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a b s t r a c t

Organic/inorganic composite proton exchange membranes (PEMs) of sulfonated poly(arylene ether
sulfone) (sPSF) and organically modified metal oxide nanoparticles are demonstrated. The sPSF ionomers
with three different degree of sulfonations (DS) (39, 42, 48%) were synthesized by condensation poly-
merization, and nanocrystalline titania and zirconia particles were respectively prepared by solegel
reactions catalyzed by p-toluene sulfonic acid (PTSA) in the presence of acetylacetone (AcAc) as an
organic surface modifier. Through structural analyses, non-aggregated anatase titania with ~7 nm
average size and tetragonal zirconia with ~4 nm size were confirmed. The transparent composite
membranes with 1 wt% nanoparticle contents were obtained by simply mixing sPSF and the respective
nanoparticles in dimethylsulfoxide (DMSO) followed by membrane casting. Post-treatment in aqueous
sulfuric acid resulted in the composite membranes exhibiting reduced proton conductivities and highly
improved methanol permeabilities and water uptakes compared to the prestine sPSF membranes.
Overall, the zirconia-containing sPSF (with 48% DS) composite membrane exhibited the best PEM
property and an active mode DMFC performance tests on the membrane-electrode assemblies (MEA)
with various PEMs also revealed that the zirconia nanocomposite membrane exhibits the best power
density. The maximum power density from zirconia/sPSF48 composite MEAwas measured to be 73 mW/
cm2 at 60 �C with 1 M methanol fuel which is 7% higher than that of Nafion-115 MEA. The improved PEM
properties of the composite membranes developed in this study can be attributed to the effective barrier
effect of both titania and zirconia nanoparticles provided by their small particle sizes (<10 nm) without
significant aggregation within the sPSF matrix, and also to the hydrophilic nanoparticle surfaces to
enable the improved water retaining properties for the composited PEM.

© 2016 Published by Elsevier Ltd.
1. Introduction

Recently, there are ongoing researches on eco-friendly renew-
able energy devices such as fuel cells and solar cells to make up the
conventional energy sources which consume the limited resources
[1]. Among them, fuel cells exhibit high energy efficiency as well as
high power density for electrical energy conversion, and many
different types of fuel cells are available depending on the
demanded power for the devices. Direct methanol fuel cell (DMFC)
.

is gathering particular interest as a promising energy source for the
small mobile devices such as cellular phone and radio frequency
identification (RFID) due to its advantageous features such as easy
fuel storage, low operating temperature and simple device design
capability [2,3]. Toward stable generation of electricity in DMFC,
there are several prerequisite requirements amongwhich facile and
selective proton transport through the proton exchange membrane
(PEM) is one of the most important demands. Nafion has beenmost
popular PEM for DMFC so far due to high proton conductivity,
chemical/mechanical stability, and excellent processability for
fabricating membrane electrode assembly (MEA), while some of
the critical disadvantages such as high methanol crossover and
high manufacturing cost still limit its practical application for the
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DMFC devices [2,4e6]. Therefore, efforts have been devoted to
develop alternative PEMs by sulfonating the hydrocarbon based
engineering plastics such as poly(styrene) (PS) [7], PS-based block
copolymers [8e10], poly(arylene ether ether ketone) [11,12], pol-
y(imide) [13], poly(phosphazene) [14], poly(arylene ether sulfone)
(PSF) [15e17] which exhibit low methanol permeability and cost
effectiveness. In addition to the developments of ionomer synthe-
sis, incorporation of inorganic nanoparticles into the PEMmaterials
have also drawn researchers' attention since the nanocomposite
membrane is capable of further reduction of methanol crossover
via barrier effect of well-dispersed nanoparticles and an improved
water-retaining property due to the hydrophilic nature of inorganic
particles [18,19]. Various nano-sized hydrophilic inorganic fillers
have been adopted for the fabrication of organic-inorganic nano-
composite PEM such as silica [20,21], titania [19,22], zirconia
[23,24], zeolite [25], and montmorillonite [26e29].

Although the hybrid nanocomposite PEMs listed above gener-
ally showed improved PEM properties and DMFC performances as
well, one of the most challenging issues are maintaining uniform
dispersion of nanoparticles within PEM after film casting. Due to
entropic driving force, mixing the particulate materials with the
highmolecular weight polymers is quite unfavorable, and therefore
the nanoparticles tend to form large aggregates (>1 mm) during
solvent removal even though their surface is chemically treated to
resemble the ionic functional groups of the ionomer to be blended
[26]. In addition, the original particle size and size distribution of
the inorganic nanoparticles are limited, although the small and
uniform particle size is strongly required to achieve better perfor-
mances of the composite membranes. Existence of large aggregates
of inorganic nanoparticles in a composite membrane not only
reduce the barrier effect for methanol crossover, but also deterio-
rate the mechanical integrity of the membrane to result in crack
formation.

Recently, we have reported the preparation of the organically
modified nano-crystalline titania which exhibits uniform size
(~5 nm) and excellent dispersibility in alcoholic media [30]. In spite
of high crystallinity and refractive index of titania nanoparticle, a
completely transparent thin film could be obtained as well as a
liquid dispersion in organic solvent evidently showing negligible
aggregations in both states. Such an excellent dispersibility was
provided by acetylacetone (AcAc) ligand surrounding the surface of
titania nanoparticle via stable coordination bond with terminal Ti
atom [31].

In this study, we applied the similar synthetic procedure for
titania to the preparation of nano-crystalline zirconia, and inves-
tigated the hybridization of titania and zirconia with tailor-made
sPSF ionomers toward PEM application for DMFC.

2. Experimental methods

2.1. Materials

N-methyl-2-pyrrolidone (NMP), dimethylsulfoxide (DMSO),
toluene, potassium carbonate, fuming sulfuric acid (30%), allyl
chloride, and propargyl bromide were purchased from sigma
Aldrich. Isopropyl alchol, n-hexane, methanol, dimethylacetamide
(DMAc), acetone were purchased from Samjun. 4,4-
dichlorodiphenylsulfone (DCDPS), Bisphenol-A (BPA), chloroben-
zene, and tetrabutylammonium hydrogen sulfate (TBAHS) were
purchased from TCI. BPA and DCDPS were purified by recrystalli-
zation from toluene and methanol respectively. Sulfonated DCDPS
was prepared by reacting DCDPS with fuming sulfuric acid and
subsequent recrystallization [17]. For DMFC performance test,
platinum (Pt, HIGHSPEC 13100) black powder and platinum-
ruthenium (PteRu, HIGHSPEC 12100) alloy powder were obtained
from Johnson-Matthey, and Nafion® dispersion (10 wt%, Equivalent
weight 1100) was purchased from Dupont. Deionized (DI) water
was prepared by water purification system (Humantech).

2.2. Synthesis of Poly(arylene ether sulfone)

Linear sPSFs with terminal hydroxyl group was synthesized by
condensation polymerization using DCDPS, 3,30-disulfonated-4,40-
dichlorodiphenyl sulfone (SDCDPS), and BPA as respective mono-
mers [17]. The polymers with three different degrees of sulfonation
(DS) were obtained by controlling mixing ratios of DCDPS and
SDCDPS. Typical polymerization procedures are as follows. BPA
0.02 mol, K2CO3 11.04 g, DCDPS xmol, and SDCDPS y
mol(xþ y ¼ 0.02 mol) were added to 250 mL round bottomed flask
(RBF) immersed in oil bath after nitrogen purging for 1 h 60 mL of
anhydrous NMP and 30 mL toluene were added as a solvent and an
azeotropic agent respectively. After flowing nitrogen for 1 h with
stirring, the bath temperature is increased to 160 �C for 90 min, at
which azeotropic mixture of toluene and water was collected at
Dean-stark trap. Temperature was further elevated to 230 �C and
polymerization reaction proceeded for 3e4 h under nitrogen
environment. The reaction scheme is shown in Scheme 1. The re-
action mixture was cooled down to room temperature, and
precipitated in 1 L IPA under vigorous stirring. The product was
filtered and dried at 70 �C in an oven. The remaining salt within the
product was washed with water three times, and the purified
product was finally dried at 70 �C [16].

2.3. Synthesis of titania and zirconia nanoparticles

Organically modified nanoparticles of titania and zirconia were
synthesized by solegel process [30]. 1 mol 1-butanol, 0.1 mol AcAc,
and 0.1 mol Ti(Obu)4 (or Zr(Obu)4) were added to 250 mL RBF and
mixed by magnetic stirring for 15 min. 0.02 mol p-toluene sulfonic
acid was dissolved in 18 mL of DI water in ice bath, and slowly
added to the reaction mixture using a syringe. The solegel reaction
proceeded at 60 �C for 24 h, and the product was precipitated in 1 L
toluene. The precipitated product was redispersed in 1-butanol,
precipitated in toluene, centrifuged at 1500 rpm, and the liquid is
decanted. The purified nanoparticle was vacuum-dried at room
temperature [30].

2.4. Fabrication of composite membranes

The composite membranes of sPSF and inorganic nanoparticles
were prepared by solution castingmethod. First, 5 wt% of a polymer
solution in DMSO was filtered through 1 mm disk filter (Whatman).
Then this solutionwas mixed with 1 wt% of nanoparticle dispersion
in DMSO so that the polymer/nanoparticle ratio becomes 100/1 by
weight. Themixed solutionwas stirred at 80 �C for 24 h, and poured
to a glass petri dish (diameter ¼ 10 cm) in a casting chamber. The
compositemembranewas cast at 60 �C for 24 h under nitrogen flow
which was followed by annealing at 120 �C for 2 h in a vacuum
oven. After complete drying, the membrane thicknesses were
measured to be ~100 mm. The dried membranewas soaked in 5 wt%
aqueous sulfuric acid at 50 �C for 48 h, and rinsed with DI water
several time to remove remaining acid from the PEM.

2.5. Characterizations

For determination of DS in sPSF, an ionomer was dissolved in
deuterated DMSO (DMSO-D6), and 1H NMR spectrumwas obtained
using Bruker spectrometer (500 Mhz). DS of sPSF was calculated by
comparing proton signals from DCDPS and SDCDPS. Average mo-
lecular weight of sPSF was measured using gel permeation



Scheme 1. Condensation polymerization of partially sulfonated poly(arylene ether sulfone).
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chromatography (GPC, Younglin LC System) using DMF (with 0.2 wt
% LiBr) as solvent, and the results are summarized in
Supplementary data S-1. Crystal structure of titania and zirconia
nanoparticles were characterized by X-ray diffraction (XRD, Rigaku
D/Max-2500) using Cu-Ka radiation as light source within 2theta
range of 20�e80�. Dispersion of the nanoparticles in sPSF PEM was
analyzed by transmission electron microscopy (TEM). One drop of
10-fold diluted solution of sPSF48 containing each nanoparticle in
DMSOwas placed on a Cu grid, and it was dried at 60 �C for 24 h and
120 �C for 24 h respectively to follow the same thermal history to
that of the membrane casting. The dried sample was imaged by
high TEM (Tecnai F20 FEI) [32]. For water uptake measurement of
PEM, a 1 � 1cm2 membrane was soaked in DI water at 30 �C for
24 h. After wiping out excess water at the PEM surface, a wet PEM
was quicklyweighed, and it was dried at 80 �C for 24 h after which a
dried PEM was weighed to give the water uptake value
((Wwet � Wdried)/Wdried) [15]. Proton conductivity of a PEM was
measured by four-point probe method using an impedance
analyzer (IVIUM, COMPACTSTAT). After hydrating a PEM in DI water
for 24 h, it was fixed on a custom-made conductivity cell and
Nyquist plot was obtained at 30 �C. Proton conductivity was
calculated by using an equation; s ¼ L/(A x R), where s is proton
conductivity, L is a distance between electrodes, and R is resistance
of the PEM [33]. Methanol permeability of a PEM was measured
using a custom-made plastic cell which is composed of two 35 mL
chambers (VA and VB) between a PEM having 2 � 2cm2 area for
methanol transport. VA and VB were filled with DI water and 3 M
methanol respectively, and time-dependent concentration varia-
tion in VA (CA) was measured using a refractrometer (Atago, RX-
5000a, Japan). Calculation of methanol permeability was carried
out by using an equation; CA (t) ¼ CB (A/L) (DK/VB) (t � t0), where C
is methanol concentration, A and L are an area and a thickness of
the membrane, D and K are methanol diffusivity and distribution
coefficient, and t and t0 are the time for each measurement and
starting time respectively. DK stands for methanol permeability
[34].

2.6. MEA fabrication and DMFC performance test

Using each composite membrane, a DMFC MEA was fabricated
by following procedures. A dried PEM was sandwiched between
anode (4.17 mg/cm2 PteRu loaded on Toray 060 carbon paper) and
cathode (2.78 mg cm2 Pt loaded on SGL 25BC) where each catalyst
was mixed with 20 wt% Nafion binder, and hot-pressed for 1 min at
80 �C and 5 MPa pressure. The MEA was assembled to a single cell,
activated by flowing 1Mmethanol for 1day, and active mode DMFC
test was performed using 1 M methanol anode fuel at 3 mL/min
flow rate and 400 mL/min air flow at the cathode at the tempera-
ture range between 30 �Ce60 �C. For comparison, an MEA with
Nafion 115 PEM was fabricated by hot-pressing for 1 min at 150 �C
and 5 MPa, and DMFC single cell test was performed at the same
condition as used for the composite PEM [26].

3. Results and discussion

We followed the synthetic method as reported by McGrath and
coworkers to prepare three highly sulfonated PSF ionomers
respectively with 39, 42, 48% DS by controlling molar ratios of
DCDPS and SDCDPS monomers during the condensation polymer-
ization [15]. DS of each sPSF was calculated from the proton signals
of 1H NMR (500 MHz Bruker). Based on the DS values obtained, the
sPSF samples were named as sPSF39, sPSF42, and sPSF48 respec-
tively. All of sPSF ionomers formed tough membranes by solution
casting owing to the high molecular weights. The molecular
weights of sPSF39, sPSF42, and sPSF48 were measured to be
189 kDa, 129 kDa, and 219 kDa respectively. Organically modified
titania and zirconia nanoparticles were synthesized via solegel
route. Although we have previously reported the preparation and
utilization of organically modified titania nanoparticles [30,35,36],
this is the first report on the nanocrystalline zirconia synthesis
using AcAc ligand and PTSA catalyst. Both titania and zirconia
nanoparticles were obtained as white powders, and their crystal-
line structures and average particle sizes were characterized by
XRD analysis. As shown in Fig. 1(a), the titania particles exhibited a
typical diffraction peaks of anatase phase, and Scherer analysis on
{101} peak revealed that the particle size was 7 nm [30]. Zirconia
nanoparticles showed relatively broader diffraction peaks than
those of titania owing to its smaller average particle size which was
calculated to be ~4 nm from the first diffraction peak. Two major
peaks appeared at 25e30� and 55e60� which were respectively
assigned to be from {111} and {220},{311} planes of tetragonal
zirconia crystalline phase [37]. Owing to a broadness of the
diffraction signal, the peaks from tetragonal {220} and {311} planes
of zirconia nanoparticle were not resolved. The small particle sizes
of titania and zirconia could be obtained by controlling PTSA
catalyst amounts [30].

With the same PTSA added to the respective solegel reactions,
different particle sizes of titania and zirconia could be attributed to
the distinct hydrolysis-condensation kinetics of Ti(Obu)4 and
Zr(Obu)4 precursors. Both nanoparticles were readily dispersed in
polar organic solvents including 1-butanol and DMSO, where
DMSO is the solvent for sPSF. We tested the mixing of titania and
zirconia dispersions with sPSF solution to have various nano-
particle contents in the solution-cast composite membranes, and it
was found that the transparent membranes could be obtained with
the nanoparticle contents up to 1 wt% for both cases. The composite
membranes containing more than 1 wt% of nanoparticles exhibited
visible opaqueness which implies aggregate formation. Therefore,
nanoparticle content was fixed to 1 wt%with respect to polymer for
the preparation of every composite PEM. In order to confirm the



Fig. 1. XRD Results of (a) titania, (b) zirconia nanoparticles, respectively showing anatase and tetragonal crystalline structures.
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nanoparticle dispersibilities in sPSF membranes, TEM analysis on
the composite membranes containing 1 wt% nanoparticles was
carried out. For TEM analysis, one drop of the 10-fold diluted
sPSF48/nanoparticle solution used for PEM preparation was cast
onto a Cu grid so that a very thin PEM film can be formed. As shown
in Fig. 2, both titania and zirconia nanoparticles are well dispersed
in sPSF matrices without significant aggregations.

Titania nanoparticle showed a relatively larger size and broader
size distribution compared to zirconia which is in a good accor-
dance to the XRD analysis results. The inset photographs in Fig. 2(a)
and (b) are the composite membranes of sPSF with titania and
zirconia respectively. Both membranes were cast to 100 mm thick-
nesses to be used for actual PEM for DMFC. It is noteworthy that the
both membranes are transparent enough to be seen through
although the 1 wt% of highly crystalline inorganic nanoparticles are
included. Such outstanding dispersions of titania and zirconia
within polymeric matrix could be attributed to the surface modi-
fication by AcAc ligand which effectively improved compatibilities
between nanoparticles and sPSF matrix as schematically shown in
Fig. 3. Tensile stressmeasurements of the hydrated PEMs of sPSF-48
and its composite membranes revealed that the 1 wt% zirconia-
containing sPSF-48 shows ~30% improvement of tensile stress at
low strain (5%) regime compared to a pristine membrane implying
the reinforced mechanical strength was achieved owing to a suc-
cessful hybridization of inorganic filler with PEM material. (see
supplementary data S-2).
Fig. 2. TEM micrographs of (a) titania, (b) zirconia dispersed in sPSF48 at 1 wt%. Inset figures
Using the composite membranes, various PEM characterizations
were performed. The six composite PEMs were prepared by
respectively blending titania and zirconia nanoparticles with three
different sPSF's (i.e. sPSF39, sPSF42, sPSF48 by DS) at 1 wt%. For
instance, sPSF39-T1 (or sPSF39-Z1) stands for the composite
membrane of sPSF39 and 1 wt% organically modified titania
nanoparticle (or the same content of zirconia). Each sPSF mem-
brane without nanoparticle was also prepared for comparison. In
Table 1, the characterization results of nine PEMs are summarized
along with those of Nafion-115. As shown in Table 1 and Fig. 4(a)
and(b), proton conductivities andwater uptake results of three sPSF
membranes were measured at 30 �C, both of which evidently
showed an increasing tendencies as a function of DS due to higher
content of hydrophilic domains in PEM [8]. The proton conductivity
of a sPSF48 membrane was measured to be as high as 0.08S/cm
which is comparable to that of Nafion-115. Upon inclusion of 1 wt%
organically modified nanoparticles, the proton conductivities of the
composite membranes decreased by 10e20%.

Decrease in proton conductivity was less serious for the zirconia
composite membranes, presumably due to a smaller particle size
and more uniform size distribution of the zirconia nanoparticle
compared to those of the titania used in this study.

For usual organic/inorganic composite PEMs, reduction of the
proton conductivity compared to that of a PEM without inorganic
nanoparticle is commonly observed since the inorganic fillers tend
to block the hydrophilic channels for proton transportation
respectively show the corresponding composite membranes with 100 mm thicknesses.



Fig. 3. Schematic illustration of hybrid PEM of sPSF and well-dispersed nano-titania (or zirconia) due to an improved compatibility. The imbedded transmission electron microscopy
image of a titania nanoparticle shows anatase crystalline structure.

Table 1
Characterization results of PEM.

Sample Proton conductivitya (S/cm) Methanol permeabilitya (cm2/s) Water uptakea (wt%) Selectivity (normalized to Nafion-115)

Nafion-115 0.078 2.7 � 10�6 26.7 1.0
sPSF39 0.066 6.7 � 10�7 55.7 3.4
sPSF39-T1 0.053 6.4 � 10�7 62.1 2.9
sPSF39-Z1 0.059 7.1 � 10�7 64.3 2.9
sPSF42 0.075 8.5 � 10�7 59.8 3.1
sPSF42-T1 0.064 7.4 � 10�7 67.8 3.0
sPSF42-Z1 0.071 7.5 � 10�7 67.9 3.3
sPSF48 0.08 1.6 � 10�6 65.6 1.7
sPSF48-T1 0.072 1.1 � 10�6 71.6 2.3
sPSF48-Z1 0.077 1.1 � 10�6 72.0 2.4

a All the measurements were carried out at 30 �C.

Fig. 4. (a) Proton conductivities, and (b) Water uptake results of sPSFs and nanocomposite membranes as a function of DS.
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[24,38,39].
In order to minimize such behaviors and to provide a facile

proton conduction, the surfaces of inorganic fillers are often
modified with sulfate or sulfonate which resemble ionic functional
groups in PEM materials [24,40]. In the current investigation,
however, the surface modifier was non-ionizable AcAc. Neverthe-
less, only 10% reduction of proton conductivity was obtained for a
sPSF/zirconia composite membrane which is quite noteworthy.
Another evidence for indication of hydrophilic property of the PEM
was found from the water uptake measurement. In Fig. 4(b), water
uptake results of sPSF and the composite membranes are plotted
against DS which evidently show the improved water uptake for
both titania and zirconia composite membranes. Inclusion of
sulfated metal oxide nanoparticles within PEM materials are
regarded to improve water uptake property at room temperature
and elevated temperatures [24,39]. Although our nanoparticle
surfaces were initially stabilized by AcAc organic modifier which
provided outstanding dispersability in polymer matrices during
PEM casting, the surface groups of the embedded nanoparticles
should have been exchanged by sulfate groups upon post-
membrane treatment in aqueous sulfuric acid following the same
mechanism as reported elsewhere [24]. Supposed that, the



Fig. 6. DMFC power performance curves of MEAs containing different PEMs at 60 �C.
All measurements were performed after activating each MEA with 1 M methanol for
1day.
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composite membranes containing surface-treated nanoparticles
would have become hydrophilic enough to provide an improved
water retaining-property and high proton conductivity as experi-
mentally verified in this study.

The most important role of the nanoparticle in the composite
membrane is a reduction of methanol permeability by “barrier ef-
fect”. In Fig. 5(a), methanol permeability of sPSF and the composite
membranes are plotted. In general, a hydrocarbon PEM with high
DS exhibits a trade-off phenomenon of high proton conductivity
and methanol permeability as well. Our sPSF showed the same
trends in both properties with increased DS, where the reduction of
the methanol permeability in both composite membranes was
more substantial at higher DS's. Composite membranes of metal
oxide nanoparticles with PEM material often show reduction of
methanol permeability. Hasani-Sadrabadi et al. reported that an
electro-osmotic movement of methanol takes place in DMFC
similarly as water transport, and their diffusion path become
complicated owing to the presence of well-dispersed nanoparticles
resulting in reduced permeability [29].

We calculated the membrane selectivities of the PEMs used in
this study by dividing proton conductivities by methanol perme-
abilities, and then normalized the selectivities to the value of
Nafion-115 as listed in Table 1 for easier comparison. For sPSF
membranes without nanoparticles, the membrane selectivities of
sPSF39, sPSF42, and sPSF48 were calculated to be 3.4, 3.1 and 1.7
respectively due to more substantial increase of methanol perme-
abilities in the PEM of higher DS. Fig. 5(b) shows a quite interesting
tendency of the membrane selectivity as a function of DS.

Although incorporation of the metal oxide nanoparticles within
sPSF39 did not improve the membrane selectivity, both nano-
composites using sPSF48 exhibited noticeable increases in the
membrane selectivity. These results imply that the barrier effects of
our titania and zirconia nanoparticles are more effective in the
highly sulfonated PEMs. We also examined proton conductivities
and membrane selectivities of the composite PEMs of sPSF48
containing 0,1,3,5 wt% of each nanoparticle as shown in
Supplementary data S-3, and confirmed that 1 wt% composite PEM
showed the best selectivity.

Using the sPSF48 PEM and its nanocomposite PEMs respectively,
DMFC MEAs were fabricated, and active mode single cell perfor-
mance tests were carried out as shown in Fig. 6. For comparison, an
MEA test with Nafion-115 PEM was also conducted.

At 60 �C, an MEA with sPSF48 MEA exhibited the maximum
power density of 63 mW/cm2, which was found to be ~7% lower
than that with Nafion-115 (68 mW/cm2). An MEA with sPSF48-T1
showed 69 mW/cm2 which is comparable or slightly higher than
that of Nafion-115 PEM. The best MEA performance was achieved
from sPSF48-Z1 PEM, which was 73 mW/cm2 (7% higher than with
Nafion-115). The improvements in power density from both titania
Fig. 5. (a) Methanol permeabilities and (b) Normalized membrane select
and zirconia nanocomposite PEMs can be attributed to the effective
reduction of methanol permeability and enhanced water retaining
ability by well-dispersed hydrophilic nanoparticles within sPSF48
without significant loss of proton conductivities. Since the proton
conductivity of sPSF48-Z1 was even higher than Nafion-115, we
were able to get a 7% improved DMFC performance [20]. Taking into
account that we actually adopted the MEA fabrication procedure
optimized for Nafion PEM, higher power performances with a
hydrocarbon-based nanocomposite PEMs are worthwhile to note.
We expect that optimizations of MEA fabrication process for sPSF-
based PEMs and development of a binder material that is better
compatible with sPSF PEM would promise further improvement of
DMFC performancewith the PEMmaterials developed in this study.
4. Conclusions

For DMFC PEM application, we developed highly dispersed
metal oxide nanoparticle composite membranes of sPSF ionomers
with 39, 42, 48% of respective DS's which were synthesized by
electrophilic aromatic polycondensation. Organically modified
nanocrystalline titania and zirconia nanoparticles were synthesized
through solegel reaction, and outstanding dispersion of both
nanoparticles within ionomeric PSF were possible due to small
particle sizes (<10 nm) and organic modification of nanoparticle
surfaces by AcAc ligand. Inclusion of metal oxide nanoparticles
resulted in slight reduction of proton conductivity in sPSF com-
posite membranes, but the water uptake of the membrane was
significantly increased due to hydrophilicity of the nanoparticles.
Owing to the effective barrier effects provided by highly dispersed
ivities of sPSFs and nanocomposite membranes as a function of DS.
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nanoparticles, methanol permeabilities of the composite mem-
branes were improved particularly for the sPSF of high DS (PSF48).
Overall, zirconia-containing sPSF PEM showed the highest mem-
brane selectivity among other PEMs probably due to smaller par-
ticle size and more uniform size distribution compared to those of
titania as revealed by TEM. Active mode DMFC performance tests
were conducted for the respective MEAs with PSF48 and its
nanocomposite PEMs, and the results were compared to that of a
Nafion-115MEA at the same condition. A single cell with Nafion 115
exhibited the maximum power density of 68 mW/cm2 at 60 �C,
while those with sPSF48-T1 and sPSP48-Z1 resulted in the
improved performances of 69 mW/cm2, and 73 mW/cm2

respectively.
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