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Abstract

Mass transport is a factor which limits the performance of solid polymer electrolyte fuel cells operating at relatively high current
densities. The direct methanol solid polymer electrolyte fuel cell, unlike the hydrogen cell, suffers from mass transport limitations
predominantly at the anode. In the liquid feed cell the mass transport limitations arise from diffusion of methanol in the carbon
cloth covering the active electrocatalyst layer and from hydrodynamic limitations in the anode flow channel. A model of the
methanol mass transport processes is presented which is used to predict the effective methanol concentration at the catalyst
surface and thereby the anode polarisation. This model, together with an empirical model of the open circuit voltage and the
cathode overpotential model, is used to predict the overall cell voltage, current density response of the fuel cell. © 1999 Elsevier

Science S.A. All rights reserved.
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1. Introduction

Proton-exchange membrane fuel cells (PEMFC) are
possible alternative power sources for stationary and
mobile applications and electric vehicles. Methanol is a
liquid fuel that has substantial electroactivity and can
be oxidized directly to carbon dioxide and water on
catalytically active anodes in a direct methanol fuel cell
(DMFC). The direct methanol fuel cell, based on a
solid polymer electrolyte (SPE) in the form of a proton
conducting membrane, has the attraction of no liquid
acidic or alkaline electrolyte. The structure of the
DMFC is a composite of two porous electrocatalytic
electrodes on either side of a solid polymer electrolyte
membrane. In the DMFC, platinum alone is not a
sufficiently active methanol oxidation electrocatalyst
and the promotion of methanol oxidation has been
actively studied. Significant results have been achieved
with the use of binary catalysts, notably Pt—Ru. With
these catalysts the second metal forms a surface oxide
in the potential range for methanol oxidation [1].
Recent developments in electrode fabrication tech-
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niques and better cell designs have brought dramatic
improvements in cell performance in small-scale DM-
FCs [1-11].

To date an essential condition for the high perfor-
mance of a DMFC is the use of low concentrations of
methanol. At concentrations higher than approximately
2 mol dm 3, the cell voltage declines significantly due
to permeation of methanol through the SPE (Nafion®)
membrane, i.e. methanol crossover. This permeation
results in a mixed potential at the cathode with a
significant loss in oxygen reduction performance and
also poor fuel utilisation. Thus an important area to
improve the DMFC performance is in polymer mem-
brane electrolytes to reduce methanol crossover.

Several researchers have reported limiting current
densities for methanol oxidation [5,12]. Kaurenan and
Skou [12] attributed this limiting current behaviour to
saturation coverage of adsorbed OH on the platinum
surface. Observed limiting currents on platinum sup-
ported catalysts occur at potentials of approximately
0.65 V (vs. RHE) where the fractional coverage of OH
is 0.5, as predicted by a Langmuir isotherm. Measure-
ments of methanol oxidation using linear sweep
voltammetry, at 5 mV s~ !, on platinum rotating discs
by Chu and Gilman [13] show a definite hydrodynamic
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influence. Peak methanol oxidation currents (measured
in 0.5 M H,SO, and 1.0 M methanol) at approximately
0.75 V (vs. RHE) decrease with increasing rotation rate.
Ravikumar and Shukla [5] have reported data for the
DMFC using carbon supported platinum-ruthenium
catalysts for methanol oxidation. Limiting current den-
sities are obtained, at 0.5-1.0 M methanol concentra-
tions, which are approximately proportional to the
methanol concentration. Noticeably the limiting current
densities observed by Ravikumar and Shukla [5] are
very much lower, at equivalent methanol concentra-
tions, than those of Kaurenan and Skou [12]. The
electrode structures used were significantly different.
Kaurenan and Skou used a 50 pm thick anode layer,
(40 wt% Pt on Vulcan XL-72R) with a Pt loading of 1.0
mg Pt cm 2, Ravikumar and Shukla used a catalyst
layer made from Pt—Ru supported onto Ketjen black
with a loading of 5 mg cm ~2 of catalyst; which was
covered with a carbon cloth ‘diffusion layer’, 0.3 mm
thick.

Previous models of the DMFC have been few. Ver-
brugge describes a simple diffusion model of methanol
through a PEM, assuming dilute solution theory [14].
Validation of the model with experimental data showed
that the diffusion rate of methanol through the mem-
brane was nearly as fast as through water. A second
model of methanol transfer, by diffusion and electroos-
mosis, across a PEM has been used to explain observed
experimental data for a vapour feed DMFC [15]. This
model has been extended to include a one dimensional
model of the potential distribution and concentration
distribution of methanol in the anode electrocatalyst
layer for a vapour feed system [2,16]. The model gives
good agreement with experimental data except under
conditions where mass transport becomes rate limiting.
Very recently, Baxter et al. [17] have presented a model
of the DMFC anode which is considered to be a porous
electrode consisting of an electronically conducting cat-
alyst structure that is thinly coated with an ion selective
polymer electrolyte. The pores of the electrode are filled

with aqueous methanol solution in which all species of
the reaction are free to transport. Mass transfer in the
anode is defined in terms of a pseudo-mass-transport
coefficient. The model is however not validated against
experimental data and does not consider mass transport
of species in other regions of the electrode assembly.

The purpose of this paper is to report a model for the
DMFC which accounts for the influence of methanol
and water mass transport, and of carbon dioxide gas
flow, on performance. The model considers the hydro-
dynamic influence in the flow channel associated with
carbon dioxide gas evolution, methanol mass transport
in the membrane electrode assembly (MEA), diffusion
layers and methanol transport across the membrane.
The model also incorporates a semi-empirical model for
the open circuit potential in the presence of methanol
crossover. Experimental data are used to validate vari-
ous aspects of the mass transfer behaviour of the anode
and cell polarisation data.

2. DMFC anode mass transport

Mass transport limitations in the anode of liquid feed
DMFC, shown schematically in Fig. 1, can potentially
arise in several ways:

1. at the catalyst sites which are covered in water and
at which carbon dioxide is formed;

2. in the Teflon/Nafion® loaded carbon gas diffusion

layer;

in the carbon cloth backing layer;

4. at the surface of the carbon cloth backing layer
where the gas bubbles are released into the flowing
methanol solution.

Carbon dioxide gas will be generated in the anode

structure at a position dependent upon local conditions

of pressure, temperature, carbon dioxide solubility and
bubble nucleation. Due to the moderate solubility of
carbon dioxide in the aqueous methanol solution, bub-
ble generation will occur away from the thin anode
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Fig. 1. Schematic diagram of the direct methanol fuel cell.
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catalyst surface. In practice, methanol solution is recy-
cled to the cell from a reservoir and thus will contain a
significant amount of dissolved carbon dioxide. Thus it
is likely, and is assumed here, that gas bubbles will be
formed in the diffusion layer and flow counter-current
to the mass transport of liquid.

The combined effect of the above mass transfer
effects, assuming all processes are linear with respect to
methanol concentration, gives the overall ‘effective’
mass transfer coefficient, k., as

Vkege = 1/ky + 1k + ke + 1/Ck* )

when £k is the hydrodynamic mass transport coefficient,
kg is the carbon cloth mass transport coefficient, &, is
the carbon gas diffusion layer mass transport coefficient
and &k* is the effective electrochemical methanol oxi-
dation rate constant in the catalyst layer, where, £, is an
effectiveness factor for the catalyst.

Diffusion mass transfer in the cloth depends upon
the liquid void fraction and the cloth pore structure and
can be represented by

J=nFk§ el'Ac, (2)

[~

where Ac,, is the concentration change over the cloth
thickness, e, is the liquid voidage, m is an empirical
parameter which allows for cloth tortuosity and poros-
ity, and kS = Dy.on/ly Where [, is the cloth thickness.

The diffusion coefficient of methanol in water Dy.on
is estimated to be 2.8 x 10~ m? s~ ! [18]. The carbon
cloth thickness varied between 140 and 280 pm. Taking
a thickness of 280 pm, and assuming mass transfer
through a stationary methanol solution, the mass trans-
fer coefficient for a cloth of 100% porosity is approxi-
mately 105 m s~ 1.

Such a mass transport coefficient places a potentially
large restriction on the performance of the DMFC and
clearly indicates the need for both effective electrode
design and suitable mass transport analysis. In practical
operation the carbon cloth (or paper) is partly filled
with carbon dioxide gas and the available liquid
voidage is therefore lower than that of the cloth
voidage. The estimation of the actual liquid voidage (or
liquid saturation s,,), is therefore essential to satisfac-
tory model the mass transport process. For this model,
capillary pressure theory is a reasonable approach [19].
Appendix A provides a macroscopic model, based on
momentum balances of the two phase flow of aqueous
methanol solution and carbon dioxide gas in a porous
media, for estimation of the liquid voidage as a func-
tion of current density.

An alternative simplified model is to assume that the
carbon dioxide gas is evolved as a bubble swarm into a
stationary liquid and that the voidage of gas is deter-
mined from the rise velocity of the gas bubble swarm.
This rise velocity can be estimated simply from
Richardson and Zaki drag coefficient correlations [20].

The volumetric production of CO, is governed by the
following relationship, if ideal gas behaviour is
assumed:

_RT j

£ P 6F 3)

and it is therefore directly dependent on the current
density.

This model clearly ignores the influence of the drag
of the carbon cloth, but could be applicable to horizon-
tally positioned electrodes in which the buoyancy of the
gas assists movement of bubbles away from the surface.

In comparison to the carbon cloth, the carbon diffu-
sion layer thickness is small, and thus this model largely
ignores this contribution to the mass transport resis-
tance. In principle both of the diffusion regions can be
modelled as one effective overall resistance.

The value of k; depends on the hydrodynamics in the
channel as well as on gas bubble generation at the
surface. Mass transfer at gas evolving electrodes has
been measured for oxygen evolution [21] and chlorine
evolution [22] at vertical electrodes. That data for oxy-
gen evolution can be correlated, allowing for differences
in gas evolution rates for oxygen evolution and carbon
dioxide evolution with current density, as a function of
current density, by the expression:

K, =1.87 x 10~ (j/3)° )

where k,, is the average mass transfer coefficient.

Overall the effect of increased current density on the
mass transfer characteristics of carbon cloth based an-
odes in the DMFC may be a combined effect of:

o cnhancement due to increased gas evolution at the
cloth surface and

e suppression due to decreased liquid volume in the
cloth.

In the case of the DMFC, gas evolves from the
surface of a carbon cloth positioned well away from the
active electrode region. This gas evolution is, as ob-
served in flow visualisation studies [23], not uniformly
distributed. Thus overall estimates of the influence of
bubble generation and movement on mass transfer
effects in the DMFC are approximate.

Experimental mass transfer coefficients, determined
from measurement of limiting current densities [24],
shown in Fig. 2, are in the range of approximately
2.5-6.0 x 107> m s~ !. The trend shown in the data of
the effect of methanol concentration, i.e. increased lim-
iting current density, appears to be a combined effect of
gas bubble mass transport enhancement and suppres-
sion of mass transport due to bubble accumulation in
the carbon diffusion layers.

Using the steady state model, presented in Appendix
A, the liquid voidage in the carbon cloth varies typi-
cally as shown in Fig. 3. The liquid saturation (and
voidage) falls rapidly as the current density increases,
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Fig. 2. Effective mass transfer coefficients for the direct methanol fuel
cell determined at limiting current conditions.
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Fig. 3. Predicted liquid saturation in the carbon cloth from capillary

pressure theory. (a) Variation of liquid saturation with current den-
sity. 4, 70°C; W, 80°C; A, 90°C.

Table 1
Parameters used in mass transfer model

Carbon cloth porosity 0.875
Carbon cloth thickness 140x 10~ ° m
Diffusivity of methanol at 70°C 28x1072 m? s~!

0.41 (70°C), 0.355 (80°C),
0.318 (90°C)
0.162 (70°C), 0.17 (80°C),
0.175 (90°C)

Viscosity of water

Viscosity of CO,

Nafion® 117 conductivity 0.0l Scm~!
Methanol reaction order, n 0.5
Methanol transfer coefficient 1.0

Oxygen cathode transfer coefficient 0.6

due to the increase in gas evolved at the anode. The
variation of liquid saturation also depends on the tem-
perature of operation due to, predominantly, the varia-
tion in viscosity of gas and liquid. At a fixed current
density the liquid saturation increases with decreasing

temperature. The spatial variation of liquid voidage in
the cloth, as computed from the capillary pressure
model, is typically within 10% of that predicted by the
steady state model.

The variation of the cloth mass transfer coefficient
with increase in current density reflects the decrease in
liquid phase voidage. The combined mass transfer ef-
fects produce a variation of overall mass transport
coefficient with current density, using the parameters in
Table 1, which exhibits a broad maximum (Fig. 4a).
Fig. 4b, shows the variation in mass transfer coefficient
with methanol concentration. This concentration is that
which gives the limiting current in the DMFC, i.e. with
the carbon dioxide evolution rate at it maximum, limit-
ing, value. These data are therefore determined under
conditions identical with values determined experimen-
tally, shown in Fig. 2. Agreement between the model
prediction and experimental data is reasonable, consid-
ering the uncertainty in predicted mass transfer coeffi-
cient in the channel.

3. Theoretical model

There are generally two important mass transfer re-
strictions in the direct methanol fuel cell; one due to the
construction of the MEA and the second arising from
CO, production in the anodic oxidation of methanol

CH,OH + H,0>6 ¢~ +6 H* + CO, (5)

The MEA is constructed as a sandwich of carbon
cloth, gas diffusion layer, anode electrocatalyst layer,
membrane, cathode electrocatalyst layer, gas diffusion
layer, and carbon cloth. Due to diffusion and electroos-
mosis, there is a constant convection of water through
the MEA from the anode to the cathode side. It can
therefore be assumed that the electrode is flooded.
However, as the feed solution is a dilute methanol
solution, methanol transfer to the cell can be limited by
the obstructions posed by the MEA.

It is the objective of this model to determine the
effective concentration of methanol at the diffusion-
layer | anode interface. The model considers the anode
catalyst layer to be pseudo one-dimensional and that
the carbon cloth and gas diffusion layer structure of the
MEA are to be treated as a unit, posing a major mass
transfer resistance. Although the carbon cloth is highly
porous, it is typically rendered partially hydrophobic to
facilitate removal of carbon dioxide gas. Both the hy-
drophobicity and the generation of gas restrict the mass
transfer of methanol in the aqueous solution through
the carbon cloth. This model is based on several
assumptions:

e the fuel cell is operated isothermally;
e there is no pressure difference between the
compartments;
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Fig. 4. Predicted variation of anode side mass transfer coefficient. (a) Variation of mass transfer coefficient with current density. ¢, cloth; W,
channel; A, overall. (b) Variation of overall mass transfer coefficient with concentration B, 70°C; A, 80°C; ¢, 90°C.

e the cathode side reaction is not rate limiting;
e the anode side is treated as pseudo-one-dimensional;

the concentration of methanol in the anode channel
is defined as the feed concentration. Under the as-
sumption that the flow channel is a well mixed
system, this concentration is in fact the exit concen-
tration of the cell. However, even at limiting currents
of 100 mA c¢m ~2 and at low concentrations, e.g. 0.25
M, the variation in flow channel concentration is
small.

transfer of water across the membrane is by diffu-
sion and electroosmosis;

mass transfer of methanol in the carbon diffusion

4.

layer is defined in terms of an effective diffusion
coefficient, discussed in Section 2;

the anode is assumed to be a pseudo one dimen-
sional surface;

the change in surface tension of the aqueous solution
with change is methanol concentration is negligible
as the liquid in predominantly water.

General relationship between concentration and mass

transfer

Fig. 5 shows the model of the anode which includes

transport processes associated with the cation exchange
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Fig. 5. Schematic model of the DMFC anode.

membrane. Methanol transfer flux in the MEA is
brought about by reaction at the anode, N,, and trans-
fer across the membrane Nyg.

The reaction flux is

N, =Jj/6F (6)
The methanol flux through the carbon cloth is a combi-
nation of diffusion Ny, and convection expressed as

Meon = Npigr + XpeNt (7

where x,,. is the local methanol mol fraction and Ny is
the total flow of water and methanol. As the methanol
concentration is low, the total flow is approximately the
flow of water only, i.e.

Nr=Nypo (3)
For dilute methanol solution used in the DMFC the
local mol fraction can be approximated by

€H,0 >3 “MeOH C\eOH 180M00H

Xte = S )

Ch,0 T CmeoH CH,0 (Hzo

CMeOH

where c¢ is the concentration and, { H,0 is the density of
water.

The diffusion flux of methanol is given by Fick’s
Law:

d
Npyr = — D=0t (10)
X
where D, is the effective diffusion coefficient of
methanol.
Combining Eq. (7) to Eq. (10) and solving

ol _{HzoNi\/IeOH

. MO T T 8N o | 1 18N an
o+ GmoNweon | KE o
MeOH 18N,HZO

where, k¥ = D_/l,, is the effective mass transfer coeffi-
cient in the carbon cloth and diffusion layers, and
superscripts a and f refer to anode and feed concentra-
tions, respectively.

methanol crossover

5. Water transport

The water transport through the cloth is caused by
three different factors:

1. the water required for the anode Eq. (6)

2. the electroosmotic water transfer through the
membrane with H* ions

Ndrag = /{HZOJ/F (12)
3. diffusion across the membrane
Npir = (D Iﬁzo/lm)(c H,0 — Cilzo) 13)

where Dij , is the diffusion coefficient of the water in
the membrane, ¢i,0 and c§; o are the water concentra-
tions on the anode and cathode side, respectively.
Strictly, the driving force for water diffusion should be
expressed in terms of water activity.

The water transfer across the membrane is influenced
by the evaporation of water into the cathode gas stream
and the production of water by the cathode reaction.
Both these factors will vary the effective water activity
or concentration at the cathode side. In addition,
methanol crossover from anode to cathode will modify
the cathode side water concentration through its partial
oxidation at the cathode. At this point it is appropriate
to consider experimental data on water transfer as
given, for example, by Ren et al. [25]. Water transfer
starts at a finite value at zero current density and rises
relatively slowly with current density until a ‘critical
current density’ (j..) is reached, after which the water
transfer increases linearly with current density. At j =0,
the water transfer is due to diffusion through the
membrane, which in turn is influenced by the cathode
side pressure and temperature. As load is applied to the
cell, water accumulates in the cathode pores and the
activity of the water effectively increases. This contin-
ues until the anode and cathode side water concentra-
tions (or activities) are equal, after which the water
transfer is by electroosmotic drag. This is shown graph-
ically in Fig. 6.

As an approximation, at a constant evaporation rate,
we assume that the cathode accumulation of water
varies linearly with current density in the following
form:

cilzozc‘;[zoll-:o—l—yj (14)

In this equation, y, is an experimentally determined
constant.

The water transfer across the membrane is expressed
simply as

NHZO = Ndrag + (DE2O/lm)(Cia~120 - C;IZO) (1 5)
The water transfer at j =0, is therefore
NH20|i=O = (Dr}r]lzo/lm)(ci‘izo - C%IZOI/':O) (16)

Combining Egs. (14) to (16), yields:
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NHZO = Narag + NHZOI/‘: 0~ (Drﬁ]zo/lm)yj (17)
This applies up to a critical density, which is defined as

j :jcrit if NHZO = Ndrag (1 8)

It follows that

fLo, _ Msol=s (19)
m Jerit
When the current density is higher than the critical

current density,
NHZO = Ndrag lf J >jcrit (20)

Finally, using Egs. (6), (12) and (13) the total water
transport across the membrane is given as:

’ — a —_
1,0 = N0+ Nuyo =

m
H,0

l

m

y.] lf J <jcril

21

The general behaviour of this model of water transport
is shown in Fig. 7, and water transport parameters are
given in Table 2.

5.1. Methanol transport in the membrane

Methanol transport is by diffusion and by electroos-
mosis, with water, leading to

/1Mej Dnl\}le
NMe - F + lm
where DY, is the diffusion coefficient of methanol in
the membrane, Acyy. is the concentration difference of
methanol across the membrane, which is approximately
equal to c¢%., as the concentration of methanol at the
cathode side is small, due to its oxidation and evapora-
tion. N, is also denoted as the methanol crossover
and, in principle, can be used to calculate mixed
potentials.

The drag coefficient is assumed to be given by:

Acie (22)

Ameon = X élt/[eOH;”HZO = lggﬂ A 1,0 (23)
HZO

That is methanol in aqueous solution is dragged with

the water in proportion to the mol fraction of methanol

in solution. Combining Egs. (6), (22), (23) and (4), the

total methanol flow is expressed as:

’ _ ] 18 a . DXI\K/IICOH a
MeOH = 67v+ @AHzocMcOH] + i Cmeon  (24)

The above model equations are readily solved to
determine the variation of methanol anode concentra-

m

0.5
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Fig. 6. Water transfer characteristics of Nafion® membrane.
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tion with the current density as a function of the system B= 18 o+ 0D Neon
. 2
parameters. The solution to the model depends upon F I
the value of the current density in relation to the critical {n,0J
current density C= 6F
3.2 (> Jerie) 5.3 (G <jori)
For j>j., there is no influence of methanol For j<j.. the anode interface concentration is
diffusion. The anode interface concentration is given given by
by:
Table 2
exp i A ot - E + 9 Membrane water transport parameters determined from data of Ren
k* Cno/\ MO 4 A et al. [25]
Chreon =g (29)
l— =+ = expl —— T/°C P/bar ) Nipolj—omol m=2 s~ j /A m—2
AT AP\ ko
where 80 2.37 3.16 0.045262 1863.8
80 0.89 3.16 0.082731 2958.5

P el 60 237 286 0.023843 913.8
A=18<—+i> 60 0.89 286 0.047778 1818.9
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2
Me 1 B+B T D (26)
_ 2 expl — ——
DD P\t g
where
J | 4mol Do .
D =18 = 2 o ——2
8<6F+ F +NHZOI/:0 L V])

6. Experimental

Tests on the DMFC were performed with a cell,
shown schematically in Fig. 6, with a cross-sectional area
of 9 c¢cm? The cell was fitted with one membrane
electrode assembly sandwiched between two graphite
blocks which had a flow bed, in the form of parallel
channels, cut out for methanol and oxygen air flow. The
cell was held together between two copper current
collectors, two plastic insulation sheets and two stainless
steel or aluminium backing plates using a set of retaining
bolts positioned around the periphery of the cell. Electri-
cal heaters, supplied by Watson Marlow, were placed
behind each of the graphite blocks in order to heat the
cell to the desired operating temperature. The graphite
blocks were also provided with electrical contacts and
small holes to accommodate thermocouples. The fuel
cells were used in a simple flow rig which consisted of a
Watson Marlow peristaltic pump to supply aqueous
methanol solution, from a reservoir, to a Eurotherm
temperature controller to heat the methanol. Air was
supplied from cylinders, at ambient temperature, and the
pressure regulated by pressure regulating valves. All
connections between the cells and equipment were with
PTFE tubing, fittings and valves

MEAs studied in this work were made in the following
manner: the anode consisted of a Teflonised (20%)
carbon cloth support (E-Tek, type ‘A’), of 0.35 mm
thickness, upon which was spread a thin (diffusion layer)
layer of uncatalysed (Ketjenblack 600) carbon, bound
with 10 wt% Nafion® from a solution of 5 wt% Nafion®
dissolved in a mixture of water and lower aliphatic
alcohols (Aldrich). The catalysed layer, consisting of 50
wt% Pt—-Ru (2 mg cm~? metal loading) dispersed on
carbon (Ketjen) and bound with 10 wt% Nafion®, was
spread on this diffusion backing layer. The catalyst
content on the cathode was 1 mg cm —2. Application of
the thin layer of Nafion® bound uncatalysed carbon was
found to improve the performance of the anode, proba-
bly by enabling greater access to active catalyst sites for
methanol, water and protons. A thin layer of Nafion®
solution was spread onto the surface of each electrode.
Details of catalyst preparation are described elsewhere
[11]. In brief, catalyst preparation used oxidation of
colloidal Pt/Ru dispersions. This chemistry is based on

soluble sulphito complexes of the form Na,Pt(SO;), and
Na,Ru(SO;); and gives rise to 2 nm M-O particles
adsorbed on the carbon. On chemical or electrochemical
reduction, 2 nm particles of Pt, Ru or Pt—Ru are formed.
The cathode was constructed using a similar method as
for the anode, using a thin diffusion layer bound with 15
wt% PTFE, and 1 mg cm ~2 Pt black (Johnson Matthey)
with 10 wt% Nafion® in the catalyst layer. The electrodes
were placed either side of a pre-treated Nafion® 117
membrane (Aldrich). This pre-treatment involved boil-
ing the membrane for 1 h in 5 vol% H,O, and 1 hin 1
mol dm ~3* H,SO, before washing in boiling Millipore
water (> 18 mQ) for 2 h with regular changes of water.
The assembly was hot-pressed at 100 kg cm ~2 for 3 min
at 135°C. The resulting MEA was installed in the cell
after pressing, and hydrated with water circulated over
the anode at 75°C for 48 h.

7. Cell voltage characteristics

7.1. Anode polarisation

For fuel cells the cell voltage is obtained from the
combined effects of thermodynamics, kinetics, mass
transport and ohmic resistance. For simplicity this
voltage is frequency quoted as

Vcell =E + Mact + M ohmic

=E,—blogj— RI+blogj,— b log(cy/cy) 27)

where b = Tafel slope, R is an internal resistance j, is the
exchange current density and the last term allows for
mass transport limitation, i.e. the electrocatalyst surface
concentration is lower than that in the ‘bulk’ electrolyte.

As a simple kinetic model for methanol oxidation,
Tafel type kinetics are chosen

an

. . CMeOH OCF
= j,— — (E—E° 28
J=Jo— eXP[RT( )} (28)

CMeOH

where j, is the exchange current at the reference poten-

tial, o is the transfer coefficient and n is the order of

reaction with respect to methanol concentration.
Re-arranging gives the overpotential:

(E—E°)=§§[ln T P } (29)

an f
CMeOH CMeOH

The effect of temperature on the open circuit voltage is
given by

)
E=FE°+AT|— 30
+ <6T> (30)
where E°=1.216 V at T=298 K and (0E/0T)has been

identified over the temperature range as (0E/0T) =
—0.14 mV K~! and AT=T-298 K.
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Fig. 8. Predicted variation in anode methanol concentration and anode overpotential. (a) Effect of methanol concentration. 90°C. Methanol
concentration (M). A: 0.125; B: 0.25; C: 0.5; D: 0.75; E: 1.0; F: 1.25; G: 2.0. (b) Effect of temperature. 1.0 M methanol. l: 70°C; @: 80°C; A:

90°C.
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Fig. 9. Experimental DMFC cell polarisation behaviour. 90°C, 2 bar air pressure.

Fig. 8 shows the typical predicted variation in effective methanol diffusion coefficient is based on the
methanol concentration and anode overpotential using model of the liquid voidage based on the bubble swarm
the above model for the anode. Estimation of the calculation. The overpotential exhibits the experimental
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trends seen in the cell polarisation data (Fig. 9), i.e.
limiting current density is approached at high current
densities and with low methanol concentrations, where
the predicted concentration of methanol at the anode
approaches zero. The effect of higher temperature in
decreasing the overpotential for methanol oxidation
and increasing the limiting current density is also pre-
dicted (Fig. 8b). The characteristic large initial drop in
potential at low current densities, associated with anode
polarisation is also seen. However to develop a cell
polarisation curve based on the anode overpotential
requires a model which conforms to the experimentally
observed large difference in theoretical equilibrium po-
tential and the measured values of the open circuit
potential. This factor is influenced by complex interfa-
cial effects at the anode and cathode catalysts and the
effect of methanol crossover on the cathode.

7.2. Cell polarisation

A semi-empirical model for the open circuit voltage
of the DMFC which includes the effect of methanol
crossover has recently been produced [26] in the form
below

Cell Voltage/V
o o
w >

o
N
N
+

o
e

o

- 20 40 60 80 100 120 140 160
Current Density/ mA cm~?

o

o

o
+

Cell Voltage/V

S

o
| 4

1)

o

50 100 150 200
Current Density/mA cm~?

o

Fig. 10. Comparison between model and experimental cell polarisa-
tion data. (a) Experimental data, A: 0.125 M; H: 0.375 M methanol
concentration. 80°C. Solid lines model data. (b) Experimental data,
A:0.125 M; H: 0.375 M methanol concentration. 70°C. Solid lines
model data.

Vceu,o = E0(1 - ﬂ)

RT s Peona) ™
+ 3 ln{k>§1 (T)(cpmeona)' ~ Uﬂ(?f)

)

The parameter values which were determined from a
least-squares fit of the experimental data, are f =0.56
and k%(90°C) = 2.4 x 102, It is assumed that the infl-
uence of methanol on the cathode mixed potential is
constant and does not vary with current density, i.e. a
constant overpotential due to methanol crossover ex-
ists. There is published experimental evidence to sup-
port this [12] and also we have measured concentrations
of methanol in the cathode exhaust of operating fuel
cells and found that they vary little with operating
current density [27]. In practice a model of the effect of
methanol on the mixed potential at air cathodes is
required which is outside the scope of this work. An
approach, under development, is to consider the simul-
taneous processes of oxygen reduction and methanol
oxidation on the electrochemical kinetics of the cathode
based on experimental data.

Overall the model for the cell potential is based on a
combination of the model for the open circuit potential,
the anode mass transport model, a Butler—Volmer
cathode polarisation model [28] with a constant oxygen
partial pressure (a large stoichiometric excess of air or
oxygen is used in the experimental work) and a mem-
brane potential drop, estimated from the published
conductivity for Nafion® [29].

Vcell = Vcell,O - IRmembrane - |’7(, + ’7d| (32)

Fig. 10 shows a comparison between experimental
cell polarisation data and model data, for 0.125 and
0.375 M methanol feed concentrations. There is gener-
ally good agreement between the two sets of data over
the full range of current densities. The mass transfer
limiting current behaviour is modelled satisfactorily in
all cases. Although the proposed model has been vali-
dated against experimental data it does, as with most
models, have a number of shortcomings. These include
the need for robust models of the anode electrocatalyst
layer and of the oxygen reduction catalyst in the pres-
ence of methanol. Furthermore it remains to be seen
whether, or not, structural modifications and changes
in material properties of the DMFC membrane elec-
trode assembly, which influence transport properties,
can be modelled satisfactorily and incorporated into an
overall model of the liquid feed system. Additionally
the model should also respond to variations in thermo-
dynamic properties of, and the phase equilibrium be-
tween, aqueous methanol and carbon dioxide gas,
which depend upon local conditions of temperature and
pressure.
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8. Conclusions

Observed limiting current densities in the DMFC
have been associated with diffusion limitations in the
carbon cloth and hydrodynamic limitations in the flow
channel. A model of methanol mass transport in the
anode side of the DMFC and through the membrane
enables prediction of the concentration of methanol at
the anode electrocatalyst. This model enables calcula-
tion of the anode polarisation over the full range of
operating current densities and methanol concentra-
tions. The model, in combination with a Butler—
Volmer model of the cathodic reduction of oxygen
gives good predictions of actual DMFC polarisation.
Further improvements in the DMFC model may be
realised with an improved cathode model which allow
for the mixed potential at the cathode due to methanol
crossover and a porous electrode diffusion model of the
anode electrocatalyst layer.
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Appendix A. Capillary pressure model for liquid
voidage

The capillary pressure model treats the porous media
(carbon cloth and/or carbon diffusion layer) as a con-
tinuum with two phase flow of gas and liquid. The
porous media has voidage e, which is constituted by a
liquid voidage e; and gas voidage, e,, such that e = ¢, +
€,.

’ Momentum balances for gas and liquid in the porous
media are written as

dp

0= —egd—zg—l—eg(gg—i—Fg (Al)
dp,

0= —e,— dz +€1§18+F1 (A2)

where P; are the local pressure of phase i, either gas g
or liquid 1, F;=total drag force per unit bed volume
experienced by phase 7, and {; is the density of phase i.

The drag forces are given by the following expres-
sions [30]

b (An(l=ere't  Bi(l—e)e U]
g dzeéﬁ eé.Sd

U,

g

(A3)

e—e \*(Aum(1 —e)’ef B (1 —e)[Ule}
F=— g U,
: <el - elL> < d?e? * e’d (A41)

where A and B are constants, u is the viscosity, U the
fluid velocity, d the average particle size of the porous
media, and the limiting liquid voidage is given by

=(20+0.9E%) ! (A5)
where
L gd?e?
B =0 (A6)

with ¢ the interfacial tension.
The difference between the gas and liquid phase
pressure is the capillary pressure P., given by

P,— P =P, (A7)

The capillary pressure is related to the permeability of
the porous media, k, according to the

e\12
P.= <k> aJ(S) (A8)

where, J(S)) is the Everett function.
This function is approximated by the following ex-
pression for a wide range of porous media [30].

J(S) = 0.48 4 0.036 1n<1 ;S ‘) (A9)

1

and S is the saturation given by e, =e(1 —5)).
To be consistent with the Ergun equation [19], the
permeability of the carbon cloth and diffusion layer is

(-5

where 4 =~ 150 and where permeability is defined in
terms of Darcy’s equation

(A10)

(All)

g

vk (dP,/dx)
2

As an approximation we can assume that, because
the liquid flow is small, liquid and gas flow are laminar
over the thin diffusion layer, /.,a differential balance is
written, by combining Egs. (1) to (4), as

F, F
@ et h
e, ¢

for a vertical orientated electrode where J! denotes the
first derivative and

_ jJ6F
£ le(1=8)

The steady state condition on this equation gives the
average liquid voidage from the condition.

Fg/egzﬂ/el

(A12)

(A13)

(Al14)
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Assuming this to be the condition at the boundary of
the cloth and flow channel, i.e. away from the site of
bubble generation, enables Eq. (12) above to be solved
to give a spatial variation in voidage from which an
average diffusion coefficient can be obtained as

D, = fc DMcOH(el)l'5

0 Ic

dz (A15)

The liquid velocity is approximately

U ={Ni/18 (A16)

Appendix B. Notation

c concentration

d average size of particle in porous
media

D diffusion coefficient

e voidage

E electrode potential

E° standard electrode potential

Eeo cell voltage at open circuit

F Faraday constant

F, drag coefficient

I cell current

j current density

Jerit critical current density

Jo exchange current density

J(S) Leverett function

k permeability

k; mass transfer coefficient

k* empirical rate constant defined in Eq.
(31

k, mass transfer coefficient for flow
channel

/ thickness of layer

m constant defined in Eq. (2)

n number of electrons

N flux

Nirag water flux by electroosmotic drag

N, flux of water associated with anode
reaction

Nau,o water flux due to diffusion

P partial pressure

P pressure

P, capillary pressure

R gas constant

S liquid saturation

T temperature

U fluid velocity

4 volumetric flow

Veen cell voltage

X mol fraction

A drag coefficient

o interfacial tension

{ density

¢ effectiveness factor

o charge transfer coefficient

I3 empirical constant for methanol cross
over in equation (31)

y empirical constant defined in equation
(14)

n overpotential

{ho density of water

u viscosity

z co-ordinate direction

Subscripts

a anode

c carbon layer

cl cloth

eff effective

g gas

1 liquid

m membrane

MeOH methanol

T total

H,O water

Superscripts

a anode

c cathode

cl carbon cloth
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