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ABSTRACT

Water management in cathode electrode of polymer electrolyte fuel cell (PEFC) is essential for high
performance operation, because liquid water condensed in porous gas diffusion layer (GDL) and catalyst
layer (CL) blocks oxygen transport to active reaction sites. In this study, the water vapor distribution
inside the cathode GDL of a PEFC was detected by using water sensitive paper (WSP) to understand
the water transport through the cathode electrode during the startup. Furthermore, the liquid water
behavior at the cathode was directly visualized using an optical diagnostic, and the water distribution
under the current-collecting ribs and gas channels of the cathode separator was investigated. It was
found that the water vapor concentration within the cathode electrode begins to increase near the CL
in the downstream region immediately after starting the operation. In the cathode upstream region, the
water concentration becomes remarkably high under the current-collecting ribs of the cathode separator

Detection because the ribs block the water vapor exhaust from the cathode GDL.

Water sensitive paper

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Polymer electrolyte fuel cell (PEFC) is a promising candidate
for mobile and vehicle applications and distributed power systems
because of its high power density and low operating temperature.
However, there are several technical problems to be solved in order
to achieve practicability and popularization. Especially, water man-
agement inside the porous gas diffusion layer (GDL) of a PEFC is
essential for high performance operation. At a high current den-
sity, excessive water generated by the cathode electrode reaction
israpidly condensed in the porous GDL. When the open pores inside
the cathode GDL are filled with liquid water, oxygen cannot be suf-
ficiently supplied to the reaction sites. This phenomenon known
as “water flooding” is critical barrier for high efficiency and high
power density. In order to solve this issue, it is necessary to under-
stand the fundamental phenomenon of the water transport inside
the cathode GDL.

In recent years, visualization studies to probe water transport
in operating PEFCs have been conducted by many researchers. Lig-
uid water formation, accumulation and removal inside PEFCs were
investigated by neutron radiography [1-8], soft X-ray radiography
[9], X-ray computed tomography [10,11], and optical visualization
using transparent fuel cells [12-16]. Water content distribution in
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polymer electrolyte membrane (PEM) was measured by using mag-
netic resonance imaging (MRI)[17]. Among these methods, neutron
radiography has the significant advantage that the structural mate-
rials commonly used for fuel cell are transparent to neutrons. Thus,
water distribution in fuel cell can be visualized without the use of
optical-transparent or non-conducting special materials, and quan-
titatively evaluated. However, in most conventional experiments
of neutron radiography, neutron beam for probing passes perpen-
dicular to PEM surface, which is called “through-plane imaging”.
This method cannot distinguish between water residing in anode
and cathode compartment. Recently, Boillat et al. [8] succeeded
in probing a cross section of the membrane electrode assembly
(MEA)in a working fuel cell using high-resolution neutron imaging,
and resolved the water distribution between the different layers
composing the fuel cell for the first time. In this report, the water
distribution in the cathode GDL was quantitatively investigated
based on so-called “in-plane imaging”, it was distinguished under
the ribs and channels. In addition, Sasabe et al. [9] applied soft X-ray
radiography technique to visualizing the liquid water in an oper-
ating fuel cell. The liquid water distribution within the porous GDL
and the discharge behavior under the cathode ribs were success-
fully observed by the high-resolution “in-plane visualization” test.
Sinha et al. [11] quantitatively studied the distribution of liquid
water saturation inside the GDL of a PEFC using X-ray microtomog-
raphy. Although many experimental studies for visualizing water
distribution in optically opaque fuel cell have been attempted, the
efforts to clearly distinguish water distribution inside thin cathode
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Fig. 1. Water sensitive paper (WSP).

GDL are few. While optical visualization has been widely employed
for visualizing two-phase flow phenomena in transparent cell, the
observable region is limited to the flow channels.

On the other hand, modeling studies to understand two-phase
flow across cathode GDL and catalyst layer (CL) have been also
conducted [18-22]. He et al. [18] and Natarajan and Nguyen
[19] proposed two-dimensional two-phase models for cathode of
PEFCs with interdigitated and conventional flow fields, respec-
tively. Pasaogullari and Wang [21] developed a theory describing
liquid water transport in a hydrophobic GDL and explored the effect
of GDL wettability on liquid water transport in detail for the first
time. In addition, Das et al. [22] developed a simplified mathemati-
cal formulation of liquid water transport in cathode CL and provided
the one-dimensional analytical solutions for the hydrophilic and
hydrophobic CLs. Recently, Sinha and Wang [23,24], Gostick et al.
[25] and Rebai and Prat [26] have developed a pore-network model
to understand the liquid water transport in a hydrophobic GDL with
the GDL morphology taken into account. Although various two-
phase models for a porous GDL, which include capillary transport
ofliquid water, have been proposed as mentioned above, the exper-
imental validation of these models is not sufficiently discussed.

This paper presents a novel method for measuring the water
vapor distribution within the cathode GDL of a PEFC using water
sensitive paper (WSP). WSPis a test paper for detecting high humid-
ity, and makes it possible to understand the water vapor transport
inside the GDL. Although visualization of high-resolution spatial
distribution of liquid water in GDL has been successfully carried out
by using neutron radiography [8], soft X-ray radiography [9] and
X-ray microtomography [11], these equipments for measurement
are special and expensive. The WSP measurement method pro-
posed in this study can only detect high-concentrated water vapor
within the cathode GDL on the short-term cell operation. However,
from the results of the WSP measurement, we can qualitatively
predict the liquid water distribution which would be formed later
inside the GDL after long-term operation without the use of spe-
cialized equipment. Furthermore, the liquid water behavior at the
cathode is directly visualized using an optical diagnostic, and the
water transport under the current-collecting ribs and channels of
the cathode separator is discussed.

2. Experimental
2.1. Water sensitive paper (WSP)

To elucidate the water vapor transport inside the cathode GDL
of an operating fuel cell, water sensitive paper (WSP), which is a
rigid test paper for water detection manufactured by Syngenta, is
used in this experiment. Fig. 1 shows the photograph of WSP. The
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Fig. 2. Discoloration of WSP when exposed to high humidity environments at 20°C
((a) RH=80% and (b) RH=90%).
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thickness of WSP is approximately 100 wm. WSP is coated with a
yellow surface, which is irreversibly changed into dark blue when
exposed to high humidity and aqueous spray. The porosity and pore
size of WSP are much less than those of GDL, and the gas perme-
ability is extremely lower. In addition, the surface wettability is
somewhat hydrophobic, and therefore liquid droplets do not pen-
etrate into WSP. During fuel cell operation, WSP is installed inside
the cathode GDL of the assembled cell. The color image of water
distribution recorded on the paper is visualized ex-situ by a CCD
camera after operation test. Fig. 2 presents the discoloration images
of WSP when exposed to two different high humidity environments
at 20°C. When the relative humidity is 80%, the yellow surface is
not changed into blue for 1000s. On the other hand, at the relative
humidity of 90%, the WSP surface begins to discolor from yellow to
blue at t=500s.

2.2. Experimental fuel cell

Fig. 3(a) shows the schematic diagram of the fuel cell used
in this experiment. The catalyst coated membrane (CCM, PEM:
Nafion-115) on which platinum particles (0.5 mg cm~2) are loaded
is sandwiched between two PTFE-proofed GDLs (Toray TGP-H type
carbon paper) without a microporous layer (MPL). In addition, the
MEA constructed of the PEM, two CLs and two GDLs is sandwiched
between two copper current collector plates with gold coating.
The active electrode area is 5.0 cm2. Two stainless steel separators
which have a single-pass serpentine flow channel are placed out-
side the current collectors and held together by four M6 bolts. A
sheet of WSP (1.0 mm width and 30 mm length) is installed inside
the double-layered GDL on the cathode side, which is composed
of two thin carbon papers (TGP-H-030, 060 and 090), as seen in
Fig. 3(a). The GDL on the anode side is TGP-H-120 (360 pm thick).
In order to directly observe the liquid water behavior at the cath-
ode electrode using a digital CCD camera, a quartz glass is inserted
into the cathode separator as a window. Pure hydrogen and oxy-
gen as the fuel and oxidant are fed into the anode and cathode
channels without humidification. The utilizations of H, and O, are
0.15 and 0.03, respectively. The operating temperature and pres-
sure are 20°C and 1 atm. In actual PEFC stacks, high temperature
(70-80°C) and high humidity operations are generally selected.
However, water flooding can also occur at low temperature oper-
ations such as cold startup and outdoor operation. The conditions
in this experiment are valid during these operations of fuel cells.
Fig. 3(b) presents the schematic of the single-serpentine flow chan-
nel in the cathode separator. The width, depth and overall length
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Fig. 3. Schematic diagram of the experimental fuel cell ((a) cell structure and (b)
serpentine flow field in the cathode separator).
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Fig. 4. Installation positions of WSP in the cross-section of the cathode GDL ((a)
GDL/separator interface, (b) Intermediate region and (c) near catalyst layer).

are 2.0 mm, 2.0 mm and 10.5 cm, respectively. Pure O, flows from
the upper right to the lower left. The WSP sheet is positioned in the
center of the cathode flow field, as shown in this figure.
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Fig. 5. Influence of WSP insertion on the [-V characteristic of the experimental fuel
cell at 20°C.

Fig. 4 shows three installation positions of WSP in the cross-
section of the cathode GDL. In each figure, C1, C2, C3, C4 and C5
denote five gas channels in the serpentine flow field. R1, R2, R3 and
R4 are the current-collecting ribs of the cathode separator. Oxy-
gen gas streams from the right channel (C1) to the left channel
(C5) along the serpentine flow field. Position (1) is located at the
interface between the cathode GDL and stainless steel separator. In
the case of the installation of WSP in Position (1), a WSP sheet is
sandwiched between TGP-H-120 (360 mm thick) and the current-
collecting plate. Positions (2) and (3) are located 190 and 110 pm
away from the CL surface, respectively. When WSP is inserted into
these two positions, the double-layered structure, which is com-
posed of two thin carbon papers, is applied to the cathode GDL. In
case of the installation in Position (2), WSP is sandwiched between
two TGP-H-060 (190 p.m thick) carbon papers. In Position (3), WSP
is sandwiched between TGP-H-030 (110 pwm thick) and TGP-H-090
(280 wm thick). AWSP sheet is inserted in the in-plane direction of
the GDL. At the insertion position of WSP, the groove-type pocket
to hold a 100 wm thick WSP sheet is formed by electrical discharge
machining. Thus, the interfacial contact resistance is not increased
by the WSP insertion.

The influence of WSP insertion on the fuel cell performance
is discussed in Fig. 5. This figure shows the current-voltage (I-V)
curves for the two cases with and without WSP. These I-V mea-
surements were conducted after the pre-operation of the cell. The
anode and cathode gases are dry H, and O, at 20°C, respectively.
The MEA used in this measurement is composed of a Nafion-115
membrane, CLs and TGP-H-060 GDLs. In the case with WSP, a WSP
sheet is inserted into the interface between the cathode GDL and
current collector. It is noted that the [-V curve for the case with
WSP is almost similar to that for the case without WSP. This result
indicates the WSP sheet does not increase the contact resistance at
the insertion position. Since the gas permeability of WSP is much
less than that of GDL, oxygen gas inside the GDL detours around
the WSP sheet and arrives late at the reaction sites. In addition, lig-
uid water generated at the catalyst layer is prevented from being
discharged from the GDL by the WSP insertion. However, in this
study, the operation test for the WSP measurement is carried out
under the low-current of 0.1 or 0.2Acm2 and the short-term of
100-300 s conditions. At a low current density, the consumption of
oxygen and the production of water at the cathode CL are extremely
little. Therefore, it is expected that the oxygen supply to the reac-
tion sites is sufficient even if the WSP sheet is inserted in the GDL.
Furthermore, the amount of liquid water generated in the CL is not
much because of the short-term operation. Under these mild con-
ditions, severe water flooding does not occur inside the GDL, and
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Fig. 6. Images of WSP discoloration inside the double-layered cathode GDL after
(a) 100 and (b) 200's of operation at 0.1 Acm~2. Positions (1), (2) and (3) are the
installation positions of WSP across the GDL thickness shown in Fig. 4.

the damage from the WSP insertion to the fuel cell performance is
not significant. Since the WSP sheet is not directly touched to the
CL surface, the active reaction area is not reduced at all by the WSP
insertion.

2.3. Experimental procedure

The experimental procedure in this study is as follows:

(1) The pre-operation of the experimental fuel cell is carried out
at 20°C and 0.16 Acm~2 for 30 min to hydrate the electrolyte
membrane.

(2) After the pre-operation, the assembled cell is decomposed and
the wet MEA is slowly dried until the high frequency resistance
(HFR) of the electrolyte membrane is adjusted to 600 m$2 cm?,
which is the initial operating condition.

(3) The experimental cell is assembled again, and a WSP sheet is
inserted into the double-layered cathode GDL. Subsequently,
the constant-current startup test is conducted at 20°C under
non-humidity condition, and the liquid drop behavior is opti-
cally observed through the transparent window by using a
digital CCD camera.

(4) After the fuel cell operation, the WSP sheet is removed from
the assembled cell, and the discoloration image of the WSP is
captured ex-situ using the camera.

3. Results and discussion
3.1. Water vapor distribution inside cathode GDL

Fig. 6 shows the images of the WSP discoloration due to the
absorption of high-concentrated water vapor inside the cathode
GDL after 100 and 200 s of operation. The current density is set to
0.1 Acm~2. Each image was observed ex-situ after the WSP sheet
was removed from the assembled cell. Positions (1), (2) and (3)
denote the three installation positions of WSP through the GDL
thickness shown in Fig. 4. When a WSP sheet is inserted into Posi-
tions (2) and (3), the double-layered GDL structure is applied. C1,
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Fig. 7. Effect of current density on the WSP discoloration in Position (1) after (a) 100,
(b) 200 and (c) 300 s of operation. The current density is set to 0.1 and 0.2 Acm~2 as
a parameter.

C2, C3, C4 and C5 are located under the flow channels. R1, R2, R3
and R4 are located under the current-collecting ribs. The cathode
gas flows from the right channel (C1) to the left channel (C5) along
the serpentine flow field. These six images of WSP were obtained
from different six operation tests. Furthermore, in each position,
several experiments were repeated to confirm the reproducibility
of the WSP measurement results. After 100s of the startup, the
WSP sheet begins to discolor into blue gradually from the catalyst
layer in the cathode downstream region because of the water gen-
eration. Furthermore, as seen in Position (2) at t=100s, the water
vapor concentration first increases under the ribs of the cathode
separator. This indicates that the current-collecting ribs block the
water vapor exhaust from the cathode CL and GDL. Consequently,
the water vapor concentration under the ribs becomes higher than
that under the flow channels. After 200 s of the operation, the WSP
discolors remarkably under the ribs within the cathode GDL owing
to the water transport limitation. Since dry O, gas is supplied to the
cathode inlet, the WSP hardly discolors under the upstream chan-
nels of C1 and C2. On the other hand, in the downstream region,
the WSP discoloration arises not only under the ribs but also under
the channels, because the water vapor concentration in the cathode
channel increases monotonically along the flow direction.

3.2. Effect of current density on water vapor transport in cathode
GDL

Fig. 7 presents the effect of current density on the discoloration
of WSP inside the cathode GDL after 100, 200, and 300 s of startup.
The current density is set to 0.1 and 0.2Acm~2 as a parameter.
These images were individually obtained from different operation
tests. The WSP sheet for water detection is installed at the inter-
face between the GDL and separator (Position (1)). At the current
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Fig. 8. Visualization of liquid water behavior in the upstream channel (C3) during
startup at 0.2 Acm~2. The photographs were taken after 0, 200, 400, 600, 800 and
1000 of operation.

density of 0.1 Acm~2, the WSP does not discolor after 100's of oper-
ation shown as in Fig. 7(a). On the other hand, when the current
density is increased up to 0.2 Acm~2, the water vapor concentra-
tion within the GDL immediately rises to the saturation level after
starting the operation and the WSP is converted into blue under
the ribs. In the case of 0.2 Acm~2, the WSP discoloration after 200
and 300s is more remarkable as compared with that in the case
of 0.1 Acm2. At t=300s, it is expected that more liquid water is
generated and accumulated inside the cathode GDL because of high
humidity.

3.3. Visualization of liquid water behavior at cathode

Figs. 8 and 9 show the sequential images of liquid water behav-
ior in the upstream (C3) and downstream (C5) channels for 1000s.
C3 and C5 denote the third and fifth channels of the serpentine flow
field, respectively, as shown in Fig. 4. The current density is set to
0.2Acm2, and the GDL on the cathode side is TGP-H-120. The liq-
uid droplet behavior inside the channel was optically visualized
through the transparent window by using a CCD digital camera. In
the upstream channel of C3 shown in Fig. 8, several droplets are
discharged from the left corner between the current-collecting rib
and GDL, and gradually grown as the time proceeds. This result
reveals that much water is condensed mainly under the ribs owing
to the transport limitation of water vapor. On the other hand, in
the downstream of C5 shown in Fig. 9, many water droplets appear
from the GDL surface as well as from the corner between the rib and
GDL. This indicates that the liquid water is generated and accumu-
lated not only under the ribs but also under the channels inside
the cathode GDL due to the high-humidity gas flow. These charac-
teristics of water condensation agree with the results of the WSP
measurement mentioned in Section 3.1.

600 s 800 s 1000 s

Fig.9. Visualization of liquid water behavior in the downstream channel (C5) during
startup at 0.2Acm2.

4. Conclusions

To understand the water transport through the cathode GDL of
a PEFC, this paper presented a novel method for detecting water
vapor distribution inside the GDL using water sensitive paper
(WSP). In addition, the liquid water behavior on the cathode side
was also visualized by using an optical diagnostic, and the water
transport under the current-collecting ribs and gas channels of the
separator was discussed. Especially, the following conclusions can
be drawn from this study.

(1) The water vapor concentration within the cathode electrode
begins to increase gradually from the catalystlayer in the down-
stream region because of the water generation.

(2) In the cathode upstream, the water vapor concentration inside
the GDL firstincreases under the current-collecting ribs because
the ribs block the water vapor exhaust from the CL and GDL.
On the other hand, in the downstream region, the WSP dis-
coloration arises not only under the ribs but also under the
channels due to the high-humidity gas flow.

(3) With anincrease in current density, the water vapor concentra-
tion within the cathode GDL immediately rises to the saturation
level under the ribs after starting the operation.

(4) In the upstream region of cathode, since water vapor is con-
densed mainly under the ribs, liquid water within the GDL
is discharged from the corner between the current-collecting
rib and GDL into the flow channel. On the other hand, in the
downstream, many water droplets are exhausted from the GDL
surface as well as from the corner between the rib and GDL.
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