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A  series  of  poly(ether  ether  ketone)  anion  exchange  membranes  with  tunable  IEC  (Ion-exchange  capac-
ity) values  are  polymerized  from  a novel  bisphenol  monomer  (4-methyl)phenylhydroquinone.  These
poly(ether  ether  ketone)  copolymers  contain  methyl  groups  on  the  rigid  side  chain.  The  degrees  of
bromination  and  quaternary  amination  of the  copolymers  are  controlled  by  manipulating  the contents
eywords:
ydroxide exchange membrane
oly(ether ether ketone)
ide chain

of  methyl  groups  in  the  copolymers.  Hence,  the  IEC  tunability  of  the  membrane  is  achieved.  The resulting
PEEK-Q-xx  membranes  show  good  dimensional  stability.  The  highest  swelling  ratio  (PEEK-Q,  with  an
IEC  value  of  0.90  mequiv.  g−1)  is only  9.0% at 80 ◦C,  at which  temperature,  the  hydroxide  conductivity  of
PEEK-Q  membrane  is  0.031  S cm−1.  The  methanol  permeability  values  of the  membranes  are  all  below
1.5  × 10−7 cm2 s−1, which  are  much  lower  than  that  of  Nafion  117.  These  properties  make  the  membranes
good  candidate  materials  for  anion  exchange  membranes  for alkaline  direct  methanol  fuel  cells.
. Introduction

Among the potential substitutes of fossil fuels, polymer elec-
rolyte fuel cells (PEFCs), have drawn much attention because of
heir high efficiency and environmental friendliness. As the crucial
art of the fuel cells, polymer electrolyte membranes (PEMs), have
ritical requirements, such as high proton/anion conductivity, low
ethanol permeability and high mechanical strength [1–3]. Per-

uorosulfonic acid polymers, such as Nafion (DuPont), have been
odels for PEMs materials because of their high proton conduc-

ivity and good chemical stability. However, its commercialization
as suffered the high cost, high methanol crossover and the low
perating temperature [4–6]. In recent years, much effort has been
evoted to the development of new PEM materials. Sulfonated
romatic polymers have been studied as candidates for the PEMs.
sually, a non-fluorinated sulfonated aromatic PEM requires a high

on exchange capacity (IEC) to achieve sufficient proton conductiv-
ty. However, high IEC results in poor dimensional stability, which

eads to the loss of the mechanical properties [7,8]. In addition, the
xpensive platinum catalyst is a huge obstacle for the application
f the proton exchange membrane fuel cells. Compared with the
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PEMs, the hydroxide exchange polymer membranes (HEMs) have
advantages, such as fast kinetics and low cost of metal electrocata-
lysts in alkaline fuel cell. Therefore, the HEM emerged rapidly as a
promising candidate for fuel cell membranes [9–13].

The alkaline fuel cell (AFC) with liquid electrolyte was the first
type fuel cell which converted the chemical energy stored in hydro-
gen directly into electrical power [14]. Then people realized that
a polymer membrane could be a more suitable material for elec-
trolyte in AFCs. The application of anion exchange membranes
(AEMs) in the HEM fuel cells (HEMFCs) requires necessary conduc-
tivity, mechanical strength and chemical stability. Various kinds of
polymers have been synthesized as the base materials for HEMs,
such as poly(phenylene) [15], poly(styrene)s [16,17], poly(ether
sulfone) [18–21],  poly(arylene ether)s [22] and poly(ether ether
ketone)s (PEEKs) [23].

Some recent reports suggest that locating the sulfonic acid
groups on side chains grafted onto the polymer backbones could be
a promising approach to enhance the properties of a PEM [24,25].
The side chains separate the hydrophilic sulfonic acid group regions
from the hydrophobic polymer main chain [26–28].  In HEMs field,
most reported HEM materials contain quaternary ammoniums in
the aromatic backbones. Only a few works involve the side-chain-
type HEMs.
In this work, we synthesized a new type of polyelectrolyte
of which the quaternary ammonium groups are on the side
chain, to decrease the steric hindrance of aromatic backbones
and promote the separation of hydrophilic and hydrophobic

dx.doi.org/10.1016/j.jpowsour.2012.02.076
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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hases, finally to improve the hydroxide conductivity at a low
evel of IEC. Here is the strategy to synthesize PEEK with side-
hain-type quaternary ammonium groups: a bisphenol monomer
4-methyl)phenylhydroquinone was designed and synthesized and

 series of PEEKs containing methyl group side chains (PEEK-
e)  were prepared by polycondensation. At last, the resulting

opolymers were brominated and quaternized. We  controlled the
ontents of methyl in the copolymers by copolymerization, to pre-
are membranes with different IEC values. All the monomer and
opolymers were characterized and the properties related to HEMs
aterials for alkaline direct methanol fuel cell were also evaluated

n detail.

. Experimental

.1. Materials

Hydroquinone (HQ) and 4-methylaniline were purchased from
laddin Reagent, Shanghai, China. 4,4′-Difluorobenzophenone

DFB), N-bromosuccinimide (NBS), and benzoyl peroxide (BPO)
ere purchased from Sigma–Aldrich Ltd. Other solvents and

eagents were obtained from Beijing Chemical Company and used
ithout further purification.

.2. Synthesis of monomer

.2.1. Synthesis of (4-methyl)phenylbenzoquinone
4-Methylaniline (0.05 mol, 5.35 g), water (20 mL), ice (5 g), and

ydrochloric acid (0.2 mol, 17 mL), were added into a 500-mL
eaker. Then, 20 mL  of 2.5 M NaNO2 solution was added drop-
ise. The reaction mixture was kept in an ice salt bath (0–3 ◦C)
ith stirring for 2 h, and then a transparent light yellow solution
as obtained after filtration. The filtrate was added dropwise into

 suspension of 1,4-benzoquinone (4.32 g, 0.04 mol) in a sodium
icarbonate solution(12.6 g, 0.15 mol). The reaction mixture was
tirred at 5–8 ◦C for 4 h. Finally, yellow solid was  obtained by filter-
ng and washing with deionized water several times. The product

as dried at 80 ◦C in a vacuum oven for 24 h.

.2.2. Synthesis of (4-methyl)phenylhydroquinone
Zn power (4.875 g, 0.075 mol), (4-methyl)phenylbenzoquinone

4.92 g, 0.025 mol), and deionized water (35 mL)  were mixed and
eated in a 250-mL three-necked flask. When the mixture began
o boil, hydrochloric acid (0.075 mol, 6.4 mL)  was added dropwise.
fter 4 h refluxing, the precipitate was collected by filtration and
ecrystallized from toluene.

.3. Synthesis of the polymers

.3.1. Copolymerization of poly(ether ether ketone)s containing
ethyl group (PEEK-Me-xx)

A typical synthetic procedure, illustrated by the preparation of
EEK-Me-80 copolymer (xx: Me-HQ/HQ = 80/20), is described as
ollows:

(4-Methyl)phenylhydroquinone (Me-HQ; 3.200 g, 0.016 mol),
Q (0.440 g, 0.004 mol), and 4,4′-difluorobenzophenone (4.36 g,
.02 mol) with K2CO3 (3.32 g, 0.024 mol) were added into a 250-mL
hree-necked flask equipped with a mechanical stirrer, a nitrogen
nlet, and a Dean-Stark trap. A mixture of N-methylpyrrolidone
NMP) (25 mL)  and toluene (15 mL)  was used as the solvent. The
eaction mixture was heated at 140 ◦C for 2 h under a nitrogen

tmosphere. After dehydration and removal of toluene, the reac-
ion temperature was increased to 170 ◦C. The reaction was  stopped
hen viscosity was observed to increase dramatically. The mixture
as slowly poured into 1000 mL  of deionized water. The resulting
rces 209 (2012) 228– 235 229

fibrous copolymer was  washed with hot water several times and
dried under vacuum at 80 ◦C for 24 h.

2.3.2. Synthesis of bromomethylated poly(ether ether ketone)s
(PEEK-Br-xx)

A typical procedure for preparing bromomethylated copolymer
PEEK-Br-80 was  as follows. PEEK-Me-80 (2.0 g, the amount of CH3
was 4.4 mmol) and 40 mL  of chloroform were added into a three-
necked flask equipped with mechanical stirrer, nitrogen inlet and
condenser. The mixture was  stirred adequately to form homoge-
neous solution. NBS (1.56 g, 8.8 mmol) and BPO (0.1 g) were then
added to the solution. After the reaction had been carried out for
24 h at 60 ◦C, the mixture was  cooled to room temperature and
coagulated in acetone. The resulting polymer was washed with
acetone several times and dried under vacuum for 24 h at 40 ◦C.

2.3.3. Preparation of anion exchange membranes
A coating solution was prepared by dissolving 0.6 g of bro-

momethylated copolymer in 10 mL of NMP. The solution was
filtrated and cast onto flat glass plates. The membranes were dried
at 80 ◦C for 24 h to remove the casting solvent. To make the mem-
branes quaternary-aminated, the dry membranes were immersed
into a 33% aqueous solution of trimethylamine for 48 h at 30 ◦C.
Then, the membranes were kept in a 1.0 M NaOH solution for 48 h.
Finally, the membranes were washed thoroughly and immersed in
deionized water for 48 h to remove the residual NaOH. The resulting
quaternary-aminated membranes were stored in deionized water
before use.

2.4. Characterizations

2.4.1. 1H NMR spectra
1H NMR  spectra were measured using a Bruker 510 spec-

trometer (500 MHz). Deuterated dimethylsulfoxide (DMSO-d6)
and deuterochloroform (CDCl3) were employed as the solvents.
Tetramethylsilane (TMS) was  used as an internal standard.

2.4.2. Thermal properties
The TGA curves were obtained by a Pyris 1 TGA (Perkine-Elmer)

under a nitrogen atmosphere. All samples were preheated at 110 ◦C
for 10 min  to remove the residual solvents and water completely,
and then reheated from 80 ◦C to 700 ◦C with a heating rate of
10 ◦C min−1.

2.4.3. Mechanical properties
Mechanical properties of the membranes was evaluated using

SHIMADZU AG-I 1 KN at the test speed of 2 mm min−1. The mem-
brane samples with the sizes of 15 mm × 4 mm  were placed
between the grips of the testing machine. To obtain statistical
results, at least three parallel measurements were carried out for
each test.

2.4.4. Ion-exchange capacity (IEC)
The ion exchange capacity (IEC) was measured using a clas-

sical back-titration method. Membranes in the OH− form were
immersed in 100 mL  of 0.01 M HCl for 48 h to undergo an ionic
exchange process. After the ionic exchanging, the solutions were
titrated with a standardized NaOH solution using phenolphthalein
as an indicator. The IEC was  calculated using Eq. (1):

IEC = consumed NAOH (mL) × molarity NAOH (mol mL−1) × 1000
weight of dry membrane (g)(mequiv g−1) (1)
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Scheme 1. The synthesis of

.4.5. Water uptake and swelling ratio
The membranes were vacuum-dried at 80 ◦C for several days

ntil the weights and lengths stayed constant. Then all the sam-
les were immersed into deionized water at given temperatures
or 24 h. The water-saturated membranes were taken out, wiped
uickly with tissue paper. The weights and lengths were measured
s soon as possible. The water uptake and swelling ratio were cal-
ulated by the following equations:

U (%) = Wwet − Wdry

Wdry
× 100% (2)

W (%) = Lwet − Ldry

Ldry
× 100% (3)

here Wwet and Wdry are the weights of wet and dry samples,
espectively; Lwet and Ldry are the lengths of the wet and dry mem-
ranes, respectively.

.4.6. Methanol permeability
Methanol permeability coefficient DK (cm2 s−1) was determined

y using a glass diffusion cell, which has been described in the
iterature [29]. Two reservoirs were separated by the membrane
nder test. A 10 M methanol solution was added into one side of
he cell and water was added into another side. Magnetic stir-
ers were used on both compartments to ensure uniformity. The
hange of methanol concentration was measured by SHIMADZU
C-8A chromatograph. The methanol permeability was calculated
s follows:

B(t) = A

VB

DK

L
CA(t − t0) (4)

here A (cm2) and L (cm) are the effective areas and the thick-
ess of the membrane, respectively. CA and CB are the methanol
oncentrations in methanol reservoir and water reservoir, respec-
ively. VB (cm3) is the volume of diffusion reservoir. DK (cm2 s−1) is
he methanol permeability.

.4.7. Hydroxide ion conductivity
The hydroxide ion conductivity of each membrane was mea-

ured by a four-point probe alternating current impedance
pectroscopy using a Princeton Applied Research Model 2273
otentiostat/galvanostat/FRA. Membranes in the hydroxide form

ere immersing in deionized water at room temperature for 24 h

efore measurement. The membranes and the electrodes were set
n a Teflon cell, where the probes were directly attached to mem-
ranes, and the resistance of the membranes was measured in
thyl)phenylhydroquinone.

deionized water. The hydroxide ion conductivity was calculated
by using the following equation:

� = L

RS
(5)

where L is the distance between the two  electrodes, R is the resis-
tance of the membrane, and S is the area.

2.4.8. Alkaline stability
For alkaline stability, the PEEK-Q-xx membrane samples were

kept in NaOH solutions (4 M)  in test tubes for 7 days at room tem-
perature and 80 ◦C, respectively. To check whether the samples had
decomposed into pieces, the test tubes were shaken every 8 h.

3. Results and discussion

3.1. Synthesis and characterization of monomer and copolymers

As shown in Scheme 1, the bisphenol monomer was synthesized
in a three-step synthetic process. The structure of the (4-
methyl)phenylbenzoquinone and (4-methyl)phenylhydroquinone
were identified by 1H NMR  spectroscopy. As shown in Fig. 1, the
shift at 8.70 ppm was  assigned to the protons of hydroxyl groups,
which could not be observed in the spectrum of the corresponding
quinolone, and the shift at 2.32 ppm corresponded to the hydrogen
atoms of methyl groups was obvious in Fig. 1. This result proved
that the (4-methyl)phenylhydroquinone monomer had been syn-
thesized successfully.

Scheme 2 shows the routes to synthesize the copolymers PEEK-
Q-xx. Figs. 2 and 3 show the 1H NMR  spectra of the pristine and
bromomethylated copolymers named PEEK-Me, PEEK-Br, PEEK-
Me-80 and PEEK-Br-80, respectively. It should be noticed that in
these two  figures, the shifts of CH2Br and CHBr2 could be found
at about 4.44 ppm and 6.60 ppm, which suggested that the benzyl
groups on the side chains had been brominated.

3.2. Thermal stability

The thermal stability of the membranes was studied by TGA
technique under a nitrogen atmosphere. Fig. 4 shows that the TGA
curves of PEEK-80s. A slight weight loss was  observed below 180 ◦C,
corresponding to the evaporation of the residual water and sol-

vents. The first obvious weight loss of PEEK-Q-80 could be found
around 210 ◦C, which precisely correlated with the degradation of
quaternary ammonium groups [23]. For the copolymer PEEK-Br-
80, the first stage (290–390 ◦C) was  associated to the elimination
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Fig. 1. The 1H NMR  spectra of (4-methyl)pheny

f the bromine atom on the side chains. All the copolymers had
ramatic weight loss when the temperatures rose to 480 ◦C, which

ndicated the main-chain decompositions [30]. Similar processes of
ther copolymers could be found in Table 1, which shows the 5%
eight-loss temperatures of all the polymers in this study.

.3. Mechanical properties

It is essential for HEMs to maintain adequate mechanical
trength to withstand fabrication of the membrane electrode
ssembly (MEA) [31]. The mechanical properties of all the mem-
ranes were evaluated and listed in Table 1. It can be seen that the
EEK-Q-xx membranes present lower tensile strength and Young’s
odulus but higher maximum elongation values than the PEEK-Br-

x and PEEK-Me-xx polymers. The decline of the tensile strength
n PEEK-Q-xx could attribute to the introduction of strong polar
uaternary ammonium groups in side chains, which changed the
rdering of aggregative state. However, the polar groups enhanced

he molecular interaction and led to the increase of the maximum
longations. The PEEK-Q-xx membranes showed good toughness
nd strength, which could fulfill the requirements of mechanical
roperties in HEM fuel cells.

able 1
he mechanical properties of membranes.

Polymers 5% weight loss temperature (◦C) Tensile strength 

PEEK-Me 488.2 54.38 

PEEK-Me-80 481.3 53.75 

PEEK-Me-60 494.4 53.78 

PEEK-Br 331.9 64.17 

PEEK-Br-80 332.7 55.79 

PEEK-Br-60 325.4 63.02 

PEEK-Q 284.6 47.97 

PEEK-Q-80 278.5 50.68 

PEEK-Q-60 290.1 51.98 
oquinone and (4-methyl)phenylhydroquinone.

3.4. IEC, water uptake and swelling ratio

The IEC value reflects the density of quaternary ammonium
groups in membranes and determines the water uptake and
hydroxide conductivity directly [32]. As is shown in Table 2,
the IEC values of PEEK-Q-xx increased from 0.62 mequiv. g−1 to
0.90 mequiv. g−1 with the contents of methyl groups in the orig-
inal copolymers mount up. It indicates that the introduction of the
ammonium groups to the polymer could be controlled to a certain
extent by our strategy.

Water uptake of the membrane is particularly important
because swelling affects mechanical integrity of the electrode-
membrane structure and conductivity of the membrane itself [33].
Excessively high levels of water in the membrane can result in
excessive swelling, finally leads to the loss of mechanical prop-
erties. As expected, water uptake and swelling ratio rose with
the increase of temperature and IEC value (Figs. 5 and 6). Over-
all, the membranes showed limited swelling ratio, the PEEK-Q

membrane with the highest IEC value (0.90 mequiv. g−1) showed
a water uptake of 30.1% and a swelling ratio of 9% at 80 ◦C. It indi-
cates that the serialized copolymers have a reliable dimensional
stability.

(MPa) Maximum elongation (%) Young’s modulus (GPa)

7.19 1.35
8.95 1.36
9.28 1.40
6.18 1.83
6.07 1.42
8.35 1.61

23.58 1.05
17.18 1.17
19.96 1.31
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Scheme 2. The copolymerization of poly(ether ether keton

.5. Hydroxide conductivity and methanol permeability

Fig. 7 shows the hydroxide conductivities of the PEEK-Q mem-
ranes as a function of temperature. The hydroxide conductivities
f all the membranes increased with temperatures. The PEEK-Q
ad the highest conductivity of 0.031 S cm−1 at 80 ◦C. Consider-

ng its low IEC value (0.90 mequiv. g−1) and swelling ratio (9.0%),
he PEEK-Q showed a relatively good performance and could be
atisfactory for the operation of alkaline fuel cell. Compared with
ome other main-chain type quaternary-aminated polymers for
EM materials with similar IEC values, the PEEK-Q-xx membranes
howed higher conductivities [18,21].  Since these copolymers have

imilar main-chain structures, we believe that the difference of
heir conductivity may  be resulted from the position of the alka-
ine groups in the PEEK-Q-xx polymers. The performances of anion

able 2
he IEC, water uptake, swelling ratio, hydroxide conductivity, methanol permeability, sel

Membranes IEC
(mequiv. g−1)

Water uptake
(wt%)

Swelling ratio
(%)

Hydroxide
conductiv
(S cm−1)

20 ◦C 80 ◦C 20 ◦C 80 ◦C 20 ◦C 

PEEK-Q 0.90 11.9 30.1 5.0 9.0 0.011 

PEEK-Q-80 0.80 6.4 13.9 2.5 6.5 0.007 

PEEK-Q-60 0.62 5.3 7.0 2.4 4.1 0.005 
aring pendant quaternary ammonium groups (PEEK-Q-xx).

conductivity prove that the introduction of the side-chain-type
alkaline groups could decrease the steric hindrance of aromatic
backbones, form an ionic network more readily and enhance the
anion conductivity.

The methanol permeability was listed in Table 2. As shown, each
membrane had an excellent methanol resistance. The methanol
permeability increased dramatically as the increase of IEC. The
membrane PEEK-Q with the highest conductivity showed a
methanol diffusion of 1.427 × 10−7 cm2 s−1, which was only about
one ninth of Nafion® (1.32 × 10−6 cm2 s−1 at room temperature).
To evaluate the further performance of each membrane on direct
methanol fuel cell, the selectivity was  calculated, which was

defined as the ratio of ion conductivity to methanol permeability.
Fig. 8 shows the selectivity of each membrane. All the PEEK-Q-
xx had much higher selectivities than Nafion (3.19 × 104 S cm−3 s).

ectivity, and alkaline stability of membranes.

 ion
ity

Methanol
permeability
(×10−7 cm2 s−1)

Selectivity
(×104 S cm−3 s)

Time of breaking into pieces
in 4 M NaOH(aq)

80 ◦C 20 ◦C 20 ◦C 20 ◦C 80 ◦C

0.031 1.427 7.91 >7 days >7 days
0.022 0.318 22.01 >7 days >7 days
0.018 0.223 22.42 >7 days >7 days
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Fig. 2. The 1H NMR  spec

mong them, PEEK-Q, which had the highest conductivity
0.031 S cm−1), showed a selectivity of 7.91 × 104 S cm−3 s, and the

wo membranes obtained by copolymerization with HQ have much
igher selectivity (about 22.0 × 104 S cm−3 s). With outstanding
ethanol resistance, the application of PEEK-Q-xx membranes in

uel cells is promising.

Fig. 3. The 1H NMR spectra of PE
 PEEK-Me and PEEK-Br.

3.6. Alkaline stability
Besides the good conductivity and selectivity, these membranes
had outstanding stability in strong alkaline solutions. Just as Table 2
showed, the PEEK-Q-xx membranes maintained their flexibility
and toughness even after being immerged in a 4 M NaOH solution

EK-Me-80 and PEEK-Br-80.



234 S. Xu et al. / Journal of Power Sources 209 (2012) 228– 235

Fig. 4. The TGA curves of the membranes of PEEK-R-80.

Fig. 5. The water uptakes of membranes at different temperatures.

Fig. 6. The swelling ratios of membranes at different temperatures.

Fig. 7. The hydroxide conductivities of the PEEK-Q-xx membranes.

Fig. 8. conductivities, methanol permeabilities and selectivities of the membranes

at 20 ◦C.

at 80 ◦C (which is higher than the operating temperatures of HEM-
FCs) for 7 days. It illustrated that the PEEK-Q-xx could withstand
corrosion in strong alkalis.

4. Conclusion

In summary, a novel series of poly(ether ether ketone) copoly-
mers bearing pendant quaternary ammonium groups (PEEK-Q-xx)
have been prepared as hydroxide exchange membranes for direct
methanol fuel cells (DMFCs). The IEC values of the membranes
were well controlled through adjusting the content of methyl
on the pristine polymer. All the membranes showed good ther-
mal  and mechanical stabilities. The PEEK-Q membrane has an
appropriate conductivity of 0.031 S cm−2, with a relatively low IEC
(0.90 mequiv. g−1), and the swelling ratio of the PEEK-Q membrane
was only 9.0% at 80 ◦C. The methanol permeability was very low
and the selectivity was  much higher than Nafion 117. The alkaline
stabilities of the membranes meet the requirements of the opera-
tion of fuel cells. All the parameters indicate that these membranes

exhibited good potential in DMFCs application.
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