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a b s t r a c t

Vacuum resin impregnation method has been used to prepare polymer/compressed expanded graphite
(CEG) composite bipolar plates for proton exchange membrane fuel cells (PEMFCs). In this research, three
different preparation techniques of the epoxy/CEG composite bipolar plate (Compression–Impregnation
method, Impregnation–Compression method and Compression–Impregnation–Compression method)
are optimized by the physical properties of the composite bipolar plates. The optimum con-
ditions and the advantages/disadvantages of the different techniques are discussed respectively.
eywords:
roton exchange membrane fuel cells
omposite bipolar plate
ompressed expanded graphite sheets
acuum impregnation
echnique optimization

Although having different characteristics, bipolar plates obtained by these three techniques can all
meet the demands of PEMFC bipolar plates as long as the optimum conditions are selected. The
Compression–Impregnation–Compression method is shown to be the optimum method because of the
outstanding properties of the bipolar plates. Besides, the cell assembled with these optimum composite
bipolar plates shows excellent stability after 200 h durability testing. Therefore the composite prepared
by vacuum resin impregnation method is a promising candidate for bipolar plate materials in PEMFCs.
. Introduction

Bipolar plate is one of the most significant parts in fuel cells,
hich constitutes the backbone of a fuel cell stack, conducts cur-

ent between cells, facilitates water and thermal management,
nd provides conduits for reactant gases. Generally, there are two
ypes of bipolar plates in PEMFCs: the metal-based bipolar plates
nd the carbon-based bipolar plates. Metal-based bipolar plates
ave higher mechanical strength, lower permeability, and much
uperior manufacturability. However, the main handicap of the
etal-based bipolar plates is the lack of ability to combat corro-

ion in the harsh acidic and humid environment of PEMFCs and the
onsiderable power degradation that may be caused by metal ions
1–7]. Compared with the metal-based bipolar plates, the carbon-

ased bipolar plates have higher corrosion resistance and lower
ontact resistance, but they are considered as brittle and permeable
o gases [7–15]. To develop suitable materials for bipolar plates on
he applications in fuel cells, the physical and electrical properties
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of the bipolar plates should meet the following design requirements
(shown in Table 1) [7,16].

Recently, the polymer/expanded graphite (EG) conductive com-
posites have become a promising candidate for PEMFC bipolar
plates because of lower cost, higher corrosion resistance and eas-
ier manufacturing. Vacuum resin impregnation in CEG sheets was
reported as one of the proper methods for the preparation of poly-
mer/EG composite bipolar plates with good physical properties
[17–23]. For example, Ballard Power System Inc. has investigated
CEG-based composite bipolar plates and applied them in the fuel
cell vehicles [17–19]. In this method, the CEG sheet was firstly
embossed with the flow fields on the surface, and then impreg-
nated with resin and cured. Dalian institute of chemical physics,
Chinese academy of sciences (DICP) and Sunrise Power Co., Ltd.
[20–23] have also developed polymer/CEG composite bipolar plates
which were used in the 1 kW and the 10 kW stacks successfully. This
kind of bipolar plates was prepared by vacuum resin impregnation,
followed by flow field compression and curing. Although having

such differences in preparation technique, both kinds of bipolar
plates mentioned above have outstanding electrical properties and
flexibility because of the preparation based on the CEG sheets.

The composite bipolar plates prepared by the method
of vacuum resin impregnation in CEG sheets have

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pwming@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2010.03.005
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Table 1
The targets of the bipolar plates in PEMFCs.

Characteristic Targets

In-plane electrical conductivity (S cm−1) >100a

Through-plane resistance (mohm cm2) <20b

Flexible strength (MPa) >25a

Gas permeability (cm3 cm−2 s−1) <2.00E−06a

Thermal conductivity (W (m K)−1) >20a
C. Du et al. / Journal of Powe

lready been applied in the kW-class stacks, but few
nvestigations on the preparation technique have been
eported in detail so far. In this study, three methods
Compression–Impregnation method, Impregnation–Compression

ethod and Compression–Impregnation–Compression method)
ere chosen to prepare the epoxy/CEG composite bipolar plates.

heir advantages and disadvantages were investigated and the
onditions of each preparation technique were optimized. All of
he methods were based on the CEG sheets, and epoxy resin was
elected as filler. Besides, the composite bipolar plates prepared
y the optimum technique were assembled into a single cell to
erform 200 h fuel cell durability testing.

. Experimental

.1. Materials and preparation methods for the bipolar plates

The matrices of the composites were CEG sheets (the thickness
s 7 mm) with the density of 0.20 g cm−3. In these experiments, the
poxy resin was chosen as polymer fillers, and the phenolic resin
as used as the curing agent. The alcohol was chosen as the solvent

f the epoxy resin and curing agent.
Three different methods were selected to prepare the com-
osite bipolar plates in this research. The first method (Method
) was named as Compression–Impregnation method. As shown
n Fig. 1, the CEG sheets were compressed directly into the
esired shape followed by resin solution vacuum impregnation.
fter the subsequent processing (e.g. surface post-processing,

Fig. 1. The preparation scheme for the Compre

Fig. 2. The preparation scheme for the Impregn
Corrosion (�A cm−2) <1a

a Department of Energy (DOE) targets [16].
b General Motors (GM) targets [7].

drying and curing), the composite were obtained. The sec-
ond method (Method II) was called Impregnation–Compression
method. In this method, the CEG sheets were firstly impreg-
nated with resin solution in vacuum, followed by compression
and other subsequent processing. The particular process of this
method is shown in Fig. 2. The last method (Method III) was
Compression–Impregnation–Compression method. Be different
from the others, two steps of the compression were applied in this
method. The detailed procedure of this method is shown in Fig. 3.
The CEG sheets were compressed to a medium thickness (2 mm)
by the first step of compression. Then the sheets were impregnated

with resin solution in vacuum followed by surface post-processing,
drying and the second compression. Finally the sheets were cured
and the composite were obtained.

The process of the bipolar plate preparation was similar to that of
the composites, except a little difference in the compression proce-

ssion–Impregnation method (Method I).

ation–Compression method (Method II).
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Fig. 3. The preparation scheme for the Compress

ure (the second compression for Method III). Instead of flat plate,
stainless steel mould was used to shape parallel flow field on

he composites surface with the pressure of 10 MPa. The dimen-
ion value for channel width, land width and channel depth of the
ipolar plate was close to 0.8, 0.6 and 0.4 mm.

.2. Characterization of the composites and bipolar plates

.2.1. Characterization of the microstructure
Scanning electron microscope (SEM, JEOL JSM-6360 LV) was

sed to study the morphology of the composites. The cross-
ectional microstructure of the composite was the primary
bservational object. The dimension of the specimens was
5 mm × 10 mm.

.2.2. Measurement of the electrical properties
The in-plane electrical conductivity (�in-plane) of the composite

as examined with a digital four-point probe detector (SX1934,
aishen Technology) which has a linear configuration with spacing
f 1 mm between the probes. The dimension of the samples was

0 mm × 10 mm.

The through-plane resistance was measured with two gold-
lated copper plates by the universal testing machine (WDW-
010), where the sample was kept under a constant pressure
2.0 MPa) (Fig. 4). Samples with a size of 50 mm × 10 mm were

ig. 4. Scheme of experimental setup used in the through-plane resistances mea-
urement.
pregnation–Compression method (Method III).

placed between two carbon paper layers (Toray TGPH-060) to
simulate the interfacial contact in a fuel cell stack. A given cur-
rent was produced by a programmable power supply (GW INSTEK
PSP-2010) through the two gold-coated copper plates, and the
resultant voltages were measured by multidisplay multimeter
(ESCORT EDM-3150 PRO).

2.2.3. Measurement of the gas permeability
Nitrogen permeability measurements were carried out in a

homemade test facility as shown in Fig. 5. After the circular sam-
ples were mounted in the annular specimen chamber, the N2 was
allowed to flow into the upper chamber. The pressure in the upper
chamber was 0.2 MPa (g). The carrier gas was allowed to the inferior
chamber to transmit the gas to SHIMADZU Gas Chromatography
(GC-14C). And the gas permeability was obtained. The effective
diameter of the sample was 40 mm.

2.2.4. Measurement of the mechanical property
Three-point bending tests were carried out with the samples of

50 mm × 10 mm using the WDW-1010 universal testing machine
according to ASTM D790-02. The support span was 30 mm, and
the crosshead speed was 5 mm min−1. The flexural strength was
calculated according to the following equation:

flextural strenght = 3FL

2Wt2
(1)

where F is the breaking force of the samples, L is the support span,
W is the width and t is the thickness of the sample.

2.2.5. Fuel cell durability testing
The composite bipolar plates with optimum properties were

used for fuel cell durability testing. The active area of the single
cell was 5 cm2. The membrane electrode assembly (MEA), which
was comprised of a Nafion®212 membrane (DuPont) and two elec-
trodes, was prepared by warming-up for 60 s and then hot pressing
at 140 ◦C and 10 MPa for 60 s. Each electrode was supported by
Toray carbon paper (Toray TGPH-060). The Pt loading on the cath-
ode and the anode were both 0.4 mg cm−2.

The cell temperature and the humidification temperature were

both kept at 70 ◦C. The flux of hydrogen and air were 30 sccm (stan-
dard cubic centimeter per minute) and 500 sccm, respectively. The
pressures of the reacting gases were 0.1 MPa (g) on both sides. Per-
formance of the single cell was evaluated by the homemade testing
equipment and Arbin BT2000 electrical load (America, Arbin instru-
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Fig. 5. Scheme of the gas permeability measurement.

Fig. 6. SEM micrographs of cross-section of the composites prepared by different methods with 40% resin solution: (a) the composite prepared by Method I with a low
magnification (×100), (b) the composite prepared by Method I with a high magnification (×5000), (c) the composite prepared by Method II with a low magnification (×100),
(d) the composite prepared by Method II with a high magnification (×5000), (e) the composite prepared by Method III with a low magnification (×100), (f) the composite
prepared by Method III with a high magnification (×5000).
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ents). The current density of the fuel cell durability testing was
00 mA cm−2.

. Results and discussion

.1. Microstructure of the epoxy/CEG composites prepared by
ifferent methods

Fig. 6 shows the cross-sectional morphology of the three kinds of
he epoxy/CEG composites obtained by SEM micrographs. Fig. 6(a)
hows layered microstructure of the epoxy/CEG composites pre-
ared by Method I, and the interlamellar spacing varies from 13
o 72 �m. The further enlarged picture (Fig. 6(b)) shows the un-
xpanded graphite ligaments in the composite. The thickness of
he graphite ligament ranges from 110 to 230 nm, the diame-
er of the diamond pore changes from 0.92 to 4.59 �m. Fig. 6(c)
nd (d) shows the microstructure of the composite prepared by
ethod II at different magnification respectively. Compared with

he other composites, the composite obtained by Method II is of less
nisotropy. The interlamellar spacing varies from 4 to 33 �m, the
hickness of the graphite ligament ranges from 100 to 430 nm, and
he diameter of the diamond pore changes from 0.76 to 3.72 �m.
ig. 6(e) and (f) exhibits the morphology of the composite prepared
y Method III. The interlamellar spacing varies from 3 to 48 �m, the
hickness of the graphite ligament ranges from 90 to 270 nm, and
he diameter of the diamond pore changes from 0.93 to 4.84 �m.

For Method I, the compression process before the resin solution
mpregnation makes the CEG sheets denser and the resin con-
ent in the composite lower. Therefore, the interlamellar spacing
f the composites prepared by Method I is the largest in all the
omposites. Contrarily, because of the highest resin content in the
omposite obtained by Method II, more resin molecules are infused
nto the CEG sheets, hence the interlamellar spacing of this kind
omposite is the lowest. The thicknesses of the graphite ligaments
f the composites prepared by Method I and Method III are similar.
t indicates that resin molecules prefer the interlayer pores to the
iamond pores for the Method I and Method III. Hence the graphite
onductive network in the composites has no significant change.
ompared with the other composites, Method II makes the thick-
ess of the graphite ligament of the composite increase slightly and
he diameter of the diamond pore decrease slightly. It indicates the
esin molecules can enter into both the interlayer pores and the
iamond pores when the density of the CEG sheet is low. There-
ore, the microstructure of the composites prepared by Method II
as a little difference with those of the other composites.

.2. Physical properties of the composites

.2.1. The thicknesses and the resin contents of the composites
The thicknesses and the resin contents of the composites pre-

ared by three methods are shown in Fig. 7.
Fig. 7(a) shows the effect of the resin solution concentration

n the resin content in the composites. With the increasing of the
esin solution concentration, the resin content in the composites
ncreases accordingly. The CEG sheets used in Method I are com-
ressed directly to desired thickness, hence the increased density
f the CEG sheets restrains more resin molecules from entering
nto the sheets. Contrarily, the loose CEG sheets are impregnated
irectly with the resin solution in Method II, therefore the resin
ontent in the composite is the highest. Besides, the resin content

f Method III is between the other two methods because of the
iddle density of the CEG sheets.
Fig. 7(b) exhibits the effect of the resin solution concentration

n the thicknesses of the composites. The desired thickness of the
omposite is 1 mm, but not all the composites can reach this goal. As
Fig. 7. The effect of the resin solution concentration on (a) the resin content in the
composite and (b) the thickness of the composite.

the increasing of the resin solution concentration, the thicknesses of
the composites prepared by Method I and Method III keep constant,
and the thickness of the composite prepared by Method II increases.
The compression step in Method I compresses the CEG sheets to
the desired thickness firstly, and the latter steps cannot affect the
thickness of the composite, hence the thickness of the composite
is constant. The first compression step in Method III can decrease
advisably the resin content in the composite to maintain the desired
thickness of this kind of composite. For Method II, the increasing
resin content in the composite makes the CEG sheet hard to be
compressed, and meanwhile the thickness ascends. It indicates that
the thin composite is difficult to be obtained in Method II when the
resin solution concentration is high.

3.2.2. Electrical properties of the composites
The variations of the electrical properties of the epoxy/CEG com-

posites with respect to the resin solution concentration are shown
in Fig. 8. Fig. 8(a) and (b) shows the in-plane conductivities and the
through-plane resistances of the composites, respectively.

For Method I, with the increasing of the resin solution con-
centration, the in-plane conductivity keeps constant and the
through-plane resistance increases slightly. The first compression
step makes the graphite conductive network in the CEG sheet
denser and steadier (Fig. 6(a) and (b)). The resin molecules which
tend to enter into the interlayer pores cannot destroy the graphite
conductive network, thus the composites prepared by this method

can exhibit excellent electrical properties. And the electrical prop-
erties of all the composites mentioned above could satisfy the
demands of PEMFC bipolar plates (Table 1).

For Method II, when the resin solution concentration ascends,
the in-plane conductivity descends and the through-plane resis-
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ig. 8. The effect of the resin solution concentration on electrical properties of the
omposites prepared by different methods: (a) in-plane electrical conductivity of the
poxy/CEG composite and (b) through-plane resistance of the epoxy/EG composite.

ance ascends. Because of the loose porous structure, resin
olecules can enter into both the interlayer pores and the diamond

ores (Fig. 6(c) and (d)). That is the reason why the graphite conduc-
ive network changes in Method II. Hence the electrical properties
f the composites prepared by Method II are lower than the other
omposites, especially when the resin solution concentration is
igh. Only the composite prepared by 5% resin solution could meet

he request of PEMFC bipolar plates (Table 1).

For Method III, the electrical properties of the prepared com-
osites are between those of Method I and Method II. As the

ncreasing of the resin solution concentration, the in-plane conduc-

ig. 9. The gas permeabilities of the epoxy/CEG composites prepared by different
ethods.
ces 195 (2010) 5312–5319 5317

tivity keeps constant and the through-plane resistance increases
slightly. The tendency of the electrical properties is similar as that
of the composites prepared by Method I, although the resin con-
tent in this kind of composites is higher. The existence of the resin
cannot change the graphite conductive network (Fig. 6(e) and (f)).
Therefore, the composite has favorable electrical properties. The
electrical properties of all the composites prepared by this method
could reach the targets of PEMFC bipolar plates (Table 1).

Hence, the composites prepared by Method I can exhibit the
best electrical properties, and the composites obtained by Method
III take the second place.

3.2.3. Gas permeabilities of the composites
The gas permeabilities of the composites prepared by three

different methods are shown in Fig. 9. When the resin solution
concentration increases, the permeabilities of the composites pre-
pared by Method I and Method III decrease. But for Method II, with
the increasing of the resin solution concentration, the permeability
decreases firstly and then keeps constant when the resin solution
concentration is above 10%.

The permeability of the composite prepared by Method I
is the highest in all the composites. The high density of the
CEG sheet obtained by the first compression step can inhibit
the resin molecules from entering into the pores in the CEG
sheet. Hence the largest porosity (Fig. 6(a)) leads to the high-
est permeability. Only when the resin solution concentration is
high (40%), the gas permeability of the composite is lower than
2 × 10−6 cm3 cm−2 s−1(Table 1), the basic permeability request for
bipolar plate application of Department of Energy (DOE).

The composite prepared by Method II has excellent gas imper-
meability. Because of the loose and porous structure of the raw CEG
sheet, the resin molecules can enter into the pores easily (Fig. 6(c))
to decrease the porosity. The compression step after the impregna-
tion can further reduce the porosity to improve the impermeability
of the composite. Except the composite prepared by 5% resin solu-
tion, all the other composites can meet the request of the DOE
targets (Table 1).

Two compression steps used in Method III can control the resin
content in the composite, so the permeability of the composites
prepared by Method III is between those of the other composites.
When the resin solution concentration is above 20%, the gas per-
meability can satisfy the basic request of the DOE targets (Table 1).

3.2.4. Mechanical properties of the composites
The relationship between the flexural strength and the resin

solution concentration is shown in Fig. 10. For Method I and Method
III, the flexural strength increases with the increasing of the resin
solution concentration. More resin content which decreases the
porosity can improve the flexural strength. When the resin solu-
tion concentration is above 25% and 10% respectively, the flexural
strength of the composites prepared by Method I and Method III
can meet the DOE targets of the bipolar plates (Table 1). Contrar-
ily, the flexural strength of the composite prepared by Method II
decreases when the resin solution concentration increases. It could
be attributed to the increasing of the thickness of the composites.
But all the composites prepared by Method II can meet the DOE
targets (Table 1). Hence the Method II can provide the composites
with the best flexural strength in the three methods.

3.3. The advantages and disadvantages of the techniques
According to the physical properties and microstructure of the
composites, the advantages/disadvantages and the optimum con-
ditions of the technique methods are discussed as follows:

Method I can provide the thin bipolar plate with excellent elec-
trical properties. The technique process is simple and easy to shape.
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ig. 10. The mechanical properties of the epoxy/CEG composites prepared by dif-
erent methods.

ut because of the one-time formation in the first step, the low
esin content in the composite can affect the mechanical property
nd the gas impermeability of the composite. Hence for Method I,
he high resin solution concentration (40%) is considered to be the
ptimum condition to prepare the composites which can meet the
emands of PEMFC bipolar plates.

Method II can prepare the bipolar plate with outstanding gas
mpermeability and mechanical property. The technique process
s also easy. But the loose and porous structure of raw CEG sheet
eads to high resin content in the composite. If resin solution with
igh concentration is chosen to prepare composite with Method

I, the electrical properties and the thickness is hard to meet the
asic request for bipolar plate application. Therefore for Method
I, the low resin solution concentration (<10%) is considered to be
ptimum.

Method III can provide the thin bipolar plate with satisfying elec-
rical, mechanical properties and gas permeability. Compared with

ethod I and Method II, the optimum range of the resin solution
oncentration is broad for Method III. When the resin solution con-
entration changes from 25% to 40%, the composites can all reach
he demands of PEMFC bipolar plates.
When the optimum conditions are chosen, all these methods
bove can provide the favorable epoxy/CEG composite bipolar
lates which can satisfy the request of PEMFC application. But con-
idering the overall properties, the composite obtained by Method

ig. 11. 200 h fuel cell testing with the optimum epoxy/CEG composite bipolar
lates (Method III, 25% resin solution concentration).
Fig. 12. The variety of the PEMFC performance curves and the resistance of the
single cell with the optimum epoxy/CEG bipolar plates before and after the 200 h
fuel cell testing.

III with 25% resin solution concentration is optimum. It indicates
that Method III is the most suitable candidate in the three methods.

3.4. Fuel cell durability testing

200 h performance of the single cell assembled with the opti-
mum composite bipolar plates (Method III, 25% resin solution
concentration) is given in Fig. 11. After 200 h testing, no signifi-
cant performance degradation of the cell is found. The waves which
appear at 30, 70, 100, 120, 140 and 180 h are due to the shut-downs
in order to fill water into the humidifier.

Fig. 12 shows the I–V performance and resistance of the cell
before and after 200 h testing. It is obvious that no evident perfor-
mance decline of the cell is observed, although the resistance of the
cell increases slightly.

The steady performance of the cell indicates that the method of
Compression–Impregnation–Compression (Method III) could pre-
pare outstanding composites, which are suitable for the application
of the preparation of the PEMFC bipolar plates.

4. Conclusion

Three types of preparation methods of the composite bipolar
plates are investigated in this paper. Compression–Impregnation
method (Method I) can provide thin bipolar plate with excellent
electrical properties at the sacrifice of partial gas impermeability
and mechanical property. Contrarily, Impregnation–Compression
method (Method II) can prepare the bipolar plate with out-
standing gas impermeability and mechanical property, but the
electrical properties will decrease partly at the same time.
Compression–Impregnation–Compression method (Method III)
can provide the thin bipolar plate with excellent electrical,
mechanical properties and gas permeability, although two-step
compression steps are necessary.

Although having different characteristics, bipolar plates
obtained by all the techniques can meet demands of PEMFC appli-
cation as long as the optimum conditions are selected. For Method
I, the high resin solution concentration (40%) is the optimum
condition for preparation. For Method II, the low resin solution

concentration (<10%) is the optimum range. For Method III, the
optimum range of the resin solution concentration is between 25%
and 40%.

Considering the overall physical properties of the composites,
the epoxy/CEG composite bipolar plate prepared by Method III with
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5% resin solution concentration is regarded as the most suitable
andidate for PEMFCs. The steady performance of the single cell
ndicates that the method of resin vacuum impregnation with CEG
heets could prepare outstanding composites, which are suitable
or the PEMFC bipolar plates. The liquid permeability, the stability
nd the cost of the epoxy/CEG composite bipolar plate in PEMFCs
ill be focused on in the future works.
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