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h i g h l i g h t s

� A GDL coated with the MPL containing hydrophilic CNTs is developed.
� Hydrophilic CNTs are effective at conserving the membrane humidity.
� Hydrophilic CNTs are effective at expelling excess water from the catalyst layer.
� The MPL with hydrophilic CNTs enhances the PEFC performance under both low and high humidity conditions.
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a b s t r a c t

Gas diffusion layers (GDLs) coated with a hydrophobic microporous layer (MPL) composed of carbon
black and polytetrafluoroethylene (PTFE) have been commonly used to improve the water management
characteristics of polymer electrolyte fuel cells (PEFCs). However, the hydrophobic MPL coated GDL
designed to prevent dehydration of the membrane under low humidity conditions is generally inferior at
reducing flooding under high humidity conditions. It is therefore important to develop a robust MPL
coated GDL that can enhance the PEFC performance regardless of the humidity conditions. In the present
study, a GDL coated with an MPL containing hydrophilic carbon nanotubes (CNTs) was developed. The
less hydrophobic pores incorporating CNTs are effective at conserving the membrane humidity under
low humidity conditions. The MPL with CNTs is also effective at expelling excess water from the catalyst
layer while maintaining oxygen flow pathways from the GDL substrate, allowing the mean flow pore
diameter to be decreased to 2 mmwithout reducing the ability of the MPL to prevent flooding under high
humidity conditions. An MPL coated GDL with a CNT content of 4 mass% exhibits significantly higher
performance under both low and high humidity conditions than a hydrophobic MPL coated GDL.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Enhancement of the performance of polymer electrolyte fuel
cells (PEFCs) requires an appropriate balance between the conser-
vation of membrane humidity and the discharge of excess water
produced in the cell. The design parameters associated with the gas
diffusion layer (GDL) in a PEFC, such as its pore size, thickness and

hydrophobic and hydrophilic properties, influence the water
management characteristics during PEFC operation. Several in-
vestigations have demonstrated that a hydrophobic microporous
layer (MPL) composed of carbon black and polytetrafluoroethylene
(PTFE) coated on a GDL substrate can effectively improve the water
management characteristics and thereby enhance the PEFC per-
formance [1e7]. The appropriate MPL coated GDL will prevent
dehydration of themembrane electrode assembly (MEA) under low
humidity conditions and reduce flooding under high humidity
conditions. However, the appropriate design parameters for the
MPL coated GDL are different under low and high humidity
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conditions [8]. An MPL coated GDL designed to prevent dehydra-
tion of the MEA under low humidity conditions is generally inferior
at reducing flooding under high humidity conditions. It is highly
desirable for a PEFC to be able to operate under a wide range of
conditions, varying from low (or no) to high humidity. It is there-
fore important to develop a robust MPL coated GDL capable of
enhancing PEFC performance regardless of the humidity
conditions.

Although hydrophobic MPL coated GDLs have been commonly
used in conventional PEFCs, some studies have recently reported
that hydrophilic MPL coated GDLs [9e11] are effective at improving
the water management characteristics of PEFCs, thereby enhancing
the PEFC performance. The authors have also reported that a hy-
drophilic and hydrophobic double MPL coated GDLs was more
effective at enhancing the PEFC performance under low humidity
conditions than a hydrophobic MPL coated GDL [12]. This design
involves the application of a thin hydrophilic layer on top of a hy-
drophobic MPL. The hydrophilic layer works to conserve the water
content of the MEA, while the hydrophobic MPL between the hy-
drophilic layer and the carbon paper substrate prevents removal of
water from the hydrophilic layer. This results in a significant
enhancement of the ability to prevent dehydration of the MEA. The
double MPL coated GDL is also effective at expelling excess water
from the catalyst layer and thereby reducing flooding [13]. This
enhances the performance under high humidity conditions as
compared to that obtained when using a hydrophobic MPL coated
GDL. The authors have subsequently developed a triple MPL coated
GDL, in which the PTFE content in the hydrophobic MPL in contact
with the hydrophilic layer is 30 mass%, and that in the MPL in
contact with the substrate is 10 mass%, and found this approach to
be an effective means of expelling excess water from the catalyst
layer [14]. This results in further enhancement of the PEFC perfor-
mance under high humidity conditions as compared to that ob-
tained when employing the double MPL coated GDL. However,
when fabricating either the double or triple MPL coated GDLs, the
MPL slurries must be applied as coatings on the substrate several
times using a bar coating machine, which is a drawback of this
design since it renders the MPL coating process very complicated.

In the present study, a new GDL coated with an MPL containing
hydrophilic carbon nanotubes (CNTs) is employed, such that the
MPL coating process can be completed after only one application.
Some studies have previously reported that MPLs containing CNTs
effectively reduce the electrical resistance of GDL and, at the same
time, increase mass transport, which enhances the PEFC perfor-
mance under high humidity conditions [15e18]. In most of these
studies, however, hydrophobic CNTs were used in the MPL, and
thus the effect of hydrophilic CNTs applied to the MPL on the PEFC
performance has not been clarified. Moreover, there are very few
reports that have demonstrated that an MPL containing CNTs is
effective at enhancing the performance under both low and high
humidity conditions. Therefore, the present work examined the
effects of using an appropriate MPL coated GDL containing hydro-
philic CNTs, with the aim of achieving further enhancement of the
PEFC performance regardless of the humidity conditions.

2. Experimental

2.1. Tested GDLs

The GDL used at the anode was commercial carbon paper
without an MPL (SGL SIGRACET® 24BA) loaded with 5 mass% PTFE
to impart hydrophobicity [3]. The SGL24BA GDL was 240 mm thick,
with an areal weight of 54 g m�2 and 84% porosity. Table 1 sum-
marizes the CNT, carbon black and PTFE contents in the MPL coated
GDLs used at the cathode. The hydrophobic MPL (without CNTs)

coated GDL consisted of a carbon paper substrate (SGL24BA) coated
with an MPL composed of 80 mass% carbon black and 20 mass%
PTFE. The MPL coated GDLs containing CNTs were made from a
carbon paper substrate (SGL24BA) coated with MPLs composed of
CNTs, carbon black and 20 mass% PTFE. The CNT content was varied
between 2 and 8 mass%, and the sum of the CNT and carbon black
contents was held constant at 80mass%whilemaintaining the PTFE
content at 20 mass%. The CNTs were 10e15 nm in diameter and had
a length of 1e5 mm. The CNT surfaces had been modified by an
oxidation treatment and, as a result, the contact angle of a CNT
sheet was 30�, as shown in Fig. 1, demonstrating that the CNT
surfaces exhibited relatively high hydrophilicity.

2.2. Pore diameter, air permeability, water breakthrough pressure
and contact angle measurements

Fig. 2 shows a schematic diagram of the test apparatus used to
evaluate the air permeability values of the MPL coated GDLs [8]. A
13 mm-diameter GDL was placed between two cylindrical plates.
The compressive force was controlled using a clamp screw and was
measured using a load cell. The compression pressure was set at
1 MPa, which was similar to that measured in a typical PEFC. Air
flow rates in the through-plane direction of the GDL were
measured using a mass flow meter. The air permeance, qa, was
defined as the flow rate divided by the supplied air pressure and the
permeable cross-sectional area at a diameter of 5 mm. The supplied
air pressure was set at 1.23 kPa, this being the same pressure
applied in the Gurley method [19].

The maximum pore and mean flow pore diameters of the GDLs
were determined using a through-plane permeability technique
according to the ASTM standard test method for pore size charac-
teristics [20]. In this process, a low surface tension
(g ¼ 0.0157 N m�1) liquid [21] was used to wet the GDL and thus to
fill its pores. The dry flow curve that represented the relationship
between the flow rate and the supplied air pressure was obtained
with a completely dry GDL. The wet flow curvewas obtained with a
wetted GDL, in which a wetting liquid filled the pores of the GDL.
The half-dry flow curve corresponded to one half the measured dry
flow curve at a given air pressure.

By applying an air pressure across the wetted GDL, the liquid

Table 1
CNT, carbon black and PTFE contents in MPL coated GDLs.

MPL coated GDL CNT (mass%) Carbon black
(mass%)

PTFE (mass%)

MPL without CNTs 0 80 20
MPL with CNTs (2%) 2 78 20
MPL with CNTs (4%) 4 76 20
MPL with CNTs (8%) 8 72 20

Fig. 1. Contact angle for a CNT sheet.
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