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bstract

The solid proton conductor zirconium phosphate sulfophenylenphosphonate of composition Zr(HPO4)0.65(SPP)1.35 where SPP denotes metasul-
ophenylenphosphonate was prepared in the amorphous gel form in dimethyl formamide (DMF) and characterized by 31P NMR. The composite
embranes of SPEEK up to 50 wt.% of zirconium phosphate sulfophenylenphosphonate content were prepared by introducing the solid proton

onductor from the gel. The composite membranes were characterized using FT-IR, powder X-ray diffraction, SEM, DSC/TGA. The proton con-
uctivity of the membranes was measured under 100% relative humidity up to 70 ◦C. The composite membranes had better thermal stability when

ompared with that of SPEEK. A three-fold increase in proton conductivity at 70 ◦C was observed for the composite membrane with 50 wt.% of
olid proton conductor. Furthermore, the conductivity results imply that a critical percentage of proton conductor is needed to establish conduction
athways in the polymer matrix.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells promise to be clean alternative energy sources for
ariety of power applications ranging from mobile phones, note
ook computers, residential power production and traction for
ransportation purposes [1,2]. Polymer electrolyte membrane
PEM) fuel cell technology is on the forefront of commercial-
zation efforts in comparison with other fuel cell technologies.
ven though fuel efficiency, reliability, wider temperature oper-
tion, etc., of the PEM fuel cells have been established, cost is
he main factor on the way of their widespread use. The com-

only used perflourinated solid polymer electrolyte membrane,
afion, is an expensive component of the PEM fuel cell and

ontributes to the higher cost. Many research groups are actively
ngaged in developing alternative membranes with less expen-

ive chemistries.

The engineering plastics like poly(ether ether ketone)
PEEK) [3–5], polysulfone (PSU) [6], polybenzimidazole (PBI)

∗ Corresponding author. Tel.: +82 42 860 3306; fax: +82 42 860 3104.
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7], etc., are being evaluated for their suitability in fuel cell
pplication. Among them, PEEK is very promising since it is
heap, possesses good mechanical properties and high thermal
tability. The PEEK can be converted to sulfonated poly(ether
ther ketone) (SPEEK), a proton conducting polymer, by the
lectrophilic substitution of sulfonic acid groups in the poly-
er backbone. The proton conductivity of SPEEK is directly

elated to the degree of sulfonation (DS). Even though conduc-
ivity of highly sulfonated SPEEK membranes (DS ∼ 75%) will
pproach closer to that of Nafion membrane, they will not be suit-
ble for fuel cell application since the mechanical stability of the
embrane is also affected by DS. The highly sulfonated mem-

ranes will swell excessively under the humidified conditions of
uel cell environment and lose their dimensional stability. The
embranes with DS in the range 45–55% can have satisfac-

ory mechanical properties but their conductivity is not sufficient
nough for good fuel cell performance.

The proton conductivity of SPEEK membranes can be

mproved by incorporating fast proton conductors in the polymer

atrix. The composite membranes based on SPEEK and solid
roton conductors like heteropolyacids [4], boron phosphate
5], etc., have been reported in the literature. The solid proton
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onductor zirconium phosphate sulfophenylenphosphonate was
horoughly investigated as a promising candidate for the prepara-
ion of composite membranes due to its high proton conductivity
nd hydrophilic character [8,9]. It can be prepared in crystalline
s well as amorphous state [9]. The crystalline form is layered
nd can exist as � or � layered type with the general formula
Zr(HPO4)2−x(SPP)x) or Zr(PO4)[O3P(OH)2]1−x(SPP)x where
PP denotes metasulfophenylenphosphonate. The composition
f amorphous compound is the same as that of � layer type.
t is an organo-inorganic compound where the organic moi-
ties are bridged through phosphorous atoms to an inorganic
wo-dimensional matrix. The presence of sulfonic acid groups
n the organic framework will facilitate proton transfer on the
urface as well as in the interlayer region. This class of com-
ounds has an interesting property of exfoliation and can form
olloidal suspensions or gels in the suitable organic solvents.
ecently, Alberti et al. [10] have prepared amorphous zirco-
ium phosphate sulfophenylenphosphonate (hereafter referred
s (ZrSPP)x) in the form of gel in organic solvents and incor-
orated in sulfonated polyether ketone (SPEK) polymer matrix.
onductivity of SPEK membranes increased from 9 × 10−4 to
× 10−3 S cm−1 for the composite membrane having 20 wt.%
f (ZrSPP)x. Since SPEEK and its composite membranes are
eing widely studied for fuel cell application, it would be inter-
sting to follow this approach to prepare composite membranes
ith SPEEK since it may be possible to prepare true nano-

omposite membranes with improved mechanical properties as
ell as conductivity. There is one published report in the liter-

ture where Bonnet et al. [11] have employed colloidal suspen-
ions of amorphous (ZrSPP)x to prepare composite membranes
ith SPEEK. However, the effect of (ZrSPP)x loading on the
embrane properties as well as thermal stability of the mem-

ranes were not reported. The aim of the present study is to
ncorporate (ZrSPP)x into SPEEK matrix from (ZrSPP)x gel and
o study thermal as well as conductivity behavior of the mem-
ranes. The results are discussed in this communication.

. Experimental

.1. Chemicals

Poly(ether ether ketone) (PEEK) from Victrex was dried
vernight at 110 ◦C under vacuum and used for the reaction.
ulfuric acid (95 wt.%), barium chloride (99 wt.%), phosphoric
cid (85 wt.%), dimethyl formamide all from Junsei Chemicals
o., Ltd., Japan, and phenyl phosphonic acid (98 wt.%), sul-

ur trioxide (99 wt.%), zirconyl chloride octahydrate (98 wt.%),
owex-50WX8-100 cation exchange resin all from Aldrich

hemicals were used as received without further purification.

.2. Sulfonation of PEEK

Sulfonation of PEEK was carried out following the reported

iterature procedure [3]. The reaction was carried out in a four
eck round bottom flask fitted with a mechanical stirrer. About
00 ml of 95 wt.% H2SO4 was transferred to the reaction flask
nd heated over water bath to 50 ◦C under N2 atmosphere.

2

D
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hen, 25 g of PEEK was slowly added under stirring. The mass
emained heterogeneous initially and the polymer completely
issolved in 1 h. The reaction was continued for further 5 h.
he polymer solution was cooled down to 10 ◦C to arrest the

eaction and dropped over ice-cold demineralised (DM) water
hrough a separating funnel as thin stream. The fibers were
hen washed with DM water till the neutral pH and stirred
vernight to remove the residual acid. The polymer was dried
t 60 ◦C for 12 h followed by overnight drying at 110 ◦C under
acuum.

.3. Preparation of (ZrSPP)x in gel form

.3.1. Preparation of m-sulfophenyl phosphonic acid
SPPA)

Sulfonation of phenyl phosphonic acid (PPA) was carried out
s per the reported method by Montoneri et al. [12]. Phenyl phos-
honic acid (10.13 g, 63.5 mmol) was suspended in 50 ml of 1,2-
ichloroethane. Sulfur trioxide (6.25 ml, 150 mmol) was added
t 0 ◦C and the two-phase viscous mixture was heated to reflux
nd maintained for 15 h. The lower viscous layer was reacted
ith barium chloride to remove the free sulfates and to convert

he m-sulfophenyl phosphonic acid to its barium salt form. The
cid was regenerated by ion exchange over Dowex-50WX8-100
ation exchange resin bed. The product was characterized by
T-IR and NMR spectral techniques.

.3.2. Preparation of (ZrSPP)x gel
The method reported by Alberti et al. [10] was followed for

he preparation of (ZrSPP)x gel. The SPPA (3.0 g, 12.5 mmol)
as dissolved in 15 ml DM water and mixed with 0.70 g

6.0 mmol) of 85 wt.% H3PO4. This was added to a solution con-
aining 3.0 g (9.32 mmol) of ZrOCl2·8H2O in 15 ml DM water
nder vigorous stirring. The mass thickened in 30 min and could
ot be stirred. It was kept as such for 3 days during which time it
ecame a transparent gel. The gel was dissolved in 200 ml DMF,
ater along with DMF was distilled out in a rotary evaporator

o get transparent gel in DMF. An aliquot sample of the gel was
ried in a vacuum oven to calculate the percentage of solids in
he gel and was found to be 4.7 wt.%.

.4. Composite membranes

The SPEEK was dissolved in DMF to make 5.0 wt.% solution
nd filtered through 0.1 �m filter. Required quantity of 4.7 wt.%
el was mixed with the polymer solution. The resulting mixture
as stirred with magnetic stirrer for 30 min followed by son-

cation for the same duration. The homogeneous solution was
egassed under vacuum and poured over flat bottom Petri dish.
he solvent was removed at 60 ◦C for 12 h followed by further
rying at 120 ◦C under vacuum.

.5. Characterizations
.5.1. NMR
The NMR spectra were recorded on 300 MHz Bruker

RX300 spectrometer. The 1H NMR of SPPA was recorded in
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2O against TMS as the reference. The 31P NMR of Zr(SPP)x

as recorded by dissolving the dried solid sample in 3 M HF. The
hift positions were calculated with respect to 85 wt.% D3PO4
n D2O [10].

.5.2. FT-IR
The FT-IR spectra of the solid samples were obtained from

Br pellets on BOMEM-MB154 spectrophotometer in the range
00–4000 cm−1.

.5.3. XRD
The XRD patterns were recorded in the range 1.2–90◦

ith a RIGAKU D/MAX-IIIC diffractometer using Cu K�
λ = 1.4518 Å) radiation filtered through Ni.

.5.4. SEM
The morphology of the composite membranes was investi-

ated using a scanning electron microscope (JSM-849, JOEL).
resh cross-sectional cryogenic fractures of the membranes were
acuum sputtered with a thin layer of Au prior to the analysis.

.5.5. Thermal analysis
The DSC and TGA analyses were carried out on DSC 2010

nd TGA 2050 instruments, respectively, from TA instruments,
SA. For the DSC analysis, the sample (∼10 mg) was preheated
nder nitrogen from room temperature to 160 ◦C at 10 oC min−1

o remove moisture, cooled to 80 ◦C and reheated from that tem-
erature to 320 ◦C. For TGA, the heating rate was 10 ◦C min−1

nder nitrogen atmosphere.

.5.6. Conductivity
The proton conductivity of the membranes was measured

y ac impedance spectroscopy using the Solartron 1260 gain
hase analyzer interfaced to Solartron 1480 multistat. The mea-
urement was carried out in the potentiostatic mode over the
requency range 0.1 Hz to 10 MHz with oscillating voltage of
mV. The home made four-probe conductivity cell configura-

ion is similar to that reported in the literature [13]. The cell had
wo platinum foils for carrying the current and two platinum
ires at 1 cm apart to sense the potential drop. The membrane

ample (2 cm length, 1 cm wide) was placed over the platinum
oils in the lower compartment; the upper compartment along
ith the potential sensing platinum wires was clamped. The cell
as kept in a temperature controlled sealed off vessel. Water was
ept inside the vessel to maintain 100% relative humidity. The
onductivity of the samples was calculated from the impedance
ata using the relation σ = d/RS where d and S are the thickness
nd the face area of the samples, respectively, and R is derived
rom the impedance value at zero phase angle.

. Results and discussion
Sulfonation of SPEEK using 95–98 wt.% H2SO4 is the well
stablished process since it avoids degradation and cross-linking
eactions which occur on sulfonation with 100 wt.% H2SO4 or
ith chlorosulfonic acid [14]. The DS can be controlled by vary-

p
l
o
[

ig. 1. FT-IR spectra: (a) phenyl phosphonic acid, (b) m-sulfophenyl phosphonic
cid and (c) (ZrSPP)x.

ng the temperature or the reaction time. The sulfonation reaction
as carried out for various time durations and the dried poly-
er samples were analyzed for ion exchange capacity (IEC).
eighed quantity (1–2 g) of the polymer was kept in 1.0 M NaCl

olution under stirring for 24 h and titrated with 0.1 M NaOH
sing phenolphthalein indicator. The IEC is calculated as the
atio of total charge by the dry polymer weight. The DS is cal-
ulated from IEC as, DS = Mw,pIEC/(1 − Mw,f)IEC where Mw,p
s the molecular weight of the non-functional polymer repeat
nit, and, Mw,f is the molecular weight of the functional group
ith the counter ion (–SO3Na) [15].
The FT-IR spectra for PPA, SPPA and (ZrSPP)x are given

n Fig. 1. The aromatic C–C stretching vibration is observed
t 1143 cm−1 in PPA. The C–H out of plane bending vibra-
ions is seen at 696, 715 and 756 cm−1 as sharp peaks [12]. The
road band at 2500–2250 cm−1 is due to the O–H stretching in
hosphonic acid group [16]. Apart from this, the spectrum also
as bands in the region 1250–750 cm−1 due to phosphonic acid.
here are noticeable differences in the spectrum of SPPA in com-
arison with PPA. The C–H out of plane bending vibrations falls
t 688.53 and 800 cm−1. The peaks for the O S O vibration of
ulfonic acid group (SO3H) could not be observed due to peak
roadening in the region 1350–1000 cm−1 which is attributed
o hydrogen bonding between the sulfonic acid and phospho-
ic acid functions [12]. The peaks in the spectrum of (ZrSPP)x

re very broad and featureless which is due to the amorphous
ature of the compound [17]. The peak for the O S O symmet-
ic vibration at 1032 cm−1 [18] could be observed as a shoulder
long with the phosphonic acid bands. The aromatic C–C band
ppears at 1469 cm−1 as a broad one. Apart from the broad
hosphonic acid vibrations in the region 2500–2250 cm−1, a

arge O–H stretching band centered at 3455 cm−1 could be
bserved. This band is due to the water present in the compound
17].
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ferential scanning calorimetry (DSC) and thermal gravimetric
analysis (TGA). The DSC graphs for SPEEK as well as the
composite membranes are depicted in Fig. 5. The DSC curve
for SPEEK shows glass transition (Tg) around 195 ◦C. The Tg of
Fig. 2. 1H NMR spectrum o

The 1H NMR spectrum of SPPA is presented in Fig. 2.
he spectrum is complex due to the overlapping multiplets
nd 1H–31P coupling. However, the signal consists of four mul-
iplets corresponding to the four different protons in SPPA. The
pectrum exactly matches with the one reported for SPPA in
he literature [12]. The phosphate/sulfophenylenphosphonate

olar ratio was determined by liquid 31P NMR. The shift
osition of the phosphoric acid and sulfophenylenphospho-
ate signals with respect to 85 wt.% D3PO4 in D2O were
.7 and 17.3, respectively [10]. The calculated sulfophenyl-
nphosphonate/HPO4 molar ratio was 2.09 which corresponds
o Zr(HPO4)0.65(SPP)1.35 as the exact molar composition of
r(SPP)x.

Preparation of composite membranes by this approach is
dvantageous as well as simpler to adopt. The SPEEK solu-
ion and the (ZrSPP)x gel form almost homogeneous dispersion.
ormation of membrane from such a homogeneous solution may

ead to uniform distribution of the proton conductor in the mem-
rane matrix. Apart from this, very small particles with higher
urface area for proton conduction, molecular level contact
etween the components and improved mechanical properties,
tc., can be anticipated. The membranes were almost transparent
hich is indicative of good dispersion of solid proton conductor

n the membrane matrix. The membranes with even 50 wt.%
f (ZrSPP)x were almost transparent, flexible and had good
echanical strength. However, Alberti et al. [10] have reported

hat the SPEK + (ZrSPP)x composite membranes become brittle
f the (ZrSPP)x content is above 20 wt.%, this may be due to the
ifference in the properties of the two polymers, i.e. SPEK and
PEEK.

The powder XRD patterns of dried (ZrSPP)x along with
PEEK and two of the composite membranes having 40 and
0 wt.% of (ZrSPP)x are shown in Fig. 3. The XRD pattern of
ZrSPP)x reveals few broad peaks at 2θ values of 4.8, 12.2, 22.0
nd 34.50◦ due to its amorphous nature. The first peak at 4.8◦
s due to (2 0 0) reflexion. The SPEEK presents a broad peak
hich is the composite of amorphous and crystalline reflex-

ons. In the composite membranes, the (ZrSPP)x reflexions are
verlaid by SPEEK reflexions to show broad features. How-
ver, the (2 0 0) reflexions are clearly observed in the composite

embranes. The domain size of the (ZrSPP)x in the compos-

te membranes was calculated from (2 0 0) reflexion using the
ebye–Sherrer formula with Warren correction for the instru-
ental effects. The domain size for the composite membranes

F
Z
p

lfophenyl phosphonic acid.

aving 40 and 50 wt.% of (ZrSPP)x were calculated as 72 and
4 Å, respectively.

The membrane samples were fractured by keeping in liq-
id nitrogen and the cross-sections were observed in SEM. The
EM images for SPEEK as well as the composite membranes are
iven in Fig. 4. The cross-section of the SPEEK shows that the
embrane matrix is somewhat porous with few voids. But the

omposite membranes reveal compact cross-sections which may
e the result of intimate mixing of the components during mem-
rane formation. A gradual reduction of voids in the composite
embranes with increase in the content of (ZrSPP)x can also

e observed. The membrane surface is completely covered with
ZrSPP)x at 50 wt.% level and no voids could be observed. The
ZrSPP)x particles are hardly visible at 10 wt.% level (Fig. 4a)
robably due to their dispersion with nano-scale dimensions
n the membrane matrix. However, the particles are visible at
igher loading (Fig. 4b and c), vary in size and are in the range
f 20–30 and ∼100 nm for 30 and 50 wt.% of (ZrSPP)x, respec-
ively. Probably these are aggregates of particles having smaller
imensions as determined from the X-ray analysis.

Thermal properties of the membranes were studied by dif-
ig. 3. Powder XRD pattern of: (a) Zr(SPP)x, (b) SPEEK, (c) 40 wt.%
r(SPP)x/SPEEK composite membrane and (d) 50 wt.% Zr(SPP)x/SPEEK com-
osite membrane.
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ig. 4. SEM micrographs of the cryogenic fractures: (a) SPEEK, (b) 10 wt.% Z

he composite membranes have increased by about 25 ◦C. This
s due to restrictive segmental motion of the polymer chains in
he composite membranes as the result of strong ionic interac-
ion between SPEEK and (ZrSPP) . This is in consistent with
x

he SEM micrographs which reveal good adhesion between the
wo components. A second glass transition around 270–280 ◦C
s observed in the composite membranes before the onset of

Fig. 5. DSC curves for SPEEK and composite membranes.
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)x/SPEEK, (c) 30 wt.% Zr(SPP)x/SPEEK and (d) 50 wt.% Zr(SPP)x/SPEEK.

ulfonic acid group decomposition around 280 ◦C. The second
lass transition may be related to (ZrSPP)x.

The TGA thermograms for the composite membranes along
ith SPEEK are presented in Fig. 6. It can be clearly seen

hat the thermal stability of composite membranes is improved
hen compared with that of SPEEK. The onset temperature for

he thermal degradation is shifted to higher temperature with
ncrease in concentration of Zr(SPP)x up to 30 wt.%. Thermal
tability is getting reduced at higher concentrations probably
ue to the formation of bigger aggregates. But still decomposi-
ion temperature of composite membrane with even 50 wt.% of
ZrSPP)x is slightly higher than that of SPEEK. The TGA curves
lso show a difference in the degradation pattern of SPEEK
nd the composite membranes. The degradation of sulfonic acid
roups in SPEEK occurs approximately in the temperature range
80–350 ◦C and then degradation of polymer backbone begins
round 450 ◦C. But in the case of composite membranes, thermal
egradation begins around 300 ◦C and continuous weight loss
ccurs with increase in temperature. This is due to the simulta-
eous decomposition of sulfonic groups in (ZrSPP)x along with
he sulfonic acid groups attached to the polymer backbone [19].

The results of proton conductivity measurement are plotted

n Fig. 7. Since the SPEEK membranes with 65% DS will swell
xcessively above 70 ◦C under 100% relative humidity condi-
ions, the proton conductivity was measured up to 70 ◦C. The
ydrated membranes give a zero phase angle with no imaginary
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Fig. 6. Thermogravimetric weight loss curves for SPEEK and composite mem-
branes.

Fig. 7. Proton conductivity of SPEEK and SPEEK + Zr(SPP)x composite mem-
branes at different temperatures under 100% relative humidity.
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esponse over a wide frequency range in the impedance spectrum
hus behaving as true resistors. The conductivity of the compos-
te membrane with 10 wt.% (ZrSPP)x is always lower than that
f SPEEK. Probably the concentration of proton conductor at
his level is not sufficient enough to establish continuous con-
uction pathway for proton transfer. However, the conductivity
ncreases with increase in concentration of proton conductor
p to 50 wt.%. This shows the compatibilization of the SPEEK
nd (ZrSPP)x. The solid proton conductor has not baffled the
onduction process of the polymer even at high concentration,
nstead enhanced the conductivity by establishing conduction
hannels. A three-fold increase in conductivity was observed
or the composite membrane with 50 wt.% (ZrSPP)x.

. Conclusions

The amorphous layered proton conductor (ZrSPP)x was
repared in gel form. Composite membranes of SPEEK and
ZrSPP)x were prepared up to 50 wt.% of (ZrSPP)x by intro-
ucing the proton conductor from the gel. This is a simple and
asier approach to prepare composite membranes having nano-
cale dimensions of the component phases.

However, concentration of (ZrSPP)x higher than 10 wt.%
s needed to establish continuous conduction pathway in the
omposite membranes. Furthermore, the conductivity continu-
usly increases with increase in concentration of (ZrSPP)x up to
0 wt.% which is mainly due to mutual compatibility between
he two components in establishing conduction pathways.

The composite membranes exhibited increased thermal sta-
ility and improved electrochemical properties when compared
ith that of SPEEK, which was mainly due to the ionic interac-

ion of the component phases. A three-fold increase in conduc-
ivity was observed for the composite membrane having 50 wt.%
f (ZrSPP)x.

A distinct change in the morphology of the composite mem-
ranes could be observed with increased compactness of the
atrix when compared with that of SPEEK. Due to the pres-

nce of compact membrane matrix, these membranes will have
educed methanol crossover and worth investigating for DMFC
pplications.

cknowledgements

This work was supported by Ministry of Science and Tech-
ology and by Ministry of Commerce, Industry and Energy,
epublic of Korea.

eferences

[1] Y. Hamada, M. Nakamura, H. Kubota, K. Ochifuji, M. Murase, R. Goto,
Renew. Sustain. Energy Rev. 9 (2005) 345–362.

[2] H. Tsudiya, O. Kobayashi, Mass production cost of PEM fuel cell by learn-
ing curve, Int. J. Hydrogen Energy 29 (2004) 985–990.
[3] S. Kaliaguine, S.D. Mikhailenko, K.P. Wang, P. Xing, G. Robertson, M.
Guiver, Properties of SPEEK based PEMs for fuel cell application, Catal.
Today 82 (2003) 213–222.

[4] S.M. Zaidi, S.D. Mikhailenko, G.P. Robertson, M.D. Guiver, S. Kaliaguine,
Proton conducting composite membranes from polyether ether ketone and



8 f Pow

[

[

[

[

[

[

[

[

[

P. Krishnan et al. / Journal o

heteropolyacids for fuel cell applications, J. Membrane Sci. 173 (2000)
17–34.

[5] S.D. Mikhailenko, S.M. Zaidi, S. Kaliaguine, Sulfonated polyether ether
ketone based composite polymer electrolyte membranes, Catal. Today 67
(2001) 225–236.

[6] L.E. Karlsson, P. Jannasch, Polysulfone ionomers for proton-conducting
fuel cell membranes. 2. Sulfophenylated polysulfones and polyphenylsul-
fones, Electrochim. Acta 50 (2005) 1939–1946.

[7] Y.L. Ma, J.S. Wainright, M.H. Litt, R.F. Savinell, Conductivity of PBI mem-
branes for high-temperature polymer electrolyte fuel cells, J. Electrochem.
Soc. 151 (2004) A8–A16.

[8] G. Alberti, M. Casciola, Layered metalIV phosphonates, a large class of
inorgano-organic proton conductors, Solid State Ionics 97 (1997) 177–
186.

[9] G. Alberti, M. Casciola, R. Palombari, Inorgano-organic proton conducting
membranes for fuel cells and sensors at medium temperatures, J. Membrane
Sci. 172 (2000) 233–239.

10] G. Alberti, M. Casciola, E. D’Alessandro, M. Pica, Preparation and pro-
ton conductivity of composite ionomeric membranes obtained from gels
of amorphous zirconium phosphate sulfophenylenphosphonates in organic

solvents, J. Mater. Chem. 14 (2004) 1910–1914.

11] B. Bonnet, D.J. Jones, J. Roziere, L. Tchicaya, G. Alberti, M. Casci-
ola, L. Massinelli, B. Bauer, A. Peraio, E. Ramunni, Hybrid organic–
inorganic membranes for a medium temperature fuel cell, J. New Mater.
Electrochem. Syst. 3 (2000) 87–92.

[

er Sources 163 (2006) 2–8

12] E. Montoneri, M.C. Gallazzi, M. Grassi, Organosulfur phosphorus acid
compounds. Part 1. m-Sulphophenylphosphonic acid, Chem. Soc. Dalton.
Trans. (1989) 1819–1823.

13] Y. Woo, S.Y. Oh, Y.S. Kang, B. Jung, Synthesis and characterization of
sulfonated polyimide membranes for direct methanol fuel cell, J. Membrane
Sci. 220 (2003) 31–45.

14] Z. Gaowen, Z. Zhentao, Organic/inorganic composite membranes
for application in DMFC, J. Membrane Sci. 261 (2005) 107–
113.
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