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Abstract

A double-path-type flow-field design that has two gas inlets and two gas outlets is presented for PEM fuel cells. The two paths are arranged
in such a way that the inlet of one flow-field is adjacent to the outlet of the other flow-field and, within any section of the electrode active area,
there are always adjacent channels with reactant flowing in opposite directions. Such a design enables the dry entering gas to become hydrated
by acquiring some moisture from the exiting moist gas; and, within any section of the active area, the drier gas in one flow-field can share the
moisture in the wetter gas flowing in the other flow-field. Such a design effectively uses the water produced by the stack to hydrate the
membrane and the catalyst layers. The effectiveness of this design was demonstrated by running multiple-cell stacks where the stack could run
stably at a current density up to 0.33 A/em?® using dry hydrogen and dry air. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Double-path-type flow-field; PEM fuel cells; Stack

1. Introduction

Water plays a critical role in proton exchange membrane
(PEM) fuel cells. Both the Nafion membrane and the Nafion
material within the catalyst layers need to be hydrated in
order to efficiently conduct protons. The proton conductivity
increases with the water content [1-3]. The water content
can be expressed by a weight percentage, or more often by
the number of water molecules held by each sulphonate
group. In order to achieve enough hydration, water is
normally introduced into the cell externally by a variety
of methods such as liquid injection, steam introduction, and
humidification of reactants by passing them through humi-
difiers before entering the cell. Humidification by the last
method is relatively easier to handle, and therefore, it is the
most commonly used method. In order to simplify the
system and to limit the amount of water to carry for the
humidification purpose, the water generated by the fuel cell
at the cathode should be utilized as much as possible. The
water in the exhaust air can be captured by the membrane in
a membrane-type humidifier or by molecular sieve material
in rotating apparatus, and then transported to the reactants as
they separately pass through the apparatus. Membrane-type
humidifiers can also be incorporated as part of the electrolyte
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membrane of a cell, or can be constructed as part of a fuel
cell stack [4,5].

H Power Corporation has been using the water generated
by the fuel cell to humidify the dry reactants through the
design of double-path-type flow-fields or other configura-
tions with counter-current reactant flow characteristics [6].
Typically, a single-path flow-field is used by various fuel cell
developers. In such a flow-field the reactant enters the cell
from one location, flows through the channels, and finally
exits from another location. If no external humidification is
used, such a flow-field will cause uneven humidification
along the gas flow path. Near the entrance, the cell will be
very dry, because the gas is dry. As the gas proceeds along
the flow path, water content increases because the gas can
accumulate more water that is produced by the fuel cell.
Hence, near the exit the hydration level will be the highest.
The disparity might get even worse as time progresses. The
dry area will creep deeper into the flow-field, causing more
area to work inefficiently. In order to avoid such uneven
humidification, H Power has invented a double-path-type
flow-field design as shown in Fig. 1, as well as related
designs to accomplish the same objective. In this design, two
flow-fields, serpentine, straight, or any other shapes, are
placed side-by-side. One flow-field’s inlet is located near the
other’s outlet and, within any section of the electrode active
area, there are always adjacent channels with reactant
flowing in opposite directions (solid and empty arrows were
used to show the flow of reactant in the two flow-fields,
respectively). Such a design enables the dry entering gas to
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Fig. 1. A double-path-type flow-field design.

become hydrated by acquiring some of the moisture from the
exiting wet gas; and, within any section of the active area,
the drier gas in one flow-field can share the moisture in the
wetter gas flowing in the other flow-field. Therefore, the
uneven humidification experienced by the single-path flow-
field design is avoided; and the entire cell achieves a more
even humidification.

Another advantage of double-path-type flow-fields is that
it can also achieve a more even reactant concentration
distribution over the entire electrode active area. In a
single-path flow-field, the reactant has the highest and lowest
concentration at the entrance and exit, respectively, because,
as the reactant-flow proceeds, it is consumed by the electro-
chemical reaction. Such an uneven concentration distribu-
tion causes an uneven current distribution. What is worse is
that some ‘hot spots” may be created at places with very
low reactant concentration. Such hot spots may accelerate
membrane deterioration. With double-path-type flow-fields,
the reactant will distribute more evenly and thereby avoid
these problems.

The effectiveness of double-path-type flow-fields has
been tested in multiple-cell stacks with various active areas.
This article presents data obtained by using four-cell stacks
with an active area of 27.6 cm? per cell.

2. Experimental

Electrodes with various catalyst, Nafion, and PTFE
loadings were prepared and tested. For high Pt-loading
electrodes (>1.0 mg/cmz), Pt black was used as the cata-
lyst. For electrodes with lower Pt loadings, 20% Pt/Vulcan
XC-72 was used. The electrodes were prepared on teflo-
nized carbon-paper-type gas diffusion media. These elec-
trodes were hot-pressed onto Nafion membranes at 130 °C
for 3 min.

Fig. 2 shows the stack-assembly sequence for a two-cell
stack. Tie rods were first fixed onto the cathode end plate. The
plate could be made of metals or plastics with high mechan-
ical strength so that it would not deform under a compressive
load. An insulating gasket was then laid on, followed by a
current collector, a gasket for the current collector, and the
cathode termination plate. The insulating gasket is used to
prevent electrical contact between the metal current collector
and the end plate. The cathode termination plate has a flow-
field only on one side, and the dotted line indicates that the
flow-field is facing up. Above the termination plate there is a
gasket for the cathode, a membrane-electrode assembly
(MEA), a gasket for the anode, and a bipolar plate. The
bipolar plate has flow-fields on both sides with the bottom side
for anode and the top side for cathode. In this case the anode
flow-field is illustrated as a serpentine single-path, and the
cathode flow-field with serpentine double-paths. The stacking
steps repeat until the anode end plate is placed. The stack is
then tightened by screws at a suitable torque.

The stacks were operated with dead-ended hydrogen; i.e.
the hydrogen exit was closed. Such a configuration should
achieve fuel utilization close to 100%. Periodically, purging
was performed to release liquid water and any impurities
that accumulated during operation by opening the hydrogen
exit for a very short period (fraction of a second). The
opening and closing of the exit valve were controlled by
a solenoid. The air exit was open to the atmosphere, and its
flow was controlled at a stoichiometry of three times using a
metering valve and a flow meter. The inlet pressure of the
hydrogen was set at ca. 5 psig. Unless specified, neither
hydrogen nor air was humidified. We refer to unhumidified
reactants as dry reactants throughout this paper, although air
has its natural humidity. The stack temperature was con-
trolled by two small fans placed adjacent to the stack. The
voltage—current density curves were collected using an HP
6050 A load bank.



Z. Qi, A. Kaufman/Journal of Power Sources 109 (2002) 469—476 471

ANODE END PLATE @

INSULATION GASKET @

10
CURRENT COLLECTOR O

4
GASKET FOR CURRENT COLLECTOR O

ANODE TERMINATION PLATE @

GASKET FOR ANODE @

MEA @

GASKET FOR CATHODE

N

BIPOLAR PLATE

MEA

®
®
GASKET FOR ANODE ®
@
®

GASKET FOR CATHODE

CATHODE TERMINATION PLATE @

GASKET FOR CURRENT COLLECTOR @

CURRENT COLLECTOR @

2
INSULATION GASKET O

1
CATHODE END PLATE O

Fig. 2. A stack-assembly sequence.

3. Results and discussion both anode and cathode. As the current was set sequentially
to 4, 6, 7, and 8 A during the first 5 h, the corresponding
Fig. 3 shows how voltage changes with current for a four- stack voltage (average) was 2.8, 2.5, 2.3, and 2.0 V, respec-

cell stack whose MEAs had a Pt loading of 1.7 mg/cm? for tively. The stack was then operated at a current of 6 A for
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Fig. 3. Current and voltage for a four-cell stack using electrodes with Pt loading of 1.7 mg/cm?, Nafion 112 membrane.

>15 h. The stack voltage oscillated slightly around 2.4 V
without showing any sign of declining. The current was
finally raised to 9 A for >5 h. During this period, the stack
gave a stable voltage output of 1.80 V. A current of 9 A
corresponds to a current density of 0.33 A/cm? (27.6 cm?
active area). It is quite unusual for a stack to run stably at
such a current density without any external humidification.

A similar four-cell stack was tested using MEAs whose
anode Pt loading was 0.20 mg/cm?®, while the cathode
Pt loading was still 1.7 mg/cm?® (Fig. 4). This stack was
operated continuously for nearly 80 h while the current
was varied between 4 and 9 A. During the 60 h of opera-
tion at 6 A, the stack voltage declined from 2.45 to 2.30 V
in the first 2 h, then it stabilized at 2.3 V. This voltage was
only 0.1 V less than that of the previous stack, indicating
that the anode Pt loading has little effect on the stack
performance.

10.0

It has been found that performance is generally retained at
these levels when the cathode loading (using supported
catalysts) is reduced to the 0.4-0.5 mg Pt/cm? level. How-
ever, the situation changed when the cathode Pt loading was
decreased to about 0.2 mg Pt/cm>. Fig. 5 shows the perfor-
mance of a stack using MEAs with both anode and cathode
Pt loadings of 0.21 mg/cm?. The stack current was increased
gradually from 0.5 to 2.5 A in the first 20 min to slowly
boost the stack’s ability to maintain a higher current. If the
stack was directly applied a current of 2.5 A in the very
beginning, its voltage declined quickly to nearly O V. This
was the biggest difference from the higher Pt-loading cath-
ode stacks, which could sustain higher currents immediately.
When a current of 4 Awas applied, the stack had a voltage of
1.65 V in the first 60 min, and increased to 2.4 V 30 min
later. This voltage was quite stable during the following
140 h operation at 4 A. Fig. 6 shows only the results after
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Fig. 4. Current and voltage for a four-cell stack using anode with Pt loading of 0.20 mg/cm? and cathode with Pt loading of 1.7 mg/cm?, Nafion 112

membrane.



Z. Qi, A. Kaufman/Journal of Power Sources 109 (2002) 469—476 473

4.5 4.0
4.0 - 3.5
331 L 3.0
o 3.0 ~
S — 25 2
5 25 &
5 20 2
o 20 Z
g —8- Stack Current (A) 2
A F1S 3
L5 1 —o—Stack voltage (V)
1.0 4 1.0
4
0.5 4 Lo.s
0.0 , : , : 0.0
0 50 100 150 200 250

Time (min)

Fig. 5. Current and voltage for a four-cell stack in the first 4 h using electrodes with Pt loading of 0.21 mg/cmz, Nafion 1135 membrane.

136 h. Such a voltage was about 0.4 V lower than that of the
previous stacks with higher Pt-loadings. When the current
was increased to 6 A, the stack voltage declined quickly in
the beginning, and finally stabilized at 1.7 V. This voltage
was about 0.6-0.7 V lower than that of the previous higher
Pt-loading stacks. When the current was decreased to 4 A,
the stack only recovered to a voltage of 2.2 V, which was
about 0.2V lower than the value before the stack was
operated at 6 A. When some liquid water was injected into
the cathode side, the stack voltage increased to the previous
level. Obviously, running the stack at 6 A gradually dried the
stack. Since the stack produced more water at a higher
current, the drying was unlikely to have occurred at the
cathode. It is more likely to have occurred at the anode, as
more water was taken away by protons to the cathode side
via electro-osmotic drag. The only water present in the
anode comes from the back-diffusion of water through
the membrane from the cathode side. Another factor that
contributed to the lower performance of this stack was that
Nafion 1135, rather than 112, was used as the membrane. A

thicker membrane not only has a higher ionic resistance, but
also is more difficult to hydrate. In addition, a thicker
membrane reduces the amount of water that can back-
diffuse from the cathode to the anode. This results in an
even drier anode which can provide less water for the
electro-osmotic drag by protons [7-9].

At an air stoichiometry of 2.5 times, all the previous
stacks could run stably at a current of 4 A. Since no external
humidification was used, it might be misleading to think that
drying rather than flooding was the only issue. Actually, if
the electrode can not manage water adequately, flooding or
mass transport resistance due to flooding is also a problem.
Fig. 7 shows the effect of air stoichiometry on the perfor-
mance of a stack whose gas diffusion media were easily
flooded. At 2.5 times air stoichiometry, the voltage
decreased from 2.7 V to as low as 2.2 V in 70 min. When
the air stoichiometry was increased to 3.3 times, the stack
voltage increased to 2.7 V immediately. But with time, the
voltage still declined. When the stoichiometry was further
increased to 4.2 times, the stack voltage increased to 2.7 V

7.0
= Stack Current (A) 3.8
6.0 1 —©— Stack voltage (V)
- 3.4
5.0 1 -
< >
= +— F30 7
5 4.0 1 B = = 8 = = £ 3 1)
= S
3 °
A -26 -
24 3.0 Water injected i
Q [}
s 3
] R wy
2.0 2.2
1.0 - 1.8
0.0 - - - " - i 1.4
134 136 138 140 142 144 146 148

Time (h)

Fig. 6. Current and voltage for a four-cell stack in the last 10 h using electrodes with Pt loading of 0.21 mg/cm?, Nafion 1135 membrane.
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Fig. 7. Voltage change with air stoichiometry for a four-cell stack whose gas diffusion media were prone to flooding. Pt loading = 1.7 mg/cm?, Nafion 1135

membrane.

again before sliding to 2.6 V. Increasing air stoichiometry to
4.9 times did not result in a further increase in stack voltage.
At such a high stoichiometry, flooding was prevented, but
the stack would be dried quickly.

Since there was no internal liquid cooling, the stack
temperature was controlled by small fans. In a complete
fuel cell system, the fans will be turned on automatically
when the stack temperature goes above a pre-determined
value. The stack temperature was measured by using a
thermocouple that was inserted between the fins of the #2
and #3 cells for a four-cell stack. This temperature would be
a little lower than the stack temperature in the center of each
cell. The stack temperature is determined by the current
density. Fig. 8 shows how the stack temperature increases
with current density. At a current density <0.05 A/cm?, the
stack temperature stayed at 30 °C. However, when the
current density was increased from 0.05 to 0.40 A/cm?,

60

the stack temperature increased from 30 to 52 °C almost
linearly. At temperatures >50 °C, the stack could be dried,
so, it would be most suitable for operating in the low current
density/high cell efficiency region.

Fig. 9 compares the performance of a stack using either
dry or slightly humidified hydrogen. Hydrogen was humi-
dified by passing it through a water bottle at room tempera-
ture. The purpose of choosing such a low humidification
temperature was to prevent the accumulation of water in the
anode compartment. Since the anode was designed to be
dead-ended in order to achieve a 100% fuel usage, if the
hydrogen was highly humidified, water could quickly accu-
mulate to cause a decline in cell performance. The results of
Fig. 9 indicated that lightly humidifying hydrogen could
only slightly increase the stack performance.

Humidifying air could have a larger effect on performance
as shown by Fig. 10. The Pt loading of both anode and
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Fig. 8. Stack temperature vs. current density for a four-cell stack using electrodes with Pt loading of 1.7 mg/cm?, Nafion 1135 membrane.
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cathode for each of the four cells was 1.7 mg/cmz, but
different gas diffusion medium was used for each cell.
The gas diffusion media were 10 mil Toray paper, 8.5,
10, and 12 mil experimental paper that all contained ca.
19% Teflon. These cells were assembled together into a four-
cell stack so that the behavior of each gas diffusion medium
could be compared side-by-side. Without air humidification,
the cell voltages were 0.75, 0.61, 0.38 and 0.73 V at a current
density of 150 mA/cm? for the 10 mil Toray, 12, 10, and
8.5 mil experimental paper, respectively. The 10 mil experi-
mental paper obviously gave an extremely low performance.
When air was humidified at 45 °C, the performance of the
cells increased to 0.76, 0.67, 0.65, and 0.74 V, respectively.
For the 10 mil Toray and 8.5 mil experimental substrates,
humidifying air resulted in only very slight increase in
performance. But for the 12 mil and especially the 10 mil
experimental substrates, much larger increases were
observed. This experiment indicates that the quality of

humidified hydrogen. Pt loading = 1.7 mg/cm?, Nafion 1135 membrane.

the gas diffusion media affects the water balance. The best
would be those that do not lose water easily and at the same
time are not flooded under the stack operation conditions. It
is generally difficult to predict the behavior of a gas diffusion
medium. The best way to know it has to be through testing.

The purpose of using unhumidified reactants is for sim-
plicity. Such simplicity would be a necessity for using fuel
cells as a portable power sources for mobile electronics.
Although a double-path-type flow-field design enables a fuel
cell to run at current densities up to 0.33 A/cm? without
drying out, the performance of the cell does suffer from
insufficient water supply. The only water that is used to
hydrate the membrane and the catalyst layers, and is used for
electro-osmotic drag by protons comes from the reaction at
the cathode. Even we ignore the amount of water taken out
by exhaust air, and assume that all the water produced at
cathode diffuses to the anode side, each proton would have a
maximum of 0.5 water molecules to drag. This number is
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Fig. 10. Effect of air humidification on the performance of MEAs made using different substrates. Pt loading = 1.7 mg/cm?, Nafion 1135 membrane.
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much smaller than the number of water molecules (ca. 3) a
proton can drag under fully hydrated conditions [10]. The
insufficient amount of water molecules at the anode side for
proton to drag would then seriously limit the performance
of the cell.

Humidifying hydrogen would be most effective to
change this situation. However, due to the use of a
dead-ended hydrogen configuration in order to achieve a
100% hydrogen usage, humidifying hydrogen could cause
water accumulation in the anode compartment, which in
turn would lower the performance. Humidifying air would
result in more water diffusing to the anode side, and thus,
to provide more water for protons to drag. Its effectiveness
has been illustrated by the data shown in Fig. 10. However,
humidifying either hydrogen or air will make the system
more complicated and deviates from the initial intention
for simplicity.

4. Conclusions

A double-path-type counter-current flow-field design was
presented and its effectiveness was demonstrated. Such a
design not only better utilizes the water produced by the fuel
cell to hydrate dry reactants, but also achieves a more even

distribution of reactants over the entire active area. A stack
can run stably at a current density up to 0.33 A/cm? using dry
hydrogen and dry air. Such an achievement can pave the way
for a near-term adoption of fuel cells as a power source for
portable electronic systems.
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