
A

p
d
p
u
w
H
i
T
w
©

K

1

l
e
t
fl
a
D
s
t
d
s
a
e
i

0
d

Journal of Power Sources 166 (2007) 419–423

Short communication

Aluminate cement/graphite conductive composite bipolar
plate for proton exchange membrane fuel cells

Shen Chunhui ∗, Pan Mu, Hua Zhoufa, Yuan Runzhang
State Key Laboratory of Advanced Technology for Materials Synthesis and Processing of Wuhan

University of Technology, Wuhan 430070, China

Received 10 November 2006; received in revised form 28 January 2007; accepted 30 January 2007
Available online 6 February 2007

bstract

Aluminate cement/graphite conductive composite bipolar plate for proton exchange membrane fuel cells (PEMFC) was prepared by mold
ressing at room temperature. The effect of size of graphite particles on the conductivity and the flexural strength of composite bipolar plate were
iscussed. Resistance to acid corrosion, thermal property and pore size distribution of this composite bipolar plate were also investigated in this
aper. The experiment results show that the conductivity and the flexural strength of this composite bipolar plate can be improved by choosing
niform size graphite as conductive fillers. The corrosion current is about 10−4.5 A cm−2 from polarization curves of this composite bipolar plate,
hich shows that this composite bipolar plate is acid corrosion-resistant. Al and Ca ions may leach from this composite bipolar plate after 1 M
2SO4 acid corrosion. But Al and Ca ions leaching from this composite bipolar plate are only a little percentage of the total Al and Ca ions content
n the composite bipolar plate after acid corrosion at 30 ◦C. This composite bipolar plate is also thermally stable from room temperature to 400 ◦C.
he large amount of pore in this composite bipolar plate is gel capillary pores because of the hydration and solidification of aluminate cement,
hich make it possess humidifying function during the PEMFC operating.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The performance of machined graphite bipolar plate is excel-
ent and it is adopted extensively in the construction of proton
xchange membrane fuel cell (PEMFC). However, its manufac-
uring technology is relatively complicated and, especially, its
ow channels can be only machined, so its cost is very high
nd account for about 45% of fuel cell stack cost [1]. The US
epartment of Energy (DOE) requires that the cost of a fuel cell

tack system must be reduced from US$ 800 to US$ 35 kW−1

o become a commercial success in automobile use. Other stack
esigns consider the use of metal hardware such as stainless
teel [2]. However, a number of disadvantages are also associ-

ted with stainless steel, including high cost of machining and
specially possible corrosion in the fuel cell environment, which
s very difficult to be resolved at present.

∗ Corresponding author. Tel.: +86 27 87651841 8010; fax: +86 27 87879468.
E-mail address: lilei28@sohu.com (C. Shen).
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In the light of these difficulties, much of the recent work
n fuel cell bipolar plate materials has concentrated on a
olded composite graphite bipolar plate [3–7], which offer the

otential advantages of lower cost, lower weight and greater
ase of manufacture than traditional graphite bipolar plates,
or instance, flow fields can be molded directly into these
omposites. So, a molded composite graphite bipolar plate is
nexpensive and performs as well as machined graphite bipolar
lates.

In addition, because NAFION membrane of DUPONT Com-
any is used in PEMFC extensively, it is very essential to
umidify the membrane in the course of operating the PEMFC.
umidifying through external equipment is generally adopted

t present, which increase the volume and the cost of the fuel
ell stack directly [8]. So, it is a considerable direction to
umidify the NAFION membrane through internal equipment.

n recent years, world wide research efforts have been addressed
o remove the externally humidifying unit from the PEMFC
ystem by endowing the membrane electrode assembly (MEA)
ith self-humidifying ability [9]. Differently, Institute of Gas
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echnology and International Fuel Cells give bipolar plate self-
umidifying function by changing the materials or structure of
ipolar plate [10,11]. In this way, the volume and weight of the
uel cell stack can be reduced and it is favorable to be integrated.

So, aluminate cement/graphite composite bipolar plate,
hich has self-humidifying function, have been developed in
ur laboratory.

. Experimental

.1. Materials

Aluminate cement/graphite composite bipolar plates were
repared according to literatures [12]. The flow fields were
arved using numerical control (NC) machine tool of Beijing
arving Technological Co. Ltd. The sample pictures are shown

n Fig. 1. All the conductive composite bipolar plates were not
roken during machining flow fields. The flow channels are very
lear and the ridges of flow fields don’t collapse.

.2. Measurements of conductivity

The electrical resistance (R) of composite samples was mea-
ured using a TH 2512 type testing apparatus of low resistance of
irect current (Changzhou). The average electrical resistance of
ach sample was obtained from three repeated measurements at
ifferent locations on the sample. The resistivity (ρ) was calcu-
ated as: ρ = RWT/L and the conductivity (σ) was calculated as:
= 1/ρ = L/W/T/R, where L, W and T are length, width and thick-

ess of the sample, respectively. The contact resistance between
ipolar plates and gas diffusion layer (GDL) in PEM fuel cells is
lso very crucial, which will be tested in the future experiments.
.3. Measurements of flexural strength

The flexural strength of composite bipolar plates was inves-
igated by Instron 5548 micro tester. The width and thickness

Fig. 1. The picture of aluminate cement/graphite composite bipolar plate.
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f sample are 5 and 2.5 mm, respectively. The adjusted span is
2 mm. The rate of displacement is 0.5 mm min−1.

.4. Characterizations of resistance to acid corrosion

The resistance to acid corrosion of composite bipolar plate
amples was examined with Potentiostat Galvnostat, Autolab of
co Chemie Inc., Netherlands. A conventional three-electrode
ystem was used in the electrochemical measurements, in which

platinum sheet acted as the counter electrode, a saturated
alomel electrode (SCE) as the reference electrode and the com-
osite bipolar plate sample as the working electrode. A scanning
ate of 1 mV s−1 was selected for linear sweep voltammetry mea-
urements. Plots of voltage versus current were recorded. Tafel
lots were used to determine the corrosion current density.

In addition, metal ions possibly leach from this composite
ipolar plate, which is will significantly reduce the conductiv-
ty of the proton exchange membrane. So, metal ions content
n corrosion solution also need to be measured. The composite
ipolar plate sample is immersed in 1 M H2SO4 solution. After
h, metal ions content in the solution was measured by induc-

ively coupled plasma atomic emission spectrometry (ICP-AES)
f Perkin-Elmer Inc., US.

.5. Thermogravimetric analysis (TGA)

Thermal degradation of composite bipolar plates was mea-
ured by DSC–TG instrument (NETZSCH STA 449C) from
oom temperature to 400 ◦C with a heating rate of 10 ◦C min−1.

.6. Porosity analysis

The pore size in the composite bipolar plates was also
easured by PM 33 Mercury Intrusion Porosimeter from Quan-

achrome Instruments.

. Results and discussion

.1. The effect of graphite size on the conductivity and the
exural strength of composite bipolar plate

Four kinds of graphite powder with size of <45, 45–65, 65–90

nd >90 �m were divided using sample sifter and the effect
f graphite size on the conductivity and the flexural strength
f composite bipolar plate were investigated. The experimental
esult is shown in Tables 1 and 2.

able 1
he effect of graphite size on the conductivity of composite bipolar plate with
0 wt% graphite content

raphite powder size (�m) The conductivity of composite
bipolar plate (S cm−1)

45 367.54
45–65 386.98
65–90 428.17
90 467.61
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Table 2
The effect of graphite size on the flexural strength of composite bipolar plate
with 60 wt% graphite content

Graphite powder size (�m) The flexural strength of composite
bipolar plate (MPa)

<45 49.08
45–65 38.54
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65–90 38.11
90 34.31

It can be seen from Tables 1 and 2 that when the graphite
ontent is certain (60 wt%), the conductivity and the flexu-
al strength of composite bipolar plate with uniform graphite
ize are all higher than that of composite bipolar plate with
ixed graphite size (shown in Ref. [12]). The possible rea-

on is that when graphite size is uniform, the piling up of the
raphite powder is near to the most closely accumulation and
he compactness of composite bipolar plate was also improved.
t the same time, the adhesion between hydration product of

luminate cement and graphite is near same and the defect of
omposite bipolar plate is reduced. Consequently, the conductiv-
ty and the flexural strength of composite bipolar plate were all
mproved.

It can also be seen from Table 1 that the larger the graphite
ize is, the higher the conductivity of composite bipolar plate
s. The main reason of this phenomenon is that, in the same
ontent of the graphite, the larger the graphite size is, the
ewer the number of graphite particle is, namely, the contact
ot between the graphite particles will be reduced, at the same
ime, the contact area between the particles increases. These all

ake the contact resistance among graphite particles reduce. For
omposites containing a large quantity of conductive filler, the
ontact resistance of particle greatly influences the conductivity
f composite, so the larger the particle size is, the higher the
onductivity is.

Because the small size graphite possesses more surface
rea and the number of graphite particle, the combining dot
etween the small size graphite and hydration product of alu-
inate cement increases. As a result, the adhesion between

mall size graphite and hydration product of aluminate cement
n the composite bipolar plate become stronger. The poros-
ty and number of voids decreases with decreasing graphite
ize. Hence, the flexural strength of composite bipolar plate
ncreases with decreasing graphite size, which is shown in
able 2.

In addition, before the graphite size is chosen, we must also
onsider the exquisiteness of flow field of mold pressing com-
osite bipolar plate.

.2. Resistance to acid corrosion of composite bipolar plate

During running PEMFC system, firstly, acid concentration

f water discharging from PEMFC is pH 1–4, lastly, pH is 6–7.
hus, in the present experiment, 1 M H2SO4 solution is chosen
s accelerating corrosion solution, which simulated the direct
ontact of bipolar plate with strong acidic polymer electrolyte

q
p
s
a

ig. 2. Polarization curve for aluminate cement/graphite composite bipolar plate
ith 60 wt% graphite content in 1 M H2SO4 solution at R.T.

nd represented an aggressive environment for a relatively short
est time.

.2.1. Polarization curve
The primary hydration products of aluminate cement at

oom temperature are crystals: CAH10(CaO·Al2O3·10H2O),
2AH8(2CaO·Al2O3·8H2O) and alumina hydrate AH3(Al2O3·
H2O) fill into pores of crystal frameworks. Because this experi-
ent sample were immersed in water of 80 ◦C for an hour during
easuring the water content of sample, hydration products may

hange from CAH10, C2AH8 to C3AH6(3CaO·Al2O3·6H2O).
hus, there is a great deal C3AH6 in the sample. Fig. 2 gives
olarization curve for aluminate cement/graphite composite
ipolar plate with 60 wt% graphite content in 1 M H2SO4 solu-
ion at room temperature. It can be seen that the polar-
zation curve displayed definitely three current peaks with
ncreasing electrode potential from the corrosion potential.
he first current peak was caused by the AH3 dissolution,
H3(Al2O3·3H2O) + 6H+ → 2Al3+ + 6H2O and the corrosion

urrent is about 10−6 A cm−2. The second current peak was
aused by the CAH10 or C2AH8 dissolution and the corrosion
urrent is about 10−5.5 A cm−2. The third current peak
as caused by the C3AH6 dissolution, C3AH6(3CaO·Al2O3·
H2O) + 6H+ → 3Ca2+ + 2Al(OH)3 ↓ + 6H2O and the corro-
ion current is about 10−4.5 A cm−2. American Department of
nergy requires that the corrosion current of bipolar plate in
EMFC should be less than 16 �A cm−2 and leachants from
ipolar plate do not contaminate MEA.

It can be seen from above experiment results that the acid
rst attack AH3, subsequently, the acid further attack CAH10,
2AH8, or C3AH6. Alumina hydrate (AH3) is stable when acid

olution concentration is pH > 4 [13]. Although there is the
issolution of the calcium component of the other hydration
roduct, its dissolution will lead to the formation of additional

uantities of AH3, which fill into pores, protecting the com-
osite bipolar plate from further attack and generally giving a
moother attacked surface with less aggregate loss. Therefore,
luminate cement/graphite composite bipolar plate is possibly
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Table 3
Metal ions content in the corrosion solution for aluminate cement/graphite composite bipolar plate

Metal ions content (mg L−1)

Si Ti Al Ca Fe K Na

S ◦
S
N 0
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ample1 (30 C) 22.34 1.16 92.73
ample 2 (80 ◦C) 47.55 4.49 337.1
ot sample 0.724 0.008 0.09

ully acid corrosion-resistant when acid solution concentration is
H > 4.

.2.2. Metal ions content in acid corrosion solution
The samples 1 and 2 are immersed in 25 mL 1 M H2SO4

olution at 30 and 80 ◦C for 1 h, respectively. The total Al and
a content in the sample 1 are about 3094 and 2770 mg L−1,

espectively. The total Al and Ca content in the sample 2 are
bout 2150 and 1925 mg L−1, respectively. Metal ions content
n the corrosion solution is shown in Table 3. It can be seen
rom Table 1 that after acid corrosion at 30 ◦C, Al and Ca ions
ontent in acid corrosion solution increase. But Al and Ca ions
eaching from this composite bipolar plate are only 2–3% of the
otal Al and Ca content in the composite bipolar plate. After acid
orrosion at 80 ◦C, Al and Ca ions leaching from this composite
ipolar plate are 12–16% of the total Al and Ca content in the
omposite bipolar plate. Acid corrosion reaction is shown in
elow equation:

C3AH6(3CaO·Al2O3·6H2O) + 2AH3(Al2O3·3H2O) + 24H+

→ 3Ca2+ + 6Al3+ + 24H2O

t can be seen from above experiment results that Al and Ca ions
ay leach from this composite bipolar plate after 1 M H2SO4

cid corrosion. What degree these Al and Ca ions leaching from
his composite bipolar plate influence PEMFC performance need

o be investigated using I–V and I–P performance of single cell
nd stack using this composite bipolar plate in the future exper-
ments. In addition, in order to reduce Al and Ca ions content
eaching from this composite bipolar plate, we can choose alu-
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Fig. 3. DSC–TG curves of the aluminate cement/graphite c
56.04 5.675 4.257 2.002
220.5 16.82 7.18 2.61

1.699 0.128 0.515 1.590

inate cement of higher Al2O3 content and add polymer, for
xample, polyvinyl alcohol (PVA) into aluminate cement (MDF
ement).

.3. Thermal property of composite bipolar plate

The DSC–TG curve of this composite bipolar plate is pre-
ented in Fig. 3. There is a weak endothermic peak at 112.8 ◦C,
t which the weight loss of plate is about 3.20%. This is release of
ree water in the hydration products of aluminate cement. There
s a strong endothermic peak at 295.2 ◦C, at which the weight
oss of plate is about 9.08%. This is release of gel water in the
ydration products of aluminate cement. So, the basic reason
hy this composite bipolar plate has weight loss is that water

an leach from this composite bipolar plate with temperature
ncreasing. Since the working temperature of PEMFC is about
0–100 ◦C, this composite bipolar plate is thermally stable over
his range.

.4. Pore size distribution in the composite bipolar plate

The pore size in the composite bipolar plate was also mea-
ured for composite bipolar plate with 60 wt% graphite content.
he experiment result is shown in Fig. 4. It can be seen from
ig. 4 that the smallest and the biggest pore size is 0.01–0.02
nd 4–5 �m, respectively, and the large amount of pore is pores

ith pore size of 0.1–0.4 �m, which be possibly caused by the
ydration and solidification of aluminate cement. So, there are
el capillary pores in this composite bipolar plate. The total
orosity in the composite bipolar plate is about 17.1 vol.%.

omposite bipolar plate with 60 wt% graphite content.
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Fig. 4. Pore size distribution in the composite bipolar plate.
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ig. 5. The schematic drawing of water transport through the composite bipolar
late.

If the pressure difference, which can be obtained by adjust-
ng reactant gases pressure or forming negative pressure in the
urface of bipolar plate due to consuming of reactant gases, is
ell applied across the bipolar plate, water can be transported

rom the cathode side of the bipolar plate to the anode side by
apillarity [14] (shown in Fig. 5), which can humidify the whole
roton exchange membrane while the PEMFC operates.
. Conclusions

The conductivity and the flexural strength of aluminate
ement/graphite composite bipolar plate can be improved by

[

[

ources 166 (2007) 419–423 423

hoosing uniform size graphite as conductive fillers. The con-
uctivity and the flexural strength of composite bipolar plate
ncrease and decrease, respectively, with the increase of size of
raphite particles.

The polarization curve of aluminate cement/graphite
omposite bipolar plate displayed definitely three current
eaks, corresponding current, of which is 10−6, 10−5.5 and
0−4.5 A cm−2, respectively, in 1 M H2SO4 solution at room
emperature. This shows that this composite bipolar plate is acid
orrosion-resistant and possibly fully acid corrosion-resistant
hen acid solution concentration is pH > 4. Al and Ca ions leach-

ng from aluminate cement/graphite composite bipolar plate are
nly 2–3% and 12–16% of the total Al and Ca content in the
omposite bipolar plate after 1 M H2SO4 solution corrosion at
0 and 80 ◦C, respectively. The experiment on the impact of
hese Al and Ca ions leaching from this composite bipolar plate
n PEMFC performance is underway.

In addition, aluminate cement/graphite composite bipolar
late possesses humidifying function and is also thermally stable
hile the PEMFC operates.
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