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Abstract

Sulfonated poly(arylene ether ether ketone ketone) (SPAEEKK) copolymer containing pendant sulfonic acid group (sulfonic acid content
(SC)¼ 0.67) was synthesized from commercially available monomers such as sodium 6,7-dihydroxy-2-naphthalenesulfonate (DHNS), 1,3-
bis(4-fluorobenzoyl)-benzene (BFBB), and hexafluorobisphenol A (6F-BPA). SPAEEKK/silica hybrid membranes were prepared using the
solegel process under acidic conditions. The SPAEEKK/silica hybrid membranes were fabricated with different silica contents and the mem-
branes were modified to achieve improved proton conductivity incorporating PeOH groups (H3PO4 treatment).

The silica particles within the membranes were used for the purpose of blocking excessive methanol cross-over and for forming a pathway for
proton transport due to water absorption onto the hydrophilic ^SiOH surface. The proton conductivities of H3PO4-doped membranes were
somewhat higher than the un-doped (H3PO4-free) membranes due to increasing hydrophilicity of the membranes. The presence of silica particles
within the organic polymer matrix, which decreases the ratio of free water to bound water due to the ^SiOH on the surface of silica derived
from solegel reaction, results in hybrid membranes with reduced methanol permeability and improved proton conductivity.
Crown Copyright � 2006 Published by Elsevier Ltd. All rights reserved.

Keywords: Sulfonated poly(arylene ether ether ketone ketone); Solegel process; Proton conductivity
1. Introduction

Direct methanol fuel cells (DMFCs) are being developed as
a portable power source for various kinds of mobile electronics
because they can utilize methanol without reforming equip-
ment of methanol to hydrogen gas [1]. The heart of the fuel
cell is the polymer electrolyte membrane (PEM) whose essen-
tial function is as a proton conductive medium as well as a
barrier to avoid the direct contact between fuel and oxidant
[2]. The commercial Nafion membranes such as the fluorinated
membrane from DuPont, Flemion from Asahi Glass and
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Neosepta from Tokuyama Soda have been intensively used as
proton-conducting electrolyte membranes due to their chemi-
cal stability and high proton conductivity (w0.1 S/cm) in the
fully hydrated state [3,4]. However, the operational limit of
these polymers is usually considered to be about 100 �C or
lower because of the deterioration of proton transport and
mechanical and electrochemical properties [5]. Additionally
Nafion easily expands or shrinks depending on the humidity
of the environment [6]. Methanol permeation is usually greatly
increased by expansion of polymer due to absorption of meth-
anol by the polymer itself [7]. Nafion membrane has high meth-
anol permeability (w10�6 cm2/s) which drastically reduced
the DMFC’s performance [8]. One of the challenges in current
DMFC research is the development of novel proton conductive
membranes for improving the performance of DMFC by
improving the proton conductivity and reducing the methanol
permeability.
td. All rights reserved.
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The electrochemical properties of the materials are strongly
dependent on the chemical structure of the polymer. In partic-
ular, the hydrophilic domain structures of the membranes un-
der hydrated conditions play an important role in proton and
methanol transport [9]. These domains form ionic channels,
the size of which needs to be reduced while maintaining pro-
ton conductivity to obtain low methanol permeability; this can
be achieved by controlling the structure of the ionic channels
and the state of water in the membrane.

One of the several approaches is the incorporation of inor-
ganic components into membranes. Mauritz et al. have re-
ported on a novel Nafion/silica hybrid membrane, which is
made by a solegel reaction of tetraethoxysilane (TEOS) to
form silica inside a Nafion membrane [10]. Deng et al. reported
that the incorporation of silica enhanced the hydrophilicity of
clusters in Nafion, and this effect was attributed to the presence
of numerous ^SiOH groups to which H2O molecules can
hydrogen bond [11]. It is reported that the presence of silica
particles in the organic polymer matrix results in hybrid
membranes with markedly reduced methanol permeabilities
[12]. Kuo et al. reported a new type of organiceinorganic
hybrid polymer electrolyte comprising ortho-phosphoric acid
(H3PO4) as a proton donor for medium-temperature applica-
tions through the solegel method [13].

Inexpensive engineering thermoplastics, such as poly(ether
ether ketone) (PEEK) [14], polysulfone (PSf) [15] and poly-
benzimidazole (PBI) [16], are being evaluated as alternatives
to Nafion membranes for PEM fuel cell application. PEEK
is very promising since it possesses good mechanical proper-
ties and high thermal stability. PEEK can be converted to
sulfonated PEEK by electrophilic substitution of the sulfonic
acid groups in the polymer backbone. Meng et al. synthesized
aromatic poly(arylene ether)s containing pendant sulfonic acid
groups. The rationale for this is to reduce hydrolytic and
oxidative degradation [17e20].

Compared to perfluorinated sulfonic acid membranes,
sulfonated poly(aryl ether ketone) is reported to have a smaller
characteristic separation length and wider distribution of the
proton-conducting channels with more dead-end channels
and a larger internal interface between the hydrophobic and
hydrophilic domains [21]. If short pendant side chains
between the polymer main chain and the sulfonic acid groups
exist in the polymer structure, the nanophase separation of
hydrophilic and hydrophobic domains may be improved
[22]. Recently, we reported the syntheses of series of poly-
(arylene ether ether ketone ketone) copolymers containing
pendant sulfonic acid groups bonded to naphthalene from
commercially available sodium 6,7-dihydroxy-2-naphthalene-
sulfonate (DHNS), 1,3-bis(4-fluorobenzoyl)-benzene (BFBB)
and 4,40-biphenol or hydroquinone [23].

The objective of this study is the evaluation of proton con-
ductivity and methanol permeability of the SPAEEKK/silica
hybrid membrane. To do this, DHNS was used to prepare the
poly(arylene ether ether ketone ketone) copolymer containing
sulfonic acid groups (SPAEEKK) via nucleophilic polycon-
densation with commercially available monomers BFBB and
6F-BPA, following a procedure we used to prepare a similar
polymer previously [23]. 6F-BPA was incorporated in place
of previously used 4,40-biphenol or hydroquinone to impart
more flexibility into the polymer. Silica content from 5 to
15 wt% was introduced into the polymer matrix using the
solegel process under acidic conditions. We also report the
preparation of hybrid membranes, in which only surfaces of
SPAEEKK/silica membranes were modified to achieve im-
proved proton conductivity by incorporating PeOH groups
(H3PO4 treatment). The transport properties, such as proton
conductivity and methanol permeability, in relation to the state
of water in the membrane were measured to evaluate their
potential as feasible PEM for fuel cell applications.

2. Experimental

2.1. Chemicals and materials

Sodium 6,7-dihydroxy-2-naphthalenesulfonate (DHNS)
was purchased from Rintech, Inc. and recrystallized from
a mixture of ethanol/water (50/50 v/v) before use. 1,4-Bis(4-
fluorobenzoyl)benzene (1,4-BFBB, Jilin University, China)
and hexafluorobisphenol A (6F-BPA, SigmaeAldrich, Co.)
were recrystallized from 1,2-dichlorobenzene and toluene, re-
spectively. Tetraethyl orthosilicate (TEOS), methanol (MeOH)
and H3PO4 were of analytical grade from SigmaeAldrich Co.
All other chemicals (obtained from SigmaeAldrich) were of
reagent grade and used as received.

2.2. Synthesis of poly(arylene ether ether ketone ketone)s
and hybrid membranes

Following a procedure for preparing a similar polymer re-
ported previously [23], DHNS was polymerized with 6F-BPA
and BFBB as shown in Scheme 1. A typical synthetic proce-
dure to prepare sulfonated copolymers (DHNS/6F-BPA¼ 70/
30) is described as follows. Compounds 10 mmol 1,4-BFBB,
7 mmol DHNS, 3 mmol 6F-BPA, and 15 mmol K2CO3 were
added into a three-necked flask equipped with a magnetic
stirrer, a DeaneStark trap, and an argon gas inlet. Then,
15 ml NMP and 15 ml toluene were charged into the reaction
flask under argon atmosphere. The reaction mixture was heated
to 140e150 �C. After dehydration and removal of toluene, the
reaction temperature was gradually increased to 180 �C. When
the solution viscosity increased significantly, the mixture was
cooled to 100 �C and coagulated into a large excess of ethanol
or water with vigorous stirring. The precipitated copolymer
(SPAEEKK-70) was washed several times with water and
dried in a vacuum oven at 90 �C for 24 h. The yield of polymer
was >90%.

Inorganiceorganic hybrids were prepared by the addition
of TEOS solution to a filtered solution of SPAEEKK-70 in
DMAc. The TEOS solution was prepared by mixing H2O/
TEOS/HCl in a mole ratio of 4/1/0.1. The solution was stirred
at room temperature for 2 h. The amount of TEOS was 5%,
10% and 15% by weight to SPAEEKK weight. After hydroly-
sis, the mixture became a clear silica sol. The solution contain-
ing silica sols was mixed together with SPAEEKK solution
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Scheme 1. Synthesis of SPAEEKK copolymers.
and stirred for 12 h at room temperature under N2 gas. This
solution was poured onto a glass plate and dried at 60 �C under
a constant purge of N2 over 3 days.

The hybrid membranes were dried at 80 �C, followed
by immersion in 5% H3PO4 solutions for 10 h at 70 �C to
incorporate PeOH group. The membrane was washed and
immersed in deionized water for more than 12 h at room
temperature to remove excess acid.

The nomenclature used for membranes described in this
article is as follows. SP/Si xx and SP/Si/POH xx relate to
SPAEEKK/silica hybrid membranes and post-treated ones,
respectively, where xx refers to weight percentage of TEOS
relative to SPAEEKK copolymer.

2.3. Characterization of SPAEEKK membrane and
hybrid membranes

The SPAEEKK membranes were analyzed by Fourier
transform infrared (FT-IR, Nicolet Model Magna IR 550,
Madison, WI, USA) spectroscopy. 1H NMR spectra were
obtained on a Varian Unity Inova NMR spectrometer operat-
ing at a proton frequency of 399.95 MHz. Deuterated dimethyl
sulfoxide (DMSO-d6) was the NMR solvent, and the DMSO
signal at 2.50 ppm was used as the chemical shift reference.

To investigate the morphology of the membranes, fracture
surfaces were investigated with a field emission scanning elec-
tron microscope (FE-SEM, Jeol Model JSF 6340F, Tokyo,
Japan).

The degradation process and the thermal stability of the
samples were investigated using thermogravimetry analysis
(TGA) (TA Instruments, TGA 2950). The TGA measurements
were then carried out under a nitrogen atmosphere using
a heating rate of 10 �C/min from 50 to 700 �C.

2.4. Water state, IEC value

The total water content (%) was measured as follows. After
soaking the membranes in distilled water for more than 24 h,
they were wiped with filter paper and weighed immediately.
The membranes were then dried at 100 �C under a vacuum
condition until a constant weight was obtained. The water
content (%) by weight is the ratio of the hydrated membrane
to the dried membrane.

The non-freezing water content of the membranes in the
fully hydrated state was determined by DSC measurement.
A hydrated hybrid membrane was hermetically sealed in
a sample pan. The DSC module was purged with nitrogen
gas and quenched down to �30 �C with liquid nitrogen, then
heated to þ120 �C and the transitions were observed.

The ion-exchange capacity (IEC, in mmol/g) values were
measured using a classical titration method (ASTM D2187)
with 0.01 M NaOH and phenolphthalein (titration indicator).

2.5. Proton conductivity and methanol permeability

Proton conductivity measurements were performed on the
SPAEEKK membrane by an ac impedance spectroscopy
over a frequency range of 10e107 Hz with an oscillating voltage
of 50e500 mV, using a system based on a Solatron 1260 gain
phase analyzer. A 20� 10 mm membrane sample was placed
in a temperature controlled cell open to air by a pinhole where
the sample was equilibrated at 100% RH at ambient atmo-
spheric pressure and clamped between two stainless steel
electrodes. The conductivities (s) of the samples were measured
in the longitudinal direction and were calculated from the
impedance data, using the following relationship

s¼ l=RS ð1Þ

where s is the proton conductivity (in S/cm), l is the distance
between the electrodes used to measure the potential (l¼ 1 cm),
S (¼W� d, W¼width, d¼ thickness) is the surface area
required for a proton to penetrate the membrane (in cm2) and
R is derived from the low intersection of the high frequency
semicircle on a complex impedance plane with the Re(Z )
axis.
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2.6. Methanol permeability

The permeability experiments were carried out utilizing a
glass diffusion cell. One compartment of the cell (VA¼ 100 ml)
was filled with a solution of methanol (10 vol.%) and 1-butanol
(0.2 vol.%) in deionized water. The other (VB¼ 100 ml) was
filled with 1-butanol (0.2 vol.%) solution in deionized water.
The membrane was clamped between the two compartments
and both of these were kept under stirring during the experi-
ment. A flux of methanol sets up across the membrane as a
result of the concentration difference between the two compart-
ments. A detailed description of the experimental set-up and
procedure can be found elsewhere [24]. The methanol concen-
tration in the receiving compartment as a function of time is
given by

CBðtÞ ¼
A

VB

DK

L
CAðt� t0Þ ð2Þ

where CB and CA are the two methanol concentrations; A and
L are the membrane area and thickness; D and K are the meth-
anol diffusivity and partition coefficient between the mem-
brane and the adjacent solution. Assumptions are made here
that D inside the membrane is constant and K does not depend
on concentration. The product DK is the membrane permeabil-
ity. t0, also termed as time lag, is explicitly related to the dif-
fusivity: t0¼ L2/6D [25]. CB is measured several times during
an experiment and the permeability is calculated from the
slope of the straight line. Methanol concentrations were
determined by 1H NMR spectroscopy using solutions taken
directly from the diffusion cell without the use of deuterated
solvents. Shimming was done using the 1H resonance of H2O.
1-Butanol in D2O was used as the internal reference standard.
During permeability tests the temperature was controlled at
30 and 80 �C by means of a thermostatic water bath.

3. Results and discussion

3.1. Synthesis and characterization of SPAEEKK and
hybrid membranes

All monomers used in this study for the preparation of
SPAEEKK/silica hybrid membranes are commercially avail-
able and are inexpensive. The functional monomer DHNS is
a naphthalene diol with a pendant sodium sulfonate group.
Since DHNS has a tendency for oligomer formation by cycli-
zation, it is necessary to use the longer difluorodiketone mono-
mer 1,3-BFBB in place of the often used 4,40-difluorodiphenyl
ketone monomer. The comonomers 4,40-biphenol and hydro-
quinone were selected for copolymerization with 1,3-BFBB
in our previous study [23]. In this study, DHNS, 1,4-BFBB,
and 6F-BPA were polymerized in NMP and toluene was
used to remove the water from starting materials and that
formed during the reactions as shown in Scheme 1. The
6F-BPA monomer was utilized to impart more flexibility
into the polymer chain. The sulfonic acid groups are attached
on DHNS away from the ether linkage, which is expected to
decrease the effect on the hydrolysis of ether linkages [23].

Aromatic protons located at the electron-rich ortho-ether
position of 6F-BPA and 1,3-BFBB are shielded and appear at
low frequency (7.0e7.3 ppm) while the H4 proton ortho to
sulfonate group on the pendant naphthalene is the most
deshielded and appears at high frequency as shown in Fig. 1.
The sulfonation content (SC) is expressed as the ratio of DHNS
units (bearing the eSO3Na group) to 1.0 BFBB unit.
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Fig. 1. 1H NMR spectra of SPAEEKK copolymers.
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1H NMR spectroscopy was the most convenient method to
determine the experimentally obtained SC from the copoly-
merization reactions [23]. The aromatic region of the polymer
was split into three sections (S1, S2, and S3) and their integral
values were used in the calculation of the SC using the follow-
ing equation:

S1

S3
¼ ðnÞ
ð8� 4nÞ or

S2

S3
¼ ð12Þ
ð8� 4nÞ

where

S1 (8.14e8.3 ppm, integral values¼ 0.66)¼H4� n¼ n
S2 (7.34e8.06 ppm, integral values¼ 12.11)¼H1,2,3,5�
nþH7,8,9,10þH13,14(1� n)¼ 12
S3 (6.92e7.34 ppm, integral values¼ 5.24)¼H6,11þ
H12,15(1� n)¼ 8� 4n
n¼ SC, where n refers to the percentage content of
aromatic phenol monomers.

Based on monomer feed ratios, the expected SC of the
SPAEEKK used in this study is 0.7. The experimentally deter-
mined SC from 1H NMR data is 0.67. This polymer was used
to prepare hybrid membranes.

Fig. 2 shows the FT-IR spectra of the membranes. The
membranes show a characteristic band at 1630 cm�1 (charac-
teristic of the AreC]O stretching), and at 1245 cm�1 (char-
acteristic of the CeOeC stretching vibration) [26]. The FT-IR
spectra of a series of SPAEEKK membranes had absorption
bands at 1048 cm�1 (characteristic of the symmetric SO3H
stretching). Therefore, it is clear that the spectral data support
the presence of sulfonic acid groups in the copolymers. In
addition, new broad bands appear at 1090 cm�1 (characteristic
of the SieOeSi asymmetric stretching) in sulfonated hybrid
membranes, arising from the products of the solegel reaction.
The broad absorption peak at around 3400 cm�1 in the hybrid
membranes indicates that there were a significant number of
eOH groups due to non-condensed ^SiOH. It is known
that the position of the OH absorption bands depends on the
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Fig. 2. FT-IR spectra of SPAEEKK/silica hybrid membranes.
degree of strength of hydrogen bonding, and shifts to lower
wavenumber with increasing strength of the hydrogen bond-
ing [27]. We suppose that these eOH groups provide the sites
for hydrogen bonding with water molecules, because silica
nanoparticles have been observed to retain water, even at
high temperatures [28]. The broad absorption peak at around
2500e3500 cm�1 in the hybrid membranes with H3PO4

doping indicates that the hydrogen bond interaction occurs
among O atoms of C]O in the polymer matrix and ^SiOH
and phosphoric acids. In addition, the absorption peak at
2800 cm�1 in the hybrid membranes with H3PO4 doping indi-
cates OH stretching in O]PeOH group [29]. It is likely that
the band at 1140 cm�1 arise from PeOeSi stretching [29].

3.2. Thermal properties

The TGA curves measured under flowing nitrogen are
shown in Fig. 3. Membrane samples for TGA analysis were
preheated to 150 �C at 10 �C/min under nitrogen atmosphere
and held isothermally for 60 min for moisture removal. The
first weight loss region (occurring between temperatures
T¼ 280 �C and T¼450 �C) is assumed to result from the
desulfonation. In the second weight loss region, the polymer
residues were further degraded at T¼ 550 �C, which corre-
sponds to the decomposition of the SPAEEKK main chain.
Fig. 3 shows that the thermal stability of the sulfonated groups
is enhanced by neutralization (Na form).

In the case of the hybrid composite membranes, the weight
remaining after the polymer decomposition depended on the
content of the inorganic component. That is, the weight
residues of the SP/Si 5, 10, 15 hybrid membranes containing
silica at T¼ 700 �C were higher than that of unfilled
SPAEEKK membrane. These results suggest that the intro-
duction of silica into the SPAEEKK chains enhances the ther-
mal stability of the given hybrid materials. The increase in the
thermal stability may have resulted from the high thermal
stability of silica and the crosslink point nature of the silica
particles [30].
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3.3. Morphology

Fig. 4 shows SEM images of the hybrid membranes, show-
ing the silica domains that were observed. The average size of
the silica particles was <100 nm. Colloidal silica nanopar-
ticles show great compatibility with organic polymers [31].
The silica added to the polymer solution led to good adhesion
between organic and inorganic phases. The silica particles in
the hybrid membrane containing the lower silica content
(5%) show less uniformity in their distribution. However, the
particles in the SP/Si 15 hybrid membrane show uniform dis-
tribution. Of further interest in Fig. 4 is that the ratio of P/S
decreased from the center to the edge of silica particles.
This result is indicative of the phosphoric acid reacting with
^SiOH. This interaction of silica and phosphoric acid will
affect the surface morphology, the water content, the proton
conductivity, and the methanol permeability.

3.4. IEC value and state of water

The IEC value of the sulfonated PAEEKK membrane was
1.30 mmol/g dry membrane, and the hybrid membranes have
almost the same IEC values, as shown in Table 1. The total
water contents increase with TEOS content and temperature.
The introduction of silica enhanced the membrane hydrophi-
licity due to the presence of numerous ^SiOH groups. These
^SiOH groups, which can hydrogen bond, have strong
bonding with H2O molecules. In addition, the H3PO4-doped
membranes (SP/Si/POH xx) show a similar or somewhat
higher water content behavior than that of H3PO4-free hybrid
membranes (SP/Si xx). As listed in Table 1, the water content
of the SPAEEKK membrane derived from 6F-BPA is lower
than that of the previously reported SPAEEKK membranes
derived from 4,40-biphenol or hydroquinone monomer, be-
cause of the hydrophobic nature of the 6F-BPA connecting
units [23].

It is reported that an important reason for the higher meth-
anol permeability for Nafion is its higher fraction of freezing
bound and free water versus non-freezing bound water com-
pared with that of the poly(arylene ether)-based copolymers
[32]. It is important to know the state of water in the mem-
brane because the proton conductivity strongly depends on
the water content. The water state was measured using
a DSC as shown in Fig. 5. A single peak around 0 �C is the
response for an endothermic peak corresponding to the heat
of fusion of free water. The amount of free water was obtained
by the integration of the endothermic peak area; then, the
amount of bound water was calculated from the difference be-
tween the amount of free water and total water. Quantification
of each state of water by DSC is obviously of great interest but
is difficult because of two overlapping melting peaks. In some
cases, bound water can be classified into freezing bound water
and non-freezing bound water, which is due to a weak or
a strong interaction, respectively, between the water molecules
and the polymeric matrix with polar and ionic groups [33].
Table 2 summarizes the amount of free water, bound water,
and the ratio of bound and free water per total water. The
difference value (D) of Nafion 117 is higher than that of
SPAEEKK and hybrid membranes. A high D means that the
water molecules exist in the freezing water state rather than
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Table 1

Properties of SPAEEKK hybrid membranes

Polymer Water uptake (%) l [H2O]/[SO3H] Proton conductivity (S/cm) Meq g/mol SO3 IEC

30 �C 80 �C 30 �C 80 �C 30 �C 80 �C

SPAEEKK 21.4 26.8 9.1 11.5 0.0186 0.0461 769 1.30

SP/Si 5 23.5 27.9 10.0 11.9 0.0205 0.0485 e 1.30

SP/Si 10 25.3 30.9 11.0 13.4 0.0268 0.0576 e 1.28

SP/Si 15 28.0 33.7 12.4 15.0 0.0297 0.0679 e 1.25

SP/POH 23.5 28.5 10.0 10.9 0.0181 0.0467 e 1.30

SP/Si/POH 5 25.5 30.9 11.0 12.2 0.0246 0.0562 e 1.29

SP/Si/POH 10 27.5 33.5 11.9 13.3 0.0276 0.0657 e 1.28

SP/Si/POH 15 30.2 35.2 13.3 14.5 0.0320 0.0782 e 1.26

SPAEEKK-B70a 24.2 28.3 10.7 15.5 0.0252 0.0392 788 1.26

SPAEEKK-H70a 20.5 33.4 8.6 14.1 0.0275 0.044 756 1.32

a SPAEEKK copolymer derived from 4,40-biphenol or hydroquinone monomer (proton conductivity data from Ref. [23] that was originally measured in the

transverse mode was re-measured in the longitudinal mode for direct comparison to the present work).
in the bound water state [24]. As listed in Table 2, the bound
water increased with increasing silica content. This implies
that the bound water can be captured around the silica particles
as well as around the sulfonic acid groups. This effect was
attributed to the presence of numerous ^SiOH groups and/or
phosphoric acid to which H2O molecules can hydrogen
bond, and this physically absorbed water should be driven
off at a higher temperature as compared to H2O in eSO3He
H2O bonds [10]. In addition, another endothermic peak at
around 100 �C was observed, indicating the heat of vaporiza-
tion of the water molecules. The increase of the silica content
also caused an increase of the vaporization temperature, which
indicated stronger waterepolymer interactions due to the exis-
tence of more bound water content [33]. Therefore, we expect
that the proton conductivity of hybrid membranes is main-
tained at higher temperature because the hybrid membranes
will retain water content by bound water.
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3.5. Proton conductivity and methanol permeability

Fig. 6 illustrates a schematic representation of a model in-
volved in proton-conduction mechanism and the state of water
in the hybrid membrane. Generally, two principal mechanisms
describe proton diffusion through the membranes [34]. One is
the vehicle mechanism whereby a proton combines with vehi-
cles such as H3Oþ or CH3OH2

þ and also with unprotonated
vehicles (H2O), thus allowing the net transport of protons [34].
In this mechanism, the conductivity is directly dependent on
the rate of vehicle diffusion. The other is the Grotthus mech-
anism (hopping) whereby protons are transferred from one
proton acceptor site to another by hydrogen bonds. In this
mechanism, additional reorganization of the proton environ-
ment, consisting of reorientation of individual species or
even more extended ensembles, then it results in the formation
of an uninterrupted trajectory for proton migration [34].
Therefore, as shown in Fig. 6, it is probable that the non-freez-
ing and the freezing bound water participate by the Grotthus
mechanism, and the free water takes part by a vehicle mecha-
nism as well as by the Grotthus mechanism. The free water is
evaporated with increasing temperature and consequently the

Table 2

Characterization of water content and fraction of each state of water in the

membranes

Polymer Water content % (at 30 �C) Ratio (%) Da

Total Free Bound [Free]/

[Total]

[Bound]/

[Total]

Nafion 117b 23.0 17.1 5.9 74.0 26.0 49.0

SPAEEKK 21.4 9.6 11.8 44.9 55.1 10.3

SP/Si 5 23.5 9.5 14 40.4 59.6 19.1

SP/Si 10 25.3 9.8 15.5 38.7 61.3 22.5

SP/Si 15 28.0 9.2 18.8 32.9 67.1 34.3

SP/POH 23.5 10.9 12.6 46.4 53.6 7.2

SP/Si/POH 5 25.5 11.5 14.0 45.1 54.9 9.8

SP/Si/POH 10 27.5 11.5 16.0 41.8 58.2 16.4

SP/Si/POH 15 30.2 11.8 18.4 39.1 60.9 21.9

a D¼ [Bound]/[Total]� [Free]/[Total].
b Data from Ref. [24].
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Proton

Methanol

SO3H

Free water 

(vehicle)

Water 
molecule

-SiOH

Non-freezing
bound water 

Freezing bound water

(a) SPAEEKK membrane    

(b) SPAEEKK/Silica hybrid membrane  

Proton transport

Methanol blocking

Fig. 6. Schematic representation of the model involved in proton-conduction mechanism and the state of water in the membrane. (a) SPAEEKK membrane;

(b) SPAEEKK/silica hybrid membrane.
effect of the vehicle mechanism decreases. To maintain the
proton conductivity with increasing temperature, the decrease
in the effect of the vehicle mechanism must be compensated
by an increase in the effect of the Grotthus mechanism. This
compensation effect in Nafion is insufficient to maintain the
proton conductivity at high temperature because of membrane
dehydration due to a higher fraction of freezing bound and free
water. The compensation effect is more dependent on the frac-
tion of non-freezing bound water rather than that of freezing
bound and free water. Therefore, proton-conducting mem-
branes for use at elevated temperatures, where evaporation
would occur, require maintaining water content by means of a
high fraction of non-freezing bound water. Table 2 lists the
ratio of [Bound water]/[Total water]. The ratio increased with
increasing TEOS content.

As shown in Fig. 7, the proton conductivity increased with
TEOS content at all temperature conditions. This suggests that
the silica doped in the membrane has an effect on improving
the formation of proton-conduction pathways due to molecular
water absorption. That is, new proton conduction due to the
presence of the silica has a probable mechanism associated
with proton hopping between SiOH and water molecules
[28]. Nogami et al. reported that the dissociated proton moves
to a water molecule bound with the SiOH bond, forming the
activated H2O:Hþ state (SiOHeH2O / SiO�þHþ:H2O)
[28]. The proton from the activated H2O:Hþ state dissociates
to form a new activated state with a neighboring H2O. There-
fore, the proton conductivity increases due to the synergistic
effect between the hydrated sulfonic group and the hydrated
silica particle-absorbed water molecules. It is probable that
protons attached to protogenic surface functional groups of
^SiOH participate in the proton-conduction process via the
Grotthus mechanism [35]. The H3PO4-doped membranes
show somewhat higher proton conductivities compared with
H3PO4-free membranes as shown in Fig. 7. Table 2 shows
that the water contents of the H3PO4-doped membrane are
somewhat higher than that of H3PO4-free hybrid membranes.
The introduction of H3PO4 enhanced the membrane
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Fig. 7. Proton conductivity of SPAEEKK copolymers.
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hydrophilicity due to the hydrogen bonding with water. These
water molecules have an effect on forming the pathway for
proton transport. It has been reported that the PeOH bonds
increase proton conductivity, because of their strong hydrogen
bonding with water molecules [27].

Fig. 8 shows the methanol permeabilities of H3PO4-free and
H3PO4-doped hybrid membranes. The methanol permeability
decreased with increasing TEOS content and increased with
increasing temperature. It is known that methanol permeates
through hydrophilic ionic channels and that protons are trans-
ported by hopping between ionic sites due to hydrogen bonding
as well as through ionic channels. Thus, as shown in Fig. 6,
the methanol permeability depends more on the size of the
ionic channels than the proton conductivity does. Therefore,
it could be explained that the methanol permeability decreases
due to the silica particles acting as materials for blocking
the methanol transport while the proton conductivity should
remain largely unchanged.

The methanol permeabilities of the membranes decreased
in the same order of ratio [Free]/[Total] as shown in Fig. 8
and Table 2. In addition, the methanol permeabilities of
H3PO4-doped membrane are higher than that of H3PO4-free
hybrid membranes that have lower ratios of [Free]/[Total].
Therefore, it is logical to surmise that the free water in the
membrane contributes to the methanol permeability. The silica
particles in the membrane were used as materials for methanol
transport blocking and for forming the proton transport path-
ways due to molecular water absorption.

Fig. 9 shows the proton conductivities and methanol perme-
abilities of hybrid membranes and Nafion 117 at 30 and 80 �C.
Generally, the proton conductivity has a strong trade-off rela-
tionship with the methanol permeability [12]. A target mem-
brane would be located in the upper left-hand corner. Fig. 9
shows that the hybrid membranes (SP/Si series, marked 1
and 3) have a favorable trend, compared with a membrane
that does not contain any silica. In addition, the SP/Si/POH
series (marked 2 and 4) membranes show a more vertical
trend. Therefore, the H3PO4-doped membrane improves the
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Fig. 8. Methanol permeabilities of SPAEEKK copolymers.
proton conductivity, while the methanol permeability remains
unchanged.

4. Conclusions

Sulfonated poly(arylene ether ether ketone ketone)
(SPAEEKK) copolymer containing pendant sulfonic acid
group (SC¼ 0.67) was synthesized from commercially avail-
able monomers such as sodium 6,7-dihydroxy-2-naphthalene-
sulfonate (DHNS), 1,3-bis(4-fluorobenzoyl)-benzene (BFBB),
and hexafluorobisphenol A (6F-BPA) in NMP at 180 �C. From
SPAEEKK, a series of hybrid membranes incorporating differ-
ent amounts of silica nanoparticles were prepared using the
solegel reaction with tetraethyl orthosilicate (TEOS). The
hybrid membranes were investigated in the un-doped or the
H3PO4-doped state.

The proton and methanol transport behavior of the
SPAEEKK/silica hybrid membranes and H3PO4-doped hybrid
membranes is correlated to the state of water. An improvement
in membrane properties is ascribed to a uniform distribution of
the nanosized silica particles and H3PO4 doping in the mem-
brane matrix. The silica has an effect on the state of water in
the membranes. The ^SiOH groups of silica provide strong
hydrogen bonding sites in the hybrid membranes. Thus the
ratio of bound water to free water increased with silica content.
The hybrid membrane improved the retention of water mole-
cules at elevated temperatures and thus proton conductivity
was maintained. The proton conductivities of the H3PO4-free
and H3PO4-doped hybrid membranes were in the range from
0.02 to 0.082 S/cm and from 0.024 to 0.097 S/cm, respectively.
The methanol permeabilities of the hybrid membranes ranged
between 1.4� 10�7 and 6.9� 10�7 cm2/s. In comparison
with Nafion 117 with a proton conductivity and methanol
permeability at 80 �C of 0.1 S/cm and 7.7� 10�6 cm2/s, re-
spectively, an SP/Si/POH 15 hybrid membrane had values of
0.078 S/cm and 6.06� 10�7 cm2/s. The methanol permeability
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Fig. 9. Proton conductivities versus methanol permeabilities (1: SP/Si series at
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series at 80 �C).



7880 D.S. Kim et al. / Polymer 47 (2006) 7871e7880
was 92.1% lower than Nafion. At 30 �C, the conductivity and
permeability values of Nafion 117 were 0.078 S/cm and
2.52� 10�6 cm2/s, respectively; while an SP/Si/POH 15
hybrid membrane had values of 0.032 S/cm and 2.02�
10�7 cm2/s, with permeability being 92% lower. These hybrid
membranes are potential candidates for polymer electrolytes
for DMFC and PEMFC applications.
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