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a b s t r a c t

In this work we present an analysis of the mass transport in the anode side porous backing layer of a direct
methanol fuel cell (DMFC). The effective transport coefficient of different backing layers at various com-
pressions was measured and compared to two different literature models and a single particle random
walk simulation which accounts for details of the geometrical fibre microstructure. Based on the mea-
sured values of the effective transport coefficient limiting current densities for diffusive transport were
eywords:
as diffusion layer
ass transport

ffective transport coefficient
ortuosity

calculated taking into account geometric boundary conditions and anisotropic and inhomogeneous back-
ing layer properties. Comparison with the measured values for the limiting current in fuel cell operation
shows qualitative agreement. A systematic underestimation indicates that also other transport processes
contribute significantly to the mass transfer at the used experimental setup.

© 2009 Elsevier B.V. All rights reserved.

MFC
andom walk simulation

. Introduction

A direct methanol fuel cell (DMFC) is an electrochemical device
hat converts chemical energy into electrical energy. The DMFC
ssembly is shown in Fig. 1. The reactants, a methanol water solu-
ion on the anode side and oxygen in pure form or as part of air
n the cathode side, are supplied to the cell via a flow field with
channel-rib structure. From the channels of the flow field the

eactants are transported through the porous backing layer to the
lectrodes where the reactions take place. The role of the flow field
ibs is to transport the released electrons to the external circuit. The
lectronic non-conducting polymer electrolyte membrane (PEM)
erves as exchange medium for protons between anode and cathode
lectrode.

The porous backing layer (BL), often denoted as (gas) diffusion
ayer, plays an important role in the DMFC setup. First of all it pro-
ides, referring to Fig. 2, access for the reactants to the area under
he flow field ribs. In addition the BL has to enable the removal of the
eaction products. Further it electronically connects the electrode

reas under the flow field channels to the flow field ribs. Therefore,
backing layer material has to be porous to combine electronic

onductivity and mass transport.

∗ Corresponding author. Tel.: +49 89 329442 31; fax: +49 89 329442 12.
E-mail address: rzepka@muc.zae-bayern.de (M. Rzepka).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.02.037
Materials made of carbon fibres match the requirements in a
DMFC to a good extend. A detailed overview over backing layer
materials is given in [1].

For H2-PEM fuel cells usually similar backing layers are used.
Hence, there are many publications to characterise backing layer
properties and to find connections to the mass transport behaviour.
Mathias et al. [1] also gives a good survey of the different charac-
terisation methods. For ex situ characterisations the porosity and
pore size distribution [2,3], various types of permeability [3–6] and
liquid–surface interactions [3,7,8] are measured. Kramer et al. [9]
and Baker et al. [10] introduce two different techniques to measure
the effective transport coefficient.

For an in situ analysis of the mass transport behaviour of the
BL limiting current measurements are used. Xu et al. [11] shows for
the DMFC the overall mass transfer coefficients at various flow rates
with two different flow field geometries. Scott et al. [12] give the
mass transfer coefficient at various methanol concentrations and
temperatures.

Studies to find interconnections between ex situ and in situ mea-
surements for the H2-PEM fuel cell have been reported [2,3,10].
Ihonen et al. [2] tried to link the cell performance under two-phase
conditions to porosity and pore size distribution. Willimas et al. [3]

found an empirical correlation between the gas permeability per-
pendicular to the cathode side backing layer plane and the limiting
current. No connection of the fraction of hydrophobic pores and
porosity to the in situ measurements could be shown. Baker et al.
[10] compared the measurements of the effective diffusivity of the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:rzepka@muc.zae-bayern.de
dx.doi.org/10.1016/j.jpowsour.2009.02.037
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ig. 1. Schematic design of the direct methanol fuel cell. The reactants are supplied
ia the flow field channels and transported through the porous backing layer to the
lectrode where the reaction takes place. The collector plates are connected to an
xternal circuit.

L in a diffusion cell with limiting current measurements and found
ood agreement.

In this work an analysis of the diffusive mass transport of
ethanol on the anode side of a DMFC is presented. We show

hat the effective transport coefficient of the porous backing layer
as a major influence on limiting current density. Therefore, the
ffective transport coefficient of various materials is measured
ith the method developed in [9]. The results of these measure-
ents are compared via a simple model equation and a Monte

arlo simulation of the diffusion process with the experimental
etermined limiting currents. Further the correlation between tor-
uosity and porosity has been analysed for different BLs at various
ompressions and compared with model equations. A Monte Carlo
imulation was used to study the influence of different microstruc-
ures on the diffusion process.

. Theory

.1. Model for the methanol transport

In order to analyse the influence of backing layer parameters
n the mass transport on the anode side of a DMFC a simple theo-
etical model equation has been set up. In general, the cell voltage
ecreases with increasing current density due to several loss mech-
nisms (activation overpotential, ohmic losses). For high current
ensities mass transfer losses are dominating. So the maximum
chievable current density, the so-called limiting current density,
s a measure for the mass transfer behaviour of the fuel cell. As has
een shown by Xu et al. [11] in the case of a DMFC it is the anode side
ass transfer that defines the limiting current. Therefore it is possi-

le to use an expression for the limiting current to deduce the mass
ransfer behaviour of the anode compartment [11,12]. To establish
n equation for the limiting current the following assumptions have
een made:

1) The mass transport limitations are dominated by the anode side.
2) The anode side mass transport takes place only by binary diffu-
sion of methanol in water described by Fick’s law.
3) The anode side is treated as an isothermal single phase. That

means that:
• there are no phase transitions;
• the produced CO2is completely soluted in water.

Fig. 2. Elongation of the diffusion way due to the flow field geometry.
ources 191 (2009) 456–464 457

(4) At limiting current conditions the methanol concentration at
the anode catalyst layer vanishes, i. e. canode = 0.

(5) The methanol concentration is constant over the whole flow
field, i.e. cflow field = cfeed.

(6) The influence of the electrode, particularly on the diffusion pro-
cess, is negligible.

(7) There is no mass transfer hindrance at the flow field chan-
nel/backing layer interface.

Under these assumptions the limiting current is defined as:

jlim = n F
ε

�
DMeOH/H2O cfeed

dBL
(1)

Thus the porosity ε, the tortuosity � and the backing layer thick-
ness dBL are the parameters that define the limiting current. The
tortuosity is defined as the ratio of the effectivelength of the curved
diffusion path and the distance of the end points. ε/� will be
denoted as effective transport coefficient according to [9]. n is the
number of electrons involved in the reaction, in the case of the
methanol oxidation n = 6. F = 96, 485 C mol−1is the Faraday con-
stant, DMeOH/H2O the diffusion coefficient of methanol in water, and
cfeed is the methanol concentration of the solution fed to the anode
flow field.

2.2. Monte Carlo simulation

Eq. (1) is based on the simple approach given by assumptions
(1)–(7). But especially assumption (5) in Section 2.1 can not be ful-
filled in experiment because of the channel/rib structure of the flow
field. Referring to Fig. 2 the average diffusion way is significantly
elongated by the channel-rib structure of the flow field. In addition
the backing layer is compressed by a contact pressure in the range
of 2–30 bar, leading to an inhomogeneous reduction of the BL thick-
ness [13,14] and porosity and, as will be shown in Section 4.2, an
increasing tortuosity in the region under the ribs. For a complete
analysis of the 2-dimensional diffusion process it has also been con-
sidered that due to the carbon fibre alignnment of paper type BLs
transport coefficients are anisotropic [20].

To account for these additional effects the diffusion process was
calculated with a 2-dimensional Monte Carlo simulation for an arbi-
trary structured backing layer. A single particle random walk model
for normal diffusion has been built up [15,16] which simulates parti-
cle transport from the flow field channel (where a constant particle
density c = cfeed is assumed) to the electrode (c = 0). Integrating
over a large number of single particle trajectories reaching finally
the anode electrode (where it is assumed that the particle is con-
sumed) gives the average limiting current. This model has been
used in two different ways: First, in order to calculate the influence
of geometric boundary conditions, i.e. inhomogeneous compressed
backing layer and channel-rib-structure of the flow field plate (see
Fig. 2), the experimental values for the transport coefficient for
the different backing layer have been used. The anisotropic and
inhomogeneous behaviour of the transport coefficient is accounted
for by adjusting the probabilities for a randomly chosen step as
function of direction and position of the particle. Results are pre-
sented in Section 4.5. On the other hand the same Monte Carlo
model has been used to calculate the influence of a given intrinsic
fibre structure (and corresponding pore geometry) on the tortu-
osity as function of backing layer compression. Several different
pore structures have been implemented by specifying in detail the
regions within the backing layer which are filled with material. For

a compressed GDL it is assumed that only the volume of the pores
is lowered but the volume of the material remains constant (see
Fig. 6). Accordingly the random walk algorithm is modified and
only steps are allowed which lie completely within the open pore
volume. Results are presented in Section 4.3.
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Table 1
Properties of the tested porous backing layers.

Backing layer Manufacturer Teflon content (wt.%) Thickness (mm) Type

TGP-H-120 Toray 0 0.34 Paper
SGL-34-AA SGL-Carbon 0 0.28 Paper
SGL-34-DA SGL-Carbon 20 0.29 Paper
SGL-35-AA SGL-Carbon 0 0.29 Paper
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a constant flow rate of 3 mL min−1 methanol solution. This choice
GL-35-DA SGL-Carbon 20
B-A-0 Freudenberg 0
B-A-T1 Freudenberg < 10
B-A-T2 Freudenberg 10

. Experimental

.1. Materials

Different porous backing layers are commercially available,
sually made of carbon fibres. Different types vary in the pro-
uction process and in additional treatments such as teflonisation
f the material and adding a micro-porous layer (MPL) coating
n the backing layer surface. Adding teflon makes the material
ydrophobic, which is supposed to avoid water agglomerations

n the material. The purpose of the MPL is to remove water from
he cathode catalyst layer and to reduce the electrical contact
esistance. Mathias et al. [1] give a good overview on the typical
roduction processes and the different types of treatments and
oatings.

For this study four different raw materials without any addi-
ional treatment were selected. In three of the four materials the
arbon fibres are fixed by a chemical binder. These materials are
sually refered as papers. The fourth material contains no chemi-
al binder because the fibres are bonded mechanically. In addition
e selected four materials with PTFE treatment. Information about

he process route, the manufacturer, the PTFE treatment and the
hickness of the used backing layers is summarised in Table 1.

.2. Effective transport coefficient

To determine the effective transport coefficient the method
eveloped by Kramer et al. [9] was used. The method takes advan-
age of the analogy between Fick’s law for diffusion and Ohm’s law
or electric conduction. After filling the backing layer pores com-
letely with an electrolyte an impedance spectrum of this setup was
easured. The interface between the electrolyte and the electronic

onducting carbon fibres is assumed to show double layer capac-
tive behaviour. Thus in electrochemical impedance spectroscopy
EIS) the impedance of the double layer vanishes at high frequen-
ies, and the whole current flows through the carbon fibres. At
ow frequencies this impedance tends to infinity and the current
ows through the electrolyte filled pores of the sample. The elec-
ric resistance of the carbon fibres is negligible compared to the
hmic resistance of the electrolyte. Therefore the effective conduc-
ivity �eff, which is given by the difference of the impedance in the
igh frequency limit and the impedance in the low frequency limit,

s proportional to the effective transport coefficient:

eff = ε

� �
(2)

o measure the effective transport coefficient of the porous back-
ng layer with EIS a setup similar to that described in [9] and
17] was used. The samples for the through-plane (tp) direction
easurements had a diameter of 10 mm. For the in-plane (ip)
irection measurement samples with a size of 33 × 44.5 mm were
sed. Depending on the sample thickness stacks of 8–15 samples
ere used for the tp direction measurement and stacks of 5–7

amples for the ip direction. All measurements were done in the
0.28 Paper
0.22 Mechanically bonded
0.21 Mechanically bonded
0.21 Mechanically bonded

4-point-measurement setup with 0.5 mol L−1 sulforic acid as elec-
trolyte. The effective transport coefficient was measured at 3–6
different compressions for every material. As galvanostatic device a
SOLATRON with frequency analyzer was used. The applied voltage
amplitude was 10 mV and the frequency range was between 50 kHz
and 0.05 Hz.The samples were filled with electrolyte by evacuating
the samples plunged in sulforic acid in a desiccator.

For data analyzing the effective transport coefficient was calcu-
lated from the difference of the two interceptions of a fitting curve
with the real axis.

3.3. Porosimetry

For the porosity measurements a Helium pycnometer was used
as described in [18]. To get high measurement accuracy as much
sample volume as possible has been filled into the sample holder.
Depending on the backing layer thickness these were stacks of
40–75 circular samples with a diameter of 14 mm.

In contrast to, e.g. mercury intrusion porosimetry a He-
pycnometer uses gas instead of a liquid as filling medium. So surface
effects and interactions with the backing layer material are neg-
ligible. In addition the matrix volume Vmatrix ≡ Vsample − Vpore is
determined directly instead of the pore volume which minimises
the experimental error for the porosity due to the uncertainty in
backing layer thickness dBL.

3.4. Cell measurements

The membrane electrode assembly is based on a Nafion 105
membrane with a catalyst loading of 5.2 mg cm−2 unsupported
Pt–Ru with 15 wt.% Nafion on the anode side and 6.4 mg cm−2

unsupported Pt with 10% Nafion on the cathode side applied to the
membrane by a hot spraying process. As porous backing layer on
the cathode side TGP-H-120 was used. The full cell measurements
were carried out with a “quickCONNECT fixture FC25/100HT” cell
manufactured by Baltic Fuel Cells. 5-channel serpentine flow fields
with size of 5 cm × 5 cm were used on anode and cathode side. The
channel and rib width was 0.7 mm each and the channel had a depth
of 1.0 mm. The cell contact pressure was 1.6 MPa.

The cell temperature was held at 25 ◦C. The flow rate on the cath-
ode side was 500 sccm min−1 synthetic air. At the measured current
densities in the range of 10–30 mA cm−2 this corresponds to a sto-
chiometric ratio of 4–12. To test the influence of the cathode side
pure oxygen has been used for two GDL samples, too. No increase of
the limiting current could be observed showing that mass transport
limitations are dominated by the anode side. If not stated differently
the methanol concentration on the anode side was 0.1 mol L−1 with
of the anode flow rate is a trade off between a constant methanol
concentration over the whole flow field and avoiding mass transfer
caused by convection due to pressure drop between adjacent chan-
nels. In addition at these conditions no gaseous CO2 in the anode
compartment could be observed.
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Fig. 3. Effective transport coefficient as function

. Results and discussion

.1. Effective transport coefficient

The results of the tp (through-plane) and ip (in-plane) measure-
ents for the different backing layer materials are summarised

n Figs. 3 and 4. The effective transport coefficient ε/� is plotted
gainst the compression 1 − d/d0, where d denotes the compressed
nd d0 the uncompressed thickness.

The raw materials SGL-35-AA and FB-A-0 in Fig. 3 show a two
o three times larger effective transport coefficient than TGP-H-120
nd SGL-34-AA.

In general the materials with additional PTFE in Fig. 4 have
ignificant smaller effective transport coefficients than their non-
eflonised partners in tp and ip direction.

It is remarkable that for FB-A-T1 the effective transport coef-

cient in tp direction is only about one-third of the value for
B-A-T2, even though both are made of the same raw material
nd contain a comparable amount of PTFE. As mentioned in Sec-
ion 3 the materials differ by the way they have been teflonised.

Fig. 4. Effective transport coefficient as function of comp
pression for the non-teflonised backing layers.

So obviously the way of teflonising a material can have a huge
effect on the effective transport coefficient. According to Table 1
the difference in porosity of both materials is in the range of
3%, hence the teflonisation has a major influence on the tortuos-
ity.

For the transport in in-plane direction (see Figs. 3 and 4) the
measurements show that both raw materials and teflonised backing
layers show bigger values than for the tp direction in nearly all cases.
An exception are FB-A-0 in general and FB-A-T2 at low compres-
sions. While the effective transport coefficient of, e.g. TGP-H-120 is
two times higher for the ip direction over nearly the whole com-
pression range, for FB-A-0 there is nearly no difference measurable.
FB-A-0 is the only non-teflonised backing layer that is mechanically
bonded. Obviously this material is nearly isotropic, whereas the
papers which contain a chemical binder show a highly anisotropic
behaviour.
The teflonised materials show the same tendency. For FB-A-T2
the results of the ip and tp measurement are close together. ε/�ip
for FB-A-T1 is significantly bigger than ε/�tp, even though the dif-
ference is relatively small in comparison to the SGL-34-DA backing

ression for the backing layers with additional PTFE.
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Table 2
Porosities of the analysed porous backing layers given by the manufacturers and
measured with the He-pycnometer.

Backing layer εmanufacturer εHe−Pyc

TGP-H-120 0.78 0.76
SGL-34-AA 0.84 0.82
SGL-34-DA 0.79 0.78
SGL-35-AA 0.91 0.84
SGL-35-DA 0.87 0.85
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B-A-0 0.74 0.74
B-A-T1 0.68 0.65
B-A-T2 0.71 0.71

ayer. So the way of teflonisation has also a strong influence on the
sotropy of the material.

.2. Porosimetry and model comparison

The results of the porosity measurements with the He-
ycnometer are shown in Table 2 together with the values given
y the manufacturers (if available), which in general are in good
ccordance with our measurements.

To calculate the porosity of backing layers under compression it
s assumed that Vmatrix remains constant:

= 1 − d0

d
(1 − ε0) (3)

ith given porosities the corresponding tortuosities were calcu-
ated out of the measured effective transport coefficient. In Fig. 5 the
ortuosities of the raw materials are plotted against the porosities.

The tortuosities in tp direction vary widely for the four inves-
igated materials. FB-A-0, that contains no chemical binder, shows
ortuosity values smaller than 1.5 at all compressions. For the paper

aterials the tortuosities are significantly bigger and are increasing

uch stronger with decreasing porosity. So microscopic structure

nd chemical binder have a dominating influence on the through-
lane tortuosity. In in-plane direction the variation of tortuosity is
maller. Comparing ip and tp direction shows that the paper materi-
ls are highly anisotropic. In contrast to that the binder-free FB-A-0

ig. 5. Tortuosity as function of porosity of the non-teflonised backing layers in compari
left) and in-plane (right) direction.
ources 191 (2009) 456–464

behaves in ip direction nearly identical to the tp direction. Therefore
processing has a great influence on the isotropy of the material.

The measured values in Fig. 5 are compared with two models,
which are often used in literature. This is the model of Bruggeman
[19], which is based on the assumption of spherical inclusions and
leads to the relation:

� = 1
ε0.5

(4)

Another approach is the random fibre model of Tomadakis and
Sotirchos [20]. They analysed the transport behaviour of randomly
ordered fibres and distinguished between in-plane and through-
plane direction processes. For the dependence of tortuosity and
porosity they found:

� =
(

0.89
ε − 0.11

)�

(5)

For the tp direction � = 0.785 and for the ip direction � = 0.521.
It has to be mentioned that both models are of general nature and
are not specific for backing layers.

As can be seen in Fig. 5 both models fail to generally describe
tortuosity as a function of porosity. In general the measured tortu-
osities for papers are significantly larger than predicted. In addition
the values differ so much between the materials that it is impos-
sible to describe them with an unique functional behaviour. For
FB-A-0 the model auf Bruggeman gives a fairly good agreement in
tp direction.

In ip direction especially the tortuosities for SGL-34-AA are
much larger than the model predictions. The ip model of Tomadakis
is in good accordance with FB-A-0. Hence it is not possible to

describe different backing paper materials with a model that gives
a direct relationship between porosity and tortuosity. In Section
4.3 we show Monte Carlo simulation results for different geome-
tries which show the great influence of microscopic backing layer
structures on tortuosity under compression.

son to the model equations of Bruggeman and Tomadakis et al. for through-plane
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ig. 6. Geometrical structures (from the top down: parallel, diamonds and crosses), in
.3. Influence of detailed fibre structure on tortuosity

In the models of Bruggeman [19] and Tomadakis and Sotir-
hos [20] spherical material inclusion and random fibres have been
ssumed, resp. Both models give only a qualitative prediction for
mpressed (left) and compressed (right) state, analysed with Monte Carlo simulation.
the tortuosity of the different materials. In fact the experimental
measured variation in the tortuosity factor (see Fig. 5) is very large
showing a large variety of real microscopic fibre structure and geo-
metric alignment within the backing layer. To get a quantitative
measure of the influence of different pore geometries, the Monte
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with the results of Eq. (1). The diffusivity of methanol in water at
25 ◦ C is assumed to be 1.69 × 10−9 m2 s−1, the compression of
the backing layer under the flow field channels is assumed to be
5% according to [13]. If no value for ε/�tp close to that was avail-
Fig. 7. Tortuosity as function of porosity for the different geometries a

arlo model has been used to calculate for a variety of different
bre arrangements and geometries (both random structures and
rdered structures) the tortuosity factor as function of compression,
.e. porosity. Here we show the results for three different examples
s given in Fig. 6. Both through-plane as in-plane tortuosities have
een calculated. As can be seen in Fig. 7, the detailed pore struc-
ure has a major influence on the behaviour of the backing layer
ortuosity, both on the absolute value and the influence of com-
ression. For the structure with fibres parallel to the backing layer
urface, the in-plane tortuosity is close to 1, whereas through-plane
ortuosity increases to very high values with increasing compres-
ion. This is in complete contrast to the diamond structure with
bres which are more likely aligned in perpendicular direction.
ere through-plane tortuosity is lower in comparison to the in-
lane tortuosity. These results show that the experimental results
re definitely heavy influenced by the microscopic structure of the
acking layer and cannot be explained by simple model assump-
ions. However for a more detailed analysis a 3-dimensional model
s essential.

.4. Limiting current measurements

Limiting current measurements were carried out for the four raw
ype gas diffusion layers TGP-H-120, SGL-34-AA, SGL-35-AA and FB-
-0. The measured current-voltage curves are shown in Fig. 8. As
eference curve serves the measurement of the TGP-H-120 backing
ayer with 1.0 mol L−1methanol concentration solution. At voltages
elow 400 mV (for 0.1 mol L−1methanol concentration) the regime
f mass transfer losses starts.

From the UI-curves the limiting current was estimated. By mea-
uring the UI-curves with pure oxygen instead of air for some

hosen materials it has been checked that the cathode side has
o influence on the limiting current. So the assumption that the
ass transfer hindrance, which defines the limiting current, was

otally caused by the anode porous backing layer is fulfilled in good
pproximation.
n in Fig. 6: results of Monte Carlo simulation at various compressions.

For TGP-H-120 and SGL-34-AA the limiting current is clearly vis-
ible. Their UI-curves drop nearly vertical, so that it can be assumed
that the value at 200 mV is near to the factual limiting current. For
SGL-35-AA and FB-A-0 the current at 200 mV is regarded as lower
boundary for the limiting current.

Table 3 shows the measured limiting currents in comparison
Fig. 8. Polarization curves for the non-teflonised porous backing layers at 25 ◦C. If
not stated else the methanol concentration was 0.1 mol L−1 and the anode flow rate
was 3 mL min−1.
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Table 3
Comparison of the limiting current densities calculated by Eq. (1) and the experi-
mentally determined limiting current densities.

Backing layer jEq.1
lim

(mA cm−2) jexp
lim

(mA cm−2)

TGP-H-120 9.0 13.5
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rent density in Fig. 10 the areas under the flow field ribs contribute
only little to the total current density. This is especially true for
SGL-35-AA. Over 90% of the reactions take place under the channel,
for TGP-H-120 this rate is 70%. The main reason for this behaviour
is that because of the higher compression the distance between

Table 4
Correction factor to Eq. (1) due to flow field geometry, compression and anisotropy
determined by Monte Carlo simulation and the corrected current densities.

Backing layer � � · jeq.1
lim

(mA cm−2)

TGP-H-120 0.58 5.3
SGL-34-AA 0.57 5.6
SGL-35-AA 0.51 13.8
FB-A-0 0.53 16.6
GL-34-AA 9.8 11.4
GL-35-AA 27.0 > 30.2
B-A-0 31.1 > 24.3

ble the value was approximated by inter- or extrapolating the
easurement data.
Table 3 shows that the measured limiting current densities are

n the same order as the values predicted by the diffusion model in
ection 2.1. In particular the limiting current densities for SGL-35-
A and FB-A-0 are predicted significantly bigger than these of TGP-
-120 and SGL-34-AA. This prediction is in very good agreement
ith the direct measurement. It is noticeable, that the calculated

alues for the paper materials TGP-H-120, SGL-34-AA and SGL-35-
A are systematically smaller than the measured ones. According to

hat it can be concluded that diffusion is a major transport process in
he BL, but also further processes contribute to the mass transport.
ince the results are in good qualitative agreement it is probable
hat the additional transport processes are also depending in some
ay on the effective transport coefficient, e.g. for mass transport

y convection it is obvious that there is some dependence between
/� and the permeability of the material.

FB-A-0 is the only material for which the calculated value is not
maller than the current density at 200 mV. Even though in this
ase the current density is only a lower boundary it seems that this
aterial is not that sensitive to additional mass transport processes

s the paper materials. A reason for this could be the higher isotropy
f FB-A-0. To validate this statement further measurements have
o be carried out. In general it has to be admitted that the model
quation totally neglect the influence of the flow field and of the not
sotropic properties of the backing layers on the diffusion process.
o get some information how these influence the diffusion a Monte
arlo simulation of the diffusion process was set up as described in
he following section.

.5. Monte Carlo simulation of the diffusive mass transfer
ehaviour

To calculate the relative influence of flow field geometry and
ompression of the BL for each raw material BL two independent
imulation runs have been performed. First, for all materials ref-
rence simulations without respecting flow-field structures and
ompression with the appropriate tp transport coefficients have
een made. In a second simulation run the compression of the back-

ng layer under the flow field ribs and the geometry of the ribs were
ccounted for. The compression under the ribs at the used clamping
ressure of 3.1 MPa was estimated as 60% for SGL-35-AA and 30%
or the three other materials. Therefore the values of the effective
ransport coefficient in tp and ip direction for the area under the
ibs were taken out of Fig. 3 for TGP-H-120, SGL-34-AA and FB-A-0.
he transport coefficients for SGL-35-AA have been estimated. As
n Section 4.4 for the areas under the channels a compression of 5%
as assumed for all materials. Fig. 9 shows the resulting geometry
sed in the simulation. As mentioned the microstructure of the dif-
usion layer was accounted for by taking the experimental values of
he ip and tp transport coefficients for the compressed layer. In the
andom walk algorithm the replacements in tp and ip direction are

irectly proportional to these transport coefficients. No additional
icrostrucutre (in contrast to Section 4.3) has been introduced.
Under these boundary conditions the simulation was executed.

he resulting ratio between the two runs was taken as a correction
Fig. 9. Geometry of flow field plate and backing layer used in the Monte Carlo simu-
lation. The given values for the TGP-H-120 gad diffusion layer correspond to 5% and
30% compression for the region under the channel and the rib, resp., as given in the
text.

factor. The results in Table 4 show a correction factor � of 0.51–0.58
for the different materials. As can be seen in the simulated local cur-
Fig. 10. Spatial distribution of currrent at limiting current condition calculated with
the Monte Carlo simulation.
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he flow field rib and the electrode is much smaller for SGL-35AA
han for TGP-H-120. SGL-34-AA behaves quite similar to TGP-H-
20 and FB-A-0, because it is the thinnest material, very similar to
GL-35-AA.

To separate the effect of compression for TGP-H-120 one addi-
ional simulation was done with flow field but without compression
see Fig. 2). For this case � = 0.67 and the reaction distribution is
hown in Fig. 10. It is clearly visible that with increasing compres-
ion the number of reactions under the ribs decreases significantly.
ence a high compressibility of the backing layer has a negative

nfluence on the diffusive mass transport to areas under the flow
eld ribs.

Next jMC
lim = � jmodel

lim was calculated to get the numerical limiting
urrent densities out of the simulation. The results are summarised
n Table 4. The predicted values are round about 2–3 times too small.
till the model gives a qualitive right statement that the limiting
urrent for SGL-35-AA and FB-A-0 is by the factor 2–3 bigger than
he values for TGP-H-120 and SGL-34-AA. So in the case of the used
-channel serpentine flow field additional mass transport processes
ontribute with approximately equal weight to jexp

lim .

. Summary and conclusions

The mass transport in the anode side porous backing layer of
DMFC has been analysed. The results of limiting current mea-

urements have been compared with a model equation and a
-dimensional Monte Carlo simulation. In addition the correlation
f porosity and tortuosity has been studied and compared with two
ifferent models. Further the influence of microstructure geom-
try on the diffusion process was examined with a Monte Carlo
imulation. The results and conclusions are summarised as follows:

1) It has been found that paper-type porous backing layers show
anisotropic behaviour concerning their effective transport coef-
ficient. In general the in-plane coefficient is bigger than the
through-plane coefficient. For the mechanical bonded material
without chemical binder ip and tp coefficient are in the same
range.

2) The effective transport coefficient decreases when teflon is
added. The process route of teflonisation has a major influence
on the magnitude of the decrease.

3) It has been shown that the effective transport coefficient has an
influence on the mass transport resistance of the porous backing
layer on the anode side of a direct methanol fuel cell. A qualita-

tive correlation between the effective transport coefficient and
the limiting current density has been shown.

4) For the used flow field and methanol flow rate the contribution
of diffusion is 50–60% of the total mass transport depending on
the porous backing layer. [
ources 191 (2009) 456–464

(5) It is not possible to describe the relationship between tortuosity
and compression of porous backing layers with a unique func-
tion. Geometrical properties strongly influence the tortuosity,
the behaviour under compression and the direction depen-
dence of the tortuosity. Therefore it is necessarry to use models
that can be fitted to the special material. In particular such a
model must describe the microstructure of the chemical binder
and of the PTFE content.

(6) The results of the Monte Carlo simulation showed that depend-
ing on the backing layer and the compression the regions under
the flow ribs contribute significantly less to the overall current
density than regions under the channels.
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