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ABSTRACT

A one dimensional isothermal model is proposed by modelling the kinetics of methanol transport
at anode flow channel (AFC), membrane and cathode catalyst layer of direct methanol fuel cell
(DMFC). Analytical model is proposed to predict methanol cross-over rate through the electrolyte
membrane and cell performance. The model presented in this paper considered methanol diffusion
and electrochemical oxidation at the anode and cathode channels. The analytical solution of
the proposed model was simulated in a MATLAB environment to obtain the polarization curve
and leakage current. The effect of methanol concentration on cell voltage and leakage current
is studied. The methanol cross-over has the significant impact on cell performance. The presented
model predicts higher leakage current with the increase of methanol feed concentration. The
cell performance was predicted at 70°C and various methanol feed concentration. The proposed
model was validated with the experimental polarization curve of active DMFC.

Kevyworps: Analytical Model, 1-D Isothermal Model, Anode Flow Channel, Leakage Current,
Methanol Cross-over Rate, Polarization Curve, Active DMFC.

1.INTRODUCTION pollutant emissions and high power density 'l.

Fuel cell is considered to be a potential In near future, it has the potential to replace
candidate for portable and stationary internal combustion (IC) engine in vehicles. The

applications. It becomes widely popular dueto ~ development of high performance fuel cell is
its higher fuel conversion efficiency, low crucial to replace IC engine. A significant
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amount of work has been done in recent years
to develop a high energy conversion efficient
fuel cells with higher power density to replace
IC engines. The direct methanol fuel cell is
considered to be a potential candidate to replace
conventional IC engine in vehicles 3. |t
produces electricity by electrochemical
oxidation of methanol at anode and has higher
fuel conversion efficiency. Moreover, the higher
energy density of fuel and its low temperature
operation favours potential applications in
vehicles®. The schematic representation of a
typical DMFC is shown in fig. 1. The DMFC is
categorized in to two types i.e. active and
passive DMFC based on the modes of fuel
supply to the AFC B In active DMFC, liquid
fuel is supplied whereas in case of passive
DMFC, vapour fuel is supplied. The benefit of
passive DMFC is that it is designed at low cost
and deliver high power density. However, it is
more convenient to control the fuel cell
parameters like methanol concentration and its
flow rate, temperature, etc. in active DMFCE®!,

Pt/Ru Anode

The major concern of active DMFC is fuel
cross-over which resulted higher fuel loss and
generating leakage current. The leakage current
was produced at cathode due to the oxidation
of methanol. The oxidation of methanol at
cathode flow channel produces water which
affects cell performance "%, The lack of water
management at cathode resulted flooding of
baking and catalyst layer thereby reducing cell
performance. The cell voltage and fuel
conversion efficiency was drastically reduced
due to fuel cross-over. Another factor which
affects the fuel cell performance is slow kinetics
of electrochemical reaction at anode ["'l. Meyers
and Newman et al.,['? proposed the
electrochemical oxidation of methanol in three
steps as given below.

CH,OH + Site > (CH,OH) s (1)
(CH,OH) s = (CO)ygs+4H +4e~  (2)
(CO)aqs +H,0 > CO,+2H +2e~ ®)

Pt Cathode
- Electrolyte Membrane

Carbon dioxide «+—

Methanol Oxidation =i
Reaction

Liquid
Methanol

CH,OH + OO, + GH* +6e

— Water + Heat

4}—— Oxygen Reduction
Reaction

+ 611" + 6e- —P3I1,0

30,

<—— Dilute Oxygen gas

and Water

Fig. 1: Schematic representation of a DMFC
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The several model has been proposed to
investigate the effect of methanol cross-over
flux on cell performance. The analytical model
of the DMFC is considered to be more effective
due its following features like easy to
implement, low computational cost and most
suited for the parametric and optimization
purpose ['3l. There are several numerical model
was proposed by the investigators for active
and passive DMFC '3, The effect of electro-
osmotic drag during the transport of methanol
through the membrane is studied by Ren et
al., ', They assumed that the diluted water
molecules dragged methanol through the
membrane and diffusion was controlled by
convection effect. The effect of cell temperature
on methanol cross-over was analysed by
Narayan et al., '3, In their study, they
confirmed that the rate of fuel cross-over
increases with the temperature. They also
studied the effect of membrane thickness on
methanol cross-over flux. They confirmed that
the rate of methanol cross-over reduces with
the increase of membrane thickness. The rate
of methanol transport was controlled by
diffusion. The effect of methanol feed
concentration on cell performance was
investigated by Ravikumar and Shukla ['¢. They
found that the cell performance was affected
by methanol feed concentration and significant
impact was observed at more than 2M
methanol feed. The effect of mixed potential
on cell performance was studied by Wang et
al., In their study, they analysed the methanol
oxidation along with oxygen reduction at
cathode. They found that the permeated
methanol is completely oxidized at cathode
layer to form carbon dioxide. The oxidation of
methanol at cathode produces leakage current
which reduces cell performance.
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The different mathematical model was
developed to study the effect of methanol
feed concentration and leakage current on
cell performance. Baxter et al., has developed
a 1D mathematical model of anode catalyst
layer ['7]. In their study, they assumed that the
oxidation of methanol is on liquid phase.
Moreover, they assumed that the CO, gas
produced by oxidation reaction has higher
solubility to water. Hence, they considered CO,
as a liquid phase in their mathematical model.
However, they ignored the methanol oxidation
at cathode layer. Scott et al. has developed a
simplistic 1D liquid phase mathematical model
of anode flow channel with methanol oxidation
at cathode '8, They found that the slow kinetic
of methanol oxidation limits cell performance.
The effect of methanol cross-over on cell
performance was investigated by Garcia et al.,
In their study, they included the electrochemical
oxidation of methanol at cathode and predicted
leakage current.

In this work, the kinetics of methanol transport
at anode flow channel (AFC), membrane and
cathode catalyst layer is considered to develop
a theoretical model. The model considers the
kinetics of methanol diffusion and its
electrochemical oxidation at AFC and cathode
catalyst layer. The effect of methanol
concentration on the fuel cell performance is
studied. Moreover, the effect of methanol feed
concentration on the generation of leakage
current is also predicted. The proposed model
is validated with the experimental polarization
results.

2. EXPERIMENTS

The experimental studies was performed in a fabricated
membrane electrode assembly (MEA) which is reported
in our earlier work %221, The test membrane (5cmx5cm)
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was fixed between the catalyst layer and test was
conducted for different methanol feed concentrations.
We have used chitosan based hybrid membrane as a
test membrane for experimental studies. The main
ingredients of the hybrid membrane are chitosan,
polyvinyl alcohol, hygroscopic zirconia and ionic liquid.
The fabrication procedure and the properties of test
membrane was reported in our earlier work ['®22. MEA
was fabricated by assembling the anode and cathode
catalyst. The catalyst layer was prepared by thermal
pressing of catalyst power on carbon cloth. The anode
catalyst was prepared by thermally pasting the Pt/Ru
catalyst powder on carbon cloth @4mg/cm?2. The
cathode catalyst was prepared by thermally pasting
the Platinum catalyst powder on carbon cloth @2mg/
cm?. The DMFC stack was prepared by assembling the
MEA. The MEA was assembled between two graphite
plates and feed flow channel was introduced. The
liquid methanol and dilute oxygen gas is supplied to the
anode and cathode side of DMFC. The flow rate of
methanol and dilute oxygen gas was controlled by
Rotameter. The liquid methanol is supplied to the anode
side of cell at a flow rate of 1ml/min. The dilute oxygen
flow rate is maintained at 100ml/min. During the test,
cell temperature was maintained at 70°C. The cell
potential was recorded by externally connected EIS
workstation.

The simulated environment was developed by modelling
the methanol flow on AFC and membrane. During
modelling, oxidation reaction of methanol at anode and
cathode flow channel is also considered. The
polarization curve obtained from the simulation
environment is compared with the experimental results.

3. MODEL ASSUMPTIONS

A theoretical model of DMFC is developed by
considering the diffusion kinetics of methanol
at anode and cathode flow channel. The
electrochemical reaction of methanol and dilute
oxygen gas at AFC and cathode catalyst layer
is considered. During modelling, following
assumptions are considered for developing
simulation environment.

1. All components transported in AFC, membrane and
cathode flow channel are considered to be in single
phase (liquid phase). During electrochemical
oxidation of methanol, carbon dioxide vapour is
produced which is also considered to be a liquid
state. We are assuming that the solubility of CO,
vapour in water is very high and will remains in
liquid phase.

2. The electrochemical oxidation of methanol in anode
flow channel and cathode obeys Tafel kinetic.

3. Temperature remains constant throughout the
electrochemical reaction.

4. Proton conductivity through the membrane remains
constant.

5. The anode catalyst layer is considered to be
homogeneous porous electrode and the reaction in
catalyst layer is assumed to be homogeneous.

6. Methanol diffusivity through the membrane remains
constant.

7. One dimensional approach of the cell including anode
flow channel, membrane and cathode flow channel.

8. Liquid is flowing in one direction i.e. plug flow and
there is no back mixing.

The electrochemical reaction between fuel
(methanol) and O, gas produces heat and
electrical energy in DMFC. The electrical
energy produced in a single cell of DMFC is
called open circuit voltage, V_ . The
electrochemical reaction of DMFC is
represented in Fig. 1. In DMFC, loss of voltage
is occurred due to polarization loss. The
polarization loss is categorized in to three type
i.e. active, ohmic and concentration polarization
loss. In most cases, ohmic loss was dominated
over the other and it has significant effect on
cell voltage. The cell voltage (V) is defined
as the net amount of electrical energy produced
in a DMFC. The theoretical cell voltage (V_,)
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of the cell is predicted by using following the
expression!'.

Smiceu (4)

UOZ_UMEOH_T]A_UC_ X

Veeu =

Here, V_, is the cell voltage in volt, UY, and
U MeOH are the potential of oxygen reduction
and methanol oxidation respectively, n, and n_
are the anode and cathode over potentials
respectively. The last term in the expression
represents ohmic drop across the membrane.

The simplified one dimensional approach of
anode flow channel (AFC) in DMFC is
represented in fig. 2. The anode flow channel
is modelled to predict the methanol cross-over
rate through the membrane and anode over-
potential. The concentration distribution and
flow direction of methanol in AFC is shown in
the fig. The model considered the AFC in to
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three partition layer i.e. anode diffusion layer
(ADL), anode catalyst layer (ACL) and
membrane. The methanol concentration and
thickness of each partition layer is represented.
The liquid methanol is transported in X- direction
and the boundary conditions for each partition
layer is given below:

ADL: Thickness (l,); At X=0: c=c,; At X=X,: c=c"
ACL: Thickness (l); At X=X: c=2; At X=X: c=c?
Membrane: Thickness (| ); At X=XT'; c=; At X=X,: c=c]i

3.1 Anode Flow Channel (AFC)

The kinetics of methanol transport in AFC is
modelled to propose methanol cross-over rate
and anode side over-potential. The methanol
transport in ADL is assumed to be controlled

A
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Fig. 2: A simplistic one dimensional approach of anode flow channel in a DMFC
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by first order fickian diffusion. The methanol
molar flux through the ADL is expressed by
fickian diffusion law. The diffusion of methanol
in ADL is expressed by first order fickian law
as given below:

NMeOH,X = —Dbdcg% )
Here, Nweon x is the methanol molar flux in ADL
(mol./cm2.s), cwmeon, is the concentration of
methanol in ADL and is the diffusivity of
methanol in the ADL (cm?/s.).

The molar flux of methanol transported through
the membrane is assumed to be controlled by
the combined effect of diffusion and electro-
osmotic drag.

m
D dcmeon
m

Iceu Cheon (6)
dx a

+md F

Nm,cross = —
The equation (6) is solved by using boundary
conditions at membrane interface. The
boundary conditions at membrane interface is
mentioned earlier. The above equation was
analytically solved by considgiring the boundary
conditions at interfaces. The equation was
solved to get the general expression of
methanol molar flux through the membrane.
The general expression of methanol molar flux
through the membrane was proposed by A.A.
Kulikovsky 2°. The expression of methanol
molar flux proposed by A.A. Kulikovsky was
modified as per the boundary conditions
presented in our model which is schematically
shown in Fig. 2. The general expression for
predicting the methanol molar flux though the
membrane is given below:
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Here, z=§rli: , IW=(1%) [[l)—:] and I}, =6F D;’:b
Here, |2 is the limiting current of the anode, z
is the constantand | is the equivalent current
related to the geometry of anode flow channel.
The electrochemical oxidation of methanol at
anode produces limiting current. The methanol
is transported through the membrane is
controlled by diffusion and electro-osmotic drag
of proton. The methanol molecules were
dragged through the membrane by the proton.
The drag coefficient (m,) is defined as the
number of methanol molecules dragged by one
proton.

A.A. Kulikovsky numerically solved the
kinetics of methanol diffusion and
electrochemical reaction of fuel cell and
proposed a theoretical model to predict the
anode side over-potential®®. The kinetic of
methanol oxidation and oxygen reduction at
AFC and cathode catalyst layer is considered.
The model equation proposed for predicting the
anode over-potential (n,) is given below

Na=2rln (“2)-Ink,-In (1-<2+in(1+2)  (8)

lim

201 14i%, ¢

a_ _ta b
Here, [“==— and kp="2~(=")
a ref

The equation (8) is used to predict the anode
side over-potential.

3.2 Cathode Catalyst layer
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The oxygen reduction reaction was occurred
in the catalyst layer. The oxygen reduction
reaction is shown in Fig. 1. The reduction
reaction produces water in the cathode diffusion
layer. The permeated methanol is also oxidized
in the catalyst layer leaving out electric current
(leakage current) and heat. Garcia et al., "
proposed a theoretical model to relate leakage
current with cathode over-potential. In their
model, kinetics of oxygen reduction was
considered. The kinetics of oxygen reduction
reaction was modelled. The proposed
theoretical model is given below:

o Facne

eE Q)

Coyref

192

Icen + Lieak = Ipres

Here, |, is the leakage current generated by
oxidation of methanol at cathode (A/cm?), is the

charge transfer at cathode interface and is the

cathode side over potential in volt. [ 92 isthe

0,ref
electron transfer density of oxygen, A/cm?2.
Electron transfer density of oxygen is defined as
the generation of electric current due to the
reduction of oxygen at cathode. The model
parameters and their values are given in Table 1.

The leakage current is also related with the
methanol cross-over flux through the
membrane. The expression of leakage current
is given below:

ligax = 6FNM,cross (10)

The equation (9) is further simplified to get the
expression of cathode over potential (n ). The
general expression for calculating cathode over
potential is

RTy . I+j
c=z__In (_]
Fa, qx

) (11)

. [
Here, j=I¢cou, 1=licak, q=10'ief, X=C,, and y=Co, ref
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The expression of anode and cathode side
over-potential is substituted in equation (4) to
predict cell voltage. The simplified I-D model
of active DMFC was developed to predict the
cell voltage at different current density. The
proposed model of active DMFC was
simultaneously solved at different current
density to predict polarization curve. The
model equations were solved in MATLAB
workspace for different methanol feed
concentration. The model parameter used for
predicting the polarization curve is given in
Table 1. The leakage current of the DMFC was
predicted by using the equation (10). For
predicting leakage current, methanol molar flux
was calculated from equation (7). The leakage
current was calculated at different methanol
feed concentrations. The model equations was
simultaneously solved in a MATLAB
environment at different current density and
predicts the leakage current.

4. RESULTS AND DISCUSSION

The effect of methanol concentrations on
leakage current of an active DMFC is shown in
Fig. 3. The leakage current gradually increases
with the increase of methanol molar feed at
ADL. With the increase of methanol feed
concentration at anode side, more amount of
methanol is crossing the membrane from anode
to cathode side and taking part for methanol
oxidation reaction. The maximum leakage
current was observed for 2M methanol feed
supply at anode side. The leakage current
produces has no useful work in the cell. Hence,
leakage current should be minimized to
enhance cell performance. The increase of
methanol molar feed concentration on anode
side increases methanol cross-over and
generating more leakage current. The similar
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Table 1. Different Model Parameters and their Values

Parameters Symbol Values Reference
Specific surface area of g 1000 Garcia et al. [11]
anode, cm®
Diffusivity of methanol Dy 1.8x10° Patrabansh et al. [21]
in the ADL, cm?/s
Diffusivity of methanol | Dy 1.08x107 Murmu et al. [15]
across the membrane,
cm?/s

; MeOH 35570 ( 1 1
e st e orer | 9425x10°exp23 (355 = 7)1 Wang ctal. I8

i 02 B 73200 ( 1 1
o eI ey | 4222x10°%espl 2 (5 - 7)) Wang ctal
Rate constant k 7.5x10* Garcia et al.
Temperature, K T 343.15 Murmu et al. [15]
Potential for methanol yMeOH 10,03 Wang et al.
oxidation, V
Potential for oxygen U2 1.24 Wang et al.
oxidation, V
Charge transfer at anode | «,, 0.52 Garcia et al.
interface
Charge transfer at a, 1.55 Garcia et al.
cathode interface
Anode catalyst layer I, 0.0023 Garcia et al
thickness, cm
Anode baking layer Iy 0.015 Garcia et al
thickness, cm
Membrane thickness, cm | 1, 0.012 Murmu et al. [15]
Proton conductivity, o 0.1265x10 Murmu et al. [15]
S/cm
Volumetric current i 0.01 A.A Kulikovsky [20]
density at anode, (A/cm’)
Faradays constant F 96487 C/mol. Assumed
electro-osmotic drag mg 2 A.A. Kulikovsky
coefficient of methanol
Tafel slope r 0.075 Assumed
Oxygen concentration at | ¢, 0.14 kg/m? or 4.37 mol./m® Murmu et al. [21]
CCL/Membrane interface
Oxygen concentration at | o, s | 0.17 kg/m® or 5.32 mol./m’ Murmu et al. [15]
cathode inlet
Methanol concentration | cf, ¢ 0.001 A A. Kulikovsky
at ACL/Membrane
interface
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Fig. 3: Effect of methanol feed concentration on the generation of leakage current in a DMFC

type of results was predicted by Wang et al.
and Garcia et al.,l" in their study. It was also
observed that the leakage current was
decreases at higher current density. Therefore,
it is suggested that DMFC should be operated
at lower methanol feed concentration and
higher current density to minimize leakage
current. The effect of methanol molar flux
through the membrane was predicted and
shown in Fig. 4. The increase of methanol feed
concentration on feed side of DMFC increases
methanol cross-over rate. It was believed that
the poor electrochemical oxidation kinetics of
methanol at anode side causes higher

methanol cross-over rate. The catalytic activity
of Platinum/Ruthenium catalyst towards the
oxidation of methanol was slow. Due to slow
kinetics, less amount of methanol was oxidized
and rest were transported through the
membrane via diffusion. Hence, higher
methanol cross-over rate was observed when
highly concentrated methanol was fed to the
anode flow channel. For better performance and
improve fuel efficiency, methanol cross-over rate
through the membrane should be reduced. Fuel
cross-over can be reduced by developing the
highly performance anode catalyst to fastening
the oxidation reaction.
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Fig. 4: Predicted molar flux rate of methanol through the membrane. Effect of methanol feed concentration on
the fuel cross-over rate

The proposed model was simultaneously
solved in a simulated environment and predicted
the cell voltage at different methanol feed
concentration. The polarization curve of the
DMFC predicted at different methanol feed
concentration is shown in Fig. 5. The cell
voltage increases with the increase of methanol
feed concentration. With the increase of
methanol concentration in feed side, more
amount of methanol is oxidized at anode side.
The oxidation of methanol at anode produces
more electric current. The electric current is
collected by a current collector and stored in
an external load. The generation of more
electric current enhances cell voltage. The

maximum cell voltage was predicted for 2M
methanol feed at anode side. However, it was
also observed that the increase of methanol
feed concentration produces more leakage
current. Hence, the methanol feed concentration
should be optimized to reduce leakage current.
To reduce leakage current, methanol cross-over
through the membrane should be minimized.
The methanol cross-over through the membrane
can be controlled by membrane architectures.
The membrane considered in this paper should
be modified to enhance its methanol blocking
ability. It was also observed that the cell voltage
gradually decreases with the increase of current
density. With the increase of current density,

Journal of Polymer Materials, July-December 2023



Mathematical Modelling and Simulations of Active Direct Methanol Fuel Cell

cell voltage was reduces due to polarization
loss. At higher current density, polarization loss
was dominated by ohmic loss. To avoid higher
voltage loss, cell should be operated at low
current density region. However, at lower
current density region, cell produces lower
power density. It is desirable to operate fuel
cell at higher current density region to provide
higher power density. Hence, ohmic loss should
be minimized to reduce polarization loss at
higher current density region. The ohmic loss
was caused by the electrolyte resistance of
the membrane. The electrolyte membrane with

1.0
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higher proton conductivity reduces electrolyte
resistance. Therefore, it is desirable to develop
a high proton conducting membrane to reduce
electrolyte resistance. Fuel cell operated at a
higher current density region as well as
methanol feed concentration provides more
power density. For better cell performance, fuel
cell should be operated at low current density
and higher methanol feed concentration.
Moreover, it is suggested that the proton
conductivity of the membrane should be
enhanced to a higher level.

Call Temparatura: 70°C

Cell Area: 25¢ m2
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Fig. 5: Prediction of polarization curve for different methanol feed concentration in DMFC

The polarization curve predicted by the
proposed model is validated with the
experimental data. The experiment was
conducted at 70°C and 2M methanol feed at
anode side. The validation of model with the
experimental data is shown in Fig. 6. The

proposed model strongly agreed with the
experimental data. The proposed model can
be used to predict the polarization curve. The
advantage of the proposed model is that it can
be used efficiently at a less time.
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Fig. 6: Validation of model polarization curve with the experimental data for a DMFC operating at 70°C and 2M
methanol feed

The experimental data of our work was fitted to
a well suited analytical model proposed by the
researchers. In a literature, we have found the
various modelling approach to predict the cell
performance of active DMFC. However, there
was a limited work for the analytical modelling
of active DMFC. The analytical model proposed
by the team of Srivastava et al., and Deng et
al., were best suited for our experimental
results. The model equation proposed by them
were more relevant to our experimental
conditions. Therefore, we have considered their
analytical model to predict the cell performance
of active DMFC. The experimental parameters
were fitted to their analytical model and

polarization curve was predicted. The
polarization curve obtained by fitting the
experimental parameters to a various analytical
model is shown in Fig. 7. The polarization curve
obtained from our proposed model was strongly
agreed with the experimental results. It was
observed that the model equation proposed in
this study is more effective to predict the cell
performance with higher accuracy. However, the
polarization curve obtained from the proposed
model of Srivastava et al., and Deng et al., was
not satisfactorily fitted with the experimental
results. The model equation proposed by Deng
et al., was partially fitted with our experimental
results.
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Fig. 7: Comparison of experimental polarization curve with the various models

5. CONCLUSION

The analytical model of the active DMFC was
proposed to predict the leakage current and
polarization curve of the cell. The kinetics of
methanol transport and its electrochemical
oxidation at AFC was modelled to predict the
methanol cross-over rate and leakage current.
The methanol molar flux rate increases with
the increase of methanol feed concentration in
a DMFC. The leakage current of the cell was
predicted from the methanol cross-over rate.
The supply of highly concentrated methanol at
anode side produces more leakage current. The
leakage current of the cell was controlled by
membrane architecture. The membrane with
lower methanol cross-over produces less
leakage current. The membrane with lower
methanol cross-over is desirable for improving
fuel cell performance. The fuel cell operated at

higher current density produces less leakage
current. However, at a higher current density
region; cell voltage degraded due to polarization
loss. The polarization loss should be minimized
to reduce voltage degradation and improves
power density. Fuel cell operated at higher
methanol feed concentration and current
density region provides higher power density.
The proposed model was simultaneously solved
to predict the polarization curve of the cell with
high accuracy andin a less time. The proposed
model strongly agreed with the experimental
results and can be used to predict DMFC
performance.
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