variation of the RP with the thickness of the electrode for 

the case where all the conductivities are equal, i-e =i-i = 

e-e, (curve 3). In that case, the functional form of the Rp 
curve is proportional to e, (where e is the thickness of the 
electrode). Thus, increasing the thickness increases the dis-
tance that the charge must travel to pass from the current 
collector to the electrolyte, at the same time the number of 
TPB points increases homogeneously with the thickness re-
sulting in a proportionality between the resistance of the 
electrode and the thickness. When the conductivity of the 

CT is e-i << e-e y e-e≈i-i, (curve 2) the RP decreases with 
the thickness quickly and then increases. Thus, for thin elec-
trodes, the length of the path traveled by charges through 
the electrolyte and the metal is small but the amount of TPB 
is not large resulting in a large RP. As the thickness of the 
electrode increases the length of the TPB increases and the 
RP reaches a minimum. Subsequent increments in thickness 
increase the distance the charge must travel in the back-
bone or infiltrated material, which causes the resistance to 
increase again (curve 3 from Fig. 2a).  

Fig. 2b presents the curves of RP vs thickness curves with 

RCT values in the 0.1 – 1  cm range, fulfilling the condition 

i-e << i-i <<e-e. This consideration represents the condition 

i-e << i-i << e-e that is observed with the real experimental 
values of the conductivities, there being 3 orders of magni-
tude between the value of a conductivity and the one imme-
diately following. Hence, the RP curve decreases until it 
reaches a plateau, whose value is lower as the RCT de-
creases. Fig. 2c shows the curves of RP vs thickness when the 
conductivity of the electro-catalytic material increases from 

a value e-e = i-i to e-e = 104 i-i, with i-e << i-i (i-i =0.1 
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S/cm and RCT = 0.1  cm2). In this case, for low e-e values, 
the Rp curve decreases with increasing thickness until it 
reaches a minimum, and then increases with a behavior sim-

ilar to that observed in the curve 2 of the Fig. 2a. As e-e in-
creases the RP decreases until it reaches a plateau.  

Finally, Fig. 2d shows the RP variation for various sphere 
radii used to generate the pores (rG) and the infiltrated ma-
terial (rM). As it is expected to happen in infiltrated elec-
trodes, the polarization resistance decreases as the particle 
size of the electronic conducting phase decreases, due to 
the increase in the TPBL. When the pore size decreases, the 
same behaviour is observed due to the increase in the sur-
face of the gas-electrolyte intephase, and therefore the 
TPBL and the number of charge transfer points. However, 
the decrease in the pore size could decrease the perfor-
mance due to a greater resistance to diffusion of the oxygen 
molecule in the gas phase within the pores of the electrode, 
but this last process is neglected for the RP calculation in our 
model. Furthermore, the condition rM ≤ rG is used in our 
model, because in general de infiltrated particle size is 
smaller than the pore size in real electrodes. 
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Figure 2- Rp as a function of the electrode thickness. a) For dif-

ferent values, curve 1:e-e = 100 S/cm, i-i = 0.1 S/cm, i-e = 

0.0001 S/cm, curve 2:e-e = i-i = 0.1 S/cm, i-e = 6 x 10-6 S/cm, 

curve 3:e-e = i-i = i-e = 0.005 S/cm. b) with different values for 

i-e and with e-e = 100 S / cm and i-i = 0.1 S / cm. c) for e-e in the 

range 0.1-100 S/cm. The pore size was rG = 0.5 m and the metal 
particle size rM = 0.3 m. d) shows different infiltrated particle and 
pore size with the infiltrated amount of 70% of the maximum for 

one-step infiltration and = 0.5 were used in the figure 

        Conclusions 
The simulation present a new model of infiltrated elec-

trodes built up in several stages, ranging from the creation 
of the electrode with the incorporation of random spheres, 
the voxelization, and TPBL and admittance computation by 
means of a resistor network. This way of working has the 
advantage for simulates the electrodes through characteris-
tic parameters and makes it possible to extend the use of 

this model to other types of electrodes in addition to allow-
ing the use of experimentally obtained tomographic data.  

We expand the results obtained by other researchers 
about the 3D simulation of infiltrated electrodes. A well-es-
tablished resistance network model was used to take into 
account the charge transfer process on the interface of the 
ionic-electronic materials. The development allowed the 
simulation and analysis of the performance through the cal-
culation of the Rp. The Rp curves as a function of the infil-
trated amount and the electrode thickness were modeled 
using different microstructures, and ionic, electronic and 
charge transfer conductivities. The comparison with differ-
ent experimental and simulated results obtained by other 
researchers showed an agreement, both in the functional 
form of the curves and in the values obtained.  

Additionally, direct comparison between the obtained 
curves for the Rp and TPB active length was achieved. Both 
calculations of predicting performance are comparable and 
have similar curves as a function of the infiltrated amount. 
This similarity occurs when for the admittance calculation, 
the resistance to gas diffusion in the pores should not be the 
limiting process and, on the other hand, in the TPBL calcula-
tion only the percolation of two phases should be consid-
ered. Percolation for the electronic conductive phase from 
the TPB to the current collector and for the ionic conductive 
phase from TPB to the dense electrolyte must take place in 
the electrode. 
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