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a b s t r a c t

A carbon nanofiber sheet (CNFS) has been prepared by electrospinning, stabilisation and subsequent
carbonisation processes. Imaging with scanning electron microscope (SEM) indicates that the CNFS is
formed by nonwoven nanofibers with diameters between 400 and 700 nm. The CNFS, with its three-
dimensional pores, shows excellent electrical conductivity and hydrophobicity. In addition, it is found
vailable online 17 July 2010
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that the CNFS can be successfully applied as a micro-porous layer (MPL) in the cathode gas diffusion layer
(GDL) of a proton exchange membrane fuel cell (PEMFC). The GDL with the CNFS as a MPL has higher gas
permeability than a conventional GDL. Moreover, the resultant cathode GDL exhibits excellent fuel cell
performance with a higher peak power density than that of a cathode GDL fabricated with a conventional
MPL under the same test condition.

© 2010 Elsevier B.V. All rights reserved.
roton exchange membrane fuel cell
lectrospinning

. Introduction

Proton exchange membrane fuel cells (PEMFCs) have recently
ttracted considerable interest as alternative renewable power
ources for various applications due to their high efficiency, envi-
onmental benefits and low operating temperature [1–3]. However,
he low operating temperature poses a particularly serious prob-
em because it allows excess water to exist, inside the PEMFC, which
ncreases the mass transport limitations in the fuel cell. It is gener-
lly believed that the continuous generation of water in the cathode
as diffusion layer (GDL) during the operation of the fuel cell causes
he cathode to flood, which reduces the oxygen diffusion rate to
he cathode catalyst layer, leading to a degradation of the fuel cell
erformance [4,5]. Therefore, the management of liquid water is
rucial in achieving good performance and efficient operation of
he PEMFC. Most techniques for liquid water management focus
n excess water removal to prevent the catalyst layer from flooding
nder humidified conditions and maintaining full hydration of the

lectrolyte membrane with high proton conductivity under sub-
aturated conditions [6]. Unfortunately, the best strategy for water
anagement in PEMFC is not fully understood [4].
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The GDL, which is located between the bipolar plate and cata-
lyst layer, is widely regarded as the most critical PEMFC component
for water management. To manage water and achieve efficient gas
transport, the GDL is usually made hydrophobic by treatment with
a fluoropolymer dispersion [7–9]. In addition, a micro-porous layer
(MPL) consisting of carbon particles mixed with a fluoropolymer
dispersion is also applied to promote the effective removal of liquid
water from the cathode catalyst layer into the GDL [10–13]. Vari-
ous types of carbon materials with different microstructures have
been investigated to improve the water management capabilities
of MPLs and thus improve PEMFC performance. Wang et al. devel-
oped a novel MPL with a different amount of Acetylene Black and
Black Pearls 2000 carbon and found that the structure of the novel
MPL could enhance the transport of both liquid water and reac-
tant gases in the fuel cell [10,11]. Carbon nanofibers and nanotubes
were adopted in an MPL for the first time in Park et al.’s publica-
tion [12]. The experimental results demonstrated that the adoption
of carbon nanomaterials improved the gas permeability and elec-
tric conductivity of the MPL. Hung et al. also added vapour-grown
carbon nanofibers into the carbon black/PTFE MPL. The maximum
power density obtained using the prepared MPL during the sin-
gle cell test was around 270 mWcm−2, approximately 85% that of
the ELAT GDL (commercial GDL) [14]. A further improvement was

implemented by Kannan et al.’s group, who grew carbon nanotubes
directly on carbon paper without a hydrophobic agent, and the
resultant GDL showed very stable performance [15].

Even though many publications address carbon nanomaterials
in MPLs, the application of a carbonised electrospun nanofiber sheet
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Fig. 1. Schematic diagram of the M

s possible MPL has not yet been fully exploited for fuel cell appli-
ations.

The electrospinning technique is a highly versatile method to
rocess solutions or melts into an interconnected membrane-like
eb of superfine fibers with diameters ranging from a few nanome-

ers to several micrometers. Because of the large surface areas and
mall pore size, nonwoven sheets composed of electospun fibers
ave become excellent candidates in many applications [16–18]. It

s worth mentioning that the development of carbon nanofibers
sing a combination of the electrospinning technique and sub-
equent thermal treatments is easier and costs less than other
rocesses for making carbon nanofibers [19,20]. In this study, a car-
on nanofiber sheet (CNFS) has been prepared by electrospinning
nd subsequent thermal treatments. The structure and properties
f the CNFS have been characterised and the single cell performance
sing CNFS as MPL has also been tested.

. Experimental

.1. Preparation of CNFS

The CNFS was fabricated via electrospinning and subsequent
hermal treatments. A polyacrylonitrile (PAN, Aldrich) nanofiber
heet was obtained by electrospinning. The PAN solution, with a
oncentration of 8 wt.% in Dimethylacetamide (DMAc, Aldrich) was
repared at 60 ◦C with mechanical stirring for 36 h. The solution
as loaded into a 5 mL syringe with a capillary tip with a diameter of

.9 mm. The flow rate of the polymer solution was 1 mL h−1 and was
ontrolled by a syringe pump. A variable high voltage power supply
as used to provide a potential difference of 14 kV. The collector
late was made of carbon sheet and the tip-to-collector distance
as 15 cm. The as-spun PAN nanofiber sheet was later converted

nto a CNFS by stabilising at 250 ◦C for 2 h in air with a heating rate
f 5 ◦C min−1 and carbonising at 900 ◦C for 2 h with a heating rate
f 3 ◦C min−1 in nitrogen.

.2. Characterisation of nanofiber sheets

X-ray diffraction (XRD) patterns of the nanofiber sheets were
ecorded using a Rigaku D/Max 2550 VB/PC X-ray diffractome-
er with Cu K� radiation (� = 0.15418 nm) for diffraction angles 2�
panning 5–60◦. The electrical resistance of the CNFS was measured
y the four-probe technique using Keithley 6517 Resistance Meters.
he contact angle (CA) of a water droplet was determined using
n optical video contact angle instrument (OCA 40, Dataphysics,
ermany) to estimate the wettability of the nanofiber sheets. The
A measurement was taken after the water droplet maintaining on
he surface of the samples for 10 s. The morphology of the CNFS was
valuated using a scanning electron microscope (SEM, JSM-5600LV,
EOL, Japan).
.3. Preparation of GDLs with different MPLs

Two different GDLs were prepared using different MPLs. GDL-
was obtained by hot pressing carbon fiber paper (P50T, Ballard
mples: (a) MEA-1 and (b) MEA-2.

Applied Materials) with the above prepared CNFS at 150 ◦C under
a pressure of 3 MPa for 3 min, while GDL-2 was made with carbon
fiber paper and a conventional MPL. A slurry of Vulcan XC-72R car-
bon powder (Cabot Corp.) and 40 wt.% Teflon FEP 121A (DuPont Co.,
Ltd.) suspension was stirred for 30 min at room temperature and
then coated on the carbon fiber paper by blade coating to fabricate
the conventional MPL with a carbon loading of 1 mg cm−2. Heat
treatment was subsequently performed by baking the MPL-coated
GDL at 120 ◦C for 15 min and then sintering at 350 ◦C for 15 min.

The gas permeability characteristics for GDL-1 and GDL-2 were
evaluated using a Gurley Apparatus (Model 4110). The GDLs were
held between clamping plates having a circular orifice. The test
measures the time required for 300 cc of air to flow through an
area of 0.25 in.2 (1.61 cm2) of the sample tested, under a light uni-
form pressure of 12.4 cm water. The electrical resistance of the GDLs
was also measured by four-probe technique using Keithley 6517
Resistance Meters.

2.4. MEA preparation and cell performance test

A Pt/C catalyst (40 wt.%, Johnson Matthey Corp.) was used as the
catalyst for both the anode and cathode, and a Nafion 212 mem-
brane (DuPont Co., Ltd.) was used as the electrolyte membrane. To
prepare the catalyst layer, a homogeneous suspension was formed
from the Pt/C catalyst and Nafion solution (Aldrich, 5 wt.% Nafion)
with an isopropanol mixture as a solvent. The weight ratio of Pt/C
to the solid content of Nafion in the solution was 2:1. The resulting
slurry was deposited onto a Nafion 212 membrane by a spray-
ing procedure (thickness about 40 �m). The platinum loading was
0.4 mg cm−2 for both the anode and cathode. Finally, the samples
were dried at 70 ◦C for 30 min. Nafion solution was used as the ionic
component to strengthen the three-dimensional reaction zone of
the electrodes [21].

The schematic of the MEA samples is shown in Fig. 1. MEA-1
was prepared by hot pressing the catalyst-coated Nafion 212 mem-
brane (CCM) between the GDL-2 (anode) and GDL-1 (cathode) at
160 ◦C under a pressure of 3 MPa for 90 s. MEA-2 was prepared in
the same way as MEA-1 except that GDL-2 was used for both anode
and cathode.

The MEAs were then put inside a single cell test station (with
5 cm2 of active area) for evaluation of cell performance. The test
station was equipped with temperature controllers and humid-
ification bottles. The single cell performance was evaluated by
measuring the cell voltage as a function of the current density at
70 ◦C with H2/air as reactant gas under ambient pressure. The rel-
ative humidity of the H2 and air was maintained at 100%. Three
identical MEAs for each sample were tested to measure the repeata-
bility of the experiments.

3. Results and discussion
The CNFS was prepared from an electrospun PAN nanofiber
sheet by heat treatment including stabilisation and carbonisation.
Fig. 2 shows the X-ray diffraction patterns of the PAN nanofiber
sheet (a) as-spun, (b) after stabilisation and (c) after carbonisa-
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ig. 2. XRD patterns of a prepared electrospun PAN-based nanofiber sheet: (a) as-
pun, (b) after stabilisation and (c) carbonisation.

ion. A very strong diffraction peak at 2� = 17◦ appears in Fig. 2a,
hich reflects the (1 0 0) plane of a hexagonal structure and corre-

ponds to a planar spacing d = 5.240 Å. There is another relatively
eak diffraction peak with a value of 2� at 29◦ corresponding to

he d = 3.04 Å from the (1 1 0) reflections [22]. The diffraction pat-
ern of the samples after stabilisation shows a wide and weak
eak at 2� = 25.5◦ (Fig. 3b), which relates to the ladder polymer
tructure, and the peaks around 17◦ and 29◦ have completely dis-
ppeared. As can be seen from Fig. 3c, the diffraction peak around
� = 25.5 strengthened after carbonisation, demonstrating the for-
ation of a turbostratic graphite structure [23]. The transformation

f PAN-based nanofibers to turbostratic carbon nanofibers leads to
n electrically conductive nanofiber sheet. The in-plane resistiv-
ty of the CNFS determined from the four-probe technique was
5.83 m� cm, which means that the CNFS meets the electrical
equirements of a MPL in the fuel cell.

Fig. 3 shows the morphological microstructures of the CNFS. As
an be seen from Fig. 3, the diameters of the carbon nanofibers
ange from 400 to 700 nm and the CNFS has a porous morphol-
gy with a three-dimensional interconnected structure. Hence, the
icrostructure of the CNFS could improve the gas permeability and
ater removal in the cathode when the CNFS is applied to the GDL

s a possible MPL.
The wetting behaviour of a solid can be determined by a CA
easurement of a water droplet on the surface. In the process of
easuring the water CA on the nanofiber sheets, we found that the

AN nanofiber sheet and the stabilised nanofiber sheet exhibited
ontact angles of 0◦. This phenomenon may be attributed to the
olar PAN nature and the formation of –OH and –COOH during the

Fig. 3. SEM images of the surface (a)
Fig. 4. Photographs of a static water droplet on the surface of a CNFS.

stabilisation treatment of PAN in air. However, after carbonisation,
the carbon nanofiber sheets were hydrophobic, and the average
water contact angle of the carbon nanofiber sheets was around 136◦

as shown in Fig. 4. This may result from the volatilisation of non-
carbon element from the nanofiber in the form of methane, water,
carbon dioxide and other gases. The results of the CA measurements
also revealed that the carbon nanofiber sheets lower their surface
energy after carbonisation without any modification by materials
of low surface energy.

Fig. 5 shows the SEM photographs of the surface and a cross-
section of the GDL with different kinds of MPLs. The surface
microstructure of the CNFS MPL (Fig. 5a) illustrates a porous
nanofiber membrane. Compared with conventional MPL fabricated
with carbon powder and FEP (Fig. 5c), the CNFS showed three-
dimensional pores favouring reactant gases transport. In the case
of conventional MPL, carbon powder is uniformly distributed on
the carbon fiber paper without large cracks which may lead to a
limited reactant gas diffusion rate. As seen from Fig. 5b and d, the
CNFS MPL presented a uniform thickness of around 25 �m, while
the conventional MPL presented a non-uniform thickness between
15 and 30 �m. Parts of the carbon powder in the conventional MPL
had fallen into the pores of the carbon fiber paper, blocking the
way of reactant gases. By contrast, the CNFS MPL was connected
to the carbon fiber paper with the pores in the carbon fiber paper
unblocked. This may decrease the hindrance for the reactant gas
flow from the flow channels to the catalyst layer [24].

The gas permeability estimated from the Gurley device was
45.44 cm3 cm−2 s−1 for GDL-1 and 29.57 cm3 cm−2 s−1 for GDL-2.
This result implies that GDL-1 has double the gas permeability of

GDL-2. However, the electrical resistance test of both GDLs showed
similar resistances of approximately 12 m� cm., and this may have
resulted from the carbon fiber paper substrate, which is the domi-
nant factor in the electrical conductivity of the GDLs.

and cross-section (b) of a CNFS.
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Fig. 5. SEM micrographs of the top-view and cross-sectio
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Fig. 6. Fuel cell performance of MEAs: (a) MPL-1 and (b) MEA-2.

The single cell performances for the prepared MEAs at 70 ◦C
sing air and H2 as reactant gases are presented in Fig. 6. It was
ound that the maximum power density of the GDL fabricated with
CNFS MPL was 321 mW m−2, which was about 23% higher than

hat of the conventional GDL. This result can be attributed to the
ydrophobic properties and better gas transport path of the CNFS
PL in the PEMFC.

. Conclusions

A CNFS was successfully prepared by means of electrospinning
nd subsequent thermal treatments. It was formed by nonwo-
en nanofibers with diameters between 400 and 700 nm, and it
xhibited excellent electrical conductivity, gas permeability and
ydrophobicity. The CNFS MPL exhibited a homogeneous carbon

anofiber distribution and a crack-free surface morphology with a
tructure of three-dimensional pores favouring gas transport. The
uel cell performance of the resultant MEAs was evaluated using a
uel cell test station at 70 ◦C in an H2/air system. It is worth pointing

[
[

[
[

n images of MEA-1 (a and b) and MEA-2 (c and d).

out that the maximum power density of MEA-1 (with the CNFS as
the MPL in the cathode GDL) was 321 mW cm−2, which was around
23% higher than that of MEA-2 (with the conventional MPL in the
cathode GDL) under the same testing conditions.
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