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Abstract

Measurements of the performance decay for a proton exchange membrane fuel cell (PEMFC) and the observation of water droplets were
simultaneously carried out for 4000 h under degradation conditions of low humidity and high CO concentration. An optical cell was designed for
observation of water droplets and measurement of the transition points.

It was found that as the performance decayed with time, the transition point to a two-phase flow moved toward the cathode exit for conditions
of both low humidity and high CO concentration. Performance data showed that under these conditions, there was no pinhole in the membrane
or significant mass transport loss observed. It was supposed that the deactivation of electrodes occurred at the cathode inlet and the anode outlet
under low humidity and high CO concentration, and that this caused the decay in performance and observed change of the transition point at the
cathode.

The change of the transition point was computed using a two-dimensional cell model. Performance decay, such as oxygen gain and the cell
over-potential, was simulated by changing the value of the exchange current densities of the cathode and anode. Comparison with the experimental

results shows good agreement for the total duration of cell operation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The proton exchange membrane fuel cell (PEMFC) has
received much attention in the last decade as a promising candi-
date for a high-efficiency low-emission power source. However,
there are still many hurdles that must be overcome to achieve
operation of more than several ten thousands of hours for sta-
tionary applications. It is believed that durability and cost are
the main hurdles for large-scale application [1]. With regard to
durability, intensive studies have been carried out on membrane
degradation, catalysts and catalyst support stability, impact of
impurities, electrode degradation, fuel starvation and water man-
agement [2].

Water management is a key issue for the long-term operation
of PEMFC. Atlow humidity, the proton exchange membrane and
electrode assembly (MEA) loses water, which leads to a rapid
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increase of the ohmic resistance. On the other hand, if too much
liquid water is present in the cell, the pores in the electrodes will
be filled with water, obstructing the passage of reactant gases, a
condition referred to as flooding. Visualization techniques have
been shown to be powerful tools for investigating the formation
and movement of water droplets and many studies have been
reported [3-7].

In parallel, a modeling approach has been intensively inves-
tigated to explain the two-phase flow in a PEMFC [8-12].
However, there have been no reports on the study of perfor-
mance decay under degradation conditions by the simultaneous
observation of the change in distribution of water droplets. We
assumed that under degradation conditions, the distribution of
water vapor pressure, membrane resistance, and the current den-
sity in the plane of an electrode are changed with time, and that
these changes should be reflected in the distribution of water
droplets. Our previous study showed that a two-dimensional cell
model was able to explain the transition point to a two-phase
flow in the flow channels under the change of the gas utilization
rate [13]. It is considered that this model can also be applied to
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Nomenclature

a; activity of water in the stream j (a, for anode, ac
for cathode)

C concentration of water in the membrane
(mol cm—?)

E, Nernst loss (V)

F Faraday constant (96,485 C mol 1)

io exchange current density (A cm™2)

1 local current density (A cm_z)

ng electro-osmotic drag coefficient

p pressure (kPa)

R gas constant (8.314 Jmol~! K1)

t4 dew point of the feed gas (°C)

ty cell temperature (°C)

T temperature (K)

X distance along the flow channel

y coordinate perpendicular to the MEA

Z magnitude of impedance (£2)

Greek symbols

o net drag of water per proton

8 thickness (cm)

& stoichiometry

n over-potential (V)

0 phase angle

o conductivity of membrane (1 2cm™)

Subscripts

a anode

c cathode

con condensation

in inlet

m membrane

out exit

explain the change in the distribution of water droplets during
performance degradation.

The purpose of this study is to investigate the decay of cell
performance, which is accelerated by intentional degradation
conditions, such as low humidity and high CO concentration.
The performance decay can then be correlated with observa-
tions of the change in the water droplet distribution using an
optical cell designed for visualization and a two-dimensional cell
model.

2. Experimental
2.1. Optical cell for visualization

An optical cell was used to observe the distribution of lig-
uid water droplets in the cathode [7,14]. The end plates of the
cell were made from a transparent acrylic resin for the cath-
ode and high-density carbon for the anode. A current collector,
fabricated by the wire-cut method, was made from gold-plated
stainless steel and a machined transparent flow field plate (cath-

N=J
=)

0.90 0.25
fatabes20] || s &
tda=tdo=60"C

s 2 2 Test1 1 Test2 Test3 | G
2’ 0.80 || ica=300(mA cm?) (~2700m) | (~1000h)_:- ~300 h) 1 020
g - Veel . " ! ': =
B or0 P e
= ; i

9 ; Dl sl
— 0.60 [ Internal Resistance 1 r 3
[0} —

0.50 Teell=70°C | 1 Teell=75°C Ty g
CO10ppm | 1 1 4 CO100ppm o

0.40 ‘ - ! 005 £

0 1000 2000 3000 4000 5000

Operating time (h)

Fig. 1. Cell performance decay for 4000 h under conditions of low humidity and
CO poisoning.

ode end plate), and these were engaged precisely with each
other. The cell active area was 25cm?. The flow field was
a single serpentine type and a counter-flow flow mode was
used. The membrane electrode assembly (MEA) consisted of a
membrane (Nafion 112), electrodes, and carbon-paper-type gas
diffusion layers (GDL) were used. The catalyst loading level was
0.3 mg cm™2 for the anode and 0.5 mg cm™~2 for the cathode. A
water jacket, in which hot water was circulated in order to main-
tain an even temperature distribution, was set on the back of the
anode end plate. Images of the water droplets on the back surface
of the cathode GDL were recorded using a high precision digital
camera.

2.2. Performance measurement

The anode gas used was SRG(10) or SRG(100) or Hy, where
SRG(10) represents a simulated reform gas (H2/CO»: 75/25 v/v)
which contains 10 ppm CO. The feed gas was humidified by
bubbling through a humidifier. The cathode gas used was air or
oxygen. The cell temperature was maintained at 70 °C for the
first 2700 h, and then raised to 75 °C for the remaining 1300 h
(see Fig. 1).

The humidification temperature for both the anode and the
cathode was 60 °C throughout the experiment. Measurements
of oxygen gain, open circuit voltage (V,), internal resistance,
and ac impedance were carried out at regular time intervals. The
CO concentration was controlled at 10 ppm for the first 3700 h,
and was then increased to 100 ppm for the remaining 300 h. The
anode gas was changed from SRG(10) or SRG(100) to pure
hydrogen, in order to confirm whether or not the activity of the
anode catalyst was reversible. The experimental conditions for
the present study are shown in Table 1.

Table 1

Operating parameters used for the base case

Current density, I (A cm™2) 0.3
Stoichiometry of anode gas, &, 1.43
Stoichiometry of cathode gas, & 2.0
Humidity of cathode inlet gas, 4. (°C) 60
Humidity of anode inlet gas, 74, (°C) 60
Cell temperature (°C) 70
Pressure (kPa) 101.3
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2.3. ac impedance measurement

ac impedance measurements were conducted using an elec-
tric load (NF, AS5013, 0-50A) and a frequency response
analyzer (NF, FRA5095). A small ac current, equivalent to 5%
of the load current applied to the cell, was superimposed over
the frequency range of 10kHz to 100 mHz under cell operation
at0.3Acm™2,

3. Experimental results

3.1. Performance decay with time under low humidification
and high CO concentration

Cell performance was recorded for 4000 h under conditions of
low humidity and CO poisoning; the results are shown in Fig. 1.
The cell voltage gradually decreased with time, although it
recovered when SRG was replaced with pure hydrogen. The ini-
tial cell voltage was 704 mV at a current density of 300 mA cm 2
and the performance decay rate was 10mV 1000h~! for oper-
ation with SRG(10). After 3700 h of operation, the CO content
was increased to 100 ppm. A significant loss of performance was
observed, from 657 mV to 485 mV (shown in Fig. 1) in 300 h of
operation. The internal resistance increased continuously with
time.

Fig. 2 shows the time dependence of the open circuit volt-
age (Vo) and oxygen gain. At the beginning of the test the Vi,
value is 967 mV, and 939 mV after 3953 h of operation. From the
observed 28 mV drop in the Vi, it is unlikely that any damage
occurred to the electrolyte membrane, such as pinhole formation,
within the time span of 3953 h.

The oxygen gain was moderately increased from 82 mV to
85mV over the first 2000h (1.5mV 1000h~!). Oxygen gain
usually reflects the diffusion loss mostly by the flodding in the
cathode catalyst layer and GDL. The flooding causes the local
increase of the current density in the forward section which
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Fig. 2. Time dependence of the open circuit voltage (OCV) and oxygen gain:
() OCV; (@) oxygen gain.

is contrary to the change of the transition position shown in
Fig. 5. This means that the mass transport loss was negligibly
small during this period of time. However, after the temperature
increase to 75 °C, the oxygen gain increased rapidly by a rate
of 4mV 1000h~! The experimental results described here are
summarized in Table 3.

It is considered that the increase in the oxygen gain reflects
the deactivation of the cathode catalyst layer by the loss of triple
boundary interfaces, due to the low-humidity condition. This
causes a local increase of current density at the cathode exit
area. Increase of the CO concentration caused a large increase
of oxygen gain up to 102 mV. The increase in the oxygen gain
reflects the deactivation of the anode catalyst due to the CO
poisoning, and the local and concentrated increase of current
density in the cathode.

3.2. Electrochemical impedance spectroscopy (EIS) with
time

EIS data were measured when the experimental conditions
were changed during cell operation. Fig. 3 shows the relation
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Fig. 3. Change in the impedance magnitude and phase angle vs. frequency: (a) impedance magnitude (Z) vs. frequency and (b) phase angle () vs. frequency. (@)
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Fig. 4. Photographs of the visualized images of water droplets at 161 h, 2036 h and at 3092 h: (O) the location where a water droplet is first observed in the flow

channel.

of frequency versus magnitude of impedance, Z (Fig. 3(a)) and
phase angle, 6 (Fig. 3(b)). For the first 3700 h (CO, 10 ppm), the
impedance increased slightly in the range of less than 100 Hz,
but when the CO concentration was increased from 10 ppm to
100 ppm, the impedance magnitude was almost five times larger
after 300 h of operation with high CO concentration (100 ppm).

Canut et al. [15] performed EIS investigations of anode cat-
alyst poisoning, fuel cell flooding and membrane drying. They
showed that anode catalyst poisoning due to CO is characterized
by an increase in the impedance magnitude and the phase angle
at frequencies less than a few hundred Hz. Our result, shown in
Fig. 3, also shows this characteristic increase in the impedance
magnitude and the phase angle.
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Fig. 5. Change of the transition points in the cathode with time duration:
Teen=70°C and 75°C, 0.3 Acm™2, 14y =14 =60°C, £,=1.4, & =2.0. (§)
Experiment; (O) calculation.

3.3. Change in the distribution of water droplets in the
cathode gas diffusion layer over time

Fig. 4 shows photographs of the visualized images of water
droplets at 161 h, 2036 h and at 3092 h The circles in each photo
indicate the location where a water droplet is first observed in the
flow channel. This point is the location where the water vapor
pressure reaches the saturation vapor pressure at the cell temper-
ature. At the beginning (161 h), water droplets were distributed
in the latter half of the electrode area, and the transition point to
the two-phase flow was located at 0.4 of the fractional distance
from the inlet to the exit. No water droplets were found in the
area near the inlet. It can be clearly seen in Fig. 5 (), that the
transition point moves toward the exit over time, and that the
slope becomes steeper when the cell temperature is increased to
75°C.

4. Discussion
4.1. Cell model for simulation

As described in Section 3, the experimental results showed
that the distribution of water droplets changes with the degra-
dation in cell performance over 4000h of operation under
low humidity and high CO concentration. To understand the
observed change, a two-dimensional cell model [14] is applied,
which can account for the water content in the membrane, the
mass transport of water and the current density distribution along
the flow channel.

In both the cathode and the anode, gas diffusion in the
y-direction (perpendicular to the MEA) is expressed by the
Stefan—-Maxwell equations, using the effective binary diffu-
sivities. Both nitrogen in the cathode gas mixture and carbon
dioxide in anode gas mixture do not react in their respective
electrode reactions. The change of current density along the
flow channel, I(x), is calculated using Eqs. (1)—(5) concern-
ing the membrane ion conductivity and over-potential, and the
Nernst loss under the condition of uniform cell voltage along the
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flow channel. Both cathode and anode overpotentials are given
by the Butler—Volmer equation (B—V eq.). We have chosen the
value na = 2/3 for the cathode reaction, by fitting the calculated
overpotential with the experimental results. The cathode over-
potential shown by Eq. (3a) is derived from a simplification of
the B—V eq. under the condition where 1 is large. The anode
over-potential, shown by Eq. (3b), is also derived from a simplifi-
cation of the B—V eq. under the condition where 1, is small. The
Nernst loss, Ey, is derived by replacing the activities of hydro-
gen and oxygen gases by their partial pressures. The open circuit
voltage, V., decreases from the thermodynamic value due to the
leakage current, jieax, Which is estimated at 0.01 A cm~2 [16].

I(x)é
V= Vo — (X)m

— (e +na) — Eq (nH

o = (0.00514 x 8.8ng — 0.00326)

1 1
1267 | — — = 9 2
xexp< (303 T>> (9] (2)
1.5RT 1
ne = LR ( () ) Ga)
F lochZ
1 RTI
0] (3b)
2 FigaPH,
RT 1
Eoe K1 @
2F PH, /PO,
1.5RT .
Voe = 1.229 — 0.00023 (T — 298) — In(jieax) 5)
where [9]
[ 0.049 +2.024a, — 4.532 +4.093 a, < 1
T 1594 0.159 (ay — 1) ap> 1
p
a:=C, -2
! ! Psat

In the model, the cell is divided into five sections in the x-
direction (flow direction). In each section, the mass balances
of each gas species are expressed as a set of non-linear equa-
tions for counter-flow configurations. These sets of equations
are solved by the Newton method. Hence, the distribution of
current density, net water drag and contents of gas species are
obtained along the flow channel. The parameters of the MEA
and GDL used for the calculation of the base case are listed in
Table 2.

4.2. Transition point to two-phase flow

4.2.1. Exchange current density and transition point
Irreversible damage to the membrane, such as formation of
pinholes, did not occur (as seen from the V. results), and the
mass transport losses were small (from the oxygen gain results),
so that it was supposed that the decay of cell performance was
mainly caused by the deactivation of the electrodes, which cor-
responds to the change in the exchange current densities used in

Table 2

Parameters used for the MEA component

Exchange current density, ioc (A cm~2) 0.01
Exchange current density, ipy (A cm™2) 1
Membrane equivalent weight, £ 1200
Membrane thickness, &, (cm) 50 x 1074
Membrane dry density, p 1.84
Catalyst layer thickness, 8¢q¢ (cm) 10 x 1074

GDL thickness (cm) 300 x 10~
Tortousity factor 5.0
Diffusion coefficient, Def.1,0,0, (cm?s™!) 0.0043
Diffusion coefficient, Defr,0,,N, (cm? s 0.0033

Egs. (3a) and (3b). Computation of the transition point was con-
ducted by changing the value of the exchange current density at
section 1 of the cell (the section nearest to the cathode inlet and
the anode exit). At section 1, dehydration is significant in the
cathode, resistance of the ionomer in the catalyst layer is high,
and utilization of the catalyst is low. Also under the high CO con-
centration, it is supposed that the deactivation of anode catalyst
has occured in all cell area and its rate is significant in section 1.
These factors cause the deactivation of the cathode catalyst in the
inlet area and the anode catalyst in the anode exit area. Under
the standard experimental conditions (Table 1), the exchange
current densities of the cathode and anode (ipe =0.01 A cm™2
[9]and ip,=1A cm 2 [16]) are assumed to be uniform over the
entire cell area. However, the exchange current density is not
uniform over the cell area when local deactivation of the elec-
trode occurs. For example, degradation of the cathode catalyst
at the cathode inlet, and of the anode catalyst at the anode exit,
is expected to be significant under conditions of dry operation
in the cathode and high CO concentration in the anode gas.

These effects were reflected in the cell model. The computed
results of transition point versus exchange current density under
the standard condition are shown in Fig. 6(a) and (b). Fractional
distance of the transition point was calculated using the follow-
ing equation under the condition that the build up of the water
content in each section is uniform.

Xcon I()C)
A ﬁ(l + 2a(x)) dx = mu,0,sat(X) — MH,0,in

where Xy, is the distance from cathode inlet to transition point,
I(x), a(x) represents current density and net drag coefficient as
the function of distance (x) from the inlet, respectively. my,0
represents molar flux of water and the saturation molar flux
MH,0,sat(x) is calculated using the local partial pressure of water
vapor.

The results show that the transition point shifts towards the
exit, from 0.49 to 0.61, when the cathode exchange current den-
sity at the cathode inlet is decreased to one tenth. In addition,
the transition point shifts towards the exit from 0.49 to 0.63 as
the anode exchange current density at the anode outlet decreases
from 1 Acm~2 to 0.005 A cm 2.

During cell operation, the temperature of the cathode trans-
parent plate was approximately 2-3 °C lower than the cell
temperature. Therefore, saturation temperatures for the cathode
flow channel of 68 °C and 72 °C were employed in the calcula-
tion against cell temperatures of 70 °C and 75 °C, respectively.
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4.2.2. Change in the exchange current density with low
humidity and CO poisoning

Under low humidification, it is supposed that dehydration
of the membrane and the ionomer in the catalyst layers cause a
voltage drop [17]. We assume that the degradation of the cathode
only occurs in section 1, because the humidity of the cathode
gas reaches to almost saturated between sections 2 and 5. The
degradation of the anode occurs in all cell area but the degree
of the degradation depends on cell location. We suppose the
degradation in section 1 is 10 times higher than the remaining
sections.

Computation of the performance decay was conducted under
conditions where the cathode exchange current density, i,
at the cathode inlet varies from 0.01 Acm™2 to 0.009 A cm™>
for the first 2700 h (70 °C operation, Test 1) and then varies
from 0.009 to 0.008 Acm~? for the next 1000h (75°C oper-
ation, Test 2), while the anode exchange current density, iga,
is maintained at the initial value. This is rationalized by the
fact that the EIS data (Fig. 3) shows a very small change in
the impedance magnitude over time until 3700 h (10 ppm CO),
which means the degree of deactivation at the anode due to CO
poisoning is very small, as Canut et al. suggested in their report
[15].

After 3700 h (Test 3), the ip, at the anode exit varied from
1Acm™ to 0.005Acm™2, reflecting severe CO poisoning
(100 ppm CO), which corresponds to a large increase in the
magnitude of impedance in the range of 1-100 Hz, as shown
in Fig. 3. The anode exchange current density of the remaining
area is 0.05 Acm™2. A comparison of the calculated and the
experimental results is given in Fig. 5. Although the computed
points are slightly closer to the cathode inlet for the first 2700 h,
and are slightly closer to the cathode outlet for the final 300 h, the
computed results are in good agreement with the experimental
results.

4.3. O gain and cell over-potential

The experimental and computed values for oxygen gain
and the cell over-potential, represented by the value (Vo — V,
namely, n¢ +na + (Idm/0) + Ey) at several key points, are listed
in Table 3. The computed values are compared with the exper-
imental results and are presented in Fig. 7(a) and (b). Fig. 7(a)
shows the comparison of the absolute values of oxygen gain and
over-potential, and Fig. 7(b) shows the comparison of the change
in oxygen gain and cell over-potential measured as the differ-
ence from the starting values. Although the computed oxygen
gain is approximately 10-20mV higher than the experimen-
tal value, the increment from the starting value of the oxygen

Table 3
List of the parameters used in the calculation and the results of experiment and computation
Time
Oh 2061 h 2660 h 3355h 3712h 3953h 3712h 3953h
t 70 70 70 75 75 75
iocl 0.01 0.009 0.009 0.008 0.008
i0c2-5 0.01 0.01 0.01 0.01 0.01
i0al 1 1 1 0.005
i0a2-5 1 1 1 0.05
Veell sair» calc 713 712 685 582
Veell ;02 calc 817 815 802 702
Ve, calc 1014 1014 1010 1010
Veell air» €XP 704 679 665 657 518
Vo air» €Xp 967 950 941 938 939
O2gain, €Xp 82 85 87 92 102 10 20
O2gain. calc 104 104 117 120 13 16
Total loss, exp 263 271 276 281 421 18 158
Total loss, calc 301 302 325 428 24 127

The last two columns represent the differences of the value of each item from the initial (0 h) values.
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Fig. 7. (a) Comparison of the cell performance and oxygen gain with
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gain shows good agreement. After 1000 h of operation at 75 °C
(total 3712h, the end of Test 2), a 13mV increase of oxy-
gen gain is computed, in comparison to the 10mV increase
observed for the experiment. After 300h of operation using
SRG containing 100 ppm CO (total 3953 h, the end of Test
3), the computation showed a 16 mV increase in the oxy-
gen gain, compared to the 20mV increase observed for the
experiment.

With respect to the cell over-potential, the computed results
explain the experimental trend well, showing a steady increase
for the first 3700 h, and subsequently, a rapid increase at high
CO concentration. The calculated result for the over-potential,
including resistance loss, is 127 mV, which is slightly low com-
pared to that (158 mV) obtained from the experiment (Table 3
and Fig. 7(b)).

5. Conclusion

Measurements of performance decay for a PEMFC under
degradation conditions, and the observation of water droplets
were carried out simultaneously for a long period of operation
(4000 h). The degradation conditions were low humidity and
high CO concentration. Water droplets were observed using an
optical cell designed for visualization.

It was found that as performance decay progressed with
time, the transition point to a two-phase flow moved toward
the cathode exit for both conditions of low humidity and high
CO concentration. The performance data under these conditions
show that no membrane pinholes or significant mass transport
losses occurred. We consider that the decay in cell performance
was caused by the deactivation of the cathode and anode, which
corresponds to the change in the exchange current densities. The
transition point was calculated by the change in the value of the
exchange current densities at section 1 of the cell (cathode outlet
and anode inlet).

Comparison of the experimental transition point to the two-
phase flow shows good agreement for the entire duration.
Performance decay, such as oxygen gain and the total cell volt-
age loss (V. — V) were also calculated and the results simulate
the experimentally observed trend well.

Simultaneous measurements of performance decay and water
droplets on the cathode enabled visual observation of the degra-
dation of electrode activity and confirmation using simulated
data.

Acknowledgements

This work was supported by Research and Development of
Polymer Electrolyte Fuel Cells from the New Energy and Indus-
trial Technology Development Organization (NEDO), Japan,
and by the Open Research Center Project from the Ministry
of Education, Culture, Sports, Science and Technology, Japan.

References

[1] H. Gasteiger, W. Gu, R. Makharia, M. Mathias, B. Sompalli, in: W. Viel-
stich, A. Lamm, H. Gasteiger (Eds.), Handbook of Fuel Cells, vol. 3, John
Wiley & Sons, New York, 2003, pp. 593-677.

[2] T. Jarvi, S. Cleghorn, H. Gasteiger, ECS Trans. 1 (8) (2006).

[3] T. Tiiber, D. Pocza, C. Hebling, J. Power Sources 124 (2003) 403—414.

[4] X.G. Yang, F.Y. Zhang, A.L. Lubawy, C.Y. Wang, Electrochem. Solid State
Lett. 7 (2004) A408-A411.

[5] J. Zhang, D. Kramer, R. Shimoi, Y. Ono, E. Lehmann, A. Wokaun, K.
Shinohara, G.G. Scherer, Electrochim. Acta 51 (2006) 2715-2727.

[6] FZ. Zhang, X.G. Yang, C.Y. Wang, J. Electrochem. Soc. 153 (2006)
A225-A232.

[7] T. Murahashi, H. Kobayashi, E. Nishiyama, Electrochemistry 76 (2007)
261-263.

[8] T.E. Springer, T.A. Zawodzinski, M.S. Wilson, S. Gottesfeld, J. Elec-
trochem. Soc. 143 (1996) 587-599.

[9] T.V. Nguyen, R.E. White, J. Electrochem. Soc. 140 (1993) 2178-2186.

[10] G.J.M. Janssen, J. Electrochem. Soc. 148 (2001) A1313-A1323.

[11] A. Weber, J. Newman, J. Electrochem. Soc. 151 (2004) A326-A339.

[12] C.Y. Wang, Chem. Rev. 104 (2004) 4727-4766.

[13] T. Murahashi, M. Naiki, E. Nishiyama, J. Power Sources 162 (2006)
1130-1136.



T. Murahashi et al. / Journal of Power Sources 175 (2008) 98—105 105

[14] T. Murahashi, H. Hayashi, E. Nishiyama, The 11th FCDIC Fuel Cell Sym- [16] R. O’Hayre, S. Cha, W. Colella, F. Printz, Fuel Cell Fundamentals, John
posium Proceedings, FCDIC, Tokyo, 2004, pp. 111-116. Wiley & Sons, 2006, p. 172.

[15] J. Canut, R. Abouatallah, D. Harrington, J. Electrochem. Soc. 153 (2006) [17] M. Inaba, H. Yamada, R. Umebayashi, M. Sugishita, A. Tasaka, Electro-
A857-A864. chemistry 76 (2007) 207-212.



	Combined measurement of PEMFC performance decay and water droplet distribution under low humidity and high CO
	Introduction
	Experimental
	Optical cell for visualization
	Performance measurement
	ac impedance measurement

	Experimental results
	Performance decay with time under low humidification and high CO concentration
	Electrochemical impedance spectroscopy (EIS) with time
	Change in the distribution of water droplets in the cathode gas diffusion layer over time

	Discussion
	Cell model for simulation
	Transition point to two-phase flow
	Exchange current density and transition point
	Change in the exchange current density with low humidity and CO poisoning

	O2 gain and cell over-potential

	Conclusion
	Acknowledgements
	References


