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This paper reports on functional polymer blends prepared by melt-processing technologies for
proton-exchange membrane applications. Styrene—ethylene/butylene-styrene (SEBS) and high-density
polyethylene (HDPE) were melt blended using twin-screw compounding, extruded into thin films by
extrusion-calendering. The films were then grafted with sulfonic acid moieties to obtain ionic conduc-
tivity leading to proton-exchange membranes. The effect of blend composition and sulfonation time was
investigated. The samples were characterized in terms of morphology, microstructure, thermo-mechanical
properties and in terms of their conductivity, ion exchange capacity (IEC) and water uptake in an effort
Proton-exchange membrane . . .
Melt-extrusion to relate the blend microstructure to the membrane properties. The HDPE was found to be present in
HDPE the form of elongated structures which created an anisotropic structure especially at lower concentra-
SEBS tions. The HDPE increased the membrane mechanical properties and restricted swelling, water uptake
and methanol crossover. Room temperature through-plane conductivities of the investigated membranes

Keywords:

were up to 4.5E—02S cm~! at 100% relative humidity, with an ionic exchange capacity of 1.63 meqg-"'.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Proton-exchange membrane fuel cells (PEMFC) are one of the
most attractive power sources for a wide variety of applications,
ranging from vehicles to portable devices, due to its inherently
high efficiency and low emission. Hydrogen fuel cells have the
highest performance, however, the use of hydrogen brings issues
regarding the appropriate generation, safe transportation and stor-
age of the fuel. Consequently, direct methanol fuel cells (DMFC)
that can directly utilize a liquid fuel, without reforming, is attractive
[1-3]. Despite its advantages, there are several obstacles preventing
large-scale commercialization of DMFC. The main issue is the non-
availability of a suitable proton-conducting membrane due to the
unacceptably high methanol crossover of currently used perfluoro-
sulfonic acid membranes. The majority of polymer electrolytes used
successfully in the hydrogen fuel cells, such as Nafion® (DuPont) is
too permeable to methanol and thus cannot be utilized in direct
methanol fuel cells due to excessive fuel crossover. High crossover
rates have a harmful effect on DMFC performance because it cause
performance loss at the cathode due to the catalyst poisoning that
reduces its ability to efficiently reduce oxygen, and as a conse-

* Corresponding author. Tel.: +1 450 641 5024.
E-mail address: Asmae.mokrini@cnrc-nrc.gc.ca (A. Mokrini).

quence reduces the overall energetic efficiency of the fuel cell [4,5].
These disadvantages and the demand for cost efficient materials,
have driven academia, government and industry to focus on new
alternative PEM materials that do not rely on expensive, fully fluo-
rinated polymers.

Sulfonated polystyrene-based polymers (sPS) were the first
hydrocarbon-based membranes used as electrolytes in PEMFC in
the early 1960s. However, hydrogen PEMFCs using these mem-
branes showed poor performance and short lifetime. The main
drawback in employing sPS and hydrocarbon-based materials
in general, was their poor chemical stability compared to per-
fluorinated or partially perfluorinated membranes [6]. However,
hydrocarbon-based membranes are promising candidates for direct
methanol fuel cells DMFC, because of their potential for lowering
cost and methanol permeability.

The chemical stability and performance of hydrocarbon-based
membranes has been thoroughly investigated [7]. Chemically
grafted polymers have received attention for the fabrication of
electrolyte membranes due to their low cost and to the variety
of functional groups that can be used. Films of poly(vinylidene
fluoride) PVDF, poly(vinylidene fluoride-co-hexafluoropropylene)
PVDF-co-HFP, poly(ethylene-tetrafluoroethylene) ETFE, poly
(tetrafluoroethylene-co-hexafluoropropylene) FEP or low-density
polyethylene LDPE have been used as base polymer for mem-
brane fabrication [8-12]. These films were radiation grafted with
styrene or styrene derivatives such as m,p-methylstyrene or

0376-7388/$ - see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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p-tert-butylstyrene [13], and subsequently sulfonated to attain
high proton conductivity. It has been demonstrated that sPS-g-FEP
based membranes shows very high stability, over 2500h, in a
H, /0, fuel cell [14].

Organic/inorganic composite membranes have also been used
widely to decrease methanol permeation [15]. Generally, inorganic
fillers must be proton conducting, such that methanol permeation
isdecreased without overly compromising proton conductivity. The
inorganic proton-conducting moieties that have been considered
range from weakly acidic silica[16] and neutral titanium oxides [17]
and clays [18], through common acids such as phosphoric acids, to
super acids such as the heteropolyacids [19] and zirconium phos-
phonates [20].

Polymer blending is another alternative in the development
of better polyelectrolyte chemistry [21-23]. Blends of proton-
conducting and non-proton-conducting polymer pairs, can be used
to take advantages of either interfacial or geometrical synergis-
tic effects of polymer-polymer interactions. Carefully selected
blend morphologies could improve methanol fuel cell perfor-
mance by restricting, for example, the swelling of the hydrophilic
blend component in such a way that the benefit in methanol
crossover reduction is far greater than the drawback related
to proton conductivity reduction. Recent investigations on the
fabrication of polymer blend membranes produced using melt-
processing technologies have shown the potential of this approach
[24-26]. The use of melt-processable polymers provides a signif-
icant cost-reduction compared to conventional PEM fabrication
technologies and simplifies the scale-up toward mass produc-
tion. Furthermore, the degree of crystallinity reached for extruded
polymers is greater than that obtained using solvent-casting meth-
ods leading to improved mechanical strength and durability of
polymer membranes. The blends studied in this paper are based
on poly(styrene—(ethylene-butylene)-styrene) triblock copolymer
(SEBS) and high-density polyethylene (HDPE). SEBS is a commer-
cially available thermoplastic elastomer. The styrene blocks of the
SEBS can be subsequently sulfonated providing high ionic conduc-
tivity [27-31]. The membranes based on sulfonated SEBS (s-SEBS)
are reported to be less expensive to produce than Nafion®. They
also exhibit arich array of microphase separated morphologies [32].
However, like fluorinated polymers, s-SEBS membranes are prone
to methanol crossover [33]. The addition of HDPE to s-SEBS can
partially circumvent this drawback since HDPE is a good barrier to
methanol and to other polar solvents. In addition, HDPE is a highly
crystalline and chemically resistant polymer that can infer good
dimensional stability and mechanical resistance to the membranes.

In this study we will investigate the use of polymer blending as
a route to tailor the membrane properties to specific performance
profiles for the DMFC applications. Twin-screw extrusion process
was used to produce SEBS/HDPE blends with a HDPE content rang-
ing from 30 to 60 wt.% and thin films were formed by calendering.
Membranes were obtained by functionalizing the films by solid-
state sulfonation. The membranes were then characterized in terms
of their microstructure, mechanical properties, conductivity, ion
exchange capacity (IEC), water uptake and stability in an oxidizing
environment, to establish the structure-property relationships.

2. Experimental
2.1. Materials

Polymers used in this study were \high-density polyethylene
and styrene—(ethylene-butylene)-styrene triblock copolymer. The

HDPE grade was HDPE 1000 supplied by Petromont. The SEBS
grade, G1652 supplied Kraton Polymers contained 30 wt.% styrene

Fig. 1. Randcastle extrusion film line used for membranes forming.

and has an average molecular weight M,, = 125,000. Chlorosulfonic
acid, dichloroethane (DCE), dimethylacetamide (DMAc), methanol,
sodium chloride, sodium hydroxide, phenolphthalein, potassium
permanganate, sulfuric acid and orthophosphoric acid were sup-
plied by Aldrich Chemicals and used as received.

2.2. Membranes fabrication

Membranes were prepared in a three-step process. First, blends
comprising 30, 40, 50 and 60wt.% of HDPE were compounded
at 230°C on a ZSK-30 mm co-rotating twin-screw extruder oper-
ated at a throughput rate of 5 kg/h and using screw rotation speed
of 15.7rad/s (150rpm). The extruded strands were quenched in
water, cut into granules and dried 24 h in an oven at 80 °C prior to
film extrusion-calendering. The second step consisted in forming
thin films using a 12 mm Randcastle vertical single-screw extruder
equipped with a 200mm wide sheet die (Fig. 1). The extrusion
line was operated at 230°C and at a rotation speed of 10.5rad/s
(100rpm). The sheet die gap was set to 0.5 mm. The sheets were
stretched in machine direction and calendared with rolls main-
tained at 70°C and operated at a linear speed of 0.5cm/min to
achieve 150-200 pm thick films. The third step was the film func-
tionalization using chlorosulfonic acid to obtain proton-exchange
membranes. Samples were immersed in a solution of chlorosulfonic
acid (CISO3H) in 1,2-dichloroethane (DCE) at room temperature.
The CISO3H concentration was 0.75M as this concentration was
high enough to maintain acid concentration constant during sul-
fonation. Sulfonation time was varied from 60 to 120 min to obtain
proton-exchange membranes with different ionic exchange capac-
ities. The volume of the sulfonation solution was kept constant
in relation to the mass of the film to be sulfonated. The sul-
fonation reaction was terminated by soaking the films during
1h in methanol at room temperature and 1h in a mixture 1:1
methanol:deionised water at 80 °C. They were finally washed sev-
eral times and stored in the acid form in deionised water. The
procedure has been described previously in greater details [24].

2.3. Blend membranes characterization

2.3.1. Blend morphology

Blend morphology was determined using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). For SEM,
strands extruded by the twin-screw extrusion process and mem-
branes prepared by calendaring were microtomed in the machine
direction (MD) or perpendicular to the extrusion direction (TD).
The details of the crystalline morphology were, enhanced by
selectively etching the amorphous domains using a solution of
0.7 wt.%/v potassium permanganate in a 2:1 mixture of sulfuric and
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orthophosphoric acids according to the procedure of Olley et al.
[34]. The SEM analysis was carried out on the platinum-sputtered
surfaces at a 1kV acceleration voltage.

For AFM analysis, samples were microtomed at —100°C and
examined without further treatment. Tapping mode was used at
300kHz frequency and good contrast was found between amor-
phous and crystalline phases as they exhibit very different surface
properties.

2.3.2. Thermal analysis

Differential Scanning Calorimetry (DSC) was used to determine
the thermal transitions of the blends. Samples were first cooled to
—90°C, and scanned from —90 to 250 °C to determine glass transi-
tion and melting temperatures and from 250 to —90 °C to determine
the crystallization temperature. The heating/cooling rate used was
20°C/min. The crystallinity of HDPE in the samples was deter-
mined from the area under the melting peak, assuming a heat of
fusion of AHY, = 280j/g for HDPE. Dynamic Mechanical Thermal
Analysis (DMTA) was used to measure the glass transition temper-
atures (Tg) for the pure SEBS and its blends since these transitions
were not clearly visible on the DSC thermograms. A Rheometric
Scientific dynamic mechanical thermal analyzer (DMTA) model V
was used. The films were cut into rectangular samples of approx-
imately 27 mm x 5 mm. The measurements were performed in a
multi-frequency single cantilever mode at 1Hz frequency using
rectangular tension/compression geometry, with a target strain of
0.1%.Samples were heated using a dynamic temperature ramp from
—100 to 130°C at a heating rate of 2 °C/min.

2.3.3. Mechanical properties

Tensile mechanical properties of films were measured accord-
ing to standard ASTM D882. The test specimens consisted of
19 mm x 150 mm strips. The gage length used was 50 mm. The sam-
ples were drawn at 500 mm/min. Each reported value is the average
of five measurements.

2.3.4. lon exchange capacity and degree of sulfonation

Once the polymer films were functionalized with chlorosulfonic
acid, their electrochemical properties were measured. First, the ion
exchange capacity was determined by equilibrating the membranes
foratleast 24 hin NaCl (0.2 M) at room temperature with occasional
agitation. Aliquots of exchanged solutions were then titrated with
NaOH (0.005 M) to the phenolphthalein end point. The procedure
was carried out in triplicate and the results averaged. Degree of
sulfonation (DS) was calculated from experimental IEC and of 100%
is defined as an ion-exchange capacity equivalent to one -SOsH
group per aromatic ring according to the formula:

or ( TECexp
DS (%) = (IECTheor) x 100

where IECexp is the ion exchange capacity determined by titration
and IECrpeor is the ion exchange capacity calculated considering
100% sulfonation of styrene groups of SEBS. A degree of sulfonation
of 100% is defined as an IEC equivalent to one —-SOsH group per
aromatic ring.

2.3.5. Equilibrium water content

The water content was determined by equilibrating the mem-
branes in deionised water at room temperature. They were then
removed from the water container, quickly dry wiped and immedi-
ately weighed. Subsequently, they were dried to weight constancy
under vacuum at room temperature and again weighed. The water
contentis calculated from the weight difference of the membrane in

its hydrated and dry state [25], according to the following equation:

Myet — M

WC (%) = (M> « 100 1)
Myet

where myet is the weight of the hydrated membrane, and mg,y,

is its dry weight. Three measurements were carried out for each

membrane.

2.3.6. Proton conductivity

Electrochemical impedance spectroscopy (EIS) was used to mea-
sure ionic conductivity of the membrane. For a first screening,
measurements were done at ambient temperature and 100% rel-
ative humidity (RH). Samples were sandwiched between blocking
electrodes using a through-plane conductivity cell and measured
using a HP4192A impedance analyzer. Scans were carried out in
the 50kHz to 13 MHz frequency range with a 0.1V applied AC sig-
nal. A Nafion112® sample was measured as a reference before each
series of measurements. As commonly accepted, the resistivity of
the membrane was evaluated from the high frequency part of the
Nyquist plot that coincides with the bulk resistance of the polymer
[25]. Tonic conductivity of the samples were calculated using the
following equation:

d

O’—l p—
"R, S

(2)

where o is the conductivity (-1 cm~1), d is the distance between
electrodes (cm), S is the contact area between the electrodes and
the polymer film (cm?2), and Ry, is the bulk resistance calculated
from Nyquist plots (2).

For conductivity measurements under conditions of variable
temperature and relative humidity, the samples were placed in an
ESPEC SH-240 temperature/humidity chamber. The proton conduc-
tivity was measured using a two-point probe in-plane conductivity
cell and a Solartron 1260 with a frequency range of 100 kHz to
10 MHz.

The activation energies (E;) were obtained from the slopes of
the Arrhenius plots according to Eq. (3):

0 = 0 exp (—E—%’_) (3)

2.3.7. Thermal stability

The thermal stability of the PEM materials was investigated
using a Setaram TG96 thermogravimetric analyzer. The weight
loss and thermal properties were probed simultaneously using a
combined TGA-DTA technique. Samples were dried under vacuum
overnight to remove any free-water from the samples prior to test-
ing. The thermograms were obtained from 25 to 400 °C at a heating
rate of 5°C/min under an oxygen atmosphere.

2.3.8. Methanol crossover

Methanol crossover was measure by performing choronoamper-
ometry on 5cm? MEAs prepared in the following manner. Catalyst
ink was sprayed onto carbon paper (Toray-TGP60, 10% wet-proofed.
The anode contained 4 mg/cm? of catalyst (40 wt.% Pt-Ru (1:1)/C)
and 20 wt.% Nafion®. The cathode contained 0.5 mg/cm? catalyst
(20 wt.% Pt/C), and 30 wt.% Nafion®. Membrane-electrode assem-
blies were hot-pressed at 135°C/226.8 kg (500 pound) for 2 min.
Anode was supplied with 1M MeOH (5 cm3/min) and used as the
reference and counter electrode, while the cathode was supplied
with dry nitrogen (100 cm3/min). The flux of methanol permeat-
ing the membrane was measured by choronoamperometry with a
potential step of 200 mV vs. reference electrode at 30 and 60 °C.
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3. Results and discussion
3.1. Morphological and thermo-mechanical analysis

HDPE and SEBS are immiscible but they form a relatively com-
patible polymer pair in the sense that the components readily form
finely segregated dual-phase morphology due to low interfacial
tension and that the two materials show good adhesion in the
solid-state. For the membrane application, a continuous network
of a proton-conducting phase within the material is essential. In
the current system, SEBS must therefore form the matrix while
the HDPE must form the dispersed phase or in the limiting case
could form a co-continuous network. The shape of dispersed HDPE
phase is expected to play a critical role on the mechanical integrity
and hydro-mechanical stability of the films, which in turn will
have a significant impact on the functional properties of the mem-
brane.

SEM micrographs of a 50:50 SEBS/HDPE blend are presented
in Fig. 2. The cryogenically fractured surface, presented in Fig. 2a,
showed a smooth surface with no sign of interfacial delamination
between components. This is typical of a highly compatible blend
and is indicative of the good interfacial adhesion. Since it was diffi-
cult to selectively extract HDPE without affecting the SEBS matrix,
microtomed samples were selectively etched to remove amorphous
phases and create a contrast between crystalline and amorphous
phases. Fig. 2b and c present the SEM micrographs obtained after
etching at two different magnifications. The lighter areas are the
crystalline HDPE domains while the darker zones are the amor-
phous domains of HDPE and SEBS matrix. The micrographs revealed
the fine segregation scale and regular spacing of the HDPE domains.

A tapping-mode AFM micrograph for the same blend is presented
in Fig. 2d. In phase-imaging, the dark regions are the low-modulus
amorphous domains, while the clear regions are the higher mod-
ulus crystalline domains. Microphase separated block copolymer
morphology of SEBS phase can also be observed at higher magnifi-
cation. These observations indicate good agreement between AFM
and SEM morphology.

The effect of HDPE content on the morphology of HDPE/SEBS
blends is presented in Fig. 3. Membranes with 30, 40, 50 and
60wt.% HDPE were microtomed in the machine direction and
observed by SEM after etching. At low HDPE content, dispersed
crystalline domains revealed lamellar stack morphology elongated
in the machine direction (Fig. 3a and b). As HDPE concentration
was increased, elongated and twisted fibers appeared more clearly.
These row-nucleated structures formed from the melt are oriented
in the direction of elongation and can be clearly observed in the
higher magnification insert in Fig. 3d. Each fiber had a diameter
around 500nm and consisted of a stack of 30 nm thick lamellar
substructures.

Fig. 4 presents DSC melting curves for HDPE/SEBS blends. A sin-
gle melting endothermal peak, associated to HDPE melting, was
observed independently from the composition. A slight increase
in peak area as well as in peak temperature was observed when
increasing HDPE content. The endothermal peak area was normal-
ized with regards to the HDPE content in the blends to determine
the crystalline content within the HDPE phase. It was found that
crystallinity increased by only 3% when the HDPE fraction was
increased from 30 to 60% (Fig. 4). The melting peak was also shifted
by 1.5°C in the same composition range. This lack of significant
variations indicates that the EB block of the SEBS is not interacting

Fig. 2. Cross-sectional SEM micrograph of 50:50 SEBS/HDPE blend strand (TD) (a) freeze-fractured surface; (b) microtomed and etched surface; (c¢) microtomed and etched

surface magnification; (d) AFM tapping mode-phase image.
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Fig. 3. SEM morphology of microtomed and etched surface for SEBS-HDPE blend membranes containing (a) 30 wt.% HDPE, (b) 40 wt.% HDPE, (c) 50 wt.% HDPE, and (d) 60 wt.%

HDPE.

strongly with the HDPE phase and is not significantly interfering
with HDPE crystallization.

DMTA measurements have been shown to be more sensitive
than DSC for the detection of SEBS phase transitions. In Fig. 5, loss
modulus E”, storage modulus E’ and tan § are plotted as a function
of temperature for SEBS, HDPE and their blends. The loss modulus
(Fig. 5a) exhibited a strong and narrow peak for SEBS around —50°C
which corresponds to its glass transition. For HDPE, a broader peak
around 45°C was observed. The blends presented intermediate
behaviors with the difference that the first peak was shifted to a
slightly higher temperature. The storage modulus (Fig. 5b) of SEBS
and HDPE were also very different. The neat SEBS storage modulus
dropped sharply in the —60 to —40°C range and then stabilized up

2
04 30 wt% HDPE
‘-a SO B 1. L. S
%’ 0w HDPE
o 24 _80.with HOPE__
[f
b .
S !
T \
HDPE Tmgore) XegHope) \
4 ww €O 3 |
30 127.9 606 \‘.
40 128.1 60,5 !
50 128.4 624 I_j
60 120.4 636
6 - : - : : v
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Exo Up Temperature (°C) Universal V3.9A TA

Fig. 4. DSC melting curves of HDPE/SEBS blends membranes with different HDPE
contents.

to temperatures around 80 °C. This yields a rubbery behavior over
the complete range of temperature at which SEBS is typically uti-
lized. Because of its significant crystalline fraction, the case of HDPE
is quite different. The storage modulus also decreased with temper-
ature due to the softening of the amorphous fraction but remained
much higher than that of SEBS. Interestingly, all the blends exhib-
ited abehavior that is qualitatively closer to that of SEBS in the sense
that that all exhibited the sharp modulus drops around —40°C.
Thus the HDPE phase rigidified the matrix but the overall behav-
ior of the material was still that of a thermoplastic elastomer. This
further supports the fact that the SEBS was always the matrix mate-
rial in the investigated concentration range, as concluded from the
microscopy observations.

The tan § (=E”[E’) measurement is often preferred to loss modu-
lus data to determine the thermal transitions. It can be observed in
Fig. 5c that all the blends clearly showed the presence of two transi-
tions, the lower one, Ty, around —40 °C is associated with the glass
transition of the ethylene-butylene blocks in SEBS. The higher one,
Ty, around 95 °C is related to that of the styrene blocks. One relax-
ation peak was seen in the DMTA curves of HDPE around 70°C,
corresponding to the a relaxation [35]. This relaxation is found
in all samples containing a certain degree of crystallinity, and is
related to the lamellar thickness; more specifically this relaxation
is due to the motion of the chains within the crystalline lamellae
[35,36]. Glass transition temperatures, defined as the position of
tan$ peaks are summarized in Fig. 5. The Tg; and Ty, increased by
6 and 8 °C respectively as the HDPE content was increased from 30
to 60%. T variations in polymer blends are common when interac-
tions develop between the components. In this case, the relatively
small variations are a sign of limited miscibility in the system.

Fig. 6 presents the tensile modulus and strain at break as a
function of HDPE content. When blending a low-modulus elas-
tomer with a stiffer HDPE material, the resulting properties will be
very sensitive to the blend composition, morphology and interfacial
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properties. The tensile modulus increased rapidly with HDPE con-
tent. The Young modulus in machine direction increased from 162
to 362 MPa as the HDPE concentration was raised form 30 to 60%.
The tensile modulus measured in the transverse direction (TD) fol-
lows the same trend, increasing from 12 to 260 MPa, over the same
concentration range. The TD values are significantly lower than
those measured in MD, especially at the lower HDPE concentration.
This anisotropy can be explained from changes in the blend mor-
phology. At low HDPE concentration, the HDPE phase is expected
to be mainly in the form of a nodular dispersion. When the blend is
stretched during film formation, the isolated nodules are stretched
into isolated fibers well oriented in the MD direction, thus signifi-
cantly improving the resistance to deformation in the MD direction
but not in the transverse direction. As the concentration is raised,
coalescence is favored resulting in larger and a more interconnected
phase (i.e. co-continuous structure). During the film formation, the
preferential orientation is still given in the MD direction but due to
higher continuity, the HDPE phase continues to be interconnected
in the TD direction thus provided a more isotropic structure. Con-
versely, the strain at break decreased with HDPE concentration as
expected from the stiffening of the material. The strain at break in
the MD and TD direction were relatively balanced and in a very high
range, above 400%, indicative of a very elastic and ductile material.

3.2. Properties of functionalized membranes
This section will focus on the functional properties most

relevant to membrane applications subsequent to the film function-
alization through solid-state sulfonation. One of the pre-requisite
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Fig. 6. Effect of HDPE content on membranes mechanical properties in the machine
(MD) and transverse direction (TD) (a) Young modulus and (b) strain at break.

of a proton-conducting membrane is a suitable conductivity com-
patible with power generation requirements. In the present work,
efforts were focused on the application of these proton conductors
in direct methanol fuel cells operating at low temperature. In sul-
fonic acid-based membranes, the proton conductivity depends on
the number of available acid groups and their dissociation capabil-
ity in water. When the membrane is in the hydrated form, water
molecules dissociate acid functionality and facilitate proton trans-
port. Therefore, the conductivity and ionic exchange capacity are
important parameters in studying PEMs. Swelling is also a key
factor for the mechanical integrity of the membranes. Excessively
high water uptake levels can result in dimensional changes lead-
ing to mechanical failure. These parameters have been measured
for the functionalized blend series and are reported in Table 1
and compared to sulfonated SEBS and Nafion 117. Sulfonation time
was varied from 60 to 120 min to assess the effect of this param-
eter. It was verified that the sulfonation was uniform through
the membrane thickness by performing Energy Dispersive X-ray
Spectrometry (EDX) along the cross-section of the membranes.
All functional properties exhibited dependence on the sulfonation
time and on the composition. The membrane swelling was sig-
nificantly decreased by the addition of HDPE dropping from 60%
for s-SEBS to around 20-30% for membranes comprising 60 wt.%
HDPE. Therefore, HDPE clearly acted as a barrier reducing water
uptake and swelling. Water content was much less sensitive to sul-
fonation time than to composition. The ionic exchange capacity
was decreased significantly with HDPE content especially at the
lower functionalization time of 60 min. The IEC of s-SEBS was in
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Table 1

Tonic conductivity, water content and ionic exchange capacity of proton-exchange membranes at different sulfonation time.

HDPE content (wt.%) Sulfonation time (min) WC (%) IEC (titr.) (meqg!) DS (%) o(Sem™1)
0 60.8 1.80 48.40 4.65E-02
30 449 142 38.10 2.59E-02
40 60 41.6 1.32 35.30 1.69E-02
50 36.0 0.71 18.99 1.38E-04
60 219 0.45 12.19 1.14E-04
0 62.4 1.90 50.98 6.57E-02
30 49.2 1.61 43.12 3.95E-02
40 90 442 144 38.73 2.36E-02
50 38.0 1.22 32.86 1.02E-02
60 27.2 0.74 19.97 1.90E-04
0 62.7 1.88 50.49 9.70E-02
30 499 1.63 43.85 4.49E-02
40 120 46.9 1.49 40.06 2.51E-02
50 39.8 1.29 34.74 1.16E—02
60 321 1.07 28.65 3.26E-03
Nafion 117 ref. n/a 36.0 [40] 0.91 [40] n/a 1.00E—02

the 1.8-1.9 meq g~! range and did not increase much with sulfona-
tion time. The blends however largely benefited from the increased
treatment time. For example, at 60 wt.% HDPE, the IEC was more
than doubled from 0.45 to 1.07 when the sulfonation time was
increased from 60 to 120 min. In this case, it can be assumed
that the HDPE is reducing the diffusion rate and thus that longer
times are needed to achieve the same treatment. At 120 min of
sulfonation time, all the samples present a conductivity and an
IEC higher than Nafion 117 reference material, except for 60 wt.%
HDPE blend which presents lower conductivity. The ionic con-
ductivity followed similar dependencies with HDPE content and
functionalization time. In this case, the obtained values were in
the same range or greater than that of Nafion 117 for the pure s-
SEBS and for the 30-40% HDPE blends but decreased rapidly for
blends with 50% HDPE and up. This is consistent with a highest
sulfonic acid content and highest degree of sulfonation, consider-
ing that HDPE is inert to sulfonation and that all conduction occurs
through sulfonic acid groups grafted in styrene blocks of SEBS. Thus,
high HDPE content imparts low membrane swelling but also low
conductivity due to the loss of hydrophilic domain connectivity.
Figs. 7 and 8 present the through-plane conductivity and water
swelling of the membranes as a function of their IEC. The con-
ductivity increased with IEC and this dependency falls on a single
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Fig. 7. Through-plane conductivity as a function of IEC for s-SEBS/HDPE blends with
different HDPE contents and functionalization times at RT and 100% RH.

curve for the s-SEBS/HDPE blend series. The water uptake (Fig. 8)
for all the membranes follows de same tendency and increases with
increasing IEC. This indicates that the membrane properties for
this blend series could be rapidly assessed through IEC measure-
ments.

We have shown that differences in microstructure and mor-
phology translate in differences in connectivity of the hydrophilic/
hydrophobic domains. Interestingly, it is possible to find a
compromise between low membrane swelling and high proton
conductivity, with acceptable mechanical properties. Due to its
good property balance, the 50 wt.% HDPE membrane sulfonated
for 120 min was selected for further testing regarding the effect of
temperature on the conductivity of the membrane. Fig. 9 presents
the logarithmic plots of conductivity vs. 1000/T. In this plot (often
referred to as the Arrhenius plot) the slope is the activation energy
and is used to represent the temperature dependency. For the cur-
rent membrane, the temperature dependence was evaluated at 70
and 95% relative humidity. The conductivity was higher by one
order of magnitude at 95% RH and is slightly more sensitive to
temperature variations. The activation energy describing the tem-
perature dependency at 70 and 95% RH were found to be 2.1 kj/mol
(0.5 kcal/mol) and 5.0 kj/mol (1.2 kcal/mol) respectively. These val-
ues are lower compared to the values reported from literature
for Nafion® at 100% RH; 7.82 kj/mol (1.87 kcal/mol) from reference
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Fig. 8. Water content as a function of IEC for s-SEBS/HDPE blends with different
HDPE contents and functionalization times.
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Fig. 9. Conductivity vs. temperature (Arrhenius plot) for 50% s-SEBS-120 sample at
95 and 70% relative humidity.

[37] and 9.71 kj/mol (2.32 kcal/mol) from reference [38]. The lower
activation energy for the 50 wt.% HDPE membrane sulfonated for
120 min, means easier proton transfer. Since the energy barrier to
proton transport decreases with increasing ion density, the higher
IEC for sulfonated 50% HDPE membrane could explain this result
(Table 1).

3.3. Thermal stability of composite proton-exchange membranes

The weight loss and heat flow of s-SEBS/HDPE membranes were
measured in an oxygen atmosphere in a simultaneous TGA/DTA
scan and are displayed in Fig. 10. The membranes sulfonated for
120 min were used for these tests. A small but gradual weight loss
on heating was observed from 25 to 150°C. The exothermal heat
flow peak indicates that this was related to evaporation of small
molecules such the bound water present in the membrane. It should
be noted that free-water had been removed by drying under vac-
uum prior to the TGA/DTA analysis. The weight loss at this stage was
small; 1.1 and 6.6% for 60 and 30 wt.% HDPE respectively (Table 2).
As the blend membranes were heated to temperatures higher than
175°C, there was a more important weight loss. In this case how-
ever, the weight loss was associated with a broad endothermic peak
that attained its maximum value at 307 °C. This corresponds to
SOsH thermal breakdown [39]. The weight loss at this stage was
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Fig. 10. Weight loss (top) and differential thermal analysis DTA traces (bottom)
obtained under oxygen atmosphere for blend PEM with 120 min sulfonation time.

Table 2
Weight loss of membranes between 30 and 375 °C from TGA. The investigated mem-
brane series was sulfonated for 120 min.

HDPE content ~ Weight loss Weight loss Total weight loss
(wt.%) (30-175°C) (wt.%)  (175-375°C) (wt.%)  (30-375°C) (wt.%)
30 6.58 17.63 24.21
40 543 16.68 22.11
50 3.24 14.62 17.86
60 1.13 12.87 14.00
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Fig. 11. In situ cyclic choronoamperometric curves measured for the oxidation of
methanol permeated from anode for 50% s-SEBS-120 sample and Nafion 117 at 30
and 60°C.

about 24% for the 30% HDPE membrane and only 14% for the 60%
one.

3.4. Methanol crossover study

Methanol crossover, as shown in Fig. 11, was measured by
choronoamperometry at 30 and 60°C. The limiting currents due
to methanol permeation through the s-SEBS/HDPE membrane can
be qualitatively observed to be lower than through Nafion 117 at
both temperatures. Methanol crossover Limited Current Densities
(LCD), in units of mAcm™2, are listed in Table 3 and compared to
Nafion 117.

The determined LCD for s-SEBS-HDPE based membrane was 6
times lower than Nafion® at 30°C and 15 times lower at 60 °C. It was
clear that the methanol diffusion through the Nafion® membrane
was considerably faster than that through the new membrane. The
lower methanol permeability is also attributed to the barrier prop-
erties of crystalline structures introduced in the membrane through
melt blending with HDPE.

Table 3
Activation energy as well as permeability to methanol parameters determined for
50% s-SEBS-120 sample and Nafion 117.

50% s-SEBS-120
AtRH=70% 0.5

Nafion 117

1.87 at 100% RH from
reference [37]

Activation energy
(kcal/mol)
AtRH=95% 12

T=30°C 2.8 16.8

LCD? (mAcm-?) T=60°C 36 56

2 Methanol crossover LCD (Limited Current Density) from cyclic chronoamper-
ometry (Fig. 11).
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4. Conclusions

Proton-exchange membranes were successfully produced using
a blend of HDPE and sulfonated SEBS. The approach described in
this work enabled the use of melt-processing technologies to form
the membrane since the functionalization was carried out follow-
ing the membrane melt-extrusion step. The blend morphology and
tensile properties of the membrane were anisotropic due to the
orientation of HDPE domains within the blend. The presence of the
HDPE in the blend helped control the membrane water uptake and
swelling. As expected, the membrane conductivity also decreased
in presence of the HDPE but remained in an interesting range.
In many cases, the through-plane conductivity of the investigated
membranes surpassed that of the Nafion 117 reference materials.
The best property balance was found in blends containing around
40-50 wt.% HDPE. The functionality of the blend membranes was
also found to benefit more from longer sulfonation time than the
pure SEBS. Therefore, further optimization of the sulfonation time
as function of the membrane composition and thickness could
yield even better property balances for these membranes. Methanol
crossover through 50 wt.% HDPE blend membrane is found to be
an order on magnitude lower than Nafion®. Therefore, the blend
membranes prepared by melt processing provide a greater barrier
to methanol permeability due to the morphologies generated dur-
ing processing. The low methanol permeability together with the
lower cost of these new hydrocarbon-based membranes present a
promising alternative for widespread applications in DMFC.
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