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bstract

Nanocomposite proton exchange membranes were prepared from sulfonated poly(phthalazinone ether ketone) (sPPEK) and various amounts
f sulfonated silica nanoparticles (silica-SO3H). The use of silica-SO3H compensates for the decrease in ion exchange capacity of membranes
bserved when non-sulfonated nano-fillers are utilized. The strong –SO3H/–SO3H interaction between sPPEK chains and silica-SO3H particles

eads to ionic cross-linking in the membrane structure, which increases both the thermal stability and methanol resistance of the membranes. The

embrane with 7.5 phr of silica-SO3H (phr = g of silica-SO3H/100 g of sPPEK in membranes) exhibits low methanol crossover, high bound-water
ontent, and a proton conductivity of 3.6 fold increase to that of the pristine sPPEK membrane.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nafion® at present is one of the most advanced commercially
vailable membranes for direct methanol fuel cells (DMFC) [1].
owever, Nafion® application in DMFC is still limited by high

ost and methanol crossover. Improvements in properties of the
olymer electrolyte membranes have been strongly related to the
evelopments of high performance proton exchange membranes
PEM) for DMFC. One approach is to prepare new polyelec-
rolytes as Nafion® alternatives. Most PEM materials are based
n non-fluorinated or partially fluorinated aromatic polymers

uch as sulfonated polyimides [2–6] and sulfonated poly(aryl
ther)s [7–12]. However, many of the reported hydrocarbon-
ased PEM prepared as alternatives to Nafion® still do not
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ossess the full range or combination of desired properties for
pplication in DMFC. Improvements in properties such as pro-
on conductivity in low-humidity environments, chemical and
xidative stability and stability to methanol fuel solutions are
ome of the issues typically being addressed.

Modification of PEMs to improve their thermal and chemi-
al stability and to depress their methanol crossover is a useful
pproach to improve their performance. Yamaguchi et al. [13]
eported pore-filling membranes that were composed of a porous
ubstrate and a filling polyelectrolyte. These pore-filling mem-
ranes showed high mechanical strength and low methanol
rossover. Lue et al. [14] reported that plasma treatment on
afion® surface could change its surface properties substantially
ith a methanol permeability reduction of 74% and without

ltering their bulk properties. Formation of crosslinked poly-
lectrolytes and polyelectrolyte interpenetrating networks are

lso reported to enhance PEM performance for use in DMFC
15,16]. Organic–inorganic nanocomposites represent another
seful approach to PEM modification [17–21]. Layered clays
nd silica nanoparticles are two major inorganic reinforcements
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dx.doi.org/10.1016/j.memsci.2007.03.007
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n PEM modifications. Clay incorporation into PEMs introduces
winding pathway for a methanol molecule that results in a

eduction in methanol crossover. The presence of silica nanopar-
icles in PEMs help to maintain water content of polymers and
mproves their thermal stability. The methanol crossover of the
olyelectrolyte-silica nanocomposites is also reduced with the
epression of their swelling degree in methanol fuel solutions.

Incorporation of nanosized inorganic reinforcements to
EMs, although bringing about membrane stabilization, would
ertainly lower their ion exchange capacity. To overcome this
roblem, Rhee et al. [22] modified Nafion® with sulfonated
ontmorillonite. The prepared composite membranes showed

ramatic decreases in methanol permeability and high proton
onductivity comparing to pristine Nafion® membranes. Bébin
t al. [23] also used sulfonated Laponite particles to prepare
afion®/clay-SO3H composite membranes. The membrane-

lectrolyte assembly (MEA) based on the above mentioned
embranes exhibited improved performances over Nafion®

embrane-based MEA. These papers demonstrated that use
f sulfonated inorganic fillers in polyelectrolyte nanocompos-
te membranes is an effective approach to improve the proton
xchange membrane performances. Instead of clay, in this work
ulfonated silica nanoparticles (silica-SO3H) were utilized in
he preparation of polyelectrolyte/silica nanocomposite mem-
ranes. Sulfonated poly(phthalazinone ether ketone) (sPPEK)
ith a high content of sulfonic acid groups is utilized as the
roton conducting material [24]. The properties of the prepared
anocomposite PEMs are examined and discussed. A significant
mprovement in the membrane performance is observed with the
PPEK/silica-SO3H nanocomposite PEMs.

. Experimental

.1. Materials

Sulfonated poly(phthalazinone ether ketone) with a degree
f sulfonation of 1.21 (equivalent weight of sulfonated
roup = 514 g/mol) was obtained from direct sulfonation on
oly(phthalazinone ether ketone) [24]. Silica nanoparticles with
size of 10–20 nm were purchased from Nissan Chemical Com-
any. Sulfonation on silica nanoparticles was performed using

he reported method [25,26]. From elemental analysis, the sul-
ur content of silica-SO3H was 1.82 wt%, which corresponded
o an equivalent concentration, 568.7 mmol/kg of –SO3H group
o silica-SO3H.

t
m
d
w

Fig. 1. Chemical structures of polyelectrolyte sPPEK and sulfo
ne Science 296 (2007) 21–28

.2. Preparation of sPPEK/silica-SO3H nanocomposite
embranes

sPPEK (1 g, Fig. 1) was dissolved in 12 mL of N,N-
imethylacetamide (DMAc) and filtered. A measured amount
f silica-SO3H (5–30 phr, phr = g of silica-SO3H/100 g of
PPEK in membranes) was added into the solution and stirred
or 1 day to result in a homogeneous solution. The solu-
ion was then poured onto a glass plate and dried at 40 ◦C
or 2 days. The residual solvent was evaporated at 80 ◦C for
nother 2 days. The membrane was removed from the glass
late by soaking it in water. A tough, flexible, yellowish trans-
arent membrane was obtained after air-drying at ambient
emperature.

.3. Measurements and properties evaluation

.3.1. Instrumental analysis
Thermogravimetric analysis was conducted with a Perkin-

lmer TGA-7. Polymer samples for TGA were preheated to
50 ◦C at 10 ◦C/min under a nitrogen atmosphere, held isother-
ally for 60 min, equilibrated at 80 ◦C, and then heated to

00 ◦C at 10 ◦C/min according to a procedure reported pre-
iously. Scanning electron micrographs were observed with
Hitachi S-3000N Hi-SEM. Energy dispersive X-ray (EDX)
easurements were conducted with a Horiba ES-320 Energy
ispersive X-Ray Micro Analyzer. Water contact angles were
easured with an angle-meter (Automatic Contact Angle Meter,
odel CA-VP, Kyowa Interface Science Co., Ltd. Japan) at

oom temperature. Distilled water (5 �L) was dropped on the
ample surface at ten different sites. The average of ten mea-
ured values for a sample was taken as its water contact angle.
he fractions of free water in membranes were measured with
differential scanning calorimeter (Perkin-Elmer DSC 7) at
heating rate of 5 ◦C/min and with a nitrogen flow rate of

00 mL/min.

.3.2. Water and methanol uptake
The membrane samples were vacuum-dried at 120 ◦C before

esting. The sample films were soaked in de-ionized water until
welling equilibrium was attained at predetermined tempera-

ures. The dry weight and the equilibrated swollen weight of the

embranes were determined. Swollen membranes were blotted
ry with tissue paper before weight measurements. The apparent
ater or methanol uptakes of the membranes were determined

nated silica nanoparticles silica-SO3H used in this work.
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serve as separators to prevent silica-SO3H particle aggregation.
The above rationale could explain the homogeneous disper-
sion of silica-SO3H particles in nanocomposite membranes, as
observed by TEM (Fig. 4).

Table 1
SEM–EDX surface elemental analysis results of nanocomposite membranes

Membrane C content (at.%) O content (at.%) Si content (at.%)

sPPEK 72.5 20.9 0.0
Y.-H. Su et al. / Journal of Me

s follows:

ptake content (%) = Ws − Wd

Wd
× 100% (1)

here Ws and Wd are the weights of swollen and dried sam-
les, respectively. Moreover, the apparent uptake contents from
bove were normalized by the sPPEK contents of the mem-
ranes to estimate the true uptake content of sPPEK polymer in
he nanocomposite membranes.

.3.3. Methanol permeation measurement by
ervaporation process

The experiment was carried out according to the reported
rocess [27]. The feed solution was in direct contact with mem-
rane, in the pervaporation apparatus. The effective membrane
rea was 6.7 cm2 and the experiments were conducted at a 50 ◦C
eed solution. The permeation rate was determined by measuring
he weight of permeate. The compositions of feed solution and
ermeate were analyzed by a gas chromatography (GC China
hromatography 8700 T). The separation factor of water/alcohol

αw/A) was calculated from:

w/A = YW/YA

XW/XA

here XW, XA, YW, YA are the weight fraction of water and
lcohol in the feed and permeate, respectively.

.3.4. Proton conductivity
The proton conductivity was measured by alternating-

urrent (ac) impedance spectroscopy over a frequency range of
–107 Hz with an oscillating voltage of 50–500 mV with a sys-
em based on a Solartron 1280 gain phase analyzer. The relative
umidity of proton conductivity measurement is 98%. A sample
ith a diameter of 3.5 mm was placed in an open, temperature-

ontrolled cell, in which it was clamped between two blocking
tainless steel electrodes with a permanent pressure of about
kg/cm2. Specimens were soaked in de-ionized water before

he test. The conductivity (σ) of the samples in the transverse
irection was calculated from the impedance data, with the rela-
ion σ = d/RS, where d and S are the thickness and face area of the
ample, respectively, and R was derived from the low intersec-
ion of the high frequency semicircle on a complex impedance
lane with the Re (Z) axis.

. Results and discussion

.1. Preparation of sPPEK/silica-SO3H nanocomposite
embranes

The chemical structures of sPPEK polyelectrolyte and silica-
O3H nanoparticles are shown in Fig. 1. Mixing of these

wo substances in DMAc formed homogeneous and transpar-
nt solutions. sPPEK/silica-SO3H nanocomposite membranes

ossessing various silica-SO3H contents (NM-SA-X, X = silica-
O3H (g)/100 g of sPPEK in the nanocomposite membrane
M) were prepared from solution casting on glass plates. All
btained membranes showed high transparency, indicating the

N
N
N
N
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ilica particles did not aggregate during membrane prepara-
ion. The homogeneity of dispersions of silica-SO3H in the
M-SA nanocomposite membranes was examined with an
EM. As shown in Fig. 2a, NM-SA-5 membrane showed a
ery homogeneous and dense surface. No silica agglomera-
ion occurred on the membrane surface. On the other hand,
anocomposite membrane (NM-silica-5) prepared from sPPEK
nd pristine silica nanoparticles (without surface sulfonation
odification) [21] exhibited a micro-phase separation on the
embrane surface (Fig. 2b). Silica aggregation with a domain

ize of about 1–2 �m appeared at the NM-silica-5 membrane
urface. A possible explanation for this is that the unmodi-
ed silica nanoparticles in NM-silica-5 membrane might move

oward the membrane surface during membrane preparation,
ue to the relatively low surface energy of silica. However, this
igration of nanoparticles was not evident for silica-SO3H in

he NM-SA-5 membrane. Silica aggregation was also observed
or the cross-section SEM micrograph of NM-silica-5 mem-
rane (Fig. 2c), however, not for that of NM-SA-5 membrane
Fig. 2d). In addition, silica aggregation in NM-silica-5 mem-
rane toward appeared at the membrane top-surface, giving
urther evidence to the silica migration hypothesis. Surface
lemental analysis on nanocomposite membranes with an SEM-
DX provided additional information to the silica migration.
s shown in Table 1, no silicon signal was detected for pris-

ine sPPEK membrane. With the addition of 5 phr un-modified
ilica nanoparticles to sPPEK, the resulting NM-silica-5 mem-
rane exhibited a silicon content of 5.4% by SEM-EDX analysis.
n the other hand, only about 0.8% silicon was detected on
M-SA-5 membrane surface, indicating no silicon migration
ccurrence in NM-SA-5 membrane. This is in agreement to
hat was observed with SEM micrographs. Un-modified sil-

ca nanoparticles moved toward the membrane surface during
embrane preparation, while sulfonated silica nanoparticles did

ot.
The sulfonic acid groups on silica surfaces restrict their

otion in the sPPEK matrix. The restriction might be due
o the hydrogen bonding between the sulfonic acid groups of
ilica-SO3H and of sPPEK; interactions that would not exist in
M-silica-5 membrane. The –SO3H/–SO3H interaction might

esult in association of the silica-SO3H particles, which should
ave ionic interaction with and be surrounded with sPPEK
olymer chains, as shown in Fig. 3. The sPPEK chains also
M-silica-5 65.0 22.2 5.4
M-SA-5 69.4 23.7 0.8
M-SA-10 65.7 21.6 2.8
M-SA-20 63.5 24.2 3.1
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sPPEK and NM-silica-5 membranes exhibited similar degra-
dation patterns (Fig. 5a). The presence of silica nanoparticles
might not significantly alter the degradation behavior of sPPEK
ig. 2. SEM micrographs on nanocomposite membranes. (a) Top-surface of N
M-SA-5 membrane, and (d) cross-section of NM-silica-5 membrane.

.2. Thermal stability of sPPEK/silica-SO3H
anocomposite membranes
The thermal stability of the sPPEK/silica-SO3H nanocom-
osite membranes is of interest and was examined by TGA.
ig. 5 shows the TGA thermograms of the membranes. Pristine

ig. 3. Illustration on the state of water in the membranes, the interaction
etween the sulfonic acid groups of silica-SO3H and of sPPEK to restrict the
ilica motion, and the proton-transport mechanism in the membranes.

p

F

-5 membrane, (b) top-surface of NM-silica-5 membrane, (c) cross-section of
olymer [28]. However, alteration of the thermal degradation

ig. 4. TEM micrograph (×22,000) on NM-SA-5 nanocomposite membrane.
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Fig. 5. TGA thermograms of sPPEK based membranes in nitrogen at a heating
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toward membrane interior. As silica-SO3H did not migrate to
the membrane surface, the inversion of sulfonic acid groups
might be induced by the –SO3H/–SO3H interaction. The –SO3H
groups of silica particles, which are present in the membrane
ate of 10 ◦C/min. (a) TGA thermograms of sPPEK, NM-silica-5, and NM-SA-5
embranes; (b) TGA thermograms of NM-SA nanocomposite membranes with

arious amounts of silica-SO3H.

ehaviors was observed with NM-SA membranes. The ini-
ial weight loss at around 150 ◦C was from the loss of the
bsorbed bound water within the membranes. However, this
eight loss should not be attributed to the “poor” thermal sta-
ility of the membranes. On the other hand, the weight loss
tarting at about 290 ◦C was due to the decomposition of sul-
onic acid groups [29,30], and then followed the weight loss
rom the polymer chain thermal degradation at about 490 ◦C.
hese two weight loss temperatures shifted toward high temper-
tures with addition of sulfonated silica particles. A relatively
igh degradation temperature and high char yield were observed
ith NM-SA-5 membrane. The thermal stability enhancement
as more significant for membranes possessing silica-SO3H

ontents above 7.5 phr (Fig. 4b). The thermal stability of these
embranes was superior to pristine sPPEK. Since NM-silica-30
embrane (nanocomposite membrane containing 30 phr un-
odified silica) was reported to exhibit a thermal degradation
attern similar to that of sPPEK membranes [21], the thermal
tability enhancements with NM-SA membranes should not be
ue to the addition of silica particles, but could be attributed
o the presence of sulfonic acid groups of silica particles. The

F
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resence of –SO3H/–SO3H interaction between functionalized
ilica particles and sPPEK chains formed ionic cross-linking
tructures so as to increase the thermal stability of the NM-SA
embranes as observed in their TGA thermograms. Moreover,
M-SA-10 and NM-SA-7.5 membranes showed relatively good

hermal stability among the nanocomposite membranes, indicat-
ng too many silica-SO3H particles in the membranes might form
ilica-associated domains so as to lose their effect on polymer
hain stabilization.

.3. Water and methanol fuel uptakes and permeation
roperties

The strong interaction between silica-SO3H and sPPEK
ight result in an ionic cross-linking structure to the nanocom-

osite membranes, which was observed with the alteration of
olubility behavior of the membranes. Pristine sPPEK mem-
rane was readily dissolved in DMAc. However, NM-SA
anocomposite membranes lost their solubility in DMAc at
oom temperature. NM-SA membranes were soluble in hot
MAc, due to the hydrogen-bonding interaction breaking at

levated temperatures. Formation of a cross-linking structure in
M-SA nanocomposite membrane enhances the membrane sta-
ility in solvents. Fig. 6 shows the water and methanol absorption
roperties of nanocomposite membranes. All nanocomposite
embranes exhibited depressed water and methanol absorp-

ions. The amounts of water and methanol absorptions leveled
ff for membranes possessing silica-SO3H contents above 10
hr. Some water-absorption sites of sPPEK in NM-SA mem-
rane were blocked with silica-SO3H. This blocking effect could
lso be attributed to the presence of silica-SO3H/sPPEK inter-
ction, which reduces the swelling ability of sPPEK in water.
ig. 7 shows the surface water contact angles of the nanocompos-

te membranes. Addition of silica-SO3H to sPPEK membranes
lightly increased their membrane surface water contact angles,
ndicating the hydrophilic sulfonic acid groups might reverse
ig. 6. Water and methanol uptakes measured on NM-SA nanocomposite mem-
ranes.
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other hand, the total water, free water, and bound water contents
in the membranes decreased with the addition of silica-SO3H,
ig. 7. Surface water contact angles of NM-SA nanocomposite membranes.

nterior, attracted the –SO3H groups of sPPEK to reverse the
SO3H groups to the membrane interior. The relatively high con-
act angle observed with NM-SA-7.5 also implied a relatively
trong –SO3H/–SO3H interaction, as observed with thermal sta-
ility tests.

The methanol uptake values of the nanocomposite mem-
ranes were lower than their water uptakes, as shown in Fig. 6.
he low methanol uptake values of NM-SA membranes implied

heir low affinity to methanol and low methanol crossover.
he methanol permeability of the nanocomposite membranes
as measured with a pervaporation test, and the results are

hown in Fig. 8. With a 3 M methanol feed solution, the pristine
PPEK membrane exhibited a high flux through the membrane
f about 7600 g/m2 h. Formation of nanocomposite membranes
ith silica-SO3H significantly decreased the fluxes of mem-
ranes. Methanol molecules permeate through the membranes
ia a two-step mechanism, i.e. dissolving into the membrane
nd then diffusing through the membrane (solution-diffusion
echanism). As mentioned above, NM-SA membranes exhib-

ted relatively low affinity to methanol molecules so as to depress

issolution of methanol into the membranes. Moreover, the
trong –SO3H/–SO3H interactions between sPPEK and silica-
O3H suppress polyelectrolyte chain motions so as to depress

Fig. 8. Methanol permeability of NM-SA nanocomposite membranes.
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he methanol diffusion rate in the membranes. These two behav-
ors contributed to the low methanol concentration in permeates
bserved with the NM-SA nanocomposite membranes. In addi-
ion, the methanol concentrations at the permeate side observed
or all the membranes are lower than the feed methanol con-
entration, indicating the membranes are resistant to methanol
ermeation. The lowest methanol concentration in the permeate
mong the tested membranes is observed with NM-SA-7.5. This
esult suggested that NM-SA-7.5 might possess a relatively com-
act and dense structure, which is more hindered for methanol
olecule permeation.
In addition to the total water uptakes, the states of water

olecules associated with the hydrophilic sPPEK polymer and
ilica-SO3H particles are also of interest. In the reported litera-
ure [31–34] the water absorbed in the membrane can be divided
roadly into two groups of bound water and free water. The
ound water is the state of water associated with the membrane
atrix and the free water is not. These two states of water exhibit

ifferent calorimetric behaviors and can be detected with DSC
easurements [35,36]. After cooling the membrane to below
◦C, free water will freeze whereas bound water is non-freezing.
herefore, for a heating scan on the frozen membrane sample,

he heat required to melt the frozen free water can be calculated.
he amount of free water in the membrane is obtained by com-
aring the melting enthalpy of free water to the heat of fusion
f pure water (334 J/g) [32]. The amount of bound water is then
btained from the difference between the total water uptakes and
he free water calculated from DSC analysis. Fig. 9 shows the
ontents of water in different states in the NM-SDA membranes.
M-silica-5 and NM-SA-5 membranes possessed similar free
ater. However, the amount of bound water in NM-SA-5 mem-
rane was much higher than that in NM-silica-5 membrane,
lso indicating that addition of sulfonated silica, rather than
n-modified silica, to sPPEK membranes enhanced their ability
f formation hydrogen-bonding with water molecules. On the
ndicating that the formation of nanocomposite might lead to
ore compact membranes. The critical amount of silica-SO3H

ig. 9. The change of water uptakes in the NM-SA nanocomposite membranes
s a function of the amounts of silica-SO3H.
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n membranes for depression of total water and bound water
s about 10 phr. On the other hand, the critical value for free
ater is about 7.5 phr. Since the free water is present in the
embrane space between the sulfonic acid groups, this result

ndicates that the silica-SO3H amount of 7.5 phr is enough
o lead an ionic cross-linking of the membrane with reduced
paces between polymer chains and silica particles. This result
s also coincident to that observed with methanol permeation
nalysis. Moreover, the NM-SA-7.5 membrane exhibited the
ighest bound water fraction (the bound water amount over the
otal water amount). Holdcroft and co-workers [37] reported
hat proton conductivity in membranes may be achieved via
trongly bound water. The ability of bound water to facil-
tate the transport of protons originates by generation of a
ontinuous proton conductive pathway. Therefore, NM-SA-7.5
embrane might exhibit a relatively high proton conduc-

ivity among the prepared membranes, which is discussed
elow.

.4. Proton conductivity

The proton conductivity of the nanocomposite membranes
easured at different temperatures is shown in Fig. 10. Addition

f un-modified silica to sPPEK (NM-silica-5) caused a reduction
n sulfonic acid group concentration so as to lower the mem-
rane’s proton conductivity. This proton conductivity reduction
an be compensated with using sulfonated silica-SO3H. NM-
A-5 membrane exhibited higher proton conductivities than
M-silica-5 membrane. It is also noteworthy that the proton

onductivities measured with NM-SA-5 membranes at elevated
emperatures are higher than those measured with sPPEK mem-
rane. It is demonstrated that addition of the sulfonated silica
anoparticles to sPPEK can further enhance its proton con-
uctivity with introduction of additional sulfonic acid groups.

M-SA-7.5 showed the highest proton conductivities among the
anocomposite membranes. The proton conductivity of the NM-
A-7.5 PEM is about 3.6-fold to that of the unmodified sPPEK
embrane. Generally, two principle mechanisms of vehicle

ig. 10. The proton conductivities of nanocomposite membranes at various
emperatures.

R

ne Science 296 (2007) 21–28 27

echanism and Grotthus mechanism (hopping) describe pro-
on diffusion through the membrane [38]. It is possible that the
ound water participates by the Grotthus mechanism, and the
ree water takes part mostly by vehicle mechanism [39]. Addi-
ion of silica-SO3H to the membranes increases the bound water
ontents in the membranes (Fig. 3). The bound water facilitates
he proton transport ability through the Grotthus mechanism,
riginating by generation of a continuous proton conductive
athway. Therefore, the high proton conductivity of NM-SA-
.5 can be attributed to the high bound water contents in the
embrane.

. Conclusions

The incorporation of sulfonated silica nanoparticles into
ulfonated polymers to form nanocomposite membranes simul-
aneously improves their thermal stability and reduces methanol
rossover. The ionic interactions between the sulfonated silica
anoparticles and the sulfonated polymer play an important part
n the improvement of properties. With a high fraction of bound
ater in the nanocomposite membrane, the membrane com-
rising 7.5 phr of sulfonated silica nanoparticles might yield
continuous proton conductive pathway to ensure its high pro-

on conductivity, with a value of about 3.6-fold to that of the
ristine sPPEK membrane.
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