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Abstract: In this work, composite membranes were prepared from a mixture of Nafion® ionomer with mesoporous (SBA-15) and micro-
structured silica (SiO;). The silica-based materials were synthesized using the sol-gel technique and their properties were characterized by
TEM, BET, SEM and XRD. A glass cell with two chambers was used to evaluate the permeability of methanol of the composite membranes
and its performance was compared with a commercial Nafion 115 membrane. The composite membranes showed smaller value of metha-
nol permeability (around 19%) than that obtained when was used a commercial membrane. In terms of the fuel cell performance, the com-
posite membranes showed a larger maximum power density (62 and 29 mWem™ for the SiO; and SBA-15 composite membrane respec-
tively) than that obtained for the commercial membrane at high temperature conditions (100°C).
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1. INTRODUCTION

Direct methanol fuel cells (DMFCs) have received the attention
as an alternative energy source for a wide range of applications;
particularly for portable power sources since its liquid-fuelled
system involves an easy manipulation as well as a low environ-
mental impact [1-5]. Nafion membranes on the other hand, consti-
tute a well known proton exchange system for DMFC systems due
to its convenient electrochemical, mechanical and thermal stability
and high proton conductivity properties [4]. However, the main
problems currently associated to the direct methanol fuel cell tech-
nology are the following: (1) the anode reaction has poor electrode
kinetics, particularly at low temperatures, making highly desirable
to improve the performance of catalysts at high temperatures; (2)
the permeability and the poor stability of the perfluorosulfonic
acid membranes in the presence of methanol, which resides in the
crossover phenomenon; and (3) at high temperature, in order to
overcome the limitations in the anode kinetics, it is mandatory to
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diminish the membrane degradation and to avoid the methanol
diffusion to the cathodic compartment [6].

In this context, intensive efforts in order to decrease the metha-
nol crossover are focused mainly on the development of new poly-
mer electrolyte membranes. The incorporation of inorganic oxide
particles into Nafion® matrix, improves the membranes perform-
ance on water uptake, ion-exchange capacity and the operation
temperature of the system [7-8].

In this work, Nafion® polymer was modified by means of the
incorporation of inorganic oxides with different structural proper-
ties (SBA-15 and SiO,), both prepared by sol-gel method in order
to increase the proton conductivity at high temperature of fuel cell
and to contribute decrementing the methanol crossover effect.
SBA-15 is a mesostructured porous silica with a high surface area
and hexagonal arrangement of uniform pores [9-10]. SiO, also was
sinthesized in house resulting in a microstructured porous silica.
Preliminary results of water uptake, ion-exchange capacity, metha-
nol permeability and cell performance of the Nafion/SiO, and
Nafion/SBA-15 composite membrane are presented.
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2. EXPERIMENTAL

2.1. Synthesis of inorganic fillers

Silica (SiO,) was synthesized using the sol-gel method under
acidic conditions. A tetraethyl-orthosilicate precursor was used
(TEOS 98%, Aldrich) and nitric acid (HNOs) was utilized as cata-
lyst. An Alcohol/alkoxide molar ratio solution was kept under stir-
ring for 20 minutes. An Water/acid molar ratio solution remained
under constant stirring for 5 minutes. Both solutions were mixed at
at room temperature to form a solid. The resulting material was
treated using a tubular furnace (Barnstead Thermolyne) at 150 °C
for 2 h to remove residual alcohol and to obtain the silicon oxide
[11-12].

For the synthesis of the SBA-15 material, the copolymer Plu-
ronic P123 (EO20PO70EO20, BASF) dissolved in 4M HCI was
used as the structure directing agent. TEOS was added to the solu-
tion and stirred at 35 °C for 24 h. The resulting solution was trans-
ferred into polypropylene bottles and heated at 80 °C for 24 h. The
solid product was filtered, washed with deionized water and dried
at room temperature for 24 h. In a following stage, the product was
heated at 110 °C for 18 h and later kept at 500 °C for 6 h to remove
the surfactant [13-15].

2.2. Preparation of Composite Membranes

The composite membranes were prepared from 5% Nafion®
solution (ElectroChem. Inc.) mixed with 3 % wt. of the relevant
inorganic filler and dispersed in an ultrasonic bath for 10 minutes.
The resulting solutions were transferred to a dish (10 cm of diame-
ter) and evaporated in an oven (Thermo Scientific) at 100 °C for 1
h until a dense polymer film was obtained [1,16]. Finally, a thermic
treatment in boiling 3% H,0, and 0.5M H,SO4 was accomplished,
in order to clean and activate the composite membranes respec-
tively.

2.3. Physicochemical characterization of inorganic
fillers
The textural properties of inorganic fillers were analyzed by
means of adsorption-desorption isotherms of N, at 77 K using a
Micromeritics TriStar 3000 apparatus. The surface area was calcu-
lated according to the Brunauer-Emmett-Teller (BET) Equation.
The inorganic fillers were also characterized by X-ray diffraction
performed on a Philips diffractometer (PW3710). Yet, infrared
spectra (FT-IR) were obtained using a Bruker (Vector 33) spectro-
fotometer. Spectroscopic data were collected in the range of 400 to
4000 cm™.

2.4. Composite Membranes Characterization
2.4.1. Water Uptake (Wup)

Water uptake (Wup %) was determined by the ratio between the
weight of wet and dry membrane, by using the equation (1):

Wwet — Wdry 1100

Wup % = ( (1

wet
The dry mass was calculated maintaining the samples in an oven
under vacuum at 80 °C for 2 h. For wet mass assesment, the sam-
ples were inmmersed in deionized H,O at room temperature for 24
h, dipped and weighted [10, 17].

2.4.2. Ion Exchange Capacity (IEC)

In order to determinate the ion exchange capacity, the composite
membranes, previously dryed, were introduced into a solution of
IM NacCl for 24 h at room temperature .Later, the membranes were
titred with a 0.01M NaOH solution [18] to neutralize the ex-
changed H'. Taking into account the dry weight of each sample and
plotting the pH variation with the added titrant volume, the NaOH
concentration at the equivalent point was determined.

2.5 Electrochemical characterization
2.5.1 Measurement of methanol permeability

A two-compartment glass cell with 3.4 mL of volume was used
to investigate the methanol permeability through composite mem-
branes at 25 °C. Whereas the compartment I was filled with an
aqueous solution containig 1M methanol in 0.5M H,SO,, the com-
partment II contained only 0.5M H,SO, solution. The membrane
was clamped between the two compartments and the contents of
both were stirred during the experiments. The methanol concentra-
tion in compartment II was monitored by chronoamperometry tech-
nique [19]. A constant potential ,0.68V vs. the reference electrode
Ag/AgCl, was applied during 150 min in a BAS-Epsilon potentio-
stat (From Bionalytical Systems). A Pt micro-electrode served as
working electrode (WE), Ag/AgCl as reference and a Pt wire as a
conunter electrode (CE). From the concentration of methanol at any
time, it was possible to estimate the methanol permeability (P)
using equation (2):

_ A DK

Cu=——Ct
v, (2)

Where Cj; is the methanol concentration in compartment II, C; is
the methanol concentration in compartment I, 4 and L are the area
and thickness of the membrane respectively, D and K are the
methanol diffusivity and the partition coefficient between the mem-
brane and the adjacent solution, ¢ is the permeation time, and V; is
the volume of the solution in compartment II. The DK product
corresponds to the methanol permeability P.

2.5.2. Fuel cell performance

Fuel cell performance tests were carried out using a comercial 5
cm’ fuel cell (Electrochem Inc.) using the composite membranes.
The membrane-electrode assemblies were prepared using 2 mg cm’
% of Pt-Ru (50% wt., Alfa Aesar) for the anode and 1 mg cm™ of
Pt/C (30% wt. Alfa Aesar) for the cathode. Carbon cloth (GDL
ELAT from E-TEK) was used as gas difussion layer. Direct metha-
nol fuel cell was operated with 2 M MeOH aqueous solution at 8
mL min™ of flow rate and fully humidified oxygen was entered in
the cathodic compartment at 200 mL min™ of flow rate. The back
pressure was 30 psi in both anode and cathode. Fuel cell measure-
ments were made using a Compucell Fuel Cell Test System. The
operation temperature of the fuel cell was fixed at 80 and 100 °C.

3. RESULTS AND DISCUSSION

3.1. Characterization of inorganic fillers

The textural properties of the inorganic fillers are presented in
Table 1. Inspection of the data in Table 1 shows that specific sur-
face area and pore diameter values are different for the two silica-
based materials, 1039 m’g” and 4nm for SiO, and 932 m’g” and



Silica-based Composite Membranes for Methanol Fuel Cells Operating at High Temperature 89
/J. New Mat. Electrochem. Systems

SBA-15

Intensity (counts)

SiO

2

I R U R R R ST R
0 20 30 40 50 60 70 80 90

Angle (260)

Figure 1. X- ray diffraction patterns of inorganic fillers.
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Figure 2. Representative FT-IR spectra of inorganic fillers.

6nm SBA-15, respectively.

X-ray diffraction patterns of SiO, and SBA-15 materials are
shown in Figure 1 where a broad reflection centered at about 26 =
24° characteristic of amorphous silica (SiO,), can be observed [20].

The FT-IR spectra of the inorganic fillers are shown in Figure 2,
in which a typical spectrum of silica (SiO;) can be identified. The
bands at 811 and 1087 cm™ correspond to the symmetric and asym-
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Figure 3. FT-IR spectra of Nafion® 115 and composite membra-
nes.

metric vibration of Si-O-Si bonds. While the band at 463 cm™ is
assigned to the torsion vibration of Si-O-Si, the band at 967 cm™
corresponds to the vibration of the Si-OH group. Also, the band at
1635 cm™ corresponds to free water, the intensive broad band
centered at 3442 cm™ is assigned to the superposition of vibrations
for both physically adsorbed H,O and silanol groups [21-23].

3.2. Physicochemical properties of composite mem-
branes

FT-IR spectra in the wave number range 2000-400 cm™ of the
composite membranes were recorded and are presented in Figure
3. The spectra indicate peak shifts in the composite membranes due
to the presence of the fillers in the membrane structure. In the re-
cast Nafion® membrane, the two major vibrational structures ob-
served at 1199 cm™ and 1146 cm™, correspond to the CF, stretch-
ing vibrations of the PTFE backbone. The peaks observed at 1055
and 967 cm™ are attributed to the stretching vibration moieties of
SO;5 and C-O-C respectively [24]. The peak associated to the Si-O-
Si bond is seen at 1063 cm™ while the SiOH stretching vibration in
the composite membrane can be observed at 961 cm™.

Water uptake and ionic exchange capacity of the composite
membranes under study are shown in Table 2. Composite mem-
brane SBA-15 has higher water uptake value than that obtained
with Nafion® 115 membrane. Ton Exchange capacities IEC of

Table 2. Water uptake and ionic exchange capacity of composite
membranes.

Thickness Water Uptake Ionic Exchange
. . . Membrane o . 1
Table 1. Textural properties of inorganic fillers. / pm 1% Capacity / mmol g
Inorganic filler Surface area /m’g’” Pore diameter/nm Nafion®115 127 25.67 0.9028
SiO, 1039 4 SiO, 180 29.72 0.7856
SBA-15 932 7 SBA-15 233 29.87 0.620
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Figure 4. Methanol permeation rate curves of Nafion® 115 and
composite membrane SiO, and SBA-15 at 25 °C. (a) Chronoampe-
rometry plots, (b) Methanol permeation curves.

Nafion® 115 and composite membranes measured by titration, re-
vealed that the IEC of the composite membranes diminished as a
consequence of the presence of inorganic material [18, 25].

3.3. Electrochemical properties of composite mem-
branes

Figure 4a shows the current vs time curves obtained as a result of
the methanol permeation through the membrane. The composite
film displays a lower permeability value than that obtained with the
Nafion® 115. As expected, the concentration vs time curves (Figure
4b) also suggest that the use of these composite materials may have
potencial applications in DMFC. In this way, the methanol cross-
over is reduced, this result suggest that the fillers have a blocking
effect through the Nafion®™ channels, creating a tortuous path for the
methanol passage [19 ].

Figure 5 also shows that the composite membranes have lower
methanol permeability value (P) than that obtained when was used
the Nafion® 115 membrane. Methanol permeability value (P) of
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Figure 5. Methanol permeability rate curves of Nafion® 115 and
composite membranes SiO, and SBA-15 (25 °C).

Si0O,-based membrane corresponds to 4.4x10° cm’s' which is
lower than that of Nafion® 115 membrane [10]. The composite
membrane permeability SBA-15 on the other hand, corresponds to
1.07x10° cm’™ which is also lower than that obtained with
Nafion® 115 (1.92x10° cm’™). The composite membranes have
lower methanol permeability (P), this result suggest that the inor-
ganic fillers (SiO, and SBA-15) block the ion-exchange groups
(sulfonic groups) in the polymeric matrix, creating a tortuous path
for methanol (Table 3).

Polarization curves of the composite membranes are shown in
Figure 6. The composite membranes reveal a better peformance
than that obtained for the Nafion® 115 membrane at the two tem-
perature values surveyed (80 and 100 °C). At 80 °C the Nafion
membrane has a similar behavior than that of the composite mem-
branes, nevertheless, the better peformance was obtained from the
SiO, composite membrane with a power density value near of 33
mW cm™. At 100 °C, while the Nafion peformance fell down
around 50 %, the SiO, membranes improved their peformance
around 50 % with a maximum power density value that reached 62
mW cm™for SiO,, by SBA—15 membrane power performance was
maintained in the value of 29 mW cm™.

4. CONCLUSIONS

This paper presents the caracterization and evaluation of the
methanol permeation of composite membranes prepared from a
mixture of Nafion® 5% and 3% wt. of SiO, and SBA-15 fillers.

Table 3. Methanol permeability of Nafion™ 115 and composite
membranes (SiO, and SBA-15). Measurements at 25 °C.

Membrane P/em’s’ P /em’s’ P/em’s’
3600s 7200s 8400s
N115 322 x 107 2.11x107 1.88x107°
SiO, 1.02 x 107 5.68 x10°° 4,90 x 10°
SBA-16 1.8 x 107 1.17 x 107 1.05 x 107
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Figure 6. Polarization and power density curves for the various MEAs equipped with different membranes. At 80°C (a) and 100°C (b).

Composite membranes based in inorganic fillers showed a signifi-
cant decreament in the concentration of methanol permeation,
when were compared commercial Nafion® 115 membrane. Inor-
ganic fillers (SiO, and SBA-15) could be hindering the passage of
methanol by blocking exchange groups which reduces the permea-
tion of alcohol.
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