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ABSTRACT 
With the shortage of oil and gas resources and global climate change emerging as high 
concerns, the need for new technologies to alleviate the dependence on hydrocarbons and 
reduced carbon dioxide (CO<sub>2</sub>) emissions is becoming stringent. Considerable 
efforts have been given to develop commercially viable technologies to reduce the 
CO<sub>2</sub> emission by the use of fossil fuel, producing hydrogen from fossil fuel, using 
nuclear and renewable energy sources and to develop fuel cells. Among all the energy 
sources fuel cells are getting importance as one of the most promising clean energy sources 
for stationary as well as automotive application. Considerable efforts have been given 
worldwide for the development of cost effective fuel cells. Bipolar plate is one of the key 
components of the fuel cell, which consumes around 38% of the total cost and contributes 
around 80% of the total stack weight. In this study composite bipolar plates for proton 
exchange membrane fuel cell (PEMFC) were developed by compression molding technique 
using vinyl ester resin as a polymer matrix and natural graphite as reinforcement. U.S. 
Department of Energy (US DOE) target values were taken as the benchmark for the 
development and investigation of the bipolar plate. The composite bipolar plates were 
characterized for density, porosity, electrical conductivity, flexural strength, shore hardness 
and corrosion resistance. At 25% resin content the composite bipolar plate achieved the US 
DOE benchmark for density, electrical conductivity, shore hardness and corrosion resistance. 
However, the flexural strength of the composite bipolar plate was not upto the bench mark 
set by the US DOE.   
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INTRODUCTION  
Proton exchange membrane fuel cell 

(PEMFC) is one of the most promising clean 
energy sources for residential and 
automotive applications due to its 
attractive features such  as high power  
density,  relatively  low  operating  
temperature,  convenient  fuel  supply,  
longer lifetime, modular in shape  
etc1,2. Bipolar plate is one of the important 
components of low temperature fuel cell, 

which contributes to ~80% of the total 
weight of PEMFC stack3. Recent cost 
analysis4 shows that 38% of the total cost of 
PEMFC stack is incurred by the bipolar plate 
followed by the cost for the electrodes, 
membrane, and catalyst (platinum) as 32, 12 
and 11%, respectively. Different types of 
material like metal sheet, polymer coated 
metal sheet, graphite, flexible graphite, C-C 
composite, advanced composites etc. are 
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under investigation for the development of 
low cost and low weight bipolar plates5,6. 
Hermann et al. (2005) reviewed and 
discussed the different types of materials for 
the bipolar plate. They have suggested that 
the metal or coated metal might be a good 
choice keeping in mind the reduction in 
thickness and easy processibility (flow field 
design) of the bipolar plate. However, the 
corrosion of the metal plate and uneven 
expansion of coated metal at the fuel cell 
temperature are the limitations of metallic 
bipolar plate. Therefore, composite bipolar 

plates with non-metallic materials are getting 
more importance. US department of energy 
(US-DOE)7,8 has given a benchmark for the 
suitability of the bipolar plate in PEMFC as 
shown in Table 1. In this paper, the 
composite bipolar plate was developed using 
natural graphite as reinforcement with vinyl 
ester resin matrix precursor. The bipolar 
plates was characterized for density, 
porosity, electrical conductivity, flexural 
strength, shore hardness, corrosion 
resistance, thermal stability and 
morphological studies. 

Table 1 : US-DOE target values for bipolar plate for automotive application  

Required properties  US-DOE Target Values  
Low density  < 2 gm∙cm-3 
High flexural strength  > 49 MPa  
High compressive strength  > 4.2 MPa  
High shore hardness  > 40 *  
High electrical conductivity  > 100 S∙cm-1  
High thermal conductivity  > 10 W (m K)-1  

Low gas permeability  < 2×10-6 cm3.sec-1.cm-2 
at 80oC & 3atm  

High corrosion resistance  < 16 μA/cm2 at pH ≤ 4  
* Plug power’s targets  

 
MATERIAL AND METHODS 
Composite bipolar plates were fabricated 

using industrial vinyl ester resin 
(MECHSTER 5310) and natural graphite. 
Natural graphite powder with purity of 95% 
and average size of 47m (300 mesh size) 
was received from Nickunj Eximp Entp. Pvt. 
Ltd., Gujarat, India. VER was procured from 
Mechemo Industries, Mumbai India. Acetone 
was procured from Merck, India. 

Preparation of the composite : An 
appropriate amount of resin volume fraction 
was diluted with the help of acetone and 

mixed thoroughly with natural graphite along 
with promoter, accelerator and catalyst. The 
whole mixture was mixed thoroughly with 
the help of a mechanical stirrer. The mixer 
was then allowed to dry at a temperature of 
35°C. Dried mixture was ground to make the 
preform for compression molding. The 
preform was then compression molded at 
curing temperature and post cured at 86oC 
for 1 hour. In this paper volume fractions are 
reported in percentage, unless otherwise 
specified. 

Characterization of bipolar plate : The 
bipolar plates were characterized for density, 
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porosity, electrical conductivity, mechanical 
strength, shore hardness, and corrosion 
resistance. Moreover, thermogravimetric 
analysis and SEM analysis were also carried 
out for the bipolar plates. 

Density measurement : Density of the 
composite bipolar plate was determined by 
dry bulk density measurement method as per 
the ASTM C559.  

Porosity measurement : The total 
porosity of the bipolar plate sample was 
measured using BET-surface area analyzer 
(make: CoulterTM, model: SA3100). 
Technique BET uses the principle of the 
physical inert gas adsorption (nitrogen) to 
varying of the relationship between the 
partial pressure of nitrogen and its vapor 
pressure to the temperature of liquid 
nitrogen. In this study, nitrogen was used to 
measure the total pore volume of the sample 
while helium gas was used for degassing the 
samples. The samples were outgassed and 
purged at a temperature of 150oC for 3 hours 
before measuring the total pore volume. 

Electrical conductivity measurement : 
Electrical conductivity of the sample was 
measured as per the ASTM C611 method using 
conventional four probe technique3 at a constant 
current supply ranging from 100–500 mA. The 
schematic diagram of the electrical conductivity 
measurement set-up is shown in Fig. 1.  Kiethley 
electrometer (model-6514) was used as the 
constant current source. The electrical 
conductivity of the composite bipolar plate was 
determined using Eq. (1) 

1 S cmi dConductivity
V l b


 

   
(1) 

Where, l (cm) and b (cm) are the length and 
breadth of the sample, respectively. The constant 
current supplied through the sample is 
represented by i (A) and V (V) is the voltage drop 
between two points separated by a distance  
d (cm). 

 
Fig. 1 : Schematic diagram of electrical conductivity measurement setup 

Flexural strength measurement : Three 
point flexural strength of the composite 
bipolar plate was evaluated using  
universal testing machine (Deepak Polyplast 
Pvt. Ltd.; model DUTT - 101) as  

per the ASTM D790. The span length  
for the two points on the composite  
bipolar plate was kept 16 times to  
that of thickness of the sample.  
The crosshead speed of the loading point  
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was maintained at 0.5mm.min-1. The  
reported value of the flexural strength of  
the composite bipolar plate is average  
of four test samples. 

Shore hardness measurement : Shore 
hardness was measured with the help of a 
scleroscopic hardness tester (Imai Testing 
Machine Mfg., Japan; model: Hardscope) as 
per the ASTM C886. It is a dynamic 
indentation type hardness test in which a 
diamond tipped hammer fall vertically from 
a fixed height over the composite bipolar 
plate. The hardness of the bipolar plate was 
measured with the help of the rebound height 
of the hammer. 

Corrosion resistance analysis : A 
corrosion study was carried out with the help 
of a potentiostat (CH Instruments, USA; 
model: CHI600B). The electrochemical cell 
consists of a three electrode system. Bipolar 
plates were prepared in to a shape suitable 
for the electrochemical cell and used as a 
working electrode, Ag/AgCl as reference 
electrode and Pt wire as counter electrode. 
Sulfuric acid solution of pH 4.0 (as per US-
DOE) was used as an electrolyte and linear 
sweep voltametry was carried out with 
reference to an Ag/AgCl reference electrode. 

Before conducting experiment using linear 
sweep voltametry, the open circuit voltage 
(OCV) of the cell was measured and 
operating range of the test condition was 
used slightly above the OCV.  

The model we have used for the 
corrosion process assumes that the rates of 
both the anodic and cathodic processes are 
controlled by the kinetics of the electron 
transfer reaction at the metal surface as this 
is generally the case for corrosion reactions.  
An electrochemical reaction under kinetic 
control follows the Tafel equation. 

0

0
-   exp(2.303 ) E EI I
b

           (2) 

Where, I = current resulting from the 
reaction, I0 = a reaction dependent constant 
called the Exchange Current, E = electrode 
potential, E0 = equilibrium potential 
(constant for a given reaction) and b = Tafel 
Constant (constant for a particular reaction). 

The Tafel equations for both the anodic 
and cathodic reactions in a corrosion system 
can be combined to generate the Butler-
Volmer equation. 

- -   [exp(2.303 ) -  exp  (-2.303 )]corr corr
corr

a c

E E E EI I
b b

   (3) 

Where, Icorr = corrosion current measured 
in A, Ecorr = corrosion potential measured in 
V, ba = anodic Tafel constant in volts/decade, 
bc = cathodic Tafel constant in volts/decade. 

Classic Tafel analysis was performed by 
extrapolating the linear portions of a log 
current versus potential plot at their 
intersection. The value of either the anodic or 
the cathodic current at the intersection was 
corrosion current (Icorr) Corrosion current per 

unit area of the working electrode provided 
the corrosion current density of the sample. 

Thermogravimetric analysis : The 
thermal stability of the composite bipolar 
plate was carried out using 
thermogravimetric analyzer (Mettler Toledo; 
model: SDTA 851e) in the range of  
25-500oC at a heating rate of 5oC·min-1 up to 
300oC and further 10oC·min-1 till 500oC 
under nitrogen environment. 
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Microstructure analysis : Scanning 
electron microscope (LEO; model 1430vp) 
was used to investigate the surface 
morphology of the bipolar plate. 

RESULTS AND DISCUSSION 
Bulk density and porosity : Fig.  2 

shows that bulk density of the composite 
bipolar plate decreases linearly with the 
increase in resin content. It is because the 
density of resin less as compared to NG. The 
density of VER was ~1.05gm∙cm-3 while the 
density of NG was ~2.2gm∙cm-3. Thus the 
density of the bipolar plate followed the 
mixing law. 

Porosity for the bipolar plate plays an 
important role in I-V performance analysis of 
fuel cell. The bipolar plate should separate 
the fuel and oxidant in between the adjacent 
cells. Therefore, to avoid any fuel crossover 

the bipolar plate should have the porosity as 
less as possible. The effect of resin content 
on the total porosity of the composite bipolar 
plate is shown in Fig.2. Fig. 2 shows that the 
porosity decreases with the increase in resin 
content upto 25%. However, the further 
increase in resin content increases the 
porosity. The decease in porosity is due to 
the displacement of air by the resin in the 
graphite particles. The porosity of the bipolar 
plate was found be minimum for 25% resin 
content. The increase in porosity after 25% 
resin content may be due to the evaporation 
of styrene monomer during compression 
molding9. Moreover, cross-linking of 
polymer is a condensation reaction,  
thus the removal of formed water molecule 
may also create the pores during curing 
process. The porosity of 0.73% was found to 
be the minimum at 25% resin content. 
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Fig. 2 : Effect of VER content on density and porosity of the bipolar plate 

 
Electrical conductivity : Fuel cells are 

basically operated in the ohmic region of the 
I-V characteristic. Therefore, a slight 
improvement in electrical conductivity of the 
bipolar plate significantly improves the 
performance of the fuel cell stack. Fig. 3 
shows the electrical conductivity of the 
bipolar plate decreases with the increase in 
resin content. The electrical conductivity of 
composite depends upon the distribution of 

the conducting NG particles within the 
insulating polymer matrix10. It was evident 
from the porosity analysis of the bipolar plate 
that at 25% resin content was enough to coat 
the flaky NG particles. Further increase in 
the resin content increases the insulating 
layer thickness between two neighboring NG 
particles and decreases the bulk electrical 
conductivity of the bipolar plate. Moreover, 
the resistivity of the vinyl ester resin was 



 

207 
 

Journal of Environmental Research And Development Vol. 4 No. 1, July-September 2009

more than 10 ohm∙cm while it was 1.2×10-6 
ohm∙cm for natural graphite. Keeping the 

DOE target values in mind the optimum resin 
content was taken to be 25%. 
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Fig. 3 : Effect of VER content on electrical conductivity of the bipolar plate 

Flexural strength : Flexural strength is 
one of the most important properties of 
bipolar plate as it may undergoes a high 
bending pressure during stacking of the cells. 
Fig. 4 shows the flexural properties of the 
composite bipolar plate with different VER 
content. The flexural strength of the 
composite bipolar plate increases with the 
increase in the resin content. It is due to the 
fact that laminate form of VER has flexural 
strength as high as 220MPa. Graphite is an 
inorganic material bonded by covalent bond 
between intraformational particles and van 
der Waals force between interlaminar 
particles10. VER is an organic matter and 
cured by crosslinking of the polymer 
molecules with the help of covalent bond. At 
the curing temperature, the viscosity of the 
resin becomes least and it can diffuse easily 
into the graphite laminates to create adhesive 

bonding among them. Resin can not wet all 
the graphite particles completely if its 
content is too low. VER would coat the 
surface of graphite particles better as its 
content increases, which can reduce the 
porosity of composite. Furthermore, the cross 
linking reaction will occur between resin and 
some active groups (such as hydroxy) on the 
surface of graphite particles. Otherwise,  
the VER tends to form a three-dimensional 
network skeleton structure as its content 
increases, which can raise the bonding  
force between graphite particles. Therefore, 
bending strength of the conductive  
composite would increase with the  
increase in VER content. The flexural 
modulus which indicates the stiffness  
of the composite was found to be maximum 
for 25% VER content and considered  
as optimum resin content. 
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Fig. 4 : Effect of VER content on flexural strength and modulus of the bipolar plate 
Shore hardness : Figure 5 shows the 

variation in shore hardness with volume 
fraction of VER. Initially, on low VER 
loading the increase in shore hardness was 
rapid with the increasing resin content.  
After 30% resin content the rate of increase 

in shore hardness was slow due to the 
increased porosity of the composite at  
higher resin content. Pure VER has  
high impact strength; therefore increase  
in resin content increases the shore hardness 
of the composite. 
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Fig. 5 : Effect of VER content on shore hardness of the bipolar plate 

Corrosion resistance : The anodic 
processes occurring on the working 
electrode depend on the kind of working 
electrode material, pH and the electrolyte 
concentration11. The corrosion current can be 
found out in an electrochemical cell using 

Tafel plots of the anodic and cathodic plots. 
Fig. 6 shows a representative Tafel plot 
analysis for a composite bipolar plate at 25% 
resin content, where the corrosion current is 
the intersection of anodic and cathodic 
extrapolations. 
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Fig. 6 : Tafel analysis using curve fitting (25% resin content) 

Fig. 7 shows the corrosion current 
density of the composite bipolar plate for 
different VER content. It can be seen from 
the Fig.7. that from 15% to 25% VER 
content the corrosion of the bipolar plate 
decreases as the graphite particles were 
coated with the chemically stable resin 
matrix. The bipolar plate becomes more 
corrosive with the VER content more than 
25%. It is because at higher loading of resin 
content the catalyst, accelerator and 
promoter required for curing of VER also 

increases. The increased content of the 
corrosive accelerator, 3% Cobalt Octoate 
solution, makes the bipolar plate corrosive. 
Moreover, the corrosion of graphite  
(after adsorption of oxygen) can be 
described by a complex mechanism as 
shown below12: 

22 ( )adsC O CO C    (4) 
or/and, 

2 22 ( ) 2adsC O H O CO H C     
    (5) 
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Fig. 7 : Effect of resin content on corrosion current density of the composite bipolar plate 

The corrosion current density at 25% 
resin content was found to be 3.09×10-2 

μA∙cm-2 which is far lower than the DOE 
target value (16μA∙cm-2). Therefore the 
bipolar plates were having good corrosion 
resistance at the prevailing experimental 
conditions. 

Thermogravimetric analysis : High 
temperature operation of PEM fuel cell 

reduces the CO poisoning of the platinum 
catalystError! Reference source not found.. Therefore, 
the composite bipolar plates should have 
high thermal stability for high temperature 
fuel cell application. Figure 8 shows the 
representative thermograms of the composite 
bipolar plates. Fig. 8 shows that the thermal 
degradation is higher for the composite with 
higher VER content. The cured VER was 
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distributed within the graphite flakes upto 
the optimum resin content and the resin just 
wet the graphite particles. The thermal 
degradation increases with further increase 
in resin content as composite degradation 
was primarily due to the VER content. It is 

seen that thermal degradation temperatures 
of all composites were near about 350°C. 
This shows that the VER-NG composite 
bipolar plates are thermally and 
dimensionally stable at the operating 
temperatures (upto 180oC) of PEMFC. 
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Fig. 8 : Effect of resin content on thermal stability of the composite bipolar plate 

SEM microstructure of the bipolar 
plate : Fig. 9 shows the SEM micrograph of 
composite bipolar plate with 30% VER.  
Fig. 9(a) shows that the flaky natural 
graphite particles are oriented parallel to the 
surface of the plate which is an expected 
feature of compression molding technique. 
During compression molding the bigger 

graphite particles tend to orient 
perpendicular to pressure direction and 
parallel to the surface of the plate. This 
particular feature is beneficial for the in-
plane electrical conductivity mechanism12. 
From fig. 9(b) it can be concluded that the 
graphite particles are well bonded with the 
help of VER. 

  

Fig. 9 : Morphology of bipolar plate showing layered and network structure of (a) surface  
and (b) fractured portion 

CONCLUSION Composite bipolar plates were 
developed by compression molding 
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technique using VER as a binder material 
and natural graphite as an electrically 
conductive material. The porosity, electrical 
conductivity, mechanical strength, corrosion 
resistance were evaluated as per the ASTM 
standards. The properties of the bipolar 
plates were dependent on the distribution of 
resin within the graphite particles. The resin 
was not enough to coat the graphite particles 
below 25% VER content. On the other hand, 
at higher VER content the distribution of 
resin became uneven and also led to the 
increased porosity of the composite. 
Similarly, at lower resin content the lack of 
resin in the composite was clearly seen in 
the digitally processed images. It was 
cleared from the SEM analysis that the flaky 
natural graphite particles were aligned 

parallel to the surface of the bipolar plate 
which resulted in higher inplane 
conductivity. From the corrosion studies it 
was found that the composite bipolar plates 
were having high corrosion resistance. 
Thermogravimetric analysis showed that 
bipolar plates were thermally stable and 
suitable for high temperature PEMFC 
application. The optimum resin content was 
found to be 25% from various experimental 
evaluations and morphological studies. 
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