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This study focuses on the effect of two different membranes, a Zirconium Dioxide composite
membrane versus a commercial membrane (Nafion — 112) on the performance of a methanol fuel cell
at high temperatures (100 °C) . The inorganic material was synthesized using the sol gel method. Then,
the inorganic filler was mixed with a Nafion (5%) solution and dried in order to obtain the composite
membrane. This composite material was characterized by SEM and FTIR, thus confirming the
inclusion of the inorganic oxide into the Nafion matrix. lon exchange capacity and water uptake values
were obtained from the membranes observing that the composite membrane should show a similar
behavior than that of the Nafion membrane. From the fuel cell tests, it was observed that the composite
zirconium membrane has better performance than that obtained from the commercial membrane. This
difference was related to the influence of the inorganic modifier in partial suppression of the methanol
crossover effect.
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1. INTRODUCTION

Direct Methanol Fuel Cells (DMFC’s) constitute a suitable technology for portable electronic
devices and vehicle related applications, due to their intrinsic requirement of to a liquid fuel with
relatively high power density and its easy storage and handling [1-3]. For these devices, Nafion is still
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the most common membrane due to its high proton conductivity and its chemical and electrochemical
stability. However, the use of this membrane leads to a significant decrease in the fuel cell
performance due to the methanol crossover effect [4-6]. Methanol crossover not only lowers the fuel
availability, but also the reduction of active sites on the cathode that results in lower levels of
performance [7]. In recent years significant research efforts have focused on the development of new
membranes to reduce the methanol crossover [8-11] and to allow higher operating temperatures (> 100
°C) [12-15]. DMFC operation at elevated temperature improves the tolerance to CO contamination
[16], enhancing the Kinetics of both electrodes [13] and facilitating heat removal [17, 18].

One approach to improve the Nafion membrane properties in this direction consists on mixing
liquid Nafion with inorganic compounds such as TiO,, ZrO, and SiO, [13, 16, 19]. The presence of the
inorganic fillers in the Nafion matrix enhances water retention at high temperatures [15] and reduces
the methanol crossover effect [13]. The aim of the present work is to evaluate the influence of a
composite membrane based on ZrO; in a DMFC operating at high temperature (100 °C) and compare
the results to those obtained using a commercial Nafion 115 membrane.

2. EXPERIMENTAL

2.1 Synthesis of ZrO,

ZrO, was prepared using the sol—gel technique utilizing zirconium (IV) propoxide, (70 wt %,
Aldrich) as a precursor and aqueous HNO3 with a 1:1 molar ratio as a catalyst. This colloidal solution
was kept at room temperature until solid formation [20-26]. The resulting solid was thermally treated
using a tubular furnace (Barnstead Thermolyne) at 150°C for 2 hrs in order to remove the residual
alcohol.

2.2 Preparation of the composite membrane

A 5% (w/w) lon Power Nafion alcoholic solution (LQ1105) was selected to manufacture the
film. The original solution was dried at T=40°C, and subsequently diluted with dimethylacetammide
(DMAC) in order to obtain a 20% (w/w) solution. This solution was used to cast, by the Doctor-Blade
method, a membrane. For each composite membrane, a mixture of 3% (w/w) of the oxide powder and
97% (w/w) of the dry Nafion resin was added. For each composite membrane, an amount of 3% (w/w)
of oxide powder compared to the dry Nafion resin was added to 20% (w/w) polymeric solution and
dispersed in an ultrasonic bath for 30 min before the re-concentration phase necessary for the casting
procedure. Through a slow re-concentration at 80°C under magnetic stirring, suitable viscosity
solutions were obtained and stratified on a glass sheet. The obtained membranes were dried on a hot
plate at T=80°C for 3hrs to evaporate the solvent and, then, detached from the glass with distilled
water. The membranes thus prepared underwent a thermal treatment (T=155°C for 30 minutes) to
favor the crystalline phase of the polymer and to improve the mechanical properties. Later, a chemical
treatment using HNO3 at 80°C for 30 minutes was carried out. Finally a boiling step in distilled water
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was also employed (15 minutes) and a treatment in a 1M H,SO, solution at 80°C for 30 minutes was
employed [27-29].

2.3 Composite Membrane Characterization

2.3.1 Physicochemical methods

Fourier transform infrared (FT-IR) spectra were collected using a Bruker (Vector 33). While
the spectral range of 400 to 4000 cm-1 was employed in the transmission mode. The morphology of
the composite membrane on the other hand, was examined using a Scanning Electron Microscope
(SEM) Jeol model JSM-5400 LV with a 15 keV voltage acceleration value.

2.3.2 lonic exchange capacity (IEC)

The IEC of the membranes was determined through an acid-base titration with an automatic
titrator (Metrohm, mod. 751 GPD Titrino). In these experiments, the membranes were first dried at
80°C for 2h in an oven under vacuum to determine the dried weight. Then, they were immersed in a 1
M NaCl solution to exchange the H* ions of the SO3H group by Na® cations and the resulting solution
was titrated using a 10> M NaOH solution to neutralize the exchanged H+. Using the equivalent point
obtained from the plot of the pH value vs the added titrant volume and the dry weight of each sample,
the IEC of the membrane can be calculated using the following relation:

(VM)

IEC = [1]

Mgry

where IEC is the ionic exchange capacity in SOsH meq g™; V, is the added titrant volume at the
equivalent point in ml; M, is the molar concentration of the titrant, and mgyy is the dry mass of the
sample in g [30].

2.3.3 Water Uptake (Wyp)

The water uptake (Wup, %) was determined from the difference between the wet and the dry
mass of the membrane. While the dry mass was obtained from the vacuum oven dried samples (at
80°C for 2 h), the wet mass was determined from distilled H,O swelled samples (24 h) prepared at
room temperature. [27-29]. The corresponding equation for W, determnation is:

W, = [M —”ii]xmu [2]

wet
Fwet

Where:
Muwet and Mgry correspond to the wet and dry weights, respectively.



Int. J. Electrochem. Sci., Vol. 7, 2012 6109

On the other hand, Eq. (3) was used to determine the number of water molecules per sulfonated
group (A). In this equation, 18 is the molar mass of water and the IEC value employed corresponds to
that obtained from [31].

1 H,0 (Wﬂrar Uptaks
so;

= e ) * (10) [3]

2.4 Electrochemical characterization

2.4.1 Measurement of methanol permeability.

A two-compartment glass cell (3.4 mL) was used to investigate the methanol permeability of
the membranes at 25 C. In this way, while compartment | was filled with an aqueous solution
containing 1 M methanol and 0.5M H,SO,; compartment 1l was filled with the same amount of O.5M
H,SO, solution than that in compartment I. The membrane was clamped between the two
compartments, and the two solutions were continuously stirred during the experiments. The methanol
concentration in compartment Il was monitored by chronoamperometry [32]. In this way, a constant
potential 0.679V vs Ag/AgCl was applied for 240 s, using a BAS-Epsilon potentiostat (EC EPSILON).
In these experiments, a Pt micro electrode served as working electrode (WE), and a Ag/AgCl and Pt
wire were a reference and a counter electrode (CE), respectively. From the permeated methanol
concentration value at any time it is possible to estimate the methanol permeability (P) using equation

(4):

4 DX

., =
Ir vy L

Cpt [4]

Where C;, is the methanol concentration in compartment Il, C, is the methanol concentration in
compartment I, A and L are the area and thickness of the membrane, D and K are the methanol
diffusivity and the partition coefficient between the membrane and the adjacent solution, t is the
permeation time, and V), is the volume of the solution in compartment Il. The product DK is the
methanol permeability P.

2.5 Fuel cell performance tests

Fuel cell performance tests were carried out using a commercial 5 cm? fuel cell device
(Electrochem) arranged with the Nafion and the composite membranes. The electrodes were home
made using 4 mg cm™ of Pt — Ru (60 %) for the anode and 1 mg cm™ of Pt — C (30%) for the cathode.
[ref] Carbon cloths were used to construct the diffusion layer. The direct methanol fuel cell was
operated with 2M of MeOH (aq) at a fixed flow rate of 8 mL and oxygen fully humidified at a fixed
flow rate of 200 mL min™. The back pressure was 30 psi in both electrodes. The fuel cell
measurements were made using a Compucell fuel cell test system. The temperature of the fuel cell was
maintained at 80 and 100C.
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A cyclic current aging test was also performed. Each current aging cycle is composed by 3
current steps (high, medium and low current) that lasted 30 s (figure 1).

Zr-O
ZrO

a.u

Nafion - 115

2000 1600 1200 800

Wavenumber (cm™)

Figure 1. Fourier transforms infrared (FT-IR) spectra of ZrO, and Nafion - 115 membranes.

The corresponding responses were registered by recording the voltage as a function of the cycle
number. The degradation test was carried at Tcey = 100 C with a back pressure of 30 psi in the anode
and the cathode.

3. RESULTS

3.1 Physicochemical properties of composite membranes

Fourier Transform Infrared spectra at wave numbers 4000-400 cm™ for the composite
membranes were recorded, analyzed and compared to those obtained for the Nafion 115 membrane.
The IR spectrum of the reference and composite membrane are presented in Figure 1. The Nafion -
115 membrane presented two signals at 1199 cm™ and 1146 cm™ that are related to the CF, stretching
vibration of the PTFE backbone. The peaks observed at 1055 and 967 cm™ are attributed to the
stretching vibration moieties of SO3™ and C-O-C, respectively [33]. The zirconium oxide bands in the
composite membrane are observed in the region between 820 — 520 cm™ [26, 34].
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The presence ZrO, in the composite membrane was also confirmed by SEM/EDX data, shown
in Fig. 2. EDX spectra for each membrane indicate elemental peaks for elements carbon, oxygen,
fluorine and sulphur. A signal for Zr is observed for the ZrO, composite membrane. The EDX
mapping images of the composite membrane suggests a homogeneous distribution of Zr.

Figure 2. SEM images of composite membrane.

Table 1. Properties Physicochemical of composite membranes

Composite WU (%) Water molecules Thickness

Membrane per sulfonated (um)
group (A)

Nafion - 115 25.7 1.0093 14.1 127

Zr02 15 1.076 7.7 59

The water uptake and lonic Exchange Capacity results of the reference and composite
membranes are shown in Table 1. It is interesting to note that the Nafion 115 membrane has a higher
water uptake value as compared to that of the composite membrane. In this regard, it is also important
to point out that membrane properties may be modified by the casting procedure and the incorporation
of the inorganic filler. lon Exchange capacities of membranes, as measured by titration, reveal that the
IEC of the membranes are similar to each other [30].
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Figure 3 also shows that the composite membrane has lower methanol permeability (P) than
Nafion 115. The methanol permeability (P) of the ZrO, membrane corresponds to 1.92X10° cm?™
which is lower than that of Nafion 115 (2.79X10° cm?s™) [10] Methanol molecules are easily
transferred together with solvated protons, and the number of hydrophilic of groups in Nafion 115
membranes exceeds that of the composite films. | do not understand this sentence!!. The composite
membrane has lower methanol permeability (P), because the metal oxide (ZrO;) blocks the ion-
exchange groups (sulfonic groups) in the polymer (Nafion), creating a tortuous path for methanol [32,
35].
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Figure 3. Methanol permeability rate curves of Nafion 115 and ZrO, membranes (25 °C).

3.2 Fuel cell Performance

In agreement with the methanol permeation measurements and the expected effect in the
methanol crossover behavior, the polarization curves of the composite membranes (see Figure 4), and
reveal that the composite membrane shows a better performance than that of the Nafion — 115 at the
two temperatures surveyed (80 and 100 C).

At 80 C the fuel cell built with the ZrO, modified membrane achieved a maximum power
density of 0.067 W cm™ which is roughly six times larger to that obtained for the Nafion — 115 fuel
cell (0.013 W cm™). At higher temperatures (100 C), the Nafion containing fuel cell performance felt
down around 30 % (0.009 W cm™) when compared to the power density obtained at 80C. Contrary to
this trend, at this temperature operation conditions, the ZrO, membrane improved the performance of
the fuel cell about 12 % (0.076 W cm?).
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Figure 4. Polarization Curves of Nafion and ZrO, membranes at a) 80 and b) 140 °C.

It is also interesting to note that at the two temperatures surveyed, the composite membrane
shows a lower value of resistance and open circuit voltage (OCV) when compared to that of Nafion
(Table 2). The low OCV and performance values observed for Nafion should be related to the
methanol crossover effect.

A current aging cyclic was carried out for the composite and Nafion membrane fuel cell
devices. The performance of the commercial membrane (Nafion 115) decreases with the number of
cycles (Figure 5 a), resulting in a final power density of 0.003 W cm™; which is about three times less
than that corresponding to its initial value (0.009 W cm).
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Table 2. Parameters obtained from the composite membrane from the aging cycle.

Membrane Nafion ZrO2

Cycle R OCV WMax R OCV WMax
0 0.292 0.404 0.009 0.131 0.587 0.076
250 0.301 0.391 0.008 0.125 0.587 0.099
500 0.313 0.371 0.006 0.117 0.587 0.12
750 0.417 0.352 0.003 0.232 0.587 0.051
1000 0.431 0.394 0.002 0.128 0.586 0.062
1250 0.426 0.408 0.002 0.116 0.586 0.088

Cell Resistance (R) = Q cm?; Open Circuit Voltage (OCV) = V; Power Density (Wyay) = Wem™

As expected, the internal cell resistance (figure 5 b) increases with the number of cycles due to
the methanol permeation that takes place from the anode towards the cathode. For the ZrO, composite
membrane on the other hand (Figure 5 c), the power density augments as the number of cycles
increases, reaching a power density of 0.12 W cm™ and then, after 500 cycles the power density falls to
0.051 W cm. Consistent with these results, the cell resistance (Figure 5 d) for the ZrO, decreases until
500 cycles is carried out.

In Table 2, the parameters obtained from the aging cycle experiments are shown. The OCV for
the Nafion membrane decreases as the number of cycles applied. This behavior is related to the
methanol crossover from the anode to the cathode.

In order to determine the CO poisoning on the anode catalyst, a voltammetry analysis was
performed to each membrane before and after the aging cycle. In figure 6 the corresponding cyclic
voltammetry (CV) are shown. , As can be seen from the corresponding data, the electroactive area is
decreased with aging cycles as compared to that observed from the CV at the beginning of the
experiment.
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Figure 5. Polarization curves every 250 cycles at Te = 100 °C for a) Nafion and ¢) ZrO,.
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The incorporation of the inorganic filler shows that as expected the tendency is the same but
the decrease rate with the aging cycles is less severe than that observed for the Nafion membrane.
These results can be explained in terms of the different methanol permeation properties of the two

membranes under study.
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Figure 6. Cyclic voltammetry at the anode for a) Nafion and c¢) ZrO, membranes

4. CONCLUSIONS

This paper presents the characterization and evaluation of the methanol permeation properties
of composite membranes prepared from a mixture of Nafion® 5% and 3% wt. of ZrO, as filler. The
composite membrane based in the inorganic filler showed a significant decrement in the methanol
permeation, when compared to the commercial Nafion® 115 membrane. Since methanol diffuses to
the cathode and reacts with oxygen to produce carbon monoxide, which easily adsorbs on the Pt active
sites, the number of active sites for oxygen reduction decreases. In this context, this phenomenon is
suppressed by the inclusion of ZrO, fillers because, more active sites for oxygen reduction are
protected by the limiting methanol permeation effect of the modifier [14]. In this way, the inorganic
filler could be hindering the passage of methanol by blocking exchange groups which reduces the
permeation of alcohol and improved the fuel cell performance.
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