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a b s t r a c t

Multiwalled carbon nanotubes (MWCNTs) are covalently modified with different molecular weights 400
and 2000 poly(oxyalkylene)-amine bearing the diglycidyl ether of bisphenol A (DGEBA) epoxy (POA400-
DGEBA and POA2000-DGEBA) oligomers. The oxidized MWCNTs (MWCNTs-COOH) are converted to
the acid chloride-functionalized MWCNTs, followed by the reaction with POA-DGEBAs to prepare the
MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA. FTIR, thermogravimetric analysis (TGA) and
high resolution X-ray photoelectron spectra (XPS) reveal that the POA-DGEBAs are covalently attached
to the surface of MWCNTs. The morphology of MWCNTs/POA-DGEBA is observed by TEM. The POA400-
DGEBA coated on the MWCNTs is thicker and more uniform. However, the coating of POA2000-DGEBA
anocomposite
unctionalized carbon nanotube
olypropylene

on the MWCNTs shows a worm-like bulk substance and the MWCNT surface is bare. In addition, the
flexural strength and the bulk electrical conductivity of the MWCNTs/polypropylene nanocomposite
bipolar plates are measured 59% and 505% higher than those of the original composite bipolar plates by
adding 8 phr of MWCNTs/POA400-DGEBA. The maximum current density and power density of the single
cell test for the nanocomposite bipolar plate with 4 phr MWCNTs/POA400-DGEBA are 1.32 A cm−2 and
0.533 W cm−2, respectively. The overall performance confirms the functionalized MWCNTs/polypropylene

lates
nanocomposite bipolar p

. Introduction

Recently, polymer electrolyte membrane fuel cell (PEMFC) has
eceived intensive researches from both alternative energy and
nvironmental consideration owing to their attractive features of
igh power density, low operating temperature and converting fuel
o water as the only by-product [1–4]. The PEMFCs exhibit the

ost promising alternative source of electrical power for a variety

f portable electronic devices, stationary and vehicle applications
5–7]. To generate useful currents and voltages, individual single
uel cells are connected in series to form stacks of cells. The key
omponents of a PEMFC are the polymer electrolyte, catalyst layer,
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prepared in this study are suitable for PEMFC application.
© 2009 Published by Elsevier B.V.

gas diffusion layer and bipolar plates. Among these components,
bipolar plates provide the following main functions within the fuel
cell stack [8]: provide a distribution of fuel gases within the cell, pro-
mote water management over the whole cell and exhibit excellent
electrical conductivity as a current collector and provide adequate
mechanical strength to resist the clamping force while the stack
was assembled. Traditionally, the most used material for bipolar
plate is prepared by machining graphite plate because it provides
excellent corrosion resistance, low bulk density and high electrical
conductivity [9–11]. However, the main difficulty in using graphite
to produce bipolar plate is the time consuming and costly step of
machining flow channels in the surfaces [12]. Nowadays, commer-
cial manufactures of fuel cells are associated with major problems
of high fabrication cost and insufficient reliability of fuel cells. Espe-

cially for bipolar plate (which accounts for nearly 38% in a fuel
cell stack cost) [13], it is one of the most costly components in
PEMFCs. Hence, the investigation on suitable materials for bipolar
plates on the applications in fuel cells has become a critical research
issue.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ccma@che.nthu.edu.tw
mailto:d937603@oz.nthu.edu.tw
mailto:d9532814@oz.nthu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.06.064
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In the attempt to develop an alternative material, graphite-
ased polymer composite bipolar plates have been considered as
he substitute for the conventional graphite plates. They exhibit
ower cost, higher flexibility, lighter weight and easier manufactur-
ng, the gas flow channels can be molded directly into the plate,
liminating the requirement for a costly machining step [14]. How-
ver, the main problem of the polymer composite bipolar plate is
he low electrical conductivity. Therefore, in the recent researches,
raphite-based polymer composite bipolar plates have been fab-
icated from the combination of high concentration of graphites
nd additional conductive fillers to improve electrical conductivity
15–18]. Unfortunately, high carbon loading causes a substantial
eduction in strength and ductility of composite bipolar plate,
esulting in the difficulty of making thin plates required for high
tack power densities [7,19,20]. Therefore, the reinforced fillers used
ommonly including carbon nanotube, carbon fiber, and carbon
lack which have been incorporated into the composites to enhance
verall performance of composite bipolar plates by conventional
olymer processing technique [18,21]. Among various reinforce-
ents introduced into the polymer composites, carbon nanotubes

CNTs) including single walled carbon nanotubes (SWCNTs) and
ulti-walled carbon nanotubes (MWCNTs) possess outstanding
echanical and electrical properties that have been attracted for

igh-performance and multifunctional polymer composite applica-
ions [22–27]. Owing to their high flexibility, CNTs have remarkable
dvantage over conventional carbon fibers in processing of com-
osites [28], in contrast to brittle carbon fibers, CNTs usually bend

ithout failure [29]. However, there are associated with two critical

ssues when CNTs were used as reinforcements in polymer com-
osites [30–32]. The major two problems including the CNTs may
ggregate into bundles and only weak interfacial bonding existed

Scheme 1. Overall procedure for fabrication of MWCNTs
ources 195 (2010) 263–270

between CNTs and polymer matrix limits the improvement on the
electrical or mechanical properties of composites by CNTs [33]. To
overcome these difficulties, this is necessary for generating strong
interfacial force between fillers and the polymer. Consequently, the
efficiency of the load transfer from polymer matrix to CNTs might
be higher. Therefore, a better approach reported so far is the sur-
face functionalizations of CNTs [33–38]. These functionalizations
of CNTs could contribute to enhance the interaction between CNTs
and the matrix, so as to provide efficient interfacial stress transfer
from the polymer to CNTs. Generally, covalent functionalizations
will introduce defects on the CNT surface, disrupting the extent
of conjugation and adversely impacting charge carrier mobility in
CNTs [39,40]. However, MWCNTs are less prone to bundle than
SWCNTs and because it is possible to functionalize the surface lay-
ers only, and thus, the conductivity will not be reduced significantly
[41].

In our previous study, we have found that polypropylene (PP)
with lower degree of crystallinity possessed better dispersion of
MWCNTs due to much more non-crystalline regions which may
promote the dispersion of MWCNTs uniformly without aggrega-
tion in the PP/MWCNTs nanocomposite [7]. Apart from achieving
homogeneous CNT dispersion in nanocomposites and preventing
aggregation of CNTs due to Van der Waals attraction forces, the main
challenge here is to enhance the interfacial compatibility between
CNTs and nonpolar PP matrix. In this paper, the synthesis and char-
acterization of two series of functionalized MWCNTs grafted on
different lengths of polar polymer chain are reported. Meanwhile,

functionalized MWCNTs/PP nanocomposite bipolar plates for use
in fuel cells were developed by melt blending process. Further-
more, the effects of functionalized MWCNTs incorporated with PP
on electrical, mechanical, thermal properties as well as their sin-

/POA400-DGEBA and MWCNTs/POA2000-DGEBA.
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le cell performance of nanocomposite bipolar plates were also
nvestigated.

. Experimental

.1. Materials

The commercial grade polypropylene (PP, was assigned as 4204
ith melt flow indices (MFI) of 1.9 g/10 min) used as the polymer
atrix which were supplied from the Yung Chia Chemical Ind.,

o., Ltd., Taiwan. MWCNTs were received from the CNT Co., Ltd.,
orea (MWCNT, trade name: Ctube 100, purity: 95%) with the length
f 1–25 �m and average 10–50 nm in diameter. Poly(oxyalkylene)-
mines (POA) were purchased from the Huntsman Chemical
o., Philadelphia, Pennsylvania, U.S.A., include poly(oxypropylene)
POP)-backboned diamines with the molecular weight Mw 400 and
000 g mol−1. Graphite powder was provided by the Great Car-
on Co. Ltd., Taiwan, which has a density of 1.88 g cm−3 and the
article size is less than 1000 �m. The diglycidyl ether of bisphe-
ol A (DGEBA) epoxy used in this work was supplied by the Nan
a Plastics Co. Ltd., Taiwan, with an epoxide equivalent weight of
80 g equiv.−1.

.2. Preparation of MWCNTs/POA400-DGEBA and
WCNTs/POA2000-DGEBA

Scheme 1 depicts an overview of covalent grafting proce-
ure. The preparation of various molecular weights Mw 400 and
000 g mol−1 POA reacting with DGEBA (abbreviated as POA400-
GEBA and POA2000-DGEBA) was carried out in a glass reactor
quipped with a stirrer. The designated amount of DGEBA (50 g,
47 mmol) was added slowly to a reactor charged with POA400
88.2 g, 220 mmol) and POA2000 (392 g, 196 mmol), respectively,
nd then stirred mechanically at 25 ◦C for 24 h. In order to pre-
are MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA,
he oxidized MWCNTs (MWCNTs-COOH) were first achieved
ccording to the HNO3 washing procedure; 8 g of pristine MWC-
Ts were boiled in 400 ml of concentrated HNO3 for 40 min.
hen, MWCNTs-COOH were filtered, washed with 600 ml dis-
illed water for several times to remove acid, and dried at
05 ◦C in an oven. During the second step, MWCNTs-COOH was
onverted to acid chloride-functionalized MWCNTs by reflux-
ng in thionyl chloride for 72 h. In order to prevent excessive
rosslinking of functionalized MWCNTs, a large excess POA400-
GEBA/POA2000-DGEBA was dissolved in pyridine and reacted at
0 ◦C for 12 h. After the amidization reaction, the mixture was sep-
rated by filtration through 0.2 �m polytetrafluoroethylene (PTFE)
embrane and thoroughly washed with anhydrous THF several

imes to remove the residual POA400-DGEBA/POA2000-DGEBA,
nd then dried in a vacuum oven at 80 ◦C overnight to remove
he solvent. Through this method, the functionalized MWCNTs
MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA) could
e obtained.

.3. Preparation of MWCNTs/PP nanocomposite bipolar plates

Various MWCNTs, graphite powders and PP were melt-mixed
y means of a Brabender, and then the molten compounds were
btained in the mixer. The mixing time was set at 180 ◦C for 10 min,
nd the rotational speed was 50 rpm. Then, the molten compounds

ere pulverized to form a powder. The powder was compression
olded by a hydraulic press at a pressure of 70 kg cm−2 and 170 ◦C

or 15 min. The dimensions of bipolar plate are 30 mm × 30 mm,
.2 mm thick. The flow field pattern is serpentine and the dimen-
ions of the channel depth and width are 1 mm × 1 mm.
Scheme 2. Four-point probe detector.

2.4. Characterization and instruments

Gel permeation chromatography (GPC) was performed on a
Waters series 510 HPLC with two PL gel 5 �m mixed columns in
series. The chromatography was calibrated with polymer standards.
Each sample was dissolved in tetrahydrofuran and measured with a
flow rate of 0.9 ml min−1. The chromatography was equipped with
Waters series 410 Differential Refractometer and a TESTHIGH model
500 UV/vis Detector. Transmission electron microscope (TEM) anal-
ysis was conducted on a JEOL JEM-2100 electron microscope at
120 kV, and the samples for TEM measurements were prepared by
one drop casting on carbon-coated copper grids followed by solvent
evaporation in air at room temperature. Thermogravimetric analy-
sis (TGA) was conducted utilizing a DuPont-TGA951 with a heating
rate of 10 ◦C min−1 under N2 atmosphere. FTIR spectra of the com-
posite membranes were recorded between 1400 and 500 cm−1, on a
Nicolet Avatar 320 FTIR spectrometer (USA). The polymer solutions
were casted onto the KBr pellet, and then dried about 5 min to evap-
orate the solvent. A minimum of 32 scans was signal-averaged with
a resolution of 1 cm−1 at the 1400–500 cm−1 range. X-ray photo-
electron spectra (XPS) measurements were performed using a VG
Scientific ESCALAB 220 iXL spectrometer equipped with a hemi-
spherical electron analyzer and an Mg K� (h� = 1487.7 eV) X-ray
source. A small spot lens system allowed the analysis of a sample
that was less than 1 mm2 in area. The electrical resistivity (conduc-
tivity) of composite bipolar plate was detected using a four-point
probe detector (C4S-54/5S, Cascade Microtech, Beaverton, Oregon,
U.S.A.), as shown in Scheme 2. The flexural strength of composite
bipolar plates with the dimensions of 60.0 mm × 13.0 mm × 3.0 mm
(L × W × T) was measured by an Instron Model 4468 universal
tester according to ASTM D-790 method (see Scheme 3). A single
fuel cell was constructed from the prepared MEA with a plat-
inum loading of 0.4 mg cm−2 for the anode and cathode, Teflon
gasket, and the prepared nanocomposite bipolar plate on both
sides of the MEA. The thickness of the nanocomposite bipolar plate
was 1.2 mm. The single fuel cell was operated at 60 ◦C and 1 atm.
Hydrogen and oxygen gases were fed to the anode and cathode,
respectively, after passing through a bubble humidifier, and the
flow rate ratio of the fuel and the oxidant was 1/1 (l min−1). The

performance of the single fuel cell was evaluated by measuring
the I–V characteristics using an electronic load facility (Agilent,
N3301A).
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Scheme 3. The set-up of flexural strength of composite bipolar plates.

Table 1
Molecular characteristic of POA400-DGEBA and POA2000-DGEBA.

Type of oligomer Mw (g mol−1) Mn (g mol−1) PDI (Mw/Mn) Repeat unit

POA400-DGEBA 1623 697 2.3 2
P

3

3
P

l
w
o
T
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in the temperature range from 150 to 500 ◦C [45–48]. Compar-
ing with the weight loss of pristine MWCNTs at 500 ◦C, the
weight loss of approximately 17.1% and 27.8% was detected for
MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA, respec-
OA2000-DGEBA 9231 5868 1.6 3

. Results and discussion

.1. Synthesis and characterizations of POA400-DGEBA and
OA2000-DGEBA oligomers

Number-average (Mn) and weight-average (Mw) molecu-
ar weights, as well as polydispersity indices (PDIs, Mw/Mn),

ere determined for the POA400-DGEBA and POA2000-DGEBA
ligomers synthesized by POA and DGEBA epoxy (Scheme 1).
he molecular parameters of the resulting POA400-DGEBA and
OA2000-DGEBA are summarized in Table 1. The POA400-DGEBA
nd POA2000-DGEBA exhibited the Mw of 1623 and 9231 with poly-
ispersity indices (PDIs) of 2.3 and 1.6, and the calculated repeat

nits were 2 and 3, respectively.

Fig. 1. TEM images of the (a and b) pristine MWCNTs, (c and d) MWC
ources 195 (2010) 263–270

3.2. Characterizations of functionalized MWCNTs
(MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA)

3.2.1. The morphological analysis
Fig. 1 illustrates the TEM images of the morphology and

tubular structure of the pristine and functionalized MWCNTs,
MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA. In the
TEM images of the pristine MWCNTs (Fig. 1a), the individ-
ual nanotubes were obviously a typical tangled structure and
crowded bundles. At high magnification (Fig. 1b), the MWCNT
wall is relatively smooth and clean. In contrast to pristine MWC-
NTs, MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA, an
organic film coating on the exterior walls of the MWCNTs was visi-
bly observed, which cause a remarkable increase in the diameter of
MWCNTs, as shown in Fig. 1c and e. For MWCNTs/POA2000-DGEBA,
MWCNTs were bounded together at the intersection points. This is
due to the longer polymer chains attached onto the MWCNTs prob-
ably form physical entanglements [42]. The fine nanostructures of
the MWCNTs/POA-DGEBA were further investigated at high mag-
nification (Fig. 1d and f). In the case of MWCNTs/POA400-DGEBA,
the POA400-DGEBA coated on the MWCNTs was thicker and more
uniform. The measured thickness of POA400-POAMA coated is var-
ied from ∼5 to 10 nm. However, the coating of POA2000-DGEBA on
the MWCNTs showed a worm-like bulk substance and the MWCNT
surface was bare. This is similar to the experimental observations
reported by Chen et al., where the molecular weight of grafting
polymers displayed a significant impact on the morphology of
MWCNTs [43]. The longer POA2000-DGEBA polymer chain tends
to adopt a more random coil structure.

3.2.2. Thermal stability
The contents of functionalized MWCNTs were confirmed by

TGA as shown in Fig. 2. For pristine MWCNTs, there is almost
no weight loss below 500◦C, however, the onset of weight loss
significantly occurs at a higher temperature than 500 ◦C, due to
the thermal decomposition of the disordered carbon [44]. The
organic substances of functionalized MWCNTs were degraded
tively, which may be attributed to the decomposition of

NTs/POA400-DGEBA, and (e and f) MWCNTs/POA2000-DGEBA.
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ig. 2. TGA curves of the pristine MWCNTs, MWCNTs/POA400-DGEBA and
WCNTs/POA2000-DGEBA.

urface-grafted POA-DGEBA. The longer chain length of POA2000-
GEBA may cause that MWCNTs/POA2000-DGEBA possessed
igher grafting weight yield than that of MWCNTs/POA400-
GEBA. Furthermore, the values of mol% of the POA400-
GEBA and POA2000-DGEBA moieties with respect to carbon
toms in MWCNTs ([POA400-DGEBA]MWCNTs = 0.29 mol% and
POA2000-DGEBA]MWCNTs = 0.05 mol%, respectively) were calcu-
ated by using weight percent and molecular weight of the
OA400-DGEBA and POA2000-DGEBA fragment, respectively [49].

t was noticeable that the grafting density of POA-DGEBA on
he MWCNTs follows the order of MWCNTs/POA400-DGEBA
0.29 mol%) > MWCNTs/POA2000-DGEBA (0.05 mol%). Apparently,
he decreased grafting density was believed to be due to the
ncreased steric hindrance effect for larger polymer molecules, i.e.

w of POA2000-DGEBA > POA4000-DGEBA [42].

.2.3. The surface characteristic of functional MWCNTs
The composition of the MWCNTs/POA-DGEBA was confirmed by

TIR. Fig. 3 shows the FTIR spectra of the pristine MWCNTs as well as
he MWCNTs/POA400-DGEBA. The FTIR spectrum of pristine MWC-

Ts (Fig. 3a) displayed the peak of C C double-bond stretching at
635 cm−1 [50]. In the case of MWCNTs/POA400-DGEBA, as shown
n Fig. 3b, the characteristic peak of C O C group on the POA400-
GEBA was strongly observed at 1105 cm−1 [50,51]. Moreover, the

ig. 3. FTIR spectra of (a) pristine MWCNTs and (b) MWCNTs/POA400-DGEBA.
Fig. 4. X-ray photoelectron spectroscopies of pristine and chemically modified
MWCNTs: C1s spectrums of (a) pristine MWCNTs, (b) MWCNTs/POA400-DGEBA and
(c) MWCNTs/POA2000-DGEBA.

peak of the secondary amine (C NH C) appears significantly at
1204 cm−1, implying the POA400-DGEBA have been effectively syn-
thesized via the reaction of DGEBA epoxy and POA400 [50,51]. As
expected, the peak observed at 1460 cm−1 corresponds to the CNH
stretching and the peak at 1630 cm−1 was detected for the stretch-
ing vibration of the C O group, respectively, due to the formation
of amide linkages [52,53]. These results confirmed that POA400-
DGEBA had been successfully coated on the MWCNTs.

This work also conducts qualitative analysis of XPS to elucidate
the composition of the surface of functionalized MWCNTs. The C1s
core level spectra of pristine and functionalized MWCNTs are pre-
sented in Fig. 4. The main sp2 C C, the sp3 C C peaks of MWCNTs
appeared at 284.3–285.1 eV, additional peaks were also appeared
at higher binding energies for functionalized MWCNTs indicating
the presence of carbon atoms bonded to other functional groups.
The binding energy peak for the pristine MWCNTs at 285.6 eV is
attributed to atmospheric oxidation or residual oxides resulting
from the MWCNT purification process (Fig. 4a) [14]. Besides the
main C1s peaks, the resulting C1s spectrum of functionalized MWC-
NTs (Fig. 4b and c) could be fitted to the additional two different
types of molecular structures including C NH2 (285.4 eV) and

N C O (286.5 eV) structures, respectively [14,54,55]. Thus, the
phenomenon observed in the C1s spectrum confirmed the forma-
tion of an amide linkage on the carbon nanotubes. Therefore, the
XPS results further confirm that POA400-DGEBA and POA2000-
DGEBA were covalently grafted onto the MWCNT surface. The
shoulder peak MWCNTs/POA400-DGEBA appeared more signifi-
cantly than that of MWCNTs/POA2000-DGEBA at a high binding

region since the grafting density of POA400-DGEBA was much
higher than that of POA2000-DGEBA on the surface of MWCNTs.
This result implied that the POA400-DGEBA reacting with acid
chloride-functionalized MWCNTs was more effective than does
the POA2000-DGEBA. In summary, all the characteristic results
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ig. 5. The flexural strengths of the PP nanocomposite bipolar plates with 80 wt%
raphite and various MWCNTs.

onfirmed that the POA400-DGEBA/POA2000-DGEBA were suc-
essfully synthesized and further covalently grafted on the MWCNT
urface.

.3. Flexural strengths of MWCNTs/PP nanocomposite bipolar
lates

High-performance bipolar plates should provide the required
echanical strength for PEMFC applications. However, polymer

omposite bipolar plates with high graphite powder loading cannot
e easily formed due to the weaker adhesion between the graphite
nd polymer matrix. Carbon nanotubes have distinctly superior
echanical strength, which can improve the stiffness of com-

osite materials effectively. The flexural strengths of MWCNTs/PP
anocomposite bipolar plates were measured as shown in Fig. 5.
hen the MWCNT content reached 8 phr, the flexural strengths

f PP nanocomposite bipolar plates consisting of pristine MWC-
Ts, MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA are
9.49, 34.18 and 31.81 MPa, respectively. All of the MWCNTs/PP
anocomposite bipolar plates are stiffer than pure composite bipo-

ar plates without MWCNTs, which has a flexural strength of
1.44 MPa. It is believed that the increase in flexural strength
s associated mainly with the rigidity, high-aspect ratio and
unctionalization of MWCNTs, which are critical to improve the

echanical properties of the resulting composite. The flexural
trength of the nanocomposite bipolar plate with 8 phr loading
f MWCNTs/POA400-DGEBA shows more than 59% improve-
ent as compared to that of the pure composite bipolar plate
ithout MWCNTs. This reason may result from the stronger
WCNT–polymer interaction, causing the composite bipolar plate

o transfer the load from the host polymer matrix to MWCNTs more
fficiently [35–38,42]. Comparing to MWCNTs/POA400-DGEBA, the
erious physical polymer chain entanglements and bared surface
n the MWCNTs/POA2000-DGEBA may cause worse compatibilities
etween MWCNTs and PP matrix (as shown in Fig. 1c). Never-
heless, the MWCNTs/POA400-DGEBA/PP nanocomposite bipolar
lates with better compatibility between fillers and polymer resin
how the greater enhancement of the flexural strength.
.4. Bulk electrical conductivity of MWCNTs/PP nanocomposite
ipolar plates

A number of reports indicated that the incorporation of
raphite with other conductive materials, especially carbon nan-
Fig. 6. The bulk electrical conductivity of the PP nanocomposite bipolar plates with
80 wt% graphite and various MWCNTs.

otubes, have been considered as an effective method to develop
higher bulk electrical conductivity of the nanocomposite bipo-
lar plates due to 3D conductive networks [30–33]. Fig. 6 exhibits
the bulk electrical conductivity of nanocomposite bipolar plates
as a function of MWCNT content. Three types of MWCNTs/PP
nanocomposite bipolar plates show promising bulk electrical con-
ductivity, above the D.O.E. target value of 100 S cm−1. Meanwhile,
results also show that the bulk electrical conductivities of the
PP nanocomposite bipolar plates increased dramatically with the
increasing of MWCNT content. As the MWCNT content was 8 phr,
the bulk electrical conductivities of MWCNTs/POA400-DGEBA,
MWCNTs/POA2000-DGEBA, and pristine MWCNTs/PP nanocom-
posite bipolar plates are measured at 968, 896 and 481 S cm−1,
respectively. Bulk electrical conductivity increases significantly
in the order of MWCNTs/POA400-DGEBA > MWCNTs/POA2000-
DGEBA > pristine MWCNTs/PP nanocomposite bipolar plates, for
a given MWCNT content. For pristine MWCNTs, the formation
of local MWCNT aggregations tend to increase the number of
filler–filler hops required to traverse a given distance, thus causing
the decrease of bulk electrical conductivity at high MWCNT loading.
Although, the longer chain of POA2000-DGEBA has better repul-
sion effect between the MWCNTs than does POA400-DGEBA, which
will prevent from bundling due to Van der Waals forces between
the MWCNTs. The serious physical polymer chain entanglements
and more bared surfaces on the MWCNTs/POA2000-DGEBA would
cause the aggregation of MWCNTs and non-uniform MWCNT dis-
persion in the PP matrix. Fig. 7 proposed a dispersion diagram of
functionalized MWCNTs in the PP nanocomposite bipolar plate with
MWCNTs/POA400-DGEBA and MWCNTs/POA2000-DGEBA, respec-
tively. Comparing these two dispersant models of functionalized
MWCNTs, it is assumed that more electrical conductive paths were
formed more effectively by introducing the MWCNTs/POA400-
DGEBA than does MWCNTs/POA2000-DGEBA in PP nanocomposite
bipolar plates.

3.5. Single fuel cell performance of MWCNTs/PP nanocomposite
bipolar plates

Figs. 8 and 9 present the I–V and I–P performance of the
single cells compressively assembled with 4 phr pristine MWC-

NTs, MWCNTs/POA400-DGEBA, MWCNTs/POA2000-DGEBA and
graphite composite bipolar plates, respectively. The open circuit
voltage (OCV) of single cells is almost the same at 1.1 V as shown in
Fig. 8. At first, over the middle current density region, the improved
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Fig. 7. The dispersion diagram of MWCNTs in the PP nanocomposite bipolar plate o

F
M

p
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h
a
c

F
M

imum current densities are 1.32, 1.28, 1.08, and 1.24 A cm ,
respectively. Meanwhile, the maximum power density of the
single cell consisting of MWCNTs/POA400-DGEBA/PP nanocompos-
ig. 8. I–V curves of the single cells assembled with graphite plates and various
WCNTs/PP nanocomposite bipolar plates.

erformance could be observed. It is postulated that the flexibil-

ty of MWCNTs/PP nanocomposite bipolar plates could effectively
elp to reduce the interfacial contact resistance between the MEA
nd bipolar plates during the compressively assembling of a single
ell. Therefore, the single cell using MWCNTs/PP nanocomposite

ig. 9. I–P curves of the single cells assembled with graphite plates and various
WCNTs/PP nanocomposite bipolar plates.
f (a) MWCNTs/POA400-DGEBA and (b) MWCNTs/POA2000-DGEBA systems.

bipolar plates exhibited lower ohmic resistance than using pure
graphite bipolar plates, and thus leading to higher performance.
The differences of I–V curves of the fuel cell with graphite and
MWCNTs based bipolar plates are most likely caused by difference
in the wetting behavior of bipolar plates in the low and high cur-
rent density regions. From water contact angle data, as shown in
Fig. 10, results indicated that pristine MWCNTs, MWCNTs/POA400-
DGEBA and MWCNTs/POA2000-DGEBA/PP nanocomposite bipolar
plates with relatively smaller water contact angles (approaching
80.5◦, 81◦ and 82◦, respectively) than that of graphite bipolar plates
(approaching 87◦). The hydrophilic MWCNTs based nanocompos-
ite bipolar plates with poor water suction from the GDL may
cause difficulty in water transfer, and thus, no limiting current
was observed. Contrarily, the hydrophobic graphite bipolar plates
could repel water from the cathode well [56]. Meanwhile, this
implied that catalyst/electrode was dry at low current density, lead-
ing to larger activation losses. Moreover, Fig. 8 shows the current
density of single cells increases in the order of MWCNTs/POA400-
DGEBA > MWCNTs/POA2000-DGEBA > pristine MWCNTs. The max-

−2
ite bipolar plates is 0.552 W cm−2, only 11% lower than that of
graphite bipolar plates (0.614 W cm−2) as shown in Fig. 9. Appar-

Fig. 10. Water contact angles of graphite and MWCNTs/PP nanocomposite bipolar
plates.
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ntly, the nanocomposite bipolar plates-MWCNTs/POA400-DGEBA
resented in this study provide better results than other types
f MWCNTs/PP nanocomposite bipolar plates for two reasons:
1) the dispersion of MWCNTs/POA400-DGEBA is better than the
ispersion associated with other MWCNTs; (2) more continuous
lectrical conducting paths will promote the transfer of electrons
n PEMFC. All results presented in Figs. 8 and 9 demonstrate that

WCNTs/POA400-DGEBA/PP nanocomposite bipolar plates devel-
ped in this study possess comparable single cell performance to
raphite bipolar plates which could be the alternative bipolar plate
aterials for high-cost machined graphite.

. Conclusions

In this study, a novel PP nanocomposite bipolar plate with
unctionalized MWCNTs, has been prepared successfully by melt
lending of PP, graphite powder and functionalized MWCNTs and
hen compression molding. Results reveal the PP nanocomposite
ipolar plates by introducing the pristine and two functionalized
WCNTs possessed improved bulk electrical conductivity and flex-

ral strength. Especially for MWCNTs/POA400-DGEBA system, the
echanical and electrical properties of MWCNTs/PP nanocompos-

te bipolar plate were increased dramatically, due to the better
ispersion of MWCNTs. Consequently, higher flexural strength
nd superior electrical conductivity can be achieved. This phe-
omenon could be explained that the higher polymer chain grafting
ensity and uniform polymer coating on the MWCNTs/POA400-
GEBA would improve the flexural strength and bulk electrical
onductivity of composite bipolar plate effectively. Moreover, the
WCNTs/POA400-DGEBA/PP nanocomposite bipolar plates also

xhibit lower ohmic resistance than graphite bipolar plates, and
hus leading to higher fuel cell performance at the median cur-
ent density region. The overall performance shows that the

WCNTs/POA400-DGEBA/PP nanocomposite bipolar plates devel-
ped in this work perform excellently for PEMFCs.
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