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a b s t r a c t

A novel poly(ether ether ketone) (PEEK) containing pendant carboxyl groups has been synthesized by
a nucleophilic polycondensation reaction. Sulfonated polymers (SPEEKs) with different ion exchange
capacity are then obtained by post-sulfonation process. The structures of PEEK and SPEEKs are character-
ized by both FT-IR and 1H NMR. The properties of SPEEKs as candidates for proton exchange membranes

◦

eywords:
roton exchange membrane
ost-sulfonation
arboxyl group
ross-linking

are studied. The cross-linking reaction is performed at 140 C using poly(vinyl alcohol) (PVA) as the
cross-linker. In comparison with the non-cross-linked membranes, some properties of the cross-linked
membranes are significantly improved, such as water uptake, methanol resistance, mechanical and
oxidative stabilities, while the proton conductivity decreases. The effect of PVA content on proton con-
ductivity, water uptake, swelling ratio, and methanol permeability is also investigated. Among all the
membranes, SPEEK-C-8 shows the highest selectivity of 50.5 × 104 S s cm−3, which indicates that it is a
suitable candidate for applications in direct methanol fuel cells.
. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have
ttracted considerable attention for transportation, distributed
ower, and portable power applications because of their high
fficiency and environmental friendship [1–5]. In PEMFCs, a poly-
er electrolyte membrane (PEM) plays an important role as a

ore material, which requires high proton conductivity, sufficient
hermal stability, low permeability of fuel and oxidant, long-term
tability, as well as inexpensive operating costs [6–8]. Perfluori-
ated sulfonic acid ionomers such as Nafion membranes developed
y DuPont brought a major breakthrough in PEMFCs. Superior pro-
on conductivity and excellent long-term durability in fuel cells
ave made them as the mostly studied electrolytes. However,
ethanol readily migrates through Nafion membranes from the

node to the cathode, causing a serious reduction of opening volt-
ge and poisoning the electrocatalysts at the cathode. Additionally,
nother major drawback of Nafion membranes is their high cost

ue to the difficulty in synthesizing and processing.

Recently, much research work has focused on the fabrica-
ion of novel alternative proton conductive membranes based on
on-fluorinated aromatic ionomers [9–18]. Generally, membranes

∗ Corresponding author. Tel.: +86 431 85168870; fax: +86 431 85168868.
E-mail address: huina@jlu.edu.cn (H. Na).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.03.062
© 2010 Elsevier B.V. All rights reserved.

based on these polymers only reach high proton conductivity at
high IEC values. However, high IEC values usually lead to high
water uptake, large dimensional variations as well as inadequate
mechanical properties, which render the membranes unsuitable
for applications in PEMFCs. To overcome this problem, several
methods have been developed, such as optimizing the polymer
structure [19–23], preparing composite membranes [24–29] and
cross-linked membranes [30–34]. The cross-linking method is
promising because of its easy preparation. Moreover, the resulting
cross-linked membranes exhibit improved mechanical and chem-
ical stabilities, reduced water uptake and methanol permeability
compared with the non-cross-linked membranes.

In this study, we synthesized a novel poly(ether ether ketone)
(PEEK) bearing pendant carboxyl groups which could be widely
used in the cross-linking reaction as reported previously [35].
Post-sulfonation process was then performed to obtain SPEEKs.
Cross-linked SPEEKs were obtained by an esterification reaction
using poly(vinyl alcohol) (PVA) as the cross-linker. Lin et al.
reported PVA used as PEM can effectively suppress the methanol
permeability and improve the selectivity [36]. Furthermore, PVA
is a macromolecular cross-linker, which may result in a higher

cross-linking density compared to some small molecules, such as
diols [37]. The properties of cross-linked membranes were stud-
ied in detail compared to the non-cross-linked membranes, and
the influence of cross-linker content on PEM properties was also
investigated.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:huina@jlu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.03.062
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Fig. 1. Synthesis and st

. Experimental

.1. Materials

4,4′-Difluorobenzophenone was purchased from Longjing
hemical plant, poly(vinyl alcohol) (a molecular weight of
05400–111600) was purchased from Sigma–Aldrich Ltd. 4-
arboxylphenyl hydroquinone was synthesized according to a
revious reference [38]. Other reagents were commercially avail-
ble grade and used without further purification.

.2. Characterization

1H NMR spectrum was recorded on a Bruker 510 spectrometer
1H, 500 MHz) by using deuterated dimethyl sulfoxide (DMSO-d6)
s the solvent. FT-IR spectra were recorded on a Nicolet Impact
10 Fourier transform infrared spectrometer using KBr disc. The
g of polymers was measured using differential scanning calorime-
er (DSC) measurement performed on a Mettler Toledo DSC821e

nstrument at a heating rate of 10 ◦C min−1 from 20 to 300 ◦C under
itrogen. The specific viscosities (�sp/c) of the obtained polymers
ere determined by using Ubbelohde viscometer in thermostatic

ontainer with a polymer concentration of 5.0 g L−1 in DMF at 25 ◦C.

.3. Synthesis of PEEK bearing pendant carboxyl groups

As shown in Fig. 1, PEEK was synthesized via a nucleophilic aro-
atic substitution reaction. A detailed polymerization procedure
as described as follows: in a 250 mL three-necked flask equipped
ith a mechanical stirrer, a Dean-Stark trap, and a nitrogen inlet,

-carboxylphenyl hydroquinone (3.45 g, 0.015 mol), hydroquinone
1.65 g, 0.015 mol), 4,4′-difluorobenzophenone (6.54 g, 0.03 mol),

2CO3 (5.52 g, 0.04 mol), N-methyl pyrrolidone (37 mL) and toluene

15 mL) were placed. The mixture was firstly refluxed at 140 ◦C
bout 3 h to remove the water produced in this system. After
emoving toluene, the reaction temperature was raised up to 200 ◦C
nd kept at this temperature for another 4 h. The viscous solution
res of PEEK and SPEEK.

was then poured into a mixture of concentrated hydrochloric acid
and water. Finally, the polymer powder was washed thoroughly
with hot water and dried at 120 ◦C for 24 h (yield: 92%, �sp/c: 0.82,
Tg: 184 ◦C).

2.4. Post-sulfonation

Post-sulfonation was carried out in concentrated sulfuric acid
at 80 ◦C for several hours. The procedure was described as follows:
1 g PEEK was dissolved in 10 mL sulfuric acid and the solution was
stirred for 5, 7 or 8 h at 80 ◦C. After cooling to room temperature,
the polymer solution was isolated in an excess amount of deionized
water and the resulting solid was washed thoroughly with deion-
ized water until the water was neutral. The product was then dried
in a vacuum oven at 80 ◦C for 24 h (yield: 78-89%).

2.5. Preparation of covalently cross-linked membranes

1 g SPEEK-1 and the cross-linker PVA (2, 4, and 8 wt%) were dis-
solved in 10 mL dimethyl sulfoxide at 70 ◦C, and the membranes
were prepared using solution-casting and evaporation method. The
cross-linking reaction was performed by heating these membranes
at 140 ◦C for 4 h to obtain cross-linked membranes. The schematic
illustration of cross-linking network structure is shown in Fig. 2.

2.6. Thermal stability

The thermal stability was measured using a Pyris 1 TGA
(PerkinElmer) equipment. Before testing, all membranes were pre-
heated at 120 ◦C for 5 min to remove any residual moisture and
solvent, and then the samples were cooled to 100 ◦C and reheated
to 700 ◦C at a heating rate of 10 ◦C min−1 in N2 flow.
2.7. Mechanical properties

The mechanical properties of membranes were measured on
a SHIMADZU AG-I 1KN equipment. Membrane specimens of
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2.12. Methanol permeability

A glass diffusion cell was used to measure the methanol
permeability as described in the literature [24]. The cell was
consisted of two reservoirs, which were separated by a mem-
Fig. 2. Schematic representation

5 mm × 4 mm were placed between the grips of the testing
achine at a tensile rate of 2 mm min−1.

.8. Oxidative stability

Small pieces of membranes were soaked in Fenton’s reagent (3%
2O2 containing 2 ppm FeSO4) at 80 ◦C. The oxidative stability was
haracterized by recording the time when the membranes began
o break into pieces and dissolved completely.

.9. Ion exchange capacity (IEC)

The IEC of membranes was determined by a classical titra-
ion method: acid-form membranes were immersed in 2 M NaCl
olution for 48 h, and the solution was titrated with 0.01 M NaOH
olution using phenolphthalein as an indicator. The titrated IEC was
btained from the following formula:

EC = consumed NaOH (ml) × molarity of NaOH
weight of dried membrane

(mequiv. g−1) (1)

.10. Water uptake and swelling ratio

The dried square membranes were immersed into deionized
ater at the desired temperature for 24 h. Then the membranes
ere taken out and wiped with tissue paper quickly. The weight

nd the length (or thickness) were quickly measured. The water
ptake and the swelling ratio were calculated by the changes in
eight and length between fully hydrated and dry membranes as

ollows:

ater uptake (%) = Wwet − Wdry

Wdry
× 100% (2)

Lwet − Ldry
welling ratio (%) =
Ldry

× 100% (3)

here Wwet and Wdry are the masses of wet and dry membranes,
wet and Ldry are the lengths (or thickness) of wet and dry mem-
ranes, respectively.
cross-linking network structure.

2.11. Proton conductivity

Fully hydrated membranes (4 cm × 1 cm) were measured by
a four-electrode ac impedance method from 0.1 Hz to 100 kHz,
10 mV ac perturbation and 0.0 V dc rest voltage using a Princeton
Applied Research Model 273A Potentiostat (Model 5210 frequency
response detector, EG&G PARC, Princeton, NJ) [31]. The measure-
ment was carried out with the cell (Fig. 3) immersed in the constant
temperature water, and the proton conductivity was determined by
the equation:

� = L

R × S
(4)

where L is the distance between the two electrodes, R is the mem-
brane resistance and S is the cross-sectional area of membranes.
Fig. 3. Test cell for proton conductivity measurement.
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Fig. 4. 1H NMR spectrum of PEEK.

rane. 10 M methanol solution and deionized water were placed
n each side. Magnetic stirrers were used on each compart-
ent to ensure uniformity. The concentration of the methanol

n water reservoir was determined by using a SHIMADZU GC-
A chromatograph. The methanol permeability was calculated as
ollows:

B(t) = A

VB

DK
L

CA(t − To) (5)

here A (cm2) and L (cm) are the effective area and the thickness
f the membrane, respectively, VB (cm3) is the volume of diffu-
ion reservoir, CA and CB (mol L−1) are the methanol concentration
n methanol reservoir and water reservoir, respectively, DK is the

ethanol permeability (cm2 s−1).

. Results and discussion

.1. Synthesis and characterization of PEEK and SPEEK

To synthesize a PEEK with pendant carboxyl groups, hydro-
uinone was introduced into the polymerization reaction due to the
oor solubility of 4-carboxylphenyl hydroquinone. The mole ratio
f hydroquinone to 4-carboxylphenyl hydroquinone was fixed at
:1. The structure of PEEK was confirmed by 1H NMR spectroscopy

Fig. 4). Post-sulfonation of PEEK was performed in concentrated
ulfuric acid at 80 ◦C for 5, 7 or 8 h, respectively. A slight degradation
as observed after a long post-sulfonation time because the mem-

ranes became brittle in dry state. The 1H NMR spectrum of SPEEK
s shown in Fig. 5. Compared to the spectrum of PEEK, several new

Fig. 5. 1H NMR spectrum of SPEEK.
Fig. 6. FT-IR spectra of PEEK and SPEEK.

peaks appeared in Fig. 5. The peak at 7.5 ppm was assigned to the
hydrogen atom adjacent to the sulfonic group in hydroquinone, and
the peak at 7.75 ppm was assigned to the hydrogen atom adjacent to
the sulfonic group in 4-carboxylphenyl hydroquinone. Fig. 6 shows
the FT-IR spectra of PEEK and SPEEK-1. Compared to the PEEK, the
peak at 703 cm−1 was assigned to the S–O stretching of –SO3H
groups, and the peaks at 1083 and 1154 cm−1 could be assigned
to O S O stretching vibrations of SPEEK-1. Therefore, both FT-
IR and 1H NMR spectra indicated that the SPEEK was synthesized
successfully.

3.2. Gel fraction of cross-linked membranes

The pristine SPEEK membranes can be easily dissolved in com-
mon organic polar solvents, such as dimethylformamide (DMF),
while the cross-linked membranes cannot be dissolved in this
solvent. Gel fraction which can be considered as an indirect mea-
surement of cross-linking density, was obtained from the ratio of
the weight of the cross-linked membranes after extraction from
DMF and the initial weight. From Table 1, gel fraction increased
with increasing the content of PVA, which means an increment of
cross-linking density.

3.3. Thermal stability, mechanical properties and oxidative
stability

The TGA curves of both pristine SPEEKs and cross-linked poly-
mers are shown in Fig. 7. The SPEEK samples showed slight
degradation at around 210 ◦C, which was associated with the
thermal degradation of the sulfonic acid groups. As reported
by many groups, the sulfonic groups in post-sulfonated poly-
mer were not as chemically stable as those in the pre-sulfonated
polymer [39]. The cross-linked SPEEK showed its first-stage
weight loss at 205 ◦C, which may be due to the loss of sul-
fonic acid groups or the degradation of PVA. From the results
of TGA test, we can conclude that the thermal stability of
SPEEKs and cross-linked membranes was adequate for use in fuel

cells.

It is essential for electrolyte membranes to have good mechani-
cal strength to be used in fuel cells. As shown in Table 2, the SPEEK-1
had a Young’s modulus of 1368.7 MPa, a tensile strength of 51.7 MPa
and an elongation at break of 9.9%. With the increment of sul-
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Table 1
The polymer description, �sp/c, gel fraction, IEC and oxidative stability.

Polymer Sulfonation time (h) �sp/c Gel fraction (%)a IEC (mequiv · g−1) Oxidative stability

t1
b (min) t2

b (h)

SPEEK-1 5 0.71 0 1.67 35 >48
SPEEK-2 7 0.58 0 1.81 32 32
SPEEK-3 8 0.51 0 2.03 19 25
SPEEK-C-2 –c – 24.4 1.62 46 >48
SPEEK-C-4 –c – 39.8 1.57 51 >48
SPEEK-C-8 –c – 53.5 1.49 58 >48

a Gel fraction was obtained from the ratio of the weight of the cross-linked membranes after extraction from DMF and the initial weight.
b The expended time that the membranes started to break and disappeared in the solution.
c Cross-linked membrane of SPEEK-1 with the cross-linker content of 2%, 4%, 8%, respectively.

Fig. 7. TGA curves of SPEEK and cross-linked membranes.

Table 2
The mechanical properties of membranes.

Membranes Young’s
modulus
(MPa)

Tensile
strength
(MPa)

Maximum
elongation (%)

SPEEK-1 1368.7 51.7 9.9
SPEEK-2 624.2 25.3 7.7
SPEEK-3 –a –a –a

SPEEK-C-2 1318.4 75.7 15.5
SPEEK-C-4 1420.3 67.8 13.5

f
p
s
m
a
m
a
a

t
d
t
I
d
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m
o

al. [40], our SPEEK displayed lower water uptake with similar
SPEEK-C-8 1630.0 64.8 15.6

a Not applicable: membrane was too brittle to be tested in dry state.

onation time, the SPEEK membranes displayed poor mechanical
roperties, which may be attributed to the degradation in post-
ulfonation process. Because the film was too fragile in dry state, the
echanical properties of SPEEK-3 could not be obtained. However,

fter cross-linking, the membranes possessed markedly improved
echanical properties, they had Young’s modulus, tensile strength,

nd elongation at break in the range of 1318–1630, 64.8–75.7 MPa,
nd 13.5–15.6%, respectively.

The oxidative stability of membranes was evaluated by
he expended time that the membranes started to break and
isappeared in Fenton’s reagent. As shown in Table 1, the oxida-
ive stability of membranes reduced with the increment of
EC. SPEEK-1 membrane began to break after 35 min and did not
isappear even after two days. SPEEK-3 membrane had the worst

xidative stability. After cross-linking, the oxidative stability of
embranes was better improved and SPEEK-C-8 exhibited the best

xidative stability.
Fig. 8. Water uptake of membranes as a function of temperature.

3.4. Ion exchange capacity

The ion exchange capacity is an important property of mem-
branes since it determines proton conductivity, water uptake, and
dimensional stability. The IEC of the membranes was determined
by titration, which was commonly used to determine IEC of sul-
fonated polymers. As shown in Table 1, SPEEK-1 showed the IEC
of 1.67 mequiv · g−1, and with the increment of sulfonation time,
the IEC of sulfonated polymers increased. Because the introduction
of the cross-linker diluted the concentration of the sulfonic acid
groups, the cross-linked membranes displayed slightly reduced IEC
compared with the non-cross-linked membrane.

3.5. Water uptake and swelling ratio

The water uptake is a fundamentally important property of
proton conducting membranes and determines the level of con-
ductivity to a great extent. Generally, the post-sulfonated polymers
absorb more water molecules than the pre-sulfonated polymers
with similar IEC. As shown in Fig. 8 and Table 3, the water
uptake and swelling ratio of sulfonated polymers increased with
the increment of sulfonation time. SPEEK-1 had the water uptake
of 29.4%, swelling ratio in length of 8.9% and in thickness of
5.7% at 20 ◦C. SPEEK-3 membrane had the most water uptake
of 40.1% at 20 ◦C. Compared with the results of Peckham et
IEC, which may be due to the introduction of carboxyl groups.
The cross-linked membranes displayed reduced water uptake
and swelling ratio compared with SPEEK-1. SPEEK-C-8 exhib-



6448 H. Li et al. / Journal of Power Sources 195 (2010) 6443–6449

Table 3
The proton conductivity, methanol permeability, water uptake and swelling ratio of membranes.

Membranes Proton conductivity (S cm−1) Methanol permeability
(×10−7 cm2 s−1)

Water uptake (%) Swelling ratio (%)

In length In thickness

20 ◦C 80 ◦C 20 ◦C 80 ◦C 20 ◦C 80 ◦C 20 ◦C 80 ◦C

SPEEK-1 0.035 0.068 1.98 29.4 42.6 8.9 12.2 5.7 8.9
SPEEK-2 0.046 0.075 2.24 33.2 50.2 10.3 13.6 6.6 9.2

40.1 65.0 14.5 18.7 7.2 12.5
26.4 41.2 7.8 11.9 5.4 8.5
25.4 36.3 7.5 9.8 5.5 7.6
20.7 32.4 6.1 8.4 4.3 6.8

i
s

3

s
c
s
h
t
l
o
p
1

3

t
c
T
m
S
m
7
a
n
i

SPEEK-3 0.050 0.082 7.09
SPEEK-C-2 0.031 0.061 1.62
SPEEK-C-4 0.027 0.055 1.04
SPEEK-C-8 0.020 0.047 0.40

ted the lowest water uptake due to the cross-linking network
tructure.

.6. Proton conductivity

The proton conductivity of membranes at 100% RH was mea-
ured and the results are shown in Fig. 9. As seen, the proton
onductivity of the membranes increased in proportion to the mea-
uring temperature. The membranes with higher IEC displayed
igher proton conductivity. SPEEK-3 with the highest IEC showed
he highest proton conductivity of 0.082 S cm−1 at 80 ◦C. The cross-
inked membranes displayed reduced proton conductivity because
f the lower water uptake and IEC. The SPEEK-C-8 had the lowest
roton conductivity of 0.047 S cm−1 at 80 ◦C, but it was still above
0−2 S cm−1.

.7. Methanol permeability

To prevent fuel from penetrating and energy efficiency loss,
he proton exchange membranes used in direct methanol fuel
ells (DMFCs) should possess well methanol resistance property.
able 3 indicated that all the membranes possessed excellent
ethanol resistance property. The methanol permeability of

PEEK-1 membrane was 1.98 × 10−7 cm2 s−1, and with the incre-
ent of IEC, the methanol permeability of membranes extended to
.09 × 10−7 cm2 s−1. The cross-linked membranes showed remark-
bly reduced methanol permeability due to the cross-linking
etwork structure. SPEEK-C-8 had the lowest methanol permeabil-

ty which was five times lower than that of SPEEK-1.

Fig. 9. Proton conductivity of membranes as a function of temperature.
Fig. 10. Selectivity of SPEEK and cross-linked membranes.

3.8. Selectivity

The selectivity, that is, the ratio of proton conductivity to
methanol permeability, is a crucial factor for polymer electrolyte
membrane to be used in direct methanol fuel cells. Accordingly,
higher selectivity could allow superior membrane performance. As
seen in Fig. 10, for pristine sulfonated membranes, SPEEK-2 exhib-
ited the highest selectivity while SPEEK-3 showed the lowest selec-
tivity. After cross-linking, SPEEK-C-8 showed the highest selectivity
of 50.5 × 104 S s cm−3, which was three times higher than that of
SPEEK-1. The result indicated that the cross-linking method can
greatly improve the selectivity of membranes. The improvement
of selectivity could be resulted from that cross-linking effectively
hindered the polymer chain mobility and suppressed the swelling
of membranes, which may be responsible for the reduced methanol
permeability and the improved selectivity.

4. Conclusions

In summary, we synthesized a series of novel sulfonated
poly(ether ether ketone)s with pendant carboxyl groups via a post-
sulfonation process. The sulfonated polymers were characterized
by both FT-IR and 1H NMR spectroscopy. In order to improve their
dimension stability in water, we prepared a series of cross-linked
PEMs using PVA as a cross-linker. Compared to the pristine mem-
branes, the cross-linked membranes exhibited better mechanical
properties, improved oxidative stability, much lower water uptake

and swelling ratio. Though the proton conductivity of the mem-
branes was slightly reduced after cross-linking, the cross-linked
membranes showed much lower methanol permeability compared
to the pristine membranes. Combined with their high selectivity,
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