
Pak. J. Engg. & Appl. Sci. Vol. 4, Jan 2009 (p. 15-23) 

____________________________________________________________________________ 

* Corresponding author: M.Nawaz Akhtar, E.mail: mna_1960@yahoo.com 

15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1. Introduction 

Fuel cells are undoubtedly one of the key 

alternatives to replace conventional energy means, 

as a clean electrical energy source for both 

transportation and stationary applications. Since 

1960, when NASA for the first time used fuel cell 

in space shuttle as a backup of electric supply, the 

research work got under way on all types of fuel 

cells. However over the past few years Proton 

Exchange Membrane Fuel Cell (PEMFC) has 

emerged as a leading fuel cell in portable and 
especially in automobile applications due to its 

operation at low temperature, comparatively simple 

construction, high power density and ease of 

operation [1, 2]. Several companies are presently 

offering PEMFC for commercial uses including 

portable, stationary and automobiles [3, 4]. 

The PEM fuel cell consists of bipolar plates, which 

also referred to as flow field plates and play 

important role in fuel cell i.e. conducting current, 

keeping the gases separate and managing water 

flow [5-17]. Sandwiched between the bipolar plates 

(anode and cathode flow  plates)  is  the  membrane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

electrode assembly (MEA), which is where the fuel 
cell‟s core technology resides. The MEA is 

comprised of a polymer electrolyte material for 

transporting hydrogen ions from the anode to 

cathode, with a platinum catalyst layer and gas 

diffusion layer (GDL) on either side [18]. 

The process of PEM fuel cell is very simple. 

Hydrogen is supplied to the anode and the resulting 
reaction is as follows:- 

2H2       +     Catalyst      →   4H+   + 4 e- 

Oxygen is supplied to the cathode and the reaction 

is; 

O2 + 4H+ + 4e- + Catalyst        →          2H2O 

The over all reaction gives: 

2H2 +O2  +Catalyst → 2H2O + Heat + Electricity 
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Abstract 

Bipolar plate for Proton Exchange Membrane (PEM) fuel cell was fabricated with various 

materials and characterized by different techniques. Two types of gas flow fields, serpentine & 

parallel, were designed for bipolar plates and their effect on the functioning of fuel cells was 

investigated. Pressure drop between the two designs, at inlet and outlet of gases was different 

and its effect was reported. In the fabrication process of membrane electrode assemblies 

(MEA), the platinum catalyst was synthesized in the laboratory and this catalyst was deposited 
on the Nafion membrane with the help of ionomer emulsion. Then gas diffusion layers were 

placed on both sides of the membrane. Different MEAs versions (imported and indigenous) 

were assembled and tested in the fuel cells and their efficiency was evaluated in terms of 

current, voltage and power. A fuel cell test stand was developed to operate and test the 

working of single cell and fuel cell stack is also described. Polarization curves were drawn to 

evaluate the performance of fuel cells. These studies are directed at the development of 

different fuel cell components which are tested under the same conditions for comparison. 
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Usually 7 W electrical power may be produced 

with the 25 cm2 effective area of MEA in a single 

cell. Stichometrically, the amount of oxygen 

consumption in such a fuel cell is 2.98 10-3 

Kg/hour, while the hydrogen consumption is 0.378 

x 10-3Kg/hour, which is very low. During the 

operation of fuel cell water is produced at the rate 

of one mole for every 2 electrons and in a single 

fuel cell the water production is usually 3.36 10-3 

Kg/hour which is disposed of in vapor form when 

the oxygen/air discharged from the cathode of the 

cell. Heat is also produced when a fuel cell 

operates which is usually 5.5 W. This Heat energy 

is leaving the fuel cell in three forms; Electricity, 

sensible heat and latent heat of water vapor. 

Therefore, for the management of 5.5 W heat 

energy there is no need of any heat management 

system [19]. 

In present investigation, single fuel cell and fuel 

cell stacks were designed, fabricated, assembled, 

operated and tested for various parameters such as 
current flow, voltage, power and current density. 

MEAs were prepared by different procedures with 

different active areas and tested for use in PEM 

fuel cells. Bipolar plates of different materials were 

also fabricated and tested for their application in 

single fuel cell and fuel cell stacks. Results are 

reported and discussed. 

2.   Experimentation 

2.1  Fabrication of fuel cell test system 

Figure 1 shows the portable fuel cell test system, 
which was built in a laboratory with the available 

resources. This system was consisted of two gas 

cylinders (Oxygen & hydrogen), two separate 

bubble type humidifiers along with liquid receivers 

for oxygen & hydrogen humidification and 

stainless steel tubes wrapped with silicon wire 

heaters to maintain the temperature of gases. To 

measure the different parameters of the fuel cell 

e.g. pressure, temperature, potential and current, 

respective digital Multimeter (UNI-T UT53) and 

analog meters were installed. To apply the resistive 

load on the fuel cell a Rheostat (0-16.2  and 5A, 
Fisher Scientific Co, USA) was available. 

Moreover, an array of LEDs of 3 W electric power 

was also installed on the platform for visual 

identification and monitoring the power 

characteristics against different fuel cell 

parameters. 

2.2  Components of Fuel Cell 

Bipolar and monopoler plates of different materials 

including graphite, aluminum, copper, gold plated 

copper, stainless steel and carbon polymer 

composite materials (Graphite+ABS, Graphite+ 

Polypropylene with different proportions) were 

designed and fabricated. 

 

Figure 1: Fuel cell test system. 

 

Figure 2(a): Configuration of parallel flow 

pattern. 
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Figure 2(b): Serpentine flow pattern on a 16 cm
2
 

effective area monopolar plate 

Two types of flow patterns as shown in Figure 2(a) 

and 2(b) were employed, parallel flow pattern [Fig. 

2(a)] and double serpentine [Fig. 2(b)]. In some 

cases double serpentine flow pattern was used for 

the hydrogen flow and parallel flow pattern was 

used for the oxygen flow. The width of channels 

was 1 mm and space between the channels was also 

1mm. The depth of the channels was 1mm. 

In the fabrication process of membrane electrode 

assemblies (MEA), the platinum catalyst was 
synthesized in the laboratory by converting 

platinum metal into platinum powder by electro-

deposition method and then sintered in controlled 

conditions in a vacuum furnace [20]. The 

synthesized catalyst was deposited on the Nafion 

membrane with the help of ionomer emulsion. 

Then gas diffusion layers were placed on both sides 

of the membrane (25 micron thickness Toray 

Carbon paper). The MEA so fabricated was pressed 

in a hot press at 2250C to achieve the glass 

transition state and to integrate all of the 5 layers 

with each other [21]. 

2.3  Measurement of Different Parameters 

Four-probe method was employed to observe the 

potential drop in different components and fuel 

cell.  The constant current was allowed to pass 

through the sample by digital multi-meter Kyoritsu 

Model 1009. The potential drop was measured 

across the probes with a 195A digital multi-meter 

at ambient conditions where probe distance 

signifies the sample length. The potential drop 

observed was the average value obtained for both 
directions of current flow. Conductivity was 

calculated by the application of following equation 

[22],   δ = DI/VA, Where, “D” is the distance 

between voltage contacts, „I‟ is current passing 

through current contacts, „A‟ is the cross-sectional 

area of the specimen and „V‟ is the voltage 

developed across voltage contacts. 

Galvanostatic measurements were made by using 

the apparatus Bechman  ElectrocscanTM-30 in a 3 

electrode cell containing 50 ml of solution (1 M 
H2SO4 + 1M CH3OH + pure deionizd water) in 

order to characterize platinum as catalyst material. 

The cell temperature was maintained at 300C. 

Before and during the Galvanostatic measurements 

oxygen was removed from the solution by passing 

nitrogen through the solution for 15 minutes and 

then keeping the nitrogen flowing over the surface 

of the solution throughout the experimentation to 

keep the solution free of oxygen. Platinum disc 

electrode whose surface area was 0.196 cm2 was 

polarized galvanostatically from 1 mA to 100 mA 

and corresponding potential values were measured 
and recorded using digital voltmeter. 

The effect of temperature on reaction rate during 

the operation of fuel cell was studied 

quantitatively. The current produced by the fuel 

cell, which is the rate of reaction, measured by 

connecting an ammeter directly to it. The current 

produced was dependent on the resistance of the 

meter used and it was 17.3 Ohms. This experiment 

was performed at 10, 28, 40 and 500C. The cell was 

cooled by putting it in chilled water beaker and 

heated by placing it in hot water. The 
corresponding measurements of current produced 

against the respective temperature and voltage were 

recorded and respective graphs were made [23]. 

2.4  Fabrication of fuel cell stack 

Two PEM fuel cell stacks were fabricated, one 

comprising 3 cells of MEA effective area 25 cm2 

and other, as shown in Figure 3, by assembling 5 

cells with MEAs having an effective area of 50 cm2 

sandwiching between two bipolar plates, two 
monopolar plates made up of gold-platted copper 

and the rest of the two bipolar plates were Nickel-

plated copper. 
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Figure 3: PEM fuel cell stack with gold plated 

and nickel plated bipolar plates. 

The stacks were operated for different time spans, 

current, voltage, power out puts and endurance 

tests. 

3.   Results and discussion 

3.1 Effect of Bipolar Plate material on fuel 

Cell  Performance 

A number of available materials were used to 

fabricate the bipolar plates including graphite, 

aluminum, copper, stainless steel and graphite 

composite material. 

 
Figure 4: The demonstration of a single PEM 

fuel cell in operation. 

The single PEM fuel cell (having aluminum bipolar 

plates) and demonstration of its operation along 

with measuring devices is shown in Figure 4. 

Following parameters of the fuel cell were noted 

during its operation. 

Oxygen Pressure: 1 bar  

Hydrogen pressure: 0.4 bar 
Temperature:  20oC  

Duration of operation: 2 Hours 

 

Figure 5 presents performance of the single cells 

assembled with stainless steel, graphite composite, 

aluminum and gold plated copper bipolar plates. 

The results of Figure 5 revealed that the open 

circuit voltage (OCV) of the single cells was 
almost the same at 0.8V. As we can see from the 

curves that with the increase of current drawn from 

the fuel cell, the potential suddenly drops in each 

case. The graph presented shows that with the 

increase of electrical resistivity the performance of 

cell decreases. 
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Figure 5:  Effect of bipolar plate materials on 

the performance of PEM fuel cells demonstrated 

by the respective characteristic curves. 

The curve for the bipolar plate made with gold 

plated copper has minimum electrical resistance, 

hence it resides on the top and has the best polar 

curve, while aluminum has intermediate and 

graphite composite and stainless steel are inferior 

ones having the high electrical resistance as 

compared to the gold and aluminum. 

The electrical resistance values measured by digital 

multimeter (UNI-T UT53) for various bipolar plate 
materials are given Table 1. These results revealed 

that the resistance of graphite composite material is 

higher then that of metals. It has been concluded by 

[11-12, 17, 23] that with the increase of electrical 

resistivity the performance of cell decreases. 

Tabl 1:  Resistance of different bipolar plate 

materials. 

 

S.

No 

Name of material Resistance 

(Ohms) 

1. Composite material developed 
in the Fuel Cell Laboratory 

0.3 
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2. Composite material developed 

by L.N Green Power China 

0.3 

3. Composite material developed 

by Gas Hub Singapore 

0.2 

4. Composite material developed 

by Shunk Germany 

0.2 

5. Impregnated graphite in the 

laboratory 

0.2 

6. Stainless steel (304 L) 0.1 

7. Copper (99% Pure) 0.0 

8. Gold plated copper 0.0 

9. Aluminum 0.0 

 

The electrical conductivity is the inverse of 

electrical resistivity. Hence, it was measured with 
four-probe method for the graphite composite 

bipolar plate material and was found as 95 S/cm. 

Electrical conductivity is strongly dependent on 

temperature. In metals, electrical conductivity 

decreases with increasing temperature. Over a 

limited temperature range, the electrical 

conductivity can be approximated as being directly 

proportional to temperature. In order to compare 

electrical conductivity measurements at different 

temperatures, they need to be standardized to a 

common temperature. 

3.2 Effect of pressure drop on the 

performance  of fuel cell. 

The effect of pressure drop through serpentine and 

parallel flow patterns were investigated by carrying 

out experiments and making measurements of 

pressure drop, current and voltage produced and 

power stability on such conditions. The results of 
pressure drop through serpentine and parallel flow 

patterns along with effect on current and voltage 

are summarized in the Table 2. 

Table 2: Effect of pressure drop through 

serpentine and parallel flow patterns 

 
Flow 

Pattern 
Cp 

(Psi) 
Hp 

(Psi) 
Pi 

(Psi) 
PO 

(Psi) 
E 

(V) 
I 

(mA) 

 Hydrogen For Cell 

Serpentine 22 20 20 14 0.8 125 

Parallel 22 20 20 17 0.7 103 

 Oxygen  

Serpentine 50 48 48 42 - 

Parallel 50 48 48 45 -  

 

Cp: Cylinder pressure, Hp: Humidifier pressure, Pi:  

Inlet pressure,        Po: Outlet pressure 

A high pressure drop was noticed in case of 

serpentine flow fields and a low pressure drop was 

recorded in parallel flow patterns of the two gasses 

In both flow patterns different current & voltage 
characteristics were also noticed as given in  

Table 2. 

It has been also observed that the cross sectional 

area of flow channels is important in regard to 

pressure drop. So different cross sectional areas 

were adopted and pressure of gas trough these 

areas were investigated. It was observed pressure 

drop by decreasing the cross sectional area of the 

flow channel and it was ideal against the 1mm2 

area.. 

As air is supplied to the fuel cell at the expense of 

electrical efficiency of the fuel cell system and 
pressure drop of supplied air is directly 

proportional to the electric power consumed by the 

compressor or blower, so pressure drop of supplied 

air is least required and efforts are made to keep it 

at minimum level. On the contrary pressure drop is 

the driving force required for the transportation of 

water from the flow channels of PEM fuel cell 

cathodes, so a minimum pressure drop required for 

the transportation of water droplets through 

channels of cathodes is always desired. 

Actually bipolar plates offer multidimensional 
important factors, e.g., architecture for cell 

stacking, access of fuel and oxidant to the MEA, 

conduction path for the current, heat transfer, and 

disposal of unused gases and products of the 

reaction. Therefore, following properties are very 

important for the bipolar plate material: good 

electrical conductivity, good thermal conductivity, 

good mechanical properties, e.g., compressive 

strength, tensile strength, machine ability, thermal 

and mechanical stability within the fuel cell 

operation conditions. Ideally, the material should 

be nonporous and impermeable for oxygen, 
hydrogen and water and it should not be corrosive 

in nature in fuel cell prevailing conditions. In the 

present study composite graphite bipolar plate was 

found to be best in respect of cell performance, 

machine ability, low specific weight and cost etc. 

3.3  Effect of catalyst materials on the 

performance of fuel cells 
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The most important aspects of the PEM fuel cell 

were the processes regarding preparation of 

catalyst materials. Efforts were made to explore the 

availability and preparation of catalyst materials 

and their testing. PEM fuel cells were fabricated by 

using different specifications of MEA are presented 
in the Table 3. 

Table 3: Fuel cell operation parameters for the 

MEAs made by different catalysts & conditions 

Single cell 
Description  

Wire 
mesh 

Electrodes 

MEA 
by  

E-
Teck  

Indige
n-ous 

MEA 

MEA 
by 

Shun
k 

 Temp.0C 15 26 20 23 

MEA (cm2) 16 25 50 100 

H2 Flow 
L/h 

40 150 120 150 

02 Flow L/h 80 400 250 300 

Open 
Voltage 

0.8 0.92 0.93 0.95 

Cell Temp. 
0C 

27 30 36 45 

 

The stichometric requirements of hydrogen and 

oxygen for a PEM fuel cell have been calculated 

but in practical applications an extra amount is 

supplied due to following reasons; All of the 

molecules of the hydrogen can not be oxidized and 

the reaction products are required to be driven out 

from the anode as well as cathode side which can 

be achieved by the circulation of an extra volume 

of gases. To optimize this extra volume of gases, 

the %age utilization factor of gases is required to 
be investigated. 
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Figure 6: Characteristic Polarization curves for 

4 single cells of different MEA  Configurations. 

The polarization curves for all of the single cells 

presented in the Table 3 have been drawn on a 
single graph for comparison in Figure 6. All of the 

cells have different geometries, MEA 

configuration, catalyst, gas flow field patterns, 

fabrication history and different assembling 

parameters. Hence, they exhibit different 

polarization curves, presenting the accumulated 

effect on the performance characteristics. 
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Figure 7:  Performance comparison by a plot of 

Current density Vs potential of the single cells. 

Figure 7 is a true representation of performance 

indicator of all of the above mentioned fuel cells. 

These results indicated that by increasing the 

current density the voltage of the cell decreases. 

Hence to draw the required current density an 

optimum voltage can be predicted or adjusted 

accordingly for the specific cells. 

The power produced in a fuel cell is directly 

proportional to the current drawn from the cell as 
indicated in Figure 8. Hence a compromise can be 

made and an optimum power can be drawn from a 

fuel cell. 
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Figure 8:  Relationship of power produced with 

the current . 

By increasing the potential, as shown in Figure 9, 

the power produced or drawn decreases and it can 
be adjusted or optimized accordingly. This effect is 
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minimum in case of a fuel cell with mea area 100 

cm2. 
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Figure 9: Representation of inverse relationship 

of potential with the power produced. 

3.4  Effect of Temperature on 

Electrochemical reaction rate. 

The experiment was performed from 10oC to 50oC.  

The current produced at 10oC was 5.2 A and it 

increased to 13.7 A when  temperature raised to 

50oC. This increased in current by temperature is 

an indication of the respective increase in the rate 

of electrochemical reaction in the fuel cell. Figure 

10 shows the change in electrochemical reaction 

i.e. current with rise in temperature. 
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Figure10: Graph depicting the change in 

electrochemical reaction rate with the change in 

temperature. 

Moreover, the same behavior was studied during 

the fuel cell operation that in the start  the electrical 

power  is at low levels and with the passage of time 

it increases. This is due to the reason that in the 

beginning the cell was at ambient temperature 

(20oC) and both hydrogen & oxygen were being 

supplied at this temperature. The electrochemical 

reaction is an exothermic in nature so the 

temperature rises within the fuel cell. As the ideal 

temperature for this reaction is 70-80oC, the 

potential rises to highest level as it approaches but 

again there is a limit about this temperature (80
o
C), 

above which the Nafion membrane may get short  
circuiting. 

3.5 Galvanostatic measurements. 

The study of Galvanostatic polarization of platinum 

disc electrode in the presence of H2SO4 /NaOH + 

CH3OH for the determination of catalytic activities 

of the catalysts by drawing the Tafel plot of over 

potential vs current densities and calculating the 

slope of the curve obtained and using this slope in 

the Tafel equation to calculate Io( Jo) which is an 
indicator of the catalytic activity [24]. 

The over potential was plotted against the log of 

current density and the resulting slope of the curve 

Tafel slope was calculated which was 0.591. 

And we know from Tafel equation; 

Over potential =  = (2.3 RT/ anF) X 
   log Io - (2.3RT/ anF) log I               

   = (2.3 RT/ anF)( log Io -  log I ) 

 

Where over potential = Potential when current 

flows  Equilibrium potential 

 = 1.33  - 1.2 

 = 0.13 

While the calculated Slope = 0.591 

 = 2.3RT/ anF 

 = 0.00831 

 = 8.31 X 10-3 

By putting the respective values in Tafel equation 

0.13 = 0.591( log Io  -  log I ) 

0.13/0.591 = log 

log Io   = (0.13/0.591) + log I 

log Io   = 0.2199 2.3 

Io   = log-1( 2.08) 
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Figure 11:  Comparison of Tafel plots of 

oxidation current densities for the surface area 

of platinum towards the methanol Galvanostatic 

polarization in H2SO4  and NaOH 

While the value of Io is a representation of catalytic 

activity and the value of I0 = 8.31 x 10-3 is 
comparable to the value of Io for platinum in H2SO4 

given in Table 1 [19]. 

The catalytic activities of the smooth platinum 

electrode towards methanol electro oxidation in 1 

M H2SO4 also exhibited similar behavior as that in 

1 M NaOH but the curves presented in Tafel plots 

gives us the  difference in slope values highlighting 

the difference in over potential exhibiting the 

catalytic behavior in acidic and basic media as 

shown in Figure  11. 

3.6 Performance of fuel cell stack 

The fuel cell stacks fabricated indigenously were 

tested for current, voltage, power and endurance 

tests. Following are the results: 

A 3 cell stack delivered 18 W at a potential of 2.5 

V and it was used to illuminate an LED display 

board. 

A 5 cell stack delivered 22 W at a potential of 4 V. 

Both of these stacks were operated for several 

hours for endurance tests. 

The characteristic polarization curves were drawn 

for the indigenous fuel cell stacks for comparison 

with the fuel cell stacks fabricated by the world‟s 

famous fuel cell manufacturers, e.g., Gas Hub ( 

Singapore ), Palcan Fuel Cells (Canada), Ballad 

(Canada). The trend of the indigenous fuel cell 

stack is almost same as that of the other fuel cell 

stacks as shown in Figure 12. 
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Figure 12:  A comparison of polarization curves 

for various fuel cell stacks representing inherent 

behavior.  

The Figure 13 shows the individual contribution of 

the single cells in the over all out put of the fuel 

cell stack in the form of current and voltage. The 
variation of current and voltage is very much clear 

and it is due to a lot of factors e.g., gas pressure, 

temperature, contact resistance etc. 
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Figure 13:  Determination of current–voltage 

contribution of individual cells in the 3-Cell 

stack Testing. 

Conclusions 

1. It has been investigated that by using metallic 

materials, e.g., copper, aluminum, stainless 

steel and gold- quately addressed. It was found 

that pure graphplatted copper, some of the 

required properties are satisfactory but 

corrosion, weight and fabrication problems are 

of considerable attention. On the other hand, 

by using graphite and graphite composite 

materials the problem of porosity, conductivity 

and fabrication cost were adeite could be the 

ideal candidate for bipolar plate material 
having good electrical and thermal 

conductivity, easy machining and resistance to 

corrosion at all fuel cell operation conditions 

but two of its properties, i.e, porosity and poor 

mechanical strength make it unfit as the ideal 

bipolar plate material. Therefore, by 

compounding graphite with other polymers, 

binders and ionomer materials the required 

properties for bipolar plates can be achieved.  

2. The platinum catalyst has been synthesized 

and successfully used to fabricate MEA. Its 

efficiency has been found to be encouraging 
after investigating the polarization curves.  
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3. The catalytic activities of the catalysts can be 

measured by employing the smooth platinum 

electrode method as methanol electro 

oxidation in 1 M H2SO4 also exhibited similar 

behavior as that in 1 M NaOH, but the curves 

presented in Tafel plots has given the  
difference in slope values highlighting the 

difference in over potential exhibiting the 

difference in catalytic behavior.  

Acknowledgements 

The authors would like to express their gratitude to 

Faculty of Mechanical Engineering, University of 

Engineering and Technology Lahore as well as 

Fuel Cell Project, Chemistry Division, Directorate 

of Science, PINSTECH, Islamabad, Pakistan for 
providing the initiative, guidance and opportunity 

to undertake this research work. Thanks are also 

due to Dr. Mazhar Hussain, DCE, Materials 

Division, PIEAS and Dr. Gul Bali, PSO ACL, 

PINSTECH, Islamabad for their assistance in 

evaluating various physical and mechanical 

parameters. 

References 

[1] Mikhail, G., Ibrahim, D. and Marc A. R.; 
Economic and environmental comparison of 

conventional, hybrid, electric and hydrogen 

fuel cell vehicles , Journal of  Power Sources, 

159 2 (2006) 1186-1193. 

[2] Steven G. C. and James F. M.; Key 

challenges and recent progress in batteries, 

fuel cells, and hydrogen storage for clean 

energy systems, J. power Sources, 159 1 
(2006) 73-80. 

[3] Rittmar, V.H. and Ulrich, E.; Fuel cell 

vehicles: Status 2007, J. Power Sources,  165, 

2 (2007) 833-843. 

[4] Miller, A.R. Hess, K.S. Barnes, D.L. and 

Erickson, T.L.; System design of a large fuel 

cell hybrid locomotive, J. Power Sources, 

173, 2 (2007) 935-942. 

[5] Allen, H. C. and Priscila S.; Bipolar plates for 

PEM fuelcells: A review:International journal 

of hydrogen Energy 30 12 ( 2005) 1297-1302. 

[6]  Yuyan, S., Geping Y.,  Zhenbo W. and 

Yunzhi; Proton exchange membrane fuel cell 

from low temperature to high temperature: 

Material challenges, J. of Power Sources  167  

2 ( 2007) 235-242. 

[7] Xiao Z.Y., Haijiang, W., Jiujun, Z. and David 

P. W., Bipolar plates for PEM fuel cells- 

From materials to processing, J. New Mat. 

Electrochem. Systems 8 (2005) 257-267. 

[8]  Tawfik, H., Hung, Y. and Mahajan, D.; Metal 

bipolar plates for PEM fuel cell-A  review, J. 

of Power Sources, 163 2 (2007) 755-767. 

[9] Shou-J.L., Jiang, J.L. and Ching H.H.; 

Stainless steel bipolar plates, J. power 

Sources 145 (2005) 362-368. 

[10] Shou, J.L., Yu, P.C. and Ching, H.H.; 

Electroforming of metallic  bipolar plates 

with micro-featured flow field, J. Power 

Sources 145 (2005) 369-375. 

[11]  Cho, E.A., Jeon, U.S., Ha, H.Y. Hong, S.A. 

and Oh, I.H.; Characteristics of Composite 

bipolar plates for polymer electrolyte 

membrane fuel cells, J. Power  Sources 125 

(2004) 178-182. 

[12] Hsu, C.K., Chen, C., Ke, M.Ma, Hong, C. and 

Shih, M.C.; Preparation, electrical, 
mechanical and thermal properties of 

composite bipolar plate for a fuel cell, J. 

Power Sources 134 (2004) 7-17. 

[13]  Bessman Tm, Klett JW, Henery JI and Lara – 

Curzio; Carbon-Carbon composite bipolar 

plates for proton  exchange membrane fuel 

cells, J. of Electrochemical society 147 11(9-

2000) 4083-4086. 

[14]  A. Heinzel, F. Mahlendorf, J. Burfeind, C. 

Kreuz and T. Derieth; Portable PEM fuel 

Cells made of injection molded bipolar plates, 

Proceedings of 9th Grove Fuel Cell 

Symposium held at Westminster London U.K 

on 4-6 October 2005, P 3.25. 

[15] Jianhua, H., Donald G. B. and James E. 

McGrath; Development of fuel cell bipolar 

plates from graphite filled wet-lay 

thermoplastic composite materials, J.power 

Sources 150 (2005) 10-119. 

[16] Jenn, K.K. and Cha,o, K.C.; A novel Nylon-6-
S316L fiber compound material for injection 

molded PEM fuel cell bipolar plates. J. Power 

Sources 162 (2006) 207-214. 

[17] Le, H.S., Kim, H.J., Kim, S.G. and Ahn, S.H.; 

Evaluation of Graphite composite bipolar 

plate for PEM (Proton Exchange membrane) 

http://www.sciencedirect.com/science/journal/03787753
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235269%232006%23998409997%23632827%23FLA%23&_cdi=5269&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=64aee05e6b6e96bdb7393abdefce52be
http://www.sciencedirect.com/science/journal/03787753
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235269%232006%23998409998%23632828%23FLA%23&_cdi=5269&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=467de5a711bef822b657fc60e54c67b7
http://www.sciencedirect.com/science/journal/03787753
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235269%232007%23998349997%23645486%23FLA%23&_cdi=5269&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=819ba82601fd6bf039dab2fb6ef46758
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235269%232007%23998349997%23645486%23FLA%23&_cdi=5269&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=819ba82601fd6bf039dab2fb6ef46758
http://www.sciencedirect.com/science/journal/03787753
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235269%232007%23998269997%23670860%23FLA%23&_cdi=5269&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=1253147b0d4c1fc194e58f598676b0b0
http://www.sciencedirect.com/science?_ob=IssueURL&_tockey=%23TOC%235729%232005%23999699987%23602506%23FLA%23&_auth=y&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=c1f912c62d08c7b6b65f5fec626dab81
http://www.sciencedirect.com/science/journal/03787753
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235269%232007%23998329997%23649950%23FLA%23&_cdi=5269&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=ef80e39f8ec3bd68a58113f03c26f778
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235269%232007%23998329997%23649950%23FLA%23&_cdi=5269&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=ef80e39f8ec3bd68a58113f03c26f778
http://www.sciencedirect.com/science/journal/03787753
http://www.sciencedirect.com/science/journal/03787753
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235269%232007%23998369997%23640158%23FLA%23&_cdi=5269&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=3ddc64205eab3d42cfa4671e36f71c1f


Pak. J. Engg. & Appl. Sci. Vol. 4, Jan 2009  

 24 

fuel cell: Electrical, mechanical, and molding 

properties, J. Materials Processing 

Technology 187-188(2007) 425-428. 

[18] Kamarudin, S.K., Daud, W.R.W., Md.Som, 
A., Takriff, M.S. and Mohammad, A.W.; 

Technical design and economic evaluation of 

a PEM fuel cell system, J. Power Sources 157 

(2006) 641-649. 

[19] Bockris, J. and Sirinivasan, S., “Fuel Cells, 

Their Electrochemistry”, Ist Edition, McGraw-

Hill, New York, USA (1969) 659. 

[20] Brian C. H. Steele and Angelika, H.; 
Materials for fuel cell technologies. J. Energy 

414 (2001) 345-352.  

[21]  Jay S. H.; Method of making MEA for 

PEM/SPE fuel cells, US Patent No.6074692 

13 June 2000.  

[22] Horovitz, K. L. and Johnson; V. A. “Solid 

State Physics”, Part B, Academic Press New 

York and London (1962) 33-37. 

[23] Marr, C. and X.Li, An Engineering model of 

Proton Exchange membrane fuel cell 

performance, ARI (1998) 50: 190-200. 

[24] Biswas, P.C. Nodasaka, Y. and Enyo, M.; 

Electrocatalytic activities of graphite-

supported platinum electrodes for methanol 

electro oxidation, J. applied Electrochemistry 
26 (1996) 30-35. 


