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Abstract—Poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP) film was homogeneously and highly grafted by
styrene monomer under simultaneous irradiation with an electron beam, whereas preirradiation with an electron beam
was insufficient to accomplish a high degree of grafting without activation of the styrene monomer. Following its sub-
sequent sulfonation, the styrene-grafted FEP film exhibited considerably higher values of both the IEC and IC and less
methanol crossover than the Nafion membrane. The grafting of styrene onto the FEP polymer is thought to be initiated
by the abstraction of F atoms from the CF; groups in the polymeric structure. It was estimated that two sulfonic acid
groups can be attached to the benzene ring of one styrene molecule. The profile of sulfur across the FEP film, which
is related to the concentration profile of sulfonic acid groups inside the styrene-grafted FEP film, became more and
more homogeneous over a period of several hours, due to the step by step diffusion of monomers into the film, even-
tually showing a high IC value of 0.25 S/cm in the case of the 125 um thick FEP film, whereas Nafion 117 (125 um

thickness) exhibited an IC value of 0.12 S/cm.
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INTRODUCTION

DMEFCs (direct methanol fuel cells) or PEMFCs (proton elec-
trolyte membrane fuel cells), which are types of PEFCs (polymer
electrolyte fuel cells), can be used for the generation of electric power
with methanol or hydrogen as a fuel, respectively. In recent years,
it has been suggested that in the future PEFCs will become one of
the most attractive sources of clean energy in automobile, distrib-
uted power, and portable power applications [1,2]. Several kinds of
fluorinated polymers have been used as the basic polymers for man-
ufacturing fuel cell membranes, of which DuPont’s Nafion mem-
brane is typically used as the polymer electrolyte membrane (FEM)
in PEMFCs, because of its excellent chemical and mechanical stabil-
ity, as well as its high proton conductivity [3]. However, Nafion
membranes have some disadvantages [4] such as their high cost,
low operating temperature and high methanol permeability when
used in DMFCs [1,5-7]. The membranes used in PEFCs should ex-
hibit good features in terms of several properties such as their ion
conductivity, thermo-chemical stability, mechanical strength, and
anti-permeability of fuel through the membrane [3]. Dupont Co.
started developing Nafion membranes in 1968 and the most recent
version, Nafion 120, has a lifetime of up to 60,000 hours at an op-
erating temperature of 80 °C [1]. It has been found that the metha-
nol crossover in a direct methanol fuel cell (DMFC) causes the poi-
soning of the novel metal catalysts at the cathode [8], resulting in
the lowering of the performance of the fuel cell. In the near future,
in order to successfully commercialize PEFCs, a low-cost manu-
facturing method needs to be developed. One possible method may
involve the use of radiation technology with an accelerated electron
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beam for the grafting process in the manufacture of the membrane.
Usually, fluorinated polymers have good resistance to chemical and
thermal attack and are sensitive to radiation [9], which may allow
the utilization of radiation energies, such as an electron beam and
gamma rays, for the grafting of functional monomers onto the poly-
meric chains. Several kinds of fluorinated polymers such as FEP
[10-12], PTFE [13,14], and ETFE [15] have been tested for the pur-
pose of manufacturing fuel cell membranes. The grafted polymers
should be sulfonated in order to introduce sulfonic acid groups into
the polymeric structure, causing them to exhibit the hydrophilic
polarity of SO; in aqueous solution, which makes it possible to trans-
fer protons from the anode to the cathode through such a mem-
brane. The electron beam radiation process is known to be eco-
nomical, due to its high production rate and high power efficiency.
Moreover, this process allows the properties of polymers to be diver-
sified through the grafting process with controlled dosages and the
usage of functional monomers. Electron beam radiation makes it
possible to homogeneously graft styrene monomer inside a film,
initiating the grafting at the surface of film and propagating it inside
the film.

Gamma rays or electron beams can be irradiated by two methods,
preirradiation and simultaneous irradiation. Scherer et al. [11,12,16-
18] used gamma radiation technology for the grafting of styrene
onto FEP films by means of preirradiation or simultaneous irradia-
tion under various experimental conditions. In their studies, the rad-
icals generated on the FEP film could be preserved for about twenty
hours with the preirradiation process and fifteen hours with the si-
multaneous one, and the grafting yield increased proportionally with
the irradiated dosage. This paper studies the potential of FEP film,
which is modified by the grafting of styrene monomer with two
kinds of electron beam irradiations, i.e., preirradiation and simulta-
neous irradiation, to be used as a fuel cell membrane. The proper-
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ties of these two types of manufactured films are compared in order
to determine which has the more homogeneous grafting. Also, this
study examines the mechanisms of both grafting and sulfonation
in detail using FT-IR analysis, and the effect of the sulfur profile
across the FEP film on the values of the IC. This study allows us
to estimate the effect of the methanol crossover on the degree of
grafting, as compared with that of Nafion membranes.

EXPERIMENTAL SECTION

1. Materials

FEP films with thicknesses of 75 and 125 wm were purchased
from Dupont Co. and were used as a base polymer for the manu-
facturing of PEM. Styrene monomer of reagent grade (Aldrich Co.)
was used without further purification. Chlorosulfonic acid and dichlo-
romethane used for sulfonation were of reagent grade (Kanto Chem-
ical) and were also used without further purification. Methanol for
the crossover test was of reagent grade (Aldrich Co.).

2. Grafting of Styrene Monomers onto FEP Film

The FEP film was cut into specimens with dimensions of 15x40
mm and cleaned with acetone for 24 hours and then dried at 80 °C
for several hours. Two irradiation methods, preirradiation and si-
multaneous irradiation, were adopted for the grafting of styrene onto
the FEP films. In the preirradiation method, the FEP film was placed
inside a vinyl bag filled with nitrogen gas and irradiated by an ac-
celerated electron beam, and then the irradiated film was immersed
in styrene solution within one minute, thereby allowing the graft-
ing to proceed under nitrogen degassing conditions and at a con-
trolled temperature.

In the simultaneous irradiation method, the FEP film was put in
a glass reactor filled with styrene solution to a depth of less than
2 mm, where a depth of styrene of 2 mm is nearly equal to the ef-
fective penetration depth for energy of 0.7 MeV. The electron beam
was irradiated onto both the styrene and FEP film, and the FEP film
was grafted by styrene in a dry oven at a controlled temperature.
The electron beam accelerator used has a maximum beam energy
of 0.7 MeV and maximum beam current of 35 mA (ELV-0.5, BINP
in Russia).

To remove possible homopolymers, the grafted FEP film was
boiled in toluene solution for two hours, followed by washing sev-
eral times in cold toluene, and finally drying at 80 °C for around
eight hours.

The degree of grafting was estimated by measuring the differ-
ence in weight before and after grafting with the following equation:

The degree of grafting= WWLW”X 100

where, W, and W, are the weights of the grafted film and the virgin
film, respectively.
3. Sulfonation of Grafted FEP Film

To impart conductivity of the protons, which were produced at
the anode of the electrodes, to the FEP film grafted by styrene, the
grafted film was sulfonated by boiling it with 0.2 M chlorosulfonic
acid diluted by dichloromethane at 60 °C for 8 hours in a glass flask
with a condenser. After sulfonation was accomplished, the film was
hydrated by washing it several times with distilled water, and was
then stored in deionized water.

The degree of sulfonation was estimated by measuring the differ-
ence in weight before and after sulfonation with the following equa-
tion.

The degree of sulfonation= W"W;Wx 100

g
where, W, and W, are the weights of the grafted film and the sul-
fonated film, respectively.
4. Structural and Thermal Analysis of Modified FEP Film

The structure of the grafted FEP film was analyzed by FT-IR
(Jasco460++, Japan Spectroscopic Co., LTD), where each sample was
scanned thirty two times and the values averaged.

The thermal degradation of the grafted and sulfonated FEP film
was measured by TGA (TGA2050 Thermogravimetric, T.A. Instru-
ment) at a rate of 10 °C/min from room temperature to 800 °C under
N, gas.

5. Measurement of Ion Exchange Capacity (IEC) and Ion Con-
ductivity (IC)

The ion exchange capacity (IEC) [3] was measured by using the
following procedure. First, the sulfonated FEP membrane is im-
mersed in a saturated NaCl solution and equilibrated for several
hours to exchange the H' ions in the sulfonic acid groups with Na*
ions. The equilibrated solution is titrated with 0.1 N NaOH solution
with an acid-alkaline neutral titration, wherefrom the IEC of the
FEP membrane can be estimated by the following equation.

0.1XVyon

IEC (mmol/g) = W
d

where V., is the volume of NaOH solution consumed by titra-
tion and W,, is the dry weight of the sulfonated FEP membrane.

The hydrogen proton conductivity (IC) of the FEP membrane is
estimated by measuring its impedance in a 100% humidity envi-
ronment by using AC impedance spectroscopy (IM6, ZAHNER)
with the following equation.

L

IC=%A

where L, R and A are the distance between the two electrodes, the
resistance and the area of the FEP membrane, respectively.
6. Measurement of Sulfur Profiles Across the Sulfonated FEP
Film

The sulfur profile across the sulfonated FEP film was determined
by energy dispersive X-ray analysis (EDS) with a scanning electron
microscope (SAM, S-4200, Hitachi). The film was cut transversely
by a razor blade, and then the cut section was positioned with epoxy
resin and coated by Pt-sputtering. The sulfur contents were meas-
ured at seven points across the cross-section of the film, including
both the surfaces and center. The sulfur content in the film is the
relative weight % on the basis of the F, C and S atoms
7. Measurement of Methanol Crossover

The methanol crossover in the sulfonated FEP membrane was
evaluated by measuring the amounts of methanol transferred toward
opposite side across the FEP film. Two glass bottles each with a
volume of 200 ml were filled with 5 wt% methanol and distillated
water, respectively, and the FEP film was positioned at the joint be-
tween the two bottles. The methanol concentration on the pure water
side was measured by a gas chromatograph (GC-9A, Shimadzu
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Co.) with an FID detector. The column material was Porapak Q
(80-100 mesh, Waters Co.), operated at 120°C under H, carrier gas.

EXPERIMENTAL RESULTS AND DISCUSSION

1. Grafting of Styrene onto FEP Film with Preirradiation and
Simultaneous Irradiation Methods

In this study, the ability of preirradiation with an electron beam
to graft styrene onto the FEP film without degassing the monomer
with nitrogen or argon was very poor, regardless of the irradiated
dosage, reaction time, and solution temperature. On the other hand,
the degassing of the styrene solution with argon gas enabled a slight
degree of grafting of the styrene monomers onto the FEP film, as
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Fig. 1. Degree of grafting versus grafting time with several dos-
ages (A) and versus grafting temperature (B) under preir-
radiation of electron beam (grafting temperature in (A):
26 °C; irradiated dose in (B): 100 kGy).
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Photo 1. Surface images of the FEP films grafted by means of pre-
irradiation (A) and simultaneous irradiation (B), where
the degrees of grafting: A-1=3.2%; A-2=7.3%; A-3=14.3%;
B-1=12.9%; B-2=30.3%; D=62.1%.
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shown in Fig. 1. The degree of grafting at room temperature was
very low, regardless of the irradiated dosage in the range of 5 to
50 kGy (A); however, it became much higher as the grafting tem-
perature was increased (B). At a dosage of 100 kGy and 3 hours of
grafting, the degrees of grafting were 0.1% at 30 °C, 7.6% at 40 °C
and 18.2% at 60 °C. The preirradiation method induces both a local
and heterogeneous distribution of the styrene molecules grafted on
the FEP film, as shown in Photo 1(A). This kind of FEP film is likely
to be improper for fuel cell membranes, giving rise to low trans-
portation of protons through the membrane.

On the other hand, the simultaneous irradiation method produced
a high degree of grafting and highly uniform distribution of styrene
(Photo 1(B)). Fig. 2 shows that the degree of grafting under simul-
taneous irradiation is dependent on the grafting temperature: with a
dosage of 50 kGy and 5 hours of grafting, the degree of grafting
reached 19.2% at 30 °C, increasing slowly with grafting time, and
reached 59.9% and 51.4% at 45 °C and 60 °C, respectively. The de-
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Fig. 2. Degree of grafting versus grafting time at several grafting
temperatures and 50 kGy under simultaneous irradiation
of electron beam.
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Fig. 3. Degree of grafting versus grafting time at several dosages
under simultaneous irradiation of electron beam (grafting
temperature: 60 °C).
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gree of grafting at 60 °C was lower than that at 45 °C after 3 hours
of grafting, even though a higher temperature leads to a faster grafting
rate in the early stage of grafting. This arises from the fact that al-
though the amount of radicals formed by radiation is proportional
to the irradiated dosage, the radicals formed disappear faster at a
higher grafting temperature. Fig. 3 shows that increasing the irradi-
ation dose considerably increases the grafting rate; for example, at a
grafting temperature of 60 °C the final grafting values at the irradi-
ated dosages of 10 kGy, 30 kGy, 50 kGy, and 100 kGy are 34.1%,
43.1%, 52.2% and 64.9% after several hours of grafting, respec-
tively. In contrast to the preirradiation method, simultaneous irradi-
ation allowed the FEP film to be homogeneously grafted by the sty-
rene monomers, as shown in Photo 1(B).

Irradiation with an electron beam can form several kinds of rad-
icals on polymer chains, in this case leading to a wide distribution
of surface energies on the FEP film. In the preirradiation method,
where a low and heterogeneous degree of irradiation is achieved, it
is estimated that the electron beam may not cause FEP to be ac-
tivated well, probably due to its radiation stability. On the other
hand, simultaneous irradiation can activate both the polymer and
monomer, even though the activation of the irradiated FEP may be
low and heterogeneous. This can result in the more homogeneous
and higher grafting of the FEP film with the activated monomers
compared to the preirradiation method, regardless of the wide distri-
bution of surface energies on the irradiated film. It is estimated that
homogeneous grafting on the surface of FEP in the early stage of
grafting is very important to achieve uniform grafting inside the
film, eventually leading to the manufacture of a high performance
fuel cell membrane.

2. FT-IR Spectra of Grafted FEP Films and Grafting Mech-
anism

The structural features of fluorine polymers grafted with styrene
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Fig. 4. Changing of FT-IR spectra in FEP films grafted at several
dosages ((a): virgin film; (b)-(i): grafted FEP film with graft-
ing degrees of 7.7%, 12.5%, 19.5%, 32.1%, 44.3%, 47.8%,
53.8% and 58.7%, respectively).

monomer have generally been examined by means of FT-IR spec-
troscopy [19], but many different grafting mechanisms have been
proposed, including different radical species formed on the mono-
mer and polymer and different bonding positions between the mono-
mer and polymer molecules. Fig. 4 shows the FT-IR spectra of the
virgin and grafted FEP films. The spectra of the grafted styrene are
characterized by the appearance of new bands at around 3,200-3,000"
and 1,492 cm™ due to the stretching vibrations of =C-H and the skel-
etal C=C of the benzene ring, respectively. Also, absorption bands
due to the aliphatic CH, (sp®) group in styrene appeared at 2,924
cm™' (-CH), 2,850 cm™ (-CH,) and 1,452 cm™ (-CH,), and all of
these peaks for styrene tend to increase with increasing degree of
grafting. It was found that the stretching vibration of C=C at 1,634
cm™' corresponding to the aliphatic group of the styrene monomer
disappeared during grafting, regardless of the degree of grafting.
This means that the C=C bond formed on the aliphatic group of
styrene combines with the polymer chain, resulting in the disap-
pearance of the peak for the C=C bond.

Next, we examined what kinds of molecular structure on the poly-
mer chain in FEP can combine with the styrene molecule. The spec-
tra (a)-(i) in Fig. 4 show a sharp peak at 982 cm™' due to the C-F
stretching vibration of the CF; group on FEP and a broad band at
1,150-1,250 cm™" due to the stretching vibration of the CF, groups
in the original FEP polymer. Especially, the intensity of the peak at
982 cm™ for the CF, group tends to decrease markedly with increas-
ing degree of grafting till around 20% ((a)~(d)), whereas when the
degree of grafting exceeds 40% the size of the peak remains fairly
constant ((f)-(i)). This indicates that in the early stages of grafting
the styrene molecules combine mainly with the -C-F, radicals which
are formed by abstracting F atoms from the CF; groups, and thereaf-
ter the C-F, radicals that are formed may be mostly used for graft-
ing, resulting in the homo-polymerization of the styrene monomers.

Meanwhile, without the existence of the styrene monomer, the
sharp peak at 982 cm™' (C-F stretching vibration of the CF; group)
does not change regardless of the irradiated dosage, as shown in
Fig. 5. This means that, even though the F atoms in the CF; group
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Fig. 5. FT-IR spectra of the virgin FEP films after being irradi-
ated in air and N,.
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Fig. 6. Schematic mechanism during grafting of styrene onto FEP polymer.

can be abstracted by electron beam irradiation, the F radicals formed
cannot be consumed, since there is no monomer available for graft-
ing. In the presence of the styrene molecules, the H radicals abstracted
from the aliphatic group (CH,=CH-) in styrene combine with the F
radicals abstracted from the CF; group, probably forming hydro-
gen fluoride.

This study shows that the styrene molecules grafted on the FEP
film are hardly removed by boiling in toluene for 48 hours, show-
ing only 1.6% weight loss. This means that the styrene monomers
grafted onto the FEP film can be homo-polymerized to a small ex-
tent even in the simultaneous irradiation process. This study also
found that a pure styrene solution is able to be home-polymerized
only by electron beam irradiation. However, the amount of poly-
merized styrene was less than 1 wt% at 50 °C after three hours, with
the degree of polymerization increasing with increasing dosage and
the average molecular weight negligibly varying around the average
value of 30,000.

From the above considerations, the possible mechanism for the
grafting of the styrene molecules onto the FEP polymeric chains is
shown in Fig. 6. In the first stage, the electron beam irradiation on
both the styrene and FEP film produces radicals, with ‘C-F, radi-
cals being formed by the abstraction of F atoms from the CF, groups
and C radicals being formed by the abstraction of H atoms from
the C-C=H moiety in the aliphatic group of styrene; these two radi-
cals eventually combine to graft onto the FEP polymeric chains with
HF gas being produced from the abstracted H and F atoms. As men-
tioned above, in the first stage, the grafting process may be domi-
nant and then homo-polymerization follows.

3. Sulfonation of Styrene-grafted FEP Film

In order to use it as a fuel cell membrane, the styrene-grafted FEP
film should be sulfonated by chlorosulfonic acid to form SO;H groups
on the grafted styrene. As mentioned in another research paper [20],
Fig. 7 shows that the degree of sulfonation is proportional to the
degree of grafting.

The number of sulfonic acid groups attached to one molecule of
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Fig. 7. Degree of sulfonation and R factor versus degree of graft-
ing, where the grafting temperature and irradiated dose un-
der simultaneous irradiation are 45 °C and 50 kGy, respec-
tively.

styrene, which is referred to as the ‘R factor’, can be estimated from
the degree of grafting (G) and the degree of sulfonation (S) by using
the following equation:

104.06-S(1+0.01G)

R==T0622°G

As shown in Fig. 7, the R values decrease with increasing degree
of grafting, ranging from 1.32 at 2.5% grafting to 0.89 at 56.2%
grafting, with a value of less than 1.0 being observed at around 25%
grafting. This indicates that, at a low degree of grafting, more than
one sulfonic acid group can attach to one styrene molecule; how-
ever, at a high degree of grafting all of the grafted styrene mole-
cules may not be substituted by sulfonic acid groups, probably due
to steric hindrance between the sulfonic acid groups attached to the
highly-crowded styrene molecules [20]. At this point, it is believed
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Fig. 8. TG-DTA spectra of the virgin FEP films irradiated (a),
grafted (b), and sulfonated (c), where irradiated dose in (b)
and (c) is 50 kGy.

that two sulfonic acid groups can attach to one benzene ring of sty-
rene, for example, the ortho- and para-positions, at a low degree of
grafting.
4. Thermal Properties of Grafted/Sulfonated FEP Film

As shown in Fig. 8(A), the TGA spectra of the irradiated virgin
FEP film are almost the same, regardless of the irradiated dosage,
indicating the complete decomposition of FEP at around 600 °C.
This means that the FEP polymer has high radiation stability with-
out undergoing any change of its structure, likely in the FT-IR spec-
tra of the radiated virgin FEP film as shown in Fig. 5. On the other
hand, as shown in other studies [8,20-22], the decomposition of the
styrene-grafted FEP film (Fig. 8(B)) tends to shift to a lower tem-
perature, and an additional decomposition peak appears at around
400 °C due to the decomposition of the grafted styrene. The lower-
ing of the decomposition temperature related to the virgin FEP may
arise from the irreversible change of its FEP, where an F atom is
subtracted from the CF; group in FEP, eventually forming HF dur-
ing grafting, as indicated by the FT-IR spectra. In the sulfonated
FEP film (Fig. 8(C)), a large decrease of the size of the decomposi-
tion peak at around 400 °C was caused by decreasing the amount
of the grafted styrene due to the sulfonation of the grafted styrene
molecules. On the other hand, another decomposition peak appears
largely at around 250 °C. It is estimated that the peak cannot arise
from the removal of only the sulfonic acid groups as mentioned by
other papers [20-22], because the size of the decomposition peak at
around 400 °C could not be largely decreased if the sulfonic acid
groups were removed from the grafted styrene molecules at 250 °C.
Therefore, this indicates that styrene combined with the sulfonic
acid group was separated from the FEP chain rather than the sul-

fonic acid group separating from styrene, probably due to the weak-
ening of the chemical bonding between the styrene molecules and
FEP chains through the sulfonation process.

This study shows that the grafting of styrene onto FEP chains
can decrease the thermal stability of FEP, and that sulfonation can-
not further change the thermal stability of FEP, but that it does have
an effect on the thermal stability of the grafted styrene. Even though
the thermal stability of the sulfonated FEP is much lower than that
of the virgin FEP, the manufactured FEP membrane can be used
because it is thermally stable at around 100 °C, which is the normal
temperature for the operation of both proton exchange membranes
(PEMs) and direct methanol fuel cells (DMFCs).

5. Methanol Crossover of FEP Membrane

The hydrophobic property of FEP can be changed to hydrophilic
through the sulfonation of the styrene-grafted FEP film, thereby in-
creasing its water-uptake [11,20]. The sulfonic acid group (SO;H)
in the sulfonated FEP film can be easily dissociated to SO; and H"
ions in aqueous solution. Such a sulfonated FEP film can be largely
swelled in aqueous solution, resulting in methanol crossover through
the membrane in a DMFC. Also, the methanol crossover can de-
pend on such factors as the membrane thickness, methanol con-
centration, and operating temperature. Thinner membranes give rise
to lower electrical resistances in the cell, but tend to have a higher
methanol crossover. A higher concentration of methanol as well as
a higher temperature in the cell increases the permeability of meth-
anol through the membrane [23,24]. At the cathode, methanol causes
amixed potential due to the interference of methanol oxidation with
the oxygen reduction reaction, resulting in a decrease in the cell per-
formance [25].

Fig. 9 shows that the methanol crossover in the FEP membrane
is much more highly suppressed than in Nafion 125 (film thick-
ness of 125 wm). The methanol crossover in Nafion 125 starts after
about one hour with 5 wt% methanol in water. On the other hand,
even though the crossover in the FEP membranes is significantly
dependent on the degree of grafting, the crossover in the FEP mem-
branes with degrees of grafting of 52.6%, 29.4% and 19.2% starts
after about 4, 18 and 22 hours, respectively. Since a higher degree
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Fig. 9. Effects of the degree of grafting on the methanol crossover
across the sulfonated FEP film, where initial concentration
of MeOH is 5 wt%.
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of grafting can give rise to a higher degree of sulfonation, those mem-
branes with a higher degree of grafting are likely to swell more in
aqueous solution. Actually, a low concentration of methanol can be
preserved at the anode with the proper concentration of methanol,
because the methanol is catalytically dissociated into CO, and H
ions at the anode in the case of a fuel cell electrode with a platinum
catalyst, thereby limiting the methanol crossover.
6.Ion Exchange Capacity (IEC) and Proton Conductivity (IC)
Since the sulfonic acid group (SO;H) attached to the styrene mole-
cules is dissociated into SO; and H™ in aqueous solution, the IEC
has a direct relation to the degree of sulfonation. Assuming that one
styrene molecule grafted on the chains of FEP will affix one sul-
fonic acid group and that the number of moles of H" ions is equiva-
lent to the number of moles of grafted styrene, which means that
all of the grafted styrene molecules are sulfonated, the theoretical
value of the IEC can be expressed as the number of moles of H"
ions per dry weight of sulfonated FEP [26].

9.62G

IEC (mmol/g) = m

Fig. 10 shows that the IEC value increases with increasing degree
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Fig. 10. Effect of grafting degree on the ion exchange capacity of
the sulfonated FEP film.

of grafting, since the degree of sulfonation increases with increas-
ing degree of grafting, as shown in Fig. 7. All of the measured values
of the IEC are lower than the theoretical ones, due to insufficient
sulfonation. The IEC value of the commercialized Nafion 117 is
0.9 mmol/g, which is much lower than that of the FEP membrane
manufactured in this study. The IEC of the FEP membrane with a
degree of grafting of around 15% is equal to that of Nafion 117 and
the FEP membrane with a degree of grafting of 66.8% exhibits a
high IEC value of 2.55 mmol/g.

Compared to the IEC, the ion conductivity (IC) is a more direct
barometer to estimate the performance of FEP membranes in fuel
cells, because the IC value is directly determined by the amount of
protons transported through the membrane, whereas the IEC value
is only related to the total amount of sulfonic groups existing in the
bulk FEP film, regardless of their distribution across the membrane.
The IC values may be dependent on the distribution of sulfonic groups
across the FEP film, as will be considered in more detail later. This
can be confirmed from the difference in the values of IEC and IC
for two membranes with different thicknesses, 75 wm and 125 pum,
as shown in Table 1. Their IEC values are likely to be dependent
merely on the degree of grafting, regardless of the film thickness,
whereas the IC values are strongly dependent on the film thickness
as well as the degree of grafting. The thinner film tends to have a
higher IC value when comparing two films with an equal degree
of grafting. For example, the IC value of the film with a thickness
of 75 um and degree of grafting of 23.5% is 0.21 S/cm, whereas
that with a thickness of 125 um and degree of grafting of 34.0% is
0.18 S/em, which is less than that of the former in spite of its higher
degree of grafting. The IC values of films with a thickness of 75 um
at a degree of grafting of 56.1% and a thickness of 125 pum at a degree
of grafting of 59.2% are 0.27 S/cm and 0.25 S/cm, respectively. In
the case of the Nafion membranes with film thicknesses of 25 um
(111), 50 um (112) and 125 um (117) in Table 1, the IC values also
decrease with increasing film thickness. One of the reasons why
the IC is dependent on the film thickness is that the film resistance
on the ion conductivity is proportional to the film thickness.

7. Sulfur Profile Across the Sulfonated FEP Film

The sulfur profiles in the sulfonic acid group across the sul-
fonated membrane may play an important role in the performance
of the fuel cell. Some studies [11,14,27] show the sulfur profiles

Table 1. Degree of grafting, IC, and IEC for Nafion and FEP membranes

Samples Thickness (um) Degree of grafting (%) Monomer IC (Sem™) IEC (mmol/g)
Nafion 111 25 - - 0.27 -
Nafion 112 50 - - 0.15 -
Nafion 117 125 - - 0.12 0.9

FEP-1 75 23.5 Styrene 0.21 1.52
FEP-2 75 54.7 Styrene 0.25 2.30
FEP-3 75 55.1 Styrene 0.26 2.29
FEP-4 75 56.2 Styrene 0.27 2.40
FEP-5 75 58.1 Styrene 0.27 242
FEP-6 125 123 Styrene 0.15 0.79
FEP-7 125 34.0 Styrene 0.18 1.63
FEP-8 125 59.2 Styrene 0.25 2.40
FEP-9 125 66.8 Styrene 0.25 2.55
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Fig. 11. Concentration gradient of sulfur (S) in the sulfonated FEP
film at film thicknesses of 75 um (a) and 125 um (b).

across the sulfonated membranes; however, little attention has been
devoted to the effect of the sulfur profiles on the IC values. The sul-
fur profile across the film was measured by energy dispersive X-
ray analysis (EDS) with a scanning electron microscope. Fig. 11 in-
dicates that the grafting is initiated at both surfaces of the film and
then propagates toward the inside of the film. In the case of the FEP
film with a thickness of 75 um (Fig. 11a), the degree of grafting
reaches 23.5%, 54.7%, and 56.2% after one hour, two hours, and
five hours, respectively. The sulfur profile at a degree of grafting of
23.5% is concentrated around the surface and tends to penetrate
toward the center of the film as the grafting time increases, leading
to an almost homogeneous profile after two hours of grafting.

It took more time for the styrene grafted in the thicker film to
propagate into the center of the film. After one hour of grafting, the
125 um thick FEP film has a degree of grafting of only 12.3%, be-
cause small amounts of styrene are grafted over the entire film
(Fig. 11b), showing a similar sulfur profile to the 75 um thick FEP
film with a degree of grafting of 23.5%. After two hours of grafting,
the degree of grafting of the 125 um thick FEP film reaches 34.0%,
showing much lower grafting than the 75 um thick FEP film (54.7%)
at an equal grafting time. Both the 75 um and 125 um thick films
are likely to reach their ultimate values of grafting within five hours.

A comparison of Fig. 11 and Table 1 indicates that the sulfur pro-
file can have a more direct effect on the IC value than the degree
of grafting, with a high IC value being observed in the case of a
homogeneous distribution of sulfur inside the film. The dependence
of the sulfur profiles across the film on the grafting time shows that
the grafting of styrene onto the FEP chains begins at the surfaces
of the film under electron beam irradiation, and subsequently the
grafting is propagated step by step towards the inside of the film,
with a long time being required to achieve a homogeneous profile
of sulfur with a high concentration of sulfur at the center of the film.
On the other hand, this study found that the styrene monomer is
unable to penetrate into the FEP film even after seven days. This
means that the grafting of styrene as well as the possible homo-poly-
merization of the styrene monomers are capable of swelling the poly-
meric structures inside the film, so that the styrene molecules can

easily penetrate inside the film, allowing them to subsequently graft
onto the polymeric chains of FEP.

From this study, it can be inferred that the simultaneous irradia-
tion with an electron beam can generate sufficient radicals on both
the styrene monomer and polymer chains, and this can initiate graft-
ing at the surface of the FEP film and propagate grafting inside the
FEP film under the continuous supply of radical type styrene mono-
mers through the diffusion layer of swelled polymeric structures
[12]. After the irradiation of the electron beam, the polymeric chains
already contain many radicals, which may cause the radicals and
electrons to be trapped in the polymeric chains for a long time, be-
cause the grafting procedure could last for several hours. There-
fore, the styrene molecules that diffuse into the polymeric chains
can be grafted with the trapped radicals.

CONCLUSIONS

We used the simultaneous irradiation method with an electron
beam to manufacture PEM with a comparably high IC value for
use in fuel cells, and the experimental results can be summarized
as follows:

1. In the initial stage of grafting, the simultaneous irradiation of
the electron beam could distribute uniform spots for grafting over
the entire FEP film, whereas the preirradiation of the electron beam
gave only locally distributed spots for grafting. In this way, the si-
multaneous irradiation method gave rise to a high degree of homo-
geneous grafting inside as well as at the surface of the film.

2. With simultaneous irradiation, the grafting of styrene onto the
FEP film is likely to be initiated by abstracting F atoms from the
CF, moieties in FEP and H atoms from the aliphatic groups in sty-
rene, leading to the step by step propagation of the grafting inside
the film through the swelled polymeric structures that allow the sty-
rene molecules to penetrate easily, while suppressing the homopo-
lymerization of styrene.

3. In contrast to other studies which usually suggested the attach-
ment of one sulfonic group to a single styrene molecule, it was found
that two sulfonic acid groups can attach to each styrene molecule.

4. The TGA analysis shows that the decomposition of the sul-
fonated FEP with simultaneous irradiation occurs in three tempera-
ture ranges corresponding to the degradation of FEP, the grafted
styrene, and sulfonated styrene, respectively. On the other hand, in
the case of electron beam radiation no change of the decomposi-
tion temperature was observed in the case of the virgin FEP.

5. The methanol crossover across the FEP membrane increased
with increasing degree of grafting, due to the swelling of the poly-
meric structure in aqueous solution.

6. The IEC and IC values reach their ultimate values at a degree
of grafting of around 50%; therefore, the FEP film with this degree
of grafting is recommended for use in fuel cell membranes sup-
pressing the methanol crossover problem.

7. A uniform profile of sulfur with a high degree of sulfonation
around the center of the film is essential for manufacturing high
performance fuel cell membranes with a high IC value.

REFERENCES

1. O. Savadogo, J. New Mater: Electrochem. Syst., 1,47 (1998).

Korean J. Chem. Eng.(Vol. 25, No. 5)



1220 B.-N. Kim et al.

2. G J. K. Acres, J. Power Sources, 100, 60 (2001).
3. M. Patri, V.R. Hande, S. Phadnis, B. Somaiah, S. Roychoudhury
and P. C. Deb, Polm. Adv. Technol., 15, 270 (2004).
4. N. Miyake, J. S. Wainright and R. F. Svinell, J. Electrochem. Soc.,
148, A898 (2001).
5.H. B. Park and Y. M. Lee, J. Korean Industr. Eng. Chem., 13, 1
(2002).
6. P. Xing, G P. Robertson, M. D. Guiver, S. D. Mikhailenko, K. Wang
and S. Kaliaguine, J. Membr: Sci., 229, 95 (2004).
7. G Inzelt, M. Pineri, J. W. Schultze and M. A. Vorotyntsev, Electro-
chim. Acta, 45, 2403 (2000).
8. J. Chen, M. Asano, T. Yamaki and M. Yoshida, J. Membr: Sci., 269,
194 (20006).
9. U. Lappan, U. Geifler and S. Uhlmann, Nucl. Instr: & Meth. in Phys.
Res. B, 236,413 (2005).
10. T. J. Schmidt, K. Simbeck and G. G. Scherer, J. Electrochem. Soc.,
152, A93 (2005).
11. B. Gupta, F. N. Biichi, G G Scherer and A. Chapiro, J. Membr: Sci.,
118, 231 (1996).
12. B. Gupta, F. N. Biichi and G. G. Scherer, J. Polym. Sci. Part A, 32,
1931 (1994).
13. J. Chen, M. Asano, T. Yamaki and M. Yoshida, J. Membr: Sci., 256,
38 (2005).
14. T. Yamaki, K. Kobayashi, M. Asano, H. Kubota and M. Yoshida,

September, 2008

Polymer, 45, 6569 (2004).

15. W. Becker, M. Bothe and G Schmidy-Naake, die Angewandte Mak-
romolekulare Chemie, 273, 57 (1999).

16. B. Gupta and A. Chapir6, Europ. Polym. J., 10, 1145 (1989).

17. B. Gupta, F. N. Biichi, G G Scherer and A. Chapir6, Polym. Adv.
Techn., 5,493 (1994).

18. B. Gupta and G. G. Scherer, Chimia, 48, 127 (1994).

19. M. M. Nasef, H. Saidi and H. M. Nor, J. Polym. Sci., 76, 220 (2000).

20. G Z. Liang, T. L. Lu, X. Y. Ma, H. X. Yan and Z. H. Gong, Polym.
Int., 52,1300 (2003).

21. B. Guta, F. N. Biichi and G. G Scherer, Solid State lonics, 61, 213
(1993).

22. M. M. Nasef, H. Saidi, H. M. Nor and O. M. Foo, J. Appl. Polym.
Sci., 78, 2443 (2000).

23. A. Kiiver and W. Vielstich, J. Power Sources, 74,211 (1998).

24. M. K. Ravikumar and A. K. Shukla, J. Electrochem. Soc., 143, 2601
(1996).

25. L. Carrette, K. A. Friedrich and U. Stimming, Fuel Cells, 1,5 (2001).

26. M. M. Nasef, N. A. Zubir, A. F. Ismail, M. Khayet, K. Z. M. Dahlan,
H. Saidi, R. Rohani, T.I. S. Ngah and N. A. Sulaiman, J. Membr:
Sci., 268, 96 (2006).

27. G Meyer, C. Perrot, G Gebel, L. Gonon, S. Morlat and J. L. Gar-
dette, Polymer, 47, 5003 (2006).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 3.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


