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ABSTRACT: Uniaxially prestretched recast Nafion membranes exhibited an unusual combination of properties
(a proton conductivity equal to that of commercial Nafion but with a lower methanol permeability) which make
them ideal candidates for use in a direct liquid methanol fuel cell. To better understand the function and underlying
morphology of the prestretched membranes, water uptake and mobility data were collected and analyzed for
draw ratios ranging from 1 to 7. Macroscopic (gravimetric) water uptake and the water self-diffusion coefficient
(measured by NMR) were found to be invariant with membrane elongation and essentially identical to those
measured in a commercial Nafion 117 film (a similar behavior was observed for proton conductivity). The ratio
of freezable/nonfreezable water in prestretched recast Nafion, the water electro-osmotic drag coefficient, and the
spin—lattice relaxation time constant of deuterated water, however, decreased with increasing film elongation, up
to a draw ratio of 4. The functional dependence of these properties on draw ratio was similar to that observed for
methanol permeability. The combined water results indicated that there were a greater number of smaller ionic/
hydrophilic domains in prestretched recast Nafion as compared to commercial Nafion. Transmission electron
microscopy of membrane cross sections confirmed this conclusion.

Introduction

The extent of water adsorption and the physical states of water
in ionomeric membranes have been examined, using a variety
of techniques, including macroscopic gravimetric and volumetric
water uptake, NMR, infrared spectroscopy, radio tracer analyses,
and dielectric relaxation spectroscopy.'™ The results of these
studies are particularly important with regard to proton-exchange
membranes that are used in hydrogen/oxygen and direct
methanol fuel cells. The uptake and mobility of water within
these ion-exchange membranes are intimately related to proton
conduction, electro-osmotic drag, methanol permeability, and
the film’s mechanical properties.” There are numerous studies
in the literature regarding water uptake and transport in Nafion
perfluorosulfonic acid membranes'~ and in fuel cell membranes
composed of sulfonated poly(arylene ether sulfone),'® sulfonated
poly(ether ether ketone),'" and sulfonated polyimide.'*

For the specific case of DuPont’s Nafion, there is nanophase
segregation of the nonpolar fluorinated (Teflon-like) backbone
and the hydrophilic side chains (which terminate in sulfonic
acid cation-exchange groups) prior to and during exposure to
water. The hydrophilic domains in a fully hydrated film form
an interconnecting proton conductive network with a charac-
teristic dimension of ~5 nm,'> whereas the semicrystalline
hydrophobic phase imparts mechanical strength to the mem-
brane. Various models have been proposed to describe the
nanomorphology of water-swollen Nafion, including a network
of interconnecting water-filled inverted spherical micelles,'*'*
layered lamella,'*>'® rodlike structures,'’~'® and, more recently,
inverted-micelle cylinders,zo where the 5 nm dimension corre-
sponds to the diameter of the cylindrical or the distance between
lamella sheets. Within Nafion’s hydrophilic domains, researchers
have broadly identified two states of water:?' (i) freezable water
that interacts weakly or not at all with the polymer and exhibits
freezing/melting transitions in a differential scanning calorimetry
experiment and (ii) nonfreezing water that is strongly bound to
ionic groups associated with the polymer.

* Corresponding author: Ph 216.368.4150; Fax 216 0.368.3016; e-mail pnp3 @
case.edu.

" Case Western Reserve University.

* National Research Council Canada.

10.1021/ma800194z CCC: $40.75

The present paper deals with the measurement and interpreta-
tion of water uptake and mobility in uniaxially prestretched
recast Nafion membranes. Prestretched membrane samples with
a draw ratio between 4 and 7 exhibited unusual, but highly
desirable, properties for direct methanol fuel cell (DMFC)
applications, namely a high proton conductivity (the proton
conductivity was the same as commercial Nafion and indepen-
dent of draw ratio) and low methanol permeability (~2.5 times
lower than that in commercial Nafion for a draw ratio >4).
Figure 1 shows the conductivity and methanol permeability
properties of a 60 um thick prestretched recast Nafion film
relative to commercial Nafion 117, where the through-plane
conductivity of water-equilibrated films at 25 °C and the
permeability for 1.0 M methanol at 60 °C are plotted against
the membrane draw ratio (which is defined as the ratio of the
stretched membrane length to the original sample length).
DMEFC power densities with prestretched recast Nafion (draw
ratio of 4) were 50% higher than those with commercial Nafion
117, at 60 °C with 1.0 M methanol and ambient pressure air.>
The key innovative membrane fabrication steps were film

1.20

Relative Methanol Permeability (P/P)
o
[=23
o
Relative Conductivity (x/x )

4 0.40
0.20 4 0.20
0.00 - L L . 0.00
1 2 3 4 5 6 7 8
Draw Ratio

Figure 1. Through-plane proton conductivity (water-equilibrated
membranes at 25 °C) and methanol permeability (1.0 M methanol at
60 °C) as a function of draw ratio for unstretched (draw ratio = 1) and
prestretched recast Nafion. xx and Py are the proton conductivity and
methanol permeability of commercial Nafion 117 (kx = 0.10 S/cm;
Pn = 3.6 x 107° cm?/s).
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stretching prior to polymer annealing and annealing the film
under tension.?? Film elongation without annealing or annealing
prior to stretching did not produce a membrane with good
DMEC properties. Without annealing, recast membranes lacked
the requisite mechanical properties and stretched recast mem-
branes retracted to their original shape after a few hours of
exposure to a hot methanol solution if film elongation were
carried out after polymer annealing. (This retraction behavior
was also observed when a commercial Nafion 117 film was
uniaxially stretched.) Here, we describe our membrane material
as “prestretched recast Nafion” to better characterize the
fabrication process; in a prior publication® it was referred to
as “stretched recast Nafion.”

We report here on experimental results from a series of water
sorption/transport experiments: macroscopic equilibrium water
uptake, low-temperature differential scanning calorimetry of
water-equilibrated films, water self-diffusion coefficient as
determined by pulsed field gradient NMR, spin—Ilattice relax-
ation time of deuterated water, and the measurement of the
electro-osmotic drag coefficient of protons in fully hydrated
prestretched recast films. The water data were combined with
transmission electron micrographs of membrane cross sections.
Collectively, the experimental results provide important insights
into the nanomorphology of prestretched recast Nafion and the
interaction of water molecules with the membrane, which in
turn shed light on the performance properties of such films when
they are used in a direct methanol fuel cell.

Experimental Section

Membrane Preparation. Membranes were prepared from
Nafion polymer that was recovered after evaporating the solvent
from a commercial Nafion solution (Liquion 1115 from Ion Power,
Inc.). The dried Nafion material was fully dissolved in dimethy-
lacetamide (DMAc) at room temperature, and membranes were cast
in a Teflon dish from the resulting 10 wt % solution. DMAc solvent
was partially evaporated at 60 °C, resulting in a 200—400 um thick
film that contained 10—15 wt % DMAc. After the DMAc-swollen
membrane was removed from the casting surface, it was placed in
the stretching frame, heated to 125 °C, and then uniaxially stretched
to a desired draw ratio. The membrane was kept in the stretching
frame and heating was continued at 125 °C for 1 h to fully evaporate
DMAc, followed by an annealing step at 150 °C for 2 h. The
membrane was removed from the stretching apparatus, boiled in
1.0 M H,SO, for 1 h, and then boiled in deionized water for 1 h.
Prestretched recast membranes (with a wet thickness of 60—90 um)
were stored in room temperature water until further use.

Equilibrium, Macroscopic Water Uptake. Equilibrium absorp-
tion of deionized water in membrane samples was determined at
room temperature. The wet mass (Wy,e) was measured immediately
after removing residual water from the film surfaces. Membrane
dry mass (Wqry) was obtained after drying at 120 °C for 1 h. Water
uptake, presented as the number of water molecules per sulfonic
acid site, was calculated from

— Wwet - Wdry 1
MF0/505) [ W ] mEcivw, Y
where IEC denotes the membrane ion-exchange capacity (0.909 x
1073 mol/g for Nafion) and MW, is the molecular weight of water
(18 g/mol).

Differential Scanning Calorimetry (DSC). Low-temperature
DSC experiments were performed using a Mettler Toledo DSC822¢e
configured with an intracooler capable of reaching temperatures of
—70 °C. Fully hydrated membrane samples were carefully blotted
to remove surface water and then transferred immediately to sealed
aluminum pans. The samples were quickly placed in the calorimeter
and cooled to —60 °C. The samples were then heated to 50 °C at
a rate of 5 °C/min. The water melting endotherms were integrated
to calculate the amount of freezable water in a sample, based on
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the heat of fusion for bulk water. The weight percentage of freezable
water in a given membrane, as compared to the total water content
in the sample, was calculated using the following equation:

AH 148
AH; p

where AH is the integrated enthalpy from the DSC melting
endotherm based on the total sample mass, AH; is the heat of fusion
for bulk water (334 J/g),>* and f is the gravimetric water uptake
of the sample (8 = my/my, where my, and my are the total mass of
water in a membrane sample and the dry mass of that sample,
respectively).

NMR Measurement. NMR data were collected using a Bruker
Avance 400 MHz wide-bore spectrometer with microimaging
capability. After blotting the surface water from a water-equilibrated
membrane sample, the hydrated film was quickly rolled into a
cylinder (10 mm diameter and 5 cm length) and placed in a clean
and dry NMR tube within which the hydration condition of the
membrane could be maintained. The self-diffusion coefficient of
water was measured using the pulsed-field gradient spin—echo
(PFG-SE) method.?* The 2H spin—lattice relaxation time (7)) was
measured by inversion—recovery sequences.'>> The maximum
gradient strength was calibrated with water and found to be 96.0
G cm™!. All measurements were made at 25 °C.

Electro-osmotic Drag of Water. The electro-osmotic drag
coefficient in commercial and prestretched recast Nafion membranes
was measured using the procedure reported in the literature by Ren
and Gottesfeld.”® Membrane-electrode assemblies (MEAs) with a
geometric electrode area of 5.0 cm? and anode/cathode catalyst
loadings of 4.0 mg/cm? were prepared from membrane samples
using a method described elsewhere.”> An MEA was loaded into
a fuel cell test fixture (with single anode and cathode serpentine
flow channels) and operated at high current densities (=200 mA/
cm?, so that the electromigration of water from the anode to the
cathode far exceeded any back diffusion of water). The methanol
concentration and flow rate were 1.0 M methanol and 1.5 mL/min,
respectively, and the cathode gas feed was dry oxygen at a flow
rate of 250 sccm. A back-pressure of 1.72 x 10° Pa was applied to
both the anode and cathode to minimize/eliminate water transport
due to a hydraulic pressure difference across the membrane. Water
in the cathode oxygen exhaust was trapped in a Schwartz U-shaped
drying tube containing Drierite (W.A. Hammond Drierite Co. Ltd.).
The methanol crossover flux during current flow was found by
measuring the carbon dioxide concentration in the cathode oxygen
exhaust stream (after water was removed in the U-tube), using a
calibrated Vaisala GMM12B or GMM220A CO, detector. The
water flux due to electro-osmotic drag was calculated by subtracting
the water produced by the primary cathodic oxygen reduction
reaction (as determined from the current density and electrode area)
and the water generated by methanol oxidation at the cathode as a
consequence of methanol crossover (as determined from the
concentration of CO; in the oxygen exhaust and the oxygen flow
rate) from the total water flux as determined by the mass of water
trapped in the U-tube for a given time period. From the applied
constant current density and the flow rate of water transported across
the membrane per unit time, the electro-osmotic drag coefficient
(with units of H,O/H") was calculated.

Transmission Electron Microscopy. Samples for transmission
electron microscopy (TEM) examination were prepared using the
following steps: (1) membrane samples, 1 mm x 5 mm in size,
were stained by soaking for 12 h in a saturated lead acetate solution;
(2) the samples were rinsed thoroughly with deionized water and
then dried under vacuum at 60 °C for 2 h; (3) the membranes were
embedded in a block template using Spurr’s epoxy resin and cured
at ~60 °C for ca. 12 h; (4) the blocks were sectioned to yield slices
50—75 nm in thickness, using a Leica Ultracut ultramicrotome;
and (5) the slices were collected on copper grids. Images were
obtained using a Hitachi H7600 transmission electron microscope
with an accelerating voltage of 80 kV.

% freezable water = x 100% 2)
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Figure 2. Low-temperature differential scanning calorimetry thermo-
grams of water-equilibrated unstretched (draw ratio = 1) and pre-
stretched recast Nafion (DR denotes draw ratio).

Results and Discussion

Equilibrium (macroscopic) gravimetric water uptake (swell-
ing) at 25 °C for prestretched recast Nafion was essentially
constant at 19 H,O/SO3™ (30 wt % uptake), independent of draw
ratio (for draw ratios of 2—7) and slightly lower than that
measured for commercial Nafion 117 (4 = 21). Uniaxial film
elongation often leads to an increase in crystallinity of semi-
crystalline polymers.””?® If the prestretched films were sub-
stantially more crystalline, then there might be a reduction in
water uptake (crystallites would act as physical cross-links that
would limit membrane swelling). The measured water uptake
results and preliminary X-ray diffraction data,”> however,
indicate that the increase in crystallinity upon membrane
elongation was small and did not affect the water swelling
behavior of the prestretched recast Nafion films.

Low-temperature DSC water-melting endotherms for un-
stretched (draw ratio of 1) and prestretched recast Nafion (draw
ratio of 2—7) are shown in Figure 2. The data were used to
elucidate the different types of water (freezable vs nonfreezable)
in fully hydrated membrane samples. The most striking feature
of these plots is the monotonic decrease in the size of the water
melting peak with increasing draw ratio. Clearly, there is less
freezable water in Nafion upon prestretching a recast film.
(Although not shown in Figure 2, the water endotherm for
Nafion 117 was almost identical to that for unstretched recast
Nafion.) There was also a depression in the temperature at which
the freezable water melted in the prestretched Nafion samples.
Whereas thermograms of unstretched Nafion revealed the
presence of a sharp endothermic component at 0 °C, indicating
the existence of water with bulklike properties, freezable water
in prestretched recast Nafion melted at a temperature below 0
°C (e.g., about —10 °C for a draw ratio of 4). This result is
qualitatively similar to what others have found in partially
swollen Nafion. For example, Siu et al.>' reported on a 10 °C
depression of the melting point for water in a commercial Nafion
117 membrane that was equilibrated with 95% RH air, where
A = 11—14 and where the membrane sulfonic acid concentration
(based on the total volume of water in the membrane) before
freezing was about 1.4 M, as compared to 1.1 M for a membrane
fully swollen with liquid water. In the present study, the melting
point temperature depression for fully hydrated prestretched
Nafion (total A = 19) was associated with morphological
changes in the membrane polymer, rather than fixed-charge
concentration effects, as will be discussed in more detail below.

Plots of the total, freezable, and nonfreezable water (given
as the number of water molecules per sulfonic acid site) in
Nafion 117 and unstretched and prestretched recast Nafion (for
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Figure 3. Total (<), freezable (V), and nonfreezable (O) water content
of commercial Nafion 117 (closed symbols) and recast Nafion (open
symbols): unstretched recast Nafion (draw ratio = 1) and prestretched
recast Nafion membranes at different draw ratios.

draw ratios of 2—7) are shown in Figure 3, with Aponfreeze =
Aotal — Atreeze (Where Agreeze Was determined from the data in
Figure 2). The value of 12 for Ageese in a water-equilibrated
Nafion 117 membrane is comparable to that reported in the
literature (Ageeze = 9 in ref 21). As can be seen, there is a steady
and substantial decrease in the amount of freezable water in
recast Nafion as it is elongated, up to a draw ratio of 4. In
commercial Nafion 117 and unstretched recast Nafion (draw
ratio of 1), ~60% of the total membrane water freezes, whereas
only 26% of the water freezes in prestretched recast Nafion
(draw ratio equal to or greater than 4). The plateau in the
freezable water content for draw ratios >4 cannot be explained
at the present time. The general shape of the freezable water
content vs draw ratio curve, however, does mirror the depen-
dence of methanol permeability on film elongation (Figure 1).
This result is consistent with prior studies, which concluded
that methanol permeability in proton exchange membranes is a
function of the membrane’s freezable water content.'® The
increase in Aponfreeze With draw ratio in Figure 3 and the
depression in the water melting temperature (Figure 2) were
tentatively associated with a water confinement phenomenon,
where the size of the hydrophilic domains decreased with
increasing draw ratio, and possibly electrostatic water polariza-
tion/alignment effects, where there was more efficient and
extensive hydration of membrane fixed-charges when Nafion
was elongated.

The data in Figures 2 and 3 suggest that there was a
redistribution of ionic domains in prestretched Nafion, where
the domain size decreased and the number of domains increased
(to maintain constant total water uptake) with increasing draw
ratio. To confirm this hypothesis, transmission electron micro-
graphs of prestretched recast Nafion membrane cross sections
were collected. The TEM results are shown in Figure 4, where
the membrane cross sections are perpendicular to the stretching
direction (i.e., stretching was perpendicular to the x—y plane
of the page). The size of the ionic domains (darkened regions
in Figure 4) was smaller and the number of such domains
increased with increasing film elongation. Additionally, both
the size and distribution of the ionic domains in the prestretched
films were highly uniform (i.e., water was spread out more
uniformly in prestretched recast Nafion). The decrease in domain
size for a high draw ratio was significant; at a draw ratio of 7,
for example, the ionic (hydrophilic) domain dimension was ~2
nm, as compared to about 8 nm for an unstretched recast film.
Although the TEMs are of dry membrane samples, the general
morphology should be preserved upon exposure to water,?® with
an increase in both stretched and nonstretched domain size upon
water sorption. Further investigations are necessary to fully



Macromolecules, Vol. 41, No. 12, 2008

Un-stretched

Draw ratio 4

Water in Prestretched Recast Nafion 4287

Draw ratio 2

-

Draw ratio 7

Figure 4. Transmission electron micrographs of unstretched (draw ratio = 1) and prestretched recast Nafion membrane cross sections. Dark regions
are the hydrophilic domains (stretching direction was perpendicular to the x—y plane of the page).

understand the nanomorphology of prestretched recast Nafion.
For example, additional TEM studies of membrane cross
sections parallel to the stretching direction are needed, along
with small-angle X-ray scattering (SAXS) measurements in the
three orthogonal planes of the membrane. Such experiments are
planned and will be the subject of a future publication.
Within experimental accuracy, the water self-diffusion coef-
ficient was constant in commercial Nafion 117 (8.20 x 1076
cm?/s), unstretched recast Nafion (8.33 x 107® cm?/s), and
prestretched recast Nafion films of varying draw ratios (8.35 x
1076 for draw ratios of 2—7), as measured by pulsed-field-
gradient NMR. These diffusion coefficients were similar to data
in the literature for a liquid water equilibrated Nafion 117 film
(7.5 x 107° cm?/s, from ref 1). The water diffusion coefficient
in Nafion is smaller than that in bulk water (2.13 x 107> cm?/s),
reflecting the highly tortuous diffusion pathway for water in a
low-porosity membrane (Nafion swelling is ~30% in water).
One would anticipate a correlation between the average mobility
of a water molecule in prestretched recast Nafion and the
freezable water content, if the mobilities of freezable and
nonfreezable species were significantly different, and thus, a
plot of water self-diffusion coefficient vs draw ratio should be
similar in shape to the freezable water content plot in Figure 3.
Unexpectedly, there was no change in the self-diffusion coef-
ficient of water with draw ratio. This indicated either that the
exchange rate between freezable and nonfreezable water mol-
ecules was faster than the NMR acquisition time or that the
thermal characteristics of the water of hydration did not reflect
its actual translational dynamics. To further investigate the above
finding, the 2H spin—lattice relaxation time of deuterated water
(T)) in prestretched Nafion samples was measured and found
to decrease with draw ratio (see Figure 5), indicating slower
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Figure 5. Spin—Ilattice relaxation time of deuterated water (7)) in
commercial Nafion 117, unstretched recast Nafion (draw ratio = 1),
and prestretched recast Nafion at different draw ratios.

rotational motion and a higher viscosity of water upon film
elongation. The value of T, at a draw ratio of 7 (0.22 s) was
half that of bulk water (0.45 s)' and very close to that seen in
commercial Nafion 117 under reduced swelling conditions (7}
= 0.21 s at 100% RH, where 1 = 14)! where there was
significant contraction of the membrane’s ionic domains. Thus,
the 7 data are in qualitative agreement with the DSC results;
i.e., this particular property of water in prestretched recast Nafion
(draw ratio >4) is similar to that in a commercial Nafion film
at low water content. One explanation for the invariance in water
self-diffusion coefficient with Nafion elongation is a decrease
in the tortuosity of hydrophilic domains with draw ratio, which
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compensates for a reduction in water mobility. The pulsed-field-
gradient NMR method of determining water self-diffusion
coefficient involves the measurement of water movement on
the length scale of microns for diffusion coefficients of the
magnitude reported here and, thus, is reflective of both the
membrane tortuosity and water mobility.

In light of the DSC and NMR results for water in prestretched
recast Nafion and the supporting evidence provided by the TEM
images in Figure 4, a discussion of proton conductivity (constant
conductivity with draw ratio, as shown in Figure 1) in relation
to membrane morphology is warranted. Numerous studies with
commercial Nafion membranes have shown that proton con-
ductivity decreases with decreasing total water content, where
the amount of sorbed water was varied by equilibrating a
membrane sample with humidified air at a water activity <I.
For example, Gavach et al.*® found that the conductivity of
perfluorosulfonic acid membranes increased significantly when
the average number of water molecules per sulfonic acid site
was >6. (In that study it was assumed that A = 6 represents
the minimum number of water needed to create a primary
hydration shell on the SOs;H ion-exchange groups and to
generate a continuous, percolating water of hydration phase.)
When Nafion 117 was equilibrated in 95% RH air at 25° (where
A = 12), the proton conductivity at 25 °C was ~0.06 S/cm vs
0.09—0.10 S/cm for a liquid water-equilibrated film." Thus, the
data in Figures 1 and 3 (total water content results) for
prestretched recast Nafion are consistent with our general
understanding of proton mobility in Nafion (i.e., the high total
water content of prestretched recast Nafion, for all draw ratios,
translates into a high proton conductivity).

The interpretation of the conductivity data in terms of the
freezable/nonfreezable water contents in Figure 3 is more
complex. Clearly, proton conductivity is not dependent on the
amount of freezable water in prestretched recast Nafion. Such
behavior has never been observed before in a proton conducting
fuel cell membrane like Nafion because it was not possible to
reduce the freezable water content without also lowering the
total amount of sorbed water. It has generally been thought that
proton conductivity in Nafion scales directly with freezable
water content, since the presence of bulklike water increases
proton mobility in fully hydrated membranes.?' The results in
Figures 1 and 3 contradict this generally held belief. Thus, a
prestretched recast Nafion film with as little as 2/5 the amount
of freezable water as compared to Nafion 117 (i.e., Afreere = 5
at a draw ratio of 4) maintains its high proton conductivity.
The combined DSC, water diffusivity, and conductivity results
suggest that (i) there is a decrease in the tortuosity of the water-
filled pore network in prestretched recast Nafion that compen-
sates for less freezable water and a lower local proton mobility
and/or (ii) there is a different proton conduction mechanism in
the water-filled pores of prestretched recast Nafion. In fact,
theoretical studies indicate that proton hopping can occur via
water bridging between two sulfonic groups if they are suf-
ficiently close to one another.*'* Smaller ionic/hydrophilic
domains in prestretched Nafion should result in closer spacing
of sulfonic groups which could promote pore surface diffusion
via a proton hopping mechanism. The interesting and unique
proton conductivity behavior of prestretched recast Nafion vis-
a-vis its membrane water properties has important implications
for hydrogen/oxygen fuel cells. For example, the results imply
that the proton conductivity in a highly prestretched recast
Nafion film (draw ratio >7) containing no freezable water will
remain high when exposed to low-humidity environments
(although it is not clear how one might create such a film in
light of the plateau in the freezable water content with draw
ratio in Figure 3). The total water content in such a Nafion
membrane should be similar to that of commercial Nafion, with
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Figure 6. Electro-osmotic water flux as a function of current density
for commercial Nafion 117 and prestretched recast Nafion (draw ratio
of 4). T = 60 °C.
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Figure 7. Electro-osmotic water drag coefficient of commercial Nafion
117, unstretched recast Nafion (draw ratio = 1), and prestretched recast
Nafion of different draw ratios.

all of the water in a nonfreezable (and presumably nonevapo-
rative) state. Such membrane fabrication experiments should
be coupled to studies on the split of freezable/nonfreezable water
in prestretched recast Nafion of various draw ratios, as a function
of temperature and water vapor activity.

The final set of experiments for elucidating the properties of
water in prestretched recast Nafion was the determination of
electro-osmotic water drag coefficient (defined as the number
of water molecules per HT that move through the membrane
under the influence of an applied electric field). These data were
collected in a modified direct liquid methanol fuel cell experi-
ment, as described above. The water flux solely associated with
proton transport is plotted against current density (which is
proportional to the transmembrane proton flux) in Figure 6 for
commercial Nafion 117 and a prestretched recast Nafion sample
with a draw ratio of 4. The straight line behavior of the data
with a zero intercept indicated that the electro-osmotic drag
coefficient of water was independent of current density and
could be calculated from the slopes of these lines. A plot of
this parameter as a function of draw ratio for a series of
prestretched recast Nafion membranes is shown in Figure 7.
As expected, the water drag coefficient in prestretched Nafion
was lower than that in commercial Nafion (10—25% lower) and
decreased with increasing draw ratio. This may be the result of
the increased viscosity of pore water, revealed by the T
experiments, which promotes more compact proton solvation
vehicles and possibly a proton hopping mechanism (as discussed
previously) where bare protons are transported through struc-
tured (frozen) water along the pore surface. A decrease in the
electro-osmotic drag coefficient should, to a certain extent, retard
methanol permeability in an operating fuel cell. The measured
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methanol permeabilities in Figure 1, however, cannot be linked
directly to the reduction in the electro-osmotic drag coefficient.
Other mechanisms of methanol blocking are probably operating,
including partitioning effects, but these require further studies.

Conclusions

Uniaxially prestretched recast Nafion membranes exhibit
unusual proton conductivity and methanol permeability behavior
(a proton conductivity that is independent of draw ratio and a
methanol permeability that decreases with elongation up to a
draw ratio of 4), which make them ideal candidates for use in
a direct liquid methanol fuel cell. To better understand the
underlying morphology of these membranes, water uptake and
mobility data were measured and analyzed for draw ratios
ranging from 1 (unstretched) to 7. A series of macroscopic
(gravimetric) water uptake, low-temperature differential scan-
ning calorimetry, NMR, and electro-osmotic drag coefficient
experiments were performed on water-equilibrated membrane
samples. Macroscopic water uptake and the water self-diffusion
coefficient were found to be invariant with membrane draw ratio
and essentially identical to those measured in a commercial
Nafion 117 film. The amount of freezable water in prestretched
recast Nafion, however, decreased and the amount of nonfreez-
able water increased with increasing film elongation (up to a
draw ratio of 4). Thus, at a draw ratio of 4, the split between
freezable and nonfreezable water was Afeeze = 5 and Anonfreeze
= 13.9, as compared t0 Afeeze = 12.3 and Aponfreeze = 7.3 for
unstretched recast Nafion and Afeeze = 11.9 and Aponfreeze = 9.5
for commercial Nafion 117. The fact that proton conductivity
is independent of the freezable water content in prestretched
recast Nafion is a new and important result of this study, with
potentially important and far-reaching implications with regards
to the mechanism of proton transport in such films and the use
of prestretched recast Nafion in a hydrogen/air fuel cell at low-
humidity conditions. The NMR results (a 7; relaxation time that
decreased with elongation but a water self-diffusion coefficient
that was independent of film stretching and freezable water
content) imply that the hydrophilic water network is less tortuous
in a prestretched film.

The DSC results (a greater fraction of the sorbed water in
prestretched Nafion was nonfreezable as compared to com-
mercial Nafion) and the macroscopic water swelling data (the
total water uptake in prestretched and commercial Nafion were
essentially the same) suggest a new nanomorphology for
prestretched recast Nafion where there is a decrease in the size
and increase in the number of hydrophilic water-swollen
domains, up to a draw ratio of 4. This structure was confirmed
by TEM images of prestretched recast Nafion cross sections at
various draw ratios.

Methanol permeability, the spin—lattice relaxation time
constant of deuterated water (77), and the electro-osmotic drag
coefficient of protons in prestretched recast Nafion all decreased
with increasing draw ratio and mirrored the variation of freezable
water content with film elongation. Thus, less freezable (and
more nonfreezable) water in a prestretched Nafion film translates
into a high average viscosity for membrane-phase water, which
in turn decreases the number of water molecules that are dragged
with protons. The dependence of methanol permeability on film
elongation is consistent with prior studies which concluded that
methanol permeability in proton exchange membranes is a
function of the membrane’s freezable water content. One
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explanation to reconcile the different dependencies of water self-
diffusion coefficient and methanol permeability (the product of
partition coefficient and diffusion coefficient) on draw ratio (i.e.,
freezable water content) is that methanol partitioning at the
membrane/solution interface is reduced in prestretched recast
films, with very little change in methanol diffusion coefficient,
but this requires further studies.
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