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Introduction

The proton exchange membrane fuel cell (PEMFC) offers attractive mass market applications.

Its efficiency strongly depends on the membrane-electrodes assembly, and one of the challenges in its commercialization is the high cost of noble metals used as catalyst (e.g., Pt) in the electrodes. Increasing Pt utilization efficiency in order to decrease Pt amount in the catalytic layer has been one of the major concerns during the past decade [1][2][3]. In earlier work, we reported on the role of plasma sputtered deposited Pt on carbon electrodes as a technique for improving PEMFC efficiency [4][5][6][7][8][9]. It was demonstrated that plasma sputtering of catalyst is a suitable method for obtaining an efficient use of the catalyst. Moreover, Pt/C nanostructures have recently been grown on silicon wafer and carbon-cloth using a combination of iron evaporation, microwave plasma enhanced CVD, and sputtering methods [10][11][12][13].

The next section is devoted to experimental devices involved in the studies. In the third section we will present and discuss the results of high performance electrodes with ultra-low Pt loading down to 0.01 mg cm -2 . The last section will summarize and conclude the work.

Experimental

A plasma magnetron sputtering device is able to produce two electrodes of size 20x20 cm 2 .

The deposition chamber is equipped with two rectangular targets: one of pure carbon and one of Pt 0.01 Carbon 0.99 . Deposition conditions are the followings: power 530 W, target voltage 700 V, target current 0.78 A. The growth rate is 4 nm min -1 . The target to substrate distance is 6.5 cm. Targets are 45° tilted with respect to the substrate. Conventional uncatalyzed E-Tek ® carbon porous layers on a carbon woven web are used as substrates. The Pt and C sputtered atoms are deposited to obtain 0.01 mg cm -2 Pt loaded electrodes. A second magnetron sputtering device is used for deposition of 0.16 mg cm -2 Pt loaded 15x15cm 2 electrodes from a 10 inches cylindrical pure Pt target. The Pt loadings and distributions into the porous layer are measured using Rutherford Backscattering Spectroscopy RBS. The as-built electrodes are observed using Scanning Electron Microscopy SEM (Hitachi S-4800). Membrane Electrode assemblies (MEAs) are prepared by simply tightening the membrane sandwiched between symmetric electrodes between two graphite bipolar plates at a 2 Nm torque. No preliminary hot pressing process of electrodes against the Nafion ® 212 or 115 membranes (used as received from Electrochem. Inc.) was performed. No Nafion ® solution is added in the electrode catalytic layers before use. 5 cm 2 PEMFC tests using pure H 2 and O 2 gases are performed using ECL150/MTS 150/HSA units (Electrochem Inc.).

Results and discussion

Fig. 1 displays the SEM picture of a selected representative area of the 0.01 mg cm -2 Pt loaded electrodes. Platinum is growing on the carbon particles as clusters. The Pt mean cluster size is less than 2 nm. During deposition, Pt atoms also diffuse in the porous layer [5,14]. The resulting platinum depth profiles were measured using RBS [START_REF] Mayer | A simulation program for the analysis of NRA, RBS and ERDA[END_REF]. Fig. 2 shows the Pt depth profile extending down to 500 nm for a Pt load of 0.01 mg cm -2 . This penetration depth is rather important and is due to the deposition method, which allows depositing atoms with high kinetic energy [4,[START_REF] Gras-Marti | [END_REF]. A four-step process occurs during deposition: transport in the porous layer pores, adsorption on carbon particle surface, platinum diffusion on the carbon particles and Pt cluster growth. Fig. 3 and4 give the resulting voltage/power density vs current density curves obtained using MEAs made from Nafion ® 212 and Nafion ® 115 sandwiched between both Pt sputtered electrodes loaded with 0.01 mg cm -2 . The maximum peak powers obtained at 0.4 V are 400 mW cm -2 and 170 mW cm -2 for MEAs with Nafion ® 212 and Nafion ® 115, respectively. The performance using Nafion ® 115 is half the performance using Nafion ® 212, as expected. The maximum reached current density is also reduced when using Nafion ® 115. As a comparison, Fig. 5 displays the voltage/power density vs current density for a 0.16 mg cm -2 low Pt loaded electrodes. The maximum power density, 700 mW cm -2 , is reached at 0.5 V. This value is consistent with previously reported ones with conventional electrodes [17], but with 3.5 times less platinum. Such a level of efficiency leads to mass specific power for the different MEAs of 20, 8.5 and 2.2 kW g Pt -1 , as determined from results in Fig. 3, 4 and 5, respectively. For explaining such results, especially the one at 0.01 mg cm -2 Pt loading, obtained without any standard preparation of the MEAs, we should mention that particle size (close to 2 nm), deposition structure (co-deposition of Pt and C) and platinum repartition (localisation of platinum close to the membrane electrolyte surface) in the electrodes prepared here allows realizing with high efficiency the fuel cell electrochemical reactions at both electrodes. This is a particularly good result especially at the cathode, where kinetics of oxygen reduction reaction is known to be very low. Our results are in contrast with previous ones where only anode Pt mass was taken into account leading to a high specific power value close to 85 kW g Pt -1 [9], which has to be reduced to 1.7 kW g Pt -1 when taking into account the Pt cathode mass. Previous successful attempts were concerned with the use of carbon nanotubes [8] or nanofibers [18], keeping a power mass density in the range 2-5 kW g Pt -1 .

We should also recall that the plasma sputtering method allows to control the particle size and also to create "sticking" defects [19][20][21][22], which may have some importance in the electrocatalytic activity. Moreover, the deposition is not performed with platinum alone but consists in platinum carbon co-sputtering. The performance reached under these conditions seems to be higher than that achieved with deposition of Pt alone. This would indicate that codepositing carbon favours both the efficiency and the utilization of platinum. At last, the low penetration depth of platinum in the electrode does not require the needs for brushing the plasma catalyzed electrodes with Nafion ® solution as usual. This is due to the fact that platinum clusters remains closed to the Nafion ® membrane during fuel cell operation. When operating the fuel cell, the membrane is humidified; it then swells itself and, allowing to realize the triple phase boundary for practically all platinum particles.

Conclusions

Ultra-low Pt content PEMFC electrodes (10 µg cm -2 ) have been manufactured using magnetron co-sputtering of carbon and platinum on a commercial E-Tek uncatalyzed gas diffusion layer. Particle size, deposition structure and platinum repartition leads to high electrodes efficiency for both hydrogen oxidation and oxygen reduction reactions. PEMFC performance achieved with such low platinum loaded electrodes (anode and cathode) of 400 mW cm -2 corresponding to a specific power of 20 kW g Pt -1 is to our knowledge the highest presented in the literature at present. This technology also allows avoiding the use of Nafion ® in the electrode and is easily transferable to industrial process. Fig. 4: Performance E(j) and P(j) curves obtained with a MEA made of ultra-low loaded electrodes (0.01 mg cm -2 ) mechanically pressed against a Nafion ® 115. Same experimental conditions as in Fig. 3.

Fig. 5: Performance E(j) and P(j) curves obtained with a MEA made of ultra-low loaded electrodes (0.16 mg cm -2 ) mechanically pressed against a Nafion ® 212. Same experimental conditions as in Fig. 3. 
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 2 Fig. 2: Platinum depth profile into the porous layer as determined from RBS measurements.
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 3 Fig.3: E(j) and P(j) curves obtained with a MEA made of ultra-low loaded electrodes (0.01 mg cm -2 ) mechanically pressed against a Nafion ® 212 membrane.
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