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The current work investigates the efficiency of a Direct Methanol Fuel Cell (DMFC) by
using COMSOL. The set-up model takes into consideration the electrochemical Kinetics
and chemical reactions. The anode catalyst layers are a main element in the PEM fuel
cell; their porosity significantly affects the fuel cell efficiency. We focus on the impact
of catalytic layers porosity on the battery efficiency. As claimed by the results, the
porosity of catalytic layer greatly affects the performance of the battery. In addition,
better output performance of PDMFC may be obtained when the catalytic layer porosity

is chosen as eacL=0.009-0.1. The distributions of methanol, carbon dioxide, water,
oxygen, polarization, and the current density are plotted to highlight the impact of
porosity on the global performances.

1. INTRODUCTION

Direct Methanol Fuel Cell (DMFC) can greatly reduce
battery size, with high energy density and pollution-free, and
which is expected to become micro-miniature power supply
for small electronics and micro-sensors. However, the
practical application of pDMFC still has to solve many
problems, such as low conversion efficiency, low power,
methanol permeation, etc. [1]. In addition, the transfer of
electrochemical reaction substances into the battery, the
influence of the structural parameters of diffusion and catalytic
layers of the battery on the efficiency, etc., require extensive
research for DMFC to be able to perform at its best [2].
Therefore, numerical analysis and simulation of uDMFC are
particularly important. The University of Newcastle in the UK
started studying the theoretical model of uDMFC earlier. They
mainly focused on the one-dimensional model of uDMFC and
first established a one-dimensional model of the gaseous
porous electrode puDMFC [3, 4]. Pennsylvania State
University in the United States has proposed a complete two-
phase uDMFC flow model [5]. In recent years, the three-
dimensional analysis of DMFC has gradually become the
focus of research [6, 7]. The authors discussed the theoretical
model of DMFC according to the law of conservation of mass
and electrochemistry [8-12]. The COMSOL Multiphysics
software allowed performing numerical simulations to study
the distribution of substances inside the battery. The modeling
of two-phase flows for DMFC is very complicated, as reported
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by Murgia et al. [13]. To consider the multiphase flows in the
cathodic and anodic layers, it is necessary to introduce the
approximate Gaussian function of the capillary pressure [14-
16]. Wang and Wang [17] employed a mixing flow model and
considered the gas and liquid species to be in thermodynamic
equilibrium. Other investigators [18] suggested a model to
explore the mass transport in the anode. Divisek et al. [19]
employed a model regarding the membrane-electrode of a
DMEFC cell. Rice and Faghri [20] interested in determining the
methanol concentration at the anode. This method has been
successful in decreasing the methanol crossover rate. Kazim et
al. [21] treated the catalyst layer as a component. Universal
government equations applicable to the whole computer field
are adopted. The results for the diffusion of methanol and
carbon dioxide at the anode, water and oxygen at the cathode
and polarization curves and the corresponding current density
are presented below [22-25].

COMSOL is being used to examine the efficiency of a
Direct Methanol Fuel Cell (DMFC). The electrochemical
kinetics and chemical reactions are taken into account in the
setup model. The anode catalyst layers are a key component of
the PEM fuel cell, and their porosity has a big impact on the
efficiency. The impact of catalytic layer porosity on battery
efficiency is the focus of this study.

2. PRINCIPLE AND MODEL OF THE BATTERY

Taking uDMFC as a research object, as given in Figure 1.
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The aqueous solution of methanol flows from the anode passes
through the anode by diffusion and convection. On the
catalytic layer of the anode, methanol is oxidized. Hydrogen
ions are carried by water molecules through the proton
exchange membrane to reach the cathode and react
electrochemically with oxygen to produce water, exhaust
gases are evacuated from the canal [26-28].
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Figure 1. Presentation of DMFC [29]

Cathode

The generated carbon dioxide returns to the microchannel
through the hydrophobic pores of the electrode and is
discharged with the aqueous solution. Also, part of the
methanol reaches the cathode due to permeation, and reacts
directly with oxygen to generate carbon dioxide [30, 31].

=  Anodic oxidation reaction:

CH,OH +H,0—>CO, +6H" +6e"
=  (Cathodic reduction reaction:
3/202 +6H" +6e” - 3H,0
=  The total reaction formula:

CH,OH +H,0+3/20, - CO, + 2H,0

3. MATHEMATICAL ISSUES

The domain highlighted in Figure 1 [29], shows the
membrane electrode assembly. Note that the channel width
and the ribs width are symmetrical about their midpoint. The
computational domain is the zone which is bounded by the
dotted curves [31-35].

3.1 Main equations

The main equations for modeling the 2D, steady-state, and
two-phase phenomenon in the DMFC highlighted in this
section [36-39]. The transport of methanol vapor and water

vapor was not considered in our model.
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Membrane:

In the membrane, liquid water should not be neglected as
this is generally considered to be a gaseous insulator. The
methanol crossover flux is:

eff
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The flux of water crossover N,y is given by:
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Other necessary parameters are detailed in the study of
Yang and Zhao [40].

3.2 Boundary details

As shown in Figure 2, we have six limits on the
computational domain [40].

Figure 2. Schematic of model domain calculation [40]

Boundary 1: the entry conditions.
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Boundary 2: the interface between the anode diffusion layer
and the anode rib collector.
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Boundary 4: the cathode rib, where all flows in the direction
are zero:
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Boundary 5: inlet of the oxygen supply and the outlet of the
removal of water at the cathode:
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P'” ,s=0 (15)
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Boundaries 3 and 6: symmetrical condition:
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The geometric dimensions of the cell and the operating
parameters and the electrochemical properties are also detailed
in the study of Yang and Zhao [40]. The governing equations
described above are solved numerically using COMSOL -
Multiphysics software which has been developed on the basis
of the finite element method [41].

4. RESULTS AND DISCUSSION

The effects of anodic catalyst layer porosity have been
studied numerically in this work. The catalyst layer porosity
(CL) can affect the fuel cell efficiency due to the resistance to
methanol transport, which is highly depending on it. The
highest ACL porosities allow significant quantity of methanol
to be transferred with less resistance, reaching thus the reactive
zone of ACL and allowing full electrochemical reaction. So, a
slight increase for the current density is generated, as shown
in Figure 3, where the polarization curves are plotted for
different porosities of the CCL anodic catalyst layer eacr (0.02,
0.04, and 0.1). It can be seen that for a porosity gacr = 0.1 of
the anodic catalyst layer, there will be a high performance for
this kind of fuel cells.
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Figure 3. Impact of porosity of the ACL anode catalyst layer
on the efficiency of the DMFC fuel cell) (a) eacL=0.1, (b)
SACL:0-04, (C) 8ACL:0.02

Surface: tcs2.c_wO02 (mol/l) L

Surface:
x107
5
[ 2 45
4
3
L
3
1
25
z 2
t—— x | 15

(@)

Figure 4. Variation of oxygen concentrations at the cathode
with different porosity of anode catalyst layer (a) eac.=0.02,
(b) SACL:0.04, (C) SACL:O.l

Figure 4 illustrates the variation of oxygen mole fraction
inside the cathode layers. It is clearly demonstrated that as the
porosity of the anodic catalyst layer increases, the oxygen
mole fraction is reduced fro 5(mol/L) to 1.5(mol/L) Oxygen is
quickly consumed with a porosity of €4c;=0.1 resulting in a
larger area of the anodic catalyst layer which becomes active
with a higher porosity, whereas with a porosity of eac =0.02
or gact=0.04 a small part of the anode catalyst layer can be
actively used. The results of this numerical study are in
agreement with the reported experimental values of [36].

56

Surface: tcs2.c_w02 (mol/l)

x107°

(b)

Surface: tcs2.c_w02 (mol/l)

x10?

Surface;

*x10|

(©)

Figure 4. Continued
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Figure 5. Variation of concentrations of (a) methanol and (b)
carbon dioxide, (c) distribution of water with ACL porosities
eac=0.02 and gmem=0.1

The effects of the porosity of the anode catalyst layer on the
distribution of methanol to the anode are also examined. The
diffusion curves of the reactants (methanol, water) illustrated
in Figures 2-5 for three different porosities of the anodic
catalyst layer (ACL) of eact=(0.1, 0.02, 0.04) shows the
influence of the latter on the diffusivity of reagents in anodic
diffusion layers. The fuel cell with significant ACL porosity
widens the diffusion limitation of the reactants (methanol) in
the anodic diffusion zones (ADL) while the consumption also
increases. And therefore, the consumption of reagents such as
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oxygen in the cathode side (cathodic diffusion layer CDL and
cathodic catalyst layer CCL) also increases. Note that the
increase in methanol must be eliminated or limited for that of
the porosity membrane layer which must be in a very limited
interval between 0.1 and 0.15 [41].
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Figure 6. Variation of concentrations of (a) methanol and (b)
carbon dioxide, (c) distribution of water with ACL porosities
eac.=0.04 and &mem=0.1

Figures 5-7 reveal the variation of the mole fraction of water
at the side of the cathode, and the methanol and carbon dioxide
CO; at the side of the anode in different porosities of the ACL
anodic catalyst layer. The methanol mole fraction augments



with the significant porosity of the anode catalyzer layer
ecc=0.1 than in the case of a porosity of ecci=0.4, and
ecct=0.02. The same behavior is observed for oxygen and
other products resulting from electrochemical reactions.

Figure 5 shows again that for a larger ACL porosity we will
have an upper limiting current density a 9A/cm?, because a
lower current density is produced with a lower porosity due to
the reduced diffusion of methanol in the catalyst. The
considerable volume porosity positively affects the oxygen
mass transport in the cathode side as well as methanol in the
anode side. This methanol permutation yields a growth in
methanol, resulting in a parasitic current and decreased
performance of the DMFC battery.
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Figure 7. Variation of concentrations of (a) methanol and (b)
carbon dioxide, (c¢) distribution of water with ACL porosities
eact=0.1 and €mem=0.1
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For carbon dioxide CO;, note that the latter affects
considerably the methanol displacement towards the cathodic
side of which the growth of methanol results, because it plays
the role of a barrier to the diffusion of methanol. So, the
increase in CO; is significant in some way.

The cell power density vs. different porosities (eac.=0.02,
0.04, and 0.1) is given in Figure 6. The increased porosity
yields an increase in power density, and consequently,
significant peak power densities are obtained. To maintain the
highest efficiency, the fuel cell operates at 0.04<gxc <0.1.
Interestingly, the experimental data reveal a continuous
augmentation in power with increased current density [42].
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Figure 8. Fuel cell performance, power density (V/cm?) as a
function of current density (A/cm?)

Our conclusion in this case is to use the average porosity to
avoid having the phenomenon of increased methanol on the
one hand and to have the highest yield for this battery on the
other hand. So, we will take the porosity g5c, = 0.07, in
Figure 8.

5. CONCLUSION

This paper used the COMSOL Multiphysics software to
explore the performance of DMFC for the direct methanol
micro fuel cell, and to determine the distribution of the
reactants on both sides of the cathode and the anode. On this
basis, the impact of the structural parameters of the catalytic
layer on the efficiency and the outputs of the battery are
analyzed.

Compared to the structure of the catalytic layer, the
parameters of this structure have a more complex influence on
the performance and output of the battery during the process
of transferring reagents and products inside the battery. From
the simulation analysis, it can be seen that for DMFC, the
porosity of the catalytic layer should be between g,¢;, =
0.04 and 0.1.

The catalytic layer is not as complicated as the diffusion
layer in the mass transfer process, but it is also very important
to determine the porosity of the catalytic layer. A catalytic
layer with very high porosity will not help improve the
performance of the battery and will enhance the amount of
water and flooding of the membrane.

The simulation analysis of the diffusion layer and the
catalytic layer provides theoretical guidance for the study of
the use of alumina and other materials to perform experiments
with porous composite membranes [30] and charged Pt. of
carbon, in particular when determining the porosity of the
catalytic layer and the amount of Pt.
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