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bstract

The bipolar plates are in weight and volume the major part of PEM fuel cell stack, and also a significant effect to the stack cost. To develop the
ow-cost and low-weight bipolar plate for PEM fuel cell, we have developed a kind of cheap expanded graphite plate material and a production

rocess for fuel cell bipolar plates. The plates have a high electric conductivity and low density, and can be stamped directly forming fuel cell
ipolar plates. Then, 1 and 10 kW stacks using expanded graphite bipolar plates are successfully assembled. The contact resistance of the bipolar
late is investigated and the electrochemical performances of the fuel cell stacks are tested. Good fuel cell performance is obtained and the voltage
istribution among every single cell in the stacks is very uniform.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The proton exchange membrane fuel cell is an optimal alter-
ative in future vehicle application owing to its properties of
igh power density and energy conversion efficiency. In addi-
ion, it is an environment-friendly power source. Presently there
re still some challenges for the commercialization of PEMFC,
ne of the main obstacles is the quite high manufacture cost of
he fuel cell stack. The two key components of fuel cell stack are
ipolar plates and MEAs that cost more than 90% of total cost.
herefore, greatly improving performance of these two compo-
ents and decreasing the cost of manufacture materials are the
rucial problems of fuel cell commercial application. The cost
arget of bipolar plates for fuel cell vehicles is established to be
S$ 10 kW−1 [1].
Currently, challenges for commercial applications of PEMFC

nclude reducing the cost and weight of the fuel cell stack [2].
n integrant part of the PEM fuel cell stack is the bipolar
lates, which accounts for about 80% of total weight and 45%

f stack cost [3]. So the critical topic of bipolar plate study
s to develop the lighter and lower cost bipolar plates. There
re many kinds of bipolar plates for fuel cells, the most com-
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only used bipolar plate materials are metal and carbon. Sheet
etal is a potential candidate for bipolar plate material since it

as good mechanical stability, electrical conductivity and ther-
al conductivity and can be easily stamped to desired shape

o accommodate the flow channels. However, as bipolar plates,
hey are exposed to an operating environment with a pH of 2–3
t temperatures of around 80 ◦C [4], and prone to corrosion or
issolution. On the other hand the dissolved metal ions may
esult in the poisoning of PEM membranes and hence lower the
onic conductivity. Moreover, a corrosion layer on the surface of
bipolar plate increases the electrical resistance and decreases

he power output of the cell. To solve these issues, metal plates
oated with a protective layer have been studied to improve the
roperties in the environment of PEMFC operating [5–8]. As
he other candidates to meet the requirements of PEMFC bipo-
ar plate, carbon composites have been developed extensively
9–16]. Graphite plate that based on carbon material is widely
sed in fuel cell bipolar plates because it has excellent chemi-
al stability in the fuel cell environment. However, the cost of
aterial and manufacturing of traditional graphite bipolar plate

s very high and there is no method to decrease it obviously
17,18].
Because the material and manufacturing costs of the tra-
itional graphite plates are not the best choice at least for
utomotive applications, extensive efforts have been made to
evelop alternative bipolar plate materials, including metallic
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nd graphite-based composite bipolar plates [12,13,19–21].
raphite-based composite bipolar plates are made from a com-
ination of graphite or carbon powder filler and a polymer resin
ith conventional polymer processing methods like compres-

ion molding or injection molding. They offer the advantages
f lower cost, higher flexibility and greater ease of manufactur-
ng than graphite plates. They are also light in weight compared
o metallic and graphite plates. The gas flow channels can be

olded directly into the plate, eliminating the need for the costly
achining step.
In this article, we have developed a kind of bipolar plate

ade of expanded graphite plates. This expanded graphite plate
aterial is porous and sandwich structure and it also has the

roperties of low cost, lightweight, good corrosion resistance
nd high electrical conductivity. The raw graphite ore is rapidly
xpanded when the expansion reagent joins, it can be pressed to
ifferent densities of expanded graphite plate [22]. Because the
xpanded graphite plate has not to be pretreated at high temper-
ture the material manufacturing cost can be decreased much
ore, its price is US$ 4–5 kg−1 in China market. On the other

and, the expanded graphite bipolar plate has predominance
n the power density and the endurance of impacting vibration
ecause it has lower density and high flexibility. Therefore, the
xpand graphite bipolar plates are worldwide investigated by
uel cell automotive developers. Ballard Power Systems Inc.
as firstly investigated expanded graphite bipolar plates and
pplied in fuel cell buses. We have also developed the man-
facture technology of expanded graphite bipolar plate, but
ur manufacture technique and material [23] is different from
hat of Ballard Power Systems Inc. [24]. We have successfully
ssembled 1 and 10 kW stacks using expanded graphite bipolar
lates.

. Experimental

.1. Fabrication of expanded graphite bipolar plate

To prepare expanded graphite bipolar plates, a low vis-
osity thermosetting resin was used to impregnate the raw
xpanded graphite plates in vacuum for 10 min to improve
he structural rigidity and to reduce gas penetration. Then the
mpregnated expanded graphite plates were dried in vacuum-
tove. The degree and the time of heating will vary with the
ature and amount of solvent, and is preferably from about
0 to 120 ◦C for about 10–30 min for this purpose. The flow
hannels for gas and cooling water were formed on both
ajor surfaces of an impregnated expanded graphite plate by

tamping processes. In this stamping process a hydraulic press
achine and two moulds with flow channels were applied,

he total time is not more than 2 min for a piece of plate.
inally, two pieces of stamping plates with flow channels
ere felted together forming an integrated expanded graphite

ipolar plate [22]. The size of expanded graphite bipolar
late was 410 mm × 100 mm, the thickness of bipolar plate
as about 3.0 mm. The density of bipolar plate is about
g cm−3.

t
t
f
c
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To prepare metal composite bipolar plates, 0.2 mm 316L
tainless steel plate with surface treatment was adopted as sup-
orting plate; the expanded graphite plate was adopted as flow
eld plate which was produced by compressing molding; cool-

ng water flow field was also produced by compressed expanded
raphite.

Before single cell tests, electrical contact resistance and
ater contact angles of graphite, metal composite and expanded
raphite plates were measured. For comparison, graphite bipolar
lates were prepared by machining flow channels.

.2. Preparation of membrane electrode assembly (MEA)

For MEA preparation, catalyst ink was prepared by mixing
he catalyst powders (40 wt.% Pt/C, E-TEK), Nafion® solution,
nd iso-propyl alcohol. Nafion® 112 was used as the proton
xchange membrane and Toray® carbon paper was used as the
as diffusion layers. Then, the prepared catalyst ink was sprayed
nto the gas diffusion layers with platinum loading of 0.3 and
.5 mg cm−2 for anode and cathode, respectively. Then, MEAs
ere fabricated by placing the catalyst-coated electrodes on both

ides of pre-treated Nafion® 112 membrane, followed by hot
ressing at 130 ◦C and 200 kg cm−2 for 90 s. The electrode active
rea was 270 cm2.

.3. Tests of single cell with different kind of bipolar plates

Three single cells were assembled by different kinds of bipo-
ar plates and the same MEAs. To operate the single cells, fully
umidified hydrogen and oxygen were fed to the anode and
athode, respectively. Stoichiometry of the fuel and the oxidant
as 1.5 and 2.5, respectively. Operating temperature and pres-

ure were 60 ◦C and 30 kPa, respectively. Performances of three
ingle cells were evaluated by measuring I–V curves using an
lectronic load (Arbin Instruments) and shown in Fig. 3. Before
he measurements, the single cells were operated for 24 h for
ctivation. To investigate degradation of the bipolar plates, life-
ime of the bipolar plates were evaluated by measuring voltage
t a current density of 500 mA cm−2 as a function of operating
ime.

.4. The assemblage and testing of a 1 and 10 kW class
EMFC stack

A 1 kW (16 single cells) and a 10 kW (130 single cells)
EMFC stacks were assembled using the expanded graphite
ipolar plates and the MEAs which were fabricated by the
echnology mentioned above. The performance of these two
tacks were tested on a high precision PEMFC testing equip-
ent (FCATS-H36000, Hydrogenics, Canada), the experimen-

al parameters of fuel, oxidant, operating temperature and pres-
ure, stoichiometry of hydrogen and air were all same as those
f the single cell. The relative humidity of the reactive gases in

he PEMFC was accurately controlled by accurately controlled
he dew point temperature of the reactive gases. Finally the per-
ormances of these stacks were evaluated by the obtained I–V
urves.
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. Results and discussion

.1. Material characterization

The contact resistance is an important factor affecting cell
erformance in fuel cell application since the contact resistance
ould have stronger effects on cell performance rather than
ulk or surface resistance of the bipolar plate [25]. To evaluate
lectrical resistance of pure graphite, composite and expanded
raphite, contact resistance including bulk resistance of a bipolar
late material and two gas diffusion layers and diffusion layers
ere measured. In this experiment the contact resistances of

everal kinds of bipolar plates were measured using an electro-
mnipotent testing apparatus that was specialized to measure
ontact resistance all kinds of bipolar plate. To simulate the
uel cell stack condition, the contact resistance was measured
y applying various compaction pressures and shown in Fig. 1.
he result indicates that the contact resistance between bipo-

ar plates and gas diffusion layers decreases rapidly when the
ressure on the two sides of the bipolar plate increases in a rel-
tive low (F < 50 N cm−2) scale, but when the pressure reaches
o a certain degree (F > 100 N cm−2) this contact resistance was
ardly affected by the change of the pressure. As it can be seen
n Fig. 1 the contact resistances between carbon paper (diffu-
ion layer) and pure graphite bipolar plate, composite bipolar
late, expanded graphite bipolar plate are 13.94, 21.74, and
1.85 � cm2 at the pressure of 140 N cm−2. The contact resis-
ance of expanded graphite bipolar plate was the highest one,
his result owing to the macromolecule polymer introduced into
he expanded graphite bipolar plate during the preparation of the
late. However, the increase contact resistance did not affect the
erformance of the fuel cell in Fig. 3. These results show that,
t the point of electrical contact resistance, expanded graphite
ipolar plate can be applied to bipolar plates of PEMFC.

Surface energy of bipolar plates is another important factor
o affect cell performance, particularly at high current densities

ince water produced by the cathode reaction should be properly
emoved. The bipolar plate with low surface energy is readily
ooded at the cathode side of a cell [26]. To evaluate surface

ig. 1. Contact resistance of three kinds of bipolar plates measured at various
ompaction pressures.
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ig. 2. Static water contact angle of graphite plate, metal composite plate, and
xpanded graphite plate.

nergy of the material, water contact angle is measured. The
ower the contact angle is, the lower is the surface energy of
he material. Fig. 2 exhibits water contact angle of expanded
raphite plates is bigger than that of pure graphite plates. There-
ore, this expanded graphite bipolar plate can be applied in
EMFC.

To evaluate performance of expanded graphite bipolar plates,
ingle cells have been fabricated using graphite, metal compos-
te, and expanded graphite bipolar plates. Fig. 3 shows initial per-
ormance of the single cells with three different bipolar plates.
he performance of the fuel cell using expanded graphite bipo-

ar plate is slightly lower than the performance of fuel cell using
ure graphite bipolar plate. This phenomenon can be explained
y the higher contact resistance of the expanded graphite bipolar
late. The performance of metal composite bipolar plate fuel cell
s the same as that of expanded bipolar plate fuel cell, which is
wing to the surface oxidation of metal composite bipolar plate
hich results in the contact resistance increasing during the cell
perating.

Fig. 4 shows the short-term performance of the fuel cell, the

uel cell is operated over 200 h at a constant current density
00 mA cm−2. The performance does not degrade obviously,
ut it is not enough for fuel cell vehicles. The life-time of fuel

ig. 3. I–V curves for the single cells using graphite, metal composite, and
xpanded graphite bipolar plates; operating temperature = 60 ◦C; operating pres-
ure = ambient; λH2 = 1.5 and λair = 2.5; RHH2 = 60%; RHair = 80%.
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ig. 4. Life-time test of the single fuel cell using the expanded graphite bipolar
late at a constant current density of 500 mA cm−2.

ell should be over 5000 h if fuel cells are applied in vehicles.
herefore, the durability examination is needed.

.2. Performance of 1 kW PEMFC stack

The new kind of bipolar plate for fuel cell must be validated by
he performance of fuel cell. Therefore, a kW class PEMFC stack
ith 16 single cells is assembled using the expanded graphite
ipolar plates to validate the feasibility of this kind of bipolar
late. The PEMFC stack is activated for 24 h at ambient pres-
ure, then, the I–V curves of the stack is measured to estimate
erformance of the stack. The result indicates that the PEMFC
tack assembled using the expanded graphite bipolar plate can
e operated steadily. It can be seen in Fig. 5 that the output
ower can reach to 1.6 kW and the power density can exceed
.37 W cm−2. In addition, Fig. 6 gives the performance curves
f the stack under different operating pressures, it can see that the
ower of the stack can reach to 2.4 kW and the power density can
xceed 0.54 W cm−2 when the PEMFC stack runs under higher
orking pressure. These data indicate that the performance of
his kind of PEMFC stack is very good and the expanded graphite
ipolar plate is a nice choice for PEMFC.

The histogram in Fig. 7 shows the voltage distribution of
very single cell in the 16-cell stacks when the stack is operated

ig. 5. The PEMFC performance curves of the 16-cell short stack with
xpanded graphite bipolar plates; operating temperature = 60 ◦C; operating pres-
ure = ambient; λH2 = 1.5 and λair = 2.5; RHH2 = 60%; RHair = 80%.
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ig. 6. The performance curves of the short expanded graphite bipolar plates
EMFC stack with 16 single cells at various operate pressures; operating tem-
erature = 60 ◦C; λH2 = 1.5 and λair = 2.5; RHH2 = 60%; RHair = 80%.

t the current density of 500 mA cm−2, the histogram indicates
he performance of every single cell in this short stack is con-
iderable uniform and the difference between the maximum and
he minimum voltages of the single cells among the stack is less
han 60 mV.

.3. Performance of 10 kW class PEMFC stack

The feasibility of expanded graphite bipolar plates in fuel cell
s validated by assembling a 10 kW class PEMFC stack with
hese plates, the stack has 130 single cells and the appearance of
he stack is shown in Fig. 8. The performance of the stack and
he uniformity of gases distributing on the bipolar plate among
he stack is reflected by the following operating record of the
tack.

Fig. 9 shows the performance curves of the 130-cell stack.
t can be seen that the output power of the PEMFC stack under
mbient pressure can reach to 14.3 kW, this result indicates that
he electrochemical performance of large stack assembled with
xpanded graphite bipolar plate is favorable and can satisfy the

ualification of the PEMFC. Fig. 10 gives the voltage distribu-
ion curves of every single cells in the 130-cell stack at different
urrent levels, the cell voltages are more uniform which indicates
hat the stack can run steadily and the flow field structure and

ig. 7. Voltage distribution in the 16-cell stack at current density 500 mA cm−2.
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Fig. 8. The 10 kW (130-cell) stack using the expanded graphite bipolar plates.
Active area was 270 cm2.

Fig. 9. The ambient pressure performance curves of the 130-cell stack assem-
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perating pressure = ambient pressure; λH2 = 1.5 and λair = 2.5; RHH2 = 60%;
Hair = 80%.

anufacture technology of expanded graphite bipolar plate have

lready satisfied the requirement of gas distribution among every
ingle cell in the large stack. Above all, the weight of this 130-
ell stack is 30 kg and the weight power density is 475 W kg−1

t ambient pressure, therefore, expanded graphite can sever as

ig. 10. The voltage distribution of every single cell among the 130-cell stack
t the current 135, 54 and 0 A; operating temperature = 60 ◦C; operating pres-
ure = ambient pressure; λH2 = 1.5 and λair = 2.5; RHH2 = 60%; RHair = 80%.
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ipolar plate material in fuel cell and can be applied widely in
he future.

.4. Cost of the expanded graphite bipolar plate

Because the expanded graphite plate need not been pretreated
t high temperature the material cost is very low, its price is US$
–5 kg−1 in China market. The gas flow channels and cooling
ater channels can be stamped directly, eliminating the step for

ostly machining. To evaluate the cost of material and technol-
gy a typical plate design was used. The size of the bipolar plate
as 410 mm × 100 mm. The thickness of the bipolar plate was
mm. The weight of the bipolar plate was 130 g. The bipolar
late included gas channels, cooling channels and integrated
eals. The cost of expanded graphite plate material and polymer
esin is less than US$ 1 per piece; the cost of molds, equip-
ent, and energy consumption is about US$ 1.3 per piece for a

apacity of 2000 plates per month. Currently, the cost of labor is
bout US$ 0.7 per piece, thus the total cost price of per expanded
raphite bipolar plate was about US$ 3 per piece for the area of
10 cm2. The cost of bipolar plates can be more reduced if the
ipolar plates are mass-produced.

. Conclusions

The expanded graphite is a low-cost bipolar plate material;
t has low contact resistance and high surface energy. A 1 and
0 kW class PEMFC stacks using expanded graphite bipolar
lates are successfully assembled and the performance of the
tacks is excellent.

The power of the 16-cell short stack can reach to 1.6 kW
nd the power density of the MEA in the stack can surpass
.37 W cm−2 when the stack is running under ambient pressure.
urthermore, when the stack is operating under higher pres-
ure (2 bar) and the maximum working current density exceeds
000 mA cm−2, the performance of the stack can reach to 2.4 kW
nd the power density of the MEA in the stack can exceed
.54 W cm−2.

In addition, the performance of the 130-cell stack is also sat-
sfied, the performance of every single cell in the stack is very
niform and the performance is steadily.

The expanded graphite is a promising bipolar plate material
or PEMFC commercialization development.
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