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Abstract - In this study, two commercially available 

proton exchange membrane fuel cell (PEMFC) 

electrode substrates (TGP and Ballard carbon paper) 

are compared and the performance of fuel cells made 

by these substrates is evaluated. Then by use of Ballard 

carbon paper as electrode substrates, effect of catalyst 

layer Nafion content as ionomer is studied. The results 

show that 28%wt Nafion is the best ionomer content 

when Ballard carbon paper is used as electrode 

substrate. 

 

1. Introduction 

In proton exchange membrane fuel cells, carbon paper 

is widely used as electrode substrate. In addition to 

high thermal and electrical conductivity [1], these 

substrates must have good porosity; this porosity is 

essential for uniform distribution of reactants to active 

regions of catalyst layer as well as good water 

management [2, 3]. In addition, the carbon substrates 

must have the appropriate mechanical strength to allow 

their use in fuel cell electrodes manufacturing. 

Currently, various types of carbon papers in different 

thicknesses are commercially available. TGP and 

Ballard are two types of carbon paper that are available 

in fuel cell components market. Between these two 

substrates, Ballard carbon paper has diffusion layer 

that helps to build repeatable electrodes. Also this 

substrate has less thickness and more flexibility in 

compare with TGP carbon paper. These advantages 

help to commercialize fuel cell stacks and their 

components by use of this substrate.  

Microstructure of catalyst layer and its porosity has 

crucial role in fuel cell performance [4]. These 

parameters must be optimizing according to the 

electrode substrate properties. Studies have shown that 

the catalyst layer porosity is mainly controlled by 

ionomer content and catalyst loading has no significant 

effect on it [5]. So in this work a comparison between 

these two substrates has been made. Then the effect of 

Nafion content on the performance of electrode made 

by Ballard carbon paper is studied. 

 

2. Materials and methods 

The catalyst ink containing Pt/C catalyst (from 

Electrochem) and Nafion solution (from DuPont) was 

coated on the TGP (from Toray) and Ballard gas 

diffusion media by painting method and dried at 80 ◦C 

                                                           
* Mohammad.zhiani@gmail.com 

for 30 min. Nafion 212 (from DuPont) was used as the 

polymer electrolyte membrane 

The membrane electrode assemblies (MEAs) were 

prepared by placing two electrodes, with the same 

platinum loading on both sides of a Nafion membrane.  

The MEAs were inserted in a PEMFC single cell (from 

AHNS Co.) and their electrochemical performance 

evaluated by a Fuel cell test system. 

 

3. Results and discussion 

3.1. Comparison between TGP and Ballard 

substrates 

Figs. 1 to 3, shows the performance of TGP and Ballard 

MEAs at different cathode relative humidities (RHs). 

Cathode electrode performance decreases with 

increasing cathode RH. The reason of this decrease in 

performance can be found in the structure of electrode 

substrate.  

 
Fig. 1. Polarization curve for TGP and Ballard MEAs. Tcell: 60oC, 

Anode RH: fully humidified, Cathode RH: low humidified 

 
Fig. 2. Polarization curve for TGP and Ballard MEAs. Tcell: 60oC, 

Anode RH: fully humidified, Cathode RH: medium humidified 
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Fig. 3. Polarization curve for TGP and Ballard MEAs. Tcell: 60oC, 

Anode RH: fully humidified, Cathode RH: fully humidified 

 

As the cathode RH increase, the flooding phenomena 

see earlier. With increasing relative humidity, moisture 

content of the catalyst layer fills the electrode void 

volumes. So the access of reactants to the catalyst 

particles is small and the performance decreases. 

Decrease of performance by increase of cathode RH is 

more obvious for the MEA made by TGP substrate. 

This is because of the different microstructure of these 

substrates. Table 1 shows the physical characteristics 

of TGP and Ballard substrates. 

By comparing the bulk density values of theses 

substrates, Ballard substrate pores diameter is larger 

than the TGP. So by increase of cathode gas RH to 

100%, flooding happens earlier for TGP substrate and 

Ballard substrate has more tolerance to flooding. This 

structural parameter is more important in higher RH 

and lower gas pressure that could happen in actual 

operating condition of fuel cells. 

3.2. Effect of Nafion content on the performance of 

MEA made by Ballard carbon paper 
In this section, three MEAs with the same loading of 

Platinum and the different Nafion content were made 

and their performance was evaluated by use of 

polarization curves. Fig. 2 and fig.3 shows the 

polarization curve of these MEAs at 75oC by use of 

oxygen and air as oxidant respectively.  

According to fig. 4 and fig. 5, when oxygen is 

employed as oxidant, the highest performance is 

related to MEA that has 28% wt Nafion and when air 

is employed as oxidant, the highest performance is 

related to MEA that has 31% wt Nafion. In addition, in 

both curves it can be seen that flooding in MEA with 

31% wt Nafion occurs earlier.  
 

Table 1: Comparison of physical characteristics of Ballard and TGP 

carbon paper 

 

Electrode 
substrate  

Thickness 
(μm)  

porosity  Bulk density 

(g.cm
-3

)  

Ballard  200  78%  0.3  
TGP  190  78%  0.44  

 

 
Fig. 4. Polarization curve of different MEAs. Tcell: 75oC, Reactants 

pressure: 1.72 bar, Oxidant: O2 

 

 
 

Fig. 5. Polarization curve of different MEAs. Tcell: 75oC, Reactants 
pressure: 1.72 bar, Oxidant: Air 

 

Table 2 and table 3 shows the maximum power density 

and current density values at different cell voltages. 

Flooding of MEA that has 31% wt Nafon in high 

current densities can be due to blocking of catalyst 

layer micro pores. So size of these micro pores has 

significant effect on MEA performance. The overall 

porosity of catalyst layer can be calculated from this 

equation [6]: 

t

tt

mea

compactmea 
  

The actual thickness of the catalyst layer, tmea, can be 

measured from the cross sectional SEM image and the 

superficial thickness of the catalyst layer (assuming 

zero porosity), tcompact, can be calculated from the 

loadings of carbon, platinum, and Nafion ionomer by 

use of the following equation: 

tcompact (cm)= 
 N

N

pt

pt

c

c mmm
  

Where mC, mPt, and mNafion are loading of carbon, 

platinum, and Nafion, respectively, and ρC, ρPt, and ρN 

are the densities of carbon, platinum, and Nafion. 

These density values are assumed 1.8, 21.45, and 2 

g.cm-3 for ρC, ρPt, and ρN respectively. 
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Table 2: Current density values of H2/O2 cells in different voltages 

 

Nafion 
Content 

Maximum 
power 

density 

(mW.cm-2) 

Current 
density at 

0.9 V 

(mA.cm-

2) 

Current 
density at 

0.5 V 

(mA.cm-

2) 

Current 
density at 

0.3 V 

(mA.cm-

2) 

25 586 22 1159 1572 

28 694 70 1310 1910 

31 580 65 1170 1710 
 

 

 
Table 3: Current density values of H2/Air cells in different voltages 

 

Nafion 

Content 

Maximum 

power 
density 

(mW.cm-2) 

Current 

density at 
0.9 V 

(mA.cm-2) 

Current 

density 
at 0.5 V 

(mA.cm-

2) 

Current 

density 
at 0.3 V 

(mA.cm-

2) 

25 386 25 729 874 
28 363 30 722 907 

31 435 25 851 994 

 

Using these equations, catalyst layer porosity values of 

these MEA are calculated. These values are reported in 

Table 4. 

By increasing the amount of Nafion in catalyst layer, 

porosity of catalyst layer is increased. This leads to 

blocking of secondary pores and decrease of cell 

performance, especially in high current densities. 

Increase of Nafion content from 25%wt to 28%wt 

causes that proton conductivity and three phase 

boundary increase and this improves the cell 

performance. But by increase of Nafion content from 

28%wt to 31%wt, the cell performance is dropped 

because of decrease of catalyst layer porosity and 

increase of mass transfer resistance. So by use of 28% 

wt Nafion in catalyst layer ink, the highest 

performance can be achieved in the MEAs made by 

Ballard carbon paper as electrode substrate. At this 

optimized amount of Nafion content, there is 

synergism between catalyst layer porosity and proton 

conductivity. 

   

4. Conclusions 

The obtained results show that the performance of fuel 

cell is greatly dependent on electrode micro structure, 

specially its porosity and amount of void volume. 

Ballard substrate pores diameter is larger than the TGP. 

This causes that the Ballard substrate has more 

tolerance to flooding. This structural parameter is more 

important in higher RH and high current densities. On 

the other hand, the amount of catalyst layer Nafion 

content has a significant effect on cell performance. By 

increase of Nafion content in catalyst layer, proton 

conductivity improves. But these increase causes 

decrease of catalyst layer porosity. For example as it 

mentioned in this study, by using Ballard carbon paper 

as electrode substrate, 28% wt Nafion is the best 

amount of ionomer content and shows the higher 

performance. 

 
Table 4. Catalyst layer porosity values of different MEAs 

Nafion content Porosity 

25 26.8 
28 23.5 

31 19.1 
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