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Direct Visualization of Oxygen Distribution in Operating Fuel Cells**
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Hiroyuki Nishide, Yuzo Nagumo, Masayuki Watanabe, Makoto Aoki, and Hiroshi Takano

Fuel cells are devices that produce electric power by means of
the chemical reaction of oxygen and fuels more efficiently
than current technologies, and they are expected to become a
cleaner source of energy.'™ Despite considerable recent
advances, especially in polymer electrolyte membrane fuel
cells (PEMFCs), existing technology still has drawbacks,
including kinetic limitations on the oxygen reduction reac-
tion®® and the instability of Pt catalysts and polymer
membranes nearby, in particular during startup—shutdown
cycles.* The chemical reactions are uneven throughout the
reaction field and not well understood. A central issue in fuel
cell research is the measurement of the parameters that
determine performance during cell operation, a difficult task
owing to the structure of these devices. The distribution of
liquid water in operating fuel cells has been measured and
imaged through neutron radiography,!'*!"! by NMR spectros-
copy,'*™¥ and by X-ray microtomography,¥ and temper-
atures have been recorded with a thermograph.'”! Hydrogen
cross-over from the anode to cathode has been studied by
mass spectrometry and magnetic resonance imaging in an
operating PEMFC.' Oxygen consumption and H,0, for-
mation, as well as the local catalytic activity of a catalyst have
been investigated and visualized in solution with a scanning
electrochemical microscope.'’? However, to improve the
performance and durability of PEMFCs,'s?" it is crucial to
understand distributions in real time not only of liquid water
but also of reactants and products (oxygen, fuel, CO,, water
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vapor, etc.) throughout the cell. Here we present a laboratory-
use, nondestructive system for visualizing oxygen distribution
in the interior of the operating fuel cells which relies on dye
films®"?! painted on the transparent gas flow field. Oxygen
partial pressures were successfully visualized with spatial and
time resolutions of 300 pm and 500 ms, respectively. We found
that the oxygen distribution in PEMFC is not in accordance
with that expected based on the current, which suggests a
significant contribution from water. This imaging system is
applicable to other important parameters such as water,
carbon monoxide, and temperature, and should help in the
design of new fuel cell separators and a reaction field called a
membrane-electrode assembly (MEA).

An oxygen-sensitive porphyrin, tetrakis(pentafluorophe-
nyl)porphyrinatoplatinum (PtTFPP), was used in the visual-
ization system. This dye complex was dispersed in an oxygen-
permeable polymer matrix, poly(1-trimethylsilyl-1-propyne)
(pPTMSP),?2% for making a thin, water-insoluble dye film. To
understand the properties of the dye film, we placed the film
in an environment with controlled oxygen partial pressure
(mixtures of oxygen, nitrogen, and water vapor at 0-26 kPa of
a total of approximately 101.3 kPa), temperature, and humid-
ity, and irradiated it with a laser light at a wavelength of
407 nm. The emission from the film was filtered (> 600 nm),
and the intensity was measured with a charge-coupled device
(CCD) camera. Figure 1a shows a Stern-Volmer plot? of the
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Figure 1. a) Stern-Volmer plots for gas mixtures (oxygen + nitrogen)
with different relative humidities, %RH; cell temperature =80°C. The
emission intensity, I, was measured for different oxygen partial
pressures, p(O,). I is the emission intensity at p,, or the oxygen
partial pressure in air. b) Emission intensities in air at different
temperatures.

dye film at 80°C with different relative humidities (RHs) (0,
16, 42%), where I is the emission intensity at p,., or the
oxygen partial pressure in air. A phosphorescence quenching
by oxygen with negligible influence from the water vapor
concentration is clearly evident. Figure 1b shows the emission
intensity as a function of the temperature. The change in the
emission was very small, namely —0.5% K.
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Figure 2a schematically shows the structure of the
PEMFC for oxygen visualization. The dye film was coated
on the oxygen channel of the separator (Figure 2b) or on a
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Figure 2. a) Schematic representation of the oxygen visualization cell.
b) Transparent separator with current collectors of gold-plated metal
ribs; imaging area=10x10 cm; channel width=2 mm; channel
depth=1 mm; rib width=1 mm. Current collectors were separated
into five sections (outlined in red). c) A PEMFC cell. d) Schematic
diagram of the oxygen-imaging system using a dye film on transparent
polyacrylate resin.

plate one centimeter thick fabricated specially of transparent
polyacrylate resin. Current was collected by gold-plated
stainless steel attached to the plate. These current collectors
were designed to be separated into five sections in the cell,
which made it possible to calculate the oxygen consumption
at the end points of each section by measuring the currents,
with the assumption that all the currents were produced from
the reaction between oxygen and hydrogen in the cell.
Figure 2c shows a photograph of the cell used in this study.
During cell operation, excitation from a 407-nm laser was
employed. The laser beam was diffused, spread, and distrib-
uted uniformly (50 uWcm?) onto the separator. The emis-
sion from the dye film through the transparent separator was
filtered (> 600 nm), and images were captured with a CCD
camera (1 pixel~0.2 mm). A schematic illustration of the
phosphorescence imaging system for measuring the oxygen
partial pressure in a PEMFC is shown in Figure 2d.

For quantitative analyses, the emission was obtained in
advance using mixtures of oxygen and nitrogen at various
oxygen partial pressures (0-26 kPa at a total of approximately
101.3 kPa) without current at a typical operating temperature
of 70°C and a relative humidity of 50 %. The oxygen partial
pressure in the cell was cross-checked using an oxygen
monitor. While the emission data was being recorded, the gas
flow was stopped in order to avoid the generation of a
pressure difference between the inlet and outlet. Figure S1 in
the Supporting Information shows three emission images
obtained for the calibration. It is clearly seen that the
emission intensity from the dye film decreases as the
oxygen partial pressure increases, although there is some
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nonuniformity owing to the nonuniformity of the irradiation.
A calibration curve, Stern—Volmer plot, was obtained for each
pixel from the emission at different oxygen partial pressures
and was fitted with a cubic polynomial. Figure S2 in the
Supporting Information shows examples of emission intensity
curves and Stern—Volmer plots at 10 locations in a flow
channel. All the data at a given p(O,) value for the different
positions fit the same regression line regardless of the
nonuniformity mentioned above. The Stern—Volmer plots
recorded at 500 x 500 individual pixels in an image were thus
taken into account for the precise measurement of the oxygen
partial pressures throughout the flow channel with a spatial
resolution of 0.2 mm.

While the cell was operating, humidified air (RH=50%)
with an oxygen partial pressure of 18.0 kPa was brought in
from the upper left and exhausted at the lower-right end of a
winding channel (the middle of the cell was tightened by a
cell-holder plate as shown in Figure 2a and c). The lumines-
cent intensity of images was measured at each pixel during the
actual operation and was subsequently converted to the
oxygen partial pressure. Figure 3 shows steady-state images of
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Figure 3. Oxygen partial pressures visualized in an operating PEMFC.
Cell temperature =70°C; relative humidity=50% (air and H,); air
flow=500 mLmin~", H, flow =500 mLmin"", current density=0 (a),
92 (b), 153 (c), 214 (d), 245 (e), and 0 mAcm™2 (f), oxygen
utilization=0 (a), 33 (b), 55 (c), 77 (d), 90 (e), and 0% (f). 128
images were accumulated for each set of conditions.

oxygen partial pressures along the gas-flow channel in an
operating fuel cell for overall oxygen utilizations (Uo,) of 0,
33, 55, 77, and 90% (0, 92, 153, 214, and 245 mAcm 2,
respectively). 128 images were successively accumulated,
which took approximately 2 min, and they were subsequently
averaged at each set of conditions. The error in the experi-
ments was estimated to be £2 % by statistical analysis of the
repeated runs. As the oxygen utilization was increased (i.e.,
by increasing current density; Figure 3a—e), the oxygen
partial pressures clearly decreased, and, as shown in each
frame of Figure 3, oxygen utilization also decreased gradually
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from the entrance to the exit. When the current density was
changed back to 0 mAcm 2 (open circuit) (Figure 3f), the
oxygen pressure throughout the cell returned to 18.0 kPa.
Figure 4 shows the changes in oxygen partial pressure
along the channel at various current densities (Jg) and Uy,
values, which were obtained directly by the visualization
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Figure 4. Oxygen partial pressures measured by visualization (open
symbols) and calculated from the current density (filled red symbols)
for a PEMFC.

method (white symbols) and by calculation from the sectional
currents at the five current collectors (red symbols). The
oxygen partial pressures decreased monotonically along the
channel. The oxygen partial pressures calculated from the
sectional currents are higher than those measured by our
visualization method. In the calculation, the pressure along
the channel was held at 101.3 kPa, which is equivalent to the
inlet air pressure including the water generated as a cathode
reaction product. However, the actual distribution of water
and the rate of water transport into/out of the membrane
(back diffusion and electroosmotic drag®) are unknown and
not included in these calculations. Clearly, because of the
influence of water vapor, the oxygen partial pressure calcu-
lated from the current is higher than that measured by our
method. By analyzing this discrepancy, one can estimate the
total effect of the water production, back diffusion, and
osmotic drag at each point in the operating fuel cell. The
water vapor pressure at each point must be visualized for the
calculation, and we are now preparing for this experiment.

After the acquisition of steady-state images, we proceeded
to transition imaging. Figure 5 shows the oxygen partial
pressures at four selected points in the gas flow channel when
the current density was increased to 61, 122, and 245 mA cm >
for the simulation of startup—shutdown cycles. Images were
obtained every 500 ms (see Movie S1 in the Supporting
Information). At the open circuit, the oxygen partial pressure
was slightly higher at measurement points closer to the
entrance of the humidified air because of pressure drop along
the channel. When the current density was changed, approx-
imately 20 s was needed for the oxygen distribution through-
out the cell to stabilize, even though the air was supplied at
500 mLmin™!, or 420cms™! in the channel which was
approximately 320 cm in length. This slow rate in the
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Figure 5. Oxygen partial pressures measured at four points (points 1—
4) in a channel during the simulation of startup—shutdown cycles for a
PEMFC. Current densities were stepped to 61, 122, and 245 mAcm?;
oxygen utilizations were 22, 44, and 90%, respectively; measured
area=0.8x0.8 mm.

change in oxygen partial pressure, therefore, cannot be
explained simply by the gas flow. During this 20s, the
oxygen partial pressures are seen to increase gradually after
the initial pressure drop, at points 1, 2, and 3, whereas the
pressure continued to decrease at point 4 (see Figure 5).

We have demonstrated that our new imaging system is a
unique research tool for visualizing the oxygen partial
pressures in a PEMFC and analyzing fuel cell performance.
This system has already been applied to visualize oxygen
partial pressures in a direct methanol fuel cell.” By combin-
ing other dye materials sensitive to temperature or CO, and
infrared absorption for water vapor, we are now proceeding
to the simultaneous visualization of these parameters to
achieve even more accurate diagnoses of fuel cell perfor-
mance.

Experimental Section

A solution of PtTFPP (commercial) and pTMSP (synthesized®*') in
toluene was spray-coated onto the air channel of the separator to
form a dye film with a thickness of 2 um and consisting of 10 wt %
PtTFPP. The film was tested to be tolerant against water and high
temperatures (100°C). During the acquisition of Stern—Volmer plots,
gas mixtures (oxygen + nitrogen + water vapor), prepared using
mass flow controllers and a humidifier, were introduced in both the
anode and cathode at atmospheric pressure. The oxygen partial
pressure was also measured by an oxygen monitor at the inlet of the
fuel cell. To reduce stray light, all reflecting materials of the cell were
covered or painted black, and the laser light was operated in the dark.
The Stern—Volmer plots were obtained at 500 x 500 pixels using a
CCD camera, and the data were fitted at each pixel (0.2 x 0.2 mm?)
with a cubic polynomial. In this manner, 250000 calibration curves
were obtained. During the cell operation, cell face was irradiated with
the laser light, and the emission from a dye film coated on the air
channel was captured by a CCD camera. Conversion from the
emission to the oxygen partial pressure was carried out at each pixel
by customized programs. In the calculation of the oxygen partial
pressure from the sectional currents (Figure 5) at the five current
collectors (Figure 2b), we adopted 18.0 and 101.3 kPa for the oxygen
partial pressure at the inlet and the total pressure along the channel,
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respectively. The latter included oxygen, nitrogen, and water vapor.
We also assumed that the total pressure along the channel was
constant.
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