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Abstract

The direct methanol fuel cell (DMFC) is a very promising power source for low power
applications. High power and energy density, low emissions, operation at or near ambient
conditions, fast and convenient refuelling and a potentially renewable fuel source are
some of the features that makes the fuel cell very promising. However, there are a few
problems that have to be overcome if we are to see DMFCs in our everyday life. One of
the drawbacks is the low performance of the DMFC anode. In order to make a better
anode, knowledge about what limits the performance is of vital importance. With the
knowledge about the limitations of the anode, the flow field, gas diffusion layer and the
morphology of the electrode can be modified for optimum performance.
    The aim of this thesis is to elucidate the limiting factors of the DMFC anode. A
secondary goal is to create a model of the performance, which also has a low
computational cost so that it can be used as a sub model in more complex system models.
    To reach the primary goal, to elucidate the limiting factors, a model has to be set up
that describes the most important physical principles occurring in the anode. In addition,
experiments have to be performed to validate the model. To reach the secondary goal, the
model has to be reduced to a minimum.
    A visual DMFC has been developed along with a methodology to extract two-phase
data. This has proven to be a very important part of the understanding of the limiting
factors. Models have been developed from a detailed model of the active layer to a two-
phase model including the entire three-dimensional anode.
    The results in the thesis show that the microstructure in the active layer does not limit
the performance. The limitations are rather caused by the slow oxidation kinetics and, at
concentrations lower than 2 M of methanol, the mass transport resistance to and inside the
active layer. The results also show that the mass transfer of methanol to the active layer is
improved if gas phase is present, especially for higher temperatures since the gas phase
then contains more methanol.
    It is concluded that the mass transport resistance lower the performance of a porous
DMFC anode at the methanol concentrations used today. It is also concluded that mass
transfer may be improved by making sure that there is gas phase present, which can be
done by choosing flow distributor and gas diffusion layer well.
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Sammanfattning

Direktmetanolbränslecellen, DMFC, är en mycket lovande strömkälla i applikationer med
låga effektbehov. Hög effekt- och energitäthet, låga emissioner, drift vid eller nära
omgivningstemperatur och -tryck, snabb och smidig tankning samt ett potentiellt
förnyelsebart bränsle är några av fördelarna. Några problem måste fortfarande
överbryggas innan vi får se DMFC i vår vardag. Ett av dem är anodens dåliga prestanda.
Med kunskap om vad som begränsar anodens prestanda kan den förbättras genom att
flödesfördelare, gasdiffusionsskikt samt elektrodens sammansättning och morfologi
optimeras.
    Målet med den här avhandlingen är att undersöka vilka faktorer som begränsar
prestanda i DMFC-anoden. Ett annat mål är att skapa en modell för anodens
elektrokemiska beteende som inte bara ger kunskap om begränsningarna, utan också är
tillräckligt snabb för att kunna användas som delmodell i mer komplexa modeller som
används för att studera kompletta system.
    För att nå det första målet krävs en modell som beskriver de viktigaste fysikaliska
processerna i anoden och experiment för att se hur väl modellen stämmer med
verkligheten. För att nå det andra målet krävs det att modellen förenklas så långt som
möjligt.
    Något som har visat sig vara av stor vikt för förståelsen har varit den visuella
direktmetanolbränslecellen som har utvecklats tillsammans med en metodik för att mäta
tvåfasdata. Modeller har utvecklats från en detaljerad elektrodmodell till en tvåfasmodell
som räknar över hela den tredimensionella anoden.
    Resultaten i avhandlingen visar att mikrostrukturen i elektroden inte begränsar
prestanda. Det som är avgörande för prestandan är istället den långsamma kinetiken för
metanoloxidationen samt, för koncentrationer under 2 M, masstransportförluster av
metanol till och i det porösa aktiva skiktet. Resultaten visar också att masstransporten av
metanol till aktiva skiktet förbättras om gasfas är närvarande, särskilt vid högre
temperaturer eftersom gasfasen då innehåller mer metanol.
    Slutsatserna är att masstransportbegränsningar för metanol försämrar prestandan för en
porös DMFC-anod vid de metanolkoncentrationer som används idag och att
masstransporten kan förbättras genom att se till att gasfas finns närvarande. Detta kan
göras genom ett smart val av flödesfördelare och gasdiffusionsskikt.

Nyckelord: direktmetanolbränslecell, bränslecell, DMFC, anod, modell
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Introduction

The direct methanol fuel cellA (DMFC) is a very promising power source for low power
applications. High power and energy density, low emissions, operation at or near ambient
conditions, fast and convenient refuelling and a potentially renewable fuel source are
some of the features that makes the fuel cell very promising. The main advantage of the
DMFC, compared to other types of fuel cells, is the simplicity of the entire power system
- no need to store a gas or to reform a liquid fuel at elevated temperatures. The DMFC
power system thus has the potential to be very compact and be used even in mobile
phones or smaller devices. In the near future, power systems with DMFC may be
competitive up to a few kW of power output.

The principle of the DMFC is to directly oxidise methanol to carbon dioxide on the anode
and to reduce oxygen (preferably from air) to water on the cathode. This gives a
thermodynamic cell potential of 1.2V, but in reality the cell potential is much lower. The
reactions that occur are:

CH3OH + H2O � CO2 + 6 H+ + 6 e- (1)
3/2 O2 + 6 H+ + 6 e- � 3 H2O (2)
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
CH3OH + O2 � H2O + electricity & heat (3)

The DMFC can schematically be described as in Figure 1. The active layers are the actual
electrodes where the electrochemical magic occurs. On the anode side, the left-hand side
in Figure 1, methanol and water react to form carbon dioxide, protons and electrons. On
the cathode side the protons and electrons react with oxygen to give water and thereby
closing the electric circuit. Each of the gas-backing layers has several purposes: on the
anode side it transports the electrons to the current collector, transports methanol and
water to the electrode and carbon dioxide out to the fluid flow channel. On the cathode
side it transports the electrons and oxygen to the electrode and the product, water, out to
the fluid flow channel.

                                                  
A In general, a direct methanol fuel cell can have several different electrolytes such as a liquid alkaline

solution, a solid oxide or a polymer electrolyte. In this thesis only the polymer electrolyte direct methanol

fuel cell is considered, thus the term “direct methanol fuel cell” (DMFC) will be used for a direct

methanol fuel cell with a polymer electrolyte.
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active layer
porous gas-backing layer

current collector/ channel for fluid flow

ion conducting membrane

O2

e-

H
+

CH3OH
H2O

CO2 H2O

Figure 1 Schematics of the DMFC.

There are a few weaknesses of the DMFC that have to be overcome, at least to some
extent, if we are to see DMFCs in our every day life. One problem is the polymer
membrane as such. Nafion, which is most commonly used today, is too permeable for
methanol, which is readily transported through the membrane with diffusion and electro-
osmosis. This gives a loss of fuel and a lowered potential on the cathode side due to a
mixed potential as shown in Figure 2. There are two ways to attack this problem: make
sure no methanol reaches the cathode or make sure that it does not react if it does cross
the membrane. The first approach includes both using an impermeable membrane and
making sure that all of the methanol reacts to carbon dioxide already in the porous anode.
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Figure 2 Mixed potential: the crossover of methanol through the membrane increases the
current on the cathode, thus lowering the cathode potential and the cell potential.

For many applications the performance of the anode has to be improved. The anode
reaction is in reality much more complex than indicated by equation 1 above. The
reaction consists of many different reaction steps. A more detailed mechanism for
methanol electrochemical oxidation on platinum alloy as anode catalyst is given by
Ley et al. [1]:

Pt CH OH Pt CH OH ads+ → •3 3( ) (4)

Pt CH OH Pt CH O H eads ads• → • + ++ −( ) ( )3 3 (5a)

Pt CH O Pt CH O H eads ads• → • + ++ −( ) ( )3 2 (5b)

Pt CH O Pt CHO H eads ads• → • + ++ −( ) ( )2 (5c)

Pt CHO Pt CO H eads ads• → • + ++ −( ) ( ) (5d)

M H O M H O ads+ → •2 2( ) (6)

M H O M OH H eads ads• → • + ++ −( ) ( )2 (7)

Pt CO M OH Pt M CO H eads ads• + • → + + + ++ −( ) ( ) 2 (8)

where M is the metal alloyed with platinum. State-of-the-art alloy for the anode catalyst
today is PtRu (1:1) which is used in this thesis [I-VI].

One way to achieve a higher anode performance is to use a more effective catalyst for the
oxidation of methanol. This is a very important field of research and the state-of-the-art
catalyst composition is bound to change with time. Another way, which can be used as a
complement, is to utilise the catalyst of the electrode as well as possible.
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As seen in Figure 3, an electrode is quite complex in its structure. For a reaction to occur
on the catalyst not only methanol and water need to be present, the catalyst has to be in
electric contact with the gas-backing layer and in ionic contact with the polymer
membrane. In order to make better electrodes, knowledge about what limits the
performance of the electrode is of great importance. With this knowledge about the
limitations of the electrode, the morphology can be modified to utilise the catalyst as
effectively as possible by varying porosity, thickness and fractions of electrically and
ionically conducting components. Knowledge about the limitations may also lead to new
innovative solutions to overcome the limiting processes.

gas diffusion layer active layer

H2O

CH3OH

CO2

H+ ionomer

particle

agglomerate particle

carbon

Pt/Ru

R

e-

Figure 3 Anode electrode structure: the radius of the agglomerate, R, is used as a pseudo
second dimension in the model, see Paper I.

Since it is not possible to directly measure potential and concentration gradients within
the thin anode electrode, modelling is used to acquire knowledge about what limits the
anode. A good physical model has to explain and predict the performance when varying
experimental conditions such as the methanol concentration, preferably also when varying
temperature and flow rate. There are today some models of the DMFC that aim to
describe the processes occurring, including the electrochemistry [2-17]. The models can
be characterised by their treatment of the electrochemical kinetics, mass transfer and how
the results are validated.

The kinetics used in most models is Tafel or Bulter-Volmer kinetics [2-8, 13, 14, 16]. The
reaction order of methanol is equal to one in most models, with some exceptions.
Reaction orders other than one vary from 0.08 [4] and 0.25 [13] to 0.5 [7, 14]. Wang and
Wang have a reaction order that is either 0 or 1 depending on if the methanol
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concentration is above or under a threshold value [16]. To better cope with the
experimental deviation from traditional kinetic equations, Kauranen introduced surface
coverage-based kinetic equations [9]. More recently Sundmacher et al.[10-11], Meyers
and Newman [12] and Divisek et al. [17] have studied the surface coverage treatment of
the kinetics [10-12, 17]. In addition, Kulikovsky has used the kinetic model from Meyers
and Newman in a brief study [15]. When surface coverage-based kinetic equations are
used, the reaction order becomes variable with the potential and temperature.

The mass transfer treatment varies considerably in the models. About half of the models
account for the mass transfer limitation on performance in both the gas-backing layer and
the active layer [5-9, 12, 13, 16, 17]. In general, porosity, thickness and ratio of catalyst to
the ion-conducting component will influence the performance of a porous electrode. Most
of the above models [3-6, 8, 9, 12, 13, 17] take into account the potential distribution in
the electrode due to the finite ionic conductivity. It is possible that the microstructure of
the electrode itself influences the local performance in the electrode, due to local
limitations of mass transfer. Until now, only Baxter et al. [4] have considered this
possible limitation from the microstructure. They used a thin film model of the electrode,
but no conclusions were drawn with respect to the influence of the microstructure.

Validation of the models also varies considerably. The model by Dohle et al. [6] is the
only one that is validated using a reference electrode in an actual fuel cell.
Sundmacher et al. validates with cell data, without a reference electrode, but using a
potential step technique to provide transient data [10]. Other models are validated using
cell polarisation curves without a reference electrode [2, 3, 7, 9, 16, 17]. The experimental
data used by Wang and Wang are not very suitable as they use a dry air stream on the
cathode, causing a strong cooling effect from evaporation [16]. Kauranen [9] does
however validate the used kinetic equations in a separate study with half-cell experiments
[18]. Baxter et al. [4] and Jeng and Chen [13] validate the model by fitting the model to a
single polarisation curve, using a hydrogen-evolving cathode as a reference [4, 13].
Meyers and Newman also uses polarisation curves with hydrogen evolution on the
cathode, but fit to four different methanol concentrations [12]. Kulikovsky et al. does not
at all validate against experimental data [5, 8, 15] with one exception where he fits 9
parameters to a set of three polarisation curves [14]. To conclude, very few of the present
models have decent validation. Especially serious is the lack of validation for the models
including the largest numbers of unknowns, such as the models by Wang and Wang [16]
and Divisek et al. [17].
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A 1D-model can give lots of insights regarding which parameters are most important for
the performance of a DMFC, but expanding the model to cover the streamwise direction
of the fuel cell will make it even more useful for practical fuel cells. Methanol depletion,
mass transfer effects and an increasing volume fraction of gas in the anode streamwise
direction are effects that may be of more or less importance. Anode gas evolution is very
evident when running DMFC experiments, even at low current densities, therefore two-
phase effects probably needs to be considered. Still, only few models take two-phase
effects into account [7, 16, 17]. Also, very few of the models include the streamwise
dimension [5, 8, 16].

Summing up the literature review, the efforts in this field has been impressive during the
last few years. When this work begun, back in 1999, the only published models including
the anode was the model by Kauranen [9] and the early model by Scott et al. [2, 3].
Despite the efforts recent years, there are still many gaps in the modelling literature. Most
of the literature has been focused on one-dimensional one-phase models, limited to a
single temperature and a narrow span in methanol concentration. Very few of the models
have decent validation. Especially serious is the lack of validation for the most complex
models. No work has been presented, to my knowledge, with decently validated
temperature dependent anode kinetics.

Most of the published models are models of the full cell; i.e. they contain not only a
model of the anode, but also a model of the membrane and the cathode. A full cell model
has the advantage of giving information about all limiting process in the DMFC, but there
is always a risk that the quality of the information will be low, especially if the sub-
models are not good enough or enough validated. In this work it was chosen to focus on
the anode to be able to dig deeper into the specific problems of the DMFC anode.
Furthermore, when fewer uncertain physical processes are described in the model, the
quality when validating with experimental data will be higher.

The primary goal of this work was to create an understanding of the limiting processes
occurring in the DMFC anode. The secondary goal was to develop validated
mathematical models for the anode that could be of use for other researchers or
companies when working with cell, stack or system design or modelling of the DMFC. To
reach the goals, modelling has to go hand-in-hand with experiments. The strategy to reach
the primary goal was to combine experiments on small experimental cells and a
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morphology study with modelling. To reach even further, to the secondary goal, not only
did the models need to include fluid mechanics; they also needed to be reduced to greatly
improve calculating speed. In addition, experiments to verify the more advanced 2D-
models were needed.
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Experimental

The 1 cm2 cell

The cell used in Papers I, II and IV, shown in Figure 4, was constructed in-house and is
described in more detail elsewhere [19]. The current collectors were made of stainless
steel with right-angled, spiral flow paths cut out for methanol and oxygen flows. Fluid
flows in at the centre of the current collector and out at the circumference.

Figure 4 Photograph of laboratory cell used in Paper I, II and IV. Cathode side to the left,
anode side to the right and the MEA in the zip-bag.

To avoid measuring ohmic losses over the current collectors and the current collector
carbon cloth interface during the electrochemical measurements, two stainless steel wire
probes (A and D in Figure 4) were connected directly to the carbon cloth on each side of
the MEA.

As a reference electrode an in-house constructed dynamic hydrogen electrode (DHE) was
used, directly in contact with the Nafion® membrane. For the DHE to be stable over long

A Cathode probe

B Cathode inlet
C DHE reference
D Anode probe
E Temp. probe
F Hole for heater
G Cathode outlet
H Anode inlet
I MEA
J Spiral current

collector
K Anode outlet

A
B C

D

E

F
G

I

H

J
K
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periods of time an 80 µA current was applied between the reference and the cathode.
More details about the experimental set-up and conditions are given in the respective
papers [I, II, IV].

The visual cell
To study the gas evolution and the two-phase behaviour of the anode, a visual cell was
constructed in-house, inspired by the visualisation studies in Newcastle [20-22]. The cell
is used in Papers V and VI. Just like the cell used in Newcastle, this cell has an acrylic
plastic endplate on the anode side and the current is drawn out to the sides. Figure 5
shows the principle of the visual cell. The potential drops due to the resistances in the
spanwise direction of the stainless steel mesh and the current collector were computed
and found to be negligible. To minimise the contact resistances between the current
collectors and the stainless steel meshes and between the mesh and the gas diffusion
layer, the meshes and the current collectors were plated with a 10 µm thick layer of gold.
The cell was designed to give an even temperature distribution by introducing a circuit for
cooling/heating directly behind the cathode, as shown in Figure 5. For the sake of
temperature insulation and to provide an even clamping pressure on the flowfield mesh,
the plexi-glass used in the cell is thick, 35 mm at the flowfield mesh. The flowfield mesh
was a woven stainless steel mesh with the dimensions 1.50x40x130 mm (HxWxL) and
had gaps with the dimension 1.35x1.35 mm. The porosity of the mesh was measured to be
0.87. The cell, mesh, MEA, gaskets and anode current collector are shown in Figure 6.

~~ ~ ~ ~ ~

Transparent endplate

Endplate with heat exchanger

Fuel saturated with CO2

Humidified N2

Five layered MEA

Mesh flowfield

Mesh flowfield

Figure 5 The principle of the visual cell.

The buoyancy of the carbon dioxide bubbles is expected to have an impact on the
performance of the DMFC, therefore the visual cell was mounted on a rack, allowing for
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measurements at different tilting angles of the cell. In this work, however, all experiments
were carried out in horizontal mode.

Figure 6 The visual cell: a) transparent acrylic plastic end plate; b) aluminum
endplate with integrated heat exchanger; c) five-layered MEA with sealing gasket; d)
sealing gasket; e) gold plated mesh; f) gold plated anode current collector.

The membrane electrode assemblies (MEAs)

In Paper I and II, the electrodes were prepared in-house to be able to vary the composition
of the electrodes. Details for the electrode preparation are found in the papers. The
electrodes in Paper IV-VI were bought commercially to ensure a greater reproducibility,
especially between the 1 cm2 size MEA used in Paper IV and the 48 cm2 MEA used in
Paper V-VI. The electrodes were manufactured by BCS Fuel Cells Inc. and have identical
composition. In all papers, the catalyst has been PtRu 1:1, which was the state-of-art
catalyst when the work begun and still is.
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Results and Discussion

One-dimensional work
In order to create an understanding of the limiting processes occurring within the anode of
the DMFC a model containing the possible limitations of the porous anode was set up. A
brief overview of the model is given here. For more details, see Paper I and IV.

Gas diffusion layer
The mass transfer in the gas diffusion layer is modelled as three-component Stefan-
Maxwell diffusion with an effective diffusion length, δeff, which was fitted to

experimental data at low current densities. At the boundary to the channel, the
concentration of methanol was set to the bulk value and the boundary to the active layer,
the gradient of the flux was set to zero. The diffusion coefficients were converted to
effective values using the Bruggemann relationship.

Active layer
In the pores, assumed to be filled with liquid, Maxwell-Stefan diffusion was assumed in
the same way as in the gas diffusion layer. The faradic current density and the electro-
osmosis give the flux between the pores and the agglomerate phase. At the phase
boundary, equilibrium conditions are assumed. In the first 1D-model, the mass transfer
(Fick’s radial diffusion) into the spherical agglomerates was considered. As the electric
conductivity was measured and found negligible, the potential gradient in the active layer
was given by the local current/ionic conductivity and the electrochemical potentials of
water and methanol, as derived by Baxter et al. [4]. The kinetic expression for the electro-
oxidation of methanol was derived from the reaction mechanism as described later.

An important result from the modelling work was that the concentration gradient within
the agglomerates in the active layer was shown negligible. As a consequence, the pseudo
2D-direction in the model could be removed; reducing it to a simpler 1D-model with
much less computational cost.

Since widely different kinetic expressions for the electro-oxidation of methanol have been
published with no consensus, the surface coverage approach introduced by Kauranen [9]
was adopted to create a kinetic model of the electro-oxidation of methanol based on the
reaction mechanism. Introducing a few assumptions, a full model of a complex reaction
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mechanism, such as equation 4-8, can be simplified to a large extent. The major
assumptions are:
• The kinetics can be described by adsorption theory coupled with Butler-Volmer

kinetics for the charge-transfer steps
• The catalyst is comprised of one type of site only
• The Langmuir isotherm is valid
• The four-step electro-oxidation of CH3OHads, equation 5a-d, is irreversible at the

potentials of interest.
• The oxidation to carbon dioxide is irreversible since CO2 cannot adsorb on the catalyst

[23].

The resulting kinetic equations are:

CH OH CH OH
k

k
ads

b
3 3

1

1

↔ (9)

CH OH CO H eads

k

ads3

2

4 4→ + ++ − (10)

H O OH H e
k

k
ads

b
2

3

3

↔ + ++ − (11)

CO OH CO H eads ads
k+  → + ++ −4

2 (12)

The derived kinetics was first tested against in-house made electrodes at 70 °C [I], which

was a good starting point to study limitations in the anode, but of more limited use for
studies of the DMFC in a wider perspective. Therefore the kinetics was tested in a new
study, using commercial electrodes, in the range 30 °C – 70 °C, making it useful for a

wider range of DMFC applications [IV]. The results from testing the kinetic equations in
the 1D-model against experimental data have been promising. In addition to the full 1D-
model of the anode, a simplified expression has been developed with the sole purpose to
reduce computational cost for more complex models. Equation 13 proved to fit well to the
experimental data when used instead of the full model for the active layer. In Figure 7, the
experimental data, the full model fit and the fit when using the simplified expression for
the anode instead of the full active layer model is shown.
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Where Ea is the electrode potential, α2 is the electrochemical transfer coefficient, Ea
* and

ilim are fitted functions, see equation 14-16. The current density is given in Am-2.
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γ
(15)

γ = 1 5
1000

. * tanh( )
Ca (16)

where Ca is the methanol concentration in mol m-3 and T is the temperature in K.

It is evident from Figure 7 that both the full model and the more simplified version fits
well to the experimental data. Based on the fit to the experimental data we can say that the
full model is valid in the entire temperature and concentration span studied. The good fit
is encouraging, but it is not enough information to prove that the kinetic model is correct.
From an atomic perspective, the kinetic model used is very crude and therefore it cannot
be entirely correct. The important question to answer here is if it is good enough, which
the good fit shows. The simplified expression, however, does not predict the performance
for the highest concentrations at 30 °C and 50 °C very accurately and is of limited use for

those cases.

The full model is the most interesting from a physical point of view since parameters such
as noble metal loading, thickness, porosity and ionic conductivity may easily be varied,
which is important if the aim is to optimise the electrode. Another major advantage is that
the gradients of the methanol concentration and the potential in the ionic phase within the
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active layer can be monitored for such a parameter study. The simplified version has the
advantage of very low computational cost. Such a simplified equation can be very useful
for cell, stack or system studies where it is of the essence to have very low computational
cost for the sub-models. When using the simplified expression instead of the full porous
model, the concentration gradient and the potential profile inside the active layer may be
calculated in a post-processing step using the full model.
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Figure 7 Comparison between experimental data, the full model and the simplified
expression. The methanol concentrations are 0.1 M, 0.5 M, 1 M, 2 M and 4 M.

Experimental data (line), full model fit (o) and fit from the simplified expression
(*). Temperatures are a) 70 °C  b) 50 °C  c) 30 °C.
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Figure 8 show the predicted concentration gradients for methanol and carbon dioxide in
the anode, according to the 1D-model. The large decrease in methanol concentration at
higher potentials will significantly lower the performance of the DMFC, showing the
importance of the mass transfer of methanol. The concentration of carbon dioxide exceeds
the solubility limit even at very low potentials. For the highest potential, the concentration
of CO2 is almost twenty times higher than the solubility limit, indicating the large driving
force for gas evolution and challenging the one-phase assumption. The sudden change in
the concentration gradient at x=1.8e-5 m is due to the interface between the gas diffusion
layer and the active layer. The flow of species is constant over that boundary.
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Figure 8 Concentration profiles of methanol and carbon dioxide within the anode. First
18 µm is the effective thickness of the gas-backing layer. The carbon dioxide
solubility limit is 14 mol/m3 [4]. Bulk methanol concentration is 1 M and the
potentials are 0.32 V, 0.50 V, 0.55 V and 0.64 V. Temperature is 70 °C.
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In addition to the modelling study, it was of great interest to study the influence of the
electrode parameters more practically. To make the study more unique, with hope of new
information, PTFE was added to the electrodes instead of just varying the traditional
components of a MEA, i.e. catalyst and ionomer. A series of MEAs with PTFE content
varying from 0 to 60 wt.% was produced and characterised. The electrochemical
behaviour is shown in Figure 9. The worst performance was at 10 wt.% of PTFE in the
electrode. Surprisingly the performance was improved by both decreasing and increasing
the PTFE content compared to the 10 wt.% PTFE electrode. The best performance was
that of the 0 wt.% and the 50 wt.% PTFE electrode.

Figure 9 Anode polarisation curves for a DMFC at various PTFE contents in the anodic
catalyst layer at 70°C and ambient pressure. Anode metal loading: 0.8 mg/cm2,
Nafion loading on anode: 1.7 mg/cm2. Humidified oxygen on the cathode and
0.5 M methanol on the anode. (�) 0 wt.% PTFE, (�) 0.25 wt.% PTFE, (�)
0.5 wt.% PTFE, (∆) 10 wt.% PTFE, (�) 20 wt.% PTFE, (�) 30 wt.% PTFE, (+)
40 wt.% PTFE, (x) 50 wt.% PTFE.

The specific pore volume distributions of the MEAs with various PTFE contents were
measured. Pores between 0.01 and 0.04 µm are defined as primary pores and the ones
between 0.04 and 1.0 µm are defined as secondary pores. According to Watanabe et al.
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[24], the primary pores can be interpreted as the pores between the primary particles in
the agglomerate (Nafion / catalyst on carbon) an the secondary pores as the pores between
the agglomerates. Figure 10 shows that the specific volume of secondary pores increases
with the PTFE content, but PTFE has no influence on the primary pores.

Figure 10 Relation between the specific pore volumes and the PTFE content obtained
by Hg-porosimetry.

Despite their thickness and an electric resistance that is eight times higher, due to their
doubled thickness and their four times lower conductivity, electrodes with 50 wt.% PTFE
have a performance similar to electrodes without PTFE. This fact can be explained by
combining characterisation data with knowledge about mass transfer. There are positive
and negative effects of the PTFE on the anode performance. Mass transfer limitation due
to thicker electrodes with increasing PTFE content lowers anode performance. Adding
PTFE also decreases the contact area between the polymer electrolyte and the catalyst
clusters due to competition between the two polymers, i.e. the utilisation of the catalyst is
lowered [25]. Another effect that lowers the performance is the higher electrical
resistance when adding PTFE due to lower electrical conductivity and the thicker
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electrodes. It is most likely that the ionic resistance is increased in the same manner since
the mechanism for lowering ionic conductivity is the same as for electric conductivity. A
reasonable explanation for the positive effects is that the thicker electrode increases the
concentration of carbon dioxide, which will evolve as a gas when the amount of
secondary pores increases. The presence of gas will enhance the mass transfer of
methanol since gas-phase diffusion is much faster than liquid phase diffusion. Micro-
convective effects close to gas in motion may also enhance mass transfer. The negative
effects combine to give lower performance with increasing PTFE content up to about
10 wt.% of PTFE added. However, at PTFE contents higher than 10 wt.% the positive
effects of PTFE addition begin to outweigh the negative effects, thus the improved
performance.

Two-dimensional work
As a stepping-stone towards a full two-dimensional two-phase model, a two-dimensional
one-phase model was set up. The model considers the normal direction from the active
layer and along a fluid channel in the flow field, as seen in Figure 11. As only few results
from the model will be discussed, the model is not described in detail here. The model
uses Navier-Stokes equation for an incompressible fluid in the flow channel and Darcy’s
law in the gas diffusion layer. The active layer is modelled by an earlier version of the
simplified expression shown earlier as equation 13. The model captures the essential
physics, except for two-phase effects.

Figure 11 The geometry of the two-dimensional one-phase model.
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As a stepping-stone, it proved that mathematical analysis of the 2D-anode could, to a very
large extent, simplify the equations to solve, reducing computational times from minutes
to less than a second for the advanced 2D-model of the anode.
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Figure 12 The partial pressure of CO2 in the anode in bar. Negative co-ordinates on the Y-
axis correspond to values in the gas diffusion layer and positive to values in the
flow field. Temperature is 70 °C, the methanol concentration is 1 M and the flow
rate is 4.5e-3 ms-1.

Figure 12 shows the partial pressure of CO2 in the 2D-anode predicted by the one-phase
model. The high pressures show the need for considering the formation of gas in a
physically correct model of the anode. Consequently, the two-phase model was developed
to get a physically more correct model.

The two-phase model
The geometry of the two-phase model is the same as for the one-phase model with the
difference that the flow field is modelled as a porous media, which was chosen since the
mesh in the visual cell should be modelled as such. As a consequence, Darcy’s law is
used in both the flow field and the gas diffusion layer for the conservation of momentum.
Conservation of mass is given by the continuity equation in the two domains. The species
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transport is given by Fick’s generalised law for all three species in both domains.
Equilibrium is assumed between vapour and liquid phase. The composition in the ternary
component two-phase equilibrium is given by Gibbs phase and adapted expressions for
the activity coefficients of methanol and water from literature data. As a result,
expressions were derived to give the mole fractions in both phases as a function of
temperature, pressure and mole fraction of methanol in the liquid phase.

The simplified kinetic expression, equation 13, is used as a boundary condition instead of
using the full active layer model. Information from within the active layer can be
calculated in a post-processing step if desired. Diffusion of methanol and electro-osmosis
of water and methanol is the only considered species transport through the membrane.
The two-phase model captures the essential physics, including the two-phase effects.
Even though the two-phase model is labelled as a two-dimensional model, it is actually
three-dimensional since it also captures the spanwise direction, i.e. the direction normal to
the xy-plane in Figure 11.

In order to verify any model including the streamwise direction, data is needed for a
larger cell. If the model includes two-phase flow, there is an additional need to study two-
phase data. The visual cell, seen in Figure 6, was constructed to be able to provide all the
necessary data.

An interesting observation from the experiments with the visual cell was the fact that the
gas appears at the mesh in a far from homogeneous manner. At some sites it is much more
likely to see a bubble nucleate and grow. This result agrees with the observation by
Argyropoulos et al. [22]. The vast majority of such more active sites are located in
corners where the mesh wires cross. Figure 13 shows an example of such a site. The fact
that the active sites are found in mesh corners may provide an important clue to the
physical explanation for the behaviour. In the mesh corners the gas diffusion layer will be
more compressed due to the pressure from the endplate. The increase in pressure will lead
to a lowered contact resistance between the mesh and the gas diffusion layer. The
physical compression of the gas diffusion layer will also directly increase the electrical
conductivity. In addition, and perhaps a more important effect is that the mass transfer of
methanol and CO2 will be enhanced by the compression as the positive effect of a shorter
length of diffusion outweighs the negative effect of the decreased porosity for a moderate
compression of the gas diffusion layer.
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Figure 13 Local effect of bubble nucleation: gas-phase expansion from an active mesh site at
a) t=0, b) t=3 s, c) t=9 s and d) t=11 s. The white arrow marks the active gas-
producing mesh site. The current density is 10 mA cm-2 and the temperature is
45 °C. The fuel flows from the right to the left with a flow rate of 1.4e-3 ms-1.

Figure 14 shows experimental results and model predictions of pressure drop over the
visual cell for different flow rates with no current drawn and at 68 and 79 mA cm-2. The
model predicts the measured pressure drop well. The drastic increase in pressure drop
when current is drawn in a DMFC with a mesh-based flow distributor can be attributed to
the high gas saturation, defined as the local value of Vgas/(Vgas+Vliquid), seen in Figure 15.
Since the gas saturation in the anode is higher than 70% and the mean gas velocity is low,
the increase in pressure drop is not surprising due to the greatly reduced free passage for
flow when a current is drawn. Even though the increase is drastic, it is not alarming from
an applied point of view since the required pump power is low even for the higher
pressure drops in Figure 14.
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Figure 14 Pressure drop as a function of the inlet flow rate at 45 °C. Experimental results: (*)
no current; (�) 68 mA cm-2; (�) 79 mA cm-2. Model predictions: (–) no current;
(– �) 68 mA cm-2; (– –) 79 mA cm-2.

Figure 15 shows the gas saturation in the visual cell and the model predictions for two
different flow rates. Even though the flow rate is changed by a factor of ten, the gas
saturation is not changed very much. The large variations in the experimental data are due
to the local variations in activity shown in Figure 13, further discussed in Paper V.
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Figure 15 Streamwise gas saturation at 45 °C and 68 mA cm-2. Fuel flow rates are (�)
1.4e-3 ms-1 and (�) 1.3 e-2 ms-1. The predictions from the two-phase model are
(–) 1.4e-3 ms-1 and (- -) 1.3 e-2 ms-1.

The predictions by the two-phase model agree well with the IR-corrected experimental
data shown in Figure 16. The upward bend predicted by the model, and indicated by the
30 °C experimental data, is a result of mass transfer resistance in combination with kinetic

limitations.
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Figure 16 Two-phase model predictions and IR-corrected experimental data from the visual
cell. Flow rate is 7.3e-3 ms-1 and the methanol concentration is 1M.

Figure 17 shows the predicted mole fractions in the anode. It is interesting to note in

Figure 17a-b that the mole fraction in the gas phase already at 50 °C is higher than the

mole fraction in the liquid. Since the diffusion coefficient in gas phase is O(104)B faster
than in liquid phase, yet the molar density differ by only O(103), this will improve
methanol mass transfer a great deal. The mole fractions of CO2 is virtually constant in
both liquid- and gas phase, a contrast to the extreme gradients of CO2 predicted by the
one-phase model in Figure 12.

                                                  
B By O(104) I mean in the order of magnitude 104, i.e. in this case, the diffusion coefficient in gas is in the order of

magnitude 10000 times larger than that in a gas.
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Figure 17 Predicted mole fraction profiles in the anode by the two-phase model. Negative
values of Y correspond to the gas diffusion layer and positive values to the mesh.
X is the streamwise direction. Temperature is 50 °C, methanol concentration is 1M

and the flow rate is 7.3e-3 ms-1.

The two-phase model predicts that gas saturation gradients only occur along the
streamwise axis, as seen in Figure 18. The absence of gradients in the mesh is confirmed
by the experiments as the gas bubbles fills up the entire gap in the mesh, from the gas
diffusion layer to the acrylic endplate.
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Figure 18 Predicted gas saturation profiles in the anode by the two-phase model.
Temperature is 50 °C, methanol concentration is 1M and the flow rate is
7.3e-3 ms-1. Negative values of Y correspond to the gas diffusion layer and
positive values to the mesh. X is the streamwise direction.

Figure 19 shows the current distribution at the active layer, as predicted by the two-phase
model. All deviation from unity in Figure 19 is due to mass transfer resistance and
depletion of methanol, where the latter is of minor importance at the high flow rates used.
For the lowest concentrations, the local current density decreases by more than 15% along
the streamwise direction. The low starting value for the dimensionless current densities at
the lower concentrations indicate that mass transfer resistance reduces the performance
already at the inlet. For the highest concentration, 4 M, the very low decrease along the
streamwise direction indicates that there is no need to consider the streamwise direction in
the model. In addition, the fact that the dimensionless current density is close to unity
permits an even more drastic simplification for that case –  the model doesn’t even have
to include the mass transfer resistance, i.e. the performance can be predicted by the
kinetic expression itself. For the best precision at this high concentration, the kinetics
from the full active layer should be used, as seen in Figure 7. The result is an anode model
with negligible computational cost. It is important to keep in mind that this is only
applicable for this special case. A more general comment on the result seen in Figure 19
is that the losses due to mass transfer resistance are not very large for the higher



29

concentrations, at or above 1 M methanol. Consequently, it is rather the poor kinetics of
the methanol oxidation that limits the anode performance than mass transfer limitations.
Of course, there would be a difference if the catalyst loading was higher or the catalyst
used was more active.

Figure 19 Current distribution for different methanol concentrations. Dimensionless current
density for the concentrations 0.1, 0.5, 1, 2 and 4 M methanol at 50 °C and
7.3e-3 ms-1 flow rate. The current scales for the different concentrations are 29,
100, 150, 200 and 230 mA cm-2, respectively.

To study the difference between one- and two-phase models, the current distribution for
1 M methanol at a flow rate of 7.3e-3 ms-1 was computed for three different temperatures.
Since the flow fields differ between the one- and two-phase models derived in this work,
the one-phase data for the comparison was derived by removing the gas from the two-
phase model. The result is seen in Figure 20. As for the previous figure, all deviation from
unity is due to mass transfer resistance. At 30 °C, the difference between the one- and

two-phase models is small. As a consequence, a one-phase model may be used instead of
the full two-phase model with only minor loss of precision, reducing computational cost

significantly. Above 30 °C, the one- and two-phase models differ significantly with the

best performance predicted by the two-phase model. This is reasonable when considering
the fast diffusion in the gas phase, but it is contrary to the common belief that the carbon
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dioxide blocks the mass transfer of methanol. The enhanced anode performance for two-
phase systems compared to one-phase systems is more pronounced at higher temperatures
where the mole fraction of methanol in the gas phase is higher. It is interesting to note
here, as for the case varying the methanol concentration, that the local current density
does not deviate by more than 20% from the value given by the kinetic expression for the
two-phase model predictions. This means that mass transfer to the active layer does not
severely lower the performance of the anode.

Figure 20 Comparison between a one-phase (–) and a two-phase (- -) model for different
temperatures. Dimensionless current density for the temperatures 30 °C, 50 °C and
70 °C. Methanol concentration is 1 M and the flow rate is 7.3e-3 ms-1. The current
scales for the different temperatures are 51, 150, 360 mA cm-2, respectively.

Considering the improved mass transfer in the gas phase one might think that gas
saturation close to unity always is good. It would certainly be the case in an ideal system,
but in a real system there is always a risk of local depletion of methanol. This is the case
with the visual cell where the gas bubbles stay entrapped for long periods of time when
the flow rate is low. A consequence is local depletion of methanol and lowered
performance. Using knowledge from both the two-phase model and the visual cell, it is
possible to suggest the properties for an ideal flow field for the anode of a DMFC when
limitations in mass transfer lowers performance. It is ideal that the flow field retains
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bubbles to keep gas saturation high but make sure that the entrapped bubbles are in
contact with “fresh” liquid fuel.

The ideas behind this ideal flow field sheds new light on the results varying the PTFE
content in the electrodes and to the study by Scott et al. [26] where the PTFE content in
the gas diffusion layer was varied. It is likely that the positive effects seen in these two
cases with increasing PTFE content is due to increased gas saturation in the active layer
and the gas diffusion layer, respectively. In the case of the gas diffusion layer, negative
effects started to outweigh the positive effects at 20 wt.% PTFE due to lowered electric
conductivity and probably also due to the lowered porosity.

With these ideas in mind we can go even further and suggest properties not only for the
flow field, but for the entire anode. The active layer should be thin or have large pores
where gas may be present. To maximise mass transfer to the active layer, the combination
of flow field and gas diffusion layer should be chosen so that high gas saturation is
achieved in the gas diffusion layer. One way to achieve this is to use a flow field retaining
gas to keep the gas saturation in the flow field to a maximum.

So what does limit the performance of the anode in the direct methanol fuel cell? It is
impossible to give a general answer; it depends on the system used and parameters such
as: the catalyst, catalyst loading, ionic conductivity, porosity in the active layer and the
gas diffusion layer, thickness of the active layer, characteristics of the gas diffusion layer
and the flow field just to name a few. For the specific MEA used in the visual cell, which
is also studied with the two-phase model, mass transfer limitations does contribute to
lowering the performance but the performance of the anode is mainly limited by the
reaction kinetics. The catalyst loading used, 1.6 mg PtRu cm-2, is low compared to what is
used in many studies. In addition, the activity of the commercial MEA was not as high as
it could have been. The in-house prepared MEAs gave better performance even though
that the catalyst loading was only half of the commercial MEAs. For a higher loading or a
more active catalyst, the mass transfer would be even more important than for the system
used in the visual cell.

An interesting question to answer is of course, what is the ideal case? Is it to have as
small mass transfer limitations as possible? Or is it more ideal to have the process fully
limited by the mass transfer limitations? It also depends on the system. When the system
is designed to be kinetically controlled, the catalyst utilisation is at its maximum, which is
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good if the catalyst cost is the major part of the system cost. If the catalyst cost on the
other hand is a minor cost, it may be a very good alternative to make the anode more mass
transfer limited as the size of the fuel cell stack then is minimised. The conclusion is
therefore that the design of the DMFC anode is to some extent an economical
optimisation problem. Therefore anodes designed for different applications may vary
considerably.

I would like to end the discussion by suggesting interesting work for the future. More
experiments with the visual cell accompanied by two-phase modelling would be
interesting. Different flow fields and gas diffusion layers should be tested. In order to
capture the local depletion effects from the visual fuel cell at low flow rates, the two-
phase model should be upgraded to not only include differences in the spanwise direction,
but also transient behaviour since the gas phase movement is rather intermittent than
continuos. A very interesting experimental work would be to segment the visual cell so
that two-phase data and local current density can be measured simultaneously. That
would be my vision of an ideal experimental cell for DMFC studies, including model
validation.
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Conclusions

This thesis presents results from studies involving experimental investigations and
modelling to investigate the limiting factors on the direct methanol fuel cell anode
performance. From the work the following can be concluded:

The microstructure in the active layer does not limit the performance of the anode, as the
methanol concentration gradients in the agglomerates have been shown negligible. As a
consequence computational cost for anode modelling is reduced.

A kinetic model based on surface coverage has been derived from the reaction mechanism
and validated against experimental data from in-house made electrodes as well as
commercial in the range: 303-343 K, 0.10-4.0 M methanol and 0.25-0.7 V vs. DHE. The
kinetic model has been incorporated in a model of the porous active layer also including
mass transfer limitations and limitations in ionic conductivity. The mass transfer of
methanol has been shown to be important, at least for concentrations lower than 2 M. In
addition, it has been shown that gas will evolve already at low current densities. To help
reduce computational cost for models where the anode active layer only is a minor part, a
semi-empirical expression has been derived which can be used instead of the full porous
active layer model.

Electrodes with varying PTFE-content in the range 0-60 wt.% have been prepared and
characterised. The worst performance was for the 10 wt.% PTFE electrodes, with
increasing performance when both increasing and decreasing the amount of PTFE. The
best performance was for the 0 wt.% and the 50 wt.% PTFE content. Lumps of PTFE was
formed for electrodes with more than 50 wt.% PTFE, thus they were not studied. The
explanation for the positive effects, outweighing the negative effects of the increased
thickness, decreased electrical and ionic conductivity, is that gas will be present in the
electrode, increasing mass transfer.

A visual fuel cell has been built enabling to provide data about the two-phase behaviour
in the anode. Experiments showed that gas appeared at the flow field in a far from
homogeneous manner. Some mesh sites are much more active in evolving gas. A two-
phase model was derived and reduced with leading order analysis. Experimental results
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from the visual cell including pressure drop, gas saturation and anode polarisation curves
have been used to validate the model. Model and experiments agree well in all cases.

The pressure drop over the anode flow field increases drastically when a current is drawn.
This effect is due to the large gas saturation, more than 70%, that reduces the free passage
for the liquid flow. The gas saturation is, not surprisingly, higher for low flow rates where
the driving force to remove the gas is low. Performance has been shown to increase when
gas is present, contrary to common belief, especially for higher temperatures where the
mole fraction in the gas phase is higher. The physical explanation is that the resulting
molar flux for the O(104) higher diffusion coefficients in gas, still only O(103) lower
density, will be O(10) faster in gas phase at the same mole fraction of methanol. Using
knowledge from the two-phase model, the visual cell and the work when varying PTFE
content in the active layer, the properties for an ideal anode in a DMFC has been
suggested for the case where mass transfer limitations lower the performance. The active
layer should be thin or have large pores where gas can be present. The combination of
flow field and gas diffusion layer should be chosen to keep high gas saturation in the gas
diffusion layer. One way to achieve this is to choose a flow field that retain bubbles to
keep high gas saturation. The flow field has to make sure that the entrapped bubbles are in
contact with “fresh” liquid fuel not to risk local depletion of methanol.

Two special cases where the model of the anode can be even further simplified have been

identified. First for low temperatures (at or below 30 °C), the one-phase model gives

approximately the same performance prediction as the two-phase model and may thus be
used instead of the two-phase model, reducing computational cost. The second case gives
even more drastic consequences for computational cost. For high methanol concentrations
(at or above 4 M), mass transfer is not limiting the performance, whence the anode
performance may be predicted directly from the kinetic equations.

It is not possible to draw any general conclusions about what limits the performance of
the DMFC anode. The limitations are too dependent of the system used and under which
conditions it is run, i.e. what methanol concentration, flow rate and temperature. For the
MEA used in this study, mass transfer resistance lower the performance, but not severely.
It is thus the slow methanol oxidation kinetics that sets the limit for the performance. If a
more active catalyst is used, or a higher catalyst loading, the mass transfer resistance will
significantly lower performance. In the end it is economical and system issues that has to
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decide the design point for the anode, i.e. which limitations and losses that are allowed to
dominate.

Comparing the results of the thesis to the prime and secondary goals set in the
introduction, it is evident that the prime goal, to create an understanding of the limiting
processes occurring in the anode, has been achieved. The secondary goal, to develop
validated models for the anode that include the limiting processes but still has low
computational cost, has also been achieved. For further work, upgrading the two-phase
model is suggested, but also to segment the visual cell so that two-phase data and local
current density could be measured simultaneously.
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