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Abstract

The demand for a solid polymer electrolyte membrane (SPEM) for fuel-cell systems, capable of withstanding temperatures @pove 130
decreasing the electrode-catalyst loadings and reducing poisoning by carbon monoxide, has prompted this study. A novel, low-cost, highl
conductive, nanoporous proton-conducting membrane (NP-PCM) based on a polytetrafluoroethylene (PTFE) backbone has been develope
It comprises non-conductive nano-size ceramic powder, PTFE binder and an aqueous acid. The preparation procedures were studied a
the membrane was characterized with the use of: SEM, EDS, pore-size-distribution measurements (PSD), TGA-DTA and electrochemice
methods. The ionic conductivity of a membrane doped with 3M sulfuric acid increases with the ceramic powder content and reaches
0.22Scmt at 50% (v/v) silica. A non-optimized direct-methanol fuel cell (DMFC) with a 250 thick membrane has been assembled.

It demonstrated 50 and 130 mW cfmat 80 and 130C, respectively. Future study will be directed to improving the membrane-preparation
process, getting thinner membranes and using this membrane in a hydrogen-fed fuel cell.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction High-temperature operation (above T&) of a SPEM

fuel cell has been investigat§sl-6] with a view to reducing

The proton-conducting membrane (PCM) is the key com- the effects of carbon monoxide adsorption on the platinum

ponent in PCM-based fuel cells. One of the major problems electrocatalyst (carbon monoxide poisoning). In addition to
with perfluorosulfonic acid (PFSA) membranes has been andincreasing the tolerable carbon monoxide concentrationinthe
still remains, to present day, their high cost (USB00 n1-2). anode fuel, higher-temperature operation can improve ther-
The high cost of PFSA membranes is due to the expensivemal management and heat utilization of the fuel-cell stack
fluorination step and lengthy preparation required in their (possible use of co-generated heat), increase reaction rates at
making, thus creating an incentive for developing other types the anode and cathode (lower Pt loading), simplify fuel-cell
of PCMs[1]. Nafior®, the most commonly used PFSA mem- water managemeiji,8] and in DMFCs, improve the kinet-
brane and by far the most studied proton-conducting elec- ics of the methanol-oxidation reaction at the anode. However,
trolyte, operates in fuel cells at near-room temperature (up tolow membrane hydration leads to large ohmic losses, which
80°C). Nafior? membranes present poor barrier properties lower operating voltage, power, and efficiency at a given cur-
to methanol; allowing methanol crossover from the anode to rent. As a result, dehydration at higher temperatures could
the cathode in direct methanol fuel cells (DMFC). It also has potentially offset any of the performance benefits mentioned
high osmotic drag, which makes water management at highabove.
current densities difficuli2]. During the past decade, there has been an intensive

effort to develop a low-cost SPEM to replace perfluori-

nated ionomer membranes, i.e. Naffof9]. Significant
mpondmg author. Tel.: +972 3 640 8438; progress ha; been made and has stimulated a variet;_/ of
fax: +972 3 641 4126/640 9293. approaches in the development of new and alternative
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partially perfluorinated ionomer, partially perfluorinated and isopropanol. The volume fraction of the ceramic powder
ionomer composite, non-perfluorinated ionomer and non- ranges between 5 and 50%. The best solvent mixture found
perfluorinated composite membrari&8]. We have recently  in this work is isopropanol-water. A less viscous and more
reported on the development of a novel nanoporous proton-homogenous paste is achieved as the ratio of solvent mixture
conducting membrane (NP-PCM), which consists of ceramic to polymer binder is increased.

powder, polymer binder and agueous acid and on a direct- The ionic conductivity of the PCM, held between two
methanol fuel cell and direct-ethylene glycol fuel cell based gold-plated electrodes (1 &n was measured at room tem-
on this membranfl1-14] The NP-PCM has several advan- perature (25 3°C) with the use of a Solartron model SF
tages over the commercial Naffdrmembrane: lower cost, 1260 AC analyzer (four-point measurement). Before these
higher conductivity, higher water permeation under hydraulic measurements, samples of the membrane were immersed in
pressure and lower fuel crossover. The rapid water perme-a 3 M aqueous solution of sulfuric acid for 1 h at“TQ

ation also enables the use of a liquid—water barrier layer  The porosity of the PTFE-based NP-PCM was calculated
for internal water recycling, thus avoiding the necessity of by dividing the volume of pores, determined by the differ-

a water-recycling pumfpl4,15]. It also reduces the relative  ence between the volume of the membrane and the sum of
humidity of the air (oxygen) that exits the cathode. As none the volumes of its solid components, by the volume of the
of the previously reported membranes demonstrated a suf-membrane. The porosity influences other parameters, such
ficiently long operating life at above 13C we decided to as conductivity, mechanical strength and permeability of the
use the most stable polymer, i.e. PTFE, as the binder in themembrane to solvents.

NP-PCM. The volume fraction of water in the saturated PCM was

The objective of this work was to prepare and charac- calculated by dividing the difference between the weight of
terize a PTFE-based NP-PCM that would be more durable the wet (saturated) membrane and the weight of the dry (dehy-
at elevated temperatures 130°C). This preliminary char-  drated) membrane by its volume.
acterization is achieved with the use of several techniques Since water does not penetrate neither the closed nor the
including: pore-size distribution (PSD), scanning electron hydrophobic pores the result obtained is a measure of the
microscopy (SEM), TGA-DTA and electrochemical mea- volume ofthe hydrophilic, “open”, pores. Samples were dried
surements. The membrane consists, basically, of a nano-sizéor 1 h in a convection oven at 10C. Saturating the samples
inorganic ceramic powder with good acid-adsorption capac- was carried out by heating them for 1 h in an aqueous solution
ity, a polymer binder and an acid solution that fills the nano- at80°C and then allowing the samples to restin water atroom
size pores. temperature for another week.

Hydraulic water permeation of PTFE-based NP-PCM was
measured by clamping the membrane sample in a ball joint
2. Experimental between two gaskets. The upper end of the tube was covered
with paraffin film to prevent loss of water by vaporization. The

PTFE-based NP-PCMs were formed incorporating, pri- tube was filled with water to a height of 500 mm (0.05 atm
marily, a drying, baking, rolling and sintering process. A water). The drop in the water level was measured and the
viscous paste was formed by mixing a high-surface-area permeation calculated in units of mghcm=—2.

(consisting of nano-size particles) inorganic, electronically  PSD of dry PCMs (without acid) was carried out with
nonconductive powder having good acid-adsorption capac-a NOVA 220 Quantachrome Surface Area gas sorption
ity with PTFE as a polymer binder and a solvent mixture. analyzer based on the density functional theory (DFT). SEM
PTFE (Teflof?30 by DuPont) was introduced in the formofa  analysis was performed with a JSM-6300 Scanning Electron
dispersion, which was a hydrophobic and negatively chargedMicroscope (JEOL). The TGA tests were carried out with
colloid, containing particles of 0.32m diameter suspended a TA Instruments module SDT 2960. TGA-DTA runs were
in water[16]. recorded at a scan rate of2@in~1 up to 700°C.

The membrane is not directly produced in the final thick- Preliminary performance tests of a 5¢mon-optimized
ness and width. Rather, itis made upon becoming a homoge-DMFC were carried out with the use of graphite plates on
nous mixture followed by calendaring and sintering. The which flow fields were engraved. The membrane-electrode
PTFE-based NP-PCM can be reproduced in thicknesses rangassembly (MEA) is based on a 2péh thick nanoporous
ing from 250 to 100Qum, depending on the desired thick- proton-conducting membrane (NP-PCM) made of PTFE
ness needed. Following sintering, the film was doped with and SiQ (10% v/v). It was hot-pressed (25kgcR)
the acid by immersion. Using the given procedure, we pre- 1 min, 100°C) between a Toray paper coated with a layer
pared PTFE-based NP-PCMs with the following nano-size of anode catalyst on one side and an E-TEKath-
powders: amorphous fumed silicon dioxide—12 nm particle ode (De Nora Elettrodi) on the other. The anode cat-
size, 99.8% (Aerosil 200, Degussa), 15nm particle size, alyst was platinum—ruthenium (1:1 atomic) nanopowder
99.8% (Alfa Aesar, Johnson—Mattey) and 16 nm particle size, (Johnson—Matthey). The anode and the cathode Pt loading
99.8% (Aerosil 138, Degussa). Typical solvents examined was 4 mg cm?. Dry air was fed, at 1-4 atm (abs), into the
were: acetone, petroleum ether, cyclopentanone, isobutanotathode compartment at a rate of 100—400 miThiDuring
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cell operation an aqueous solution of 1 M methanol in 3M as a backbone. The perfluorinated composition of the poly-
sulfuric acid was circulated past the anode at a flow rate of mer imparts chemical and thermal stability rarely available
5mlmin~1. Measurements of fuel crossover were carried out with non-fluorinated polymers.
at several temperatures by feeding nitrogen instead of airinto  SEM analysis is used to characterize the surface area of
the cathode compartment (at ambient pressure) and feedinghe membranes at the microscopic level, while examining the
the methanol—acid solution into the anode compartment. Cellinfluence of the different membrane content on the topogra-
voltage was reversed; hydrogen was evolved at the fuel elec-phy and morphology. Analysis shows that the membrane does
trode while fuel that crossed over to the cathode side wasnot contain any contaminants and has two main ingredients:
oxidized. The current that flows at 0.8-1V was found to be polymer binder and ceramic powddfig. 1). The surface
the limiting current for fuel oxidatiofil1,17] of the membraneHig. 1a) consists of 50-200 nm spherical
particles. Some nano-size voids, up to about 200 nm in size,
are seen among these particles. On rolling the membrane to a
3. Results and discussion thickness of less than 25%0n, cracks begin to fornHg. 1d).
However, these are not through cracks. The PTFE fibers can
In this paper we wish to present preliminary results regard- be seen on the surface of the membrane and inside the cracks.
ing the initial characterization of PTFE-based NP-PCMs.  PSD measurements, based on the DFT method, on a dry
Such membranes have the appearance of plastic films and®TFE-based NP-PCM, containing 30% (v/v) ceramic pow-
maintain chemical and electrochemical stability at elevated der, show two groups of pore&i§. 2). One group ranged
temperatures. This is achieved by the use of PTFE, which isfrom 0.7 to 2.5 nm and the second has a peak at about 7 nm
chemically inertin both oxidizing and reducing atmospheres, and decays toward 50 nm. In the fuel cell these pores are filled

Fig. 1. SEM micrographs of gold plated PTFE-based NP-PCM. Composition of samples consists of 13% (v/v) ceramic powder: (a) cross-section image,
magnificationx 300, 250.m thickness; (b) surface image, magnificatie20,000, 25Q.m thickness; (c) surface image, magnificatie60,000, 20Qum
thickness; (d) surface image, magnificatioB000, 20Qum thickness.
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Fig. 4. Effect of ceramic powder content on the ionic conductivity of PTFE-
Fig. 2. PSD of PTFE-based NP-PCM, demonstrating the influence of press- pased NP-PCM (3 M bB0y).
ing the membrane as function of the PSD.

The ionic conductivity of a membrane doped with a 3M

with aqueous acid and thus allow ionic conductivity to take @dueous solution of sulfuric acid increases with the ceramic
place. The PVDF-based NP-PCM has a similar pore distribu- Powder content, as shown ifig. 4. It reaches 0.11 and
tion [13] with a smaller contribution from the second group 0-22Scn* at 20 and 50% silica, respectively. The incor-
(7-50 nm) of pores. For comparison, NaffofiM 117 has a poration of hydrophilic nano-ceramic powder into the per-
wide spectrum of pore sizes ranging from 1 to 100 nm with fluorinated polymer membrane results in the formation of
an average value of about 2 rj8]. Hot pressing decreases nano-size hydrophilic pores that absorb aqueous solution. In
the volume of the small pores by about 40% but has no effect order to be able to conduct ions, these pores must be con-
on the second grougrig. 2). These pores are small enough nected. At silica content lower than 5% the conductivity is

to maintain a large gas pressure difference when filled with Z€ro as a result of percolation limitation (lack of continu-
water. ity of hydrophilic pores). Measurements of the resistance as

Fig. 3shows the effect of ceramic powder content on the function of the membrane thickness reveal&d( 5 that
porosity and on water-uptake presented as the percentagét rises with thickness but does not pass through the origin.
of the membrane volume filled with water. The difference YWe presume that this can be explained by another resistance,
between these curves is the volume of closed and hydropho-2Part from the bulk resistance, referred to as the surface-film
bic pores. Porosity and water uptake rise from 40 and 22% at'esistance. This film resistance varies with the silica con-
8% silica up to 63 and 50%, respectively, at 25% silica. On the tent and as a result the film resistance measured is 0.06 and

other hand, the volume percentage of closed and hydrophobic@PProximately 0.£2 cm? for a membrane consisting of 13
pores decreases from 16% at 8% silica to 12% at 25% silica.@nd 20-50% silica, respectively. Thus, one concludes that
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Fig. 3. Effect of ceramic powder content on the porosity and on the volume
of empty and water full voidsll) membrane porosity{{)) volume of voids

full with water (water-uptake)®) volume of closed and hydrophobic voids. Fig. 5. Plots of membrane resistance as function of thickness.
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Fig. 7. Thermal analysis thermograms (TGA-DTA) of PTFE-based NP-
Fig. 6. Hydraulic water permeation of PTFE, PVDF-based NP-PCMs and of PCM: (a) TGA curve; (b) DTA curve.
Nafior® TM 117. Measurements were carried out at a water-column height
of 500 mm (0.05 atm watef}L5].

catalyst layer and in the GDL (by transferring water through
a membrane with higher polymer content will have higher- the membrane back to the anode side) and this leads to a
surface film resistance. Similar behavior was also found decrease in cathode flooding and to a lowering of the water
both in PVDF-based NP-PCMs (unpublished results) and vapor partial pressure in the cathode and in the cathodic flow
both in PFSA membranes. The preparation of our membranefield. Both phenomena enable a higher mass transport of oxy-
involves vaporization of solvents and additives during the gen thus higher power. The water permeation of a membrane
drying stage. Although solvents and additives are vaporized,depends upon the number, size and shape of the intercon-
the polymer binder remains on the surface area of the mem-necting hydrophilic pores. Pores that are sealed have no
brane, as a polymer-rich thin filj19-21} As a result of effect upon permeation. The hydraulic water permeation of
the described phenomena, the surface film acts as a barriePTFE-based NP-PCMs was measured and compared to that
and partially blocks the pores. This surface film adds another of PVDF-based NP-PCME.5] and to that of Nafiofi TM
resistance to the bulk resistance of the membrane and subset17 (Fig. 6). It can be seen that the hydraulic water perme-
quently reduces the formally calculated ionic conductivity of ation of PTFE-based NP-PCMs, 10% (v/v) nano-size silica,
the membrane. is close to that of PVDF-based NP-PCMs and seven times

The importance of the use of a proton-conducting mem- that of Nafiof® TM 117. As a result, fuel cells using PVDF-

brane with high water permeability has been recently demon-and PTFE-based NP-PCMs allow for higher power and for
strated15]. It reduces the hydraulic pressure in the cathode simpler and less complex fuel-cell systems. Néfidras a
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air at 180 ml mirr®, E-TEK® cathode, home made anode (4 mg Pt&n() ~250pum PTFE-NP-PCM, 180 ml min'; (@) ~250pm PTFE-NP-PCM, +50%
iR correction. (b) Polarization and power curves for the same DMFC compared to a PVDF based NP-PCRCat1l@0MeOH, 3M HSOy, 3 atm(g) dry
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