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Abstract. The present review is describing recent advances in plasma deposition and 

treatment of low temperature proton exchange membrane fuel cells electrocatalysts. Interest 

of plasma processing for growth of platinum based, non-precious and metal free 

electrocatalysts is highlighted. Electrocatalysts properties are tentatively correlated to plasma 

parameters.  

 

1. Introduction 

Fuel cells are now recognized as a potential candidate for producing and a storing energy at 

different scale and thus to be relevant in many fields of the all-day life as automotive, 

stationary and mobile applications. The striking feature of fuel cells is the expected zero 

emission capability and without mechanical noise as being an electrochemical converter of 

hydrogen and oxygen to electricity and (warm) water, following the complete Equation 1. 

H2 +1/2O2  H2O + heat        (1) 

A fuel cell is basically made of 2 porous electrodes (an anode and a cathode) separated by an 

electrolyte. This constitutes the Membrane-Electrode Assembly: MEA). Electrodes should be 

porous for allowing fuel and oxidant to access the catalyst in the catalyzed active zone of the 

electrodes (see below). The current collection is ensured by bipolar plates enclosing the 
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MEA.[1,2] Moreover the bipolar plates are designed for allowing homogeneous distribution of 

fuel and oxidant to the electrodes. Figure 1 summarizes this concept. 

 

Figure 1. Schematics of a solid polymer fuel cell. Bipolar plates act both as gas distribution 

and current collector. 

The fuel cell performance is measured either by recording potential V (V) or power density P 

(W.cm-2) vs current density j (A.cm-2). Typical maximum reached power density is around 1.0 

W.cm-2 at 0.7 V, in laboratory scale fuel cell stations. Typical recorded plots are displayed on 

Figure 2. 
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Figure 2. Typical voltage V(j) and power density P(j) plots. The fuel cell is loaded with 0.08 

mg.cm-2 of plasma sputtered Pt at each electrodes. 

 

In the present review, we consider the electrolyte is an ion conducting polymer membrane. 

The ion crossing the electrolyte can be a cation, the hydrated proton (H+) or an anion, the 

hydroxyl radical negative ion (OH-). In the first case, the corresponding fuel cell is called 

Proton conducting membrane fuel Cell (PEMFC), while in the latter it is called Direct 

Alcohol Fuel Cell (DAFC). The present review will focus on electrocatalysts for PEMFC 

cathodes, because the main limiting step in PEMFC operation is the oxygen reduction 

reaction leading to water. 

The electrodes are often composed of carbon tissue or paper covered by a carbon microporous 

layer where an activated carbon catalyzed layer (called the active layer of the electrode) is 

present over a depth of 10 to 50 µm.[3-5] The catalyzed layer is made of carbon particles of 

size from 3 to 10 nm surrounded by catalyst clusters of size from 0.1 to 10 nm. Standard 
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techniques make use of chemical wet methods for fabricating these active layers, i.e. 

impregnation–reduction method, colloidal route, carbonyl route, microemulsion and 

electrochemical methods.[6-14] 

Besides these efficient and widely used methods, low pressure plasma methods are gaining 

increasing interest due to their flexibility, non-equilibrium capability allowing new paths for 

catalyst structure (crystalline, amorphous, core-shell, alloy, …), composition, shape and 

morphology control. 

Low pressure plasma processing is thus able to allow growing electrocatalyst clusters on the 

microporous carbon layer,[15-35] or on the top of an existing catalyst layer for increasing 

outermost surface density[16,36] or directly on the polymer electrolyte,[37-42] to directly fabricate 

the carbon-electrocatalyst composite[22-24,26,33,39,40,43-46] or to treat an already deposited (by 

plasma or not) electrocatalyst.[47-54] 

The most efficient catalyst in PEMFC electrode is platinum and its alloys.[4,5,55,56] supported 

on a microporous carbon layer. While Pt is a very expensive catalyst (50 €/g), reducing its 

content in PEMFC electrodes is of paramount importance. There are two ways for achieving 

this objective: either reducing the content by alloying Pt with less expensive metals or finding 

alternate non-precious or metal free electrocatalysts. On the first hand, it is known that 

platinum-based bimetallic alloys are excellent catalysts[4,5,55,56] for the electroreduction 

reaction of oxygen molecule (oxygen reduction reaction, ORR), which occurs at the cathode 

of PEMFC. Beyond the lowering of the platinum loading in the electrode catalytic layers, 

alloyed Pt-based materials lead to the improvement of the catalytic ORR activity,[57] increase 

the tolerance towards poisoning species and for some authors, enhance the durability of the 

catalysts under fuel cell working conditions.[58] PtxM1-x bimetallic materials (M = Co, Fe, Ni 

and Cr) have been extensively studied in order to correlate their catalytic activity and their 

electrochemical stability towards the ORR to their composition, crystallographic and 

electronic structures. Current progress are dealing with Pt based trimetallic nanocatalysts,[59-
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62] mainly for further improving catalyst stability. On the other hand, there are actually many 

attempts to remove the costly platinum using common metal (Fe, Co, Cu, mainly bond to 

nitrogen)[63-70] or non –metal catalysts, mainly carbon based as S doped graphene,[71] N-doped 

carbon nanostructures.[72-76]  

The present short review will describes how low pressure plasmas are contributing to PEMFC 

cathode electrocatalysts design for reducing and replace cost effective platinum. The next 

section will be devoted to platinum electrocatalysts synthesis by low pressure plasma both 

directly or as a full electrode. A perspective section will concern the use of plasma for 

deposition and treatment of Pt alloys, non-precious and metal free electrocatalysts. A 

concluding section will close this review. 

 

2. Direct deposition of electrocatalysts on uncatalyzed electrodes 

Two plasma techniques are mainly used for this concern. First, plasma sputtering deposition 

of the Pt and Pt alloys. Co-sputtering, when an alloyed structure is targeted and alternate 

sputtering, when core-shell structures are expected, can be carried out. Second, plasma 

enhanced chemical vapor deposition (PECVD) of selected hydrocarbons, simultaneously or 

alternately with plasma sputtering is of great interest for depositing the support and the 

catalyst. So a carbon – Pt electrode is directly fabricated either on the uncatalyzed GDL or 

directly on the polymer electrolyte membrane. Another way for directly fabricating the 

electrode is co- or alternate sputtering of carbon and Pt based catalysts. 

 

2.1. Plasma sputtering 

The basic idea for using plasma sputtering is to take advantage of an atom source with 

controlled energy distribution lighting a porous support for acting on the electrocatalyst 

distribution in the porous support. So, it becomes easy to localize and control the catalyst 

depth profile in the electrode region in contact with the polymer electrolyte. Indeed, the 
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platinum location and dispersion are essential factors determining the fuel cell performances 

[18,19,77,78]. Moreover, it is expected that the catalyst density will not be uniform throughout the 

porous layer due to transport diffusion mechanisms as illustrated in Figure 3. 

 

 

Figure 3. (a) Illustration of physical process in deposition/transport/diffusion/growth inside 

pores resulting from carbon grain sticking as in fuel cell electrodes. (i) catalyst atom 

inside pore
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adsorption and cluster growth on carbon grain top; (ii) diffusion from grain top  towards 

pore internal wall; (iii) direct transport/adsorption on internal pore wall ; (iv) diffusion along 

the pore wall (v) nucleation ; (vi) catalyst cluster growth inside pore. This can be apply to 

other kind of open pores.[22,23,79] (b) Scanning Electron microscopy of plasma sputtered Pt 

deposited on an uncatalyzed electrode top surface (Courtesy D. Cot IEM Montpellier) 

 

As demonstrated by carefully examining depth profiles of sputtered Pt catalyst, the 

transport/diffusion processes are not standard and depends both on support and plasma 

properties.[27] Such concentration depth profiles are decreasing from the top electrodes (to be 

in contact with the polymer electrolyte) towards the inner part of the electrode up to a 

maximum depth of 2 µm. This concentration gradient allows to optimize the efficient use of 

the platinum. It is known that at high current density, catalysts close to the polymer electrolyte 

are more “solicited” while at low current density all the nanocatalysts present are needed.[77,78] 

Moreover, Pt clusters are very well dispersed with sizes ranging from 1 to 3 nm. Very 

recently, it was observed that such sputtered nanocatalysts are amorphous at very low loading 

(10µgPt.cm-2) and leading to high power density.[33,35] Correlation between high fuel cell 

efficiency and catalyst amorphous structure has been independently confirmed in the case of 

complex Pt alloys for direct alcohol fuel cell.[80]  

Dependence of the plasma sputtering parameters, plasma pressure, substrate bias, … has also 

been investigated for studying the role on depth profiles.[18,19,27] When increasing plasma 

pressure the kinetic energy distribution of the sputtered particle is shifted to lower energy and 

the mean kinetic energy is lowered too, as exemplified in Figure 4.[62,81] 
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Figure 4. Example of calculated energy distribution functions of Ar plasma sputtered Pt 

atoms arriving at the substrate located at 10 cm from the sputtered target biased at 300 V. 

Plots are given for different Ar pressures P (log scale for the abscissae). <E> is designated 

the mean kinetic energy of the corresponding energy distribution. Reprinted from Ref. 62. 

 

In Figure 5 are plotted the Pt depth profiles vs plasma pressure and substrate bias.[18,19,82]  

 

Figure 5. Examples of Pt concentration depth profiles vs (a) argon plasma pressure in the 

sputtering chamber and (b) porous carbon uncatalyzed electrode bias. Reprinted from Ref. 82 
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Increasing the plasma pressure results in lowering the catalyst density and thickness of the 

catalyst located on the top of the porous carbon substrate. The general shape of the 

concentration profile inside the porous layer does not change.[27] When increasing substrate 

bias voltage, i.e. increasing the plasma ion (mainly Argon ion in the considered 

experiments[18,19,82])  energy, simultaneously to the deposition on the substrate, the shape of 

the catalyst concentration profile is slightly modified: above a threshold, which depends on 

the substrate material and structure, the impinging ion transfers enough energy for increasing 

mobility of catalyst atom towards the in-depth of the porous substrate. But when increasing 

deposition time, the pore entrances of the electrode start to be filled and thus reactants cannot 

access the polymer electrolyte, and protons cannot cross the polymer electrolyte. So using 

sputtering deposition requires low catalyst loading. Nevertheless, this constraint leads to Pt 

low content and fuel cell performance are high enough, indicating a more efficient use of a 

lesser catalyst content. In this case high mass power density up to 20 kW.gPt
-1,[26] are reached 

which are among the highest to date.[56]  

 

2.2 Direct deposition of the full active layer: catalyst + support 

A relevant goal is to be able to fabricate the active layer (part of the electrode which is 

catalyzed) in a single step, both for economic reason (based upon single fabrication machine) 

and on-demand electrode and MEA design capability. Contrary to the previous section, there 

is not so much work on the growth of the catalyzed electrode itself. This section will focus on 

plasma co-sputtering[39,40,83,84] of and combination of PECVD and sputtering[43-46] of support 

and catalyst for fabricating the active layer. This active layer should be enough electron 

conducting i.e. close to graphite conduction level. The open porosity of the active layer should 

high enough, at least 20% up to 60% maximum for allowing efficient gas transport to 

nanocatalysts. 
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Carbon and Pt co-sputtering has been carried out for testing the capability of the method for 

obtaining the correct structure of the active layer[39,40]. Flexibility of the co-sputtering 

technique allows to deposit simultaneously carbon and platinum or alternate carbon and Pt 

deposition in a way to design a Pt concentration profile. In all cases, the active layer is made 

of Pt-C columns leading to a porosity ranging from 20 to 65%, as requested (see Figure 6 and 

Figure 7).  

 

Figure 6. Scanning Electron Microscopy of a typical co-sputtered Pt-C active layer. 

Reprinted from Ref. 39. 
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Figure 7. Transmission Electron Microscopy of Pt-C columns showing small Pt clusters (dark 

areas). Reprinted from Ref. 40. 

 

Examination of the Open Circuit Voltage of such PtC electrodes deposited on a Nafion® 

polymer electrolyte shows better performances than commercial electrodes for alternate 

deposition of Pt and C. This has been correlated to the low Pt cluster size (2 nm) and to the 

fact that Pt is always decorating carbon columns[83], even when Pt is co-sputtered 

simultaneously with C, as displayed in Figure 8. 
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Figure 8. Schematics of the Pt localization along carbon column and Pt cluster size evolution. 

Adapted from Ref. 83 

 

In this case, all Pt atoms are accessible to fuel cell electrochemical reactions. 

A more versatile way is provided by combining carbon precursor PECVD and Pt plasma 

sputtering for direct deposition. The flexibility of the method lies in the different possible 

carbon precursor: C2H4, C3F6 … and in the possible control of the gas phase reaction leading 

to the optimized carbonaceous support of the simultaneously sputtered catalyst. Fluorinated 

plasma is an important choice due to the need of making the electrode hydrophobic for water 

management in the fuel cell, which was not addressed in previous Pt-C co-sputtering 

technique. Classical electrodes include Teflon grains for this purpose. The setup displayed in 

Figure 9 allows to simultaneously PECVD and sputtering Pt target located on the powered 

electrodes. Improvement of the system is achieved by pulsing the gas flux. 
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Figure 9. Schematics of the Pt-C nanocomposit plasma deposition combining PECVD and 

sputtering. Reprinted from Ref. 45 

 

Figure 10 shows that film morphology is characterized by columnar structures of variable 

diameter and orientation depending on the deposition conditions. 
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Figure 10. Scanning Electron Microscopy images of hydrocarbon films deposited at 0.8 sccm 

C2H4 and a) 100W (0% Pt); b) 350W (42% Pt); c) 600W (60% Pt); d) 800W (80% Pt). 

reprinted from Ref. 43. 

 

Pt clusters are embedded in the hydrocarbon columns. But it is shown that this does not 

prevent fuel cell efficiency. This is due to the porous nature of the columns, leading to Pt 

catalytic efficiency. Figure 11 shows deposited Pt nanocatalysts have sizes around 5 nm and 

are well crystallized. 
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Figure 11. Transmission electron Microscopy pictures and Selected Area Diffraction (inset) 

of film containing a) 60% of Pt and b) 1% of Pt. Reprinted from ref. 43. 

 

When operating with fluorocarbon gas C3F6, Figure 12 shows that the morphology of the film 

is more homogeneous than with C2H4 precursor, and platinum is well dispersed and is 

observed to be in metallic form, and as nanocrystalline clusters of variable size (less than 10 

nm) depending on the Pt content.  

 

Figure 12. Scanning Electron Microscopy images of Pt – fluorocarbon films deposited at 

different Radio Frequency powers. Reprinted from ref. 46. 

A key point of these two deposition methods is the very low possible thickness of the active 

layer, making it suitable for micro fuel cell design,[85,86], the PECVD method being relevant 

for also depositing the polymer electrolyte. [85,86] 

 

3. Perspectives 
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3.1 Multi-metallic catalysts 

The rapid evolution of the field of electrocatalysis requires that the use of plasmas for 

fabricating electrocatalysts, especially for fuel cells, should increase too. Indeed, key point is 

bi and tri-metallic catalyst design leading to the reduction of the Pt content. In this case, 

simultaneous or alternate sputtering or co-sputtering is able to easily give various catalyst 

structures: alloy, core-shell and mixed alloy/core-shell. As an illustration, recent DFT 

calculations have shown that binary PtPd thin films, in which Pt comprises the skin and Pd is 

restricted to the subsurface layer(s) are the best catalysts for oxygen reduction[87], in 

agreement with experiments[29] for which the highest mass power density to date was reached 

(250 kW.gPt
-1).[29,56] Moreover, the addition of a small, amount of Au can be beneficial for the 

efficiency of the ternary catalyst PtPdAu (especially, Pt2Au/Pd3/Pd and PtAu2/Pd3/Pd) by 

preventing the dissolution of under-coordinated Pt atoms, and perhaps even enhancing the 

activity, making the ternary PtPdAu systems interesting for the ORR in PEMFCs.[87] 

Experiments[88] on Pt50Pd25Au25 and Pt70Pd15Au15 confirms the interest for ORR, but it is 

noticed that Au is segregating to the surface during electrochemical ageing, as predicted by 

DFT calculations too.[87] Moreover, Molecular dynamics simulations including initial 

conditions matching sputtering experiment show that sequential sputtering is required for 

obtaining DFT predicted catalyst structure.[62]  If only co-sputtering of the three metals is 

chosen, Au atoms are segregating towards surface of the ternary PtPdAu cluster as shown in 

Figure 13.  
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Figure 13. Molecular dynamics simulations matching plasma sputtering deposition of ternary 

catalyst PtPdAu. Cross-sectional view of the deposited catalyst clusters. (a) PdAu core co-

sputtering followed by Pt sputtering (b) simultaneous co-sputtering of Pt, Pd, Au on model 

porous carbon. ●C, ●Pd, ●Pt, ●Au. Adapted from Ref. 62 

 

3.2 Nonprecious and metal free catalysts 

Non-precious metal and metal free catalysts for PEMFC[89] is an active field of research and 

plasma techniques certainly have the opportunity to bring novelty and original results. 

Non precious catalysts in the form of non-precious metal (Fe, Ni, Mo, Cu) bounded to four 

nitrogen atoms as in metal porphyrine or phtalocyanine, are well suited for benefiting from 

plasma techniques. As example, Figure 14 display the structure of a metal – 

tetramethylporphyrin, Me TMPP, where Me stand for Co, Fe, Cu, …  
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Figure 13: Structure of a generic Metal Tetra-Methyl Porphyrin. Me stands for a metal atom 

like Co, Cu, Fe. 

 

Metal porphyrine and phtalocyanine molecules can be efficient non-precious catalyst,[63-66],  

but they require post deposition heat treatment for only having metal-nitrogen bonds 

identified as the active catalytic sites. Pioneering work of Easton et al[69,70] using magnetron 

combinatorial deposition allowed to sweep a large range of composition among (Fe, Co)C-N 

system. Post deposition heat treatments favoured the catalyst activity and durability up to 

1000 hours. Highest reported fuel cell power densities were in the range 400 mWcm-2, using 

such techniques. 

Preliminary plasma treatments were carried out for replacing heat treatments.[47-54] Inductive 

(ICP) or Dielectric Barrier Discharge (DBD) plasma plasmas were built and a vibrating 

substrate holder allowed to uniformly treat all the catalysed powder. Main result was the 

improvement of the catalyst activity and reducing of the catalyst material losses compared to 

heat treatment. 

Me
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Concerning metal-free catalyst, work focusses on nitrogen doped C nanostructures.[72-76] 

Curiously, as functionalization is an attractive field for plasma chemistry, N-doping of carbon 

using plasma has not so much attracted attention. Nevertheless plasma functionalization using 

nitrogen precursor is very well understood now and might be of interest for fuel cell 

development without precious or non-precious metal catalyst.[75, 90-96] Moreover, some of 

these work on metal free electrodes can be directly adapted for preparing electrodes for 

lithium and sodium batteries.[97-99] In this context, parametric studies correlating plasma 

properties to catalytic performance in fuel cells are highly desirable for understanding the gain 

in using plasmas and finding the way for significantly improve metal-free PEMFC electrode 

performances.  

As a further perspective, the use of cold atmospheric plasma can be promising techniques for 

fabricating PEMFC electrodes,[48,53,93,100,101] both for catalyst and electrode deposition or 

treatment. 

 

4. Conclusion 

This short review has emphasized on the use of plasmas for studying and improving 

electrocatalysts required for fuel cell operation, especially PEMFC. It is shown that plasmas 

are very versatile tools allowing many combinations of nanocatalyst composition, structure, 

morphology, leading to improved catalytic properties and fuel cell performances. The 

development of new type of electrocatalysts will leads to new plasma improvement dedicated 

to optimize the design in view of improving fuel cell performances, both activity and 

durability.  
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