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ABSTRACT Random disulfonated poly(arylene ether sulfone)-silica nanocomposite (FSPAES-SiO2) membranes were physicochemi-
cally tuned via surface fluorination. Surface fluorination for 30 min converted about 20% of the C-H bonds on the membrane surface
into C-F bonds showing hydrophobicity and electronegativity at the same time. The membranes with hydrophobic surface properties
showed high dimensional stability and low methanol permeability when hydrated for direct methanol fuel cell applications. In particular,
the surface enrichment of fluorine atoms led to anisotropic swelling behavior, associated with a stable electrode interface formation.
Interestingly, in spite of the use of a random copolymer as a polymer matrix, the low surface free energy of the C-F bonds induced
a well-defined continuous ionic channel structure, similar to those of multiblock copolymers. In addition to the morphological transition,
fluorine atoms with high electron-withdrawing capability promoted the dissociation of sulfonic acid (-SO3H) groups. Consequently,
FSPAES-SiO2 membranes exhibited improved proton conductivity. Thus, FSPAES-SiO2 membranes exhibited significantly improved
single-cell performances (about 200%) at a constant voltage of 0.4 V in comparison with those of Nafion 117 and nonfluorinated
membranes. Surprisingly, their good electrochemical performances were maintained with very low nonrecovery loss over the time
period of 1400 h and interfacial resistances 380% times lower than those of conventional membrane-electrode assemblies comprising
the control hydrocarbon membrane and a Nafion binder for the electrodes.

KEYWORDS: proton-exchange membrane • surface fluorination • interfacial resistance • membrane-electrode assembly •
electrochemical durability • direct methanol fuel cell

INTRODUCTION

Direct methanol fuel cells (DMFCs) are highlighted as
promising power sources for portable electronic
devices owing to their high energy density (5-10

times larger than current lithium-ion batteries) and simple
system (1). A key element that determines the electrochemi-
cal performances of DMFCs is the membrane-electrode
assembly (MEA) composed of a proton-exchange membrane
(PEM) and the electrodes. Up to now, perfluorinated sulfonic
acid (PFSA) membranes (e.g., Nafion) have been widely used
as PEM materials because of their excellent membrane
durability and proton conductivity (2). However, PFSA mem-
branes exhibit a high methanol crossover problem, and as
methanol permeates through the membranes, one notes
lowered catalyst activity and fuel cell performances. This
negative behavior is clearly observed especially at high

operating temperatures and/or when using high methanol
concentrations (3). This characteristic has prevented DMFC
systems that utilize PFSA membranes from maintaining high
electrochemical performances for a long period of time.

In contrast, some sulfonated hydrocarbon polymeric
membranes show excellent methanol barrier properties and
proton conduction properties similar to or higher than those
of PFSAs (4-7). The hydrocarbon membranes display DMFC
performances superior to those of PFSA for short periods of
fuel cell operation. However, their current-voltage perfor-
mances may rapidly decrease within several days. To over-
come this limitation on lifetime, it is necessary to better
understand the hydrocarbon-based MEA (HC-MEA) and its
components. Generally, ionomer materials are added to the
electrode’s formula as a catalyst binder to physically support
catalyst-containing carbon clusters and to facilitate the
migration of protons from the electrode to the membrane
and vice versa (8). For this purpose, Nafion ionomer (EW )
1100) has been conventionally used, irrespective of which
electrolyte membrane is employed. Unlike MEAs based on
PFSA membranes, the use of Nafion binders in an HC-MEA
gives rise to serious interfacial issues including high resis-
tance and poor adhesion derived from low compatibility
with hydrocarbon membranes (9). Consequently, it leads to
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the delamination of catalyst layers from the hydrocarbon
membrane and, thus, rapid electrochemical losses during
DMFC operation cycles when both the membrane and
catalyst binder are repeatedly swollen and deswollen.

There have been extensive studies to solve the interfacial
problems between MEA components, in particular between
a membrane and electrodes, from the viewpoint of hydro-
carbon membranes. For instance, identical materials with
hydrocarbon membranes were used as catalyst binders
instead of Nafion ionomers (10). In spite of much improved
compatibility with the membranes, the hydrocarbon binder
had relatively low fuel permeability, which limits mass
transport, resulting in a reduced electrochemical perfor-
mance. The other approach is the chemical modification of
membrane materials via the incorporation of partially or
fully fluorinated monomers for a minimum interfacial resis-
tance with Nafion-based electrodes (11-13). However, the
cost of fluorinated monomer is relatively high, which may
make the merits of fluorinated copolymers less attractive
(14).

In this study, a new platform that enables the fabrication
of fuel cell membranes having high compatibility with
electrodes and excellent electrochemical durability via simple,
rapid conversion of surface properties of hydrocarbon mem-
branes into those similar to fluorinated membranes is
described. This approach, termed “surface fluorination”, can
expand the processing window for less expensive and
possibly more durable HC-PEMs in conjunction with MEA
fabrication. Surface fluorination has been important for
automobiles (15), packing (16), food storage and preserva-
tion (17), gas separation (18), and coating applications (19)
because it enables surface-treated hydrocarbon polymers to
exhibit most of the desirable properties of fluoropolymers
(i.e., chemical durability and good barrier property), while
maintaining their useful bulk properties such as easy pro-
cessability and high mechanical properties. Previously, an
investigation to improve the thermal and chemical stability
of PEM materials after concentrated F2 gas treatment for a
relatively long period of time (∼24 h) was conducted using
a partially fluorinated monomer (20). However, there have
been no reports to promote PEM properties such as proton
conductivity and methanol permeability via surface fluorina-
tion of nonfluorinated hydrocarbon membranes for a rela-
tively short time (<30 min) and to apply the process to
hydrocarbon membranes to enable high current-voltage
performance without decreases in their interfacial properties
even for a long period. Accordingly, the main goal of the
present study was to systematically show the effect of
surface fluorination on basic PEM properties and to dem-
onstrate its contribution to the electrochemical fuel cell
performance.

EXPERIMENTAL SECTION
Chemicals. 4,4′-Dichlorodiphenylsulfone (DCDPS) and 4,4′-

dihydroxybiphenyl (BP) used for synthesizing poly(arylene ether
sulfone) BPSH40 random copolymer were purchased from
Tokyo Kasei Co. (Tokyo, Japan) and used after recrystallization
with ethanol and vacuum drying at 120 °C for 24 h. DCDPS

was sulfonated to 3,3′-disulfonated DCDPS (SDCDPS; yield )
91.4%) through monomer sulfonation by using SO3 (28%,
Aldrich, Madison, WI). N-Methylpyrrolidinone (NMP) and dim-
ethylacetamide (DMAc; Aldrich Chemical Co., Madison, WI)
were used as a solvent for polymer synthesis and a casting
solvent, respectively. Potassium carbonate was purchased from
Aldrich Chemical Co. and used as received. Pluronic L64
(PEO13-PPO30-PEO13; BASF, Ludwigshafen, Germany) was
used as a dispersant to distribute nanoparticles homogeneously.
Nanosized fumed SiO2 Aerosil 380 was purchased from Degussa
Chemical Co. (Dusseldorf, Germany) and dried at 80 °C and
3-5 mmHg for 2 days prior to use.

Membrane Fabrication and Surface Fluorination. A disul-
fonated poly(arylene ether sulfone) BPSH random copolymer-
silica nanocomposite (SPAES-SiO2) as a base membrane
material was prepared via consecutive two-step reactions: (1)
polycondensation for the synthesis of BPSH40 as a polymer
matrix with a chemical structure of Figure S1 in the Supporting
Information using SDCDPS (4 mmol), DCDPS (6 mmol), and BP
(10 mmol) in NMP (21) and (2) physical mixing with a DMAc
solution mixture composed of Aerosil 380 and Pluronics L64
as a nonporous inorganic nanoparticle (hydrophilic silica, aver-
age size ) 7 nm) and dispersant, respectively (22). The suc-
cessful synthesis of BPSH40 was confirmed via 1H NMR (Figure
S1 in the Supporting Information). Here, the silica content was
1 wt % based on the polymer weight. A SPAES-SiO2 membrane
with an average thickness of 30 µm was obtained after casting
of a 15 wt % solution on the glass plate, drying at 60 °C for
8 h, and thermal treatment at 80 °C for 24 h, 100 °C for 6 h,
and 120 °C for 8 h in a vacuum oven. Then, the membrane
was acidified in a boiling 0.5 M H2SO4 solution for 2 h and
thoroughly washed in boiling water for 2 h (method II). The
SPAES-SiO2 membranes were treated with a dilute F2 gas (500
ppm F2/N2 at atmospheric pressure) at 25 °C for 5, 10, 30, and
60 min in a reaction chamber. The degree of fluorination was
constant on both sides of the membranes. To terminate the
surface fluorination reaction, the unreacted F2 gas was removed
by alternately applying a vacuum and N2 gas to the chamber.
In this study, the surface-treated nanocomposite membranes
are denoted as FSPAES-SiO2 -surface fluorination time on a scale
of minutes. For instance, FSPAES-SiO2-5 means a SPAES-SiO2

membrane surface-treated for 5 min.
Characterization. X-ray photoelectron spectroscopy (XPS)

spectra were obtained in survey mode and high-resolution
mode using monochromatic Al KR radiation as the X-ray source
under normal pressure below 7 × 10-9 Torr. The survey
measurement was accomplished with 10 sweeping cycles in the
electron binding energy ranges of 0-800 eV. The high-resolu-
tion XPS spectra were obtained from an average of 100 scans
for C 1s and O 1s peaks. The detected spot size of the
membrane samples was 250 × 1000 µm2. An electron flood
gun (operation voltage ) 3 eV) was used to minimize the charge
from membranes.

Instantaneous contact-angle measurements were carried out
with an Easy Drop Standard (KRU′′SS, Hamburg, Germany)
instrument using the sessile-drop method. The drop image was
stored by a video camera, and the contact angle was obtained
by an image analysis system from the shape of the drop.
Deionized water was used as a probe. For each sample, five
drops were analyzed on each membrane substrate. The average
volume of the drops was about 2 µL. The final contact angle
was obtained by an average of the right and left angles of each
drop.

Atomic force microscopy (AFM) images in the tapping mode
were obtained by using a Digital Instruments MultiMode scan-
ning probe microscope with a NanoScope IVa controller. For
imaging of the samples, a silicon probe (Veeco, end radius <10
nm) was used at a force constant of 5 N m-1. The experimental
conditions include a set-point ratio of 0.82. Prior to the mea-
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surement, each sample was equilibrated at 30 °C and 40%
relative humidity for 12 h.

Mechanical properties of SPAES-SiO2 and FSPAES-SiO2-30
membranes (50 mm and 4 mm of length and minimum width
in a dogbone shape, respectively) were evaluated using an
Instron 5500R universal testing machine (Instron Ltd., Canton,
MA, USA) at 25 °C and 44-54% relative humidity (RH). For
this, 200 lb of load cell was used and the crosshead displace-
ment speed was 5 mm min-1. Prior to the measurement, each
sample was dried at 110 °C under vacuum for at least 12 h and,
then, equilibrated at 25 °C and 44% RH. At least five specimens
were tested for each membrane.

The water uptake (%) of all membranes was measured based
on their weight difference after soaking of the membrane
coupons with a constant size (5 × 5 cm2) in deionized water at
30 °C for 24 h, as shown in eq 1.

W )
Ww - Wd

Wd
(1)

where Wd and Ww are the masses of the dry and water-swollen
samples, respectively.

The “in-plane” and “through-plane” swelling (%) of each
membrane were evaluated by comparing the changes in its
diameter and thickness before and after equilibrium water
uptake (eqs 2 and 3). Prior to measurement, each membrane
coupon was dried in a vacuum oven at 120 °C for 24 h and
immersed in deionized water at 30 °C for 24 h

d )
dw - dd

dd
(2)

l )
lw - ld

ld
(3)

where dd and dw are the diameters of the dry and water-swollen
samples, respectively, and ld and lw are the thicknesses of the
dry and water-swollen samples, respectively.

The proton conductivity (σ, S cm-1) of each membrane
sample (size ) 1 × 4 cm2) was obtained by measuring its ohmic
resistance (Rs, Ω) in liquid water at 30 °C via a four-electrode
method upon contact with the membrane surface (“in-plane”
direction, Table 1) under alternating current (ac) (four-point-
probe ac impedance spectroscopy using a combination of
Solartron 1287 and 1260) and, thereby, converting Rs into
conductivity on the basis of the equation σ ) l/RsS (l and S are
the distance between the reference electrodes and the cross-
sectional area of each sample, respectively). The measurement

was conducted in a thermocontrolled chamber electrically
shielded from the influence of electromagnetic noises.

The concentration gradient of methanol diffused from one
chamber to another chamber through a vertical membrane was
measured with a gas chromatograph (Shimadzu GC-14B, Tokyo,
Japan) equipped with a thermal conductivity detector (two-
chamber diffusion cell method). Here, each chamber was filled
with 10 M MeOH and deionized water at 30 °C. The methanol
permeability (P, cm3 cm cm-2 s-1) of each membrane sample
was obtained from eq 4

P )
VBL

CAA

CB(t)

t
f (4)

where VB is the initial volume of deionized water in one
chamber, L is the membrane thickness, A is the membrane
area, CA is the initial methanol concentration in another cham-
ber, CB(t) is the methanol concentration as a function of time
(t), and f is the conversion factor by gas chromatography
calibration.

The electronic resistance (Ω) of each MEA [e.g., high-
frequency resistance (HFR)] was obtained by measuring the
whole resistance of the test cell (i.e., including current collectors,
flow fields, gas diffusion layers, electrodes, and a membrane)
based on two-point-probe ac impedance spectroscopy with
potentiometers as mentioned above. Here, a current up to 30
A was applied to the test cell in a direction perpendicular
(“through plane”, Table 1) to the membrane surface. Each
measurement was carried out repeatedly at least five times to
ensure good reproducibility.

RESULTS AND DISCUSSION
Surface Fluorination. Generally, highly reactive F2

gas reacts easily with most organic and inorganic materials
even at room temperature via complicated radical-chain
reaction mechanisms (23). This makes it difficult to estimate
the exact location of fluorination on the surface-treated
SPAES-SiO2 membranes. Among feasible reaction routes,
hydrogen abstraction by fluorine is thermodynamically
favorable because the C-H bond strength (410 kJ mol-1) is
much lower than any other bond strength between elements
(i.e., aromatic C-C bond strength ) 610 kJ mol-1) in the
membranes. Thus, it can be expected that surface fluorina-
tion on SPAES-SiO2 membranes will induce random C-F
bond formation.

Table 1. Basic Physical and Fuel Cell Membrane Properties of SPAES-SiO2 and FSPAES-SiO2 Membranes

XPS quantitative analysis

sample F [%] F/C × 100 [%] IECa [mequiv g-1] water uptakeb [%] in-plane swellingb [%] through-plane swellingb [%]

SPAES-SiO2 1.60 25.4 20.2 18.8
FSPAES-SiO2-5 3.7 5 1.59 23.2 18.3 19.9
FSPAES-SiO2-10 9.2 12 1.58 21.9 16.1 21.2
FSPAES-SiO2-30 13.5 19 1.58 20.4 13.7 23.6
FSPAES-SiO2-60 14.9 21 1.58 20.3 12.6 24.3

a The titration method was based on ASTM 2187. b Measured at 30 °C after soaking in deionized water for 1 day.
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The fluorinated layer has been reported to form with an
average thickness of 0.1-10 µm after surface fluorination
using dilute gas mixtures of F2 and inert gases (24). Consid-
ering that the X-ray penetration depth in XPS is more than
1 µm (25), it may be very effective to verify surface fluorina-
tion on the SPAES-SiO2 membrane qualitatively and quan-
titatively based on XPS spectra. The survey spectra of the
SPAES-SiO2 membrane are observed to be made up of peaks
assigned as O 1s (∼530 eV), C 1s (∼283 eV), S 2s (228 eV),
S 2p (170 eV), Si 2p (∼93 eV), and Si 2s (∼143 eV) (Figure
S2 in the Supporting Information). FSPAES-SiO2 membranes
have an additional characteristic peak assigned as F 1s at
around 686 eV. Moreover, the fluorine content in FSPAES-
SiO2 membranes increased with exposure time to F2 gas,
as shown in Table 1. About 20% of C-H bonds located on
the surface of the SPAES-SiO2 membrane are converted into
C-F bonds after F2 gas exposure of about 30 min. This
conversion may alter the electron density of the elements
adjacent to C-F bonds mainly in the phenyl ring because
of the high electronegativity (4.0) of fluorine. Figure 1 shows
changes in the binding energies of carbon and oxygen in
FSPAES-SiO2 membranes as a function of the surface fluo-
rination times. The C 1s peak at 285 eV was shifted upfield
to 289 eV. As a result of C-F bond formation, the emission
of photoelectrons from carbon directly linked with fluorine
becomes more difficult. Accordingly, additional energy (ca.
4 eV) is needed to excite their electrons. A similar trend is
also observed in the oxygen binding energy. The gap in its
binding energy is relatively small (ca. 2 eV) as compared with
that of carbon. This means that electrons around oxygen
atoms bridged with phenyl rings are less influenced by the
electron-withdrawing fluorine atoms. Meanwhile, no chemi-
cal shifts of silicon and sulfur atoms were observed in XPS
spectra (Figure S2 in the Supporting Information). This
means that SiO2 nanoparticles in the composite are inert

under the fluorination conditions. It also indicates that
fluorination occurs only on the surface of the random
copolymer. The sulfonic acid (-SO3H) groups in the polymer
main chains appear to be also free from F2 gas attack.
Consequently, the ion-exchange capacity (IEC) values of
FSPAES-SiO2 membranes are similar to that of the control
SPAES-SiO2 membrane (Table 1).

Instantaneous water contact-angle measurement was
used to confirm the change in the hydrophobicity of the
membrane surface. Figure 2 shows that the contact angle
increases after surface fluorination. The higher contact angle
associated with the fluorination time is attributed to an
increasing amount of hydrophobic C-F bonds at the surface
of the FSPAES-SiO2 membranes.

The AFM phase images in Figure 3 indicate that surface
fluorination can induce a fairly well-defined microphase
separation on the membrane surface. In the SPAES-SiO2

membrane, hydrophilic clusterlike structures (dark region)
with an average diameter of 5-15 nm are distributed with
some local connection in the hydrophobic copolymer matrix
(light region), similar to those of random statistical copoly-
mers (21). The phase images in FSPAES-SiO2 membranes
undergo considerable morphological changes. The hydro-

FIGURE 1. XPS narrow spectra for (a) C 1s and (b) O 1s in high-resolution mode.

FIGURE 2. Water contact angle of (a) SPAES-SiO2, (b) FSPAES-SiO2-
5, (c) FSPAES-SiO2-10, (d) FSPAES-SiO2-30, and (e) FSPAES-SiO2-60.
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philic ionic domains became connected to produce clear,
large continuous ionic channels as the time of fluorination
increased up to 30 min. This suggests that the low surface
free energy of C-F bonds acts as a dynamic driving force
for self-assembly on the partially fluorinated membrane
surface. However, surface fluorination longer than 30 min
did not cause any further changes in the connectivity or
channel size of hydrophilic domains, which implies that
surface treatment for 30 min at these thicknesses may be
optimal to altering the transport properties of the mem-
branes. Moreover, it is hypothesized that most surface
fluorination may be achieved mainly on hydrophobic do-
mains in the random copolymer rather than on its hydro-
philic domains, considering that the surface treatment was
conducted with SPAES-SiO2 membranes in the dry state
where the membrane surface is more hydrophobic. This is
why the continuous morphology similar to those of hydro-
philic-hydrophobic multiblock copolymers is observed after
surface fluorination (26).

Meanwhile, surface fluorination did not change the me-
chanical properties, which are bulk characteristics of mem-
brane materials. For example, FSPAES-SiO2-30 membranes
maintained their tough and ductile properties, showing a
tensile strength (69 MPa) and elongation (40%) similar to
those of the SPAES-SiO2 membrane. This means that poly-
mer chain degradation derived from F2 gas attack (24, 27)
did not occur under our surface fluorination conditions.

PEM Properties. Proton conductivity and methanol
permeability are important factors influencing the electro-
chemical DMFC performances. Generally, proton transport
through the membrane occurs in the form of complexes
(H3O+, H5O2

+, and CH3OH2
+) with water and methanol

molecules (28, 29). Therefore, excellent proton conductivity

is accompanied by both high water uptake and low methanol
barrier properties. However, surface-fluorinated membranes
exhibit water uptake and transport behavior in relation to
the characteristics of fluorine atoms: (1) hydrophobicity and
(2) electronegativity. Table 1 shows that hydrophobic C-F
groups contribute to the reduction of water uptake. The
water uptake of FSPAES-SiO2 membranes decreased to 80%
of that of SPAES-SiO2. Nevertheless, their proton conductiv-
ity in Figure 4 increased continuously until the surface
fluorination time reached 30 min. One possibility is that
protons can be more readily released from -SO3H groups
because of improved acidity resulting from the electroneg-
ative fluorine atoms in the C-F groups. Here, it is hypoth-
esized that the improved proton conductivity is derived from
“in-plane” proton conductivity measurement with high sen-
sitivity on the surface (30, 31). Even on the basis of “through-
plane” measurement, protons in FSPAES-SiO2 membranes
can transport through a nonfluorinated inner layer and
fluorinated outer double layers where protons are more
effectively dissociated from the -SO3H groups. One may
conclude that surface fluorination enhanced the proton
conductivity, regardless of the measurement methods. Mean-
while, the hydrophobic glassy surface layers allow FSPAES-
SiO2 membranes to have high barrier properties to meth-
anol-water mixtures. The methanol permeability decreased
continuously with the fluorination extent. Highly fluorinated
FSPAES-SiO2 membranes exhibit methanol permeabilities
about 20 times lower than Nafion 117 (1.4 × 10-6 cm3cm
cm-2 s-1 measured under a 10 M methanol solution at 30
°C).

Interestingly, FSPAES-SiO2 membranes display anisotro-
pic swelling behavior (Table 1) in that the membranes are
swollen in a specific direction. It is proposed that the surface
enrichment of fluorine atoms hinders the FSPAES-SiO2

membranes from swelling in the “in-plane” direction. On the
contrary, the membranes are swollen only in the “through-
plane” direction owing to relatively poor fluorine enrich-
ment. This distinctive swelling behavior may significantly
influence the electrochemical durability of MEAs based on

FIGURE 3. AFM phase images of (a) SPAES-SiO2, (b) FSPAES-SiO2-
10, (c) FSPAES-SiO2-30, and (d) FSPAES-SiO2-60 membranes in
tapping mode. Here, scan boxes are 500 × 500 nm2. The phase scale
is 0-20° for parts a and b and 0-30° for parts c and d. The relative
humidity for the measurement is about 35% RH.

FIGURE 4. Proton conductivity and methanol permeability of SPAES-
SiO2 and FSPAES-SiO2 membranes at 30 °C.
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FSPAES-SiO2 membranes. The isotropic membrane swelling
maximizes the difference in the swelling ratio with elec-
trodes containing a Nafion binder, which will likely acceler-
ate the delamination of electrode layers. In contrast, mem-
brane swelling in a direction perpendicular to the electrode
layers may minimize the structural breakage of MEAs and,
thereby, enhance fuel cell durability and performance (32).

The high chemical stability of PEM materials may also
guarantee the long-term performances of fuel cells exposed
under harsh conditions including hydroxyl radicals (•OH).
Even PFSA membranes with excellent chemical durability
have suffered from membrane degradation during fuel cell
operation (33). The radical-induced membrane degradation
is considered to occur more readily in hydrocarbon mem-
branes (34, 35). For this, Fenton’s solutions with two differ-
ent compositions (30 ppm Fe2+ in 30% H2O2 and 3 ppm
Fe2+ in 10% H2O2) were used. Here, Fenton’s test may not
be a reliable indicator to evaluate the chemical durability of
hydrocarbon membranes. However, the test can be used to
relatively compare the effect of surface fluorination on
membrane stability. Figure 5 shows an example for im-
provement of the membrane resistance to radical attack. In
spite of the low fluorine content and surface enrichment,
FSPAES-SiO2 membranes showed higher chemical durability
than the control SPAES-SiO2 membrane. Surface treatment
over 5 min provided FSPAES-SiO2 membranes with the
highest level of radical resistance among hydrocarbon mem-
branes under similar Fenton’s test conditions (36). Although
surface fluorination may not present a sufficient solution for
radical degradation, it should enhance the radical resistance
via a simple post-treatment even for a short time.

Electrochemical Performances for DMFC Appli-
cation. Electrochemical single-cell data can be used to
evaluate the comprehensive improvement of PEM perfor-
mances when all MEAs are fabricated with the same com-
ponents and composition based on identical assembly
methods. Here, each MEA (active area ) 5 cm2) was
fabricated through the catalyst-coated membrane method.

The loading content of catalysts (Pt black for the cathode and
Pt-Ru black for the anode) and the Nafion binder were 3.0
and 0.3 mg cm-2, respectively. Pristine SPAES and Nafion
117 were used for comparison.

Figure 6 presents DMFC performance curves for FSPAES-
SiO2 membranes. FSPAES-SiO2 membranes showed im-
proved current-voltage properties because of the synergistic
effect of surface fluorination on the proton-transport and
methanol barrier properties. Their electrochemical perfor-
mances at a constant voltage of 0.4 V are about 2 times
higher than those of Nafion 117 and pristine SPAES. How-
ever, the DMFC performances did not increase linearly with
the fluorination time. Practically, FSPAES-SiO2-30 exhibited
fuel cell performances superior to any other fluorinated
membranes including FSPAES-SiO2-60. This points out that
effective fluorinated layers on fuel cell performances are
formed within 30 min under our surface fluorination
conditions.

A critical issue in current fuel cell membrane studies is
the electrochemical lifetime of the membrane during fuel cell
operation. Figure 7 exhibits the voltage changes at constant
current density generated during a long-term DMFC opera-
tion. Note that the electrochemical durability measurement
was done under harsh conditions for both the membrane
and its MEA. After each cycle, the DMFC was stopped for
24 h and cooled to 25 °C without any humidification to
maintain each MEA in the dry state. In the next cycle, MEA
was hydrated at 90 °C, again. This repeated on-off cycle
operation causes dimensional changes of MEA components,
particularly polymeric materials (e.g., membrane and cata-
lyst binder) and results in the physical breakdown of the
MEA interface. Obviously, this phenomenon was observed
most severely in the interfaces between the Nafion binder
in the electrodes and hydrocarbon membranes. The pristine
SPAES membrane interface began to delaminate within
500 h. The SPAES-SiO2 membrane has a much improved cell
voltage value because of its relatively higher proton conduc-
tivity and lower methanol permeability than those of pristine
SPAES (proton conductivity ) 8.4 × 10-2 S cm-1 in liquid
water at 30 °C and methanol permeability) 6.6 × 10-7 cm3

cm cm-2 s-1 in 10 M methanol at 30 °C). However, its
decrease of the electrochemical performance per operation
time (irreversible loss) is similar to that of pristine SPAES.

Compared to the control membranes, FSPAES-SiO2 mem-
branes display better behavior in the long-term durability
curves. In addition to high initial cell voltages, their cell
performances decreased only slowly. In fact, the DMFC
performance of FSPAES-SiO2-30 was sustainable even for
1400 h. Considering the very low permanent loss of FSPAES-
SiO2-30, its electrochemical lifetime may be extended fur-
ther. The excellent long-term durability focusing on the
membrane properties may be derived from the combination
of multiple factors. Primarily, reduced methanol perme-
ability can impede the catalyst poisoning and, hence, lead
to the relatively long lifetime of electrode catalysts and
corresponding MEA. Furthermore, anisotropic swelling be-
havior can be beneficial to produce a stable MEA interfacial

FIGURE 5. Chemical resistance to radical attack under different
compositions of Fenton’s solution at 25 °C. Here, τ1 and τ2 mean
the elapsed time that the membrane samples began to dissolve and
dissolved completely.
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structure. Finally, C-F bond formation on the SPAES-SiO2

membrane surface can promote compatibility with electrode
layers containing the perfluorosulfonic acid Nafion binder.

Figure 8 shows changes in the HFR (Ω cm2) of each MEA
during a long-term durability test. Here, HFR as an intercept
of Z′ axis is the sum of all resistances in the pathway from
the potentiometer to MEA. The resistance measurement was
achieved by using the same test equipment and intercon-
nection method. Here, all MEA components except mem-
branes were identical. Thus, the differences in HFR are
derived from membrane and interfacial resistance between
the membrane and electrodes. Accordingly, the relative
comparison of their HFR values can give valuable informa-
tion for a successful MEA design. MEAs based on pristine
SPAES and SPAES-SiO2 membranes have similar resistance
values owing to high interfacial resistance with the elec-
trodes. Explicitly, HFR values of MEA based on FSPAES-SiO2

membranes are less than half of those based on pristine
SPAES and SPAES-SiO2 membranes. Considering that proton
conductivities of the nonfluorinated membranes are not half

those of the fluorinated membranes, it can be concluded that
this difference in HFR values is highly related to the inter-
facial resistance with the electrodes. The membrane surface
with a high fluorine content led to much improved compat-
ibility with the electrodes. After 1200 h of operation, their
resistances were remarkably lower than the initial resistance
of nonfluorinated membranes. This means that surface
fluorination on hydrocarbon membranes contributes to the
formation of a stable interface without significant delami-
nation. These results provide a feasible route to improving
the PEM properties and to extending the lifetime on their
MEAs with excellent electrochemical performances at the
same time.

CONCLUSIONS
The membrane properties of a SPAES-SiO2 nanocompo-

site were improved by exposing them to highly reactive F2

gas diluted in N2 for a short period of over 5 min. This
treatment altered, mainly, the membrane surface properties
via substitution of hydrogen atoms in C-H bonds on the
phenyl rings with fluorine atoms. The more hydrophobic
C-F bonds on the membrane surface led to lower dimen-
sional changes in the FSPAES-SiO2 membranes. Also, the
surface-fluorinated membranes exhibited anisotropic swell-
ing behavior, which is highly related to the surface enrich-
ment of C-F bonds. These peculiar swelling characteristics
contributed to the improvement of methanol barrier proper-
ties and the formation of a stable interface with Nafion-based
electrodes, even in the repeated swelling and deswelling
cycle during DMFC operation. Concurrently, formation of the
C-F bond lowered the electron density of other atoms such
as carbon and oxygen adjacent to electronegative fluorine
atoms and weakened the bond dissociation energy between
protons and -SO3

- groups. Also, the FSPAES-SiO2 mem-
branes show a distinct hydrophilic-hydrophobic microphase
separation with an increase in the degree of fluorination up
to 30 min. Accordingly, protons could be easily released at
a fast rate through continuous hydrophilic pathways in

FIGURE 6. Electrochemical single-cell performances under a flow rate of 1 M methanol/O2 ) 1 sccm/200 sccm at 90 °C.

FIGURE 7. Electrochemical long-term durability of pristine SPAES,
SPAES-SiO2, and FSPAES-SiO2 membranes under a flow rate of 1 M
methanol/O2 ) 3 sccm/1000 sccm at 90 °C.
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FSPAES-SiO2 membranes, similar to Nafion. In addition to
enhanced proton conductivity, FSPAES-SiO2 membranes
exhibited chemical resistance similar to that of the most
chemically stable hydrocarbon membranes reported. After
simple post-treatment for 30 min, the single-cell perfor-
mances of FSPAES-SiO2 membranes increased up to 200%
of those of nonfluorinated hydrocarbon membranes and
Nafion 117 at a constant voltage of 0.4 V, owing to low
methanol permeation and high proton conduction through
the membranes. Surprisingly, their electrochemical perfor-
mances were significantly extended up to over 1400 h, and
they had extremely low irreversible loss values. The excel-
lent electrochemical durability is attributed to high compat-
ibility between FSPAES-SiO2 membranes and electrode
layers, anisotropic swelling behavior, and catalyst protection
from poisoning by methanol.

Surface fluorination provides an effective and economical
avenue to accomplishing the ultimate goals of PEM materials
for practical fuel cell development as follows: (1) high single-
cell performances and (2) excellent electrochemical sustain-
ability. Surface fluorination for 30 min may be somewhat
long for commercialization. Fortunately, similar results may
be achieved within several minutes by controlling the degree
of fluorination on the membrane surface with factors such
as surface fluorination temperature and pressure and F2 gas
concentration and composition (27, 37). Moreover, this

surface fluorination technique may be applied to MEA
fabrication for PEM fuel cells (PEFCs) using hydrogen as the
fuel. Our ongoing studies will focus on reducing the surface
fluorination time while maintaining or improving membrane
properties including the electrochemical performance for
PEFC as well as DMFC membranes. Finally, we will attempt
surface fluorination on multiblock copolymers in order to
maximize the microphase or nanophase separation between
hydrophilic and hydrophilic domains for more effective
proton-transport pathway formation.
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free of charge via the Internet at http://pubs.acs.org.

FIGURE 8. Change in HFR values of MEAs as a function of time under the long-term durability test conditions: (a) 0 h; (b) 400 h; (c) 800 h; (d)
1200 h.
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