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a b s t r a c t

This paper describes the preparation of proton-conducting hybrid membranes (HMs) obtained by a sol-
vent casting procedure using a solution containing sulfonated hydrogenated styrene–butadiene (HSBS-S)
and an inorganic–organic mixture (polysiloxanes) previously prepared by a sol–gel route. HSBS-S copoly-
mers with different sulfonation degrees were obtained and characterized by means of elemental analysis
(EA), chemical titration and electrochemical impedance spectroscopy (EIS). HSBS-S with the best proper-
ties in terms of proton conductivity and solubility for the casting procedure was selected to prepare the
HMs. The solvent casting procedure permitted the two phases to be homogeneously distributed while
maintaining a relatively high proton conductivity in the membrane. HMs with different blend ratios
were characterized using structural (Fourier transform infrared–attenuated total reflectance (FTIR–ATR),
ol–gel synthesis
EMFC
olarization curves

dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC)), electrical (EIS), physico-
chemical (water uptake, ion-exchange capacity) and thermal (TGA–MS) methods. Finally, the optimized
HSBS-S membrane and HMs were tested in hydrogen single fuel cells to obtain the polarization and
power curves at different cell temperatures and gas pressures. Results indicate that HMs show a consid-
erable improvement in performance compared to the optimized HSBS-S membrane denoting the benefit
of incorporating the inorganic–organic network in the hydrogenated styrene–butadiene matrix. A Nafion

eferen
membrane was used as r

. Introduction

Block copolymers with multiple blocks of polystyrene con-
ected by essentially elastomeric segments present highly
rocessable characteristics (molding, casting, film formation) with-
ut the need for vulcanization chemicals. This behaviour is derived
rom their multiphase structure, i.e., polystyrene regions separated
rom each other by elastomeric segments [1]. Recently, sulfonated
lock copolymers have attracted much attention for the prepa-
ation of new proton-exchange membranes for fuel cell (PEMFC)
pplications [2], and several authors have reported such chemical

odification with the aim of incorporating proton conductivity on

lock copolymers as a new feature with a view toward their use as
lectrolytes in these energy converting devices [3].

∗ Corresponding author.
E-mail address: degyves@servidor.unam.mx (J. de Gyves).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.06.105
ce material throughout this work.
© 2010 Elsevier B.V. All rights reserved.

In addition, PEMFCs operating at high temperature are being
pursued by researchers worldwide, because they have the advan-
tage of enhanced tolerance to CO, accelerated reaction kinetics and
significant improvement of the overall cell efficiency. Thus, mem-
branes operating at high temperature and low relative humidity
are needed. In this sense, one approach is the preparation of com-
posite membranes formed by the incorporation of a basic inorganic
structural material (filler) into an organic polymer matrix. In this
type of material the components are usually held together by weak
non-covalent interactions. The adsorbed water on the filler surface
leads to an improved performance at higher temperatures [4].

It is well known that composite materials combining dissimi-
lar organic and inorganic properties within a single material give
rise to superior properties compared to their pure components.

However, it is difficult to reach homogeneity at the molecular level
for such materials. Weak chemical interactions between inorganic
and organic units may lead to changes over long periods of time,
such as aggregation, phase separation and bleeding. It is expected
that these phenomena are diminished or even avoided with the

dx.doi.org/10.1016/j.jpowsour.2010.06.105
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:degyves@servidor.unam.mx
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resence of stronger interactions, such as covalent bonds or by
he simultaneous formation of interpenetrating networks between
he inorganic and organic polymers that result in more homoge-
eous materials. One of the most promising procedures to meet
his demand is the sol–gel process carried out under mild reaction
onditions offering the possibility to form an inorganic network
ithin a preformed organic polymer or even to carry out the organic
olymerization either before, during or after the sol–gel route [5].
his paper describes the sulfonation of a commercial block copoly-
er (hydrogenated styrene–butadiene–styrene, HSBS) using acetyl

ulfate. Products with different sulfonation degrees were obtained
nd characterized to evaluate the ion-exchange capacity and pro-
on conductivity. The HSBS-S with the best properties in terms
f proton conductivity and solubility for casting procedure was
elected for hybrid membranes (HMs) preparation by a sol–gel pro-
ess. This procedure allowed the two phases to be homogeneously
istributed while maintaining high proton conductivity. The HMs
ere fully characterized by FTIR, DSC, DMA and electrochemi-

al impedance spectroscopy (EIS). Finally, the HMs were tested in
ydrogen single fuel cells and polarization and power curves at dif-

erent temperatures and pressures were recorded. Results indicate
hat HMs show a considerably better performance as regards to the
SBS-S membrane.

. Experimental

.1. Reagents

Hydrogenated poly(butadiene–styrene) block polymer (HSBS)
ontaining 30 wt% of styrene units was used, supplied by Repsol-
PF Química under the trade name of Calprene® H 6120. The
ulfonating reagent consisted of acetic anhydride (98%) and sul-
uric acid (95%), both from Panreac. The following solvents were
sed: 1,2-dichloroethane (99.5%, Scharlau), chloroform (99.95%,
DS), ethanol (99.9%, Merck) and isopropanol (99.5%, Scharlau). All
olvents were used as received. HSBS was prepared by drying under
acuum for 5 h.

For hybrid membrane preparation, dichlorodimethyl-
ilane (Cl2Si(CH3)2, 97%, Sigma–Aldrich) was used as
onomer; tetraethoxysilane (Si(OC2H5)4 98%, ABCR, TEOS) or

henyltrimethoxysilane (C6H5–Si(OCH3)3, 98%, Sigma–Aldrich
TMS) was used as a crosslinking agent. Ethyl ether (C2H5)2O,
8%, Panrec), chloroform (99.95%, SDS), ethanol (99.9%, Merck)
nd dichloromethane (CH2Cl2, 99.5%, Fluka) were used as solvents.
a2SO4 (99.53%, J.T. Baker) was employed to remove excess water
ontent. Nafion 117 solution (∼5% in a mixture of lower aliphatic
lcohols and water, Fluka) was used for the preparation of a
eference membrane (Nafion-cast membrane).

.2. Sulfonation reaction of HSBS

The HSBS-S copolymers were prepared according to a previ-
usly reported procedure [6]. A known weight (100 g) of the HSBS
opolymer was dissolved in 750 mL of 1,2-dichloroethane and
laced in a 4-necked reactor equipped with a mechanical stirrer,
n addition funnel and nitrogen inlet and outlet. The mixture was
hen heated to 60 ◦C, and acetyl sulfate was added to the solution
nder vigorous stirring. Acetyl sulfate was previously prepared by
ixing acetic anhydride (293 mL) and sulfuric acid (113 mL) in 1,2-

ichloroethane (600 mL). Acetyl sulfate was maintained below 0 ◦C

o prevent decomposition.

After acetyl sulfate incorporation was completed, samples were
aken at several reaction times (65, 110 and 150 min) (Scheme 1).
he addition of isopropyl alcohol inhibited further reaction and
he sulfonated copolymer was immediately precipitated in boiling
Scheme 1. Reaction scheme of HSBS sulfonation.

water. The precipitate was washed several times in an ultrafil-
tration cell with deionized water until neutral pH was obtained.
Finally, the polymer was dried in a vacuum oven until constant
weight was reached.

2.3. Preparation of silicon networks (silane phase, SP)

Silane phases were obtained by mixing dichlorodimethylsilane
with diethyl ether in a 1:2 ratio and adding water to obtain a distinct
aqueous phase, as previously described [7]. During hydrolysis, the
reaction was kept cold to avoid a backlash that could lead to silica
production. Both phases were separated; the remaining water in
the organic phase was removed with sodium sulfate.

For crosslinking, TEOS and PTMS were used separately as
crosslinking reagents. They were incorporated in the extracted
phase containing the dichlorodimethylsilane derivative. The prod-
uct obtained was a liquid mixture which was identified as silane
phase (SP). If the hydrolysis reaction was allowed to continue, solu-
tion viscosity increased, ultimately leading to the production of a
solid phase.

2.4. Preparation of membranes

HSBS-S membranes were prepared by solvent casting using
chloroform–ethanol mixtures.

Hybrid membranes were prepared as follows: HSBS-S was dis-
solved in a chloroform:ethanol (90:10) mixture in order to have
2% (w/w) solutions. Then SP containing either TEOS (SPT) or PTMS
(SPP) was added to the polymer solution. HMs with 70%, 80%, 90%
and 95% (w/w) of the selected HSBS-S copolymer were prepared.
In this work, hybrid membranes containing SPT and these HSBS-S
proportions are identified as HSPT 70, HSPT 80, HSPT 90 and HSPT
95; and analog hybrid membranes containing SPP are named as
HSPP 70, HSPP 80, HSPP 90 and HSPP 95.

For each hybrid membrane solution, the mixture was vigorously
stirred for 1 h and then poured into a Teflon Petri dish to allow
solvent evaporation at 48 ◦C.

2.5. Sulfonation and physicochemical analyses
Elemental analysis (EA) was performed in a LECO CHNS-932
analyzer in order to determine the concentration of elemental sul-
fur in the sulfonated copolymer.
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For ion-exchange capacity determination (IEC, mequiv. H+ g−1

olymer) the membranes were soaked in sodium chloride (3 M)
or 24 h; afterwards, the solution was titrated against normalized
aOH solution (0.1 M) using phenolphthalein as indicator.

Water uptake was calculated by gravimetric analysis. Mem-
ranes were dried and their weight determined (Wdry). They were
hen immersed in distilled water at room temperature for 1 week to
each hydration equilibrium. Afterwards, the saturated wet mem-
ranes were carefully wiped and their weight measured (Wwet).
ater absorption of the membranes was expressed as the percent

atio of weight increase using Eq. (1):

ater uptake (%) = Wwet − Wdry

Wdry
× 100 (1)

.6. Structural characterization

FTIR–ATR spectra were collected in the 4000–650 cm−1 range
sing a Perkin Elmer Spectrum GX spectrometer. Spectra were
ecorded using 25 scans at 4 cm−1 resolution.

Thermal behavior was analyzed on a Mettler TC15 differential
canning calorimeter (DSC). First, samples were cooled to −100 ◦C
nd maintained at this temperature for 5 min. Thermograms were
ecorded from −100 to 300 ◦C at a heating rate of 30 ◦C min−1 under
itrogen atmosphere. Two scans were performed for each sample.

This technique was also used to detect the state of the water
bsorbed in the hybrid membranes. A wet membrane (about 10 mg)
as hermetically sealed in a sample pan and immediately cooled

nside the DSC to −50 ◦C; it was held at this temperature for 3 min
ollowed by the temperature raised to 50 ◦C at a heating rate of
◦C min−1.

Thermal stability was studied in a high-resolution thermobal-
nce (TA instrument, TGA-Q500) coupled with a mass spectrometer
Omnistar/Pfeiffer Vacuum) for on-line evolved gas monitoring.
amples (about 10 mg) were heated at 10 ◦C min−1 to 820 ◦C under
helium atmosphere.

Dynamic mechanical analysis (DMA) was carried out on a Met-
ler Toledo DMA 861 analyzer operating in the tension mode.
pectra were recorded at a frequency of 10, 20 and 25 Hz within
temperature range from −100 to 300 ◦C, and at a heating rate of
◦C min−1.

Scanning electron microscopy (SEM) images of the hybrid mem-
rane were acquired using a Philips XL30 electron microscope.
hemical compositions of the membranes were analyzed by using
nergy-dispersive X-ray with a sapphire detector having a super
ltrathin window (SUTW) installed in the XL-30 FEG SEM appa-
atus. The membrane samples were fractured under cryogenic
onditions.

.7. Electrical characterization
Proton conductivity was determined at room temperature after
h of hydration by means of electrochemical impedance spec-

roscopy (EIS) in a Hewlett-Packard 4192-LF impedance analyzer.
frequency range from 10−2 to 104 kHz was used at an amplitude

f 0.1 V. Proton conductivity of the membranes was calculated with

able 1
roperties of HSBS-S copolymers.

Reaction Reaction Time (min) % S Theoretical value (mequi

1 150 5.41 ± 0.22 1.69
2 65 3.05 ± 0.01 0.95
3 110 3.44 ± 0.03 1.08

a Not determined.
er Sources 195 (2010) 8052–8060

Eq. (2) using the measured membrane resistance:

� = L

RA
(2)

where � is the material electrical conductivity (S cm−1), L is the
membrane thickness (cm), R is the measured membrane resistance
(�) and A is the geometric membrane area (cm2).

2.8. Performance tests

Performance tests of the membranes were carried out using
a single-cell test station for PEMFC. The gases (H2 and O2) were
humidified prior to entering the cell, being forced to pass through
temperature-controlled water baths heated at 60 ◦C; the tests were
run at two different operating pressures (1 and 2 bar) and three cell
temperatures (60, 70 and 80 ◦C). The experimental single-cell from
ElectroChem with an active area of 5 cm2 consists of two graphite
separator plates with serpentine flow pattern, silicon gaskets with
high-precision thickness and heaters. Regarding the electrodes, the
gas diffusion layer was Toray carbon paper (40 wt% wet proof-
ing) and the catalyst layer had a platinum load of no less than
0.7 mg cm−2 (typically 0.78 ± 0.07 mg Pt cm−2) using for its prepa-
ration 40% platinum on Vulcan XC-72 (E-TEK), 30% Nafion (5%
solution, Fluka) and 2:1 isopropanol water as dispersion media.
After sonicating, the catalyst ink was sprayed onto the gas diffusion
layer using an automatic spraying system.

2.9. Hydrogen crossover

The H2 crossover was measured at 60, 70 and 80 ◦C by potential-
step voltammetry (potentiostat Autolab PGStat 30) supplying
humidified H2 and N2 gases to the cell (50 mL min−1). The anode
served as the reference standard hydrogen electrode and the cath-
ode as the working electrode. The potential was stepped from 0.2 to
0.5 V in 0.1 V increments of 180 s duration each. The steady-state
current density (IL) corresponds to the H2 crossover through the
membrane.

3. Results and discussion

3.1. Characterization of the HSBS-S membranes

Based on the results listed in Table 1, it is clear that the sulfona-
tion degree (SD) strongly depends on the reaction time [8] and that
it rises gradually as reaction time increases. From further exper-
iments it was observed that relatively high sulfonation degrees
lead to a proportional increase in interaction with water, lack of
membrane strength and poor solubility in polar solvents [9,10].
Consequently, some properties, such as conductivity and ion-
exchange capacity (IEC), could not be measured for the copolymer
obtained from reaction 1 due to unsuccessful efforts to prepare the
membranes. However, short reaction times (reaction 2) produced

copolymers with low proton conductivities. For these reasons, the
sulfonated copolymer obtained from reaction 3, which shows good
conductivity, appropriate solubility for use in the casting proce-
dure and ease of handling, was selected for characterization and
subsequent preparation of hybrid membranes.

v. g−1) SD (mol%) (EA) IEC (mequiv. g−1) Conductivity (S cm−1)

59.1 NDa ND
33.4 0.76 ± 0.03 0.005 ± 1e−4
37.6 1.02 ± 0.01 0.010 ± 7e−5
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ionic charge of the sulfonic acid groups causes a strong ionic inter-
Fig. 1. FTIR–ATR spectra of HSBS and HSBS-S.

The selected sulfonated copolymer (HSBS-S) presents an
xcellent match between elemental analysis (EA) (3.44% sulfur
ontent) corresponding to 1.08 mequiv. SO3

− g−1 sample and IEC
1.02 mequiv. SO3

− g−1). This implies that the total sulfur deter-
ined by elemental analysis corresponds to the sulfonic groups

resent in the copolymer and are apparently available for ion-
xchange. The proton conductivity value found for this HSBS-S
embrane (0.01 S cm−1) was measured by EIS at room tempera-

ure after 2 h of hydration. The water uptake of HSBS-S membrane
as 81%.

FTIR was used to confirm the successful sulfonation reaction of
SBS. In Fig. 1 the FTIR spectra of HSBS and HSBS-S are presented.

t is clear that both spectra show characteristic peaks of aliphatic
ompounds (�C–H 2920 cm−1 and �C–H 2852 cm−1) and aromatic
ompounds (ıC–H 3025 cm−1, �C–H 2950 cm−1, �C–C 1600 cm−1 and
C–H 699 cm−1). However, new peaks can be observed for HSBS-
that are absent in the spectrum of the HSBS. In particular, six

ifferent peaks were identified and associated with the sulfonic
cid groups (SO3H) in the sulfonated copolymer. A broad absorp-
ion peak at around 3400 cm−1 indicates that a significant number
f –OH groups are present due to the hydrogen bonding between
O3H groups and absorbed water molecules [11]. The broad band
t about 1700 cm−1 can be explained as a hydrogen bonding
ffect among SO3H groups [12]. Peaks at 1150 and 1034 cm−1 are,
espectively, assigned to the asymmetric and symmetric stretch-

ng vibrations (O S O) of sulfonic groups [13]. Finally, the peaks
t 1006 and 1126 cm−1 can be assigned to in-plane bending vibra-
ions of a para-substituted aromatic ring with a SO3H group and to
he sulfonate anion attached to the aromatic ring, respectively [14].

Fig. 2. DSC spectra for HSBS and HSBS-S:
er Sources 195 (2010) 8052–8060 8055

Block copolymers of polybutadiene and polystyrene exhibit two
distinct glass transition temperatures (Tgs) that are close to the
Tgs of the individual homopolymers. In the same way, HSBS show
one Tg at low temperature corresponding to the rubbery “soft”
segments of hydrogenated polybutadiene homopolymer (THPB

g )
and another Tg at high temperature, corresponding to the rigid
“hard” segments of polystyrene (TPS

g ) [15,16]. Fig. 2 shows the DSC
thermograms recorded for HSBS and HSBS-S during the first and
second heating stages, respectively. THPB

g appears at about −52 ◦C
for both copolymers which confirms that sulfonation does not mod-
ify the polybutadiene segments [3], as was expected, since the
electrophilic substitution reaction only takes place in the benzene
rings of polystyrene phase [17]. In Fig. 2a the strong endothermic
transition centered at 142 ◦C, that is not present in HSBS, is related
to the breakdown of the ionic aggregations or cluster phase and
therefore, can be assigned to the presence of sulfonic groups in the
copolymer chains [18]. Moreover, this transition is not observed in
the second heating scan (Fig. 2b).

Previous research [19] has reported that the introduction of sul-
fonic groups increases not only the molecular bulkiness but also
the interactions between macromolecular chains by the hydrogen
bonding effect of SO3H groups (ionomer effect); thus the SO3H
groups on adjacent chains may easily interact by forming hydro-
gen bonds [20]. It is likely that these intermolecular forces hinder
the internal motions compared to the HSBS copolymer. Thus, TPS

g

increases considerably (+50 ◦C) after sulfonation, with TPS
g = 97 ◦C

for HSBS and 148 ◦C for HSBS-S (Fig. 2b). This important increase
in glass transition temperature is directly associated with sulfonic
content.

Thermal stability and degradation of the HSBS and HSBS-S
copolymers were studied by thermogravimetric–mass spec-
troscopy analysis (TGA–MS). Figs. 3 and 4 show TGA–MS spectra
for HSBS and HSBS-S, respectively, exhibiting different profiles. In
the case of HSBS, the thermal degradation started at 319 ◦C. Jang
and Wilkie [21] report that the degradation pathway of polystyrene
proceeds by chain cleavage followed by depolymerization and for-
mation of the main evolved products: styrene monomer, dimer, and
trimer. The evolved gases during the thermal degradation of HSBS
were identified through MS analysis of the fragments: m/z = 104
and 103 for styrene monomer and m/z = 78 and 77 for benzene. In
the case of HSBS-S weight loss was determined by thermogravime-
try and occurred in 3 consecutive steps. The first weight loss can be
attributed to the release of atmospheric moisture that occurs as a
result of the hygroscopic nature of the HSBS-S. The unusually high
action with the absorbed water molecules, resulting in the release
of water molecules over an extended temperature range between
100 and 200 ◦C. The second weight loss takes place between 200
and 350 ◦C and is due to the breakdown of the sulfonic groups

(a) first heating; (b) second heating.
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Fig. 3. Thermal degradation of HSBS. Mass trace of the evolution of main fragments.
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ig. 4. Thermal degradation of HSBS-S. Mass trace of the evolution of main frag-
ents.

ttached to the styrene rings. The third and last weight loss occurs
bove 350 ◦C and corresponds to the degradation of the polymer
hains [22]. This degradation temperature is higher than that of
he HSBS and implies that the sulfonic acid attached to the skele-
on of the copolymer increases its temperature of degradation.
hermal stability increase after sulfonation was observed in other
tudies with styrene copolymers and can also be attributed to the
resence of residual double bonds in intermediate blocks resulting

rom incomplete hydrogenation of the butadiene-based precursor
23]. The most important gases involved in HSBS-S degradation
ere m/z = 48 (SO+) and 64 (SO2

+) derived from desulfonation and
/z = 51 (C4H3

+) from the main chain degradation; those resulting

ig. 6. Comparison of DSC curves obtained for the sulfonated copolymer (HSBS-S) and
rosslinking agents.
Fig. 5. FTIR–ATR spectra of HSBS-S membrane and hybrid membranes prepared
with silane phases using TEOS and PTMS as crosslinking agents.

from benzene and styrene were m/z = 77 (C6H5
+), 78 (C6H6

+) and
104 (C8H8

+).

3.2. Hybrid membranes characterization

In the FTIR–ATR spectra of the hybrid membranes (Fig. 5)
characteristic peaks of the sulfonated copolymer (Section 3.1)
were observed. Furthermore, additional peaks derived from
dichlorodimethylsilane [24] were located at 1260 and 803 cm−1.
They correspond to the symmetric bending vibration of methyl
groups attached to the silicon atoms (ı(CH3) Si–CH3) and stretching
vibrations of the silicon–carbon groups Si–C (�(Si–C)), respectively.
The spectra of the hybrid membranes also displayed a wide peak
in the region of 1110–1050 cm−1 that does not appear in the sul-
fonated polymer. It corresponds to stretching vibrations of Si–O–Si
and Si–O–C groups resulting from the sol–gel reaction between the
dichlorodimethylsilane derivative and the crosslinking agent [25].

DSC experiments of hybrid membranes (Fig. 6) also disclose
the presence of an endothermic transition centered around 150 ◦C.
As previously stated, this transition is irreversible and has been
assigned to the existence of sulfonic groups attached to the sul-
fonated copolymer chains. Fig. 6 also shows the DSC curves of
hybrid membranes as a function of silane phase content. As the

silane phase content was increased the endothermic peak area
decreased indicating that the silane phases prevent association
between sulfonic groups by changing the structure of ionic clusters
[26].

hybrid membranes prepared with silane phases using TEOS (a) and PTMS (b) as
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Table 2
Water content in hybrid membranes.

Membrane % total water (±3.5) % freezable water
(±0.9)

% bound water
(±3.6)

HSBS-S 81 19 62
HSPT 90 51 36 16
HSPT 80 52 27 25
HSPT 70 46 18 28
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Table 3
DMA analysis for HSBS-S membranes.

Membrane THPB
g TPS

g

HSBS-S −40 171.5
HSPT 95 −37.5 172.2
HSPT 90 −36.6 170.4
HSPT 80 −40.2 172.6
HSPT 70 −33.3 174.0
HSPP 90 51 29 22
HSPP 80 54 28 26
HSPP 70 51 23 28

It is well known that water molecules confined in membranes
lay an important role in determining transport properties such
s proton conductivity [27], which in turn determine the mem-
rane performance in a fuel cell [28]. Consequently, the hydrated
embranes were studied by DSC in order to better understand

he behavior of water molecules. Based on various thermodynamic
roperties of water absorbed in hydrophilic polymers, several
uthors have proposed that water is present in three forms: the first
s non-freezing, bound water which is strongly attached to the poly-

er chain, and does not crystallize even when the swollen sample
s cooled down to −100 ◦C [29]. In this case, it is often impossible to
bserve crystallization exotherms or melting endotherms for water
ractions closely associated with the polymer matrix [30]. The sec-
nd kind is freezing water which is weakly bound to the polymer
hains and is able to be crystallized at a temperature lower than
◦C. The third kind is free water which is not bound to the polymer
nd it is able to crystallize at 0 ◦C [26,31]. Quantification of each
ater state in the membrane using DSC is of great interest but is
ot an easy matter. One endothermic peak of water melting near
◦C was observed in the DSC thermograms of all the membranes

tudied, corresponding to frozen water molecules. It is assumed
hat this type of water can be the same as free water. Thus, freez-
ble water content is estimated on the basis of the assumption that
he fusion enthalpy of this type of water is the same as that of free
ater (334 J g−1). The results obtained for each of the membranes

nalyzed are shown in Table 2. Bound water can be calculated by
he difference between the total water (or water uptake) and the
reezing water content as is indicated in Eq. (3):

aterbound = Watertotal − Waterfreezable (3)

here Waterbound represents the fraction of water strongly inter-
cting with the membrane, Watertotal is the water uptake of the
ry membrane and Waterfreezable is the water percentage non- or

eakly interacting with the membrane (freezable water).

These results lead one to conclude that sulfonic groups provide
igh hydrophilicity to HSBS-S. Water uptake percentage increases
p to 80%. However, the addition of a silane phase to the mem-
ranes decreases water absorption; this is attributed to the fact that

Fig. 7. tan ı curves at 10 Hz of HSBS-S and hybrid membranes with t
HSPP 90 −37.3 177.8
HSPP 80 −39.9 172.7
HSPP 70 −37.9 199.3

since the silane phases are crosslinked they give greater rigidity to
the membranes preventing further water diffusion with respect to
HSBS-S membranes. With lower percentages of silane phase, freez-
able water amounts are higher; the opposite occurs with bound
water which is attributed to OH groups from silane phase struc-
ture. As silane phase content goes up, the number of hydrophilic
sites increases and allows stronger interactions of water molecules
with the membrane.

As previously mentioned, HSBS-S exhibits two well-
differentiated glass transition temperatures: (THPB

g ) corresponding
to hydrogenated butadiene phase and TPS

g related to polystyrene-
rich phase. DMA tan ı curves of hybrid membranes prepared with
SPT and SPP are presented in Fig. 7.

Observing tan ı curves for hybrid membranes prepared with
SPT as crosslinking agent, the peaks corresponding to flexible
elastomeric hydrogenated polybutadiene phase shifted slightly
towards higher temperatures when the amount of SPT was var-
ied from 0 to 5, 10, 20 and 30% (w/w) against the HSBS-S matrix.
However, the relaxations associated to TPS

g do not change signif-
icantly. As regards the hybrid membranes prepared with SPP the
opposite effect is observed. In this case, the peaks correspond-
ing to the polybutadiene phase remained almost constant while
the relaxations corresponding to polystyrene phase were shifted
to higher temperatures and were also broadened. This is directly
attributed to membranes crosslinking since by increasing the silane
phase content the flexibility restriction of the chains is enhanced.
Therefore, it is possible to state that SPT interacts more with
hydrogenated polybutadiene regions and SPP with the polystyrene
regions. Table 3 summarizes the resulting values from the respec-
tive relaxations regarding the butadiene and polystyrene phases at
10 Hz.

The silane phase distribution was studied using a scanning elec-
tron microscope (SEM) coupled with an energy-dispersive X-ray

(EDX) probe that allowed the determination of the local chemical
composition of the samples.

In order to obtain an overall image of the distribution of the
silane phase in the hybrid membranes, the surface was analyzed at
different points and a cross-section was analyzed at different sur-

he indicated SPT/HSBS-S (a) and SPP/HSBS-S (b) compositions.
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Fig. 8. EDX analysis of the hybrid membranes prepared with SPT (a) and SPP (b).
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Fig. 9. Polarization curves of membrane

ace levels (Fig. 8). Elemental analysis was further performed on
he surface layer in order to identify the chemical components by
DX analysis. The elements C, O, Si and S were detected, showing a
teady distribution, indicating that the silane phases are homoge-
eously located within the membrane.

.3. Performance test

It is a common practice to test fuel cell performance by working
ith H2/O2 at different temperatures and pressures, as well as by
etermining polarization curves and power density. In Fig. 9, the
ingle-cell behavior is shown for membranes HSPT90 and HSPP90
t 1 bar and different temperatures. Behavior is synthesized in the
raph with its current vs potential characteristics. The liberated
ower (P) of a fuel cell is given by the product of current and voltage:
= iV (4)

All I–V curves show the output voltage of the fuel cell for a given
urrent. For the synthesized membranes, a voltage reduction at
ow current densities is observed. This is probably due to losses

able 4
aximum power densities values for Nafion-cast, HSBS-S and prepared hybrid membran

Membrane Thickness (�m) Power densitymax (mW cm−2

60 ◦C 70 ◦C

Nafion-cast 80 120 118
HSBS-S 41 75 75
HSPT 95 55 92 86
HSPT90 44 112 108
HSPT80 80 86 90
HSPT70 40 60 53
HSPP95 40 95 84
HSPP90 45 99 95
HSPP80 51 78 40
HSPP70 65 50 ND

a Not determined.
ared with (a) SPT 10% and (b) SPP 10%.

by activation because of electrochemical reactions, since the cur-
rent generated by the fuel cell is directly related to electrochemical
reactions velocities.

With current densities slightly higher than 0.1 A cm−2, ohmic
losses caused by ionic and electronic conduction become important
and losses by activation are not meaningful. In this zone, voltage
falls in a soft way and it is in this zone where the membrane inner
resistance acts as an important factor.

At high current density (0.28 A cm−2), losses by concentration
due to mass transport are observed in some cases.

Table 4 compares experimental maximum power density values
obtained for Nafion-cast, HSBS-S and the prepared hybrid mem-
branes.

As shown in Table 4, it is clear that all maximum power densities
measured for the membranes synthesized with HSBS-S are lower

than those Nafion-cast or Nafion 117 commercially available mem-
branes [32] in spite of thickness difference. Also, it is worth noting
that the addition of a silane phase to the membranes yields to a bet-
ter performance by increasing the power density as compared to
HSBS-S alone. The highest power density values were obtained for

es.

) P = 1 bar Power densitymax (mW cm−2) P = 2 bar

80 ◦C 60 ◦C 70 ◦C 80 ◦C

106 130 129 124
66 74 67 59
72 89 80 82
115 118 107 103
80 77 71 58
NDa 60 59 52
63 102 94 80
84 83 82 71
ND 83 83 79
ND ND ND ND
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ig. 10. Potential-step voltammograms of HSBS-S membrane and hybrid mem-
ranes, at 70 ◦C.

hose membranes prepared with a 10% of SPT, thus it is observed
hat values remain more or less stable, except for the experiment
erformed at 2 bar and 80 ◦C, where the power density decreases
lightly.

.4. Hydrogen crossover

Finally, the hydrogen crossover in a fuel cell is produced by the
nwanted diffusion of hydrogen through the membrane from the
node to the cathode. This phenomenon causes a lower open-circuit
oltage in PEMFCs [33]. The hydrogen crossover using the HSBS-
membranes prepared in this work was estimated by means of

otential-step voltammetry supplying humidified H2 and N2 gases.
he observed limiting current densities (iL) are due to hydrogen
xidation in the working electrode (the cathode of the fuel cell) the
node acting as the reference standard hydrogen electrode (SHE)
34]. The linear fit when plotting limiting current densities as a
unction of working electrode potential contributes the following
nformation:

The linear interpolation of the data to the y-axis represents the
imiting current density for hydrogen oxidation at the cathode,
H2Ox, and the inverse slope indicates the electronic resistance of
he system due to the electrons crossing the membrane.

When the limiting current density for hydrogen oxidation at the
athode iH2Ox is lower than 2 mA cm−2, the loss of cell efficiency
aused by H2 crossover can be considered negligible and values of
lectronic resistance higher than 300 � cm2 indicate that the possi-
le electronic leakage has no effect on the cell performance [35]. It is

nteresting to note that the hydrogen crossover is reduced with the
ddition of the silane phases, as shown in Fig. 10 and Table 5. This
ffect can be attributed to the fact that the use of the silane phases
ives rise to a more rigid membrane structure, inhibiting hydrogen

iffusion through the hybrid membrane in contrast to the HSBS-
membrane alone. Furthermore, hydrogen crossover is higher in
ybrid membranes prepared with SPP than those prepared with
PT, due to the presence of the more voluminous phenyl group in
he former.

able 5
hronoamperometric values obtained for HSBS-S and hybrid membranes.

Membrane iH2Ox (mA cm−2) Electronic resistance (� cm−2)

60 ◦C 70 ◦C 80 ◦C 60 ◦C 70 ◦C 80 ◦C

HSBS-S 0.567 0.713 NDa 3109 1701 ND
HSPT 90 0.074 0.217 ND 1424 2747 ND
HSPP 90 0.230 0.366 0.539 2688 3049 2092

a Not determined.
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4. Conclusions

Sulfonated hydrogenated styrene–butadiene copolymers
(HSBS-S) with different sulfonation degrees were synthesized. It
was observed that sulfonation degree increases with reaction time;
however, longer reaction times give raise to a product that does
not result in a useful membrane. The HSBS-S copolymer obtained
at moderate reaction time (112 min) exhibited an acceptable
sulfonation degree (3.44 ± 0.03%) with the highest conductivity
and presented excellent solubility in the casting medium to form
hybrid membranes (HMs) with inorganic–organic phases of TEOS
or PTMS. Results obtained from FTIR–ATR, elemental analysis,
IEC, TAN, conductivity and DSC studies indicated that the sulfonic
groups in the polymer chain are covalently attached and fully
available for proton exchange, as deduced from comparing its
theoretical ion-exchange capacity (1.08 mequiv. SO3

− g−1) with
that obtained by titration (1.02 mequiv. SO3

− g−1). These sulfonic
groups generate hydrophilic sites that favor maintaining a proton
conductivity of 0.010 S cm−1. It was possible to form HMs with
HSBS-S and TEOS (HSPT) or PTMS (HSPS) at different blend ratios
(70–95%, w/w of HSBS-S). Their chemical characterizations indi-
cated that the silane phase (SP) is homogenously distributed along
the matrix, that TEOS interacts more strongly with the polybuta-
diene region of HSBS-S while PTMS interacts with the polystyrene
regions, and that sulfonic groups provide high hydrophilicity to
HSBS-S allowing a water uptake of 81%. The HMs were thermally
stable up to 170 ◦C and according to DMA results mechanically
stable. In relation to HMs performance in the single-cell set-up, an
increase in the power density for HSPT and HSPP in comparison
with HSBS-S membranes was observed. The HSPT membranes
perform better than HSPP but not as well as Nafion. Interestingly,
hydrogen crossover was reduced by incorporation of the silane
phase, being higher in HSPP than HSPT.
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