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Water permeabilities, driven by concentration or pressure gradients, through NRE211 and catalyst-coated membranes are reported,
and the effect of the catalyst layer 共⬃18 m thick, 30 wt % Nafion ionomer, carbon-supported Pt, 0.4 mg Pt cm−2兲 on membrane
water permeation is deconvoluted. For the system studied, water permeation is limited by the bulk membrane; the effect of the
catalyst layer was insignificant and, despite catalyst layers being deposited on the membrane’s surface, it does not influence the
rates of sorption or desorption at membrane interfaces.
© 2010 The Electrochemical Society. 关DOI: 10.1149/1.3357339兴 All rights reserved.
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During proton exchange membrane 共PEM兲 fuel cell operation,
water accumulates at the cathode due to both the electrochemical
reduction of oxygen and electro-osmotic drag 共EOD兲. An excess of
water at the cathode may restrict oxygen from reaching catalytic
reaction sites.1-3 In contrast, the anode may suffer dehydration if the
reactant gas is dry or if EOD is large, which leads to an increase in
proton resistance.4-7 Except for very low current densities, the transport of protons and reactant gases collectively determine the current
generated by a PEM fuel cell. Maintaining an adequate balance of
water within an operating membrane electrode assembly is thus essential for its continuous operation. A preferential mode of water
management is the transportation of water, accumulated at the cathode, to the anode.8,9
Ex situ studies of water permeation through Nafion membranes
reveal the importance of water vapor transport at the membrane
interfaces.8,10-13 Water permeation through membranes exposed to
liquid water on one side and nonsaturated vapor on the other is
much larger than for membranes exposed to a differential water
vapor pressure. Hydraulic pressure-driven water permeation, i.e.,
water permeation when the membrane is exposed to liquid water on
both sides, is generally greater for membranes exposed to vapor on
both sides, but smaller for membranes exposed to liquid water on
one side and water vapor on the other.8
A catalyst layer 共CL兲 comprises carbon-supported Pt particles
and a proton-conducting ionomer. In the absence of freestanding
CLs, experimental measurements of water permeation through CLs
are difficult, and thus rely on theoretical and empirical models based
on mass transport phenomena through porous media.1,14-18 The diffusivity of water vapor in CLs is reported to be a few orders of
magnitude larger than in Nafion.13,19-29 However, because the sorption and desorption of water at the membrane interface significantly
influence the permeability of the membrane to water, it is not unreasonable to conjecture that a CL might influence water sorption and
desorption kinetics. For instance, hydrophilic nanopores in the CL
may facilitate the condensation of water at the membrane surface
due to a capillary effect,1,30 or the CL may change the area of the
ionomer/water interface. The influence of CLs on the water permeability of membranes is the topic of this work. Water permeation is
measured on freestanding membranes 共NRE211兲, half-catalystcoated membranes 共hCCMs兲 for which the CL is deposited on the
water sorption side, half-catalyst-coated membranes 共hCCMd兲 for
which the CL is deposited on the desorption side, and catalystcoated membranes 共CCMs兲 for which CLs are deposited on both
sides. The acronyms and schematics of the samples are shown in
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Fig. 1, together with a transmission electron microscopy 共TEM兲 image of the PEM/CL interface, which shows the intimacy of contact
between the two.
The following water permeation measurements were conducted:
1. Vapor–dry permeation 共VDP兲, for which one side of the membrane is exposed to saturated water vapor, while dry helium gas is
flowed over the other.10,11
2. Liquid–dry permeation 共LDP兲, for which one side of the
membrane is exposed to liquid water and dry helium gas is flowed
over the other.10,11
3. Liquid–liquid permeation 共LLP兲, for which both sides of the
membrane are exposed to liquid water and water permeation is
driven by a hydraulic pressure gradient.8

Experimental
Membranes and CCMs.— Nafion NRE211 membrane 共25 m,
DuPont兲 was used as received. Freestanding membranes annealed
for 6 h at 95°C on a vacuum table before use exhibited identical
hydration and permeability characteristics as those of as-received
membranes. A slurry of catalyst ink was prepared by dispersing
carbon-supported Pt 共46.5 wt % Pt, TEC10E50E, Tanaka Kikinzoku
Kogyo兲 in 50:50 共vol %兲 methanol/water, followed by sonication for
30 min. A 5 wt% Nafion ionomer solution 共EW1000, DuPont兲 was
added so as to provide 30 wt % Nafion in the CL. The mixture was
homogenized by sonication for 1 h. Catalyst ink was spray deposited
using an automated spray coater 共EFD, Nordson Co.兲 on both sides
or on one side of the NRE211 membrane, mounted on a vacuum
table heated to 95°C. The process was controlled to yield
0.35–0.40 mg cm−2 of Pt on each side of the membrane. Further
details are described in a previous article.31
Water permeability apparatus and experimental procedures.—
VDP and LDP.— The setups illustrated in Fig. 2a and b were used
for VDP and LDP measurements. Cylindrical chambers with volumes ⬃125 cm3 were separated by 2 cm2 of membrane. Hot water
was circulated through double-walled stainless steel chambers to
control the cell temperature at 70°C. Dry helium gas was supplied to
one chamber 共dry side兲 and served as the carrier gas for the permeate water. The exhausts of both chambers were at ambient pressure.
For VDP measurements, 25 mL min−1 of dry nitrogen gas was
bubbled through one of the chambers 共wet side兲, which was halffilled with liquid water. This ensured a homogeneous distribution of
saturated water vapor on the “wet side.” The setup for LDP measurements is shown in Fig. 2b. In this case, the wet side of the
chamber was filled with liquid water so that the membrane was in
direct contact with liquid water. In measurements of VDP and LDP,
the dew point of the “dry side” was monitored while incrementally
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Figure 1. 共Color online兲 共a兲 Schematic of the NRE211 and CCMs. PEM,
pristine NRE211; hCCMs 共CL upstream of water permeation兲; hCCMd 共CL
downstream of water permeation兲; CCM. 共b兲 TEM image of the
membrane/CL interface.

increasing the flow rate of the dry gas from 30 to 1000 mL min−1.
Further details of the measurements are described previously.10,11,32
LLP.— Water permeation driven by a hydraulic pressure gradient
共defined LLP兲 was measured using the setup illustrated in Fig. 2c. A
syringe, mass flowmeter, and pressure transducer were connected in
series. The cell was heated to 70°C. Further details of the measurement are found in a previous article.8
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He in out
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VDP.— VDP fluxes of water through the membrane and CCMs
are plotted against the flow rate of the carrier gas in Fig. 3a. VDP
fluxes increase with the flow rate, saturate, and gradually decrease at
higher flow rates. For flow rates between 30 and 100 mL min−1, the
relative humidity 共RH兲 of the dry side was estimated to be 25–10%
according to the dew-point temperature. For higher flow rates, i.e.,
300–1000 mL min−1, the RH of the dry side was 4–1%. Increasing
the flow rate reduces the RH on the dry side and increases the
driving force for permeation across the membrane. The increase in
the water permeation flux under a low flow rate 共i.e.,
⬍100 mL min−1兲 is due to an increase in the water concentration
gradient across the membrane. In the high flow rate regime
共300–700 mL min−1兲, the reduced RH of the dry side may dehydrate the membrane interface and reduce the rate of water
permeation.10-12 The intermediate flow rate range 共i.e.,
500–700 mL min−1兲, within which fluxes are maximum, is representative of the relative rates of permeation in the absence of significant dehydration. Within all these flow rate regimes, no significant differences in water permeation were observed 共⬍⫾10%兲
between NRE211 and CCMs. The presence of the CL does not affect
the rate of permeation when deposited at the membranes’ sorption or
desorption interface or both.
LDP.— LDP fluxes of water through the membrane and CCMs
increase with the increasing flow rate of the carrier gas, as shown in
Fig. 3b. Similar to the case of VDP, this is due to the decreasing RH
of the dry side, which increases the driving force for permeation.
Because the LDP fluxes are 4–5 times larger than VDP, which is a
consequence of having at least one liquid/membrane interface,10,12
severe dehydration of the membrane on the dry side is less likely.
Thus, the flux did not reach a maximum within the flow rate studied.
As with VDP measurements, the permeation fluxes through the
NRE211 and CCMs were identical within the experimental error.
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Figure 2. 共Color online兲 Schematic diagrams of apparatus: 共a兲 VDP,10,32 共b兲
LDP,10,32 and 共c兲 LLP8 setups.
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Figure 3. 共Color online兲 Water permeation fluxes through NRE211 and CCMs
at 70°C at 共a兲 VDP and 共b兲 LDP as a function of flow rate of the dry helium carrier
gas, and 共c兲 LLP as a function of differential hydraulic pressure. 共d兲 Comparison of
the representative water permeation fluxes
measured by VDP, LDP, and LLP for the
NRE211 and CCMs. All measurements
were conducted at 70°C. PEM 共䊐兲,
hCCMs 共䉭兲, hCCMd 共䉲兲, and CCM 共쎲兲.
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LLP.— The LLP flux of water increased linearly with applied
pressure, as shown in Fig. 3c. The gradient of the slope represents
the hydraulic permeance. These values are 共8.30 ⫾ 0.18兲 ⫻ 10−12,
共8.02 ⫾ 0.14兲 ⫻ 10−12,
共8.44 ⫾ 0.19兲 ⫻ 10−12,
and
−12
−1 −1
共8.20 ⫾ 0.17兲 ⫻ 10
m Pa s for PEM, hCCMs, hCCMd, and
CCM, respectively, and are similar to the permeance values presented previously for NRE211.8 As with the VDP and LDP measurements, the presence of the CL had a negligible effect on the membrane’s permeability to water.
Figure 3d compares water permeation fluxes through NRE211
and CCMs measured under VDP, LDP, and LLP conditions. Representative fluxes are taken at carrier gas flow rates of 500 and
1000 mL min−1 and a differential pressure of 1.0 atm for VDP,
LDP, and LLP, respectively. The RH values on either side of the
membrane under various conditions are also provided in the figure.
In this comparison, water fluxes associated with LDP and LLP are
⬃4 and ⬃3 times larger than fluxes measured under VDP conditions. This observation is consistent with previous studies for freestanding membranes.8,10,11 As intimated previously,8 this is due to
the presence of liquid water at the membrane interface that maintains hydration and enhances water transport across the interface.
Conclusion
Three types of water permeation 共VDP, LDP, and LLP兲 were
measured for NRE211 and CCMs at 70°C. The difference in permeabilities of the NRE211 membrane 共PEM兲, hCCMs, hCCMd, and
CCM is negligible. The membrane is confirmed to be the “bottleneck” for water transport across CCMs; the presence of the CL
apparently exerts no influence on the interfacial water sorption/
desorption dynamics of the membrane interfaces, despite being located at the membrane/water interface. This is likely because the
physical properties of the membrane extend into the CL.
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