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a b s t r a c t

The effects of freeze/thaw (F/T) cycling on the structure of dry Nafion® membranes were investigated
using positron annihilation lifetime spectroscopy (PALS). The method correlates the lifetime and relative
intensity of positrons (anti-electrons) annihilating in the open-volume voids of the membrane with void
size and void volume fraction. The results, though still preliminary, show freeze/thaw-induced collapse
vailable online 5 February 2009
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in the pore volume near the surface of the dry membrane, and also some evidence of slight differences
in the two sides of a given membrane. The work demonstrates the utility of the method in studying
depth-dependent changes in membrane total free volume along with pore size, structure, configuration
and environment as the result of thermal and structural stresses.

© Published by Elsevier B.V.
amma rays
ermeability

. Introduction

Nafion® (perfluorosulfonic acid) polymer electrolyte membrane
PEM) was the first successful solid-polymer electrolyte with
ufficient durability and transport properties for fuel cell and elec-
rolyzer developers to use to replace liquid–acid electrolytes, which
equired wicking electrode separators. (Nafion® is a registered
rademark of E.I. DuPont de Nemours & Co.) The PEM permits easier
ssembly and permits electrochemical designs where gas-pressure
ifferentials across the electrolyte are required. Interest in PEMs,

ike Nafion®, from the automotive industry has been intense for
he development of PEM fuel cells for electric vehicles. During the
ifetime of automotive fuel cells, many cycles of freezing and warm-
ng are expected in North American and European applications. The
ffects of such extensive freeze/thaw (F/T) cycling of dry Nafion®

ave been examined as a baseline for freeze/thaw studies of humid-
fied membranes. F/T cycling has been limited to −40 ◦C to +80 ◦C

ell below the glass transition, Tg, temperature of the material.
n general, the most pronounced effects were a decrease in water
bsorption, a decrease in ultimate tensile strength, and a decrease

n oxygen permeability [1,2]. There is also evidence of an increase
n contact resistance between the membrane and catalyst layer
gainst the flow field [3]. In this paper, we will present evidence for
epth-dependent physical changes in the membrane’s nano-scale

∗ Corresponding author. Tel.: +1 781 5290530; fax: +1 781 8936470.
E-mail address: rmcdonald@ginerinc.com (R.C. McDonald).

376-7388/$ – see front matter © Published by Elsevier B.V.
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free-volume voids that may be intrinsically responsible for these
observed macroscopic effects.

Positron annihilation lifetime spectroscopy (PALS) provides a
means of comparing changes in free-volume pore size and struc-
ture, which accompany physical changes and stresses in the
material. PALS is sensitive to all free-volume pores (both isolated
and interconnected) in the size range from 0.3 to ∼30 nm and to the
closed-to-open pore transitions, in hydrophilic regions [4,5]. The
method has been employed to measure free-volume pore size and
its relation to oxygen permeability in polymer membranes [6]. In
this technique, positrons are embedded in the material, where they
combine with an electron, forming positronium (Ps—the bound
state of the electron and its anti-particle, the positron), which dif-
fuses into, and traps in, the free-volume voids where it exists for
a short period of time before annihilation into gamma rays. In this
manner, the Ps lifetime can be measured and then correlated with
the electronic structure and pore size of the polymer free space
using the well established Tau–Eldrup model [7]. In the Tau–Eldrup
model the positronium lifetime in the void, �3 (in ns), is related to
the pore radius by

�3 = 1
2

[
1 − R

R + �R
+ 1

2�
sin

(
2�R

R + �R

)]−1
where R is radius of a pore cavity surrounded by an electron cloud of
thickness �R which is empirically determined to be 0.16–0.17 nm.
The free-space pore volumes of nine diverse polymer membranes,
including Nafion®, show an excellent correlation with the diffu-
sion constant for oxygen [6]. In addition, the measured intensity
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Table 1
Summary of the bulk-PALS fitting results.

Sample Ps lifetime (ns) Average pore diameter (nm) Ps intensity (%)
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fresh samples that is significantly reduced after F/T cycling. How-

T
B

M

B

F

T
l

aseline 2.98 ± 0.01 0.717 ± 0.0015 9.7 ± 0.1
/T cycled 2.91 ± 0.01 0.708 ± 0.0015 8.2 ± 0.1

he Ps lifetime is converted to a pore diameter using a spherical pore model.

f the lifetime components nominally relates to the concentra-
ion of free-volume sites in the polymer matrix. It is important to
ote that there is no significant bond breaking, which can occur in
afion® from the limited flux of gamma rays as shown in exper-

ments conducted in the development of de-tritiation electrolysis
ystems where the membrane was dosed with up to 530 kilograys
kgy) without change in properties [8].

. Experimental

Sheets of untreated Nafion® N112 (1100 equivalent weight,
0 �m thickness) membranes as received from DuPont, Inc., were
ycled between −40 ◦C and +80 ◦C in low humidity 365 times using
0-min cycle times to examine changes in the membrane, which
ight be induced over the operating range of a PEM fuel cell vehicle.

he samples were sealed at a typical ambient humidity, ∼20% rel-
tive humidity (RH), prior to cycling. Coupons of N112 membranes
lso maintained at ∼20% RH were later used as baseline material
or comparison.

Baseline (i.e., untreated, uncycled) and cycled coupons were cut
nd sealed in Ziploc® bags (S.C. Johnson & Son, Inc.) for bulk-PALS
nalysis along with (but not in contact with) a small porous pack-
ge of lithium bromide salt hydrate (LiBr·H2O). The package was
ormed of microporous Tetratex® polytetrafluoroethylene (Donald-
on Co.) sealed with Kapton® polyimide adhesive tape (DuPont,
nc.). The membrane was allowed to equilibrate to a constant con-
rolled humidity of 6% RH prior to analysis, resulting in a residue of
–2% water in Nafion® (DuPont, Inc.) by weight. After removal of the
esiccant package, PALS was conducted on the samples within the
apton envelopes, so the membranes could be kept dry throughout

he measurements.
Initially, bulk-PALS was used to probe the average pore vol-

me throughout the bulk of the Nafion membranes. The bulk-PALS
echnique uses a sodium-22 radioactive source on the sample to
mplant positrons throughout the entire membrane depth. For this
eries of membranes, we were required to stack 16 sheets of N112
o insure complete stopping of positrons. To prevent the diffusion
f the radioactive source into the Nafion, sodium-22 is deposited
n and encapsulated between thin (12 �m) Kapton® sheets that
top less than 6% of the incident source positrons. (Kapton does not
orm positronium and hence does not affect the measured Nafion

s lifetime.) The deduced pore diameters are found to be close to
hose measured in Nafion®, which was first humidified, then dried
t 90 ◦C so minor amounts of residual water content should not be
mportant [9].

able 2
eam-PALS results at 5 keV for the Nafion® samples.

embrane Ps lifetime (ns) Spherical pore D (nm)

aseline
Side 1 3.32 ± 0.02 0.761 ± 0.0025
Side 2 2.82 ± 0.03 0.695 ± 0.0035

/T cycled
Side 1 3.08 ± 0.05 0.731 ± 0.006
Side 2 2.88 ± 0.06 0.71 ± 0.007

he Ps lifetime and the Ps relative intensity of annihilation in the pores are fitted from the
ow intensity of Ps annihilating in near-surface voids of the F/T-cycled sample (shaded cel
rane Science 332 (2009) 89–92

Beam-based PALS was used to compliment the bulk-PALS mea-
surements and characterize the surfaces of the membranes. A
comparison of these two spectroscopies can reveal bulk vs. surface
effects produced by the F/T cycling. Briefly, in beam-PALS positrons
from a commercial 50 mCi sealed sodium-22 source are moderated
using annealed nickel foils in ultra high vacuum and are then elec-
trostatically focused on the sample into a 2 mm diameter spot at
energies ranging from 0.5 keV to 5 keV. For this series of beam PALS
measurements, we used a beam of 5 keV positrons to probe only
the top 0.5-�m layer near each membrane surface. Only the high-
est available positron beam energy was used for the membranes to
avoid distortions to the spectrum due to backscattered high energy
Ps. While beam PALS requires the sample be placed in a vacuum, the
membrane was maintained at room temperature. Thus, the amount
of residual water should be close to that present in the bulk PALS
measurement since further desiccation would require both vacuum
and a temperature of 140 ◦C over 24 h [10]. Such a treatment would
bring the membrane above the glass transition temperature, Tg, and
create additional physical changes. Details of the two experimental
setups, methods, and theory can be found in the literature [4].

During the course of this work, it was noted that the pore struc-
ture was different on the two sides of the as-received membranes
analyzed with Beam PALS. These were arbitrarily referred to as Side
1 and Side 2. Because of the manner in which samples were pre-
pared, it was not possible to relate the two sides back to the original
role of material purchased from Dupont®.

3. Results

The results of the average bulk PALS and the beam PALS near-
surface spectroscopy are presented in Tables 1 and 2 respectively.
Freeze/thaw cycling has two bulk effects compared to the uncy-
cled membrane: the average Ps lifetime in the F/T-cycled pores
is reduced by a small (but statistically significant) amount cor-
responding to an overall 4.0 (±0.8)% reduction in average pore
volume, and there is a concomitant decrease in the relative inten-
sity of Ps annihilating in these pores from 9.7 ± 0.1% to 8.2 ± 0.1%.
Although the relative Ps intensity is not as straightforward to
interpret as the Ps lifetime-to-pore volume correlation, a sizable
decrease in the intensity together with a modest reduction in Ps

lifetime due simply to F/T cycling strongly suggests the cycled mem-
brane has, on average, fewer and slightly smaller free-volume pores.
The beam-PALS results indicate that the distribution of free volume
pores is not uniform across the membrane’s thickness.

The beam-PALS results at 5 keV implantation energy are surpris-
ingly much more pronounced, as seen in Table 2. Each membrane
was examined on both sides (the sides are arbitrarily labeled “side
1” and “side 2”). There is a side-to-side difference in Ps lifetime in
ever, the average lifetime measured by beam-PALS of Ps annihilating
in the 0.5-�m surface layers of the membrane is nominally the
same as that measured in the bulk of the membrane indicating that
the pore size is uniform throughout the membrane. The interesting

Average pore D (nm) Side-to-side D ratio Ps intensity (%)

0.728 ± 0.002 1.095 ± 0.007 7.8 ± 0.1
5.4 ± 0.1

0.718 ± 0.005 1.038 ± 0.013 2.5 ± 0.1
2.1 ± 0.1

spectra and the pore diameter, D is deduced using a spherical pore model. Note the
ls).
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Table 3
Major changes in dry Nafion 112 physical properties as a result of F/T cycling [2].

Property Baseline F/T cycled

MD tensile strength at break (MPa)a 14 10
XD tensile strength at break (MPa)a 10 7
MD tensile elongation (%) at breaka 1293 39
XD tensile elongation (%) at breaka 324 25
2 ◦ 3 2
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the membrane appears to be nominally unaffected. The effect of
0 C O2 permeability (cm mil/ft h atm) 197 85
0 ◦C O2 permeability (cm3 mil/ft2 h atm) 240 117

a Measured while equilibrated with deionized water at 80 ◦C.

ffect, however, is the enormous difference in the relative Ps inten-
ity of the F/T-cycled membrane surface where Ps annihilation from
he pores is all but eliminated. We note that there is also a significant
ecrease in relative Ps intensity in the surface region of the uncy-
led membrane relative to its bulk result, but the virtual extinction
f Ps annihilation from the F/T cycled membrane surface region implies
his surface region is nominally devoid of any free volume capable of
rapping Ps!.

Average free-space pore diameters reported for 175-�m-thick
afion® N117 membranes with bulk-PALS were slightly less

0.708 nm) [11] than those for N112 measured by us, possibly
ecause of different treatment histories and/or different measure-
ent protocols.

. Discussion

Pore size, including free-volume and water-filled volume, has
een studied in Nafion® using a variety of techniques including
eutron and X-ray diffraction and gas diffusion. The diameter of
ores created by clusters of sulfonate groups depends on the level
f hydration, which drives swelling. Water-containing pore diame-
ers of 2–20 nm are observed in the hydrophilic regions dominated
y sulfonate groups [12–14]. The solvent-free regions and those
efined by the backbone polymer below the glass transition, Tg

∼108 ◦C), are generally accepted as free-volume and are substan-
ially smaller than the solvent-occupied regions. This supports the

odel of Nafion® involving hydrophilic, solvent-filled pores con-
ected by more narrow hydrophilic channels and dominated by
he hydrophobic main chain of the polymer. Previous PALS mea-
urements on wet Nafion® humidified to different levels showed
hat the total free space volume increases, but with decreasing
ore diameters, as the hydrophilic, ionic regions were swelled with
ater [11]. The work examined the distribution of pore sizes at
ifferent water contents, showing that the probability density func-
ions for the water-swelled material were narrower, but with a
arger area under the peak.

The clear implication in the present study is that F/T cycling
f dry Nafion induces strong depth-dependent inhomogeneity in
he pore volume. The virtual extinction of Ps in the F/T mem-
rane at 5 keV is presumably uniform in the top 0.5 �m of the
aterial. We cannot determine the complete pore volume depth

rofile because our beam cannot implant positrons beyond the
ean depth of about 0.5 �m. However, since the average bulk Ps

ntensity in the F/T-cycled membrane is ∼20% lower than that of
he uncycled (baseline) membrane (see Table 1), it is reasonable to
uspect a ∼20% reduction in overall void volume in the membrane.
lso, since the near-surface region has effectively no void volume,

hen for example, one possible void profile would have the top
�m at each surface lacking voids (almost completely densified)
ith the remaining underlying 40 �m being unaffected. This sim-
le three-layer model might help account for the 50% decrease in
xygen permeability observed in the F/T cycled dry Nafion and the
ecrease in ultimate tensile strength (Table 3). These earlier stud-

es also showed no significant loss in the percent of water take-up
rane Science 332 (2009) 89–92 91

in fully swollen membrane and no loss in ionic conductivity in the
hydrated membrane. The implication is that the loss in free-volume
caused by structural relaxation and rearrangement is primarily
in hydrophobic backbone regions not containing water and the
densification caused at the surface by F/T cycling is reversible on
re-humidification.

Using a wide range of positron beam energies of 3–18 keV,
Algiers and co-workers were able to determine depth profiles of
glassy polymers [15]. Thus, a more detailed investigation of free-
volume depth profiling in Nafion should be possible, although this
was not the purpose of the present work. The particular beam we
used can only go up to 6 keV and we selected 5 keV as our most
reliable beam energy that is also high enough to be free of the
systematic errors discussed in Section 2 so that we could inter-
pret decreases in the positronium intensity as definitively due to
a near surface effect on the free-volume. The slight differences in
our assumed positron implantation profile and mean depth (m = 2
Makhovian) compared to the more rigorous work reported in Algers
is not particularly relevant to our final conclusions, but we include
it as a reference because it is one of the only such works on glassy
polymers.

The slight differences between the two surfaces of the mem-
brane in both baseline and F/T membranes are believed to be the
result of the manufacturing process and may be the result of differ-
ent rates at which the two sides cool after the precursor material
(sulfonyl fluoride form) is extruded. Since the extrusion process
used to form the precursor and its subsequent base hydrolysis to
make the sulfonic acid form may be intrinsically asymmetric, the
resulting pore size distribution on the two sides is expected to
be different. The beam PALS technique determines only the aver-
age pore diameters near the membrane surface, so that changes in
structure in the hydrophilic and hydrophobic regions cannot sep-
arately be determined. While the influence of F/T cycling on an
individual side of a membrane cannot be commented on in this
work, it is clear that the two sides of a membrane become more
similar in pore structure.

The application of percolation theory to measurements of ionic
conductivity across the membrane has shown that at or above 10%
membrane hydration, there are continuous hydrophilic channels
throughout the material connecting regions of clustered sulfonate
groups [16]. In the dry membrane surface, probed with beam-PALS,
there is no indication of pore interconnection, and hence there is a
range of closed pore shapes and sizes, which the PALS measurement
averages.

5. Conclusions

Positron annihilation lifetime spectroscopy (PALS) provides
important depth-dependent information about pore size and free
space volume in ionomers, like Nafion®, which may provide a
fundamental structural understanding for physical changes which
occur due to thermal cycling. The beam-PALS technique permits the
examination of a thin surface layer while the bulk-PALS method
permits examination of open space volume (both interconnected
and closed) averaged over the full thickness of the membrane
material. Extensive freeze/thaw cycling of dry N112 produces a
relatively insignificant average pore size reduction, but the void
volume fraction as revealed in the relative intensity of Ps anni-
hilating in voids near the membrane surface is severely reduced.
This suggests pore collapse preferential to the surface rather than
a global reduction in void fraction or pore size. The interior of
PEM fuel cell performance which a dry membrane is F/T cycled
is expected to be minimal with the possible exception of time
required for re-humidification after multiple shut-downs in cold
climates.
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