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a b s t r a c t

For application in fuel cells, a series of hybrid acid–base polymer membranes were prepared by blending
sulfonated poly(2,6-dimethyl-1,4-phenylene oxide) (SPPO) with (3-aminopropyl)triethoxysilane (A1100)
through a sol–gel process. As indicated by scanning electron microscopy, energy-dispersive X-ray analysis,
and thermogravimetric analysis, the acid–base interaction improves not only the membrane homogene-
vailable online 18 October 2008

eywords:
uel cell
roton-exchange membrane
ybrid

ity and thermal stability but also the mechanical strength and flexibility. Apart from the low cost, the
developed membranes exhibit high proton conductivity and low methanol permeability as compared to
Nafion® 117. Further, the optimal membrane shows better performance than Nafion® 117 in a single cell
test. All these properties make the hybrid membranes suitable for application in fuel cells.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Proton-exchange membrane fuel cells (PEMFCs) are considered
ne of the most promising alternatives to internal combus-
ion engines due to their fuel renewability (hydrogen, methanol,
thanol, etc.), high efficiency, and environmental compatibil-
ty [1–5]. Hydrogen PEMFCs were studied the most extensively
ecause of their high efficiency and relatively easy operation on
he fuel cell itself, and broad allowable temperatures [3–5]. A series
f perfluorosulfonate ionomers, such as Nafion®, are often used as
roton-exchange membranes in PEMFCs because of their high pro-
on conductivity, and excellent chemical and physical properties;
owever, high cost and high fuel crossover as well as other prob-

ems have limited their practical use in fuel cell applications [6,7].
o date, many studies have been carried out to develop alternative
embranes with good fuel cell performance and low cost [6,8–12].
Among those alternatives, acid–base polymer blends are

romising materials [2,10,13–16]. The interactions between acid
nd base polymers, such as ionic cross-linking (electrostatic forces)
nd hydrogen bonding bridges, contribute markedly to the control
f membrane swelling without a decrease in flexibility. Therefore,

hese membranes have low water uptake, reduced crossover, high
roton conductivity, good thermal stability, and high mechanical
exibility and strength.

∗ Corresponding author. Tel.: +86 551 3601587; fax: +86 551 3601592.
E-mail address: twxu@ustc.edu.cn (T. Xu).
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Conversely, organic–inorganic hybrid membranes have also
ttracted considerable attention from fuel cell developers
14,17–20] because the introduction of inorganic components to
rganic membranes through a sol–gel process can improve the
echanical and thermal properties as well as proton conductiv-

ty. Sometimes, however, the rigidity of the inorganic component
akes the resulting membrane brittle.
For application in fuel cells, the above two concepts are com-

ined in this study and a series of hybrid acid–base polymer mem-
ranes are prepared by blending sulfonated poly(2,6-dimethyl-
,4-phenylene oxide) (SPPO) with (3-aminopropyl)triethoxysilane
A1100) through a sol–gel process. SPPO is a flexible polymer with
he aryl ether backbone and possesses electrochemical properties
wing to the pendant sulfonic acid groups [21,22]. Nonetheless, it
s highly hydrophilic and may swell strongly in water when the
egree of sulfonation is above 28% (and the corresponding ion
xchange capacity (IEC) is about 2 meq g−1). The dimensional insta-
ility prevents SPPO from practical applications in fuel cells. If SPPO

s blended with A1100, acid–base interactions (ionic cross-linking
nd hydrogen bonding bridges) will be formed between the organic
omponent (SPPO) and the inorganic component (A1100), which
an prevent silica from agglomerating to some degree and can result
n flexible membranes.

Therefore, a series of flexible hybrid proton-exchange mem-

ranes for fuel cells were developed by blending SPPO and A1100

n this study. The formation and effect of acid–base interaction
ill be discussed in detail. Properties related to fuel cell applica-

ions, especially the hydrogen fuel cell performance of the resulting
embrane, will be evaluated.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:twxu@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.10.028
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2.3.6. Mechanical testing
D. Wu et al. / Journal of Pow

. Experimental

.1. Materials

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) of intrinsic vis-
osity equal to 0.57 dl g−1 in chloroform at 25 ◦C was supplied
y Institute of Chemical Engineering of Beijing (China). (3-
minopropyl)triethoxysilane (99%) was purchased from Aldrich®.
hlorosulfonic acid, chloroform, N,N-dimethylformamide (DMF),
nd other chemicals were of analytical grade. SPPO was prepared
y sulfonation of PPO according to the literature [23]. The IEC value
f the obtained SPPO was 2.52 meq g−1.

.2. Membrane preparation

SPPO in the Na+ or H+ form was dissolved in DMF (1 g SPPO in
ml DMF). A1100 and deionized water with a molar ratio of 1:3
ere mixed together in DMF. These two solutions were blended

nd stirred for 1 h to prepare a uniform membrane solution. The
embranes were formed by casting the membrane solution onto a

eflon plate and then evaporating the solvent at 50 ◦C for 24 h. Then,
he membrane was heated at 70 ◦C for 6 h, 90 ◦C for 3 h, and 110 ◦C
or 2 h by turn. All the resulting membranes were treated with 1 N
Cl aqueous solution for 48 h at room temperature, and the HCl
queous solution was replaced with a fresh one after 24 h. Finally,
he membranes were washed with deionized water and stored in
eionized water before use.

.3. Membrane characterization

.3.1. Membrane morphologies and thermogravimetric analysis
TGA)

Before tests, the membrane samples were dried at 50 ◦C under
acuum for 24 h. To observe the membrane morphologies, the sam-
les were quenched in liquid nitrogen and then the fracture surface
as observed using scanning electron microscopy (SEM) (XT30

SEM-TMP PHILIPS). Simultaneously, the elemental distributions
long the thickness direction were analyzed by energy-dispersing
-ray analysis (EDXA).

The thermal behaviors of membranes were determined by
hermogravimetric analyzer (TGA-50H, Shimadzu) in 20 ml min−1

itrogen atmosphere with a heating rate of 10 ◦C min−1.

.3.2. Ion exchange capacity (IEC)
Initially, the membrane sample in the H+ form was soaked in

.5 mol l−1 NaCl solution for 24 h. Then, the sample was taken out
nd washed with deionized water. The water used for washing
as collected and mixed with the remaining solution. This mixture

olution was titrated with a 0.01 mol l−1 NaOH standard solution.
he IEC value was calculated according to the following equation:

EC = VNaOH × CNaOH

wdry
(1)

where wdry is the dry weight of the sample in the H+ form,
NaOH is the titrated volume of the NaOH solution, and CNaOH is
he concentration of the NaOH solution (0.01 mol l−1).

.3.3. Water uptake and swelling ratio
The membrane sample in the H+ form was soaked in deionized
ater at room temperature for 24 h. After becoming completely
wollen, the sample was taken out, wiped with a tissue paper to
emove the excess water, and weighed immediately. The wet sam-
le was dried at 50 ◦C under vacuum until the constant weight
as reached. The water uptake W was calculated according to the
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ollowing equation:

= wwet − wdry

wdry
× 100% (2)

where wwet and wdry are the wet and dry weights of the sample,
espectively.

The swelling ratio was characterized by linear expansion ratio
LER), which was determined by the difference between wet and
ry dimensions of a membrane sample (3 cm in length and 1 cm in
idth). The calculation was based on the following equation:

ER = Lwet − Ldry

Ldry
× 100% (3)

where Lwet and Ldry are the lengths of wet and dry membranes,
espectively.

.3.4. Proton conductivity
The proton conductivity of the membrane was measured using

he normal four-point probe technique [12,24]. The membrane
amples were in the hydrogen form and fully hydrated. The
mpedance was determined using an Autolab PGSTAT 30 (Eco
hemie, Netherlands) set at galvanostatic mode with an ac cur-
ent amplitude of 0.1 mA over the frequency range from 1 MHz
o 50 Hz. Using a Bode plot, the frequency region over which the
mpedance had a constant value was recognized, and the resistance
as then obtained from a Nyquist plot. The proton conductivity �

s calculated according to the following equation:

= L

RWd
(4)

where R is the obtained membrane resistance, L is the distance
etween potential-sensing electrodes, and W and d are the width
nd thickness of the membrane, respectively.

.3.5. Crossover
The crossover of the membrane was characterized by methanol

ermeability. Methanol permeability was measured using a liq-
id permeation cell, which was composed of two compartments
f the same volume (150 ml). Compartment A was filled with a
0 v.% methanol aqueous solution and compartment B was filled
ith deionized water. Membrane was inserted between these two

ompartments and the diameter of diffusion area was 1.0 cm. Dur-
ng the permeability measurement, the methanol concentration in
ompartment B was monitored using a refractive index detector
FI750F, Younglin Instrument). The output signal was converted by
data module (Autochro, Younglin Instrument) and recorded by

omputer. Methanol permeability P was calculated according to the
ollowing equation:

B(t) = A

VB

P

d
CA(t − t0) (5)

where CA is the initial concentration of the methanol solution
n compartment A, CB(t) is the methanol concentration in com-
artment B at time t, VB is the volume of deionized water in
ompartment B, d is the membrane thickness, and A is the effective
ermeating area.
The tensile strength and elongation at break of the wet mem-
rane were measured using an Instron universal tester (Model
185) at 25 ◦C with dumbbell shape specimens at a crosshead speed
f 25 mm min−1. The tensile strength and elongation at break were
verages of three tests.
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Table 1
Composition and properties of the membranes.

Membrane Number A1100 (wt%) IEC (meq g−1) Water uptake (%) LER (%)

SPPO-H and A1100 HA-0 0 1.17 21.5 5.95
HA-5 5 1.34 22.1 5.68
HA-10 10 1.45 23.4 8.25
HA-15 15 1.68 30.9 7.81
HA-20 20 1.52 25.0 8.38
HA-25 25 1.37 22.8 7.86

SPPO-Na and A1100 SA-0 0 2.52 88.0 27.5
SA-5 5 2.51 85.7 27.7
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A1100 hybrid membranes also possess high IEC values, and only a
small decrease occurs when A1100 content is higher than 15%. The
water uptake and swelling ratio display the same changing trends
SA-10 10
SA-15 15
SA-20 20
SA-25 25

.3.7. Installation of membrane electrode assemblies (MEA) and
valuation of fuel cell performances

The catalyst powders (Pt 40 wt%, E-TEK®) and the binder (5 wt%
afion® solution, Aldrich®) were impregnated into the gas diffu-

ion layers (SIGRACET® GDL 10BC) by a spray technique to prepare
he electrodes. The loadings of Pt and Nafion® polymer were
.4 mg cm−2 and 0.13 mg cm−2, respectively. The MEA was fabri-
ated by putting the electrodes on both sides of the wet membrane
ithout hot-pressing. Then, the MEA was mounted into a fuel cell

est station with an effective area of 2.2 cm × 2.3 cm. The test was
nder atmospheric pressure and with a cell temperature of 55 ◦C.
low rates of the fuel for anode (pure hydrogen) and the oxidant
or cathode (pure oxygen) were both 100 cm3 min−1. The hydrogen
nd oxygen were pre-bubbled in distilled water at 55 ◦C to be mois-
urized. The fuel cell was loaded at 0.6 V and operated in a constant
oltage mode for 12 h by an electrical load equipment (Dae-Gil,
orea). After activation, the current–voltage (I–V) performance of
he cell was measured by the same electrical load equipment. The

easurement range was between OCV and 0.16 V with a descending
ate of 0.02 V s−1.

. Results and discussion

.1. IEC, water uptake, and swelling ratio

As described in the experimental section, two series of blend
embranes were prepared: (1) the membranes prepared by blend-

ng SPPO-H (SPPO in the H+ form) with A1100, denoted as SPPO-H
nd A1100 series, and (2) the membranes prepared by blending
PPO-Na (SPPO in the Na+ form) with A1100, denoted as SPPO-Na
nd A1100 series. As a reference, a membrane was also prepared
ith SPPO-H or SPPO-Na alone (without blending) by following

he same procedure. The main properties of the membranes, such
s IEC, water uptake, and swelling ratio, are listed in Table 1. The
tarting material SPPO-H has an IEC of 2.52 meq g−1; however, the
lank sample (HA-0), which was prepared from only SPPO-H by fol-

owing the same procedure as that for the other hybrid membranes,
as found to have an IEC of 1.17 meq g−1. This is because that some

ulfonic acid groups were consumed during the heating treatment
n the preparation procedure [25]. After incorporation of A1100,
he acid–base interaction between A1100 and SPPO-H protects sul-
onic acid groups from consumption. Thus, the IEC values of the
ybrid membranes are higher than that the membrane prepared
rom SPPO-H (HA-0). However, due to an increase in non-charged

omponents (A1100) in the membrane matrix, the IEC values of all
he hybrid membranes are lower than that of the starting SPPO-H

aterial (before heating).
As well known, flexible ionomer networks can be built up by

ixing polymeric acids and polymeric bases, and the main mech-

a
A
b
r
S

2.58 89.5 26.8
2.45 80.7 21.2
2.45 81.9 21.1
2.25 74.0 20.8

nism is by transferring protons from the acid onto the base and
hus forming ionic cross-links [14]:

1-SO3H + P2-NR1R2 → [P2-SO3]−+[HR1R2N-P2] (6)

where P1 and P2 are the backbones of the polymeric acid and
ase, respectively; R1 or R2 is hydrogen, alkyl, cycloalkyl, aryl, ary-

alkyl, etc. It has been reported that such an acid–base complex can
e experimentally realized by following two distinctive routes:

The acidic polymers in the H+ form are directly blended with
asic polymers to form the membranes [10,13,15,16].

The acidic polymers in the salt form were blended with basic
olymers and then transformed to the H+ form by acid treatment
13,26].

In our case, SPPO-H was blended with A1100. In the blend, the
ulfonic acid group can interact with the amino group of A1100 and
orm the fully acid–base interaction as follows:

PO-SO3H + NH2-(CH2)3Si(OC2H5)3

→ [PPO-SO3]−+[NH3-(CH2)3Si(OC2H5)3] (7)

As a result, some sulfonic acid groups were protected during the
ubsequent sol–gel process. This may be the reason why the blend
embranes have higher IEC values than SPPO-H blank (HA-0).
eanwhile, as the content of A1100 increases, IEC value increases

o 1.68 meq g−1 (A1100, 15 wt%) but decreases if the content of
1100 further increases. This is because A1100 does not possess

on exchange capability. When its content reaches some extent, IEC
alue decreases due to a decrease in the relative weight ratio of
PPO-H. The water uptake has the same changing trend as IEC since
EC indicates the content of sulfonic acid groups in the membrane,

hich is related to the hydrophilicity. Because of the low water
ptake and ionic cross-linking structure, the swelling ratios are at
very low level.

To further elucidate the fact that SPPO-H forms acid–base com-
lexes with A1100, some membranes were prepared with SPPO-Na

nstead of SPPO-H (SPPO-Na is much more thermally stable than
PPO-H [27,28]). The results are listed in Table 1 for comparison. As
hown, the IEC value of SPPO-Na membrane (SA-0) is, as expected,
s high as that of the original sulfonated material. The SPPO-Na and
s IEC; however, they are much higher than those of SPPO-H and
1100 series. It suggests that the acid–base interaction in the mem-
rane prepared by blending SPPO-Na with A1100 is not enough to
estrict the membrane from swelling. Hence, it is better to blend
PPO-H with A1100 to obtain acid–base complexes.
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Fig. 1. The thermal stabilities of samples HA-15 and SA-15.

.2. Thermal stability

Fig. 1 illustrates the thermal behaviors of HA-15 and SA-15
hrough TG and DrTG (first order differential of TG to time). The two

amples have the same content of A1100 (15 wt%) but are in differ-
nt forms (SPPO-H and SPPO-Na). The weight loss below 100 ◦C is
ttributed to the loss of moisture. In this stage, SA-15 loses more
eight than HA-15 due to its high hydrophilicity. The next stage of
eight loss is from 210 ◦C to 350 ◦C and is ascribed to the decom-

w
w
t
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i

Fig. 3. SEM images of the fracture surfaces
Fig. 2. TG and DrTG of SPPO-H and A1100 membranes.

osition of sulfonic acid groups. The weigh loss of HA-15 starts at
10 ◦C, and its main decomposition peak is around 300 ◦C, while
A-15 has only one decomposition peak at around 270 ◦C. Con-
idering the poor thermal stability of SPPO-H, HA-15 should lose

eight first and the substances lost are the sulfonic acid groups
hich are free from acid–base interaction with A1100. Whereas,

he acid–base interaction imparts better thermal stability to the
ther sulfonic acid groups; hence, its decomposition temperature
s even higher than the SPPO-Na in SA-15. This result is consistent

of SPPO-H and A1100 membranes.
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conductivities. According to the vehicular proton conduction mech-
anism, the protons transport in the form of hydroniums ions [30,31].
So the proton conductivity depends much on the contents of water
and sulfonic acid groups. Accordingly, the disparity between the
conductivities of these two series can be ascribed to their difference
Fig. 4. SEM–EDXA images of th

ith the conclusion concerning the IEC of SPPO-H and A1100 mem-
ranes. To sum up, acid–base interaction can protect sulfonic acid
roups from decomposition and thus improve the thermal stability
f membranes.

The effect of A1100 content was studied by comparing the ther-
al behaviors of HA-0, HA-5, HA-15, and HA-25. Their TG and DrTG

esults are illustrated in Fig. 2. Obviously, in the second weight loss
tage (decomposition of sulfonic acid groups), the starting temper-
ture increases with an increase in A1100 content. This is because
he number of free sulfonic acid groups will decline as A1100 con-
ent increases in the membrane. Another notable feature of the TG
esult is the residual content of silica [29]. As expected, the silica
ontent increases with an increase in A1100 content.

.3. Morphologies

The membrane morphologies were investigated by examining
he fracture surface through SEM. Fig. 3 shows the SEM images
f SPPO-H and A1100 membranes. According to the compari-
on between these four images, the hybrid membrane becomes
ore homogeneous as A1100 content increases. This phenomenon

s very interesting because it differs from the results of most
rganic–inorganic hybrid membranes [29]. The reason may be
s follows: in the case of SPPO-H membrane, the hydrophilic
ulfonic acid groups in the pendant and the hydrophobic back-
one are agglomerated separately; after introduction of A1100, the
cid–base interaction and silica network prevent agglomeration
nd thus improve the compatibility between the hydrophilic and
ydrophobic phases. In general, A1100 contributes to the enhance-
ent on the homogeneity of the hybrid membranes.
The homogeneity of elemental distribution was also examined
y SEM–EDXA. Membrane SA-15 is chosen as an example, and the
DXA image of its fracture along the thickness direction is shown in
ig. 4. Silicon and sulfur are distributed along the whole thickness
irection, and their contents in the part near the bottom seem a

ittle higher than other parts. This phenomenon also occurs with all
ture surface of sample SA-15.

he other elements, so it is probably caused by the instrument. In
act, the distributions of silicon and sulfur are uniform in the hybrid

embrane, suggesting that the silica network and SPPO polymer
re distributed uniformly in the hybrid membrane.

.4. Proton conductivity and crossover

The proton conductivity is a key property required for fuel cell
pplications [2]. Fig. 5 shows the proton conductivities of the hybrid
embranes and presents a comparison with Nafion® 117. Appar-

ntly, SPPO-Na and A1100 series display higher conductivities than
afion® 117 while SPPO-H and A1100 series show much lower
Fig. 5. Proton conductivities of the hybrid membranes and Nafion® 117.
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difference in thickness between the hybrid membrane (0.083 mm)
and Nafion® 117 (0.198 mm) and the thickness plays a leading role
in determining the permeation, which influences the OCV [32].
Nonetheless, all the other performances of the hybrid membrane
Fig. 6. Methanol permeability of the hybrid membranes and Nafion® 117.

etween IEC values and water uptakes. The relationship between
he conductivity difference and A1100 content is almost consis-
ent with the IEC and water uptake results. But it should be noted
hat silica has a negative effect on the proton transport. So, when
1100 content in the blends reaches to some extent, the proton
onductivity decreases.

Fuel crossover reduces fuel cell efficiency, so crossovers of the
ybrid membrane with and without A1100 were tested in terms
f methanol crossover. Methanol crossover is known to be a major
roblem in DMFC technology [5,6,31], though no direct methanol
uel cell (DMFC) result is reported here. The methanol permeabili-
ies of these hybrid membranes were measured and are displayed
n Fig. 6 in comparison with Nafion® 117. All the hybrid mem-
ranes exhibit lower methanol permeabilities than Nafion® 117.
hat is mainly because the polyphenyleneoxide backbone has no
ffinity for methanol and the introduction of silica network makes
he membrane more compact [12]. In the case of SPPO-H series,
he acid–base interaction improves the homogeneity and intro-
uces ionic cross-linking structure; the consumption of sulfonic
cid groups during heating results in a cross-linked structure [25].
his membrane structure helps control the methanol crossover.
owever, when A1100 content is high, the silica agglomerates in

he interspaces. As a result, the methanol permeability increases.
n the case of SPPO-Na series, the effect of A1100 content shows the
ame changing trend as SPPO-H series, but the high hydrophilicity
eads to the high methanol permeability as compared to SPPO-H
eries. So, A1100 content is important for the control of methanol
rossover. After all, owing to the special membrane structure, SPPO-

and A1100 series performs very low crossover, which provides
hem positive presumption in fuel cell performance and possibility
n DMFC applications.

.5. Mechanical stability

The mechanical stability of the wet hybrid membranes (SPPO-
and A1100 series) was tested in terms of tensile strength and

longation at break. As presented in Fig. 7, the hybrid membranes
how high tensile strength and elongation at break. The tensile
trength is enhanced by increasing the content of A1100, which can
e attributed to the silica network. Since there is no covalent bond

etween the polymer and silica, the hybrid membranes remain flex-

ble. Moreover, the results of elongation at break indicate that silica
an even improve the flexibility if A1100 content is below 15%. That
s probably because the sulfonated polymer is stiff and A1100 pre-
ents polar ionic sites from aggregating [22]. However, when A1100

F
1

ig. 7. Tensile strength and elongation at break of the SPPO-H and A1100 mem-
ranes.

ontent increases to some extent, the rigidity of silica plays a dom-
nating role. As a result, the elongation at break slightly decreases

hen A1100 content is higher than 15%. To sum up, these mechan-
cal properties suggest that the hybrid membranes are strong and
exible.

.6. Fuel cell test

The hybrid membrane HA-15 (prepared by blending SPPO-H
ith 15 wt% A1100) was used to evaluate the fuel cell performance.
s discussed above, such a membrane has a thickness of 0.083 mm,
roton conductivity of 0.0723 S cm−1, water uptake of 30.9%, good
echanical properties, and low methanol permeability. The sin-

le cell employing the membrane was fed with humidified pure
ydrogen and oxygen to the anode and cathode, respectively, and
as operated at 55 ◦C. After activation, the I–V performance of the

ell was recorded and is shown in Fig. 8 in comparison with Nafion®

17.
As shown in Fig. 8, the cell using the hybrid membrane exhibits a

lightly lower open circuit voltage (OCV) (930 mV) as compared to
he cell using Nafion® 117 (980 mV). This is mainly because there is a
ig. 8. Single cell polarization curves of the hybrid membrane HA-15 and Nafion®

17.
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re better than those of Nafion® 117. At a given voltage, the cell using
he hybrid membrane exhibits larger current density than that of
he cell using Nafion® 117. The maximum power density of the cell
sing the hybrid membrane is 0.50 W cm−2 at a current density of
.014 A cm−2, while that of Nafion® 117 is 0.384 W cm−2 at a cur-
ent density of 0.816 A cm−2. These results suggest that the hybrid
embrane has a great potential for application in fuel cells.

. Conclusions

A series of hybrid acid–base polymer membrane were pre-
ared from blends of SPPO and A1100. The acid–base interaction
roved effective to improve the thermal stability, homogeneity,
nd dimensional stability of the membrane. Moreover, this inter-
ction between the organic and inorganic components makes the
esulting membranes higher in mechanical strength and flexibil-
ty. These low cost membranes possess high proton conductivity
nd low methanol permeability. Especially, the single cell test indi-
ates that these membranes are competitive with Nafion® 117. All
hese properties make the hybrid membranes suitable for fuel cell
pplications.
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