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Abstract

Vinyl-terminated sulfonated poly (arylene ether sulfone) (VSPAES) and sulfonated polyvinyl alcohol containing vinyl group
(VSPVA) have been prepared. The VSPVA and VSPAES were crosslinked by adding AIBN as initiator. The results of FT-IR
and 'H-NMR indicated the existence of sulfonic acid groups and crosslinked structure in these crosslinked membranes. The
microphase structures of the membranes are analyzed by SEM. The proton conductivities of membranes were above 10
mS cm™!, which indicated that it basically meet the needs of fuel cells. The methanol permeability coefficients of CSPAES
membrane is 2.8 X 10~ cm? s, remarkably lower than neat SPAES (8.5 % 107 cm?s™!) and Nafion117 (14.1x 107 cm?s™1).
Moreover, the proton selecticity of CSPAES membrane is close to 2 times higher than that of Nafion 117 membrane. The
crosslinked membrane showed better stability than the linear SPAES membrane.

Keywords Sulfonated poly (arylene ether sulfone) - Free radical reaction - Sulfonated polyvinyl alcohol - Methanol

permeability - Direct methanol fuel cells

Introduction

With the development of human civilization, the demand
for energy was increasing day by day, but in the process of
using these non-renewable energy sources, the environment
was inevitably polluted. So, the renewable energy sources
were receiving more and more attention [1]. Nowadays,
wind energy, geothermal energy and solar energy had been
put into use, but they were affected by environmental and
climatic factors, and it was difficult to maintain the continu-
ity and stability during use [2]. Therefore, the development
a kind of energy storage system, which had higher energy
conversion efficiency, larger storage capacity and lower
price had become the key for the development of renewable
energy [3]. Fuel cells were receiving more and more atten-
tion because it could convert chemical energy into electrical
energy to supply load equipment through the redox reaction
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of positive and negative electrodes. As fourth-generation
power generation device, the fuel cell can perform efficient
energy storage and conversion. It had a wide range of fuel
sources and could use hydrogen, methanol, ethanol, etc. as
fuel. It was expected to achieve low pollution or zero emis-
sions [4]. Proton exchange membrane fuel cells (PEMFC)
was getting more and more attentions as a renewable energy
source. Among them, the direct methanol fuel cell was
widely used in automobiles, home appliances, aerospace and
other fields [5]. PEM was one of the key materials of fuel
cells used to conduct protons from anodic part to cathodic
part as well as functioning as a barrier for the fuel cross-
over, and its comprehensive performance will determine
the performance and service life of fuel cells [6]. PEM was
one of the key factors affecting the cost of fuel cells, which
determined battery efficiency, output power and application
performance [7]. The ideal PEM should had high proton
conductivity, low fuel penetration and excellent chemical
stability under various working conditions [8§—10]. Nowdays,
the most commonly used PEM was Dupont’s Nafion per-
fluorosulfonic acid membrane series, which had higher pro-
ton conductivity, better mechanical strength and chemical
stability than others [11, 12]. But Nafion membrane had the
disadvantages of complicated preparation process, high cost,
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serious fuel penetration and reduced proton conductivity at
higher temperatures (more than 80 ‘C) and low humidity
(less than 30% relative humidity), which seriously desto-
ryed the energy density and energy output of fuel cells [13].
Therefore, the development of PEMs with excellent compre-
hensive performance to replace the Nafion membrane had
become a hot spot in current research.

To solve the problems of perfluorosulfonic acid type
PEM, such as high cost, non-fluorosulfonic acid type PEMs
had been developed [14]. Among them, sulfonated aro-
matic polymer, which had excellent mechanical, chemical
and thermal properties, was low in cost and relatively easy
to prepare. Therefore the sulfonated aromatic polymer was
often used as a substitute for perfluorosulfonic acid type
PEM. They include: sulfonated polyphosphazenes [15], sul-
fonated polyimides [16, 17], sulfonated polyarylene ethers
[18], phosphorylated or sulfonated polybenzimidazoles [19,
20], and the like. Shanmugam et al. [21] directly copolym-
erize sulfonated fluoroketone monomer with 4, 4'-biphenol
to synthesize sulfonated polyether ketone. Xu et al. [22].
first synthesized a monomer with a sulfonic acid group, and
then copolymerized with 4-carboxyphenylhydroquinone and
bisphenol A to prepare polyarylether ketone sulfone with
different degrees of sulfonation. However, these polymers
exhibited lower proton conductivity than commercial mem-
branes because their hydrophilic phases are generally small
in size. Although a larger hydrophilic phase size could be
formed by increasing the sulfonation degree (DS) of the
polymer, thereby increasing the proton conductivity of
the membrane, a high DS value will inevitably cause the
polymer to easily absorb more water, leading The mem-
brane ruptured due to the impact of stress during the opera-
tion of the fuel cell. [23]. Recently, our groups reported a
method of grafting a sulfonated polyvinyl alcohol (SPVA)
to a polyimide via an ester bond to prepare a grafting mem-
brane [24]. Compared to Nafion117, the grafting membrane
exhibits higher proton selectivity. Athough SPVA graft-
ing polyimide membrane had some advantages, the ester
bond was inevitably hydrolyzed during battery operation,
resulting in a decrease in PEM stability. It was well known
that crosslinking of polymers was one of the methods to
improve the physical and chemical stability of PEM. Hui Na
et al. [25] reported that a sulfonated poly(aryl ether ketone)
containing double bonds was synthesized, followed by the
use of dithiol as a crosslinking agent to achieve polymer
crosslinking. As a result, the prepared crosslinked membrane
greatly reduced water absorption and swelling. Jusung Han
et al. [26] reported the preparation of a type of end-linked
cross-linked SPAES. First, a thiol-terminated SPAES and a
vinyl-containing polysulfone were synthesized, and then a
cross-linking membrane prepared by a click chemical reac-
tion showed improved oxidation stability compared to pure
SPAES. However, it was well known that the carbon—sulfur
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bonds are extremely susceptible to oxidation. As a result, the
oxidation stability of the membrane would be deteriorated
if the membrane was used for a long time. Therefore, it was
necessary to find a more resistant hydrolysis and oxidation
method.

In this work, cross-linking membrane with excellent
hydrolysis and oxidation resistance was attempted to pre-
pare by free radical reaction. First, vinyl capped sulfonated
poly(arylene ether sulfone) (VSPAES, the structure shown
in Scheme 1) was prepared and a vinyl group was intro-
duced into sulfonated polyvinyl alcohol (VSPVA, the struc-
ture shown in Scheme 2). Finally, a crosslinked sulfonated
poly(arylene ether sulfone) membrane (CSPAES) was pre-
pared through using the VSPAES and VSPVA through free
radical reaction. The advantages of the method could be
summarized as follows: 1) the crosslinked structures formed
by carbon—carbon bond was much more stable than that by
carbon—sulfur and ester bond, 2) forming a crosslinked net-
work structure through free radical reaction which was sim-
ple and easy to operate, 3) SPVA synergizes with SPAES to
enhance proton conduction, 4) the introduction of PVA was
expected to greatly improve the alcohol resistance, because
the PVA main chain contains a large amount of hydroxyl
groups and was easy to combine with water molecules in
the solution to effectively prevent methanol penetration
[27]. The methanol penetration in direct methanol fuel cells
was a bottleneck that hinders its development. In this paper,
some properties of the prepared membranes, such as proton
conductivity, methanol crossover, water absorption, swell-
ing, mechanical strength, oxidation resistance, and micro-
morphology, etc. were fully studied.

To our best knowledge, VSPVA containing vinyl group
and vinyl terminated VSPAES had been prepared for the first
time. It could be predicted that the combination of the two
structures may lead to a series of interesting results.

Experimental
Materials

Nafon117 membrane was obtained from Dupont Co (Amer-
ica). Dimethyl sulfoxide (DMSO), 4, 4'-difluorodiphenylsul-
fone (DFDPS) and 4, 4’-dihydroxybiphenyl (BP), bisphenol
A (BPA), K,CO;, 4-hydroxybenzaldehyde, 3-bromopropene
and deuterium reagent (DMSO-d, or CDCl;) were obtained
from Aladin Reagents Co. Ltd (Shanghai, China). Concen-
trated sulfuric acid, fuming sulfuric acid with 50 wt% of sul-
fur trioxide (SO3), ethyl acetate, NaCl, hexanes, 1-methyl-
2-pyrrolidone (NMP), azodiisobutyronitrile (AIBN),
p-toluensulfonic acid and PVA 1799 (degree of hydrolysis
of 99%) were purchased from Chengdu Kelong Reagents
Co. Ltd (Chengdu, China). All the solvents and chemicals
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Scheme 1 Synthesis of VSPAES

were used without further purification. 3, 3’-Disulfonate-4,
4'-difluorodiphenylsulfone (SDFDPS) was prepared from
DFDPS [28].
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Synthesis of vinyl sulfonated poly (arylene ether
sulfone) (VSPAES)

First, SPAES was synthesized by the typical polyconden-
sation (Scheme 1) using the BPA, DFDPS and SDFDPS
[29]. BPA (2.2829 g, 10 mmol), DFDPS (1.5255 g, 6 mmol),
SDFDPS (1.8333 g, 4 mmol), K,CO; (2.07 g, 15 mmol),
NMP (17 mL) and toluene (8.5 mL) were added to 100 mL
three-neck flask. After the addition, the mixture was stirred
at room temperature for 20 min to dissolve completely. Then
the mixture was kept at 140 “C for 3—4 h to remove water
from the system. The toluene was then completely removed
by vacuum distillation, and the temperature of the system
gradually increased to 190 °C and was kept at that tempera-
ture until a highly viscous solution was obtained. After the
solution was cooled, excess NMP was added to reduce vis-
cosity. The obtained solution was filtered to remove inor-
ganic salts. The polymer was obtained by pouring the solu-
tion into acetone and washed with acetone and deionized
water, respectively. Finally, the polymer was dried in 80 C
vacuum oven for at least 24 h. "H-NMR (400 MHz, DMSO-
dg, ppm): & 8.25 (s, 1H), 7.9 (s, 1H), 7.80 (s, 1H), 7.27 (s,
1H), 6.9-7.1 (m, Ar-H), 1.56 (s, 1H).

The end group of SPAES was modified into vinyl group
by a two-step nucleophilic substitution reactionto using BP
and bromopropene as end capping agents [30]. VSPAES
was synthesized as followed (Scheme 1): First, SPAES
(5 g, 0.08 mmol) and NMP (45 ml) were added to a 50 ml
completely dried threenecked round-bottomed flask and
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stirred at 60 °C. When SPAES was completely dissolved,
BP (0.06 g, 0.32 mmol) and K,CO; (0.09 g, 0.64 mmol)
were added. The reactants were refluxed under 160 °C for
at least 12 h. After the reaction was completed, the mixture
was cooled and poured into a lot of acetone. The white pre-
cipitate was filtered and washed with acetone and deionized
water, respectively. Finally, the OH-SPAES was obtained by
drying precipitate in 80 °C vacuum oven for at least 24 h.
The VSPAES was obtained by modifing the end group of
OH-SPAES using bromopropene. A 5 wt % solution of OH-
SPAES (4 g, 0.064 mmol) was obtained in a flask by using
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Fig. 1 'H-NMR spectrum of VSPAES in DMSO-d;
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NMP as the solvent. The mixture was completely dissolved,
K,COj; (0.036 g) and bromopropene (0.03 g, 0.256 mmol)
were added. The mixture reacted under 70 °C for 12 h.
Finally, VSPAES was obtained by precipitation polymer
solution and washing the polymer solid. The structure of
VSPAES could be confirmed by "H-NMR spectra as shown
in Fig. 1. The number-average molecular weight (Mn) and
weight-average molecular weight (Mw) of VSPAES meas-
ured with the GPC were 52,000 and 98,000 g/mol.

Synthesis of 4-(allyloxy)benzaldehyde

4-(Allyloxy)benzaldehyde was synthesized by a similar
method as previously described [31]. A typical procedure
could be described as follows: 4-hydroxybenzaldehyde
(5 g, 41 mmol), K,CO; (6.79 g, 49 mmol), bromopropene
(4.25 mL, 49 mmol) and anhydrous acetone (80 mL) were
added to 250 mL three-neck flask. The reactants were
refluxed and the course of reaction was observed through
thin layer chromatography (TLC) until complete reaction
of 4-hydroxybenzaldehyde (about 6 h). The filtrate was
filtered to remove K,CO; and concentrated under reduced
pressure. The crude product was extracted from ethyl ace-
tate three times and the organic layer was dried with anhy-
drous MgSO,. Following removal of the solvent by rotary
evaporation, the residue was pured by a silica gel column
chromatography with ethyl acetate/hexanes (v/v=1: 10) as
elution. Finally, a corlerless oil was obtained in nearly 90%
yield. The structure of 4-(allyloxy)benzaldehyde could be
confirmed by '"H-NMR spectra (as shown in Fig. 2). 'H-
NMR (400 MHz, CDCl5): d=10 (s, 1 H), 7.81 (d, J=8.8 Hz,
2 H), 7.02 (d, J=8.8 Hz, 2 H), 6.03 (m, 1 H), 5.41 (dq,
J=17.2,1.5Hz, 1 H), 5.29 (dq, J=12.0, 1.5 Hz, 1 H), 4.63
(dt,J=5.2, 1.4 Hz, 2 H).

Synthesis of VSPVA

First, SPVA is synthesized by the esterification of PVA
with H,SO, as followed (Scheme 2) [32]: PVA (5 g) and
deionized water (100 ml) were added into a 250 ml single
round-bottomed with stirring under 90 ‘C. When PVA was
completely dissolved, the mixture was cooled to below 0
C, H,SO, (60 g) was added dropwise into the flask. After,
the mixture was heated to 50 °‘C and maintained for 5 h. The
solution was cooled and slowly dripped into methanol. The
white precipitate was filtered and washed with methanol
thoroughly until the pH of solution become around 7. The
precipitate was collected and dried under vacuum at 40 ‘C
for all night.

VSPVA was synthesized by the acetal reaction of SPVA
with 4-(allyloxy)benzaldehyde [24] as followed (Scheme 2):
SPVA (1 g) and DMSO (20 ml) were added into a 50 ml
threenecked flask with stirring under 80 ‘C. When SPVA

was dissolved, p-toluensulfonic acid (0.1 g) and 4-(allyloxy)
benzaldehyde (0.36 ml) were successively added. The mix-
ture was heated to 80 °C for 8 h. The solution was cooled
and slowly dripped into methanol to isolate polymer. The
pH of solution was adjusted to 7-8 with NaOH. The VSPVA
was collected and washed with methanol thoroughly. Finally.
VSPVA was obtained by drying under vacuum at 60 “C for
24 h. The Mn and Mw of VSPVA are about 71,000 and
106,000 g/mol.

Preparation of SPAES, SPAES/SPVA and CSPAES-30
membranes

The CSPAES-30 (where 30 indicated the weight percent
of VSPVA compared with total weight) were prepared by
solution casting and free radical reaction containing AIBN
as an initiator [25]. The preparation of CSPAES-30 was
described as follows: VSPAES (0.42 g), VSPVA (0.18 g),
AIBN (0.018 g) and DMSO (3.4 g) were added into a peni-
cillin bottle with stirring. The uniform solution was cast onto
the clean glass plate and heated at 70-80 °C for 12 h. During
the heating process, the crosslinked structure of CSPAES-30
was formed by the free radical reaction between the vinyl
groups of VSPAES and VSPVA, respectively. SPVA/SPAES
composite membrane was prepared as followed: SPAES
(0.42 g), SPVA (0.18 g) and DMSO (3.4 g) were added into
a penicillin bottle with stirring. The solution was cast onto
the clean glass plate and dried to remove the solvent. The
fabrication method of the pure SPAES membrane was the
same as SPAES/SPVA membranes. All the membranes were
took down from the substrate by immersing in deionized
water. All the membranes were immersed in 1 M H,SO,
aqueous solution at 25 °C for 24 h to convert to an acid poly-
mer and immersed in deionized water for at least 24 h before
using.

Characterization and measurements

"H-NMR was tested by 400 MHz Unity INVOA 400 nuclear
magnetic resonance instrument using deuterated (CDCI; or
DMSO-dy) as a solvent and tetramethylsilane (TMS) as an
internal standard. FTIR was measured by Nicolet 560 FTIR
spectrometer of Nicolet company in the United States. The
molecular weight of SPAES was determined by Gel Permea-
tion Chromatography (GPC), using an Agilent 1100 column,
tetrahydrofuran (THF) as eluent and polystyrene standards
were used for calibration. Thermogravimetry analysis (TGA)
was carried out by DuPont TGA 2100 analyzer. Under nitro-
gen flow, the heating rate was 10 “C/min, and the stable range
was 100-800 “C. The morphology of some membranes were
determined with SEM (FEI quanta 250).
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The mechanical strength of the membranes were measured  The water uptake and swelling ratio of the samples were
by the 4302 universal material testing machine of Instron  evaluated by comparing the changes in weight and surface
company in the United Kingdom. The sample size was 4 X 1 area [33]. The dry membranes were cut into 2x2 cm? and
cm? of membrane and the tensile speed was 10 mm/min. The  placed into deionized water for 24 h (at 25 °C). After quickly
experimental data was the average of 3—5 samples. wiped off the excess water of samples, the changes in their
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weight and surface area were recorded. The water uptake
and swelling ratio of samples were evaluated with the fol-
lowing equation:

et

W, — W,
WU % = — 9 o 100%

dry

where W, and W, are the weights of the sample in wet
and dry state, respectively.

wet

A, — Ay,
v Y 100%
dry

SR% =

where A,,, and A, are the surface area of the wet and dry
samples, respectively.

lon Exchange Capacity (IEC)

The IEC value of samples was tested by the method of
acid-base titrationtitration [22]. The dried sample was
immersed in a saturated NaCl solution for 48 h to release
protons from the polymer. The phenolphthalein was then
used as an indicator and the solution was titrated with
0.05 M NaOH solution. NaOH solution is calibrated with
potassium hydrogen phthalate before use to obtain the actual
concentration. The IEC (mmol/g) was defined as the mil-
liequivalents of sulfonic groups per gram of dry membrane.
The formula for calculating IEC was shown as follows:

IEC = Vvaor X Cnaon
M,

where: M, was the dry quality of the membrane and
Cyuon and Vi, o were the molar concentration (mol/L) and
volume (ml) of the NaOH solution, respectively.

Chemical stability and hydrilysis stability

The chemical stability of the samples were evaluated by the
Fenton’s reagent (3 wt % H,0, aqueous solution and 4 ppm
FeSO,) test under 80 °C. The chemical stability of sample
was confirmed by recording T, and T,, which were the times
when the sample began to be degradated into pieces and
completely dissolved, respectively. The hydrolytic stability
was tested by soaking the membrane sample in hot water at
60 °C for 200 h. The hydrolytic stability of the membrane
was evaluated by recording the weight loss percentage of
the membrane.

Proton conductivity

Proton conductivity of the sample was confirmed by alter-
nating current (AC) impedance method [34]. The sample
was placed between two silver electrodes to form a loop

state. The ionic conductivity of the sample was tested with
a CHI660E electrochemical workstation (Shanghai Chenhua
Instruments Co., China). The AC perturbation was 5.0 mV
and frequency range was 1.0 Hz to 100 kHz. All the mem-
branes were soaked in 1 M H,SO, for at least 24 h and rinsed
thoroughly with distilled water. The proton conductivity (o)
of samples was determined by using the following equation:

d

c=—

RS
where: d and S were the thickness and surface area of

the samples, respectively. The R was the tested resistance
of the samples.

Permeability of methanol

The permeability of methanol of the samples was tested
through a glass diffusion cell. The device consisted of two
reservoirs with a capacity of 100 ml. They were separated
by a ion exchange membrane. At the same time, 100 mL of
2 M methanol solution and 100 mL of deionized water were
added to Room A and Room B, respectively. The Room A
and Room B were stirred simultaneously. Methanol concen-
tration within Room B was monitored at different time using
a gas chromatograph (Agilent 7820A). The methanol per-
meability of samples was confirmed by following method:

oo Vel dGy0
- A[Cy = Cp(n)]  dt

where: P was the methanol permeability cofficiency, Cy,
and Cy were the methanol concentrations of Room A and
Room B, respectively. A, L and V were the effective sur-
face area, thickness of membrane and volume of diffusion
cell, respectively. The proton selectivity of samples was con-
firmed by the ratio of 6 and P.

Results and discussion
Synthesis of VSPAES and VSPVA

The VSPAES with DS of 40 mol % was prepared accord-
ing to Scheme 1. At first, SPAES was synthesized through
a polycondensation reaction. Because the molar ratio of
sulfonated monomer to nonsulfonated monomer was
designed to be 4:6, the DS of SPAES was deemed to be
40 mol %. The M, and M,, of SPAES measured from the
GPC were 62,000 and 116,000 g mol~!, respectively. The
terminal group of the SPAES was transfered to the vinyl
group through a two-step termination process using BP
and bromopropene as end-capped reagents. At first, the
end group of the SPAES was transfered to the hydroxyl
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group by using BP as end-capped reagent. After that, the
end group of the OH-SPAES was transfered to the vinyl
group by using bromopropene as end-capped reagent. 'H-
NMR spectra of VSPAES was shown in Fig. 1. On the
TH-NMR spectrum of VSPAES, four small peaks at 7.60,
7.40, 7.05 and 6.80 ppm were attributed to the hydrogen
atoms on the BP units which were located at the end of
the polymer chain [35]. The three new peaks at 4.5, 5.2
and 6.0 ppm were attributed to the hydrogen atoms of p, r
and g, respectively, which indicates that a vinyl group was
introduced into SPAES [36].

The synthesis of VSPVA was prepared by a simple
three-step process. Frist, PVA is sulfonated by H,SO, as a
sulfonating reagent to obtain SPVA. Second, p-hydroxy-
benzaldehyde and bromopropene reactions with acetone as
solvent and the course of reaction was observed through
TLC until complete reaction of 4-hydroxybenzaldehyde.
The raw product was puried through a silica gel column.
The chemical structures of 4-(allyloxy)benzaldehyde was
confirmed by 'H NMR and '*C-NMR spectra (Fig. 2). All
the characteristic peaks of hydrogen and carbon atoms
are perfectly assigned, indicating that 4-(allyloxy)benza-
ldehyde is successfully synthesized. Finally, 4-(allyloxy)
benzaldehyde and SPVA were subjected to acetalization
to prepare VSPVA. '"H-NMR spectrum confirmed that the
acetal rate of 4-(allyloxy)benzaldehyde was controlled at
6% through comparing with the areas of peak at 6.2 ppm
assigned to the proton of 3 and 1.5 ppm assigned to the
proton of 11, respectively (Fig. 3). Above results indicated
the successful preparation of VSPAES and VSPVA.

SO;Na

7,8,9

O OH OH OH 070

solvent

11

ppm

Fig.3 'H-NMR spectrum of VSPVA in DMSO-d,
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Preparation of CSPAES-30 and FTIR analysis

The CSPAES-30 membrane were prepared through solution
casting and heating process by using the DMSO as solvent
of the VSPAES and VSPVA and a bit of thermal initiator
(AIBN). The FTIR spectra of VSPAES, PVA, VSPVA and
CSPAES-30 are presented in Fig. 4. For VSPVA, the peaks
centered at 3330 cm™! and 2940 cm™! were assigned to the
-OH stretching vibration and the CH, symmetrical stretch-
ing vibration, respectively. The new peaks at 1515 and
1586 cm™! were assigned to the vibration of benzene ring
of VSPVA. Compared to pristine PVA, new two absorption
bands 1185 cm™! and 1020 cm™! attributed to the stretch-
ing vibration of O =S =0 of sulfonic acid groups [37].
This shown that PVA was successfully sulfonated. The new
peak at 917 cm™! was attributed to the vibration of the allyl
groups showed that C=C bond was induced into VSPVA
and VSPAES [38]. After free radical reaction, this peak at
917 cm™! was almost disappeared as in the FT-IR spectrum
of CSPAES-30. The above results indicated that CSPAES-30
was successfully prepared.

Oxidative and hydrolytic stability

It was important for PEMs to possess excellent chemial
stability [39]. So, Fenton reagent (contained some free
radicals such as -OH, -OOH) test was conducted to eval-
uate the oxidative stability of the samples. Figure 5a
showed that the chemical stability of the SPAES, SPAES/
SPVA and CSPAES-30 membranes determined by record-
ing the T, and T,. The T, of CSPAES-30, SPAES/SPVA
and SPAES membrane was 170 min, 110 min and 80 min,
respectively. The T, of CSPAES-30, SPAES/SPVA and
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Table 1 Mechanical properties and hydrilysis stability of SPAES, —_SPAES
SPAES/SPVA, CSPAES-30 and Nafion 117 membranes 90 4 —  SPAES/SPVA
Sample Thickness Tensile strength Elongation Hydrilysis el Z 1
stability 80
(hm)  (MPa) (%) (%) s
g 70
SPAES 85 49 20 0.85 2 ]
SPAES/SPVA 95 75 91 1.5 =
CSPAES-30 90 91 47 12 s
Nafion 117 170 41 200 <0.1

SPAES membrane was 230 min, 150 min and 80 min,
respectively. Figure Sa clearly shown that the SPAES/
SPVA and CSPES-30 membranes were much more stable
than pure SPAES membrane under the same condition.
Compared to SPAES membrane, oxidative stability of
SPAES/SPVA membrane increases because the introduc-
tion of SPVA results in more hydrogen bonding interac-
tions within the molecules. Compared to SPAES/SPVA
membrane, oxidative stability of CSPAES-30 membrane
increases because the form of crosslinked structure [40].
The results indicated that the crosslinked membrane pre-
pared by the radical initiated reaction greatly improves
the oxidation stability.

The hydrolytic stability of the membranes was tested
by immersing the membrane in hot water at 60 “C for
200 h to record the weight loss percentage as shown in
Table 1. The weight loss percentage of SPAES, SPAES/
SPVA and CSPAES-30 is 0.85%, 1.5% and 1.2%, respec-
tively. The introduction of SPVA led to a slight decrease
in the hydrolytic stability of SPAES and crosslinking can
improve the hydrolysis stability of SPVA.

50

40 T T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

Fig.6 TGA curves of SPAES, SPAES/SPVA and CSPAES-30 mem-
branes

Mechanical property and thermal stabilities

The mechanical properties of the samples were shown in
Fig. 5b and Table 1. The tensile strength and elongation at
break values of Nafion 117 membrane were 41 MPa and
200%, respectively. It was clear that all membranes had
higher tensile strength than Nafion117 membrane. The pure
SPAES membrane exhibited tensile strength and elongation
at break values of 49 MPa and 20%. Compared with SPAES,
SPAES/SVA exhibited higher tensile strength and elongation
at break, reaching 75 MPa and 91%, respectively. This was
due to the introduction of SPVA resulting in more hydrogen
bonding interactions between the polymer chains. Compared
with SPAES and SPAES/SPVA, CSPAES-30 exhibited high-
est tensile strength and lower elongation at break, 75 MPa
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and 91% because CSPAES-30 membranes had the struc-
ture of cross-linking, which can inhibit the movement of
the polymer chain.

Thermal stability of the samples in the acid form was
measured by TGA under N, atmosphere. The TGA curves
of SPAES, SPAES/SPVA and CSPAES-30 membranes
were shown in Fig. 6. It could be seen that all the samples
displayed three weight loss stages. Clearly, all the samples
exhibit mass loss about 100 ‘C, which could be assigned
to the loss of moisture and solvent of membrane. For the
SPAES membrane, the second stage (280-400 C) shown
the weight loss of the sulfonic acid groups. The third stage
(400-500 °C) shown the decomposition of the backbone of
SPAES. The SPAES/SPVA and CSPAES-30 membranes
shown a similar behavior, the evaporation of moisture and
solvent at about 100 °C. The second stage (220-380 “C)
shown the decomposition of the hydroxyl groups of SPVA
and sulfonic acid groups of SPVA and SPAES. The third
step (400-500 “C) shown the decomposition of the back-
bone of SPVA and SPAES. It is worth noting that the mass
residual rate of CSPAES-30 at 800 ‘C is significantly higher
than that of SPAES and SPAES/SPVA, which is caused by
the introduction of benzene ring in VSPVA. The result of
TGA indicated better thermal stability of the crosslinked
membrane than SPAES/SPVA membrane.

IEC, water uptake and swelling ratio

IEC value was closely related to the number of protons that
could be exchanged in the proton exchange membrane. For
SPAES membrane, the total IEC of the membrane resulted
from the sulfonic groups of main chain of SPAES. But for
SPAES/SPVA and CSPAES-30, the IEC of the samples
resulted from the sulfonic groups of main chain of SPAES
and SPVA. The IEC value of the SPAES, SPAES/SPVA,
CSPAES-30 and Nafion117 membranes was shown in
Table 2. The IEC values of CSPAES-30 and SPAES/SPVA
membranes showed decreasing trend compare with SPAES
membrane. The highest IEC was assigned to SPAES mem-
brane (1.4 mmol/g). The introduction of SPVA resulted in a
decrease in IEC because the main chain of SPVA had a much
lower sulfonic acid group content than SPAES, resulting in

Table2 IEC, swelling ratio and water uptake of SPAES, SPAES/
SPVA, CSPAES-30 and Nafion 117 membranes

Sample IEC WU SR
(mmol/g) (%) (%)
SPAES 1.4 28.6 10.5
SPAES/SPVA 1.1 33 12.8
CSPAES-30 0.95 25.8 10.2
Nafion 117 0.89 9.5 13.1
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less IEC. Compared with SPAES/SPVA, the IEC value of
CSPAES-30 was slightly reduced because the presence of
crosslinked structure makes the sulfonic acid group difficult
to move.

Water uptake and swelling ratio will affect the dimen-
sional stability of the membrane in the working state. Water
molecules were used for facilitating acid dissociation, thus
transporting proton. However, excessive water absorption
and swelling could cause the dimensional stability and
mechanical property of the membrane to decrease, which
was detrimental to the operation of the PEM. Therefore,
proper water absorption was very important for the stabil-
ity of the membrane. As shown in Table 2, all membranes
exhibited moderate water uptake with the largest value being
less than 35%, indicating their good dimensional stability.
With an introduction of SPVA, the water uptake dramati-
cally increased for all the membranes. This was because the
PVA backbone contains a large amount of hydroxyl groups
which were hydrophilic groups. After soaking in deionized
water for 24 h at room temperature, the water absorption
and swelling ratio of SPAES/SPVA membrane reached the
maximum, 33% and 12.8% respectively. This was mainly
because hydrophilic sulfonic acid groups and hydroxyl
groups of SPVA. Compared to Nafionl17 membrane, all
membranes significantly increased water absorption, which
would facilitate the conduction of protons within the mem-
brane. It was worth noting that CSPAES-30 membrane had
the lowest water absorption and swelling ratio, 25.8% and
10.2%, respectively, even lower than SPAES. Crosslink of
SPVA and SPAES greatly inhibited the movement and swell-
ing of the polymer chain. Obviously, Crosslinking SPVA and
SPAES did not obviously reduced proton conduction while
increasing the dimensional stability of the membrane.

Morphological study

The properties of membrane were related to their microstruc-
tures. The microstructure and the dispersion of microphase
within membrane were evaluated by SEM. The SEM pho-
tomicrographs of SPAES, SPAES/SPVA and CSPAES-30
membranes were shown in Fig. 7. Clearly, all of the sam-
ples shown a homogenous structure, which indicated that no
phase separation occurs in both SPAES and SPVA. Predict-
ably, the cross section of neat SPAES was smooth, as shown
in Fig. 7a. However, the cross section of SPAES/SPVA and
CSPAES-30 membranes appear rougher than pure SPAES
membrane because of the introduction of SPVA, as shown
in Fig. 7b, c. This results from the decreased crystallinity
of SPVA lead to the toughness fracture in the membrane. It
was noted that the cross section of CSPAES-30 appears to
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Fig.7 SEM photomicrographs of the cross section of (a) SPAES, (b)
SPAES/SPVA and (c) CSPAES-30 membranes

be more rough than SPAES/SPVA membrane, which was
caused by the formation of a crosslinked structure between
SPAES and SPVA [26]. The results of SEM could fully

Table 3 Proton conductivity, methanol permeability and proton sele-
civity of SPAES, SPAES/SPVA, CSPAES-30 and Nafion117

sample P c S

(107 em™2s7h (mS cm™") (10* S s cm™)
SPAES 8.5 29 34
SPAES/SPVA 5.1 22 4.3
CSPAES-30 2.8 13 4.6
Nafionl17 14.1 34 2.4

demonstrate that obvious phase separation did not occur in
both SPAES/SPVA and CSPAES-30 membranes.

Proton conductivity, methanol permeability
and protn selecitivity

The proton conductivities (o), permeability of methanol
(P) and proton selectivity (S) of the SPAES, SPAES/SPVA,
CSPAES-30 and Nafionl17 membranes were shown in
Table 3 at 25 °C and 100% RH conditions, respectively. In
the study of methanol fuel cells, the alcohol resistance of
PEMs was one of the most important parametere. Methanol
infiltration could cause a certain energy loss caused by self-
discharge of the battery and reduce the energy efficiency
of the battery. It was well known that methanol penetration
of Nafion117 membrane was severe (14.1x 107’ cm? s7h.
Obviously, all membranes showed lower methanol perme-
ability than Nafion 117 membrane. For example, SPAES
membrane with the highest methanol permeability coeffi-
cients was 8.5 % 10”7 cm? s~!, which was lower than Nafion
membrane. Compared with SPAES membrane, the SPAES/
SPVA and CSPAES-30 membranes had lower methanol
permeability, which were 5.1 x 10”7 cm? s™! and 2.8 x 107
cm? 57!, respectively. Clearly, the introduction of SPVA hin-
dered the methanol crossover prominently. This was because
the PVA main chain contains a lot of hydroxyl groups which
was easy to combine with water molecules in the solution to
effectively prevent methanol penetration. It was noted that
CSPAES-30 membrane had lowest methanol permeability
coefficients (2.8 x 1077 cm? s™1), which might be attributed
to the lower water uptake and the existence of crosslinking
network.

The proton conductivities of membranes were above 10
mS cm™!, which indicated that it basically meet the needs
of fuel cells [22]. Compared with SPAES membrane, the
introduction of SPVA led to a decrease in the proton con-
duction of the membrane, which was due to the number of
sulfonic acid groups in the SPVA backbone was much less
than SPAES. Compared with SPAES/SPVA membrane, the
proton conduction of CSPAES-30 membrane decreased due
to the presence of the crosslinked structure, which limited
the movement of the sulfonic acid group.
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Fig. 8 The relative selectivity

16

of the SPAES, SPAES/SPVA,
CSPAES-30 and Nafion117
membranes
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PEMs needed to strike a balance between proton con-
ductivity and methanol permeability to effectively improve
battery performance. The relative selectivity of the SPAES,
SPAES/SPVA, CSPAES-30 and Nafion117 membranes were
shown in Fig. 8. The proton conductivity of SPAES, SPAES/
SPVA and CSPAES-30 membranes was slightly lower than
Nafion117 membrane, but they showed much lower metha-
nol permeability than Nafion117 membrane. Therefore, their
proton selectivity was higher than Nafionl17 membrane,
especially, proton selectivity of CSPAES-30 membrane
(4.6x10* S s cm™>) was almost twice higher than that of
Nafion117 membrane (2.4 x 10* S s cm™). It was confirmed
that end group cross-linking SPAES and SPVA was a effi-
cient method to increase the proton selectivity.

Conclusions

For the first time, VSPVA containing vinyl group and vinyl
terminated VSPAES had been prepared. The VSPVA and
VSPAES were crosslinked by adding AIBN as initiator.
The crosslinked membrane CSPAES significantly improved
physicochemical stability. The proton conductivities of
membranes were above 10 mS cm™!, which indicated that
it basically meet the needs of fuel cells. All membranes
displayed a lower methanol permeability than Nafion 117
membrane. Moreover, the SPAES/SPVA and CSPAES mem-
branes exhibited better mechanical strength and higher pro-
ton selectivity than neat SPAES and Nafion 117 membranes.
Especially, the proton selecticity of CSPAES-30 was close
to 2 times higher than that of Nafion 117 membrane. We

@ Springer
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strongly believed that crosslinked membrane CSPAES was
expected to be promising candidate PEM applied in direct
methanol fuel cell.
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