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a b s t r a c t

High humidity must be maintained inside polymer electrolyte fuel cells to achieve high ion conductivity.
However, water condensation blocks the diffusion of the reaction gas in the gas diffusion layer under
water saturation conditions which are produced by the product water. This effect is known as flooding
and causes a sudden drop in the cell voltage. Therefore, advanced water management is required in
such fuel cells. Internal water management is generally carried out by making adjustments to the gas
eywords:
olymer electrolyte fuel cell
ater management

looding
as diffusion layer

diffusion layer. This study reports that the extremely highly flood-resistant gas diffusion layer has been
developed, based on simple carbon paper. It was experimentally revealed that flooding is controlled by
a gas diffusion layer with a smaller pore-structure facing the catalyst layer and it is one of the governing
factors for flooding in the gas diffusion layer.

© 2010 Elsevier B.V. All rights reserved.

ore structure
iquid water transport

. Introduction

Polymer electrolyte fuel cells (PEFCs) can generate electricity
n the relatively low temperature region from room temper-
ture to 100 ◦C, and thus have the advantage of fast startup
imes. From this reason, PEFCs are seen as promising electric
ower sources for household cogeneration systems and electric
ehicles. However, further cost reductions and improvements
n efficiency are required before they can be used in practical
pplications.

One of the most basic requirements is that high power den-
ity be achieved. Proton exchange membranes exhibit high proton
onductivity under high humidity conditions. Therefore, in order
o achieve a high power density, it is necessary to supply fuel and
xidizer under such conditions. However, since water is also a
roduct of the electrochemical reaction, this often leads to satu-
ation water vapor levels and water droplet formation. In addition,
or efficient fuel cells it is necessary to control parasitic loss. For
his purpose, high gas utilization is thought to be a very effective

pproach. For the same reason, cell structures that can achieve low
ressure loss are also desirable. However, when these conditions
re strictly implemented, drainage of condensed water becomes
roblematic. This leads to instabilities in the cell performance by

∗ Corresponding author. Tel.: +81 52 612 6144; fax: +81 52 612 6144.
E-mail addresses: hiramitu@daido-it.ac.jp (Y. Hiramitsu), k3kenji@daido-it.ac.jp

K. Kobayashi), hori@daido-it.ac.jp (M. Hori).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.05.067
obstructing oxygen diffusion, resulting in high mass-transfer over-
potential. This phenomenon is referred to as flooding. Therefore,
water management is extremely important for fuel cells. Ideally,
such management should be carried out by the cell components
themselves, to avoid the need for complicated external control
systems.

In PEFCs, a porous electrode layer is placed between the catalyst
layer (CL) and a separator to allow diffusion of the reaction gases
to the catalyst. Such a layer is referred to as a gas diffusion layer
(GDL) and has a significant effect on water management. Paper or
cloth consisting of carbon fiber is usually used for the GDL, because
high corrosion resistance and electrical conductivity are required.
In general, water management is carried out within the cell com-
ponents at the polymer electrolyte membrane (PEM), the CL and
the gas flow channel in the separator. The GDL should provide
high effective gas permeability even when its water content is high
or/and should allow efficient water drainage.

A GDL is generally a carbon macroporous layer such as carbon
paper or carbon cloth. It is usually treated with a water-repellent
substance such as polytetrafluoroethylene (PTFE). For effective
water management, the GDL thickness, porosity and hydrophobic-
ity are important for optimizing gas diffusivity and water drainage
[1–9].
Alternatively, a microporous layer (MPL), consisting of fine car-
bon black and PTFE powder, can be coated on the macroporous
layer using a wet or dry process. This type of MPL has a remarkable
influence on cell performance in water-saturated conditions. The
MPL thickness [9], porosity, PTFE ratio and carbon-black properties

dx.doi.org/10.1016/j.jpowsour.2010.05.067
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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minutes in an electric muffle furnace (FUW230PA, Toyo Roshi
Kaisha, Ltd., Japan). To evaluate the effect of PTFE loading, the same
hydrophobic pretreatment was performed twice for H030.
ig. 1. Experimental set up for measuring the gas permeability and dehydration
ressure of a GDL. MFC indicates a mass flow controller.

lso have a strong influence on gas diffusivity and water drainage
n such GDLs [10–17].

A large number of studies of two phase modeling of flooding in
EFCs have been carried out [18–27]. By modeling the degree of
ater saturation through the thickness of the GDL, the highest sat-
ration was found at the contact face with the CL, and decreased
radually toward the gas flow channel. The physical properties of
he GDL and MPL have a large influence on this water saturation
24–27]. Through theoretical studies, Sinha et al. highlighted the
mportance of water management at the CL/GDL interface [26,27].
hydrophilic-hydrophobic hybrid GDL was suggested as a means of

chieving a good balance between gas diffusion and drainage of the
L/GDL interfacial water [26–28]. In addition, the flood-proofing
roperties of carbon cloth are generally better than those of carbon
aper. This is thought to be because the large pores between the
rossed fibers drain the water accumulating at the CL/GDL inter-
ace [29,30]. In a similar approach, the present authors previously
eported on the suppression of flooding by punching through-holes
n the GDL [7]. The authors also considered the pore structure in
he region of the GDL immediately adjacent to the CL, and found
hat flooding could be greatly reduced by producing a micronized
ydrophobic structure in this region [9].

The above methods, however, involve higher costs, because
dditional complex processes are required to manufacture the GDL.
o realize the practical application of fuel cells, cost reductions are
esired for all of the materials and processes used to produce them.
ost performance has a high priority, even for critical technologies.
herefore, the practical use of the above techniques is not feasible,
nd simple manufacturing and easy handling methods are desired
or the GDL.
In this study, flood-proofing of carbon paper using a micronizing
rocess was investigated. The basic properties of the resulting GDLs
ere characterized, and their flooding behavior during power gen-

ration was evaluated. In this article, one of the most critical factors

able 1
DL specifications.

Carbon paper Thickness (�m) Bulk density (g cm−3)

TGP-H-030 111 0.43
TGP-H-060 200 0.44
WMGDL 114 0.31
×0.6 WMGDL 70 0.29
×2 WMGDL 200 0.40
Fig. 2. Experimental apparatus for measuring the water permeance pressure of a
GDL.

governing flooding was clarified. Furthermore, a low-cost, flood-
resistant GDL with superior water management was proposed.

2. Experimental

2.1. GDL preparation

2.1.1. Specifications of carbon paper for GDL
TGP-H-H030 (H030, Toray Industries, Inc., Japan) and a proto-

type water-management GDL (WMGDL, Mitsubishi Rayon Co., Ltd.,
Japan) composed of non-woven carbon paper were used in this
study. The thickness and the bulk density of H030 and WMGDL are
shown in Table 1. The GDLs which were evaluated as the references
are also shown in Table 1.

2.1.2. Hydrophobic treatment
Hydrophobic pretreatment was performed on the GDLs by

dipping in a 12 wt% PTFE dispersion (31-JR, DuPont-Mitsui Fluo-
rochemicals Co., Ltd, Japan) and by heating at 350 ◦C for several
Fig. 3. The MEA structure of bi-layered cathode GDL to evaluate the GDL structure
facing CL.
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active area of the MEA electrode was 30 × 150 mm2. The MEA was
tightly fastened together using two carbon separators with flow
ig. 4. Pore size distribution of GDL measured by mercury intrusion porosimetry.
a) H030, (b) WMGDL and (c) cumulative pore volume.

.2. GDL characterization

.2.1. Porosimetry
Measurement of the pore size distribution was carried out

sing mercury intrusion porosimetry (Poresizer 9320, Micromerit-
cs Instrument Corp., USA) to characterize the pore structure of the
arbon paper consisting of carbon fibers and binder.

.2.2. Morphology

The state of the binder between the carbon fibers, the adhesion

f the PTFE, and the shape of the carbon fibers were observed by
canning electron microscopy (SEM, JSM-6300F, JEOL, Ltd., Japan).
Sources 195 (2010) 7559–7567 7561

2.2.3. Gas permeability
Fig. 1 shows a schematic of the experimental apparatus used

to measure the gas permeability of the GDL. A dry GDL was sand-
wiched between two PTFE sheets and two aluminum plates, each
containing a hole 1 cm in diameter. This was installed in an alu-
minum case as shown in the figure, such that the interior of the
case was separated from the outside atmosphere by only the GDL.
A tube connected to a manometer (6349, Testo K. K., Japan) was
then attached to the case. The flow rate of air was controlled by
a mass flow controller (CMQ-V, Yamatake Corp., Japan). When the
gas flowed, the pressure loss due to diffusion through the GDL was
measured.

The gas permeability Q was calculated from the measured flow
rate V and differential pressure �P by Eqs. (1) and (2).

R = �P

V
(1)

Q = T

RS
(2)

where R: airflow resistance, T: thickness of GDL, S: area of GDL,
1 kPa = 102.064 mmAq.

2.2.4. Drainage properties
Measurement of the dehydration pressure was performed as

follows. First, the GDL was impregnated by water vacuum impreg-
nation [8,31]. In this process, the GDL was subjected to a vacuum
of −96 kPa under water. When air bubbles stopped emerging from
the GDL it was returned to atmospheric pressure while still under
water. This process was repeated several times and the weight
change was measured.

The water-impregnated GDL was installed in the apparatus
illustrated in Fig. 1. Under gas flow, the stable internal pressure was
quickly measured with a pressure gauge (AP-C40, Keyence corp.,
Japan) and the procedure described in Section 2.2.3 was carried
out. With increasing flow rate, the internal pressure rose. The pres-
sure just before the point when the internal pressure decreased for
the first time was defined as the dehydration pressure �PD.

2.2.5. Water permeance pressure
Measurement of the water permeance pressure was performed

using a capillary flow porometer (CFP-1200-AEXL, Porous Materi-
als Inc., USA) to evaluate the hydrophobicity and the influence on
water transport of the GDL pore structure. Fig. 2 shows a schematic
diagram of the experimental apparatus to measure the water per-
meance pressure. The diameter of the measured region of the GDL
was 1.3 cm. Water was dropped onto the surface of a dry GDL until a
film with a thickness of several mm was produced. The air pressure
on the water film was then slowly raised. The water permeance
pressure �Pp was defined as the pressure when the air flow rate
through the GDL showed a sudden increase.

2.3. Power generation

2.3.1. Polarization measurements
As mentioned earlier, a power generation test was carried out

on a single cell to examine the flooding behavior of the GDL.
A catalyst-coated membrane (CCM) was used in this test

(PRIMEA series, Japan Gore-tex Inc., Japan). The CCM contained
a CL with a Pt loading of 0.3 mg cm−2 and a PEM with a thick-
ness of 30 �m. The CCM was sandwiched between two sheets
of GDL to produce a membrane electrode assembly (MEA). The
fields (Nippon Carbon Co., Ltd., Japan). Sixteen straight 1-mm-wide
channels were machined into the separator, measuring 150 mm in
length, and the ribs separating the channels were 1 mm wide. The
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Fig. 5. SEM

epths of the channels were 0.5 mm at the cathode and 0.4 mm at
he anode. The fuel and oxidant were supplied using a counter-flow
onfiguration through alternating channels.

A fuel cell test stand (Kojima Instruments Inc., Japan) was used to
valuate the performance of the fuel cell. Polarization curves for the
ell were measured such that the load current with an electric load
PLZ664WA, Kikusui Electronics Corp., Japan) was increased at the
ate of 5 A min−1 to a current density of 1.50 A cm−2 with constant
as utilization. The gas utilization of the fuel and the oxidant was
0% or 40%. The operating pressure was atmospheric pressure. The
ell temperature was 75 ◦C. The humidification temperature was
aried from 40 to 85 ◦C. The humidification level of the oxidant
as the same as that of the fuel.

The limiting current density was estimated from the polariza-
ion curve. This is one index of the gas diffusivity of the MEA. Here,
t is defined as the current density at a cell voltage of 0 V, and is
etermined by linear extrapolation of the polarization curve.

.3.2. Polarization measurement with different GDL structure at

L/GDL interface

A power generation test was performed to evaluate the influ-
nce of the structure of the CL/GDL interface on flooding. The
onfiguration of the MEA is shown in Fig. 3. On the cathode side, the
DL had a bi-layer structure using the combinations of WMGDL and

able 2
ombinations of bi-layered GDL on cathode to evaluate the GDL structure facing CL.

GDL settings WM/WM

Cathode
Channel side WMGDL
CL side WMGDL
es of H030.

H030 listed in Table 2. For the saturated condition, the cell and the
humidification temperature was set to 75 ◦C and 80 ◦C, respectively.
For the non-saturated condition, the cell and the humidification
temperature was set at 80 ◦C and 70 ◦C, respectively. The fuel and
oxidant gas utilization was 70%.

3. Results

3.1. GDL characterization

3.1.1. Porosity
Fig. 4 shows the pore size distribution and cumulative pore

volume of each GDL measured by mercury intrusion porosimetry.
As shown in Fig. 4(a) and (b), by comparing the distributions, it
was found that the pores in WMGDL were both smaller and more
numerous than those in H030. As shown in Fig. 4(c), by compar-
ing the pore volume, it was found that the volume of WMGDL
mainly consisted of the small pores and the volume of H030 mainly
consisted of the large pores, clearly.
Table 3 shows the pore-structure parameters calculated from
the pore size distributions. The porosity of WMGDL was slightly
lower than that of H030. In addition, the measured porosity of H030
was found to be lower than the value published by the manufac-
turer. It is thought that this was due to the presence of surface

WM/030 030/WM 030/030

H030 WMGDL H030
WMGDL H030 H030
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Fig. 6. SEM images

ig. 7. Relationship between flow rate and differential pressure with water-impregnated
egion. (b) 3rd dehydrating region in whole region. (c) Schematics of each region. These s
of WMGDL.

GDL. (a) Close up of the 1st proportional region until the first dehydration and 2nd
chematics are the portion shown in Fig. 1 with the dashed line.
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oughness that allowed the mercury to slightly penetrate the mate-
ial even in the absence of pressure.

The surface area of WMGDL was larger than that of H030. Thus,
sing the same water-proofing treatment, the PTFE adhered to
ore WMGDL than H030.
The GDL pore structure became micronized due to adhesion of

TFE. Although the average pore diameter in H030 decreased fol-
owing two successive water-proofing treatments, it still remainder
arger than that in WMGDL. This shows that it is difficult to effec-
ively micronize the pore structure by PTFE adhesion.

.1.2. Morphology
Figs. 5 and 6 show SEM images of H030 and WMGDL, respec-

ively. Both GDLs were made of carbon paper, and so their basic
tructure was similar. WMGDL was found to contain more fibers
han H030, and appeared to have a finer pore structure. The diame-
er of the carbon fibers in H030 was measured to be approximately
0 �m. On the other hand, in WMGDL, two different fiber diameters
f approximately 10 �m and 8 �m were observed.

Figs. 5(c) and (d) and Fig. 6(c) and (d) show SEM images of water-
roofed H030 and WMGDL, respectively. It can be seen that the pore
tructure was dramatically changed by the water-proofing treat-
ent. The PTFE can be seen clinging to the carbon fibers and binder,

hereby reducing the pore size.

.1.3. Gas permeability
Table 4 shows the gas permeability along the thickness direc-

ion of dry GDL measured by the apparatus illustrated in Fig. 1. The
as permeability was smaller in WMGDL than in H030. This was
onsistent with the measured pore diameters. In addition, the gas
ermeability decreased following the water-proofing treatment.

.1.4. Drainage properties
Water-impregnated GDLs were placed in the apparatus shown

n Fig. 1, and the relationship between the flow rate and the dif-
erential pressure was measured. The water saturations in H030,
ater-proofed H030, WMGDL and water-proofed WMGDL were

ound to be 0.83, 0.54, 0.73 and 0.56, respectively.
Fig. 7 shows the relationship between the flow rate and dif-

erential pressure. These curves seemed to be divided into three
egions.

The first region was from a flow rate of zero to that which caused
he differential pressure to decrease for the first time as shown
n Fig. 7(a). Up to this point, the differential pressure increased
n proportion to the flow rate. This indicates that gas permeabil-
ty was observed under wet conditions. A comparison of the gas
ermeability in dry and wet conditions is shown in Table 4.

In the second region, a sudden sharp drop occurred in the dif-
erential pressure. This indicated that a rapid localized increase in

oid space occurred due to dehydration of the GDL. This differen-
ial pressure was defined as the dehydration pressure �PD. The
ifferential pressure rose again following this, possibly because
he newly formed empty voids became obstructed again by nearby
egions of water.

able 3
ore-structure parameters calculated from distributions shown in Fig. 4.

Carbon paper PTFE concentration
(wt%)

Mean pore diameter d
(�m)

TGP-H-030
0 23

11 20
18 11

WMGDL
0 14

15 11
Fig. 8. Relationships between (a) PTFE concentration and dehydration pressure.
The inset shows the schematic of dehydration pressure. (b) PTFE concentration and
water permeance pressure. The inset shows the schematic of permeance pressure.

In the third region, the differential pressure again increased with
flow rate, but more moderately than in the first region, and even-
tually became constant as shown in Fig. 7(b). It is believed that
continuous dehydration and evaporation were occurring in the GDL
in this region.

Fig. 8(a) shows the relationship between the PTFE concentra-
tion and the dehydration pressure. The dehydration pressure was
smaller for the GDL with the larger pore size. Furthermore, it was
also smaller for the water-proofed GDLs. These results show that
water was easily released from those GDLs.

3.1.5. Water permeance pressure
Fig. 8(b) shows the results for the water permeance pressure

�Pp. The water permeance pressure increased with PTFE concen-

tration for both H030 and WMGDL. In addition, it was smaller for
H030 than for WMLGDL. Since the pore size in H030 was larger than
that in WMLGDL, as shown in Fig. 4 and Table 3, this indicates that
water moves through the GDL by capillary action.

Peak pore diameter
dpeak (�m)

Porosity (cm3 cm−3) Specific surface area
(m2 cm−3)

45 0.46 0.080
40 0.49 0.095
35 0.46 0.166

26 0.53 0.153
24 0.47 0.183
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ig. 9. Polarization curves. (a) Cell temperature was 75 ◦C, humidification tem-
erature was 60 ◦C, fuel utilization was 70% and air utilization was 40%. (b) Cell
emperature was 75 ◦C, humidification temperature was 75 ◦C, fuel utilization was
0% and air utilization was 70%.

.2. Power generation test

.2.1. Polarization
Fig. 9(a) shows typical polarization curves under low humidifi-

ation at 64%RH and low gas utilization conditions, and Fig. 9(b)
hows those under saturated humidification and high gas uti-
ization conditions. Both H030 and WMGDL exhibited high
erformance for all current densities when the humidification and
as utilization were low. On the other hand, for high humidifica-
ion and gas utilization, H030 exhibited a significant decrease in
ell performance at high current density, whereas WMGDL did not.

his indicates that H030 caused flooding but WMGDL did not.

Furthermore, the humidification temperature dependence of
he limiting current density is shown in Fig. 10. The flood-proof
haracteristics of WMGDL are seen to have been improved by the
ater-proofing treatment. In addition, the limiting current den-

able 4
as permeability of GDL.

Carbon paper PTFE concentration (wt%)

TGP-H-030
0

11
18

WMGDL
0

15

TGP-H-060 (i.e. ×2 TGP-H-030) 14
×2 WMGDL 17
×0.6 WMGDL 16
Fig. 10. Humidification temperature dependence of the limiting current density.

sity did not decrease for WMGDL, even when the vapor pressure
exceeded the saturating condition during high gas utilization. In
contrast, the flood-proof characteristics of H030 did not improve
following the same treatment. In fact, water-proofed H030 caused
a remarkable amount of flooding.

3.2.2. Polarizations with different GDL structure at CL/GDL
interface

Fig. 11 shows the results of power generation tests for single
cells containing the MEAs shown in Fig. 3. The combinations used
in the bi-layered GDL are shown in Table 2. It was found that the
higher cell voltages were produced when WMGDL was placed on
the CL side in the cathode.

4. Discussion

It is necessary to clarify the governing factor among some
flooding factors for designing the outstanding water-management
GDL. Firstly, hydrophobicity is treated on GDL to repel water. The
relationship between the hydrophobic treatment method and/or
strength, and flooding has been investigated in previous study [3].
On the other hand, since hydrophobicity reduces the water per-
meability, it is not the only factor which governs flooding [25,27].

Secondly, the GDL structure also influences the flood-proof charac-
teristics. When the same hydrophobic treatment is performed, the
GDL pore structure affects the water transport property and water
distribution. The water transport property of GDL which relates to
the drain of the condensed water from CL to flow channel might be

Air permeability
(ml cm−2 h−1 mmAq−1)

Air permeability
(water-impregnated condition)
(ml cm−2 h−1 mmAq−1)

Through plane

23,083 6.22
21,619 14.28
15,925 0.02

11,529 10.14
10,458 15.16

8015 5.41
3152 0.02

18,712 2.95
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ig. 11. Cell voltage at current density of 0.6 A cm−2 with bi-layered GDL on cath
MGDL, H060 are 0.6 times, twice the thickness of WMGDL and twice the thickne

n extremely important physical property. This is estimated from
he equation of the capillary pressure. Water transport in a single
ore can be expressed by Eq. (3).

= −4� cos �

d
(3)

here P: capillary pressure, �: interfacial surface tension of water,
: contact angle, d: pore diameter.

The hydrophilic GDL absorbs water, and is saturated, and its gas
iffusivity decreases. Therefore, the contact angle of GDL must be
0◦ or more, and when pore diameter is large, the water transport
roperty is high in that condition.

For accelerating GDL development, authors have been eval-
ating the physical properties of GDL, and have examined the
overning property which can evaluate the flood-proof character-
stics of GDL, elementally. As a fundamental study, the relationship
etween the cell polarization and the gas diffusivity, the water per-
eability, the water drainage as physical properties of 20 or more

inds of GDL has been investigated. As a result, clear negative corre-
ation was seen between limiting current density and dehydration
ressure as water drainage [7]. Therefore, the situation of water
rainage would be similar to that of power generation.

In these experiments, water-proofed H030 consisting of larger

ore structure than water-proofed WMGDL as shown in Sections
.1.1 and 3.1.2 had higher gas permeability as shown in Sec-
ion 3.1.3, higher water permeability as shown in Section 3.1.5
nd lower dehydration pressure as shown in Section 3.1.4. Those
esults show that water-proofed H030 has better mass transport

Fig. 12. Schematic images of flooding
he different cathode GDL combinations are shown in Table 2. ×0.6 WMGDL, ×2
030, respectively, which are shown as the references.

properties. Nevertheless, flooding was occurred significantly with
water-proofed H030 as shown in Section 3.2.1.

Thus, the mass transport properties of WMGDL are less than
H030. However, as shown in Section 3.2.1, the stable high per-
formance without flooding was maintained under the saturated
humidification and high gas utilization at 70%. The relation-
ship between GDL structure and flooding, in a previous report,
the authors revealed that flooding could be controlled by H030
micronized on the side facing the CL by a small amount of water-
proofed carbon particles [9].

Then, the power generation test with bi-layer GDL was exam-
ined in order to obtain evidence that the structure of carbon paper
that had a minute pore structure like WMGDL controlled the flood-
ing at CL/GDL interface.

The comparison of polarization with bi-layer GDL on cathode,
which is shown in Fig. 11 in Section 3.2.2 demonstrates that the
region of the GDL immediately adjacent to the CL governs flood-
ing in the GDL and the smaller pore-structure facing CL is effective
against flooding.

This concept is illustrated in Fig. 12. It is thought the CL con-
taining ionomer which generates water gets wet easily compared
with water-proofed GDL. Then, it is easy to accumulate water
between a hydrophobic GDL and such a CL with a higher water

affinity than the GDL according to Eq. (3). As shown in Fig. 12(c)
and (d), when the pores in GDL at the side of CL/GDL interface are
larger, the larger water layer will be formed over CL surface because
of this hydrophobicity difference between CL and GDL, and this
water layer would then block gas diffusion. However, as shown in

in bi-layered GDL on cathode.
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ig. 12(a) and (b), the water will become highly dispersed in the
resence of small pores, and the gas can effectively diffuse from
he pores, and flooding would be controlled.

In addition, the influence of the GDL structure facing the gas
hannel was relatively small in this examination.

From another viewpoint, even if the smaller pore-structure GDL
s effective against flooding at CL/GDL interface, the mass trans-
ort characteristics are lower. In this regard, the GDL thickness

s expected to be an important parameter affecting the flood-
roof characteristics. Then, thickness dependence was examined as
hown in Fig. 11. With ×0.6 WMGDL, the similar cell performance
as obtained. This suggests that the influence of the gas diffusiv-

ty and/or water drainage under ribs is small even at this thinness
ith this smaller pore-structure. In addition to the effect of highly-
ispersing water layer at CL/GDL interface, it is presumed that

mprovements of the gas and water transport properties through
he thickness direction by thinning can contribute to control flood-
ng.

On the other hand, the cell performance fell greatly with ×2
MGDL as shown in Fig. 11. The cell performance fell also in the
ilder low humidification conditions for flooding. In thick smaller

ore-structure GDL, it is shown that the gas diffusivity fell due
o increase the amount of accumulated water in GDL according
o decreasing water transport property. This suggests that water
ransport property of GDL governs flooding, if it falls too much
ike this case. Therefore, it can be said that the balance between

icronizing structure facing CL/GDL interface and thinness is the
ey.

In addition, the flooding with H030/H030 and H060 were
maller than that of H030 as shown in Fig. 11.

The influence of accumulated water under ribs may be sup-
ressed because water and gas would be transported efficiently
rom under ribs to gas channels with H030/H030 and H060 which
re thick compared with H030.

In order to understand these, it is necessary to know the gas
ermeability of GDL in wet. The gas permeability of the GDL which
as impregnated by water vacuum impregnation as shown in

able 4 is not correlated with polarizations. It is estimated that
his element examination is not reproducing the water satura-
ion and a contact interface between CL and GDL under power
eneration.

In order to clarify the above-mentioned presumption, visual-
zation experiments using neutron radiography or X-ray CT should
e performed considering the structure of GDL as an experimental
arameter. These in situ observations would be expected to pro-
ide much more detailed information on the relationship between
ooding and the GDL structure facing the CL and water transport
roperty [32–34].

. Conclusion

An extremely highly flood-resistant GDL has been developed,
ased on simple carbon paper. It was experimentally shown that
ooding was inhibited by a GDL with a smaller pore structure. In
ddition, it was found that the GDL structure directly facing the CL
s one of the governing factors for flooding in the GDL.
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