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Abstract

Direct methanol fuel cells (DMFCs) are capable of utilising a liquid fuel directly in the fuel cell and they are therefore an interesting option
for a variety of mobile and portable applications. Still there are several barriers which have to be overcome before DMFCs are able to compete
w cathode.
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ith conventional technologies. A major restriction in reaching high efficiencies with DMFCs is methanol crossover from anode to
his work discusses several methods to characterise the methanol crossover and introduces a newly developed measurement m
llows an exact determination of methanol crossover in DMFCs with liquid and solid electrolytes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Fuel crossover occurs to some degree in all low tem-
erature fuel cells. Particularly in direct methanol fuel cells
DMFCs), however, it causes problems which influence the
erformance of the cell considerably. Methanol crossover in

he DMFC does not only result in additional fuel consump-
ion of the cell, but it also reduces the cell voltage by the
o called “mixed potential”. Therefore, methanol crossover
rom anode to cathode through the electrolyte is the main
echnical barrier for a high efficiency of DMFCs, besides the
low catalytic rate of methanol oxidation at the anode elec-
rode[1,2].

The loss of methanol due to fuel crossover effects is of-
en described via anequivalent currentin order to directly
elate the crossover to the current density in the cell. This
s the current which would be produced by the methanol,
f it had reacted electrochemically at the fuel anode. Based

∗ Corresponding author.
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on this current, thefuel utilisationas a descriptive figure fo
methanol crossover in a DMFC is calculated and shown
described fuel utilisation coefficient gives the ratio of the
that is usefully converted at the anode (cell current) to th
tal fuel consumed at the anode (cell current plus equiv
current). The values of fuel utilisation therefore not only p
vide information about the maximum efficiency of differ
cell assemblies, but the values also show the operating
dow” (range of current density) in which a fuel cell sho
be operated in its application.

Fig. 1 shows fuel utilisation curves for different DMFC
at different temperatures and pressures with a methano
centration of up to 1 M. A single cell operated at diff
ent temperatures (B, F, G, H, J) leads to very high po
densities of more than 250 mW cm−2 at operation tempe
atures above 100◦C (at the low voltage of 0.5 V)[5]. In
order to reach a high efficiency, the single cell should
operated with low current density. At low current densit
however, the fuel utilisation becomes small as the mea
ment curve atT= 120◦C (J) shows. Even at current den
ties around 250 mA cm−2, the fuel utilisation is only appro
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.11.074
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Fig. 1. Fuel utilisation curves for different DMFCs at different temperatures
and pressures with a methanol concentration of up to 1 M: (A and C)[3]
Nafion 117 membranes, E-Tek carbon cloth as gas diffusion and fuel dif-
fusion electrodes and as catalyst Pt–Ru black for the anode (4 mg cm−2)
and Pt black for the cathode (4 mg cm−2). MeOH/O2; (D and E)[4] Nafion
117, 4 mg cm−2 PtRuC anode, mg cm−2 PtC cathode, 110◦C, 3 bar, oxygen
300 m N l min−1; (B, F, G, H and J)[5] Nafion 105, cathode flow 4 l min−1

air, anode: unsupported 5.4 mg cm−2 Pt–Ru, 2.5 bar pressure (outlet). Cath-
ode: unsupported 6.3 mg cm−2 Pt, 4 bar pressure (outlet).

50%, implying that the methanol loss due to permeation is as
high as the cell current density. In order to reduce methanol
crossover you have to operate the cell with even higher current
densities, as the array of curves shows, that for low methanol
concentrations the permeation through the MEA decreases
with increasing current densities. However, for the operation
window it has to be considered, that at higher current den-
sities the cell efficiency is strongly reduced by the Faradaic
efficiency.

Fig. 2shows the influence of the methanol concentration
on the methanol permeation through a cell with methanol
concentrations at the anode above 1 M. Most of the operated
cells do not even reach a fuel utilisation of 80%.
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2. Determination of methanol crossover during
operation

The commonly used method to determine methanol
crossover in an assembled DMFC is to monitor the CO2
content in the cathode exhaust gas flux. The CO2 level in
the cathode exhaust gas flux is determined by using an opti-
cal infrared sensor, by gas chromatographic analysis, or by
mass spectrometry[6–8]. These measurements imply, that the
methanol transported through the electrolyte is completely
oxidised at the cathode. If an infrared analysis is performed,
a catalytic burner is sometimes used to convert the remaining
methanol in the gas outlet to CO2. It has to be considered
that, depending on the current density, CO2 is produced at
the anode and also permeates to the cathode along with the
methanol. It was found that the fraction of CO2 permeating
the membrane at the cathodic side is in the range of 20%
at room temperature and OCV, rising to 25% at higher cur-
rent densities[9]. Under special circumstances (low methanol
concentration, high current density), the amount of CO2 pass-
ing from the anode to the cathode can be even higher than the
amount of CO2 formed at the cathode by methanol oxidation
[10]. For the determination of the carbon dioxide crossover
different methods were developed.

The carbon dioxide flux can be approximately determined
by half-cell measurements, where carbon dioxide is produced
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ig. 2. Fuel utilisation curves for different DMFCs at different temp
ures and pressures with methanol concentrations above 1 M: (a–d an[3]
afion 117 membranes, E-Tek carbon cloth as gas diffusion and fuel
ion electrodes and as catalyst Pt–Ru black for the anode (4 mg cm−2) and
t black for the cathode (4 mg cm−2). MeOH/O2; (e and g)[4] Nafion 117
mg cm−2 PtRuC anode, 4 mg cm−2 PtC cathode, 110◦C, 3 bar, oxyge
00 m N l min−1.
t the anode and passes together with methanol throug
embrane to the cathode. The cathode itself gets flushe
itrogen gas. The carbon dioxide flux through the memb
an be determined, since the methanol is not oxidised a
athode.

Another method uses methanol-tolerant catalysts a
athode, which do not oxidise the permeating methanol
mount of CO2 permeated to the cathode could also be
ulated from the missing CO2 fraction in the anode exhau
or exact measurement, a method of gravimetric dete
ation of BaCO3 to analyse is reported (Ba(OH)2 + CO2 →
aCO3 + H2O) [11].

.1. Methods examined for methanol crossover
eduction

Two different approaches for methanol crossover re
ion are examined at Graz University of Technology. One
roach investigates a pumped liquid electrolyte that wa
ut the permeating methanol, and the second propose

ution uses a barrier layer on the membrane to reduc
ethanol crossover.

.1.1. Barrier layers on polymer electrolyte membranes
or methanol crossover suppression

A very promising strategy for the suppression of meth
rossover in DMFCs is the introduction of functional lay
s a methanol barrier. These can be either a substitu
xisting and widely used polymer electrolytes – like Nafio
r be deposited as an additional layer onto these electro
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thus combining the good ion conductivity of the substrate
with the methanol blocking ability of the coating. Two main
directions can be spotted:

• new types of polymer electrolytes,
• layers of metals which exhibit a certain permeability for

hydrogen.

Phenyl phosphonic acid functionalized poly[aryloxy-
phosphazene]and sulfonated polyphosphazene membranes
[26,12]are candidates of the first group. Their diffusion coef-
ficient for methanol is significantly lower compared to Nafion
and if their ionic conductivity can be increased, an improve-
ment of polymer electrolyte technology will be achieved.

The other strategy, the use of metallic layers is schemati-
cally shown inFig. 3. It takes advantage of the fact that some
metals – mainly palladium, but tantalum and its alloys or nio-
bium and its alloys are also considered[13] – are permeable
for hydrogen.

The charge transport in a fuel cell takes place primarily
by hydrogen ions. These can be reduced on the surface of the
metallic layer which faces the anode, cross the metallic layer
in their atomic state and finally be oxidised on the surface
of the metallic layer facing the cathode. Thus, formally an
electric compensation current crosses the metallic layer dia-
metrically opposed to the hydrogen flow. Methanol, which is
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The charge transfer overpotentials could be minimised by
improving the hydrogen reduction/oxidation kinetics of the
metal surfaces relying on well known fuel cell technology.
Concerning diffusion resistance and compensation current
ohmic losses it will be necessary to reduce the thickness of
the metallic layer to a minimum. Nevertheless it is believed
that the benefit from the elimination of methanol crossover
will overwhelm these losses.

The first application of this strategy was reported by Pu
et al. [14], who demonstrated the complete suppression of
methanol crossover at the price of reduced electrode perfor-
mance. They used a 25�m palladium foil for their experi-
ments between two layers of Nafion, suggesting the use of
thinner Pd layers. A significant reduction of the layer thick-
ness is possible by means of coating technology. The ap-
plication of sputtering[15–17] or wet chemical technology
[18–20]is reported in the literature.

Choi and coworkers[15] investigated composites consist-
ing of 20 nm Pd sputtered on Nafion 117. They found a slight
decrease in methanol permeation and a significant increase in
cell performance compared to uncoated Nafion. Yoon et al.
[16] came to a different result with layers of 10–100 nm on
both Nafion 117 and Nafion 115. The methanol permeability
was shown to decrease with the Pd-layer thickness, but the
conductivity was reduced as well. The authors did not find a
gain of performance for Pd-coated Nafion and explained this
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issolved in the electrolyte between the anode and the m
ic layer does not react at the metallic surface and will
enetrate, provided the layer contains no defects. It is

hat such an assembly will not be loss-free and the lo
ontribute to a reduction of the (hypothetical) cell volta
he reasons for this are:

electrochemical charge transfer overpotentials on the m
surfaces,
overpotential from limited hydrogen diffusion through
metal,
ohmic losses from the compensation current.

ig. 3. The introduction of a metallic layer into a DMFC (a) with polym
lectrolyte (b) with liquid electrolyte. Right side: working principle of
etallic layer: hydrogen is reduced at the side facing the anode, m

hrough the metal in its atomic state and is oxidised at the side facin
node. (1) Electrodes; (2a) polymer electrolyte; (2b) liquid electrolyte
ydrogen permeable metallic layer; (4) carrier layers.
s a trade-off between protonic conductivity and meth
rossover. Ma et al.[17] sputtered Pd–Ag alloys in the ran
f 0.1–1�m. They demonstrated a significant reduction
ethanol crossover.
However Using sputtering technology has a major d

ack: Ultrahigh vacuum is required for the sputtering proc
he metal is thus sputtered on dry Nafion. The inevitable
idification thereafter leads to an expansion of the poly
lectrolyte, to mechanical stress on the Pd layer and fi

o cracks.
The use of electroless plating could be a solution to a

racks in the Pd layer because no shrinkage or swelling n
o happen between metal deposition and cell assembling
embrane is pre-treated the same way as pre-treatme
ncoated Nafion is done and the metal deposition takes

n aqueous solutions. The current densities reported s
20] are rather low because of the special test cell the au
sed for electrochemical experiments and methanol co

ration monitoring at the same time, but the comparativ
ults between coated and uncoated Nafion show an inc
f cell performance and a decrease of methanol tran

hrough the electrolyte.
A test cell according toFig. 3with usage of a liquid elec

rolyte was constructed. In the case of bare Nafion, a q
ise of the methanol concentration in the electrolyte use
he cathodic side is found. With the Pd/Nafion compo
he methanol concentration in the cathode compartme
ains quite constant at a low level. Presumably, the depo
d layers were not completely free of defects, since s
ethanol was still detectable reaching the electrolyte a
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Fig. 4. Dependence of cell voltage on current density of the test cell with
ELAT electrodes, for bare and Pd-coated Nafion at 338 K,EPd= 0.450 V vs.
DHE [20].

cathodic side. With this measurement setup it is possible to
gain information about the methanol crossover as well as
knowledge about effects on the overall cell performance.

Fig. 4shows the dependence of the cell voltage on current
densities up to 1.1 mA cm−2 of the used test cell with ELAT
electrodes at 338 K for bare and Pd-coated Nafion. The poten-
tial of the Pd layer was kept at 450 mV versus DHE (dynamic
hydrogen electrode).

Although slightly higher cell voltages were measured
with bare Nafion at current densities less than 0.2 mA cm−2,
the series done with Pd-coated Nafion in the range of
0.2–1.1 mA cm−2 showed significantly better performance
because of the reduction of methanol crossover. It is
suggested that the lower cell voltages observed for the
palladium-coated Nafion at very small current densities are
due to an additional activation barrier for the hydrogen trans-
port through the palladium layer.

For constant current experiments with ELAT electrodes
at 0.53 mA cm−2 and 338 K with bare Nafion no stable cell
voltage could be achieved, consequently the experiments
were stopped after 180 min. In contrast, the values for Pd-
coated Nafion were found to be stable for more than 480 min.
With further improvements palladium coating technology

could be a key to methanol crossover free commercial fuel
cells.

2.1.2. Pumped liquid electrolyte for crossover reduction
The main advantage of a circulating electrolyte is the pos-

sibility to remove the methanol before it reaches the cath-
ode [21,22], where it causes polarization losses. Bipolar
designs for a DMFC with a pumped liquid electrolyte for
methanol crossover reduction have been investigated. A so-
called spacer (separator) material has to be applied which
is inert in a sulphuric acid/methanol surrounding. This ma-
terial has to be porous so that the liquid electrolyte can
be pumped through it. Swelling characteristics as well as
variation of material properties with temperature and pres-
sure have been investigated with several materials[33]. It
is essential to minimise the internal cell resistance mainly
through reduction of the electrolyte channel thickness in or-
der to achieve a good performance of the direct methanol fuel
cell.

The measurements are carried out at 333K with an elec-
trolyte pumping velocity of 7 ml min−1 (in the case of liquid
electrolyte) and the pumping velocity of the 2 M methanol
feed is 10 ml min−1. The thickness of the spacer layer could
be reduced to 0.5 mm, where a double layer of the polyviny
difluoride (PVDF) grid is used as matrix for the electrolyte
c
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Fig. 5. Measured total cell voltage curves and measu
anal to pump the sulphuric acid through.
To allow a certain methanol crossover, the pumped

rolyte was stopped for 20 min and the methanol level
etermined by using the improved gas chromatogra
ethod. The loss in cathodic potential due to the allo
ethanol crossover is observed and displayed as the

urve in Fig. 5. The measured level of methanol conc
ration in the electrolyte is about 0.8 vol%. The metha
oncentration due to the crossover measured is compa
o that observed under identical conditions with other
esigns.

To evaluate the advantages of introducing a liquid e
rolyte assembly independent from the overall performa
f the fuel cell, it is necessary to design a polymer electro
embrane-direct methanol fuel cell (PEM-DMFC) m

larization curves of cathodes and anodes (spacer layer 0.5 mm).
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Fig. 6. Schematic view of measurement setup for the determination of methanol diffusion coefficients.

of the same components used in the liquid electrolyte fuel
cell.

Comparing the measured curves derived from the mea-
surements with the DMFC operated with a pumped liquid
electrolyte to the power maximum or the cell voltage of a
PEM-DMFC a significant improvement in power is derived
[23].

3. Determination of methanol crossover through
polymer electrolyte membranes

Methanol crossover rates are commonly determined in
experimental mountings like the one described below. An
electrochemical cell with two compartments of the same vol-
ume is used. The membrane to be tested is mounted between
these two chambers[24–27]. One chamber gets filled with
a defined methanol solution. The other side gets filled with
deionized water and the permeation of methanol is measured
as a function of time. Diffusion coefficients of methanol are
determined from a dynamic model based on Fick’s law of
diffusion [9,24].

A different form of measurement cell for a stationary mea-
surement was introduced by Navarra et al.[25]. The cell used
is U-shaped with the membrane in the middle of one of the
t res-
s
m e, in
t n at
t

wa-
t cur-
r ne in
t

s on
m e

effects can be avoided by designing the drain as a communi-
cating vessel. The results obtained are shown in comparison
to other groups in the following section.

3.1. Electrochemical analysis

The following methods are reported to measure methanol
permeation through a membrane. A potentiometric method
was introduced by Munichandraiah et al.[28]. A two com-
partment measuring cell divided by the membrane is used,
where one side contains the methanol solution of the given
concentration, and the second part is filled with deionized
water. 0.2 M H2SO4 is applied as electrolyte on both sides.
The potential of a PtRu/C electrode in the supporting elec-
trolyte is measured versus time during methanol crossover. It
has been shown that the slope (dE/dt) of this curve is propor-
tional to the crossover rate. Methanol crossover rates can be
derived from the time required to reach the equilibrium con-
centration of CH3OH on either side of the polymer electrolyte
membrane.

F mea-
s

wo compartments filled up to the same liquid level, thus p
ure effects cannot develop (shown inFig. 6). A stationary
easurement method uses two chambers of fixed volum

his case 15 ml each. The initial methanol concentratio
he starting point is 1 M methanol in one chamber.

The solution in the compartment containing deionized
er at the beginning gets stirred slowly to prevent an oc
ence of a concentration gradient towards the membra
he cell compartment.

The measurement setup used for the investigation
ethanol crossover equals a system shown inFig. 7. Pressur
ig. 7. Measurement setups for a non-stationary methanol diffusion
urement cell[9,11].
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Another cyclovoltammetric (CV) method to analyse the
methanol permeation is commonly used. A two compartment
cell divided by the membrane being investigated is filled ei-
ther with equal concentrations of electrolyte (usually 0.5 M
H2SO4) or the measurement cell contains half the electrolyte
concentration[29,30]. A plain platinum electrode (working
electrode) is used at the side where the solution of defined
methanol concentration is added, a platinum mesh electrode
(as counter electrode) is used at the side where the crossover
through the membrane is measured. It was observed that the
methanol oxidation potential at these electrodes is nearly in-
dependent of the methanol concentration. Calomel electrodes
are used as reference electrodes. Calibration is done filling
equal known solutions of methanol in both compartments and
obtaining the cyclic voltammograms (CVs). The methanol
oxidation current peak is a reference for the methanol con-
centration on the permeated side. The variation of results
lies usually in the range of approximately 5%. It is observed
that the current peak shows a non-linear correlation to the
methanol concentration[31].

3.2. Gas chromatographic analysis

A second method commonly used is a measurement sys-
tem shown inFig. 7. At the methanol permeated side, samples
o g gas
c time.
N e-
i

3.3. Improved gas chromatographic analysis

The developed method was used to determine the
methanol concentration in a measurement cell containing
0.5 M H2SO4 as electrolyte and a permeated concentration
of methanol as found in measurement cells to determine the
electroosmotic drag coefficient of the membrane[9,32] or in
DMFCs with liquid electrolytes[33].

Methanol concentration in aggressive media such as sul-
phuric acid cannot be directly analysed in the gas chromato-
graph (GC). Therefore, the following measurement system
was designed. A HP-Innowax capillary column inserted in a
GC using a FID is used to measure the methanol concentra-
tion. Two millilitres of the electrolyte/methanol solution are
filled in a small probe (vial). It gets heated in a headspace
sampler with a defined temperature slope for a certain time
(equilibration time). After this time, the equilibrium between
gas phase and liquid phase is obtained. Setting adequate con-
ditions, the acid remains fully in the liquid phase according
to the boiling curve shown inFig. 8 [34]. The vial is set under
pressure by helium gas and a defined vapour volume is taken
via the sample loop. A preheated transfer line injects this gas
volume into the gas splitting inlet of the GC, where the de-
tection volume is again divided into an outlet gas volume and
detection gas volume transferred into the FID.

The vial total volume is about 20 ml, but it was found
t t of
l of
a ads

F
H

f the water/methanol concentration are measured usin
hromatographic methods after a certain permeation
ormally a capillary column in combination with a flam

onization detector (FID) is used.
ig. 8. Temperature in vial (2 ml, 20 vol% MeOH in water), measured in he

2SO4 at 1013 mbar. (a) Vapour, (b) liquid[31].
hat 2 ml of the methanol solution is a sufficient amoun
iquid for the methanol detection. The equilibration time
bout 15 min together with the detection time of the GC le
adspace sampler for temperature set to 338 K and (right side): boiling curve of
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Fig. 9. Calibration curve for different H2SO4/methanol solutions and (right side): calibration peak area of a H2SO4/methanol solution with a methanol
concentration of 6 vol%.

to an overall measurement time of 28 min, which is quite
reasonable. It is possible to run 12 measurements in parallel,
which reduces the overall measurement time to about 18 min
per probe taken. This method also gives the opportunity to
measure the same probe several times, which leads to a very
good statistical value, because only a very small amount of
vapour is taken for detection, and the methanol concentration
in the probe is almost unaffected by the measurement.

3.3.1. Calibration
After system adjustment, the retention time and the peak

area of a given methanol solution was reproducibly measured,
and a calibration for different methanol contents was per-
formed. Sulphuric acid/methanol solutions from 0.01 vol%
up to 69 vol% were prepared and the peak area for these mea-
surement points were obtained. The derivation of the peak
area correlated to the methanol content is less than 3% ob-
tained at several repeated measurements for a single probe
(Fig. 9).

The headspace sampler gets heated to 338 K, whereas the
starting oven temperature of the GC is set to 323 K. After
4 min a temperature ramp with an increase of 10 K min−1

until the final temperature of 423 K is started. For the main
methanol peak a retention time of approx. 1.85 min is found.
The calibration solutions used are pure water/methanol solu-
t
a er-
e und.

3
ulting

f ent
s rme-
d inter-
f d to
c nts are
c stem
p

Fig. 10. Peak area over retention time for different types of deionized water.
Roth: ROTIPURAN®, Carl Roth GmbH&Co, Karlsruhe; ICTAS: Institute
for Chemical Technology of Inorganic Materials, TU Graz; AMS: AMS
Austria Microsystems, Unterpremstaetten, Graz; drinking water from the
laboratory water supply, Graz.

3.3.3. Measurement results
This adopted measurement method was used to obtain the

values found for the diffusion coefficients of different mem-
branes[9] the hydrodynamic permeability of these mem-
branes and the electroosmotic drag coefficients[9,24]. In ad-
dition, the methanol crossover in a running DMFC with liquid
electrolyte[30] and the occurrence of the methanol oxidation
intermediates and their proportions could be measured.

3.4. Diffusion coefficients

Methanol diffusion coefficients measured using the
above described improved gas chromatographic method are
shown in Fig. 11. Already published values for Nafion®

[11,24,35–38]could be achieved. No literature values are
given for the other investigated membranes and the sepa-
rator SP800/40. Small values of the effective diffusion co-
efficient could be measured at the FT-FKH950/30MF and
PK12CE/714 membrane.

The separator SP800/40A showed a very high permeabil-
ity for methanol (and water). The solution contained in the
reservoir cell (seeFig. 7) penetrated through the separator
ions as well as H2SO4/methanol solutions with 1 M H2SO4
nd 3.9 M H2SO4 (1st conductive maximum) where no diff
nce in the detected methanol concentration could be fo

.3.2. Impurities and background suppression
Besides the methanol peak some weak peaks res

rom the water in the solution were found. The measurem
ystem is also used to determine methanol oxidation inte
iates. To ensure that the peaks from the water are not

ering with these, the following peak analysis is performe
orrect the measurement background. The measureme
arried out according to the temperature profile and sy
arameters already described in Section3.3.1(Fig. 10).
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Fig. 11. Measured effective methanol diffusion coefficients for different
membranes and separators in comparison to literature values. (R1)Ötztürk
[35]; (R4) Fedkin et al.[26]; (R2) Gottesfeld and Zawodzinski[36]; (R5)
Verbrugge[38]; (R3) Ren et al.[37]; (R6) Scott et al.[27].

within seconds, which made an alternation of the measure-
ment method (stationary measurement as described in[9])
necessary. Other separators got tested in short examinations,
but showed a similar high permeability.

3.5. Electroosmotic drag coefficients

For the determination of the electroosmotic drag coeffi-
cient in different polymer electrolyte membranes, a measur-
ing cell was constructed. Similar methods to measure the
electroosmotic drag coefficient of water are described at Za-
wodzinski et al.[39] and Verbrugge and Hill[40], where
the second source describes the use of radioactive tracers
for the determination of the electroosmotic drag coefficient.
A more common measurement setup for electroosmotic ex-
periments in aqueous electrolytes is shown in an article of
Harif [41]. The developed experimental cell made of acrylic
glass is assembled from two laterally reversed chambers with
a volume of 25 ml each. These two chambers are separated
by the polymer electrolyte membrane to be examined. Both
chambers got filled with a sulphuric acid/water solution of
identical concentration. Methanol was added to the side of
the reservoir cell. The low sulphuric acid content (0.35 M)
on both sides is necessary to provide the necessary conduc
tivity for the proton transport in the solution. Each chamber

contains a platinum grid electrode that allows the current flow
through the membrane. The membrane cross section surface
is 50.3 cm2. The current flow through the cell is set up and
regulated by a galvanostat (MP 75).

The whole measuring cell is accommodated in a thermo-
static bath, that holds the chosen cell temperature at the se-
lected level. The amount of liquid transported through the
membrane is measured with a capillary. After each measure-
ment a probe from both chambers is taken and the methanol
concentration is determined with the improved gas chro-
matography method in order to be able to draw conclusions
on the preferential transport of water or methanol.

The results of the determination of the electroosmotic drag
coefficients for totally hydrated Nafion® (112, 115 and 117)
membranes and the FT-FKH 1400/60 membrane as a func-
tion of methanol concentration at 303 K, as a function of
temperature and a function of current flow is shown in[42]
(Table 1).

Comparable data for electroosmotic drag coefficients in
methanol solutions for swelled membranes could not be
found in the literature, all other investigations show a very
good correspondence with our values found for Nafion® 117
[36,43–48].

3.6. Methanol oxidation peaks

nec-
e n was
d /water
o used
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3
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w to
d on of
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a e are
t ower
l

T
E 1) [39]

M c drag c

w N

4
4
4
4
5

ment d
able 1
lectroosmotic drag coefficients in methanol surrounding at 303 K (�κ =±
ethanol concentration Electroosmoti

t% vol% M (mol l−1) Nafion® 112

0 0 0 1.5a

5 6.3 1.5 1.6a

10 12.4 3 1.6a

15 18.3 4.4 1.7a

20 24.1 6 1.8a

a Other transport phenomena overlay the electroosmosis, measure
-

In order to detect the methanol intermediates, it was
ssary to calibrate the measurement system. Calibratio
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ata are not valid for determination of electroosmotic drag coefficient.
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Fig. 12. Calibration curve for methyl formate/H2SO4/methanol solution and (right side): calibration curve for dimethyl sulfate/H2SO4/methanol solution.

Fig. 13. Methanol crossover and intermediates in 1 M H2SO4 electrolyte in DMFC after 165 min running on constant load and (right side): methanol crossover
and intermediates in 1 M H2SO4 electrolyte in DMFC after 230 min running on constant load.

4. Conclusion

The improved gas chromatographic analysis method
has shown to be a fast and reliable method to determine
methanol concentrations in a variety of solutions and ag-
gressive electrolytes, e.g. sulphuric acid. With the presented
test equipment, this method offers a valuable option to
measure methanol crossover rates, the diffusion coefficient
and the electroosmotic drag coefficients for DMFCs with
liquid and solid electrolytes. The results obtained showed
good correspondence with literature values. In addition,
by-products and intermediate reaction products can be
detected and analysed with this method. The development

of the measurement method led also to the investigation of
two techniques to minimise methanol crossover. Firstly, to
circulate a liquid electrolyte and wash permeating methanol
out of the cell and secondly, to use barrier layers attached
to the membrane surface to lower the methanol crossover.
Both fundamental investigations led to promising results.
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