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a b s t r a c t

The present dynamic model is developed to investigate the coupled reaction mechanisms in a DMFC and
therein associated voltage losses in the catalyst layers. The model describes a complete five-layer mem-
brane electrode assembly (MEA), with gas diffusion layers, catalyst layers and membrane. The analysis
of the performance losses are mainly focused on the electrochemical processes. The model accounts for
the crossover of both, methanol from anode to cathode and oxygen from cathode to anode. The reactant
eywords:
uel cell
MFC
rossover
ixed potential
vershoot behavior

crossover results in parasitic internal currents that are finally responsible for high overpotentials in both
electrodes, so-called mixed potentials. A simplified and general reaction mechanism for the methanol
oxidation reaction (MOR) was selected, that accounts for the coverage of active sites by intermediate
species occurring during the MOR. The simulation of the anode potential relaxation after current inter-
ruption shows an undershoot behavior like it was measured in the experiment [1]. The model gives an
explanation of this phenomenon by the transients of reactant crossover in combination with the change

n Pt
of CO and OH coverages o

. Introduction

Direct methanol fuel cells (DMFCs) have important advantages
o hydrogen fuel cells such as the higher energy content of liq-
id methanol, the simple storage and the simple refilling. Hence,
MFCs are promising candidates for portable power applications.
owever there are several serious technical problems to overcome

or such cells to be competitive in the market. The thermodynamic
eversible cell potential for the overall cell reaction of a DMFC is
.21 V at 298 K [2]. However, the open circuit voltage (OCV) is typ-

cally only in the range of 600–750 mV [3–6], depending on the
perating conditions, membrane type, catalyst and catalyst load-
ng. The question arises “why”? It is assumed that the relatively
igh concentration of methanol (compared with gaseous reactants
uch as oxygen and hydrogen) and the high permeability of the
olymer electrolyte membrane combine the possibility of a high
ux of methanol to the cathode where it can react with oxygen in
n electrochemical reaction. One following consequence is that the
lectrode on the cathode is always under load even if no external

urrent is drawn from the cell. Thus, the cathode potential is sup-
ressed by the activation overpotential due to the internal parasitic
urrent, quite obvious at OCV. This phenomenon of a deteriorated
lectrode potential caused by fuel crossover from the anode to the
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E-mail address: dietmar.gerteisen@ise.fraunhofer.de.

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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and Ru, respectively.
© 2010 Elsevier B.V. All rights reserved.

cathode side where methanol is oxidizing on the platinum catalyst
is called mixed potential [7–10,6,3]. Further drawbacks of methanol
crossover are the waste of fuel and the poisoning of cathodic elec-
trocatalyst. The methanol oxidation reaction has been subject of
a large number of studies in recent years [11–14]. The problem
of methanol crossover can hardly be solved as long as perfluoro-
sulfonic acid membranes such as Nafion® are used as separator
between anode and cathode compartment. The fact that hydra-
tion of protons is required for a proper ionic conductivity and that
water is needed for the methanol oxidation to CO2, necessitates that
water has always to be present in the anode compartment. Water
and methanol are interchangeable in the hydration and osmotic
process because the free energy of association with protons is
approximately the same for both solvents. This in turn leads to high
methanol flux through the membrane causing mixed potential on
the cathode side.

To avoid the oxidation of methanol on the cathode several
methods have been explored. Possibilities are the development of
a novel membrane that prevents or at least reduces the perme-
ation of methanol through the membrane [15,16] or the use of
methanol vapor instead of a liquid methanol solution to reduce the
amount of dissolved methanol in water at the electrode/membrane

interface [17] and therefore the diffusive flux of methanol to the
cathode. Another approach to overcome the decrease in cathode
performance by methanol crossover is to use a methanol tol-
erant oxygen reduction electrocatalyst, i.e. an oxygen reduction
reaction (ORR) selective catalyst [10,18–20,8]. High methanol tol-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dietmar.gerteisen@ise.fraunhofer.de
dx.doi.org/10.1016/j.jpowsour.2010.04.004


6 er Sou

e
b
p
e
t
u
h
c
d
t
v
a
a
a
c
t
w
e
t
m
t
b
e
u
t
a
w
o
c
t
s
o
b

r
m
t
c
t
c
(
p

p
[
i
C
b
e
t
m
t
c
A
a
T
m
m
t
c
p
o
t
t
o
t

not yet reported in the appropriate literature.
The model describes a complete five-layer membrane electrode

assembly (MEA), with cathode gas diffusion layer (CGDL), cath-
ode catalyst layer (CCL), membrane, anode catalyst layer (ACL) and
anode gas diffusion layer (AGDL), as depicted in Fig. 1.
720 D. Gerteisen / Journal of Pow

rance is reported in the literature for non-noble metal catalysts
ased on chalcogenides and macrocycles of transition metals or
latinum-based binary alloyed catalysts [19]. Investigations of the
lectrocatalytic activity of such catalysts using rotating disc elec-
rode (RDE) measurements in acidic media show cathode potentials
p to 1 V [20,19]. In using such catalysts in a fuel cell, an apparent
igher OCV should be measured. Nevertheless, the OCV of techni-
al electrodes with methanol tolerant cathode catalysts in DMFCs
oes not show such high values. Thus, either the anode potential of
he methanol oxidation reaction (MOR) is far above the theoretical
alue of approx. 20 mV versus normal hydrogen electrode [2], or
so far not completely understood coupling between the cathode

nd anode causes this low OCV despite of a methanol tolerant cat-
lyst. By means of a reference electrode configuration in the test
ell, presented by Gerteisen [1], the loss mechanism of a methanol
olerant ruthenium-based catalyst modified with selenium (RuSex)
as investigated using current interrupt measurements (CI). In sev-

ral publications an overshoot of the cell voltage is measured if
here is a sudden load step from a high current to a low current. In

ost cases the phenomenon is discussed as an interaction between
he relaxation of the ORR potential and the methanol crossover
uilding a mixed potential on the cathode side [21,22,9]. In the
xperiments described in [1], the current interrupt technique was
sed to prove the methanol tolerance of the RuSex catalyst with
he reference electrode configuration. The cathode potential relax-
tion of a CCM prepared with Pt/C as cathode catalyst was compared
ith a CCM prepared with RuSex/C (details in [1]). A current density

f 0.1 A cm−2 was applied before a fast circuit breaker unload the
ell. The curve with the Pt catalyst shows an overshoot behavior of
he cathode potential, while the RuSex-based CCM does not show
uch a behavior. This result indicates a high methanol tolerance
f the RuSex/C catalyst. However, both CCMs show an undershoot
ehavior of the anode potential.

Presently there are no scientific publications known, which
eport on monitoring of an anode undershoot relaxation. From the
easurements it can be concluded that on the anode side at least

wo processes with different time constants are taking place and
ompeting with one another. The faster process is responsible for
he anode potential decrease to low potentials (favorable for fuel
ell application), the second process dominates after some seconds
approx. 6 s) and forces the anode potential to an adverse high
otential, at least 100 mV higher as expected from theory.

In the literature, different DMFC models highlighting various
hysical and electrochemical aspects are published. Shivhare et al.
23] developed a simplified steady-state anode model. The model
s focused on the anode kinetics and therefore accounts for the
O catalyst poisoning as well as for the water activation by the
i-functional mechanism. The simulation results show that CO cov-
rage does not play an important role in the loss mechanism of
he anode. Ge and Liu [24] developed a 3D model subjected to

ass transport processes in the channel, GDL and CL. The reac-
ion kinetics is modeled as a lumped Tafel approach without
onsidering multi-steps reaction and the influence of residues.

cathodic mixed potential is calculated by the assumption of
leak current due to methanol crossover, implemented in the

afel equation by adding to the external load current. A similar
odel in 2D is presented by Yang et al. [25]. The steady-state
odel from Liu and Wang [26] focused on mixed potential and

he influence of surface coverages of CO and OH only for the
athode. Mass transport limitations are considered in the two-
hase formulation. The anode side is not regarded. The effect

f pulsed-current load of a DMFC on the performance is inves-
igated by Vilar et al. [27]. Their dynamic model is reduced to
he anode side, subjected to a detailed bi-functional methanol
xidation kinetics. The model predicts an undershoot relaxation
hat is attributed to a small electrical short-circuit though the
rces 195 (2010) 6719–6731

membrane. For simplification, the electrodes are not spatially
resolved.

Regarding the explanations of the cell-voltage overshoot phe-
nomenon given in the literature, they are mostly attributed to
mixed potential on the cathode side. Therefore, the main research
activities are focused on preventing methanol crossover and par-
asitic MOR on the cathode. Less concentration is given on the
dynamics of the anode kinetics. It is believed that the bi-functional
mechanism of a Pt–Ru alloy catalyst is sufficient for the oxidation
of methanol to CO and further to CO2 by a hydroxyl ion OH but
the influence of oxygen crossover to an anode mixed potential has
not been investigated so far. In spite of a much lower oxygen flux
through the membrane compared to the methanol flux, the result-
ing parasitic ORR at the anode side can have a strong impact due to
the slow anode kinetics, intensified by partially blocked Pt-sites by
CO.

In the following this phenomena is investigated by a new devel-
oped DMFC model that accounts for the crossover of both, methanol
from anode to cathode and oxygen from cathode to anode. The bi-
functional mechanism is implemented in the anode kinetics. Thus, a
fully coupled time-dependent model is realized, predicting mixed
potential formation and CO poisoning. Qualitative investigations
of the anodic potential relaxation are made by numerical model-
ing that gives an explanation for the anode undershoot behavior.
To quantify the anode overpotential further fundamental electro-
chemical investigations and analysis techniques such as, e.g. gas
chromatography and X-ray adsorption spectroscopy have to be
conducted, which was not scope of this work.

2. Modeling

The present model is developed to investigate the coupled reac-
tion mechanism of a DMFC and therein associated voltage losses
in the catalyst layers. The model accounts for the crossover of (i)
methanol from anode to cathode and (ii) oxygen from cathode
to anode. The reactant crossover results in parasitic internal cur-
rents which finally are responsible for high overpotentials in both
electrodes, so-called mixed potentials. A simplified and general
reaction mechanism for the MOR derived from a more complex
mechanism was selected [28,29], that accounts for the coverage
of active sites by intermediate species occurring during the MOR.
Additionally, the effect of oxygen crossover to the anode side is
implemented, which is a novel approach in DMFC modeling and
Fig. 1. Schematic of a five-layer membrane electrode assembly. The solving vari-
ables are denoted and their computational domains are marked by white arrows.



D. Gerteisen / Journal of Power Sources 195 (2010) 6719–6731 6721

F st: (a
h

e
e
d
[
t
l
a
m

c
i
f

2

r

2

T
f

O

(

w

b
T
d
b

2

fi
t
i
a
r
n
i
i
C

C

(

s
a

ig. 2. Bi-functional mechanism of the methanol oxidation reaction on PtRu cataly
ydroxyl (OH) radicals, (c) electro-oxidation of CO by an OH-radical.

In this model performance losses are mainly addressed to
lectrochemical processes. For simplification, the gas diffusion
lectrode is modeled as a homogeneous catalyst layer, where
etails on the electrode morphology, i.e. agglomerate approach
30–33], are neglected. Although under these assumptions mass
ransport losses are not correctly represented, the model does not
oose its significance because the electrochemical phenomena such
s mixed potential and catalyst poisoning are the determining loss
echanism in DMFCs [34].
Since the limiting current density of DMFCs is significantly lower

ompared to H2-PEFCs on a two-phase flow description concern-
ng liquid water in the cathodic porous media and on CO2-bubble
ormation on the anode were passed.

.1. Reaction mechanism

The model description starts with the assumptions of the basic
eaction processes occurring in the electrodes.

.1.1. Oxygen reduction reaction
The desired reaction in the CCL is the oxygen reduction reaction.

he simplest description for its kinetics in acidic environment is a
our-electron step mechanism after adsorption on an active site

2 + (Pt)
kO2,ads�
kO2,des

(Pt − O2), (1)

Pt − O2) + 4H+ + 4e−kORR� 2H2O + (Pt), (2)

here the reaction is catalyzed by platinum catalyst.
It is assumed that the ORR is not restricted to the CCL. A Nafion®-

ased membrane shows a low but not negligible gas permeability.
his leads to the situation that a small amount of dissolved oxygen
iffuses through the membrane to the anode side, where it also can
e reduced on free Pt-sites following reactions (1) and (2).

.1.2. Methanol oxidation reaction
It is widely accepted that during methanol oxidation reaction,

rst methanol adsorbs on a Pt catalyst site and then oxidizes. Unfor-
unately, methanol does not oxidize to CO2 in a single step. One
ntermediate of the reaction is carbon monoxide CO that remains
s residue on the catalyst site. The latter is inactive for further
eactions as long as the CO-adsorbate blocks the catalyst. This phe-
omenon is called CO-poisoning. An appreciable blocking by other

ntermediates such as CH2OH, CHOH, CHO, acting as catalyst poison,
s not reported in the literature. Thus, the reaction of methanol to
O is assumed as rate-determining step

H3OH + (Pt)
kM,ads�
kM,des

(Pt − CH3OH), (3)

kMOR + −
Pt − CH3OH) �
k′

MOR

(Pt − CO) + 4H + 4e . (4)

Ruthenium is mostly added to Pt as co-catalyst on the anode
ide to promote the bi-functional mechanism, proposed by Watan-
be and Motoo [35]. Fig. 2 gives an illustration of the bi-functional
) electro-oxidation of methanol to carbon monoxide, (b) water activation forming

MOR mechanism, described in subsection 1. It is assumed that the
catalytic activity of Pt for the MOR is at least two orders of magni-
tude higher then Ru. Therefore, the electro-oxidation of methanol
on Ru is neglected. A bi-functional catalyst, like Pt–Ru alloy cata-
lyst, enhance the CO oxidation reaction (COOR) [35]. The Ru catalyst
activates water molecules to hydroxyl radicals (reaction (5)), which
react with CO adsorbates to carbon dioxide CO2 (reaction (6)). Here,
it is assumed that water preferentially adsorbs onto Ru-sites

H2O + (Ru)
kH2O,ox�
kOH,red

(Ru − OH) + H+ + e−, (5)

and that the adsorbed OH species are mobile enough to reach the
Pt-sites where CO become oxidized

(Pt − CO) + (Ru − OH)
kCO,ox−→ CO2 + H+ + e− + (Pt) + (Ru). (6)

Due to the missing Ru catalyst in the cathode CL, reaction (5) is
not present on the cathode side.

A second possible reaction pathway is the heterogeneous oxida-
tion of CO to CO2 in case of accessible oxygen. This reaction pathway
is often utilized in hydrogen PEFC fed with reformat gas, where CO
is present in the range of several ppm. In giving a small amount of
oxygen into the hydrogen reformat feed stream, the CO-poisoning
of the anode catalyst gets significantly reduced (known as oxygen
bleeding) by a heterogeneous oxidation reaction [36]. This reaction
is also addressed in the model for the CO adsorbate at the Pt-sites

2(Pt − CO) + O2
kbleed−→2CO2 + (2Pt). (7)

Without assuming this heterogeneous reaction, there is no pos-
sibility to clean the Pt catalyst from CO on the cathode side, since
no Ru catalyst is available to form OH-species for further oxida-
tion. Consequently, the methanol oxidation on the cathode would
poison the active sites by-and-by until no current can be drawn
from the cell. Obviously this scenario does not occur in real DMFCs,
confirming the assumed reaction pathway (7).

2.2. Governing equations

The model based on a system of coupled partial differen-
tial equations, whereby continuity equations for eight variables
have to be solved. The solving variables are oxygen concentration
cO2 , methanol concentration cM , electronic potential ˚e, protonic
potential ˚p and surface coverages of oxygen �O2 , methanol �M ,
carbon monoxide �CO and hydroxyl ions �OH .

The concentrations are defined in all five layers, the electronic
potential is defined in the electronic conductive regions (CLs and
GDLs), the surface coverages are defined in the CLs and the protonic
potential is defined in the layers where ionomer is present, namely
the CLs and the membrane (denoted by white arrows in Fig. 1).
2.2.1. Reaction rates
The volumetric reaction rates describe the conversion of the

reactants and intermediates dependent on their kinetic parame-
ters, coverages and applied overpotentials.
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The oxygen reduction reaction can be described by
utler–Volmer kinetics, where only adsorbed oxygen on the
t-sites, expressed as �O2 , takes part in the reaction

ORR = �c,akORR e(73.2×103/R)((1/353)−(1/T))�O2

×
(

e(˚e−˚p−�˚0
ORR

)/b∗
ORR − e−(˚e−˚p−�˚0

ORR
)/bORR

)
. (8)

The temperature dependent Tafel slope for the ORR is defined
s

∗
ORR = (1 − ˛ORR)nORRF

RT
and bORR = ˛ORRnORRF

RT
, (9)

here ˛ORR is the symmetry factor, nORR the number of trans-
ered electrons, F the Faraday constant, R the gas constant and

the temperature. Thus the assumed oxygen reduction reaction
epends on the reaction constant kORR, the Tafel slope of the ORR,
he reversible potential �˚0

ORR of the ORR, the catalyst loading �c,a

nd the applied overpotential, determined by ˚e and ˚p, which
re the potentials in the electronic and ionic conductive phase,
espectively.

The reaction constant kORR as well as all following reaction con-
tants ki are functions of the catalyst type (CT), catalyst support (CS)
nd the active surface area (A), which in turn depends on the load-
ng and dispersion of the catalyst and the three-phase boundary
ormation

i = ki(CT,CS,A). (10)

Therefore the published values differ strongly, depending on the
lectrode system and preparation. In this model a simple constant
s used merging all mentioned characteristics. A semi-empirical
dsorption isotherm, known as Frumkin isotherm, is assumed for
he description of the oxygen adsorption process in the catalyst
ayer. The Frumkin isotherm takes the interaction between the
dsorbed species into account

O2,ads = �c,akO2,ads(1 − �O2 − �CO − �M)cO2 e−g1�O2 , (11)

here the dimensionless constant g1 is a measure of the mean
nteraction energy (attraction constant). Adsorption only takes
lace at free catalyst sites, expressed as

(
1 −
∑

i�i

)
.

It is assumed that methanol oxidizes in a four-electron step
echanism to CO, preferentially on Pt-sites. This leads to a

utler–Volmer expression

MOR = �c,ak∗
MOR�M e(˚e−˚p−�˚0

MOR
)/b∗

MOR

−�c,ak′
MOR�CO e−(˚e−˚p−�˚0

MOR
)/bMOR , (12)

here

∗
MOR = kMOR e−((98.3×103)/RT), (13)

here �M and �CO are the methanol and carbon monoxide surface
overage, respectively, b∗

MOR = ((1 − ˛MOR)nMORF)/RT and bMOR =
˛MORnMORF)/RT are the Tafel slopes of the MOR. The values of the
eversible potential of the MOR �˚0

MOR, the symmetry factor ˛MOR

nd the reaction rates (kMOR, k′
MOR) are listed in Table 1.

Again, the methanol adsorption is expressed as Frumkin
sotherm

M,ads = �c,akM,ads(1 − �O2 − �CO − �M)cM e−g2�M

−�c,ak �M eg2�M , (14)
M,des

here kM,ads and kM,des are the rate constants for the adsorption
nd desorption process.

The hydroxyl ion formation onto Ru catalysts, also called water
ctivation, is coupled with an electron transfer, which can also be
rces 195 (2010) 6719–6731

expressed by the Butler–Volmer expression

qact = k∗
H2O,ox(1 − �OH) e(˚e−˚p−�˚0

OH
)/b∗

act

−k∗
OH,red�OH e−(˚e−˚p−�˚0

OH
)/bact , (15)

where

k∗
H2O,ox = kH2O,ox e(73.6×103)/RT (16)

k∗
OH,red = kOH,red e−(25.4×103)/RT (17)

are the temperature dependent rate constants for the forward and
reverse reaction, respectively, �˚0

OH is the equilibrium potential,
b∗

act = ((1 − ˛act)nactF)/RT and bact = (˛actnactF)/RT are the Tafel
slopes of the water activation reaction. The adsorption process of
water prior to the activation is not explicitly modeled, valid for fast
adsorption rates.

A Langmuir-Hinshelwood mechanism is assumed for the CO oxi-
dation by hydroxyl ions, which strongly depends on the potential
modeled with a simple Tafel expression

qCOOR = k∗
CO,ox�CO�OH e(�˚0

COOR
−(˚e−˚p))/bCOOR , (18)

where

k∗
CO,ox = kCO,ox e−(12.6×103)/RT (19)

is the reaction rate constant, bCOOR = ((1 − ˛COOR)nCOORF)/RT the
corresponding Tafel slope and �˚0

COOR the equilibrium potential.
The heterogeneous oxidation of CO with O2 is modeled accord-

ing to a Langmuir-Hinshelwood mechanism

qbleed = kbleed�O2 (�CO)2 e−(90×103)/RT , (20)

where an Arrhenius expression with a reaction rate constant kbleed

is chosen to count for the temperature dependance.

2.2.2. Oxygen concentration
Oxygen enters the five-layer MEA at the cathode GDL, diffuses

to the cathode catalyst layer, where it dissolves into the ionomer
to reach the active sites for the ORR. If not all oxygen is consumed
in the cathode CL, that means there is an oxygen concentration
unequal to zero at the interface CL ↔ membrane, the dissolved oxy-
gen can diffuse through the membrane forced by a concentration
gradient between cathode and anode CL.

The oxygen flux in gaseous jgO2
and dissolved phase jdO2

is mod-
eled by simple Fick’s diffusion

jg,d
O2

= −
Deff,˝

O2

L˝

∂cg,d
O2

∂y
, (21)

where Deff,˝
O2

is the effective diffusion coefficient in domain ˝

Deff,˝
O2

=
{

Dg
O2

((1 − s)�˝
O2

)
1.5
(

T

353

)1.5
if ˝ = CGDL ∧ CGL,

Dd
O2

if ˝ = Mem ∧ ACL,
(22)

where L˝ denotes the thickness of the layer ˝ since the model
domains are normalized to one. In the porous media a Brugge-
man expression accounts for the reduced diffusion pathway by the
solid matrix and water saturation. Since the diffusion process of
dissolved oxygen in the ionomer is of several magnitudes slower
than for gaseous oxygen in the open gas pores, the oxygen diffusion
in the CL is modeled only in gaseous phase. The local distributed
gaseous oxygen cg

O in the CL is converted to the dissolved oxygen

2

concentration cd
O2

by Henry’s law

cd
O2

= Hcg
O2

, (23)

where H is the Henry constant.
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Taking the oxygen adsorption process and the heterogeneous
O-oxidation into account, mass balance equation yields

∂jg,d
O2

∂y
= L˝

(
q˝

O2
− �˝

O2

∂cg,d
O2

∂t

)
(24)

hereas the sink terms are defined only in the catalyst layers

˝
O2

=
{

−qO2,ads − qbleed if ˝ = CCL ∧ ACL,
0 if else,

(25)

nd �˝
O2

is the fraction of space accessible for the oxygen in layer
. The accumulation term in the CCL accounts only for the gaseous

xygen concentration, i.e. �˝
O2

= �˝
p . In the membrane and ACL �˝

O2
s the ionomer fraction and pore space, since oxygen is dissolved in
he water and ionomer in these domains.

.2.3. Methanol concentration
The anode is fed with methanol via the anode GDL, from where

ethanol has to diffuse towards the anode catalyst layer, reach-
ng active sites. Due to the use of an aqueous methanol solution,
concentration discontinuity between methanol in the secondary
ores and in the primary pores is neglected. Methanol crossover is
ssumed in the case of a finite methanol concentration at the inter-
ace ACL ↔ membrane. The methanol flux jM is modeled by Fick’s
iffusion and forced by the electro-osmotic drag

M = −Deff,˝
M

L˝

∂cM

∂y
− jp˛drag

F
, (26)

ith the electro-osmotic drag coefficient

drag = 2.5�

22
�, (27)

here

= cM

(((1 − cM)vM)/vH2O) + cM
(28)

ccounts for the fraction of methanol in the aqueous solution
ragged by the protons instead of water molecules. In the transport
quation, Deff,˝

M is the effective diffusion coefficient of methanol,
p the local current density, ˛drag the electro-osmotic drag coef-
cient, � = 22 the water content (water molecules per sulphonic
cid sites) of a fully hydrated ionomer and vi the molar volume
f species i. Again a Bruggeman correction term is used for the
ffective diffusion coefficient

eff,˝
M =

⎧⎨
⎩

�1.5
i

DM if ˝ = CCL ∧ Mem,
(�i + �p)1.5DM if ˝ = ACL,
�1.5

p DM if ˝ = AGDL.
(29)

Methanol mass conservation equation can be expressed by

∂jM
∂y

= L˝

(
q˝

M − �˝
M

∂cM

∂t

)
, (30)

here the sink terms are only defined in the catalyst layers

˝
M =

{
qM,ads if ˝ = CCL ∧ ACL,
0 if else,

(31)

nd �˝
M is the volume fraction in layer ˝ where methanol is present.

.2.4. Surface coverage

The transient surface coverage of O2, MeOH, CO onto Pt and OH

nto Ru are described by ordinary differential Eqs. (32)–(35):

Pt
∂�O2

∂t
= +qO2,ads − qORR, (32)
rces 195 (2010) 6719–6731 6723

	Pt
∂�MeOH

∂t
= +qM,ads + qMOR, (33)

	Pt
∂�CO

∂t
= −qCOOR − 2qbleed − qMOR, (34)

	Ru
∂�OH

∂t
= +qact − qCOOR, (35)

where 	i is the active site density of catalyst i.

2.2.5. Electronic and protonic potential
Ohm’s law is used for the description of the charge flux

jp/e = ∓

eff,˝

p/e

L˝

∂˚p/e

∂y
, (36)

where the subscript p/e stands for protons and electrons. The ionic
conductivity of the ionomer 
p is a strong function of the water con-
tent for which Springer et al. [37] has found an analytical expression
(Eq. (37)). Since the water content is not calculated in the model a
constant value of 22 is assumed, that corresponds to an equilib-
rium value of a saturated membrane in liquid environment which
is fulfilled in the anode compartment fed with aqueous methanol
solution


eff,˝
p = (�˝

i )
1.5

(0.514� − 0.326) e1268((1/303)−(1/T))

with � = 22. (37)

A Bruggeman correction accounts for the ionomer fraction �˝
i

in layer ˝.
The charge balance equation reads

∂jp/e

∂y
= L˝

(
q˝

p/e + CDL
∂(˚e − ˚p)

∂t

)
, (38)

where q˝
p/e

are the volumetric charge transfer rates defined as

q˝
p/e =

{
F(4qORR + 4qMOR + qCOOR + qact) if ˝ = CCL ∧ ACL
0 if else,

(39)

and CDL is the double layer capacity that accounts for dis-/charge
current when the Galvani potential changed.

2.3. Boundary conditions

The following boundary conditions are chosen for the boundary
value problem.

2.3.1. Oxygen concentration cg
O2

A fix oxygen concentration at the outer surface of the cathode
GDL is assumed, calculated by the ideal gas law at atmospheric
pressure (p = 1.01325 × 105 Pa)

cg
O2

[−1] = p

RT
. (40)

Oxygen dissolves into the hydrated ionomer within the cathode
CL, described by Henry’s law, where it can react on active sites or
diffuse towards the anode. If not all oxygen is reduced at the cath-
ode and anode CL, respectively, a Cauchy-type boundary condition
is chosen for the outflow

d d
jO2
[3] = ˝O2 cO2

[3]. (41)

2.3.2. Methanol concentration cM

Similar boundary conditions are chosen for the methanol con-
centration as for the oxygen concentration. Depending on the



6 er Sources 195 (2010) 6719–6731

m
a

c

j

2

p
v

˚

a

˚

2

t
i

2

M
e
q
s
a
i
e

3

m
r
t
p
p
m
f

3

c
o
a
m
t
b
i

v
1
M
a
t
c
t
a

Fig. 3. Simulated polarization curves of the anode and cathode predict mixed poten-
724 D. Gerteisen / Journal of Pow

olarity of aqueous methanol solution, a defined concentration is
ssumed at the anode inlet

M[4] = cmolarity
M . (42)

Not oxidized methanol can leave the cathode CL

M[0] = ˝McM[0]. (43)

.3.3. Electronic potential ˚e

Like in the experiments the simulated DMFC is operated in
otentiostatic mode. Thus, the cathode potential is set to the cell
oltage Ucell on the outer surface of the CGDL

e[−1] = Ucell, (44)

nd the anode potential is set to zero

e[4] = 0. (45)

.3.4. Protonic potential ˚p

Since the protons are not allowed to penetrate into the GDLs on
he cathode and anode side, their fluxes are taken to zero at the
nterfaces CL ↔ GDL

∂˚p[0]
∂y

= ∂˚p[3]
∂y

= 0. (46)

.4. Numerical details

The governing equations are solved using COMSOL
ultiphysicsTM, a commercial software package based on finite

lement methods. A direct Linear System Solver (UMFPACK) and
uadratic Lagrange polynomials as test functions are used. The
olver is allowed to take free time steps. The five model domains
re discretized with non-uniform grid of 611 elements whereas the
nterface regions between the domains are meshed with smaller
lements.

. Results and discussion

The aim of this model is to give an explanation of the experi-
ental results presented by Gerteisen [1]. The simulation results

eproduce qualitatively the effects of mixed potentials which in
urn can explain the observed behavior of the dynamic anode
otential relaxation at various operating conditions. The model
rediction of this dynamic behavior indicates that the impacts of
ulti-step reactions, bi-functional mechanism and mixed potential

ormation are essential in DMFC modeling.

.1. Polarization curves

Before the dynamic simulations with a methanol tolerant RuSex

atalyst get discussed, a short excursion to steady-state simulations
f polarization curves is given, whereby a non-methanol toler-
nt catalyst such as platinum is assumed as cathode catalyst. This
eans, that the same activity of the anode and cathode catalyst

owards MOR is assumed, likewise for the activity towards the ORR
ut certainly with a higher value than for the MOR. If nothing else

s stated all shown results are simulated at a temperature of 81 ◦C.
Simulated polarization curves of both electrodes and the cell

oltage are plotted in Fig. 3. Even though the theoretical values of
.23 V and 21 mV are used as equilibrium potential of the ORR and
OR in the model, the voltage-current curve starts with an OCV of
bout 640 mV, highlighting the drastic influence of mixed poten-
ials. The cell voltage shows an exponential decline in the activation
ontrolled region, that can be completely attributed to the charac-
eristics of the anode overpotential. The anode overpotential shows
n offset of 130 mV at no-load condition, which is about 110 mV
tial formation on both electrodes resulting in a low OCV of the voltage–current curve.
An exponential increase of the cathode overpotential with current density is not
observable.

above the theoretical value, affected by a parasitic ORR due to oxy-
gen crossover. A strong mass transport controlled region is visible
at about 0.23 A cm−2.

The cathode overpotential shows a nontypical linear function
of current density with a slight slope and an offset of 420 mV at
OCV. This result shows that the cathode suffers strongly by a par-
asitic internal current due to methanol crossover. An explanation
for this nontypical cathode behavior can be given by the schematic
depicted in Fig. 4(a). The three dashed curves show the typical
exponential characteristics of the cathode overpotential with cur-
rent generation for different fixed parasitic currents. The fact of
a parasitic MOR on the cathode needs an ORR to counterbalance
the involved charge generation, hence the cathode is under load
even no external current is drawn. The largest overpotential is
observed for the blue curve due to the high parasitic current. Since
the parasitic current is a function of the methanol crossover which
decreases with increasing methanol consumption on the anode, the
apparent cathode overpotential (red curve) has to be between the
blue curve (low current → high fuel crossover) and the black curve
(high current → no crossover) depending on the external drawn cell
current. Thus the typical exponential shape of the cathode over-
potential is lost for such conditions. Measurements published by
Eccarius et al. [38] approve such cathode characteristics (Fig. 4(b)).

The reduced OCV and the low performance of the DMFC with
the platinum cathode catalyst can be analyzed by the potential and
methanol distribution within the fuel cell, plotted in Figs. 5 and 6.
It is shown that at open circuit condition the potential difference
between the anodic electronic potential ˚e

a and protonic potential
˚p is much higher than the theoretical value of 21 mV. Because the
electronic potential ˚e

a is set to zero at the surface of the anode GDL
by the boundary condition (like it is done in the experiment by the
potentiostat) the protonic potential falls to negative values relative
to ˚e

a. The higher activation losses can be assigned to the cath-
ode. Due to the high electrical conductivity of the GDL and carbon
support in the CL the potential gradient (∇˚e) across these lay-
ers can not be seen in this figure. At the highest current density of
0.2 A cm−2 a small ohmic drop is observable across the membrane.

The methanol concentration across the cell as a function of the
current density is visualized in Fig. 6(a). It shows that methanol
is completely oxidized in the cathode CL. Due to the high mass

transport limitation of methanol in the anode GDL the methanol
crossover to the cathode side decreases with increasing current
density. According to this Fig. 6(b) depicts the decreasing parasitic
MOR on the cathode side with increasing load. The plot highlights
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Fig. 4. The cathode overpotential shows a nontypical linear function of current den-
sity due to high parasitic MOR on the cathode depending on the load conditions. (a)
Schematic of the cathode overpotential under load for different constant parasitic
c
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Fig. 6. The methanol crossover and hence the parasitic MOR on the cathode side
urrents. The apparent cathode overpotential accounts for the change off parasitic
urrents under different load conditions. (b) Measured cathode losses for different
olarities (2, 0.5, and 0.25 M) published by S. Eccarius (taken from [38]) approve

he linear characteristics of the cathode overpotential.

hat the MOR takes place within the first 10% of the CCL at the
nterface to the membrane due to the high overpotential for the

OR present on the cathode side.

In Fig. 7 the polarization curves of a DMFC based on a high

ethanol-tolerant cathode catalyst such as RuSex are plotted. It
s assumed that the activity of the RuSex catalyst towards MOR
s several magnitudes smaller than the activity of a Pt catalyst

ig. 5. Simulated potential distribution across the membrane electrode assembly.
oth the parasitic methanol oxidation on the cathode and the parasitic oxygen
eduction on the anode lead to a reduced cell voltage.
decreases with increasing current density due to mass transport limitation of
methanol in the anode GDL. (a) Methanol concentration profile within the fuel cell as
a function of the current density. (b) Methanol completely oxidizes within the first
10% of the CCL due to the extremely high consumption rate at high overpotential.

(kRuSe
MOR = 10−9 kPt

MOR), but unequal to zero. Additionally, it is well
known and thus considered in the simulation, that the RuSex cata-
lyst shows a relative low activity for the ORR compared to Pt. The
model parameter used for the simulations are listed in Table 1.

The exponential shape of the cathode overpotential shows that

there is little parasitic MOR at this electrode, contrary to the case
with the Pt catalyst (see Fig. 3). Nevertheless, the assumed low
activity of the RuSex catalyst for the ORR leads to a steep increase in
the cathode overpotential when an external cell current is drawn,

Fig. 7. Simulated polarization curves with RuSex as cathode catalyst. Due to the
methanol tolerance of RuSex the cathode overpotential shows an exponential
increase with current, contrary to the overpotential with Pt catalyst shown in Fig. 3.
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Fig. 9. Measured relaxation curves of the anode polarization for different load cur-
rent and molarity are shown. Since the change in molarity effects also the reference
potential, the steady-state anode potentials are normalized to zero for comparison

An explanation of the presented anode potential relaxation can
be given by mixed potential formation combined with CO catalyst
poisoning depicted in Fig. 12. Under load the OH promotion on the
Ru-sites is sufficient for the further oxidation of CO to CO2 because
ig. 8. Comparison of the simulated and measured OCV at different temperatures.
he simulation predicts the measured increase of OCV with increasing temperature,
ut with a small shift 20 mV towards higher voltages.

hich in turn leads to comparable performance of a non methanol-
olerant catalyst with high activity for the ORR such as platinum.
he assumed small parasitic methanol oxidation on the cathode
atalyst together with the fact of a lowered activity towards ORR
compared to Pt) results in a significant cathode mixed potential
ormation. Both mixed potentials on anode and cathode leads to
he low OCV of 620 mV at 60 ◦C.

Measured OCVs at different temperatures show an increase with
emperature, depicted in Fig. 8. The same characteristic is also given
y the model. The simulated OCVs predict a slight offset of about
0 mV, towards higher cell voltages compared to the experimental
ata. Although the kinetic model parameters are not well adjusted
fitted) to experimental data, the temperature dependancy shows
good agreement since the temperature is a sensitive parameter

nvolved in all Arrhenius approaches. The OCV is nearly indepen-
ent on methanol concentration for the RuSex catalyst.

.2. Dynamic simulations

A further benchmark for the developed model is to repro-
uce the measured transient response of the anode and cathode
otential in a qualitative manner. The overshoot of the cathode
otential observed with a Pt-based cathode catalyst should vanish
or a methanol-tolerant catalyst like it was measured for RuSex[1],
hereby the anode undershoot is present for both CCMs. The

imulated characteristics of the anode undershoot behavior on
witching to no-load should depend on the load current and the
nlet methanol concentration like it was measured in the experi-

ent (Fig. 9). In Fig. 10 the simulated relaxation curves of the anode
nd cathode potential together with the cell voltage is shown for
oth cathode catalysts, Pt and RuSex. The anode undershoot is iden-
ical for both cases, indicating that the cathode catalyst does not
mpact the anode side. The cathode overpotential shows a small
ndershoot in case of Pt catalyst due to methanol crossover which

n turn results in parasitic currents. The overpotential with the
xygen-selective RuSex catalyst shows a slow transient without an
ndershoot. Steady-state is not reached with 35 s. The simulated
haracteristics are in qualitative agreement with the experimental
ata.

In Fig. 11(a) simulated anode potential relaxation curves for
ifferent load currents are shown. In agreement with the measure-
ents the magnitude of the anode undershoot first increases with
he load current and finally ends up in an asymptotic behavior for
igher currents. The time to reach equilibrium also increases with
he load current.

In Fig. 11(b) the anode polarization relaxation after CI at
.1 A cm−2 is shown for different molarities. The anode overpo-
of their transients. (a) A higher load before current interruption leads to a larger
anode potential undershoot, whereby a saturation is reached at 0.04 A cm−2. (b) A
higher methanol concentration also leads to an enlarged undershoot behavior with
larger relaxation times.

tentials under load vary slightly for different molarities. After CI
the undershoot to the lowest anode potential is observed for the
highest molarity that ends with the longest relaxation time at the
lowest steady-state level. The magnitude of the undershoots are
among each other comparable which is not in agreement with the
experimental data.
Fig. 10. Potential relaxation curve of the cathode and anode from a load current
of 0.2 A cm−2. The cathode overpotential with platinum as cathode catalyst differs
significantly from the overpotential with RuSex catalyst.
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Fig. 11. The impact of the load current and methanol molarities on the transient
response after CI is analyzed. (a) The minima of anode relaxation curves for different
load currents predict an asymptotic saturation for higher currents. (b) Dependancy
of the anode potential relaxation curve on the inlet methanol concentration. The
higher molarity improves the steady-state potential.

Fig. 12. The anode undershoot behavior is caused by the dynamic change of the CO
adsorbate in the anode catalyst layer. The high poisoning at no-load condition leads
to mixed potential formation due to a low parasitic ORR on the anode side.

Fig. 13. Transients of the surface coverage of methanol and OH-species on the anode
after current interruption show an insufficient bi-functional mechanism of the MOR,

observable in a vanishing OH-coverage at OCV. (a) After current interruption the
methanol coverage decreases from about 0.5 to 0.1 within 25 s due to CO poisoning.
(b) A low and homogeneous coverage of OH-species of about 0.19 is observed before
CI, decreasing rapidly at no-load condition.

the electrode potential is high enough to dissociate water. Thus the
OH surface coverage is about 27% and the CO surface coverage is
about 48%. After current interruption the anode electrode potential
first remains stable for some milliseconds due to double layer dis-
charging, than decrease to low values. With a small time delay the
OH surface coverage decreases too. At this point the bi-functional
mechanism comes to rest and thus the CO coverage increases, lead-
ing to a strong catalyst poisoning that makes the electrode potential
very sensitive to a parasitic oxygen reduction reaction. Thus, after
approx. 3 s the potential increases again.

3.3. Local analysis

The advantage of using such a detailed kinetic model is to pro-
vide the opportunity to determine the local conditions within the
fuel cell such as surface coverage of adsorbed intermediates, con-
centrations and potentials. In the following a local analysis of the
transients of certain solving variables after a current interruption
from a current density of 0.1 A cm−2 for a Pt-cathode catalyst is
made.

Fig. 13 shows the transients of the distributed methanol �M

and hydroxyl ion �OH surface coverage in the anode catalyst
layer. Under load (t = −10 s . . . 0 s) the methanol coverage is nearly

homogeneous within the ACL at a value of 0.5, with a small increase
in the region of the membrane interface (Fig. 13(a)). This increase
at the interface can be attributed to the oxygen crossover. A relative
smooth transient to a lower value of 0.1 is observed after current
interruption (t > 0), except at the membrane interface. Steady-
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Fig. 15. The time evolution of the methanol consumption in the anode and cathode
catalyst layer due to the MOR after current interruption at time t = 0 s is shown.
(a) The simulation predicts a nearly homogeneous methanol consumption within

cell is depicted, showing a considerable amount of methanol in
ig. 14. Transients of the CO-coverage after CI. The CO-coverage on the anode raises
rom 0.5 to 0.9. The small CO-coverage on the cathode side at the interface to the

embrane is hardly influenced by the CI.

tate is reached after about 25 s. At no-load condition the coverage
t the membrane interface increases from 0.68 to 0.83, leading to a
teep gradient near the interface. This increase indicates an insuf-
cient adsorption rate of methanol under load. The coverage of OH
n the Ru-sites shows a very homogeneous distribution within the
CL (Fig. 13(b)), with a value of about 0.19 under load. The coverage
ecreases rapidly within 3 s to almost zero when turning to no-load
ecause the water dissociation rate at low anode overpotential is

nsufficient to maintain a high coverage.
The phenomena of the steep gradient of methanol coverage

ear the membrane interface can be explained by the coverage of
arbon monoxide. Fig. 14 shows the lapse of the carbon monox-
de at the cathode and anode. A low coverage is observed on the
athode side near the membrane interface. The coverage on the
athode is almost stable in time after CI, indicating a relative con-
tant parasitic MOR independent on the load conditions as long as
o methanol mass transport limitation is present on the anode side.
ince on the cathode the heterogeneous reaction with oxygen is the
nly process for a further oxidation of the adsorbed CO to CO2, the
ssumed rate constant of this reaction has a strong influence on the
egree of CO-poisoning of the CCL. Here, a sufficient rate constant

s assumed to prevent a high catalyst blocking. This assumption
ould be too conservative, because the impact of catalyst poison-
ng might even be underestimated and could lead to a deteriorated
lectrode potential. Thus, measuring surface coverages by special
n situ characterization techniques is essential to adjust the rate
onstant. On the anode side the same heterogeneous reaction is
llowed for oxygen permeating through the membrane. Therefore,
steep decrease of �CO is observed near the membrane interface
hich in turn leads to free Pt-sites for the adsorption of methanol,

stablishing the increasing �M . The coverage of CO slowly increases
fter CI within the electrode, since as already mentioned not suffi-
ient OH-ions are provided from the Ru-sites at low overpotentials.
he anode catalyst gets poisoned.

The consumption of methanol due to the MOR is depicted in
ig. 15(a). A homogeneous MOR with a small increase near the
embrane interface is shown in agreement with the distribution

f �M (see Fig. 13(a)), indicating a constant overpotential within
he CL. After CI, the reaction stopped abruptly in the ACL, except for
small region near the membrane interface where the MOR has to
ounterbalance the still present parasitic ORR.

The parasitic MOR on the cathode side is depicted in Fig. 15(b).
t shows that methanol is oxidized within the first 10% of the

atalyst layer with a high rate, increasing after CI due to increas-
ng methanol crossover, depicted in Fig. 16(a)). The distribution
f the methanol concentration within the fuel cell shows clearly
hat a high methanol permeability of the membrane in combina-
the anode catalyst layer except near the membrane interface where an increase is
observed due to oxygen crossover. (b) A very high parasitic current within the first
10% of the cathode CL is observed. After CI the parasitic current droped followed by
an asymptotic increase.

tion with a low methanol diffusivity in the GDL results in a relative
low methanol concentration in the ACL, even at no load condition.
Hence, it can be concluded that a DMFC anode always suffers from
mass transport limitations.

The transient oxygen consumption by the ORR after CI within
the CCL is depicted in Fig. 16(b). Under load a minimum of qORR

is observed at the interface to the membrane due to the reduced
number of active sites which are not blocked by CO (see Fig. 14).
The minimum of qORR is also present near the membrane inter-
face at no-load condition. Directly after current interruption, the
ORR shows a sharp decline, followed by a smooth increase. This
increase is caused by counterbalancing the increasing parasitic
MOR due to increasing methanol crossover as already shown before
in Fig. 16(a). A comparison of the oxygen consumption before
(around 750 mol m−3 s−1) and after CI (around 430 mol m−3 s−1) at
steady-state shows the high parasitic current at OCV.

By using a methanol tolerant cathode catalyst such as RuSex

the electrochemical conditions on the anode side are not affected,
as shown in Fig. 10 for the anode overpotential. But taking a look
on the cathode a completely different situation is predicted by the
model with regard to the methanol distribution and the resultant
methanol and oxygen surface coverages.

In Fig. 17 the methanol concentration distribution within the
the cathode CL since the ORR selective catalyst oxidizes hardly
methanol. Thus the methanol concentration in the CCL is deter-
mined by the boundary condition of methanol towards the gas
diffusion layer. An arbitrary mass transport coefficient is used in the
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Fig. 16. Switching to no-load conditions leads to an increase of the methanol
crossover and hence to an increase of the parasitic MOR that has to be counter-
balanced in the CCL by the ORR. (a) Methanol concentration distribution within the
cell after CI. Only a slight increase of methanol crossover is predicted, since the
m
t
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f
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ethanol distribution is governed by the parasitic MOR on the cathode throughout
he experiment. (b) An increase of the ORR is observed after CI to counterbalance
he parasitic MOR on the cathode side. The ORR is nearly homogeneous distributed
n the CL with a small decline near the membrane interface due to CO-blocking.

ormulation of a Cauchy boundary condition that could be identify
or the model validation by measuring the methanol concentration
n the cathode exhaust by mass spectroscopy or gas chromatogra-

hy (not done in this work).

Since the adsorption process of methanol on the RuSex cata-
yst is still allowed with only a marginal charge transfer reaction,

large fraction of the catalyst sites can be blocked by adsorbed

ig. 17. Transient of the methanol concentration within the fuel cell after CI. The
RR selective RuSex catalyst leads to a non-vanishing concentration in the CCL,
hose value is determined by the outflow boundary condition.
Fig. 18. The transient surface coverage of oxygen and methanol on the RuSex cata-
lyst shows a homogeneous distribution within the CCL. (a) The oxygen coverage
increases after CI to almost 1.0. (b) The adsorbed methanol gets suppressed by
oxygen after CI.

methanol molecules in case of fast adsorption rates and binding
energies. For the oxygen this would imply a lowered amount of
accessible active sites. Thus the choice of the involved constants
for the ad-/desorption process is critical for modeling the cathode
performance. Thus, it has to be emphasized again that in situ char-
acterization techniques regarding the investigation of adsorbates
are essential for parameter extraction by inverse modeling.

In the presented simulations the involved constants for the ad-
/desorption processes are chosen under the assumption that the
catalyst sites are mainly occupied by oxygen at no-load condition.
As already mentioned, this strong assumption has to be proven by
experimental measurements of surface coverages. The simulated
transient of the oxygen coverage on the cathode after current inter-
ruption is plotted in Fig. 18(a). At 100 mA cm−2 the oxygen coverage
has a value of 0.6, homogeneously distributed in the CL and after CI
�O2 increases to nearly 1. This shows that under load the consump-
tion of oxygen by the ORR is too fast for the adsorption process
to maintain the coverage in the range of 1. Under load methanol
adsorbs on the free RuSex sites, shown in Fig. 18(b).

4. Conclusion

The aim of the presented model was to find an interpretation
of the so far unexplained anode undershoot, presented in the lit-
erature [1]. For this purpose a time-dependent complex fuel cell
model based on a system of coupled PDEs describing the phys-

ical and electrochemical processes was developed. Essential for
this model is the description of the anode kinetic by using a bi-
functional mechanism, which can lead to CO-poisoning in case of a
too slow OH-supply. This assumption alone is not sufficient for the
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Table 1
Nomenclature and parameter values used for the simulation.

Symbol Description Value/Eq. Unit Ref.

Solving variables
cM methanol concentration mol m−3 –

cd,g
O2

oxygen concentration (dissolved, gaseous) mol m−3 –

�CO surface coverage of carbon monoxide – –
�M surface coverage of methanol – –
�O2

surface coverage of oxygen – –
�OH surface coverage of hydroxyl ions – –
˚e electronic potential V –
˚p protonic potential V –

Physical constants
F Faraday constant 96,485 C mol−1 –
R gas constant 8.314 J K−1 mol−1 –

Structural values
LCL CL thickness 20 × 10−6 m measured
LGDL GDL thickness 430 × 10−6 m measured
LMem membrane thickness 180 × 10−6 m measured
�CL

O2
volume fraction of open pores in CL 0.25 – [39,30]

�GDL
O2

volume fraction of open pores in GDL 0.74 – [40]

�CL
i

volume fraction of ionomer in CL 0.45 – assumed

�Mem
i

volume fraction of ionomer in membrane 1 – –

Physical properties, kinetic parameters and local variables
bORR(b∗

ORR
) Tafel slope of the ORR Eq. (9) V –

CDL double layer capacity 2 × 107 F m−3 [32]
DCL

M
methanol diffusion coefficient in CL 2.8 × 10−9 m2 s−1 [24]

DGDL
M

methanol diffusion coefficient in GDL 2.8 × 10−9 m2 s−1 [24]
DMem

M
methanol diffusion coefficient in membrane @ 330 K 9.46 × 10−10 m2 s−1 [41]

Dd
O2

oxygen diffusion coefficient in ionomer 2.0 × 10−8 m2 s−1 [42]

Dg
O2

oxygen diffusion coefficient in gas phase 3.2 × 10−5 m2 s−1 [43]

g1 lateral interaction parameter 5 – assumed
g2 lateral interaction parameter 4 – assumed
H Henry constant 0.0254 – [44]
kbleed rate constant for oxygen bleeding 3.03 × 1018 mol m−3 s−1

kCO,ox rate constant for CO oxidation 1.25 × 105 mol m−3 s−1 assumed
kH2O,red rate constant for OH reduction 3.966 × 1011 mol m−3 s−1 assumed

kH2O,ox rate constant for H2O oxidation 7.6896 × 1019 mol m−3 s−1 assumed

kM,ads methanol adsorption constant 2.3606 × 105 s−1 assumed
kM,des methanol desorption constant 3.3696 × 103 mol m−3 s−1 assumed
kPt

MOR
rate constant for the MORforward 8.3 × 1013 mol m−3 s−1 assumed

kRuSe
MOR

rate constant for the MORforward 3.3 × 102 mol m−3 s−1 assumed
k′

MOR
rate constant for the MORbackward 1 × 10−12 mol m−3 s−1 assumed

kPt
ORR

rate constant for the ORR 1.5 × 10−9 mol m−3 s−1 assumed
kRuSe

ORR
rate constant for the ORR 1.5 × 10−13 mol m−3 s−1 assumed

kO2,ads oxygen adsorption constant 7.4 × 106 s−1 assumed
nact number of transfered electrons 1 – [23]
nORR number of transfered electrons 4 – –
nMOR number of transfered electrons 4 – [23]
nCOOR number of transfered electrons 1 – [23]
qORR source/sink due to ORR Eq. (8) mol m−3 s−1 -
qO2,ads source/sink due to oxygen adsorption Eq. (11) mol m−3 s−1 –

qMOR source/sink due to MOR Eq. (12) mol m−3 s−1 –
qM,ads source/sink due to methanol adsorption Eq. (14) mol m−3 s−1 –
qact source/sink due to water activation Eq. (15) mol m−3 s−1 –
qCOOR source/sink due to COOR Eq. (18) mol m−3 s−1 –
qbleed source/sink due to oxygen bleeding Eq. (20) mol m−3 s−1 –
sGDL saturation 0.55 – estimated
sCL saturation 0.18 – estimated
˛drag electro-osmotic drag coefficient Eq. (27) – –
˛act symmetry factor of the water activation 0.1 – assumed
˛COOR symmetry factor of the COOR 0.5 – assumed
˛MOR symmetry factor of the MOR 0.818 – assumed
˛ORR symmetry factor of the ORR 0.478 – assumed
�c,a cathode/anode catalyst loading 1.26/1.9 – measured
�˚0

OH
reversible potential of the water activation 0.4 V assumed

�˚0
MOR

reversible potential of the MOR 0.043 V [45]
�˚0

ORR
reversible potential of the ORR 1.23 V [45]

�˚0
COOR

reversible potential of the COOR 0.346 V assumed
	Pt active site density 78.15 mol m−3 assumed
	Ru active site density 78.15 mol m−3 assumed
� water content of ionomer 22 –

e electrical conductivity 500 S m−1 [46]
˝O2

oxygen transfer coefficient 1 × 10−3 m s−1 assumed

˝M methanol transfer coefficient 1 × 10−5 m s−1 assumed

Operating conditions
T operating temperature 354.15 K measured
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rediction of an anode potential undershoot since the anode has to
e under load even if no external current is drawn. Accounting for a

ow oxygen crossover through the membrane seems to be obvious
ut is so far not described in the literature. The simulations show
hat a small amount of oxygen on the anode is actually enough for
eteriorate the anode potential.

The description of the kinetics by means of exponential func-
ions (Butler–Volmer approach) leads to a highly non-linear PDE
ystem, that is numerically not easy to be solved. Since the simu-
ations show that certain solving variables are nearly constant in
-position within the model domain and therefore do not have to
e spatially resolved, the complexity of the model can be reduced.

Some kinetic parameters as used for the new approaches pre-
ented here are not described in the scientific literature. Therefore
ome parameters of the model had to be assumed.

At current status the model does not enforce the claims of an
xact prediction of the operating state of a DMFC since there is a
ack of information in experimental data for the model validation.
evertheless the model identifies the determining loss mechanism
f a DMFC:

mixed potential formation on both electrodes and the resulting
low OCV,
poisoning effects of the catalyst layers and their dynamic effects
on the electrode potentials.

The model predicts qualitative the characteristics of the polar-
zation curves, the temperature dependent OCV and the potential
elaxation curve after CI. Further experimental results are neces-
ary for model validation, in particular information about surface
overages of the intermediates is required, since they have a strong
nfluence on the electrode polarization. The measured interre-
ationship of the steady-state current and overpotential is not
ufficient for the validation of such a complex model. For a better
arameter extraction the next step should be the application of the
odel towards the simulation of electrochemical impedance spec-

roscopy in combination with in situ measurement techniques such
s spectroscopy techniques like X-ray adsorption spectroscopy
XAS), Fourier-transformations-IR-spectroscopy (FTIR) or Differen-
ial Electrochemical Mass Spectroscopy (DEMS).

. Nomenclature and parameter list

See Table 1.
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