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ABSTRACT: Accurate understanding of internal phenomena and their feedback is
intrinsically important for improving the performance and durability of proton
exchange membrane fuel cells. The oxygen partial pressure (p(O2)) at 10 μm from
the cathode catalyst layer (CL) in the gas diffusion layer was measured by using an
optical fiber with an oxygen-sensitive dye applied to the apex, when the current
density was abruptly increased. p(O2) decreased with increasing current density at
constant air utilization. This decrease in oxygen partial pressure is attributed to the
increased amount of water at the CL at the cathode due to the oxygen reduction
reaction and electro-osmotic drag, as previously proposed. A shortage of oxygen in
the CL for 1 s was also detected by using this p(O2) monitoring. These results are
consistent with the previous results obtained by operando time-resolved measurements of the water distribution in the electrolyte
membranes of a running fuel cell.

1. INTRODUCTION
Proton exchange membrane fuel cells (PEMFCs) are
considered promising energy conversion devices due to their
cleanliness and high efficiency. The operation of PEMFCs
involves a number of chemical and physical phenomena,
including electrochemical reactions and the transfer of heat,
mass, and electron/ion charge; an accurate understanding of
their internal reaction distribution is essentially important for
improving the performance and durability of PEMFCs.
It has been shown that water management is critical to

maximizing the performance and durability of PEMFCs.1,2 To
maintain good proton conductivity and performance, the inlet
gas should be humidified to keep the membrane hydrated. On
the other hand, excess liquid water can flood the catalyst layer
(CL) and gas diffusion layer (GDL), as well as the gas flow
channels, leading to a high mass transport resistance. To
optimize the mode of operation, the behavior of the water or
gas inside the fuel cell under operating conditions needs to be
clarified. Hence, operando measurements have been carried out
for liquid water in the membrane electrode assembly (MEA)
and the gas flow channels of fuel cells by direct optical
systems,3−5 X-ray imaging,6,7 neutron imaging,8−10 and
vibrational spectroscopy.11−16 Recently, the oxygen partial
pressure (p(O2)) using oxygen-sensitive dye is measured
during the power generation.17−22 Higher special and temporal
resolutions are being required for those operando measure-
ments to understand the transient behavior in PEMFC
especially used for automobile applications.
Previously, we reported on the water distribution in a

transient state inside a proton exchange membrane (PEM)

during a current density jump using time-resolved coherent
anti-Stokes Raman scattering spectroscopy.15,16 When the
current density was suddenly increased, the cell voltage
recovered in seconds after the initial rapid decrease. We
found that the number of water molecules per sulfonic acid, λ,
at the cathode surface of the PEM overshot in synchrony with
the change in cell voltage (Figure S1 in the Supporting
Information).15 This sudden increase (overshoot) of water
inside the membrane was lowered by the ejection of water to
the CL or by the back diffusion of water into the membrane.
Furthermore, the results of synchronous changes in λ and cell
voltage suggested that the overshooting water discharged into
the cathode CL temporarily lowered the amount of oxygen in
the CL to be used for the power generation; the distributions
of water and oxygen from the nanometer to micrometer scale
were expected to have an effect on the transient power
generation.
In this study, we now monitored p(O2) near the CL surface

at the cathode during the current density jump. The decrease
in p(O2) near the CL was clearly observed to follow the
voltage drop. During this p(O2) change, the oxygen
concentration in the CL was lowered as discussed in the
previous study.15
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2. EXPERIMENTAL SECTION
2.1. Oxygen Monitoring in CL. Figure 1a shows a

schematic representation of the p(O2) monitoring system
reported previously.21,22 An optical fiber was inserted into the
cathode side of the cell, and a 532 nm diode laser light was
irradiated onto the oxygen-sensitive dye film at the fiber apex.
The excitation light and the emission at 650 nm were
separated by a dichroic mirror, and the emission was detected
by a CCD camera with a reflective filter for excitation light
placed in front of the camera. In the center of the cathode side
of the GDL, a pinhole 90 μm in diameter was created down to
the CL.12,14−16,22 An optical probe was inserted directly into a
PEMFC through the hole.
The oxygen-sensitive dye, Pt(II)tetrakis-pentafluorophenyl-

porphyrin (PtTFPP), was used as the oxygen sensor.17−22

PtTFPP was mixed with poly(1-trimethylsilyl-1-propylene)
(polyTMSP) and toluene, where the concentration of the dye
solution was adjusted to 25 wt % for PtTFPP.
A single-mode optical fiber with a clad diameter of 125 μm

and a core diameter of 10 μm was immersed in HF solution
(pH = 2.9) and etched until the clad diameter became 50 μm.
Afterward, the apex of the optical fiber was cut off flat
perpendicular to the fiber axis. At the apex of the optical fiber,
the oxygen-sensitive dye solution was used to form a dye film
with a thickness of 2 μm.
The probe depth was controlled by a micrometer. For

measuring the distance between the probe apex and the CL
surface, a super luminescent diode light with a wavelength of
830 nm was introduced to the probe to obtain an interference
light from the surfaces of the CL and the probe apex. The
interference spectrum of reflection lights was Fourier-trans-
formed to measure the distance with an accuracy of 1 μm.
2.2. Cell for Oxygen Monitoring. The structure of a cell

with nine straight flow channels for p(O2) monitoring is shown
in Figure 1b. The widths of the gas flow channels and the ribs
and the depth of the gas flow channels were all 1 mm. On the
cathode side of the stainless-steel end plate, a window is
formed for the insertion of an optical probe. An acrylic
insulator with a hole was inserted between the end plate and
the current collector to position the probe. The hole for the
optical probe was in the center of the active area under the
central gas flow channel.
A catalyst-coated membrane (CCM) was prepared by spray

coating both sides of the Nafion membrane (NRE211, E. I. du
Pont de Nemours & Company, Inc.) with catalyst paste
consisting of a Pt catalyst supported on carbon black (46.9 wt
% Pt, Tanaka Kikinzoku Kogyo, Japan), pure water, ethanol,
and 5 wt % Nafion ionomer (ion exchange capacity = 0.9 meq
g−1, DE521, E. I. du Pont de Nemours & Company, Inc.) with

an ionomer/carbon volume ratio of 0.7, using a pulse whirl
spray system (Nordson). The CCMs were dried in an oven at
60 °C for 12 h. The thickness of the CL was approximately 7
μm. The active area was 20 mm × 20 mm.
For the MEA, a CCM and GDLs with microporous layers

(MPLs) (SIGRACET 29 BC, SGL Carbon Group Co., Ltd.)
were sandwiched. The tightening pressure of the cell was 2.4
kN.
2.3. p(O2) Measurement. For the power generation, a test

bench (As-510-340PE, NF Circuit Design Block Co.) was
used. The cathode and anode gases were supplied as parallel
flows. The cell temperature was set at 80 °C and the relative
humidity (RH) at 80%. An optical probe was inserted and
placed 10 μm from the CL. To obtain a calibration curve for
p(O2), a mixture of N2 and air gases of different concentrations
was supplied to both the anode and cathode at 500 mL min−1

for 10 min. At each gas mixture rate, the emission was
measured five times with a CCD camera with an exposure time
of 400 ms and averaged. The emission intensity of the oxygen-
sensitive dye degraded linearly with laser irradiation at
approximately 0.06% s−1. To obtain p(O2) using this dye,
the degradation factor was complemented after the emission
data had been acquired. The calibration curve is shown in
Figure 2. Using this calibration curve and the Stern−Volmer

equation, p(O2) was determined.
24 We have previously studied

the influence of the water vapor pressure on the emission from
the dye film and made clear that the water vapor partial
pressure had no influence on monitoring p(O2).

17

The Stern−Volmer equation is formulated as in eq 1:
I
I

k p(O )0
2=

(1)

Figure 1. Schematic illustrations of p(O2) measurement system (a) and PEMFC designed for p(O2) measurement (b).

Figure 2. Calibration curve for oxygen using an oxygen-sensitive dye
at the fiber apex.
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where I0 is the intensity without a quencher, I is the intensity
with a quencher, k is the quencher rate coefficient, and τ is the
lifetime of the emissive excited without a quencher present.
The cell was operated at 80 °C and 80% RH. The power

generation at 0.1 A cm−2 was continued for 20 min, and the
current density was jumped (at t = 0 s in to either 0.3, 0.5, or
0.7 A cm−2). The emission from the oxygen-sensitive dye and
the cell voltage were recorded every 400 and 50 ms,
respectively. The effect of the 90 μm hole created inside the
GDL and the insertion of a 50 μm optical fiber on p(O2) at the
apex was estimated to be less than 1% by a fluid-flow
computation using mixtures of air and water vapor under the
operational conditions.22 During the continuous irradiation of
laser light onto the dye film, the emission intensity degraded
linearly with laser irradiation at approximately 0.06% s−1, which
was easily corrected. In this method, the error in the
experiments was thus estimated to be ±2%.22 Therefore, the
fluctuations observed in the following Figure 3b are not
experimental errors.

The degree of pressure drop within the cell can impact the
oxygen concentration. To understand the potential drops along
the gas channels, we previously investigated the pressure drop
using a single cell with straight channels by the combination of
the visualization of p(O2) and numerical simulations.

23 Under
the ambient pressure, the effect of the potential drop along the
straight flow channel was negligibly small.
To summarize, experimental parameters are listed in Table

1.

3. RESULTS AND DISCUSSION
After the current density was kept at 0.1 A cm−2 for 20 min, it
was abruptly jumped to 0.3, 0.5, or 0.7 A cm−2. The moment of
the current density jump was defined as t = 0 as in Figure 3.
Figure 3a,b shows the time variation of cell voltage and p(O2)

from t = −5 to 10 s, respectively. At 0.1 A cm−2, the cell
voltage showed a constant value of approximately 0.745 V,
which dropped after the current density jump. In our previous
study, clear voltage oscillations were observed using the cell
without MPLs at the GDLs.22 In this study with an MPL, the
discharge of water was prompted from the CL, and the
oscillations in cell voltage were not observed. From 30 s before
the current density jump, the gas flow in the cell was increased
according to the set current value after the current density
jump; thus, the oxygen utilization at 0.1 A cm−2 was set to
13.3, 8.0, and 5.7% for current density jumps to 0.3, 0.5, and
0.7 A cm−2, respectively. After the current density jumps, the
utilization of oxygen was set at 40% and that of hydrogen at
70% at all current densities. For all current density jumps,
transitions in voltage were observed on the order of 10 s. This
is in agreement with numerical simulation results previously
reported.25,26

After the current density jump from 0.1 to 0.3 cm−2, the
voltage immediately dropped from 0.745 to 0.598 V and
recovered slowly to a steady value of 0.610 V after 5.0 s (Figure
3). This behavior of the cell voltage upon the current density
jump was similar to that reported previously (Figure S1).15

After the current density jump, p(O2) decreased to 10.3 kPa
over 1 s and slowly kept decreasing to 10.0 kPa. The decrease
in p(O2) at 1 s after the current density jump is considered to
be due to the increased oxygen utilization as well as water that
has increased at the cathode CL and discharged into the gas
flow channel.27 Therefore, interestingly, for seconds after the
current density jump, the cell voltage increased whereas p(O2)
decreased. This slow decrease in p(O2) near the CL surface
may be due to an increase in gas diffusivity at the CL/gas
interface due to the gradual decrease of water after the
overshoot of the water content in the membrane. The
influence of the gas diffusivity of the interface on p(O2) near
the CL was previously reported (Figure S2b).22 The voltage
increased accordingly.
Because of flooding, the highest current density obtained

was 0.7 A cm−2. After the current density jump from 0.1 to 0.7
A cm−2, the voltage immediately dropped to 0.390 V and
slowly kept decreasing to 0.361 V probably due to continuing
partial flooding. After the current density jump, p(O2)
decreased to 9.3 kPa over 1 s and slowly increased to 9.7
kPa in contrast to the decrease in cell voltage. The amount of
water in the CL was expected to slowly increase accompanied
by the decrease in the gas diffusivity of the CL/gas interface,
corresponding to the increase in p(O2) at 10 μm from the CL

Figure 3. Transient values of cell voltage (a) and p(O2) (b). Current
density was jumped from 0.1 to 0.3 (red), 0.5 (blue), and 0.7 A cm−2

(green) at 0 s. Temperature = 80 °C, RH = 80%. H2 and air utilization
= 40 and 70%, respectively.

Table 1. Parameters for p(O2) Monitoring

optical fiber single mode, clad diameter 50 μm, core diameter
10 μm

distance from CL surface 10 μm
oxygen sensitive dye PtTFPP + polyTMSP
laser irradiation
wavelength

532 nm

dye emission wavelength 650 nm
active area 20 mm × 20 mm
gas flow channel 9 channels, width and depth 1 mm
membrane Nafion NRE211
catalyst Pt on carbon black
GDL SIGRACET 29 BC
cell temperature 80 °C
gas humidity 80% RH
current density 0.1, 0.3, 0.5, 0.7 A cm−2
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(Figure S2a).22 The decrease in the cell voltage is also
explained by the decrease in the gas diffusivity in the CL.
In the jump to 0.5 A cm−2, the cell voltage and p(O2)

behaved between in jumps to 0.3 and to 0.7 A cm−2. Namely,
the cell voltage sharply decreased to 0.489 V, and the value was
almost constant for seconds. p(O2) decreased to 9.9 kPa over 1
s and almost constant. Upon the jump to 0.5 A cm−2, the
amount of water in the CL was expected to increase in the CL
and was kept nearly constant for seconds.
After the current density jump, it took approximately 1 s for

p(O2) to be at the lower stages. Upon the current density
jump, the consumption of oxygen at the CL simultaneously
increased. On the other hand, the diffusion of oxygen from the
gas flow channel to the CL was not spontaneous, taking 1 s to
be stabilized possibly because of the change in water content in
the CL. The values of p(O2) were decreased by 1.6, 2.1, and
2.3 kPa when the current density jumped from 0.1 to 0.3, 0.5,
and 0.7 A cm−2, respectively, at the same oxygen utilization of
40%. Therefore, the different p(O2) decreases at different
current density jumps can be considered to originate from the
different amounts of water produced by the ORR and those
transported from the anode by the electro-osmotic drag.
Previously, upon current density jumps, the number of water
molecules per sulfonated group, λ, at the cathode surface of the
PEM was found to overshoot in synchrony with the cell
voltage, which led to the consideration that the increased water
at the cathode temporarily shortened oxygen in the cathode
CL.15 The temporary shortage of oxygen in the CL by the
increase of water was clearly reflected by the lowering of p(O2)
taking 1 s after the current density jump (Figure 3).
Interestingly, for the current density jump to 0.3 A cm−2, the

cell voltage recovered after the initial voltage drop and p(O2)
decreased, whereas, for the current density jump to 0.7 A cm−2,
the cell voltage decreased progressively after the initial voltage
drop and p(O2) increased. The decrease in cell voltage after
the current density jump to 0.7 A cm−2 can be explained by the
lowered diffusivity of oxygen in the CL due to the water
produced by the ORR.
These results were obtained only at a single point in the

center of an MEA of 20 mm × 20 mm at the distance of 10 μm
from the CL and do not imply a water behavior over the entire
cell. Further experiments at various locations and under various
conditions are needed to fulfill the reaction distributions
throughout the cell for higher stability and durability.

4. CONCLUSIONS
p(O2) at the location 10 μm from the CL at the current density
jump was measured using an optical fiber and an oxygen-
sensitive dye during power generation of polymer electrolyte
fuel cells at 80 °C and 80% RH. p(O2) decreased with the
current density jump. A temporary shortage of oxygen in the
CL was observed by the slower change of p(O2) in 1 s at the
location 10 μm from the CL. During flooding, p(O2) at 10 μm
from the CL increased, contrary to the decrease in cell voltage,
probably because the diffusion of oxygen was inhibited by
increasing water in the CL.22

Transient behavior in a PEMFC is reflected by the transient
distributions of physical/chemical parameters inside. Further
operando measurements coupled with numerical simulations
are required.
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