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The mechanism of gas permeation in Nafion membranes for polymer electrolyte fuel cells has been
investigated from the viewpoint of free volume. Three different samples, a membrane with ionic ex-
change capacity (IEC)¼ 0.92 meq/g, and recast samples with IEC¼ 0.92 and 1.00 meq/g were used after
drying. Free volume was quantified using the positron annihilation lifetime (PAL) technique and gas
permeabilities were measured for O2 and H2 as functions of temperature and relative humidity. Good
linear correlations between the logarithm of the permeabilities at different temperatures and reciprocal
free volume indicate that gas permeation in dry Nafion is governed by the free volume. Nevertheless
permeabilities are much smaller than the corresponding flexible chain polymer with a similar free
volume size due to stiff chains of the perfluoroethylene backbone. In highly hydrated Nafion above 60%
relative humidity, where the O2 permeability varies oppositely to the free volume, gas permeation
proved to be controlled by the gradual increase in overall flexibility of the Nafion–water system.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

To improve the power density and efficiency of polymer elec-
trolyte fuel cells (PEFCs), polymer membranes with higher proton
conductivity and lower gas permeability are desired. Nafion de-
veloped by the DuPont Company in the early 1970s displays re-
markable properties as the membrane for PEFCs. It possesses high
mechanical, thermal and chemical stability coupled with high ion
conductivity and selectivity [1]. The polymer is a perfluorosulfonate
resin in which hydrophilic perfluoroether side chains terminated
with –SO3

�Hþ groups are randomly distributed along the per-
fluoroethylene backbone (Fig. 1). The side chains are readily satu-
rated by water and form clusters. In hydrated Nafion, the clusters
are interconnected with each other, providing higher proton con-
ductivity [2,3]. This cluster model has been supported by both
theory [4] and experimental observations by various techniques
[5,6].

Because of their importance for PEFCs, a number of studies have
been conducted on diffusivity, solubility, and permeability of O2
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and H2 in hydrated Nafion [7–12]. Most of the studies showed that
for both O2 and H2 the solubility decreases but the diffusivity and
permeability increase with increasing water uptake or relative
humidity. These results have been discussed qualitatively on the
basis of the cluster model by considering invariant aqueous (clus-
ter) and hydrophobic perfluoroethylene phases, and the interface
region. However, the gas diffusion and permeation in polymers are
strongly dependent on free volume (subnanometer scale open
space), so that the simple discussion based on the cluster model,
without the consideration of the interaction between the aqueous
and hydrophobic phases or the change of their nano-structures, is
not satisfactory.

Positron annihilation lifetime (PAL) spectroscopy has estab-
lished itself as a powerful probe for the characterization of free
volume in polymers due to the unique property of a positronium
(Ps) atom, the hydrogen-like bound state between a positron and
an electron [13]. In polymers there exist three states of positrons
characterized by lifetimes s1, s2, s3 and the corresponding relative
intensities I1, I2, I3, respectively: spin antiparallel para-positronium
(p-Ps) with s1 w 125 ps, a free positron with s2 w 450 ps, and spin
parallel ortho-positronium (o-Ps) with s3 w 1–10 ns [13–23]. The
lifetime s3 of o-Ps is determined by the overlap of its wave function
with that of the electrons in the polymer. A smaller size of free
volume holes facilitates larger overlap, and therefore, shorter life-
time [24]. The relationship between lifetime s3 and average radius R
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Fig. 1. Chemical structure of Nafion.
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of free volume holes in spherical approximation is given by the
Tao–Eldrup model [25,26] as

s3 ¼ 0:5
�

1� R
Ro
þ 1

2p
sin
�

2pR
Ro

���1

ðnsÞ; (1)

where Ro¼ RþDR and DR¼ 0.166 nm is the thickness of the ho-
mogenous electron layer in which the positron in o-Ps annihilates
[27]. The free volume size VFV,Ps in nm3 is calculable as

VFV;Ps¼ 4pR3=3: (2)

The free volume hole size obtained by Eqs. (1) and (2) has been
successfully applied to explain diffusion and permeation of various
gases in polymers. Specifically good correlations were found
between the diffusivities of Ar, O2 and N2, and VFV,Ps for such
polymers as polydimethylsiloxane, polystyrene, polysulfone, poly-
ethersulfone with relatively flexible backbones [28,29]. Different
correlations of O2 and N2 diffusion coefficients were observed for
fluorinated poly(amide imide), poly(ester imide) and polyimide
with more rigid chains by Nagel et al. [29]. Muramatsu et al. [30]
showed that VFV,Ps can satisfactorily describe the variation of O2

permeability in both dry and hydrated ethylene vinyl alcohol co-
polymer (EVOH). Sodaye et al. [31,32] reported the free volume in
Hþ and ion-exchanged forms of a Nafion sample with a brief dis-
cussion on O2 diffusivity of the Hþ form. The same authors studied
the temperature dependence of free volume in Nafion [33]. The
aim of this work is to study the free volume in dry and hydrated
Nafion by the PAL technique and relate it to O2 and H2 perme-
abilities. Further we discuss the mechanism of gas permeation
based on the correlations between the permeabilities and VFV,Ps.

2. Free volume theory of gas permeation in polymers

According to the sorption–diffusion model, gas permeation co-
efficient P is given as the product of permeant solubility S and
diffusion coefficient D [12],

P ¼ SD: (3)

The permeant can diffuse when it finds large enough free volume
around itself to make a jump to one of the neighboring sites.
Therefore, the diffusivity can be related to the fractional free vol-
ume Vf by [34–36]

D ¼ ART exp
�
� B=Vf

�
; (4)

where A and B are constants depending on the permeant, R is the
gas constant and T is the absolute temperature. Combination of Eq.
(3) with Eq. (4) yields the following relationship between the
permeability and free volume.

P ¼ SART exp
�
� B=Vf

�
: (5)

To correlate the free volume obtained by the PAL technique to
gas diffusivity and permeability, the following equations have been
proposed by replacing Vf in Eqs. (4) and (5) with VFV,Ps
D ¼ ART exp
�
� b=VFV;PS

	
; (6)
P ¼ SART exp
�
� b=VFV;Ps

	
;

¼ CT exp
�
� b=VFV;Ps

	
:

(7)

According to the elaborated free volume model of Vrentas and
Vrentas [37], b can be expressed as

b ¼ gV1ð0Þ=NoMj; (8)

where g is a free volume overlap factor of the order of 0.5 and V1(0)
is the molecular gas volume at 0 K, Mj is the magnitude of the
polymer jump unit, and No is the number density of holes. Eqs. (6)
and (7) with an assumption of constant C have been quite suc-
cessful for various polymers [28–30].
3. Experimental

A 50 mm thick Nafion film (NRE212) with ionic exchange ca-
pacity (IEC)¼ 0.92 meq/g and 50 mm thick films recast at 90 �C from
20% solutions of Nafion DE2021 and DE2020 with IEC¼ 0.92 and
1.00 meq/g, respectively, were used in the present study. The
NRE212 film and solutions for recasting were received from DuPont
Fuel Cells, Japan. For the as-received sample a peak around
q¼ 0.55 nm�1 attributed to the long spacing in crystalline domains
was clearly observed by small angle X-ray scattering (SAXS), where
q¼ (4p/l)sin q with the scattering angle 2q and X-ray wavelength l.
No such peak was observed for a recast sample indicating its
amorphous structure. All the three samples were used for the study
of free volume and O2 and H2 permeabilities in the dry state as
a function of temperature. We used NRE212 for the study of water
uptake, free volume and O2 permeability as a function of relative
humidity.

Positron annihilation lifetime (PAL) measurements were per-
formed using a conventional fast–fast coincidence system [38–40].
A positron source (22Na), sealed in a thin foil of Kapton, was
mounted in a sample (stack of films with a total thickness of 1 mm)
– source–sample sandwich. The time resolution of the system was
280 ps (full width at half maximum, FWHM). The PAL spectra
containing 2.5�106 counts were analyzed using the PALSfit
program [41] into three components to deduce lifetime s3 and
intensity I3.

Temperature dependence of free volume was measured by
cooling the samples from 80 to�60 �C and then heating them from
�55 to 75 �C with a step of 10� under vacuum. Before the mea-
surements, we dried all the samples by evacuation for 1 day at room
temperature (w25 �C) and then maintaining them at 80 �C for 10 h
under vacuum. To study the effect of humidity on the free volume
the sample was placed inside a glass container with temperature
controlled to 25 �C and relative humidity controlled between 0 and
100% by adjusting the flowing rate ratio of water saturated wet N2

to dry N2. The relative humidity was measured using a high-accu-
racy humidity sensor. The PAL measurements were repeatedly
performed until the o-Ps parameters for the equilibrium state in the
given relative humidity were obtained.

Water uptake was measured by an MSB-AD-V-FC isothermal
absorption measurement system (BEL Japan Inc.) equipped with
a magnetically floating balance. The membrane was cut into strips
of 2.5 cm wide and 4.0 cm long, put in the balance basket, and then
placed in a stainless steel chamber, where the temperature and
humidity were controlled by flowing N2 humidified to 0–95% rel-
ative humidity at 40 �C. After the membrane was equilibrated with
the humidified gas for at least 3 h, then the sample weight
was measured and the water uptake was calculated in wt.% as



Fig. 2. The o-Ps lifetime s3 as a function of temperature for NRE212, DE2021, and
DE2020. The scale of the right ordinate is the size of the hole deduced from Eqs. (1) and
(2). B: Cooling run, �: heating run.
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(Ww/Wd� 1)100, where Ww is the weight of the wet membrane
and Wd is that of the membrane in the dry state.

Gas permeabilities were measured with a GTR-Tech 30XFST
apparatus equipped with a Yanaco G2700T gas chromatograph by
monitoring the amounts of O2 and H2 that permeated across the
membrane from one side to the other. Temperature dependence of
the permeation coefficients P of O2 and H2 was measured from�30
to 80 �C, whereas the humidity dependence of P was measured for
O2 at 30 �C. Ar and He were used as carrier gases of H2 and O2,
respectively. A 50 mm thick membrane was set in a cell that had
a gas inlet and outlet, where the temperature was controlled. Both
H2 and O2 were supplied at a flow rate of 30 mL/min.

4. Results

4.1. Free volume and gas permeabilities under a dry condition

Table 1 lists the o-Ps lifetime s3, its intensity I3, and free volume
hole size VFV,Ps of dry NRE212, DE2021, and DE2020 at 30 �C, along
with the corresponding data of polytetrafluoroethylene (PTFE). The
free volume sizes for the Nafion samples with IEC¼ 0.92–1.00 meq/
g are ranged from 0.163 to 0.191 nm3 and much smaller than PTFE
with IEC¼ 0 meq/g (0.297 nm3). The difference may be due to the
attractive interaction between the polar sulfonate groups, making
free volume in Nafion smaller than nonpolar PTFE. The o-Ps in-
tensity of Nafion is smaller by a factor of 3 than PTFE, indicating that
the polar groups considerably suppress positronium formation
[42].

Fig. 2 shows temperature dependence of the o-Ps lifetime s3 for
dry NRE212, DE2021 and DE2020. The o-Ps relative intensity I3
(data not shown) varies only slightly with temperature, indicating
that positronium formation does not significantly depend on
temperature. The right hand ordinate of Fig. 2 represents the free
volume hole size quantified by Eqs. (1) and (2). It is seen that the
free volume of all the samples is considerably enlarged by thermal
expansion. For example, the free volume of NRE212 expands from
0.117 to 0.255 nm3 over the temperature range studied. Both
heating and cooling scans show an abrupt change of the thermal
expansion coefficient of the free volume around 20 �C, which may
be attributed to b-transition caused by the glass transition of
Nafion. According to Osborn et al. [43], this glass transition of Hþ

form Nafion is attributed to principally main-chain (backbone)
motions within the framework of a static physically cross-linked
(hydrogen-bonding) network. The b-transition temperature is be-
tween �20 and 20 �C depending on the water uptake [1,43]. It is
interesting to note that DE2020 with higher IEC and smaller free
volume than the other samples exhibits a higher transition tem-
perature. The larger slope above the b-transition temperature for all
the samples suggests that the backbone segmental motions sig-
nificantly contribute to the free volume at high temperatures.

Fig. 3 shows the temperature dependence of O2 and H2 per-
meabilities of dry NRE212, DE2021 and DE2020. It is seen that both
O2 and H2 permeabilities increase by orders of magnitudes with
Table 1
The o-Ps lifetime, its intensity, and free volume hole size obtained by Eqs. (1) and (2)
for dry NRE212, DE2021, DE2020, and PTFE at 30 �C

Samples o-Ps lifetime
s3 (ns)

o-Ps intensity
I3 (%)

Free volume hole
size VFV,PS (nm3)

PTFE (IEC¼ 0 meq/g) 3.83� 0.01 19.43� 0.05 0.297� 0.001
NRE212 (IEC¼ 0.92 meq/g) 2.77� 0.03 6.35� 0.07 0.175� 0.001
DE2021 (IEC¼ 0.92 meq/g) 2.92� 0.03 6.80� 0.06 0.191� 0.001
DE2020 (IEC¼ 1.00 meq/g) 2.66� 0.03 7.04� 0.09 0.163� 0.001

The uncertainties take account of those due to counting statistics. The PTFE sample
was from Goodfellow (FP301400/5). The PTFE data are consistent with the recent
report by Dlubek et al. [44].
increasing temperature from �30 to 80 �C. At all the temperatures
studied, H2 is much more permeable than O2. Although all the
samples show similar tendency in H2 permeation, NRE212 exhibits
a different behavior in O2 permeation from the other two samples
(DE2021 and DE2020) that were recast from solutions at 90 �C. This
observation may be important to those studying polymer electro-
lyte fuel cells because recast films from dispersions are used to
form the catalytic layer with carbon/Pt.
4.2. Water uptake, free volume and O2 permeability as a function of
relative humidity

Variation of water uptake by dried NRE212 with relative hu-
midity at 40 �C is shown in Fig. 4. These data are in good agreement
with those of Zawodzinski et al. [7] for Nafion-117 at 30 �C. From



Fig. 3. Permeabilities of (A) O2 and (B) H2 as a function of temperature for dried
NRE212, DE2021, and DE2020. The straight lines are drawn just for guiding the eyes.

Fig. 4. Water uptake at 40 �C as a function of relative humidity for NRE212.

Fig. 5. The o-Ps lifetime s3 at 25 �C as a function of relative humidity for NRE212. The
scale of the right ordinate is the size of the hole deduced from Eqs. (1) and (2).
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these results, two different regions of water uptake may be dis-
cerned: (I) a region of relative humidity up to 60%, where water
content increases only slightly with increasing relative humidity
and (II) a region of relative humidity above 60%, where a sharp
increase of water content is seen. Region I corresponds to uptake of
water of solvation of the proton and sulfonate ions. Here, the water
in the polymer is engaged in strong interactions with the ionic
components of the polymer, which overcome the strong tendency
of the polymer to exclude water due to its hydrophobic nature and
resistance to swelling. In region II, the hindrance to uptake water is
surmounted since the water in the bathing gas has sufficient
chemical potential [7].

The o-Ps lifetime s3 and free volume hole size VFV,Ps in NRE212 at
25 �C are shown in Fig. 5 as a function of relative humidity. The o-Ps
relative intensity I3 (data not shown) only slightly changes with
relative humidity. In region I, the free volume is essentially un-
changed with relative humidity up to 20%, beyond which there is
a significant increase in the free volume size. In region II (above 60%
relative humidity), the free volume size decreases gradually with
increasing relative humidity.

Fig. 6 displays the change of the O2 permeation coefficient in
NRE212 with relative humidity. The permeability increases sub-
stantially, by a factor of about 5, with increasing the relative hu-
midity from 0 to 25%. In the range between 25 and 90% relative
humidity it gradually increases as a function of relative humidity.
5. Discussion

5.1. Free volume in Nafion probed by the PAL technique

Previous studies of various polymers by the PAL technique
revealed that the free volume is influenced by temperature and
molecular motions associated with various transitions [45–48]. We



Fig. 7. Correlation between the permeabilities of (A) O2 and (B) H2 and reciprocal free
volume hole size for dry samples at different temperatures. The small dashed line in
(A) shows the correlation for relatively flexible chain polymers such as poly-
dimethylsiloxane, polystyrene, polysulfone, polyethersulfone, EVOH, etc. [30].

Fig. 6. Permeability of O2 as a function of relative humidity for NRE212.
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confirmed that this is also the case for dry Nafion from the results
shown in Fig. 2. The effect of IEC summarized in Table 1 is also
understandable by the attractive interaction between the polar
sulfonate groups, which makes the interchain spacing in the
amorphous region smaller in comparison with nonpolar PTFE.
However, the humidity dependence of the free volume in Fig. 5 is
more complicated and requires further discussion.

Muramatsu et al. [30] studied the free volume in EVOH as
a function of relative humidity by the PAL technique. A shallow dip
in free volume size was observed around 30% relative humidity,
which was attributed to the filling of preexisting free volume by
water molecules. At higher relative humidity, where a larger
amount of water was absorbed, free volume was enlarged due to
the plasticization of EVOH by water. The above results agree with
the molecular dynamics (MD) simulation of poly(methyl methac-
rylate) (PMMA) containing water at high temperatures [49], which
showed that the fractional free volume is reduced by a small
amount of water but is enhanced when the water content exceeds
3 wt.%. It was also shown that the diffusion coefficient of N2 can be
well correlated to fractional free volume Vf by Eq. (4) [49].

Our results of NRE212 for region I are similar to the previous
data for EVOH and PMMA [30,49]; the larger water uptake at higher
relative humidity results in significant increase of free volume. In
the case of Nafion this could be attributed to the plasticization ef-
fect of water in the ionic clusters. However, the observed decrease
of the free volume in region II is unexpectedly different from the
previous data for EVOH and PMMA. The gradual decrease of the free
volume with relative humidity may be a result of more positronium
annihilating in the aqueous phase due to large uptake of water. The
lifetime of o-Ps in pure water is approximately 1.8 ns [24] corre-
sponding to smaller free volume than in dry Nafion.
5.2. Correlations between permeability and free volume

Fig. 7 shows the plot of P/T versus 1/VFV,Ps for the permeation of
O2 and H2 in dried NRE212, DE2021, and DE2020 at various tem-
peratures. Reasonably good correlations in line with Eq. (7) are
observed, indicating that the free volume governs the gas perme-
ation in Nafion as in other polymers. Also included in this figure is
a plot of O2 permeability for relatively flexible chain polymers
reported by Muramatsu et al. [30]. Comparison of our data with this
plot reveals much smaller O2 permeability in Nafion for a particular
size of free volume. Similar tendency was observed for O2 and N2

diffusion coefficients in fluorinated poly(amide imide), poly(ester
imide) and polyimide [29,36]. The latter polymers are those of more
stiff chains than the former with flexible backbones or of short
building blocks coupled by a flexible ether link. The present con-
siderations indicate that dry Nafion behaves as a stiff chain polymer
in its O2 permeation, which presumably originates from the pres-
ence of the backbone containing a number of fluorine atoms co-
valently bonded to a carbon atom. The arguments involving stiff
chains in dry Nafion are in agreement with the recent NMR work of
Chen and Schmidt-Rohr [50], according to which this backbone
stiffness can be attributed at least in part to the steric crowding of
fluorine atoms, which are larger than the hydrogen atoms, for ex-
ample, in polyethylene.



Table 2
C and b parameters for O2 and H2 permeation in different samples

Samples C (cm3 cm cm�2 S�1 Pa�1 K�1) b (nm3)

O2 H2 O2 H2

NRE212 5.8� 10�13 4.5� 10�13 0.64 0.43
DE2021 7.5� 10�14 3.5� 10�13 0.44 0.44
DE2020 5.7� 10�14 1.3� 10�13 0.38 0.33
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The C and b parameters obtained by fitting our data to Eq. (7) are
listed in Table 2. The lower values of b for H2 than O2 are reasonable
in view of Eq. (8) and the smaller size (V1(0)) of the H2 molecule.
The diffusion of H2 should be more of the interstitial type and its
diffusion can occur without major free volume fluctuations [29,36].
The difference of the C and b parameters between the as-received
and recast samples, in particular, for O2 permeation may be due to
their different crystallinities. Both the parameters of as-received
NRE212 for O2 permeation are appreciably larger than the other
samples that were recast from solutions. IEC plays a minor role
because the parameters are similar to each other between DE2021
and DE2020. Lee et al. [51] reported that the recast temperature and
crystallinity for the preparation of Nafion film have significant
impacts on its morphology and O2 permeation. The larger b for the
as-received sample indicates that the crystallinity enhances the
minimum free volume required for O2 diffusion. The different C
values between the as-received and recast samples could be related
to different O2 solubilities [51].

The plot of P/T versus 1/VFV,Ps for the permeation of O2 in
NRE212 at different relative humidities is shown in Fig. 8. At low
relative humidities the tendency is analogous to that in the tem-
perature dependence of dry Nafion; the permeability is governed
by free volume VFV,Ps but limited by stiff chains. Between 50 and
60% relative humidities the permeability depends less on free
volume possibly due to reduced solubility [52]. At 60% relative
humidity it starts increasing with decreasing free volume as op-
posed to the free volume theory of permeation. Then the data point
moves toward the upper-right direction and gradually approaches
the correlation for EVOH, indicative of a transition from the stiff
chain to flexible chain behavior. This is consistent with the data in
Fig. 8. Correlation between the permeability of O2 and reciprocal free volume hole size
for NRE212 at different relative humidities. The small dashed line shows the correla-
tion for EVOH with flexible chains [30].
Figs. 4 and 5 suggesting the abrupt change of the state and in-
teraction of water in Nafion at 60% relative humidity. We consider
that large uptake of water itself and its interaction with the side
chains in the amorphous region enhance the overall flexibility of
hydrated Nafion. There is some evidence by nuclear magnetic res-
onance (NMR) that the absorbed water increases the segmental
mobility of Nafion [50]. Interestingly, not only the side chains but
also backbones show additional motional narrowing of the NMR
spectrum in the wet sample. Therefore in highly hydrated Nafion
(above 60% relative humidity) gas permeation is controlled by
molecular motions but not by free volume.

6. Conclusion

We studied free volume and gas permeation in dry and hydrated
Nafion at various temperatures and relative humidities. Free vol-
ume was evaluated from the o-Ps lifetimes and gas permeabilities
were measured for O2 and H2. As evidenced by good correlations
between the permeabilities and free volume, we concluded that the
free volume governs gas permeation in dry and weakly hydrated
Nafion similarly to other polymers. Comparison of the result with
available data for relatively flexible chain polymers showed that the
stiff chains of the perfluoroethylene backbone in Nafion make the
O2 permeability much smaller than the corresponding flexible
chain polymer with a similar free volume size. In highly hydrated
Nafion above 60% relative humidity, where the O2 permeability
increases with the decrease of the free volume size, gas permeation
proved to be controlled by the enhancement of molecular motions
due to larger water uptake.
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