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A model coupling momentum transport with reaction kinetics within the five-layer membrane electrode assembly has been 
developed for direct methanol fuel cells �DMFCs�. The model accounts for the essential intermediate reaction steps on both anode 
and cathode catalyst layers, as well as the two-phase phenomena in the anode and cathode gas diffusion layers. The kinetics of the 
methanol reaction on the cathode catalyst layer that separately account for both chemical and electrochemical pathways are 
investigated. The model predictions agree with the DMFC experimental data. Simulation results indicate that the transport of 
methanol is essential in determining both the anode and cathode kinetics. Anode kinetics are not significantly improved for anode 
concentrations above 2 M. It is also revealed that the transport of methanol to the anode catalyst layer is significantly enhanced by
the convection of CO2 bubbles toward the flow field. The influence of methanol crossover on the cathode potential is quantified 
by changing the anode feed from methanol to hydrogen. The cathode potential is seen to deteriorate at higher methanol feed 
concentrations mainly due to the depletion of oxygen by the crossed over methanol on the cathode catalyst. This model should 
prove useful in optimizing the methanol feed concentration in DMFCs.
The direct conversion of chemical energy to electrical energy in
direct methanol fuel cells �DMFC� is strongly influenced by the
coupling of chemical kinetics with transport processes. Such sys-
tems are particularly attractive for compact, portable power applica-
tions because the high energy density of liquid fuels such as metha-
nol permits operation over extended durations. However, the
commercialization of these devices is hindered by technical issues
such as the sluggish kinetics of electrochemical methanol oxidation
and high rates of methanol crossover. Low catalyst activity at both
the anode and cathode increases their respective overpotentials, and
the propensity for methanol crossover additionally depolarizes the
cathode overpotential. These shortcomings adversely impact DMFC
efficiency and power density.

Recent research activity in DMFCs has focused on the develop-
ment of new catalysts and membranes. Alternate Pt-free catalysts are
being introduced to replace costly Pt–Ru alloy catalysts.1 Further-
more, alternate membranes are being tested to reduce methanol
crossover. The effect of membrane properties on methanol crossover
has been studied extensively both experimentally and
theoretically.2,3 It is necessary to develop a fundamental understand-
ing of the underlying physiochemical phenomena to design catalysts
and membranes with the optimal composition. In addition to the
development of materials, system issues such as water management,
gas management, flow field design, and its optimization are also
important to improve the reliability, efficiency, and durability of
DMFCs.4,5

Several investigations have been carried out to gain a better un-
derstanding of the physiochemical processes in DMFCs. Many ex
situ experiments and kinetic models have been reported that illus-
trate the reaction mechanisms.6 They all show that both anode and
cathode overpotentials degrade the performance of DMFCs. Simi-
larly, visualization studies in DMFCs have indicated that transport
processes such as gas management of CO2 and the diffusion of
methanol across the membrane affect the reaction kinetics.2,7,8 How-
ever, it is very difficult to experimentally quantify and decouple the
transport effect from reaction kinetics. An accurate mathematical
model is highly desirable to understand these complex mechanisms
and serve as a powerful tool to gain insight into each process and
evaluate the various parameters that limit performance.
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Early efforts on the formulation of mathematical models relied
on a semiempirical approach9-11 in which mass transport is lumped
together with reaction kinetics. In semiempirical models crossover is
also approximated as a constant voltage loss. Kulikovsky’s
model12,13 included the two-phase flow in the anode channels. He
reported that CO2 bubbles improve or reduce performance depend-
ing on the availability of oxygen in the cathode compartment. He
also proposed an expression to determine the optimal concentration
of methanol for maximum electrical performance. However, his ana-
lytical model does not separately account for mass transport, the
crossover effect, and the kinetic parameters. Yang and Zhao14 devel-
oped a two-phase mass transport model for DMFCs accounting for
the convection of gas in the flow fields, gas diffusion layer �GDL�,
and the porous catalyst layer. Their model investigates the influence
of structural and operating parameters on cell performance. Similar
models were also developed by Wang and Wang15 with a focus on
methanol transport in the GDL. Basic membrane electrode assembly
�MEA� models were developed by Krewer et al.16 to investigate the
effect of the microporous layer on anode performance. Yin’s
model17 mainly examines water and methanol crossover across the
membrane. None of the models mentioned above emphasize reac-
tion kinetics and their relation to transport processes in DMFCs.

Understanding the reaction pathways of methanol oxidation and
oxygen reduction on catalyst layers is quite challenging. Kauranen
et al.18 studied the kinetics of methanol oxidation on carbon-
supported Pt and Pt–Ru bonded with poly�tetrafluoroethylene�
�PTFE�. They developed a model and obtained rough estimates of
rate constants and activation energies at low methanol concentra-
tions. Their model supports the hypothesis that water is adsorbed as
hydroxyl on the Ru catalyst, and it is the only potential-dependent
reaction step. Methanol oxidation on the Pt catalyst is enhanced by
the presence of Ru, as Pt is responsible for methanol adsorption and
desorption, and Ru for OH adsorption.18,19 Other researchers6 devel-
oped rate expressions for the electrochemical oxidation of methanol
at various concentrations. They found that four different kinetic ex-
pressions approximately model the experimentally observed behav-
ior of methanol oxidation. Apart from concentration and flow rates,
the effects of thermal activation on the oxidation pathways of
methanol on bulk Pt–Ru alloy electrodes have also been studied.20

Similar to anode reaction steps, the kinetic mechanism of oxygen
reduction on the cathode catalyst is also well-studied in the litera-
ture. However, the presence of methanol complicates the reaction
pathways. Antoine et al.21 and Jerkiewicz et al.22 studied the oxygen



reduction reaction �ORR� mechanism on Nafion-bonded Pt particles.
Oxygen reduction undergoes a series of electrochemical and chemi-
cal steps. It is debated in the literature whether the reaction interme-
diates are O2Hads or OHads. The intermediates vary depending on the
potential of the catalyst layer.23 For the cathode potentials measured
in our DMFC, the intermediate step involves O2H.23 The electro-
chemical impedance studies performed by Antoine et al.21 demon-
strate the presence of two electrochemical steps in the ORR mecha-
nism. Finally, it was validated that the ORR follows the �electrode
chemical electrode step� ECE-Damjanovic mechanism on Pt nano-
particles inside Nafion.21

However, the kinetic models developed in the literature do not
consider the mass transport effect on reaction kinetics. More details
on the cathode and anode kinetic models are presented in the Anode
kinetic model and Cathode kinetic model sections. In this study, a
comprehensive model is developed to describe the two-phase flow
in the anode and cathode GDL and to evaluate detailed anode and
cathode kinetics. Our goal is to incorporate the physics and chem-
istry of the process in a comprehensive model for the MEA in DM-
FCs.

Mathematical Model

The schematic diagram of a DMFC with the pertinent processes
is shown in Fig. 1. The nonlinear mathematical model of the DMFC
is formulated to incorporate the physics and chemistry of the fol-
lowing phenomena:

1. Diffusive transport of methanol across the GDL.
2. Through-plane convection of methanol across the GDL to the

catalyst layer.
3. Convective transport of CO2 and water across GDL.
4. Oxidation of methanol on Pt–Ru catalyst through three-step

mechanism.
5. Crossover of methanol across the membrane by diffusion.
6. Reduction of oxygen on cathode catalyst layer through two

steps.
7. Oxidation of methanol on the cathode catalyst layer through

chemical and electrochemical pathways.
8. Convective transport of water across the cathode GDL.

The model assumes that all material parameters are time-
independent, the GDL is isotropic, gases obey ideal laws, and
methanol solution is an incompressible Newtonian liquid. In addi-
tion, we assume that

1. The fuel cell is operated isothermally.
2. The bulk concentration of methanol in the flow field is aver-

aged to the supplied methanol concentration.
3. Oxygen and CO2 do not diffuse in the polymer electrolyte

membrane.
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Figure 1. �Color online� DMFC schematic showing different chemical pro-
cesses.
4. The mass transport resistance in the catalyst layer and in the
flow field is negligible.

5. All of the methanol that crosses over to the cathode catalyst
layer reacts completely.

6. There is no flow through the membrane due to the pressure
difference.

7. The electro-osmotic drag of methanol in the membrane is
negligible compared to the diffusive transport of methanol.

8. The ohmic drop in the current collectors and electrical inter-
connects is negligible.

9. CO2 produced does not dissolve in the liquid.
10. The concentration of water and methanol in the anode com-

partment is constant.
11. The relative humidity of the inlet and outlet air is always

100%.
12. Liquid water in the cathode compartment does not vaporize.

Anode model development.— Anode kinetic model.— Methanol
oxidation on the anode catalyst layer can follow numerous pathways
with various reaction intermediates. Kinetic models representing the
methanol oxidation reaction on the catalyst layer have evolved over
time. Experimentally observed steady-state behavior of the anode
reaction can be exemplified by four different kinetic models.6 One
of the uncertainties in the model developed by Vidakovic et al.6 is
whether the reaction between the adsorbed methanol and OHads is
potential dependent or potential independent. However, Krewer et
al.24 used electrochemical impedance spectroscopy as a dynamic
tool to discriminate between the different kinetic formulations given
by Vidakovic et al. Besides kinetic constants, storage parameters and
potential dependence also show a strong influence on impedance
spectra. The final quantitative description of the steady-state behav-
ior developed by Krewer et al. is used to describe our anode kinetic
mechanisms

Pt + CH3OH →
rA1,kA1

PtCO + 4H+ + 4e− �1�

Ru + H2O �
r−A2,k−A2

rA2,kA2

RuOH + H+ + e− �2�

PtCO + RuOH →
rA3,kA3

CO2 + H+ + e− �3�
The overall rate of methanol oxidation has been modeled with

the reaction mechanisms and intermediates discussed earlier. In the
first step, methanol adsorbs on the Pt catalyst and subsequently de-
composes to COads, protons, and electrons �Eq. 1�. This decomposi-
tion step is followed by multiple additional steps. However, it is
assumed that potential-independent methanol physisorption is the
rate-determining step. Therefore, the rate expression �Eq. 4� describ-
ing Reaction 1 does not have a direct dependence on potential.24 At
the same time, water undergoes dissociative adsorption on the Ru
catalyst forming OHads, protons, and electrons �Eq. 2�. This is the
only reversible intermediate step during the oxidation of methanol
on the anode catalyst layer. In the final step, the surface reaction of
COads and OHads leads to the evolution of CO2. A rate expression for
each reaction is presented next

rA1 = kA1�1 − �CO�Cmeoh
ac exp�− �COgCO��CO − 0.5�� �4�

rA2 = kA2�1 − �OH�exp�aF�A

RT
�exp�− �OHgOH��OH − 0.5�� �5�

r−A2 = k−A2�OH exp�−
�1 − a�F�A

RT
�exp��1 − �OH�gOH��OH − 0.5��

�6�



rA3 = kA3 exp��1 − �CO�gCO��CO − 0.5���CO�OH �7�
Only Eq. 5 and 6 depend on the anode potential.24 The concentration
of water is assumed to be constant as it is in excess in the anode
compartment. To evaluate the anode overpotential and coverage of
adsorbed intermediates, balance equations for the adsorbed interme-
diates are as follows

cpt
acd�CO

ac

dt
= rA1 − rA3 �8�

cru
acd�OH

ac

dt
= rA2 − r−A2 − rA3 �9�

cA
d�A

dt
= icell − 4FrA1 − FrA2 + Fr−A2 − FrA3 �10�

The solution of Eq. 8-10 cannot be obtained without knowing the
methanol concentration on the anode catalyst layer. The value of the
methanol concentration on the anode catalyst layer is coupled with
the two-phase mass transfer expressions in the anode GDL. There-
fore, to evaluate the surface coverages and the anode overpotential,
Eq. 4-10 need to be solved along with the two-phase mass transport
equations in porous media.

Two-phase modeling in the anode GDL.— Momentum bal-
ance.— Equations governing the two-phase regime are mass, mo-
mentum, and species conservation. The porous GDL is taken as the
domain through which species entering and exiting the boundary are
conserved. Methanol undergoes the reaction on the anode catalyst
layer, and hence, mass and momentum conservation are applied
across the boundary of GDL. The flow of methanol, water, and CO2
across the porous GDL is governed by Darcy’s law.

Applying Darcy’s law to the liquid phase gives

ul = − K
krl

�l
� Pl �11�

Similarly, for the gaseous phase we have

ug = − K
krg

�g
� Pg �12�

where K is the absolute permeability, and krl and krg are the relative
permeabilities of the liquid and the gaseous phase, respectively.
Most GDLs made from carbon cloth are wet-proofed with PTFE.14

The liquid and gas pressures are related to the capillary pressure by
a relation which involves surface tension, porosity, and liquid satu-
ration

Pc = Pg − Pl = � cos �c� �

K
�0.5

J�s� �13�

In Eq. 13, s is the liquid saturation in the porous medium and J�s�
represents the Leverette function.25 Hydrophobic and hydrophilic
media are represented by different Leverette functions, and �c is the

contact angle of the fluid with the solid surface changes on the anode catalyst layer is given as follows
J�s� = �1.417�1 − s� − 2.12�1 − s�2 + 1.263�1 − s�3 if �c � 90° �hydrophilic�
1.417s − 2.12s2 + 1.263s3 if �c � 90° �hydrophobic� � �14�
The relative permeabilities in Eq. 11 and 12 are defined as a function
of saturation. Liquid- and gas-phase permeabilities are given by
�1 − s�3 and s3, respectively. In a hydrophobic medium, the wetting
phase is the gas phase, and hence, the Leverette function is ex-
pressed in terms of the liquid-phase saturation. Similarly, for a hy-
drophilic medium, the gas-phase saturation is used. Hydrophobicity
can be introduced by treating the GDL with PTFE. In Eq. 14, the
degree of hydrophobicity in porous media is expressed in terms of
the contact angle.

Mass balance.—Methanol supplied to the anode flow field ar-
rives at the anode catalyst layer by convection and diffusion. The
transported methanol reacts on the anode catalyst layer producing
gaseous carbon dioxide. The emerging gas bubbles flow back into
the anode flow field. Some gas bubbles end up blocking the pores in
the anode GDL, which reduces the space available for methanol to
diffuse. At the same time, the flux of gas bubbles emerging from the
anode catalyst layer to the flow field also promotes liquid convection
and mixing. Therefore, methanol transport within the GDL must
account for both the diffusive and convective components.

Empirical correlations for the effective mass diffusivity through
porous media have been reported in the literature.26-28 However,
Nam and Kaviany29 suggested a correlation for the effective diffu-
sivity in the GDL as a function of liquid saturation. We have used
this correlation to formulate the mass diffusivity of reactants in the
anode and cathode GDLs as a function of saturation and porosity.
Our model assumes that the PTFE-treated carbon cloth can be ap-
proximated as an isotropic porous medium

Dmeoh
GDL = Dmeoh,water�� � − 0.11

1 − 0.11
�0.785

s2 �15�

where Dmeoh,water is the diffusion coefficient of methanol in water
and � is the porosity of the anode GDL. Convective transport of
methanol across the GDL is modeled using the Darcy velocity as the
convective velocity. Hence, one can use Eq. 11 to express the aver-
age molar convective flux of methanol toward the catalyst layer as
follows

Rmeoh�convective� = − K
krl

�l
� PlCmeoh

ac �16�

Equation 16 is the simplified form of the convective transport of
methanol. The through-plane convective transport is due to the in-
ertial movement of gas bubbles through the GDL. The reaction of
methanol on the anode catalyst layer causes large volume expansion
due to the generation of CO2 bubbles, which induces convection in
the GDL. Other types of convective motion such as under-rib con-
vection and mixing caused by bubble movement in porous media are
possible. We neglect under-rib convection due to the high viscosity
of water, and mixing effects from bubble motion are ignored for
simplicity. Along with the reaction on the anode catalyst layer,
methanol also diffuses toward the cathode catalyst layer through the
membrane. All the methanol that crosses over to the cathode reacts
completely on the cathode catalyst layer. Therefore, the concentra-
tion of methanol on the cathode catalyst layer is taken as zero. The
mass flux of methanol that crosses over is given by

rcrossover,meoh = Dmeoh
mem Cmeoh

ac

dmem
�17�

Using Eq. 4 and 15-17, the rate at which the methanol concentration
Vac

A

dCmeoh
ac

dt
= − K

krl

�l
� PlCmeoh

ac +
Dmeoh,water

daGDL
�� � − 0.11

1 − 0.11
�0.785

	s2�Co − Cmeoh
ac � − rA1 − rcrossover,meoh �18�

Now let us consider the gas-phase motion of CO2 in the porous
anode GDL. It is assumed that the gas phase consists of only CO
2



without any methanol vapor or water vapor. The average velocity of
CO2 bubbles through the GDL can be calculated using Darcy’s law,
which is given by Eq. 12. Based on Eq. 12 and 7, the mass rate of
CO2 generation on the cathode catalyst is given by

Vac

A

dCCO2

dt
= − K

krg
g

MCO2
�g

� Pg − rA3 �19�

To obtain the liquid saturation s in Eq. 15 and 18, an expression
for the mass balance of water across the GDL is required. Along
with methanol, water also crosses from the anode to the cathode
side, reducing the water concentration in the anode compartment.30

The amount of water that diffuses across the membrane is insignifi-
cant when compared to the water that crosses the membrane by
electro-osmosis. Therefore, in our model, the electro-osmotic drag
of water through the membrane is considered and diffusion is ne-
glected. The total convective transport of liquid water and methanol
toward the catalyst layer can be derived from Eq. 11 and 16. There-
fore, the mass rate of water accumulation in the anode catalyst layer
is given by

1

A

dmH2O

dt
= − K

krl
l

�l
� Pl − Mmeoh�− K

krl

�l
� PlCmeoh

ac �
− MH2O�rA2 − r−A2 + �

icell

6F
� �20�

where � is the electro-osmotic drag coefficient of water across the
membrane.2 Equation 11-20 characterize the two-phase transport
phenomena in the anode of DMFCs. Solving Eq. 8-10, 13, and
18-20 allows one to find the surface coverages �CO and �OH, the
anode overpotential, the anode catalyst layer methanol concentra-
tion, water saturation in the GDL, and the pressure drops of liquid
and gas. At steady state, the time derivatives in the above set of
equations are set to zero, which gives

rA1 − rA3 = 0 �21�

rA2 − r−A2 − rA3 = 0 �22�

− icell + 4FrA1 + FrA2 − Fr−A2 + FrA3 = 0 �23�

− K
krl

�l
� PlCmeoh

ac +
Dmeoh,water

daGDL
�� � − 0.11

1 − 0.11
�0.785

s2�Co − Cmeoh
ac �

− rA1 − rcrossover,meoh = 0 �24�

− K
krl
g

MCO2
�g

� Pg − rA3 = 0 �25�

− K
krl
l

�l
� Pl − Mmeoh�− K

krl

�l
� PlCmeoh

ac � − MH2O�rA2 − r−A2

+ �
icell

6F
� = 0 �26�

Pg − Pl − � cos �c� �

K
�0.5

J�s� = 0 �27�

Solving Eq. 21-27 iteratively under selected operating conditions
and material variables, the steady-state values of �CO, �OH, �A, satu-
ration s, Cmeoh

ac , �Pl, and �Pg can be calculated.

Cathode model development.— Cathode kinetic model.— It is
necessary to identify the important reaction pathways within the
DMFC cathode to quantify the cathode overpotential. Reduction of
oxygen in H2/O2 proton exchange membrane �PEM� fuel cells is
similar to the ORR in DMFCs. In the DMFC cathode, along with
oxygen reduction, methanol that crosses over from the anode side
also oxidizes, producing CO2 and H2O. The mixed potential effect
of the electrochemical oxidation of methanol on the Pt catalyst has
been studied and included in many fuel cell models. However, elec-
trochemical experiments performed by Vielstich et al.31 and Paganin
et al.32 suggest that methanol oxidizes both chemically and electro-
chemically. Additional results discussing these pathways are re-
ported elsewhere.33 Our cathode kinetic model is formulated consid-
ering the methanol oxidation reaction �MOR� and ORR mechanisms
in the set of equations given below

Pt + O2 + H+ + e− →
rC1,kC1

PtO2H �28�

PtO2H + 3H+ + 3e− �
r−C2,k−C2

rC2,kC2

Pt + 2H2O �29�

Pt + CH3OH →
rC3,kC3

PtCO + 4H+ + 4e− �30�

PtCO + H2O →
rC4,kC4

Pt + CO2 + 2H+ + 2e− �31�

PtCO +
1

2
O2 →

rC5,kC5

CO2 + Pt �32�

In Eq. 28, oxygen adsorbs on the Pt catalyst, forming the PtO2H
intermediate. Several intermediate configurations such as Oads or
OHads exist; however, it is commonly agreed that the reaction in Eq.
28 is the rate-determining step. In the next step, PtO2H desorbs,
producing water and free Pt surfaces. The cathode kinetics repre-
sented by Eq. 28 and 29 are similar to the cathode kinetics in H2/O2
PEM fuel cells. Subsequently, methanol adsorbs on the Pt catalyst
forming the PtCO intermediate. The formation of the PtCO interme-
diate reduces the free Pt surface available for oxygen reduction. The
mechanism of methanol oxidation on platinum has been discussed in
the Anode kinetic model section. Finally, the adsorbed PtCO inter-
mediate undergoes either electrochemical oxidation or chemical oxi-
dation, as shown in Eq. 31 or 32, respectively. Based on the experi-
mental observations reported in the literature, each reaction is
defined to follow either Langmuir or Tempkin adsorption kinetics
for which the rate expressions are formulated as follows

rC1 = kC1�1 − �CO
cc − �O2H

cc �CO2

cc exp	−
�1 − a�

RT
F�c
 �33�

rC2 = kC2�O2H
cc exp	−

�1 − a�
RT

F�c
 �34�

r−C2 = k−C2�1 − �CO
cc − �O2H

cc �exp�−
a

RT
F�c� �35�

rC3 = Dmeoh
mem Cmeoh

ac

dmem
�36�

rC4 = kC4�CO
cc exp� aF

RT
�c�exp��1 − ����CO

cc − 0.5�gCO� �37�

rC5 = k5�CO�CO2

cc �1/2 �38�

Equations 33 and 34 were developed based on the Langmuir iso-
therm of oxygen adsorption.34 From our crossover measurements,
all the methanol arriving at the cathode oxidizes completely on the
cathode catalyst layer. The first step in MOR is the adsorption of
methanol on the Pt catalyst. Therefore, the rate of the reaction in Eq.
30 is determined by the molar flux of methanol crossover. Finally,
the rate expressions for the electrochemical and chemical oxidation
of methanol were modeled based on Temkin/Frumkin kinetics. To
evaluate the cathode overpotential and surface coverages, balance
equations are formulated as follows

cpt
cc

d�O2H
cc

dt
= rC1 − rC2 + r−C2 �39�



cpt
ccd�CO

cc

dt
= rC3 − rC4 − rC5 �40�

cC
d�C

dt
= − icell + FrC1 + 3rC2 − 3Fr−C2 − 4FrC3 − 2FrC4

�41�
To determine the surface coverages and overpotential on the

cathode catalyst layer, the concentration of oxygen on the cathode
catalyst layer needs to be determined in Eq. 39-41. The kinetic
model is strongly coupled to the two-phase model by the oxygen
concentration on the cathode catalyst layer. Therefore, a two-phase
model describing water flow in the GDL is developed.

Two-phase modeling in the cathode GDL of DMFC.— On the
cathode, air or oxygen that is supplied to the cathode flow channel
transfers to the catalyst layer, where oxygen is reduced forming
water. As formulated in Eq. 20, water is also transported from the
anode compartment to the cathode catalyst layer by electro-osmosis.
The produced water, along with crossover water, is transported to
the cathode flow channel through the cathode GDL. Water in the
flow channel is removed either by evaporation or by the drag force
of the flowing air. However, some amount of liquid water blocks the
GDL pores, reducing the area available for oxygen to diffuse. There-
fore, understanding water transport across the GDL is necessary to
evaluate the oxidant mass flux to the catalyst layer.

Inside the cathode GDL, water is driven to the cathode flow field
by capillary forces. The capillary action is a result of the capillary
pressure gradient given by Eq. 13. The liquid pressure gradient is
formed from higher to lower saturation regions. Because water is
produced in the cathode catalyst layer, the liquid saturation in the
catalyst layer is higher than in the GDL. Therefore, liquid is driven
from the catalyst layer toward the flow field. Because the gas phase
is open to cathode oxidant flow, the gas phase pressure will be zero
relative to the liquid phase pressure. Based on the momentum con-
servation �Eq. 11� and the capillary �Eq. 13�, the molar flux of water
driven by capillary action is given as

RH2O = − K
krl
l

MH2O�l
� Pc �42�

where the capillary pressure is given by the following equation

�Pc = − � Pl = � cos �c� �

K
�1/2

� J�s� �43�

Capillary action can be increased by making the GDL more hydro-
phobic. In our model, we assumed that the oxidant is supplied at
100% relative humidity, and hence, water evaporation into the gas
phase is neglected. Based on our assumptions and on Eq. 35, 37, and
43, the rate of change of water concentration on the cathode catalyst
layer is given by

Vcc

A

dCH2O
cc

dt
=

�i

F
+ 2rC2 − rC4 − RH2O �44�

Air is transported toward the cathode catalyst layer by both dif-
fusion and convection. The effective mass diffusivity of the reactant
through the anode GDL toward the catalyst layer is defined in Eq.
15. Similarly, the empirical correlation for the effective mass diffu-
sivity in the cathode GDL is defined in terms of gas saturation. The
empirical correlation given in the literature29 is a function of satu-
ration and porosity. In the case of the serpentine channel, convective
bypass or under-rib convection forces the flow of reactants through
the GDL under the land region, as described in detail by Feser et
al.,35 whereas the portion of the GDL under the channel itself is
subjected to only diffusive transport. Due to the high Peclet number
in the GDL under the land, the in-plane convective transport of
oxygen dominates over diffusive transport. The through-plane con-
vection of oxidant is also neglected. With these assumptions, the
diffusive transport of oxygen toward the cathode catalyst layer can
be expressed as follows

RO2
�diffusive� = � b

b + w
�DO2,air

dcGDL
�� � − 0.11

1 − 0.11
�0.785

�1 − s�2

	�CO2

o − CO2

cc � �45�

In a serpentine channel, the reactant stream is forced through a
single, long channel which causes a large overall pressure drop. The
high gas velocity along the channel can result in the buildup of a
significant pressure drop between two adjacent channels. This pres-
sure difference can lead to a “short-circuit” of gases from one chan-
nel to the next through the porous GDL under the land that separates
the two adjacent channels. Such convective transport is termed
“convective bypass” or “under-rib convection,” and the resulting
short-circuiting of gases improves gas transport and benefits cell
performance. To formulate the average convective transport of air
under the land, the air velocity in the GDL is required. Feser et al.35

provided an expression for the mean air velocity along the length of
the channel �x direction� in the GDL under the land for the case of a
serpentine flow field. The mean velocity of air in the channel is

u�x� = −
kc

2�L

�Pcell

Nc
�m cosh�m�x/L − 1/2��

sinh�m/2� � �46�

and the mean velocity of air in the GDL is

v�x� = −
keff

2�b

�Pcell

Nc
�m sinh�m�x/L − 1/2��

sinh�m/2�
+ 1� �47�

where

m2 =
4L2

A

dcGDL

b

Ki

Kc
�48�

Using the expressions for the velocities of air in the channel �Eq.
46� and in the GDL �Eq. 47�, along with the knowledge of oxidant
flow rate �Q�, the mass conservation equation of the oxidant across
the cathode channel configuration is formulated below

Nc�
0

L

v�x�dcGDLdx + Nc
�0

Lu�x�whdx

L
= Q �49�

Equation 49 is used to evaluate the pressure drop across the cathode
of the fuel cell in terms of channel dimensions, GDL dimensions,
and oxidant flow rate. Subsequently, the average air velocity in the
GDL is obtained using Eq. 46, 47, and 49.

VGDL =
�0

Lu�x�
L

= 
 Ki

bdcGDL

1

2LNc

Q

�1

2

KidcGDL

b
+


Kcwh

L
�
�50�

Using Eq. 50, the convective transport of air toward the catalyst
layer is given by

RO2
�convective� = � b

b + w
�VGDL�1 − s�2CO2

cc �51�

Using Eq. 33, 38, 44, and 50, the rate of change of oxygen concen-
tration in the cathode catalyst layer can be determined as follows

Vcc

A

dCO2

cc

dt
= RO2

�diffusive� + RO2
�convective� − rC1 −

rC5

2

�52�
Equations 43-51 describe the two-phase transport phenomena in the
DMFC cathode. Upon solving Eq. 39-41, 44, and 51, one can find
the surface coverages, cathode overpotential, water saturation, and
oxygen concentration on the cathode catalyst layer. However, only
the steady-state conditions are considered



rC1 − rC2 + r−C2 = 0 �53�

rC3 − rC4 − r−C5 = 0 �54�

icell − FrC1 − 3rC2 + 3Fr−C2 + 4FrC3 + 2FrC4 = 0 �55�

�I

F
+ 2rC2 − rC4 − RH2O = 0 �56�

RO2
�diffusive� + RO2

�convective� − rC1 −
rC5

2
= 0 �57�

Upon solving Eq. 53-57 iteratively under the given operating con-
ditions and material variables, the steady-state values of �CO, �O2H,
�C, s, and CO2

cc are evaluated.

Experimental

Electrochemical characterization.— Voltage measurements were
conducted using an Arbin Instruments fuel cell test station. The
MEAs employed in all the experiments were assembled with
4 mg/cm2 Pt/Ru on the anode and 4 mg/cm2 Pt on the cathode.
The active area of the MEA was 25 cm2. Carbon cloth was used as
the GDL and Nafion 117 as the membrane. The temperature main-
tained in all the experiments was 60°C, and the flow rate of metha-
nol was fixed at 4 mL/min. Polarization data were recorded with
cathode air supplied at 100% humidification and a constant flow rate
of 500 sccm. Polarization data were obtained by setting the current
density and measuring the corresponding voltage. Each current step
was maintained for 5 min before it was incremented until the volt-
age dropped below 0.2 V.

Quantifying cathode and anode overpotentials.— The model
developed here is characterized with the experimental values of the
cathode and anode overpotentials. In the model, all the material
parameters and operating conditions are known. However, the anode
�kA1,kA2,k−A2� and cathode �kC1,kC2,k−C2,kC4,kC5� kinetic constants
were evaluated by fitting the overpotentials from the model to that
of the experiments. To accomplish this, the anode and cathode over-
potentials must be measured experimentally.36,37

The DMFC is a two-electrode configuration where the net volt-
age from the fuel cell is the sum of the anode and cathode potentials.
After accounting for the anode and cathode overpotentials and
ohmic losses, the net voltage from the fuel cell is expressed as

Ecell = Eo − �A + �c − I
 �58�

where Eo is the open-circuit voltage of the fuel cell, which decreases
with increasing temperature. Ohmic losses were evaluated from the
high frequency resistance of the cell measured at each current den-
sity using a Versastat milliohmmeter at 10–50 kHz.

The anode overpotential was obtained by measuring the voltage
from the fuel cell operating with methanol on the anode and hydro-
gen at 200 sccm on the cathode with all other operating conditions
kept constant. The same MEA and fuel cell components were em-
ployed for all experiments. In this situation, the cathode served as a
standard reference electrode whose potential is �0 and the anode
overpotential was evaluated as

�A = Emeoh/H2
− I
 �59�

The cathode overpotential in the DMFC corresponds to the ORR
with and without crossover effect. Overpotential from the oxygen
reduction without the effect of methanol oxidation was evaluated by
operating the fuel cell with H2/O2 as its reactants. The cell was
supplied with fully humidified hydrogen at a flow rate of 500 sccm
to reduce ohmic losses from membrane dehydration. The cathode
overpotential without the effect of methanol oxidation is given by
�c�H2/O2� = EH2/O2
+ I
 − Eo�H2/O2� �60�

The cathode overpotential was evaluated from the DMFC polariza-
tion data and from the anode overpotentials evaluated in Eq. 59 as
follows

�c = Emeoh/O2
+ �A + I
 − Eo �61�

Results and Discussion

Anode.— The anode overpotential obtained by solving Eq. 21-27
was fitted to the experimental anode overpotential by tuning the
anode kinetic constants kA1, kA2, k−A2, and kA3. Figure 2 shows that
the anode overpotential values provided by the model by fitting the
kinetic constants agree well with the experimentally obtained over-
potentials using 2 M methanol. The corresponding values of the
fitted kinetic coefficients are kA1 = 0.01317 m/s, kA2 = 8.96
	 10−6 mol/�m2 s�, k−A2 = 9.91 	 104 mol/�m2 s�, and kA3
= 15.221 mol/�m2 s� �Table I�. The anode overpotential is seen to
follow the Tafel kinetics and increases with current density.

To understand the drop in voltage due to activation losses, the
model was exercised at different methanol feed concentrations and
the corresponding anode overpotential was obtained, as shown in
Fig. 3. The kinetic constants obtained with experiments at 2 M were
validated for accuracy at 1 and 4 M concentrations. The simulated
overpotentials agree well with the experimental overpotentials for
all current densities except for small deviations at the high end of
the range. This deviation is attributed to the inaccuracy involved in
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Figure 2. �Color online� Comparison of experimental and simulated anode
overpotentials; the model kinetic constants were tuned to fit experimental
data obtained at 2 M methanol feed concentration.

Table I. Fitted kinetic parameters for anode and cathode kinetics
for cathode catalyst loading of 4 mgÕcm2 Pt/C and anode catalyst
loading of 4 mgÕcm2 Pt–Ru/C.

Kinetic constants Values

kA1 �m/s� 0.01317
kA2 �mol/�m2 s�� 8.96 	 10−6

k−A2 �mol/�m2 s�� 9.91 	 104

kA3 �mol/�m2 s�� 15.221
kC1 �m/s� 1.2 	 10−6

kC2 �mol/�m2 s�� 4.48 	 10−5

kC4 �mol/�m2 s�� 1.69 	 10−4

k �mol1/2/�m1/2 s�� 3233
C5



modeling the through-plane convective molar flux of methanol in
Eq. 16, which will be discussed later in this section. First, at low
current densities, the anode overpotential is a weak function of the
methanol feed concentration. With increasing current density, the
difference between the overpotentials corresponding to different
concentrations increases until �3 M. At concentrations greater than
3 M, the overpotential becomes insensitive to concentration across
the entire range of current densities. Obviously, lower overpotentials
are associated with better cell performance. While Fig. 3 indicates
that higher concentrations would improve the cell performance, this
improvement is countered by the methanol crossover effect, which
also increases as the methanol feed concentration is increased.

With the complete DMFC anode model, additional simulations
were performed to study the influence of various parameters and
operating conditions. The variation of the catalyst coverage of �CO
and �OH with current density is plotted in Fig. 4 at a methanol
concentration of 2 M. The CO coverage ��CO� decreases with cur-
rent density, while the OH coverage ��OH� increases with current
density. However, while the CO coverage values range between 1
and 0.7, the OH coverage is negligible. This can be understood from
the reaction steps and the magnitude of the corresponding kinetic
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Figure 3. �Color online� Comparison of experimental and simulated anode
overpotentials for various anode methanol concentrations as a function of
current density.
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Figure 4. �Color online� Variation of CO and OH coverages with current
density at 2 M concentration.
constants. It is well known that methanol has a high affinity toward
Pt, and most of the Pt sites are occupied, forming PtCO. With in-
creasing current density, there is a demand for the oxidation of
methanol, and hence, more PtCO oxidizes by the desorption of CO
from platinum.

As discussed in the Anode kinetic model section, in parallel to
methanol adsorption on Pt, water also adsorbs on Ru. This reaction
step is reversible, and the value of the forward kinetic constant �kA2�
is smaller than the backward kinetic constant �k−A2�. RuOH also
participates with PtCO in the third reaction, and its kinetic constant
�kA3� is higher than the second reaction’s kinetic constant. Hence,
we can infer that water is adsorbed on demand and directly reacts
with COads. Figure 4 shows that the magnitude of the OH coverage
is smaller than that of PtCO. Low water coverage on the Ru catalyst
layer would indicate that the ratio of Ru to Pt can be reduced while
still maintaining the electrical efficiency of the fuel cell.

The methanol adsorbate on Pt catalyst ��CO� is considered as a
form of storage of methanol.38 During an intermittent supply of
methanol, CO on Pt will act as a feed for the current. The presence
of �CO represents an incomplete oxidation of methanol, poisoning
the catalyst. Figure 5 shows �CO with increasing current density at
various concentrations. At lower concentrations, the CO coverage
drops rapidly with current density. The first step is methanol chemi-
sorption; therefore, it is rate-limiting at high concentrations. How-
ever, at higher concentrations, the drop in CO coverage is less pro-
nounced. At concentrations higher than 2 M, most of the Pt sites are
saturated with CO and any available methanol will increase the pro-
pensity for methanol crossover. Because we are using a bimetallic
Pt–Ru catalyst on the anode, the Ru sites serve for water adsorption
and desorption. If only Pt was used as a catalyst, Pt poisoning would
push the methanol reaction to reaction-limiting conditions.

At steady state, along with CO adsorbed on the Pt catalyst,
methanol also resides in the anode catalyst layer. The presence of
methanol in the anode catalyst layer leads to methanol crossover
from the anode to the cathode. Figure 6 shows the concentration of
methanol in the anode catalyst layer with increasing feed concentra-
tion at different current densities. With increasing current density,
more methanol reacts on the anode catalyst, causing a drop in the
local average concentration. However, methanol is still available at
the anode catalyst layer through diffusion and convection across the
anode GDL. As described in the Two-phase modeling in the anode
GDL section, the diffusive and convective components of methanol
molar flux toward the catalyst layer are evaluated and plotted in Fig.
7.

The convective molar flux of methanol increases with current
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density up to a maximum value and then drops. This nonmonotonic
behavior is due to the opposing trends of methanol concentration
and liquid pressure drop in Eq. 16. With increasing current density,
more CO2 is produced, which moves to the anode flow field. The
volume occupied by the CO2 gas is replaced with liquid repetitively,
which increases the liquid convection toward the catalyst layer. The
flow of gas away from the catalyst layer is correlated with the liquid
flow toward the catalyst layer. The flow of the two phases sets up
corresponding pressure drops across the GDL, as shown in Fig. 8.
The gaseous pressure drop is a result of capillary forces in the GDL
pores. The variation of capillary pressure drop with current density
is shown in Fig. 9. The convective mass transport of methanol to-
ward the anode catalyst layer described in Eq. 16 is approximate and
tends to underestimate the actual value. Ideally, the mixing effect
due to the generation of bubbles and the inertial effect due to bubble
movement have to be considered for describing through-plane con-
vection. Therefore, simulations adopting Eq. 16 would tend to un-
derestimate the through-plane molar flux of methanol toward the
anode catalyst layer and result in higher anode overpotentials. This
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Figure 6. �Color online� Variation of methanol concentration in the anode
catalyst layer with anode feed methanol concentration as a function of cur-
rent density.
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Figure 7. �Color online� Comparison of convective, diffusive, and total mo-
lar fluxes of methanol through the anode GDL at 2 M feed concentration as
a function of current density.
effect is more noticeable at high current densities due to higher CO2
generation. Therefore, in Fig. 3 the simulated overpotentials do not
agree with the experimental overpotentials at high current densities.

In contrast to the trend of liquid convection, the concentration of
methanol on the anode catalyst layer drops with current density �Fig.
6�. This nonmonotonic behavior of convective molar flux is due to
the opposing trends of methanol concentration and liquid pressure
drop in Eq. 16. Our simulations indicate that the diffusive compo-
nent of molar flux toward the catalyst layer is larger than the con-
vective molar flux. Additionally, the diffusive molar flux increases
slightly with current density in Fig. 7. In contrast, it is often reported
that the diffusive flux of methanol should decrease with current
density7,39 as the higher production of CO2 gas would block the
GDL pores, reducing the area available for diffusion. We indeed
observe in Fig. 10 that the fraction of CO2 blocking the GDL pores
increases with current density. However, along with increasing gas
fraction in the pore volume, the concentration gradient of methanol
across the GDL also increases �Eq. 15� with current density. The
effects of increasing pore gas fraction and concentration gradient
oppose each other, with the concentration gradient effect being more
dominant. As a result, the diffusive flux of methanol increases
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Figure 8. �Color online� Variation of liquid and gas pressure drops through
the anode GDL with current density at 2 M feed concentration.
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slightly with current density. Furthermore, the deterioration in diffu-
sive flux by bubble blocking is also smaller than the increase in
liquid convection arising from gas motion. Hence, it is concluded
that the generation of bubbles improves fuel cell performance.

The important discovery in our observation is that the produced
bubbles actually enhance the performance of the fuel cell. Our ob-
servations and conclusions are only applicable to the experimental
conditions and material parameters used in our experiments. De-
tailed analysis of bubble flow in the anode channel and its influence
on performance was explored by Kulikovsky et al.13

We have also simulated and plotted the diffusive mass flux of
methanol toward the catalyst layer at different concentrations as a
function of current density. Figure 11 indicates that at a given cur-
rent density, the diffusive flux increases with the feed concentration
of methanol. This result is easy to understand because a higher feed
concentration sets up a steeper gradient which drives the diffusive
flux. It is also observed at 1 M that the diffusive flux is seen to
increase linearly with current density. However, with concentrations
greater than 2 M, the diffusive flux is seen to drop moderately at low
current densities, which is followed by a steady increase. At higher
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Figure 10. �Color online� Variation of anode GDL pore gas fraction with
current density at 2 M feed concentration.
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Figure 11. �Color online� Variation of methanol diffusive flux with concen-
tration as a function of current density.
concentrations, the effects of GDL pore blockage by increasing gas
fraction dominates the concentration gradient with current density
and hence at diffusive flux drops with current density.

Similarly, Fig. 12 shows the convective flux of methanol toward
the catalyst layer at different feed concentrations. The maximum
value of convective molar flux is seen to increase with methanol
feed concentration. This maximum value also shifts toward larger
current densities for higher methanol concentrations. Our DMFC
experiments employed an active system to replenish the methanol
solution in the flow field, thereby maintaining a constant feed con-
centration throughout the experiment. In such active systems, both
the diffusive and convective fluxes remain constant in time. How-
ever, a passive methanol delivery system can result in a methanol
feed concentration that drops with time, implying that both the dif-
fusive and the convective fluxes decrease with time, and therefore,
different dynamics are observed.

Cathode.— Cathode kinetic parameters were estimated by fitting
the solution of Eq. 53-57 to the experimentally measured value of
the cathode overpotential. The methodology adopted is described in
the Quantifying cathode and anode overpotentials section. Kinetic
constants kC1 and kC2 are evaluated by matching the simulated cath-
ode overpotential without crossover to the experimentally measured
cathode overpotential from the H2/O2 cell. The values of the con-
stants determined were kC1 = 1.2 	 10−6 m/s and kC2 = 4.48
	 10−5 mol/�m2 s� �Table I�. These values for kC1 and kC2 were
inserted into the complete cathode model whose output was now
matched to the experimentally measured cathode overpotential from
the DMFC. After performing a sensitivity analysis to minimize er-
ror, the remaining cathode kinetic constants were obtained as kC4
= 1.69 	 10−5 mol/�m2 s� and kC5 = 3233 �mol/�m s2��0.5. The
values of the kinetic constants allow us to interpret the nature of
each corresponding reaction. For example, from the values of kC4
and kC5, methanol undergoes chemical reaction at a faster rate than
the electrochemical reaction rate. Additional details about the kinetic
constants and the nature of the reactions can be found in a separate
publication from our group.33

Figure 13 shows the plot of the experimental and simulated cath-
ode overpotentials for the 2 M concentration case. Because the cath-
ode overpotential is always negative, a larger magnitude corre-
sponds to a further drop in the overall cell voltage. The detrimental
effect of the crossover is confirmed by the observation that the
DMFC cathode overpotential is significantly larger in magnitude
than the H /O value. The magnitude of the cathode overpotential
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increases with current density for both cases due to the ORR. The
difference between the two curves diminishes as high current den-
sity is increased. At higher current densities, methanol is consumed
at a proportionally higher rate in the anode catalyst layer and so less
methanol is available for crossover to the cathode catalyst layer.
Hence, the effect of methanol oxidation on the cathode overpotential
is reduced at high current densities.

Increasing the feed methanol concentration in the anode com-
partment also increases the overpotential losses. Figure 14 indicates
that increasing the methanol concentration from 1 to 4 M increases
the overpotential by 90 mV at 50 mA/cm2. In contrast, Fig. 3 shows
that the anode overpotential decreases with the feed concentration.
Due to the opposing effect of methanol concentration on the anode
and cathode overpotentials, it is evident that an optimal value of
concentration should exist for each current density for which the
overall cell voltage is maximized.5

The rate of each reaction in the cathode reaction set can be evalu-
ated from the kinetic constants, the overpotential, concentration, and
intermediate coverages. Figure 15 shows the free platinum surface
and O2H coverage on the catalyst as a function of current density.
From the reaction set, the intermediate adsorbants are PtCO and
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Figure 13. �Color online� Comparison of experimental and simulated values
of cathode overpotentials as a function of current density at 2 M feed con-
centration.
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Figure 14. �Color online� Simulated cathode overpotentials as a function of
current density at various feed concentrations.
PtO2H. However, our simulations indicate that 89% of the Pt surface
is not covered with any intermediates. High cathode catalyst loading
�4 mg/cm2� and the presence of air would lead to increasing de-
sorption rates. In addition, only 11% of the catalyst sites are occu-
pied with PtO2H intermediates. Our assumption of complete oxida-
tion of methanol on the cathode catalyst layer also leads to a
negligible amount of CO coverage. The O2H coverage increases
with current density, whereas the amount of free Pt surface is virtu-
ally constant.

The chemical reaction of methanol and oxygen reduction pro-
ceed with the transport of oxygen to the cathode catalyst layer. The
different modes of oxygen transport toward the catalyst layer were
described in the Two-phase modeling in the cathode GDL of DMFC
section. The diffusive, convective, and total molar flux of oxygen
toward the catalyst layer were evaluated using Eq. 45 and 51 and are
plotted in Fig. 16. Our simulations have revealed that the diffusive
mass flux in DMFCs is �103 times greater than the convective mass
flux. In contrast, under similar operating conditions, convective
transport exceeds diffusion in the case of the H2/O2 fuel cell. The
convective transport occurs in-plane in the GDL underneath the
land, whereas diffusion occurs through-plane in the GDL under the
channel of the flow field. From Fig. 16, the diffusive molar flux
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Figure 15. �Color online� Variation of adsorbed intermediates with current
density at an air flow rate of 500 sccm in the cathode flow field.
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increases with current density, whereas the convective molar flux
decreases. With increasing current density, the oxygen concentration
on the cathode catalyst layer drops, which reduces the convective
mass transport toward the catalyst layer. However, lowering the con-
centration on the catalyst layer increases the concentration gradient
across the GDL, and hence, the molar diffusive flux is seen to in-
crease steadily.

The diffusive molar flux of oxygen is a function of the concen-
tration gradient through the cathode GDL as well as the water satu-
ration within the GDL. Water originating in the catalyst layer is
expelled to the cathode flow field by capillary forces; however, at
steady state, some water blocks the GDL pores. Figure 17 shows the
water saturation in the GDL at different anode concentrations as a
function of current density. More water is produced at higher current
densities, and hence, the pore water fraction is seen to increase
linearly. Crossover methanol oxidation on the cathode catalyst also
produces water, and hence, due to high crossover, the water satura-
tion in the GDL increases at higher feed concentrations. Its contri-
bution to total saturation is small; however, with increasing water
saturation in the GDL, the diffusion rates across the GDL decrease.
Figure 16 shows the opposite result, implying that a strong counter-
balancing concentration gradient would have to be established with
increasing current density. This conjecture is verified by plotting the
oxygen concentration on the cathode catalyst layer in Fig. 18. The
oxygen concentration on the cathode catalyst indeed decreases with
current density, implying that the concentration gradient is greater.
Assuming the oxygen in the flow field is in 100% humidified air, its
bulk concentration is evaluated to be 6 mol/m3. Figure 18 also
shows that the oxygen concentration on the cathode catalyst de-
creases significantly with anode methanol concentration due to the
consumption of oxygen by methanol oxidation.

Figure 19 shows the ratio of oxygen consumed in reaction rC5
�chemical oxidation of methanol� to the oxygen consumed in reac-
tion rC1 �electroreduction of oxygen�. A large fraction of oxygen
reacts with methanol through chemical pathway. For example, at
low current densities and high methanol concentration, �30% of the
total oxygen transported to the catalyst layer is consumed by metha-
nol oxidation. Therefore, oxygen electroreduction suffers from con-
siderable oxygen mass transport limitations. The degradation in
cathode performance at high methanol concentration is due to mixed
oxidation potential. However, our simulations reveal that apart from
depolarizing the cathode, the limitations of oxygen mass transport
also degrade the cathode performance. In a regular H2/O2 cathode,
mass transport limitations are readily identified by decreasing the air
flow rate and observing a corresponding drop in performance. How-
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Figure 17. �Color online� Variation of water saturation in the cathode GDL
with current density at an air flow rate of 500 sccm.
ever, because diffusion is so dominant in DMFCs compared to con-
vection, it is difficult to experimentally identify the mass transport
limitations. Hence, our simulations provide critical new insights into
the cathode mass transport process.

Conclusions

A mathematical model incorporating the kinetic and mass trans-
fer process in DMFCs has been developed. One of the main goals is
to predict the steady-state values of overpotentials and other param-
eters with varying operating conditions. Models were developed for
the two-phase flow in the anode and cathode GDLs and coupled
with the reaction kinetics. The anode and cathode kinetic coeffi-
cients were obtained by fitting the simulated overpotentials with the
experimentally measured values. After the model was validated,
simulations were performed to quantify various parameters during
the steady-state operation of the DMFC. Subsequently, the evaluated
parameters were analyzed as a function of the operating conditions
to gain insight into the underlying physicochemical processes.

The anode overpotential was independent of the kinetic and mass
transfer processes in the cathode compartment. However, the cath-
ode overpotential is coupled with the crossover of methanol from
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Figure 18. �Color online� Comparison of oxygen concentration on the cath-
ode catalyst layer at various anode methanol concentrations as a function of
current density.
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Figure 19. �Color online� Comparison of the ratio of oxygen consumed in
the methanol chemical reaction to oxygen electroreduction at various anode
methanol concentrations as a function of current density.



the anode compartment. The anode overpotential is a strong function
of methanol feed concentration at higher current densities. The plati-
num surface is poisoned with the intermediate PtCO, whereas fewer
Ru sites were occupied by RuOH. Our simulations show that raising
the concentration above 2 M causes most of the Pt sites to become
saturated with CO and does not help in improving the anode over-
potential. To quantify the availability of methanol on the anode cata-
lyst layer, different modes of transport of methanol across the anode
GDL were formulated and evaluated. Convective flux increases with
current density, while the diffusive flux does not change signifi-
cantly. However, diffusion constituted the major transport mecha-
nism. This result has led to the discovery that the improvement in
performance seen by bubble convection dominates over the reduc-
tion in diffusion due to bubbles blocking the GDL. Hence, we con-
clude that for the operating conditions and materials employed in
our experiments, CO2 bubble generation enhances performance.

The experimentally evaluated cathode overpotential, with and
without the effect of mixed methanol oxidation, shows that signifi-
cant deterioration in voltage is caused by the presence of crossover
methanol on the cathode catalyst layer. Therefore, the magnitude of
the cathode overpotential increases with anode methanol concentra-
tion. Our model for cathode reaction kinetics incorporates both the
chemical and electrochemical oxidation of methanol on the cathode
catalyst. Due to consumption of oxygen by the chemical oxidation
of methanol on the cathode catalyst layer, the oxygen concentration
drops significantly with anode methanol concentration. The low con-
centration of oxygen on the cathode catalyst layer implies a reduced
mean oxygen concentration in the cathode GDL, which reduces the
in-plane convective mass flux in the GDL. Because the reaction
kinetics of oxygen electroreduction and methanol oxidation on the
Pt catalyst are strong, lower values of intermediate coverages are
observed.

Our model has been shown to produce results that agree with
experimental values. It is also able to provide key insights into pro-
cesses that are difficult to quantify experimentally. Hence, our model
is useful in improving our overall understanding of the kinetic and
mass transfer processes in DMFCs.
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List of Symbols

a charge transfer coefficient, 0.5
A active area of the fuel cell, 25 	 10−4 m2

b channel width of the serpentine flow field, 0.8 	 10−3 m
cA anode catalyst layer dielectric capacitance, F m−2

cC cathode catalyst layer dielectric capacitance, F m−2

cpt
ac surface concentration of platinum sites on anode catalyst layer,

mol m−2

cru
ac surface concentration of ruthenium sites on anode catalyst layer,

mol m−2

cpt
cc surface concentration of platinum sites on cathode catalyst layer,

mol m−2

CCO2
concentration of carbon dioxide in the anode catalyst layer,
mol m−3

Co concentration of methanol in the supplied solution, mol m−3

Cmeoh
ac concentration of methanol in the anode catalyst layer, mol m−3

CO2

cc
concentration of oxygen on the cathode catalyst layer, mol m−3

daGDL thickness of anode GDL, 3 	 10−4 m
dcGDL thickness of cathode GDL, 3.6 	 10−4 m
dmem thickness of the membrane, 1.78 	 10−4 m

Dmeoh,water diffusion coefficient of methanol in water, 3 	 10−9 m2 s−1

Dmeoh
GDL diffusion coefficient of methanol in the GDL, m2 s−1

Dmeoh
mem diffusion coefficient of methanol in the membrane, 1.56

	 10−9 m2 s−1

F Faraday’s constant, 96,485 A s mol−1
gCO inhomogeneity/interaction factor for Frumkin/Temkin adsorption
on Pt, 11

gOH inhomogeneity/interaction factor for Frumkin/Temkin adsorption
on Ru, 0.43

h depth of the serpentine channel, 10−3 m
icell current density withdrawn from the cell, A m−2

J�s� Leverette function
ki kinetic constant of a reaction step i on the catalyst layer

krg relative permeability of the gas phase
krl relative permeability of the liquid phase
K absolute permeability of the GDL, 10−13 m2

Kc permeability of the flow field channel, 3 	 10−8 m2

Ki in-plane permeability of the GDL, 5 	 10−13 m2

L length of the serpentine channel, 5 	 10−2 m
mH2O mass of water accumulation in the anode catalyst layer, kg
MH2O Mw of water, 18 	 10−3 kg
Mmeoh Mw of methanol, 32 	 10−3 kg

Nc number of channels in the serpentine flow field, 31
P pressure in the GDL, Pa

Pc capillary pressure in the GDL, Pa
Q flow rate of air supplied to the cathode inlet, m3

r reaction rate with respect to total catalyst pore surface,
mol m−2 s−1

R ideal gas constant, 8.314 J mol−1 K−1

s liquid saturation in the GDL
T temperature of the fuel cell, K
u superficial areal velocity vector, m s−1

u�x� mean velocity of oxidant along the length �x direction� in the
channel, m s−1

v�x� mean velocity of oxidant along the length �x direction� in the
GDL under the land, m s−1

VGDL mean velocity of oxidant in the GDL under the land
Vac volume of the anode catalyst layer, m3

Vcc volume of the cathode catalyst layer, m3

w land width of the serpentine flow field, 0.8 	 10−3 m

Greek

� electro-osmotic drag coefficient of water in Nafion 117 mem-
brane, 2.5

�CO symmetry parameter for Frumkin/Temkin adsorption on Pt
�OH symmetry parameter for Frumkin/Temkin adsorption on Ru

� porosity of the GDL
� overpotential, V

�g viscosity of the carbon dioxide gas, 1.68 	 10−5 Pa s
�l viscosity of the methanol solution, 0.547 	 10−3 Pa s
�c contact angle of the GDL

�CO CO surface coverage on Pt catalyst layer
�CO

cc coverage of CO on cathode platinum catalyst layer
�OH OH surface coverage on Ru catalyst layer

�O2H
cc

coverage of O2H on cathode platinum catalyst layer

g density of carbon dioxide gas, 1.98 kg m−3


l density of the liquid, 1000 kg m−3


 ohmic resistance of the fuel cell, ohms

Subscript

A on the anode compartment
A1 reaction step 1 on the anode catalyst layer
A2 forward reaction step 2 on the anode catalyst layer

�A2 backward reaction step 2 on the anode catalyst layer
A3 reaction step 3 on the anode catalyst layer
C1 reaction step 1 on the cathode catalyst layer
C2 forward reaction step 2 on the cathode catalyst layer

�C2 backward reaction step 2 on the cathode catalyst layer
C3 reaction step 3 on the cathode catalyst layer
C4 reaction step 4 on the cathode catalyst layer
C5 reaction step 5 on the cathode catalyst layer

g gas
l liquid

Superscript

ac on the anode catalyst layer
cc on the cathode catalyst layer
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