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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
crossover results in parasitic internal currents that are finally responsible for high overpotentials in both
Keywords: . . . . . .
Fuel cell electrodes, so-called mixed potentials. A simplified and general reaction mechanism for the methanol
DMEFC 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
of CO and OH coverages on Pt and Ru, respectively.
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1. Introduction

Direct methanol fuel cells (DMFCs) have important advantages
to hydrogen fuel cells such as the higher energy content of lig-
uid methanol, the simple storage and the simple refilling. Hence,
DMEFCs are promising candidates for portable power applications.
However there are several serious technical problems to overcome
for such cells to be competitive in the market. The thermodynamic
reversible cell potential for the overall cell reaction of a DMFC is
1.21V at 298 K [2]. However, the open circuit voltage (OCV) is typ-
ically only in the range of 600-750 mV [3-6], depending on the
operating conditions, membrane type, catalyst and catalyst load-
ing. The question arises “why”? It is assumed that the relatively
high concentration of methanol (compared with gaseous reactants
such as oxygen and hydrogen) and the high permeability of the
polymer electrolyte membrane combine the possibility of a high
flux of methanol to the cathode where it can react with oxygen in
an electrochemical reaction. One following consequence is that the
electrode on the cathode is always under load even if no external
current is drawn from the cell. Thus, the cathode potential is sup-
pressed by the activation overpotential due to the internal parasitic
current, quite obvious at OCV. This phenomenon of a deteriorated
electrode potential caused by fuel crossover from the anode to the
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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 CO,, 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-
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erance is reported in the literature for non-noble metal catalysts
based on chalcogenides and macrocycles of transition metals or
platinum-based binary alloyed catalysts [19]. Investigations of the
electrocatalytic activity of such catalysts using rotating disc elec-
trode (RDE) measurements in acidic media show cathode potentials
up to 1V [20,19]. In using such catalysts in a fuel cell, an apparent
higher OCV should be measured. Nevertheless, the OCV of techni-
cal electrodes with methanol tolerant cathode catalysts in DMFCs
does not show such high values. Thus, either the anode potential of
the methanol oxidation reaction (MOR) is far above the theoretical
value of approx. 20 mV versus normal hydrogen electrode [2], or
a so far not completely understood coupling between the cathode
and anode causes this low OCV despite of a methanol tolerant cat-
alyst. By means of a reference electrode configuration in the test
cell, presented by Gerteisen [1], the loss mechanism of a methanol
tolerant ruthenium-based catalyst modified with selenium (RuSey)
was investigated using current interrupt measurements (CI). In sev-
eral publications an overshoot of the cell voltage is measured if
there is a sudden load step from a high current to a low current. In
most cases the phenomenon is discussed as an interaction between
the relaxation of the ORR potential and the methanol crossover
building a mixed potential on the cathode side [21,22,9]. In the
experiments described in [1], the current interrupt technique was
used to prove the methanol tolerance of the RuSey catalyst with
the reference electrode configuration. The cathode potential relax-
ation of a CCM prepared with Pt/C as cathode catalyst was compared
with a CCM prepared with RuSey/C (detailsin[1]). A current density
of 0.1 Acm~2 was applied before a fast circuit breaker unload the
cell. The curve with the Pt catalyst shows an overshoot behavior of
the cathode potential, while the RuSex-based CCM does not show
such a behavior. This result indicates a high methanol tolerance
of the RuSey/C catalyst. However, both CCMs show an undershoot
behavior of the anode potential.

Presently there are no scientific publications known, which
report on monitoring of an anode undershoot relaxation. From the
measurements it can be concluded that on the anode side at least
two processes with different time constants are taking place and
competing with one another. The faster process is responsible for
the anode potential decrease to low potentials (favorable for fuel
cell application), the second process dominates after some seconds
(approx. 6s) and forces the anode potential to an adverse high
potential, at least 100 mV higher as expected from theory.

In the literature, different DMFC models highlighting various
physical and electrochemical aspects are published. Shivhare et al.
[23] developed a simplified steady-state anode model. The model
is focused on the anode kinetics and therefore accounts for the
CO catalyst poisoning as well as for the water activation by the
bi-functional mechanism. The simulation results show that CO cov-
erage does not play an important role in the loss mechanism of
the anode. Ge and Liu [24] developed a 3D model subjected to
mass transport processes in the channel, GDL and CL. The reac-
tion kinetics is modeled as a lumped Tafel approach without
considering multi-steps reaction and the influence of residues.
A cathodic mixed potential is calculated by the assumption of
a leak current due to methanol crossover, implemented in the
Tafel equation by adding to the external load current. A similar
model in 2D is presented by Yang et al. [25]. The steady-state
model from Liu and Wang [26] focused on mixed potential and
the influence of surface coverages of CO and OH only for the
cathode. Mass transport limitations are considered in the two-
phase formulation. The anode side is not regarded. The effect
of pulsed-current load of a DMFC on the performance is inves-
tigated by Vilar et al. [27]. Their dynamic model is reduced to
the anode side, subjected to a detailed bi-functional methanol
oxidation kinetics. The model predicts an undershoot relaxation
that is attributed to a small electrical short-circuit though the

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 CO, 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 isimplemented 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
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.
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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.
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Fig. 2. Bi-functional mechanism of the methanol oxidation reaction on PtRu catalyst: (a) electro-oxidation of methanol to carbon monoxide, (b) water activation forming

hydroxyl (OH) radicals, (c) electro-oxidation of CO by an OH-radical.

In this model performance losses are mainly addressed to
electrochemical processes. For simplification, the gas diffusion
electrode is modeled as a homogeneous catalyst layer, where
details on the electrode morphology, i.e. agglomerate approach
[30-33], are neglected. Although under these assumptions mass
transport losses are not correctly represented, the model does not
loose its significance because the electrochemical phenomena such
as mixed potential and catalyst poisoning are the determining loss
mechanism in DMFCs [34].

Since the limiting current density of DMFCs is significantly lower
compared to H,-PEFCs on a two-phase flow description concern-
ing liquid water in the cathodic porous media and on CO,-bubble
formation on the anode were passed.

2.1. Reaction mechanism

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

2.1.1. Oxygen reduction reaction

The desired reaction in the CCL is the oxygen reduction reaction.
The simplest description for its kinetics in acidic environment is a
four-electron step mechanism after adsorption on an active site

I
05 + (Pt) 2% (Pt — 0,), (1)
koz,des
4 _korr
(Pt — 05) + 4H* + 4~ 2*21,0 + (Pt), 2)

where the reaction is catalyzed by platinum catalyst.

Itis assumed that the ORR is not restricted to the CCL. A Nafion®-
based membrane shows a low but not negligible gas permeability.
This leads to the situation that a small amount of dissolved oxygen
diffuses through the membrane to the anode side, where it also can
be reduced on free Pt-sites following reactions (1) and (2).

2.1.2. Methanol oxidation reaction

It is widely accepted that during methanol oxidation reaction,
first methanol adsorbs on a Pt catalyst site and then oxidizes. Unfor-
tunately, methanol does not oxidize to CO, in a single step. One
intermediate of the reaction is carbon monoxide CO that remains
as residue on the catalyst site. The latter is inactive for further
reactions as long as the CO-adsorbate blocks the catalyst. This phe-
nomenon is called CO-poisoning. An appreciable blocking by other
intermediates such as CH,OH, CHOH, CHO, acting as catalyst poison,
is not reported in the literature. Thus, the reaction of methanol to
CO is assumed as rate-determining step

k
CH30H + (Pt) (Pt — CH30H), (3)
M,des
k
(Pt — CH30H)"“£“(Pr —CO)+4H" +4e". (4)
k' MoR

Ruthenium is mostly added to Pt as co-catalyst on the anode
side to promote the bi-functional mechanism, proposed by Watan-
abe and Motoo [35]. Fig. 2 gives an illustration of the bi-functional

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 CO, (reaction (6)). Here,
it is assumed that water preferentially adsorbs onto Ru-sites

k
H0 + (Ru) "22%(Ru — OH) + H* + e~ (5)

kOH red

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

(Pt — CO) + (Ru — OH)*©-%CO, + 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 CO, 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) + 0,220, + (2PY). 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
Co,, methanol concentration cy, electronic potential @€, protonic
potential P and surface coverages of oxygen ©p,, methanol Oy,
carbon monoxide ®¢y and hydroxyl ions ®gy.

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.



6722 D. Gerteisen / Journal of Power Sources 195 (2010) 6719-6731

The oxygen reduction reaction can be described by
Butler-Volmer kinetics, where only adsorbed oxygen on the
Pt-sites, expressed as @, , takes part in the reaction

qorr = Ye.akorr e(73.2><103/R)((1/353)—(1/T))@Oz

x (e(¢e’¢p’A¢8RR)/b6RR — e’(ipe’¢p*A¢gRR)/bORR) . (8)

The temperature dependent Tafel slope for the ORR is defined
as

(1 — aopr)norrF

A orrNoRRF
D = o ORRMORR 9)

RT ’

where ogg is the symmetry factor, nogg the number of trans-
fered electrons, F the Faraday constant, R the gas constant and
T the temperature. Thus the assumed oxygen reduction reaction
depends on the reaction constant kogg, the Tafel slope of the ORR,
the reversible potential A@gRR of the ORR, the catalyst loading y¢,q
and the applied overpotential, determined by &¢ and &P, which
are the potentials in the electronic and ionic conductive phase,
respectively.

The reaction constant kggg as well as all following reaction con-
stants k; are functions of the catalyst type (CT), catalyst support (CS)
and the active surface area (A), which in turn depends on the load-
ing and dispersion of the catalyst and the three-phase boundary
formation

and bORR =

k; = k;(CT,CS,A). (10)

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

0, ,ads = Ye.ako, aas(1 — @0, — Oco — Oy )co, e781902, (11)

where the dimensionless constant g; is a measure of the mean
interaction energy (attraction constant). Adsorption only takes
place at free catalyst sites, expressed as (1-,6);).

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

amor = Ve,.akiorOm B L

~Veakior@co e (PP A Phor)/bwor (12)
where
Ki1or = kmor e—((98.3x103)/m), (13)

where ®); and @ are the methanol and carbon monoxide surface
coverage, respectively, by, p = ((1 — amor)tmorF)/RT and byor =
(apornmorF)/RT are the Tafel slopes of the MOR. The values of the
reversible potential of the MOR A(D,?,,OR, the symmetry factor o0k
and the reaction rates (kyog, Kj,r) are listed in Table 1.

Again, the methanol adsorption is expressed as Frumkin

isotherm

AM.ads = Ve.akir.ags(1 — ©o, — Oco — O ey e782M

_VC.,GkM,des@M egz@Mv (14)
where Ky q4s and ky 4es are the rate constants for the adsorption
and desorption process.

The hydroxyl ion formation onto Ru catalysts, also called water
activation, is coupled with an electron transfer, which can also be

expressed by the Butler-Volmer expression

o 0 (Pe—PP—APO )/b*
Gact = kHzo,ox(l — Oon)e OH** “act

e 0
_k?)H red@OH e-((;b _¢p_A¢OH)/baCt s (15)
where
* x103
kHZO,ox _ kHQO,OX 6(73‘6 10°)/RT (16)
* _ «x103
kOH,red _ kOH,rede (25.4x10%)/RT (17)

are the temperature dependent rate constants for the forward and
reverse reaction, respectively, A¢8H is the equilibrium potential,
bt = ((1 — aact )naceF)/RT and bace = (acenaceF)/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.

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

0
dcoor = kgo,0x@c0Oon e APoor (P~ PP))/bcoor (18)

where

3
Kp.0x = Kco,or e~ (126510 )/RT (19)

is the reaction rate constant, bcoor = ((1 — @coor)ncoorF)/RT the
corresponding Tafel slope and A@gOOR the equilibrium potential.
The heterogeneous oxidation of CO with O, is modeled accord-

ing to a Langmuir-Hinshelwood mechanism
2 _(90x103
bleed = Kpieea@0,(Oco)? e~ O0X10V/RT (20)

where an Arrhenius expression with a reaction rate constant Kpjeeq
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 j%z and dissolved phasejdo2 is mod-

eled by simple Fick’s diffusion

eff,2 o g.d
o= Do %o, (21)
0, — L2 ay ’

where Dgfg’g is the effective diffusion coefficient in domain £2

T

Deff, 2 _ ﬁ

1.5
if £2=CGDL A CGL,
7 ) (22)

DS, (1 - 5)¢8)" (
d if £2=Mem AACL,
2
where L% denotes the thickness of the layer £2 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 cgo2 in the CL is converted to the dissolved oxygen

concentration ng by Henry’s law

ng = HC%Z ’ (23)

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

%4 acsd
0, :L.Q qu _egz 8(;2 (24)

whereas the sink terms are defined only in the catalyst layers

68 = { —0o,,ads — qbleed i $2=CCL AACL, (25)

0 if else,

and eg is the fraction of space accessible for the oxygen in layer
2

£2. The accumulation term in the CCL accounts only for the gaseous
oxygen concentration, i.e. Egz = 6;? . In the membrane and ACL egz
is the ionomer fraction and pore space, since oxygen is dissolved in

the water and ionomer in these domains.

2.2.3. Methanol concentration

The anode is fed with methanol via the anode GDL, from where
methanol has to diffuse towards the anode catalyst layer, reach-
ing active sites. Due to the use of an aqueous methanol solution,
a concentration discontinuity between methanol in the secondary
pores and in the primary pores is neglected. Methanol crossover is
assumed in the case of a finite methanol concentration at the inter-
face ACL <+ membrane. The methanol flux jy is modeled by Fick’s
diffusion and forced by the electro-osmotic drag

82 ;
i = _Digf 3(37M _ Jp%drag (26)
M=""Tg y F
with the electro-osmotic drag coefficient
2.5A
Udrag = ﬁfa (27)
where
C
C= M (28)

(((1 = emvm)/vmy0) + cm

accounts for the fraction of methanol in the aqueous solution
dragged by the protons instead of water molecules. In the transport
equation, Dif,f’g is the effective diffusion coefficient of methanol,
Jjp the local current density, o4 the electro-osmotic drag coef-
ficient, A = 22 the water content (water molecules per sulphonic
acid sites) of a fully hydrated ionomer and v; the molar volume
of species i. Again a Bruggeman correction term is used for the
effective diffusion coefficient

€!°Dy if £ = CCLAMem,
DI = L (e;+€,)°Dy if £2=ACL (29)
€5°Dy if £2=AGDL.

Methanol mass conservation equation can be expressed by

dm 2 Q 0 0Cm
W_L queMW ) (30)

where the sink terms are only defined in the catalyst layers

ql\(/Iz _ { gM,adS

and 61{/,2 is the volume fraction in layer §£2 where methanol is present.

if £2=CCLAACL,

if else, (B1)

2.2.4. Surface coverage
The transient surface coverage of O,, MeOH, CO onto Pt and OH
onto Ru are described by ordinary differential Egs. (32)-(35):

o
Ipt—2 = +qo,,ads — GORR> (32)

blo)

I'pt g/;eOH = +qm,ads + GMOR> (33)
[C)

I'pt atco = —qcoor — 29bleed — GMOR> (34)
06

TRy afH = +qact — Ccoor; (35)

where [7; 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
o v
Jpje =F L2 ay s

(36)

where the subscript p/e stands for protons and electrons. The ionic
conductivity of the ionomer oy, 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

o2 — (€2)'°(0.5141 — 0.326) ¢1268((1/303)-(1/1)
with A =22. (37)

A Bruggeman correction accounts for the ionomer fraction E;Q
in layer £2.
The charge balance equation reads

Ypre o o o(P° — PP)
By =L gpe + CoL=—5—" | - (38)

where q;?/e are the volumetric charge transfer rates defined as
42 = F(4qorr + 4qmor + qcoor + Gact) if  §2=CCLAACL (39)
ple™ 10 if else,

and Cp; 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 c‘gz
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 x 10° Pa)

p
C‘gz[—l]=ﬁ. (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

76,131 = £20,¢§,31- (41)
2.3.2. Methanol concentration cy

Similar boundary conditions are chosen for the methanol con-
centration as for the oxygen concentration. Depending on the
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molarity of aqueous methanol solution, a defined concentration is
assumed at the anode inlet

cml4] = el (42)
Not oxidized methanol can leave the cathode CL

jml0] = £2mcmlO]. (43)

2.3.3. Electronic potential ®¢

Like in the experiments the simulated DMFC is operated in
potentiostatic mode. Thus, the cathode potential is set to the cell
voltage U, on the outer surface of the CGDL

(pe[_” = Ucell’ (44)
and the anode potential is set to zero

P¢[4] = 0. (45)

2.3.4. Protonic potential ®P
Since the protons are not allowed to penetrate into the GDLs on
the cathode and anode side, their fluxes are taken to zero at the

interfaces CL < GDL
0PP[0]  0PP[3]
5 =y = (46)

2.4. Numerical details

The governing equations are solved using COMSOL
Multiphysics™, a commercial software package based on finite
element methods. A direct Linear System Solver (UMFPACK) and
quadratic Lagrange polynomials as test functions are used. The
solver is allowed to take free time steps. The five model domains
are discretized with non-uniform grid of 611 elements whereas the
interface regions between the domains are meshed with smaller
elements.

3. Results and discussion

The aim of this model is to give an explanation of the experi-
mental results presented by Gerteisen [1]. The simulation results
reproduce qualitatively the effects of mixed potentials which in
turn can explain the observed behavior of the dynamic anode
potential relaxation at various operating conditions. The model
prediction of this dynamic behavior indicates that the impacts of
multi-step reactions, bi-functional mechanism and mixed potential
formation are essential in DMFC modeling.

3.1. Polarization curves

Before the dynamic simulations with a methanol tolerant RuSey
catalyst get discussed, a short excursion to steady-state simulations
of polarization curves is given, whereby a non-methanol toler-
ant catalyst such as platinum is assumed as cathode catalyst. This
means, that the same activity of the anode and cathode catalyst
towards MOR is assumed, likewise for the activity towards the ORR
but certainly with a higher value than for the MOR. If nothing else
is stated all shown results are simulated at a temperature of 81 °C.

Simulated polarization curves of both electrodes and the cell
voltage are plotted in Fig. 3. Even though the theoretical values of
1.23V and 21 mV are used as equilibrium potential of the ORR and
MOR in the model, the voltage-current curve starts with an OCV of
about 640 mV, highlighting the drastic influence of mixed poten-
tials. The cell voltage shows an exponential decline in the activation
controlled region, that can be completely attributed to the charac-
teristics of the anode overpotential. The anode overpotential shows
an offset of 130 mV at no-load condition, which is about 110 mV
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Fig.3. Simulated polarization curves of the anode and cathode predict mixed poten-
tial formation on both electrodes resulting in alow 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 Acm™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 ¢§ and protonic potential
@P is much higher than the theoretical value of 21 mV. Because the
electronic potential @ 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 @¢. 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 (V®¢) across these lay-
ers can not be seen in this figure. At the highest current density of
0.2 Acm~2 a small ochmic 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
currents. The apparent cathode overpotential accounts for the change off parasitic
currents under different load conditions. (b) Measured cathode losses for different
molarities (2, 0.5, and 0.25 M) published by S. Eccarius (taken from [38]) approve
the linear characteristics of the cathode overpotential.

that the MOR takes place within the first 10% of the CCL at the
interface to the membrane due to the high overpotential for the
MOR present on the cathode side.

In Fig. 7 the polarization curves of a DMFC based on a high
methanol-tolerant cathode catalyst such as RuSey are plotted. It
is assumed that the activity of the RuSey catalyst towards MOR
is several magnitudes smaller than the activity of a Pt catalyst
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Fig. 5. Simulated potential distribution across the membrane electrode assembly.
Both the parasitic methanol oxidation on the cathode and the parasitic oxygen
reduction on the anode lead to a reduced cell voltage.
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Fig. 6. The methanol crossover and hence the parasitic MOR on the cathode side
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 — 10-9 kM ), but unequal to zero. Additionally, it is well
known and thus considered in the simulation, that the RuSey 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 RuSey, catalyst for the ORR leads to a steep increase in
the cathode overpotential when an external cell current is drawn,
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Fig. 7. Simulated polarization curves with RuSe, as cathode catalyst. Due to the
methanol tolerance of RuSe, 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. 8. Comparison of the simulated and measured OCV at different temperatures.
The simulation predicts the measured increase of OCV with increasing temperature,
but with a small shift 20 mV towards higher voltages.

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

Measured OCVs at different temperatures show an increase with
temperature, depicted in Fig. 8. The same characteristic is also given
by the model. The simulated OCVs predict a slight offset of about
20 mV, towards higher cell voltages compared to the experimental
data. Although the kinetic model parameters are not well adjusted
(fitted) to experimental data, the temperature dependancy shows
a good agreement since the temperature is a sensitive parameter
involved in all Arrhenius approaches. The OCV is nearly indepen-
dent on methanol concentration for the RuSey catalyst.

3.2. Dynamic simulations

A further benchmark for the developed model is to repro-
duce the measured transient response of the anode and cathode
potential in a qualitative manner. The overshoot of the cathode
potential observed with a Pt-based cathode catalyst should vanish
for a methanol-tolerant catalyst like it was measured for RuSex[1],
whereby the anode undershoot is present for both CCMs. The
simulated characteristics of the anode undershoot behavior on
switching to no-load should depend on the load current and the
inlet methanol concentration like it was measured in the experi-
ment (Fig. 9). In Fig. 10 the simulated relaxation curves of the anode
and cathode potential together with the cell voltage is shown for
both cathode catalysts, Pt and RuSey. The anode undershoot is iden-
tical for both cases, indicating that the cathode catalyst does not
impact the anode side. The cathode overpotential shows a small
undershoot in case of Pt catalyst due to methanol crossover which
in turn results in parasitic currents. The overpotential with the
oxygen-selective RuSey catalyst shows a slow transient without an
undershoot. Steady-state is not reached with 35s. The simulated
characteristics are in qualitative agreement with the experimental
data.

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

In Fig. 11(b) the anode polarization relaxation after CI at
0.1Acm2 is shown for different molarities. The anode overpo-
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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
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 Acm~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.

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 CO, because
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Fig. 10. Potential relaxation curve of the cathode and anode from a load current

of 0.2 Acm~2. The cathode overpotential with platinum as cathode catalyst differs
significantly from the overpotential with RuSey catalyst.
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response after Clis analyzed. (a) The minima of anode relaxation curves for different
load currents predict an asymptotic saturation for higher currents. (b) Dependancy
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higher molarity improves the steady-state potential.
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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.
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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) Alow 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 Acm~2 for a Pt-cathode catalyst is
made.

Fig. 13 shows the transients of the distributed methanol ®y
and hydroxyl ion ®gy surface coverage in the anode catalyst
layer. Under load (t = —10s...0s) 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. 14. Transients of the CO-coverage after CI. The CO-coverage on the anode raises
from 0.5 to 0.9. The small CO-coverage on the cathode side at the interface to the
membrane is hardly influenced by the CI.

state is reached after about 25 s. At no-load condition the coverage
at the membrane interface increases from 0.68 to 0.83, leading to a
steep gradient near the interface. This increase indicates an insuf-
ficient adsorption rate of methanol under load. The coverage of OH
on the Ru-sites shows a very homogeneous distribution within the
ACL (Fig. 13(b)), with a value of about 0.19 under load. The coverage
decreases rapidly within 3 s to almost zero when turning to no-load
because the water dissociation rate at low anode overpotential is
insufficient to maintain a high coverage.

The phenomena of the steep gradient of methanol coverage
near the membrane interface can be explained by the coverage of
carbon monoxide. Fig. 14 shows the lapse of the carbon monox-
ide at the cathode and anode. A low coverage is observed on the
cathode side near the membrane interface. The coverage on the
cathode is almost stable in time after CI, indicating a relative con-
stant parasitic MOR independent on the load conditions as long as
no methanol mass transport limitation is present on the anode side.
Since on the cathode the heterogeneous reaction with oxygen is the
only process for a further oxidation of the adsorbed CO to CO,, the
assumed rate constant of this reaction has a strong influence on the
degree of CO-poisoning of the CCL. Here, a sufficient rate constant
is assumed to prevent a high catalyst blocking. This assumption
could be too conservative, because the impact of catalyst poison-
ing might even be underestimated and could lead to a deteriorated
electrode potential. Thus, measuring surface coverages by special
in situ characterization techniques is essential to adjust the rate
constant. On the anode side the same heterogeneous reaction is
allowed for oxygen permeating through the membrane. Therefore,
a steep decrease of ®¢g is observed near the membrane interface
which in turn leads to free Pt-sites for the adsorption of methanol,
establishing the increasing ®);. The coverage of CO slowly increases
after CI within the electrode, since as already mentioned not suffi-
cient OH-ions are provided from the Ru-sites at low overpotentials.
The anode catalyst gets poisoned.

The consumption of methanol due to the MOR is depicted in
Fig. 15(a). A homogeneous MOR with a small increase near the
membrane interface is shown in agreement with the distribution
of ®y (see Fig. 13(a)), indicating a constant overpotential within
the CL. After CI, the reaction stopped abruptly in the ACL, except for
a small region near the membrane interface where the MOR has to
counterbalance the still present parasitic ORR.

The parasitic MOR on the cathode side is depicted in Fig. 15(b).
It shows that methanol is oxidized within the first 10% of the
catalyst layer with a high rate, increasing after CI due to increas-
ing methanol crossover, depicted in Fig. 16(a)). The distribution
of the methanol concentration within the fuel cell shows clearly
that a high methanol permeability of the membrane in combina-

(a) qMOR I mol m.3 5-1

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 = 0s is shown.
(a) The simulation predicts a nearly homogeneous methanol consumption within
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 gogg
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 qogg 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 molm—3s-1) at
steady-state shows the high parasitic current at OCV.

By using a methanol tolerant cathode catalyst such as RuSey
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
cell is depicted, showing a considerable amount of methanol in
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
methanol distribution is governed by the parasitic MOR on the cathode throughout
the experiment. (b) An increase of the ORR is observed after CI to counterbalance
the parasitic MOR on the cathode side. The ORR is nearly homogeneous distributed
in the CL with a small decline near the membrane interface due to CO-blocking.

formulation of a Cauchy boundary condition that could be identify
for the model validation by measuring the methanol concentration
in the cathode exhaust by mass spectroscopy or gas chromatogra-
phy (not done in this work).
Since the adsorption process of methanol on the RuSey cata-
lyst is still allowed with only a marginal charge transfer reaction,
a large fraction of the catalyst sites can be blocked by adsorbed
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Fig. 17. Transient of the methanol concentration within the fuel cell after CI. The
ORR selective RuSey catalyst leads to a non-vanishing concentration in the CCL,

whose value is determined by the outflow boundary condition.
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Fig. 18. The transient surface coverage of oxygen and methanol on the RuSey 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 CIL

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-
ruptionis 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
©o, 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 RuSey 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
v methanol concentration molm—3 -
cg‘zg oxygen concentration (dissolved, gaseous) mol m—3 -
Oco surface coverage of carbon monoxide - -
Oum surface coverage of methanol - -
(~)02 surface coverage of oxygen - -
Oon surface coverage of hydroxyl ions - -
e electronic potential \Y -
P protonic potential \Y -
Physical constants
F Faraday constant 96,485 Cmol~! -
R gas constant 8.314 JK=1 mol~! =
Structural values
L CL thickness 20 x 106 m measured
LGDL GDL thickness 430 x 1076 m measured
[Mem membrane thickness 180 x 1076 m measured
eg’- volume fraction of open pores in CL 0.25 = [39,30]
egﬁ’- volume fraction of open pores in GDL 0.74 = [40]
€ ? volume fraction of ionomer in CL 045 - assumed
€ (i volume fraction of ionomer in membrane 1 - -
Physical properties, kinetic parameters and local variables
bORR(b(*)RR) Tafel slope of the ORR Eq.(9) \% -
Cpr double layer capacity 2 x 107 Fm—3 [32]
D€L methanol diffusion coefficient in CL 2.8 x 1072 m2s-1 [24]
D%L methanol diffusion coefficient in GDL 2.8x 1079 m2s-1! [24]
DMEm methanol diffusion coefficient in membrane @ 330K 9.46 x 1010 m2s-1 [41]
D02 oxygen diffusion coefficient in ionomer 2.0x 108 m2s-1 [42]
Dgz oxygen diffusion coefficient in gas phase 3.2x 1073 m2s-1 [43]
g1 lateral interaction parameter 5 - assumed
253 lateral interaction parameter 4 - assumed
H Henry constant 0.0254 - [44]
Kpleed rate constant for oxygen bleeding 3.03 x 1018 molm—3s~1
kco, ox rate constant for CO oxidation 1.25 x 10° molm—3s-1 assumed
Ke,0,red rate constant for OH reduction 3.966 x 1011 molm—3s~1 assumed
Kb 0,0x rate constant for H, O oxidation 7.6896 x 1012 molm—3s-1 assumed
knt, ads methanol adsorption constant 2.3606 x 10° 51 assumed
K. des methanol desorption constant 3.3696 x 103 molm—3s~1 assumed
kg%R rate constant for the MORfyyqrg 8.3 x 1013 molm—3s~1 assumed
e rate constant for the MORfopyqra 3.3 x 102 molm—3s~1 assumed
k;;/IOR rate constant for the MORyqciward 1x 1012 molm—3s~1 assumed
kL rate constant for the ORR 1.5 %1079 molm—3s~1 assumed
kg%% rate constant for the ORR 1.5x10°13 molm—3s~1 assumed
koz,uds oxygen adsorption constant 7.4 x 108 s1 assumed
Ngct number of transfered electrons 1 - [23]
NoRR number of transfered electrons 4 - -
npoR number of transfered electrons 4 - [23]
NcooR number of transfered electrons 1 - [23]
qoRR source/sink due to ORR Eq.(8) molm—3s-1 -
90, ,ads source/sink due to oxygen adsorption Eq.(11) molm=3s-1 -
aMoR source/sink due to MOR Eq.(12) molm~—3s-1 -
AM. ads source/sink due to methanol adsorption Eq.(14) molm=—3s-1 -
Qact source/sink due to water activation Eq.(15) molm—3s-1 -
dcoor source/sink due to COOR Eq.(18) molm—3s-1 -
Qpleed source/sink due to oxygen bleeding Eq.(20) molm—3s-1 -
SGDL saturation 0.55 - estimated
ScL saturation 0.18 = estimated
Qdrag 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
OMOR symmetry factor of the MOR 0.818 - assumed
OQORR symmetry factor of the ORR 0478 - assumed
Ye.a cathode/anode catalyst loading 1.26/1.9 - measured
AO ” reversible potential of the water activation 0.4 \Y assumed
A®§/10R reversible potential of the MOR 0.043 \Y [45]
A®8RR reversible potential of the ORR 1.23 \% [45]
AQDCOOR reversible potential of the COOR 0.346 \% assumed
I'pt active site density 78.15 molm—3 assumed
TRy active site density 78.15 molm—3 assumed
A water content of ionomer 22 -
e electrical conductivity 500 Sm~1! [46]
20, oxygen transfer coefficient 1x1073 ms~! assumed
2um methanol transfer coefficient 1x1073 ms~! assumed
Operating conditions
T operating temperature 354.15 K measured
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prediction of an anode potential undershoot since the anode has to
be under load even if no external current is drawn. Accounting for a
low oxygen crossover through the membrane seems to be obvious
but is so far not described in the literature. The simulations show
that a small amount of oxygen on the anode is actually enough for
deteriorate the anode potential.

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

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

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

e 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-
ization curves, the temperature dependent OCV and the potential
relaxation curve after CI. Further experimental results are neces-
sary for model validation, in particular information about surface
coverages of the intermediates is required, since they have a strong
influence on the electrode polarization. The measured interre-
lationship of the steady-state current and overpotential is not
sufficient for the validation of such a complex model. For a better
parameter extraction the next step should be the application of the
model towards the simulation of electrochemical impedance spec-
troscopy in combination with in situ measurement techniques such
as spectroscopy techniques like X-ray adsorption spectroscopy
(XAS), Fourier-transformations-IR-spectroscopy (FTIR) or Differen-
tial Electrochemical Mass Spectroscopy (DEMS).

5. Nomenclature and parameter list
See Table 1.
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