
A

p
c
c
t
c
c
o
c
i
©

K

1

h
s
o
t
c

c
c
t
l
n
m
n
d

0
d

Journal of Power Sources 160 (2006) 1131–1141

A mathematical model for simulating methanol permeation and
the mixed potential effect in a direct methanol fuel cell

Chih-Hao Chen ∗, Tsung-Kuang Yeh
Nuclear Science and Technology Development Center, National Tsing Hua University, Taiwan

Received 10 February 2006; received in revised form 2 March 2006; accepted 3 March 2006
Available online 27 April 2006

bstract

A mathematical model for simulating methanol permeation and the pertinent mixed potential effect in a direct methanol fuel cell (DMFC) is
resented. In this model a DMFC is divided into seven compartments namely the anodic flow channel, the anodic diffusion layer, the anodic
atalyst layer, the proton exchange membrane (PEM), the cathodic catalyst layer, the cathodic diffusion layer and the cathodic flow channel. All
ompartments are considered to have finite thickness, and within every one of them a set of governing equations are given to stipulate methanol
ransport and oxygen transport. For the flow channels, fluid dynamics, which could substantially lower the local methanol concentration within
atalyst layers is taken into account. With the knowledge of local concentrations of the species, the electrochemical reaction rates within both
atalyst layers can be quantified by a kinetic Tafel expression. For the anodic catalyst layer the local external current generated by methanol

xidation is computed; for the cathodic catalyst layer, in addition to the local external current generated by oxygen reduction, the local internal
urrent as a result of methanol permeation is also computed. With the information of the local internal current, the mixed potential effect, which
s responsible for adversely lowering the cell voltage can be analyzed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The advantages of direct methanol fuel cells (DMFC) over
ydrogen fuel cells include easy storage of the high energy den-
ity liquid fuel, direct fuel feeding without reforming, and low
perating temperature. It is therefore considered by many people
he most promising alternative power source for mobile appli-
ations and electric vehicles.

As shown schematically in Fig. 1, the structure a DMFC
onsists of seven major compartments namely the anodic flow
hannel, the anodic diffusion layer, the anodic catalyst layer,
he proton exchange membrane (PEM), the cathodic catalyst
ayer, the cathodic diffusion layer and the cathodic flow chan-
el. The anodic flow channel is the passage of low concentration

ethanol solution. As the solution is pumped through the chan-

el, a small fraction of methanol diffuses through the anodic
iffusion layer and reaches the anodic catalyst layer. Within

∗ Corresponding author. Tel.: +886 3 5742865; fax: +886 3 5713849.
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his layer, where Pt–Ru is the most widely used catalyst today,
ethanol oxidizes and produces carbon dioxide (CO2) via the

ollowing reaction:

H3OH + H2O → CO2 + 6H+ + 6e−.

O2 then diffuses back into the anodic flow channel and exits
ith the solution. The protons, which travel through the PEM,

nd the electrons, which travel through some external load, reach
he cathodic catalyst layer, where Pt is the catalyst, to undergo
he following half-cell reaction with oxygen that comes from the
athodic flow channel:

/2O2+6H++6e−→ 3H2O.

ecause these electrons travel through the external load, the
ertinent current is referred to as the ‘external’ current in this
aper. The overall reaction can therefore be written as:
H3OH + 3/2O2→ CO2+2H2O.

espite its advantages over hydrogen fuel cells, a few engi-
eering obstacles of the DMFC remain to be overcome. On the
ne hand, the sluggish catalytic activity of the anode makes a

mailto:chih_hao_chen@yahoo.com
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Nomenclature

Acell cell area
Cfeed

CH3OH methanol feed concentration

Cref
CH3OH reference methanol concentration

CCH3OH local methanol concentration
C

vap
CH3OH gaseous methanol concentration at saturated

vapor pressure
CH2O local water concentration
Cfeed

O2
oxygen feed concentration

Cref
O2

reference oxygen concentration
CO2 local oxygen concentration
daf width of the anodic flow channel
dcf width of the anodic flow channel
DCH3OH,H2O bulk diffusion coefficient of methanol

in water
DCH3OH,air bulk diffusion coefficient of gaseous

methanol in air
DCH3OH,PEM diffusion coefficient of methanol in PEM
DO2,air bulk diffusion coefficient of oxygen in air
D

d,eff
CH3OH,H2O effective diffusion coefficient of methanol in

diffusion layers
D

ac,eff
CH3OH,H2O effective diffusion coefficient of methanol in

the anodic catalyst layer
D

cc,eff
CH3OH,H2O effective diffusion coefficient of methanol in

the cathodic catalyst layer
D

d,eff
O2,air effective diffusion coefficient of oxygen in diffu-

sion layers
D

cc,eff
O2,air effective diffusion coefficient of oxygen in the

cathodic catalyst layer
E difference of electrode potentials in a DMFC
faf flow rate of anodic flow channel
fcf flow rate of cathodic flow channel
je

cell cell external current density
ji

cell cell internal current density
F Faraday’s constant
jO2 local current density from oxygen reduction
je

CH3OH local external current density from methanol oxi-
dization

j
a,ref
0,CH3OH reference exchange current density of methanol

in the anode
j

c,ref
0,CH3OH reference exchange current density of methanol

in the cathode
je

O2
local external current density from oxygen reduc-
tion

j
c,ref
0,O2

reference exchange current density of oxygen in
the cathode

l
a,ref
CH3OH reference catalyst layer thickness for methanol in

the anode
l
c,ref
CH3OH reference catalyst layer thickness for methanol in

the cathode
l
c,ref
O2

reference catalyst layer thickness for oxygen in
the cathode

laf thickness of the anodic flow channel

lad thickness of the anodic diffusion layer
lac thickness of the anodic catalyst layer
lm thickness of the PEM
lcc thickness of the cathodic catalyst layer
lcd thickness of the cathodic diffusion layer
lcf thickness of the cathodic flow channel
MCH3OH molecular weight of methanol
MH2O molecular weight of water
nCH3OH number of transferred electrons per methanol

molecule
nO2 number of transferred electrons per water

molecule
NCH3OH local methanol flux
NO2 local oxygen flux
NH2O local water flux
ri

cell cell interfacial resistence
Vcell cell output voltage
wCH3OH,a decay width of methanol concentration along

the anodic flow channel
wCH3OH,c decay width of methanol concentration along

the cathodic flow channel
wO2,c decay width of oxygen concentration along the

cathodic flow channel

Greek letters
αa

a,CH3OH anodic transfer coefficient of methanol in the
anode

αc
a,CH3OH anodic transfer coefficient of methanol in the

cathode
αa

c,CH3OH cathodic transfer coefficient of methanol in the
anode

αc
c,CH3OH cathodic transfer coefficient of methanol in the

cathode
αc

a,O2
anodic transfer coefficient of oxygen in the cath-
ode

αc
c,O2

cathodic transfer coefficient of oxygen in the cath-
ode

εd void fraction of diffusion layers
εac

s volume fraction of solid phase in anodic catalyst
layer

εcc
s volume fraction of solid phase in cathodic catalyst

layer
εc

m volume fraction of ionomer phase in catalyst lay-
ers

γO2 reaction order of oxygen
γa

CH3OH reaction order of methanol in the anode
γc

CH3OH reaction order of methanol in the cathode
γc

O2
reaction order of oxygen in the cathode

ηe
CH3OH local external overpotential of methanol

ηO2 local overpotential of oxygen
ηe

O2
local external overpotential of oxygen

κm specific conductivity of the PEM
κac,eff

s effective conductivity of solid phase in the anodic
catalyst layer
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κcc,eff
s effective conductivity of solid phase in the

cathodic catalyst layer
κc,eff

m effective conductivity of ionomer phase in cata-
lyst layers

κac
s conductivity of solid phase in the anodic catalyst

layer
κcc

s conductivity of solid phase in the cathodic catalyst
layer

κc
m conductivity of ionomer phase in catalyst layers

λH2O drag coefficient of water
ρCH3OH density of methanol
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considers hydrodynamics in the flow channels associated with
ρH2O density of water

igher methanol concentration favorable. On the other hand the
ethanol permeation problem, which does not exist in hydro-

en fuel cells, generates a mixed potential at the cathode and
dversely lowers the cell output voltage at higher methanol
oncentration. Carbon monoxide (CO) poisoning poses another
roblem by reducing the electrocatalytic activity and active area
f the catalyst. Another important issue is that methanol trans-
ort may be hindered by CO2 that diffuses back into the anodic
ow channel after being released within the anodic catalyst

ayer.
Methanol permeation is considered the most serious prob-

em. The PEM is fully or almost fully hydrated when a DMFC
s operating and methanol can therefore diffuse through the PEM
nd reach the cathodic catalyst layer. The catalyst in the cathode,
hich is made of Pt and adopted to reduce oxygen, also oxidizes

he permeating methanol at the same time. Since the exchanged
lectrons in these redox reactions do not go through any exter-

al load, we refer to this current as the ‘internal’ current. How
his internal current influences the performance of a DMFC is
xplained in the following. The cell output voltage V is related

ig. 1. Schematic of the DMFC which is divided into seven compartments namely th
EM, the cathodic catalyst layer, the cathodic diffusion layer and the cathodic flow c

t
p
a
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o the potential difference E by:

= E − ηa − ηc − IR,

here ηa and ηc are the activation overpotentials of the anode
nd the cathode, respectively, and IR is the ohmic loss. The
athodic catalyst layer is assumed to be of zero thickness. Since
he total amount of reduced oxygen must account for both the
nternal current density ii and the external current density ie, ηc
s stipulated by the following Buttler-Volmer equation:

i + ie = i0

[
exp

(
ηc

ba

)
− exp

(
ηc

bc

)]
,

here ba and bc are the Tafel slopes of oxygen oxidation and
eduction, respectively. If we keep ie constant and raise ii, ηc will
e raised and therefore V will be lowered. Because contributions
rom ii and ie to ηc are mixed together and cannot be separated,
c is usually referred to as the mixed potential.

Performance of a DMFC relies on a vast number of param-
ters, including the methanol feed concentration, efficiencies
f methanol transport and oxygen transport within the compart-
ents, the release rate of gaseous CO2 and its effect on methanol

ransport, the specific area of catalyst in the catalyst layers, the
hickness of the compartments, the impedance of the catalyst
ayer, the impedance of the membrane, the design of flow chan-
els, the rate of methanol permeation and so on. Investigating
he impact of these parameters one by one through experiments
s not time or cost efficient. In order to help understand the
peration of a DMFC and locate the key parameters on cell per-
ormance, a theoretical model is essential. A number of such
odels already exist in the literature.
Scott et al. [1] presented a DMFC model which accounts for

he influence of methanol transport and of CO2 flow. The model
e anodic flow channel, the anodic diffusion layer, the anodic catalyst layer, the
hannel.

he production of CO2 (in an empirical way) and methanol trans-
ort within the anodic diffusion layer, the anodic catalyst layer
nd the PEM. Within the PEM water transport is accounted for
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y diffusion and electro-osmotic drag. Within the anodic catalyst
ayer, methanol oxidation is accounted for by Tafel type kinet-
cs. Experimental data were used for validation. Mass transport
n the anode is found to be a factor that may limit the perfor-

ance of the fuel cell. The open circuit potential as a result
f methanol permeation is incorporated with a semi-empirical
quation instead of theoretical analysis.

Jeng and Chen [2] reported a model for the anode of a DMFC.
n the anodic flow channel, methanol transport associated with
he production of CO2 is accounted for in an empirical way.
iffusion and convection account for methanol transport and
ater transport in the diffusion layer as well as in the cata-

yst layer. Within the PEM water transport is accounted for by
iffusion and electro-osmotic drag while methanol transport is
ccounted for in a similar way as in the diffusion layer. The
lectrochemical reaction in the catalyst layer is stipulated by
kinetic Tafel expression. The mixed potential effect is not

ddressed.
Meyers and Newman [3] developed a thermodynamic frame-

ork with which they are able to model the multi-component
ransport of species within the PEM [4]. In this model the authors
uantify the gradients of electrochemical potential to describe
he driving forces for the multi-component transport. In addition,
kinetic model considering multiple reaction steps is developed

o describe methanol oxidation on the catalysts. With this model,
simulation of the direct methanol fuel cell is carried out and
eneral aspects of its design are quantified [5]. The mixed poten-
ial effect is again not addressed.

In Divisek et al. [6], the authors developed and tested a two-
imensional model of a DMFC. In their model, the water trans-
ort is assumed to follow a standard two-phase flow mechanism,
hich can be seen as a generalized Darcy’s law. The interac-

ions between the gases and the ones between the gases and the
ore walls are also taken into consideration. The mass transport
f dissolved species is accounted for with a standard transport
odel. For charged species, appropriate potential equations are

sed. Energy considerations are derived from the Fourier law,
ith convection caused by the flow of fluids and gases. Electro-

hemical reactions are accounted for with methanol and oxygen
inetics. Condensation and evaporation processes are also con-
idered. Although methanol permeation is considered, the mixed
otential effect is not addressed.

In Wang and Wang [17], two-phase mass transfer is con-
idered in the cathode (water and oxygen) and in the anode
methanol solution and CO2) of a DMFC. Oxygen reduction and
ethanol oxidation are accounted for by Tafel kinetic equations.
imulation results show that cell performance relies heavily on
ethanol feed concentrations. With small methanol feed con-

entrations the cell suffers from low limiting current densities.
or feed concentrations below 1 M, an increase in methanol con-
entration leads to a small decrease in cell voltage. For a feed
oncentration larger than 2 M, the cell voltage is reduced sub-
tantially by excessive methanol permeation and the maximum

urrent is limited by the oxygen depletion at the cathode. The
ixed potential effect as a result of methanol permeation is taken

nto account by assuming that the methanol transported to the
athode is completely depleted.

t
o
j

W
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The mixed potential effect is not easy to simulate and, in
he models mentioned above, is unaddressed, calculated in an
mpirical way or handled with a simple assumption of full
epletion of the permeating methanol by the cathode. Empirical
pproaches are often useful in correlating experimental data if
he model contains sufficient insights of the system, but are less
elpful on the investigation of cell parameters or on the effects
f changing cell designs. The assumption of full depletion of
he permeating methanol by the cathode may not always be
rue, especially when the catalytic activity of the cathode is
ot so efficient, as found out and discussed in the Results and
iscussion section. The mathematical model, which is proposed
ere is based upon the description of the physicochemical pro-
esses which dictate the behavior of electrochemical systems,
amely, mass transport and reaction kinetics. The features that
istinguish our model from the foregoing ones are:

. fluid dynamics of the flow channels which may influence the
concentrations of species at the catalyst layers, change the
reaction rates and impact the performance of the cell,

. mass transport and reaction kinetics of the cathode, and

. a means to estimating the intensity of the internal current, the
mixed potential effect and consequently the impact on cell
output voltage.

. Theory and calculation

Our model is based on the following set of assumptions:

. The fuel cell is operated isothermally at 30 ◦C in a steady
state.

. There is no pressure difference between the compartments.

. Methanol flux into the anodic flow channel is much greater
than methanol flux into the anodic diffusion layer. This
ensures that methanol concentration variation is small along
the channel. The same assumption applies to oxygen flux in
the cathodic flow channel.

. The effects of generated products, carbon dioxide and water,
on methanol transport and on oxygen transport are neglected.

Furthermore, as will be discussed in the next section, the
eduction in the electrocatalytic activity and active reaction
rea of the catalyst due to CO poisoning is accounted for
y selecting appropriate reference exchange current densities,
amelyj

a,ref
0,CH3OH, j

c,ref
0,CH3OH and j

c,ref
0,O2

. However, it should be
oted that, since we only discuss steady-state operations, the
ransient effect of CO poisoning on these exchange current den-
ities is not included in this model.

A variable map is presented in Table 1. The concentration and
ux of methanol, CCH3OH and NCH3OH, are considered all over

he cell. The concentration and flux of oxygen, CO2 and NO2 , are
onsidered only in the cathode because oxygen does not pene-

rate the PEM. Within the anodic catalyst layer where methanol
xidizes, the external current density from methanol oxidation
e
CH3OH and its activation overpotential ηe

CH3OH are added.
ithin the cathodic catalyst layer, in addition to the external
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Table 1
Variable map showing the variables which are solved for in the seven compartments of the DMFC

Anodic flow
channel

Anodic
diffusion layer

Anodic
catalyst layer

PEM Cathodic
catalyst layer

Cathodic
diffusion layer

Cathodic
flow channel

CCH3OH
√ √ √ √ √ √ √

NCH3OH
√ √ √ √ √ √ √

CO2

√ √ √
NO2

√ √ √
NH2O

√ √ √ √ √ √
je

CH3OH
√

ηe
CH3OH

√
je √
η

j

c
o
t
d
s

2

i
e

B

w
f
a

D

D

D

D

κ

κ

u
e
b

2

c

N

w

N

a

N

T

T
o

A

2

a

B
a

2

O2
e
O2

O2

urrent density from oxygen reduction je
O2

and its activation
verpotential ηe

O2
, the total current density from oxygen reduc-

ion jO2 is needed to account for the internal currents. Our choice
iffers from other approaches in the literature and substantially
implifies the governing equations and the boundary conditions.

.1. Governing equations

The following notations are used to simplify the govern-
ng equations. Bs(C, η) is the abbreviation of the kinetic Tafel
xpression:

l
s(C, η) = j

l,ref
0,s

l
l,ref
s

(
C

C
l,ref
s

)γ l
s

×
(

exp

(
αl

a,snsF

RT
η

)
− exp

(
−αl

c,snsF

RT
η

))
,

here s stands for species (CH3OH or O2) and l for location (a
or anode or c for cathode). Effective diffusion coefficients (Ds)
nd effective conductivities (�s) are defined as:

d,eff
CH3OH,H2O = (εd)

3/2
DCH3OH,H2O,

ac,eff
CH3OH,H2O = (1 − εac

s − εc
m)3/2

DCH3OH,H2O,

cc,eff
CH3OH,H2O = (1 − εcc

s − εc
m)3/2

DCH3OH,H2O

cc,eff
O2,Air = (1 − εcc

s − εc
m)3/2

DO2,Air,

ac,eff
s = (εac

s )3/2
κac

s , κcc,eff
s = (εcc

s )3/2
κcc

s ,

eff
m = (εc

m)3/2
κm,

sing Bruggeman’s correction [7–9]. The derivation of the gov-
rning equations in the seven compartments of a DMFC is shown
elow.

.1.1. The anodic flow channel

In this compartment methanol flux results from diffusion and

onvection:

CH3OH = Ndiff
CH3OH + Nconv

CH3OH,

a

√
√

here

conv
CH3OH = MH2OCCH3OH|x=xad

NH2O|x=xad

ρH2O
,

nd

diff
CH3OH = −DCH3OH,H2O

dCCH3OH

dx
.

he last equation can be reorganized as:

dCCH3OH

dx
= − Ndiff

CH3OH

DCH3OH,H2O
. (1)

his reorganization is also applied to mass transfer in all the
ther compartments.

By fluid dynamics and mass transfer calculation in Appendix
, Ndiff

CH3OH must satisfy the following equation:

dNdiff
CH3OH

dx
= 6faf

wCH3OH,adaf l
3
af

(x − xaf )(laf − x + xaf )CCH3OH.

(2)

.1.2. The anodic diffusion layer
In this compartment, methanol transfer is driven by diffusion

nd convection:

dCCH3OH

dx
= − NCH3OH

D
d,eff
CH3OH,H2O

+ MH2ONH2OCCH3OH

D
d,eff
CH3OH,H2OρH2O

. (3)

ecause no electrochemical reactions occur, the methanol flux
nd the water flux are constant:

dNCH3OH

dx
= 0, (4)

dNH2O

dx
= 0. (5)

.1.3. The anodic catalyst layer
In this compartment, methanol transfer is a result of diffusion
nd convection:

dCCH3OH

dx
= − NCH3OH

D
ac,eff
CH3OH,H2O

+ MH2ONH2OCCH3OH

D
ac,eff
CH3OH,H2OρH2O

. (6)
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ethanol oxidation which, can be stipulated by a kinetic Tafel
xpression changes the methanol flux and the water flux:

dje
CH3OH

dx
= Ba

CH3OH(CCH3OH, ηe
CH3OH), (7)

dNCH3OH

dx
= − 1

nCH3OHF

dje
CH3OH

dx
, (8)

dNH2O

dx
= dNCH3OH

dx
, (9)

e
CH3OH, the external overpotential by methanol, is changed by
he electron flow in solid phase and the proton flow in ionomer
hase [2]:

dηe
CH3OH

dx
=
(

1

κ
c,eff
m

+ 1

κ
ac,eff
s

)
je

CH3OH − 1

κ
ac,eff
s

je
cell. (10)

.1.4. The PEM
In this compartment, methanol transfer is caused by diffusion

nd convection:

dCCH3OH

dx
= − NCH3OH

DCH3OH,PEM
+ MH2ONH2OCCH3OH

DCH3OH,PEMρH2O
. (11)

o electrochemical reaction occurs in this compartment to
hange the methanol flux or the water flux:

dNCH3OH

dx
= 0, (12)

dNH2O

dx
= 0, (13)

e further assume that the PEM is fully hydrated so that water
oncentration is constant and that no water diffusion takes place.

.1.5. The cathodic catalyst layer
In this compartment, methanol transfer is due to diffusion

nd convection:

dCCH3OH

dx
= − NCH3OH

D
cc,eff
CH3OH,H2O

+ MH2ONH2OCCH3OH

D
cc,eff
CH3OH,H2OρH2O

. (14)

xygen transfer is a result of diffusion:

dCO2

dx
= − NO2

D
cc,eff
O2,air

. (15)

xygen reduction generates both the external current and the
nternal current. The combination of both and the former along
re stipulated by kinetic Tafel expressions:

djO2

dx
= Bc

O2
(CO2 , ηO2 ), (16)

dje
O2

dx
= Bc

O2
(CO2 , η

e
O2

). (17)

he methanol flux, the oxygen flux and the water flux all change

ccordingly with the generation of these current densities:

dNO2

dx
= 1

nO2F

djO2

dx
, (18)

N

r Sources 160 (2006) 1131–1141

dNCH3OH

dx
= 1

nCH3OHF

(
djO2

dx
− dje

O2

dx

)
, (19)

dNH2O

dx
= dNCH3OH

dx
− 2

dNO2

dx
. (20)

nce again the electron flow in the solid phase and the proton
ow in the ionomer phase change the external overpotential by
xygen ηe

O2
:

dηe
O2

dx
=
(

1

κ
c,eff
m

+ 1

κ
cc,eff
s

)
je

O2
− 1

κ
cc,eff
s

je
cell. (21)

he sum of the methanol internal current density and the oxygen
nternal current density must be zero. Therefore, the following
quation must hold all over this compartment:

djO2

dx
− dje

O2

dx
+ Bc

CH3OH(CCH3OH, E + ηO2 ) = 0. (22)

.1.6. The cathodic diffusion layer
In this compartment, methanol transfer is due to diffusion

nd convection:

dCCH3OH

dx
= − NCH3OH

D
d,eff
CH3OH,H2O

+ MH2ONH2OCCH3OH

D
d,eff
CH3OH,H2OρH2O

. (23)

xygen transfer is a result of diffusion:

dCO2

dx
= − NO2

D
d,eff
O2,air

. (24)

o electrochemical reaction occurs to change the methanol flux,
he oxygen flux or the water flux:

dNCH3OH

dx
= 0, (25)

dNO2

dx
= 0, (26)

dNH2O

dx
= 0. (27)

.1.7. The cathodic flow channel
In this compartment, methanol transfer and oxygen transfer

an be derived as in the anodic flow channel:

dNCH3OH

dx
= − 6fcf

wCH3OH,cdcf l
3
cf

(x − xcf )(xend − x)CCH3OH,(28)

dCCH3OH

dx
= − NCH3OH

DCH3OH,air
, (29)

dNO2

dx
= 6fcf

wO2,cdcf l
3
cf

(x − xcf )(xend − x)CO2 , (30)
dCO2

dx
= − NO2

DO2,air
. (31)

ote that methanol is in gas phase here.
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.2. Boundary conditions

A set of boundary conditions are required to solve the differ-
ntial equations above.

.2.1. At x = xaf

CH3OH = Cfeed
CH3OH, (32)

diff
CH3OH = 0. (33)

.2.2. At x = xad

CH3OH and NCH3OH arecontinuous. (34)

ater flux results from water consumption by the anodic catalyst
ayer and electro-osmosis in the PEM:

H2O =
(

1

nCH3OH
+ λH2O

)
je

cell

F
. (35)

.2.3. At x = xac

CH3OH and NCH3OH arecontinuous, (36)

e
CH3OH = 0. (37)

.2.4. At x = xm

CH3OH and NCH3OH arecontinuous, (38)

e
CH3OH = je

cell. (39)

.2.5. At x= xcc

CH3OH and NCH3OH arecontinuous, (40)

O2 = 0, (41)

O2 = 0, (42)

e
O2

= 0. (43)

q. (41) comes from our assumption that oxygen does not pen-
trate the PEM and exists only in the cathode.

.2.6. At x = xcd

CH3OH, NCH3OH, CO2 and NO2 arecontinuous, (44)
e
O2

= −je
cell. (45)

.2.7. At x = xcf

CH3OH, CO2 and NO2 arecontinuous. (46)

ethanol vaporizes at this boundary and its concentration in gas
hase can be determined by its molar fraction in the solution:

CCH3OH

C
vap
CH3OH

]
x>xcf

=
[

CCH3OH

CCH3OH + CH2O

]
x<xcf

, (47)

w
t
a
p

p
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here can be determined by

MCH3OHCCH3OH

ρCH3OH
+ MH2OCH2O

ρH2O
= 1.

.2.8. At x = xend

O2 = Cfeed
O2

, (48)

O2 = 0, (49)

CH3OH = 0, (50)

CH3OH = 0. (51)

.3. Numerical method

Eqs. (1)–(31) form a set of first-order differential equa-
ions, which can be readily solved with boundary conditions Eq.
32)–(51) by applying Runge-Kutta method of order 4. Because
he boundary conditions are not at the same location, the solv-
ng procedure must include first guesses of variables and a large
umber of iterations to make the solution converge.

.4. Determination of cell voltage

The total power density of the cell is

t = E(je
cell + ji

cell).

he usable power density of the cell is

u = Vje
cell.

he power density of anodic activation is

aa =
∫ xm

xac

ηe
CH3OH

dje
CH3OH

dx
dx.

he power density of cathodic activation is

ac=
∫ xm

xac

(E + ηO2 )

(
dje

O2

dx
− djO2

dx

)
dx +

∫ xm

xac

ηO2

djO2

dx
dx,

here the first term is for methanol and the second term for
xygen. The power density of IR loss is

IR =
∫ xm

xac

(
(je

CH3OH)2

κ
c,eff
m

+ (je
cell − je

CH3OH)2

κ
ac,eff
s

)
dx

+
∫ xcd

xcc

(
(je

cell + je
O2

)2

κ
c,eff
m

+ (je
O2

)2

κ
cc,eff
s

)
dx

+ (je
cell)

2

κm
lm + (je

cell)
2
Acellr

i
cell,

here the first term is for the anodic catalyst layer, the second
erm for the cathodic catalyst layer[2], the third term for the PEM

nd the forth term for interfacial resistance. By conservation of
ower density,

u = pt − paa − pac − pIR,
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where the methanol feed concentration is still 1 M, decreases
as cell current density increases. This can be understood since
higher cell current densities gives lower methanol flux into the
cathode, as shown in Fig. 5, which will be discussed later. This
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e then have

cellj
e
cell = E(je

cell + ji
cell), −

∫ xm

xac

ηe
CH3OH

dje
CH3OH

dx
dx,

−
∫ xm

xac

(E + ηO2 )

(
dje

O2

dx
− djO2

dx

)
dx

−
∫ xm

xac

ηO2

djO2

dx
dx,

−
∫ xm

xac

(
(je

CH3OH)2

κ
c,eff
m

+ (je
cell − je

CH3OH)2

κ
ac,eff
s

)
dx

−
∫ xcd

xcc

(
(je

cell + je
O2

)2

κ
c,eff
m

+ (je
O2

)2

κ
cc,eff
s

)
dx,

− (je
cell)

2

κm
lm − (je

cell)
2
Acellr

i
cell.

fter rearranging the terms and applying

xm
xac

E

(
dje

O2
dx

− djO2
dx

)
dx = Eji

cell we have

cellj
e
cell = Eje

cell, −
∫ xm

xac

ηe
CH3OH

dje
CH3OH

dx
dx,

−
∫ xm

xac

ηO2

dje
O2

dx
dx,

−
∫ xm

xac

(
(je

CH3OH)2

κ
c,eff
m

+ (je
cell − je

CH3OH)2

κ
ac,eff
s

)
dx

−
∫ xcd

xcc

(
(je

cell + je
O2

)2

κ
c,eff
m

+ (je
O2

)2

κ
cc,eff
s

)
dx,

− (je
cell)

2

κm
lm − (je

cell)
2
Acellr

i
cell. (52)

. Results and discussion

In order to validate our model, a cell is assembled in our labo-
atory with which experimental data is generated and compared
o model predictions. The catalyst layers of the cell are made of
afion 117, Teflon-treated carbon clothes and commercial cata-

ysts from Johnson Matthey with these weight ratios: Pt 20 wt.%
nd Ru 10 wt.% for the anode, Pt 20% for the cathode. Amounts
f Pt usage on catalyst layers are 0.9 mg cm−2 for both the
node and the cathode. A membrane made of Nafion 117 is hot
ressed between the catalyst layers at 130 ◦C to form the mem-
rane electrode assembly (MEA). The MEA is then sandwiched
etween two graphite plates on which flow channels are carved.
fter the cell is assembled, we delineate its I–V characteris-
ic curves at different methanol feed concentrations as shown
n Fig. 2.

Next we determine key parameter values of the model through
alibration, by fitting model-predicted I–V characteristic curves

F
a

ig. 2. Polarization curves of our cell compared with model predictions after
alibration.

o experimental data. The best fitting, also shown in Fig. 2, is
btained with the set of parameter values listed in Table 2.

With key parameter values determined, the mixed potential
ffect can be analyzed by examining the difference between the
athodic activation overpotentials of oxygen with the internal
urrent enabled and disabled. In the case of disabled internal
urrent, the way methanol transport to the cathode is not changed
hile methanol oxidation within the cathodic catalyst layer is

ssumed not to take place. This difference, as shown in Fig. 3
ig. 3. Comparison of mixed potentials with internal current enabled and dis-
bled at Cfeed

CH3OH = 1 M.
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Table 2
Parameter values used in numerical simulations

Parameter Value Reference

Acell (cm2) 4 Measurement
DCH3OH,H2O (cm2 s−1) 1.93 × 10−5 [10]
DCH3OH,air (cm2s-1) 1.569 × 10−1 [11]
DCH3OH,PEM (cm2 s−1) 4.9 × 10−6 [13]
DO2,air (cm2 s−1) 1.02 × 101 [10]
daf (cm) 0.1 Measurement
dcf (cm) 0.1 Measurement
faf (cm3 s−1) 0.83 Measurement
fcf (cm3 s−1) 1.66 Measurement
j

a,ref
0,CH3OH (A cm−2) 4.5 × 10−4 Calibration

j
c,ref
0,CH3OH (A cm−2) 4.5 × 10−4 Calibration

l
a,ref
CH3OH (cm) 0.03 Measurement

l
c,ref
CH3OH (cm) 0.03 Measurement

j
c,ref
0,O2

(A cm−2) 1 × 10−4 Calibration

l
c,ref
O2

(cm) 0.03 Measurement
laf (cm) 0.1 Measurement
lad (cm) 0.03 Measurement
lac (cm) 0.001 Measurement
lm (cm) 0.015 Measurement
lcc (cm) 0.001 Measurement
lcd (cm) 0.03 Measurement
lcf (cm) 0.1 Measurement
ri

cell (ohm) 1.4 Calibration
αa

a,CH3OH 0.153 Calibration

αc
a,CH3OH 0.153 Calibration

αa
c,CH3OH 0.12 Calibration

αc
c,CH3OH 0.12 Calibration

αc
a,O2

0.0669 Assumption

αc
c,O2

0.0669 [14]
γa

CH3OH 1.4 Calibration
γc

CH3OH 2 Calibration
γc

O2
1 Calibration

κac
s (S cm−1) 8.13 × 106 [15]

κcc
s (S cm−1) 8.13 × 106 Assumption

κc
m (S cm−1) 1.416 × 10−1 [13]

κm (S cm−1) 8.3 × 10−2 [16]
εd 7.06 × 10−1 [2]
εac

s 6 × 10−1 [2]
εcc

s 6 × 10−1 Assumption
ε

λ

a
c

t
c
m
fi
l
s
a
r
c
c

F
c

t
f
B
e
a
t
e

o
m
F
w
t
c

C

fl
s

c
m 8 × 10−2 [2]

H2O 2.36 [12]

lso indicates that methanol permeation has a weaker impact on
ell output voltage at higher cell current densities.

The model can further be used to predict methanol concen-
ration distributions and methanol flux inside the cell at different
ell current densities, as shown in Figs. 4 and 5 where the
ethanol feed concentration is fixed at 1 M. Because it is dif-
cult to see these curves within the very thin cathodic catalyst

ayer, we show the magnified versions in the lower frames. Fig. 4
hows that the methanol concentrations fall substantially in the

nodic flow channel just before the anodic diffusion layer. This
esult, which is just as expected, justifies the integration of flow
hannel calculation into our model. Regarding the cathodic flow
hannel, due to the high diffusion coefficient of oxygen in air,

r
C
o
i

ig. 4. Model-predicted methanol concentration distributions at different cell
urrent densities with Cfeed

CH3OH = 1 M.

he model predicts little change in oxygen concentration. There-
ore, we do not present oxygen concentration distributions here.
ecause electrochemical reactions only occur in the catalyst lay-
rs, methanol flux is constant in the diffusion layers and the PEM,
s shown in Fig. 5. We also note that higher cell current densi-
ies give lower methanol permeation rates and thus better fuel
fficiencies.

For this particular cell, the catalyst efficiency on methanol
xidation is considered poor but still good enough to deplete
ost of the methanol that permeates to the cathode, as shown in
ig. 5. However, the fraction of methanol that escapes into the air
ould increases if the catalyst efficiency is reduced. To manifest

his phenomenon with our model, we deliberately change the
atalyst efficiency of the cathode by defining the following cases:

CASE 1 j
c,ref
0,CH3OH and j

c,ref
0,O2

are as listed in Table 2.

ASE 0.25 j
c,ref
0,CH3OH and j

c,ref
0,O2

are multiplied by 0.25.

CASE 4 j
c,ref
0,CH3OH and j

c,ref
0,O2

are multiplied by 4.

The methanol concentration distributions and the methanol
ux of these cases are shown in Fig. 6. In CASE 1 only a
mall fraction of methanol penetrates the cathodic catalyst layer,

eaches the cathodic flow channel, and escapes into the air. In
ASE 0.25, due to the low catalyst efficiency, a large fraction
f methanol escapes. While in CASE 4, all methanol oxidizes
n the cathodic catalyst layer. This result indicates that, when the
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Fig. 5. Model-predicted methanol flux at different cell current densities with
Cfeed

CH3OH = 1 M.

Fig. 6. Model-predicted methanol flux at different cathodic catalyst efficiencies
with Cfeed

CH3OH = 1 M and jcell = 0.01 A cm2.
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atalyst is not efficient, the cell output voltage that is estimated
y assuming that the permeating methanol gets fully depleted
n the cathode, as is done in some other models, may not be
eliable.

. Conclusions

We have developed a one-dimensional mathematical model
or the DMFC which incorporates fluid dynamics calculations of
he flow channels, methanol transport, oxygen transport, reac-
ion kinetics within the anodic catalyst layer and the cathodic
atalyst layer and, most important of all, the mixed poten-
ial effect. The mixed potential was calculated by means of
stimating the internal current generated by methanol perme-
tion into the cathodic catalyst layer without making the usual
ssumption as found in the literature that methanol transport is
ompletely depleted in the cathodic catalyst layer. Predicting
hether methanol can reach the cathodic flow channel, vaporize

nd exit the cell is also made possible.
We have also validated our model by an experiment with a

ome-assembled cell. Key parameter values of the model for this
articular cell are determined through calibration which involves
tting of I–V characteristic curves to experimental data. With key
arameter values known, we have estimated the mixed potential
ffect and predicted methanol concentration distributions and
ethanol flux inside the cell at different cell current densities.
We have also pointed out by a case study that predicting cell

utput voltage by assuming that methanol transfer gets depleted
n the cathodic catalyst layer is not always reliable, especially
hen the catalyst is not efficient.
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ppendix A. Fluid dynamics for the flow channels

We only consider laminar flow in a region of the flow channel
here velocity and concentration are fully developed. The two-
imensional momentum equations are

(
u

∂u

∂x
+ v

∂u

∂y

)
= Fx − ∂P

∂x
+ µ

(
∂2u

∂x2 + ∂2u

∂y2

)
, (A1)

(
u

∂v

∂x
+ v

∂v

∂y

)
= Fy − ∂P

∂y
+ µ

(
∂2v

∂x2 + ∂2v

∂y2

)
, (A2)
here Fx and Fy are, respectively, the body forces acting on the
uid in the x and y directions, u and v the velocity components in

he x and y directions, respectively, P the pressure, ρ the density
nd µ the drag coefficient.
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Eq. (A1) can be neglected by applying u = 0. Eq. (A2) can be
implified to

∂P

∂y
= µ

(
∂2v

∂x2

)
, (A3)

y applying ∂v
∂y

= 0 and Fy = 0. Assume ∂P
∂y

= const, v(x) is
ound to be

(x) = ax2 + bx + c,

here a, b and c are constants. With boundary conditions v(0) =
and v(l) = 0, we have

(x) = 6f

dl3
x(l − x), (A4)

here l is the depth of the flow channel, d the width of the flow
hannel and f ≡ d

∫ l

0 v dx the flow rate.
The two-dimensional mass equation is

u
∂C

∂x
+ v

∂C

∂y

)
= D

(
∂2C

∂x2 + ∂2C

∂y2

)
, (A5)

here u and v are the velocity components in the x and y
irections, respectively, C the concentration and D the diffusion
oefficient.

After applying u = 0 and neglecting ∂2C
∂y2 by assuming that

ariation of C along y is minimal, the mass equation is simplified
o

∂C

∂y
= D

∂2C

∂x2 . (A6)

he dependences of C on x and y can be isolated by assuming
(x,y) = Cx(x)Cy(y) and introducing a constant w which is to be
etermined by boundary conditions. Cy(y) is found to be

y(y) = exp(−y/w), (A7)
nd Eq. (A6) becomes

∂2Cx

∂x2 = − v

wD
Cx = − 6f

wDdl3
x(l − x)Cx. (A8)

[

r Sources 160 (2006) 1131–1141 1141

efine Nx ≡ −D∂Cx

∂x
, Eq. (A8) becomes

∂Nx

∂x
= 6f

wdl3
x(l − x)Cx. (A9)

pplying Eq. (A9) to our one-dimensional model we get Eqs.
2), (28) and (30).
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