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H I G H L I G H T S  

• X-ray tomography was used to create numerical models of the cathode material. 
• Molten carbonate electrolyte capillary action in porous cathodes was simulated. 
• Cell performance is correlated with surface area of the gas/electrolyte interface. 
• Reaction in a thin electrolyte film contributes to improvement of cell performance.  
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A B S T R A C T   

This paper deals with the effect of pore size distribution within the cathode on the performance of molten 
carbonate fuel cells. The X-ray tomography images of four materials are used to create 3D geometrical models of 
the cathodes pore structure so that the modeling takes into account the actual variations in pore size of the real 
materials. The simulation includes the cathode infiltration process by the liquid electrolyte which is governed by 
capillary action. This allows one to quantify the triple phase boundary (cathode/electrolyte/gas) density which is 
commonly viewed as providing active sites for cathodic reactions. It has been found that this parameter does not 
correlate well with the maximum power density of the cell. On the other hand, increasing the specific surface 
area of the gas/electrolyte interface correlates well with higher cell performance. Following our in-depth 
modeling and analysis we postulate that the dominant mechanism, when larger pores are introduced by the 
addition of porogens, is the creation of continuous pathways for the transport of gases to come into contact with 
the cathode surface through the thin film of electrolyte.   

1. Introduction 

Molten Carbonate Fuel Cells (MCFCs) and Solid Oxide Fuel Cells 
(SOFCs) are the most rapidly developing high temperature fuel cell 
technologies. They offer promising solutions to reduce the environ
mental impact of energy production, as they provide the opportunity to 
generate electricity without emitting harmful substances such as CO2 
into the atmosphere [1]. MCFCs, with a high operating temperature of 
650 ◦C and the possibility of using a variety of fuels such as hydrogen or 
natural gas, are of particular interest for tri-generation systems such as 
combined heat and power (CHP) or combined cooling heat and power 

(CCHP) applications [1–4]. Fuel cells of this type generate power 
through the conversion of the chemical energy of a gaseous fuel into 
electricity in electrochemical reactions [2]. Unlike all other types of fuel 
cells, a MCFC operates with a liquid electrolyte, which is held in porous 
cell elements by capillary action. Due to that, porosity and in particular 
pore size is of key importance for the optimization of the spatial distri
bution of electrolyte and the formation of active sites for catalytic re
actions taking place at triple phase boundaries 
(gas/electrolyte/electrode), TPB, or the electrolyte/electrode interface. 

The cathode and anode are porous sinters, facilitating the transport 
of reactants and the removal of products, while offering a large 
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geometric surface area or density of active sites for chemical reactions. 
The microstructure and chemical composition of the electrodes should 
be designed to ensure a strong interaction between the mass transport 
and catalytic properties, regulating the physio-chemical phenomena [5, 
6]. 

Electrode materials should have high electrical conductivity and 
stability at elevated temperatures in the electrolyte environment. The 
material commonly used for electrodes is nickel. On the cathode side it is 
oxidized in situ during the start-up process of the cell, while on the 
anode it remains in metallic form. The electrodes are separated by a 
matrix filled with electrolyte. The matrix is a porous γ-lithium aluminate 
structure with a pore size significantly smaller than the electrodes, 
which maintains the electrolyte by the action of capillary forces. The 
electrolyte is an eutectic mixture of lithium and potassium carbonates 
resulting in ionic conductivity and wettability of the electrodes [2,7]. 

The principle of operation is that the MCFC generates power by 
means of electrochemical reactions occurring over the electrodes (anode 
and cathode). During the work of the cell the conversion of the chemical 
energy of fuel (hydrogen) and oxidants (oxygen and carbon dioxide) into 
the electrical energy takes place. The cathode catalyzes the reaction 
between oxygen (O2) and carbon dioxide (CO2) towards the formation of 
carbonate ions (CO3

2-) as shown below:  

0.5O2 + CO2 + 2e− → CO3
2-                                                                   

These carbonate ions are transported through the electrolyte melt 
toward the anode where it oxidizes the fuel (hydrogen) and produce free 
electrons [2]:  

H2 + CO3
2- → CO2 + 2e-                                                                        

The cathode reaction is commonly considered more complex and 
slower than the anode reaction due to oxygen reduction being regarded 
as a rate determining step [8–10]. The literature describes mechanisms 
engaging active forms of oxygen, peroxide and superoxide, produced 
over the cathode catalyst at triple phase boundaries (between electrode, 
molten electrolyte and gases) [11–13]. As a complementary mechanism, 
the formation of carbonate ions at the boundary between the electrolyte 
melt and gases (or in the melt) has also been proposed [12,14]. Further 
transport of species in the molten carbonates may occur through an 
oxo-Grotthuss mechanism via pyrocarbonate ions [15] or a “cogwheel” 
mechanism [16]. 

As the cathode is considered a limiting factor due to its reaction 
speed, many experimental studies have been conducted to modify its 
properties in order to improve the performance of the molten carbonate 
fuel cell. However, these studies were mostly accomplished by modi
fying the chemical composition of the cathode. There are two main 
objectives of chemical modifications, both surface and volumetric. First 
of them is extension of the lifetime of the cell by reducing the solubility 
of the cathode in the molten carbonate environment for example by the 
addition of elements such as titanium [17–19], magnesium [20,21], 
yttrium [22], lanthanum [23–25] or cobalt in dual [26–30] or triple 
systems with addition of iron [31,32]. Another approach assumes 
increased catalytic activity of the cathode in the oxygen reduction re
action and is realized by adding elements such as niobium [33,34], 
cerium [35–37] or silver [38]. There are not many reports from research 
on the influence of the cathode microstructure on cell performance. 
Nonetheless, the effect of the microstructure, and in particular pore size 
distribution, on the electrolyte spatial distribution [39] and the fuel cell 
performance [40] is experimentally confirmed, the understanding of 
such a relationship requires deeper insight into the electrolyte capillary 
action phenomenon and possible catalytic reaction mechanisms. 

Numerical modeling is a useful tool to study the microstructure of the 
MCFC cathodes and the phenomena occurring during cell operation. 
Many models were developed for that purpose. The agglomerate model 
is the most well-known example for representing the MCFC electrodes 
[41]. It consists of two regions: micropores in-between agglomerates of 

electrode particles, completely flooded with electrolyte, and empty 
macropores between agglomerates. Unfortunately, the simplicity of the 
geometric representation render it impossible to study electrolyte filling 
or to include the features of realistic microstructures [42] with this 
model. In comparison, stochastic models (i.e. granular [43]) have been 
developed, that can reflect the real microstructures with a high degree of 
precision. 

Mathematical modeling can also be applied to study the mass 
transport [44,45], electrolyte distribution in MCFC cathodes [46] and 
the cell/stack operation [47–50]. In a work [51], the macroscopic dis
tribution of molten carbonates in MCFC electrodes was studied for 
various conditions (i.e. gas composition, polarization and pressures). 
However, this model assumed a heterogenous microstructure, which is 
not sufficient due to the latest reports of the role pore size distribution 
plays in fuel cell operation [40]. Another model developed in [52], 
generated a 3D cell grid representing the electrolyte distribution in the 
microstructure of the electrode through stochastic methods. However, 
this method does not take into account the real wetting of the cathode, 
which preserves the continuity of the fluid. That could be achieved 
through computational fluid dynamic (CFD) simulations. 

In the present work, to address the abovementioned limitations, CFD 
simulations of the capillary action phenomena in molten carbonate fuel 
cell electrodes were performed. Tomographic images of four cathode 
samples from our previous studies [40] were used to represent the 3D 
structure of porous space for further capillary infiltration simulations. 
Gas-liquid equilibrium interfaces were obtained, and their characteris
tics were studied and compared to the results from real operational tests 
of MCFCs with these cathodes. 

2. Materials and methods 

X-ray tomographic images of four MCFC cathode samples obtained 
within previous studies [40] were used to create 3D models. Cathodes 
differed in pore size distribution thanks to the use of porogens with 
different particle sizes. The reference cathode (indicated as Ref), without 
porogen addition, showed a relatively homogenous pore size. In this 
case pores were formed due to the removal of the polymeric binder 
during the firing process [53]. Other cathodes were fabricated with the 
use of starch (denoted as P1) with a particle size in the range of 5–25 μm 
and polyvinyl butyral (P2) with a particle size up to 70 μm, or both of 
porogens (P1+P2). The fractions of the main tape casting slurry com
ponents are listed in Table 1. Our previous studies [43,53] have shown 
that using electrodes with a porosity in the range of 50 ÷ 60% and mean 
pore diameter 5 ÷ 15 μm assures a relatively high specific surface area. 
Due to the fact that the cathode oxidizes in-situ from nickel to nickel 
oxide preferably the initial green material porosity should be 5% higher. 
The fraction of porogens were adjusted to obtain desirable porosity. It 
should be noted however that due to a technological barrier, where the 
larger addition of porogen P1 (starch) resulted in brittleness of the tape, 
we decided to keep the maximum fraction of P1 in all the samples at 7.5 
wt%. 

Models of the pore space were created based on the 3D images from 
micro-computed tomography in Avizo software. Representative regions 
[43] of dimension 100 × 100 × 100μm were subtracted from the larger 
tomographic data. Inversion of the data was performed to select the pore 

Table 1 
Composition of the slurries for casting of green tapes.  

Sample Nickel 
powder, wt 
% 

Liquid 
phase wt 
% 

Porogen 
P1, wt % 

Porogen 
P2, wt % 

Mean pore 
size [μm] 

Ref 55.0 45 0 0 6.7 
P1 55.0 37.5 7.5 0 8.7 
P2 55.0 35.0 0 10.0 14.6 
P1+P2 55.0 32.5 7.5 5.0 15.9  
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space and after that an STL (stereolithography format) surface was 
generated. Next, the surface models were exported to Ansys ICEM CFD 
software to generate the volumetric mesh for CFD calculations. A mesh 
convergence study, performed for the sample denoted as Ref (with 
smallest pore sizes) revealed that a mesh size of 2 μm is an optimal value 
for accuracy versus the time need for the numerical calculations. 

The simulation of the capillary action phenomenon was performed in 
Ansys Fluent. The Volume of Fluid (VOF) method was used as a multi
phase interface tracking technique. Gravitational acceleration was set in 
the Y-direction with the standard value of 9.81 m s− 2. Molten carbonate 
properties were set according to data from literature [54]: density of 
1.95 g cm− 3, surface tension of 0.208 N m− 1, and nickel-carbonate 
contact angle of 5◦. The wall adhesion option was enabled, so that the 
contact angle on the material surface could be set. Implicit Body Force 
correction in the momentum equation was included, due to the existence 
of large body forces (gravity and surface tension forces) in the phe
nomenon studied. The Fractional Step scheme of pressure 
velocity-coupling was chosen to improve the speed of the calculations. 
The Non-Iterative Time-Advancement Scheme for solving the transport 
equations was also enabled to speed up the transient simulation. 
Improving speed of calculations was necessary because an exceedingly 
small element size produced an exceedingly small timestep of 10− 8 s, 
due to the Courant Number limitation. The initial level of molten car
bonates in the pore space was set to 30 μm in the lower part of the model. 
An Outflow condition was set on the upper end of the simulation 
domain. The lower end and sides of the simulation domain were set as 
walls with no contact angle set, to ensure a constant volume of liquid 
and rising of the carbonates only due to the capillary forces. Wall with a 
No Slip condition and a static contact angle were set on the surfaces 
representing the material. The simulations were stopped when the sum 
of velocities for all phases approached a constant value. 

After the simulations, volumes with the value of the volume fraction 
of molten carbonates above 0.5 (electrolyte) and below 0.5 (gases), were 
extracted and converted to STL files in ANSYS CFD Post. The triple phase 

boundary density (TPBD) and electrolyte specific surface area (specific 
surface area of the interface between electrolyte and pore – SV 

E/P) were 
calculated by the methods described in [39]. These parameters were 
correlated with the maximum power density of the cathodes measured 
experimentally in [40]. 

3. Results and discussion 

Our previous experimental investigations [40] of cathode materials 
(not oxidized and without presence of electrolyte) have shown that for 
10 wt% of porogen P2, larger pores are not fully connected. On the other 
hand addition of 7.5% of much smaller porogen P1 results in smaller but 
more evenly distributed pores, which brings higher continuity of pore 
network. Unfortunately, smaller pores formed due to addition of poro
gen P1 are partly infiltrated by the electrolyte (due to capillary action 
phenomenon) and the open space for gas transport is reduced. In the 
case of P1+P2 larger pores (introduced by addition of porogen P2) are 
connected by smaller channels introduced by addition of porogen P1. 

The model developed within this study allowed for the investigation 
of the dynamics of the infiltration of cathodes by the electrolyte. In 
Fig. 1, the 3D distribution of the electrolyte is presented for the cathodes 
that produced the highest discrepancy in fuel cell maximum power 
density. The results show that small pores are fully infiltrated by the 
electrolyte and the larger ones are open (see Fig. 1 a,b). Consequently, 
the presence of large open pores covered by the electrolyte film en
hances the gas transport and increases the specific surface area of the 
electrolyte/gas interface (see Fig. 1 c,d). 

Quantitative analysis enabled investigating the microstructure in 
more detail. Fig. 2, shows the triple phase boundary density (TPBD) and 
the electrolyte specific surface area (ESSA) at the gas-liquid interface. It 
can be noticed that the addition of porogen particles slightly decreases 
TPBD, especially for samples with a larger porogen addition (P1+P2, 
P2). The reference sample with no porogen addition had the highest 
TPBD. This can be attributed to the presence of larger pores in the pore 

Fig. 1. Visualizations of electrolyte distribution after simulation for reference a), and mixed porogens b) samples. Figures c) and d) present only electrolyte dis
tribution within material for the same samples. 
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space, which massively increases the surface area of the gas-liquid 
interface. The highest value of surface area of the gas-liquid interface 
was obtained for the sample P1+P2, which also exhibited the highest 
porosity – 65,1%. However, porosity was not the only determining 
factor for the molten carbonate surface area. Sample P1 had a higher 
surface area than sample P2, despite lower porosity – 50.3 and 58.1 
respectively. Additionally, there was no correlation with the mean pore 
size values presented in [40]. This leads to the conclusion, that hetero
geneity of the spatial pore distribution [40] is also important for the 
capillary action phenomenon in the porous structure of MCFC electrodes 
and the electrolyte spatial distribution. Additionally, it can be observed, 
that the bigger pores are not fully flooded – a thin film of electrolyte 
forms on the edges. This is consistent with results from other studies 
[55], where the cathode microstructure flooding was observed in situ. 

In Fig. 2, the specific surface area of the gas-liquid interface for all 
cathodes was corelated with the maximum power density obtained by 
the fuel cells operated with the cathodes studied in our previous work 
[40]. The single-cell test was performed for all cathode samples with an 
effective electrode area of 20.25 cm2 (H2)80/(CO2)20% as the fuel gas 
and (Air)70/(CO2)30% as the oxidant gas were fed during the test in 
650 ◦C. Information regarding full experimental set-up can be found in 
[40]. The results obtained within this study suggest that the cathode 
reaction rate may be also determined by the specific surface area of the 
gas-electrolyte interface, and not only by TPBD as it is usually proposed. 

During the cathode reaction, a TPB formed between the surface of 
the lithiated nickel oxide cathode, molten lithium-potassium carbonate 
electrolyte, and pore space with CO2 and O2 gasses serving as active sites 
for the transformation into carbonate ions CO3

2- but also as a source of 
superoxide ions - active forms of oxygen. Molecular oxygen is activated 
due to the charge transfer from the electron-rich surface of the cathode 
and desorbed with a near-zero energy barrier [8]. Desorbed superoxide 
ions easily infiltrate the electrolyte due to their higher solubility in 
molten carbonates [56,57] than the molecular oxygen [58]. Carbon 
dioxide is also highly soluble in molten carbonates [15]. Thus, the 
coupling between CO2 with the active oxygen may be possible in the 
melt and further transformation may occur into other species involved in 
the charge or ion transport in molten carbonates (e.g. through an 
oxo-Grotthuss or a “cogwheel” mechanism). Despite that the oxygen 
reduction is considered as the slowest process in the cathode reaction 
(rate determining step), at the high MCFC operating temperature, 
650 ◦C, the cathode provides sufficient catalytic activity for oxygen 
activation. Therefore, even if the total TPB length is decreasing, the 
increment of maximum power density stays in close correlation to the 
surface area of the electrolyte-gas interface through which carbon di
oxide can infiltrate the melt, and subsequently be coupled with the 
active oxygen species present or engaged in the ion transport 
mechanisms. 

However, the solubility of oxygen in molten carbonates is one order 
of magnitude lower than for carbon dioxide. This fact, coupled with the 
observation of the thin film in larger pores, can explain the rise of the 
maximum power density by the additional reaction mechanism. The 
decrease of the diffusion path to the electrode surface enables faster 
oxygen transport to the reduction zone and its adsorption on a larger 
cathodic surface area, despite low solubility. That would greatly in
crease the reduction rate of oxygen, which is considered the rate 
determining step for the overall cathodic reaction. A similar effect was 
observed in the work [55], where the thin film area was identified as the 
region with the highest reaction activity. This mechanism was postu
lated in [59], and is presented in Fig. 3. It assumes, that both oxygen and 
carbon dioxide diffuses into the melt. Dissolved oxygen is transported 
through thin layer of molten carbonates to the electrode interface, where 
it is adsorbed and reduced. The oxide ion O2- can diffuse into the melt, 
and together with carbon dioxide can form carbonate ion. 

4. Conclusions 

In summation, we developed a model of capillary action for a porous 
MCFC cathode based on 3D structures generated from micro-computed 
X-ray tomography (μ-XCT), and volume of fluid (VOF) computations. 
Based on the results of simulations, we are able to visualize the spatial 
distribution of molten carbonate electrolyte in the pore space of cath
odes with varying pore size distribution, emphasizing particularly the 
area of the electrolyte-gas interface (which can be calculated). Pore size 
distribution in the cathode strongly determines the area of the 
electrolyte-gas interface (hereinafter electrolyte specific surface area, 
ESSA) and the density of active sites (triple-phase boundary density, 
TPBD) for the electrochemical reactions, as the qualitative analysis 
showed. Smaller pores are fully flooded by the electrolyte but larger 
ones, with their surfaces covered by a thin film of electrolyte, remain 
open for gas transport. Therefore, the highest electrolyte specific surface 
area (ESSA) and the lowest triple-phase boundary density (TPBD), and 
the inverse relationships in the mono-modal cathodes (P1, P2) were 
observed in the cathode with the multi-modal (P1+P2) pore size dis
tribution. The multi-modal cathode (P1+P2) reached substantially 
higher maximum power density, 153 mW cm− 2, comparing to the mono- 
modal counterparts P1 and P2 – 103 and 92 mW cm− 2 respectively. 
Electrolyte specific surface area (ESSA) stays in close correlation with 
the maximum power density obtained by the cells operated with cath
odes analyzed, and it is calculated as 8.54, 6.66, and 5.45 × 10− 6 mm− 1 

for P1+P2, P1 and P2 cathode respectively. We have, thus, elucidated 
the importance of the role of the thin electrolyte film as a region 
providing the pathway for oxygen reduction complementary to the 
commonly postulated TPB mechanism (predominant in mono-modal 
cathodes). Especially that TPBD decreases almost two times when the 
fraction of bigger pores is introduced to the cathode, i.e. in P1+P2 and 
P2, We have also proposed the interpretation of the possible mechanism 
of the oxygen reduction with the presence of thin electrolyte film. 
Despite low solubility of oxygen in molten carbonates, it may be trans
ported more efficiently through the thin electrolyte film toward the 
surface of the cathode and reduced thereon. Thus, the production rate of 
the active forms of oxygen is increased significantly what is crucial for 
further reaction with carbon dioxide toward formation of carbonate ions 
(charge carriers). Based on the results, it may be postulated, that the 
oxygen reduction, as the rate determining step in the MCFC cathode 
reaction, is governed not only by the complex chemistry and charge 
transfer issues, but also by the accessibility of active sites at the cathode 
surface which can be facilitated by proper design of the cathode 
microstructure (pore size variation). 
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