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Polymer electrolyte membranes are among important classes
of polymeric materials as ion-exchangers, electrolytes for
batteries and sensors, and dopants for electronic conductors.[1]

In particular, recent progress in the area of polymer electro-
lyte membrane fuel cells (PEMFCs) has stimulated consid-
erable interest in proton-conductive electrolyte membranes.[2]

Mostly perfluorinated sulfonic acid ionomers have been
studied as a proton-conductive membrane for PEMFCs.
Their robust polytetrafluoroethylene (PTFE) backbone com-
bined with strongly acidic perfluorosulfonic acid side chains
affords very high proton conductivity and substantial dura-
bility. In terms of gas permeability, environmental friend-
liness, stability at high temperatures, and production cost,
however, alternative proton-conductive membranes with
non-fluorinated materials are in great demand.

A variety of alternative membranes have been proposed
in the last decade.[3] Among them are aromatic hydrocarbon
ionomers such as sulfonated polyimides (SPIs),[4] polyethers
(SPEs)[5] and polyether sulfones (SPESs),[6] and phosphoric
acid doped polybenzimidazoles (PBIs).[7] We have recently
developed well-designed polyimide and polyether ionomers,
membranes of which have shown 5000 h durability in hydro-
gen/air fuel cells.[8] One disadvantage yet to be overcome of
these new membranes is insufficient proton conductivity, or
more precisely, a heavy dependence of the proton conductiv-
ity on water activity. Proton conductivity generally drops
several orders of magnitude upon decreasing the humidity
from 100% to 20%RH (relative humidity). To ease the water
management of fuel cells, a proton-conductive membrane
that is less dependent on the humidity is mandatory.

For this and other purposes, it has been proposed to
incorporate hygroscopic inorganic compounds such as silica,[9]

titania,[10] zirconia,[11] tungsten oxide,[12] and others[13] into
polymer electrolyte membranes. Some of these membranes
show better mechanical properties and lower methanol

permeability, however, the composite effect on the proton
conductivity was not very distinctive or even negative in some
cases. In addition to the chemical and physical state of the
inorganic “fillers”, the procedure for fabricating the mem-
branes also seems crucial, as absorbed water can take part in
proton conduction only when located in the vicinity of acid
groups of matrix polymers.

The objective of the present research is to maximize the
effect of incorporated inorganic compounds and thus to
produce highly proton-conductive composite membranes.
Our idea is to adopt 3-trihydroxysilyl-1-propanesulfonic acid
(THOPS), which has a sulfonic acid group covalently bonded
to a silicon atom through the alkylene group, as a precursor of
the inorganic component. THOPS could be converted
through a sol–gel process in the polymer electrolyte matrices
into sulfopropylated polysilsesquioxane ({SiO3/2-
(CH2)3SO3H}n ; SiOPS), which is expected to enhance the
water absorbability and the proton conductivity in mem-
branes.

As a matrix polymer, SPI (copolymer composition, n=

0.5) with an ion-exchange capacity (IEC) of 1.82 meqg�1 was
chosen. Sol–gel processing of THOPS was carried out in a
heated solution of the SPI in DMSO. Casting the resulting
mixture gave composite membranes of SPI and SiOPS
(Figure 1).

SPI/SiOPS composite membranes with a SiOPS content
of up to 19 wt% were obtained. The brown composite
membranes became stiffer with increasing SiOPS content
but retained flexibility and transparency even under dry
conditions. Formation of polysilsesquioxane was confirmed
by 29Si NMR spectra (see Figure S1 in the Supporting
Information). In the spectrum of the THOPS used, four
peaks were observed at d=�42, �51, �59, and �68 ppm,
which are assignable to T0, T1, T2, and T3 (where T represents
trifunctional silicon and the superscript number represents
the number of siloxane bridges). There is some amount of
oligomeric siloxane products (T1, T2, and T3) included in the
commercial THOPS aqueous solution as acknowledged by
the supplier (Gelest, Inc.). In the 29Si NMR spectrum of the
resulting composite membrane, only one broad peak for T3

silicon was observed, indicating a complete dehydration
polycondensation reaction.

The morphology of the composite membrane and the
distribution of SiOPS was investigated by scanning electron
microscopy (SEM) and scanning transmission electron micro-
scopy (STEM). In the SEM image of the cross-section of the
membrane (Figure 2a), no particles of SiOPS were con-
firmed. As confirmed by energy-dispersive X-ray (EDX)
analyses,[14] silicon was present relatively uniformly through-
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out the membrane which enabled us to calculate the average
loading amount of SiOPS (16 wt% in Figure 2b).

The STEM image of the Ag-stained membrane sample
revealed that the ionic domains of approximately 5 nm
diameter (represented by dark areas) were present and
well-connected to each other (Figure 3a). The connectivity
of the ionic domains was significantly better than that of the
parent SPI membrane, while the size of the spherical ionic
clusters was comparable.[8a] It is believed that the ionic
domains result from the aggregation of sulfonic acid groups
both from the polymer electrolyte and SiOPS. Elemental
analyses of the SPI/SiOPS sample shown in the STEM image
of higher magnification further support highly dispersed

SiOPS (Figure 3b). These results suggest that SPI and SiOPS
form a well-dispersed nanocomposite membrane.

The nanocomposite membrane was subjected to stability
tests under dry and wet conditions. With thermogravometric
(TG)/differential thermal analysis (DTA) under dry nitrogen,
the membrane showed four-step weight losses (Figure 4a). By

using mass spectroscopy (Figure 4b and c), the first (RT to
150 8C) and the second (150 to 230 8C) steps were assigned to
the loss of absorbed water, while the third (230 to 350 8C) and
the fourth (above 350 8C) steps were attributed to the loss of
sulfonic acid groups and the degradation of the main chain,
respectively. The absorbed water in the second weight-loss
step is assigned to the water absorbed by SiOPS, as revealed
by comparison with the TG/MS spectra of bare SPI.[15] Note
that SiOPS has a stronger water-holding capability than the
SPI matrix.[16]

The nanocomposite membrane was substantially stable in
wet conditions. After treatment with FentonFs reagent at 80 8C
for 1 h or with pressurized steam at 140 8C for 24 h, the

Figure 1. Representation of proton-conductive nanocomposite mem-
branes composed of a polymer electrolyte (matrix) and sulfopropylated
polysilsesquioxane (SiOPS).

Figure 2. a) Electron microscopy image and b) distribution of SiOPS at
the cross-section of the SPI/SiOPS nanocomposite membrane. The
average loading of SiOPS was 16 wt%. The SiOPS distribution was
calculated from the Si/S atomic ratio obtained by EDX analysis of the
sample marked by a black line in part (a).

Figure 3. a) STEM image and b) Si elemental distribution of the SPI/
SiOPS nanocomposite membrane (average SiOPS loading: 16 wt%).
The sample was stained with silver by ion exchange of sulfonic acid
groups. The stained membrane was embedded in epoxy resin and
sectioned to yield 30-nm thick samples using a microtome. Silicon is
represented in red in part (b).

Figure 4. a) TG/DTA curves and b), c) mass spectrometry chromato-
grams of the SPI/SiOPS nanocomposite membrane in dry nitrogen
(average SiOPS loading: 16 wt%).
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membrane was intact without observable losses of incorpo-
rated SiOPS from the membranes, indicating high oxidative
and hydrolytic stability (Table 1). The results are surprising
given the fact that SiOPS alone dissolves immediately in hot
water. There seems to be a strong interaction between SiOPS
and SPI (possibly hydrogen bonding among sulfonic acid
groups) to stabilize SiOPS in the composite membranes.

The humidity dependence of the water uptake and the
proton conductivity of the nanocomposite membranes with
different loadings of SiOPS are summarized in Figure 5. As

SiOPS with its very high IEC value of 5.71 meqg�1 is highly
hygroscopic, the composite membranes showed a higher
water uptake than the bare SPI membrane. The water uptake
increased as the loading of SiOPS increased. While this effect
was observed at wide humidity range (20–90% RH), it was
more pronounced at higher humidity conditions. The compo-
site membranes showed higher proton conductivity than the
bare SPI membrane. In particular, the conductivity at low
humidity was significantly improved. The highest conductivity
at 20%RHwas obtained for the 16 wt% SiOPS sample (3.7 G
10�4 Scm�1) which is about 30 times higher than that of the
bare SPI membrane. The higher conductivity of the composite
membranes results from the increased IEC value (e.g.,
2.43 meqg�1 for the 16 wt% SiOPS sample) and the

improved water-holding capability (the latter was confirmed
by TG analyses in Figure 4). The result is consistent with the
above-mentioned microscopic analyses (Figure 3a) in which
were observed well-connected ionic domains as a proton-
transporting pathway. It seems that the number and con-
nectivity of the ionic clusters are more crucial than their size
for a better proton conduction. The higher water uptake and
higher proton conductivity of the composite membranes were
also confirmed at 100 8C (Figure S2 in the Supporting
Information) to reveal their good thermal stability. The
19 wt% SiOPS sample showed a lower conductivity at low
humidity than the other composite membranes despite its
higher water-uptake properties. It is presumably because
excess SiOPS molecules could aggregate to form larger
particles that are less miscible with the matrix polymer.

To further confirm the effect of SiOPS in the polymer
electrolyte membranes, SPE[8d] (IEC= 1.63 meqg�1; degree
of sulfonation, x= 1.1; Figure 1, bottom) was adopted as a
matrix. Unlike SPI, SPE gave opaque white composite
membranes regardless of the loading of SiOPS (SPE alone
gave transparent colorless membranes). In the SEM and
STEM images of SPE/SiOPS composite membranes, ellipsoi-
dal particles of SiOPS with diameters of several hundred
nanometers were clearly observed. We have not well under-
stood as yet the origin of the differences in the miscibility (or
compatibility) with SiOPS between the two polymer electro-
lytes. The higher polarity of SPI owing to its imide linkages
could be responsible for its better miscibility with SiOPS. The
SPE/SiOPS composite membranes showed a similar trend in
water-uptake behavior to the SPI composites (Figure 6).
Higher SiOPS loadings resulted in higher water uptake. The
proton conductivity also increased as the loading of SiOPS
increased. At 20% RH, a composite membrane containing
9 wt% SiOPS showed 10 times higher proton conductivity
than that of the bare SPE membrane. From these results, it is
clear that the incorporation of SiOPS evokes a significant
improvement in proton-conducting behavior in the polymer
electrolyte membranes.

Table 1: Oxidative and hydrolytic stability of SPI, SiOPS, and SPI/SiOPS
membranes.

Membrane Oxidative stability [wt%][a] Hydrolytic stability [wt%][b]

SPI 98 100
SiOPS 0 0
SPI/SiOPS 98 99

[a] Residue after treatment with Fenton’s reagent (3% H2O2 aqueous
solution containing 2 ppm FeSO4) at 80 8C for 1 h. [b] Residue after
treatment with pressurized steam (100% RH) at 140 8C for 24 h.

Figure 5. Humidity dependence of a) the water uptake and b) the
proton conductivity of SPI/SiOPS nanocomposite membranes at 80 8C
(average SiOPS loading was 0–19 wt% as indicated in part (a)).

Figure 6. Humidity dependence of a) the water uptake and b) the
proton conductivity of SPE/SiOPS composite membranes at 80 8C
(average SiOPS loading was 0–9 wt% as indicated in part (a)).
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In summary, we have developed an effective approach to
improving the proton conductivity of polymer electrolyte
membranes by simply incorporating acid-functionalized poly-
silsesquioxane (SiOPS). Nanocomposite membranes pre-
pared by in situ sol–gel processing showed much higher
proton conductivity (up to 30 times) than that of the original
membranes and accordingly less dependence of the conduc-
tivity on the humidity. The methodology is likely to be
versatile as confirmed by the preparation of two different
series of polymer electrolytes, although the miscibility with
SiOPS depends on the matrix polymer. The nanocomposite
membranes are expected to have an impact in the field of
solid electrolyte science, especially conductive membrane
materials.

Experimental Section
Sulfonated polyimide (SPI) was synthesized as described.[8a] An
aqueous solution of 3-trihydroxysilyl-1-propanesulfonic acid
(THOPS; 0.2526 g, 35 wt%) was added to a solution of SPI (0.25 g)
in DMSO (10 mL), and the mixture was stirred at 60 8C for 1 h. It was
then cast onto a flat glass plate and dried at 60 8C at atmospheric
pressure and at 100 8C under vacuum. The obtained membrane was
washed with ethanol containing 1n HNO3 for 12 h. The acidification
procedure was repeated three times and was followed by washing the
sample with pure ethanol to obtain a composite membrane.

Received: March 13, 2007
Revised: April 30, 2007
Published online: July 30, 2007

.Keywords: conducting materials · membranes ·
organic–inorganic hybrid composites · polymers ·
proton transport

[1] M. R. Tant, K. A. Mauritz, G. L. Wilkes, Ionomers, Chapman &
Hall, New York, 1997.

[2] P. Colomban, Proton Conductors, Cambridge University Press,
Cambridge, 1992.

[3] a) M. A. Hickner, H. Ghassemi, Y. S. Kim, B. R. Einsla, J. E.
McGrath, Chem. Rev. 2004, 104, 4587 – 4612; b) K. Miyatake, M.
Watanabe, Electrochemistry 2005, 73, 12 – 19.

[4] a) E. Vallejo, G. Pourcelly, C. Gavach, R. Mercier, M. Pineri, J.
Membr. Sci. 1999, 160, 127 – 137; b) O. Yamada, Y. Yin, K.

Tanaka, H. Kita, K. Okamoto, Electrochim. Acta 2005, 50, 2655 –
2659.

[5] a) K. Miyatake, K. Oyaizu, E. Tsuchida, A. S. Hay, Macro-
molecules 2001, 34, 2065 – 2071; b) Y. Gao, G. P. Robertson,
M. D. Guiver, S. D. Mikhailenko, X. Li, S. Kaliaguine, Macro-
molecules 2005, 38, 3237 – 3245.

[6] a) F. Wang, M. Hickner, Y. S. Kim, T. A. Zawodzinski, J. E.
McGrath, J. Membr. Sci. 2002, 197, 231 – 242; b) L. E. Karlsson,
P. Jannasch, J. Membr. Sci. 2004, 230, 61 – 70.

[7] a) J. S. Wainright, J.-T. Wang, D. Weng, R. F. Savinell, M. Litt, J.
Electrochem. Soc. 1995, 142, L121 L123; b) D. J. Jones, J.
RoziQre, J. Membr. Sci. 2001, 185, 41 – 58; c) L. Xiao, H.
Zhang, E. Scanlon, L. S. Ramanathan, E.-W. Choe, D. Rogers,
T. Apple, B. C. Benicewicz, Chem. Mater. 2005, 17, 5328 – 5333.

[8] a) N. Asano, M. Aoki, S. Suzuki, K. Miyatake, H. Uchida, M.
Watanabe, J. Am. Chem. Soc. 2006, 128, 1762 – 1769; b) M. Aoki,
N. Asano, K. Miyatake, H. Uchida, M. Watanabe, J. Electro-
chem. Soc. 2006, 153, A1154 –A1158; c) M. Aoki, Y. Chikashige,
K. Miyatake, H. Uchida, M. Watanabe, Electrochem. Commun.
2006, 8, 1412 – 1416; d) K. Miyatake, Y. Chikashige, E. Higuchi,
M. Watanabe, J. Am. Chem. Soc. 2007, 129, 3879 – 3887.

[9] a) D. Gomes, I. Buder, S. P. Nunes, J. Polym. Sci. B 2006, 44,
2278 – 2298; b) Y.-H. Su, Y.-L. Liu, Y.-M. Sun, J.-Y. Lai, M. D.
Guiver, Y. Gao, J. Power Sources 2006, 155, 111 – 117.

[10] S. P. Nunes, B. Ruffmann, E. Rikowski, S. Vetter, K. Richau, J.
Membr. Sci. 2002, 203, 215 – 225.

[11] V. S. Silva, B. Ruffmann, H. Silva, Y. A. Gallego, A. Mendes,
L. M. Maderia, S. P. Nunes, J. Power Sources 2005, 140, 34 – 40.

[12] B. Mecheri, A. DFEpifanio, M. L. D. Vona, E. Traversa, S.
Licoccia, M. Miyayama, J. Electrochem. Soc. 2006, 153, A463 –
A467.

[13] a) Y. S. Kim, F. Wang, M. Hickner, T. A. Zawodzinski, J. E.
McGrath, J. Membr. Sci. 2003, 232, 263 – 282; b) G. M. Anilku-
mar, S. Nakazawa, T. Okubo, T. Yamaguchi, Electrochem.
Commun. 2006, 8, 133 – 136; c) S. Licoccia, M. L. D. Vona, A.
DFEpifanio, D. Marani, M. Vittadello, J. R. P. Jayakody, S. G.
Greenbaum, J. Electrochem. Soc. 2006, 153, A1226 –A1231.

[14] The fluctuation in Figure 2b is due to the low intensity (low
signal-to-noise ratio) of sulfur as a light element in the EDX
analyses but not to the actual variation of the loading amount of
SiOPS.

[15] The first weight loss step was assigned to the evaporation of
water absorbed by the sulfonic acid groups of SPI. See Ref. [8a].

[16] The higher water-holding capability of SiOPS compared to that
of SPI is thermodynamic as the TG curves are independent of
the heating rate.

Angewandte
Chemie

6649Angew. Chem. Int. Ed. 2007, 46, 6646 –6649 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org

