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a  b  s  t  r  a  c  t

Although  zeolites  are  introduced  to  decrease  methanol  crossover  of  Nafion  membranes  for  direct
methanol  fuel  cells  (DMFCs),  little  is  known  about  the  effect  of  their  intrinsic  properties  and  the interac-
tion  with  the  ionomer.  In this  work,  Nafion–Faujasite  composite  membranes  prepared  by  solution  casting
were  characterized  by extensive  physicochemical  and  electrochemical  techniques.  Faujasite  was  found
to  undergo  severe  dealumination  during  the  membrane  activation,  but its  structure  remained  intact.
The zeolite  interacts  with  Nafion  probably  through  hydrogen  bonding  between  Si–OH  and  SO H  groups,
eywords:
irect methanol fuel cells
omposite membrane
aujasite zeolite
afion
roton conductivity
tates of water

3

which  combined  with  the  increase  of  the  water  uptake  and  the  water  mobility,  and  the  addition  of  a
less  conductive  phase  (the  zeolite)  leads  to an  optimum  proton  conductivity  between  0.98  and  2  wt%  of
zeolite.  Hot  pressing  the  membranes  before  their assembling  with  the  electrodes  enhanced  the  DMFC
performance  by  reducing  the  methanol  crossover  and  the  serial  resistance.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Direct methanol fuel cells (DMFCs) are promising power sources
or mobile and portable applications due to their high energy den-
ity, low pollutant emission, simple system design, and abundant
uel sources [1–3]. The bottlenecks restricting the commercializa-
ion of DMFCs are Pt-based catalysts [4] and perflurosulfonic acid

embranes [5] which are too expensive to be used in large quan-
ities. The current state-of-the-art membrane is still the Nafion®

embrane (DuPont) which has excellent proton conductivity,
echanical strength, and thermal and chemical stability. How-

ver, serious methanol crossover through the Nafion membrane
ot only decreases the fuel utilization, but also leads to mixed
otential on the cathode, thus the decreasing the overall per-

ormance of DMFCs [6–8]. Many types of inorganic fillers have
een reported to decrease the methanol crossover of Nafion mem-
rane. Although some improved electrochemical characteristics
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have been reported, especially when intrinsically proton conduc-
ing fillers have been used, most of the composite membranes have
lower proton conductivity than the pure Nafion membrane [9–19].

Zeolites are a class of crystalline aluminosilicates composed
of interconnected TO4 tetrahedron (T = Si, Al) [20,21] and contain
cations electrostatically bound to the host framework to compen-
sate the negative charge introduced by the Al(III). These cations can
move freely along the diffusion paths formed by voids and channels
in the zeolite structure, and are responsible for the ion conducting
properties of zeolites [22]. Zeolites are highly hydrophilic solids and
have a high water sorption capacity because of the charged anionic
framework and the extra-framework cations [23,24] in addition to
their open structure, high pore volume and surface area.

Zeolites’ strong affinity to water, which acts as a vehicle for
proton migration, and their sieving properties, have been the rea-
sons for proposing zeolites as additives to Nafion membranes to
reduce methanol permeability [25,26],  or as the electrolyte itself
blended with a non conducting polymer binder in novel composite
membranes [27–29].

Several works have been reported on Nafion–zeolite compos-

ite membranes, including reports on the incorporation of acid
functionalized zeolites to improve the proton conductivity of the
composite membrane [25,30–32] or to improve the dispersion of
the zeolite particles, and studies on the effect of the zeolite particle
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ize, the Si/Al ratio [33], or the solvent used in membrane fabri-
ation. Some of these studies confirmed that zeolites can improve
he performance of Nafion based DMFCs operating at temperature
igher than 70 ◦C and with O2 fed at the cathode, although the

mpact of the zeolite incorporation on the proton conductivity and
ethanol permeability of membranes varies between the reported
orks.

Zeolites undergo severe dealumination in acid medium which
s the case of a hydrated Nafion membrane, or during the standard
ctivation procedure used for Nafion membranes [34]. Dealumi-
ation causes variation of the Si/Al ratio and changes the zeolites’
urface chemistry and textural properties. These variations should
e taken into account on the development of zeolite composite
embranes. Most of the authors always refer to the nominal zeo-

ite content, except in one paper [31] where the zeolite content
as determined by TGA analysis after the activation procedure.

n two works [33] it is not indicated whether the composite
embranes were subjected, or not, to the activation procedure.

inally, none of the previous work deals with the action mechanism
f the zeolites and its interaction with Nafion, which is essen-
ial for the development of zeolite-based composite membranes
or DMFCs.

In the present work, we report the preparation and character-
zation of Nafion–Faujasite zeolite composite membranes for low
emperature DMFCs. We  comprehensively investigate zeolite dea-
umination, the interaction between Nafion and Faujasite zeolite,
he hot pressing of the membranes and the impact on the morphol-
gy, composition, structure, ion exchange capacity, water uptake,
tates of water, and proton conductivity of the composite mem-
ranes. Faujasite-type zeolites have been chosen as fillers because
f their large pore size, open three-dimensional pore system result-
ng in much faster intracrystalline diffusion rates compared to
ther zeolites [35,36].  Moreover, Faujasite zeolites are commer-
ially available in a wide range of compositions. In particular, the
aujasite zeolite CBV780 (H form) was used in this work because of
ts very high surface area (823 m2 g−1) which should facilitate the
nteraction with Nafion polymer, and of the very high Si/Al ratio
=48.7) making them therefore more stable in acid environments
han the other Al-rich Faujasites.

. Experimental

.1. Membrane preparation

Two series of composite membranes were prepared by casting a
uspension formed by the desired amount of the CBV780 Faujasite
eolite powder (CBV780, Si/Al molar = 48.7, particle size ca. 1 �m,
eolyst International, USA) dispersed into 5 wt%  or 20 wt% com-
ercial Nafion® dispersions (DE521 and DE2021 Nafion® Polymer
ispersions, Ion Power Inc.). Isopropanol was added to the 20 wt%
afion® dispersion (1.66 g of isopropanol for each 5 g of DE2021 dis-
ersion). The suspensions were stirred for 30 min  and sonicated for
0 additional minutes to disperse the zeolite uniformly and then
oured into a glass Petri dish. The solvent was  evaporated in an
ven at 50 ◦C for 5–6 h, followed by a thermal treatment at 100 ◦C
vernight and at 140 ◦C for 1 day. The membranes were peeled
ff by immersion in water. A third series of composite membranes
as obtained by additionally hot pressing the membranes prepared
ith the DE2021 Nafion dispersion: the membranes protected by

wo Teflon sheets were placed for 1 min  between the plates of a

arver press (model 3851-0) heated at 140 ◦C and then hot pressed
nder a pressure of 500 pound cm−2 for 40 s. The nominal zeolite
ontent in the composite membranes is 2, 4, 10, 20 and 40 wt%, but
embranes with the highest zeolite loadings could be prepared

nly from the DE2021 Nafion dispersion.
urces 196 (2011) 9176– 9187 9177

The two series of samples prepared from 5 wt% or 20 wt%
Nafion® dispersions are labelled N5 n and N20 n where n varies
from 1 to 5 and is associated with nominal zeolite content from 2
to 40 wt%. Hot pressed membranes are referred to as N20 n HP.

All membranes were activated using the standard procedure
for Nafion membranes. They were successively boiled for 1 hour in
3 vol% H2O2 solution, DI water and 1.2 mol  dm−3 H2SO4 solution.
Finally, the membranes were stored in deionized water for further
characterization.

2.2. Thermal, morphological characterization and surface
chemistry

Thermogravimetric analysis (TGA) of the recast Nafion
and composite membranes were conducted using a Thermo-
Gravimetric/Differential Thermal Analyzer (TG/DTA200, Seiko
Instrument, Inc.). The measurements were carried out under nitro-
gen flow, and the samples were conditioned at 25 ◦C for 15 min
and then heated to 650 ◦C at a heating rate of 10 ◦C min−1. Surface
and cross-section micrographs of the membranes were obtained
using JEOL JSM-6300F scanning electron microscope (SEM). A car-
bon film was sputter coated on the membranes using a carbon IF
Filament unit prior to the SEM observations. The cross-sections of
the composite membranes were obtained by fracturing the mem-
branes in liquid nitrogen. X-ray photoelectron spectroscopy (XPS)
analysis was  performed with a VG Escalab 220i-XL equipped with
Mg polychromatic twin source (Mg  K� = 1253.6 eV) operating at
15 kV and 20 mA.  The signal was  filtered with a hemispherical ana-
lyzer (pass energy = 20 eV) and the detection was performed with a
multi-channel detector. The base pressure inside the spectrometer
during analysis was 4 × 10−8 Pa. The samples were kept overnight
in the preparation chamber before being transferred to the anal-
ysis chamber. The C(1s) photoelectron line at 284.6 eV was  used
as internal standard for the correction of the charging effect in all
samples. Casa XPS software was used to analyze each core level
spectrum and determine the element concentration.

2.3. Water uptake and ion exchange capacity (IEC)

For water uptake measurements, the membranes were
immersed into DI water overnight at room temperature. Excess
water was  removed from the membrane surface with wipe paper
and the membrane weighed (denoted as mw). The membranes were
then dried at 80 ◦C for 2 h in a vacuum oven and weighed (denoted
as md). The percentage of water uptake was calculated as follows:

Water uptake (%) = mw − md

md
× 100 (1)

The IEC expressed as mmol  of sulfonic acid groups for 1 g of dry
polymer was determined through acid–base titration. The mem-
branes were dried at 80 ◦C for 2 h in a vacuum oven, weighed
(denoted as md), and then immersed overnight into a 0.1 M NaCl
solution to exchange the protons with Na+ ions. This solution was
afterwards titrated with a 0.02 M NaOH solution until pH = 7. IEC
was  calculated according to the following equation.

IEC (mmol  g−1) = Veq · CNaOH

md
(2)

where Veq is the equivalent volume of NaOH solution.

2.4. Differential scanning calorimetry
The fraction of freezable water in Nafion–zeolite composite
membranes prepared from the DE2021 dispersion was determined
from differential scanning calorimetry (DSC) measurements using
a DSC 7 Perkin Elmer instrument. The samples were equilibrated in
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iquid water at 25 ◦C; then blotted with adsorbent paper and quickly
ealed in aluminum DSC pans. In a typical run, 20 mg  of sample (2
embrane disks of 6 mm in diameter) was cooled from 25 ◦C to
50 ◦C, then heated from −50 ◦C to 10 ◦C at 10 ◦C min−1, under N2
ow (20 mL  min−1). The presented DSC data are the average values
f quadruplicate analyses on different disks of the same sample.

.5. Proton conductivity

Proton conductivity measurements were carried out on fully
ydrated membranes at room temperature, and in both in-plane
nd through-plane (cross-section) directions. A Bekktech conduc-
ivity cell fixture with four Pt electrodes was used for the in-plane
onductivity [37]. The membranes were soaked in water overnight
efore the measurements. The cell fixture was put inside a closed
lass box with water in the bottom, and a water soaked filter
aper was put on the top of the cell to keep the membranes fully
ydrated. A four-electrode DC technique was applied, and a high-

mpedance digital voltmeter and a potentiostat/galvanostat (AMEL
nstruments Model 2051) were used. The two external platinum
lectrodes were connected to the galvanostat and the two cen-
ral platinum electrodes were connected to the digital voltmeter
o measure the potential drop along the film section. The cur-
ent between the external electrodes was varied between 0 and
5 mA  and back to 0 mA  by a step of 1 mA,  and the potential differ-
nce between the two inner Pt electrodes recorded. The slope on
he E–I plot corresponds to the membrane resistance, Rmem. A full
ycle was always recorded, and the overlapping of the two straight
ines confirmed that the membranes did not start to dry out dur-
ng the measurements; the membranes’ proton conductivity was
alculated from Eq. (3):

 = 1
�

= l

RmemA
(3)

here l denotes the distance between the two inner Pt electrodes, A
s the product of the membrane width and thickness. The in-plane
onductivity measurements were carried out on both faces of the
embranes and the two values are reported.
Conductivity measurements through the membranes’ cross-

ection were carried out in a four-compartment glass cell according
o the procedure reported by Slade et al. [38]. A four-electrode DC
echnique was applied, and the two external platinum electrodes
ere connected to the galvanostat whereas the two central satu-

ated calomel reference electrodes (SCE) were connected to a digital
oltmeter. The cell was first filled with an electrolyte solution
0.5 mol  dm−3 H2SO4), and the background resistance (Relectrolyte)
as determined. The current between the external electrodes was

aried between 0 and 200 mA  and back to 0 mA  by a step of 20 mA,
nd the potential difference between the other two reference elec-
rodes recorded. Next, the resistance of the cell filled with the
lectrolyte and equipped with the membrane was measured. Three
ull cycles were always recorded. The membrane resistance (Rmem)
as obtained by subtracting the background resistance (Relectrolyte)

rom the total cell resistance. The membrane conductivity (�) was
alculated by Eq. (3),  where l and A represent the thickness and
ircular area (0.79 cm2) of membranes, respectively.

.6. Direct methanol fuel cell tests

Two Nafion–zeolite composite membranes (N20 2 and
20 2HP) were tested in DMFC. The membranes were prepared

rom the DE2021 Nafion dispersion and contain 4 wt% of nominal

eolite. One of the membranes was subjected to the final hot press-
ng treatment before membrane activation in H2O2/H2O/H2SO4
nd assembling with electrodes. Both anode and cathode were
urchased from Electrochem Inc.; the anode catalyst layer contains
urces 196 (2011) 9176– 9187

3 mg  cm−2 PtRu (from a 60 wt%  PtRu/Vulcan XC-72 catalyst) and
the cathode catalyst layer contained 3 mg  cm−2 Pt (from a 60 wt%
Pt/Vulcan XC-72 catalyst), and were coated with 1 mg  cm−2 Nafion.
The membrane electrodes assembly (MEA) were hot pressed at
140 ◦C and installed in a fuel cell fixture of 5 cm2 active area
(Fuel Cell Technologies). The single cells were connected to a
fuel cell test station (model 850c from Scribner Associates) and
equilibrated with the humidified gases at room temperature. For
each MEA  two cycles of galvanostatic polarizations were recorded
between 25 and 80 ◦C with 1 mol  dm−3 methanol solution fed to
the anode chamber and with humidified air pre-heated at the same
cell temperature fed to the cathode. Atmospheric pressure in the
anode and cathode compartments was used for all experiments.
The flow rates of methanol and air were 2.5 and 220 mL  min−1,
respectively. The MEAs performance improved during the first 2
days of operation and reached steady-state behavior. Only the data
set recorded under steady-state conditions is presented.

2.7. Dealumination and characterization of Faujasite zeolite

To investigate whether dealumination of zeolite occurred
during the pre-treatment of composite membranes, the zeolite
powders were subjected to the same pre-treatment as the mem-
branes. The zeolite powders were successively suspended for 1 h
in the boiling 3 vol% H2O2 solution, DI water and 1.2 mol dm−3

H2SO4 solution, and then filtered and dried. The chemical com-
position of the parent and dealuminated zeolite was  determined
by Neutron Activation Analysis (NAA, at the Institute of Nuclear
Engineering, École Polytechnique de Montreal). X-ray diffraction
(XRD) was performed using a Bruker D8 Advance diffractometer
equipped with a Cu Ka (k = 1.5405 Å) as radiation source operating
at 40 kV and 40 mA.  The data was collected between 2◦ and 40◦ (2�)
in a step mode of 0.02◦ and 1 s duration. The unit cell parameter,
a0, was calculated using EVA V14 software. Nitrogen adsorp-
tion measurements were carried out at −196 ◦C (Quantachrome
Autosorb Automated Gas Sorption System, from Quantachrome
Instruments). BET and Non Local-Density Functional theories were
used for the determination of the surface area and the pore size
distribution, respectively.

Electrochemical impedance spectroscopy (EIS) was used to
measure the proton conductivity of the zeolites in a pellet form [39].
EIS spectra were recorded with a SI 1260 impedance/gain-phase
analyzer (Solartron) controlled by a PC through a GPIB interface,
and by applying a sinusoidal signal with amplitude of 10 mV  over
the frequency range 1 Hz to 10 MHz. The pellets with a diameter
of 7.2 mm were prepared by pressing ca. 50 mg  of zeolite powder
under 1200 pounds for 1 min  and then immersed into DI water for
48 h. The pellets resistance, R, was obtained from the amplitude of
the semi-circle on the complex impedance plane. The conductivity
of zeolites was  also calculated from Eq. (3).  However, l and A is the
thickness and surface area of the pellet, respectively.

3. Results and discussion

3.1. Dealumination of Faujasite zeolite

Table 1 summarizes the results of the physicochemical charac-
terization of the parent and treated Faujasite zeolites. It was  found
from NAA analysis that the Al wt% is reduced by more than half,
while Si wt%  remains unchanged. The increase of the Si/Al ratio
from 48.7 to 103.7 indicates that CBV780 zeolite underwent serious

dealumination during the treatment in H2O2/H2O/H2SO4. How-
ever, as shown in the XRD patterns of Fig. 1, the Faujasite structure
remained intact, and no other crystalline phases were detected.
The diffraction peaks shifted to higher 2� values and the unit cell
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Table  1
The physicochemical properties of the parent and dealuminated CBV780 zeolite (DA-CBV780) treated in H2O2/H2O/H2SO4.

Sample Al (wt%) Si (wt%) Si/Al molar a0 (nm) S (m2 g−1) V (cm3 g−1) � (S cm−1)
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CBV780 0.87 44 48.7 

DA-CBV780 0.38 41 103.7 

arameter decreased (Table 1) consistently with the occurring of
ealumination [34].

At variance with what previously observed by other authors
34], the specific surface area (SSA) of the Faujasite zeolite
ecreased from 823 to 735 m2 g−1 with the H2O2/H2O/H2SO4
reatment (Table 1). This result was somewhat unexpected since
xtensive dealumination through acid leaching causes in general an
ncrease of the surface area [34]. During the dealumination soluble
l–OH2

+ species are produced and larger pores or even secondary
ores in the mesopore region are formed. In fact, the analysis of
he pore size distribution for the parent and dealuminated zeolites
howed that the total micro pore volume decreased from 0.238 to
.191 cm3 g−1, whereas the mesopore volume slightly increased.
he decrease in the total SSA observed in the present case can
hus be attributed to the accumulation of an amorphous phase (not
etected by XRD) inside the zeolite micropores.

A lower proton conductivity was found for the dealuminated
ample (Table 1). A decrease in the framework Al content causes

 decrease in the number of exchangeable cations [22], protons in
his case, although it increases the strength of the Brønsted sites
40]. Moreover, the lower micropore and total pore volumes found
or the dealuminated Faujasite also affected negatively the proton

obility through the zeolite channels.
Although the Faujasite zeolite underwent extensive dealumina-

ion during the H2O2/H2O/H2SO4 treatment, the structure did not
ollapse which is a requisite for operation in the strong acid and
xidative environment of DMFCs. The proton conductivity of the
arent and dealuminated zeolites are three orders of magnitude

ower than the reported proton conductivity of Nafion membranes
typically 0.1 S cm−1 for fully hydrated membrane at 25 ◦C).

.2. Nafion–Faujasite composite membranes
TGA analysis was used to determine the real filler content in
he composite membranes after the activation procedure, and to
erify the impact of zeolite addition on the thermal stability of

ig. 1. XRD patterns of the parent (a) and the dealuminated (b) CBV780 zeolite. The
nsert is the enlarged view of the XRD at higher 2� values.
24.24 823 0.5395 2.6 × 10−4

24.21 735 0.5274 7.8 × 10−5

Nafion. The real zeolite content was  calculated after the subtraction
of the water content and is shown in Table 2. The plot of the real
zeolite content in the composite membranes vs. the nominal one
(Fig. S1, Supplementary Material) shows a linear relation for both
series of samples, and the slope of 0.49 for the fitted line means that
the final filler content is about half of the zeolite initially added. The
same variation on the (Si/Al) wt%  was  found by NAA on the zeolite
powders (Table 1). Therefore, the major cause for the weight loss
during the activation procedure is the leaching of Al from the zeolite
framework during the treatment in hot 1.2 mol  dm−3 H2SO4 solu-
tion, although it cannot be excluded that the Nafion’s sulfonic group
in the presence of water also contributed to the Faujasite dealumi-
nation. The linearity between the real and the nominal content, and
the overlap between the two  series of membranes indicates that the
used fabrication procedure was  well controlled.

Fig. 2a and b shows the TGA and DTG plots for the recast Nafion
and for the N20 n series of composite membranes. Similar curves
were obtained for the N5 n series of samples. The thermograms of
the composite membranes exhibit a loss of weight during the initial
stage at 25 ◦C due to the evaporation of absorbed water under the
N2 flow, the composite membrane with the highest zeolite load-
ing showing the highest loss of water. The loss of water continues
with increasing temperature. The thermal degradation of all mem-
branes was found to undergo three similar stages as usually seen
for Nafion in its acid form [41–46]:  the first stage (250–380 ◦C) is
due to the decomposition of the sulfonic acid groups, the second
stage (380–450 ◦C) is related to the ether side-chain decomposi-
tion, and the third stage (450–600 ◦C) is due to the decomposition
of PTFE backbone. The CBV780 crystals are stable in the scanned
temperature range and the residues found above 600 ◦C provided
the real content of the zeolite in the composite membranes after
the activation procedure.

Among the different factors that may  contribute to define the
thermal stability of Nafion–zeolite composite membranes the pres-
ence of the catalytically active Al3+ ions and the formation of
H-bonds between the polymer acid groups and Si–OH function-
alities on the fillers surface should certainly be taken into account.
The decreased thermal stability observed for the composite mem-
branes with respect to pristine Nafion cannot be attributed to the
Lewis acid character of the Al3+ ion which is known to catalyze the
degradation of Nafion ether bonds only in Al exchanged membranes
[44,47]. But, the gradual increase of weight loss observed during

the first stage seems to indicate that the Faujasite accelerates the
thermal degradation of the sulfonic acid groups. However, all com-
posite membranes show a 10–15 ◦C shift of the DTG peaks to higher
temperature with the incorporation of the zeolite (Fig. 2b). Such

Table 2
Nominal and real zeolite content (from TGA) of the composite membranes.

Sample label Nominal zeolite
content (wt%)

Real zeolite
content (wt%)

N5 1 2 1.84
N5 2 4 3.10
N5 4 20 7.51

N20 1 2 0.98
N20 2 4 1.40
N20 3 10 4.42
N20 4 20 10.07
N20 5 40 21.37
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ig. 2. TGA (a) and selected DTG (b) diagrams for the recast Nafion and composite
embranes with various zeolite contents prepared from 20 wt% Nafion dispersion.

hift could be attributed to the stabilizing H-bonding interactions
etween the polymer sulfonic acid groups and Si–OH functional-

ties on the filler surface [42,43,48].  The parent Faujasite zeolite
sed in this work, CBV780, has a very high Si/Al molar ratio and
herefore a high concentration of hydroxyl groups on the surface
35] which would favour the interaction between Nafion and the
iOH groups. Moreover, during the membrane activation the Al wt%
ontent decreased by half and consequently the number of silanol
roups further increased. The decomposition of the sulfonic acid
roup involves the cleavage of the C–S bond with the formation of
O2 [49], and because of the high zeolite loadings it is possible that
n the present case the very strong interaction between SO3H–SiO2

ould weaken the C–S bond. Indeed, it has been reported that
he stabilizing H-bonding interactions on Nafion–SiO2 composite

embranes occurs only until a certain amount of filler [43].

Thus the overall thermal behavior may  be explained taking into

ccount the interplay of different effects: on one side the higher
eight loss observed with respect to reference Nafion is due to

he weakening of the C–S bonds and on the other hand the DTG

able 3
S/F), (O/F), (Si/F), (S/Si) and (Si/O) atomic ratios of the dealuminated zeolite, recast Nafio

Sample S/F O/F 

Nafion recast 0.021 0.221 

N20  4 0.0193 0.243 

N20 5 0.0152 0.269 

Zeolite – – 
Fig. 3. O(1s) (a) and Si(2p) (b) core level spectra of the dealuminated zeolite, recast
Nafion and composite membranes N20 4 and N20 5.

peaks are shifted to higher temperature because of the existence of
H-bonds between filler silanol and polymer sulfonic groups.

The recast Nafion membrane and composite membranes with
the highest zeolite loading (N20 4 and N20 5) were characterized
by XPS to complement the information obtained by TGA analysis.
The survey and core level spectra of the bare Nafion are identical to
those reported in the literature [50,51] and therefore not presented
in this work. Si, but not Al, was found in the survey spectra of the
composite membranes in addition to C, O, F and S. Table 3 reports
the (S/F), (O/F), (Si/F), (S/Si) and (Si/O) atomic ratios. The (S/F) ratio
should be in principle independent of the zeolite content but it
decreases to 0.0152 for the sample with the highest zeolite content,
which indicates a lower concentration of sulfonic acid groups on
the surface of the composite membrane. The (O/F) and (Si/F) ratios
increase with the zeolite content as expected.
Table S1 summarizes the peak parameters for all resolved core
level spectra as well as the assignment of the chemical species
(see Supporting Information). No major variations were seen in the
shape, width and number of peaks of the C(1s), F(1s) and S(2p) spec-

n and composite membranes with 10.07 wt% and 21.37 wt%  zeolite from XPS.

Si/F S/Si Si/O

– – –
0.054 0.357 0.222
0.068 0.222 0.248
– – 0.535
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ig. 4. SEM micrographs of the surface of the composite membranes N5 2 (a), N20 

agnification for the above composite membranes is 2700×, 2500×, 2500×, and 22

ra of Nafion by the addition of zeolite, but the shape of the O(1s)
nd Si(2p) spectra of the composite membrane with the highest
oading did change (see Fig. 3a and b). For comparison, the O(1s)
nd Si(2p) spectra recorded for the dealuminated zeolite were also
ncluded in Fig. 3. The O(1s) spectrum of the composite membrane

ith the highest zeolite loading presents a third peak at 533.1 eV
ttributed to the oxygen ions from the zeolite network. The second
eak or shoulder present at higher binding energy in the Si(2p) line
learly indicates a strong interaction between the zeolite surface
nd Nafion ionomer leading to a differentiation of the Si species.
uch new peak/shoulder suggests a strong depletion of the elec-
ron density around certain Si species, which means that the Si–O
onding became more ionic or that the Si species are surrounded by

 more electronegative element. The shift of O(1s) peak attributed
o the zeolite network to higher binding energy values is consis-
ent with the increase of the ionic character of the Si–O bond, and
upports the hypothesis of the strong interaction between silanol
roups and sulfonic acid groups. Similar Si(2p) core level spectrum
nd peak separation was observed by Blanco-Brieva on commer-
ial fluorosulfonic acid Nafion® polymer on amorphous silica and
n perfluorosulfonic acid-functionalized silica catalysts obtained
rom grafting 1,2,2-trifluoro-2-hydroxy-1-trifluoromethyl ethane-
ulfonic acid sultone onto the silica surface [52]. According to the
uthors this peak is indicative of an interaction between the Si and
 atoms.
Fig. 4 shows some representative surface SEM micrographs

f the composite membranes prepared from the two  Nafion
ispersions and with different zeolite contents. The morphology
with N5 4 (c), and N20 4 (d). All scale bars in the SEM micrographs are 10 �m. The
respectively.

and distribution of the zeolite particles on the membrane sur-
face seems to be independent on the concentration of the Nafion
dispersion used to recast the membranes. On the other hand,
and as expected, the aggregation of zeolite particles increases
with the zeolite content. Fig. 5 shows the cross-section SEM
micrographs of the N20 n series of membranes. In the micro-
graphs relative to samples N20 1 and N20 2, the zeolite particles
are hardly seen, due to the preferred sedimentation of the zeo-
lite particles on the membrane surface during the preparation
process. In all other samples the zeolite particles are easily
observed on the membranes’ cross-section together with pores
and voids between particles and between the zeolites and the
ionomer.

Fig. 6a reports the variation of the water uptake of the composite
membranes as a function of the zeolite content for the two  series of
membranes prepared from the two  Nafion dispersions. The water
uptake of the membranes initially increases linearly with the zeo-
lite content, and then it levels off for zeolite loadings higher than
8 wt%. Zeolites are highly hydrophilic and have high water absorp-
tion capacity. In addition, SEM observations (Fig. 5) highlighted the
porosity of the composite membranes, and the large number of
defects and voids which can accommodate a significant amount of
water.

To estimate the contribution of porosity (pores, defects and

voids) to the water uptake, a third series of composite membranes
was  prepared from the 20 wt%  Nafion dispersion and subjected to a
hot press treatment at 140 ◦C just before the activation procedure.
As seen in Fig. 6b, the water uptake is lower for the hot pressed
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ig. 5. Cross-section SEM micrographs of composite membranes prepared from 2
20  3; (e) N20 4; (f) N20 5. All scale bars and the magnifications in the SEM microg

omposite membranes. The loss of porosity of the composite mem-
ranes was further quantified as follows:

ore loss (%) = WUb − WUa

WUb
× 100 (4)

here WUb and WUa denote the water uptake percentage of the

omposite membranes before and after hot pressing, respectively.
he results (Fig. 6b) show that the porosity (including voids and
efects) contribute to at least by 25% to the water uptake of the
omposite membranes (non-hot pressed). The cross-sectional SEM
 Nafion precursor; zeolite content: (a) reference Nafion; (b) N20 1; (c) N20 2; (d)
 are 1 �m and 4000×, respectively.

micrographs (not shown) also confirmed that the hot pressed com-
posite membranes have lower open porosity.

The variation of the water uptake with the zeolite content for
the hot pressed membranes is the same as for the others two series
of membranes and it also levels off at 8 wt% zeolite. The levelling-off
means there is an effect counteracting the strong water retention

capacity of the zeolites which should have resulted in a continu-
ous increase of the water uptake. The hydrophilic acid end groups
of the ionomer are responsible for the water absorption of Nafion
membranes. Therefore, a plausible cause is the decrease of the
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Fig. 6. (a) Variation of the water up-take as a function of the zeolite content for
all  composite membranes prepared from both 5 and 20 wt%  Nafion dispersions;
(
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b) variation of the water up-take and pore loss for the hot pressed composite
embranes prepared from 20 wt%  Nafion dispersions.

oncentration of sulfonic acid groups since the fraction of Nafion in
he composite membrane decreases with the increase of the zeolite
ontent.

Such reduction also affected the ion exchange capacity (IEC)
f the composite membranes. IEC was determined by acid base
itration and, as expected, it decreases with the zeolite content.
he theoretical and experimental IEC values agree well within
he experimental error except for the highest loading of zeolite
21.37 wt%) where it was found a noteworthy difference between
he experimental and theoretical values of IEC: 0.66 mmol g−1 vs.
.76 mmol  g−1, respectively. This difference is in line with the
maller (S/F) surface ratio determined by XPS, thus confirming that
or high loading of zeolite the fraction of sulfonic acid groups is
ower than expected.

The water uptake and IEC were related through � defined as
he ratio of the moles of water molecules (nH2O) to the moles of
O3H groups (nSO3H). Fig. 7a presents � values as a function of IEC.
n agreement with water uptake data, � increases with increasing
eolite content while the IEC decreases. Yet, the most significant
eature is that a small decrease of the IEC is associated with a signifi-
ant decrease of the concentration of sulfonic acid groups due to the

arge amount of water absorbed by the membranes. For example,

ith the addition of 7.51 wt% of zeolite to 5 wt% Nafion dispersion,
EC decreased from 0.98 to 0.82 mmol  g−1 while � increased from
0.79 to 38.31; that is, the concentration of sulfonic acid groups
Fig. 7. (a) Variation of composite membranes’ � as a function of the ion exchange
capacity; (b) plot of experimental � and estimated �zeolite as a function of the zeolite
content. Linear fitting of the data is included as an aid for the eye.

decreased by 46% (Eq. (5)). These numbers show a major dilution
of the proton concentration with the increase of the zeolite content.

[SO3H] = nSO3H

VH2O
= �H2O

� · MH2O
(5)

where �H2O, VH2O and MH2O are the density, volume and molar mass
of water molecules, respectively.

The contribution of the zeolite bulk hydration to the mem-
branes’ lambda was  estimated from the zeolite pore volume
(0.5274 cm3 g−1) using the following equation:

�zeolite = 1000 · x · 0.5274
18 · IEC

(6)

where x is the zeolite content (g) per gram of membrane, 18 is the
molecular weight of water, 0.5274 is the water uptake of zeolite
per gram of membrane, 1000 is a unit conversion factor, IEC being
expressed in mequiv. g−1. Fig. 7b shows the comparison between
experimental � and theoretical �zeolite values of N 5 and N 20
membrane as a function of zeolite loading. Both � values were
found to increase linearly with zeolite content, indicating that the
membranes’ hydration level is proportional to the filler content.

However, the experimental � values showed a larger increase with
respect to theoretical �zeolite values, indicating that the contribu-
tion to the water uptake of membranes is not only due to the filler
hydration. Indeed, porosity and voids formed between the zeolite
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Fig. 9. (a) Variation of the through-plane proton conductivity with the zeolite con-
tent for membranes prepared from 5 wt% Nafion dispersion (solid square), from
ig. 8. Percentage of freezable water (WF%) in the Nafion based composite mem-
ranes prepared from 20 wt%  Nafion dispersion as a function of zeolite content; non
ot pressed membranes (solid square) and hot pressed membranes (empty square).

articles and between the zeolite and ionomer have to be accounted
or the � trend.

Proton conductivity is given by the number of carriers multi-
lied by their mobility. Water is a vehicle for protons during the
roton conduction process and an increase of the water content

nside the membrane increases the proton mobility according to
he vehicle mechanism [53]. On the other hand, the increase of
ater uptake dilutes the protons and decreases the density of car-

iers. Therefore, the change in the water content and water mobility
ust have an impact on the proton conductivity of the composite
embranes.
To gain a deeper understanding about water mobility in the

omposites, the state of water in the membranes was investi-
ated by DSC which allows discriminating between freezable and
on-freezable water. Non-freezable water is strongly bound to
he polymer matrix and yields no characteristic thermal transi-
ion in DSC thermograms. Freezable water (WF) is more mobile
nd exhibits thermal transitions similar to bulk water. Since the
resence of bulk-like water increases the mobility of protons, WF

s important for proton conductivity [54,55]. The heating run of the
SC thermograms of the unfilled Nafion and composite membranes

see Fig. S2, Supporting Information) show for all samples a broad
ndothermic peak corresponding to the melting of freezable water
n the 0–0 ◦C temperature range. The percentage amount of freez-
ble water (WF%) in the membranes was calculated according to
q. (7):

F% = A

�HW

1
md

× 100 (7)

here A is the area of the endotherm peak, �HW is the enthalpy of
elting for bulk water (333 J g−1) and md is the mass of the dried

ample [56].
Fig. 8 shows the WF% values as a function of the real zeolite con-

ent for the N20 n and N20 n HP series of membranes. For both
eries, the WF% values increased with the filler loading up to sam-
le N20 4 (4.42 wt.% zeolite content) and at higher zeolite contents
F% reached a saturation threshold. In the whole range of zeolite

oncentration investigated, the WF% values of the composites were
igher than those of the unfilled Nafion membranes, the differences
eing less pronounced in the case of the hot pressed membranes,
wing to their lowered porosity. Previous authors have illustrated
hat proton conductivity is highest for membranes with larger

reezable water contents [54], thus higher WF% is expected to lead
o higher proton conductivity values.

Both through-plane and in-plane proton conductivities were
easured and show the same general trend. Data are shown in
20 wt% Nafion dispersion (solid circle) and from 20 wt%  Nafion dispersion after hot
pressing (empty circle); (b) variation of the in-plane proton conductivity as function
of the zeolite content. Non-linear fitting curves are included as an aid for the eye.

Fig. 9. Fig. 9a shows the through-plane proton conductivity of all
the composite membranes prepared. For all samples the through-
plane proton conductivity increases initially with filler content,
then gradually decreases. The maximum through-plane conduc-
tivity is 0.13 S cm−1 and ca. 45% higher than the values recorded for
the bare Nafion membranes prepared by solution casting. At low
zeolite content, the increase of the membranes’ water up-take and
of the mobility of water is predominant and an enhancement of
proton conductivity of the composite membranes is observed. At
high zeolite content, the decrease of conductivity can be related to a
dilution effect due to the addition of a less conducting phase [57] in
addition to the decrease of sulfonic avid groups available for proton
transfer, as indicated by the low IEC. The same trend is seen for the
hot pressed membranes but it is translated vertically towards lower
conductivity. The decrease in proton conductivity (ca. 40%) results
from the decrease of water uptake (ca. 25%) and proton mobility
(from DSC analysis), due to the reduction of porosity after the hot
pressing procedure.
The in-plane conductivity (Fig. 9b) exhibits the same trend
confirming the above explanation. The maximum in-plane con-
ductivity is 0.11 S cm−1 and is ca. 110% higher than the values
recorded for the bare Nafion membrane prepared by solution cast-
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Fig. 10. Polarization curves of the DMFC single cell based on the non- and hot-

centrations between 1 and 10 mol  dm−3, and the impact on the
OCV and Pmax is shown in Fig. 11.  The OCV decreases with
methanol concentration, as expected from the very low zeolite

Table 4
Series resistance of DMFCs operating at 40 ◦C and equipped with Nafion–zeolite
(1.40 wt%) composite membranes as a function of the methanol concentration fed
at the anode.

Membrane [MeOH] (mol dm−3) Rs
a (m� cm2)

N20 2 1 257
2 259
5 279

10 323

N20 2 HP 1 222
Z. Zhang et al. / Journal of Pow

ng. Noteworthy, the same or almost the same values of proton
onductivity were determined from both sides of the membranes.
or all non-hot pressed membranes, the in-plane proton conductiv-
ty is lower than the through-plane proton conductivity. Moreover,
he ratio of through-plane to in-plane conductivity for the compos-
te membranes increases with increasing zeolite content. Although
nisotropic proton conductivity has been reported in the literature
nd was shown to be dependent on the membrane casting method,
embrane pretreatment procedure such as hot pressing, and mem-

rane morphology [58–65],  it is obvious that the porosity/voids of
hese Nafion–Faujasite composite membranes contribute for this
ifference. In fact, by hot pressing the membranes the two  conduc-
ivity values become very similar.

Our Nafion–Faujasite (0.98–2 wt%) composite membranes have
igher proton conductivity than the pure recast Nafion membrane,
wing to the higher mobility of water and still high concentration of
rotons. Some works have reported a decrease of ionic conductivity
f composite membranes after the addition of zeolites [25,31],  but
verall the impact of the zeolite addition varies in the literature. The
se of different types of zeolites (structure, Si/Al ratio, surface area),
article sizes, membrane preparation procedure might explain the
ifferences reported in the literature. The very high surface area
f the zeolite used in this work seems to be responsible for the
ncrease of the water up-take and enhancement of the proton con-
uctivity of the composite membranes for real Faujasite contents

nferior to 4 wt%.

.3. The effect of the membrane hot pressing on DMFC
erformance

The impact of the membranes’ morphology and the hot press
rocedure on the DMFC performance was investigated. Two com-
osite membranes were tested: N20 2 and N20 2 HP. Their average
embrane thickness was 165 �m and 130 �m,  respectively. We

re targeting DMFC for portable applications (ideally air breathing
MFCs), and since the performance of the DMFCs fed with air at

he cathode at 25 ◦C is very low, measurements were carried out at
0 ◦C, i.e. at the lowest temperature at which the DMFC fuel cells
erformance is sufficiently good (in terms of OCV and current den-
ity) to perform a comparative study on two different membranes.

Fig. 10 reports the polarization curves recorded at 40 ◦C with
 M methanol solution fed at the anode and air at the cath-
de. The higher open circuit voltage (OCV) recorded for the cell
quipped with the hot pressed membrane (0.58 V vs. 0.52 V for
he non pressed membrane) despite its lower thickness indicates

 decreased methanol crossover [66] and underlines the impor-
ance of minimizing porosity and voids during the fabrication of
omposite membranes. The DMFC with the hot pressed membrane
xhibits better performance in terms of maximum power density
Pmax, 17.8 mW cm−2 vs. 12.4 mW cm−2), and the polarization curve
xtends into the higher current range. The series resistance mea-
ured by EIS (Table 4) is higher for the DMFC based on the (thicker)
on-hot pressed membrane and accounts for the difference in per-

ormance since the IR-corrected polarization curves (not shown)
lmost overlap in the ohmic loss region.

The non-hot pressed membrane presented the highest through-
lane conductivity (0.13 S cm−1, Fig. 9a), and based on this number
he membrane resistance would account only for 52% of the DMFC
eries resistance. The hot pressed membrane has lower proton con-
uctivity (0.07 S cm−1, Fig. 9b) and the membrane resistance would
ccount for 81% of the DMFC resistance. This analysis suggests that
fter assembling the non hot-pressed membrane with the porous

node and cathode at 140 ◦C, the effective through-plane conduc-
ivity of the membrane is lower than 0.13 S cm−1. In addition, from
he lower OCV values, it can be concluded that the assembling pro-
edure with the porous electrodes is not effective as first (or ex situ)
pressed composite membranes with 1.40 wt% zeolite prepared from 20 wt% Nafion
dispersion. The measurements were done at 40 ◦C with 1 mol  dm−3 methanol and
air  (atmospheric pressure).

hot pressing the membranes between the smooth plates of a hot
pressing.

Polarization curves were recorded for different methanol con-
2 229
5 241

10 255

a Serial resistance Rs was determined from EIS data of DMFCs.
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Fig. 11. Variation of the open circuit voltage (OCV) and maximum power density
(Pmax) with methanol concentration of DMFCs equipped with the non- and hot-
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ressed composite membranes with 1.40 wt% zeolite prepared from 20 wt%  Nafion
ispersion. The measurements were done at 40 ◦C with 1–10 mol  dm−3 methanol
nd air (atmospheric pressure).

ontent, but it is always higher for the hot pressed membrane.
n addition, the gap between the OCVs values increases with the

ethanol concentration. This result further confirms that ex situ
ot pressing of composite membranes is important to decrease
he porosity and voids within these membranes, being particularly
ffective at higher methanol concentration. The Pmax recorded for
he DMFC equipped with the hot pressed membrane was higher
y ca. 5.0 mW cm−2 for 1–5 mol  dm−3 methanol solutions and
.7 mW cm−2 for 10 mol  dm−3 methanol solution. The relatively

ow temperature (40 ◦C), low Pt loading in the electrodes and air
eed at the cathode explain the lower OCV and Pmax values with
espect to those reported in the literature for Nafion–zeolite com-
osite membranes which membranes were in general tested at
igher temperature (>70 ◦C) and with pressurized oxygen at the
athode [67–69].

There is a systematic increase of the DMFC series resistance with
he methanol concentration (Table 4) which reflects a decrease
f the membranes’ proton conductivity. The same tendency was
bserved on MEAs fabricated with commercial Nafion (115 and
17) and recast Nafion membranes, equipped with the same
ommercial or in-house prepared electrodes (data not shown).

oreover, the increase of the series resistance is more signifi-

ant for thicker membranes. It has been recently reported that the
roton conductivity of Nafion and CM2  hydrocarbon membranes
easured ex situ also decreased with the increase of the methanol

[

urces 196 (2011) 9176– 9187

concentration, and the lower conductivity was attributed to the
lower ionization of methanol with respect to water molecules [70].
Further studies are in progress to investigate this effect since it
might be an additional cause for the low performance of the DMFCs
fed with high methanol concentration.

4. Conclusions

Nafion–Faujasite composite membranes were prepared by solu-
tion casting technique from commercial Nafion dispersions and
CBV780 Faujasite powders. NAA, XRD and N2 adsorption measure-
ments indicate that the Faujasite underwent severe dealumination
during the membrane activation but their structure did not
collapse. The real zeolite content on the activated composite mem-
branes was found to be half of the nominal one. TGA and XPS suggest
the existence of a strong interaction between Nafion’s sulfonic acid
groups and the SiOH groups of the zeolite. The optimum proton
conductivity of the composite membranes was found to be between
0.98 and 2 wt% of real zeolite content and related to the increase
of the mobility of water on the fully hydrated membranes. Yet,
the impact of the zeolite addition, and in particular the increase
of proton conductivity, can only be assessed after testing the mem-
branes in DMFC. Preliminary DMFC tests on composite membranes
with 1.40 wt%  zeolite have shown that hot pressing the membranes
prior to assembling with electrodes reduces methanol crossover
by decreasing porosity, lowers the membrane thickness and the
DMFC serial resistance, and thus improves the DMFC performance.
The increase of DMFC series resistance suggests the decrease of
the Nafion proton conductivity with increasing methanol concen-
tration. Zeolites are promising membrane materials for DMFCs but
the type of zeolite has to be carefully chosen and the composite
membranes extensively characterized due to the large number of
variables that can affect the characteristics of the composite mem-
branes. A comparative study with Faujasites with different Si/Al
ratio and SSA, and other zeolites with similar SSA is in progress to
verify the relation between surface area, water uptake characteris-
tics and electrical properties.
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