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Water management in a PEM fuel cell significantly affects the fuel cell performance and durability. The
gas diffusion layer (GDL) of a PEM fuel cell plays a critical role in the water management process. In
this short communication, we report a simple method to measure the water transport rate across the
GDL. Water rejection rates across a GDL at different cathode air-flow rates were measured. Based on
the measurement results, the fuel cell operating conditions, such as current density, temperature, air
stoichiometry and relative humidity, corresponding to membrane drying and flooding conditions were
identified for the particular GDL used. This method can help researchers develop GDLs for a particular fuel
cell design with specific operating conditions and optimize the operation conditions for the given PEM

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Water management in a PEM fuel cell significantly affects the
fuel cell performance and durability. In a PEM fuel cell, water is
generated by the oxygen reduction reaction (ORR) at the cathode
and excessive water is removed by the reactant flow. For the current
PEM fuel cell technology, the proton conductivity of the membrane,
which impacts the efficiency of the fuel cell’s electrochemical reac-
tion, highly depends on the water content of the membrane. If the
membrane is dry, it leads to a performance drop or, under extreme
conditions, even physical damage to the membrane. If the excessive
water cannot be removed efficiently, liquid water floods the elec-
trodes and the flow channels, interfering with the reactant mass
transfer. Optimizing water balance in a PEM fuel cell, so as to avoid
drying or flooding is critical for maintaining the performance and
durability of the cell.

Many efforts have been made to investigate water transport and
balance in PEM fuel cells. Researches have focused on water trans-
portinthe membrane [1-11], gas diffusion layer (GDL)[12-17], flow
field channels [18-22] and their effects on fuel cell performance.
Experiments [15-17,23-25] and model simulations [26-31] have
proven that, besides the membrane, the GDL is an important com-
ponent for water management, especially for water removal. The
GDL is a conductive porous layer, between the flow channel and the
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catalyst layer, providing gas and water transport channels, current
collection, as well as a membrane protection. The main research
areas on water transport in GDLs include study of GDL properties,
such as polytetrafluoroethylene (PTFE) content [ 14,32], GDL poros-
ity [24,25] and permeability [23], PTFE content and carbon loading
of the micro-porous layer (MPL)[13,14,17,28,30,32-42], and the use
of transparent cells and neutron imaging to monitor liquid water
formation and movement [43-48].

Although GDLs play a critical role on water management in PEM
fuel cells, there is a lack of experimental data focusing on and inves-
tigating the effects of the GDL on water transport. To optimize the
PEM fuel cell design, water transport data in the GDL, as well as
in the membrane and flow channels, is necessary. In this paper,
the effects of the GDL on water transport in PEM fuel cells were
investigated. Measurements of water transport properties with and
without GDLs and under different conditions were carried out.

2. Experimental
2.1. Cell components and assembly

The water transport properties of GDLs were measured using a
real PEM fuel cell setup. All of the cell components and assembling
processes were the same as those of an operating PEM fuel cell
except that the regular MEA was replaced with a piece of membrane
with/without GDL. The cell hardware was a Tandem® TP50 50 cm?
single cell with a single serpentine channel for the anode flow field,
dual parallel serpentine channels for the cathode flow field. The
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Fig. 1. The schematic of the experimental setup for the water transport measurement (The air at “cathode”, the deionized water in “anode” and coolant temperatures were

kept in the same temperature.).

cathode channels were 0.889 mm deep, 1.499 mm wide at the top of
the channel (closest to the GDL) and 1.016 mm wide at the bottom,
while the land was 1.041 mm wide on the plate surface.

The membrane used was Nafion® 211CS from DuPont® (DuPont,
USA) with a thickness of 25 wm. Polyimide film with silicon adhe-
sive on one side was used as the sub-gasket to protect the edges
of the Nafion® membrane. TORAY® TGPH-060 carbon fiber paper
(190 wm thick) was used for the GDL. The GDLs were treated
with 40-wt% PTFE and were provided by E-TEK® (E-TEK, USA). A
homemade die cutter was used to cut the GDLs, membranes and
sub-gaskets. The polyimide sub-gaskets were bonded to both sides
of Nafion® membrane, leaving an “active” area of 7cm x 7 cm. The
40-wt% PTFE-treated GDLs were used on the “cathode” side. To bal-
ance the membrane stress from each side, the plain GDLs (without
wet proofing) were put on the “anode” side. The cell assembly was
compressed using N, gas at 100 psi and leak testing was performed
after each assembly and before the measurements.

2.2. Water transport measurement

The cell was operated on a FuelCon® test station (FuelCon, Ger-
many) allowing for control of air-flow rate, air temperature, and
coolant temperature. At the “cathode”, air was fed with a controlled
humidity provided by the test station’s bubbler humidifier. Deion-
ized water was fed to the “anode” using a peristaltic pump. Since the
deionized water at the “anode” side could easily transport through
the plain GDLs, the membrane remained fully hydrated during the
test. The air, coolant and anode-side deionized water were kept at
the same temperature.

Water transported through the membrane and GDL and then
subsequently removed by the air-flow was condensed in a high-
efficiency, water-cooled condenser and collected using a reservoir
bottle. The temperature of the exhausted air was measured after it
exited the reservoir bottle. The schematic of the whole measure-
ment setup is depicted in Fig. 1.

The quantity of water transported through the membrane and
40 wt% PTFE-treated GDL was measured at different air-flow rates

Table 1
Relative humidities of the feed air

Air temperature (°C)  Air dew point temperature (°C)

60 Dry (0% RH) 40 (37%RH) 50 (62%RH) 60 (100% RH)
70 Dry (0% RH) 50 (40%RH) 60 (64%RH) 70 (100% RH)
80 Dry (0% RH) 60 (42%RH) 70 (66%RH) 80 (100% RH)

(1.5, 2.0, 2.5. 3.0 and 3.5 SLPM (standard liter per minute)), under
different air humidities (dry gas and dew point =40, 50, 60, 70, and
80°C) and at different temperatures (60, 70, and 80°C). The water
transport without GDL was also measured as a basis for comparison
to explore the effect of GDL in water transport. Table 1 lists the rel-
ative humidity of the feed air at different operating temperatures.

2.3. Calculation of the actual water flux

Water collected (W.) during measurement is related to the
water flux (Wpy, defined as the rate of water transported through
the membrane and GDL and then removed by the air-flow), the
water in the humidified air (W, ), and the water in the exhausted air
(Wyap). Then, the Wy, (gmin~') can be calculated with Eq. (1). In
Eq. (1), W;, was calculated by using the water saturation pressure at
the humidified dew point temperature and Wy,p was calculated by
using the saturation pressure at the temperature of the exhausted
air.

Wiux = We — Wi + Wyap (M

The theoretical water content (Ws,t, gmin~1) in the saturated air
at different temperatures (T, K) can be calculated by the saturated
water vapor partial pressure (Psaty, Pa) as a function of air-flow (Fy;;,
Imin~1). Based on the ideal gas equation:
-3

Weaty = Mv:ater _ 18 x 1ORTFa1rPsatu 2)
where R is the gas constant (8.314] K~ mol~1); tis time (min); and
Muwater is the mass of water (g).

Water vapor from the air supply is neglectable in this experi-
ment since the air supply from the lab facility has been filtered to
remove contaminants and water vapor.

3. Results and discussion
3.1. Effects of hydrophobic GDLs on water transport

Fig. 2 compares the water flux with and without a GDL with 40-
wt% PTFE under the condition of dry feed air at 70°C. In Fig. 2, the
dashed line is the theoretically calculated water content (Wsary) in
saturated air at 70 °C as a function of flow rate. It is clearly seen that
the measured water flux without GDL is higher than the water con-
tent in theoretically saturated air, which indicates that water vapor
absorbed by the feed air exceeds the saturated level. Therefore, the
excessive water will be condensed as liquid and then removed by
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Fig. 2. Water flux using GDL treated by 40 wt% PTFE and without GDL under the
condition of 70°C dry feed air; PEM: Nafion® 211CS, 7 cm x 7 cm; GDL: TORAY®
TGPH-060, 40 wt% PTFE-treated GDL on the cathode and plain GDL on anode; anode:
deionized water, cathode: dry air.

the air-flow. Liquid water can clog the flow channel and lead to
a flooding problem, which is a situation that needs to be avoided
in a real PEM fuel cell. When the GDL with 40% PTFE is used, the
water fluxes are lower than the water content in theoretically sat-
urated air, which means the water transported across the GDL in
the air-flow might be mostly in the form of vapor. The water fluxes
with the given GDL are much lower than without the GDL at all
testing flow rates, confirming that the GDL is the main water rejec-
tion barrier from the membrane. This can be attributed to the high
hydrophobicity, resulting from the PTFE content in the GDL, lead-
ing to a higher capillary pressure across the interface of between
the GDL and membrane, which restricts the water transport from
the membrane surface through GDL to the flow channels. Similar
results were observed at different temperatures, as shown in Fig. 3.
At 60°C, water fluxes using hydrophobic GDLs decrease around
304+ 5% at different flow rates compared with those without the
GDL. At 70 and 80°C, the water fluxes decrease around 35 4 10%.
Another interesting phenomenon in Fig. 3 is that with 40-wt%
PTFE-treated GDL, the water fluxes as a function of flow rate are
nearly linear, as listed in Egs. (3)-(5) for different temperatures:

At 60°C : Wyyyx = 0.0352F,;, + 0.1671 3)
At 70°C : Wyyy = 0.0376F,;; + 0.2962 (4)
At 80°C : Wyyyx = 0.0463F,;; + 0.4932 (5)

where F,;, is air-flow rate (SLPM). Compared to the water flux with-
out the GDL, the water flux with the hydrophobic GDL increases
much more slowly with increasing flow rate. This can also be
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Fig. 3. Comparison of water flux using GDL treated by 40 wt% PTFE and without GDL
under the condition of dry feed air; PEM: Nafion® 211CS, 7 cm x 7 cm; GDL: TORAY®
TGPH-060, 40 wt% PTFE-treated GDL on the cathode and plain GDL on anode; anode:
deionized water, cathode: dry air.
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Fig. 4. Comparison of water flux under different air RHs at 70°C; PEM: Nafion®
211CS, 7 cm x 7 cm; GDL: TORAY® TGPH-060, 40 wt% PTFE-treated GDL on the cath-
ode and plain GDL on anode; anode: deionized water; cathode: air at different
RHs.

explained by the high PTFE content in the GDL, which leads to a
higher capillary pressure resulting in restrained water transport.
Also, in Fig. 3, the intersections of the water fluxes and the curves
of theoretical water content in saturated air at different tempera-
tures provide the optimized flow rates for an operating PEM fuel
cell when only the GDL is considered.

3.2. Effects of air temperature and humidity

To further discuss the effects of the GDL on water transport,
measurements at different air humidification levels and tempera-
tures were carried out with 40-wt% PTFE-treated GDL. When the
feed air is humidified, the water collected in the experiment also
includes the water contained in the humidified air prior to entering
the cell. Therefore, the actual water flux is obtained by subtracting
the amount of water originally contained in the humidified air from
the water collected. Fig. 4 shows the water fluxes under different
levels of air humidification at 70°C.

At 70°C and with humidified air, the water flux decreases with
increasing flow rate, especially for the 100% RH (relative humidity)
air feed, which demonstrates that less water is removed from the
cell at even high flow rates. This indicates that increasing the flow
rate does not always increase the performance of a PEM fuel cell.
When the relative humidity of the feed air is high, the cell perfor-
mance sometimes drops under high flow rates as more water is
brought into the channels. Since the channels have limited water
removal ability, the additional liquid water in the channels reduces
the water removal efficiency, resulting in a decreased water flux at
high flow rates.

3.3. Current density optimization

In this work, the measured water flux corresponds to the maxi-
mum capability of water removal at the cathode side, as the Nafion®
211CS membrane is fully hydrated by circulating water at the anode
side. In an operating PEM fuel cell, if more water is generated at
the cathode than the maximum water removal capability at cer-
tain flow rate, flooding occurs at the cathode side. And if the water
removal capability at certain flow rate is much higher than the rate
of water generation, the membrane is prone to drying and inferior
performance.

Fig. 5 shows an example of the differentiation between the
regions of possible drying and possible flooding under different
air humidities at 70°C and an air stoichiometry of 3.0. In Fig. 5,
the dashed line is the theoretically calculated result for the rate of
water generated by ORR as a function of current density at an air sto-
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Fig. 5. Current density optimization at 70°C and an air stoichiometric ratio=3;
PEM: Nafion® 211CS, 7 cm x 7 cm, GDL: TORAY® TGPH-060, 40 wt% PTFE-treated
GDL on the cathode and plain GDL on anode; anode: deionized water; cathode: air
at different RHs.

ichiometry of 3.0. Above the dashed line, the measured water flux
is higher than the water generated in the reaction, which means
the generated water plus the water in the humidified air could be
effectively removed and flooding would be avoided when operat-
ing a real PEM fuel cell. However, if the water flux is significantly
higher than the rate of water generation, it will lead to membrane
drying. For example, a PEM fuel cell operated at 600 mA~! cm—2
using dry feed air with a stoichiometric number of 3.0 will proba-
bly cause dehydration of the membrane due to the doubled water
removal capability compared to the water-generating rate at this
current density. A higher current density may have the advantage of
keeping water balance of water removal and generation under the
condition of dry feed air. If a fuel cell is operated under conditions
below the dashed line, the water removal capability of the air-flow
cannot keep up with the water generating rate. Then, flooding is
prone to happen. For instance, a PEM fuel cell operated at a current
density higher than 1200 mA cm~2 using 100% RH feed air with a
stoichiometric number of 3, will probably cause flooding of the cell
for the given cell components. The preferred water-balanced oper-
ation region, where the water removal capability of the air-flow
equals the water generated by ORR, can also be predicted in Fig. 5.
For example, 1200 mA cm~2, 1000 mA cm~2 and 900 mA cm~—2 are
the optimized current densities for the feed air RH of 40, 64 and
100%, respectively, based on Fig. 5. This method provides a use-
ful tool to seek the possible flooding and drying operation regions,
which should be avoided when operating a real PEM fuel cell, and
to optimize the operating current densities under different humid-
ification levels of the feed air.

3.4. Air stoichiometry optimization at a given current density

If the operational current density is given for a certain PEM fuel
cell application, the rate of water generation is constant, and opti-
mization of the air-flow could effectively avoid flooding, as well as
drying. Stoichiometry ratio control is a widely used air-flow control
method and Fig. 6 provides an example of optimizing the air-flow
stoichiometry and feed air RH at a current density of 1Acm—2 at
70°C. As shown in Fig. 6, the dashed line is the theoretically cal-
culated rate of water generation at 1 Acm~2 and the air-flow rate
is converted to stoichiometry as shown in the secondary X-axis. It
could be observed that when the stoichiometry is higher than 1.65,
the water flux using dry and 40% RH air is higher than the rate of
water generation at 1Acm~2 and flooding is not prone to occur.
However, if the air stoichiometry is higher than 3, the flowing air
will remove too much water and result in membrane drying, espe-
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Fig. 6. Air-flow stoichiometry optimization at a current density of 1 Acm~2 at 70°C;
PEM: Nafion® 211CS, 7 cm x 7 cm, GDL: TORAY® TGPH-060, 40 wt% PTFE-treated
GDL on the cathode and plain GDL on anode; anode: deionized water; cathode: air
at different RHs.

cially with dry air. When 100% RH feed air is used, the water flux
is lower than the water generation rate and flooding will occur at
even high stoichiometries. 64% RH air seems to be the better choice
when for a stoichiometry between 2 and 3 at 1Acm~2. The water
flux and water generation rate are similar and the water in the fuel
cell is easier to balance. This method is a useful tool to optimize the
air stoichiometry number and feed air RH.

4. Conclusions

The water transported through the membrane and GDL was
measured using a single PEM fuel cell with an active area of 50 cm?.
Various effects of the GDLs on water transport were investigated. It
was found that the use of a hydrophobic GDL (40 wt% PTFE-treated)
reduced the water flux atall temperatures. At or near fully saturated
conditions, higher air-flow rates did not remove more water out of
fuel cell as one may expect.

This paper provides some useful tools for determining the opti-
mal operation conditions to avoid flooding and drying issues and
it is applicable to different components within and designs of an
operating PEM fuel cell. Further work is still needed to fully under-
stand the effects of GDLs on mass transport. An investigation of
the effects of different PTFE contents in GDLs and the effects of the
micro-porous layer is ongoing and will be reported soon.
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