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a b s t r a c t

In polymer electrolyte fuel cells, high humidity must be established to maintain high proton conductivity
in the polymer electrolyte. However, the water that is produced electrochemically at the cathode catalyst
layer can condense in the cell and cause an obstruction to the diffusion of reaction gas in the gas diffusion
layer and the gas channel. This leads to a sudden decrease of the cell voltage. To combat this, strict water
management techniques are required, which usually focus on the gas diffusion layer. In this study, the
eywords:
olymer electrolyte fuel cell
ater management

looding
as diffusion layer

use of specially treated carbon paper as a flood-proof gas diffusion layer under extremely high humidity
conditions was investigated experimentally. The results indicated that flooding originates at the interface
between the gas diffusion layer and the catalyst layer, and that such flooding could be eliminated by
control of the pore size in the gas diffusion layer at this interface.

© 2010 Elsevier B.V. All rights reserved.

icroporous layer

ore structure

. Introduction

Polymer electrolyte fuel cells (PEFCs) are potentially ideal for
lectricity generation at temperatures between room temperature
nd about 100 ◦C in situations requiring a fast cold start or a cer-
ain degree of miniaturization. In this regard, they are expected to
nd practical application in cogeneration systems for homes and

n fuel-cell-powered cars. In particular, high performance over a
ide temperature range is required for PEFCs to be suitable for

utomobile use. The ionomer in the catalyst layer (CL) and the
olymer electrolyte membrane (PEM) which are used in PEFCs
xhibits high proton conductivity in the presence of high water
ontent. Therefore, to achieve high cell performance, it is necessary
o humidify the fuel and the oxidant while maintaining a suitable
alance between the anode and cathode. Furthermore, to achieve
igh efficiency, the gas utilization of both the fuel and the oxidant
ust be increased.
On the other hand, unless the water formed by the reaction at

he cathode is completely drained from the CL through the gas dif-

usion layer (GDL), it blocks the gas channels or the membrane
lectrode assembly (MEA) and causes a decrease in cell perfor-
ance, in a phenomenon known as “water jamming”. Therefore, to

chieve high performance and efficiency, it is necessary to imple-
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ment strict water management techniques using advanced MEAs
[1–3], asymmetric humidification schemes between the electrodes
which take into account the water balance in the cell, and gas flow
management by optimizing the shape of the gas flow channels and
blower [4–7]. Water jamming becomes a particular problem in sit-
uations involving a cold start from room temperature, since water
condenses easily when the saturated water vapor pressure is low.

The water jamming phenomenon can be roughly classified into
“flooding” in the GDL and “plugging” of the gas flow channel [8,9].
For the case of plugging, it was shown that the use of a gas flow
channel with a roughened hydrophilic surface caused a consider-
able reduction in the amount of obstruction to gas diffusion [9].

Attempts to alleviate the problem of flooding in the GDL have
been hindered by the fact that the flooding mechanisms are not
yet fully understood; this is due in part to the difficulty in directly
observing the water between the carbon fibers in the GDL, and
also to the complexity involved in simulating the complicated
three-dimensional structure of the GDL, which comprises inhomo-
geneous carbon fibers, a binder and a hydrophobic coating. In recent
year, many experimental and theoretical studies have focused on
these issues.

Initial studies attempted to determine the relationship between
flooding and basic properties of the GDL such as its gas permeabil-

ity, water-repellency and thickness. In this regard, Williams et al.
performed a comparison of several types of GDLs to determine the
effects of a number of intrinsic properties, such as limiting cur-
rent, on oxygen transport, and identified which GDLs were more
resistant to flooding [10].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hiramitu@daido-it.ac.jp
mailto:h-sato@daido-it.ac.jp
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Typically, GDLs are given a water-proofing treatment by poly-
etrafluoroethylene (PTFE) loading. However, Lin et al. discovered
hat excessive PTFE loading gave rise to flooding. In addition, they
howed that a microporous layer (MPL) promoted back-diffusion
f water from the cathode to the anode and reduced the amount of
ater saturation in the cathode GDL [11].

Ihonen et al. performed power generation and element tests
sing 6 different types of thick GDLs, with and without MPLs, to

nvestigate the flooding mechanism. They concluded that prevent-
ng water jamming in the GDL was more important than attempting
o maximize its gas permeability under dry conditions [12]. A
etailed study on MPLs performed by Holmstrom et al. indicated
hat the use of an MPL prevented the cell from water-flooding [1].

In general, it is difficult to produce a homogenous hydrophobic
overing on GDL fibers by the use PTFE particles. To combat this
roblem, Chiu and Wang coated PTFE onto the GDL using a sput-
ering method, and the resulting fuel cell exhibited a performance
omparable to that of a normal sintered GDL with a PTFE dispersion
13].

Other studies were carried out to clarify the mechanisms
f flooding in GDLs. Using an interdigitated cell, Yamada et al.
bserved a loss of pressure in the cell during operation, which indi-
ated that the flooding occurred within the GDL [14]. The present
uthors have previously examined the dependence of water trans-
ort properties on the micropore structure, amount of binder,
DL thickness and water affinity for 21 different kinds of GDL or
DL/MPL structures, and measured the limiting current density
nder high humidity conditions. The results showed a high cor-
elation between the dehydration pressure, which is an indicator
f the ease of drainage, and the limiting current density [15]. Fur-
hermore, the effect of the microstructure at the CL/GDL interface
n producing flood-proof GDLs using carbon paper was highlighted
16].

Many studies have focused on the function of the MPL as a
ater management structure. Atiyeh et al. concluded that higher

ell performance could be achieved for cells in which the MPL was
nder saturated humidity conditions [17]. Antolini et al. demon-
trated that higher cell performance was obtained by coating the
PL on the CL side of the GDL than by coating it on the gas channel

ide. Furthermore, they found that higher PTFE content in the MPL
mproved cell performance [18], with the optimum value being
pproximately 30 wt% [19,20].

The properties of the carbon black are also known to have a
emarkable influence on the microstructure of the MPL. Using a
ry processed MPL developed by our group, Yu et al. compared the
ffects of Ketjen black and Vulcan black on the cell performance,
nd found that higher performance was achieved with Ketjen black
ince it produced more porous electrodes [21,22].

Wang et al. examined the influence of water affinity on the
roperties of the MPL by using black pearl, acetylene black and a
ombination of the two. Their results indicated that acetylene black
as most suitable as a gas diffusion structure. Furthermore, they

ound that when acetylene black was mixed with black pearl, the
PL acquired a hydrophilic nature leading to improved drainage

haracteristics [23].
A large number of simulation studies have been performed to

xplain these experimental results. Nam and Kaviany investigated
as diffusivity in a water-clogged GDL [24]. Lin et al. performed
imulations under two-phase, one-dimensional, steady-state, and
sothermal conditions and investigated the relationship between

ater saturation and overvoltage. They predicted that the influence

f flooding in the CL was larger than in the GDL [25].

Meng et al. carried out simulations using a model involving
liquid film coating on a two-dimensional GDL, and discussed

he water distribution under the rib and under the channel. The
urrent density under the rib was found to deteriorate under two-
Sources 195 (2010) 5543–5549

phase conditions. In addition, they showed that the water under
the rib was removed when the air mass flow increased [26]. Lin
and Nguyen reported a similar result, and suggested that water
movement along the in-plane direction was important to reduce
this flooding [27]. Pasaogullari et al. simulated both water and
heat transport, and identified anisotropy between the in-plane and
through-plane directions [28,29].

Studies on the structure and composition of the GDL have also
been carried out. Wang et al. compared carbon cloth with carbon
paper, and found that oxygen diffusion to under the rib was bet-
ter with carbon cloth because the amount of water saturation was
small [30]. Simulations focusing on the microstructure of the GDL
were performed by Mukherjee and Wang, who attempted to pro-
duce a model which represented the structure of a real GDL. Using
this model, they reproduced the pore structure and calculated the
capillary pressure. Furthermore, they calculated the effects of com-
pression of the GDL due to cell clamping [31]. Schulz et al. modeled
the relationship between GDL morphology and flooding behavior
by capillary pressure [32]. Likewise, Inoue et al. analyzed GDL flood-
ing using a networked water transport simulation based on the
lattice Boltzmann method. They reproduced an inhomogeneous
GDL microstructure and examined the influence of wettability, pore
diameter and fiber diameter [33].

Simulations focusing on the role of the MPL in flooding have also
been reported [3,34,35]. Pasaogullari et al. examined the effects
of MPL thickness, pore volume, and wettability and found that
they had a large influence on the degree of water saturation at
the CL/MPL interface. This was because increasing the water trans-
port resistance in the cathode led to enhanced back-diffusion of
water to the anode, thus reducing both the saturation at the MPL/CL
interface and the water flow to the cathode GDL. In addition, the
back-diffusion rate was found to increase with increasing MPL
hydrophobicity and thickness, and decreasing pore size and poros-
ity [34]. This was considered to be due to capillary pressure in the
MPL. It was concluded that a thin, highly hydrophobic MPL had a
high potential as a means of preventing flooding in fuel cells [35].

In other words, drainage to the cathode channel is obstructed by
an increase of the capillary pressure even if water saturation of the
GDL is prevented by a water-repellent treatment. Sinha and Wang
came to a similar conclusion for a GDL without an MPL. With regard
to flooding of the CL/GDL interface, they proposed a GDL structure
with both hydrophilic and hydrophobic regions to carry water and
gas, respectively, to achieve a good balance between drainage of
water which was clogged at the CL/GDL interface and gas diffusion
[36,37].

In recent years, many attempts have been made to visualize the
internal workings of fuel cells in order to confirm the results of the
experiments and simulations mentioned above [38–42]. Because of
the fine microstructure of the GDL, a high spatial resolution imag-
ing technique is required to study it. In addition, high temporal
resolution is also needed because the movement of the water is an
unsteady process operating over periods from a few seconds to tens
of seconds.

Kowal et al. performed quantitative measurements of the in-
plane distribution of water in a GDL using neutron radiography.
In particular, they focused on the influence of the cloth and paper
structures of the GDL. Their results indicated that the reason that
carbon paper was more susceptible to flooding than carbon cloth
was the presence of large amounts of water under the rib [38].

Using high-resolution X-ray CT methods, Maeda et al. moni-
tored the through-plane water distribution in a GDL by quasi in

situ measurements as a function of time, and were able to show
the accumulation of water at the CL/GDL interface [41].

In addition, Spernjak et al. visualized the GDL from the gas chan-
nel side through a transparent window. Such a basic approach also
offers advantages for high temporal resolution [42].
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Table 1
GDL specifications. The definition of dehydration pressure was reported in [15].

Manufacturer Name Thickness (�m) Bulk density PTFE content (wt%) Air permeability Water permeability Dehydration
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Toray Water-proofed
TGP-H-030

111 0.43 11

There is no doubt that large cost reductions must be achieved
efore practical use can be made of PEFCs. Obviously, the pro-
uction cost of the GDL must be reduced while maintaining
erformance. As previously mentioned, for flood-proof GDLs, the
se of carbon cloth and a MPL at the CL side each offers perfor-
ance advantages. Furthermore, it was proposed that the inclusion

f both hydrophilic and hydrophobic regions could produce an
ptimum balance between the water drainage and gas diffusion
haracteristics of the GDL [37]. The through-holes were made
n the GDL in the same purpose [15]. However, these methods
ead to higher production costs. The objective of this study is to
evelop a highly flood-proof GDL structure based on low-cost car-
on paper.

The authors have previously proposed that the dehydration
ressure is a dominant factor related to flooding from the point of
iew of water transport through the GDL [15]. However, a weaker
orrelation was found for a GDL with low dehydration pressure and
second factor was therefore required [16].

In this study, the microstructure of the GDL at the interface with
he CL is investigated to determine its relationship to the water
ransport properties.

. Experimental
.1. Microstructure of GDL

.1.1. GDL preparation
Non-woven carbon paper (TGP-H-030, Toray Industries, Inc.,

apan) was used for the GDL. The specifications are shown in Table 1.

ig. 1. Detailed view of a single cell prepared for the fuel cell power generation test.
a) Carbon separator for anode, containing 16 channels, 1.0 mm wide and 0.4 mm
eep between 1.0-mm-wide ribs. (b) Teflon sheet used as a seal to prevent diffusion
f hydrogen from the sides of the anode GDL. (c) Water-proofed GDL. (d) CCM.
e) Water-proofed GDL or water-proofed GDL with water-proofed carbon powder.
f) Teflon sheet used as seal to prevent diffusion of oxygen from the sides of the
athode GDL. (g) Cathode carbon separator, containing 16 channels, 1.0 mm wide
nd 0.5 mm deep between 1.0-mm-wide ribs. H2 and air were supplied in a counter-
ow configuration, as shown in (a) and (g).
(ml cm−2 h−1 mm Aq−1) (kPa) pressure (kPa)

21,619 3.7 1.2

Hydrophobic pretreatment was performed on the GDLs by dipping
in a 12 wt% PTFE dispersion (31-JR, DuPont-Mitsui Fluorochemi-
cals Co. Ltd., Japan) and by heating at 350 ◦C for several minutes
in an electric muffle furnace (FUW230PA, Toyo Roshi Kaisha Ltd.,
Japan). Henceforth, this water-proofed GDL will be referred to as
the “WP-GDL”.

2.1.2. Micronization of the pore structure at the GDL surface
Micronized GDLs were prepared to evaluate the influence of the

contact interface with the CL on the flooding behavior. The follow-
ing additional water-proofing procedure was carried out on some
of the GDLs. Water-proofed carbon powder consisting of PTFE and
carbon black was dry-deposited on one side of the water-proofed
carbon paper prepared in Section 2.1.1. Carbon black (Vulcan XC-72,
particle diameter: 30 nm, specific surface area: 254 m2 g−1, Cabot
Corp., USA) was mixed in a blender with PTFE fine powder (7A-J,
particle diameter: 20–60 �m, Du Pont-Mitsui Fluorochemicals Co.
Ltd., Japan) in a dry state at a weight ratio of 7:3. In the dry deposi-
tion technique, the mixed powder was allowed to absorb through
the GDL, and the GDL was then atmospherically sintered in an elec-
tric muffle furnace at a temperature of 350 ◦C to melt the PTFE
[21,43]. These GDLs will henceforth be referred to as “Micronized-
WP-GDLs”.

In comparison to commonly used wet process coating methods,
this technique requires only a very small amount of carbon powder.
Water-proofed carbon particles can be introduced into the pores of
the GDL surface in this manner. Power generation tests were carried
out on the basic water-proofed GDL and GDLs with the additional
water-proofed carbon powder treatment (0.05–4.00 mg cm−2).
2.1.3. Porosimetry
The pore diameter distribution in the carbon fiber and binder

was determined by mercury intrusion porosimetry (Poresizer 9320,
Micromeritics Instrument Corp., USA).

Fig. 2. Pore diameter distribution of water-proofed TGP-H-030 by mercury intru-
sion porosimetry.
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Table 2
The pore parameters of GDL.

meter

2

J
t
o
G

2

p
h

F
T
f

Name PTFE concentration (wt%) Mean pore dia
D (�m)

Water-proofed TGP-H-H030 11 24

.1.4. Morphology
Scanning electron microscopy (SEM, JSM-6300F, JEOL, Ltd.,

apan) was used to evaluate the condition of the binder between
he carbon fibers, the adhesion state of the PTFE, the shape
f the carbon fibers, and carbon particle adhesion on the
DL.
.2. Power generation test

The GDL was placed in a fuel cell and power generation was
erformed to examine the flooding behavior under low and high
umidification conditions.

ig. 3. (a) The SEM images of water-proofed TGP-H-030. The figure below shows the hi
GP-H-030 with water-proofed carbon powder as a function of amount of water-proofed c
rame. The bottom of (e–h) shows the cross-sectional images of CL side of GDLs.
, Peak pore diameter,
Dpeak (�m)

Mean porosity
(cm3 cm−3)

Mean specific surface
area (m2 cm−3)

40 0.54 0.10

The MEA consisted of a commercially available catalyst-coated
membrane (CCM) which was sandwiched between a WP-GDL at
the anode side and either a WP-GDL or a Micronized-WP-GDL at the
cathode side. The amount of water-proofed carbon powder used in
the Micronized-WP-GDLs was 0.05, 0.10, 0.25, 0.50, 1.00, 2.00 and
4.00 mg cm−2. The Pt loading was 0.3 mg cm−2 in both the anode
and cathode, and the total electrode surface area was 3 × 15 cm2.
The thickness of the PEM was 30 �m. The CCM was used the new

one every time to compare the performance between different
GDLs.

Fig. 1 shows the structure of the single cells constructed for this
investigation.

gh magnification image in white frame. (b)–(h) The SEM images of water-proofed
arbon powder. The figures just below show the high magnification images in white
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A fuel cell test stand (Kojima Instruments Inc., Japan) was used
o evaluate the performance of the fuel cell.

The cell was operated at atmospheric pressure. The relative
umidities (RHs) of the fuel and oxidant at their respective inlets to
he cell were 64%RH at a humidifier temperature of 70 ◦C and cell
emperature of 80 ◦C, and 100%RH at a humidifier temperature of
5 ◦C and cell temperature of 75 ◦C, corresponding to low and high
umidification, respectively. The gas utilization of the fuel was 70%

or both low and high humidification. The gas utilization of the oxi-
ant was 40% and 70% for low and high humidification, respectively.
efore the polarization measurements, the cells were conditioned

or 1 day with power generation. The polarization characteristics
f the cell were measured by increasing the electric load current
PLZ664WA, Kikusui Electronics Corp., Japan) at a rate of 5 A min−1

o a current density of 1.50 A cm−2 with constant gas utilization.

. Results

.1. Characterization of GDL structure

.1.1. Pore diameter distribution
The pore diameter distribution of the TGP-H-030 paper mea-

ured by mercury intrusion porosimetry is shown in Fig. 2; the
pproximate pore diameter range is seen to be 10–200 �m. Var-
ous pore parameters calculated from this distribution are shown
n Table 2.

.1.2. Morphological characteristics
SEM images of the WP-GDL are shown in Fig. 3(a). Comparatively

arge pores are seen between the carbon fibers. From the higher
agnification image shown in Fig. 3(a), the average diameter of the

arbon fibers was determined to be approximately 10 �m. In addi-
ion, many large dimples appeared on the surface with diameters
f about 100 �m.

SEM images of Micronized-WP-GDLs are shown in Fig. 3(b)–(h).
s can be clearly seen in Fig. 3(b)–(f), aggregates of carbon parti-
le adhere to the pores on the surface of carbon paper. Thus, the
articles micronize the pores near the surface.

In addition, as can be clearly seen in Fig. 3(g) and (h), when
he amount of carbon powder was further increased, a continu-
us MPL was formed. From the cross-sectional images of CL side
f GDLs shown in Fig. 3(g) and (h), the average thicknesses of the
PLs of 2.00 mg cm−2 and 4.00 mg cm−2 were determined to be

pproximately 10 �m and 20 �m, respectively.

.2. Flooding behavior during power generation test

Polarization characteristics were evaluated for low and high
umidification conditions to determine the relationship with the
DL surface structure. Fig. 4 shows the cell voltage at a current den-
ity of 0.4 A cm−2 plotted against the amount of carbon powder.
ower values of cell voltage at 100%RH than at 64%RH indicate the
bstruction of gas diffusion due to water condensation. This effect
as significant for WP-GDL. On the other hand, the cell voltage

ncreased dramatically following the introduction of just a small
mount of water-proofed carbon power (0.10 mg cm−2), which pro-
uces the morphology seen in Fig. 3. Furthermore, it can be seen
rom Fig. 4 that increasing the amount of carbon powder from 0.10
o 2.00 mg cm−2 produces a flood-proof effect.
. Discussion

In this study, flooding behavior during power generation was
ompared to the observed microstructure of the carbon paper.
Fig. 4. The relation between the cell voltage at a current density of 0.4 A cm−2 and
the amount of water-proofed carbon powder. The inset shows an expansion of the
region from 0 to 0.25 mg cm−2.

As seen in Fig. 4, for the low humidification single-phase condi-
tion, the amount of added carbon powder had no influence on the
gas diffusivity up to 2.00 mg cm−2. However, for the 4.00 mg cm−2

case, a slight decrease in the cell voltage occurred. This was prob-
ably due to a reduction in gas permeability due to the formation
of a thick micropore carbon layer, and it is thought that the gas
diffusion overvoltage increased [15].

On the other hand, for the high humidification (saturation) con-
dition, a remarkable reduction of the cell voltage was observed
for the GDL with no carbon powder addition; this indicates flood-
ing in the cell. However, some improvement occurred even by
a carbon powder addition of just 0.05 mg cm−2. Furthermore, at
0.10 mg cm−2, a dramatic increase in the cell voltage was observed,
reaching almost to the value for the low humidification case.

This showed that flooding could be prevented by the adherence
of a small amount of hydrophobic carbon particles in the GDL at
the CL/GDL interface, as seen in Fig. 4. Flooding was controlled in a
similar manner to a general MPL for water-proofed carbon addition
in the range of 1.00–2.00 mg cm−2. This agrees as a result of pre-
vious studies [1,3,11,17,19–23,43,44]. These experimental results
show that improvements in cell voltage occur even for a very small
amount of GDL pore micronization at the CL/GDL interface, so long
as the micronized region does not form a complete layer. This
should be distinguished from the normal behavior of MPLs. The con-
cept is shown schematically in Fig. 5. The GDL exhibits a stronger
hydrophobicity than the CL which produces water during power
generation.

Water transport in a single pore can be expressed by Eq. (1).

P = −4� cos �

d
(1)

P: capillary pressure, �: interfacial surface tension of water, �: con-
tact angle; d: pore diameter.

For � > 90◦, P rises with increasing �, and water transport from
the CL surface to the GDL can become difficult when the balance of
capillary pressure between the CL and GDL is considered [15,37].
As mentioned above, in such a situation it is believed that the con-
densed water remains at the CL/GDL interface. If large pores exist

at the interface, water droplets will begin to fill these pores until a
liquid film covers the CL surface. This film would act as a barrier to
gas diffusion, and would be thicker for larger pore diameters. Pre-
vious studies have already shown a high degree of water saturation
in the GDL at the CL/GDL interface [34,35,37,45]. To prevent flood-



5548 Y. Hiramitsu et al. / Journal of Power Sources 195 (2010) 5543–5549

F e of th
m er-acc
( lets i
m

i
e

p
h

p
fi
d
M

p
t
t
b
i
t
g

d
i
b

l
w
h
i
p

b

5

w
C
i
i
w
a

i
s
t
t
a

[

[

[

[
[

[

[

[

[

[
[
[

[

[

[

ig. 5. Conceptual model of GDL flooding based on experimental results. (a) Cathod
ismatch between the hydrophobic GDL and the higher water affinity CL. The wat

b) and (c). (b) Water droplets spreading in large pores. (c) The spread of water drop
aintained.

ng, it is believed that it is important to disperse this water into an
xtensive network of smaller droplets.

The presence of water-proofed carbon particles is likely to
revent the formation of a continuous water layer by producing
ydrophobic islands where gas diffusion can still take place.

As shown previously, addition of 4.00 mg cm−2 of carbon
owder lead to a reduction of the test cell voltage for both humidi-
cation conditions. However, under saturation conditions, a larger
ecrease was observed, which shows the influence of a continuous
PL on flooding.
The use of water-proofed carbon particles can be thought of as

roducing a microstructure with pore sizes intermediate between
hose of carbon paper and a MPL. It is believed that optimizing
his hybrid pore size should allow the best balance to be achieved
etween flood-proofing of carbon paper other water transport

ssues such as dehydration pressure. For this reason, in this study,
he relationship between flooding and microstructure was investi-
ated.

Consequently, it is suggested that it should be possible to pro-
uce flood-proofed carbon paper with a tailored pore structure,

n particular near the CL, by varying the ratio of carbon fiber to
inder.

The results of this study suggest a possible method of control-
ing flooding, which does not lead to the cost increases associated

ith methods such as the use of carbon cloth, the introduction of
ydrophilic regions or the fabrication of macro through-holes. This

s important to realize high performance, low-cost fuel cells for
ractical applications.

In future work, optimization of water management in GDLs will
e studied by control of the pore structure.

. Conclusion

In this study, a mechanism was proposed for flooding in PEFCs,
hich involved the formation of a continuous water layer at the
L/GDL interface. As a means of preventing such a layer from form-

ng, a novel micropore structure was formed at the interface and
ts influence on flooding during power generation was evaluated. It

as found that the presence of small pores at the interface caused
significant reduction in flooding.

Based on the results, we propose a design guideline for GDLs

nvolving the formation of a water-proofed and micronized pore
tructure at the surface facing the CL, and simultaneously reducing
he thickness of the micronized pore region or the total thickness of
he GDL to achieve a balance between the ability to disperse water
nd the drainage properties.

[

[

[

e cell. The flooding in water-proofed GDL occurs at the CL/GDL interface due to the
umulation model at the CL/GDL interface under two-phase conditions is shown in
s suppressed by the micronized pore structure, and oxygen-diffusion pathways are
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