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ABSTRACT: A crosslinked epoxy [4,40-diglycidyl-(3,30,5,
50-tetramethylbiphenyl) epoxy resin (TMBP)], cured by
phenol novolac (PN), was introduced into a sulfonated
poly(ether ether ketone) (SPEEK) membrane (ion-ex-
change capacity ¼ 2.0 mequiv/g) with a casting-solution,
evaporation, and heating crosslinking method to improve
the mechanical properties, dimensional stability, water
retention, and methanol resistance. By Fourier transform
infrared analysis, the interactions between the sulfonic
acid groups and hydroxyl groups in the blend membranes
were confirmed. The microstructure and morphology of
the blend membranes were investigated with atomic force
microscopy. As expected, the blend membranes showed
excellent mechanical properties, good thermal properties
(thermal stability above 200�C), lower swelling ratios

(1.4% at 25�C and 7.0% at 80�C), higher water retention
(water diffusion coefficient ¼ 9.8 � 10�6 cm2/s), and a
lower methanol permeability coefficient (3.6 � 10�8 cm2/
s) than the pristine SPEEK membrane. Although the pro-
ton conductivity of the blend membranes decreased, a
higher selectivity (ratio of the proton conductivity to the
methanol permeability) was obtained than that of the
pristine SPEEK membrane. The results showed that the
SPEEK/TMBP/PN blend membranes could have potential
use as proton-exchange membranes in direct methanol
fuel cells. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 111:
1335–1343, 2009
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INTRODUCTION

Direct methanol fuel cells (DMFCs) with methanol
as a fuel have attracted extensive interest for electric
vehicles, portable devices, and transportation appli-
cations.1,2 As the most critical component of DMFCs,
the proton-exchange membrane (PEM), which pro-
vides an ionic path for protons and hinders the
transfer of the fuel from the anode side to the cath-
ode side in a fuel cell, has attracted interest in com-
mercial, academic, and governmental institutions.
Thus, a PEM must have acceptable cost, good chemi-
cal stability and mechanical strength, high proton
conductivity, and low methanol permeability.3

Conventional perfluorosulfonic polymers (e.g.,
Nafion from Dupont), with excellent chemical and

physical stability as well as high proton conductiv-
ity, are used for practical DMFC applications. How-
ever, several drawbacks, such as poor proton
conductivity at low humidity and high temperatures
(>80�C), high cost, and low methanol resistance, limit
their DMFC applications.4–7 Therefore, alternative
membranes with acceptable costs and low
methanol permeability to replace perfluorinated
membranes have been researched by many experts.
For instance, many fluorine-free polymers with sul-
fonic acid groups on highly stable aromatic polymers
such as poly(ether ether ketone)s,8,9 poly(aryl ether
sulfone)s,10–13 poly(phenylene sulfide),14,15 and polyi-
mides16–19 have been investigated in recent years.
Sulfonated poly(ether ether ketone)s (SPEEKs),

because of their excellent chemical and thermal
stability, good mechanical properties, low methanol
permeability, and low cost, have been intensively
studied. However, SPEEK membranes with a high
ion-exchange capacity (IEC) have a high swelling
ratio even dissolved in water and low mechanical
properties and methanol resistance at high relative
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humidity.9,20 Blending SPEEKs with a polymer is
one of the approaches to solve these problems and
has been widely reported.21–24 Ren et al.23 and Mena
and Mulder25 used poly(ether sulfane) and poly
(vinylidene fluoride), respectively, to modify SPEEK
to improve the methanol permeability of the mem-
branes in DMFCs. Kerres et al.26 prepared acid–base
polymer blend membranes based on sulfonated pol-
ymers as acid compounds and polymers with amine
or imine groups as basic compounds. The formation
of hydrogen bonds between the sulfonic acid groups
and amine groups leads to the compatibility of the
blend polymers. This favors swelling reduction, an
improvement of the mechanical properties, and a
further reduction of the methanol permeability of
the membranes. Our group27 reported the modifica-
tion of polymers containing hydroxyl groups into
SPEEK, and the interaction between sulfonic acid
groups and hydroxyl groups resulted in the reduc-
tion of swelling, an improvement of the mechanical
properties, and a further decrease in the methanol
crossover of the membranes. In our previous
study,28 SPEEK/epoxy resin composite membranes
composed of a proton-conducting component
(SPEEK) and a methanol-barrier component [a cross-
linked epoxy resin based on 4,40-diglycidyl-(3,30,5,50-
tetramethylbiphenyl) epoxy resin (TMBP) and poly-
amine] were prepared by in situ polymerization. As
expected, the mechanical properties and methanol
resistance of SPEEK were drastically improved with
the introduction of the crosslinked epoxy resin.

With these approaches in mind, we studied the
properties of SPEEK blended with an epoxy and
phenol novolac (PN). Here, PN with aromatic struc-
tures was used as a curing agent for the rigid-
rod epoxy resin (TMBP). It is well known that the
reaction between the epoxy ring and hydroxyl in
PN forms lots of hydroxyl groups.29 The hydroxyl
groups were proposed to interact with sulfonic acid
groups of SPEEK, resulting in changes in the proper-
ties of the membranes. Blend membranes based on

SPEEK, TMBP, and PN were prepared by in situ
polymerization for the purpose of improving the
methanol permeability, swelling stability, and
mechanical properties and retaining the thermal sta-
bility. The proton conductivity and selectivity of the
blend membranes were measured and are discussed
here in detail.

EXPERIMENTAL

Materials

SPEEK polymers were prepared by direct aromatic
nucleophilic substitution polymerization and were
reported in our previous work.9 The epoxy mono-
mer (TMBP) with an epoxy equivalent of 177 was
synthesized.30 PN as a curing agent for epoxy was
supplied by Wuxi Resin Plants (Wuxi, China). Phos-
phorus triphenyl (PPh3) as an accelerant for the
reaction between TMBP and PN was purchased
from Zhejiang Dongyang Reagent Co., Ltd. (Zhejiang,
China). The chemical structures of SPEEK, TMBP,
and PN are shown in Scheme 1.

Preparation of the blend membranes

The blend membranes were prepared by a casting-
solution, evaporation, and heating crosslinking
method. First, the SPEEK sample was dissolved in
N-methylpyrrolidone (NMP) at room temperature to
prepare a 10 wt % solution. Certain amounts of
TMBP, PN, and PPh3 (TMBP/PN ¼ 3/2 w/w, PPh3
¼ 5 wt % of TMBP) were added to the aforemen-
tioned SPEEK solution, and they were stirred for
about 2 h to form a wholly transparent solution and
then cast onto a glass plate. The membranes (50–150
lm) were dried at 75�C for 24 h to remove NMP
and then heated at 150�C for 1 h to retain the reac-
tion between TMBP and PN. Each membrane was
peeled off from the glass plate by immersion in
deionized water. The membranes in an acidic form

Scheme 1 Chemical structures of SPEEK, TMBP, and PN.
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were obtained by immersion into a 2M HCl solution
for 24 h, and then the membranes were washed with
deionized water until the pH reached 6–7. In the
following sections, blend membranes with different
weight percentages of TMBP and PN are defined
as SPEEK/TMBP/PN-X, where X represents the
weight percentages of TMBP and PN in the blend
membranes.

Fourier transform infrared (FTIR)

FTIR spectra of the blend membranes were recorded
on powder samples dispersed in dry KBr in the
form of disks after heating under infrared light for
at least 10 min with a Bruker (Ettlingen, Germany)
Vector 22 spectrometer at a resolution of 4 cm�1/
min from 4000 to 400 cm�1.

Morphology of the membranes

Atomic force microscopy (AFM) was performed
with a Shimadzu (Tokyo, Japan) SPM-9500 JZ scan-
ning probe microscope in the tapping mode. A sili-
con microcantilever (spring constant ¼ 2 N/m,
resonance frequency � 70 kHz; Olympus Co., Tokyo,
Japan) with an etched conical tip (radius of curva-
ture � 40 nm as characterized by scanning over a
very sharp needle array; NT-MDT, Moscow, Russia)
was used for the scan. The scan rate ranged from 1.0
to 2.0 Hz to optimize the image quality. Each scan
line contained 256 pixels, and an entire image was
composed of 256 scan lines. The SPEEK/TMBP/PN
blend membranes were obtained through the spin
coating of a solution of SPEEK in an acidic form,
TMBP, and PN in 0.05 g/mL NMP onto a freshly
cleaned silicon wafer at 2000 rpm for 30 s at room
temperature, and it was heated at 150�C for 1 h.

Mechanical properties

The mechanical properties of the fully hydrated
samples (15 mm � 4 mm) were measured with a
Shimadzu AG-I 1KN apparatus at the test speed of
5 mm/min. For each test reported, at least three
samples were taken, and the average value was
calculated.

Differential scanning calorimetry (DSC)

A Mettler (Mettler-Toledo Group, Zurich, Switzer-
land) 821e model differential scanning calorimeter
was used to determine the glass-transition tempera-
ture (Tg) values of the SPEEK and SPEEK/TMBP/
PN blend membranes in the acidic form. The sam-
ples were heated from 25 to 350�C at a heating rate
of 20�C/min under N2 at a flow of 200 mL/min.

Thermogravimetric analysis (TGA)

TGA was performed on a Pyris thermogravimetric
analysis system (PerkinElmer, Waltham, MA) to
study the thermal stability behaviors of the SPEEK
and SPEEK/TMBP/PN blend membranes in the
acidic form. Approximately 5–10-mg samples of the
membranes were heated to 150�C and kept at this
temperature for 20 min to remove any residual water
or solvent and were then cooled to 80�C and reheated
to 700�C at a heating rate of 10�C/min in N2.

IEC

The titration method was used to determine the IEC
values of the membranes as follows. The membranes
in the acidic form were converted to the sodium
form by immersion in 1M NaCl solutions for 24 h to
exchange the Hþ ions for Naþ ions. Phenolphthalein
was used as an indicator. The exchanged Hþ ions
within the solutions were titrated with 0.005M
NaOH solutions. The IEC values of the membranes
were calculated from the titration data with the
following formula:

IEC¼Consumed NaOH mLð Þ�Molarity of NaOH

Weight of the driedmembrane
mequiv=g

(1)

Water uptake and swelling ratio

The water uptake and swelling ratio at various tem-
peratures were determined by the weight and length
differences between the fully hydrated membranes
and dried membranes, respectively. The membranes
were first equilibrated in water at the evaluated tem-
perature for about 12 h and then removed from the
water quickly; the extra water on the membrane sur-
face was dry-wiped, and the membranes were
immediately measured to determine the wet mass
(Wwet) and length (Lwet). The dried weight (Wdry)
and length (Ldry) of the membranes were determined
through the drying of the membranes at 100�C for
24 h. The water uptake was defined as follows:

water uptakeð%Þ ¼ Wwet �Wdry

Wdry
� 100% (2)

The swelling ratio was calculated with the following
equation:

Swelling ratio %ð Þ ¼ Lwet � Ldry

Ldry
� 100% (3)

Water desorption measurement

The water desorption measurement was tested with
a Pyris 1 thermogravimetric analyzer (PerkinElmer).

PROTON-EXCHANGE MEMBRANES 1337

Journal of Applied Polymer Science DOI 10.1002/app



The temperature remained at 80�C, and the pressure
of the test cell was kept constant. The Pyris 1 ther-
mogravimetric analyzer was used to evaluate the
weight changes of the samples with time. The water
diffusion coefficient (D) was calculated as follows:

Mt

M1
¼ Dt

pl2

� �1=2

(4)

where Mt/M1 is the water desorption and l is the
membrane thickness.

Methanol permeability measurement

Methanol permeability coefficients of membranes
were measured with a two-chamber liquid permeabil-
ity cell. This cell consisted of two reservoirs, which
were separated by a vertical membrane immersed in
a 10M methanol solution for 12 h. A 10M methanol
solution was placed on one side of the cell, and water
was placed on the other side. The magnetic stirrers
were used continuously during the measurement.
Methanol concentrations in the water cell were peri-
odically estimated with a GC-8A gas chromatograph
(Shimadzu). The methanol diffusion coefficient was
calculated with the following equation:

CB tð Þ ¼ A

VB

DK

L
CA t� t0ð Þ (5)

where A, L, and VB are the effective area, the thick-
ness of the membrane, and the volume of the per-
meated reservoirs, respectively; CA and CB are the
methanol concentrations in the methanol chamber
and water chamber, respectively; and DK is the
methanol diffusion coefficient.

Proton conductivity

The proton conductivity was measured by a four-
electrode alternating-current impedance method
from 0.1 Hz to 100 kHz with a 10-mV alternating-
current perturbation and a 0.0-V direct-current rest
voltage with a Princeton Applied Research model
273A potentiostat (with a model 5210 frequency
response detector from EG&G PARC, Princeton, NJ).
The impedance measurements were performed
under 100% relative humidity at the desired temper-
ature after the films were full hydrated in water for
24 h.

The proton conductivity [r (S/cm)] was calculated
with the following equation:

r ¼ L=RA (6)

where L is the distance between the two electrodes,
R is the resistance of the membrane, and A is the
cross-sectional area of the membrane.

RESULTS AND DISCUSSION

Characterization

To investigate the structures of the SPEEK and
SPEEK/TMBP/PN blend membranes in the acidic
form, FTIR spectra were taken (Fig. 1). From Figure
1(a), the sulfonic acid groups in the SPEEK mem-
brane were confirmed with the characterized peaks
at 1082, 1024, and 680 cm�1 corresponding to the
asymmetric and symmetric O¼¼S¼¼O stretching
vibrations and the SAOH stretching, respectively.
The peak at 3454 cm�1 for the pristine SPEEK was
attributed to the hydroxyl groups in water and hy-
dronium ions that interacted with the sulfonic acid
groups of the polymer at less than 100% relative hu-
midity. The peaks of the asymmetric and symmetric
O¼¼S¼¼O stretching vibrations shifted, and the peaks
of the hydroxyl groups in the region from 3400 to
3500 cm�1 shifted to a lower frequency, as shown in
Figure 1(b–d); this might have been induced by the
hydrogen bond between sulfonic acid groups of
SPEEK and hydroxyl groups formed by the reaction
between TMBP and PN.27

Morphology

Representative three-dimensional AFM images were
taken to investigate the changes in the morphology
of the blend membrane surfaces with the increment
of crosslinked TMBP/PN in the SPEEK matrix. The
topographic images (Fig. 2) indicated good compa-
tibility of SPEEK with crosslinked TMBP/PN. The
pristine SPEEK membrane clearly showed the aggre-
gates characteristic of the supermolecular structure
of polyelectrolyte membranes.31 The roughness of
the pristine SPEEK membrane surface indicated that
the height contrast between hydrophilic and

Figure 1 FTIR spectra of SPEEK and SPEEK/TMBP/PN
blend membranes.
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hydrophobic domains was prominent. Comparing
the AFM images of different membranes, we found
that the morphology of the membrane surfaces
changed significantly after casting with TMBP cured
with PN. With the increment of the weight ratio of
the crosslinked TMBP/PN content, the connectivity
and size of the domains showed a decreasing tend-
ency, and the surfaces became gradually smoother
because of the formation of hydrogen bonds
between the sulfonic acid groups and the hydroxyl
groups, as confirmed by FTIR (Fig. 1). The change in
the morphology might have led to the changes in
the properties, such as the mechanical strength,
water uptake, methanol diffusion, and proton
conductivity.

Mechanical and thermal properties

A high degree of sulfonic acid groups in a SPEEK
membrane results in low mechanical properties at
high relative humidity. Good mechanical properties
are required for the use of membranes as PEMs in
DMFCs. An epoxy cured by curing agents was almost
used to improve the mechanical properties of poly-
mers because of the formation of networks between
the epoxy and curing agents, which could restrict the
molecular segmental motion of the polymer matrix.32

Results for typical mechanical properties of SPEEK
and SPEEK/TMBP/PN blend membranes, such as
the tensile strength, Young’s modulus, and maximum
elongation, are listed in Table I. Before the testing,

TABLE I
Properties of SPEEK and SPEEK/TMBP/PN Blend Membranes

Blend membrane IEC

Mechanical properties

Tg

(�C)
Td

(�C)

Methanol permeability
coefficient � 10�8

(cm2/s)

Water diffusion
coefficient � 10�5

(cm2/s)

Tensile
strength
(MPa)

Maximum
elongation

(%)

Tensile
modulus
(MPa)

SPEEK 2.01 15.5 � 2.8 7.2 � 0.3 386 � 78 327 270 118.0 8.89
SPEEK/TMBP/PN-10 1.60 16.6 � 5.5 6.2 � 1.8 514 � 18 275 261 41.4 2.77
SPEEK/TMBP/PN-20 1.41 32.7 � 6.1 5.2 � 1.4 1031 � 14 270 252 7.8 1.40
SPEEK/TMBP/PN-30 1.21 24.4 � 6.4 3.3 � 1.8 955 � 65 282 257 3.6 0.98

Figure 2 AFM images of SPEEK and SPEEK/TMBP/PN blend membranes: (a) SPEEK, (b) SPEEK/TMBP/PN-10, (c)
SPEEK/TMBP/PN-20, and (d) SPEEK/TMBP/PN-30. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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the membranes in the acidic form were immersed
in water at room temperature. As expected,
Young’s moduli of the membranes were improved
from 386 MPa for the pristine SPEEK membrane
up to 1031 MPa for 20 wt % crosslinked TMBP/PN
in the SPEEK matrix. The tensile strength data
showed the same trend. However, the maximum
elongation of the blend membranes decreased with
the introduction of crosslinked TMBP/PN. The
restriction of the mobility of SPEEK molecular
chains by crosslinked TMBP/PN resulted in an
increase in the rigidity and thereby reduced the
toughness of the membranes. These data indicated
that the modification of crosslinked TMBP/PN in
the SPEEK matrix greatly enhanced the rigidity of
the mechanical properties of the resulting
membranes.

DSC and TGA were performed to evaluate the
thermal properties of SPEEK and SPEEK/TMBP/
PN blend membranes in the acidic form. The Tg

values measured by DSC are listed in Table I. All
the DSC curves showed only one thermal transition
region. This confirmed the miscibility between
SPEEK and crosslinked TMBP/PN, which might be
due to the interaction between the sulfonic acid
groups of SPEEK and the hydroxyl groups of cross-
linked TMBP/PN. The Tg values of the blend mem-
branes were 275, 270, and 282�C with 10, 20, and
30 wt % crosslinked TMBP/PN, respectively, and
were lower than that of the pristine SPEEK mem-
branes (327�C).

The thermal stability of all the membranes was
studied with TGA and differential thermogravimetry
(DTG). Figure 3 shows the TGA and DTG thermo-
grams of the blend membranes from 80 to 700�C in
N2 at a heating rate of 5�C/min in comparison with
the pristine SPEEK membrane. All membranes were
heated at 150�C for 20 min to remove the water and
solvent in the membranes before measurement. All
the TGA and DTG curves showed two distinct deg-
radation regions. The extrapolated onset-of-thermal-
decomposition temperatures (Td’s) are listed in Table
I. The Td values decreased from about 270 to 252�C.
This was most likely because the methylene in the
PN molecule had low thermal stability. Above the
Td values, sharp thermal degradation occurred,
which could be attributed to the loosening of sul-
fonic acid groups in the pristine SPEEK membrane
and methylene in crosslinked TMBP/PN. The sec-
ond degradation region was ascribed to the decom-
position of the main links of SPEEK and crosslinked
TMBP/PN. Figure 3 shows that all the membranes
were stable above 250�C.

The results from DSC and TGA showed that the
SPEEK/TMBP/PN blend membranes had excellent
thermal properties above 200�C, which could satisfy
the requirement of PEMs in DMFCs.

IEC, water uptake, swelling ratio, and
water desorption

It has been widely reported in the literature that the
IEC, water uptake, swelling ratio, and proton diffu-
sion capability of membranes play important roles in
the proton conductivity of sulfonated polymers.33

The values of IEC, which is defined as the content
of sulfonic acid groups in 1 g of a membrane, indi-
cates the concentration of sulfonic acid groups in the
membrane, which influences properties such as the
water uptake, swelling ratio, and proton conduc-
tivity. The experimental IEC values of SPEEK and
SPEEK/TMBP/PN blend membranes are listed in
Table I. With the increment of crosslinked TMBP/
PN, which did not have sulfonic acid groups, IEC
sharply decreased from 2.0 to 1.2 mequiv/g. The
reduction of IEC might be attributed to the dilution
effect of the epoxy polymer cured by PN, which
lacked sulfonic acid groups. Additionally, Table I
shows that by the addition of only 10 wt % TMBP/
PN, the IEC value decreased by 20 wt %. In this
respect, it is possible that the reduction of the IEC

Figure 3 (a) TGA and (b) DTG curves of SPEEK and
SPEEK/TMBP/PN blend membranes.
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value of the membrane can be attributed to the inter-
action between sulfonic and hydroxyl groups.

Water molecules, forming cationic mixtures such
as H3O

þ and H5O2
þ in sulfonated polymer mem-

branes, significantly affect the transport of protons
in hydrogen-bonded ionic channels in water. Thus, a
certain amount of water residing in the hydrophilic
domains can facilitate the transport of protons; how-
ever, excessive water uptake will result in hindrance
of the motion of protons, mechanical frailty, low
dimensional stability, and high methanol permeabil-
ity of membranes, all of which will lead to poor
performance, especially in DMFC applications.
Therefore, maintaining an appropriate amount of
water in sulfonated polymers is indispensable to
retaining superior proton conductivity, so it is very
important to research the water uptake of mem-
branes for PEM applications. Here, the water uptake
was measured by the mass change in the membrane
before and after full hydration. The temperature de-
pendence of the water uptake of the SPEEK and
SPEEK/TMBP/PN blend membranes is shown in
Figure 4. It can be mostly concluded that the amount
of water uptake in the sulfonated polymers strongly
depended on the microstructure of the polymers, the
number of sulfonic acid groups, and the IEC values.
It is well known that a cured epoxy resin with a
high crosslink density is hydrophobic. The incorpo-
ration of crosslinked TMBP/PN into the hydrophilic
SPEEK matrix resulted in a reduction of the number
of sulfonic acid groups and an increase in the cross-
linking density of cured TMBP/PN, which hindered
the absorption of water in the membrane. The inter-
action between sulfonic acid groups and hydroxyl
groups also reduced the free volume for water
absorption in the membranes. Thus, the water
uptake of the blend membranes sharply decreased
with the increasing weight content of crosslinked

TMBP/PN, and this was in agreement with the IEC
results. With the temperature increasing, the poly-
mer chain mobility and the free volume for water
absorption increased, and this resulted in an increase
in the water uptake, as shown in Figure 4. The
SPEEK membrane with a high degree of sulfonation
showed bad dimensional stability; this would limit
its usage for PEMs and must be solved. The swelling
ratios in the length direction of the membranes at
25 and 80�C were investigated, and the results are
shown in Figure 5. The swelling ratio of the pristine
SPEEK membranes was as much as 16.8% at 25�C
and increased to 20.7% at 80�C. As expected, the
swelling ratio drastically decreased to 1.4% at 25�C
and 7.0% at 80�C while the concentration of cross-
linked TMBP/PN reached up to 30% in the mem-
brane. Thus, the mechanical stability of the blend
membranes could be improved by the incorporation
of crosslinked TMBP/PN.
Because of the important role of water in PEMs,

the diffusion and retention of water by a membrane
have significant effects on the proton conductivity,
especially at high temperatures and low relative hu-
midity. The speed of water diffusion in membranes
may provide information about water retention.
Plots of the water desorption versus the half-time
(t1/2) for Fickian diffusion34 were fitted to be linear
and are shown in Figure 6. The water diffusion coef-
ficients of the membranes at 80�C were calculated
from the slopes of the lines by eq. (4), and the
results are listed in Table I. The water absorption
resulted from the hydrophilic domains formed by
the ionic clusters of sulfonic acid groups. The intro-
duction of the hydrophobic crosslinked TMBP/PN
into the hydrophilic SPEEK matrix hindered the
evaporation of water in the membranes. Further-
more, the interaction between sulfonic acid groups
and hydroxyl groups, which resulted in more

Figure 4 Water uptake of SPEEK and SPEEK/TMBP/PN
blend membranes at various temperatures.

Figure 5 IECs and swelling ratios of SPEEK and SPEEK/
TMBP/PN blend membranes.
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compact structures, also limited the speed of evapo-
ration of water. Therefore, the water diffusion coeffi-
cients obviously decreased from 8.89 � 10�5 (the
pristine SPEEK membrane) to 2.27 � 10�5 cm2/s
(the SPEEK/TMBP/PN-10 blend membranes). The
water diffusion coefficients of the blend membranes
also decreased from 2.27 � 10�5 to 9.8 � 10�6 cm2/s
when the content of crosslinked TMBP/PN
increased from 10 to 30 wt %. The lower water diffu-
sion coefficients meant higher water retention.27,28

The results indicated that the water retention of the
membranes was drastically improved with the incor-
poration of the cured epoxy into the SPEEK matrix.

Methanol permeability, proton conductivity,
and selectivity

PEMs with low methanol permeability are required
to satisfy conventional usage for DMFCs because
when methanol diffuses from the anode side to the
cathode side of the membrane, the efficiency of a
fuel cell is reduced by a loss of fuel, which results
into the decrease of the cathode voltage and excess
thermal load. The methanol diffusion across the
membranes is mainly related to the water uptake
and the microstructure of the membranes because
the methanol permeability needs connectible chan-
nels. The methanol permeability coefficients of
SPEEK and their blend membranes were measured
under the same conditions and calculated with eq.
(5). The relative data are shown in Table I. With the
increment of crosslinked TMBP/PN, the methanol
permeability coefficients of the membranes drasti-
cally decreased. The methanol diffusion coefficient
of the pristine SPEEK membrane was 1.18 � 10�6

cm2/s at room temperature, whereas those of the
SPEEK/TMBP/PN blend membranes with 10, 20, or
30 wt % crosslinked TMBP/PN were 4.14 � 10�7,
7.80 � 10�8, and 3.63 � 10�8 cm2/s, respectively.

This phenomenon may be due to the fact that the
methanol diffusion channels were hindered by the
crosslinked epoxy and the more compact microstruc-
tures that were formed by the interaction between
sulfonic acid groups and hydroxyl groups. The
reduction of the methanol permeability of the mem-
branes was also ascribed to the reduction of water
uptake in the membranes.
There are several factors that have an impact on

the level of proton conductivity, such as the proton
concentration, polymer structure and morphology,
proton mobility, and water content.35 The proton
conductivities of SPEEK and SPEEK/TMBP/PN
blend membranes at 25 and 80�C were measured by
a four-electrode alternating-current impedance
method in water, and the results are shown in
Figure 7. Before the measurements, the membranes
were immersed in water for 3 h at the evaluated
temperature. The proton conductivities of all mem-
branes were above 0.01 S/cm, and this satisfied the
lowest requirement of practical interest for DMFC
applications. Regardless of the content of crosslinked
TMBP/PN, the proton conductivities increased with
the increase in temperature, and this agreed with
our previous work.29 However, with the increase in
crosslinked TMBP/PN, the proton conductivities of
the blend membranes gradually decreased, and this
might have been the combined result of the low sul-
fonic acid concentration (from the values of IEC)
and water content, the hindrance of proton mobility
from the crosslinked epoxy matrix, and the forma-
tion of small proton channels corresponding to the
greater compactness of the microstructure formed by
the interaction between the sulfonic acid groups and
hydroxyl groups.
For practical DMFC usage, PEMs with a good per-

formance of high proton conductivity and low meth-
anol permeability are required. Selectivity, defined

Figure 7 Proton conductivity of SPEEK and SPEEK/
TMBP/PN blend membranes.

Figure 6 Water desorption of SPEEK and SPEEK/TMBP/
PN blend membranes.
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as the ratio of proton conductivity to methanol per-
meability, was used here as a characteristic factor for
estimating membrane performance with respect to
both proton conductivity and methanol permeability.
Figure 8 shows the selectivity of SPEEK and
SPEEK/TMBP/PN blend membranes, which is
based on the proton conductivity and methanol per-
meability at room temperature. The values of the
selectivity increased with the content of crosslinked
TMBP/PN increasing, and this indicated that the
incorporation of crosslinked TMBP/PN into the
SPEEK matrix resulted in a greater influence on the
methanol permeability than the proton conductivity
of the membranes. The results show that the
SPEEK/TMBP/PN blend membranes have potential
as PEMs in DMFCs.

CONCLUSIONS

SPEEK/TMBP/PN blend membranes with different
weight percentages of crosslinked TMBP cured by
PN were successfully prepared by a casting-solution,
evaporation, and heating crosslinking method for
the purpose of improving the mechanical properties,
dimensional stability, water retention, and methanol
resistance. As expected, the mechanical properties at
high relative humidity were drastically improved,
and the swelling ratios were sharply reduced from
16.8 to 1.4% at 25�C and from 20.7 to 7.0% at 80�C.
With the incorporation of crosslinked TMBP/PN,
the water diffusion coefficients of the membranes at
80�C significantly decreased from 8.9 � 10�5 to 9.8 �
10�6 cm2/s. Although the proton conductivities of
the blend membranes were lower than that of the
pristine SPEEK membrane, the methanol permeabil-
ity coefficients rapidly decreased from 1.18 � 10�6 to
3.63 � 10�8 cm2/s. Higher selectivity was obtained
in the blend membrane than in the pristine SPEEK
membrane. According to the aforementioned results,

the SPEEK/TMBP/PN blend membranes show good
potential for use in DMFCs.
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