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Abstract 

A helicon plasma sputtering system is used to deposit small amounts of platinum on microporous carbon 

support composed of Vulcan XC 72 carbon particles (known as gas diffusion layer - GDL) to form Pt 

catalysed electrodes for proton exchange membrane fuel cells (PEMFC). Electrodes with low Pt loading are 

prepared, assembled in custom-made membrane electrode assemblies (MEAs) and tested for the hydrogen 

oxydation and the oxygen reduction. Initially, the Nafion® loading spread on these plasma prepared 

electrodes is optimized by measuring the MEA performance. It is found that the optimum Nafion® loading is 

1 mg cm-2 for an electrode previously covered with 0.1 mgPt cm-2 using the helicon plasma system. For a 

commercial electrode prepared by ink-processes with 0.5 mgPt cm-2, the optimized Nafion® loading is 2 mg 

cm-2. Using the respective optimized Nafion® loading, the electrical performance of the custom-made MEA 

with one plasma prepared electrode (either anode or cathode) is compared with that of a reference MEA from 

Electrochem Inc. (Pt loading per electrode of 0.5 mg cm-2 and maximum power density of 425 mW cm-2) 

without gas humidification. The custom-made MEA fitted with an anode covered with 0.005 mgPt cm-2 leads 

to the same performance than that of the reference MEA at low current density (< 500 mA cm-2) and high gas 

backpressure (3 bar). This result indicates that the catalyst utilization efficiency in the plasma prepared anode 

is 100 times higher than that in the commercial anode (85 kW gPt
-1 vs 0.85 kW gPt

-1). For plasma prepared 

cathodes with 0.1 mgPt cm-2, the cathodic Pt utilization efficiency is 2.7 kW gPt
−1, which is 3 times higher 

than that obtained in the commercial cathode. 
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1. Introduction 

Over the past few years, scientists, politicians and economists have become increasingly aware of the 

impending oil peak and the present global warming. A progressive transition from the hydrocarbon economy 

to a hydrogen economy is one of the solutions to reduce greenhouse gas emissions and to face the dwindling 

supplies of petroleum. In such an economy, the energy required for motive power (automobiles or other 

vehicles) or electricity (stationary applications) will be derived from a reaction involving hydrogen (H2) and 

oxygen. However, many improvements are needed to achieve this transition in terms of H2 production, H2 

storage and fuel cell (FC) cost and efficiency. 

Proton Exchange Membrane Fuel Cells (PEMFC) using solid polymer membranes and operating at low 

temperatures (≤100 ◦C) must deliver high power densities with an ultra-low content of platinum catalyst to 

reduce cost for mass commercialization. According to the US Department of the Energy (DoE), the cost of 

the electrocatalyst must be decreased to 5 $ kW-1 [1] and the maximum power density delivered by the MEA 

must reach 1 W cm-2 (and 0.25 W cm-2 at 0.8 V). However, the platinum loading in a PEMFC electrode is 

currently in the range 0.3–0.5 mgPt cm-2 leading to electrical performance of 0.7–0.9 W cm−2 with a thin solid 

polymer membrane (usually Nafion® 112). This represents a Pt cost of 48 $ kW−1 (considering a Pt cost of 48 

$ gPt on dec. 2007). Consequently, the Pt loading must be reduced by a factor of 10 (a least) in the MEA to 

achieve the DoE target. Therefore, both an increase of the electrical performances of PEMFCs and a 

decrease of the platinum loading in the MEA are of interest. 

A PEMFC electrode is usually prepared by ink processes and consists of a microporous gas diffusion 

layer (GDL, mixture of carbon particles and PTFE particles) brushed on a macroporous carbon support such 

as carbon cloth or carbon paper, and of a microporous catalyst layer (mixture of proton conductive polymer 

and platinum catalyst nano-clusters supported on carbon particles). 

Many deposition methods (such as spraying [2-4], screen-printing [5], electro-deposition [6,7] and 

sputtering [8-26]) have recently been developed to disperse the Pt content close to the electrode-membrane 

interface [27]where electrochemical reactions take place. Among these catalyst layer fabrication methods, 

plasma sputtering techniques show great potential for increasing the Pt efficiency by reducing the catalyst 

layer thickness and controlling the platinum content and morphology (carbon-supported Pt nano-clusters size 

< 10 nm).  

To provide ample contact between the Nafion® membrane and the Pt catalyst, a Nafion® solution is 

usually added to the catalysed electrode. The Nafion® content in the electrode is generally expressed as mg 

cm-2 or as wt.% (dry weight of Nafion® ionomer divided by the weight of Pt/C catalyst + dry weight of 

Nafion® ionomer, multiplied by 100). The appropriate loading of Nafion® required for the best performing 

MEAs has been previously investigated for the electrode prepared by ink processes [28–35]. The optimum 

Nafion® content is about 30-40 % and increases with decreasing Pt loading [33]. However, the effect of 

Nafion® loading in electrodes catalysed by plasma sputtering remains unclear. 

One of the challenges in the fabrication of electrodes by plasma sputtering is the optimization of the 

MEA electrical performance by adjusting the fabrication process involving notably the Pt sputtering 

deposition and the subsequent Nafion® coating. The objective of this work is to study the effect of the 
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catalyst and of the Nafion® loading by assessing the performance of MEAs fitted with low Pt loaded 

electrodes prepared by plasma sputtering. 

 

2. Experimental 

 

2.1. Electrode prepared in the plasma sputtering reactor, Southern Cross 

Different pieces of 5 cm² GDL microporous layer supported on woven web (LT1400W, purchased from 

BASF Fuel cell Inc.) are covered by platinum in the plasma sputtering set-up called Southern Cross. This 

reactor has been previously detailed [36, 37] and is shown on Figure 1. In summary, a low pressure argon 

plasma is created by a double saddle antenna surrounding a glass tube and powered by a 13.56 MHz radio 

frequency generator. The base pressure before a Pt deposition is less than 10-6 bar and is achieved by a 

primary and a turbomolecular pump. The horizontal GDL holder is placed at 18 cm below the glass tube, 

whereas the vertical Pt target biased at -300V is installed 6 cm above the GDL holder. For the present 

experiments, the argon flow is fixed at 60 sccm which leads to argon pressure P of 5 µbar. The RF power is 

fixed at around 600 W leading to a argon ion current on the 5 x 5 cm2 Pt target of 40 mA. After plasma 

ignition, Pt atoms are ejected from the target which is submitted to the bombardment of the argon ions, travel 

through the plasma and deposit on the GDL. For these conditions, the deposition rate of platinum on the 

rotating GDL reaches 5 µgPt cm-2 min-1 from previous measurements by Rutherford backscattering 

spectroscopy (RBS) [38]. 

In this study, different amounts of platinum (from 5 to 100 µgPt cm-2) are deposited on different pieces of 

GDL in successive deposition experiments. In this case, the Pt wt.%/C catalyst ratio varies from 0.08 to 2 by 

assuming that each GDL is coated by a carbon loading of 5 mg cm-2. However, it has been previously shown 

that plasma sputtering induces a Pt atom penetration depth of 2 µm in the GDL [11], which represents about 

2 % of the entire GDL thickness. Consequently, the estimated local Pt wt.%/C catalyst ratio is between 5 and 

100 in this 2 µm thick catalytic layer. 

A cold field scanning electron microscopy (SEM, Hitachi S4500) is used to characterize the sputtered Pt 

catalyst on the Vulcan based GDL.  

After the Pt deposition, a Nafion® 5 wt.% (PowerIon Inc.) solution is spread onto the plasma catalysed 

electrodes using a pipette to ensure proton access from the membrane to Pt catalyst sites. It is assumed that 

the entire quantity of added Nafion® remains in the electrode. After the application of the Nafion® solution 

the electrodes are dried in an oven at 50 °C for 1 hour. 
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Figure 1. Schematic of Southern Cross, the plasma sputtering reactor. 

 

2.2. Commercial electrode prepared by ink processes 

The commercial electrode (LT 120E-W) purchased from BASF Fuel cell Inc. contains 0.5 mgPt cm-2 of 

platinum which corresponds to a Pt wt./C ratio of around 10 %. The Nafion® 5 wt.% solution is added to 

each piece of 5 cm² electrodes.  

 

2.3.Membrane preparation and custom-made MEA 

The Nafion® 115 proton conducting membrane (Electrochem. Inc.) is treated in hydrogen peroxide at 60 °C 

for 1 hour, rinsed in de-ionised water, treated in 1M sulphuric acid at 600 °C for 1 hour and finally rinsed in 

de-ionised water at 600 °C for 1 hour. The cleaned membrane is then stored in de-ionised water at room 

temperature. 

Two 5 cm² electrodes and a humidified Nafion® 115 membrane placed in between are pressed at 130 °C 

for 120 s under a pressure of 2 kN cm-2. Two types of electrode are used: either a commercial electrode or a 

GDL containing different amounts of sputtered platinum. In this study, most of the MEAs are asymmetric 

(commercial electrode at the anode and plasma prepared electrode at the cathode or vice versa). 

 

2.4.Reference MEA 

All the custom-made MEAs are compared to a reference MEA (FC05-MEA, Electrochem. Inc.) composed of 

a Nafion® 115 membrane, two reference electrodes with a platinum loading of 0.5 mgPt cm-2 supported on 

carbon paper. The geometric active surface area of this MEA is 5 cm². 

 

2.5.Fuel cell tests 

To obtain an operating cell with a surface area of 5 cm², 10 mils thick silicon gaskets (EC-GS-SIL-10-05SP, 

Electrochem. Inc.), carbon bipolar plates (FC05-MPR, Fuel cell store), gold plated current collectors copper 

plates (FC-05-CP, Electrochem. Inc.) are added on each side on the (custom-made or commercial) MEA. A 

torque of 2 Nm is applied on each of the eight bolts clamping the fuel cell. The tests are carried on a MTS 

150 Fuel Cell Station manufactured by Quintech. Details about the station are given elsewhere [39]. In 

summary, the station includes a custom-made system controlling the mass flow rates, the temperature of the 
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input gas lines and the humidifiers. In this study, dry hydrogen and dry oxygen are used as fuel and oxidant, 

respectively. All cell voltage vs. current density curves (known as polarization curves) are obtained at a cell 

temperature of 80 °C. The anode backpressures (Pa) and the cathode backpressure (Pc) are set at the same 

value.  

In the section detailing the effect of the Pt loading on the cathode performance, the polarization curves 

are treated by the following equations (rewriting of the Tafel equation) to draw some kinetic data: 

E = E0 − b log j − Rcell j 

E0 = Er + b log j0 

where j is the current density at the potential E, Er the reversible potential of the cell, j0 and b the exchange 

current density and Tafel slope for the oxygen reduction reaction (ORR), respectively, and Rcell is the overall 

resistance causing the linear variation in the cell potential versus current density (j). We analyse the electric 

data up to the end of the linear region of the E(j) curves. The square of the correlation coefficient is always 

taken higher than 0.98. This treatment assumes that mass transport limitations and activation overpotentials 

at the anode are negligible, and assumes that the reactants act as ideal gases (their activity equals their partial 

pressure) and that the activity of water is 1. 

The efficiency of the catalyst utilization in the cathode is determined by dividing the output power of the 

cell by the amount of catalyst contained in the cathode. Results are expressed in W gPt
−1 and plotted as a 

function of the current density. 

 

3. Results and discussion 

 

3.1. Morphology of the Pt deposition 

SEM micrographs of the surface of the porous GDL after a platinum deposition time of 1, 4 and 20 min are 

displayed on Figure 2a, Figure 2b and Fig 2c, respectively. This corresponds to a total Pt loading of 0.005, 

0.020 and 0.100 mgPt cm-2. Figure 2a shows that all visible Vulcan particles of the GDL are coated by nano-

clusters made of platinum determined from ex situ RBS measurements. The size of the Pt nano-clusters is in 

the range 3-7 nm with an average diameter of 5 nm. Also the Pt nano-clusters can still be seen on the GDL 

surface (Figure 2b), the coverage of the carbon Vulcan particle is close to 100%. Figure 2c shows the 

formation of a platinum thin film surrounding the Vulcan particles leading to an apparent increase of their 

diameter by a few tens of nm. 
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 (a) 

 (b) 

 (c) 

Figure 2. SEM images of Pt nano-clusters and thin film deposited by plasma sputtering on the carbon 

particles of a GDL: (a) 0.005 0.02 mgPt cm-2 (b) 0.02 mgPt cm-2 and (c) 0.1 mgPt cm-2. RF Power generator: 

500W; target bias: −300V; pressure: 0.5 Pa; Pt target current: 50 mA. 

 

3.2. Fuel cell performance versus Nafion® loading 

i) Custom-made MEA with two commercial electrodes 

Different quantities of Nafion® solution (corresponding to a dry weight of 0.25, 1, 2, 2.5 and 3 mg cm-2) are 

spread on five pairs of commercial electrodes assembled into custom-made MEAs using Nafion® 115 

membrane. Figure 3 displays the polarization curve (voltage E vs. current density j) obtained with these five 

MEAs and with the reference MEA (black solid line). The performance for a Nafion® loading of 0.25 mg cm-

2 (diamonds on Figure 3) is much poorer than that of the reference MEA (black line). The performance 
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increases with increasing Nafion® loading to reach that of the reference MEA for a loading of 2 mg cm-2 

(crosses). A further increase of the Nafion® loading (> 2mg cm-2) yields a reduction the performance. The 

power density achieved by the reference MEA is shown by a dashed line on Figure 3 and corresponds to a 

maximum value of 425 mW cm-2.  

For a Nafion® loading lower than 2 mg cm-2 (diamonds and triangles), the cell voltage achieved by the 

custom-made MEA is slightly lower than that of the reference MEA at low current density. The decrease of 

performance is much more visible at high current density. This behaviour suggests that the poor performance 

of the custom-made MEA is related to a high overall resistance of the MEA which has a more pronounced 

effect at high current density and to reduced reaction kinetics. This results from the combination of three 

mechanisms: a high contact resistance between the electrolyte and the catalyst, a discontinuous dispersion of 

the Nafion® polymer in the electrode and a smaller number of three-phase interfaces Pt/C/Nafion® within the 

electrode, and hence a lower Pt utilization. 

 
Figure 3. Cell voltage E vs. current density j obtained for five custom-made MEAs composed of two 

commercial electrodes both covered by different Nafion® loadings : ( ♦ ) 0.25 mg cm-2, ( Δ ) 1 mg cm-2, ( × ) 

2 mg cm-2 (  ) 2.5 mg cm-2 and ( ○ ) 3 mg cm-2. A Nafion® 115 membrane completes the five custom-made 

MEAs. The MEAref is composed of two reference electrodes with a Pt loading of 0.5 mgPt cm-2 and a Nafion® 

115 membrane. Fuel cell operating conditions: Tcell = 80 ◦C, Pa = Pc = 3 bar, Da= Dc = 0.06 L.min-1.  

 

When the Nafion® content increases further than 2 mg cm-2 (squares and circles), the high cell voltage at 

low current density is conserved up to around 200 mA cm-2, and drops afterwards. This decrease of 

performance at medium and especially high current density is related to a high overall resistance of the MEA 

(in particular the mass transport resistance) due to the large amount of Nafion® blocking the pores in the 

electrode and reducing the gas permeability. Some catalyst sites covered by a thick layer of Nafion® may be 

inactive as well. In other words, this mass transport limitation results from an increase of the distance 

through which the gas has to permeate, diffuse, or migrate. 

For this reason, a Nafion® loading of 2 mg cm-2 is added on each commercial electrode used in all the 

following FC tests. As this electrode has a Pt/C ratio of 10 wt% and a Pt loading of 0.5 mgPt cm-2, this 

optimum Nafion® loading represents about 35% of the entire weight of the catalyst layer (without the 

PTFE). This result is in line with previous studies [28-35]. 
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ii) custom-made MEA with one plasma prepared electrode used either on the anode side or on the 

cathode side. 

As with the commercial electrodes, the effect of the Nafion® loading added on the sputtered electrodes is 

investigated, in term of MEA performance. Four 5 cm² GDLs are catalysed by plasma sputtering during 25 

min (total Pt loading of 0.1 mgPt cm-2) and covered by different quantities of Nafion®: 0, 0.5, 1 and 2 mg cm-

2. These electrodes are then hot pressed with a Nafion® 115 membrane and a commercial electrode, 

previously covered by 2 mg cm-2 of Nafion®. Figure 4a displays the E(j) characteristics of these four MEAs 

where the plasma prepared electrodes are on the anode side. After completion of each FC test, the MEA is 

flipped to characterize the plasma prepared electrode for the oxygen reduction (i.e. on the cathode side). The 

FC results are displayed on Figure 4b. 

(a) (b) 

Figure 4. MEA performance obtained with four different Nafion® loadings on the plasma prepared electrode 

(0.1 mgPt cm-2 of platinum) used on the anode side (a) and on the cathode side (b). The Nafion® loading 

applied on these electrodes is ( ♦ ) 0 mgPt cm-2, ( ○ ) 0.5 mgPt cm-2, ( Δ ) 1 mgPt cm-2 and (  ) 2 mgPt cm-2. 

Nafion® 115 membrane and a commercial electrode covered by 2 mg cm-2 of Nafion® complete the four 

custom-made MEAs. The MEAref is composed of two reference electrodes with a Pt loading of 0.5 mgPt cm-2 

and a Nafion® 115 membrane. Fuel cell operating conditions: Tcell = 80 ◦C, Pa = Pc = 3 bar, Da~ Dc ~ 0.06 

L.min-1. 

 

When Nafion® is not added to the anode catalyst layer, the resulting performance curve (diamond) is 

only slightly lower than that of the reference MEA. The two best performing anodes (circles and triangles) 

contain a loading of 0.5 and 1 mg cm-2, respectively and their performance equals that of the reference MEA. 

The E(j) curve drops for higher Nafion® loading : 2 mg cm-2 (squares). On Figure 4b, the reference MEA 

leads to much higher performance than all custom-made MEAs with a plasma prepared cathode, even with 

the optimum loading of Nafion® (1 mg cm-2 - triangles).  

For this type of electrode (prepared by plasma with a Pt 2 wt.%/C catalyst ratio), the optimum Nafion® 

content represents about 20% of the overall Pt/C weight. This is about half the optimum Nafion® content for 

the commercial electrode presented in the previous section and 2.5 times lower than the results reported by 

Sasikumar on electrodes prepared by ink-processes with a Pt loading of 0.1 mgPt cm-2 [34]. This result is due 

to the location of the catalyst which is closer to the surface of the electrolyte in our plasma prepared 
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electrode than in the electrodes prepared by ink-processes. Indeed, the morphology of the sputtered catalyst 

layer affects three mechanisms during the fuel cell operation. Firstly, as the Nafion® is spread on the surface 

of the GDL where most of the platinum is located, the Nafion® does not need to penetrate the GDL to create 

the three-phase interfaces. Secondly, if too much Nafion® is added, it will start blocking the pores deeper 

within the GDL and away from the catalyst layer. Thirdly, the Nafion® from the membrane is able to make 

sufficient contact with the catalyst, especially with the hot bonding, so that a higher level of performance is 

maintained at low Pt loading. However, a large amount of Nafion® may penetrate further than 2 µm into the 

GDL where no platinum catalyst has been deposited by plasma sputtering. The technique used to deposit the 

Nafion® polymer may not be the most appropriate technique for coating the plasma catalysed GDL. 

 

3.3. Effect of the Pt loading in the plasma prepared anodes 

Two anodes with two Pt loadings (0.005 and 0.1 mgPt cm−2) are prepared under the same plasma conditions 

except for the deposition time (1 and 20 min, respectively). Each anode is hot pressed with a commercial 

cathode against a Nafion® 115 membrane and with an optimized Nafion® loading of 1 mg cm-2. Figure 5 

shows the polarization curves of these two custom-made MEAs at three different backpressures (Pa = Pc) : 3 

bar (Figure 5a), 2 bar (Figure 5b) and 1 bar (Figure 5c). These curves (triangles and squares) are compared to 

those obtained with the reference MEA (solid line). The decrease of Pt loading (up to 0.01 mgPt cm-2) by 

using plasma sputtering (squares and triangles) on the anode side does not affect the cell voltage for a current 

density lower than 500 mA cm-2 at 3 bar (< 200 mA cm-2 at 2 bar and < 100 mA cm-2 at 1 bar). However, a 

decrease in the cell voltage at medium and high current density is observed for the two custom-made MEAs. 

This drop in performance is more important at low backpressure (Figure 5c) and for the Pt loading of 0.005 

mgPt cm-2 (triangles) than for 0.1 mgPt cm-2 (squares). This degradation at medium and high current density is 

due to the increase of the cell resistance with the decrease of the backpressure and the decrease of the Pt 

active site density. This effect has been illustrated previously in the literature [40]. This increase may be 

related to the decrease of the reactant concentration near the catalyst (decrease of the effective porosity of the 

catalytic layer by the flooding of the electrode and decrease of the reactant pressure). In a plasma prepared 

anode, all the platinum is located at the membrane-electrode interface which renders the membrane-electrode 

interface hydrophilic. Thus, the thin catalyst layer prepared by plasma is much more affected by the water 

coming from the cathode than a hydrophobic commercial anode where the platinum is dispersed over a large 

volume. This is especially problematic at high current densities where water should be properly removed 

from the electrode catalyst layer. This flooding effect is enhanced at low backpressure because the pressure 

drop between the inlet and the outlet of the cell is decreased. 

In summary, the Pt loading can be decreased down to 0.005 mgPt cm-2 using plasma sputtering, without 

decreasing the FC performance at low current and high pressure (P = 3 bar). In this case, the efficiency of the 

anode catalyst reaches 85 kW gPt
-1 which is 100 times higher than that for the commercial anode. But, the 

performance is more sensitive to the Pt loading when the backpressure decreases, especially at high current 

density. 
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(a) (b) (c) 

Figure 5. MEA performance versus Pt loadings in the anode prepared by plasma sputtering for different 

backpressures. Anode Pt loading: ( Δ ) 0.005 mgPt cm-2, (  ) 0.1 mgPt cm-2. Backpressure Pa and Pc: (a) 3 

bar, (b) 2 bar and (c) 1 bar. MEAref is composed of two reference electrodes with a Pt loading of 0.5 mgPt cm-

2 and a Nafion® 115 membrane. Fuel cell operating conditions: Tcell = 80 ◦C, Da~ Dc ~ 0.06 L.min-1. 

3.4. Effect of the Pt loading in the plasma prepared cathodes 

Five different Pt loadings (0.005, 0.01, 0.02, 0.04 and 0.1 mgPt cm-2) are deposited on the GDL by plasma 

sputtering for tests at the cathode. Each cathode is covered by a Nafion loading of 1 mg cm-2 and hot pressed 

with a commercial anode on Nafion® 115 membrane. The E(j) cell voltage versus current density curves of 

the five custom-made is measured and compared to that of reference MEA in Figure 6. 

Firstly, the sputtered cathodes lead to a lower electrical performance than that of the reference MEA in 

terms of achieved current densities at a given cell voltage. Secondly, the cell voltage strongly increases at 

low current density with cathode Pt loading increasing from 0.005 (triangles) to 0.1 mgPt cm-2 (squares), 

which was not seen for the plasma prepared anode (Figure 5). Consequently, the increase of the Pt loading 

by plasma sputtering has a more important role on the activity of the oxygen reduction than on the hydrogen 

oxidation. 

 
Figure 6. Polarization curves for the reference MEA (  ) and five custom-made MEAs composed of a plasma 

prepared cathode with five different Pt loadings: ( Δ ) 0.005 mgPt cm-2, ( ♦ ) 0.01 mgPt cm-2, ( ○ ) 0.02 mgPt 

cm-2, ( Δ ) 0.04 mgPt cm-2 and (  ) 0.1 mgPt cm-2. (    ). A commercial anode and a Nafion® 115 membrane 

complete the custom-made MEAs. The anode and cathode Nafion® loading are 2 and 1 mgPt cm-2, 

respectively. MEAref is composed of two reference electrodes with a Pt loading of 0.5 mgPt cm-2 and a 

Nafion® 115 membrane. Fuel cell operating conditions: Tcell = 80 ◦C, Pa = Pc = 3 bar, Da~ Dc ~ 0.06 L.min-1. 
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Table 1 gives the values of E0, b, Rcell and j0 drawn from Figure 6. The increase of the fuel cell 

performance when increasing the sputtered Pt loading is related to the increase of the oxygen kinetics 

(increase of the Tafel slope from 0.04 to 0.07 V decade−1 and of j0 by more than three orders of magnitude 

with the increase of the cathodic Pt loading from 5 to 100 µgPt cm-2). In addition, the overall resistance of the 

system decreases when increasing the Pt loading (from 0.7 to 0.45 Ωcm2), with a more pronounced effect in 

the high current density region. This increase of the cell resistance can likely be related to the decrease of the 

density of platinum active sites in this thin catalyst layer when the cathodic Pt loading decreases. 

 

Table 1. Electrode kinetic parameters for oxygen reduction drawn from E(j) curves of Figure 6. 

Cathode Pt 
loading 

(mgPt cm-2) 

Er  
(V) 

j0 
(x 109 A cm-2)

b  
(V decade-1) 

E0  
(V) 

Rcell  
( Ω cm²) 

0.005 0.76 0.02 40 0.49 0.70 
0.01 0.84 0.7 50 0.57 0.64 
0.02 0.89 2 54 0.62 0.48 
0.04 0.92 3 58 0.66 0.46 
0.1 0.95 10 60 0.70 0.45 

 

The efficiency of the cathodic Pt utilization (expressed in kW gPt
-1) is plotted as a function of the current 

density in Figure 7. The maximum specific power density reaches 0.85 W gPt
−1 for a commercial cathode 

(dashed line) and 22.5 W gPt
−1 for the plasma prepared cathode (triangles) with 0.005 mgPt cm−2 of platinum, 

which reveals Pt utilization 26.4 times higher in this ultra low Pt loaded cathode than that in the commercial 

cathode. However, the Pt utilization efficiency in the sputtered electrodes drastically decreases as the Pt 

loading increases. The lowest efficiency of 2.7 kW gPt
−1 obtained with 0.1 mgPt cm-2 (squares) is still 3 times 

higher than that in the commercial electrode (the maximum power density is 1.5 times lower, whereas the 

catalytic load is 5 times lower). These Pt utilization efficiencies are consistent with the results obtained by 

Gruber et al [41], especially for a Pt loading lower than 0.05 mgPt cm-2. For a Pt loading superior to 0.05 mgPt 

cm-2, they report a lower efficiency than that reported here. This difference may be explained by the FC 

operating conditions: room temperature and ambient pressure in Ref [42] (here 80°C and 3 bar testing 

conditions). In addition, the plasma sputtering conditions (deposition system geometry, plasma antenna, 

argon pressure, RF power) are very different and this may contribute to the performance improvement of our 

electrodes via variations in the flux and the energy of the species (Pt and Ar atoms, ions and electrons) 

impinging onto the GDL during the deposition process. However, the difference in performance between 

their reference MEA and their custom-made MEA is very low (12% with a Pt loading of 0.08 mgPt cm−2 Pt 

sputtered on the ETEK GDL). Here, the difference is found to be 36% for a Pt loading of 0.1 mgPt cm−2. 
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Figure 7. Platinum utilization efficiency (kW gPt

 -1) versus current density drawn from E(j) curves of Figure 

6.  The Pt loading of the five plasma-prepared cathodes is ( Δ ) 0.005 mgPt cm-2 , ( ♦ ) 0.01 mgPt cm-2, ( ○ ) 

0.02 mgPt cm-2, ( Δ ) 0.04 mgPt cm-2 and (  ) 0.1 mgPt cm-2. (    ). A commercial anode and a Nafion® 115 

membrane complete the custom-made MEAs. The anode and cathode Nafion® loading are 2 and 1 mgPt cm-2, 

respectively. MEAref is composed of two reference electrodes with a Pt loading of 0.5 mgPt cm-2 and a 

Nafion® 115 membrane. Fuel cell operating conditions: Tcell = 80 ◦C, Pa = Pc = 3 bar, Da~ Dc ~ 0.06 L.min-1. 

 

The Pt cost can be further reduced by the replacement of the Nafion® 115 by a Nafion® 112 membrane. 

In this case, the 0.1 mgPt cm-2 loaded cathode prepared for the same plasma conditions leads to a Pt 

efficiency of 4 kW gPt
-1 (i.e. 0.25 gPt kW-1) compared to 1.8 kW gPt

-1 with a commercial cathode.  

 

3.5. Plasma sputtering deposition of high Pt loading. 

Figure 8 displays the maximum power densities Pmax (filled diamonds) and the power densities at 300 mA 

cm-2 Pj=300 (open diamonds) achieved by seven custom-made MEAs fitted with one plasma prepared cathode 

and the the reference MEA as a function of the cathodic Pt loading. The power densities for loadings below 

0.1 mgPt cm-2 are drawn from the E(j) curves of Figure 6 and the power densities at 0.26 and 0.44 mgPt cm-2 

correspond to two additional custom-made MEAs prepared under similar conditions as the five previous 

ones (commercial anode and Nafion® 115 membrane).  

For low Pt loading (< 100 µgPt cm-2), both power densities (Pmax and Pj=300) obtained with the custom-

made MEAs increase with increasing Pt loading and are well fitted by two logarithmic curves (dashed lines) 

which asymptotically reach the values of the reference MEA with 500 µgPt cm-2. For high Pt loading (≥ 100 

µgPt cm-2) , the power densities of the custom-made MEAs show values lower than the respective logarithmic 

fitting curve. The deviation between the experimental data and the logarithmic curves increases in amplitude 

with increasing Pt loading. It has been previously shown that about 75% of the platinum atoms supported on 

the Vulcan particles are spread over a GDL depth of 200 nm [38]. The available surface of carbon is about 

30 cm² in this thin layer for a 1 cm² geometric area, by assuming a 30 nm in diameter sphere packing 

arrangement with the optimum carbon density of about 74% (which corresponds to the cubic or the 

hexagonal close packing - Keppler conjecture). Therefore, the decrease of the power density (and the 

deviation from the logarithmic curve) occurs when 9 1015 Pt atoms are deposited on a Vulcan specific area of 
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1 cm². For such a surface density, the Pt nano-clusters increase in size by branching with other nano-cluster 

until the formation of a percolation network on the entire substrate area (Pt catalytic film) according to a 

previous study on the deposition of Pt atoms by plasma sputtering [43]. Consequently, the decrease of the 

power density and the deviation from the logarithmic curves are likely be related to the transition from 

separated nano-clusters to a Pt percolated layer. This is confirmed by the SEM observations of Figure 2b and 

by previous studies [38]. This transformation leads to a decrease of the electrochemically active surface area 

at the membrane-electrode interface. In addition, the Pt thin film layer at the electrode-membrane interface 

becomes denser with the increasing Pt loading and resulting in some blocking of the fuel and water transport. 

This results in a higher resistance and in a lower electrochemically active surface area of the sputtered 

catalyst.  

These results demonstrate that an optimization of the plasma parameters (argon pressure, target bias, RF 

power, GDL bias) is required to increase the platinum penetration into the GDL to avoid the formation of the 

catalytic film. The deposition of a catalyst supporting sublayer to improve the catalyst accessibility to the gas 

and its morphology in replacement or in complement of the Vulcan based GDL is another solution. 

Sublayers based on rod-shaped carbon nanostructures (with a high open porosity) or based on metal and 

polymer materials are currently envisaged [35, 43]. 

 
Figure 8. Maximum power density Pmax (♦) and power density at 300 mA cm-2 Pj=300 (◊) achieved by seven 

custom-made MEAs as a function of the cathode Pt loading (mPt). Both power densities are fitted with a 

logarithmic curve (- - -). Pmax (■) and Pj=300 (□) obtained with the reference MEA are reported on the graph 

for mPt = 500 µgPt cm-2. Fuel cell operating conditions: Tcell = 80 ◦C, Pa = Pc = 3 bar, Da~ Dc ~ 0.06 L.min-1. 

 

Figure 9 displays the cathodic Pt utilization of these eight MEAs calculated at Pmax (filled symbols) and Pj=300 

(open symbols) as a function of the cathodic Pt loading. The two logarithmic fits of Figure 8 are added on 

Figure 9. The Pt utilization taken at Pmax or at j=300 mA cm-2 is higher in the plasma prepared cathode than 

in the commercial cathode for a sputtered Pt loading lower than 0.26 mg cm-2 (and inversely for a Pt loading 

higher than 0.26 mg cm-2). 
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Figure 9. Platinum utilization efficiency obtained for the maximum power density Pmax (♦) and for the 

power density at 300 mA cm-2 (◊) and achieved by seven custom-made MEAs as a function of the cathode Pt 

loading (mPt). The Pt utilization efficiency obtained with the reference MEA for Pmax (■) and for Pj=300 (□) are 

reported on the graph. Fuel cell operating conditions: Tcell = 80 ◦C, Pa = Pc = 3 bar, Da~ Dc ~ 0.06 L.min-1. 

 

4. Conclusion 

A plasma sputtering process has been used to deposit platinum on GDL and to decrease the catalyst loading 

in the anode and the cathode. The optimum Nafion® loading for an electrode covered by 0.1 mgPt cm-2 of 

platinum is 1 mg cm-2, which is half the optimized Nafion® in a commercial electrode. At high operating 

pressure, an anode prepared with a sputtered Pt loading of 0.005 mgPt cm-2 leads to the same electrical 

performance than that of a reference MEA (purchased at Electrochem. Inc., Nafion® 115 membrane and two 

electrodes with 0.5 mgPt cm-2 of platinum), although the platinum amount is 100 times lower. The activity of 

the sputtered catalyst in a cathode is lower than that obtained with a commercial cathode of Pt loading 0.5 

mgPt cm-2. Yet, the specific activity is much higher, indicating that the efficiency of use of the sputtered Pt 

catalyst is higher than that in a commercial cathode. The platinum specific activity decreases when the 

catalyst loading is increased on the GDL. The cathodic Pt efficiency reaches 2.7 kW gPt
−1 and 22.5 kW gPt

−1 

with a cathodic Pt loading of respectively 0.1 mgPt cm−2 and 0.005 mgPt cm−2 deposited by plasma sputtering 

and 0.85 kW gPt
−1 with a commercial cathode. Future durability experiments will need to be carried out to 

establish the long time stability of these catalysts. The utilization efficiency of the deposited platinum can 

still be improved by the optimization of the sputtering parameters and/or the growth of a catalyst supporting 

sublayer.  
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