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a b s t r a c t

A series of amino-containing sulfonated poly(aryl ether ketone)/4,4′-diglycidyl(biphenyl) epoxy resin
(DGBP) composite membranes for proton exchange membranes fuel cells (PEMFCs) are prepared by
solution blending and casting. The reaction kinetics and the effects of introduction of DGBP content
on the properties of the composite membranes are thoroughly investigated. The crosslinked composite
membranes after treatment at either 120 ◦C or 200 ◦C have improved oxidative and dimensional stabil-
ity than those without crosslinking. Despite the fact that crosslinked membranes generally have lower
proton conductivity in comparison with the original ones, the proton conductivities of the membranes

◦ −2 −1 −2 −1 ◦

eaction kinetics
ethanol permeability

uel cells

treated at 120 C are above 2.22 × 10 S cm at room temperature and 9.42 × 10 S cm at 100 C. Even
for the samples treated at 200 ◦C, their proton conductivities are still higher than 1.26 × 10−2 S cm−1 at
room temperature and higher than 8.67 × 10−2 S cm−1 at 100 ◦C, which are well satisfied with elementary
requirement of fuel cells. In addition, all the evaluated membranes have low methanol permeability. For
example, the methanol permeability of AP6FSPEEK/DGBP1 cured at 200 ◦C is 0.33 × 10−6 cm2 s−1, which
is an order magnitude lower than Nafion 117. Therefore, these novel crosslinked composite membranes

in fue
could be potential usage

. Introduction

The search for renewable, clean energy sources is one of the
ost pressing challenges facing global society. Known as their high

fficiency, simply design, low emissions and low operating temper-
tures, proton exchange membrane fuel cells (PEMFCs) and direct
ethanol fuel cells (DMFCs) are receiving considerable attention

s electric power sources for automobile or portable devices [1].
erfluorosulfonic acid PEMs, such as Dupont’s Nafion, are typi-
ally used as the polymer electrolytes in PEMFCs due to their
xcellent chemical and mechanical stabilities as well as high pro-
on conductivity. However, high cost, low operation temperature
≤80 ◦C), high methanol crossover, and environmental recycling
ncertainties of Nafion and other similar perfluorinated mem-
ranes are limiting their widespread commercial application in
EMFCs and DMFCs [1–4]. For this reason, many researchers hope

o develop high performance, low cost and high proton conduc-
ive electrolyte membranes. Aromatic polymers with sulfonic acid
roups are promising alternative materials for PEMFCs. Among the
lternative materials investigated, sulfonated poly(arylene ether

∗ Corresponding author. Tel.: +86 431 85168886; fax: +86 431 85168868.
E-mail address: jiangzhenhua@jlu.edu.cn (Z. Jiang).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.07.025
l cells.
© 2009 Elsevier B.V. All rights reserved.

ketone)s [4], sulfonated poly(arylene ether sulfone)s [5–7], sul-
fonated polyimides [8], sulfonated poly(arylene ether nitrile)s [9],
and sulfonated poly(benzimidazole)s [10] have been studied due to
their high thermal and chemical stability, high proton conductivity
and low cost.

Because of their excellent mechanical strength, and thermoox-
idative and chemical resistance [11], sulfonated poly(aryl ether
ketone)s (SPAEKs), as one of alternative PEM materials [12], have
aroused researchers’ interests [13]. It is found that SPAEKs with high
ion-exchange capacities often have relatively high swelling ratio
and low mechanical strength under humid circumstance at high
temperature [12,13], which limits their application for PEMFCs. To
solve these problems, several approaches have been adopted and
some results are interesting. McGrath’s group has studied the influ-
ence of microstructure/sequence distribution on the performance
properties of proton exchange membranes [14], and they found that
the ideal phase separated morphology of the membranes based
on the multiblock polymers enhanced proton conductivity under
partially hydrated conditions. However, the synthesis routes are

complicated and high molecular weight polymers could not be easy
to obtain. Liu et al. [15] and Lee et al. [16] recently reported differ-
ent kinds of PEMs crosslinked by an esterification reaction between
–COOH and –OH, respectively. They found that the crosslinking
reaction could play an important role in dimensional stability.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jiangzhenhua@jlu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.07.025
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nfortunately, the introduction of poly(vinyl alcohol) (PVA) with
liphatic main chain might destroy the thermal stability. Na and
o-workers has investigated UV crosslinking membranes [17], and
ound that this method could effectively improve the properties
f PEMs. However, ultraviolet radiation could not penetrate the
embranes and the crosslinking reaction mainly occurred on the

urface of membranes, which led to poor homogeneous properties
f membranes.

Epoxy resins have been widely used as high performance materi-
ls in many fields, such as adhesive, coating, laminating capsulation,
lectrical insulation and composite applications [18–20]. The epoxy
esins have exhibited good thermal properties, chemical resistance
nd electric insulation through a crosslinking reaction with a cur-
ng agent to form a three-dimensional network structure. Recently,
poxy resins containing bulky moiteies such as dicyclopentadi-
ne, biphenyl, naphthalene, fluorene, maleimide or silsesquioxane
oieties have been synthesized as new families of high perfor-
ance polymers [21–24]. Among them, rigid rod epoxy resins
ith good thermal stability and unique physical properties have

een developed as high performance polymers for electronic and
erospace applications, and in particular potentially enhanced ther-
al stability and dielectric properties over conventional epoxy

esins [25–27]. It may be an efficient way to obtain the PEMs hav-
ng an excellent combination of high proton conductivity, good
hermal-oxidative and dimensional stability through the incorpo-
ation of epoxy resins into the sulfonated polymer matrix. Most
ecently, Na and co-workers has prepared epoxy solidified mem-
ranes [28]. It is obvious that epoxy crosslinking could occur
nd avoid the above mentioned shortcomings of UV-irradiation
rosslinking [17]. However, a third component of amine as cur-
ng agent has to be introduced into this composite system, and
t makes the preparing and curing process of membrane more
omplex.

In a previous work [29], we have prepared a series of molecule-
nhanced blend membranes comprising of an aminated polymer
nd sulfonated polymers, and their properties were more excel-
ent than a copolymer bearing both amino groups and sulfonic acid
roups (AP6FSPEEK). Although the introduction of amino group by
irect polymerization could be effective in decreasing water uptake
nd swelling ratio by acid–base interaction, the interaction could
e weakened in high temperature. In this work, as a continuous
tudy, we prepare a new family of composite membranes based
n a kind of epoxy resin with rigid rod biphenyl structure (DGBP)
nd copolymer with double functional groups (AP6FSPEEK). Direct
n situ polymerization between DGBP and AP6FSPEEK occurs when
he composites are treated at given temperature. The reaction kinet-
cs and the effects of introduction of DGBP into AP6FSPEEK on the

ater uptake, swelling ratio, thermal stability and proton conduc-
ivity are investigated thoroughly.

. Experimental

.1. Materials

(4-Amino)phenylhydroquinone (4-AmPHQ) was synthesized in
ur lab through a two-step coupling–reduction reaction [29,30].
,4′-Difluorobenzophenone (DFBP) was purchased from Yian-
ian Chemical Factory (China) and purified by recrystallization
rom a mixture of ethanol and deionized water. Sodium 5,5′-
arbonylbis(2-fluorobenzene-sulfonate) (SDFBP) was prepared

ccording to the procedure described by Wang et al. [31].
2CO3 (Beijing Chemical Reagent, China) was ground into fine
owder and dried at 120 ◦C for 24 h before polymerization.
,4′-(Hexafluoroisopropylidene)diphenol (6FBPA, Aldrich), 4,4′-
iphenol (BP, Honsyu Chemical Co. Ltd., Japan), epichlorohydrin
ources 195 (2010) 11–20

(Tianjin Huadong Chemical Factory, China), sodium hydroxide
(Tianjin Reagent Plant, China), and Tetrabutyl ammonium hydro-
gen sulfate (TBAHS, Shanghai Hero Chem Chemical Co. Ltd.,
China) were used as received. All the other organic solvents were
obtained from commercial sources and purified by conventional
methods.

2.2. Synthesis of AP6FSPEEK and DGBP

The amino-containing sulfonated copolymer (AP6FSPEEK) was
synthesized using the same procedure as our previous work
[29]. 4,4′-Diglycidyl(biphenyl) epoxy resin (DGBP) was synthesized
according to the reported procedures [32–34].

AP6FSPEEK: 1H NMR (DMSO-d6, ı, ppm): 8.25 (m, 2H), 7.83 (d,
4H), 7.74 (d, 2H), 7.44–7.39 (m, 7.2H), 7.24–7.15 (m, 11.8H), 7.07 (d,
2H), 7.01–6.53 (m, 0.8H), 5.31 (s, 0.4H).

DGBP: 1H NMR (DMSO-d6, ı, ppm): 7.55 (d, 4H), 7.03 (d, 4H),
4.33–4.38 (dd, J = 11.4 Hz, J = 2.6 Hz, 2H), 3.83–3.89 (dd, J = 11.4 Hz,
J = 6.6 Hz, 2H), 3.32–3.37(m, 2H), 2.84–2.87 (t, J = 4.3 Hz, 2H),
2.71–2.74 (dd, J = 5.1 Hz, J = 2.6 Hz, 2H).

Melting point: 155–163 ◦C (DSC); m/z: 298.
FT-IR (KBr, cm−1): 2930 (–CH2O–), 1242 and 1027 (C–O–C), 911

(oxirane).

2.3. Preparation of composite membranes

AP6FSPEEK membrane and the AP6FSPEEK/DGBP composite
membranes were prepared by solution casting and evaporation
method. The pure membrane named as AP6FSPEEK was cast from
10% (w/v) solution directly. However, for the composite mem-
branes, more processes were needed. First, the AP6FSPEEK was
dissolved in DMAc at room temperature to prepare a 10% (w/v)
solution. Secondly, equivalent DGBP was added into the homo-
geneous solution, and the composite membrane was obtained
by solution casting after stirring for 24 h. At last, the mem-
brane named as AP6FSPEEK/DGBP1 was transformed to its acid
form by ion exchange in 0.5 M H2SO4 for 2 h at 80 ◦C, and then
washed with deionized water until the pH reached 6–7. As com-
parison, we prepared two more composite membranes with 1.5
equivalent and 2.0 equivalent DGBP, and they were named as
AP6FSPEEK/DGBP1.5 and AP6FSPEEK/DGBP2, respectively. All the
membranes were divided into two parts, and cured at different
temperature. One part was treated at 200 ◦C for 0.5 h for enhanc-
ing thermal activation of the crosslinking reaction between DGBP
and AP6FSPEEK, and then at 120 ◦C for 24 h. The other was heated
at 120 ◦C for 24 h. The thickness of membranes was in the range of
40–65 �m.

2.4. Characterization

1H NMR experiments were carried out on a Bruker 510 spec-
trometer (500 MHz) using DMSO-d6 as solvent. MALDI-TOF mass
spectra were obtained on a Kratos of Shimadzu Company. FT-
IR spectra were recorded via the KBr pellet method by using a
Nicolet Impact 410 FT-IR spectrophotometer. Differential scanning
calorimeter (DSC) measurements were performed on a Mettler
Toledo DSC821e instrument from 50 to 400 ◦C at heating rates of
5, 10, 15 and 20 ◦C min−1 under nitrogen atmosphere at a con-
stant flow of 200 mL min−1. Thermogravimetric analysis (TGA) was
employed to assess thermal stability of membranes with a Netzch

Sta 449c thermal analyzer system. Before analysis, the films were
dried and kept in the TGA furnace at 150 ◦C for 15 min. The samples
were cooled to 80 ◦C and then reheated to 800 ◦C in nitrogen and
700 ◦C in air at 10 ◦C min−1. The temperatures at 5% and 10% weight
loss were recorded for each sample.
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.5. Curing kinetics of composite membranes

Curing is the essential process for the application of hard-
ning epoxy resins. The study of the curing kinetics could be
sed to optimize the curing conditions. DSC has been extensively
sed to characterize the curing kinetics of thermoset resins in
ynamic or isothermal modes [35–37]. In this study, we use the
onisothermal DSC method to study the thermal curing behav-

ors of AP6FSPEEK/DGBP systems at heating rates of 5, 10, 15 and
0 ◦C min−1.

Many equations are developed to investigate the curing kinetics
f the epoxy system. Kissinger and Ozawa methods [38,39] are two
ommon methods that are applied to calculate activation energy (E)
nd frequency factor (A). Both of them are reported in their previous
rticles [33,34].

Kissinger’s equation can be expressed as follows:

ln
ˇ

T2
p

= Ek

RTp
− ln

AR

Ek
(1)

here A, R are Arrenihus constant and ideal gas constant, respec-
ively. Tp, ˇ are peak temperature of cure exotherms and DSC
eating rates, respectively. Ek is activation energy calculated from
issinger’s equation. Therefore, Ek could be obtained from the slope
f ln(ˇ/T2

p ) vs. 1/Tp plot.
Ozawa’s equation is:

o = − R

1.052
× d ln ˇ

d(1/Tp)
(2)

here R is ideal gas constant. Tp, ˇ are peak temperature of cure
xotherms and DSC heating rates, respectively. Eo is activation
nergy calculated from Ozawa’s equation. Eo could be obtained from
he slope of ln(ˇ) vs. 1/Tp plot.

According to Kissinger’s equation, A can be calculated with the
ollowing equation. Where Ea is activation energy:

= ˇEa exp[Ea/RTp]

RT2
p

(3)

Furthermore, the curing reaction order (n) could be obtained
40] in the following:

d(ln ˇ)
d(1/Tp)

= −
[

Ea,k

nR
+ 2Tp

]
(4)

here Ea,k is activation energy calculated by Kissinger’s method.

.6. Oxidative and hydrolytic stability

A small piece of the membrane sample is soaked in Fenton’s
eagent (3% H2O2 containing 2 ppm FeSO4) at 80 ◦C. The oxidative
tability is evaluated by recording the time when the membranes
isappeared and the retained weights of membranes after treating

n Fenton’s reagent for 1 h at 80 ◦C.

.7. Methanol permeability

The methanol diffusion coefficient is determined using a cell
asically consisting of two-half-cells separated by the membrane,
hich is fixed between two rubber rings. Methanol solutions

10 mol L−1) are placed on one side of the cell and pure water is

laced on the other side. The magnetic stirrers are used contin-
ously during the measurement. Methanol concentrations in the
ater cell are periodically determined by using a GC-14C gas chro-
atograph (SHTMADU, Tokyo, Japan). Peak areas are converted into
ethanol concentration with a calibration curve. The methanol
ources 195 (2010) 11–20 13

diffusion coefficient is calculated according to the following equa-
tion:

CB(t) = A

VB

DK

L
CA(t − t0) (5)

2.8. Water uptake and swelling ratio measurements

The water uptake of the membranes at different temperatures
is calculated by measuring the weight difference between the dry
and wet swollen membranes as follows [29,41,42]: the sample films
(1 cm × 4 cm) are all dried at 120 ◦C for 24 h prior to the measure-
ments. After measuring the lengths and weights of dry membranes,
the sample films are soaked in deionized water to reach equilib-
rium at desired temperature. Before measuring the lengths and
weights of hydrated membranes, the water is removed from the
membrane surface by blotting with a paper towel. The water uptake
is calculated by the following equation:

Water uptake (%) = Wwet − Wdry

Wdry
× 100% (6)

where Wdry and Wwet are the weights of dried and wet samples,
respectively.

Dimensional change of the copolymer membranes is investi-
gated by immersing the sample films (1 cm × 4 cm) in deionized
water to reach equilibrium at desired temperature. The change of
film length is calculated from:

Swelling ratio (%) = Lwet − Ldry

Ldry
× 100% (7)

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

2.9. Proton conductivity

Proton conductivity measurements are conducted on a Solatron-
1260/1287 impedance analyzer over a frequency range of 10–106 Hz
with 50–500 mV oscillating voltage. A sheet of the sulfonated mem-
brane (30 mm × 10 mm) is placed in a test cell [41]. Before the
measurements, the membranes are fully hydrated in water at dif-
ferent temperatures for 48 h. Conductivity measurements of fully
hydrated membranes are carried out with the cell immersed in
liquid water at the desired temperature. The conductivity (�) of
the membranes in the transverse direction is calculated from the
following equation:

� = D

RA
(8)

where D is the distance between the two electrodes. R and A are
the measured resistance and transverse area of the film samples,
respectively.

3. Results and discussion

3.1. Synthesis of AP6FSPEEK and DGBP

To make PEMs with acceptable dimensional change under hot
and humid circumstance, fluorine-containing monomer, 6FBPA, is
selected to prepare sulfonated poly(ether ether ketone) by direct
copolymerization [13]. However, the swelling ratio is still too high
when their sulfonated degrees are high. Thus, we need another
method to achieve the goal of low swelling. In our previous work,
we have studied the acid–basic interaction in PEMs, and found

that the introduction of amino group by copolymerization could
decrease the swelling ratio and water uptake to some extent
[29]. However, the decrease of the swelling was limited and the
excess swelling was still existed at high temperature due to the
weak acid–basic interaction. Since covalent bond is less sensitive
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C–O–C peak at 1027 cm−1 is not observed at the same wavenumber
in Fig. 1(a) and (b), the probable reason is that the characteristic
peaks of sulfonic groups at 1025 cm−1 overlaps with the peak of
C–O–C.
Scheme 1. Preparation route and chemi

o temperature than acid–basic interaction, an epoxy solidified
rosslinking method is selected in this study. A kind of biphenyl
ontaining rod epoxy resin (DGBP) having good thermal stability
nd good solubility is synthesized. Generally, the small-molecular
mines have to be used as a catalyst for the crosslinking reaction
f epoxy resin [27,33]. In order to avoid the incorporation of the
mall-molecular compound or a third amine catalyst into the sys-
em, AP6FSPEEK containing both amino groups and sulfonic acid
roups is selected. The amino groups on the backbones of poly-
ers are expected to serve as catalyst. The synthesis routes of

P6FSPEEK and DGBP are shown in Scheme 1. The characteriza-
ion of AP6FSPEEK is given in our previous work [29], and FT-IR,
H NMR are used to character the structure of DGBP (the data
re shown in Section 2.2). Due to the good solubility of DGBP
nd AP6FSPEEKK in N,N-Dimethylacetamide (DMAc), the uniform
hin membranes could be made by the solution cast from their
olutions in DMAc. Crosslinked composite membranes are pre-
ared by thermal activation according to the process of Section 2.3.
he FT-IR spectra are usually used to confirm the structure. The
urves of AP6SPEEK/DGBP1 cured at 120 ◦C (a), 200 ◦C (b) and epoxy
esin (c) are shown in Fig. 1. The characteristic peak at 911 cm−1

s assigned to stretching vibration of oxirane, and disappears in

he cured composite membranes of AP6SPEEK/DGBP1. The results
lluminate that the oxirane reacts in the process of heat curing.
he characteristic peaks at 1242–1272 cm−1 assigned to stretch-

ng vibration of C–O–C and the peaks around 520 cm−1 assigned to
ending vibration of C–O–C appear in the three curves, because the
ucture of AP6FSPEEK (A) and DGBP (B).

ether bonds exist before and after crosslinking. However, another
Fig. 1. FT-IR spectra of AP6SPEEK/DGBP1 cured at 120 ◦C (a), 200 ◦C (b) and epoxy
resin (c).
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We find the values of Ek and Eo decrease with increasing the con-
tent of DGBP. This might be attributed to the existence of more
reactive points with increasing the content of DGBP in membranes,
and it makes the crosslinking reaction easier. Thus, crosslinking
ig. 2. Fractional conversions as a function of temperature for various heating rate
P6FSPEEK/DGBP2.

.2. Curing kinetics of AP6FSPEEK/DGBP systems

The exothermic peak temperatures (Tps) of the curing process,
hich are summarized in Table 1, shift to higher temperature
ith increasing heating rate (ˇ) of each composite membrane. The

ps decrease with increasing the content of DGBP in composite
embranes at each heating rate. Fig. 2 shows the fractional con-

ersions as a function of temperature at various heating rates for
he AP6FSPEEK/DGBP system. It could be seen that the isoconver-
ional temperature increases with increasing the heating rate for
he systems in each figure, and the initiative crosslinking tempera-
ure decreases with increasing the content of DGBP. It is accordant
o the trend of E of composite materials (Table 2). The isoconver-
ional plots by Kissinger and Ozawa mode are given in Figs. 3 and 4,

espectively.

On the basis of the experimental results from the dynamic
SC study, E, A and n of the AP6FSPEEK/DGBP systems are
btained using Eqs. (1)–(4). As shown in Table 2, the values of

able 1
eak temperature (Tp , ◦C) of cure exotherms for the AP6FSPEEK/DGBP system at
ifferent DSC heating rates (ˇ).

amples ˇ (◦C min−1)

5 10 15 20

P6FSPEEK/DGBP1 237 247 252 258
P6FSPEEK/DGBP1.5 236 246 251 257
P6FSPEEK/DGBP2 232 245 248 252
the composite membranes (a) AP6FSPEEK/DGBP1, (b) AP6FSPEEK/DGBP1.5 and (c)

activation energy are not a constant, and the values of Ek and
Eo are 28.92–31.43 kJ mol−1 and 31.43–32.91 kJ mol−1, respectively.
Fig. 3. Plot for determination of the E and the A by Kissinger method in curing
reactions.
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Table 2
Curing kinetic parameters for the AP6FSPEEK/DGBP system derived from the multi-temperature scan method.

Samples Kissinger method Ozawa method

Ek (kJ mol−1) A (s−1) n Eo (kJ mol−1) A (s−1)

AP6FSPEEK/DGBP1 31.43 2.785 × 106

AP6FSPEEK/DGBP1.5 29.52 1.107 × 106

AP6FSPEEK/DGBP2 28.92 1.059 × 106
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ig. 4. Plot for determination of the E and the A by Ozawa method in curing reactions.

eaction could occur at lower temperature (Fig. 2). Although the
nitial temperatures (Tis) decrease to about 120 ◦C with increasing
he content of DGBP, the peak temperatures (Tps) are high. Consider-
ng the degradation of sulfonic groups at high temperature and the
ata of curing kinetics of composite membranes systems, we select
wo procedures described in Section 2.3 to cure the composite

embranes, and research the effect of different curing tempera-
ure. The schematic illustration and the possible chemical reaction

echanism of the curing process are shown in Schemes 2 and 3,
espectively.

.3. Oxidative stability and thermal properties of composite
embranes
Oxidative stability of curing membranes is examined by observ-
ng their dissolving behaviors in Fenton’s Reagent at 80 ◦C. This

ethod is regarded as one of the standard tests to gauge relative

cheme 2. Schematic illustration for the preparation of composite membranes.
0.970 32.91 5.974 × 106

0.996 31.86 3.733 × 106

1.003 31.43 3.636 × 106

oxidative stability and to simulate accelerated fuel cell operating
conditions [13]. All the membranes exhibit excellent oxidative sta-
bility, as shown in Table 3. For the crosslinked membranes, 99%
weight is retained after treating in Fenton’s reagent at 80 ◦C for
1 h, and they all do not dissolve in Fenton’s reagent within 4 h.
These results are much better than that of AP6FSPEEK. Moreover,
the composite membranes cured at 200 ◦C show more excellent
oxidative stability and they do not dissolve in the reagent within
6 h. This might be because that the crosslinking reaction of DGBP is
more complete after high temperature curing (Scheme 2), and the
crosslinking network structure improves the oxidative stability of
composite membranes.

The thermal properties are one of the important factors on the
usage of PEMs. Thermal stabilities of AP6FSPEEK/DGBP composite
membranes in acid forms after curing are investigated by TGA in
nitrogen and air. All of the membranes exhibit two distinct degra-
dation steps. The first step in pure membrane is associated with
the loss of degradation of the sulfonic acid groups, and the sec-
ond is related with the degradation of the polymer’s backbones.
However, in the composite membranes, the first step might be
associated with the loss of the sulfonic acid groups and the par-
tial degradation of DGBP, and the second step is associated with
main chain of crosslinked polymers. Being similar to other report
[28], although the decomposition temperatures of composite mem-
branes are lower than pure membrane, as shown in Fig. 5(c) and
(a), they still well meet the requirement of PEMFCs about oper-
ating temperature. Comparing Fig. 5(c) with Fig. 5(b), we can see
that composite membrane cured at high temperature has better
thermal stability. Because fuel cell operates in redox conditions,
we also test the thermal stability of membranes in air condition
(Fig. 6). Although the decomposition in air is a little faster than
that in nitrogen, the decomposition temperatures of Tonset, Td5%
and Td10% in air are close to that in nitrogen (Table 4). Data of
decomposition temperatures in both nitrogen and air are sum-
marized in Table 4. Although the decomposition temperatures
decrease with increasing DGBP content, the onset decomposi-
tion temperatures (Tonset) of all the crosslinked samples are all
above 261 ◦C in nitrogen and above 282 ◦C in air. Especially after
curing at 200 ◦C, the Tonset is obviously improved for composite

membranes, which might be attributed to the formation of more
crosslinking network structure cured at 200 ◦C (Scheme 2). This
result indicates that these membranes have good thermal stabil-
ity.

Table 3
Oxidative stability of membranes.

Polymer Oxidative stability

RW (%)a RW (%)b t (h)c t (h)d

AP6FSPEEK ∼97 ∼97 4 h 4 h
AP6FSPEEK/DGBP1 ∼99 ∼99 ∼4.5 h >6 h
AP6FSPEEK/DGBP1.5 ∼99 ∼99 ∼4.5 h >6 h
AP6FSPEEK/DGBP2 ∼99 ∼99 5 h >6 h

a,b Retained weights of membranes cured at 120 ◦C and 200 ◦C after treating in Fen-
ton’s reagent for 1 h at 80 ◦C, respectively.
c,d The dissolved time of polymer membranes cured at 120 ◦C and 200 ◦C in Fenton’s
reagent at 80 ◦C, respectively.
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Scheme 3. Chemical reaction mec
.4. Ionic exchange capacity and methanol permeability of
embranes

Before curing, the composite membranes all show good sol-
bility in high polar aprotic solvents. Although the membranes

able 4
hermal properties of membranes.

olymer Td(5%) (◦C) Td(10%)

Td1
a Td2

b Td3
c Td1

a

P6FSPEEK 344 351 352 372
P6FSPEEK/DGBP1 298 323 330 347
P6FSPEEK/DGBP1.5 295 312 321 329
P6FSPEEK/DGBP2 294 308 317 328

a Data in nitrogen cured at 120 ◦C.
b Data in nitrogen cured at 200 ◦C.
c Data in air cured at 200 ◦C.
between DGBP and AP6FSPEEK.
without DGBP cured at 120 ◦C and 200 ◦C still have good sol-
ubility in common solvents, the composite membranes treated
at the same conditions could not be dissolved even at heating.
It exhibits that the crosslinking reaction occurred in composite
membranes at both 120 ◦C and 200 ◦C. And it plays an important

(◦C) Tonset (◦C)

Td2
b Td3

c T1
a T2

b T3
c

388 383 311 317 329
372 374 265 284 302
358 372 263 277 284
349 370 261 270 282
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Fig. 5. TGA curves of the samples. (a) AP6FSPEEK cured at 200 ◦C, (b)
AP6FSPEEK/DGBP1 cured at 120 ◦C and (c) AP6FSPEEK/DGBP1 cured at 200 ◦C.
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Table 6
Water uptake of membranes at different temperature.

Polymer Temperature (◦C)

20 80 100

WU1
a WU2

b WU1
a WU2

b WU1
a WU2

b

AP6FSPEEK 20.2 11.6 36.5 32.8 69.3 43.6
AP6FSPEEK/DGBP1 18.1 9.8 32.1 27.0 59.2 36.8
AP6FSPEEK/DGBP1.5 13.3 6.5 30.4 25.8 54.1 33.8
ig. 6. TGA curves for AP6FSPEEK and AP6FSPEEK/DGBP1 cured at 200 ◦C in nitrogen
a and c) and in air (b and d).

ole for PEM with high ion exchange capacity (IEC) in alcohol

esistance property [28]. After acidification and curing, the ion
xchange capacity (IEC) values of these acid-form membranes are
etermined by classical acid–base titration [42,43]. As shown in
able 5, the experimental IEC values of the samples treated at

able 5
EC values and methanol permeability.

olymer IEC Methanol permeability
(×10−6 cm2 s−1)

Aa Bb Cc 120 ◦Cd 200 ◦Ce

P6FSPEEK 1.72 1.65 1.61 0.47 0.37
P6FSPEEK/DGBP1 1.64 1.33 1.26 1.28 0.33
P6FSPEEK/DGBP1.5 1.56 1.28 1.18 1.76 0.85
P6FSPEEK/DGBP2 1.49 1.12 1.12 2.01 1.11
afion 117f – – – 2.94

a Theoretical value (mmol g−1).
b Experimental value of membrane cured at 120 ◦C (mmol g−1).
c Experimental value of membrane cured at 200 ◦C (mmol g−1).
d Membranes cured at 120 ◦C.
e Membranes cured at 200 ◦C.
f Data measured in our laboratories with the same condition as composite mem-

ranes.
AP6FSPEEK/DGBP2 10.1 5.6 21.9 18.1 33.7 29.0

a Water uptake (%) of membranes cured at 120 ◦C.
b Water uptake (%) of membranes cured at 200 ◦C.

120 ◦C and 200 ◦C are in the range of 1.12–1.65 and 1.12–1.61, respec-
tively.

Methanol permeability is one of the important transport proper-
ties, which determines the fuel cell performance in direct methanol
fell cells (DMFCs) [28,41]. In DMFC, the PEM is required to have low
methanol diffusion coefficient because the diffusion of methanol
from the anode to the cathode lead to power loss and other undesir-
able consequences. The membranes with lower methanol diffusion
coefficient may allow for higher methanol feed concentration,
thereby increasing the effective energy density of the fuel cell sys-
tem. As shown in Table 5, there is an interesting phenomenon.
The methanol permeability increases when the content of DGBP
increases in the composite membrane in both heat treatment con-
dition, respectively. It may be caused by the introduction of the
aliphatic moieties, which leads to the increase of methanol perme-
ability. Methanol permeability of each membrane cured at 200 ◦C
is lower than that cured at 120 ◦C. For pure membrane, it might
attribute to the effective alcohol resistance of compact microstruc-
ture with high temperature treatment. For composite membranes,
the more crosslinked compact structure, which is competitive effect
with aliphatic chain in methanol permeability, makes less methanol
permeability. Comparing the crosslinking effect with aliphatic
chain effect, the membrane of AP6FSPEEK/DGBP1 cured at 200 ◦C
shows the excellent alcohol resistance. However, the methanol per-
meability of pure and composite membranes is all still lower than
commercial Nafion 117 and the methanol permeability of most of
the membranes cured at 200 ◦C is an order magnitude lower than
Nafion 117. Particularly, the membrane of AP6FSPEEK/DGBP1 cured
at 200 ◦C could reach the minimum of 0.33 × 10−6 cm2 s−1, and it
might be promising candidate for DMFCs.

3.5. Water uptake and swelling ratio of membranes

For most proton conductive polymers, water plays an impor-
tant role in the proton exchange membrane and acts as the carrier
for proton transportation through the polymer membrane [44,45].
Adequate hydration of electrolyte membranes is crucial for high
proton conductivity. However, excess water uptake in electrolyte
membranes results in unacceptable dimensional change or loss of
dimensional shape, which could lead to weakness or a dimensional
mismatch when incorporated into a membrane electrode assembly
(MEA) [13]. Thus, proper water uptake is needed for dimensional
stability and application for PEMs. The water uptake and swelling
ratio of the membranes cured at different temperature are mea-
sured. The curves of water uptake and swelling ratio vs. the content
of DGBP are shown in Figs. 7 and 8. The shapes of the water uptake
curves for membranes are found to be similar. For each membrane,
the water uptake decreases with increasing the content of DGBP at

the same temperature, while it increases with increasing temper-
ature. The data of water uptake and swelling ratio are tabulated in
Tables 6 and 7, repetitively. From these data, we can see that the
water uptake and swelling ratio decrease obviously cured at both
120 ◦C and 200 ◦C. Particularly, after curing at 200 ◦C, the values of
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ig. 7. Water uptake of membranes cured at 120 ◦C (a) and 200 ◦C (b) with different
ontent of DGBP.

ater uptake decrease from 20.2% to 5.6% at room temperature,
nd from 69.3% to 29.0% at 100 ◦C. Similarly, the values of swelling
atio decrease from 9.4% to 1.4% at room temperature, and from
7.7% to 8.5% at 100 ◦C. Comparing Fig. 7(a) with Fig. 7(b), we can
ee that the water uptake of the membrane with high tempera-
ure curing is lower than that with low temperature curing at the
ame temperature. Similarly, the swelling ratio displays the same
rend (Fig. 8). All the values indicate that epoxy crosslinking reac-

ion could play an important role in avoiding excess swelling and
mproving dimensional stability. It may attribute to two factors.
n the one hand, the content of sulfonic acid groups decreases
ith increasing DGBP in composite membranes. On the other hand,

able 7
welling ratio of membranes at different temperature.

olymer Temperature (◦C)

20 80 100

SR1
a SR2

b SR1
a SR2

b SR1
a SR2

b

P6FSPEEK 9.4 6.3 16.2 14.9 27.7 22.2
P6FSPEEK/DGBP1 4.2 3.6 14.2 11.3 18.5 16.6
P6FSPEEK/DGBP1.5 3.8 2.7 11.3 10.6 15.2 12.7
P6FSPEEK/DGBP2 1.7 1.4 8.6 6.4 11.9 8.5

a Swelling ratio (%) of membranes cured at 120 ◦C.
b Swelling ratio (%) of membranes cured at 200 ◦C.
Fig. 8. Swelling ratio of membranes cured at 120 ◦C (a) and 200 ◦C (b) with different
content of DGBP.

crosslinked network structure hinders water diffusing into mem-
branes.

3.6. Proton conductivity of membranes

The proton conductivities of the membranes are estimated using
impedance diagrams, and the results at different temperatures are
presented in Fig. 9. The proton conductivity of an electrolyte is gen-
erally thermally stimulated, which is similar to water uptake of
membranes. As shown in Fig. 9, the conductivities of all the samples
increase with increasing temperature and decrease with increasing
the content of DGBP. It mainly because the total content of water
around sulfonic acid groups decreases with increasing DGBP and
it is more difficult to move for water molecule in crosslinked net-
work. Thus, the efficiency of proton transmission with water might
decrease with increasing DGBP. However, the lowest value of them
is still much higher than 10−2 S cm−1 at room temperature, which
is the lowest value for practical interest for usage as PEMs in fuel
cells. For example, the proton conductivities of membranes cured
at 120 ◦C are ranged from 9.42 × 10−2 S cm−1 to 11.7 × 10−2 S cm−1

◦
at 100 C, which is close to Nafion 117 [41]. Even for the sample
of AP6FSPEEK/DGBP1 cured at 200 ◦C can reach 10.2 × 10−2 S cm−1

at 100 ◦C. The values of AP6FSPEEK/DGBP1 cured at 200 ◦C at each
temperature are close to pure AP6FSPEEK. Comparing with Nafion
117 [46], the value of swelling ratio of AP6FSPEEK/DGBP1 cured at
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ig. 9. Proton conductivity of AP6SPEEK and composite membranes cured at 120 ◦C
a) and 200 ◦C (b) at different temperatures.

00 ◦C is much lower. Meanwhile, its conductivity is close to Nafion
17. Considering the water uptake, thermal and dimensional sta-
ility, methanol permeability and conductivity, the membrane of
P6FSPEEK/DGBP1 cured at 200 ◦C might be promising candidate

or PEMs.

. Conclusion

In order to decrease the excessive water uptake and swelling
atio, we provide a simple direct in situ crosslinking method in this
ork. A series of composite membranes based on AP6FSPEEK and
GBP are cured at two different temperatures. The curing kinetics
nd application for PEMFCs of composite membranes are investi-
ated. The data show that the crosslinking component effectively

mproved the properties of the composite membranes. The water
ptake of composite membranes cured at 120 ◦C decreases evi-
ently from 20.2% to 10.1% at room temperature, and from 69.3%
o 33.7% at 100 ◦C, respectively. Whereas after curing at 200 ◦C,
he composite membranes decrease more evidently from 11.6% to

[
[
[

[

ources 195 (2010) 11–20

5.6% at room temperature, and 43.6% to 29% at 100 ◦C, respectively.
Meanwhile, the proton conductivities of the samples after curing at
200 ◦C, are above 5.91 × 10−2 S cm−1 and 8.67 × 10−2 S cm−1 at 80 ◦C
and 100 ◦C, respectively. And they all have low methanol permeabil-
ity with the minimum of 0.33 × 10−6 cm2 s−1 of AP6FSPEEK/DGBP1
cured at 200 ◦C. All the results exhibited that these crosslinked
composite membranes could be promising membranes for fuel cell
applications.
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