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

Thorsten Schultz?, Ulrike Krewer?, Kai Sundmacher &?-*

& Max Planck Institute for Dynamics of Complex Technical Systems, Sandtorstrasse 1, 39106 Magdeburg, Germany
b Otto-von-Guericke University Magdeburg, Process Systems Engineering, Universititsplatz 2, 39106 Magdeburg,
Germany

Abstract

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

The model variants were used to simulate the dynamic (transient) response of the DMFC to stepwise changes in the methanol feed concentration
from typical operating levels down to zero, while maintaining the cell current. For validation, similar experiments were carried out. In the
experiments, the cell voltage broke down only after an unexpectedly long period of time, and for a variety of operating conditions even a cell
voltage overshoot could be observed. Such overshoot behaviour is also predicted by those model variants, which feature anode reaction mechanisms
with reaction intermediates (e.g. CO) adsorbed to the anode catalyst, while models without such detailed anode reaction mechanisms fail in this
respect. The model-based analysis reveals that the observed overshoots result from the different time constants of the responses of the anode and

cathode overpotentials to the feed change.
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1. Introduction

The direct methanol fuel cell (DMFC) emerges as an interest-
ing technology especially for portable power supply units. For
such portable systems, dynamic rather than stationary operation
is typical. But not only possibly rapid changes in the electrical
power demand have to be considered, but also the fact that such

Abbreviations: A, anode compartment (supply channel structure); AC, anode
catalyst layer; ACP, polymer phase within (AC); AD, anode diffusion layer; C,
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CCP, polymer phase within (CC); CD, cathode diffusion layer; DMFC, direct
methanol fuel cell; PEM, polymer electrolyte membrane; PEMFC, polymer
electrolyte membrane fuel cell; scbm, standard cubic meter (m3 ideal gas at
T=25°C, p=1bar)

* Corresponding author at: Otto-von-Guericke University Magdeburg, Process
Systems Engineering, Universititsplatz 2, 39106 Magdeburg, Germany.
Tel.: +49 391 6110 350; fax: +49 391 6110 353.
E-mail address: sundmacher @mpi-magdeburg.mpg.de (K. Sundmacher).

systems have to be quite simple, which, e.g. makes it difficult to
keep the methanol feed concentration constant. Cheap and reali-
able sensors for methanol concentration are not available, and
therefore a DMFC system will have to cope with changes in the
methanol feed concentration, besides other operating conditions.
Moreover, the examination of transient responses of a system to
changes in the operating conditions can yield deeper insight into
the governing internal physico-chemical phenomena.

In this work, the response of a DMFC to step changes in the
methanol feed concentration is examined. Systematic experi-
ments revealed a very interesting dynamic behaviour especially
when the anode feed is changed from methanol solutions to
pure water while maintaining the cell current. For low current
densities, even intermediary increases in the cell voltage can be
observed (overshoot behaviour) [1,2].

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

a activity

* -
an,0 water vapour activity

AS cell cross-sectional area (m2)

B transport matrix

c molar concentration in fluid phase (mol m—3)

¢ molar pseudo-concentration w.r.t. total volume (in
porous structures only) (mol rn_3)

d thickness, diameter (m)

D Maxwell-Stefan binary diffusion coefficient
(m?s71

e enthalpy flux density w.r.t. cross-sectional area A®
OJm~2s7h

EA activation energy (Jmol~!)

F Faraday’s constant, F=96,485 As mol ™!
(Asmol™!)

h specific enthalpy (Jmol~!)

i current density w.r.t. cross-sectional area AS
(Am~?)

J individual molar flux density w.r.t. cross-sectional
area AS (molm~2s~1)

k index for control volumes (discretised model)

L; friction terms (s m~2)

m mass flux density w.r.t. cross-sectional area AS
(kg mZs71)

M molar mass (kg mol~!)

n overall molar flux density w.r.t. cross-sectional

area AS (molm~2s~1)

N number of moles (mol)

Nmcu number of chain units between two polymer
cross-links

N mole density (loading) w.r.t. cross-sectional area
AS (molm~2)

Npt mole density of active Pt sites (anode/cathode cat-
alyst) (mol m_z)

p pressure (Pa)

Psat saturation pressure (Pa)

q heat flux density (due to thermal conduction) w.r.t.

cross-sectional area AS Jm=2s™1)

r reaction rate w.rt. total pore volume
(molm—3s~ 1)

R ideal gas constant, R=8.314 (Jmol~! K1)

t time (s)

T temperature (K)

U voltage (V)

v velocity (ms~!)

1% volume (m?)

1% molar volume (m> mol~!)

X mole fraction in liquid phase

Y mole fraction in gas phase

zZ cell coordinate perpendicular to cell plane

z" number of transferred electrons/single charges

Greek symbols

ay,0c  charge transfer coefficients (anodic, cathodic)

€ volume fraction (pore volume fraction = porosity)

n overpotential (V)

nV1s dynamic viscosity (Pas)

A thermal conductivity coefficient (Wm™! K~1)

A relative water content in membrane

I chemical potential (J mol~1)

v stoichiometric coefficient

¢ electrical potential (V)

X 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)

0 at standard conditions: 7 =298 K, p9 =10’ Pa

Subscripts

a anode

c cathode

carbon carbon material

cell cell

cu polymer chain unit

CH3;OH methanol

CO,
eff
H+
H,O
i

J
Joule
N,
(0))
pores
sat
sound

carbon dioxide
effective
proton

water
counting index
counting index
Joule heating
nitrogen
oxygen

in pore(s)
saturated
sound

anisms in the overall DMFC behaviour, assumed reaction
mechanisms with different complexity were implemented in a
base model. The base model features a very detailed descrip-
tion of mass transport phenomena, and has proven to be able
to accurately predict steady state methanol and water crossover
fluxes and cell voltages for a broad range of operating conditions
[1,3.4].




Comparison of the simulation results obtained from the
model variants reveals hints on the role of reaction interme-
diates on the platinum catalysts and methanol mass transport. It
turns out, that intermediates adsorbed to the anode catalyst seem
to play an important role, therefore an adequate dynamic model
has to account for such phenomena. While similar mechanisms
can be expected on the cathode catalyst as well (and are imple-
mented in the most complex model variant), they seem to be of
lower importance.

2. Dynamic experiments

Experiments were carried out using a single cell DMFC
fed with air and liquid methanol water solutions. A detailed
description of the DMFC design can be found in [1]. The
identical anode and cathode monopolar plates are made from
graphite material (thickness 7 mm, material code FU4369 by
Schunk Kohlenstofftechnik, Germany). The flowbed structures
consist of parallel channels of 2mm width and 2mm depth,
with 1 mm wide ribs between them. The flowbed itself has the
outer dimensions 65 mm x 40 mm (active area of AS =26 cm?).
As diffusion layers PTFE-coated TORAY carbon paper (TGP-
H-060) is used, with a PTFE loading between 20 and 25 mass%
with respect to the uncoated material. The membrane electrode
assemblies (MEA) are prepared from NAFION™ N-105 mem-
brane foil, onto which the catalyst layers are applied using an
airbrush technique. The anode catalyst layer features a cata-
lyst loading of 5mgcm™2 (unsupported) platinum ruthenium
black (Alfa Aesar Johnson Matthey HiSPEC™ 6000) and a
NAFION™ content of 15 mass% relative to the metal loading
(i.e. 0.75mgcm™2). The cathode catalyst layer has the same
metal loading, but as catalyst (unsupported) platinum black is
used (Alfa Aesar Johnson Matthey HiSPEC™ 1000) and the
NAFION™ content is 10 mass% relative to the metal loading
(i.e. 0.5mg cm_z).

In the experiments, the methanol feed concentration of the
cell was changed stepwise from different starting values down
to zero (pure water feed), while all other operating parameters
(temperature, pressures, flow rates, etc.) of the cell as well as
the cell current were kept constant. Some typical results of these
experiments are presented in Fig. 1.
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Fig. 1. Methanol feed concentration step-down experiments (galvanostatic oper-
ation) at different cell current densities and cell temperatures.

The full set of operating conditions is:

Anode
Methanol feed concentration: céthH =1/1.5mol dm—>
Pressure: p =1.7bara=1.7 x 10° Pa
Feed flow rate: FAF =0.5 dm> min~!
Feed temperature: T =60/75/90°C
Cathode
Dry air (dew point approximately —2 °C)
Pressure: p© =1.7bara=1.7 x 10° Pa
Feed flow rate: FCF =0.5 scbmh~! (at 1.013 x 10° Pa and 20°C)
Feed temperature: 7€ =30°C

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

g
— A - 2 .
Vdead = AplpeLplpe - deipeLPlPe

7 2 3
= 1(0.6 cm)“600cm = 170 cm”.

At the given flow rate of 500 cm® min~! the dead time results
as:

Viead  170cm’

= =20s.
FAF 500 cm3 min-! S

Idead =

InFig. 1, the dead time is marked by a vertical dashed line at 20 s
after the feed switch. In all figures comparing experimental and
simulation results, the dead time of the experiments is accounted
for by substraction of 20 s from real time since switch, as in the
model no such dead time is accounted for.

The dynamic response of the DMFC to step-down of the
methanol feed concentration (Fig. 1) has two noteworthy fea-
tures:

First, the cell voltage does not break down immediately after
the switch to pure water feed, but only after some 10 s, depending
on operating conditions. This is unexpected, as the feed flow rate
is very high in the experiments, so that the mean residence time
of the anode liquid in the anode flowbed compartment is below
1's. Therefore one can assume, that the anode compartment as
the supposedly main reservoir for fresh methanol is emptied
completely within less than a second. Obviously there must be
other reservoirs for reactants within the inner structures of the
DMEFC [1].

Second, for low current densities the inevitable cell volt-
age breakdown is not only taking place later than expected,
but the cell voltage even shows an interim increase (overshoot
behaviour) for low current densities (<100 mA cm_2). Such
experimental behaviour was already reported elsewhere [2].

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

e In all cases (with or without overshooting), the cell breaks
down much slower than the anode compartment is rinsed from
methanol.

e The sustaining time #gygain (i.€. the time between end of dead
time f4eaq 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.

e Overshooting of the cell voltage only occurs for low current
densities (Fig. 1).

e The higher the cell temperature, the higher the level of over-
shooting (Fig. 2).

e The higher the initial methanol feed concentration, the higher
the level of overshooting (Fig. 3).
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Fig. 3. Methanol feed concentration step-down experiments (galvanostatic oper-
ation) at different methanol feed concentrations and cell temperatures.

Explanations for this behaviour are based on the combina-
tion of several assumed physico-chemical phenomena occuring
simultaneously in the DMFC:

e Methanol inside the pores of the anode diffusion layer and
anode catalyst layer is not immediately rinsed out of the
DMEFC, therefore the methanol concentration in the anode cat-
alystlayeris 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.

e 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.

e 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.

e Decreased methanol crossover, due to decreasing methanol
concentration in the anode catalyst layer, would lead to a
decrease in the absolute cathode overpotential.

3. Model formulation

To analyse the experimental behaviour of the DMFC, a one-
dimensional rigorous dynamic process model of a DMFC was
developed [1,3,4]. It reflects the seven-layer structure of the
DMEFC: anode compartment (A), anode diffusion layer (AD),
anode catalyst layer (AC), polymer electrolyte membrane (M),
cathode catalyst layer (CC), cathode diffusion layer (CD) and
cathode compartment (C). For all these layers, dynamic mass and
energy balances, as well as quasi-steady state charge balances for
(AC) and (CC) are formulated, and appropriate transport kinet-
ics and internal boundary conditions are used to couple them.
The diffusion layers and the PEM are spatially distributed ele-
ments, while the other four elements (catalyst layers and supply
compartments) are described as ideally mixed systems. Fig. 4
presents a scheme of the model. The spatially distributed ele-
ments are described along the coordinates AP M and CP,
respectively, where the coordinates are perpendicular to the
cell plane and increase from anode to cathode side. The model
has proven to be capable of predicting measured steady state
methanol and water crossover fluxes through the PEM under var-
ious operating conditions, with only one set of parameters [1,3].
For low to moderate current densities also the steady state current
voltage characteristics are predicted with acceptable accuracy.
A brief overview of all governing equations (balances, transport
kinetics) is given in Table 1 (anode and cathode compartments,
diffusion layers and catalyst layers) and Table 2 (PEM). The
equations connected with the anode and cathode reaction kinet-
ics (Table 3) will be discussed in more detail in the following
sections. The symbols used in Tables 1-3 are explained in the
list of symbols.

In this contribution, the model is used to simulate the dynamic
response of the DMFC to changes in the methanol feed concen-
tration. The analysis focuses on the role of the anode and cathode
reaction kinetics, for which purpose several different reaction
kinetic approaches for anode and cathode (Table 3) were imple-
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Fig. 4. Working pronciple of DMFC, model structure and geometry.

mented in the base model (Tables 1 and 2). The simulation results
of these different model variants are then compared to experi-
mental data in order to find out, which influence the electrode
kinetics have on the overall dynamic behaviour of the DMFC.
The final aim is to identify appropriate anode and cathode kinetic
models, which can predict and physico-chemically explain the
observed dynamic behaviour.

3.1. Model I: base model

In the base model (in the following referred to as model I),
lumped reaction schemes are assumed [1,3]. Table 3 presents
those reaction schemes (anode: T3.1; cathode: T3.12 and T3.13),
the mass and charge balances (anode: T3.2 and T3.3; cath-
ode: 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
the cathodic oxygen reduction (Eq. T3.12) are assumed to
be reversible single-step electrochemical reactions, conse-
quently their kinetics are decribed by classical Butler—Volmer
approaches (Egs. T3.4 and T3.16). At the cathode a second,
undesired reaction takes place: methanol permeating through the
PEM is oxidised to carbon dioxide (Eq. T3.13). It is assumed
that this reaction is very fast, so that all methanol reaching the
cathode is immediately consumed, independent of the electrode
potential. Therefore, the rate of this reaction is proportional to
the methanol flux reaching the cathode (Eq. T3.17).

The two reactions at the cathode are coupled via the com-
ponent mass balances (Eq. T3.14) and also via the quasi-steady
state charge balance (Eq. T3.15). The oxygen reduction con-
sumes protons and electrons, while the methanol oxidation
produces them, therefore the electric potential of the cathode
is a mixed potential of both reactions’ contributions.

3.2. Model II: extended anode kinetics

It is well known from DMEFC literature that the anodic
methanol oxidation on platinum ruthenium catalyst is neither

a single-step nor a reversible reaction. It consists of various par-
allel and consecutive reaction and adsorption/desorption steps,
with quite stable reaction intermediates bound to the different
catalyst surfaces (usually platinum and ruthenium) [5]. Still the
reaction mechanism is not fully understood and various possi-
ble mechanisms and corresponding rate expressions have been
proposed, e.g.[5-8].

To account for the multi-step nature of the anodic methanol
oxidation while limiting the complexity of the reaction scheme,
a two-step mechanism is used here, which is a slightly sim-
plified version of one that has been published recently [9]. It
is presented in Table 3 (lower left quarter). In a first, irre-
versible step, methanol is adsorbed electrochemically to the
platinum catalyst, forming strongly adsorbed carbon monox-
ide, four protons and four electrons (Eq. T3.5). The second step
(T3.6) is a combination of three consecutive reactions: (a) water
adsorbes electrochemically to the ruthenium catalyst in a fast
and reversible reaction. (b) The formed Ru—OH then reacts irre-
versibly with the CO adsorbed on the adjacent platinum sites
to carbon dioxide, two protons and two electrons. (c) Finally,
the formed carbon dioxide desorbs from the electrode surface.
In these three reaction steps, the irreversible reaction between
adsorbed water and adsorbed CO (b) is assumed to be the rate
determining step, while the water adsorption on ruthenium (a)
is assumed to be always in quasi-equilibrium, and the carbon
dioxide desorption (c) is assumed to be a fast and irreversible
reaction.

Resulting from this reaction scheme, an additional compo-
nent mass balance for the surface coverage of the platinum
catalyst with CO (@é(c), Eq. T3.8) is necessary, and the charge
balance (T3.9) has to account for both reactions’ charge produc-
tions.

Asboth combined reaction steps are irreversible electrochem-
ical reactions, their rate expressions (Eqs. T3.10 and T3.11)
are formulated as Tafel kinetics. Both reactions also include
adsorption and desorption of species to the platinum cata-
lyst 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)
Index j=H,0, CH30H, CO, (pure liquid phase)

Cathode compartment (C)
Index j=N,, O,, H,0O, CO, (pure gas phase)

de? 1 . . ) dc€ 1 )
Component mass balance d—tj = W{F’“‘(c?" - c}\)-b- Ahn?Dlepzo} (TL.1) d—tj = W( FCF jC" Fccc + A“njC.D\ZCD:dcp) (TL.13)
RTC
with F€ = FCF 4 — S E nSP).co_yep (TL.14)
pe N
J
Total mass balance No balance, pressure p* is operating parameter! No balance, pressure pC is operatm% parameter!
Energy balance No balance, temperature 7% is operating parameter! No balance, temperatures 7¢ and T carbon AT€ Operating parameters!
Components Anode diffusion layer (AD) Cathode diffusion layer (CD)
Index j=H,0, CH30H, CO; (pure liquid phase) Index j=N,, O,, H,0, CO, (pure gas phase)
AD AD .AD __AD .AD AD 9cCD | P
Component mass balance _c,"l,’ axf =Z Xi J; xJ'_ Ji Jj _ (T1.2) a" =<5 6‘] (TL.15)
0 z oy _BQD.Z/] B;&lﬂ: eff t Epores Z
3PAD Mo
Total mass balance = =—(v Sound) < (TL.3) No balance, ideal gas:
D= E PSP = RTP E P (T1.16)
J J
9TAD 1 9eAD  9gAD 9TCP 1 9eCD gD
Energy balance S (P | ma L _|¥ U (TL17)
a ooy \ % e e 9z 8
pCp pCp)
AD AD7-1 AD CcD 1 CD1-1 cD
== ch [B ] V(x ) ( )__ CD[ ] V(p )
- RT
Individual flux d AD TLS b TLI8
ndividual component flux densities a X; (TLS) . BCD— Z BCD _ ¥, (TL.18)
(Maxwell-Stefan mass transport model) with B AD eﬁ Z AD o B"f("’*f)__TyEﬂ“ with i — D, e/f + D, ejf P §(i#) T ~CD.eof
k#i zk Bij 'B‘ M k#i B Bq
(d D)7 gpAP (SR gpco
Convective flow velocity yAD _ _ Tpore” OP (TLe) WP = o P (TL19)
p 32nv1s 0z p 3271\”5 3z
. _ ~AD AD : ~AD _ _AD_AD CD _ ~CD CD : ~CD _ CD_CD
Total component flux densities = / Dy ¢ with 7 = ¢ e (TL7) = ; Dz ¢; with 77 = g (T1.20)
Total mass flux density m[ol E (nAD M i) (TL.8) Not necessary as no total mass balance formulated
Total enthalpy flux density D= E (4P h(TAP)) (TL9) P = E nSPh(TP) (T1.21)
j J
: : AD ADett TP CD cp.err T
Conductive heat flow density g™ = -\ e (T1.L10) ¢ -1 R (TL22)
Z Z
Components Anode catalyst layer (AC) Cathode catalyst layer (CC)
Index j=H,0, CH30H, CO, (pure liquid phase) Index j=N3, Oz, H,O, CO; (pure gas phase)
Component mass balance See individual model formulations! See individual model formulations!
dpAC V2
Total mass balance ilt = ;‘j:‘(‘;d (m m(| M_g — ::?';AD:dAD) (TL11) No balance, ideal gas law:
pt€ = RTC E cf.c (TL23)
J
dr2C (M Mg — €*P]ap_zap) + (@M M_y — ¢*°].AD_zAD) d7c  (®Plep_y — MIMogm) + (@ Plep_y — M M_gm)
Energy balance i = =0 L =d — Acq Moo 79 l:AD=a (TL.12) ) = =0 = ,4~ ch (D=0 7T 1 M=d (TL.24)
t (pcy)  dAC 1 (pcy)  d<C
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=H,0, CH30H, (H") (pure liquid phase)

Component mass balance

Energy balance

Charge balance
Total component flux densities

(Maxwell-Stefan mass
transport model)

Phase equilibrium (AC-ACP)

dvM N;
ik M M : y J
o =N T with N; = s (T2.1)
aTM 1 M M, M
T:ﬂ[‘a*‘g* M (T2.2)
(pcy) ¢ ¢
oM
=== (T2.3)
M iM icell
nyy = F=F (T2.4)
L + L, —ny+L; —n L
”&1301-1 _ Lmo CH30H . u+ L1 HyoL2 (T2.5)
3

M Lyyo0 —ny+(Ls — LiLe/L3) — (L2 + L3)Le¢/L3
MHy0 =

Ls — LyLe/L3
M M M M
. “H,0 “H,y0 ‘ciy0H Mchyon
with Lp,0 = %— —5—, Lomgon=—§— —5—-
a < a
H0 CH30H
Xi,0 Xeon Xy 1
L=——ro———7rr—"— [ = +
eff eff 2 o7 Y
H' H,0 H'.CH,0H | om0 PHoM
X 1 X0
L,= + L,=
P Y topT
H',CH,0H CH,OH.M | H'1m,0 |
X, X
L= Xy } anon 1 L= X0
s o 7 7 S
'Bu'.//,o BHZU.(,‘H,OH ‘BH,(),M , -BH70'CH‘0H

£8P o = 254831 (S o)’ + 42821085, 04 1.6354x25

3 2
ehso = 104.9956(x3 on)” +20.9052(x35 on)

+2.6349x 8, o + 0.4601

Total mass balance

Total enthalpy flux density

Conductive heat flow density

Electrical potential gradient

Activities (Flory-Huggins
activity model)

(T2.6)

Conversion of concentrations

(T2.7) Phase equilibrium (CC-CCP)

(T2.8)

Pressures within membrane are not discussed!

M= E MM (T2.9)
/ M
T
M = Ml —— (T2.10)
0z
M RTM
el W(Lm + ny+ L7 + nuyoLs + nengonLo) (T2.11)
Ho
MM Xi,0 Xenon 1
- L= — . +
with L+ = — Ht ﬁ, 7 eff eff of s
H “I;;IJr ¥ Bymo Puaron Puw
X, X,
L= Ji4 _ Jii
o 9 o
H' H,0 'Bu'.cmun
} : Vi > Vi 13
aj = ¢ejexp {(1—f)£'+x',-s-}+7_s
! / Vx ' M 2IVM,cuVM,cu M
i#j
with XHZO,M = 0.7177; XCH3OH,M = 0.1348; XHQO,CH3OH =13 (T212)
= Xyt (T2.13)
M gMdry
M _ ik . M _ M 17
e with  Agl =~ + E OpAD) (T2.14)
J
M _ =My
gp =tV (T2.15)
™M
J .
M= —— with &)l = g ' = el + €0 + £lu0m (T2.16)
Epores N
J
Mo 3
cCcP _ o #CC #CC
A = N = 28-5(“1.120(3) 0.35) +5(aH20(g> 0.35)+3
R-SO]
pcco
: .cC Hy
with a;‘{ (T2.17)

o) — a
»O0(g) pi;;o(TCC)




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=H;0, CH30H, CO; (pure liquid phase) Index j=Nj, O, Hy0, CO; (pure gas phase)
Reaction mechanism CH30H + Hy0' <—5"CO, + 6HT + 6~ (T3.1) 1.50, + 6HT + 66~ —33H,0 (T3.12)
CH;30H + 0.50,” 7% C0, + 4H* + 4~ (T3.13)
dC?C ”?D|ZAD=[]AD - nl}dlezo dfjcc "}VIL,M:dM *njCDlzCD=0
Component mass balance o = W +vyjra (T3.2) e = W + Vejre  Verossjlcross (T3.14)
pores pores
Stoichiometric constants Va,CH30H = —1; Vo Hy0 = —1 va,c0, = +1 Ve,0, = —1.5; Ve,Ny Ve, HyO = +3;
Ve,COy Veross, 0 = —0.5; Veross,N, = 0;
Veross,Hy 0 = 0 Veross,COy = +1
Charge balance 0=icen — M M_y  Withicen = ia = d"CepSes6Fry (T3.3) 0= icon = M M_gM Withicen = Gieross + ic);
ie = dCeSS6Fres  icross = d“CeSesd Freross (T3.15)
6 1 )6 5 " 6 a )6.
. _ AC a6 F AC — )6 F _ 0, ac6F —ac)6F
Rate expressions ra = ka |:XCH3OH exp (Wﬂa - XCOZ exp (— WTM re = ke 105 pa exp | — RTCC Ne | —exp —Wf]c (T3.16)
withag = 0.1, kg =6 x 10 3 molm 3 s~ ! (T3.4)
model I, Tla: ae =0.5, ke =1.27 x 107! molm =3 s~!; model IIb: ae =0.905,
ke=2.7 x 1072 molm™3 s~!
M
"CH0H M =gM T3.17)
Teross = — = o .
dcce}%‘g’es
Components Model II/model III: anode catalyst layer (AC) Model III: cathode catalyst layer (CC)
Index j=H;0, CH30H, CO; (pure liquid phase) Index j=Nj, O, Hy0, CO; (pure gas phase)
T Te
Reaction mechanism CH30H + P_L PCO + 4H + 4~ (T3.5) 050, + Pt—L P10 (T3.18)
Ru, -
PCO + Hy0 ~/8200, + 2H* +2¢~ + Pt (T3.6) PtO + 2HT + 2e~ —2P( + H,0v2 (T3.19)
’
CH;0H + Pt-3P(CO + 4H + de™ (T3.20)
re
PtO + PCO—*42Pt + CO, (T3.21)
4
dchC AP ap_ap — M m_gval, jral + Va2, jra2 ac M m_m — 1P cp_
Component mass balance J ] =z 4 J 27=0 (T3.7) jo_Jaredt ) =0 Vek. T (T3.22)
P a - AC jAC - a - AC dcC ceme )
pores’ pores’
k=1
deAC _ R dett _
—C0 _ Ml ik §AC = 0.1 molm™2 (T3.8) €O _ e ~Ted (T3.23)
dr NAC pt dr ACC
pt
d(—)gc rel Hre2 —re4 &,CC 2
= T2 e with NSC = 0.11 molm™ (T3.24)
dr ACC pt
pt
Stoichiometric constants Val CH30H = —1; Val,Hy0 = 0; Val,CO, = 0; allve j = Oexcept for : Vel,05 = —0.5; Ve2,HyO = —1; Ved,COp = +1
Va2,CH30H = 0; Va2, Hy0 = —1; va2,c0, = +1
Charge balance 0 =ice — iM‘zM:O Withige) = ia] +ia2 = 4Fra) +2Frp (T3.9) 0 =ice — iM‘zM:dM withice = —ic3 — ic2s
i = dCeSSe2Fra; i = dCeSG AP (T3.25)
Coon 1—o F 0 0%
CH30H 1 — 6@ O,
Rate expressions ra1 = ka1 3 T 700 oy ( “al 'Ya) (T3.10) rel = kel 2 (1 —=60co —6p) (T3.26)
Cre( 1— @ref RTAC ref
CH30H co 0,
=k <o a2 F T3.11 = —ke2® U - ce)F T3.27
ra = aZ%eXP(RTAC'?a) (T3.11) re2 = ~ka®oexp | = rE e (T3.27)
M
; ref ref -3 -3 21 "CH, 0H M =gM
with oy =0.5, (")CO =0.5, CCH30H =1000molm™, ky; =1.6 x 107" molm™<s™", re3 = W (T3.28)
kap =8 % 107> molm™2s~! pores
re4 = kea®0Oco exp ((1 — Bco)fco(Oco — ('){%)) (T3.29)

withaey =0.5, OFL =035, pg; =109 Pa, ke =3.4 x 103 molm—3s~!,

ko =1x 10" molm=3 571, keg =7.1 x 103 molm=3 51, B9 =0.5, fu = 10




account for the influence of the surface coverage of the platinum
catalyst with adsorbed CO (Langmuir adsorption/desorption
kinetics).

The cathode in model II is identical to that in model 1.

3.3. Model IlI: extended cathode kinetics with adsorbed
CO and O

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

Itis assumed, that oxygen and methanol compete for the free
platinum catalyst surface (Table 3, lower right quarter): oxygen
is adsorbed in a non-electrochemical reaction forming Pt-O (Eq.
T3.18), methanol is adsorbed forming Pt-CO, as well as protons
and electrons (Eq. T3.19). Both steps are assumed to be fast. The
adsorbed oxygen (Pt-O) can then take up protons and electrons
to form free platinum sites and water (Eq. T3.20). In parallel,
Pt-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
and Pt-CO) have to be balanced (O5F, Eq. T3.23 and O,
Eq. T3.24), and the contributions of both electrochemical reac-
tions are considered in the charge balance (Eq. T3.25). The rate
expression of the first reaction (Eq. T3.26) is of Langmuir type
(non-electrochemical irreversible adsorption), the electrochemi-
cal oxygenreduction is formulated as combined Langmuir—Tafel
kinetics (Eq. T3.27, analogue to the anode side). The methanol
adsorption is assumed to be an immediate reaction, therefore
its rate (Eq. T3.28) is proportional to the methanol crossover
flux density (as in the previous models). Finally, the release of
carbon dioxide is described by an irreversible Temkin—Frumkin
desorption kinetics (Eq. T3.29).

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

4. Simulation results

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

4.1. Comparison of model variants

For the operating conditions given in Section 2 and a cell
current density of 56 mA cm~2, the model variants yield cell
voltage predictions as presented in Fig. 5. It can be seen that
model I predicts the cell breakdown much earlier than what was
found in the experiments, while all other models predict the
sustaining time correctly. Model II can also predict cell voltage
overshoots, if the cathode charge transfer coefficient is set to the
relatively high value of a¢ =0.905 (model IIb). Model I1I finally
can predict overshoots with charge transfer coefficients of 0.5
on both anode and cathode side. All kinetic parameters used in
the model variants are given in Table 3.
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Fig. 5. Comparison of simulated and experimental cell voltages (operating con-
ditions as in Section 2, cell current density ice = 56 mA cm~2).

The high value for the cathode charge transfer coefficient in
model IIb is a strong hint that in the cathode reaction, adsorption
processes play a major role, justifying the formulation of a more
complex cathode kinetics like that in model III.

A more detailed insight in the underlying physico-chemical
processes can be obtained by a closer look at the state vari-
ables and the methanol crossover flux densities of the model
variants as presented in Fig. 6 (anode side) and Fig. 7 (cath-
ode side). In Fig. 6, the anode catalyst layer state variables
(methanol concentration c/é‘lc{3 ou- surface coverage on the Pt cat-

alyst ®AS, overpotential 7,) and the methanol crossover flux
density ”%IH3OH| :M—o at the interface between anode catalyst

layer and PEM (M=0) are plotted over time.
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Fig. 6. Comparison of simulation results (anode side) of model variants (oper-
ating conditions as in Section 2, cell current density ice; =56 mA cm~2).
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One can see that the variables related to (methanol) mass
transport (céﬁ3OH and nlé’[H3OH) yield very similar results for all
three models (Fig. 6). This could be expected, as the model vari-
ants only differ with regard to the assumed electrode kinetics.
All models predict a fast decrease of the methanol concentra-
tion in the anode catalyst layer (céﬁzOH), slightly (but almost
negligibly) slowed down by a small reflux of methanol from
the membrane back into the anode catalyst layer (ngIH3OH > 0:
methanol flux towards cathode, nIgH3OH < 0: methanol flux
towards anode). Less than 20 s after the feed switch in all cases
no more unreacted methanol is available as reactant for the anode
reactions.

As model I has no other reactant storages, its anode
overpotential then sharply increases leading to an immediate
breakdown of the cell voltage (Fig. 6). In the other model vari-
ants (II/III), the cell can be operated beyond the point where the
unreacted methanol in the anode catalyst layer is depleted, as
carbon monoxide (CO) adsorbed to the platinum catalyst forms
another reactant reservoir. Only when this storage (described
by the CO surface coverage @ég) is empty as well, the anode
overpotential finally increases sharply. Moreover, between the
feed switch and the final cell breakdown the anode overpoten-
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temperature T2).

tial in models II and III also increases much slower than in
model I.

Fig. 7 presents the cathode catalyst layer state variables
and methanol crossover flux density at the interface between
PEM and cathode catalyst layer (zM =d™) of the model vari-
ants. Like on the anode side, also here the models do not
differ significantly in terms of mass transport. A few seconds
after the feed switch, the methanol crossover flux reaching
the cathode catalyst (ng[H3OH|ZM:dM) begins to decrease, and
with it the absolute value of the cathode overpotential. Roughly
20s after the feed switch (i.e. when the methanol concen-
tration in the anode catalyst layer, Céﬁgow has dropped to
zero), the methanol crossover flux has ceased completely, and
the cathode overpotential reaches a new steady state value.
The decreasing methanol crossover also leads to a parallel
decrease of the cathode CO coverage ((988) in model III,
while the oxygen coverage of the cathode catalyst (@SC) is
increasing accordingly, taking over the sites freed from CO.
Obviously, all model variants’ cathode processes react with the
same time constant, they differ only in the steady state over-
potentials. Therefore, for a simple model, the original cathode
model with lumped Butler—Volmer type rate expression (Table 3,

T3.12-T3.17) with appropriately fitted parameters (model IIb)
is sufficient.

It is obvious from Figs. 6 and 7, that in order to achieve
a cell voltage overshoot after the feed switch, the slope of the
cathode overpotential has to be larger than the slope of the anode
overpotential. As soon as the cathode arrives at its new steady
state, the cell voltage reaches its maximum, and then declines
due to the continuing increase of the anode overpotential.

It can be seen that models IIb and III predict the maximum
of the overshoot earlier than what is observed in the experi-
ments (Fig. 5). The result would be better if the dead time #geaq
accounted for in the experiments would be larger than the esti-
mated 20s. In fact, this estimation might be too low, as in the
first seconds after the feed switch the experimental setup is in
a somewhat transitional state, slowly readjusting anode pres-
sure and flow rate, while 74e,q Was estimated assuming constant
flow rate without interruptions (see Section 2). The measured
cell voltage curves (Figs. 1-3) could also support a somewhat
longer dead time fgeaq Of up to 25-30s.

Nonetheless, such an additional experimental time delay can-
not fully explain the deviations between times at which the
maxima of the overshoots are reached in the simulations and the
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experiments. On one hand, the time constant of the methanol
crossover might be too low in the models: in this case the trans-
port coefficients for methanol in the PEM need to be adjusted. On
the other hand, the cathode overpotential might be less dependent
on the methanol crossover flux: this could be accounted for by
adjusting the cathode rate constants, and/or the rate expression
for the electrochemical step (7.2, Table 3, T3.27).

4.2. Analysis of model Il for different operating conditions

Figs. 8-10 present simulation results from model III for
two different anode feed temperatures (T*F =60, 75°C) and
two different current densities (icey =56, and 124 mA cm™2).
Fig. 8 compares cell voltages and overpotentials, Fig. 9 com-
pares the most important anode state variables and mass fluxes,
while Fig. 10 does the same for the cathode side. The following
observations and resulting conclusions can be summarized.

4.2.1. Observation (1)

The time till the cell breaks down is predicted almost cor-
rectly by the model (Fig. 8). This is a proof, that the sum of
internal reactant storages (which are responsible for the sus-
tained operability after the cut off supply of fresh methanol) is

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

4.2.2. Observation (2)

The breakdown of the cell voltage is predicted more steeply
than what was found in the experiments (Fig. 8). In the simu-
lations the final breakdown slopes of the cell voltage are given
by the slopes of the respective anode overpotentials. Therefore,
the model descriptions of the underlying phenomena (transport
of methanol to the anode as well as anode reaction mechanism
and reaction rates, Fig. 9) might need some further refinement.

4.2.3. Observation (3)

The maxima of the overshoots are predicted too early, and
the relative overshoots w.r.t. the initial steady state are predicted
higher than what was found in the experiments (Fig. 8). In the
simulation, the different behaviour of both the anode and cath-
ode overpotentials (i.e. their time constants) is responsible for
the overshoots, as can be seen from Fig. 8. The maximum cell
voltage is reached when the cathode overpotential has reached
its new steady state due to the ceasing methanol crossover. Obvi-
ously, if the methanol crossover (nlé’IH3OH| sM_gm in Fig. 10)
faded more slowly, the maximum of the overshoot would appear



later, and presumably be also less pronounced. Therefore it
might be beneficial to check the transport properties of the model
(in the PEM and in the anode diffusion layer), as well as whether
the experimental dead time is correct (see above sections). If in
the model the transport of methanol within the anode diffusion
layer (AD) should be slower due to accounting for the block-
age of pores by carbon dioxide gas, Céﬁ;oH would decrease
slower leading to a slower decrease in the methanol crossover
and thus also in the absolute value of the cathode overpotential.
The same would be true if the methanol transport inside the PEM
was slightly slower. As the neglection of a carbon dioxide gas
phase in the anode pore structures is a significant model simpli-
fication compared to the real situation, it can be assumed that
this is the main reason for the presumably too fast decrease of
the methanol concentration in the anode catalyst layer. In any
case, if model adjustments on the mass transport side should be
necessary, the internal reactant storages (especially the number
of adsorption sites on the anode catalyst, N{f‘tc) would have to be
slightly reduced to achieve the same overall breakdown times as
in the present simulations.

4.2.4. Observation (4)

The model predicts cell voltage overshoots for all four cases
shown in Figs. 8-10, but in the experiments for the higher
cell current density (ice; = 124 mA cm_z) no overshoots were
observed. Nonetheless, the model predicts the relative height
of the overshoots to decrease with increasing current density.
Adjusting the rate constants can decrease the overshoots in gen-
eral, therefore a disappearance for high current densities seems
possible. To correctly predict the experimental behaviour for
the higher current density, the absolutes of the slopes of the
cathode and anode overpotentials, respectively, after the feed
switch would have to be identical. Then the cell voltage would
remain constant till the cathode overpotential approaches its new
steady state, while the anode overpotential would still increase,
thus leading to a breakdown of the cell voltage in the observed
manner.

4.2.5. Observation (5)

Finally, from the steady state simulation results prior to the
feed switch, one can see that the model predicts an increase
of the cell voltage with higher cell temperature, while in the
experiments a contrary behaviour is observed (Fig. 8). In the
presented model, the rate constants are fitted for an anode
feed temperature of 60°C, no additional (Arrhenius) term
accounts for changes in the reaction rate constants with tem-
perature (see Table 3, rate Eqgs. T3.4, T3.10, T3.11, T3.16 and
T3.26-T3.29). A modification of the rate constants by intro-
ducing such an Arrhenius term will be part of the next steps in
model refinement. For the anode side, the additional parameters
(activation energies) have been determined from experiments
recently [8].

5. Conclusions

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

mentally, and a dynamic process model was formulated. The
experiments revealed, that for switching the feed from methanol
solutions to pure water the cell voltage breaks down later than
expected, and for low current densities even shows an overshoot
behaviour.

The here presented model shows good quantitative agree-
ment to steady state experiments, and also a good qualitative
agreement to the aforementioned dynamic step-down exper-
iments (long sustaining times and overshoots of the cell
voltage).

According to the model analysis, the overshoot phenomenon
can be explained by different response times (time constants)
of the anode and cathode overpotentials, respectively. After
rinsing the anode compartment, the methanol concentration
in the anode catalyst layer drops rapidly due to the ongoing
methanol consumption by the electrochemical reactions and
methanol transport towards the anode compartment. Conse-
quently, the methanol crossover to the cathode decreases, leading
to a decrease of the absolute cathode overpotential. The anode
overpotential increases quite slowly, and the cell voltage does
not break down when the reactant methanol is completely con-
sumed. The latter is due to reaction intermediates of the anodic
methanol oxidation adsorbed to the anode catalyst (e.g. CO),
which form a second reactant reservoir. This enables a prolonged
operation of the cell for a few seconds up to afew 10 s (depending
on current density).

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

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

e More realistic anode diffusion layer mass transport account-
ing for the influence of carbon dioxide gas bubbles blocking
part of the available pores.

e Validation of the experimental dead time.

e Adjustment of reaction rate expressions and corresponding
parameters.

On the other hand it can be concluded, that for a reduced
model it might be sufficient to use a simplified cathode reaction
mechanism (as in model I/IT) with Butler—Volmer or even Tafel
type rate expressions. Nonetheless, a realistic anode reaction
mechanism (e.g. models II/IIT), seems to be necessary in order
to correctly predict the dynamic DMFC behaviour.
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