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Abstract

Membranes commonly used in direct methanol fuel cell (DMFC) are expensive and show a great
permeability to methanol which reduces fuel utilization and leads to mixed potential at the cathode.
In this work, sulfonated styrene-ethylene-butylene-styrene (sSEBS) modified membranes with
zirconia silica phosphate sol-gel phase are developed and studied in order to evaluate their potential
use in DMFC applications. The synthesized hybrid membranes and sSEBS are subjected to an
exhaustive physicochemical characterization by liquid uptake, ion exchange capacity, atomic force
microscopy, X-ray photoelectron spectroscopy and dynamic mechanical and thermogravimetric
analyses. Likewise, the potential use of the prepared membranes in DMFC is evaluated by means of
electrochemical characterizations in single cell, determining the limiting methanol crossover current
densities, proton conductivities and DMFC performances. The hybrid membranes show lower water
and methanol uptakes, higher stiffness, water retention capability, upper power density and lower

methanol crossover than sSEBS and Nafion 112.
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Introduction

The global warming derived from greenhouse gas emissions and environmental pollution is a pressing problem
for humankind [1]. In this context, the research of new environmentally friendly power sources has been
intensified in last decades. Fuel cells, devices that directly convert chemical energy stored in the reactants into
electrical energy, arise as a promising technology. In particular, direct methanol fuel cells (DMFCs) are one of
the most explored types of fuel cells. As fuel, methanol has a high energy density and since it is liquid at room
temperature and atmospheric pressure, it has an easy handling and is safe for distribution and storage [2-4].
These characteristics along with the low DMFC working temperature make DMFCs a suitable technology to
power different portable electronics, light-duty traction vehicles and backup systems [5—11]. In fact, they have

been successfully operated in systems as demanding as unmanned aerial vehicles [12,13].

However, the use of DMFCs is not yet commercially widespread due to some technical limitations, the main
one being the methanol crossover from the anode to the cathode through the membrane [14]. This
phenomenon leads to a reduction of the cathode potential and the waste of methanol [15-18]. Typically,
Nafion, with suitable chemical and thermal resistances and high proton conductivity, has been the most used
compound for DMFC membranes [19,20]. Notwithstanding these good properties, Nafion also shows a high
cost and notably methanol permeability, thereby preventing its use in DMFCs [21]. A well-known option to
overcome the Nafion problems in DMFC is the synthesis of new economic polymeric membranes with
adequate proton conductivities and better methanol crossover resistances being as in DMFC a minor reduction
in conductivity is usually accepted in order to reduce the methanol permeability and thus improve the fuel

conversion efficiency [22-25].

In this regard, styrene-ethylene-butylene-styrene triblock copolymer (SEBS) is an interesting and low cost raw
material for fuel cell applications as it becomes a proton conducting ionomer by direct sulfonation reaction of
styrenic units [26-29]. Nevertheless, although low cost electrolyte sSEBS membranes with high proton
conductivity can be easily synthetized they experience an unacceptable loss of dimensional stability and
mechanical weakness in wet state that seriously compromises their lifetime and durability. That is why DMFC
performance of membrane electrodes assemblies (MEAs) based on sSEBS as proton exchange membrane
(PEM) are rarely reported in spite of its cost effectiveness and lower methanol crossover than

perfluorosulfonic acid membranes [30-32].

An interesting attempt to prevent these mechanical limitations as well as controlling methanol crossover in
DMFC is the preparation of hybrid PEMs by combining sSEBS with nano-scale inorganic components [30-40
]. In this sense, different designs for preparing nanocomposite membranes are available which can be broadly
classified into two groups: those based on the addition and mixing of a hydrophilic inorganic solid to a

polymer solution (followed by solvent casting) and those based on sol-gel chemistry in which the specific



interactions between components are favored and a more extended inorganic network is generally achieved [
41-48].

Among the different approaches developed for the preparation of hybrid membranes, sol-gel chemistry by
direct infiltration of an inorganic precursor into SSEBS membranes is an interesting strategy to modify a
ionomeric membrane with control of the location of the inorganic network. Taking advantage of the fact that
sSEBS is characterized by a well-known morphology with separated microphases where the blocks (ionic and
non-ionic) of the copolymer are self-organized into hydrophilic and hydrophobic domains [49-54], the sol-gel
infiltration method makes use of such existing hydrophilic regions in a preformed sSEBS membrane as
preferential sites (templates) to accommodate the inorganic component only inside of them where hydrolysis
and condensation reactions will occur in situ catalyzed by acid media. Thus, the resultant interpenetrating
proton-conducting membranes often lead to an improvement in mechanical strength and reactant barrier

properties as it was already reported by other authors [31,36].

Pure inorganic electrolytes such as SiO,-P,05-ZrO, have also been synthesized via sol-gel chemistry as
proton exchange membranes but their main limitation is a very low mechanical stability [55]. Despite this,
these materials may have interesting technological applications not only because of their nanosized porosity,
which allows a high retention of water molecules inside the porous texture, but also due to the presence of
M — OH surface groups, mainly P-OH, that can assist proton mobility, providing hoping sites for proton
conduction [55-59].

In a previous work [60], economic hybrid membranes (organic-inorganic) were developed by sol-gel chemistry
and direct infiltration of a novel zirconia modified phosphosilicate gel (40Si0,-40P,05-20ZrO,) within the
sulfonated polystyrene blocks of SSEBS for their use in hydrogen fuel cells (PEMFC). The results showed that
infiltration times up to 40 min led to hybrid membranes with lower uptake in water, enhanced dimensional
stability, good proton conductivity and better cell performance than pure sSEBS, while a more extended
infiltration times (60 min and beyond) led to a sol-gel coating deposited on the membrane surface which was
detrimental on all of these membrane properties (chemical stability, proton conductivity and H,/O, cell
performance). These are interesting findings, however, the working conditions of membranes in DMFCs and
hydrogen PEMFCs are notably different. Unlike hydrogen PEMFCs in which membranes are in continuous
contact with humidified gaseous hydrogen, membranes in DMFCs are in contact with an aqueous methanol
solution, making dimensional stability and water uptake critical factors. In addition, membranes for DMFCs
show the crossover phenomenon which has a great impact in their performances, whereas this phenomenon is
negligible in the case of hydrogen fuel cells. Therefore, the aim of this work is to investigate this hybrid
membrane preparation anew in order to reduce the methanol crossover with respect to pristine sSEBS and
Nafion, thereby improving DMFC performance. In this case, infiltration times up to 40 min are implemented
according the results previously reported [60]. A complete physicochemical characterization of the membranes
is carried out to explain their behavior in DMFCs. The extent of zirconia modified phosphosilicate infiltration
and the location where it takes place are evaluated in terms of liquid uptake (water and methanol), dimensional
changes, ion exchange capacity (IEC), morphology (AFM), microstructure (XPS, DMA) and thermal stability

(TGA). Membrane-electrodes assemblies (MEAs) are electrochemically characterized in order to determine



methanol crossover, proton conductivity (EIS) and DMFC performance of the new hybrid infiltrated

membranes and compare their characteristics with those of Nafion 112 and sSEBS.

Experimental
Materials

Styrene-ethylene-butylene-styrene triblock copolymer (SEBS, Calprene H6120) with 32 wt % of aromatic
units and having linear structure was provided by Repsol (Dynasol Group). Inorganic sols were prepared with
trimethyl phosphate [PO(OCH3);, TMP] and zirconium tetrapropoxide [Zr(OC3H,),, TPZr] from Aldrich,
tetraethylorthosilicate [Si(OC,Hjs),, TEOS] from Merck, acetylacetone (CsHgO,, acac) from Fluka and
hydrochloric acid (catalyst) and propanol (solvent) from Aldrich. Trimethylsilyl chlorosulfonate (Sigma-
Aldrich) was used as sulfonation reagent; chloroform (CHCI;, Scharlau) and 1,2-dichloroethane (DCE,
Scharlau) were used as solvents; sulfuric acid (H,SO,4, Aldrich) and methanol (CH;OH, Honeywell) were
utilized to swell the membranes and for electrochemical characterization; potassium hydrogen phthalate
(Sigma-Aldrich), sodium chloride (NaCl, Panreac) and sodium hydroxide (NaOH, Panreac) were employed for
titration experiments. Millipore water was used to prepare the solutions. All chemicals involved were used as

received.

Preparation of 40Si0,-40P,05-20Zr0O, sol-gel solution

TMP, TEOS, propanol (half volume) with a molar ratio propanol/TEOS + TMP + TPZr of 2, and water as HCI
0.1 N (molar ratio of water/TEOS = 1) were mixed by stirring for 2 h. On the other hand, TPZr, propanol (half
volume) and acetylacetone (molar ratio of acetilacetone/TPZr = 1) were mixed by stirring for 2 h. Both

solutions were mixed and homogenised by stirring for 1 h.
Manufacture of SSEBS membranes and infiltration process

SEBS was dissolved in CHCl5 (12% wt/vol) in order to obtained thin polymer membranes by doctor blade
(BYK Instruments). The sulfonation reaction of styrene units was carried out by immersing the SEBS
membranes in trimethylsilyl chlorosulfonate (0.3 M in DCE) during 2 h. Before infiltration, the sulfonated
SEBS membranes (sSEBS) were swelled in H,SO, 1 N (80 °C, 2 h) and subsequently introduced into the
40S10,-40P,05-20ZrO, solution at 80 °C for 5, 20 and 40 min to carry out the infiltration procedure. After
that, they were repeatedly washed with ethanol, dried at 50 °C for 1 h and heat treated at 120 °C during 2 h to
ensure the consolidation of the inorganic component. To complete the infiltration process, they were again
washed with ethanol at 80 °C for 2 h and finally dried at 80 °C for 1 h.

Physico-chemical characterization of hybrid membranes
Liquid uptake and dimensional changes

For uptake degree measurement, membranes of similar sizes were immersed either in deionized water or in
1 M CH;OH at room temperature for five days when the swelling is considered to be completed. After wiping

out excess water at the surface, the wet membranes were quickly weighed (Wwe); then, they were dried at



50 °C for 24 h and weighed again (Way ). Thus, the uptake percentage of the films in water and methanol was

determined by gravimetric method using Equation (1):

W, - Wy,
% uptake = 100
Wd,y

(1

The dimensional variations (area increase, Al) were calculated under the same conditions of liquid uptake,

quantifying the difference of membrane surface area by the following equation:

Awet - Ad}y

% Al = -100

dry

)
where, 4, and 4,4, are the surface area of hydrated and dried membranes, respectively.

Ion exchange capacity (IEC)

The ion-exchange capacity IEC (meqH"g~!) was calculated by an acid-base titration. Membranes with known
dry mass were equilibrated in 100 mL 1 M NaCl solution for 15 days to replace the H" by Na™ ions. The
released protons in solution were titrated with 0.01 M NaOH to a phenolphthalein endpoint. The IEC was
obtained by the equation:

M, -V
JEC = 2NaOH" " NaOH

Wd,y

3)

where My,on is the molar concentration of the titrant, Vy,on is the added titrant volume at the equilibrant point
and wa. is the dried weight of the sample. Each titration was performed in triplicate and the average value was
taken as final IEC.

Atomic force microscopy (AFM)

Atomic Force Microscopy measurements were performed in dry state membranes using a Cervantes AFM
System (Nanotec Electronica S.L., SPAIN).

X-ray photoelectron spectroscopy (XPS)

Spectra were performed on a K-Alpha — Thermo Scientific spectrometer with monochromatic Al Ka X-ray
source (1486.68 eV). Compositional depth profiles of the hybrid membranes were obtained to evaluate the
homogeneity of elements distribution through the thickness. Surface chemical states of hybrid membranes with

different oxidation states were also evaluated by XPS using an Ar" ion source. Elements quantification was



achieved using the Shirley method for complete spectra and a peak-fit program (Advantage 4.6 Thermo) for

oxygen, zirconium, silicon, sulfur and phosphorus spectra.
Dynamic mechanical analysis (DMA)

Dynamic mechanical properties were evaluated using a TA Instrument 983 dynamic mechanical analyzer in
tension mode. The samples were thermal treated from —100 to 260 °C, at 10 Hz with a heating rate of 2 °C
min~'. The geometry used was the stress pattern. The strength applied was 0.5 N, and the shifts varying
between 8 and 40 pm.

Thermogravimetric analysis (TGA)

Thermal stability (10-15 mg) was analyzed by TGA using a TA Instruments TA-Q500 equipment. The

1

samples were treated to 800 °C at 10 °C min~" in air, and the degradation temperature, weight loss and

remaining residue at 800 °C were measured.
Electrochemical characterization of membrane-electrodes assembly (MEA's)
MEA's fabrication

To evaluate the potential application in fuel cells, MEAs with pure polymeric and hybrid membranes were
tested in a single DMFC (3.8 cm? of active area). The electrodes were made following the procedure described
by Jurado et al. [61] which consists in a catalytic layer airbrushed onto a gas diffusion layer (GDL, non-woven
carbon paper gas diffusion media with a Microporous Layer (MPL) and PTFE treated to 5% (SIGRACET
39BC GDL)). The ink to prepare the catalytic layer of both electrodes consisted in a suspension in a ratio of
7:3 of the electrocatalyst and solution of ionomer (Aldrich 5 wt% Nafion® solution) and a mixture of H,O:
isopropanol (2:1). Anode was prepared with 40% PtRu (1:1) on carbon Vulcan XC72 (E-TEK) as
electrocatalyst, with a PtRu load of 3 mg cm™2; and cathode was fabricated with 40% Pt on carbon Vulcan
XC72 (E-TEK) as electrocatalyst and 1 mg cm ™2 of Pt load.

To prepare the MEAs, each membrane was sandwiched between the electrodes and the set was hot-pressed at
10 bar and 100 °C for about 3 min. Cell hardware consisted of two stainless steel 316L plates with a flow
pattern of parallel channels. The whole assembly was clamped by 4 screws with a torque of 2 N m. The
described single DMFC was used for methanol crossover determination, through-plane proton conductivity
measurements and cell performance. A MEA with Nafion 112 (DuPont) commercial membrane was also

prepared and tested as reference material.
Limiting crossover current density

The methodology developed by Ren et al. [62] was followed to measure the limiting crossover current density
(Jiimeross). Methanol solution 1 M was supplied to the anode (PtRu/C) at 3 mL min~! and pure nitrogen
humidified at 68 °C was supplied to the cathode (Pt/C) at 100 mL min~!. In this case, methanol crossing the
assembly is oxidized at the Pt/C electrode by establishing a potential difference. Autolab PGSTAT 128 N in

potentiostatic mode was used to measure the current response to the applied potential, which ranged between



0.3 and 0.95 V with 50 mV increments applied over 3 min. Pt/C electrode was used as working electrode and
PtRu/C as both counter and reference electrodes. The limiting current density of each current-voltage curve is

a measure of methanol flux through the corresponding assembly.
In situ through-plane proton conductivity

The proton conductivity through the plane of the membranes was evaluated by means of electrochemical
impedance spectroscopy tests which were performed using a potentiostat/galvanostat, Autolab PGSTAT 128N,
coupled to a frequency response analyzer module, FRA 32M. The assembly, reactants and flow rates used
were the same as in the previous section. The frequency of the sinusoidal excitation signal ranged from 1 Hz to
100 kHz. The measures were performed at a constant bias potential of 0.3 V with an amplitude of 10 mV. The

proton conductivity through the membranes (o7r) was calculated as follows:

e = =
= $ R,

“)

where L represents the membrane thickness, s is the active area and Rq depicts the resistance obtained from
the intersection point of the impedance curve at high frequency and the real impedance axis in the Nyquist

plot.

DMFC polarization curve

I and

Polarization curve measures were conducted at 60 °C supplying 1 M methanol solution at 3 mL min™
pure humidified oxygen at 100 mL min~' and 1 bar to anode and cathode, respectively. A warm-up phase,
consisting of thermal and electrical conditioning, was carried out before recording polarization curves. Firstly,
with the aid of a heat exchanger, the cell was heated up to the operating temperature (60 °C). Then, two
potential step cycles from the open circuit voltage to 0.4 V were conducted to activate the catalysts, each step
is applied over 180 s. The experimental setup used to perform the polarization curve measures was a

homemade test bench, which has been previously described [63].

Results and discussion
Hybrid membrane characterization
Liquid uptake and dimensional changes

Since water serves as the conducting medium of protons, water uptake is a critical factor that noticeably affects
the proton conductivity of sulfonated polymers. Thus, in this sense, achieving an optimal level of hydration is
absolutely necessary. However, if the uptake degree reaches an excessive value the dimensional stability and
mechanical integrity of the membrane can be seriously compromised. According the data shown in Table 1,
the infiltration of the sol-gel solution within the hydrophilic blocks of sSSEBS reduces the undesirable uptake in

liquid (water or methanol), decreasing the dimensional changes of the sulfonated polymer. Consequently, the



infiltrated membranes take up a smaller amount of liquid than the pure polymer as infiltration time increases.
The same behavior is perceived regarding the area increase. On the other hand, the membranes weight after
infiltration shows a continuous increment which is indicative that the infiltration procedure gives rise to the
formation of an increasingly wide inorganic-organic network. Likewise, as the infiltration time increases, the
area of the membrane decreases. The embedding of the zirconia modified phosphosilicate gel network into
ionic domains is able to modify the microstructure of liquid filled channels, decreasing uptake and hence
enhancing the mechanical integrity of the membrane. Similar enhancements in reducing methanol permeability

are expected to take place for the more infiltrated hybrids.
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Dimensional changes, uptake degree and ion exchange capacity for sSSEBS and hybrid membranes. (Some of these data have been
extracted from Ref. [60]).

Weight I
Membrane (o/e;g flerease Area Increase (%) Water uptake (%) Methanol uptake (%) IEC (meqH+g_1)
(1)
sSEBS - - 203.3 209.3 1.77
5 min 32 116.9 156.5 148.1 1.62
20 min 4.0 93.6 105.2 110.3 1.28
40 min 7.1 88.7 89.2 96.7 1.23

Ion exchange capacity (IEC)

Table 1 compiles the IEC (meqH"* g~!) values of pure polymer and infiltrated membranes. According to the
tendency of liquid uptake discussed above, the IEC values for hybrid membranes are always lower than for
pure polymer and decrease as infiltration time progresses which are indicating that the inorganic precursor

diffuses and grows into the ionic blocks of the copolymer where the sol-gel reactions come about.
Atomic force microscopy (AFM)

AFM images of pure and infiltrated sSSEBS membranes in dry state are presented in Fig. 1. The topography of
pure sSEBS shows the typical microphase separation of sSSEBS with dark areas corresponding to hydrophilic
blocks related to sulfonate groups containing interconnected nano-channels of about 10 nm average width.
Furthermore, the light regions correspond to hydrophobic domains constituted by the polymer backbone that

look like lamellar structures of 30-40 nm. All infiltrated membranes show the typical sSEBS microstructure



with well-ordered and continuous ionic channels formed by the microphase separation between hydrophilic
domains and hydrophobic domains [64]. Based on these results, the infiltration during 40 min produces a
flatter topography due to a deeper procedure, as it is shown in the three dimensional image (Fig. 1d left). Also,
the channels width of the hydrophilic regions (dark areas) is reduced with the infiltration time, suggesting that
the inorganic component is filling primarily the hydrophilic domains of the polymer matrix, limiting the

methanol molecules diffusion [65].

| alt-text: Fig. 1
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Three-dimensional (left) and surface (right) AFM images of a) sSEBS and hybrid membranes at different infiltration times b)
5 min, ¢) 20 min and d) 40 min.

X-ray photoelectron spectroscopy (XPS)

The XPS depth profiles of the sSEBS hybrid membranes can be observed in Fig. 2 at different immersion
times. Sulfur profile keeps almost constant for all infiltration times meaning that sulfonation was performed
successfully. Zirconium, silicon and phosphorus profiles change with the infiltration time reaching to a
uniform profile at 40 min. This result is in agreement with EDX results previously reported [60]. It seems that
infiltration is more efficient along the edge of the membrane at 5 and 20 min of immersion times, and it takes
longer time to incorporate the inorganic phase into the interior areas. Zirconium and phosphorus lines present
higher energy than silicon. Surface chemical XPS analysis does not detected differences in oxidation states of
the different elements P, Zr, Si and S indicating that ionic conductivity is not expected.

alt-text: Fig. 2
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XPS depth profiles of hybrid membranes at different infiltration times: a) 5 min, b) 20 min and c) 40 min.

Dynamic mechanical analysis (DMA)

DMA is used to analyze the viscoelastic behavior of the membranes in terms of loss factor (tan 8) and storage
modulus (E’) as well as the influence of the inorganic additive on their mechanical strength. The final
objective pursued with the incorporation of the inorganic component into the polymer matrix is to achieve

longer lifetime membranes with better DMFC performance than pure sSSEBS which is related undoubtedly to



getting improvement of the mechanical properties. The tan & curves versus temperature of sSEBS and

infiltrated membranes for 5, 20 and 40 min are shown in Fig. 3a.
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DMA analysis of sSEBS and hybrid membranes. (a) loss factor (tan 8) vs temperature and (b) storage modulus (E’) vs
temperature.

Two distinctive glass transition temperatures are detected; one at low temperature corresponds to the ethylene-
butylene blocks (TgF®) and the other is associated to the sulfonated polystyrene blocks (Tg"®) and observed at
higher temperature. Fig. 3a shows that the presence of the inorganic component has minor influence on the
first relaxation given that the peak temperature and shape appear essentially equal to that for pure sSSEBS. On
the contrary, TgPS is markedly influenced not only in a variation to higher temperature which is due to strong
hydrogen bond interactions between sulfonic acid groups in PS blocks and hydrolyzed inorganic zirconia
modified phosphosilicate but primarily in the values of tan 8, suggesting that infiltration process has been
efficient so phosphosilicate gel lives within ionic domains mainly. The severe reduction in tan 8 values for
hybrids is likely related to the higher stiffness of these materials due to the restriction on the chain mobility in
the ionic domains imposed by the inorganic network respect to the pure sulfonated polymer. Thus, Fig. 3b
represents the storage modulus (E’) versus temperature where E’ values increase in all hybrid membranes in
comparison to sSEBS along the rubbery plateau and over infiltration time. For example, at 60 °C the values of
E’" are 237 MPa for sSEBS and 413 MPa, 551 MPa and 570 MPa for the respective hybrids as infiltration time
is progressing. It is reasonable that zirconia modified phosphosilicate gel lead to the formation of stronger
hydrogen bond interactions besides the already existing between sulfonic acid groups, increasing rigidity in the

hybrid membranes.
Thermogravimetric analysis (TGA)

The degradation temperatures, weight losses and inorganic remaining residues at 800 °C were evaluated by
means of TGA. Three consecutive stages of degradation are usually observed in this type of sulfonated
polymers: loss of absorbed water and residual organic solvents (<200 °C); decomposition of sulfonic acid
groups (-SO;H) (270-400 °C) and oxidative degradation of main polymer chain above 400 °C. The TGA



curves of weight loss and derivative weight loss versus temperature of sulfonated polymer and hybrid

membranes are shown in Fig. 4a and b, respectively.
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TGA analysis of sSSEBS and hybrid membranes. (a) weight loss vs temperature and (b) derivative weight loss vs temperature.

The results indicate that all hybrid membranes retain more water than pure polymer since the weight losses
connected to the first stage of dehydration are much lower than in sSSEBS. Thus, a weight loss of 5% occurs at
63 °C for sSEBS; at 103 °C for 5 and 20 min samples and at 113 °C for the membrane infiltrated for the
longest time, 40 min. This fact is very interesting since besides taking less water than sSEBS (lower water
uptake), these hybrid membranes are able to preserve it at higher temperatures. The interaction established
between the hydrolyzed inorganic zirconia modified phosphosilicate surface groups (Si-OH and P-OH), the
sulfonic acid groups of sSSEBS and the water molecules can help to explain this behavior as water results in
tighter bound to the ionic phase after infiltration. The same pattern is observed in desulfonation and polymer
degradation processes because both extend to a broader range of temperature for hybrid membranes in
comparison to SSEBS (Fig. 4b). The in-situ sol-gel reaction makes the composite membranes more thermally
stable than the pure sulfonated copolymer. This enhancement of the thermal stability after inorganic
incorporation is due to the restriction imposed by the presence of the zirconia modified phosphosilicate
network and its interaction with sulfonic acid groups. At 800 °C, the interval of the remaining residues ranges

between 8.4 and 11.5 wt % according increasingly longer infiltration times.
Electrochemical characterization of the MEA's

This section aims to compare the behavior of the different membranes, included Nafion 112, in DMFCs. In this
regard, all measurements were carried out under the same experimental conditions and with the same single
cell and electrodes (new for each MEA) in such a way that the variations in limiting crossover current density,

proton conductivity and performance are only due to the membrane used in each case.

Limiting methanol crossover current density and proton conductivity



The current density produced by the oxidation of methanol that crosses the assembly versus the applied
potential is shown in Fig. 5, the maximum current density of each MEA represents their limiting crossover
current density (Jimeross). The methanol crossover through the membrane is a key factor in DMFC operation
that should be reduced in order to maximize the fuel utilization and the potential at the cathode [66]. In this
respect, and as can be seen in Fig. 5, the starting polymeric material shows better methanol barrier properties
than Nafion 112, as evidenced by its slightly lower limiting methanol current density. In addition, the methanol
permeability in the hybrid membranes decreases over infiltration time. Consequently, the membrane infiltrated
for the longest time, 40 min, exhibits the lowest Jjmeoss value (73.8 mA cm™2) which is notably lower than
that of sSEBS and Nafion 112, 107.0 mA ¢cm™2 and 115.9 mA cm™2, respectively. The limiting crossover
current densities measured are representative of the DMFC methanol crossover at the open circuit voltage but

somewhat lower [67].
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The results obtained are in good agreement with the water-methanol uptake tests, the topography of hybrid
membranes determined by AFM and the XPS depth profiles of the samples. In fact, the closely limiting
crossover current density values of the samples infiltrated for 5 and 20 min are consistent with their similar
XPS profiles. Likewise, the homogeneous profile of infiltrated species across the membrane infiltrated for

40 min is identified with its lowest limiting crossover current density detected. This reduction as infiltration



time is longer implemented is probably due to the barrier effect exerted by the growing of the zirconia

modified phosphosilicate gel network within the hydrophilic domains [68].

The in-situ proton conductivities of the membranes have been calculated from the corresponding Nyquist
diagrams of the MEAs obtained by means of EIS (plots not shown). The impedance analysis of the different

I and

MEAs have been carried out under the same experimental conditions (1 M CH;OH anode at 3 mL min™
100 mL min~! N, hydrated at 68 °C cathode, 60 °C cell temperature, torque of 2 N m) in order to compare the
results. Under these conditions, MEAs with sSEBS and infiltrated membranes show similar proton
conductivity values, (2.0 =+ 0.5)-1072 S cm ™!, which indicate on the one hand, that the percolation within the
ionic channels is preserved over infiltration even when both the uptake degree and IEC are lower and, on the
other hand, that the strong interactions by hydrogen bonding established between P-OH, Si-OH, Zr-OH and

SO;H groups favour a Grotthus-type mechanism for proton conduction [69].

An illustration of a possible hybrid structure can be observed in Fig. 6, showing the characteristic microphase
separated morphology of SEBS before infiltration which is self-organized into hydrophilic and hydrophobic
domains and also the sulfonic acid groups grafted to the SEBS structure. After infiltration, the structure shows
the sol-gel matrix formation onto the hydrophilic domains by in situ polycondensation. The hybrid structure
generated allows the movement of protons jumping from water, sulfonic acid and hydroxyl groups as hopping
sites to generate fast proton conduction paths. The presence of inorganic component onto hydrophilic areas

reduces in an effective way the methanol crossover.
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DMFC performance

In order to evaluate the possible use of these hybrid membranes in DMFC, performance tests were carried out
in a single direct methanol fuel cell. The cell hardware used had an active area of 3.8 cm? and it was

continuously supplied with 1 M CH;OH and pure humidified oxygen to anode and cathode, respectively.



Fig. 7 represents the polarization and power density curves of pure polymer sSEBS, hybrid membranes with

different levels of infiltration, and Nafion 112 as reference material.
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With respect to polarization curves Fig. 7a shows that OCV values of hybrid membranes are higher than that
of sSEBS in all cases and they tend to increase over infiltration time. Thus, OCV of sSEBS takes the value of
539 mV while 592 mV, 575 mV and 608 mV are the OCV for 5, 20 and 40 min, respectively, representing
increases of 9.8%, 6,7% and 12,8% compared to the OCV of sSEBS. In addition, the average of the OCVs of
each membrane (in Fig. 7 only the best polarization curve of each membrane is represented) are 545.6 mV,
568.3 mV, 564.6 mV, 581.9 V and 541.0 mV for sSEBS, 5min, 20min, 40min and Nafion 112, respectively.
This behavior may be attributed to the minor methanol crossover of hybrid membranes as the infiltration time
increases [70], which is in agreement with the limiting crossover current densities obtained. The lower the
methanol crossover is, the lower the mixed potential at the cathode and therefore the higher the OCV.

Likewise, the membranes with longer infiltration times showed better performances at low current densities.



In the same way, it can be seen that an increase of infiltration time within the range under study leads to an
improvement of the maximum power density (Fig. 7b). Thus, the performance of 40 min membrane stands out
above the rest showing the highest maximum power density, 22.2 mW cm ™2, and maximum current density,
166.7 mA cm~2. Under the same experimental conditions, sSSEBS membrane reaches a maximum power
density of 16.1 mW c¢cm ™2 and a maximum current density of 135.3 mA c¢m ™2, while in the case of Nafion 112
membrane these values are 18.0 mW cm™2 and 138.4 mA cm ™2, respectively. These results clearly show the
best performance in single DMFC of the infiltrated membranes with respect to pure polymer, specially 40 min
membrane which shows improvements in both maximum power density and maximum current density of
37.9% and 23.2% with regard to sSEBS membrane. This behavior can be explained on the basis of the
extended barrier effect with the infiltration time which leads to lower methanol crossover, appropriate water

retention, enough proton conductivity as well as improved mechanical and dimensional stability.

Conclusions

Infiltrated hybrid membranes based on sSEBS and 40SiO,-40P,05-20ZrO, were prepared by sol-gel
method. The initial pursued of reducing uptake degree (water and methanol), dimensional changes and
methanol crossover in comparison to pure sSEBS was successfully achieved. Similarly, it was proven by
means of XPS that the concentration profiles of infiltrated elements across the membrane thickness were more
homogeneous as the infiltration time increases obtaining completely uniform profiles for 40 min infiltrated

membrane.

DMA analysis confirmed, on the one hand, that the phase separated morphology of sSEBS was preserved after
infiltration process and, on the second hand, that the growth of sol-gel zirconia modified phosphosilicate
network took place only into the ionic phase of the copolymer. The strong hydrogen bond interactions between
Si—-OH, P-OH and -SOsH groups was responsible for the higher stiffness of the hybrid materials compared
with sSEBS, as storage modulus (E’) values increased over infiltration time. TGA results indicated that
infiltrated membranes presented a higher water retention capability than sSEBS in the temperature range
corresponding to dehydration. Also, a greater thermal stability was observed as the infiltration time increased.

The amount of residue detected confirmed that the level of solid embedded is a function of infiltration time.

The methanol permeability of the hybrid membranes decreases when infiltration time increases, as evidenced
by the reduction of the limiting methanol crossover current density, especially for 40 min infiltrated membrane
which showed a value 1.45 times lower than sSEBS, in agreement with uptake, XPS and AFM tests. The
homogeneous profile of species across the 40 min membrane, in combination with the methanol barrier effect
provided by the inorganic filler, led to an important reduction of methanol crossover. Moreover, the infiltrated

membranes showed suitable proton conductivity values higher than 0.01 S cm™!.

Polarization curve
experiments underlined the potential use in DMFCs of the synthesized hybrid membranes. Specially, the
membrane infiltrated for 40 min showed an outstanding performance with an OCV 12.8% higher than that of
the pure polymer membrane which could be associated with the minor methanol crossover through the
membrane. Likewise, this membrane achieved a maximum power density 37.9% greater than that of the
sSEBS membrane. Therefore, the outstanding behavior of the synthetized hybrid infiltrated membranes with

respect to liquid uptake, dimensional and thermal stabilities, methanol permeability and single DMFC



performance, together with the affordable materials and preparation costs, make them an ideal alternative for
use in DMFCs.
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Highlights

e Zirconia phosphosilicate-sSEBS membranes are prepared by sol-gel infiltration.

* Incorporation of inorganic phase into hydrophilic domains is confirmed by AFM and DMA.
e Infiltration induces strong hydrogen bond interactions between Si—~OH, P-OH and SO3H.

* Methanol crossover decreases over infiltration time and is lower than sSEBS and N112.

* Best DMFC performance is reported for the hybrid membrane infiltrated for 40 min.
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