
A

t
p
u
c

f
e
v
w
r
c

K

1

i
s
i
p

c
c
C
m
e
T

S
T

Impact of electrode kinetics on the dynamic response
of a DMFC to change of methanol feed concentration
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bstract

A dynamic one-dimensional rigorous process model of a single-cell direct methanol fuel cell (DMFC) is presented. Multi-component mass 
ransport in the diffusion layers and the polymer electrolyte membrane (PEM) is described using the generalised Maxwell–Stefan equation for 
orous structures. In the PEM, local swelling behaviour and non-idealities are accounted for by a Flory–Huggins activity model. This model is 
sed as basis of a model family with different anode and cathode reaction mechanisms (single-step and multi-step with and without adsorption to 
atalyst surface sites).

The model variants were used to simulate the dynamic (transient) response of the DMFC to stepwise changes in the methanol feed concentration 
rom typical operating levels down to zero, while maintaining the cell current. For validation, similar experiments were carried out. In the 
xperiments, the cell voltage broke down only after an unexpectedly long period of time, and for a variety of operating conditions even a cell 
oltage overshoot could be observed. Such overshoot behaviour is also predicted by those model variants, which feature anode reaction mechanisms 

ith reaction intermediates (e.g. CO) adsorbed to the anode catalyst, while models without such detailed anode reaction mechanisms fail in this 

espect. The model-based analysis reveals that the observed overshoots result from the different time constants of the responses of the anode and 
athode overpotentials to the feed change.
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. Introduction

The direct methanol fuel cell (DMFC) emerges as an interest-
ng technology especially for portable power supply units. For

uch portable systems, dynamic rather than stationary operation
s typical. But not only possibly rapid changes in the electrical
ower demand have to be considered, but also the fact that such

Abbreviations: A, anode compartment (supply channel structure); AC, anode
atalyst layer; ACP, polymer phase within (AC); AD, anode diffusion layer; C,
athode compartment (supply channel structure); CC, cathode catalyst layer;
CP, polymer phase within (CC); CD, cathode diffusion layer; DMFC, direct
ethanol fuel cell; PEM, polymer electrolyte membrane; PEMFC, polymer

lectrolyte membrane fuel cell; scbm, standard cubic meter (m3 ideal gas at
= 25 ◦C, p = 1 bar)
∗ Corresponding author at: Otto-von-Guericke University Magdeburg, Process
ystems Engineering, Universitätsplatz 2, 39106 Magdeburg, Germany.
el.: +49 391 6110 350; fax: +49 391 6110 353.
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ystems have to be quite simple, which, e.g. makes it difficult to
eep the methanol feed concentration constant. Cheap and reali-
ble sensors for methanol concentration are not available, and
herefore a DMFC system will have to cope with changes in the

ethanol feed concentration, besides other operating conditions.
oreover, the examination of transient responses of a system to

hanges in the operating conditions can yield deeper insight into
he governing internal physico-chemical phenomena.

In this work, the response of a DMFC to step changes in the
ethanol feed concentration is examined. Systematic experi-
ents revealed a very interesting dynamic behaviour especially
hen the anode feed is changed from methanol solutions to
ure water while maintaining the cell current. For low current
ensities, even intermediary increases in the cell voltage can be

bserved (overshoot behaviour) [1,2].

In order to understand the governing physico-chemical phe-
omena, a rigorous dynamic model of a DMFC was formulated.
o find out the role of the anode and cathode reaction mech-

mailto:sundmacher@mpi-magdeburg.mpg.de


Nomenclature

a activity
a∗H2O water vapour activity

As cell cross-sectional area (m2)
B transport matrix
c molar concentration in fluid phase (mol m−3)
c̃ molar pseudo-concentration w.r.t. total volume (in

porous structures only) (mol m−3)
d thickness, diameter (m)
D Maxwell–Stefan binary diffusion coefficient

(m2 s−1)
e enthalpy flux density w.r.t. cross-sectional area As

(J m−2 s−1)
EA activation energy (J mol−1)
F Faraday’s constant, F = 96,485 A s mol−1

(A s mol−1)
h specific enthalpy (J mol−1)
i current density w.r.t. cross-sectional area AS

(A m−2)
j individual molar flux density w.r.t. cross-sectional

area AS (mol m−2 s−1)
k index for control volumes (discretised model)
Li friction terms (s m−2)
m mass flux density w.r.t. cross-sectional area AS

(kg m−2 s−1)
M molar mass (kg mol−1)
n overall molar flux density w.r.t. cross-sectional

area AS (mol m−2 s−1)
N number of moles (mol)
NM,cu number of chain units between two polymer

cross-links
N̂ mole density (loading) w.r.t. cross-sectional area

AS (mol m−2)
N̂Pt mole density of active Pt sites (anode/cathode cat-

alyst) (mol m−2)
p pressure (Pa)
psat saturation pressure (Pa)
q heat flux density (due to thermal conduction) w.r.t.

cross-sectional area AS (J m−2 s−1)
r reaction rate w.r.t. total pore volume

(mol m−3 s−1)
R ideal gas constant, R = 8.314 (J mol−1 K−1)
t time (s)
T temperature (K)
U voltage (V)
v velocity (m s−1)
V volume (m3)
V molar volume (m3 mol−1)
X mole fraction in liquid phase
Y mole fraction in gas phase
Z cell coordinate perpendicular to cell plane
Z* number of transferred electrons/single charges

Greek symbols
αa,�c charge transfer coefficients (anodic, cathodic)
� volume fraction (pore volume fraction = porosity)
η overpotential (V)
ηVIS dynamic viscosity (Pa s)
� thermal conductivity coefficient (W m−1 K−1)
� relative water content in membrane
� chemical potential (J mol−1)
� stoichiometric coefficient
φ electrical potential (V)
χ non-ideality coefficient in Flory–Huggins activity

model

Superscripts
A anode compartment (supply channel structure)
AC anode catalyst layer
ACP polymer phase within (AC)
AD anode diffusion layer
AF anode feed
C cathode compartment (supply channel structure)
CC cathode catalyst layer
CCP polymer phase within (CC)
CD cathode diffusion layer
CF cathode feed
eff effective
M membrane (PEM)
θ at standard conditions: Tθ = 298 K, pθ = 105 Pa

Subscripts
a anode
c cathode
carbon carbon material
cell cell
cu polymer chain unit
CH3OH methanol
CO2 carbon dioxide
eff effective
H+ proton
H2O water
i counting index
j counting index
Joule Joule heating
N2 nitrogen
O2 oxygen
pores in pore(s)

a
m
b
t
t
fl
[

sat saturated
sound sound

nisms in the overall DMFC behaviour, assumed reaction
echanisms with different complexity were implemented in a

ase model. The base model features a very detailed descrip-

ion of mass transport phenomena, and has proven to be able
o accurately predict steady state methanol and water crossover
uxes and cell voltages for a broad range of operating conditions
1,3,4].
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Comparison of the simulation results obtained from the
odel variants reveals hints on the role of reaction interme-

iates on the platinum catalysts and methanol mass transport. It
urns out, that intermediates adsorbed to the anode catalyst seem
o play an important role, therefore an adequate dynamic model
as to account for such phenomena. While similar mechanisms
an be expected on the cathode catalyst as well (and are imple-
ented in the most complex model variant), they seem to be of

ower importance.

. Dynamic experiments

Experiments were carried out using a single cell DMFC
ed with air and liquid methanol water solutions. A detailed
escription of the DMFC design can be found in [1]. The
dentical anode and cathode monopolar plates are made from
raphite material (thickness 7 mm, material code FU4369 by
chunk Kohlenstofftechnik, Germany). The flowbed structures
onsist of parallel channels of 2 mm width and 2 mm depth,
ith 1 mm wide ribs between them. The flowbed itself has the
uter dimensions 65 mm× 40 mm (active area of AS = 26 cm2).
s diffusion layers PTFE-coated TORAY carbon paper (TGP-
-060) is used, with a PTFE loading between 20 and 25 mass%
ith respect to the uncoated material. The membrane electrode

ssemblies (MEA) are prepared from NAFIONTM N-105 mem-
rane foil, onto which the catalyst layers are applied using an
irbrush technique. The anode catalyst layer features a cata-
yst loading of 5 mg cm−2 (unsupported) platinum ruthenium
lack (Alfa Aesar Johnson Matthey HiSPECTM 6000) and a
AFIONTM content of 15 mass% relative to the metal loading

i.e. 0.75 mg cm−2). The cathode catalyst layer has the same
etal loading, but as catalyst (unsupported) platinum black is

sed (Alfa Aesar Johnson Matthey HiSPECTM 1000) and the
AFIONTM content is 10 mass% relative to the metal loading

i.e. 0.5 mg cm−2).
In the experiments, the methanol feed concentration of the

ell was changed stepwise from different starting values down

o zero (pure water feed), while all other operating parameters
temperature, pressures, flow rates, etc.) of the cell as well as
he cell current were kept constant. Some typical results of these
xperiments are presented in Fig. 1.

ig. 1. Methanol feed concentration step-down experiments (galvanostatic oper-
tion) at different cell current densities and cell temperatures.
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The full set of operating conditions is:

node
Methanol feed concentration: cAF

CH3OH = 1/1.5 mol dm−3

Pressure: pA = 1.7 bara = 1.7× 105 Pa
Feed flow rate: FAF = 0.5 dm3 min−1

Feed temperature: TA = 60/75/90 ◦C
athode
Dry air (dew point approximately −2 ◦C)
Pressure: pC = 1.7 bara = 1.7× 105 Pa
Feed flow rate: FCF = 0.5 scbm h−1 (at 1.013× 105 Pa and 20 ◦C)
Feed temperature: TC = 30 ◦C

As the feed switch is not located directly at the fuel cell inlet,
certain dead time occurs between the moment the valves are
perated and the moment the changed feed solution reaches the
node inlet of the DMFC. This dead time depends on the anode
eed flow rate. The distance between the feed switch valves and
he anode inlet is approximately 6 m, with the pipes having an
nner diameter of 6 mm. Assuming plug flow, this leads to a total
ead volume of:

dead = ApipeLpipe = π

4
d2

pipeLpipe

= π

4
(0.6 cm)2600 cm = 170 cm3.

At the given flow rate of 500 cm3 min−1 the dead time results
s:

dead = Vdead

FAF =
170 cm3

500 cm3 min-1 = 20 s.

n Fig. 1, the dead time is marked by a vertical dashed line at 20 s
fter the feed switch. In all figures comparing experimental and
imulation results, the dead time of the experiments is accounted
or by substraction of 20 s from real time since switch, as in the
odel no such dead time is accounted for.
The dynamic response of the DMFC to step-down of the

ethanol feed concentration (Fig. 1) has two noteworthy fea-
ures:

First, the cell voltage does not break down immediately after
he switch to pure water feed, but only after some 10 s, depending
n operating conditions. This is unexpected, as the feed flow rate
s very high in the experiments, so that the mean residence time
f the anode liquid in the anode flowbed compartment is below
s. Therefore one can assume, that the anode compartment as

he supposedly main reservoir for fresh methanol is emptied
ompletely within less than a second. Obviously there must be
ther reservoirs for reactants within the inner structures of the
MFC [1].
Second, for low current densities the inevitable cell volt-

ge breakdown is not only taking place later than expected,
ut the cell voltage even shows an interim increase (overshoot

ehaviour) for low current densities (<100 mA cm−2). Such
xperimental behaviour was already reported elsewhere [2].

The results of the systematic experiments presented in
igs. 1–3 can be summarized as follows:
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ig. 2. Methanol feed concentration step-down experiments (galvanostatic oper-
tion) at different cell temperatures.

In all cases (with or without overshooting), the cell breaks
down much slower than the anode compartment is rinsed from
methanol.
The sustaining time tsustain (i.e. the time between end of dead
time tdead and the time the cell voltage has broken down to
zero) is only a function of the cell current density, but not of
the methanol feed concentration and cell temperature.
Overshooting of the cell voltage only occurs for low current
densities (Fig. 1).
The higher the cell temperature, the higher the level of over-

shooting (Fig. 2).
The higher the initial methanol feed concentration, the higher
the level of overshooting (Fig. 3).

ig. 3. Methanol feed concentration step-down experiments (galvanostatic oper-
tion) at different methanol feed concentrations and cell temperatures.
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Explanations for this behaviour are based on the combina-
ion of several assumed physico-chemical phenomena occuring
imultaneously in the DMFC:

Methanol inside the pores of the anode diffusion layer and
anode catalyst layer is not immediately rinsed out of the
DMFC, therefore the methanol concentration in the anode cat-
alyst layer is not decreasing as fast as that in the anode flowbed
structure. As already shown elsewhere [1], this amount of
methanol is too small to explain the observed sustaining times.
Methanol inside the PEM could reverse its flow from cathode
towards anode when the anode is completely rinsed, and thus
supply the anode reaction with additional reactant.
Reaction intermediates (e.g. CO) adsorbed to the anode cat-
alyst are another possible reactant reservoir. If the supply
of fresh methanol ceases, such intermediates could be fully
oxidised, thus allowing further electric current flow.
Decreased methanol crossover, due to decreasing methanol
concentration in the anode catalyst layer, would lead to a
decrease in the absolute cathode overpotential.

. Model formulation

To analyse the experimental behaviour of the DMFC, a one-
imensional rigorous dynamic process model of a DMFC was
eveloped [1,3,4]. It reflects the seven-layer structure of the
MFC: anode compartment (A), anode diffusion layer (AD),

node catalyst layer (AC), polymer electrolyte membrane (M),
athode catalyst layer (CC), cathode diffusion layer (CD) and
athode compartment (C). For all these layers, dynamic mass and
nergy balances, as well as quasi-steady state charge balances for
AC) and (CC) are formulated, and appropriate transport kinet-
cs and internal boundary conditions are used to couple them.
he diffusion layers and the PEM are spatially distributed ele-
ents, while the other four elements (catalyst layers and supply

ompartments) are described as ideally mixed systems. Fig. 4
resents a scheme of the model. The spatially distributed ele-
ents are described along the coordinates zAD, zM and zCD,

espectively, where the coordinates are perpendicular to the
ell plane and increase from anode to cathode side. The model
as proven to be capable of predicting measured steady state
ethanol and water crossover fluxes through the PEM under var-

ous operating conditions, with only one set of parameters [1,3].
or low to moderate current densities also the steady state current
oltage characteristics are predicted with acceptable accuracy.
brief overview of all governing equations (balances, transport

inetics) is given in Table 1 (anode and cathode compartments,
iffusion layers and catalyst layers) and Table 2 (PEM). The
quations connected with the anode and cathode reaction kinet-
cs (Table 3) will be discussed in more detail in the following
ections. The symbols used in Tables 1–3 are explained in the
ist of symbols.

In this contribution, the model is used to simulate the dynamic

esponse of the DMFC to changes in the methanol feed concen-
ration. The analysis focuses on the role of the anode and cathode
eaction kinetics, for which purpose several different reaction
inetic approaches for anode and cathode (Table 3) were imple-
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Fig. 4. Working pronciple of D

ented in the base model (Tables 1 and 2). The simulation results
f these different model variants are then compared to experi-
ental data in order to find out, which influence the electrode

inetics have on the overall dynamic behaviour of the DMFC.
he final aim is to identify appropriate anode and cathode kinetic
odels, which can predict and physico-chemically explain the

bserved dynamic behaviour.

.1. Model I: base model

In the base model (in the following referred to as model I),
umped reaction schemes are assumed [1,3]. Table 3 presents
hose reaction schemes (anode: T3.1; cathode: T3.12 and T3.13),
he mass and charge balances (anode: T3.2 and T3.3; cath-
de: T3.14 and T3.15), and the corresponding rate expressions
anode: T3.4; cathode: T3.16 and T3.17).

The anodic methanol oxidation (Eq. T3.1) as well as
he cathodic oxygen reduction (Eq. T3.12) are assumed to
e reversible single-step electrochemical reactions, conse-
uently their kinetics are decribed by classical Butler–Volmer
pproaches (Eqs. T3.4 and T3.16). At the cathode a second,
ndesired reaction takes place: methanol permeating through the
EM is oxidised to carbon dioxide (Eq. T3.13). It is assumed

hat this reaction is very fast, so that all methanol reaching the
athode is immediately consumed, independent of the electrode
otential. Therefore, the rate of this reaction is proportional to
he methanol flux reaching the cathode (Eq. T3.17).

The two reactions at the cathode are coupled via the com-
onent mass balances (Eq. T3.14) and also via the quasi-steady
tate charge balance (Eq. T3.15). The oxygen reduction con-
umes protons and electrons, while the methanol oxidation
roduces them, therefore the electric potential of the cathode
s a mixed potential of both reactions’ contributions.
.2. Model II: extended anode kinetics

It is well known from DMFC literature that the anodic
ethanol oxidation on platinum ruthenium catalyst is neither

i
a
a
l

model structure and geometry.

single-step nor a reversible reaction. It consists of various par-
llel and consecutive reaction and adsorption/desorption steps,
ith quite stable reaction intermediates bound to the different

atalyst surfaces (usually platinum and ruthenium) [5]. Still the
eaction mechanism is not fully understood and various possi-
le mechanisms and corresponding rate expressions have been
roposed, e.g.[5–8].

To account for the multi-step nature of the anodic methanol
xidation while limiting the complexity of the reaction scheme,
two-step mechanism is used here, which is a slightly sim-

lified version of one that has been published recently [9]. It
s presented in Table 3 (lower left quarter). In a first, irre-
ersible step, methanol is adsorbed electrochemically to the
latinum catalyst, forming strongly adsorbed carbon monox-
de, four protons and four electrons (Eq. T3.5). The second step
T3.6) is a combination of three consecutive reactions: (a) water
dsorbes electrochemically to the ruthenium catalyst in a fast
nd reversible reaction. (b) The formed Ru–OH then reacts irre-
ersibly with the CO adsorbed on the adjacent platinum sites
o carbon dioxide, two protons and two electrons. (c) Finally,
he formed carbon dioxide desorbs from the electrode surface.
n these three reaction steps, the irreversible reaction between
dsorbed water and adsorbed CO (b) is assumed to be the rate
etermining step, while the water adsorption on ruthenium (a)
s assumed to be always in quasi-equilibrium, and the carbon
ioxide desorption (c) is assumed to be a fast and irreversible
eaction.

Resulting from this reaction scheme, an additional compo-
ent mass balance for the surface coverage of the platinum
atalyst with CO (ΘAC

CO, Eq. T3.8) is necessary, and the charge
alance (T3.9) has to account for both reactions’ charge produc-
ions.

As both combined reaction steps are irreversible electrochem-

cal reactions, their rate expressions (Eqs. T3.10 and T3.11)
re formulated as Tafel kinetics. Both reactions also include
dsorption and desorption of species to the platinum cata-
yst surface, so the rate expressions also contain a term to



Table 1
Model equations and parameters of base model (flowbed compartments, diffusion layers and catalyst layers)

Components Anode compartment (A) Cathode compartment (C)
Index j = H2O, CH3OH, CO2 (pure liquid phase) Index j = N2, O2, H2O, CO2 (pure gas phase)

Component mass balance
dcA

j

dt
= 1

V A
{FAF(cAF

j − cA
j )+ AsnAD

j |zAD=0} (T1.1)
dcC

j

dt
= 1

V C
(FCFcCF

j − FCcC
j + AsnCD

j |zCD=dCD ) (Tl.13)

with FC = FCF + RT C

pC
AS

∑
j

nCD
j |zCD=dCD (Tl.14)

Total mass balance No balance, pressure pA is operating parameter! No balance, pressure pC is operating parameter!
Energy balance No balance, temperature TA is operating parameter! No balance, temperatures TC and T C

carbon are operating parameters!

Components Anode diffusion layer (AD) Cathode diffusion layer (CD)

Index j = H2O, CH3OH, CO2 (pure liquid phase) Index j = N2, O2, H2O, CO2 (pure gas phase)

Component mass balance (Tl.2)
∂cCD

j

∂t
= 1

εCD
pores

∂nCD
j

∂z
(Tl.15)

Total mass balance
∂pAD

∂t
= −(νAD

sound)
2 ∂mAD

tot

∂z
(Tl.3) No balance, ideal gas:

pCD =
∑

j

pCD
j = RT CD

∑
j

cCD
j (Tl.16)

Energy balance
∂T AD

∂t
= − 1

(ρ̃cp)
AD

(
∂eAD

∂z
+ ∂qAD

∂z

)
(Tl.4)

∂T CD

∂t
= 1

(ρ̃cp)
CD

[
− ∂eCD

∂z
− ∂qCD

∂z

]
(Tl.17)

Individual component flux densities
(Maxwell–Stefan mass transport model)

(Tl.5) (Tl.18)

Convective flow velocity νAD
p = −

(dAD
pore)

2

32ηvis

∂pAD

∂z
(Tl.6) νCD

p =
(dCD

pore)
2

32ηvis

∂pCD

∂z
(Tl.19)

Total component flux densities nAD
j = jAD

j + c̃AD
j νAD

p with c̃AD
j = cAD

j εAD
pores (Tl.7) nCD

j = jCD
j + c̃CD

j νCD
p with c̃CD

j = cCDεCD
pores (Tl.20)

Total mass flux density mAD
tot =

∑
j

(nAD
j M̄j) (Tl.8) Not necessary as no total mass balance formulated

Total enthalpy flux density eAD =
∑

j

(nAD
j hj(T AD)) (Tl.9) eCD =

∑
j

nCD
j hj(T CD) (Tl.21)

Conductive heat flow density qAD = −λAD,eff ∂T AD

∂z
(Tl.10) qCD = −λCD,eff ∂T CD

∂z
(Tl.22)

Components Anode catalyst layer (AC) Cathode catalyst layer (CC)

Index j = H2O, CH3OH, CO2 (pure liquid phase) Index j = N2, O2, H2O, CO2 (pure gas phase)

Component mass balance See individual model formulations! See individual model formulations!

Total mass balance
dpAC

dt
= ν2

sound

dAC
(mM

tot|zM=0 −mAD
tot |zAD=dAD ) (Tl.11) No balance, ideal gas law:

pCC = RT CC
∑

j

cCC
j (Tl.23)

Energy balance
dT AC

dt
= (eM|zM=0 − eAD|

zAD=dAD )+ (qM|zM=0 − qAD|
zAD=dAD )

(ρ̃cp)
AC

dAC
(Tl.12)

dT CC

dt
= (eCD|

zCD=0 − eM|zM=dM )+ (qCD|
zCD=0 − qM|zM=dM )

(ρ̃cp)
CC

dCC
(Tl.24)

Charge balance See individual model formulations! See individual model formulations!
Rate expressions See individual model formulations! See individual model formulations!



Table 2
Model equations and parameters of base model (polymer electrolyte membrane)

Components Polymer electrolyte membrane (M)
Index j = H2O, CH3OH, (H+) (pure liquid phase)

Component mass balance
dN̂M

j,k

dt
= nM

j,k − nM
j,k+1 with N̂j =

Nj

AS
(T2.1) Total mass balance Pressures within membrane are not discussed!

Energy balance
∂T M

∂t
= 1

(ρ̃cp)
M

[
− ∂eM

∂z
− ∂qM

∂z
+ iM ∂φM

∂z

]
(T2.2) Total enthalpy flux density eM =

∑
j

nM
j hj(T M) (T2.9)

Charge balance 0 = − ∂iM

∂z
(T2.3) Conductive heat flow density qM = −λM,eff ∂T M

∂z
(T2.10)

Total component flux densities
(Maxwell–Stefan mass
transport model)

nM
H+ =

iM

F
= icell

F
(T2.4) Electrical potential gradient

∂φM

∂z
= RT M

cM
H , F

(LH+ + nH+L7 + nH2OL8 + nCH3OHL9) (T2.11)

with LH+ = −
cM
H+

aM
H+

∂aM
H+
∂z

, ,

,

nM
CH3OH =

LH2O + LCH3OH − nH+L1 − nH2OL2

L3
(T2.5) Activities (Flory–Huggins

activity model)
aj = εj exp

{∑
i�=j

[(
1− V̄j

V̄i

)
εi + χj,iε

2
i

]
+ V̄j

2NM,cuV̄M,cu
ε

1/3
M

}
with χH2O,M = 0.7177; χCH3OH,M = 0.1348; χH2O, CH3OH = 1.3 (T2.12)

nM
H2O =

LH2O − nH+ (L4 − L1L6/L3)− (L2 + L3)L6/L3

L5 − L2L6/L3
(T2.6) aH+ = xH+ (T2.13)

with LH2O =
cM
H2O

aM
H2O

∂aM
H2O
∂z

, LCH3OH = −
cM
CH3OH

aM
CH3OH

∂aM
CH3OH

∂z
,

, ,

, ,

,

Conversion of concentrations c̃M
j,k =

N̂M
j,k

�zM
k

with �zM
k =

dM,dry

ncvM
+

∑
j

(N̂M
j,k V̄j) (T2.14)

εM
j = c̃M

j V̄j (T2.15)

cM
j =

c̃M
j

εM
pores

with εM
pores =

∑
j

εM
j = εM

H+ + εM
H2O + εM

CH3OH (T2.16)

Phase equilibrium (AC-ACP) εACP
CH3OH = 25.4831(xAC

CH3OH)
3 + 4.2821(xAC

CH3OH)
2
1.6354xAC

CH3OH (T2.7) Phase equilibrium (CC-CCP) ΛCCP =
NM

H2O

NR−SO−
3

= 28.5(a∗,CC
H2O(g) − 0.35)

3 + 5(a∗,CC
H2O(g) − 0.35)+ 3

with a
∗,CC
H2O(g) =

pCC
H2O

psat
H2O(T CC)

(T2.17)
εACP

H2O = 104.9956(xAC
CH3OH)

3 + 20.9052(xAC
CH3OH)

2

+2.6349xAC
CH3OH + 0.4601 (T2.8)



Table 3
Model equations and parameters of models I, IIa/b and III (both catalyst layers)
Components Model I: anode catalyst layer (AC) Model I/model II: cathode catalyst layer (CC)

Index j = H2O, CH3OH, CO2 (pure liquid phase) Index j = N2, O2, H2O, CO2 (pure gas phase)

Reaction mechanism CH3OH+ H2O
PtRu,ra←→ CO2 + 6H+ + 6e− (T3.1) 1.5O2 + 6H+ + 6e−

pt,rc−→3H2O (T3.12)

CH3OH+ 0.5O2
pt,rcross−→ CO2 + 4H+ + 4e− (T3.13)

Component mass balance
dcAC

j

dt
=

nAD
j
|
zAD=dAD − nM

j
|
zM=0

εAC
poresd

AC
+ νa,jra (T3.2)

dcCC
j

dt
=

nM
j
|
zM=dM − nCD

j
|
zCD=0

εCC
poresd

CC
+ νc,jrc + νcross,jrcross (T3.14)

Stoichiometric constants νa,CH3OH = −1; νa,H2O = −1; νa,CO2 = +1 νc,O2 = −1.5; νc,N2 = 0; νc,H2O = +3;
νc,CO2 = 0; νcross,O2 = −0.5; νcross,N2 = 0;
νcross,H2O = 0; νcross,CO2 = +1

Charge balance 0 = icell − iM|
zM=0 with icell = ia = dACεAC

pores6Fra (T3.3) 0 = icell − iM|
zM=dM with icell = (icross + ic);

ic = dCCεCC
pores6Frc; icross = dCCεCC

pores4Frcross (T3.15)

Rate expressions ra = ka

[
xAC

CH3OH exp

(
αa6F

RT AC
ηa − xAC

CO2
exp

(
− (1− αa)6F

RT AC
ηa

))]
with αa = 0.1, ka = 6× 10−3 mol m−3 s−1 (T3.4)

rc = kc

[(
pCC

O2

105pa

)1 5

exp

(
− αc6F

RT CC
ηc

)
− exp

(
− (1− αc)6F

RT CC
ηc

)]
(T3.16)

model I, IIa: �c = 0.5, kc = 1.27× 10−21 mol m−3 s−1; model IIb: �c = 0.905,
kc=2.7× 10−2 mol m−3 s−1

rcross =
nM

CH3OH|zM=dM

dCCεCC
pores

(T3.17)

Components Model II/model III: anode catalyst layer (AC) Model III: cathode catalyst layer (CC)

Index j = H2O, CH3OH, CO2 (pure liquid phase) Index j = N2, O2, H2O, CO2 (pure gas phase)

Reaction mechanism CH3OH+ Pt
ra1−→PtCO+ 4H+ + 4e− (T3.5) 0.5O2 + Pt

rc1−→PtO (T3.18)

PtCO+ H2O
Ru,ra2−→ CO2 + 2H+ + 2e− + Pt (T3.6) PtO+ 2H+ + 2e−

−rc2−→Pt+ H2O
√

2 (T3.19)

CH3OH+ Pt
rc3−→PtCO+ 4H+ + 4e− (T3.20)

PtO+ PtCO
rc4−→2Pt+ CO2 (T3.21)

Component mass balance
dcAC

j

dt
=

nAD
j
|
zAD=dAD − nM

j
|
zM=0νa1,j ra1 + νa2,j ra2

εAC
poresd

AC
(T3.7)

dcCC
j

dt
=

nM
j
|
zM=dM − nCD

j
|
zCD=0

εAC
poresd

CC

4∑
k=1

νck,j rck (T3.22)

dΘAC
CO

dt
= ra1 − ra2

N̂AC
pt

with N̂AC
pt = 0.11 mol m−2 (T3.8)

dΘCC
CO

dt
= rc3 − rc4

N̂CC
pt

(T3.23)

dΘCC
O

dt
= rc1 + rc2 − rc4

N̂CC
pt

with N̂CC
pt = 0.11 mol m−2 (T3.24)

Stoichiometric constants νa1,CH3OH = −1; νa1,H2O = 0; νa1,CO2 = 0;
νa2,CH3OH = 0; νa2,H2O = −1; νa2,CO2 = +1

all νck,j = 0 except for : νc1,O2 = −0.5; νc2,H2O = −1; νc4,CO2 = +1

Charge balance 0 = icell − iM|
zM=0 with icell = ia1 + ia2 = 4Fra1 + 2Fra2 (T3.9) 0 = icell − iM|

zM=dM with icell = −ic3 − ic2;

ic2 = dCCεCC
pores2Frc2; ic3 = dCCεCC

pores4Frc3 (T3.25)

Rate expressions ra1 = ka1

CAC
CH3OH

Cref
CH3OH

1−ΘCO

1−Θref
CO

exp
(

αa1F

RT AC
ηa

)
(T3.10) rc1 = kc1

(
pCC

O2

pref
O2

)0.5

(1−ΘCO −ΘO) (T3.26)

ra2 = ka2
cAC

CO

cref
CO

exp
(

αa2F

RT AC
ηa

)
(T3.11) rc2 = −kc2ΘO exp

(
− (1− αc2)F

RT CC
ηc

)
(T3.27)

with αa = 0.5, Θref
CO = 0.5, Cref

CH3OH = 1000 mol m−3, ka1 = 1.6× 10−3 mol m−2 s−1,

ka2 = 8× 10−5 mol m−2 s−1

rc3 =
nM

CH3OH|zM=dM

dCCεCC
pores

(T3.28)

rc4 = kc4ΘOΘCO exp
(

(1− βCO)fCO(ΘCO −Θref
CO)

)
(T3.29)

with αc2 = 0.5, Θref
CO = 0.5, pref

O2
= 105 Pa, kc1 = 3.4× 103 mol m−3s−1,

kc2 = 1× 10−1 mol m−3 s−1, kc4 = 7.1× 103 mol m−3 s−1, βc0 = 0.5, fc0 = 10
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alyst ΘAC
CO, overpotential ηa) and the methanol crossover flux

density nM
CH3OH|zM=0 at the interface between anode catalyst

layer and PEM (zM = 0) are plotted over time.
ccount for the influence of the surface coverage of the platinum
atalyst with adsorbed CO (Langmuir adsorption/desorption
inetics).

The cathode in model II is identical to that in model I.

.3. Model III: extended cathode kinetics with adsorbed
O and O

On the cathode platinum catalyst, very similar processes as
n the anode side take place with respect to the methanol, which
rosses over through the PEM. Therefore it seems appropriate to
se similar reaction schemes and rate expressions like the ones
ormulated in model II for the anode side.

It is assumed, that oxygen and methanol compete for the free
latinum catalyst surface (Table 3, lower right quarter): oxygen
s adsorbed in a non-electrochemical reaction forming Pt-O (Eq.
3.18), methanol is adsorbed forming Pt-CO, as well as protons
nd electrons (Eq. T3.19). Both steps are assumed to be fast. The
dsorbed oxygen (Pt-O) can then take up protons and electrons
o form free platinum sites and water (Eq. T3.20). In parallel,
t-CO reacts with Pt-O to carbon dioxide and free platinum sites
Eq. T3.21).

Based on this reaction scheme, both surface species (Pt-O
nd Pt-CO) have to be balanced (ΘCC

O , Eq. T3.23 and ΘCC
CO,

q. T3.24), and the contributions of both electrochemical reac-
ions are considered in the charge balance (Eq. T3.25). The rate
xpression of the first reaction (Eq. T3.26) is of Langmuir type
non-electrochemical irreversible adsorption), the electrochemi-
al oxygen reduction is formulated as combined Langmuir–Tafel
inetics (Eq. T3.27, analogue to the anode side). The methanol
dsorption is assumed to be an immediate reaction, therefore
ts rate (Eq. T3.28) is proportional to the methanol crossover
ux density (as in the previous models). Finally, the release of
arbon dioxide is described by an irreversible Temkin–Frumkin
esorption kinetics (Eq. T3.29).

The anode in model III is the same as in model II.

. Simulation results

In this section, in a first step the presented model variants are
ompared to the experimental results. In a second step, model
II is examined more closely for varying operating conditions
in terms of cell temperature and cell current density).

.1. Comparison of model variants

For the operating conditions given in Section 2 and a cell
urrent density of 56 mA cm−2, the model variants yield cell
oltage predictions as presented in Fig. 5. It can be seen that
odel I predicts the cell breakdown much earlier than what was

ound in the experiments, while all other models predict the
ustaining time correctly. Model II can also predict cell voltage
vershoots, if the cathode charge transfer coefficient is set to the

elatively high value of αc = 0.905 (model IIb). Model III finally
an predict overshoots with charge transfer coefficients of 0.5
n both anode and cathode side. All kinetic parameters used in
he model variants are given in Table 3.

F
a

ig. 5. Comparison of simulated and experimental cell voltages (operating con-
itions as in Section 2, cell current density icell = 56 mA cm−2).

The high value for the cathode charge transfer coefficient in
odel IIb is a strong hint that in the cathode reaction, adsorption

rocesses play a major role, justifying the formulation of a more
omplex cathode kinetics like that in model III.

A more detailed insight in the underlying physico-chemical
rocesses can be obtained by a closer look at the state vari-
bles and the methanol crossover flux densities of the model
ariants as presented in Fig. 6 (anode side) and Fig. 7 (cath-
de side). In Fig. 6, the anode catalyst layer state variables
methanol concentration cAC

CH3OH, surface coverage on the Pt cat-
ig. 6. Comparison of simulation results (anode side) of model variants (oper-
ting conditions as in Section 2, cell current density icell = 56 mA cm−2).



Fig. 7. Comparison of simulation results (cathode side) of model variants (oper-
ating conditions as in Section 2, cell current density icell = 56 mA cm−2).
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Fig. 8. Comparison of simulation results of model III to experimental data (operating
temperature TA).
One can see that the variables related to (methanol) mass
ransport (cAC

CH3OH and nM
CH3OH) yield very similar results for all

hree models (Fig. 6). This could be expected, as the model vari-
nts only differ with regard to the assumed electrode kinetics.
ll models predict a fast decrease of the methanol concentra-

ion in the anode catalyst layer (cAC
CH3OH), slightly (but almost

egligibly) slowed down by a small reflux of methanol from
he membrane back into the anode catalyst layer (nM

CH3OH > 0:

ethanol flux towards cathode, nM
CH3OH < 0: methanol flux

owards anode). Less than 20 s after the feed switch in all cases
o more unreacted methanol is available as reactant for the anode
eactions.

As model I has no other reactant storages, its anode
verpotential then sharply increases leading to an immediate
reakdown of the cell voltage (Fig. 6). In the other model vari-
nts (II/III), the cell can be operated beyond the point where the
nreacted methanol in the anode catalyst layer is depleted, as
arbon monoxide (CO) adsorbed to the platinum catalyst forms

nother reactant reservoir. Only when this storage (described
y the CO surface coverage ΘAC

CO) is empty as well, the anode
verpotential finally increases sharply. Moreover, between the
eed switch and the final cell breakdown the anode overpoten-

conditions as in Section 2, except for cell current density icell and anode feed
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ig. 9. Comparison of simulation results of model III (anode side) (operatin
emperature TA).

ial in models II and III also increases much slower than in
odel I.
Fig. 7 presents the cathode catalyst layer state variables

nd methanol crossover flux density at the interface between
EM and cathode catalyst layer (zM = dM) of the model vari-
nts. Like on the anode side, also here the models do not
iffer significantly in terms of mass transport. A few seconds
fter the feed switch, the methanol crossover flux reaching
he cathode catalyst (nM

CH3OH|ZM=dM ) begins to decrease, and
ith it the absolute value of the cathode overpotential. Roughly
0 s after the feed switch (i.e. when the methanol concen-
ration in the anode catalyst layer, cAC

CH3OH, has dropped to
ero), the methanol crossover flux has ceased completely, and
he cathode overpotential reaches a new steady state value.
he decreasing methanol crossover also leads to a parallel
ecrease of the cathode CO coverage (ΘCC

CO) in model III,
hile the oxygen coverage of the cathode catalyst (ΘCC

O ) is
ncreasing accordingly, taking over the sites freed from CO.

bviously, all model variants’ cathode processes react with the

ame time constant, they differ only in the steady state over-
otentials. Therefore, for a simple model, the original cathode
odel with lumped Butler–Volmer type rate expression (Table 3,

l

n
m

ditions as in Section 2, except for cell current density icell and anode feed

3.12–T3.17) with appropriately fitted parameters (model IIb)
s sufficient.

It is obvious from Figs. 6 and 7, that in order to achieve
cell voltage overshoot after the feed switch, the slope of the

athode overpotential has to be larger than the slope of the anode
verpotential. As soon as the cathode arrives at its new steady
tate, the cell voltage reaches its maximum, and then declines
ue to the continuing increase of the anode overpotential.

It can be seen that models IIb and III predict the maximum
f the overshoot earlier than what is observed in the experi-
ents (Fig. 5). The result would be better if the dead time tdead

ccounted for in the experiments would be larger than the esti-
ated 20 s. In fact, this estimation might be too low, as in the
rst seconds after the feed switch the experimental setup is in
somewhat transitional state, slowly readjusting anode pres-

ure and flow rate, while tdead was estimated assuming constant
ow rate without interruptions (see Section 2). The measured
ell voltage curves (Figs. 1–3) could also support a somewhat
onger dead time tdead of up to 25–30 s.
Nonetheless, such an additional experimental time delay can-
ot fully explain the deviations between times at which the
axima of the overshoots are reached in the simulations and the
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ig. 10. Comparison of simulation results of model III (cathode side) (operat
emperature TA).

xperiments. On one hand, the time constant of the methanol
rossover might be too low in the models: in this case the trans-
ort coefficients for methanol in the PEM need to be adjusted. On
he other hand, the cathode overpotential might be less dependent
n the methanol crossover flux: this could be accounted for by
djusting the cathode rate constants, and/or the rate expression
or the electrochemical step (rc2, Table 3, T3.27).

.2. Analysis of model III for different operating conditions

Figs. 8–10 present simulation results from model III for
wo different anode feed temperatures (TAF = 60, 75 ◦C) and
wo different current densities (icell = 56, and 124 mA cm−2).
ig. 8 compares cell voltages and overpotentials, Fig. 9 com-
ares the most important anode state variables and mass fluxes,
hile Fig. 10 does the same for the cathode side. The following
bservations and resulting conclusions can be summarized.

.2.1. Observation (1)

The time till the cell breaks down is predicted almost cor-

ectly by the model (Fig. 8). This is a proof, that the sum of
nternal reactant storages (which are responsible for the sus-
ained operability after the cut off supply of fresh methanol) is

v
i
o
f

onditions as in Section 2, except for cell current density icell and anode feed

uite realistic. Nonetheless, this observation does not give any
ints on the type and quality of different reactant storages.

.2.2. Observation (2)
The breakdown of the cell voltage is predicted more steeply

han what was found in the experiments (Fig. 8). In the simu-
ations the final breakdown slopes of the cell voltage are given
y the slopes of the respective anode overpotentials. Therefore,
he model descriptions of the underlying phenomena (transport
f methanol to the anode as well as anode reaction mechanism
nd reaction rates, Fig. 9) might need some further refinement.

.2.3. Observation (3)
The maxima of the overshoots are predicted too early, and

he relative overshoots w.r.t. the initial steady state are predicted
igher than what was found in the experiments (Fig. 8). In the
imulation, the different behaviour of both the anode and cath-
de overpotentials (i.e. their time constants) is responsible for
he overshoots, as can be seen from Fig. 8. The maximum cell

oltage is reached when the cathode overpotential has reached
ts new steady state due to the ceasing methanol crossover. Obvi-
usly, if the methanol crossover (nM

CH3OH|ZM=dM in Fig. 10)
aded more slowly, the maximum of the overshoot would appear
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ater, and presumably be also less pronounced. Therefore it
ight be beneficial to check the transport properties of the model

in the PEM and in the anode diffusion layer), as well as whether
he experimental dead time is correct (see above sections). If in
he model the transport of methanol within the anode diffusion
ayer (AD) should be slower due to accounting for the block-
ge of pores by carbon dioxide gas, cAC

CH3OH would decrease
lower leading to a slower decrease in the methanol crossover
nd thus also in the absolute value of the cathode overpotential.
he same would be true if the methanol transport inside the PEM
as slightly slower. As the neglection of a carbon dioxide gas
hase in the anode pore structures is a significant model simpli-
cation compared to the real situation, it can be assumed that

his is the main reason for the presumably too fast decrease of
he methanol concentration in the anode catalyst layer. In any
ase, if model adjustments on the mass transport side should be
ecessary, the internal reactant storages (especially the number
f adsorption sites on the anode catalyst, N̂AC

Pt ) would have to be
lightly reduced to achieve the same overall breakdown times as
n the present simulations.

.2.4. Observation (4)
The model predicts cell voltage overshoots for all four cases

hown in Figs. 8–10, but in the experiments for the higher
ell current density (icell = 124 mA cm−2) no overshoots were
bserved. Nonetheless, the model predicts the relative height
f the overshoots to decrease with increasing current density.
djusting the rate constants can decrease the overshoots in gen-

ral, therefore a disappearance for high current densities seems
ossible. To correctly predict the experimental behaviour for
he higher current density, the absolutes of the slopes of the
athode and anode overpotentials, respectively, after the feed
witch would have to be identical. Then the cell voltage would
emain constant till the cathode overpotential approaches its new
teady state, while the anode overpotential would still increase,
hus leading to a breakdown of the cell voltage in the observed

anner.

.2.5. Observation (5)
Finally, from the steady state simulation results prior to the

eed switch, one can see that the model predicts an increase
f the cell voltage with higher cell temperature, while in the
xperiments a contrary behaviour is observed (Fig. 8). In the
resented model, the rate constants are fitted for an anode
eed temperature of 60 ◦C, no additional (Arrhenius) term
ccounts for changes in the reaction rate constants with tem-
erature (see Table 3, rate Eqs. T3.4, T3.10, T3.11, T3.16 and
3.26–T3.29). A modification of the rate constants by intro-
ucing such an Arrhenius term will be part of the next steps in
odel refinement. For the anode side, the additional parameters

activation energies) have been determined from experiments
ecently [8].
. Conclusions

The dynamic response of the DMFC to step changes in
he anode feed methanol concentration was analysed experi-

m
S
g
m

entally, and a dynamic process model was formulated. The
xperiments revealed, that for switching the feed from methanol
olutions to pure water the cell voltage breaks down later than
xpected, and for low current densities even shows an overshoot
ehaviour.

The here presented model shows good quantitative agree-
ent to steady state experiments, and also a good qualitative

greement to the aforementioned dynamic step-down exper-
ments (long sustaining times and overshoots of the cell
oltage).

According to the model analysis, the overshoot phenomenon
an be explained by different response times (time constants)
f the anode and cathode overpotentials, respectively. After
insing the anode compartment, the methanol concentration
n the anode catalyst layer drops rapidly due to the ongoing

ethanol consumption by the electrochemical reactions and
ethanol transport towards the anode compartment. Conse-

uently, the methanol crossover to the cathode decreases, leading
o a decrease of the absolute cathode overpotential. The anode
verpotential increases quite slowly, and the cell voltage does
ot break down when the reactant methanol is completely con-
umed. The latter is due to reaction intermediates of the anodic
ethanol oxidation adsorbed to the anode catalyst (e.g. CO),
hich form a second reactant reservoir. This enables a prolonged
peration of the cell for a few seconds up to a few 10 s (depending
n current density).

The reason for the observed overshoots therefore seems to
e, that the absolute cathode overpotential (mainly determined
y methanol crossover) decreases faster, than the anode overpo-
ential increases in this transient situation.

The analysis has also revealed several hints for further model
mprovement:

More realistic anode diffusion layer mass transport account-
ing for the influence of carbon dioxide gas bubbles blocking
part of the available pores.
Validation of the experimental dead time.
Adjustment of reaction rate expressions and corresponding
parameters.

On the other hand it can be concluded, that for a reduced
odel it might be sufficient to use a simplified cathode reaction
echanism (as in model I/II) with Butler–Volmer or even Tafel

ype rate expressions. Nonetheless, a realistic anode reaction
echanism (e.g. models II/III), seems to be necessary in order

o correctly predict the dynamic DMFC behaviour.
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