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This study prepares novel metal mesh hybrid polymer composite bipolar plates for proton exchange
membrane fuel cells (PEMFCs) via inserting a copper or aluminum mesh in polymer composites. The
composition of polymer composites consists of 70 wt% graphite powder and 0-2 wt% modified multi-
walled carbon nanotubes (m-MWCNTs). Results indicate that the in-plane electrical conductivity of
m-MWCNTs/polymer composite bipolar plates increased from 156 S cm~! (0 wt% MWCNT) to 643 Scm™!
(with 1 wt% MWCNT) (D.O.E. target >100 S cm~!). The bulk thermal conductivities of the copper and alu-
minum mesh hybrid polymer composite bipolar plates (abbreviated to Cu-HPBP and Al-HPBP) increase
from 27.2Wm~1 K" to 30.0Wm~! K-! and 30.4 Wm~! K-, respectively. The through-plane conductivi-
ties decrease from 37.8Scm~! to 36.7 Scm~! for Cu-HPBP and 22.9Scm~! for Al-HPBP. Furthermore, the
current and power densities of a single fuel cell using copper or aluminum mesh hybrid polymer com-
posite bipolar plates are more stable than that of using neat polymer composite bipolar plates, especially
in the ohmic overpotential region of the polarization curves of single fuel cell tests. The overall perfor-
mance confirms that the metal mesh hybrid polymer composite bipolar plates prepared in this study are
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promising for PEMFC application.

© 2009 Published by Elsevier B.V.

1. Introduction

Proton exchange electrolyte membrane fuel cells (PEMFCs)
exhibit the most promising alternative source of energy for a variety
of portable electronic devices, stationary and vehicle applications
[1-3]. To generate useful currents and voltages, individual sin-
gle fuel cells are connected in series to form cell stacks. Thus, as
one of the key components of PEMFCs, bipolar plates must exhibit
excellent electrical conductivity as a current collector and adequate
mechanical strength to resist clamping force during stack assembly.
Traditionally, the machined graphite plate is the most used mate-
rial for the bipolar plate due to its excellent corrosion resistance,
low bulk density and high electrical conductivity [4-6]. However,
the brittleness and high cost, difficulty in machining the flow chan-
nels on graphite plate [7] often limit using thin bipolar plates for
reducing stack weight [6,8].
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Previous researches have developed and investigated numerous
alternative materials to reduce the cost and weight of the bipolar
plate. Metallic materials such as stainless steel, aluminum, titanium
and alloy or a protective coating layer on metallic plate surfaces
have been widely investigated [9-11]. Metallic plates typically pos-
sess high bulk electrical conductivity, good thermal conductivity,
and excellent mechanical properties [8,12]. However, several dis-
advantages are associated with metallic materials, including high
density and possible leaching of metal ions into the membrane
electrode assembly (MEA) [7,8]. Furthermore, any corrosion layer
will lower the electrical conductivity of bipolar plates, and increase
potential output loss due to high electrical resistance. Therefore,
the requirements for bipolar plates in PEMFC include:

(1) high electrical conductivity (>100Scm~1) [13];

(2) good flexural strength (>25 MPa) [13];

(3) high impact strength (>40.5] m~1) [14];

(4) good chemical stability and corrosion resistance under PEMFC
operating conditions (<10~ Acm~2) [15];

(5) high thermal conductivity to achieve
(>10Wm~1K-1)[14];
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Scheme 1. Chemical structure of phenolic-novolac vinyl ester [17].

(6) low weight, especially for transportation; and
(7) low cost.

To replace graphite bipolar plates, graphite-based polymer com-
posite bipolar plates are made from a combination of graphite,
carbon powder filler or various fibers and polymer resin. Compared
to graphite bipolar plates, polymer composites offer the advan-
tages of lower cost, higher flexibility, and good processability. Gas
flow channels can also be molded directly on the plate, eliminat-
ing the need for further machining [16,17]. High loading of carbon
or graphite fillers must be incorporated into the composite bipo-
lar plate to meet the minimum electrical conductivity required.
However, high filler loading may cause a substantial reduction in
strength and ductility of the composite bipolar plate, resulting in
difficulty in making thin plates associated with high stack power
densities [2,18,19]. Therefore, many literatures have reported sev-
eral reinforced composite bipolar plates, including carbon-carbon
composites [20], conventional conducting fillers/polymer matrix
[8,21-23], thermosetting or thermoplastic polymer blending with
multi-walled carbon nanotubes (MWCNTSs) for use in composite
materials [1,3,18,24-27]. Polymer composites incorporated with
chemical modified CNTs (m-CNTs) possess excellent electrical con-
ductivity and mechanical properties. When m-CNTs form infinite
three-dimensional networks of connected paths through the insu-
lating polymer matrix [28], CNTs may be suitable materials for
composite bipolar plates.

At present, metallic bipolar plates and polymer composite
bipolar plates have been developed individually. To maintain the
advantages of metallic bipolar plates, some of their major disadvan-
tages need improving. Kitta et al. [29] recently coated the stainless
steel plate separator with corrosion-resistant and electronically
conductive carbon/resin composite layers, followed by rib forma-
tion of a similar composite on the thin layers as gas flow fields.
However, the coated composite film has very low electrical conduc-
tivity, only about 53 Scm~! (less than the D.O.E. target >100Scm™1),
and needs multi-step fabrication.

The current work introduces copper and aluminum mesh into
polymer composite bipolar plates successfully developed in our
previous researches [1,3,17]. This research investigates and com-
pares through-plane conductivity, thermal conductivity and single
fuel cell performance of these two types of bipolar plates.

2. Experimental
2.1. Materials

MWCNTs (trade name: Cyype 100) with a purity of 95% and a sur-
face area of 150-250 m? g~! were obtained from the CNT Co., Ltd.,
Korea. The diameters of MWCNTs are 10-50nm and the lengths
are 1-25 pm. Poly(oxyalkylene)-diamines (POA) were purchased
from the Huntsman Chemical Co., Philadelphia, PA, USA, including
poly(oxypropylene) (POP)-backboned diamines with the molecular
weight of 2000 g mol~1. Maleic anhydride (MA) was obtained from
Showa Chemical Co., Gyoda City, Saotama, Japan. The phenolic-
novolac epoxy-based vinyl ester (VE), was provided by the Swancor
Co., Taiwan. Scheme 1 shows the chemical structure of the phenolic-
novolac vinyl ester. Graphite powder was obtained from the Great
Carbon Co., Ltd., Taiwan. The density of the graphite power was

1.88 gcm—3 and the particle size was less than 1000 pm. Metal mesh
was obtained from Shang Kai Steel Co., Ltd., Taiwan. The short wide
dimension (SWD) x long wide dimension (LWD) of alumina mesh
is 1.5 mm x 3 mm, of copper mesh is 2 mm x 3.5mm, the strand
wide is 0.3 mm, the thickness is 0.2 mm, and the usage area is
2.5cm x 2.5cm.

2.2. Preparation of chemical modified MWCNTS

The oxidized MWCNTs (MWCNTs-COOH) were first prepared
according to the HNO;3 treatment [1]. After this procedure, the
functionalized MWCNTs (MWCNTs-COCl) with carbonyl chlo-
ride groups were prepared via the reaction of thionyl chloride
with carboxyl-contained MWNT (MWNT-COOH) [30-32]. Finally,
poly(oxyalkylene)-diamines (POA)-maleic anhydride (MA), abbre-
viated as POAMA (each POA bearing one MA, details of the
preparation was illustrated in our previous paper [17]), molecules
were introduced onto the surface of MWCNTs by the reaction of
MW(CNTs-COCI with amine group. The chemical modified MWCNTs
with POAMA were denoted as MWCNTs-POAMA.

2.3. Preparation of bulk-molding compound (BMC) material and
fabrication with/without metal mesh polymer composite bipolar
plates

By using BMC method, polymer composite bipolar plates
have been successfully developed by our group [16]. The BMC
material was prepared by mixing the MWCNTs-POAMA/VE mix-
tures, low profile agent (polystyrene/styrene monomer (PS/SM)
series), styrene monomer, thickening agent (MgO), release agent
(Zinc Stearate, ZnSt), initiator (t-butyl peroxybenzoate, TBPB) and
graphite in a kneader for 30 min. The BMC formulation is sum-
marized in Table 1 [17]. After thickening for 36 h, the BMC was
compression molded for 5min at 140°C.

The fabrications of metal mesh hybrid polymer composite bipo-
lar plates are almost the same as above except a piece of aluminum
mesh or copper mesh was inserted during hot-press.

2.4. Characterization and instruments

The in-plane electrical conductivity of the composite bipolar
plate was examined with a four point probe detector (C4S-54/5S,
Cascade Microtech, Beaverton, OR, USA). Thermal conductivity of
bipolar plates is determined by a Hot Disk analyzer (TPS 2500,

Table 1
Formulation of BMC process [17].
Components Composition
Resin composition (wt%) BMC composition (wt%)
Vinyl ester 75 30
Low profile agent 8
Styrene monomer 17
TBPB 1.8
Zinc stearate 3.5
Magnesium oxide 1.8
MWCNTs 0-2
Graphite powder 70
Total 100
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Scheme 2. Schematic of samples and sensor.

Sweden). Recently, the hot disk technique [33], which is a tran-
sient plane source technique (TPS) [34-38], has gained popularity
as a tool for rapid and accurate thermal conductivity measurement
(more detailed of the derivation was given by Ref. [33]). Scheme 2
shows the sensor is positioned between two pieces of bipolar plates.

To measure the through-plane conductivity [17], the compos-
ite bipolar plate sample with 30 mm x 30 mm and a thickness of
3 mm was placed between gold plated copper plates. Between the
electrodes and sample was placed a piece of carbon paper (Toray
TGP-H-120) to improve electrical contact between the electrodes
and sample. The system was placed under an applied pressure
of approximately 250 psi and the resistance was measured. The
sample was removed, and the resistance of the test cell (includ-
ing carbon paper) was measured again with the same conditions
to obtain a “baseline” resistance. The sample resistance could then
be calculated by subtracting the baseline resistance from the total
resistance. The resistivity or conductivity of the sample was calcu-
lated by:

0= (RT - Rliaseline)A (1)

1
7= (2)
where p is the resistivity, A is the contact area of sample, L is the
thickness of sample, and Rt and Ry 3sejine are the total resistance and
baseline resistance, respectively. The through-plane conductivity,
o, is defined as 1/p.

A single PEMFC was developed at our laboratory as reported in
previous paper [39]. The catalyst ink for the electrodes was pre-
pared by mixing the catalyst powder (20 wt% Pt/C, E-TEK), Nafion®
solution, and isopropyl alcohol. Then the prepared catalyst ink was
sprayed on the wet-proof carbon paper with a platinum loading of
0.4mgcm2 for the anode and cathode. The membrane electrode
assembly (MEA) was fabricated by placing the electrodes at both
sides of pre-treated Nafion® 115 membrane, followed by hot press-
ing at 140°C and 200 kg cm~2 for 90 s. The active electrode area was
4cm?. A single fuel cell was constructed from the prepared MEA,
Teflon® gasket, and the prepared composite bipolar plate on both
sides of the MEA. The thickness of the composite bipolar plates
was 1.2 mm. The operating temperature and pressure of the single
fuel cell were 70°C and 1 atm, respectively. Hydrogen and oxygen
gases were fed to the anode and cathode, respectively, after pass-
ing through a bubble humidifier, the flow rate ratio of the fuel and
the oxidant was 1/1 (Lmin~1!). The performance of the single fuel
cell was evaluated by measuring the I-V characteristics using an
electronic load (Agilent, N3301A).

3. Results and discussion

3.1. The dispersion of pristine MWCNTs and MWCNTs-POAMA in
vinyl ester matrix

Pristine carbon nanotubes (p-CNTs) have been used as
lightweight high-strength fiber-reinforced nanomaterials in poly-
mer composites due to their unique properties. However, owing to
intrinsic Van der Waals forces, when mixed with polymer matrix,
CNTs typically hold together as bundles or as entangled agglomer-

NTHU NTHU NTHU N ITHU NTHU NTHU

Fig. 1. Dispersion of p-MWCNTs (left) and MWCNTs-POAMA (right) in vinyl ester
matrix.

ates and form heterogeneous regions. Chemical functionalization
[1,3,17,31,39] of CNTs is one of the most common methods to
obtain better dispersion. Fig. 1 shows MWCNT dispersion in vinyl
ester matrix before (left) and after (right) chemical modification.
Good MWCNT dispersion in the matrix is an important task when
fabricating polymer composite bipolar plates, providing bipolar
plates with improved mechanical strength, electrical conductiv-
ity, thermal stability, and most importantly improving single cell
performances [1,3,17].

3.2. The electrical conductivity of MWCNTs-POAMA/vinyl ester
composite bipolar plates

Fig. 2 presents in-plane electrical conductivity of MWCNTSs rein-
forced polymer composite bipolar plate as a function of MWCNT
content. The figure shows that in-plane electrical conductivity
in these two systems increases with MWCNT content, and dra-
matically increases at the percolation threshold [27,28] (around
0.25-0.5 wt%). The percolation threshold value essentially relates
to MWCNT networking structures within the polymer, depending
on MWCNT content. When the MWCNT-to-polymer ratio exceeds
this value, in-plane electrical conductivity increases dramatically,
due to the formation of MWCNT conduction network. However,
poor dispersion of pristine MWCNT forms local cluster aggrega-
tion. This fact tends to increase the insulated polymer matrix
region between MWCNTSs. Higher in-plane electrical conductiv-
ity of MWCNTs-POAMA owes to better MWCNT dispersion in
the vinyl ester matrix due to the grafting POAMA long chains
on MWCNT. The individual MWCNTs-POAMA is easier to contact
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Fig. 2. The in-plane electrical conductivities of polymer composite bipolar plates
with various MWCNTs.
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Fig. 3. Schematic of the structure of metal mesh hybrid polymer composite bipolar plates.

with each other. Consequently, with the same MWCNT content,
the MWCNTs-POAMA/vinyl ester system possesses much higher
electrical conductivity. Therefore, the grafting long chain POAMA
on the MWCNTs surface not only results in better polymer matrix
dispersion, but also efficiently enhances the electrical conductivity
path.

Fig. 3 shows the fabrication scheme for the aluminum/copper
metal mesh hybrid polymer composite bipolar plates. To obtain
optimal electrical conductivity for hybrid bipolar plates, the present
study uses 1wt% MWCNTs-POAMA, and the in-plane electrical
conductivity is 643Scm~!, much higher than the D.O.E. target
(>100Scm™1).

3.3. Thermal conductivity of metal mesh—-MWCNTs—-POAMA/vinyl
ester composite bipolar plates

Fig. 4 shows the fabricated product, denoted as Cu-HPBP
(copper mesh hybrid polymer composite bipolar plate) and Al-
HPBP (aluminum mesh hybrid polymer composite bipolar plates),
respectively. Fig. 4(a) shows that flow channels can be molded
directly on the plate, with a resulting thickness of 1.35 mm.
In Fig. 4(c), the side view of the cross section of metal mesh
bipolar plate also indicates that metal mesh can be com-
pletely imbedded in the original polymer composite bipolar
plate.

Fig. 4. The fabricated metal mesh polymer composite bipolar plate: (a) top view (reaction area is 2 cm x 2 cm), (b) the thickness (1.35 mm) and (c) the side view of the cross

section.
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Fig. 5. The bulk thermal conductivity and thermal conductivity enhancement of
original polymer composite, Cu-HPBP, and Al-HPBP with 1 wt% MWCNT loading.

Fig. 5 shows the bulk thermal conductivity (x) and thermal
conductivity enhancement (%) of the original polymer composite
bipolar plate, Cu-HPBP, and AI-HPBP with 1wt% MWCNT mea-
sured by the hot disk transient plane source method. The bipolar
plates prepared with different metal meshes show the bulk thermal
conductivities of Korigina = 27.2 W m~! K~ for the original polymer
composite bipolar plate; kcynpep=30.0Wm~1K-! for Cu-HPBP,
and «agpgp=30.4Wm~1K-1 for AI-HPBP. Thermal conductivity
enhancements of Cu-HPBP and AI-HPBP are 10.2% and 11.7%, respec-
tively. The metal mesh hybrid bipolar plate exhibits a synergistic
effect on enhanced thermal conductivity and surpasses the orig-
inal polymer composite bipolar plate. Faghri and Guo [40] have
reported the commonly used cooling methods: (1) cooling with
cathode oxidant flow, (2) cooling with separate air flow, (3) cool-
ing with heat spreaders, and (4) water cooling. The metal meshes
are intrinsically lightweight with high thermal conductivity; hence
this research considers that metal meshes embedded in a poly-
mer composite bipolar plate play a role of interior spreader for
heat. This unique design not only dissipates heat accommodated
in bipolar plates from the internal part more efficiently, but also
implies that the reaction area temperature is more uniform due to
proton exchange membrane vulnerability to burn at elevated tem-
peratures. Waste heat must then be dissipated efficiently from the
fuel cell to prevent hot spot formation on the membrane electrode
assembly (MEA) and to protect the proton exchange membrane.
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Fig. 6. The through-plane conductivity of original polymer composite, Cu-HPBP, and
Al-HPBP with 1 wt% MWCNT loading.
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Fig. 7. Performance of the single cells assembled with (a) original polymer compos-
ite bipolar plate, (b) Cu-HPBP, and (c) AI-HPBP at 1 wt% MWCNTs-POAMA addition.

3.4. Through-plane conductivity of metal
mesh—-MWCNTs-POAMA/vinyl ester composite bipolar plates

Fig. 6 shows the through-plane conductivity of the original poly-
mer composite bipolar plate, Cu-HPBP, and AI-HPBP with 1wt%
MWCNT content. The through-plane conductivity for the original
polymer composite bipolar plate is significantly lower than the
in-plane conductivity. This is because the graphite particles are
oriented in a plane perpendicular to the direction of the com-
pression force [41]. Thus, only few conducting paths formed in
the through-plane direction lead to lower through-plane conduc-
tivity. The bipolar plates prepared with different metal meshes
show through-plane conductivities of o yigina1 =37.8 S cm~! for the
original polymer composite bipolar plate, ocy-pppp =36.7 Scm~! for
Cu-HPBP, and o pj_pppp =22.9S cm~! for AI-HPBP. This result indi-
cates that the through-plane conductivity of Cu-HPBP is almost the
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same as the original polymer composite bipolar plate. In contrast
to Cu-HPBP, the Al-HPBP exhibits relatively lower through-plane
conductivity (only ~60% of the original polymer composite bipolar
plate). This may be due to very high ohmic resistance of the passi-
vation layer on the aluminum surface [42-44], although aluminum
shows high corrosion resistance due to its excellent passive layer
mainly composed of aluminum oxide. However, the passive layer
reduces interfacial electrical conductivity between the metal mesh
and polymer composite materials leading to decreased through-
plane conductivity in Al-HPBP.

3.5. Single cell performances of metal
mesh—-MWCNTs-POAMA/vinyl ester composite bipolar plates

Fig. 7 presents polarization curve results of the five individual
tests of single cells compressively assembled with the original poly-
mer composite bipolar plate, Cu-HPBP, and AI-HPBP with 1wt%
of MWCNTs-POAMA. The open circuit voltages (OCV) of all sin-
gle cell tests are the same at ~1.0V. The current densities at 0.6 V
are 0.485, 0.470 and 0.333 Acm™2, and the corresponding power
densities are 0.289, 0.281 and 0.199 W cm~2, respectively. When
introducing a metal mesh into the original polymer composite bipo-
lar plates, the polarization curves become more identical compared
to the original one, especially Cu-HPBP. Introducing metal meshes
also causes decreased power density, especially AI-HPBP; however,
Cu-HPBP only had a slight power density loss. The reason can be
explained as follows: (1) when the metals are imbedded into the
polymer composite bipolar plate, they exhibit intrinsic electrical
conductivity, and may play a role similar to “current rectifier”.
Some graphite powders in the polymer composite bipolar plate
are separated by the thin insulting polymer layers, although incor-
porating MWCNTs-POAMA may reduce this effect by formatting a
3-D percolating network for electrical conduction. Hence, electrons
passing through the bipolar plate will probably choose the perco-
lation conductive path to reduce electrical impedance. By contrast,
the embedded metal meshes always have lowest electrical resis-
tance; hence, the metal meshes will collect the electrons and draw
them out. Copper possesses higher electrical conductivity than alu-
minum, and thus, its performance is more stable than aluminum;
(2) the polarization curve at the median current density region is
linear, so-called the “ohmic overpotential” region [40,45]. Over this
region, the polarization curve is controlled by the ohmic resistance
of each component. Therefore, the total resistances of single cells
assembled with each composite bipolar plate (denoted as R?

orig.’
Rgu_Hpo, and RRI_HPBP) can be simply calculated by using ohm'’s law

(RO=PY/(I°)2) at 0.6 V. Table 2 summarizes the corresponding resis-
tance values as 1.23, 1.27, 1.79 Q cm?, respectively. Compared to the
original composite bipolar plates, possibly the added resistance is
due to interfacial resistance between composite materials and the
metal mesh. Therefore, the interfacial resistances of Cu-HPBP and
Al-HPBP, denoted as RNl and RIN®r . are obtained by subtract-
ing the resistance of the original polymer composite bipolar plate as

i i inter _ RO _ RO
the baseline resistance (ex. R\ ¥\ppp = Réy-npep Rorig.). The values
OfRinter and Rinter

o PRP A tippp ar€ 0.043 and 0.566 €2 cm?. This result indi-
cates that the single cell performance of Cu-HPBP is almost the same
as the original polymer composite bipolar plate. In contrast to Cu-

Table 2
Experimental data of current density, power density, total resistance, and interfacial
resistance of original polymer composite, Cu-HPBP, and Al-HPBP.

Bipolar plate Original Cu-HPBP Al-HPBP
Current density (Acm~2) at 0.6V, I° 0.485 0.470 0.333
Power density (W cm~2) at 0.6V, P° 0.289 0.281 0.199
Total resistance (2 cm?), R? 1.23 1.27 1.79
Interfacial resistance (€2 cm?), Rinter - 0.043 0.566

HPBP, the interfacial resistance of AI-HPBP is much higher than that
of Cu-HPBP by a factor of 13. As mentioned in Section 3.4, the passive
layer decreases surface electrical conductivity of aluminum leading
to an obvious through-plane conductivity drop and higher interfa-
cial resistance. Nevertheless, higher resistance may indicate that
the interfacial contact resistance between metal mesh and poly-
mer composite bipolar plate causes additional power density loss
in fuel cells. However, due to the superior electrical conductivity of
copper, the interfacial resistance can almost be ignored.

From thermal conductivity, through-plane conductivity and cell
performance data, the Cu-HPBP developed in this study exhibits
higher thermal conductivity and more stable performance than
that of AI-HPBP. Additionally, Cu-HPBP has almost no loss of output
power density compared to the original polymer composite bipo-
lar plate. This novel design concept of the bipolar plate may be a
new category for alternative bipolar plate materials for replacing
the high cost of machining graphite.

4. Conclusions

Using the chemical bonding method, this study grafts lin-
ear POAMA molecules on the MWCNT surface. The dispersion of
MWOCNT in the vinyl ester matrix and in-plane electrical conduc-
tivity of the bipolar plate increased due to the surface modification
of MWCNTs. With functionalized MWCNTs, the current work eval-
uated bulk thermal conductivity and single cell performance of
polymer composite bipolar plates by introducing metal mesh at
the center of the bipolar plate. Results indicate enhanced bulk
thermal conductivity of copper/aluminum mesh hybrid polymer
composite bipolar plates from 27.2Wm~1K-! to 30.0Wm~!K!
and 30.4Wm~1K-!, with 10.2% and 11.7% enhancement, respec-
tively. The through-plane conductivity of copper mesh hybrid
polymer composite bipolar plate (36.7Scm~!) shows no large
difference with original m-MWCNTs/polymer composite bipolar
plate (37.8Scm1). However, the aluminum mesh hybrid poly-
mer composite bipolar plate (22.9Scm~1) exhibits an obvious
decrease in through-plane conductivity due to the passivation
layer on the aluminum surface. Moreover, the single cell perfor-
mance observed through polarization curves provided additional
information. Cu-HPBP and AI-HPBP provide higher stability than
the original polymer composite bipolar plate. However, Al-HPBP
showed an obvious decrease in power density due to very high
ohmic resistance of the passivation layer on the aluminum sur-
face. Therefore, the copper mesh hybrid polymer composite bipolar
plate, Cu-HPBP, exhibits higher efficiency in bulk thermal conduc-
tivity enhancement and performance stability. Cu-HPBP can be
utilized for high heat radiation and high stability of bipolar plates
that are important for PEMFC heat management and power supple-
mentation.
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