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Abstract

Voltage decreases of polymer electrolyte fuel cells (PEFC) are affected by the relative humidity of the reaction gas inside the cells. A study
was conducted to establish a method for measuring relative humidity and current distribution inside PEFC cells in order to identify the factors
affecting the voltage decay of such fuel cells. The humidity distribution was measured using a humidity sensor for directly monitoring the
relative humidity of the reaction gas flowing through the air flow channel of the cathode separator. The current distribution was measured
directly by attaching a current sensor to the rib of the cathode separator. Typical results of relative humidity and current distribution are

described and interpretations are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There is increasing interest in the development of poly-
mer electrolyte fuel cells (PEFC) because their compact size,
light weight and high efficiency makes them attractive for
automobiles and residential use. High performance fuel cells
have been developed by reducing the thickness of polymer
membranes [1] and improving the activity of catalysts [2].
However, there are still demands for a cell lifetime longer
than the current one of only 20,000 h, that is, only half of the
desired longevity of 40,000 h [3]. Cell voltage is known to
deteriorate due to flooding under conditions of excess humid-
ity [4,5], membrane degradation due to low humidity [6],
increases of cell resistance due to incorporation of ionic con-
taminants [7] and repetitive load changes [8]. To simplify the
system and increase efficiency it is desirable to reduce humid-
ity levels but as humidity is decreased the rate of cell voltage
degradation increases and lifetime becomes even shorter.
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In this paper, we report the results of a study carried out to
establish a technology for measuring relative humidity and
current distribution inside PEFC cells in order to identify the
sources of voltage degradation of these fuel cells.

2. Measurement of relative humidity and current
distribution

A new method was proposed for measuring the relative
humidity and current distribution using cells having dimen-
sions of 17cm x 17 cm [9,10].

2.1. Measurement of relative humidity distribution

A method was developed for measuring the relative
humidity of the reaction gas flowing through the air flow
channel of the cathode separator using a humidity sensor.
Fig. 1 shows the method used for measuring the humid-
ity distribution inside the cell. A 1 mm diameter hole was
opened in the air flow channel and a stainless steel pipe
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Fig. 1. Humidity distribution measurement. (a) Humidity sensor installed
on a separator and (b) attachment positions of sensors.

attached and fixed to its circumference. The relative humid-
ity of the reaction gas of the air flow channel was measured
using this configuration. A commercially available Vaisala
portable humidity—temperature meter HM141 and sensor
HMP42 were used. The sensor diameter was 4 mm and its
length was 23.5cm. As shown in Fig. 1(b), measurements
were made at six locations along the direction of the air flow.

2.2. Measurement of current distribution

The current distribution of cells is generally measured by
dividing the cell, connecting shunt resistances to each section
and making measurements [11-13]. We studied a measure-
ment configuration where a current sensor is attached to a
cell. The possibility of varying the size of the current sen-
sor gives the advantage of allowing using this method for
small size cells. Fig. 2 shows the current distribution mea-
surement method developed in this study. The current sensor
was inserted into the rib of the cathode separator and all areas
except those connected to the MEA, were covered by insu-
lation. The resistor was connected to the lead lines and the
fixing plate. The current flowing through the lead wire was
measured using a Tektro AMS503B dc current probe. Fig. 2(b)
shows the three locations where the current was measured.

The experiments were carried out using a cell having
dimensions of 17cm x 17 cm and a membrane thickness of
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Fig. 2. Current distribution measurement. (a) Current sensors installed on a
separator and (b) current sensor’s positions.

30 wm. Furthermore, in our experiments the humidity and
current sensors were attached to separate cells and due to
the sensor attachments the reaction area was approximately
260 cm?.

3. Results of relative humidity and current
distribution measurements

3.1. Relative humidity distribution results

An external humidifying method was used to vary the tem-
perature of the humidifier and thereby regulate the humidity
of the reaction gas flowing through the anode and cathode.
The cell temperature was adjusted using a heater attached to
the fixing plate. Since the humidity inside the cell is affected
by the temperature of the measurement position, the humidity
inside the cell and temperature of the measurement posi-
tions were measured simultaneously. The measured humidity
results were corrected according to equation (1).

. - P
H = measured relative humidity x Fl €))]
2
where H is the corrected relative humidity (%), P; saturated
vapor pressure at measurement temperature (Pa) ,and P;: sat-
urated vapor pressure at cell temperature (Pa).
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Fig. 3. Humidity distribution in a cell.

Fig. 3 shows the relative humidity on the cathode side
when the cell temperature was 80 °C, the anode humidify-
ing temperature 80 °C, the cathode humidifying temperature
40-80 °C and the current 40 A. When the cathode humidify-
ing temperature was 40 °C, the relative humidity was 30% at
the inlet of the cathode and gradually increased to 70% down-
stream of the air flow. Furthermore, the relative humidity
inside the cell increased when the cathode humidity temper-
ature was increased with the result that the distribution of the
relative humidity inside the cell became more uniform.

In order to check the validity of this relative humidity dis-
tribution, we simulated relative humidity distribution using
experimental data of the amount of water transported in a
small size cell (5cm x 5cm) with almost the same mem-
brane thickness. Measuring the amount of water transported
involves monitoring the amount of water vapor that flows into
and out of the anode and cathode [14,15]. The results from
these experiments were used in combination with equations
(2) and (3) to calculate the water transport coefficient per
protons moving from the anode to the cathode.

Cross A—C = (amount of water into the anode)

— (amount of water out of the anode) 2)

Cross C—A = (amount of water into the cathode)
+ product water
— (amount of water out of the cathode) 3)

Here, Cross A—C is the amount of water transported from the
anode to the cathode and Cross C-A is the amount of water
transported from the cathode to the anode

|Cross C—-Al + |Cross A—C]|
2
96500
X e —
18 x I xt

Here, I is the current (A) and 7 is measurement time (s).

Fig. 4 shows the water transport measurement results
obtained at a cell temperature of 80 °C, an anode humidify-
ing temperature of 70 °C, a cathode humidifying temperature
of 40-70 °C, with the current varying from 1-5 A,which cor-
responds to 40-200 mA cm~2. Fig. 4(a) shows the amount
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Fig. 4. Water transport and exhaust amount at: (a) anode side (anode humid-
ifying temperature of 70 °C) and (b) cathode side (anode humidifying tem-
perature of 70 °C).

of water transported from the anode to the cathode and the
amount of water exhausted from the anode. Fig. 4(b) shows
the amount of water transported from the cathode to the anode
and the amount of water exhausted from the cathode. The
water transport coefficient was calculated using these results.
The water transport coefficient shows the amount of water
transported per proton, where the amount of water transported
from the anode to the cathode was determined by subtracting
the back diffusion water from the electro-osmotic water.

Fig. 5(a) shows the water transport coefficient results.
The water transport coefficient was found to decrease with
increasing current and cathode humidifying temperature. The
decrease of the water transport coefficient is thought to be due
to the following sequence of events: (a) the current increase
leads to an increased production of water; (b) the increase
of the cathode humidity temperature is accompanied by an
increase of the flow of water into the cathode; (c) this results
in an increase of the water vapor pressure of the cathode and
an increase of back diffusion water. Fig. 5(b) shows the same
results at a humidifying temperature of 80 °C.

These results were used to simulate the relative humid-
ity distribution. The relative humidity of the reaction gas
in each segment was calculated by dividing the cells into
ten sections and the current distribution and product water
were assumed to be uniform in each of the divided segments.



216 H. Nishikawa et al. / Journal of Power Sources 155 (2006) 213-218

I 4 —a— Cathode 40°C
-m- Cathode 50°C
& L2k —&— Cathode 60°C
g 8- Cathode 70°C
2 ot
=
]
S 0.8f
5
Z 06
]
£
S oaf \\<
=
= 02f
0 . i . . .
0 40 80 120 160 200 240
Current density[mA/cm?]
(a) Anode humidity temperature:70 °C
D — Cathode 40°C
-= Cathode 50°C
- Cathode 60°C
- 2 - Cathode 70°C
=
2
=
T L5
2
S
=
&
2] 1
f=1
£
-
2 0.5
o
=
0 0 50 100 150 200 250
Current density[mA/cm2]
(b) Anode humidity temperature :80°C

Fig. 5. Water transport coefficient. Anode humidity temperature: (a) 70 °C
and (b) 80°C.

The water transported from the anode to the cathode was
calculated using the water transport coefficients determined
from experimental measurements. The relative humidity dis-
tribution results are shown in Fig. 6, where Fig. 6(a and b)
shows the results for anode humidifying temperatures of 70
and 80 °C, respectively. Our simulation results are in good
agreement with experimental values of the water transport
coefficient obtained at an anode humidifying temperature of
70 °C. The water transport coefficient is affected by the back
diffusion of water, that is, the load current, the humidify-
ing temperature of the anode/cathode and flow pattern inside
the cell. Thus, the flow pattern of the small size cell and of
the 17cm x 17 cm one are not necessarily identical. These
factors may have some effects and we intend to investigate
further the measurements of the water transport coefficient
and the simulation method.

3.2. Current distribution results

Fig. 7 shows an example of the current distribution results
where the air utilization was varied. In order to eliminate
the changes of the current distribution due to differences of
relative humidity inside the cell, the current distribution was
measured at a cell temperature of 60 °C and an anode/cathode
humidifying temperature of 60 °C. The air utilization was
varied from 13% at 20 A.
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Fig. 6. Relative humidity distribution (comparison of measurement and sim-
ulation). Simulation of relative humidity distribution at anode humidifying
temperature of (a) 70 °C and (b) 80 °C.

The results showed that the up stream current increases
when the air utilization surpasses 30%. The down stream cur-
rent decreases and a change in the current distribution were
observed. The magnitudes of the changes increase when the
air utilization increased and when it was above 70%, a sudden
drop of the central and down stream current was seen. This
is thought to occur because the amount of water exhausting
from the cell decreases when the air utilization is increased
and as a result water remains inside the cell leading to flood-
ing down stream of the cell.
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Fig. 7. Current distribution when in creasing air utilization.
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To better understand the experimental current distribution
results we simulated the variation of current distribution with
the air utilization.

The following procedure was used for the simulations: (1)
the cell was divided into three sections; (2) the air utilization
for each cell segment was calculated; (3) air utilization—cell
voltage characteristics was obtained usinga 5 cm x 5 cm cell;
(4) the results were used to calculate the current distribution.
Fig. 8 shows the air utilization of each individual segment
when the air utilization was changed. Fig. 9 shows the exper-
imental results for the air utilization characteristics obtained
using the small size cell. Fig. 10 shows the calculated cur-
rent distribution based on the results of Figs. 8 and 9 for
the changes of air utilization. Current ratio of upstream and
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Fig. 9. Voltage—current characteristics with air utilization. (a) Voltage vs.
air utilization at current 5 A and (b) voltage—current characteristics with air
utilization of 40%.
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Fig. 10. Current distribution (comparison of measurement and simulation).

downstream in Fig. 10 means the ratio based on the cen-
tral current. Both the experimental and simulated results
show that increases of the air utilization are accompanied
by increases of the changes of the current distribution. There
is a reduction in the downstream current due to decreases of
the concentration of downstream oxygen as a consequence
of increases of the air utilization.

Fig. 11 shows current distribution results when the cath-
ode reaction gas was changed from air to oxygen. In order
to maintain the relative humidity inside the cell under the
same conditions the flow of oxygen was kept the same as
that of air. In Fig. 11, the values in parentheses shows the air
utilization and the numbers below the parentheses, are the
oxygen utilization. These results showed that when air was
replaced by oxygen, then due to a reduction in the oxygen
utilization: (a) the current distribution was almost negligible;
(b) a small difference in the upstream and downstream cur-
rent was observed when the oxygen utilization increased; (c)
the onset of flooding for oxygen utilization became higher
than 73%.

Fig. 12 shows the current distribution for a cell temper-
ature of 80°C and an anode humidifying temperature of
80 °C when the cathode humidifying temperature was slowly
changed from 70 to 40°C. When the cathode humidify-
ing temperature was reduced then the upstream current was
observed to decrease and the downstream current to increase.
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Fig. 11. Current distribution when increasing oxygen utilization.



218 H. Nishikawa et al. / Journal of Power Sources 155 (2006) 213-218

Cathode humidity temperature
70°C decrease 50°C decrease 40°C

Down stream

10%

Current ratio [%]

Up stream | 2.8%

Time[h] Counter-flow Current 30A

Fig. 12. Current distribution when decreasing cathode humidity tempera-
ture.

The reason for this can be seen from Fig. 3 where the rela-
tive humidity distribution shows that during low humidity
operation, the relative humidity at the air inlet decreases
and the relative humidity gradually increases in the down-
stream direction. That is, since the relative humidity of the
upstream cathode is low, then the water content of the poly-
mer membrane decreases. This not only leads to an increase
of the resistance of the membrane but also to a decrease of
the water content inside the ionomer of the catalytic layer.
Consequently, proton conductivity and oxygen transport are
adversely affected with the result that oxygen reduction reac-
tion is reduced. Thus, the up stream current decreases due to
the reduction of the catalyst utilization rate. However, since
the downstream relative humidity increases, it is thought that
the current also increased.

4. Summary

New methods for measuring the relative humidity dis-
tribution and current distribution inside PEFC cells were
established. The measurements showed that

(1) The relative humidity of the air inlet was extremely small
at 30%, at a cell temperature of 80 °C an anode humid-
ifying temperature of 80 °C, and cathode humidifying
temperature of 40 °C. Near the outlet the relative humid-
ity reached 70% thus showing the existence of a large
change between the relative humidity of the inlet and
outlets.

(2) From current distribution measurements, it was found
that with an increasing air utilization the upstream cur-
rent increased and the downstream current decreased.
However, when the cathode humidifying temperature
was slowly reduced, then the upstream current decreased
and the downstream current increased. The former obser-
vation of the decrease of the downstream current was
related to an oxygen concentration dependence phenom-
ena and the latter results due to phenomena related to cell
resistance and catalyst utilization rate when operating at
a low humidity temperature.

A technology for measuring relative humidity and current
distributions is thus almost fully developed. In the future,
these results will be used to study the factors affecting the
degradation of the cell voltage.
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