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Forschungszentrum Julich, 52425 Julich, Germany
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Modeling of Low Temperature Fuel Cells is a multi—discigliy and multi—scale problem uti-
lizing methods and technigues from mathematics, physhesméstry and engineering. Some
recent studies performed in our group at IWV-3 are summdrize

1 Introduction

Low temperature fuel cells such as the hydrogen-fed polyatestrolyte membrane fuel
cell (PEFC) and the direct methanol fuel cell (DMFC) are redgd as promising technolo-
gies to replace combustion engines and batteries in mobdestationary applications.
Fuel cells convert chemical energy of combustion directty ielectricity by spatial sepa-
ration of anodic oxidation of fuel and cathodic reductiorogfgen. Protons generated at
the anode migrate to the cathode, where they recombine withem anions to form wa-
ter. The reactions lead to the non-toxic produ€t® andCO-. The anodically generated
electrons perform useful work on their external path to thade.

Forschungszentrum Jilich maintains a leading positidtuirope in PEFC and DMFC
research. As part of the Helmholtz community program ororeti energy conversion our
institute (IWV=3) performs a wide spectrum of research airaeimproving PEFC effi-
ciency and at creating prototypes of commercial DMFC stackfie 1 to 5 kW class.
Modeling of components, single cells and stacks is an iatgogirt of this effort. The
technological goals are also supported by fundamentalestuaf the molecular mecha-
nisms of species transport in polymer electrolyte memizgR&Ms) and of the kinetics
of electrochemical reactions.

Prior to a broad introduction of fuel cell technology int@tbnergy market substantial
barriers still need to be overcome. These are, in the caseed¢tEFC

¢ low cell efficiency when using dry gases, which mandatesoektb humidification;

¢ cell flooding at high current densities due to a large amotimiader produced at the
cathode;

e the problem of catalyst poisoning ByO. This problem is critical for PEFCs with
on-board reforming of liquid hydrocarbon fuels to hydrogen

In the case of the liquid—fed DMFC the major problems are

¢ the slow kinetics of the methanol oxidation, leading to highage losses, high noble
metal catalyst loadings and concomitant high costs;
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¢ the high rate of methanol crossover through currently ataéel membrane materials,
which reduces cell power;

¢ flooding of the cathode catalyst layer due to the high elesimmtic flux of water
through the membrane;

e large amount of gaseous GOn the anode side, which reduces cell performance.

Last but not least, lowering the aging rate is crucial for omncialization of the cells
of both types.

Fuel cell research and development thus has two aspectdirdtene is the design of
new components (catalyst layers, membranes and backiegshayith improved perfor-
mance and lower cost. The second one is the proper assemtiigsaf components into
cells and stacks with high performance and low rate of aging.

Clarifying the transport mechanisms in the membrane anthéehanisms of the elec-
trocatalysed chemical reactions in a fuel cell are subjéetxtensive experimental and
theoretical work. Molecular dynamics simulations and quanchemical calculations are
indispensable tools in understanding these mechanisrasisport parameters in the fuel
cell components can be obtained by comparing the experahéata with the predictions
of continuum models. This led us to studies of the followiopits:

¢ Numerical modelling of DMFCs and PEFCs within the scope aitcmium models.

e Classical molecular dynamics (MD) simulation of protontevaand methanol trans-
port through polymer electrolyte membranes.

e ab initio MD simulation of methanol oxidation in the anodic catalystdr.

In the first topic the fuel cell is considered as a whole, as arasopic “electrical
machine”. Here we aim at understanding the mechanisms tdgmlloss in real cells
and optimization of cell design. Modeling structure and ayics on the atomic scale is
performed in order to derive relationships between the osapic properties of materials,
such as conductance, and the molecular motions.

2 Cell Simulations

A typical cross section of a polymer electrolyte fuel celEfiC) is sketched in the left part
of Figure 1. The membrane electrode assembly (MEA) is clahiyggéween two metal or
graphite plates with the channels for feed gases supplgdcctide “flow field”. The MEA
usually consists of two gas—diffusion layers (GDLs) and tatalyst layers, separated by
a proton conducting membrane.

Current production in a cell induces fluxes of gases, liquaden heat and charged
particles. The distribution of the respective parameteom¢entrations, fields etc.) is
usually very non—uniform. Furthermore, the characterstale of the parameter variation
ranges from several micrometers (the thickness of theysttalyer) to several meters (the
length of the channel). In general, the problem of fuel cetideling is multi-scale and
multi—-dimensional.
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Several approaches to model such a system exist. The numieoaplexity of the
processes in the MEA together with sophisticated geonsatfiche flow fields almost in-
evitably lead to 3D CFD models. Differently, our quasi—3CB({) model of a PEFEis
based on the following idea. In many cases one may negledh#pdane fluxes in the
MEA. The full 3D problem (Figure 1) can then be split into a Iplem of flow in the
channel and a 2D problem in the MEA cross—section, as showigimre 1. The channel
problem provides concentrations of reactants for the pralih the MEA. The latter re-
turns local current density required to calculate the prsfilf reactants concentration along
the channels. Both problems are, therefore, coupled ansbibdon has to be determined
iteratively'.

Furthermore, the cell cross-section consists of a numbgeommetrically identical el-
ements (Figure 1). This allows an efficient code parallébra The physical model is
formulated for a single element (2D element in Figure 1). Tbée is then replicated, so
that each element “is solved” on a separate processor. Upmipletion of an iteration
step the elements exchange with the “boundary conditiasshown on the right side of
Figure 1. The cross-section of a typical cell contains siueins of such elements; the
time of simulation of such a system is only 2—3 times largantthe time of simulation of
a single element. This algorithm efficiently exploits th@ahility of a massively parallel
computer system.

The typical solution is shown in Figure 2. Note that to reprédghe details the scale
of this figure is strongly distorted: the size of the compotal domain along—axis is
about 1 mm, whereas alongaxis its size is about 21 cm (Figure 2). The two elements at
the inlet are “zoomed” in Figure 3.

Figures 2 and 3 show that there are three types of non—uritfesin a cell. The firstis
a small-scale non—uniformity (maps@f ando,,) in the through—plane direction. Proton
conductivity of the catalyst layers is rather poor and tleetebchemical reaction is largely
confined to the region close to the membrane interface, wiretens are “cheaper” (i. e.,
found with higher probability). Analysis of the governinguations shows, that this regime
of the catalyst layer operation leads to high polarizatasses.
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Figure 1. Left: Sketch of the fuel cell. Right: The idea ofgilization. Adjacent cell elements exchange with
the “boundary conditions” upon completion of an iteratideyps
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e Figure 2. 3D maps of the
PEM fuel cell. Shown are
(top to bottom): proton con-
ductivity o, (Q2~1 cm™1)
and proton current density,,
(mA cm—2) in membrane and
catalyst layers, the rate of the
electrochemical reaction@.
(A cm~3), oxygen and wa-
ter molar concentrationd (—°
mole cnt3) and liquid satu-
ration in the cathode catalyst
layer. White dashed lines in-
dicate the membrane/catalyst
layers interfaces.

i/ Inlet Outlet
X

Figure 3. The same as in Figure 2 plus liquid saturation iretiie
ode catalyst layer (on top) in two elements at the inlet. Iher t
notations and scales please see Figure 2.
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Proton conductivity of the bulk membrane is higher at thbode side and lower at the
anode side (Figures 2,3) due to proton—driven electroasrfiox of water (from the anode
to the cathode side). Back diffusion of water does not fullinpensate the electroosmotic
flux and the anode side of the membrane is dried. In this péaticegime of cell operation
the membrane drying limits the current, due to the poorer brame conductivity at low
water content (see below).

The second is a medium-scale non—uniformity due to thenatiem of channel “win-
dows” and current collector ribs along tlgeaxis (Figures 2,3). Oxygen transport to and
water transport from the regions above the ribs is poor; thater tends to accumulate
there and lack of oxygen reduces the rate of the reactioresetdomains (Figures 2,3).

The third is a large—scale non—uniformity due to oxygen estian and accumulation
of water along the channel. Close to the outlet the membmaneil humidified, though
the last elements experience “oxygen starvation” (Figiire 2

The problem of this particular cell design is to mitigate tregative effect of non—
uniformities of all three types. The non—uniformity of theaction rate across the catalyst
layer can be diminished by increasing the proton condugtofithe layer. Medium-scale
non—uniformity (channel / rib) can be reduced by increasixggen and water diffusivity
in the backing layer, i.e., by enlarging its porosity. Largeale non—uniformity can be
diminished by increasing the oxygen stoichiometry of thixade flow.

The results thus give hints how to improve cell design ang kebptimize operating
conditions. Besides, Q3D simulations provide invaluabfermation for construction of
simplified analytical and semi—analytical models of atélhesgastmodels can be used
for rough characterization of cells. Comparison of anabjtinumerical and experimental
data gives a much more reliable information, than any singidel. We believe that in the
near future the approach based on such a hierarchy of modkfgay a substantial role
in fuel cell studies.

3 Proton Transport in Membranes

PEMs like Nafion are phase-separated on the nanometerstméepolymer phase consist-
ing of a polytetrafluoroethylene backbone with pendant grudip sulfonated side chains
and an ageuous phase. The (continuous) polymer phase gsdklstructural stability for
separating anodic and cathodic compartments. It is exeatially well established that
above a percolation threshold, when the aqueous phaseuglthto become continuous,
proton conductance in Nafion or related materials incresiggsficantly with water con-
tent\ () is the ratio of water molecules to sulfonate groups). Thfosid acid groups are
strongly acidic so that protons become solvated and comdjiatthe aqueous phase. From
the magnitude and the temperature dependence of the exgreaihproton conductance in
fully humidified Nafion membranes (whekex 14) it has been concluded that the proton
transport mechanism follows the well-established prdtopping or structural diffusion
mechanism characteristic for the high proton mobility itkacids. At low water content
(A = 3 — 5) the proton transport mechanism is best described by arplatebetween a
surface mechanism (transfer along the sulfonate grouisirenbulk mechanisfn
Describing (i) the structural complexity of the biphasidypoer / water material and
(ii) the bond-forming and -breaking nature of the elemengat of proton transfer can best
be reconciled by modeling the materials using so-callediecap valence bond (EVB)
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Figure 4. Dependence of proton con-
ductivity (scaled units) on water con-
tent X for several slab pores with dif-
ferent surface charge densities (spac-
ings) of sulfonate groups. Note that
the variance of instantaneous proton
states (blueH 3O -like, yellow-green:
H502+—Iike) in the snapshot is charac-
teristic for the aqueous pores, and their

conductivity

6 = -e/0.43 nm°

"8 o = -¢/0.70 nm?  m easy interconversion is essential for pro-
V4 c=-e/08nm”~ N ton mobility, thus warranting the use of
I / complex molecular models.
5 10 15 20 25 A

interaction potentials. In such a model, the proton can parded as being in a super-
position state between different valence bond states, inhndn excess proton belongs to
one of a subset of water molecules. In the most simple fortdy, tovo resonance states
¢1 : H30T ... Hy0 and¢, : H,O - -- H30™T are considered. In one state the proton is lo-
calized on the first oxygen, in the other one on the secondiggr. Using a configuration-
dependent coupling between these two states, one canliepooion transfer as a contin-
uous sequence G035 — H3;01— H505 — H3O*transitions. Besides being conceptu-
ally simple, such an empirical valence bond force field afidke simultaneous simulation
of many protons over time periods of nanoseconds, i.e., tinédmam requirements for
studying a concentrated proton solution in a disordereyrpet frameworR.

Taking the most extreme viewpoint, one can treat the polyamsern immobile frame-
work with simple pores of slab or cylinder shape, in whichtpratransport can be studied
as function of a variety ofenericstructural and dynamical features of the polymer (such
as acid strength, head group and side chain mobility, etpnvaveight) ancbperational
parameters of the working fuel cell (such as temperatureveatdr content). Here, the
power of a massively parallel computer can be harnessedafailelization on the level
of the single simulation, each one of which typical lasts 33relatively short time steps
(Per step parallelization based on domain decompositionteraction decomposition is
not very effective due to communication overheads.) Figushows, as an example, the
calculated dependence of proton conductance on water riadiotedifferent equivalent
weights of the polymer (which is modeled by the spacing ofosidte groups on the slab
wall)®. It demonstrates how the single pore mobility leads to theemeontent dependent
proton conductance in PEMs that was mentioned above.

On the basis of the temperature dependence of proton myoipilgingle pores it was
concluded that the experimentally observed behavior id likesy associated with the dy-
namics of the polymer at low water content. In a next genemadf models, local pore
structure and dynamics was investigated using a fully atbeninodel of the Nafion poly-
mer, employing for the aqueous phase a simple classica fimid which treats hydronium
and water like rigid molecular ions or molecules interagtinrough standard force fieRls
Such simulations can be conveniently parallelized by dgusimg the system into several
equivalent interacting subsystems of identical compmsitiSince meaningful results can
be collected only from a series of runs at different tempeest and for different water
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Figure 5. Snapshots at different times of a jelly-
bean representation of a simulated mixture of wa-
ter and Nafion in protonated form (at water content
A = 5). Red regions denote polymer, grey, blue and
yellow regions denote water, hydronium and sul-
\\ @y time: 1092 ps \ fonate groups, respectively, in the aqueous phase.
-, ‘/‘_/ .’- 4"— The indicated box corresponds to a length of 4.5
p ‘ ‘ S g N ) nm. Note that the jelly-bean surfaces hide a large
(a . number of molecules [E. Spohr, work in progress].

contents, distribution of the jobs over 2—4 processors nogudienal use of the allocated

resources at NIC. As a representative result of these stulig. 5 shows time dependent
snapshots of aqueous domains\at 5, which are consistent with the view of activated
fluctuative bridging of the ageous pores, reducing the dMgraton conductance as well

as increasing the activation energy. With atomistic sittiothes on the united-atom level,

where only the essential topological features of the Nafewelunit are retained, morpho-
logical transitions between inverse micellar aqueousgpatéow water content to channel
like structures at high water content are currently studied

4 Methanol Oxidation on Noble Metal Catalysts

The protons in the membrane originate from electrocataftbcesses in the anodic cat-
alyst layer. In the DMFC these processes are, to some exterigrmance limiting. At
least, they mandate high noble metal catalyst loadings andamitant high device costs.
We have thus investigated the catalytic oxidation of methamrealistic, i.e. fuel cell-
relevant environments, using quantum mechanical dengitgtional theory to describe

Figure 6. Chemical reaction dynamics of
methanol oxidation to formaldehyde: One
of the C-H bonds of the methyl group

becomes elongated (top left) and even-
tually breaks (top right). The adsorbed
hydrox-methyl group stabilized by form-

ing a hydrogen bonded complex to a wa-
ter molecule (bottom left) and dissoci-

ates rapidly into adsorbed formaldehyde
and a hydronium ion (bottom right) which

further stabilized by undergoing struc-
tural diffusion steps to form Zundel ions

H507.

T
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the coupling between electronic structure and nuclear mjcg As a starting point, we
considered the oxidation of adsorbed methanol at a wateatihpim interface. For our
calculations we have employed the VASP pacKagkich showed for our purposes good
scaling characteristics up to 8 processors per job, ansvediaus to performab initio
molecular dynamics calculations of uncharged and chargedaces. Water did not only
influence the reaction pathway as compared to the corregmpigds phase reaction, it
actively changed the sequence of reactive events by direct., without intermediate
adsorption, incorporating hydrogen ions into its hydrogend network, as illustrated in
Fig. 6 (see Ref). These calculations are currently extended to investitie influence of
fuel cell environment on the later oxidation steps.

5 Concluding Remarks and Outlook

Modeling of transport processes in low temperature fudsdsla true multidisciplinary
and multi—-scale effort, which requires joint efforts by glysts, chemists, applied math-
ematicians and engineers. In our group at IWV-3 we tighttegnate analytical theofy
together with our computational studies into FZJ's researa development of viable fuel
cell technology. In spite of dramatic progress in compuehhology some key problems
in PEFC and DMFC fuel cell technology remain unsolved, lgrgleie to the extremely
complicated media and materials used in fuel cells, in wkhehphysics of species trans-
port is still not completely understood. Bringing theseetical machines” to market is a
challenge not only for experimental research but also fitictsn machines” such as NIC'’s
Regatta system.
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