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a b s t r a c t

Proton conductive sol–gel derived hybrid membranes were synthesized from aromatic derivatives
of methoxysilanes and ethyl 2-[3-(dihydroxyphosphoryl)-2-oxapropyl]acrylate (EPA). Two aromatic
derivatives of methoxysilanes with different number of methoxy groups were used as the starting mate-
rials. Hybrid membranes from difunctional (methyldimethoxysilylmethyl)styrene (MDMSMS(D))/EPA
eywords:
norganic–organic hybrid
roton-conducting membrane
ol–gel process
hosphonic acid
uel cell

revealed a higher chemical stability and mechanical properties than those from monofunctional
(dimethylmethoxysilylmethyl)styrene (DMMSMS(M))/EPA. The membrane–electrode assembly (MEA)
using the hybrid membranes as electrolytes worked as a fuel cell at 100 ◦C under saturated humid-
ity. The DMMSMS(M)/EPA membrane-based MEA showed a larger current density than that from
MDMSMS(D)/EPA. On the other hand, the MDMSMS(D)/EPA membrane-based MEA exhibited higher
open circuit voltages than the DMMSMS(M)/EPA-based MEA, and was stable during fuel cell operation
at 80 ◦C at least for 48 h.
. Introduction

Polymer electrolyte fuel cells (PEFCs) are expected to be promis-
ng energy sources because of high efficiency and clean exhaust
as. Perfluorosulfonate polymers, such as Nafion and Flemion,
re widely used as electrolyte membranes for PEFCs due to their
igh mechanical strength and proton conductivity. However, the
resent PEFCs are designed to operate at around 80 ◦C, as their per-
ormance deteriorates at higher temperatures. Operation of PEFCs
t temperatures between 100 and 150 ◦C is favorable for more
fficient systems because the cooling system of the fuel cell is sim-
lified and the tolerance of Pt catalyst toward CO increases [1,2].
or these operation conditions, new membranes exhibiting good
roperties at intermediate temperatures have been required.

The proton transport in the most commonly used perfluoro-
ulfonate polymer membranes is based on a water phase, and
his limits the operating temperature. Phosphoric acid has already
een used as an electrolyte for phosphoric acid fuel cells (PAFCs)
pplications around 200 ◦C, and reveals high proton conductivity

ased on the structure diffusion [3–5]. However, the incorporation
f phosphoric acid to a polymer matrix has a leaching problem,
s phosphoric acid molecules are retained in polymer matrices
ia weak interaction or hydrolytically unstable bonds like C–O–P
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bond. To avoid the problem, the use of phosphonic acid deriva-
tives has been reported [6,7]. Phosphonic acids are considered
to be a promising proton carrier at intermediate temperatures
(100–150 ◦C) because of their good proton donor and acceptor
properties. Phosphonic acids are bound via chemically stable C–P
bond and contribute to the proton conduction. Furthermore, phos-
phonic acids have a better thermal stability than sulfonic acid [8,9].
These properties are favorable for fuel cell application at interme-
diate temperatures.

Inorganic–organic hybrid materials attract attention because of
their capacity to produce materials having a wide range of physical,
chemical, thermal and mechanical properties due to the benefi-
cial properties of organic and inorganic phase. Proton conductive
inorganic–organic hybrids with various acid species have been
reported [10–16]. The organosiloxane-based inorganic–organic
hybrid membranes consist of siloxane linkages, organic chains
and mixed acid species. The inorganic component of siloxane
linkages increases the thermal and chemical stabilities of the
membrane, and the organic component improves the flexibility.
Hence, the hybrid membranes are expected to possess suitable
properties for PEFCs at intermediate temperatures. Recently, we
have synthesized the proton conductive inorganic–organic hybrid

membranes from aromatic derivatives of methoxysilane and ethyl
2-[3-(dihydroxyphosphoryl)-2-oxapropyl]acrylate (EPA) through
copolymerization and sol–gel reaction [17]. These membranes
consist of organic polymer chain formed by polymerization and
siloxane linkage derived from sol–gel reaction of alkoxysilane. The

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yogo@esi.nagoya-u.ac.jp
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surfaces of the hybrid membranes are smooth, and have no appar-
ent crack and void. The result indicates that the organic moieties
in hybrid membranes adjust the drying rate to suppress the local
and rapid shrinkage, leading to the homogeneous membranes at
the micrometer level.
J. Umeda et al. / Journal of Pow

olymer chain possesses covalently bound phosphonic acid groups,
hich contribute to proton conduction. The hybrid membranes

evealed high thermal stability and stable proton conductivity up
o 140 ◦C. However, the properties of the membrane have not been
tudied in detail.

This paper describes the characterization of the hybrid mem-
ranes synthesized from two kinds of methoxysilane derivatives
nd EPA. The effects of starting methoxysilane on the membrane
tructures and properties were investigated. The H2/O2 fuel cell
erformances of membrane–electrodes assemblies (MEAs) were
lso studied.

. Experimental procedure

.1. Membranes

Hybrid membranes were prepared from aromatic deriva-
ives of methoxysilane and ethyl 2-[3-(dihydroxyphosphoryl)-2-
xapropyl]acrylate (EPA) according to our previous study [17].
wo kinds of aromatic derivatives of methoxysilane, (dimethyl-
ethoxysilylmethyl)styrene (DMMSMS) or (methyldimethoxysi-

ylmethyl)styrene (MDMSMS), were used for the preparation of
he hybrid membranes. These compounds are abbreviated as
MMSMS (M, monosubstituted) and MDMSMS (D, disubstituted)
ased on the number of methoxy groups. The samples were

abeled with their monomer feed ratio such as DMMSMS(M) (or
DMSMS(D))/EPA = 1/6. The monomer feed ratio of 1/6 was inves-

igated in this study.

.2. Characterization of membranes

The microstructure of the membrane and MEA was observed
ith a scanning electron microscope (SEM, JEOL, JSM-5600). Solid-

tate 29Si and 31P cross-polarization (CP)-magic angle spinning
MAS) nuclear magnetic resonance (CP-MAS NMR) spectra of the
ybrid membranes were recorded with an Avance 300 spec-
rometer (Bruker, Biospin) operating at 59.624 and 121.495 MHz,
espectively. The spinning rate of samples was set to 5.0 kHz.
he external standards for 29Si and 31P chemical shift were hex-
methylcyclotrisiloxane and ammonium phosphate monobasic. A
ifferential scanning calorimeter (DSC, Shimadzu, DSC-60) was
sed to measure the melting curves of water in the hybrid mem-
ranes. The samples were kept at 40 ◦C under 100% relative
umidity for more than 1 h before measurements. The DSC curves
ere obtained for the samples from −80 to 60 ◦C at a heating rate of
◦C min−1. The chemical stability of the membranes was examined

hrough immersing small pieces of membrane in Fenton’s reagent
3% H2O2 aqueous solution with 2 ppm FeSO4) at 80 ◦C [18].

The mechanical properties of the hybrid membranes were eval-
ated using a Knoop microindentation tester with a microindenter
Akashi, MVK-E). The applied load and time were 245 mN and 20 s,
espectively. All the samples were kept under ambient conditions
efore measurements. The elastic modulus (E) was calculated from
he values of the Knoop hardness (�HK), as reported [19].

.3. Preparation of electrodes and membrane–electrodes
ssemblies (MEAs)

The catalyst ink was prepared by mixing 5% Nafion® solution
Wako Chemical), Pt/C powder (N.E. Chemcat) and methanol. The

ixing suspension was stirred with ultrasonication for 30 min to

btain a catalyst ink, and then uniformly casted on carbon paper
oated with Ketchen black. The amounts of Pt and Nafion ionomer
n the electrode were 0.5 mg cm−2 and 0.8 mg cm−2, respectively.

EAs were prepared by hot press at 120 ◦C for 4 min to combine
he electrodes and membrane.
urces 195 (2010) 5882–5888 5883

2.4. Single cell test

The MEA was incorporated into a single cell test fixture. The
current–voltage curves were measured by using a potentiometer
(Solartron, SI 1287) under 0.1 L min−1 H2 and O2 flow for anode and
cathode, respectively. The cell temperature was set to be at 80 and
100 ◦C and humidification of feed H2/O2 gases was conducted by
bubbling the gases through distilled water at 80 and 100 ◦C. The cell
performance under low relative humidity (RH) was also evaluated
at 120 ◦C by feeding humidified H2 (100 ◦C) and O2 (100 ◦C). The RH
at the conditions was calculated to be 51% RH.

Durability test of the cell was carried out at a constant current
density of 40 mA cm−2 at 80 ◦C. The test was interrupted every 8 h.
To interrupt the test, the reactant flows were stopped and the sys-
tem was cooled to room temperature. The test was restarted after
the system reached the required temperature.

The cell impedance was also measured by ac impedance method
using a Solartron SI 1255 frequency response analyzer equipped
with the SI 1287 electrochemical interface from 1 MHz to 10 mHz.
The proton conductivity (�) was determined using the relation
� = l/RS, where l is the thickness of the membrane, R is the mea-
sured resistance of the membrane and S is the surface area of the
electrode.

3. Results and discussion

3.1. Appearance and microstructure of the hybrid membranes

Two kinds of hybrid membranes were prepared with a monomer
feed ratio of DMMSMS(M)/EPA = 1/6 or MDMSMS(D)/EPA = 1/6,
since the membranes showed the highest conductivities at the
Si/P = 1/6 ratio. These membranes were self-standing, transpar-
ent and yellowish. Fig. 1(a) and (b) show the appearances of
DMMSMS(M)/EPA = 1/6 and MDMSMS(D)/EPA = 1/6 hybrid mem-
branes, respectively. Self-standing membranes with a thickness of
less than 100 �m can be readily obtained. Fig. 1(c) and (d) shows
SEM images of the hybrid membranes with the compositions of
DMMSMS(M)/EPA = 1/6 and MDMSMS(D)/EPA = 1/6, respectively.
Generally, a sample synthesized by sol–gel method forms a crack
and fracture due to shrinkage during drying process. However, the
Fig. 1. Appearance and microstructure of hybrid membranes: (a) DMMSMS(M)/
EPA = 1/6, (b) MDMSMS(D)/EPA = 1/6, (c) DMMSMS(M)/EPA, and (d) MDMSMS(D)/
EPA hybrid membrane.
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above 0 C correspond to the melting of absorbed water on the sur-
ig. 2. 29Si NMR spectra of hybrid membranes: (a) DMMSMS(M)/EPA = 1/6 hybrid
embrane and (b) MDMSMS(D)/EPA = 1/6 hybrid membrane.

.2. NMR analysis of the hybrid membranes

Fig. 2 shows 29Si NMR spectra of the DMMSMS(M)/EPA and
DMSMS(D)/EPA hybrid membranes with a Si/P monomer feed

atio of 1/6. The silicate structures derived from DMMSMS(M)
nd MDMSMS(D) are represented by Mn and Dn notation, respec-
ively. The superscript indicates the total number of siloxane bonds
ttached to the R3SiO or R2SiO2 tetrahedron. The spectrum of the
MMSMS(M)/EPA membrane consists of two signals at 18.2 and
.8 ppm (Fig. 2(a)). A small signal at 18.2 ppm is assigned to M0 unit,
hile a large signal at 5.8 ppm is M1 unit [20]. For MDMSMS(D)/EPA
ybrid membrane, a broad signal is observed at −24.7 ppm as
hown in Fig. 2(b). The broad signal is composed mainly of D2 sig-
al together with D1 at the lower field side. From these results,
he Si–OCH3 bond in the starting compounds undergoes hydrolysis
nd condensation yielding Si–O–Si linkages in the hybrid mem-
ranes. DMMSMS(M) has one methoxy group, which form dimeric
i–O–Si linkage through hydrolysis and condensation reactions.
n the other hand, two methoxy groups of MDMSMS(D) form lin-
ar Si–O–Si linkage. In MDMSMS(D)/EPA membrane, the density of
i–O–Si linkage is higher than that of DMMSMS(M)/EPA membrane.
n the present synthesis, the sol–gel condensation was conducted to
orm silica structures, after the organic polymer chain was synthe-
ized. The high molar ratio of P to Si (6/1) corresponds to the high
atio of organic polymer chain. Even at the high ratio of organic
olymer phase, the silica linkage was formed successfully in the
rganic polymer matrix by sol–gel condensation reaction.

Fig. 3 shows the 31P CP-MAS NMR spectra of hybrid membranes
rom DMMSMS(M)/EPA = 1/6 and MDMSMS(D)/EPA = 1/6. The pro-
le of each spectrum is almost the same to each other. In both
pectra, single 31P resonance signals were observed at 18.7 ppm.
he signals are attributed to the phosphonic acid group (–PO3H2)
ound with polymer backbone, since free H3PO4 appears at 0 ppm.
he only one signal in the spectra indicates that all phosphonic acid
roups in the membranes did not form other bonds such as Si–O–P.
ilicon alkoxide does not react with P–OH during sol–gel process

t low temperatures [21]. Therefore, these phosphonic acid groups
n the hybrid membranes can contribute to proton conduction.

Fig. 4 depicts the possible structures of DMMSMS(M)/EPA and
DMSMS(D)/EPA hybrid membranes. The number of methoxy
Fig. 3. 31P NMR spectra of hybrid membranes: (a) DMMSMS(M)/EPA = 1/6 hybrid
membrane and (b) MDMSMS(D)/EPA = 1/6 hybrid membrane.

groups in the starting organoalkoxysilanes affects the structure
of the hybrid membrane as described above. Methoxy groups of
DMMSMS(M) or MDMSMS(D) undergo hydrolysis to form Si–O–Si
linkages. DMMSMS(M) includes one methoxy group to yield
dimeric Si–O–Si cross-linking after sol–gel reaction. In contrast, as
MDMSMS(D) has two methoxy groups, linear Si–O–Si linkages are
formed in MDMSMS(D)/EPA membrane. Both hybrid membranes
contain covalently bound phosphonic acid groups in polymer chain
formed by copolymerization reaction between aromatic deriva-
tives of methoxysilane and EPA. Immobilization of phosphonic acid
via hydrolytically stable C–P bond is desirable for the suppression
of leach-out of phosphonic acid groups.

3.3. The chemical stability of the membranes

The oxidation stability of the membranes was examined using
Fenton’s reagent at 80 ◦C. The DMMSMS(M)/EPA = 1/6 membrane
broke into pieces by shaking after 5 h, and then almost dissolved in
7 h. On the other hand, the membranes of MDMSMS(D)/EPA = 1/6
maintained the dimension with no visible crack even after 24 h
treatment. Also, the membrane did not show any distinct change in
the FT-IR spectrum. The results indicate that the MDMSMS(D)/EPA
membrane has a much higher stability to oxidation than the
DMMSMS(M)/EPA membrane due to the two-dimensional silox-
ane linkage. However, the DMMSMS(M)/EPA membrane also have
relatively high anti-oxidative stability, which was comparable to
that of aromatic polymer electrolytes [18,22]. Therefore, the anti-
oxidative properties of the membranes can be improved by the
incorporation of Si–O network.

3.4. DSC analysis of the hybrid membranes

A differential scanning calorimetry (DSC) was used to investi-
gate the state of water in the hybrid membranes. DSC has been
used extensively to characterize the phase transition of water in
the water-containing systems [23–25]. Fig. 5 shows DSC heating
curves for the hybrid membranes. The endothermic peaks observed

◦

face of the membrane powders. The distinct endothermic peaks
are observed for both samples below 0 ◦C. For the DSC curve of
DMMSMS(M)/EPA hybrid membrane, an endothermic peak starts
at −26.2 ◦C and has the maximum at −8.2 ◦C. While the curve of
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ig. 4. Possible structures of hybrid membranes: (a) membrane from monofunctio

DMSMS(D)/EPA hybrid membrane shows an endothermic peak
t the lower temperature; the onset and top of the peak are −28.6
nd −9.1 ◦C, respectively. The endothermic peaks are attributed to
he melting of water in the hybrid membranes. The melting and
reezing temperatures of water confined in small pores are lower
han those of free water. The DSC results indicate that the absorbed
ater in the hybrid membranes is confined in small pores, as the
eak temperatures are much lower than the melting point of free
ater. Moreover, the results also indicate that the size of water
omain for MDMSMS(D)/EPA hybrid membrane is smaller than that
or DMMSMS(M)/EPA hybrid membrane. The MDMSMS(D)/EPA
ybrid membrane has dense Si–O–Si linkages compared to the

MMSMS(M)/EPA membrane as shown in Section 3.2. Therefore,

he difference in structure may affect the water domain size of
he hybrid membranes. The water domain in proton exchange

embranes plays an important role in the proton transport. The

ig. 5. DSC heating curves for DMMSMS(M)/EPA = 1/6 and MDMSMS(D)/EPA = 1/6
ybrid membranes. The samples were pre-treated at 40 ◦C under 100% relative
umidity.
MSMS(M)/EPA = 1/6 and (b) membrane from difunctional MDMSMS(D)/EPA = 1/6.

smaller water domain in MDMSMS(D)/EPA hybrid membrane may
suppress the proton conduction, leading to the low proton conduc-
tivity as reported; the conductivities at 40 ◦C under 100% RH are
1.6 × 10−2 and 4.1 × 10−3 S cm−1 for DMMSMS(M)/EPA = 1/6 and
MDMSMS(D)/EPA = 1/6 hybrid membrane, respectively [17].

3.5. Mechanical strength of the hybrid membranes

The Knoop indentation tests were performed to investigate
the mechanical properties of the hybrid membranes. The results
are summarized in Table 1. The measurements were conducted
on the samples kept under ambient conditions for more than a
month. The Knoop microhardness (�HK) and the elastic mod-
ulus of the MDMSMS(D)/EPA = 1/6 hybrid membrane are larger
than those of the DMMSMS(M)/EPA = 1/6 hybrid membrane. The
increase in the �HK and E are attributed to an increase of Si–O–Si
density in the hybrid membrane. The two-dimensional Si–O–Si
linkage in the MDMSMS(D)/EPA membrane is the reason for the
higher �HK and E than that those of DMMSMS(M)/EPA mem-
brane as described in Section 3.2. The �HK and E values of the
MDMSMS(D)/EPA = 1/6 hybrid membrane are comparable to those
of polycarbonate (�HK (micro-Vickers hardness): 0.14 GPa; E:
2.3 GPa) [19]. DMMSMS(M)/EPA = 1/6 hybrid membrane having the
lower �HK and E values is more flexible as shown in Fig. 1. Although
there are differences in the mechanical properties between the
DMMSMS(M)/EPA and MDMSMS(D)/EPA hybrid membrane, both
membranes possess the sufficient mechanical strength for the fab-
rication of test cell in Section 3.6.
3.6. Cell performances of the MEAs

Fig. 6 shows potential–current polarization curves of the single
cells using the DMMSMS(M)/EPA = 1/6 and MDMSMS(D)/EPA = 1/6

Table 1
Knoop microhardness (�HK) and elastic modulus (E) of the hybrid membranes.

Membrane �HK (GPa) E (GPa)

DMMSMS(M)/EPA = 1/6 0.054 0.78
MDMSMS(D)/EPA = 1/6 0.082 2.7
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ig. 6. Cell performances of MEAs from hybrid membranes at 80 and 100 ◦C under
aturated humidity. (a) Cell performances for DMMSMS(M)/EPA = 1/6 membrane-
ased MEA and (b) cell performances for MDMSMS(D)/EPA = 1/6 membrane-based
EA.

embrane at 80 and 100 ◦C under saturated humidity. The mem-
rane thicknesses of the former and the latter were 40 and 50 �m,
espectively. Both cells worked as a fuel cell at 80 and 100 ◦C,
nd a larger current density was observed for the cell using
he DMMSMS(M)/EPA membrane as an electrolyte. The maxi-

um power densities of the cells using the DMMSMS(M)/EPA
nd MDMSMS(D)/EPA were 115 and 76 mW cm−2, respectively,
t 100 ◦C. However, when the temperature increased from 80 to
00 ◦C, the open circuit voltage (OCV) of the cell based on the
MMSMS(M)/EPA dropped from 0.84 V to 0.69 V (Fig. 6a). Both

he initial low OCV and the decrease in OCV might be attributed
o gas cross-over or internal micro-short circuit due to a loss in

echanical strength of the membrane at the high temperature
nder fully humidified condition. By contrast, the OCVs over 0.9 V
ere observed for the cell using the MDMSMS(D)/EPA under both

onditions at 80 and 100 ◦C. It indicates that the MDMSMS(D)/EPA
embrane possesses a higher thermal and mechanical stability

han DMMSMS(M)/EPA under these conditions due to the dense
ilica structure as described above.

Fig. 7shows the impedance spectra of the cells operated at
0 ◦C under saturated humidity. The impedance spectra show
lmost a semicircle. The intersection at the real axis and the
iameter of the semicircle correspond to the internal resistance

nd charge transfer resistance, respectively. The internal resis-
ances of the cells for the DMMSMS(M)/EPA membrane at 100
nd 80 ◦C were 0.084 and 0.192 � cm2, respectively. The inter-
al resistances for MDMSMS(D)/EPA-based cells at 100 and 80 ◦C
ere 1.03 and 1.78 � cm2, respectively, which were higher than
Fig. 7. Impedance spectra of MEAs from hybrid membranes at 80 and 100 ◦C
under saturated humidity. Measurements were taken at 0.4 V. (� and ♦)
DMMSMS(M)/EPA = 1/6 and (� and �) MDMSMS(D)/EPA = 1/6.

those for DMMSMS(M)/EPA. The cell resistance includes ionic resis-
tance and electrode resistance. When the electrode resistance
is assumed to be negligibly small, the proton conductivities of
DMMSMS(M)/EPA in the MEA are calculated to be 4.8 × 10−2 and
2.1 × 10−2 S cm−1 at 100 and 80 ◦C, respectively. Similarly, the pro-
ton conductivities of MDMSMS(D)/EPA in the MEA are 4.9 × 10−3

and 2.8 × 10−3 S cm−1 at 100 and 80 ◦C, respectively. The calculated
conductivities at 80 ◦C from the MEA experiment are smaller than
those previously reported (4.2 × 10−2 and 1.5 × 10−2 S cm−1 for the
DMMSMS(M)/EPA and MDMSMS(D)/EPA membrane, respectively,
at 80 ◦C [17]). This difference may be due to the use of different
measurement methods. In the previous work, the conductivities of
membranes were measured with platinum electrodes under static
atmosphere in a chamber. Since Nafion solution was used to form
three phase interface in the current MEAs, the hybrid membranes
were sandwiched between Nafion-coated Pt/C electrodes. The com-
patibility between the Nafion ionomer and the hybrid membranes
is not necessarily good due to their different chemical natures.
The resistances obtained in this study include the membrane resis-
tance and contact resistance, which might result in the larger cell
internal resistance. Nafion used as a binder in the electrodes is
not compatible with many other polymers, which leads to the
higher resistance at the interface [26]. A cell performance depends
strongly on the MEA fabrication parameters, such as kinds and
amounts of electrolyte binders, kinds of gas diffusion layers, con-
ditions of hot press, and so on [27–29]. The fabrication method of
the MEAs must be optimized to improve the cell performance. One
way to obtain a MEA exhibiting higher performance is to replace
the Nafion solution used for the electrode impregnation with the
polymer solution of the same chemical composition as that of the
membrane [30].

The cell performance at a higher temperature under low humid-
ity was evaluated for the MDMSMS(D)/EPA membrane-based MEA,
because the MEA revealed a better stability than that from the
DMMSMS(M)/EPA membrane. Fig. 8 shows a polarization curve of
the cell using the MDMSMS(D)/EPA membrane measured at 120 ◦C
at 51% RH. The result confirms that the cells using the hybrid
membrane worked as a fuel cell at 120 ◦C under the low relative
humidity. However, the performance abruptly dropped compared

◦
to the performance at 100 C under fully humidified condition. The
decline in performance is ascribed to decrease in conductivity of
the membrane under low relative humidity and the use of Nafion
ionomer in catalyst layer of the MEA. We have reported the con-
ductivities of the hybrid membranes under low relative humidities
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ig. 8. Cell performance of MEA using the DMMSMS(D)/EPA membrane at 120 ◦C
nd 51% RH.

17], which were comparable with those reported [14,15]. The rel-
tively low conductivities of the hybrid membranes under low
umidified conditions must be improved for an actual operation
t intermediate temperatures. This will require the increase in vol-
me fraction of phosphonic acid as high as possible to provide
good connectivity within the hydrated hydrophilic domains at

ow humidified conditions [6]. It seems to be achievable for hybrid
embranes having a dense structure (e.g. MDMSMS(D)/EPA mem-

ranes) to introduce higher contents of phosphonic acid group.
n the other hand, the use of Nafion ionomer in catalyst layer
f the MEA is also the reason for the low performance because
he properties of Nafion deteriorate at high temperatures. New
onomers possessing a better compatibility with the membranes
nd prominent properties at high temperatures are required for
he improvement of the cell performance.

The durability test was conducted on the cell using
DMSMS(D)/EPA membrane at 80 ◦C under saturated humidity.

ig. 9 shows the cell voltage as a function of time operated at a
onstant current density of 40 mA cm−2. The measurement was
nterrupted every 8 h and total time of the test was 48 h. The cell
ept the performance of cell voltage of 0.6–0.7 V, indicating a good

tability of the hybrid membrane for 48 h. The time and current
ensity for the current membrane are superior to those reported
or SiO2-based inorganic–organic hybrid membrane [27]. Although
ignificant drops in cell voltage were not observed over the time

ig. 9. Change in cell voltage for MDMSMS(D)/EPA = 1/6 membrane-based MEA with
ime operated at constant current density of 40 mA cm−2 at 80 ◦C under saturated
umidity. The test was interrupted every 8 h.
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range of 48 h, the variations in cell voltage were observed at
restarting points every 8 h. The polarization curve of the cell after
the durability test for 48 h exhibited a higher performance than
that before the test (not shown). The power densities of the cell
before and after the test were 50 and 56 mW cm−2 at 0.5 V, respec-
tively. The improvement probably derived from the improved
structure of the interface between the membrane and catalyst
layer through the repeated start-up/shut-down (heating/cooling)
operations. These results also indicate that the fabrication method
of the MEA must be optimized to achieve the further improvement
of performance.

4. Conclusions

Inorganic–organic hybrid membranes synthesized from
DMMSMS(M)/EPA and MDMSMS(D)/EPA, and their properties
were investigated. The siloxane linkage (Si–O–Si) formed in hybrid
membranes depended on the number of methoxy group in start-
ing alkoxysilanes. The higher chemical stability and mechanical
properties of MDMSMS(D)/EPA membrane reflected the two-
dimensional Si–O–Si linkage, which depended on the number of
methoxy groups in the starting methoxysilanes. The high conduc-
tivity of DMMSMS(M)/EPA membrane was attributed to the larger
size of water in the membrane. The maximum power density of
the cells using DMMSMS(M)/EPA and MDMSMS(D)/EPA were 115
and 76 mW cm−2, respectively, at 100 ◦C and saturated humidities.
In contrast, MDMSMS(D)/EPA hybrid membrane-based MEA kept
the high performance even at 100 ◦C under fully humidified
condition due to its high mechanical property. The MEA also
exhibited a good stability during fuel cell operation at 80 ◦C at least
for 48 h.
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