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Abstract

The performance of a liquid feed direct methanol fuel cell based on a Nafionw solid polymer electrolyte membrane is reported. The
cell utilises a porous Pt–Ru-carbon supported catalyst anode. The effect of cell temperature, air cathode pressure, methanol fuel flow rate

Ž 2 .and methanol concentration on the power performance of a small-scale 9 cm area cell is described. Data reported is analysed in terms
of semi-empirical models for the effect of methanol crossover by diffusion on cathode potential and thus cell voltage. Mass transfer
characteristics of the anode reaction are interpreted in terms of the influence of carbon dioxide gas evolution and methanol diffusion in
the carbon cloth diffusion layer. Preliminary evaluation of reaction orders and anode polarisation agree with a previous suggested
mechanism for methanol oxidation involving a rate limiting step of surface reaction between adsorbed CO and OH species. q 1999
Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .The direct methanol fuel cell DMFC , based on a solid
Ž .polymer electrolyte SPE in the form of a proton conduct-

ing membrane, has the attraction of no liquid acidic or
alkaline electrolyte and uses methanol, either as vapour or
liquid. The structure of the DMFC is a composite of two
porous electrocatalytic electrodes on either side of a solid

Ž .polymer electrolyte SPE membrane. The direct methanol
Ž .fuel cell DMFC is a promising power source for a range

of applications including transportation and portable power
Ž .sources. The thermodynamic reversible potential 298 K

for the overall cell reaction in the DMFC is 1.214 V,
which is comparable to 1.23 V for the hydrogen fuel. A
current advantage of the hydrogen cell is that hydrogen
oxidation at the anode is very fast and consequently the
performance of the hydrogen cell is better than that of
methanol cell. For methanol the oxidation kinetics are
inherently slower as a result of intermediates formed dur-
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w xing methanol oxidation 1 . Oxidation of intermediates to
carbon dioxide requires the adsorption of oxygen contain-

Ž .ing species e.g., OH, H O . Adsorption of these species2

does not occur substantially until potentials well above the
w xreversible potential of the anode 2 . In fuel cells, platinum

alone is not a sufficiently active methanol oxidation elec-
trocatalyst and the promotion of methanol oxidation has
been actively studied. Currently 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
w x3 .

Recent developments in electrode fabrication techniques
and better cell designs have brought dramatic improve-
ments in cell performance in small-scale DMFCs operating
on vaporised fuel. Typically, power densities higher than
0.18 W cmy2 are achievable, and power densities higher

y2 w xthan 0.3 W cm have been reported 4 . To date an
essential condition for the high performance of a DMFC is
the use of low concentrations of methanol. At concentra-
tions higher than approximately 2 mol dmy3, the cell
voltage declines significantly due to permeation of

Ž w .methanol through the SPE Nafion membrane, i.e.,
w xmethanol crossover 4 . This permeation results in a mixed
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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 membrane electrolytes. Much of the research on
SPE fuel cells systems has used Nafionw , from DuPont,
although other materials have been used, e.g., polybenzim-

w x w xidazole 5 and perfluorinated sulphonimides 6 , as poly-
mer electrolyte membranes to reduce methanol crossover.
Limitations in the vapour fed DMFC are the energy used
to vaporise the aqueous based fuel and the requirement to
separate the unused fuel from the anode exhaust gas
containing substantial quantities of carbon dioxide. These
factors, together with potential problems in cell thermal
management and water management, have focused atten-
tion on liquid feed DMFCs, where in principle the carbon
dioxide can be simply disengaged from the liquid fuel
using standard gas liquid separators.

A number of authors have reported performance data
w xfor liquid feed DMFCs, e.g., Ravikumar and Shukla 7 ,

w x w x w xSurampudi et al. 8 , Valdez et al. 9 , Narayana et al. 10 ,
w xSurampudi et al. 8 reported the performance of a DMFC

Ž w .with solid polymer electrolyte Nafion using a supported
PtrRu catalyst anode of unknown manufacture. The influ-
ence of temperature and methanol concentration was briefly

Žreported. The performance of a small stack of 5 cells 25
2 .cm cross-section at temperatures of less than 608C has

w x y2been reported 9 . The catalyst loading was 4 mg cm of
an in house produced PtrRu catalyst supported on carbon.
Both pieces of research confirmed that higher temperatures
produced higher cell power. Power densities between ap-
proximately 150 to 300 mW cmy2 have been reported for
liquid feed DMFC using different fabrication procedures
Ž . w xmainly undisclosed 10 . In addition a membrane material
Ž .unidentified with a significantly reduced crossover of
methanol in comparison to Nafionw is reported. A liquid
feed DMFC with power output of 0.2 W cmy2 at an
operational temperature of 958C and 4 bar oxygen pressure

w xhas been reported by Ravikumar and Shukla 7 . Catalyst
loading used were 5 mg cmy2 on either electrode. They
also pointed out that the optimised methanol concentration
that could be used without significant methanol cross-over,
from the anode to the cathode, is 2 mol dmy3. Overall the
existence of electrochemical losses at both electrodes in
the DMFC lead to a significant reduction in overall perfor-
mance, from the theoretical thermodynamic maximum
w x11,12 and thus a focus of research is to minimise these
losses.

Several researchers have reported limiting current densi-
w x w xties for methanol oxidation 7,13 : Kaurenan and Skou 13

attributed this limiting current behaviour to saturation cov-
erage of absorbed OH on the platinum surface. Observed
limiting current on platinum supported catalysts occur at

Ž .potentials of approximately 0.65 V vs. RHE where the
fractional coverage of OH is 0.5, as predicted by a Lang-
muir isotherm. Measurements of methanol oxidation using
linear sweep voltammetry, at 5 mV sy1, on platinum

w xrotating discs by Chu and Gilman 14 show a definite
hydrodynamic influence. Peak methanol oxidation currents
Ž .measured in 0.5.M H SO and 1.0 M methanol at ap-2 4

Ž .proximately 0.75 V vs. RHE decrease with increasing
rotation rate.

w xRavikumar and Shukla 7 have reported data for the
DMFC using platinum–ruthenium catalysts for methanol
oxidation. The electrode structure comprises a Nafionw

membrane onto which are pressed Nafionw bonded carbon
supported catalysts. Although there is limited data, two
features are noticeable; limiting current densities are ob-
tained, at 0.5 to 1.0 M methanol concentrations, which are
approximately proportional to the methanol concentration.

ŽAnd at potentials between approximately 0.2 to 0.4 V vs.
. Ž y2 .DHE current density 50 to 250 mA cm the methanol

reaction order apparently changes from a positive to a
negative value, as the methanol concentration increases
from 1.0 M to 2.0 M. Similar behaviour is seen in the data

w xof Kaurenan and Skou 13 .
Noticeably the limiting current densities observed by

w xRavikumar and Shukla 7 are very much lower, at equiva-
lent methanol concentrations, than those of Kaurenan and

w xSkou 13 . The electrode structures used were significantly
different. Kaurenan and Skou used a 50 mm thick anode

Ž .layer, 40 wt.% PT on Vulcan XL-72R with a Pt loading
of 1.0 mg Pt cmy2 , Ravikumar and Shukla used a catalyst
layer made from Pt–Ru supported onto Ketjen black with
a loading of 5 mg cmy2 of catalyst; which was covered
with a carbon cloth ‘‘diffusion layer’’, 0.3 mm thick. It is
believed that this carbon cloth offers a significant resis-
tance to methanol diffusion to the catalyst layers and that,
at least in the work of Ravikumar and Shukla, limiting
current densities are associated with a diffusion limitation
of methanol. This mass transfer limitation would appear to
occur before any possible limiting current effects associ-
ated with OH coverage.

The purpose of this research was to investigate the
influence of mass transport and methanol crossover on the
DMFC made with Pt–Ru carbon supported catalysts,
bonded with Nafionw. Cell performance data is presented
over a range of methanol concentrations, and flowrates,
and cell temperatures. Models for the open circuit potential
in the presence of methanol crossover and for cell voltage,
current density response are developed.

2. Experimental equipment

The DMFC, shown schematically in Fig. 1, had a
cross-sectional area of 9 cm2. The cell was fitted with one

Ž .membrane electrode assembly MEA sandwiched between
two graphite blocks each of which had flow beds, in the
form of parallel channels, for methanol or oxygenrair
flow. The cell was held together with two plastic insulation
sheets and two stainless steel or aluminium backing plates
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Fig. 1. Experimental cell design.

using a set of retaining bolts positioned around the periph-
ery of the cell. Electrical 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 cell was used in a simple flow rig, which
consisted of a Watson Marlow peristaltic pump to supply
aqueous methanol solution, from a reservoir, to a Eu-
rotherm temperature controller which kept the cell at a
constant temperature. Air was supplied from cylinders, at
ambient temperature, and the pressure regulated by pres-
sure 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
Ž .manner: the anode consisted of a Teflonised 20% carbon

Ž .cloth support E-Tek, type ‘A’ , of 0.3 mm thickness, upon
Ž .which was spread a thin diffusion layer layer of uncatal-

Ž .ysed ketjenblack 600 10 wt.% teflonised carbon. The
Žcatalysed layer, consisting of 35 wt.% Pt–15 wt.%Ru 2

y2 . Ž .mg cm metal loading dispersed on carbon ketjen and
bound with 10 wt.% Nafionw , from a solution of 5 wt.%
Nafionw dissolved in a mixture of water and lower aliphatic

Ž .alcohol’s Aldrich , was spread on this diffusion backing
layer.

Catalyst used was Johnson Matthey Technology Centre
developmental material. The cathode was constructed us-
ing a similar method as for the anode, using a thin
diffusion layer bound with 10 wt.% PTFE, and 1 mg cmy2

Pt black with 10 wt.% Nafionw in the catalyst layer. The
electrodes were placed either side of a pre-treated Nafionw

117 membrane. This pre-treatment involved boiling the
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Fig. 2. The effect of conditioning, at 100 mA cmy2 on the DMFC cell
Ž 3 y1voltage performance 0.83 cm min , Cell temperature 363 K, 2 mol

y3 .dm methanol solution . ': 1st set, l: 72 h, B: 120 h operation.

membrane for 1 h in 5 vol.% H O and 1 h in 1 mol dmy3
2 2

ŽH SO before washing in boiling Millipore water )182 4
.mV for 2 h with regular changes of water. The assembly

was hot-pressed at 100 kg cmy2 for 3 min at 1358C.
Cell voltage vs. current density response was measured

galvanostatically, by incrementally increasing the current
from open circuit and measuring the cell potential and then
reducing the current incrementally again measuring the
cell potential. Several MEAs were tested in this research to
ascertain reproducibility of the data. In all the data re-
ported it is apparent that the values of open circuit poten-
tial are significantly lower than the theoretical thermody-
namic maximum; broadly in the region of 600 mV to 750
mV. Typically operating at an applied current density of
approximately 20 mA cmy2 results in a further loss of 200
mV. Further reduction in cell potential with increased
current density is then a result of polarisation of electrodes
and cell resistance, which is influenced by variation in cell

w xoperating parameters. We have reported elsewhere 15
that good cell performance depends on appropriate condi-
tioning of the electrode assembly without current with-
drawal. Thus, the data reported here were obtained after
allowing 48 h to condition a new MEA in the test cell at
758C and atmospheric pressure with continuous feed of 2
mol dmy3 methanol solution. In addition cell performance
is also improved by maintaining the cell with an applied

Ž .load for several hours see Fig. 2 . This pre-treatment also
indicates that a relatively stable performance is achieved
under continuous operation.

3. Results

There are several variables which will affect the cell
voltage, current density response of the DMFC-tempera-
ture of fuel, methanol concentration, oxygen partial pres-
sure and fuel and oxidant flows. This is in addition to the
effect of the proton exchange membrane, catalyst prepara-
tion and overall electrode structure. In the small cells used

here there is little impact on performance associated with
oxidant flows as these were significantly above stoichio-
metric requirements. At low cathode gas flow-rates flood-
ing of the cathode structure may occur, restricting access
of oxygen to the cathode and thus causing mass transport
limitations. This factor will be more important for larger
scale operation, which is the focus of ongoing research.

Fig. 3, shows cell polarisation data, at 363 K, for
methanol concentrations in the range 0.125 mol dmy3 to
2.0 mol dmy3. The methanol concentration affects the
open circuit voltage and the cell voltage characteristics
generally. Limiting current characteristics are apparent at
the low methanol concentrations, less than 0.5 mol dmy3.
The open circuit voltage is higher at lower methanol
concentrations. In the regions of current density when
mass transport limitations are absent cell voltages are
higher with lower methanol concentrations. This overall
behaviour is a result of the combined effects of methanol
mass transport to the anode, anode polarisation character-
istics and methanol crossover to the cathode.

3.1. Open circuit Õoltage characteristics

In theory the DMFC open circuit cell voltage U cancell,O

be determined, from the Nernst equation, if the polymer
electrolyte membrane prevents any mixing of anode reac-
tants and cathode reactants:

y1a a PRT CH OH ,a H O ,a CO ,a3 2 2uU sU q 1ncell ,O cell ,O 2 ž /ž /½6F 1.0aH O ,c2

=

3r2PO ,c2 1Ž .
už / 5p

Žwhere a refers to activity of species i carbon dioxide:i
.CO , methanol: CH OH, water: H O and oxygen: O .2 3 2 2

Ž .Thus, Eq. 1 predicts increasing cell voltages for increas-
ing liquid phase methanol activity in the anode compart-
ment.

Fig. 3. The effect of methanol concentration on DMFC cell voltage
Ž 3 y1.characteristics 363 K, 2.0 bar Air, 1.36 cm min . Values of methanol

concentration on figure.
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Fig. 4 shows the typical variation in open circuit poten-
tial with methanol concentration, air pressure and tempera-

ture. In contrast to the theoretical behaviour the open
circuit voltage decreases as the methanol concentration

Ž . Ž 3Fig. 4. The effect of operating parameters on the DMFC open circuit voltage. a The effect of methanol concentration 363 K, 2.0 bar Air, 1.36 cm
y1 . Ž . Ž 3 y1 y3 . Ž .min . b The effect of temperature 1.36 cm min . 2.0 mol dm methanol solution . Values of concentration on figure. c The effect of

Ž 3 y1 . Ž . Ž 3 y1temperature 1.36 cm min . 2.0 bar air Values of concentration on figure. d The effect of cathode pressure on open circuit voltage 1.36 cm min .
y3 .2.0 mol dm methanol values of temperature on figure.
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Ž .Fig. 4 continued .

Ž .increases Fig. 4a , in an approximate logarithmic manner,
which is due to the fact that the PEM is permeable to
protons and water, and also methanol. Consequently, there
is a crossover flux of methanol from the anode to the
cathode which is a major reason why the observed cell

Ž .voltages are in the range of 0.6 to 0.7 V, whereas Eq. 1
predicts a value of U s1.2 V at 908C. Higher methanolcell,O

concentrations will increase the rate of methanol diffusion
across the membrane and thus, under steady state condi-
tions, higher concentrations of methanol are present at the
cathode. We will report elsewhere the methanol diffusion

w w xcharacteristics of Nafion membranes 16 . Higher
methanol concentrations at the cathode will increase the
cathode polarisation due to the mixed potential caused by
methanol oxidation. However, as we have discussed, and
has been reported by others, the oxidation of methanol, on
platinum, is not a first order reaction but exhibits a reac-
tion order which decreases, from 1.0 to negative values,
with an increase in methanol concentration. Over a signifi-
cant range of methanol concentrations the reaction order is

w xapproximately 0.5 17,18 . Thus, the influence of methanol
crossover on the cathode mixed potential will be complex.
To allow for the effect of methanol concentration the
following semi-empirical equation for the open circuit
voltage is proposed

RT 1y1rbUuU sU 1yb q ln k T aŽ . Ž . Ž .cell ,O cell ,O 21 CH OH ,a3½F

=

y1 3r2P PCO ,a O ,c2 2 2Ž .
u u 5ž / ž /p p

This expression gives a good fit to experimental data. The
parameter values which were determined from a least-
squares fit of the experimental data, are bs0.56 and

U Ž . 3k 908C s2.4=10 . This b-value is quite close to21

charge transfer factors which are typical for electrochemi-
cal reactions.

The variation in open circuit potential with temperature,
Ž .for three methanol concentrations Fig. 4b , exhibit an

approximate linear variation. This corresponds to the pre-
Ž .diction of Eq. 2 , when the temperature dependency of

kU follows the Arrhenius relation:21

E yE 1 1a ,2 a ,1U Uk T sk T exp y y 3Ž . Ž . Ž .21 21 ref ½ 5ž /R T Tref

Ž .The activation energy was found to be E yE s48.5a,2 a,1

kJrmol. This may be qualitatively considered to be the
difference between the activation energies for oxygen re-

Ž . Ž .duction index 2 and methanol oxidation index 1 .
It is generally anticipated that a reduction in the oxygen

Ž .or air pressure in the cathode of a DMFC will reduce cell
performance due to a reduction in cathode potential, which
may be accentuated by the effect of methanol crossover
from the cathode. The crossover of methanol, although
predominantly due to diffusion, may be impeded slightly
by a high cathode air pressure Fig. 4d shows the variation
in open circuit potential with cathode air pressure, which is
in qualitative agreement with predicted behaviour. At the
higher temperature there is an approximate 60 mV increase
in potential with an increase in pressure from 0.5 to 2.0
bar.

It is worth noting that diffusion of methanol across the
membrane is likely to be the dominant process of methanol
crossover at low current densities, less than 200 mA cmy2 .
This is because, as observed in the data of Ren and

w x wGottesfeld 19 , for water transfer across Nafion , water
transport is predominantly by a diffusion driven process at
these values of current density. In addition measurement of

w xmethanol crossover in operating cells, to be reported 20 ,
shows that the concentration in the cathode exhaust is
almost independent of current density. Thus, the model
equation for the effect of methanol crossover on open
circuit voltage may, as a first approximation, be used to
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Ž 3 y1 y3 .Fig. 5. The effect of cell temperature on the cell voltage characteristics. 2.0 bar Air, 1.36 cm min , 0.5 mol dm methanol .

quantify the methanol crossover effect for active cell oper-
ation.

3.2. Cell polarisation characteristics

Fig. 5 shows the cell polarisation behaviour for a 0.5
mol dmy3 methanol solution at temperatures between 343
and 363 K. Cell voltages and limiting currents are both
higher at higher temperatures. The effect of temperature on
limiting current behaviour is particularly significant, show-
ing an approximate 100% increase in value for the 20 K
increase in temperature.

The limiting current densities for methanol oxidation
increase with methanol concentration as shown in Fig. 6,
over the range of temperatures considered. Deviation from
proportionality are possibly due to several factors which
include the influence of gas evolution at the anode, bubble
size, and methanol flow rate and conversion. At higher
methanol concentrations, the rate of carbon dioxide evolu-
tion increases, which may both increase mass transport rate
by an increase in turbulence and decrease mass transport
rate by physically limiting the methanol solution flow to
the anode layer, i.e., reducing the liquid fraction in the
carbon cloth and porous diffusion layers.

Ž 3 y1 y3.Fig. 6. Variation in limiting current densities with methanol feed concentration 1.36 cm min . 2.0 mol dm .
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The influence of methanol conversion in this data can
be demonstrated by considering values of Damkoehler
numbers, Da, for the system defined as

jAcell

6FDas 4Ž .
QCo

where j is the current density, A is the cross-sectionalcell

area of the cell, Q is the volumetric flow rate and C theo

methanol inlet feed concentration. Da is the ratio of
methanol reaction rate and methanol supply rate to the cell,
and is equivalent to conversion of methanol in the cell.
Values of Da obtained at limiting current conditions at the
lower methanol concentrations are less than 0.25 although

Žthey are not independent of the solution concentration See
.Fig. 7 . At the higher values of Da, the ‘‘average’’ concen-

tration of methanol in the cell will be less than the inlet
concentration. This ‘‘average’’ concentration will depend
upon the flow behaviour in the cell and the volumetric
flow rate of carbon dioxide gas. If for example, as an
approximation, the ‘‘average’’ is the arithmetic mean of
inlet and exit concentrations, then, with a Damkoehler
number of 0.25, the mean methanol concentrations for
0.125 and 0.5 mol dmy3 methanol concentrations will be
approximately 0.11 and 0.438 mol dmy3, respectively.
That is, as expected, average values of j should belim

proportional to inlet concentration. This would tend to
suggest that factors other than methanol conversion influ-
ence the variation of Da, or j , with concentration.lim

A second factor may be the anode side hydrodynamics.
ŽTypical Damkoehler numbers used in this work methanol

3 y1.solution flow rates 0.68 to 2.7 cm min are less than
0.1 when mass transport limitations are not experienced.
Thus, methanol conversions in the cell are small. The
effect of methanol solution flow rate on cell polarisation

behaviour is not significant over the range of flow rates
considered. Values of Reynolds number based on the
hydraulic mean diameter of the rectangular channels are at
a maximum of 22 over the range of flows considered. At
such low Reynolds number, the flow would be laminar in
the channel for single-phase flow and the Sherwood num-
ber, Sh, would be constant.

k de
Shs s3.66 5Ž .

Dmeoh

where k smass transfer coefficient, D is the diffu-e meoh

sion coefficient methanol in water.
From this mass transfer relationship, with Ds2.8=

10y9 m sy1, the mass transfer coefficient is approximately

2.8=10y9
y6 y1k s s3.66s5.2=10 m s 6Ž .e y32=10

This predicted value of mass transfer coefficient compares
with experimental values of 5.3 to 5.6=10y6 m sy1, at
363 K, thus suggesting, on first analysis, that at low
methanol concentrations, the limiting current character-
istics of the DMFC may be controlled by hydrodynamics
in the channel. However, it should be remembered that the
hydrodynamic regime in the flow channel is a two-phase
flow of methanol solution and carbon dioxide bubbles and
thus mass transfer coefficients are likely to be greater than
those predicted by a simple single-phase laminar flow
model.

Mass transfer at gas evolving electrodes has been mea-
sured for ferrocyanide oxidation in the case of simultane-

w xous oxygen evolution by Fouad and Sedahmed 21 . By
allowing for differences in diffusion coefficient of ferro-
cyanide ion and methanol this data gives mass transfer
coefficients in the range of approximately 2.7=10y5 to

Ž 3 y1 .Fig. 7. Variation of Damkoehler number at limiting current conditions with temperature 1.36 cm min . 2.0 bar air .
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3.4=10y5 m sy1 for current densities of to 100 to 200
mA cmy2 . The values of mass transport coefficients are
clearly greater than experimentally measured. Thus, factors
other than anode side flow conditions would appear to
limit mass transport in the DMFC.

In the case of the DMFC gas is evolved from the
surface of a carbon cloth positioned well away from the
active electrode region. Thus, overall estimates of mass
transfer effects in the DMFC are very approximate. Even
allowing for this uncertainty it is believed that there will
be a significant resistance to mass transport in the carbon
cloth MEA backing layer, where methanol diffusion would
have to proceed in a relatively convection free environ-
ment.

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

jsnFk 0emDC 7Ž .c c cl

where DC is the concentration change over the clothcl

thickness e is the liquid voidage, m is an empiricalc

parameter which allows for cloth tortuosity and porosity
o Ž . Ž .and frequently ms1.5, and k s D r ll , wherec meoh cl

ll is the cloth thickness.cl

The cloth thickness is around 280 microns and with a
diffusion coefficient of 2.8 10y9 m2 sy1 a mass transfer
coefficient for the cloth is

2.8=10y9
o y5 y1k s s10 m s . 8Ž .c y6280=10

The volume fraction of methanol solution in the carbon
cloth during operation is difficult to measure although can

in principle be modelled using capillary pressure theory,
which is outside the scope of this study although is a

w xsubject of current DMFC modelling 22 . However, in the
range of liquid volume fraction of 0.6 to 0.8, limiting
current densities are between approximately 1400 to 2150
A my2 , for a 0.5 mol dmy3 methanol solution. These
limiting current densities are in the range of experimental
values. Thus, not surprisingly, mass transport limitations
occur with relatively low concentrations of methanol re-
searched in DMFC operation. In view of the fact that the
product carbon dioxide gas must also escape from the
electrode through the cloth and thus inhibit the mass
transport of methanol, limiting currents are likely to be
significantly lower than estimated above.

These estimations would indicate the major mass trans-
fer effect in the DMFC is diffusion in the carbon cloth or
in the porous carbon diffusion layers. Methanol diffusion
in the catalyst layers would in itself not be a rate limiting
factor.

3.3. Preliminary methanol oxidation model analysis

An exact interpretation of methanol oxidation kinetics
from cell polarisation data, in the absence of single elec-
trode potential data, is extremely difficult. However, a
preliminary insight into the mechanism can be obtained, by
examining the variation in cell current density with
methanol concentration and temperature at fixed values of
cell potential. Fig. 8 shows the variation in cell current
density with methanol concentration at fixed values of cell
voltage. On the basis that the predominant cause of voltage
reduction with increase in current density is due to anodic

Ž 3 y1.Fig. 8. Variation of current density with methanol concentration. 363 K, 2.0 bar air, 1.36 cm min . Values of cell voltage shown on figure.



( )K. Scott et al.rJournal of Power Sources 83 1999 204–216 213

Ž 3 y1.Fig. 9. Apparent reaction order for methanol oxidation as a function of methanol concentration. 363 K, 2.0 bar air, 1.36 cm min . Values of cell
voltage shown on figure.

polarisation, apparent reaction orders for methanol, Napp

can be determined from this data as

Eln i
N s 10Ž .app ž /ElnCMeOH T ,Ucell

Fig. 9, shows the variation of apparent reaction order
with methanol concentration. At low methanol concentra-
tions the reaction order is 1.0 at low potentials, reflecting

the mass transport control of the oxidation. At methanol
concentrations, above 1.0 mol dmy3, reaction order is
negative indicating a hindrance of methanol oxidation
kinetics by adsorbed methanol reaction intermediates.
Overall methanol oxidation reaction orders vary from ap-
proximately 1.0 towards y0.5 over the range of methanol
concentrations considered. Clearly this analysis is very
approximate and the data in Fig. 9 are influenced by other

Ž 3 y1.Fig. 10. Values of apparent transfer coefficients for methanol oxidation 2.0 bar air, 1.36 cm min .
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phenomena in the DMFC, notably methanol cross-over to
the cathode. However, the variation in reaction order agrees

w xwith that seen in the data of Bagotsky and Vasilyev 17
w xand more recently observed by Kauranen and Skou 13

w xand Ravikumar and Shukla 7 . These authors have not
explained this behaviour from a mechanistic point of view.
This subject is to be reported in a subsequent publication
w x18 in which methanol oxidation is analysed on the basis
of Temkin and Langmuir kinetics for adsorbed intermedi-
ates.

The cell voltage vs. current density cell characteristics
are derived from the combined effects of polarisation at
both electrodes, mass transport and cell internal resistance.
It is possible to estimate apparent transfer coefficients for
methanol oxidation from cell polarisation data assuming
that the predominant loss in voltage is due to anodic
polarisation and cathode polarisation and that IR losses are

Ž .predominantly due to the membrane IR which can bemem

estimated from published conductivity values of Nafionw.

In the absence of mass transport limitations the combined
Ž . Ž .anode h and cathode h activation overpotentials are:a c

h qh s U yU y IR 11Ž . Ž .c a cell ,o cell mem

Fig. 10, shows the variation in transfer coefficients, a qa

a , with temperature and concentration, obtained from thec
Žcell polarisation data in the high potential low current

.density region. The near constant value of approximately
1.42 hints that, a two electron transfer may be involved in
the rate determining step for methanol oxidation, assum-
ing, as experimentally observed, the transfer coefficient for
oxygen reduction is approximately 0.5. This data agrees
with that observed experimentally by Bagotsky and Vasi-

w xlyev 17 and the mechanism for the oxidation involving a
rate determining step of reaction of adsorbed OH with
adsorbed CO. This analysis is approximate as the presence
of methanol at the oxygen reduction cathode has, as ob-

w xserved by Chu and Gilman 14 , an effect on the apparent
transfer coefficient.

Ž . Ž 3 y1.Fig. 11. Variation of overall polarisation h qh with current density as predicted by the DMFC empirical model. 348 K, 2.0 bar air, 1.36 cm min .a c
Ž . y3 Ž . y3a 0. 125 mol dm methanol. b 0.5 mol dm methanol.
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3.4. OÕerall correlation of data

Ž .Open circuit voltage as predicted from Eq. 2 , com-
bined with anode and cathode polarisation, as expressed by

ha F
RTTafel equations, i.e., js j e and mass transport overpo-o

�Žtential for oxygen reduction and methanol oxidation h qc
. 4h can be used to produce an empirical model whicha conc

predicts the variation of cell voltage;

h qh s U yU y IR y h qh 12Ž . Ž . Ž .c a cell ,o cell mem c a conc

Fig. 11, shows the variation in overpotential with current
density as predicted by the model. The model is in reason-
able agreement with experimental data for the two methanol
concentrations considered. Data is shown as the overvolt-
age from experimental open circuit values and as the
overvoltage from the thermodynamic standard cell poten-
tial.

4. Conclusions

This research has shown that the performance of the
LFDMFC is affected by several parameters, notably cell
temperature, methanol concentration and cathode oxygen
supply and pressure. Highest power densities are achieved
at higher temperatures and cathode oxygen pressures. The
selection of methanol concentration, for maximum power
density, depends upon the current density and in principle
will be optimised for specific applications. Overall,
methanol flow rates, over the range considered, did not
effect cell performance. Similarly the influence of methanol
concentration is not crucial within the range of 1 to 2.0
mol dmy3. A more critical issue is the methanol conver-
sion in the cell and thus the amount of carbon dioxide
produced.

Short-term durability tests have been conducted and
have shown that cell performance is stable over a fairly
long period of time, around 30 h. The cell responds well to
intermittent use as applied in this research. However, there
is a need to fully evaluate the DMFC over prolonged

Ž .periods months to years of dynamic operation.
At the moment the performance of the DMFC, for the

MEA used in this work, with a liquid feed is not as good
as that with a vapour fed cell; maximum power densities
are some 50% lower. This poorer performance is due to
several factors including the restricted operating tempera-

Ž .ture range used in the liquid feed system -1008C , a high
degree of methanol crossover and to factors associated
with the use of liquid fuel in electrodes originally designed
for gas or vapour feed cells.

The performance of the DMFC, at higher current densi-
ties, has been shown to be limited by a mass transport
process, which mainly occurs, by diffusion in the carbon
cloth. A semi-empirical model gives good prediction of the
effect of operating parameters on open circuit voltage. An
approximate mechanistic analysis of cell potential be-

haviour has generated values of transfer coefficients and
reaction orders for methanol oxidation which agree with
previous published information. From the models of open
circuit voltage, mass transport and methanol oxidation
kinetics a reasonably accurate model of cell voltage be-
haviour has been produced.

5. Notation

A cross-sectional area of cellcell

a Activity of species ii

C Inlet methanol feed concentrationo

d Width of channel
D Diffusivity of methanolmeoh

e Voidage of carbon clothc
Ž .E Activation energy for Arrhenius Eq. 3a,j

F Faraday’s constant
I Cell current
j Current density

U Ž .k Constant defined in Eq. 221

k o Mass transfer coefficient of clothc

k Mass transfer coefficiente

l Thickness of clothcl
Ž .m Constant defined in Eq. 7

n Number of electrons in methanol oxidation
N Apparent reaction orderapp

pu Total pressure
P Partial pressure of species ii

Q Volumetric flow rate
R Gas constant
R Resistance of membranemem

T Temperature
U Theoretical Open cell voltagecell,O

Da Damkohler number
Sh Sherwood number

Ž .b Parameter defined in Eq. 2
DC Concentration change over carbon clothcl

h Overpotential

Subscripts
a anode
c cathode
conc concentration
a anode
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