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ABSTRACT    

 In the present study, the effect of porosity on the cathode 
microstructure (50:50 wt. % LSM: YSZ) of a Solid Oxide Fuel Cell 
(SOFC) has been examined. A 3-D finite element method for Mixed 
Ionic and Electronic Conducting Cathodes (MIEC) is presented to 
study the effects of porosity on cell performance. Each 
microstructure was realized using the Monte Carlo approach with 
the isotropic type of growth rate. The effect of porosity on the 
cathode of a solid oxide fuel cell involving the Three Phase 
Boundary Length (TPBL), electric conductivity of LSM phase, 
ionic conductivity of YSZ, mechanical behavior and tortuosity of 
the pore phase were explored in the present work. The cathode 
having a porosity value between 31 and 34% revealed the 
maximum TPBL value as well as a high variation in the electrical 
conductivity of the LSM phase. Pore phase tortuosity was also 
decreased by increasing the porosity factor. 
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1. Introduction 

Solid Oxide Fuel Cells (SOFC) is components 
used to generate electric energy via 
electrochemical reactions from renewable fuel 
or the chemical energy of fossils [1]. SOFCs 
can directly convert chemical energy into 
electrical energy with low emissions and 
high-efficiency [2], at an operating 
temperature of about 800◦C. Reducing the 
operating temperature involves minimizing 
the electrode polarization resistances, 
especially that of the cathode [3]. Due to the 
high operating temperature, such fuel cells 
will be most appropriate in stationary 
applications   such  as  power  plants,  ranging  
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 from kW up to MW. One important benefit of 
the SOFCs compared with the low 
temperature   fuel   cells   is   their   ability  to 
consume not only hydrogen, but their ability 
to also use methane [4]. 

From several studies it is evident that 
composite cathodes with parallel pathway for 
electronic and ionic charge carriers have 
lower over potentials compared with the 
single-phase electrodes, which are composed 
of the electrocatalyst alone [5,6]. The SOFC 
technology is enhanced significantly with the 
composition of LSM–YSZ by providing 
reasonably low cathode polarization 
resistance [7-9]. The LSM and YSZ 
properties determine the cathode 
performance, which is also strongly 
dependent upon its microstructure [10]. The 
influence of the composite electrode 
microstructure    on      the     electrochemical  
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performance was examined in some 
experimental studies [11-13]; however, they 
cannot be employed to obtain the best 
microstructure, because they are limited to a 
fewer microstructures which are evaluated at 
certain specific operating conditions. 

All the electrochemical reactions of the 
cathode occur in the region of the boundaries 
shared among LSM, YSZ and the voids, which 
are termed Triple Phase Boundaries (TPB) 
[14]. The TPB significantly impacts the SOFC 
microstructure, which considerably controls its 
efficiency. Therefore, by designing a 
microstructure with the maximum TPB value 
through the best volume fractions for LSM, 
YSZ and voids, the cell performance can be 
increased [15]. 

Cell performance strongly depends on the 
electrode morphology, specifically on the 
actual conductivity of the phases and the 
morphological properties of the electrode 
related to the gas phase that are a function of 
composition, particle size, sintering conditions 
and porosity. The electrode porosity enables 
the gas to diffuse through the cell and the 
exhaust gas to escape from it [16]. This is 
controlled by the presence of the pore formers 
in the particle mixture. Pore formers are 
decomposable particles, which burn at high 
temperatures during sintering. Hence, the 
desirable porosity can be obtained by 
determining the portion of the pore former in 
the electrode mixture prior to sintering [17, 
18]. Consequently, a clear understanding and 
optimization of the electrode morphology are 
essential in an engineered design. 

Prior studies reveal that the electrochemical 
performance of the SOFCs is significantly 
affected by the electrode microstructure [8, 
19]. Porosity is a distinctive factor of 
microstructure, which plays a significant role 
in cell performance [20]. In each 
microstructure having different porosity, the 
TPB value, mechanical behavior, pore phase 
tortuosity, electrical and ionic conductivity of 
the solid phase were examined and compared 
with each other. 

 
2. 3-D Microstructure of the Cathode 

 
In this work, the impact of porosity on TPB 
density, mechanical behavior, pore phase 
tortuosity and electrical conductivity of the 
SOFC cathode with different porosities 
ranging from 28, 31, 34, 37, 40 and 43% are 
investigated. The volume fraction of YSZ and 
LSM are considered with respect to earlier 
studies in which  50:50  weight % LSM:  YSZ  

 has been reported to be the best volume 
fraction for the solid part [3,21]. The 3-D 
microstructures are realized by using the novel 
Monte Carlo approach, which involves three 
major steps including generation, distribution 
and cell growth rate. 

In the first step, for different phases at some 
accidental nucleation points, several primary 
cells are placed. Based on an automaton 
algorithm of the cell, upon assignment of the 
initial cell geometries, the cell’s growth 
begins. Realization steps are continued until 
the microstructure it achieved. Several virtual 
3-D microstructures of a three-phase cathode 
have been realized by this approach. In the 3-
D microstructure generation, the growth rates 
of the phases in X, Y, and Z directions are 
considered equal. 

In this study, different cathode 
microstructures possessing the same voxel 
size, which have been proven for real cathode 
microstructure, are compared [9]. Figure 1 
demonstrates a realized cathode 
macrostructure characterized by a voxel size 
of 150×150×150 (RVE1). 

 

 
 

Fig. 1. A model of a realized cathode of SOFC 
 

3.Diffusivity 
 
In a fuel cell system, continuous fuel and 
oxidant supply is crucial to produce 
electricity. In SOFC, the movement of the 
species and reactant is called mass transport. 
Here, the major part of mass transport is 
related to the transport of oxygen ions in the 
electrolyte, which is affected by the potential 
gradient.  However, the  uncharged  gases  are  

                     
1 Representative Volume Element 
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not influenced by the potential gradient and 
depend upon diffusion and convection. 
Convection occurs only in the inlet and outlet 
channels on a millimeter and centimeter scale; 
nevertheless, in the electrode, gas transport is 
most often controlled by diffusion. 

As shown in Fig. 2a, in the macro-channels, 
the presence of very few numbers of 
molecules near the walls get blocked due to 
their impacts upon the walls, and the gas 
molecules diffuse freely. However, in the 
porous media as shown in Fig. 2b, the gas 
species diffuse onto the pores with nano- to 
micro- scales and the number of molecules 
near the pore walls increases dramatically. 
Hence, the interaction of the gas molecules 
with the walls cannot be ignored. 

Three diffusion mechanisms occur in the 
porous media, including molecular diffusion, 
viscous diffusion, and Knudsen diffusion, 
which depending on the inherent 
microstructure and characterization of gas 
species enables only one of them to occur. To 
determine the proper mechanism, the Knudsen 
number (Kn) is typically used. The Kn is 
calculated from the ratio of the mean free path 
of the gas to the pore size of the electrode, as 
seen in Eq.1 [22]. 

Ὧ
‗
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where dp is the pore diameter, and λ is the gas 
mean free path, which can be calculated using 
Eq.2: 

‗
ὯὝ

Ѝςὴ“Ὠ
 

 
(2) 

 

where dg is the effective diameter of a gas 
molecule, P is the gas pressure, T is the gas 
temperature (K) and kB is the Boltzmann 
constant (1.3807 × 10−23J/K). Collisions 
between the porous electrode and gas 
molecules are more significant than those 
between the gas molecules when the Kn is 
considerably greater than 10; hence, Knudsen 
diffusion plays a key role in diffusion. If the 
Kn value is much less than 0.1, collisions and  

 interactions between the gas molecules 
become significant and the Knudsen diffusion 
can be ignored, as compared with molecular 
diffusion and viscous diffusion. In SOFC, 
because the temperature and diameter of the 
gas molecules are constant in the anode and 
cathode, the pore diameter becomes the 
determining parameter for the selection of the 
correct diffusion mechanism. 

The gas pathway or channel tortuosity also 
significantly affects the diffusion duration of 
the gas transport. The effect of the tortuosity 
factor on the diffusivity property is indicated 
in the formula below (Eq.3): 

Ὀ
ᶮ
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(3) 

 
where ϕ is porosity, τ is tortuosity, D and Deff 
are the binary diffusivity of the gas and 
effective binary diffusivity of gas, respectively 
[23]. 

The new released (2013) Avizo Xlab 
thermo utilizes the voxel as the volume 
element. With such an approach, the 
generation of a new volume mesh is 
eliminated, although all the calculations need 
to be performed on a larger number of sample 
cells. Simulation of heat transfer was done on 
the pore network and effective thermal 
conductivity, and hence the keff of the model 
was obtained. Then the tortuosity factor based 
on Eq.4 was calculated [24]. 
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4.Electric Conductivity 
 

When the electric charges influenced by an 
electric field are transported through the 
electrode, the electrical conduction produces 
free ions which transmit the electrical energy 
via an electrolyte. Electrical conduction via a 
homogeneous material is described by Ohm’s 
law (Eq.5): 

ᴆ „ɳᴆ(5) ‮ 
 

 

 
Fig. 2. Gas diffusion (a) in free spaces and (b) in the porous media. 
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where ᴆ is the current density, σ is the 
electrical conductivity of the material and θ is 
the electrical potential. 

A constant electric potential difference is 
imposed upon two different faces of a porous 
model to simulate the Formation Factor 
Experiment Simulation module. Electric 
insulators are adopted to enclose the other 
faces. The input and output current fluxes 
become equal when the final state is achieved, 
and the apparent electric conductivity is 
evaluated by using Eq.6 and Ohm’s law on 
the entire volume. 

Ὦ
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ὠ ὠ
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(6) 

where jtotal is the total electrical flux going 
through the input face, S is the area of the 
input face, σ is the electrical conductivity of 
the material, Vin and Vout are the input and 
output imposed potentials respectively and L 
is the material sample length. The jtotal which is 
the total electric flux through the input face, 
can be calculated by Eq.7: 

Ὦ „ ᴆɳὺȢὨᴆί 
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where σsolution is the electric conductivity of the 
free solution. The inverse of the formation 
factor is related to the electric conductivity. 
Furthermore, the dimensionless electrical 
conductivity tensor can be calculated as 
described in Eq.8. 
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where ϵ is the porosity, „  is the 
solution electrical conductivity,Vf is the 
volume of the fluid, Sfs is the area of the fluid-
solid interface and  ὲᴆ is the normal to the 
fluid-solid interface directed from the fluid to 
the solid phase [23]. 
 
5.Mechanical Properties 
 
One of the vital factors that controls the life 
cycle of the SOFC is the mechanical 
properties of the cathode. By increasing the 
cathode strength, especially for specific  types 
of SOFCs that the  cathode  supports,  the  cell  

 electrolyte and anode, the life cycle of the 
SOFC and consequently, the cost will be 
deceased. The elastic properties of YSZ and 
LSM are shown in  
Table 1. 

The porosity includes the gas phases which 
are completely different from its adjacent 
solid phases (YSZ and LSM). Therefore, the 
percentage of porosity exerts a significant 
effect on the mechanical properties of the 
cathode [25-30]. By applying the finite-
element method, Young’s modulus and 
Poisson's ratio of the cathode in the X, Y and 
Z directions have been calculated.  In order to 
evaluate their mechanical properties, one 
surface of the simulated RVE of cathode was 
fixed in every direction and then a 
displacement was applied on the opposite 
face. Using a python code in the Abaqus 
software, the degree of stress and also the 
volume of all the elements in the model were 
extracted. The following equations were 
utilized to calculate the Young’s modulus and 
Poisson's ratio of the cathode: 
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where σ is the tension, Ů is the strain and C is 
the stiffness matrix. 

 
Table 1.The elastic properties of YSZ and LSM 

Material Young modulus (E) Poisson's ratio (ɜ) 

LSM 40 Gpa 0.25 

YSZ 215 Gpa 0.23 
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6.Results and Discussion 
  
The Three  Phase  Boundary  Length  (TPBL) 
of all the realized structures is calculated via a 
code [31]. As shown in Fig. 3, the TPBL 
value of the sample having a porosity of 28% 
has increased moderately and is almost 
reaching 31% to maximum value. From 31 to 
34% porosity, the TPBL value dropped 
slightly but after 34%, a dramatic decline in 
the TPBL values is observed. According to 
Fig. 2, the best porosity value for the cathode 
with the highest TPBL hovers between 31 and 
34%. This implies that the optimum porosity 
for the cathode microstructure, with a 
maximum TPBL density is around 31%. 
According  to  an   experimental   study,  34%  

 porosity is considered the best porosity value 
for the cathode microstructure [32]. 

Electric conductivity was studied using the 
Avizo Fire commercial software. As Fig. 4 
demonstrates the porosity value of the electric 
conductivity decreased dramatically between 
31 and 34%. Increasing the porosity from 28 
to 31% and also from 34 to 43% exerted only 
a minor impact on the value of the electrical 
conductivity. According to the results, the 
electrical conductivity clearly changed 
between 31 and 34% porosity. Hence, for 
increasing the electric conductivity and 
following the electrochemical reactions of the 
cathode, it was crucial to observe the porosity 
factor. Designing a cathode electrode with a 
porosity value below 34% will enhance cell 
performance: 

 

Fig. 3. The value of TPBL in different porosities 
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Fig. 4. Electrical conductivity of LSM phase vs porosity of cathode 
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As depicted in Fig. 5 the tortuosity of the 
gas pathway in the cathode structure is 
influenced by the porosity factor. The 
pathway tortuosity and porosity value reveal 
an approximately linear relationship. A 
smooth decrease in the tortuosity of the pore 
phase can be observed by an increasing 
porosity value. According to the results, 
increasing the porosity of a structure besides 
increasing the gas flow pathways, can 
decrease the tortuosity of the pore phase and 
thus ultimately enhance the gas diffusivity. 
Also, the tortuosity values given in Fig. 5 are 
normalized. 

As Fig. 6  reveals, the Young’s modulus in 
the X, Y and Z directions is decreased by 
increasing    the    porosity.     The    Young’s  

 modulus of the cathode in the main directions 
is decreased to 56% when the porosity is 
enhanced from 28 to 43%. 

The Poisson's ratio of the cathode gets 
reduced as the porosity is increased but as 
shown in Fig. 7 the rate of its variation is less 
than the variation of the Young’s modulus in 
the previous Figure. 
 
7.Conclusion  
 
The 3-D reconstruction of the cathode of the 
SOFC based on the Monte Carlo approach has 
been performed. Six microstructures having 
different porosities realized as well as TPB 
densities, mechanical behaviors, pore 
tortuosity and electrical conductivity have 
been   studied   and    compared. It   has   been  

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

28 31 34 37 40 43

P
o

re
 P

h
a

s
e
 T

o
rt

u
o

s
it
y

Porosity

 
Fig. 5. Effect of Cathode porosity on the tortuosity of the gas pathway. 

 

Fig. 6. The effects of porosity variation on Young’s modulus 
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Fig. 7. The effects of porosity variation on Poisson’s ratio 

performed. Six microstructures having 
different porosities realized as well as TPB 
densities, mechanical behaviors, pore 
tortuosity and electrical conductivity have 
been studied and compared. It has been shown 
that the porosity of a microstructure between 
31 and 34% has the maximum TPBL value, as 
well as the maximum variation in electric 
conductivity. Also, any increase in the 
porosity results in a decrease in the tortuosity 
of the pore phase which can facilitate the gas 
transport in the microstructure. The 
mechanical properties were calculated and the 
Young’s modulus and Poisson’s ratio versus 
porosity among the six models were obtained. 
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