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a b s t r a c t

Solution cast composite direct methanol fuel cell membranes (DEZ) based on DE2020 Nafion® disper-
sion and in-house prepared H-ZSM-5 zeolites with different Si/Al ratios were prepared and thoroughly
characterized for direct methanol fuel cell (DMFC) applications.

All composite membranes have indeed lower methanol permeability and higher proton conductivity
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than pure DE2020 membrane. The composite membranes with Si/Al ratio 25 and 5 wt.% of zeolites (DEZ25-
5) having the lowest methanol permeability and the membrane with Si/Al ratio 50 and 1 wt.% of zeolites
(DEZ50-1) having the highest proton conductivity were tested in the DMFC for several days. The DEZ25-5
has the best performance; namely high power density and stable performance in time.
ethanol cross-over
roton conductivity
irect methanol fuel cell

. Introduction

Direct methanol fuel cells (DMFCs) gained attention recently as
andidates for mobile power sources to portable electronic devices
1–5] due to their high energy density and easy and significantly fast
harging times. To increase the proton conductivity and decrease
he methanol cross-over of the electrolyte membrane, zeolites can
e used. Zeolites have two important properties:

1. Very high water retention ability, which can only be eliminated
at around 200 ◦C.

. Molecular sieving properties, making them suitable for selective
separations based on molecular size and shape [6–8].

Unfortunately, membranes made of pure zeolites are brittle,
ragile and often have defects [9]. Composite membranes can be

ade using zeolites as fillers and a polymeric matrix as a host.
f the zeolites are well dispersed in the matrix, they can serve as

xtra route for proton transport in the membrane in addition to the
lready existing water channels. This leads to increase of the mem-
rane conductivity and at the same time, the tortuous pathway
reated by the zeolites can decrease the methanol cross-over.

∗ Corresponding author. Tel.: +31 53 4894675; fax: +31 53 4894611.
E-mail address: d.stamatialis@utwente.nl (D.F. Stamatialis).

376-7388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2009.04.009
© 2009 Elsevier B.V. All rights reserved.

DuPont’s Nafion® is a good choice as a host material for
the zeolites due to its excellent proton conductivity, mechani-
cal strength and thermal and chemical stability [10–14]. In fact,
researchers made already several attempts to prepare and charac-
terize Nafion/zeolite composite membranes for DMFC applications
[15–22]. In some cases the proton conductivity and methanol
cross-over is reported without DMFC results [20–22]. The ratio of
proton conductivity and methanol permeability (often indicated as
“�”) is then used to predict DMFC performance. As we showed
in earlier study [23], very often � value has rather low predic-
tive power. In other cases DMFC performances are reported, but
for high temperature applications or for ambient systems [16–19].
In this study we are particularly interested in the preparation
and characterization of Nafion/H-ZSM-5 composite membranes
for DMFC. To the best of our knowledge: for those membranes
there are no DMFC results reported in the literature although these
composites seem to have promising properties [22]. Therefore, H-
ZSM-5 zeolites with various Si/Al ratios are prepared in-house
using microwaves-assisted heating. Then, they are incorporated
into Nafion membranes at various loadings (1, 3 and 5 wt.%). All
composite membranes are tested with respect to swelling degree,

proton conductivity and methanol permeability. Selected mem-
branes with the highest proton conductivity and lowest methanol
cross-over are tested for several days in DMFC. For comparison,
the performance of pure DE2020 (membrane prepared by solu-
tion cast method using DE2020 Nafion® dispersion) membranes

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:d.stamatialis@utwente.nl
dx.doi.org/10.1016/j.memsci.2009.04.009
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cathode (Pt) contain 5 mg/cm2 of catalyst. The geometric area of
each electrode was 6.25 cm2. The MEAs were prepared by hot press-
ing of the anode and cathode on both sides of the membrane at
10 bar for 5 min at 125 ◦C.
6 M.H. Yildirim et al. / Journal of M

nd also commercially available extruded Nafion 117 membranes
re investigated.

. Experimental

.1. Materials

DE2020 Nafion® dispersion (20 wt.% Nafion® + 80 wt.% water
nd VOCs, 1000 equivalent weight (EW)) was purchased from Ion
ower Inc. (U.S.A.). DMSO was purchased from Aldrich (Germany).
-TEK electrodes were purchased from E-TEK DeNora (U.S.A.). Alu-
inum sulfate hexadecanohydrate (Al2(SO4)3·16H2O, 98%) and

etraethylorthosilicate (TEOS, 98%) was purchased from Aldrich.
etrapropylammonium hydroxide (TPAOH, 20% aqueous solution)
as purchased from Sigma.

.2. Seeds synthesis

Polymer–zeolite composite membranes can be prepared using
mall zeolite crystals obtained by milling of big crystals. A pre-
ise control of the process parameters is needed for controlling
rystal size and homogeneity. Besides, nanosized zeolite crystals
an be prepared by hydrothermal synthesis, although long ageing
imes and/or durations are generally required for obtaining small
nd uniform crystal sizes by conventional heating methods [24,25].
icrowaves-assisted heating is an attractive strategy for reducing

ynthesis time and obtaining uniform nanocrystals [26].
In the present study microwave heating is used to pre-

are ZSM-5 nanosized crystals within a few hours, starting
rom sol with a Si/Al molar ratio in the range 25–100. Mother
ols were prepared by mixing TEOS (98%), ultrapure water
18.2 M�) and TPAOH (20% aqueous solution). Al2(SO4)3·16H2O
98%) was used as Al precursor. The mother sol composition was:
Al2O3:1SiO2:0.4TPAOH:19.5H2O:4C2H5OH. The alumina concen-
ration x was varied in the range 0.05–0.2 (Si/Al = 25–100) in the

other sol. Sols were aged at room temperature (25 ◦C) under stir-
ing for 24 h in air. A sol quantity of about 20 g was used for each
xperiment. The microwave-assisted hydrothermal (MW-HT) syn-
hesis of seeds was performed in two steps as reported by Motuzas
t al. [26], using computer controlled Milestone ETHOS 1600 MW
ven. The synthesis parameters have been chosen as follows: for
he first step T1 = 80 ◦C, t1 = 90 min, P1 = 250 W and for the second
tep T2 = 160 ◦C, t2 = 60 min, P2 = 400 W. After synthesis, the suspen-
ions were cooled to 50–60 ◦C and removed from the autoclave. This
ooling step occurred by classical convection and lasted typically
0–40 min.

The solid product was separated from the liquid phase by cen-
rifugation at 9500 rpm (JOUAN B4i), washed twice with distilled
ater and centrifuged in order to reach a neutral pH. The recovered

olid product was dried for 4 h at 155 ◦C and calcined at 550 ◦C dur-
ng 4 h with a slope up and down of 0.5 ◦C/min. The phase purity and
imensions of the calcined crystals were respectively characterized
y X-ray diffraction and scanning electron microscopy.

.3. Membrane preparation

A predetermined amount of zeolite was added to 10 g of DMSO
nd sonicated for 1–2 h in an ultrasonic bath to disperse the zeolite.
hen 50 g of DE2020 Nafion® dispersion was added and mixed vig-
rously for 1 h. After that it was cast on Teflon plate with a casting
nife and placed in the fumehood for 18 h. The obtained membrane

as annealed at 150 ◦C for 1 h and then was peeled off from the

eflon plate. Membranes of dry thickness of 50 �m and with zeolite
ontent of 1, 3 and 5 wt.% of the dry Nafion weight, were prepared.

Same method was followed to prepare pure DE2020 mem-
ranes, but this time no zeolite was added. Membranes were named
rane Science 338 (2009) 75–83

as follows: DEZ X–Y, where DE, Z, X and Y stands for DE2020 Nafion,
ZSM-5 zeolite, Si/Al ratio of the zeolite and the weight percent-
age of the zeolite, respectively (i.e. DEZ75-3 is DE2020 membrane
containing 3 wt.% of ZSM-5 zeolite with the 75 Si/Al ratio).

2.4. Membrane characterization

2.4.1. Scanning electron microscopy (SEM)
Membranes were visualized by a scanning electron microscope

(Jeol JSM 5600LV). The membrane samples were sputtered with a
thin layer of gold (30 nm) using a Balzers Union SCD 040 sputtering
device prior to the SEM observation.

2.4.2. Swelling degree (SD)
Membranes were dried in the vacuum oven at 30 ◦C for 1 day

and then immersed in ultrapure water (25 ◦C). The weight of wet
(Weightwet) and dry (Weightdry) samples were measured. The SD of
the membrane was calculated using:

SD(%) =
(

Weightwet − Weightdry

Weightdry

)
× 100, (1)

2.4.3. Methanol permeability
The methanol permeability, P [cm2/s], at 25 ◦C was measured

using a two compartment diffusion cell following the procedure
described elsewhere [23].

2.4.4. Proton conductivity
Proton conductivity measurements were carried out at 25 ◦C

and 100% relative humidity, in cells with two-probe configuration
following the procedure described elsewhere [27]. Prior to all exper-
iments, membranes were equilibrated in ultrapure water for 24 h.

2.5. Fabrication of membrane–electrode assemblies

E-TEK commercial electrodes were used to fabricate the
membrane–electrode assemblies (MEAs). Both anode (Pt–Ru) and
Fig. 1. XRD patterns of the MW-derived ZSM-5 crystals, prepared with different Si/Al
molar ratios: (a) 25, (b) 50, (c) 75 and (d) 100. A MFI reference pattern is reported in
(e) for comparison.
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Fig. 2. SEM observations of the ZSM-5 crystals prepared by a two steps MW-assisted hydrothermal synthesis method (T1 = 80 ◦C, t1 = 90 min, P1 = 250 W; T2 = 160 ◦C, t2 = 60 min,
P2 = 400 W) using different Si/Al molar ratios in the sol: (a) 25 and (b) 100.

Fig. 3. SEM images of the DE2020 and the DEZ25-1 composite membrane.
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Fig. 4. Cross-section SEM images of the DEZ25-1, DEZ25-3 and DEZ25-5

.6. Single cell DMFC performance

The DMFC performance of the MEAs was evaluated following
he procedure described elsewhere [23]. The MEA was clamped
etween two graphite blocks. A serpentine flow pattern is etched in
ach of the graphite blocks to provide fuel to the MEA. 1 M methanol
olution was fed to the anode at flow rates of 20 ml/min and dry
xygen was fed to the cathode at flow rates of 75 ml/min and back
ressure of 2 bar. The temperature of the cell was kept at 80 ◦C.

. Results and discussion

.1. Characterization of the H-ZSM-5 zeolites

As shown in Fig. 1, independent from the Al concentration in the
other sol, well crystallized seeds with XRD patterns consistent
ith the MFI reference, were obtained after only 1 h synthesis at

60 ◦C.
Fig. 2 shows SEM images of the seeds. Although generally sols
ith increasing Al concentrations tend to yield bigger seeds, in our
ase very similar crystal sizes (in the range of 200–300 nm) were
btained independent from the Al content in the mother sol. Conse-
uently the influence of ZSM-5 seed size on the derived composite
embrane performance will be neglected in comparison with the
site membranes. (a) Magnification 3000× and (b) magnification 5000×.

influence of crystal hydrophilicity which strongly increases with
the Al concentration.

3.2. SEM study of DE2020/ZSM-5 composite membranes

Fig. 3 shows typical SEM images of the surfaces and cross-section
of DE2020 membrane and DEZ25-1 composite membrane. Top side
of the composite membrane (facing the air) seems to be smoother
and have more particles than the side facing Teflon plate proba-
bly due to the difference in hydrophilicity of zeolites and Teflon.
Besides, the zeolite particles might be dragged to the surface of the
membrane during solvent evaporation.

Cross-sections of the composite membrane show that the dis-
tribution of the zeolite particles is good probably due to the
ultrasonication during the membrane preparation. Pure DE2020
membrane has no zeolites in it and has clear surface and cross-
section SEM images.

Fig. 4 shows typical cross-section SEM images of the DEZ25-1,
DEZ25-3 and DEZ25-5 composite membranes. Although aggrega-

tion might occur for DEZ25-5 membrane, the dispersion of the
zeolite particles inside the membrane looks good. There is no visible
accumulation of the zeolites towards any of the sides. Similar phe-
nomena have been observed for the other composite membranes,
as well.
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Fig. 5. Cross-section SEM images of the DEZ25-5, DEZ50-5, DEZ75-5 and DEZ1

Fig. 5 shows typical cross-section SEM images of the composites
ith the highest zeolite loading (DEZ25-5, DEZ50-5, DEZ75-5 and
EZ100-5). All composite membranes have similar SEM images, no
ccumulation of the zeolites at the top or the bottom side of the
embranes.
.3. Swelling experiments

Fig. 6 shows the swelling degrees of the membranes in ultrapure
ater. All composite membranes swell similar to DE2020 mem-
omposite membranes. (a) Magnification 3000× and (b) magnification 5000×.

brane. The difference in hydrophobicity of the zeolites (this increase
in the order DEZ100 > DEZ75 > DEZ50 > DEZ25) does not seem to
have a significant effect on the membrane swelling in ultrapure
water.
3.4. Methanol permeability

Fig. 7a shows that the methanol permeabilities of the compos-
ite membranes are lower than pure DE2020 membrane, consistent
with earlier study of Byun et al. [22] with Nafion/H-ZSM-5 compos-
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3.5. Proton conductivity
ig. 6. Swelling degrees of DE2020 and DEZ membranes as a function of zeolite
ontent.

te membrane (Si/Al = 28). For most of the composite membranes,
here is no effect of zeolite content or composition to the methanol
ross-over. Interestingly, the methanol permeability of the DEZ25-5
s significantly lower than the others.

In the literature, Maxwell model is often used to describe trans-
ort properties in heterogeneous polymer systems. The simple
orm of Maxwell analyzes the steady-state dielectric properties of
dilute suspension of spheres where the permeability of a com-

osite, P, made by dispersing of nonporous, impermeable filler in a

Fig. 7. Methanol permeabilities of DE2020 and DEZ membranes as a function of zeoli
rane Science 338 (2009) 75–83

continuous polymer matrix is expressed as

P = PP ×
(

1 − ϕf

1 + (ϕf/2)

)
, (2)

where Pp is the permeability of the pure polymer and ϕf is the
volume fraction of filler. Eq. (2) suggests that the permeability of
the filled polymer is lower than of the pure polymer and decreases
with increasing of filler concentration. The decreased permeabil-
ity is the result of a reduction in penetrant solubility due to (i) the
replacement of polymer through which transport may occur with
filler particles and (ii) an increase in tortuosity of the diffusion path
through which the penetrant molecules cross the polymeric film
[28].

Fig. 7b and c compares the experimental permeability results of
two of the composite membranes (DEZ25 and DEZ50) with the the-
oretical prediction of a simple Maxwell model. The simple Maxwell
model obviously fails to predict the experimental results, which are
much lower than this prediction. Often aggregation of the particles,
or phase separation occurs, causing significant change in the mem-
brane morphology in comparison to pure polymer [28]. Besides, the
morphology of the interface between the filler and polymer can be a
critical determination of the overall transport properties [29]. Per-
haps there is a rigidified polymer layer around the filler causing
decrease in the permeability of the methanol through the com-
posite membrane. The low cross-over of the DEZ25-5 membrane
may be due to rigidification of the polymer around the particle in
conjunction with particle aggregation.
Fig. 8 presents the proton conductivities of DE2020 and DEZ
membranes as a function of zeolite content. Proton conductivi-

te content. The dashed line represents the prediction of simple Maxwell model.
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increase due to the activation of all catalyst particles and also due to
wetting of the membrane. The MPD of DE2020 membrane increases

F
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ig. 8. Proton conductivities of DE2020 and DEZ membranes as a function of zeolite
ontent.

ies of all composite membranes are higher than the pure DE2020
embrane, consistent with earlier study [22]. DEZ50-1 shows the

ighest proton conductivity among the DEZ50 membranes while

he conductivities of DEZ25 and DEZ100 do not change significantly
ith the zeolite content. On the other hand, the conductivity of
EZ75 somewhat scatters with zeolite content in the membrane.

ig. 9. Maximum power densities of (a) DE2020, (b) DEZ50-1, (c) DEZ25-5 and (d) N117 m
er day). The different symbols in each case correspond to a different MEA.
ane Science 338 (2009) 75–83 81

3.6. Single cell performance

In literature [8,20–22] studies, which are dealing with
polymer–zeolite composite membranes for DMFCs, use the char-
acteristic number, � (proton conductivity/methanol permeability),
for prediction of DMFC performance instead of the real fuel cell. In
this study, we combine the regular characterization methods with
DMFC measurements. The DEZ25-5 and DEZ50-1 composite mem-
branes were selected for further tests in DMFC due to their low
methanol cross-over and high proton conductivity, respectively.
Their performance is compared to that of pure DE2020. MEAs were
prepared by hot pressing two E-TEK commercial electrodes on both
sides of the membranes at 10 bar. At least two MEAs were prepared
and measured for each type of membrane. Every day minimum 20
polarization curves (approximately 7 h of effective operation time
per day) made for each MEA and then the system switched off and
no methanol and oxygen fed to the system. The next day the sys-
tem was switched on again and another 20 polarization curves were
obtained. This procedure was followed for 5 days.

Fig. 9 presents typical results of maximum power density of
each polarization curve as a function of time for DE2020, DEZ50-1,
DEZ25-5 and N117 membranes. The concentration of methanol at
the anode side was 1 M. Each symbol in the graphs corresponds to
a different MEA. All three composite membranes show an increase
in their maximum power density (MPD) up to 400th min. It seems
that in the beginning of the experiment, maximum power densities
in the beginning of the measurement and then decreases continu-
ously till the end of the measurement of the day. Next day, it again
shows high MPD value and then decreases again and if one waits

embranes [23] as a function of time (approximately 7 h of effective operation time
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Fig. 10. Typical (a) polarization and (b) power density curves of DE2020,

ong enough (4–5 days), MPD reaches around 275 mW/cm2 (Fig. 9a),
hich is in agreement with our previous study for DE2020 mem-

rane [23]. DEZ50-1 shows similar phenomena, perhaps, due to its
ow zeolite loading. Its MPD reaches 250–275 mW/cm2 in the 5th
ay (Fig. 9b). The DEZ25-5 shows same trends; namely high MPD

n the beginning of the day and drop later like the other two mem-
ranes. However, the drop is less sharp than the other two and most

mportantly reaches high MPD in the end of the 5th day at around
00 mW/cm2. The performance of N117 MEA (taken from our ear-

ier work [23], prepared under the same conditions as DEZ MEAs) is
ery stable without drop throughout the day (Fig. 9d). It seems that
hose fluctuations are characteristic of the specific DE2020 material
nd can be improved when significant amount (5 wt.%) of H-ZSM-5
s added.

Fig. 10 compares typical polarization and power density curves
f the membranes in the end of the 5th day. In the polarization
urves, there are clear regions of activation, ohmic and concen-
ration polarization. Open cell voltages of all membranes are in
he same range and they are about 0.85 V. The DEZ25-5 compos-
te membrane with the lowest methanol crossover shows the best
erformance. This is shown clearly at the power density curves
Fig. 10b). DEZ25-5 composite membrane shows better perfor-

ance than DE2020 and DEZ50-1 membranes at low and high
urrent density regions.

Our results for the composite membranes suggest that the
ethanol cross-over is more critical to achieve superior DMFC per-

ormance. This is consistent with our earlier work for Nafion-PE
N-PE) composite membrane [23]. N-PE with lower methanol cross-
ver than Nafion shows better DMFC performance even though it
as lower proton conductivity than Nafion.

. Conclusions

In this study, composite membranes were prepared by mix-
ng H-ZSM-5 zeolites with DE2020 dispersion and thoroughly
haracterized. All composite membranes have lower methanol per-
eabilities and higher proton conductivities than pure DE2020
embrane. Two of the membranes: DEZ25-5 and DEZ50-1 were

ested in DMFC due to their low methanol cross-over and high pro-
on conductivity, respectively. The DEZ25-5 membrane showed the
est DMFC results. Its maximum power density was more stable
hroughout the measurements and it reached the highest MPD at
he end of the 5th day.
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