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ABSTRACT
Introduction: Recently, the free-volume hole features of poly(styrene sulfonic acid) (PSSA)-
grafted poly(ethylene-co-tetrafluoroethylene) polymer electrolyte membranes (ETFE-PEMs) have
been studied using positron annihilation lifetime spectroscopy (PALS) to determine the relationship
between gas crossover through a PEM and a fuel cell. As one such series, this work investigates the
source correction in PAL spectroscopic analysis for ETFE-PEM.Method: ETFE-PEMwas prepared by
radiation-induced graft polymerization and subsequent sulfonation. The free-volume hole charac-
teristics of ETFE-PEM with a grafting degree (GD) of 106% were determined using PALS with and
without source correction. Results: After source correction, the original-ETFE and ETFE-PEM strains
exhibited increases in r3 (smaller radius of free-volume holes in the lamellar amorphous regions, the
PSSA grafts, and the interface zones inside the lamellae) and r4 (larger radius of free-volume holes
in the mobile amorphous layers and the PSSA grafts outside of the lamellae). In addition, the full
width at halfmaximum (FWHM) of r3 ismuchgreater than that of r4 due to the rearrangement in the
mobile amorphous region and the polystyrene layers outside the lamellar structure. Conclusion:
Source correction causes a significant change in the distribution curves of r3 for the original-ETFE
and ETFE-PEM. Thus, source correction of positron annihilation lifetime spectroscopic analyses is an
important issue for determining the o-Ps lifetime of polymers, which is near the lifetime of positrons
in source materials.
Key words: Positron annihilation lifetime spectroscopy, ortho-positronium, free-volume hole,
polymer electrolyte membrane, fuel cell

INTRODUCTION
Proton exchangemembrane fuel cells (PEMFCs) have
received much attention for novel power generation
because these devices result in no emission of en-
vironmental pollutants, high energy generation effi-
ciency, low operating temperature, and quick oper-
ation1. PEMFCs can be applied in transportation,
mobile communication equipment, charging stations,
etc.2. Nafion is one of the most common commercial
membranes used for PEMs3–5. However, its limita-
tions, such as high cost and low performance at high
temperature (> 100 ◦C) and low relative humidity
(RH) (RH < 50%), have triggered the development of
alternative membrane materials for PEMs. Recently,
poly(styrene sulfonic acid)-grafted poly(ethylene-
co-tetrafluoroethylene) (EP) electrolyte membranes
(ETFE-PEMs) have been studied intensively to re-
place Nafion because of their competitive price, per-
formance, and durability. Compared with Nafion,
the ETFE-PEM shows greater mechanical strength,

conductance, and microstructural stability under im-
mersed conditions6–9.
Positron annihilation lifetime spectroscopy (PALS)
is a potential method that provides molecular and
nanoscale information on the free-volume hole fea-
tures of materials through the lifetime and annihila-
tion intensity of positron and positronium (Ps) ions.
Positronium is the metastable hydrogen-like bound
state of a positron and an electron. Ps freely has
two intrinsic lifetimes, namely, para-positronium (p-
Ps, singlet state of Ps) and ortho-positronium (o-Ps,
triplet state of Ps). In the singlet state, p-Ps emit two
energetic photons at 511 keV with a typical lifetime
of 0.125 ns in vacuum. In the triplet state, o-Ps has
a self-annihilation lifetime of 142 ns in vacuum and
emits three continuous energies from 0 to 511 keV. In
essence, the lifetime of o-Ps (142 ns) is usually short-
ened to a few nanoseconds (1–10 ns) by picking up a
molecular electron with an opposite spin to that of the
positron (the ”pick-off” mechanism)10,11. Recently,
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free-volume hole features of ETFE-PEM have been
probed by PALS12–14. The PALS of ETFE-PEM was
analyzed using 4 lifetime components. The shortest
lifetime, τ1 ~ 0.125 ns, corresponds to the lifetime of
the p-Ps, the moderate lifetime, τ2 ~ 0.3–0.5 ns, is
the lifetime of the free positron, and the longer life-
times, τ3 and τ4, are attributed to the lifetime of the o-
Ps. The obtained results predicted that gas molecules
passmore dominantly through themobile amorphous
zones and the PSSA grafts outside of the lamellae than
through the inside. Moreover, the free-volume hole
size of the ETFE-PEM is lower than that of Nafion,
leading to less gas passing through the membrane.
However, the above studies did not address in detail
the effect of source correction in positron annihilation
lifetime spectroscopic analysis, although this issue is
quite important, as reported previously15–18. There-
fore, this work studies the effect of source correction
on the PAL spectroscopic analysis of ETFE-PEM.

EXPERLMENTAL
Materials and preparation
Figure 1 shows that the preparation process of ETFE-
PEM consists of two main steps: graft polymerization
and sulfonation. Commercial ETFE films were ob-
tained from Asahi Glass Co. Ltd., Tokyo, Japan, and
had the same thickness of 50 µm. The ETFE films
were irradiated by gamma rays from a 60Co source
with an absorbed dose of 15 kGy under an argon at-
mosphere. The irradiated sampleswere immersed im-
mediately in a styrene solution of toluene at 60 ◦C for
24 h for graft polymerization. These obtained films
were subsequently immersed in a toluene solution at
50 ◦C for 24 h to eliminate the homopolymers and
the residual monomers. Then, a polystyrene-grafted
ETFE film (grafted-ETFE) was obtained. The grafting
degree (GD)was determined by the formulaGD (%)=
100(Wg –Wo)/Wo, whereWo andWg are theweights
of the film before and after graft polymerization, re-
spectively. The grafted-ETFE was then sulfonated
with chlorosulfonic acid in 1,2-dichloroethane at 50
◦C for 6 hours. Themembrane was washed again with
purewater at 50 ◦C for 24 h to obtain ETFE-PEM19,20.
In this study, grafted-ETFEs and ETFE-PEMs with a
GD of 106% were utilized for positron annihilation
lifetime spectroscopic analysis. This GD was selected
because the graft layers are high enough to clearly in-
vestigate the effects of source correction.

PALSmeasurement
PALS measurements were performed using a 22NaCl
(20 µCi) positron source at room temperature under

Figure 1: Synthetic scheme and molecular
structures of ETFE-PEM obtained via radiation-
induced graft polymerization of styrene onto an
ETFE substrate to obtain the grafted-ETFE film
and subsequent sulfonation.

vacuum. Several pieces of identical samples were cut
into 1x1.5 cm2 pieces and stacked with a total thick-
ness of 1 mm to ensure that all annihilation events
occurred within the samples. Before conducting the
PALS measurements, the ETFE-PEM was dried in
a vacuum oven at 40 ◦C for 24 h to remove water
molecules. Figure 2 shows the function and operation
of a photon−photon delay random coincidence spec-
trometer for lifetime detection21,22. When a positron
(Emax = 0.54 MeV) is emitted from a 22NaCl source,
a high-energy gamma-ray of 1.274 MeV is produced
simultaneously and marked as the start signal of the
positron. The positron penetrates, heats, and diffuses
in the sample and then annihilates with an electron to
provide annihilation photons (stop signal). The time
difference between the start and stop signals is spec-
ified as the positron or positronium lifetime. In this
study, source correction was carried out at 372 ps with
a 10% annihilation intensity 23. The PAL spectrum
was combined into (1–3)x106 counts or more to en-
sure statistical support for subsequent analyses. The
analysis was performed by using LT v9 software24.

PALS analysis
In this study, the subnanometer holes in all the sam-
ples are assumed to be spherical. This assumption is
used for many PAL spectroscopic analyses of poly-
mers13. The relationship between the hole radius and
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Figure 2: Experimental diagram for the PALS measurements. The setup included a photomultiplier tube
(PMT), a constant–fraction differential discriminator (CFDD), a fast coincidence unit (FCC), a time–to–
amplitude converter (TAC), a multichannel analyzer (MCA), and a computer (PC).

the lifetime of ortho-positronium trapped in the holes
is shown by the Tao–Eldrup (TE)model, which is rep-
resented by the following formula 10,25:

τi =
1
2

[
1− ri

ri +△r
+

1
2π
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(

2πri

ri +△r

)]−1
(1)

where τ i (ns) (i = 3, 4) is the lifetime component, ri

is the pore radius (nm), and ∆R (≈ 0.166 nm) is the
thickness of the electron layer.
The nanohole volume, Vi, is determined by the equa-
tion 10,25:

Vi =
4
3

πr3
i (2)

In addition, the radius distribution provides impor-
tant information about the distribution features cal-
culated based on the following equation24,26:
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where α i (λ ) is the probability density function of the
o-Ps annihilation rate (λ io) defined through the fol-
lowing formula:
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where λ io is the maximum position of α i(λ )λ and
σ∗

i = σ1 (λ ) is the standard deviation quantity of the
i-th distribution.

The pore volume distribution is also estimated using
the following equation:

g(Vi) = n(ri)/4πr3
i (5)

RESULTS
Figure 3 shows typical decay curves of positron an-
nihilation in the original ETFE, grafted-ETFE, and
ETFE-PEM with a GD of 106%. The PALS of the
original ETFE plot shows at least two slopes with a
decrease at approximately 2 ns. The decay curves of
grafted-ETFE and ETFE-PEM differ from each other
and from that of pristine ETFE. Based on the decay
curve features, the spectra of all the samples were ana-
lyzed using a four-component model, as shown in Ta-
ble 1.
Table 1 shows the positron lifetime (τ i) and intensity
(Ii) (i = 1–4) for the original ETFE, grafted-ETFE, and
ETFE-PEM at a GD of 106% with and without source
correction. For the pristine ETFE, the first compo-
nent (τ1 = 0.170 ns) is attributed to the mean life-
times of para-positronium and free positrons in the
crystalline lamellar region27,28. The value of τ1 is not
significantly changed by the source correction (0.174
ns). The second lifetime component (τ2 = 0.441 ns) is
assumed to be the mean lifetime of the free positron
in the amorphous phases 27. The value of τ2 (0.463 ns
after source correction) is near the correction value
of the source material (0.372 ns), so it significantly
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Figure 3: PAL spectra of the pristine ETFE, grafted-ETFE, and ETFE-PEM samples with a GD of 106%.

changes. The longer lifetimes (τ3 = 1.620 ns and τ4 =
3.556 ns) are attributed to the annihilation of o-Ps in
the free-volume voids in the amorphous lamellar and
interfacial regions (τ3) and themobile amorphous re-
gion (τ4), respectively12. Like for τ2, for τ3 (1.790 ns
after source correction), the value is close to the cor-
rection value of the source material, so the change is
more significant than that for τ4 (3.610 ns). For the
grafted-ETFE film, the values of τ1 and τ2 are similar
to those of the original ETFE film. However, τ3 is as-
signed to the mean lifetime of o-Ps in different amor-
phous phases within the lamella, and τ4 is assigned to
themean lifetime of o-Ps inmobile amorphous phases
and polystyrene layers outside of the lamella 27,28.
Figure 4 shows the distribution curves of hole radii a)
r3 and b) r4 for the original ETFE, grafted-ETFE, and
ETFE-PEM with source correction (solid line) and
without source correction (break line). As shown in
Figure 4a, the hole radius r3 of the original ETFE is
quite symmetrical, and the radius distribution peak
is shifted to a higher position by source correc-
tion. Moreover, the distribution curve of the grafted-

ETFEs shows symmetry and no change in peak posi-
tion. For the ETFE-PEM, the curve features are sim-
ilar to those of the original ETFE, the two peaks are
more separated, and the peak is shifted to a higher po-
sition after source correction. In Figure 4b, the hole
radius distribution r4 for the original ETFE is simi-
lar to that of r3. In the grafted-ETFE and ETFE-PEM
samples, two peaks show symmetry and no change in
peak position.
Figure 5 shows the free hole volume distribution
curves of a) V3 and b) V4 for the original ETFE,
grafted-ETFE, and ETFE-PEM without (solid line)
and with source correction (break line). As shown in
Figure 5a, the distribution curves of both the original
ETFE and ETFE-PEM products show partially sepa-
rated peaks, no symmetry with the presence of tails,
and peak positions that shift to higher values after
source correction. In contrast, the distribution curve
of grafted-ETFEs is quite symmetrical with a small tail
and shows little change in peak position. Figure 5b
shows more symmetry in the distribution curves of
V4 for all the samples, but the peak position shifted to
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Figure 4: Hole radius distributions (r3 and r4) of the original ETFE, grafted-ETFE, and ETFE-PEM with a GD
of 106%with and without source correction.

Figure 5: Hole volumedistributions (V3 andV4) in the original ETFE, grafted-ETFE, and ETFE-PEMwith aGD
of 106%with and without source correction.

a higher value after source correction was applied for
the pristine ETFE sample.

DISCUSSION
The lifetime and annihilation intensity parameters be-
fore and after source correction are shown in Table 1.
It is clear that τ3 and τ4 of grafted-ETFE do not show
the effect of the source correction. In contrast to those
of the grafted-ETFE, the lifetime of the ETFE-PEM
significantly changes in response to source correction,
in which τ3 and τ4 increase from 1.074 and 2.436 to
1.270 and 2.444 ns, respectively. The annihilation in-
tensities I1, I3, and I4 increase in all three samples,
while I2 decreases after source correction. The results
of the distribution curve (Figure 4a) show that the
source correction has an effect on the size of the free
hole radius in the amorphous lamellar region, most

clearly in the original ETFE and ETFE-PEM. Like in
Figure 4b, according to the obtained results, the hole
radius in amorphous lamellae but not inmobile amor-
phous phases or polystyrene layers outside the lamel-
lar regions is strongly affected by source correction.
Table 2 shows the r3, r4, FWHM(r3), and FWHM(r4)
values for the original ETFE, grafted-ETFE, and
ETFE-PEM without and with source correction. The
pore sizes r3 and r4 obtained from the distribu-
tion curves are consistent with those calculated us-
ing the Tao–Eldrup equation. The FWHM(r3) and
FWHM(r4) values of the original ETFE and ETFE-
PEM increase after source correction, which is sim-
ilar to the changes in the corresponding r3 and
r4 values. Moreover, the FWHM(r4) is much lower
than the FWHM(r3). The result can be elucidated
from the fact that the amorphous lamellar region
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is stiffer and less mobile than mobile amorphous
phases and polystyrene layers outside of the lamel-
lar structure, which can be rearranged, resulting in
a smaller FWHM(r4)12,13. Table 3 presents the V3,
V4, FWHM(V3), and FWHM(V4) values. The hole
volume distributions of V3 and V4 obtained from
the distribution curves are also in agreement with
those calculated using the Tao–Eldrup equation. The
FWHM(V3) and FWHM(V4) values of the original
ETFE and ETFE-PEM increase after the source cor-
rection, which is similar to the changes in the corre-
sponding V3 and V4. Moreover, the FWHM(V4) is
much lower than the FWHM(V3), which is similar to
the FWHM(r3) and FWHM(r4) values, as shown in
Table 2. Thus, the same mechanism can be proposed
for this result.

CONCLUSION
Positron annihilation lifetime spectroscopic analyses
were performed to observe the effect of source correc-
tion for the original ETFE, grafted-ETFE, and ETFE-
PEM with a GD of 106%. r3, r4, FWHM (r3), and
FWHM (r4) of the original ETFE and ETFE-PEM
but not the grafted ETFE increase after source cor-
rection. Similar results are also obtained for V3, V4,
the FWHM (V3), and the FWHM (V4). Interest-
ingly, the FWHM (for r4 and V4) was much lower
than the FWHM (for r3 and V3). This result indi-
cates that the amorphous lamellar region is lessmobile
than the amorphous phases and polystyrene layers lo-
cated outside of the lamellar structure; additionally,
the amorphous lamellar region can be rearranged,
leading to smaller FWHM values (r4 and V4). Note
that source correction significantly influences the dis-
tribution curves of r3 and V3 of the original-ETFE
and ETFE-PEM.This result suggested that source cor-
rection during positron annihilation lifetime spectro-
scopic analyses is an important issue for determining
the o-Ps lifetime of polymers, which is near the life-
time of the positron in the source materials.

LIST OF ABBREVIATIONS
ETFE: Poly(ethylene-co-tetrafluoroethylene)
ETFE-PEM: Polystyrene Sulfonic Acid (PSSA)-
Grafted Poly(ethylene-co-Tetrafluoroethylene)
Polymer Electrolyte Membranes
FWHM: Full width at half maximum
GD: Grafting degree
grafted-ETFE: Polystyrene (PS)-Grafted
Poly(ethylene-co-Tetrefluoroethylene) Polymer
Electrolyte Membranes
o -Ps: Ortho-Positronium

PALS: Positron Annihilation LifeTime Spectroscope
PEM: Polymer electrolyte membrane
p-Ps : Para-Positronium
Ps: Positronium
PSSA: Polystyrene Sulfonic Acid
RH: Relative humidity
TE: Tao-Eldrup
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