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Abstract XVII

Abstract

Direct Methanol Fuel Cells (DMFC) are analysed experimentally and theoretically with
respect to their steady-state and dynamic operating behaviour. The current status (2003) of the
DMEC is presented with special focus on basic principle, functional materials of which the
DMFC consists and modeling and simulation approaches. An own laboratory scale DMFC
design is presented, as well as a fully automated miniplant used for its operation under various
steady-state and dynamic operating conditions. The miniplant allows the determination of
methanol and water crossover fluxes from anode to cathode. The DMFCs are fed with liquid
methanol water solutions and air. Influences of methanol feed concentration, temperature,
pressure and electric cell current are analysed using a rigorous one dimensional process model
of the DMFC. In this model the generalised Maxwell-Stefan equations are used for describing
mass transport in porous structures. A special focus lies on the realistic description of the
polymer electrolyte membrane (PEM), where in the model even swelling and phase equilibria
at the interfaces are accounted for. The results show that methanol and water crossover
through the membrane are governed by diffusion rather than electro-osmosis, and that the

model yields good approximations to experimental results.

Kurzzusammenfassung (German Abstract)

Das stationdre und dynamische Betriebsverhalten der Direkt-Methanolbrennstoffzelle wird
experimentell und theoretisch untersucht. Ein Uberblick iiber den aktuellen Forschungsstand
(2003) mit Schwerpunkten Funktionsweise, Funktionsmaterialien sowie Modellierung und
Simulation wird gegeben. Das selbstentwickelte DMFC-Design wird prisentiert, ebenso die
fiir die Untersuchungen verwendete vollautomatische Miniplant. Die Miniplant erfalt neben
anderen ProzeBgrofen die zellinternen Stoffstrome (sog. Crossover) von der Anode zur
Kathode. Die DMFCs werden mit fliissigen Methanol-Wasser-Mischungen und Luft
betrieben. Die Einfliisse von Methanolkonzentration, Temperatur, Druck und elektrischem
Zellstrom werden analysiert. Hierzu wird ein rigoroses eindimensionales Prozel3modell
vorgestellt. Es verwendet die verallgemeinerten Maxwell-Stefan-Gleichungen fiir
Stofftransportvorginge in pordsen Strukturen. Einen Schwerpunkt der Modellierung bildet die
realistische Beschreibung der Polymerelektrolyt-Membran unter Berticksichtigung von
Quellungsvorgingen und duBleren Phasengleichgewichten. Die Simulationsergebnisse zeigen
gute Ubereinstimmung mit den experimentellen Werten. Insbesondere zeigt sich, daB die
Wasser- und Methanol-Crossover-Strome durch die Zellmembran iiberwiegend durch

diffusive und nicht durch elektroosmotische Effekte bestimmt werden.






1 Introduction to the Direct Methanol Fuel Cell (DMFC) 1

1 Introduction to the Direct Methanol Fuel Cell (DMFC)

In the last twenty years, the interest in fuel cells of all types has increased dramatically. Not
only the prospect of high efficiencies and the abscence of gaseous pollutants like sulfur
dioxide and the various nitrogen oxides, but also the striking simplicity of a fuel cell and the
abscence of moving parts led to the conclusion that a real alternative for internal combustion
engines was at hand. Research activities in industry and universities have reached enourmous
extents, and fuel cell related sessions have become a regular part of many international
conferences and fairs. The possible applications of fuel cells reach from stationary power
production in Megawatt dimensions down to portable systems to supply mobile consumer
electronics with below one Watt. Inbetween these two extremes lies the application as vehicle
power source, with nearly all major car manufacturers having their own research program
now.

Recently, after many years of research and development on fuel cells, the initial euphoria has
somewhat vanished, as many problems are yet unsolved. Especially for mobile applications,
most material components in fuel cell systems are still too expensive, the systems are more
complex than initially anticipated, sometimes difficult to control and still the discussion is far
from an end which will be the best fuel for them (see e.g. [1][2]). While hydrogen is the best
fuel in terms of operating the fuel cell itself, its production, storage and distribution is
complicated. Alternatively liquid
hydrocarbons are discussed, like
conventional gasoline, methanol
or ethanol. These are easy to
store and to distribute, but their
conversion in a fuel cell system is
difficult. Either one produces
hydrogen from them in a fuel
processor (reformer) to feed a
standard Polymer Electrolyte
Fuel Cell (PEMEFC), or one uses a

fuel cell which can convert a  Figure I-1 Fuel cell system for Laptop developed by Casio
liquid fuel directly, like the Corp. (Japan). System consists of hydrogen fuel cell
Direct Methanol Fuel Cell (PEMFC) and integrated micro reformer fed with

(DMFC) [3] [4] [5] [6] . The methanol-water solutions.
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complexity of a system combining a hydrogen production unit and a hydrogen-consuming

fuel cell have led many people to the conclusion that the DMFC is the more favourable option

for certain mobile and portable applications, although recently advancements in producing

micro-scale reforming reactors for portable applications have been reported (e.g. by Casio

Corporation, Japan, see Figure 1-1).

The advantage of hydrocarbon fuels (which are liquid under ambient conditions) over

hydrogen with respect to storage can be demonstrated impressively when considering the

volume and mass required for an appropriate tank system to store a specific energy, e.g. the

equivalent of 50 dm® of conventional petrol (approx. 1500 MJ), as presented in Table 1-1.

Additionally the simple handling of liquid hydrocarbons compared to that of pressurised or

liquified hydrogen is a major advantage.

Table 1-1 Comparison of different fuels with respect to the necessary storage system for the

equivalent of 50 dm’ of standard petrol (=1500 MJ).Original data from [7][8][9].

(LH»)

Fuel Temperature | Pressure Fuel Mass of Volume of
within tank | within tank volume tank system | tank system
[K] [bar] [dm’] [kg] [dm’]
Petrol 300 1 50 42 61
Diesel fuel 300 1 44 42 54
Ethanol 300 1 71 71 84
Methanol 300 1 95 95 116
Natural gas 300 200 208 160 260
Hydrogen gas 300 207 - 148 920
(GH,), standard
gas bottle
Hydrogen gas 300 690 - 190 510
(GHy), high-
pressure tank
Hydrogen in 567 6.1 - 837 275
MgNi-Hydride
Hydrogen in 310-535 34.5 - 863 235
FeTi-Hydride
Liquid hydrogen 20 2 177 75 312
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1.1 Principle and Main Features of the DMFC
The basic principle of the DMFC is illustrated in Figure 1-2. Like any other type of low

temperature fuel cell, the DMFC consists of seven layers. The middle layer is an ion-
conductive membrane, which acts as electronic isolator and barrier for all non-ionic species.
In the case of the DMFC it is a proton conducting polymer film usually referred to as polymer
electrolyte membrane (PEM). The typical commercially available materials are between 20
and 200 pm thick. On either side of this PEM, a thin porous layer is applied, which contains
the electrocatalysts on whose surfaces the electrochemical reactions take place. These catalyst
layers are the fuel cells electrodes (anode and cathode). They are usually around 10 to 20 um
thick, depending on the preperation method. Next to the catalyst layers are porous layers
responsible for electron and reactant transport. These so-called diffusion layers are made from
carbon fibre papers or woven carbon cloth with thicknesses around 200-500 um, having a
good electron conductivity and high porosity. In most commercial products also a porous

layer made from carbon black and some polymeric binders (like e.g. Teflon™) is prepared on

Electrochemical cell reactions: o
Anode: CH-OH() + H,O() —» CO(g)+6H " +6¢
Cathode: 3/2 O4(g) + 6 H* + 6 e— Lo 3H,O()

Overall: CH;OH() + 3/2 0,(g) —» CO4(g) + 2 H,0())

Undesired methanol oxidation:

Cathode: CHLOH() + 312 O.(g) ——# CO.(g) + 2 H,0()

Catalyst layers
CH,OH /H,0/CO, [(~1O p,m)\ O, -reduced air/ H,O/CO,

e' ST e—
Anode <— B ~ :_j (= _ Cathode

Bipolar-Plate
(Electric contact +

reactant supply) Typical operation:

T=70-90°C
p=0.1-03MPa

Diffusion layers :
CH,OH /H,O (100-500 pim) Air /H,0O

Figure 1-2 Structure and principle of the Direct Methanol Fuel Cell (DMFC) [11].
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top of the carbon paper/carbon cloth. It has quite the same structure as the catalyst layers and
shall improve especially the electronic contact to the catalyst layers. The last layer on either
side are usually called anode and cathode compartment, respectively. Typically they are
channel structures adjacent to the diffusion layers, machined into electron conductive plates
(made from graphite, stainless steel or other highly corrosion resistive materials). Through the
channels, the reactants are distributed across the diffusion layers.

To the DMFC anode compartment, methanol and water are fed, either in liquid or vapour
phase. The reactants diffuse through the anode diffusion layer towards the anode catalyst
layer. There they are converted to carbon dioxide, protons and electrons. The carbon dioxide
is transported towards the anode compartment, as the PEM is nearly impermeable to gases.
The protons are transported through the PEM to the cathode side. The electrons are
transported over the anode diffusion layer, anode cell plate, external circuit (where they can
be used to perform work), cathode cell plate and cathode diffusion layer to the cathode
catalyst layer. There, the protons and electrons reduce oxygen (from air) to form water. The
oxygen is transported through the cathode diffusion layer, in opposite direction to the water
produced at the cathode, which leaves the cathode catalyst layer towards the cathode
compartment.

Calculating the thermodynamic open circuit cell voltage (i.e. without current load), the Nernst
equation predicts values around 1.2 V, depending on temperature, activities of all species,

pressure and operation mode (i.e. liquid or

"8 vapourized methanol-water mixtures fed to
g@ I R i the anode, detailed  thermodynamic
DEH 3 % Nernst Equation | calculations of the open circuit cell voltage
o under standard conditions are presented in
g i Voltage | chapter 2.1). For the liquid operated mode,
E oA CHp these theoretical values are given in Figure
E 1-3, in dependence on the methanol feed
% concentration. Also plotted in this figure are
& typical experimental data [68]. They are

e 0.5 1.0 15 2.0 significantly lower than the theoretical

Methanol Feed Conc., cFCHSOH { [molA]

values, which shows the necessity (but also
Figure 1-3 Thermodynamic and experimental cell the potential) to improve the performance by

voltages of the DMFC, adopted from [68] identifying and examining the major
problems of the DMFC.



1 Introduction to the Direct Methanol Fuel Cell (DMFC) 5

The classical experiment to evaluate the performance of a fuel cell is to measure the stationary
current-voltage characteristics (U-i curve). Typical data from a DMFC (own experiments) are
plotted in Figure 1-4. One can see S-shaped curves which are typical for fuel cells. The curves
reflect the different limiting mechanisms occuring during the operation of a fuel cell. At zero
current (open circuit condition), the cell voltage lies around 0.65 V, which is only half the
value expected from thermodynamics (as already mentioned above, Figure 1-3). At low
current densities (left, between first and second data point, respectively), the cell voltage is
mainly influenced by reaction kinetic limitations. At high current densities (right, last 3 data
points) mass transport limitations dominate the process. At a certain current density (limiting
current density, here roughly 150 and 250 mA/cm?® respectively), the cell voltage drops to
zero. The middle section of the curves is a transition region where the cell voltage shows
quasi-ohmic (i.e. linear) behaviour. The right hand side plot in Figure 1-4 shows the same
data plotted as cell power density over current density. It is also typical for any type of fuel

cell, that the maximum cell power is achieved at roughly two thirds of the limiting current

U-i curves P-i curves

0.70 65
0.65 1 60

0.601 55 // X
0.55 50

0.50 \ \ 45

0.45 RN 40
0.40 \\ \\ 35 /
0.35 45°C 30 45°C
0.30 \ \ : 60°C o5 A : 60°C
025 \ A\ 20 }/ y

0.20 \ \
0.15 \‘

Cell voltage, U/ [V]

Cell power density, P / [mW/cm?]

_L_‘
o O
XS

v *
0.10 \ 5 /
005 T T T T T 0 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
cell current density, i / [mA/cm?] cell current density, i / [mA/cm?]

Figure 1-4 Typical experimental current-voltage (U-i) and cell power (P-i) curves:
Cell temperature T=45/60°C, system pressures p,=p.=1.7 bara
Flow rates V,=0.5 dm’/min, V.=0.5 scbm/h
Methanol concentration c=1 mol/dm’, cathode feed dry air
Cell specifications: Anode: 5 mg/cm? PtRu black atomic ratio 1:1
Cathode: 5 mg/cm® Pt black
PEM: NAFION™ N105
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density. For the DMFC that means a cell voltage of around 0.3 V. Obviously, it is most
attractive to operate such a fuel cell in the intermediate power region between one and two
thirds of the limiting current density.

The current voltage characteristics given in Figure 1-4 show a maximum power density of
0.06 W cm™, but recently values around 0.1 to 0.25 W cm™ have been reported for the DMFC,
e.g. by the ZSW in Ulm (Germany), though such results are usually achieved for much higher
operating temperatures (around 100°C) and feed air pressures (up to 4 bara). Compared to the
hydrogen-fed PEMFC (actually maximum values around 1.0 to 1.5 W c¢cm™ at above 100°C
and system pressures above 2 bara), this is still a significantly lower performance.

In the following sections, the actual state of development concerning the DMFC will be
presented shortly, with a special focus on the various problems and recent activities in the
respective fields. A much more detailed treatment of most of these topics is available in a
comprehensive review paper by Arico et al. (2001) [13]. A broad overview over the full range
of fuel cell development can be found in a very extensive review paper by CARRETTE et al.
(2001) [14].

1.2 Anodic Methanol Oxidation

While the anodic oxidation of hydrogen on noble metal catalysts is a well-understood fast
reaction with only low reaction overpotentials. The anodic oxidation of methanol is much
more complicated. Overall, six electrons are transferred, consequently many (surface-bound)
reaction intermediates can be expected.

First studies of the reaction mechanism were made in the late 1970's and early 1980's during
the first evaluations for direct methanol fuel cells (e.g. McNicroL at Shell Laboratories [15]).
It turned out that platinum catalysts as used for hydrogen oxidation show only poor
performance, whereas the use of binary or ternary noble metal catalysts (always with platinum
as one component) leads to significant improvements. Intensive studies of reaction
mechanisms on platinum and platinum/ruthenium catalysts were performed e.g. by KenneEpY
and Hamnert in Oxford in the early 1990's [17]. The conclusion of all these works is that some
very stable reaction intermediates exist that need at least one other catalytic functionality to
react further as that provided by platinum alone. Many possible reaction mechanisms have
been proposed (see e.g. Figure 1-5, reaction mechanism adopted from [15], rate expressions
formulated by SunpmachEr et al. [16]), nonetheless the reaction mechanism is still not fully

understood. The most common opinion is that platinum-bound carbon monoxide (Pt-CO) or
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Possible reaction mechanism

C-OH
SN
H HH
o 5 E _3H+
W%WW, R1 i
u t"Ru Ru -3e
Cl)H CIJHCIJH
H COH H H
H /I\ H s -3H+
Ru Pt Pt Pt RuRu -3e

C-OH
QR A QHOH
z R3]-H,0
Ru Pt Pt Pt Ru Ru

Froposed rate expressions (Butler-Volmer type)
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Figure 1-5 Possible reaction mechanism of the anodic methanol oxidation on platinum ruthenium

catalysts (mechanism adopted from [15], rate expressions first published in [16])

carbon hydroxide (Pt-COH) is the long-living intermediate. In any case, one needs surface-
bound OH-groups for the conversion of the intermediate(s) to carbon dioxide. OH-groups are
preferably formed on ruthenium, tin and other metals [17][18][19][20] at fairly low electrode
potentials (~ 0.3 V vs. NHE), whereas on platinum one needs much higher potentials (~ 0.9 V
vs. NHE). Important research on the electrochemical methanol oxidation was done by the
group of VieLsticH (University of Bonn, Germany), with a main focus on the reaction
mechanism on platinum and its numerous modifications, and the influence of the cristalline
surface structure (i.e. where on the surface does the reaction preferably take place and what
does that imply for catalyst design) [21].

Another group working on this field is that of Gorz and Wenpt et al. [19] (Technical
University of Darmstadt, Germany), their focus being ternary catalysts consisting of platinum

and ruthenium with a third metal (tungsten, molybdenum, tin) as promotor.
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There are also many groups working on CO-tolerant catalysts for hydrogen-consuming fuel
cell anodes for use in combinations of a hydrocarbon reformer and PEMFC. As adsorbed CO
is supposed to play a significant role in the DMFC as well (see previous paragraph), these
results should also be considered. Here the groups of Arico and Antonucct (CNR-TAE,
Messina, Italy, e.g. [22]), Bonnemann (Max-Planck-Institute for Carbon Research, Miilheim,
Germany) and VoceL et al. (Fritz-Haber-Institute of the MPG, Berlin, Germany) [18] and
Crureanu and Wanc [23] (H Power Inc., Quebec, Canada) shall be mentioned. Arico and
Antonuccr et al. are working on CO-tolerant platinum-ruthenium catalysts with tungsten as
promotor and on the influence of the catalyst support. Their current work deals with the
question whether a support is necessary at all. BonnemMann and VoceL are focusing on CO-
tolerant platinum-tin-alloy catalysts and a novel sol-gel-based preparation method. Ciureanu
and WanG have made intensive studies on the behaviour of platinum-ruthenium catalysts for
the oxidation of hydrogen in the presence of CO. Their approach is measuring impedance
spectra and modeling equivalent circuits. The same has been extensively done by MuLLER and
Ursan (DaimlerChrysler AG, Ulm, Germany) for the DMFC [24] showing the potentials of
this method for the characterisation of kinetics and mass transport phenomena.

The general agreement between the results of the groups working on hydrogen/CO mixtures
and the groups working on methanol supports the theory of surface-bound CO being the long-
living intermediate, which is responsible for the slow overall reaction kinetics and the need
for improved catalysts.

Another important factor for the anode catalyst performance (at least for the famous platinum-
ruthenium catalysts) is the nature of the support, the catalyst particle size and the atomic ratio
between platinum and ruthenium. Arico et al. [25] and the group of GortesreLb (Los Alamos,
USA, [26]) found that thinner support layers and even unsupported catalysts produced the
best performance. The GottesreLb group also found out, that, as expected, smaller particles
and higher surface areas are beneficial for the process [26]. In contrast to these parameters,
the atomic ratio between platinum and ruthenium seems to have a lower influence [26]. For
standard operating temperatures above 70°C typically optimal performance has been found
with atomic ratios of platinum to ruthenium in the region of 1:1, wheras at lower temperatures
a higher relative platinum content seems to be beneficial.

Recently, a totally different approach for catalyst design is emerging, based on a bionic point
of view. The transformation of hydrocarbons to carbon dioxide under abstraction of electrons
and protons not only takes place in fuel cells, but can also be found in each biological cell, as

part of the breathing process. Here cell enzymes (either immobilised or within living cells)
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without any noble metals content are the catalysts. Even higher hydrocarbons as e.g. glucose
can be converted to carbon dioxide and (in the first step) electrochemical energy in the form
of charge transporting molecules, which carry the released protons and electrons. First
research projects on so-called bio fuel cells are under way and current densities of a few
mA/cm?® have been reached under ambient temperature and pressure using e.g. glucose as fuel
[27][28][29]. The potential of such bio-analogue catalysts has not yet been evaluated properly
for the use in technical applications, as the current densities are still much too low for most
applications. Nonetheless for further research in the field of the DMFC and other low-
temperature fuel cells, these developments should be more closely examined. Another closely
connected aspect is the formation of proton conductive membranes in biological cells, which
will be shortly mentioned in the next section.

Finally, besides the search for more active anode catalysts, another approach is thinkable to
improve the performance of a DMFC which is based on adding another active component to
the methanol water solution. This idea has been widely accepted in the field of hydrogen-fed
PEMFCs, where a so-called air-bleed (or the use of hydrogen peroxide instead of pure water
in the humidifier [30]) adds small quantities of oxygen to the hydrogen-rich (but CO-
containing) anode feed gas. This oxygen helps to remove adsorbed CO from the anode
platinum catalyst, thus increasing the number of active catalyst sites. As in the DMFC similar
poisoning effects on platinum sites play an important role, the same idea might be applicable.
The problem here is that in a liquid-fed DMFC it is difficult to supply oxygen gas to the
anode catalyst. As water-soluble alternative, hydrogen peroxide has been discussed very
recently. First (yet unpublished) experiments of some research groups have shown promising
effects.

Not only is the electrochemical methanol oxidation itself a complex phenomenon which limits
performance, the necessary structure of the catalyst layers (and this applies to the cathode
catalyst layer in the same manner) is also very complicated. The educts (e.g. methanol and
water or oxygen) are supplied through the diffusion layer. The products (e.g. carbon dioxide)
leave on the same way, as the PEM is nearly impermeable for gases. The produced or
consumed protons are transported via the ionic conducting polymer phase connecting the
catalyst layer to the PEM, the electrons are transported through the metallic catalyst particles
to the electron conductive (carbon) matrix, which forms the diffusion layer. This complex
structure is depicted schematically in Figure 1-6. Only catalyst particles, which are in contact
with both the electron conducting phase (i.e. the diffusion layer matrix) and the ionic

conducting phase (i.e. the PEM) are active. It is not yet clear, whether also a certain amount of
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free catalyst surface (i.e. direct contact with the fluid phase/free pore space) is necessary for
an active particle. Particles which are totally coverd by ionomer might at least be less active
due to the additional transport resistance for educts and products. In today' gsypical catalyst
layers, most of the catalyst is not fulfilling all of these requirements and is therefore inactive.
The term used in this respect is “catalyst utilisation”. As it is still not clear, which basic
necessities have to be fulfilled for an actice catalyst site, very different definitions for this

utilisation exist, which vary broadly. Therefore, no numbers are given here.

Ditfusion Layer Catalyst Layer Proton Exchange
(Carbon fibres) {Catalyst particles glued Membrane (PEM)
Electron Conductor together by FEM material) Proton Conductor

- -

active inactive inactive in-fless active ?
pOre space pore space pore space R e
e conductor o e e conductor g conducior
H* conductor Hr conductor  H-seeerseetes H* conductor

Figure 1-6 Schematic of catalyst layer, state of catalyst particles shown (active particle

simultaneously needs connection to open pore space, electron and proton conductor)



1 Introduction to the Direct Methanol Fuel Cell (DMFC) 11

1.3 Polymer Electrolyte Membrane (PEM)

Heart of the DMFC is the PEM. Ideally it has to combine a good proton conductivity with
being an isolator for electron transport and being impermeable for all other molecules.
Additionally it has to have a very high chemical and thermal stability. Operation at up to
120°C has been realised with commercial products like NAFION™ (by DuPont),
GoreSelect/PRIMEA™ (by Gore), Flemion™ (by Asahi Glass) and other quite similar
fluorinated polymers carrying sulfonic acid groups. But even higher temperatures are desired
when DMFC' are operated in the vapour phase. Some results with newly designed special
high temperature membranes (e.g. based on acid-doped polybenzimidazole, PBI, available
from PEMEAS, formerly a division of Celanese) indicate that above 150 - 200°C the kinetics
of the methanol oxidation is not a limiting factor any more [31][32][33].

As a matter of fact, until very recently, there is still only one commercially available product
on the free market fulfilling at least some of these requirements: NAFION™ by DuPont
(Figure 1-7). It is a polymer with a fully fluorinated backbone carrying sulfonic acid groups (-
SO;3H) for proton conductivity. Thicknesses between 50 and 200 um are available, but there
are also new developments featuring a mechanical reinforcement to allow for thicknesses

down to 20 um (e.g. PRIMEA™ by Gore). New materials are under evaluation with

NAFION™ Structure: Microstructure: lon Channels
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Figure 1-7 Polymer structure (left) and microscopic structure of wet NAFION™ (right)
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promising results, at least for use in hydrogen fuel cells (e.g. developed by the Paul-Scherrer-
Institute, e.g. [34] ), but most of these materials are not yet available on the free market. This
is either due to the early stage of development of some of these materials or due to the fact
that most membrane developers are already bound to industrial partners, mainly car
manufacturers, and are therefore not selling their products to independent manufacturers or
research groups. Successful industrial developments have been reported e.g. by Giner Inc.,
3M, Gore, OMG, Fumatech and many others, but mostly without any published results useful
for critical assessment and comparison. Freely available since 2003 are membranes by
fumatech, and complete MEAs from PEMEAS, 3M, Gore and DuPont,

Unfortunately, protons within NAFION™ (and the same is true for all other similar products)
only become mobile when there is water within the material to solvate them and the
counterion (in NAFION™ SOy, which is fixed to the polymer backbone. The material is
strongly hygroscopic and soaks up large amounts of water (up to 25 weight-%, which makes
for a 10% thickness increase due to swelling). On a microscopic scale, NAFION™ is no
homogeneous material (Figure 1-7, right): There are water-filled channels with walls formed
from the sulfonic acid groups, and totally aliphatic regions where only the polymeric
backbones are present. The water-filled channels have diameters between one and roughly 4
nanometers, which is only a few molecule diameters of a water molecule. As these channels
cross the whole material, water is easily transported through it, even a slight pressure
difference is sufficient. As the proton transport resistance increases rapidly with decreasing
water content within the material, a high water content has to be maintained during fuel cell
operation.

In hydrogen-fed fuel cells, this places the demand to humidify the hydrogen to prevent the
anode side of the membrane from drying out, as the water within the membrane is transported
towards the cathode side by the protons (electro-osmosis, electro-osmotic drag). Also using
thinner membranes (like e.g. the already mentioned PRIMEA™ by Gore) helps to reduce the
problem of the water management.

But the problem gains another quality for the DMFC, as methanol is easily transported
through NAFION™ by means of (a) active transport together with the protons and their
solvation shell water (electroosmotic drag) as well as (b) diffusion through the water-filled
pores and (c) diffusion through the aliphatic (polymer backbone) regions in the NAFION™
itself. This phenomenon is usually called “methanol crossover”. Its severe implications on cell

performance will be discussed in the next section (cathode reactions).
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For comparison of different membrane materials, very often a methanol permeation
equivalent is calculated, which is the Faradaic current density of the methanol crossover flux
through the membrane according to Faraday' s law:

Lepossover = 2 F ey o (I-1
where z=6 is the number of transferred electrons for full oxidation of one methanol molecule,
F=96485 C mol! is Faraday' <onstant and 7cy oy is the molar methanol permeation flux
density [mol s'! cm™] with respect to the cross-sectional area of the cell.
For NAFION™ 117, the methanol permeation equivalent reaches values from 100 up to
several 100 mA/cm?, while the total cell current densities are typically between 100 and 500
mA/cm?. This emphasises the dramatic losses due to the methanol crossover phenomenon.
More detailed information about this can be found in e.g. [35][36][37][38].
A further disadvantage of NAFION™ is its high price (500-1000 US$/m?), which contributes
severly to the overall costs of PEM fuel cell types. For cost reduction, generally membrane
materials are under development that are chemically and thermally stable even without fluor
contents, but instead featuring a highly aromatic backbone (e.g. [39], Figure 1-8). The acidic
function is supplied by sulfonic acid groups, as in NAFION™. Some of these materials
showed lower methanol permeation than NAFION™. Extensive studies in this direction have
been published by the group of Roziere, where polybenzimidazole (PBI), polyetherketone
(PEK) and polyetheretherketone (PEEK) are the polymer backbones, respectively, which are
functionalised in several different ways [40].
Another approach was proposed by Kreuer [41] [42](Max-Planck-Institute for Solid State
Research, Stuttgart, Germany). The intercalated water within NAFION™ (or other proton
exchange material) should be replaced by another proton donor/acceptor like imidazole.
Protons are mobile in these systems without being solvated, so no other molecules should be
transported together with the protons. Also the pores in such PEM materials would be filled
up with the substitute leading to an overall reduced water (and methanol) permeability. The
main drawback is the insufficient thermal stability of imidazole, which can be overcome by
using benzimidazole instead. A quite similar approach was used by the group of NARAYANAN
(California Inst. of Technology and Jet Propulsion Laboratory, Pasadena, USA). They
investigated composite membranes consisting of an organic supporting matrix of
polyvinylidene fluoride (PVDF) which contained an inorganic phase of CsHSO, as proton
conductor [43]. The major problem about all these presented modified membranes is the

supposedly limited long-term stability, as the proton conducting species may bleed out during
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Figure 1-8 Examples of alternative PEM materials:

Acidic polymers (top), basic polymers (middle) as

blend components and mechanism of the imidazole

operation of the fuel cell. Presently,
tests are carried out to evaluate this
possible problem.

The groups of KerrEs et al. and WALKER
et al. (University of Stuttgart, Germany)
[44][45] have recently combined the
already described approaches by using
blends of two polymers, one with an
acidic function (sulfonic acid groups),
one with a basic function (amine, imine
or imidazole groups), both featuring an
aromatic backbone (Figure 1-8). These
polymer blends have only a small water
uptake (swelling) combined with a

proton
NAFION™.  Also the

conductivity comparable to
methanol
permeation is lower, for some types
only a tenth of the value for
NAFION™,  Tests on

stability are under way and showed

long-term

encouraging results.
A quite similar approach is that first

proposed by the group of SaviNeLL et al.

roup protonation (bottom), adopted from [44][45] . .
sroup b ( ) pled) at the Case Western Reserve University

in Cleveland (USA). They propose to use highly aromatic polymers with basic functions, like
e.g. polybenzimidazoles, poly(pyridines), polyimidazoles etc., which form complexes with
stable acids like sulfuric acid (H2SOs) and phosphoric acid (H3POs4) [31][32][33].
Conductivities better than that of NAFION™ under typical fuel cell operation conditions have
been found. Also, long term thermal and chemical stability at up to 250°C have been shown.
The methanol permeability is significantly lower than with NAFION™ (methanol permeation
equivalent of only 5-11 mA/cm?). First efforts are made by several companies to
commercialise these materials.

Another option to reduce methanol permeation is to modify NAFION™ (or other materials)

by coating, i.e. producing an asymmetric composite membrane. A coating can be achieved by
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either applying a thin (polymer) film onto the membrane surface or by sputtering the surface
e.g. with plasma or radiation to modify the NAFION™ structure [45][46]. Both measures
have the aim to close the outer water-filled pores, so that no water (and methanol) can enter or
leave the membrane. Still the intercalated water (now trapped within the material) provides
for the proton mobility. Kerres et al. [44], WarLker et al. [45] and FiNSTERWALDER and
Hawmsitzer [46] found significantly lower methanol permeation rates for these types of
materials than for unmodified NAFION™. First use of these modified membranes in the
DMFC is under way in several research groups. But still these materials do not solve the
problem of the high production costs as they, momentarily, still rely on NAFION™,

Very recently [47], an idea has been taken up which has already been investigated in the early
1990s [48][49]. It aims at reducing selectively the methanol permeability by adding proton
conductive zeolites (e.g. Mordenite) to the polymer, whose pores are too small for methanol.
Consequently protons can still pass this composite system unhindered using the direct
(straight) way, while methanol is forced to permeate around the zeolite particles which means
a much longer way and narrow pathways. The principle is illustrated in Figure 1-9. Such
materials show proton conductivities which are only slightly smaller than that of NAFION™
and are quite similar to that of other possible fuel cell membrane materials (e.g.
Polybenzimidazole, PBI), while the methanol permeability is 20 times lower than that of
NAFION™ [47]. The applied polymer material is PVA (polyvinylalcohol), which is a rather
cheap commodity polymer compared to
NAFION™ . Also the applied zeolites are

commercial bulk materials, therefore

such composite materials can be assumed
to be comparably cheap. Long-term

testing under fuel cell relevant conditions

Membrane

as well as data on thermal stability (range

of working temperature) have not yet

been reported. First products are
Polymer matrix ~ Zeolite particles available from fumatech GmbH.

Figure 1-9 Polymer-zeolite composite membrane: As mentioned in the previous section,

Highly selective zeolite particles embedded within another possible approach for a better
a proton conductive polymer membrane. Protons membrane material is the bionic one. It
can pass zeolite whereas methanol can not. aims at understanding the structure of

(Figure adopted from [47]) biological proton conducting membranes
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to apply comparable structures to technical membranes. But in this field, research has only
just started, technical products coming out of this will not be available soon. Anyhow, it
surely is an interesting and emerging field for polymer scientists.

A much more extensive treatment of the topic of membrane development for PEM fuel cells
has been published by Kerres [50], giving a broad overview over the main transport

phenomena, the different available materials and the current developments in material design.

1.4 Cathode Reactions

At the cathode, the reduction of oxygen to water usually takes place on platinum catalysts
(pure or supported on carbon black). This electrochemical reaction has been broadly
examined in the last twenty years accompanying the development of hydrogen-consuming
low-temperature fuel cells (PEMFC) (see e.g. [51][52]), electrolysers and membrane reactors
for hydrogen peroxide production. The reaction is much slower than the anodic hydrogen
oxidation, therefore it plays a major role in optimizing the performance of these cells and
reactors. In the DMFC, though, the anodic methanol oxidation is even slower, so the cathodic
oxygen reduction can not be assumed to be the rate determining step under most operating
conditions.

In the DMFC, also a second reaction takes place at the cathode platinum catalyst: The direct
oxidation of methanol permeating through the PEM. All experimental results so far show,
that although all reaction intermediates of the methanol oxidation (such as formaldehyde and
formic acid) can be found on the cathode catalyst, none of them appears to be in the cathode
exhaust gas of a DMFC. As the oxygen stoichiometry is usually very high (oxygen number
>> 3), a full oxidation of methanol to carbon dioxide can be assumed to take place. Therefore,
at least no poisonous or corrosive reactants leave the DMFC cathode.

The oxidation of crossover methanol as an undesired side reaction leads to a mixed potential
formation at the cathode, which results in a severely reduced electrode potential, and therefore
also a severely reduced overall cell voltage. Figure 1-3 (page 4) shows the open circuit cell
voltage of a DMFC with standard NAFION™ PEM compared to the thermodynamic cell
voltage according to the Nernst equation. The dramatic voltage difference between
thermodynamic and experimental data is to a large extent due to the oxidation of crossover
methanol. Therefore, to achieve better performance a significant reduction in the methanol
permeation through the PEM is necessary. This can either be achieved by PEM materials less

permeable for methanol (see previous section), by optimized (possibly dynamic) methanol
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feeding strategies (see following sections), by simply using low methanol feed concentrations
(at the moment values around 1 mol/dm’ for liquid operation show best performance [26]) or
by realising high methanol conversion at the anode (i.e. high fuel utilisation [26]).

On the other hand, using cathode catalysts that are unable to oxidise methanol under the given
conditions is unattractive as methanol is poisonous and would in that case be emitted by a
DMEFC system as a contaminant of the cathode exhaust air. In this case, a consecutive exhaust
air cleaning mechanism would be necessary (e.g. based on absorption on activated carbon or

other materials, or on a catalytic oxidation zone outside the active cell compartments).

1.5 Water Management in the DMFC
Another important aspect of the DMFC is a possible water flooding of the cathode pore and

channel structure due to the water transport through the membrane and the water production
at the cathode. The formation of water within the cathode catalyst and its transport through
the cathode diffusion layer adds another mass transport resistance for oxygen on its flow
towards the reaction zone, and therefore reduces the limiting cell current with respect to the
cathodic reactions. This is even worse when condensation occurs. It is not yet fully
understood, under which conditions liquid water can be found within the (hydrophobic) pore
system of typical diffusion layer materials (usually PTFE impregnated carbon paper or carbon
cloth). Due to the high contact angle of water on such materials (>> 90°) and the small mean
pore size (usually below 150 um) condensation is quite unlikely except for low operating
temperatures. But outside the diffusion layer, condensation is very likely to occur, and has
been reported by many experimental research groups, including our own experiences.

Basically, this aspect plays a similar role like for the PEMFC, and can therefore be addressed
likewise (see e.g. [53]). But especially for the liquid-fed DMFC, extremely high water fluxes
through the PEM membrane can be observed, which makes cathode flooding much more
important than it is for other PEM fuel cell types. The application of improved PEM materials
which are less permeable for water (see previous sections) will therefore lead to a
significantly improved operation of PEMFCs and DMFCs also in this respect. While such
materials are not easily available, one has the only options to operate a DMFC with very high
air flow rates (which means providing a sufficient water vapour transport capacity to keep the
water partial pressure well below saturation), or accept the high additional mass transport

resistance.
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1.6 Carbon Dioxide Production

Another problem of the DMFC results from the fact that at the anode a product of limited
solubility (carbon dioxide) is generated. In the most common DMFC operation mode, the
anode is fed with liquid water-methanol mixtures, which have a fairly low capacity for
dissolved carbon dioxide. Therefore, it is widely accepted that even at low current densities
carbon dioxide bubbles are forming within and at the outer surface of the porous electrode
structure (see flow visualisations conducted by Scorr et al., e.g. [54][55], and Figure 1-10).
These bubbles can block the way for fresh methanol to the catalyst, which leads to an
increased transport limitation, i.e. lower cell performance. Hints for describing/modeling this
phenomenon can be found for example in [56].

Therefore, in liquid operated DMFCs one has to remove these bubbles from the cell or
prevent them from being formed at all by applying high pressures and high liquid flow rates
to the methanol water cycle. In any case, one has to remove the carbon dioxide from the
methanol water mixture leaving the cell, before it is recycled (see schematic of a liquid
operated DMFC-system in Figure 1-11, page 19).

In liquid-fed cells, this purpose is usually
1mm 2mm

2 mm

achieved by using a classical stripping column,
with a countercurrent strip gas stream. This
means one looses a part or the total system
pressure at this stage, which consequently means
extra power demand to build it up again before
the mixture is fed back to the cell. Especially at
high working temperatures, the pressure release

also leads to the evaporation of large quantities of

methanol and water within the stripping column,

Liquid Flow which makes it necessary to apply a condenser on

Figure 1-10 View into two anode
compartment channels of a DMFC showing
carbon dioxide bubbles released from the
diffusion layer into the methanol-water
solution. Experiments carried out by Scorr
et al., University of Newcastle (UK)
[541[55]

top of it in order to collect the methanol. In
conclusion, stripping off the carbon dioxide by
these means leads to a reduced overall system
efficiency. Another way of stripping off the
carbon dioxide from liquid methanol water
mixtures, which has not been reported before, is
dioxide selective

the wuse of a carbon
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Figure 1-11 Possible layout of a DMFC automobile drive train featuring an anode liquid cycle with
methanol and water dosing, integrated carbon dioxide removal unit, air supply by a compressor and
internal water recovery by condensing part of the cathode exhaust water vapour.

The module "E" represents the environment.

pervaporation membrane, e.g. arranged as hollow fibres. The liquid mixture is streaming
through thin porous hollow fibres, which are coated with a gas-selective membrane. On the
outside of the fibres, a stripping gas (e.g. air) at low pressure is flowing by. The higher
pressure within the liquid is the driving force to transport the carbon dioxide through the
membrane into the strip gas. In this arrangement the system pressure in the liquid stays nearly
constant (no need to build it up again) and also energy losses due to heat transfer are much
lower than for the stripping column arrangement. The task remaining is to improve the
selectivity of the pervaporation membrane towards carbon dioxide, because also water and
methanol can pass through the membrane to a certain extent. An alternative for using an
external membrane contactor for carbon dioxide removal might be to integrate the selective
membrane into the anode compartment of the fuel cell itself, opposite the diffusion layer.

In contrast, for the case of vapour operation, the anode is fed with a mixture of water and
methanol vapour. Here only a gaseous phase exists, so the carbon dioxide release does not
lead to a significant reduction in the methanol supply to the anode, except for at high current

densities, depending on the operating conditions, when the carbon dioxide mass flux away
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from the catalst layer begins to dominate the convective part of the mass flux through the
diffusion layer. But despite the advantages concerning the cell operation itself, the carbon
dioxide has to be removed from the cells exhaust stream, as also for this operation mode a
recycle loop is necessary (only differential conversion as well) unless one blows out the anode
compartment regularly to remove the carbon dioxide and supply fresh reactants, which means
possibly high losses in valuable reactants. Now, the easiest way to separate the carbon dioxide
from this gas stream is to condense the vapour components (water and methanol) in a
stripping condenser. But this, consequently, means that the condensed components fed back
to the cycle have to be evaporated again before being fed back to the cell once more. Unless
large energy losses are tolerable, quite sophisticated coupled heat exchangers are necessary to
fulfill this task efficiently, concerning the whole fuel cell system. This, in turn, leads to
difficulties especially during dynamic operation, where most possible applications are for the
DMFC (automobiles, mobile power sources). Therefore, vapour operation seems to be less
attractive especially for DMFC systems with low power output, although many groups in the
field of the DMFC are known to be also working on this topic (e.g. Research-Center Jiilich,

Germany, and some car manufacturers).

1.7 Modeling and Simulation of DMFC Systems

It is widely accepted that the formulation of mathematical models is essential for a thorough
understanding of a technical system. One has to distinguish between steady-state and dynamic
models. While steady-state models are mostly used for the identification of potential
improvements in terms of overall reaction kinetics (catalysts), mass transport limitations etc.
under fixed operating conditions, dynamic models are used to simulate the transient behaviour
of a system under changing operation conditions to identify possible problems like e.g.
response times, oscillation and overshooting phenomena etc.. As many fuel cell systems are
developed for more or less dynamic operation (e.g. in cars, small power stations, portable
power supplies), there is a need for information about the dynamic behaviour of such systems.
For fuel cells in general, a lot of mathematical models have been formulated: 0-dimensional
input-output models as well as 1-dimensional (like e.g. [57]), or even complex 2- (e.g. [58])
and 3-dimensional (e.g. [59]). Most of these models, though, are only describing the steady-
state behaviour of the fuel cell, especially for the evaluation of optimization potentials in
terms of improving material properties and cell design (e.g. catalysts, reactant supply, mass

transfer limitations etc.). Moreover, many of these models are characterised by using lots of
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empirical relations rather than physically and electrochemically based ones.

For most types of fuel cells, also dynamic models have been formulated, e.g. for the Molten
Carbonate Fuel Cell (MCFC) (e.g. [60][61][62]), the Solide Oxide Fuel Cell (SOFC) (e.g.
[63]) and the PEMFC (e.g. [64][65]).

For the DMFC, only few models were formulated so far and most of them are steady-state.
Significant efforts have been made by the group of Scorr et al. (University of Newcastle-
upon-Tyne, UK) [66][67] together with SunpmacHER (Max Planck Institute for Dynamics of
Complex Technical Systems Magdeburg and University Magdeburg, Germany) [68] and a
group at the DLR Stuttgart and the University of Stuttgart (Germany) [69]. Also active in this
field is a group at the Research Center Jiilich, Germany [70][71] and one at the University of
California in Berkeley headed by Newman [72][73][74]. All their models are 1-dimensional or
(1+1)-dimensional physico-chemical models mainly used to predict current-voltage
characteristics and simulate concentration and potential profiles.

To the authors knowledge, no dynamic models of the DMFC have been published so far,
except for own publications [16][75], but very recently an increased interest in this field can
be observed. The modeling strategy, which will be extensively presented in the modeling
chapter, follows the idea of a modular composition of the model on hierarchical length scales
from pre-defined modules. The final aim is to develop a modular database ("virtual fuel cell
lab"), from which different fuel cell modules can be chosen and connected together to get a
specific model of a single cell, cell stack or even a whole fuel cell system, which is
appropriate for the current task in terms of complexity and detail level. Figure 1-12 shows a
possible decomposition of a DMFC single cell (compare to physical structure of the DMFC
depicted in Figure 1-2 on page 1). The decomposition is carried out according to the network

theory for chemical processes developed by GiLLes [76] and MancoLp et al. [77].
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Figure 1-12 Possible decomposition of a DMFC into structural modules
(A=anode compartment, AD=anode diffusion layer, AC=anode catalyst layer, M=membrane,

CC=cathode catalyst layer, CD=cathode diffusion layer, C=cathode compartment)

1.8 Operation and Control of DMFC Systems

For the practical application of fuel cells, not only the behaviour of the cell (or stack) is
important, but the behaviour of the whole fuel cell system including all necessary peripherals
has to meet specific requirements, depending on the application (see Figure 1-11). Therefore,
not only the fuel cell has to be simulated for evaluation and optimization purposes, but the
whole system. All system components have to be implemented in the mathematical models,
as well as control elements (PID controllers etc.). The simulation of a whole fuel cell system
can be done e.g. using software tools like MatLab/SIMULINK or ProMoT/DIV A [78].

Especially for vehicle applications, a DMFC-system has to cope with highly dynamic load
conditions, i.e. real driving cycles. Such driving cycles have been standardized already for
comparing cars with standard internal combustion engines, battery powered electric cars etc..
The most important standard is the ECE-15 European driving cycle (Figure 1-13, left), which

defines a speed profile over time. To use this for simulation of an electric car (whether using a
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fuel cell or a battery as electric power source), this profile has to be converted to an electric
load demand profile, which depends on the car' garameters (electric motor characteristics,
vehicle mass, friction etc.). Such a profile is also given in Figure 1-13 (right) for a middle-
class passenger car with 50 kW maximum power available at the wheel [79]. Such profiles are
used for mathematical and experimental simulations of fuel cell systems e.g. by the groups of
Emonts et al. (Research Center Jiilich, Germany) [80] and GuzzeiLa and Awmsturz (ETH
Ziirich, Switzerland) [81].
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Figure 1-13 Standard driving cycle ECE-RI15 (left) and resulting load demand cycle for an
electric car with 50 kW motor, adopted from [81]

1.9 Conclusions and Scope of This Work

As outlined above, material problems remain a major issue in DMFC research and
development, but in these fields (especially membrane and catalyst design) already notable
efforts are made by various groups and companies. What is still less recognized is the need for
reliable mathematical models of fuel cells, but also for models of complete fuel cell systems.
Such models can help in design as well as in control of practical systems.

So far the main focus in terms of modeling is on steady-state models which is very valuable
for the design of fuel cell stacks. But for the design of complete systems, also system control
has to be accounted for, and this means the system behaviour under (realistic) dynamic
operating conditions has to be predicted correctly by adequate models. Also, as the practical

design procedure usually has several stages starting at core components such as the PEM, then
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sequentially putting them together and adding auxiliary components, it makes sense to reflect
this scheme in the model structure as well. Therefore, it is desirable to establish a library of
model elements consisting of (preferably physical) sub-models for the fuel cell core
components which can be linked together to easily generate a fuel cell system model of
adequate complexity [82].

With respect to the DMFC the first steps towards such a model library are the formulation of
rigorous physical dynamic models of the core components of single cells. This is the main
scope of this work. To be able to formulate such models, the physical and chemical
phenomena inside the DMFC have to be understood. For this purpose steady-state and
dynamic experiments are carried out. Especially the methanol and water crossover fluxes
through the membrane are analysed as they have major influence on the cell performance and
behaviour. The emphasis in this work is placed on a realistic physical description of mass and
energy transport phenomena. The complex adsorption and multi-step charge transfer
mechanisms (electrode reactions) are not yet accounted for, as here a better understanding has
yet to be achieved by separate experimental [83] and model-based studies [84]. With respect
to mass transport the polymer electrolyte membrane plays a key role. Formulating models for
it is complicated due to its complex structure and strong dependence of nearly all transport
parameters on the water (and methanol) content (swelling behaviour).

All core layers (diffusion layers, catalyst layers, membrane) of the DMFC are porous
structures with the (fluid) active components moving inside solid matrices (which is true for
all other types of fuel cells as well). Therefore, the generalised Maxwell-Stefan equations are
used as conceptual basis for mass transport modeling. These equations account for all fluid-
solid and fluid-fluid interactions and all various driving forces for mass transport with a
minimum set of parameters. Also non-idealities can be easily incorporated in this model
concept by using activities instead of concentrations.

In the following chapters first the thermodynamics of the DMFC is analysed focusing on the
influence of the major process parameters on the reversible open circuit cell voltage (Chapter
2). It is followd by a description of the experimental setup and the cell design (Chapter 3).
The obtained experimental results (steady-state and dynamic) are presented in Chapters 4 and
5. Finally, the DMFC model is formulated and simulation results are presented (Chapter 6). In
the appendix the derivation of all necessary model parameters is given in detail, as well as

some other important information with respect to the modeling.
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2 Thermodynamics of the DMFC

2.1 Basic Considerations
In the liquid fed DMFC, stoichiometrically the following electrochemical reactions take place
(see also Figure 1-2), not accounting for the complex multi-step nature of the overall electrode

reactions and intermediate adsorption steps:

Anode: CH3;O0H() + H20() — COx(g) + 6 H'(aq) + 6 ¢ 2-1)
Cathode: 3/2 0x(g)+6 H'(aq) + 6 € — 3 H20(g) (2-2)
Sum: CH;O0H(l) + 3/2 O2(g) + HO(1) — COx(g) + 3 H20(g) (2-3)
Overall: CH30H + 3/2 02 —> CO2+2 H20 (2-4)

Undesired side reactions like e.g. oxidation of methanol at the cathode (crossover
phenomenon, see chapter 1) are also not accounted for here. One can see that water is an
educt at the anode, as well as a product at the cathode. It is assumed here that carbon dioxide
is produced as gas (bubbles, see chapter 1.6). Also it is assumed that the water produced at the
cathode is in the vapour phase (no condensation within the active layers of the cathode).

The reaction enthalpy AgH of the overall reaction is converted into electrical energy and heat.
If a total conversion into electrical energy would be possible, an open circuit cell voltage of

u _ AH

thermoneutral ~—
F

(2-5)

could be reached. It is called the thermoneutral cell voltage. z denotes the number of
transferred electrons per molecule methanol (z=6) and F is Faraday' sonstant (F=96485 C
mol!). But it can be shown that the maximum open circuit cell voltage is lower than the
thermoneutral cell voltage. It is called the reversible cell voltage and is calculated from the
Gibbs energy of the reaction A4xG :

A,G  AH-TA,S

U 2-6
rev ZF ZF ( )
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For the comparison of energy conversion processes, the thermodynamic efficiency 7, can be
used. It is defined as the ratio of the theoretical maximum technical (i.e. electrical) work,
ArG , and the reaction enthalpy, AgH :

A, G U

rey (2_7)

" AH U e

At standard conditions, the DMFC (liquid operation) reaches a thermodynamic efficiency of
roughly 97%, whereas the hydrogen consuming PEMFC only reaches 83% [12]. Standard
combustion processes are limited to a maximum thermodynamic efficiency of around 65%

(Carnot efficiency of a conventional thermodynamic cycle at typical operating temperatures).

2.2 Reversible Cell Voltage
The thermodynamic (reversible) cell voltage of the DMFC can be calculated using eq. (2-6).

The Gibbs energy of the reversible reaction can be formulated as a function of temperature
and all species concentrations (formulated as activities, a;, for species in liquid phase, and as
fugacities, f;, divided by the standard pressure, p°, for species in gas phase). The exponents of
the concentration terms are the stoichiometric coefficients of eq.(2-3):

3

(fcgoz)(aw (fﬂéo)
p p

A C 0
A, G(T,a", f")=A, G (T)+RT-h - — —| 2-8)
Acy,on %u,o0 c
(aC )a(foz)
H" 0

p

The upper indices (A, C) denote the anode and cathode side, respectively. In eq.(2-8) the
Gibbs energy of reaction consists of two additive terms: The first is the standard Gibbs
energy, A,G°, which is independent of the species concentrations, but a function of
temperature. The second term describes the influence of the species concentrations. The
activities are defined as
a;=y;x; (2-9)
with the activity coefficients y;and the mole fractions x;. The fugacities are defined as
fi=@,p;=®;y,p (2-10)
with the fugacity coefficients @, partial pressures p; [Pa], gas mole fractions y; and total

pressure p [Pa].

Assuming the polymer electrolyte membrane is an ideal electrolyte, it is only permeable for
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protons. In this case the activities of the protons on either side of the fuel cell are equal

(afrz af,+) , simplifying eq.(2-8) to

3

(féoz)(fizo)
AG(T.a", f)=A,G"(T)+RT - n—2L A 2-11)

c

A A fo,
Ach,on%u,0 P
V4

In a first step, the standard Gibbs energy of reaction is calculated. In the second step the

concentration dependent second term of this equation is dealt with.
The standard Gibbs energy of reaction can be split up into the standard reaction enthalpy and
the standard reaction entropy:
AG(T)=A,H(T)-T-A,8°(T) . (2-12)
The standard reaction enthalpy and the standard reaction entropy can both be expressed as

functions of the temperature by use of the heat capacity change of reaction A,C -

T

A H(T)=A,H(T')+ [ A,C,(T")dT" (2-13)
TO
A, C (T

A S°(T)=2A,S°(T°)+ [ RT—I;()dT (2-14)
TS

The reference values can be calculated from the enthalpies and entropies of formation of all

species at the reference temperature, A, H f and A, S‘j respectively, and the stoichiometric

coefficients:
ARHQ(TQ):ZVJ-AFH?(TH) , (2-15)
J
ARSQ(TQ):Zvj-AFSi(TQ) ) (2-16)
J

In the same way, also the change in the heat capacity can be expressed:

A,C,(T)=2v,C, (T) (2-17)

For A, H f and A, Sf. data are available in the literature. For the heat capacities correlations

exist, formulated as polynomials in terms of the temperature T:

= 2 3 1
C, (T)=A,+B,T+C,T"+D,T +EjF , (2-18)

p,

In Table 2-1 all necessary data for the investigated reaction system are given.
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Table 2-1 Enthalpies and entropies of formation, and coefficients for calculation of heat capacities,
data taken from NIST webbook [85], T°=273K (Similar correlations and parameters can also be
found e.g. in [86a])

CH;0H (1) H.0 (1) H.0 (g) 0:(g) CO:(g)

\z -1 -1 +3 -1.5 +1

A, H? (T°) -238.4 -285.8 -241.8 0 -393.15
[kJ/mol]

A, S?(Te) 127 69.95 188.84 205.15 213.79
[J/(mol K)]

Aj 81 -203.6 30.09 29.66 25
[J/(mol K)]

B; 0 1.52 6.833-10° 6.137-10° | 55.187-10°
[J/(mol K?)]

G 0 -3.196:-10° | 6.793-10¢ | -1.187-10° | -33.691-10°
[J/(mol K3)]

D, 0 2.474-10° | -2.534-10° | 0.096-10° 7.948-10°
[J/(mol K*)]

E; 0 3.855-10° 0.082-10° -0.22-10° -0.137-10°
[J K)/mol]

With these data, the standard reaction enthalpy and entropy at standard temperature result as

0 oy kJ 0(m0y_ J
A H(T")= 594.35mol, A, S°(T") 275'6m01K

Using the polynomial expressions for the heat capacities, eq.(2-18), one obtains the heat

capacity change of reaction:

A,C (T)=A+BT+CT*+DI°+ET "’ (2-19)
J J
' A= A . =193.38 —— B= B.=—1.46
with 2% j mol K ° ;Vf i mol K?
_ J -6 J
C=>v.C. =31810" D=) v .D,=—247-10
; s mol K* ; s molK*’

JK
E=)Y v E =—342-10°1=>*
- I mol
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The integrals in eq.(2-13) and eq.(2-14) can easily be derived from the polynomial expression,

eq.(2-18), as

J, 2
+ 2T (T E (T = (7)) (2:20)

and fOARCTz(T )dT*zAh%+B(T—T0)+%(T2—(T0)2)
H 2 (D= (D)= 2T (1)) @21

Now all data are available except for the activity and fugacity coefficients needed to calculate
activities and fugacities in eq.(2-11) from the molar fractions of the components. In the anode
liquid mixtures the activity coefficients of methanol and water are calculated using the
UNIFAC method [87] with parameters taken from [86b]. The results are presented in Figure
2-1. One can see that for typical DMFC operation (i.e. methanol concentrations below a few
moles per dm?3) the water activity is negligibly different from one while that of methanol has
values between 2 and 2.3. The temperature dependence of the activity coefficients is very
small in the typical DMFC operation range between 0°C and 100°C.

It is further assumed that carbon dioxide exists only in the gas phase, and that no methanol

and water evaporate into the gas bubbles. Under these assumptions, the fugacity coefficient of
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Figure 2-1 UNIFAC activity coefficients for methanol and water
(method according to [87], parameters taken from [86b].
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carbon dioxide is equal to one, as well as the molar fraction. Therefore, the carbon dioxide
fugacity equals the anode pressure. On the cathode side ideal gas behaviour is assumed,
accordingly also here all fugacity coefficients are one. This simplifies eq.(2-11) to

ArG(T, x*, ¥, p, p)=A,G°(T)

1.5

+RT b . Ou.o) '5(”“)(’%) . (222

A C A\l 0 0
YCH30H'XCH30H'3’H20'XH20’()’02)

p p
Divided by (-zF) the reversible open circuit cell voltage for the DMFC is obtained (eq.(2-6)):

A GY(T
Urev(T’xA»yC’Pa’Pc):R—()
zF
e 15
_RL,, n o) R 1_5(”;)(”;) . (2:23)
F yCH30H‘xCH30H'yH20'xH20.(yOZ) p p

In the following eq.(2-23) is used to analyse the influence of the main operating parameters of
a DMFC. These parameters are (in brackets: Typical ranges and reference values used for
later analysis; Reference values indicated by an upper index “ref”’):

the uniform cell temperature 7 (10..120°C = 283..393K, reference 7= 60°C = 333 K),

the anode and cathode pressures p, and p.(1..5 bara = 1..5-10° Pa, reference p'/,= p“/.= 1.7

bara),

the methanol concentration at the anode (0.1..5.0 mol/dm’, reference cé,;:eg , = 1 moldm”),

the relative humidity Q.. of the cathode gas/air (0..100% = 0.00..1.00, reference Q"%,=0.5)
and the oxygen content in the dry cathode gas/air (0..100 vol% = 0.00...1.00, reference
value yS;f'ifry: 0.21).

The relative humidity and the oxygen content in the dry cathode gas can be used to calculate

the oxygen and water mole fractions on the cathode in eq.(2-22):

T
yZZOZQrelpsa;HZO( ) ’ (2_24)

Y0.= Yo, an (1= ¥i.0) (2-25)

with the temperature dependent water saturation pressure given in the form of the Antoine

equation [85]
A__B
ParnoT)_ 0 regte (2-26)
[ bara |
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The parameters of eq.(2-26) are [85]:
A =5.20389, B =1733.926, C=-39.485 (for T=304..333 K);
A =5.0768, B =1659.793, C=-45.854 (for T =334.363 K).
The water and methanol mole fractions on the anode can be calculated from the anode

methanol concentration

A
A _ Ccn,on A

X on=———1  ¥p.0=1=X¢u on (2-27), (2-28)

tot

with the total concentration approximated by that of pure water (as the typical methanol
concentrations are below 2 mol/dm?):

mol
3

ch =55555

With all this information the influence of the main operating parameters on the reversible
open circuit cell voltage can be predicted within the typical ranges defined in the above list
using eq.(2-23). The results are plotted in Figure 2-2. In each of the three plots, two of the six
operating parameters are varied, while the other four are on the reference values given in the
above list.

In Figure 2-2a the dependence of the reversible open circuit cell voltage on the methanol and
oxygen feed concentrations is shown. Not surprisingly, for higher educt concentrations higher
cell voltages result. In the given range of concentrations, cell voltages between 1.18 V and
1.21 V are obtained. Remarkably, spanning the whole range between air as cathode feed with
an oxygen content of 21 vol% (in dry air) and pure oxygen, only 20 to 25 mV higher cell
voltages are obtained.

Figure 2-2b shows the influence of the anode and cathode pressures. Higher cathode pressures
lead to higher cell voltages due to the higher partial pressure of the educt oxygen, whereas
higher anode pressures lead to a decrease of the cell voltage due to the higher partial pressure
of the product carbon dioxide. Again the cell voltage varies only between 1.18 V and 1.21 V.
Finally, Figure 2-2c shows the influence of the cell temperature and the relative humidity at
the cathode. Higher temperatures lead to a decreased cell voltage. From lowest (10°C) to
highest (120°C) temperature, it goes down about 20 to 40 mV, depending on the other
parameters. As water vapour is the product on the cathode side, a higher relative humidity (i.e.
higher water vapour pressure = higher water mole fraction) also leads to a decrease in the cell
voltage. The maximum span of this decrease is 60 mV for the highest temperatures. The
relatively strong dependence on the cell temperature (compared to the other process variables)

results mainly from the fact that with rising temperatures the same relative humidity means
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Figure 2-2 Reversible open circuit cell voltage U,., of DMFC as function of
(a) methanol and oxygen feed concentrations ¢ cuzon Y 02.4ry
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much higher water mole fractions, as the water saturation pressure increases exponentially
with the temperature (see eq.(2-26)). This effect reduces the oxygen mole fraction which then

leads to a lower cell voltage.

2.3 Concluding Remarks

The derived reversible cell voltage will be used later in the modeling and simulation for the
calculation of the real cell voltage under operating conditions. Therefore, it is necessary to be
able to calculate it as a function of these operating conditions. But as could be shown, its
dependence on the major operating conditions is not very large (values between 1.16 and 1.22
V for the maximum range of operating conditions). Therefore, for first simulations it is

sufficient to use a fixed mean value of 1.21 V.



34 3 Experimental Setup

3 Experimental Setup

For experimental investigations of liquid-feed DMFCs, two different test facilities have been
designed: A very simple laboratory-scale facility for first evaluations under restricted
operating conditions, and a highly sophisticated miniplant for the maximum coverage of
operating conditions. Furthermore, the necessary equipment and facilities for the preparation
of membrane electrode assemblies (abbreviation: MEA) have been installed. The last
important part of the experimental setup are the different cells and cell stacks, which have

been designed and constructed.

3.1 Laboratory-scale Test Facility

For first evaluations and simple experiments with small-scale single cells and small stacks, a
laboratory-scale test facility was designed. A schematic is given in Figure 3-1.

The test facility enables the operation of DMFCs with anodic methanol water feed as well as

PEMEFC with anodic hydrogen feed. As cathode feed, dry air is available (dew point varying,

Cycle Pump /\
(T Fuel Cell

{FIC) \ ] Exhﬁust
Anode —

Bubbler 1 (ar) Bxnpust
Cathode ——
30 E_» O2 concentration

\ Bubbler2

/| | dashed lines are alternative connections

Figure 3-1 Laboratory-scale test facility for operation of PEM fuel cells with hydrogen or liquid
methanol-water solutions as anode feed, and air (or oxygen) as cathode feed. Both gases can be

humidified using thermostated washing bottles (bubblers).
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but below -3°C), as well as pure oxygen. Both gaseous feeds (hydrogen and air) can be sent
through thermostated washing bottles for humidification (bubbler 1 and 2). As anode feed for
DMEC operation, a liquid cycle is available which consists of a thermostated holdup vessel of
2.5 dm’ volume, a cycle pump and a thermometer which measures the temperature of the
liquid feed at the cell entry. The holdup vessel also has the purpose to strip off the carbon
dioxide produced in the DMFC. Hydrogen for PEMFC operation is supplied through an
electronic mass flow controller (Bronkhorst), the mass flow of the dry air is measured in a
rotameter (Krohne DK80OR, max. air flow 250 Ndm?/h) and can be adjusted manually with a
needle valve.

As the holdup vessel and the washing bottles are made of glass, it is not possible to apply
pressures higher than ambient on the liquid cycles. Therefore, no pressure indicator exists.

As electronic load, a Zahner IM6e Electrochemical Workstation is used, in combination with
a Zahner EL101 High Power Electronic Load. With this equipment, potentiostatic and
galvanostatic experiments can be carried out with maximum cell voltages of 4 V and
maximum currents of 25 A. Therefore, cell stacks with a maximum of 4 cells (hydrogen.fed
PEMFC) or 6 cells (DMFC) and a maximum power output of 100 W can be examined. With
the same equipment, also cyclovoltammograms and impedance spectra can be recorded.

The test facility is mainly used for conditioning of newly assembled DMFCs. For that
purpose, the cells are operated on hydrogen/air for at least 24 hours at a cell potential of 0.2
V, until a stable performance (stable cell current) is achieved. For this purpose, as alternative
to the Zahner potentiostat, also a simple electronic load is available (Type 3229.1 by Statron,
modification of standard type 3229.0 with connection for external voltage source to reach cell

voltages below 1 V, max. current 50 A, max. power 400 W).

3.2 DMFC Miniplant

For full-scale testing of DMFCs, a miniplant was designed, which is fully automated (process
control system PC-S7/WinCC by Siemens) to enable automatic testing procedures and 24-
hour-operation (Figure 3-2: flowsheet; Figure 3-3: main operator panel screenshot; Figure

3-4: photo of complete miniplant).
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The key features are:
supply of dry air or oxygen on the cathode side without humidification,
liquid cycle for methanol-water solution on the anode side,
second, identical alternative liquid cycle to enable a sustained pulsed periodic operation of
the anode side of the cell in terms of a regular change between methanol-water mixtures
and pure water, as well as for step exeriments where the cell feed is changed from
methanol-water solution to pure water only once,
liquid holdup tanks in each liquid cycle for equilibration of pressure changes and also for
carbon dioxide removal under certain circumstances,
permanent carbon dioxide removal from the liquid cycle realised in an hollow fibre
membrane module supplied by GKSS Forschungszentrum GmbH (Geesthacht, Germany),
temperature range of all media lines of -20°C up to 150°C (253..423 K), except for the
membrane module (max. temperature 60°C), therefore operation is also possible
circumventing it, stripping off carbon dioxide in the liquid holdup tank (see above),
liquid cycle, cathode gas feed and fuel cell thermostated by one integrated thermo oil cycle
and an external thermostat (Haake DC40-K30),
pressure range of all media lines of ambient up to 5 bars absolute (1..5-10° Pa), which is
necessary to keep the liquid methanol-water mixture below boiling point at temperatures
above 57°C (boiling point of methanol-water aceotrope at ambient pressure),
anode and cathode pressures are controlled independently,
electronic load (Wenking High Power Potentiostat HP60-50) as electric power sink for fuel
cells of below 1 Watt up to 1000 Watt at a maximum of 50 Amperes, constant-current
(galvanostatic) and constant-potential (potentiostatic) operation possible, with the
possibility to run also user-defined load scenarios (analogue inputs),
full material balancing of the entire miniplant by on-line detection of mass flow rates and
concentrations of all important substances (oxygen, methanol, water, carbon dioxide) as
well as the electric cell current, and
automated user-defined test programs with the possibility to change any plant parameter at
a pre-defined time using the BatchFlexible software add-on for the process control system
(Siemens PC-S7/WinCC), enables e.g. load scenarios like standard car driving cycles,

automated collection of current voltage characteristics etc.
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Figure 3-3 Screenshot of process control systems main operator panel

3.2.1 Basic Features

The DMFC miniplant consists of the following subsystems:

1. Anodic methanol-water cycle (flow rate 0.3 .. 5.0 dm*/min; max. pressure 5 bara=5-10° Pa)
2. Alternative anodic pure water cycle with similar specifications

3. Cathodic air supply (flow rate 0.4 .. 5.0 scbm/h; max. pressure 5 bara=5-10° Pa)

4. Stripping air supply for the carbon dioxide removal membrane module (flow rate 0.4 .. 5.0
scbm/h; max. pressure 5 bara=5-10° Pa)

Methanol and water dosing (flow rates 0.2 .. 18.0 cm*/min)

Thermostat cycle

Cooling water cycle

o =N oW

Plant hardware security scheme featuring several mechanic blow-out valves all leading

into a blow-out tank of 5 dm?
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Figure 3-4 Photo of complete DMFC miniplant

All elements of the plant which are in contact with any media are made from stainless steel
(type: SS316) or plastic materials with high thermal and chemical resistance (PTFE, PFA,
PVDF). All hand valves are Swagelok ball valves, all automated valves were supplied by
Biirkert.

Both anodic liquid cycles feature an equilibration tank with a liquid holdup of 1.6 to 3.5 dm®.
Their main purpose is to equilibrate pressure changes due to methanol and water losses in the
system, which occur within the fuel cell and the carbon dioxide separator module. The tank on
the methanol-water cycle (fuel batch) can also be used for carbon dioxide removal when the
carbon dioxide separator (membrane module) is circumvented. Both tanks are connected to
the thermostat cycle for pre-heating the liquids. Both tanks tops are connected to ensure the
same pressure on both cycles. A nitrogen blanket is used to build up the desired system

pressure.
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Both liquid cycles are equipped with Scherzinger gear pumps, heat exchangers prior to the
fuel cell (with integrated static mixer on the methanol-water cycle), on-line sensors for flow
rate, temperature, pressure and methanol concentration (for sensor details see next section)
and several hand valves for sample collection during operation.

The cathode side of the fuel cell as well as the stripping gas section of the carbon dixide
separator are supplied with air from a supply system (8 bars abs., "technically oil free"=less
than 0.003 mg oil/scbm, dew point below -3°C, ambient temperature). The flow rates are
controlled by Biirkert MassFlow Controllers (Mass6020). Both air lines end up in condensor
vessels with pressure regulation valves. The condensors feature a coil through which cooling
water is pumped. By this, condensable contents of the fuel cell and membrane module exhaust
gases are collected as liquids. The gas streams leaving the condensors therefore have a
relative humidity well below 100% (dew point around 10°C), which is compulsory for the
pressure regulation valves as well as for some of the on-line gas sensors (see next section).
Both condensors are footed on damped weighing cells to measure the overall condensate
mass. Level indicators will give a warning signal to the process control system if more than
0.5 dm’ of condensate is collected. It is possible to empty the condensors during plant
operation.

To control the methanol concentration in the methanol-water cycle and to compensate for
methanol and water losses, pure methanol and water can be pumped into the methanol-water
cycle by using micro gear ring dosing pumps (mzr-2905 by HNP Mikrosysteme, Germany).
The flow rates can be controlled in the range from 0.2 up to 18 cm*/min.

The thermostat cycle connects all heat exchangers in the plant. It is operated in combination
with an external thermostat (Haake DC40-K30) which is filled with thermo oil. By adjusting
the temperature within the thermostat, the desired media temperatures within the plant can be
achieved, although not independent from each other. The most important temperature, though,
is the fuel cell temperature, which is mainly determined by the anode liquid cycle
temperature, due to the high heat capacity of methanol-water solutions compared to the
cathodic air stream.

Finally, a cooling water cycle supplies the condensors, one sample line heat exchanger and
the blow-out vessel (safety batch) with water of 5..15°C. A simple bath thermostate with

maximum cooling power of 700 W is used for circulating and cooling the water.
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3.2.2 On-Line Sensors

In Figure 3-2 and Figure 3-3 all sensors are shown. The basic idea was to get as many
information on-line as possible, which excludes gas or liquid chromatographs as
concentration sensors. In the following, a short description of the applied sensors is given,
with a focus on special requirements and limitations. More details especially concerning
sensor tolerances are given in section 2.2.4 (Material Balance).

Temperatures are measured using standard Pt100 sensors. Most important temperatures are
those of the media entering (T403, T101) and leaving the fuel cell (T405, T201) (methanol-
water solution and air feeds). Also the temperatures within both liquid holdup tanks are
measured (T401, T402).

Pressures are measured using sensors supplied by WIKA. Sensors are at the same locations as
the temperature sensors (P402, P404, P102, P201, P401), plus one which measures the inlet
stripping air pressure of the membrane module (P405).

Gas flow rates (for cathode feed gas and membrane module stripping gas) are controlled by
Biirkert MassFlow Controllers calibrated for air (F101, F402). The anode feed flow rate is
measured using a Corioles-type mass flow meter by Danfoss calibrated for pure water (F401).
All important temperatures, pressures and flow rates are also measured by nonelectronic
thermometers, pressure gauges and rotameters for reasons of redundancy.

For adjustment of the electrical parameters of the fuel cell, a high power potentiostat is used
(type WENKING HP-60 50). It can be operated in galvanostatic mode (constant current) as
well as potentiostatic mode (constant cell voltage). Always cell voltage and cell current are
recorded simultaneously.

The most important concentration value which has to be known is that of methanol in the
anode liquid cycle. It has to be known at the fuel cell entry (Q401), as this is one of the major
parameters influencing the fuel cell performance. Desirable is also to have a similar sensor at
the fuel cell exit to be able to determine the methanol consumption of the cell. For the task to
measure methanol concentrations in water at temperatures between -20 and +150°C and
pressures between 1 and 5 bars abs., conventional sensors like electrochemical ones are not
applicable. Therefore, it was decided to use an indirect method for the determination of the
methanol concentration, using the influence of different methanol concentrations on the speed
of sound in the mixture. For this purpose, an ultrasound sensor is used (LiquiSonic30 by
SensoTech GmbH, Germany). It was calibrated for methanol concentrations of up to 5 wt-%.
Problems about this method are a high temperature dependence of the speed of sound and a

high sensitivity towards gas bubbles. It was found, that in the temperature range from 50 to
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90°C no significant dependence of the speed of sound on the methanol concentration can be
detected in the respective concentration range. Therefore, it is not possible to operate the
sensor directly in the anodic liquid cycle, as the mentioned temperature range is of special
interest for the DMFC and cannot be ignored in the experiments. For this reason it was
decided to apply a bypass on the liquid cycle, which takes a small part of the anode feed,
cools it down to below 50°C and feeds it to the sensor, whereafter the stream is sent back to
the holdup tank, circumventing the fuel cell. To ensure a constant flow rate, a dosing pump is
used (mzr-7205 by HNP Mikrosysteme, Germany), which is a bigger version of those used
for methanol and water dosing. This method leads to reliable concentration data, with the
disadvantage of a time delay between taking the sample and having the concentration value.
Depending on the mode of operation, this delay time lies around 30 seconds. Therefore, this
sensor is only applicable for controlling a steady state methanol concentration or slow
changes. Fast changes cannot be detected.

A second ultrasound sensor of the same type (Q402) is used to detect the methanol
concentration of the mixture leaving the membrane module. Due to the sensors sensitivity for
gas bublles, it is not possible to place it directly at the fuel cell exit, as here carbon dioxide
bubbles are present at typical operating conditions, especially for high fuel cell currents and
cell temperatures. This second sensor is measuring directly in the anode cycle (not via a
thermostated bypass), as even the first bypass takes up a significant amount of the total anode
feed flow. As the mixture in the bypass is cooled down, this leads to a high heat loss which
decreases the maximum possible fuel cell temperature. A second sensor bypass would
therefore place the need for a bigger thermostat to compensate for the even higher heat losses.
At the current stage the disadvantages with respect to the temperature range limitation of the
second sensor have to be accepted. In any case, this sensor is not vital for a complete mass
balance of the plant, as will be shown later.

In the gas phase (cathode air feed and stripping air for the membrane module), water, carbon
dioxide, oxygen and methanol concentrations are of special interest. Water can be detected by
capacitive humidity sensors (Q202, Q404, type HygroClip IE by rotronic, Switzerland) that
measure relative humidity. Together with the actual temperature and pressure at the sensor,
the water vapour concentration can be calculated. For carbon dioxide, IR sensors are
available (Q203, Q403, type OEM-NDIR EGC-5% by Pewatron, Switzerland), which work
on the basis of the specific absorption of infrared light by the gas molecules. Oxygen is only
detected in the cathode exhaust gas (Q204), as in the membrane module no conversion of

oxygen takes place. For oxygen, no IR sensors are available, only options are so-called A-
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sensors, well known in burning processes, and paramagnetic sensors. The first suffer from
their cross sensitivity with respect to oxidisable compounds, like e.g. methanol. These sensors
are operated at high temperatures (above 300°C) at which such compounds would burn
together with the oxygen, leading to a mismeasurement of the oxygen concentration.
Moreover, this type of sensor usually exhibits a relatively high drift. Therefore, a
paramagnetic sensor was chosen (PAROX 1000 H by MBE AG, Switzerland), which has a
negligible cross sensitivity to all gas components to be expected. A membrane gas pump by
KNF Flodos (Germany) ensures constant gas flow through the oxygen sensor.

The carbon dioxide sensors as well as the oxygen sensor have to be protected from
condensation within their sensor heads. Therefore, they are placed behind the condensor
vessels of both gas lines, whereas the humidity sensors are placed directly behind the fuel cell
and the membrane module, respectively. As all three gas sensors (for CO, and O,) measure at
atmospheric pressure (exhaust end open), an extra pressure sensor measures the atmospheric
pressure and the concentration values of the three sensors are corrected within the process
control system. On the operator panels, only the corrected values are displayed.

A simple and specific sensor for methanol in the gas phase is not available. The only
possibility is the use of a sensor for burnable compounds as often used for detection of
explosive atmospheres (TOC sensors). But first of all, significant methanol concentrations in
the cathode exhaust gas were never reported before, and second, if there were also other
compounds originating from partially oxidised methanol, the sensor would not be able to
distinguish between them. Therefore, at the cathode exhaust gas line, a connection for a gas
chromatograph was fitted, for a possible later use. To the time being, the assumption is made
that methanol permeating from the fuel cell anode to the cathode is fully oxidised to carbon
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