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1. Introduction
A promising alternative power plant for transportation, the pro-
on exchange membrane fuel cell (PEMFC) boasts of high-energy
fficiency, low emission, and low noise. This cell efficiency is deter-
ined by one of its core components: the membrane electrode

ssembly (MEA). Many factors, such as the amount of the catalyst
1–4], the type of proton exchange membrane [2,3,5], and the char-
cteristics of the gas diffusion layer (GDL) [6–12], have been found
o affect MEA efficiency. Among these factors, the GDL is a criti-
al component for achieving high efficiency on the performance
f PEMFC, with an ideal GDL requiring an optimal combination of
he following: an effective path for the transport of gas reactants
o the catalyst layers, a low electronic resistivity for the transmis-
ion of electrons, proper hydrophobicity for the prevention of water
ooding, and a flexible surface for better contact with neighboring
omponents. Recently, the effect of GDL’s electronic resistivity on
ell performance has been scrutinized through experimental inves-
igations [9] and modeling studies [13,14]. The former revealed
hat while all other characteristics remained constant, the current
ensity of the PEMFC increased with GDL’s decreasing electronic
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s of highly efficient single-layer gas diffusion layers (SL-GDLs) was
addition of a vapor grown carbon nanofiber (VGCF) in the carbon
composite-based SL-GDL through a simple and inexpensive process. The
of the as-prepared VGCF-containing SL-GDLs (SL-GDL-CFs) showed that
yer (MPL)-like structure, while the wire-like VGCFs were well dispersed
lack particles in the SL-GDL matrix. Utilization of the SL-GDL-CFs for MEA

ect coating with the catalyst layer. Due to the presence of VGCFs, the prop-
ing electronic resistivity, mechanical characteristic, gas permeability, and
he VGCF content, with the overall effect beneficial to the performance of
e fuel cell (PEMFC). The best performances obtained from the PEMFC with
ately 63% higher than those without VGCFs, and about 85% as efficient as

ayer GDL, for both the H2/O2 and H2/air systems.
© 2008 Elsevier B.V. All rights reserved.

resistivity [9]. As for modeling studies, these indicated that the
lateral electronic resistivity of GDL, affected by the electronic con-
ductivity, GDL thickness, and gas channel width, played a critical
role in determining the current distribution and cell performance

[13,14]. These results thereby confirmed the importance of reducing
GDL’s electronic resistivity for cell performance.

Our previous study prepared a novel single-layer gas diffusion
layer (SL-GDL) based on the PTFE/carbon black composite [15].
Unlike the traditional multilayer GDL, the process for the prepara-
tion of the SL-GDL was simpler and less expensive. In addition, the
as-prepared SL-GDL exhibited good mechanical property, high oxy-
gen and air permeability, as well as sufficient water repellency, and
it could be used without extra wet-proofing treatment and micro-
porous layer (MPL) coating for MEA fabrication. Noteworthy too is
that in both the H2/O2 and H2/air systems, PEMFCs cell efficiencies
fabricated with SL-GDL, including the current and power densi-
ties, were about half of that of ELAT GDL, which is a commercial
dual-layer GDL with wet-proofing treatment and MPL on a non-
woven web. Other factors might also affect PEMFCs performance;
nevertheless, the discrepancies were mainly ascribed to SL-GDL’s
higher electronic resistivity caused by the disconnections between
the carbon black particles, which are in turn due to the presence of
the non-conductive PTFE. Therefore, diminution of electronic resis-
tivity is one of the methods to further improve SL-GDL’s efficiency
on cell performance.

http://www.sciencedirect.com/science/journal/03787753
mailto:yuiwhei@cycu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.05.086
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On the other hand, it is known that the vapor grown car-
bon nanofiber (VGCF), a graphitized carbon fiber with high aspect
ratio, has high electronic conductivity, excellent mechanical prop-
erties, and a tendency to form a special network-like morphology
[16–18]. It is for that reason that this study prepared a series of
VGCF-containing SL-GDLs (SL-GDL-CFs) similar to the simple and
inexpensive method used in SL-GDL [15]. The effects of VGCF on SL-
GDL-CF properties were likewise studied and compared to those of
SL-GDL and ELAT GDL. Moreover, the cell performance of the PEM-
FCs fabricated with as-prepared SL-GDL-CFs through direct coating
with the catalyst layer and without extra wet-proofing treatment
and MPL coating as applied on a conventional gas diffusion medium
was also studied.

2. Experimental details

2.1. Preparation of VGCF-containing single-layer gas diffusion
layers (SL-GDL-CFs)

The SL-GDL-CF samples were composed of carbon black (Vul-
can XC-72, Cabot Co.), colloidal PTFE dispersion (D1-E, Daikin
industries Ltd.), and vapor grown carbon nanofiber (VGCF; T-004,
Yonyu Applied Technology Material Co., Ltd., Taiwan). The average
size of the VGCF was approximately 30–100 nm in diameter and
1–10 �m in length. Preparation of the SL-GDL-CFs followed the
same method used for SL-GDL preparation [15]. First, the VGCFs
were dispersed in an appropriate amount of ethyl alcohol by an
ultrasonic processor (VCX 750, Sonics & Materials, Inc.) with a fre-
quency of 20 kHz. Sequential addition of the remaining ingredients
to the dispersion was subsequently done; this was well mixed by a
mechanical stirrer. The mixture was later calendered at room tem-

perature and heat compressed under a pressure of approximately
75 kg cm−2. Afterwards, the mixture was heated at 130 ◦C for 2 h to
remove the residual solvent and then cooled to room temperature,
resulting in the SL-GDL-CFs. These as-prepared SL-GDL-CF sam-
ples were homogeneous black sheets of about 0.38 ± 0.02 mm in
thickness. The abbreviations and the corresponding compositions
of the SL-GDL-CFs are summarized in Table 1. For comparison, ELAT
LT 1200-N, which is a wet-proofed, MPL-coated, and non-woven
webbed dual-layer GDL, was obtained from E-TEK Div. of De Nora
N.A., Inc.; this was used as received.

2.2. Characterization and measurements

The morphology of the SL-GDL-CFs was characterized by a field-
emission scanning electron microscope (FESEM, JEOL JSM-6330F).
The electronic resistivity was measured by a four-point probe
method using the combined system of a current supplier (AUTOLAB
PGST30, Eco Chemie) and a voltmeter (Keithley 196). The measured
current density and voltage were then converted to the correspond-
ing electronic resistivity (� cm) [19]. Meanwhile, the mechanical
properties of the as-prepared GDLs were determined using a ten-

Table 1
Abbreviations and corresponding compositions of the GDL samples

Sample Carbon
black (wt.%)

Colloidal PTFE
dispersion (wt.%)a

VGCFs (wt.%)b

TFCB-3c 70 30 0
SL-GDL-CF0 80 20 0
SL-GDL-CF5 80 20 5
SL-GDL-CF10 80 20 10
SL-GDL-CF15 80 20 15

a Based on the weight of the solid content in the dispersion.
b Based on the percentage of carbon black.
c Sample prepared in Ref. [15].
ources 184 (2008) 165–171

sile tester (Q-test) equipped with a 500 N load cell and a computer
interfaced for data collection. All samples were prepared according
to ASTM D638.

Concerning the GDLs’ internal contact angles to water, these
were determined via a combination of the Washburn method
and Owens–Wendt calculation as previously reported [20]. The
GDL sample was held by a metal clamp which was attached to a
microbalance (AND, GR-120), while a beaker containing the test
liquid was placed on a platform and was raised by a screw-type
motor until the microbalance detected the GDL sample’s contact to
the liquid surface. The mass of liquid absorbed by the sample was
recorded as a function of time through the computer interfaced
with the microbalance. Consequently, the GDLs’ internal contact
angles to water and surface tensions were calculated according to
the equations, as was described [20]. Five extra pure grade test liq-
uids (n-hexane, acetone, methanol, toluene and benzyl alcohol; all
acquired from ACROS Organic Company) were further applied for
the measurements. All the results were determined with standard
deviations based on the measurements of three samples for each
GDL.

The GDL samples’ gas permeability was performed by a gas per-
meability analyzer, which was designed as previously reported [5].
In the experiment, the inlet gas was humidified at 90 ◦C through
a stainless steel water bottle, with the test temperature and flow
rate of the inlet-humidified gas kept constant. The gas permeability
coefficient (P, with unit of cm3 (STP) cm/s cm2 cm-Hg, also known
as gas permeability) refers to the amount of gas, by volume, which
penetrates a unit thickness and an area of specimen per unit time,
under a constant temperature and unit pressure difference when
the permeation is stable [21].

2.3. Fabrication of MEA and cell performance test

The as-prepared SL-GDL-CFs and the wet-proofed and MPL-
coated ELAT GDL were separately coated with the catalyst layer
to prepare the MEAs for use in the cell test. In preparation of the
catalyst layer, 20 wt.% of Pt/C (HiSpec 3000, Johnson Matthey) was
dispersed into 5 wt.% of Nafion solution (DE-2020, DuPont), keeping
the weight ratio of Pt/C to the solid content of Nafion in the solution
at 2 in order to form the slurry. The Pt/C slurry was then coated on
the GDL sample by the spraying method. The amounts of Pt used
were 0.3 mg cm−2 for the anode and 0.6 mg cm−2 for the cathode.
The electrolyte membrane used was a Nafion membrane purchased
from DuPont Company (NRE 212); this was pretreated according to

a well-known membrane cleaning procedure prior to use [22], and
was sandwiched between the two catalyst-coated GDLs at 140 ◦C
under 70–75 kg cm−2 for 2 min. This resulted in a MEA of 25 cm2

for a single cell test.
The corresponding single cell fixture was composed of the afore-

mentioned MEA and a pair of graphite plates with a serpentine
flow channel of 1 mm width and 1 mm depth. To circumvent the
GDL from getting into the channels, the MEA (0.76 ± 0.04 mm in
thickness) was placed between a pair of PTFE gaskets (TFE-15-25SP,
Electrochem, Inc.), each of which has a thickness of 0.4 mm. Next,
it was clamped between two stainless end plates, with eight bolts
tightened to a uniform torque of 2.94 N m in order to ensure the
GDLs’ close contact with the graphite plates without getting into
the channels.

During the test operation, the single cell fixture was connected
to an in-house fuel cell test station. The fuel of the anode was hydro-
gen, and that of the cathode was either oxygen or air. Before cell
testing, the leak test was performed with nitrogen gas to ensure
that the single cell was gastight. Later, this single cell was oper-
ated at a constant voltage to activate the MEA until a stable current
density was obtained [23]. The cell testing was carried out in both
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Fig. 1. SEM micrographs of the top-view of (a) pristine VGCFs a

H2/O2 and H2/air systems. For the H2/O2 system, the flow rates of
the anode and cathode were 350 and 510 mL min−1, respectively
(corresponding to 1.6/2.3 of the stoichiometric ratio); for the H2/air
system, the flow rates of the anode and cathode were 350 and
710 mL min−1, respectively (corresponding to 1.6/3.2 of the stoi-
chiometric ratio). As for the operating temperatures of the anode
humidifier, the cathode humidifier, and the cell, these were 80, 65,
and 65 ◦C, respectively. The test was operated under an atmospheric
pressure, and the cell efficiency was obtained both by controlling
the cell voltage and by recording the corresponding stabilized cur-
rent.
nd SL-GDL-CFx (b) x = 0, (c) x = 5, (d) x = 10 and (e) x = 15.

3. Results and discussion

3.1. Morphology of VGCF-containing single-layer gas diffusion
layers (SL-GDL-CFs)

The SEM micrograph in Fig. 1 shows the top-view images of the
pristine VGCFs and the as-prepared SL-GDL-CFs with various VGCF
contents. Specifically in Fig. 1(a), the wire-like network morphology
with high aspect ratio is observed for the pristine VGCFs [17], while
Fig. 1(c–e) indicates that with the addition of VGCFs, all the SL-GDL-
CFs remained in a MPL-like structure similar to the SL-GDL without



168 T.F. Hung et al. / Journal of Power Sources 184 (2008) 165–171

SL-GD
Fig. 2. SEM micrographs of the cross-section of

VGCF, as shown in Fig. 1(b); the latter figure likewise revealed that
the SL-GDL-CF surfaces would be suitable for the catalyst coating
in preparation of MEA as were the SL-GDLs. This also implies that
basically, the presence of VGCFs did not significantly alter the sur-
face morphology of SL-GDL. Furthermore, magnified micrographs
as demonstrated in the inserts of Fig. 1(d and e) revealed satisfac-
tory distribution of the wire-like VGCF networks among the carbon

black particles, with interconnection of the particle surfaces and
crossing of the pores formed by the three-dimensional arrange-
ment of these carbon black particles. This is attributable to the
good compatibility with carbon black by nature and the wire-like
network morphology entangled among the carbon black matrix.
The SEM micrographs of the SL-GDL-CF cross-sections shown in
Fig. 2 further confirm the satisfactory distribution and intercon-
necting morphology of VGCFs in the carbon black matrix. The PTFE
fibers bound on the carbon black particles and interconnected in the
matrix were also found in SL-GDL-CF micrographs, similar to those
observed in the SL-GDLs as previously reported [15], suggesting
that a similar water-proof effect could be anticipated.

The above results indicate that unlike the conventional dual-
layer GDL that is formed by a macroporous GDM layer and a
microporous MPL layer [9], the prepared SL-GDL-CFs remained as
a homogeneous single layer with the MPL-like structure similar to
the prepared SL-GDL in the previous study. However, this is differ-
ent from the corresponding SL-GDL and the conventional dual-layer
GDL due to the presence of VGCF that subsequently alters its elec-
tronic resistivity, physical property, and reactant transport, thus
influencing the performance of the corresponding PEMFC.
L-CFx: (a) x = 0, (b) x = 5, (c) x = 10 and (d) x = 15.

3.2. Electronic resistivity and physical properties of SL-GDL-CFs

The electronic resistivity of the SL-GDL-CF samples with vari-
ous VGCF loadings, as well as that of the ELAT GDL, is presented in
Table 2. As indicated, the electronic resistivity of SL-GDL-CF0 was
about 47% less than that of TFCB-3 (from 0.540 � cm, this decreased
to 0.285 � cm) due to 10 wt.% reduction of the non-conductive PTFE.

Although less than 20 wt.% of PTFE loading could further decrease
the electronic resistivity of SL-GDL, its water repellency, however,
would be decreased [22,24], and the mechanical property would
be accordingly reduced, making the material too brittle to form a
useful GDL. As a result, the SL-GDL-CF samples were prepared with
20 wt.% of PTFE in this study.

It can also be observed in Table 2 that the electronic resistivity of
SL-GDL-CF was decreased by another 28% (0.223 � cm) when 5 wt.%
of VGFCs was added in the SL-GDL, and it further decreased with an
increase of VGCF loading by up to 15 wt.%. The lowest value obtained
from SL-GDL-CF15 was 0.187 � cm, which is 34% lower than that
from SL-GDL-CF0. The decrement is ascribed to the formation of
extra electron transport bridges provided by wire-like VGCFs inter-
connecting the disjoined carbon black particles. This was evidenced
by the SEM micrographs and was previously discussed.

The mechanical properties of the SL-GDL-CFs, including yield
stress and yield elongation, are also listed in Table 2. As indi-
cated, when the solid content of the colloidal PTFE dispersion was
decreased from 30 to 20 wt.%, the yield stress and yield elonga-
tion of SL-GDL-CF0 were accordingly decreased by about 55% and
63% from that of TFCB-3. This is attributable to the decrease of the
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2.4 2.7
4.5 4.9
2.3 2.1
2.0 1.8
1.6 1.6
0.9 0.5

fewer steps and results in lesser cost than that of the traditional
GDL.

3.4. Cell performance of PEMFC test

To evaluate the efficiency of the as-prepared SL-GDL-CFs on
PEMFC performance, the MEAs of the PEMFCs were fabricated with
the Nafion membrane (NRE 212) and the catalyst layer-coated SL-
GDL-CFs with various VGCF loadings. The polarization curves of the
as-prepared PEMFCs measured in the H2/O2 and H2/air systems are
plotted in Figs. 3 and 4. As illustrated, the open circuit potentials
(OCP) of the as-prepared PEMFCs were in the range of 0.94–0.96 V
T.F. Hung et al. / Journal of P

Table 2
Electronic resistivity and physical properties of the GDL samples

Sample Electronic
resistivity (� cm)

Yield stress
(MPa)

Yield
elong

TFCB-3a 0.540 0.9 79
SL-GDL-CF0 0.285 0.4 29
SL-GDL-CF5 0.223 0.5 8
SL-GDL-CF10 0.209 0.5 9
SL-GDL-CF15 0.187 0.5 10
ELAT GDLa 0.020 1.0 0.9

a Results reported in Ref. [15].

PTFE fibers formed from the colloidal PTFE dispersion interconnect-
ing the carbon black particles throughout the matrix. Moreover, it
reveals that the mechanical properties of the as-prepared SL-GDLs
were significantly dependent on the content of the colloidal PTFE
dispersion. Likewise, with the addition of VGCFs, the yield stresses
of all the SL-GDL-CFs increased to about 0.5 MPa, and the yield elon-
gations reduced to the range of 8–10%, making them mechanically
stronger than SL-GDL-CF0. This is due to the intrinsic reinforcement
property of VGCFs entangled in the carbon black matrix as observed
in the SEM images. On the other hand, the results indicate that all
the as-prepared SL-GDL-CF samples had less yield stress but larger
yield elongation than the non-woven webbed ELAT GDL, but they
are strong enough for the MEA fabrication of PEMFC.

Meanwhile, the Washburn constants, internal contact angles to
water (�H2O) and the surface tensions of the GDL samples are shown
in Table 3. It is found that as the content of the colloidal PTFE
dispersion decreased from 30 to 20 wt.%, the �H2O of SL-GDL-CF0
decreased by about 32% that of the TFCB-3. This is ascribed to the
decrease of the hydrophobic PTFE fibers’ content interconnected
throughout the matrix. It is also of note that the �H2O values were
further decreased slightly with increased VGCF loading due to the
reduction of PTFE’s relative content.

3.3. Gas permeability of SL-GDL-CFs

The uniform and efficient transport of gas reactants from the
electrodes to the catalyst surfaces is one of the vital functions
required of an ideal GDL during PEMFC operation. It is well known
that current is affected by the kinetics of the reaction at a low
current density region; while by the diffusion of the reactants at
a high current density region [6]. Consequently, an investigation
of the GDL’s gas permeability is important for studying the mass

transport of a fuel cell. As demonstrated in Table 2, the gas per-
meabilities of SL-GDL-CF0 was about 88% and 82% higher than the
values obtained from TFCB-3 for humidified oxygen and humid-
ified air, respectively. This is attributable to the higher content of
carbon black particles in the SL-GDL, thereby constructing more gas
flow channels for the gas transport. However, the SL-GDL-CFs’ gas
permeabilities decreased with the increased VGCF loading for both
humidified oxygen and humidified air. This may be, for the most
part, due to the change of the solubility of humidified gas with the
reduction of the hydrophobic PTFE’s relative content. Nevertheless,
all the SL-GDL-CF samples showed higher gas permeabilities than
ELAT GDL for both humidified gases as SL-GDL-CF samples are sin-
gle layered and provided uniform gas flow channels; in contrast,
ELAT GDL is a dual-layered sample and contained both a macrop-
orous gas diffusion medium (GDM) and a MPL, which then hindered
gas transport at the interface [9].

The results discussed above show that the prepared SL-GDL-CFs
in this study have adequate hydrophobic property and MPL-like
surface structure; consequently, they can be used as GDLs for the
fabrication of MEA through direct coating with the catalyst layer.
This signifies that the process of preparation of the SL-GDL-CF has
ources 184 (2008) 165–171 169

(%)
Oxygen permeability ×102

(cm3 (STP) cm/s cm2 cm-Hg)
Air permeability ×102

(cm3 (STP) cm/s cm2 cm-Hg)
Fig. 3. Polarization curves of PEMFC with SL-GDL-CFx and ELAT GDL in the H2/O2
system: (a) I–V and (b) I–P curves (�) x = 0, (�) x = 5, (�) x = 10, (�) x = 15, (�) ELAT
GDL.
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Table 3
Washburn constant, internal contact angles and surface tensions of the GDL sample

Sample Washburn constant (×106 cm5) �H2O (deg.
TFCB-3d 1.70 ± 0.02 92 ± 7
SL-GDL-CF0 1.38 ± 0.01 63 ± 4
SL-GDL-CF5 1.27 ± 0.01 61 ± 5
SL-GDL-CF10 1.46 ± 0.03 58 ± 5
SL-GDL-CF15 1.45 ± 0.03 57 ± 7
ELAT GDLd 1.58 ± 0.02 79 ± 2

a Dispersive component of surface tension of solid–vapor interface.
b Polar component of surface tension of solid–vapor interface.
c Surface tension of solid–vapor interface.
d Results reported in Ref. [15].

for the H2/O2 system and 0.91–0.93 V for the H2/air system. These
results were as high as the values reported for the PEMFC with the
traditional wet-proofed and MPL-coated GDLs [2,5–9], as well as
that of the SL-GDLs reported in our previous study [15]. This is due
to the characteristic single layer of SL-GDL-CFs in which fuels were
delivered directly from the GDLs to the catalyst layers.

Additionally, it was also found that the cell performances mea-
sured in both testing systems increased with the increasing VGCF
loading. In the H2/O2 system, the best current density of the PEMFC
with SL-GDL-CF15 at 0.4 V was 1660 mA cm−2, with its power den-

Fig. 4. Polarization curves of PEMFC with SL-GDL-CFx and ELAT GDL in the H2/air
system: (a) I–V and (b) I–P curves, (�) x = 0, (�) x = 5, (�) x = 10, (�) x = 15, (�) ELAT
GDL.
ources 184 (2008) 165–171

�d
SV

a (mN m−1) �p
SV

b (mN m−1) �SV
c (mN m−1)

8 ± 5 11 ± 8 19 ± 2
5 ± 1 39 ± 4 44 ± 3
6 ± 2 37 ± 3 43 ± 2
4 ± 1 41 ± 3 45 ± 2
5 ± 2 40 ± 2 45 ± 1
4 ± 2 23 ± 6 27 ± 4

sity at 650 mW cm−2. These values were approximately 63% higher
than that with SL-GDL-CF0. On the other hand, the current and
power densities at 0.4 V in the H2/air system were 640 mA cm−2

and 250 mW cm−2, respectively; this was about 25% higher than
the values obtained from the PEMFC with SL-GDL-CF0. It was also
noted that in both H2/O2 and H2/air systems, the cell efficien-
cies of the PEMFC with SL-GDL-CF15 reached approximately 85%
that of the ELAT GDL, that is, the SL-GDL-CF15 was approximately
85% as efficient as ELAT GDL on the PEMFC performance in both
systems.

In summary, with the addition of wire-like VGCFs into the SL-
GDL matrix, not only the electronic resistivity but also the related
properties (water-repellency, mechanical property and gas perme-
ability) of SL-GDL were influenced. The overall effect was beneficial
to the performance enhancement of PEMFCs in both H2/O2 and
H2/air systems.

4. Conclusions

Highly efficient single-layer gas diffusion layers, based on car-
bon black and colloidal poly(tetrafluoroethylene) dispersion and
designed for PEMFC, were successfully prepared in this study by
the addition of VGCF through a simple and inexpensive process.
The SEM micrographs indicated that the wire-like VGCFs were well
dispersed in the SL-GDL matrix, and the VGCF-containing SL-GDLs
(SL-GDL-CFs) were in MPL-like structure. The related properties of
SL-GDL-CFs, including electronic resistivity, mechanical properties,
contact angle to water, and gas permeability, varied with VGCF
loading. It was also found that the existence of VGCFs is benefi-
cial in reducing the electronic resistivity of the SL-GDL-CF samples

due to the formation of extra electron transport bridges in the
carbon black matrix provided by the wire-like VGCFs interconnect-
ing the disjoined carbon black particles. The cell performances of
the PEMFCs fabricated with the as-prepared SL-GDL-CFs were like-
wise increased as VGCF loading increased both in the H2/O2 and
H2/air systems. In addition, the best performance obtained from
the PEMFC fabricated with SL-GDL-CF15 was approximately 63%
higher than that of the SL-GDL-CF0 in the H2/O2 system. Worth
mentioning is that SL-GDL-CF15 is about 85% as efficient as ELAT
GDL on the PEMFC performance for both the H2/O2 and H2/air
systems. The SL-GDL-CF samples, prepared with a simple and inex-
pensive process, are anticipated to have potential application in
PEMFC.
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