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Visualization inside polymer electrolyte fuel cells (PEFCs) is important for elucidating reaction distri-
butions to improve the performance and durability of the cells. An O,-sensitive porphyrin luminescent
dye film was used to visualize oxygen partial pressures and water blockages simultaneously in triple-
serpentine gas flow channels in an operating PEFC. Water droplets formed near the exit of a gas-flow

channel lowered the oxygen partial pressure noticeably over the channel by blocking air flow near the
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entrance. Meanwhile, air was continuously supplied from the other channels through the gas diffusion
layer, thus allowing power to be generated in the blocked channel. With water blockages, however,
the catalyst layer under the channel became flooded by the water produced during the reaction, and the
flooded state continued to exist in the catalyst and/or porous layers, even after blowing the water droplet
out, so that the power generation was lowered along the channel.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Polymer electrolyte fuel cells (PEFCs) produce electricity
directly from hydrogen and oxygen and are expected to be used in
automobiles, residences, and portable devices, generating very low
levels of emissions. To enhance the possibilities for commercial-
ization, higher performance, lower cost, and higher durability are
still required. In PEFCs, insufficiencies in the proton network and
membrane degradation can occur as a result of membrane dry-
ing out [1-3]. Excess water, on the other hand, blocks gas flow
channels and hinders gas access to active catalyst areas, result-
ing in significant performance drops [4,5]. Water management is,
therefore, one of the most important issues in PEFCs [6]. Thus far,
liquid water distribution in operating fuel cells has been visual-
ized with a CCD camera [7-10] and by neutron scattering [11-14],
NMR [15-17], and X-ray micro-morphological characterization
techniques [18-20]. Computational calculations and simulations
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have aided the understanding of these experimental results [21].
Although the distributions of liquid water in PEFCs have been
widely studied by the visualization techniques stated above, there
has been little research on how liquid water droplets affect the
reaction distributions in PEFCs.

In earlier studies, we have succeeded in visualizing the oxygen
partial pressures in an operating PEFC with various oxygen par-
tial pressures [22] and a direct methanol fuel cell (DMFC) with
changing current densities [23] by using an O,-sensitive porphyrin
luminescent dye film. Water droplets were also visualized with this
visualization technique [23]. In this paper, we succeeded in visual-
izing oxygen partial pressures and water blockages simultaneously
in an operating PEFC. The relationship between water blockages in
flow channels and oxygen partial pressures in an operating PEFC is
discussed.

2. Experimental

Instrumental setups for visualization are reported in
detail elsewhere [22,23]. In this study, a PEFC with triple-
serpentine flow channels (1065 mm long for each channel) was
used (Fig. 1). Briefly, a dye film (tetrakis(pentafluorophenyl)
porphyrinatoplatinum + poly(1-trimethylsilyl-1-propyne))  was
coated on the upper part of the cathode flow channels of a sep-
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Fig. 1. Schematic drawing of the triple-serpentine gas-flow channels (Channels
A-C) at the cathode of the visualization cell. Channel length=1065mm; rib
width =1 mm; channel width =2 mm; channel depth=1 mm.

arator, made of transparent polyacryl resin, as an oxygen sensor.
Laser light (407 nm) was irradiated, the emission from the cell was
filtered (>610 nm), and images were captured with a CCD camera.
Calibration curves were obtained before the cell operation with
variation of the oxygen partial pressure inside the cell. By use of
the calibration curves, the emission signals from the cell were
converted to oxygen partial pressures with a space resolution
of 0.2mm and a time resolution of 0.5s. Water droplets were
also observed with this instrumental setup [23]. During the cell
operation, the cell was operated at 70°C and 90% RH, with a gas
flow rate of 100 mLmin~'. Oxygen utilization was 80% at a current
density of 48 mAcm~2. At higher current densities with higher
gas flow rates, the water droplets were removed, and no water
blockages were formed.

3. Results and discussion

3.1. Simultaneous visualization of water blockage and oxygen
partial pressure

Fig. 2(a) shows the oxygen partial pressure inside a triple-
serpentine PEFC. Three gas-flow channels, Channels A-C (see
Fig. 1), are indicated by arrows. Fig. 2(a) was taken 2 min after
cell startup at a current density of 48 mAcm2; cell tempera-
ture =70°C; relative humidity=90% (air and H,); each reactant
gas flow=100mLmin~!, and the average utilization of oxygen in
air =90% at the channel exits. The oxygen partial pressure is seen to
decrease gradually in similar manner for the three channels along
the length. This gradual decrease has been also observed in a single-
serpentine cell [22]. No water droplets are seen in the image. On the
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Fig. 3. Oxygen partial pressure visualized in an operating PEFC with a water block-
age in Channel A.

other hand, Fig. 2(b) is an image obtained 119 min after startup. The
oxygen partial pressure is seen to be drastically decreased, nearly
to OKkPa, as indicated by the dark blue color in the latter part of
Channel B. After obtaining Fig. 2(b), the cell operation was stopped.
Fig. 2(c) shows an image after the cell operation was stopped, at
the open circuit voltage (OCV) with no power generation. Inter-
estingly, in Channel B, areas in blue are seen in some parts. These
areas are associated with liquid water blockages in the gas flow
channel, as reported previously [23]. These water blockages were
also directly detected optically. In this way, both water blockages
and oxygen partial pressures in the fuel cell were simultaneously
visualized. The oxygen shortage in Channel B is now understood as
being due to the formation of water blockages in the channel. The
water blockages were formed and observed in all channels.

3.2. Water blockages and oxygen shortages investigated by
visualization

Fig. 3 shows an image of oxygen partial pressure with one area
of water blockage in Channel A obtained after the cell had been
operated with current flowing for some period of time, under the
same conditions as those of Fig. 2. The blockage is indicated by ared
rectangle around 960 mm from the entrance. Fig. 4 shows graphs for
the oxygen partial pressures in Channels A-C along the channels,
where the partial pressures were obtained from Figs. 2(a) and 3,
respectively, for operation without water blockage (filled circles)
and with blockage (open circles) in Channel A. In Channels B and
C, oxygen partial pressures appeared to decrease monotonically
along the channels, indicating the normal consumption of oxygen
along the channel length, as shown in the previous work with the
single-serpentine cell [22]. On the other hand, in Channel A, the
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Fig. 2. Oxygen partial pressures visualized in an operating PEFC with/without water blockages in a flow channel: (a) without blockage, (b) with water blockages in Channel
B, (c) with water blockages in Channel B after the operation was stopped, at the OCV. Cell temperature =70 °C; relative humidity = 90% (air and H,); gas flow =100 mLmin~?,

oxygen utilization = 80%, current density =48 mA cm~2.
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Fig. 4. Oxygen partial pressures without (®) and with (O) a water blockage in
Channel A.

oxygen partial pressure was observed to be decreased to nearly
0kPa around the water blockage (in the area from 800 mm to the
exit). It is noteworthy that Channel A was completely blocked with
the water droplet, but the oxygen partial pressure was maintained
at a relatively high value along the channel, in spite of the continu-
ous oxygen consumption, although it commenced to decrease more
rapidly around 200 mm from the entrance toward the exit than is
the case for normal consumption. This means that the air was not
supplied to Channel A from the entrance but was transferred from
the other channels through the gas diffusion layer (GDL). There-
fore, in spite of the water blockage, power was still generated in
Channel A. It might seem difficult for air to penetrate through the
GDL from the other channels to the blocked channel. The GDL used
was approximately 0.2-mm thick with a 75% space volume. Sup-
pose the space volume becomes half under the ribs, the volume of
the gas path under the GDL between two flow channels is equiva-
lent to 8% of the volume of a flow channel. This volume should be
large enough to allow the air diffusion between channels when air
continuously flows in the non-blocked channels. It should also be
noted that with one blocked channel, the velocity of air in the two
non-blocked channels increases by approximately 50%. The higher
gas velocity should increase the pressure in the non-blocked chan-
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Fig. 5. Oxygen partial pressures visualized in an operating PEFC with two water
blockages in Channel A.

nels, too. Those effects apparently make the air penetration easier
into the blocked channel.

In Channels B and C, although air was supplied to Channel A, the
oxygen partial pressure did not show a large difference after the for-
mation of a water blockage. When the gas flow from the entrance
was blocked in Channel A, the total pressure, and hence the oxygen
partial pressures, in Channels B and C must be increased, at least
at the entrances. On the other hand, part of the air was transferred
from Channels B and C to A, as discussed above. The power genera-
tion became lower in Channel A, so more electricity must have been
produced, or more oxygen must have been consumed, in Channels
B and C, in order to maintain the oxygen utilization of 80%, corre-
sponding to the constant current flow. All of these situations being
taken into account, the oxygen partial pressures in Channels B and
C might have been practically the same, even after the formation
of a water blockage in Channel A.

Fig. 5 shows the oxygen partial pressure with two water block-
ages, blockages 1 and 2, in Channel A, which are indicated by red
circles. Fig. 6 shows the oxygen partial pressure changes in Chan-
nels A-C as a function of the flow field length. Oxygen partial
pressures without water blockages (filled circles) and with block-
ages (open circles) in Channel A were obtained from Figs. 2(a) and 5,
respectively. The positions of blockages 1 and 2 in Channel A are
indicated by red marks. When water blockages were formed, the
oxygen pressure became 0 kPa from 680 mm to the exit along Chan-
nel A. No increase in oxygen partial pressure was observed between
blockages 1 and 2. The oxygen partial pressure started to decrease
around 200 mm from the entrance, in a manner similar to that of
one blockage (Fig. 4), but with two blockages, the oxygen partial
pressures decreased more steeply. It is interesting to note that with
two water blockages, the oxygen partial pressures in Channels B
and C (open circles) are seen to become slightly lower than those
with no water blockages (filled circles), which was not the case with
one water blockage (Fig. 4). This might indicate that more oxygen
is consumed in Channels B and C with two blockages than with one
blockage in Channel A.

3.3. Catalyst and/or gas-diffusion layers flooding with water
blockage

Fig. 7(a) shows an image for the oxygen partial pressure with
one water blockage in Channel A. The oxygen pressure is approx-
imately O kPa before and after the blockage, as also seen in Fig. 3.
After obtaining Fig. 7(a), the water blockage was seen to be swept
out to the exit. Fig. 7(b) is the image obtained immediately after the
disappearance of the water blockage. Fig. 8 shows the oxygen par-
tial pressures in the flow channels with the water blockage (open
circles)and without the blockage (filled circles)in Channel A, which
were obtained from Fig. 7(a) and (b), respectively. With the water
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Fig. 6. Oxygen partial pressures without (®) and with (O) two water blockages in
Channel A.

blockage in Channel A, the distribution of oxygen partial pressure
was nearly the same as that in Fig. 4. Notably, the oxygen partial
pressure at the exit of Channel A increased to nearly 5 kPa after the
removal of the water blockage. Oxygen partial pressures in Chan-
nels B and C did not show a large change. Since the oxygen partial
pressure of Channel A became higher than that of normal operation
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Fig. 8. Oxygen partial pressures in Channels A-C with a water blockage in Channel
A (O) and after the removal of the water blockage (®).

(see Fig.4(a)) or those of Channels B and C, the oxygen consumption
along Channel A should be much smaller than those along Channels
B and C. The lowered consumption may be explained as follows. As
discussed in Fig. 4, air can be supplied from the other channels
through the GDL, and the power generation continues at the cata-
lyst layer, even under the blocked channel. Thus, water continues
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Fig. 7. Oxygen partial pressures visualized in an operating PEFC: with a water blockage in Channel A (a) and after the removal of the water blockage (b).



K. Takada et al. / Journal of Power Sources 196 (2011) 2635-2639 2639

Window

Water layer

Catalyst layer

Fig.9. Schematic drawing of the channel, gas diffusion layer, and catalyst layer with
a water blockage.

to be produced at the catalytic layer under the channel blocked by
water. The water layer produced at the catalytic layer under the
blocked channel might not be easily removed, because of the limi-
tation of gas flow due to the blockage. It is believed that the interface
between the catalyst layer and the GDL should be most flooded by
the water produced, which could hinder the air access to the cata-
lyst surfaces. In this situation, even though the water droplet in the
channel is blown out from the cell, the catalyst layer is still wet, and
thus the oxygen consumption is low in the channel, and the oxygen
partial pressure remains high. This scenario might have occurred in
Fig. 7. In our experiment, it required several minutes for the oxygen
partial pressure in the “wet” channel to return to its original value,
identical to those in the other two channels. This time period might
be necessary for the water in the catalyst layer to be removed, so
that adequate power generation in the channel could be recovered.
Such a flooded area may expand with operation time and thus may
cause significant performance and efficiency losses in the fuel cell
(Fig. 9).

4. Conclusions

Oxygen partial pressures and water blockages were visualized
simultaneously in a triple-serpentine PEFC, and the relationship
between the two was investigated. The oxygen partial pressure
in the gas flow channel around the water blockages decreased to
nearly OkPa. Along the channel from the entrance to the block-
ing position, however, the oxygen pressure was not 0 kPa, in spite
of continuous oxygen consumption, suggesting the transfer of gas
through the GDL from the other channels. Thus, even in the blocked
channel, electricity can be generated and water be formed with
the consumption of oxygen through the GDL. When the water
blockage was swept away, the oxygen partial pressure along the
channel showed a sudden increase. The higher oxygen pressure
along the whole channel compared to that of the normal one can

be explained by the lower oxygen consumption because of flood-
ing of the catalyst layer by the accumulation of water, correlating
strongly with the cell performance losses. Therefore, the applica-
tion of the newly developed visualization system to operating fuel
cells for the simultaneous observation of oxygen partial pressure
and water blockages in the gas-flow channels must be very impor-
tant for the development of high performance, high durability fuel
cells.
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