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Abstract

In this paper, we report a novel type of anion exchange membrane, which was synthesized by polysulfone modification with N-
methyl diallylamine, whose allyl group enabled subsequent graft copolymerization of 4-vinylbenzyl chloride (VBC) and styrene
(ST); quaternization was achieved with N-methylmorpholine (Mm). By controlling the amount of VBC and ST, a series of
grafted side chain-type anion exchange membranes, MmOH-PSf-VS-x (x standing for VBC content), was prepared. Attributed to
good microphase separation, the MmOH-PSf-VS-12 membrane exhibited a high conductivity of 33.71 mS cm ™" at 20 °C, which
is 34% higher than that of the N-methylmorpholine quaternized polysulfone membrane without side chains (MmOH-PSf) at a
similar ion exchange capacity (IEC). Moreover, the swelling resistance and mechanical properties of the membranes were also
improved with the side chain grafting. Our work provides a new route to fabricate side chain grafted anion exchange membrane

(AEM).
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Introduction

Energy is especially important for the progress and develop-
ment of human society. The main energy sources nowadays
are fossil based, including petroleum, coal, and natural gas.
However, the fossil fuels are limited and non-renewable, so it
is necessary to develop alternatives to supplement and replace
traditional fossil energies [1, 2]. Recently, fuel cells have been
attracting intensive attention as a type of clean and efficient
energy conversion technology; among them, proton exchange
membrane fuel cells (PEMFCs) have been applied in laptop
computers, bicycle, and mobile phones because of their high
power density and low operating temperature, but the use of
expensive platinum catalyst has become the main obstacle to
their widespread application and commercialization [3—5]. In
contrast, the alkaline anion exchange membrane fuel cell
(AEMFC) shows enhanced redox reaction Kinetics under the
basic operating condition, and therefore does not rely on noble
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metals (Pt, Pd) as catalysts, which makes it a promising next
generation energy technology [6—13].

As the core component of AEMFCs, the alkaline anion
exchange membrane (AEM) separates the anode and cathode
to avoid short circuit and meanwhile allows OH ™ transport
between them[14]. Currently, the main challenges of AEM
development lie in its low conductivity and poor alkaline sta-
bility [15, 16]. To date, abundant efforts have been made to
explore different cationic groups as the hydroxide ion ex-
change sites, including quaternary ammonium [17],
guanidinium [18], phosphonium [19], piperidinium [20],
morpholinium [21], imidazolium [22, 23], etc. Among these
cation structures, piperidinium and pyrrolidinium are consid-
ered the most stable under alkaline condition [23-25], and for
morpholinium, its oxygen atoms may build hydrogen bonds
with water molecules, making the AEM more hydrophilic and
more conductive [21, 26].

Apart from cation structure, the AEM property is also
closely related to its ion exchange capacity (IEC) and the
degree of microphase separation [27], the latter being able to
provide pathways for ion transport. The main method to in-
crease IEC is to increase graft density of cationic groups, but
the AEM with high number of cationic groups directly teth-
ered to the polymer backbone will suffer from backbone scis-
sion by prolonged hydroxide ion attack [28, 29]. So more and
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more researchers tried to place the cation groups on side
chains, making use of the difference between hydrophobic
backbone and hydrophilic side chains to induce microphase
separation and construct ion-conducting channels [11, 14, 27,
30, 31]. The microphase separated morphology of AEMs is
typically achieved by designing multication side chain [11,
32-35] and comb-shaped [23, 31, 36] architectures. For in-
stance, Hickner et al. reported side chain AEMs of multiple
cations, where obvious hydrophilic-hydrophobic phase sepa-
ration was observed from small angel X-ray scattering pat-
terns and transmission electron microscopy images, and the
membrane with three cations per side chain exhibited a high
conductivity of 99 mS cm ™' at room temperature [35]. Xu
et al. synthesized a comb-shaped AEM bearing locally and
densely cation-functionalized side chains, which showed a
microphase-separated morphology with nano-sized ionic clus-
ters, and the resultant membrane exhibited high conductivity
up to 0.1 S cm ™' at 80 °C [31].

Herein, we report the design and fabrication of a novel side
chain-grafted AEM through an allyl route. The membrane was
obtained by N-methyldiallyl amine modification of
polysulfone and subsequent copolymerization of the allyl
group with vinylbenzyl chloride (VBC) and styrene (ST);
quaternization was achieved by the Menshutkin reaction be-
tween the chloromethyl group (from VBC) and N-
methylmorpholine. This method is advantageous over the
conventional VBC-based strategy, because the latter requires
an ATRP (atom transfer radical polymerization) process
which involves the use of catalyst and ligand. The addition
of ST in the side chain grafting reaction is to tune the IEC of
the membrane. By changing the feedings of VBC and ST
proportionately, a series of side chain-grafted AEMs with dif-
ferent IECs were fabricated, which showed distinct
hydrophilic-hydrophobic microphase separated morphology.
Other properties, such as conductivity, stability, water uptake,
etc. have also been studied.

Experimental details
General procedures and materials

Udel P-3500 Polysulfone (PSf) was supplied by Amoco
Performance Products, Inc. Styrene (ST), 2,2'-Azobis(2-
methylpropionitrile) (AIBN), N-methylmorpholine,
vinylbenzylchloride (VBC), and N-methyldiallylamine were
purchased from Aladdin Industrial Inc. Chloromethyl octyl
ether (CMOE) was synthesized according to the literature
[27]. All other chemicals such as N-methyl-2-pyrrolidolone
(NMP, AR), sodium hydroxide (NaOH, AR), 1,2-dichloro-
methane (CH,Cl,, AR), dimethyl sulfoxide (DMSO, AR),
and anhydrous tin chloride (SnCl,) were commercially obtain-
ed and used as received.
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Fabrication of the side chain grafted anion exchange
membrane

PSf was chloromethylated following a literature method [27].
Next, 10-g chloromethylated PSf (or CMPSf) was dissolved
in 150-mL NMP to make a solution, to which N-methyl
diallylamine was added with the molar ratio of N-methyl
diallylamine: CMPSf = 8:1. The mixture was stirred at 40 °C
for 4 days and then precipitated in ethyl acetate. After repeated
washing with ethyl acetate and filtering, the obtained solid
(NPSf) was dried at room temperature for 48 h.

A total of 2-g NPSf was dissolved in 20-mL NMP in a
100-mL three-necked flask, and then VBC and ST were added
(the molar ratio of NPSf: VBC: ST was 1:6:3 or 1:12:6). In
order to remove water and oxygen in the reaction system, the
flask was degassed and refilled with nitrogen gas for three
times. Then AIBN was added to the reaction system quickly
under the protection of nitrogen. After 24 h reaction at 65 °C,
the mixture was cooled at room temperature and precipitated
in ethyl acetate drop by drop. The resulting yellow solid was
washed repeatedly and centrifuged for product collection.
Finally, the product NPSf-VS-x (x =6 or 12, representing
the molar ratio VBC:NPSf) was dried at room temperature
for 48 h.

The quaternization was implemented through NPSf-VS-x
reacting with N-methyl- morpholine. Typically, 0.2-g NPSf-
VS-x was dissolved in 4-mL DMSO, then N-
methylmorpholine was added in slightly excess. The mixture
was stirred at 80 °C for 24 h, and the resultant MmCI1-PS{-VS-
x solution was cast onto a clean glass plate with the size of
6 X 6 cm, then one dropper was used to make the solution
spread evenly on the glass plate and dried at 60 °C for 24 h to
obtain a uniform and transparent membrane. The MmCI-PSf-
VS-x membranes were immersed in 1 M NaOH solution at
room temperature for 24 h to obtain MmOH-PSf-VS-x mem-
branes. Finally, all the membranes waiting test were stored in
deionized water (DI) water in a sealed container. The thick-
ness of the final membranes was 60 £5 pum.

Fabrication of the main chain type anion exchange
membrane

The main chain type of anion exchange membrane (MmOH-
PSf) was prepared as a control. The preparation is as follows:
0.15-g CMPSf was dissolved in 3-mL NMP, then N-
methylmorpholine was added (the molar ratio of CH,CI to
N-methylmorpholine is 1:3); after stirring at 80 °C for 24 h,
the MmCI-PSf solution was centrifuged to remove insoluble
impurities. Then the solution was cast onto a clean glass plate
and dried at 60 °C for 24 h. The membrane obtained was
treated 1 M NaOH solution at room temperature for 24 h.
The subsequent treatments are the same as the MmOH-PSf-
VS-x membranes.
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Characterization and measurement
Spectroscopy

The polymers and membranes were characterized by 'H NMR
and Fourier transform infrared spectroscopy (FTIR). The 'H
NMR was implemented on a Bruker AVANCE III HD 500
spectrometer at a resonance frequency of 500 MHz; CDCl; or
deuterated DMSO was used as the solvent and
tetramethylsilane (TMS) as the internal standard. Fourier-
transform infrared (FTIR) spectra were recorded on a
Lambda-950 spectrometer with the wave number range of
500-4000 cm .

lonic exchange capacity (IEC)

The ion exchange capacity of the membrane was measured by
back titration. The dry membrane with known weight was
immersed in 20 mL 0.01 M HCI solution for 24 h at room
temperature. Then 0.01 M NaOH solution was prepared and
phenolphthalein was used as indicator to titrate residual HCI.
The calculation of IEC follows the formula:

IEC = (Cua1Vua—Craon Vnaon ) / Wary

where Cy and Cy,op are calibrated concentrations of HCI
and NaOH respectively, while Vi and Vy,op are the volume
of HCl solution consumed before titration and the volume of
NaOH solution consumed during back titration.

Water uptake and swelling ratio

The membrane waiting for testing was stored in degassed
deionized water. The length (L., of the wet sample was
measured under the condition of full hydration and the weight
(Wywep) Was measured after wiping the water on the surface of
the sample with absorbent paper. Then the sample was dried in
a vacuum oven at 50 °C for 24 h; the weight (W) and the
length (Lgry) of the dry sample were measured again. Water
uptake (WU) and swelling ratio (SR) were obtained by the
following formulas:

WU = (WaeWay) /Wy
SR = (Lwet_Ldry) /Ldry7

respectively, where Wy, and Wy, represent the weight of the
sample before and after drying,Lwet = Lwet] x Lwet2'? and
Lgry = Lary1 % Ldryzl/ 2 are the average length of the wet and
dried samples, respectively; Lye and Ly are the length
and width of wet sample, Lgry; and Ly, are the length and
width of dry sample, respectively.

Hydroxide conductivity

The conductivity test was carried out using traditional four-
electrode electrochemical impedance spectroscopy (EIS)
method on an Ivium-n-Stat N27133 electrochemical worksta-
tion with the frequency ranging from 10° Hz to 1 Hz. The
membrane was cut into 4 x 1 cm” samples. During the test,
the sample was placed between the upper and lower blocks of
the testing mold, which was immersed in the deionized water.
The conductivity (o) is acquired by:

o = L/(RA),

where L represents the distance (in cm) between two platinum
wires in contact with the sample, R is the resistance (in Ohm)
obtained from EIS curve, and A represents the surface area of
the membrane sample.

Alkaline stability

The method to investigate alkaline stability is based on con-
ductivity or IEC of the membranes after treatment in 1 M
NaOH solution at 60 °C for different times. NaOH solution
was refreshed every 2 days. The alkaline stability is assessed
by comparing the conductivity or IEC before and after the
alkaline treatment.

Thermal stability and mechanical properties

A Mettler Toledo thermogravimetric analyzer was used for
thermogravimetric characterization. The temperature range is
30~ 800 °C with a heating rate of 10 °C/min and the heating
ambience is N,. The mechanical properties of the wet mem-
brane were tested using a SANS electronic tensile tester in the
air, and the tensile rate was 10 mm/min.

Morphology study

Morphology of the membranes were studied by using trans-
mission electron microscopy (TEM) and small angel X-ray
scattering (SAXS). For TEM, a dilute DMSO solution of the
membrane sample was prepared, and a drop of the solution
was applied onto the copper mesh, which was then dried at
60 °C for 24 h to remove the solvent and soaked in | M NaOH
solution for 24 h to finish alkaline exchange. Then the copper
mesh with membrane sample was washed with DI water for
several times, soaked in a KI solution for 24 h, washed again
with DI water to remove KI and dried in a vacuum oven at
50 °C for 24 h. Finally the sample was characterized using
transmission electron microscopy.

The SAXS characterization was implemented to confirm
the occurrence of microphase separation. The membrane sam-
ple (wet) was tested on D/Max-2400 powder X-ray scatterer.
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The range of measurement angle was 0—5° and the rate was 17/
min. Scattering vector “q” and Bragg spacing “d” are calcu-
lated from the following formula. q=4msin 6/ and d =27/g,
where 20 represents the scattering angle and A =0.154 nm
represents the scattering wavelength.

Results and discussion
Synthesis and structure characterization

The preparation of N-methylmorpholinium side chain grafted
membrane (Mm-PSf-VS-x) is shown in Scheme 1. First,
chloromethylated polysulfone (CMPSf) was functionalized
with N-methyldiallylaminium, which then underwent free
radical copolymerization with vinylbenzylchloride (VBC)
and styrene (ST) via the allyl group. The resulting N-PSf
was then quaternized with N-methylmorpholine to give
MmCI-PS{-VS; finally, the membrane was treated with
NaOH for alkalization.

The 'H NMR spectra of CMPSf, N-PSf and N-PSf-VS-
12 are shown in Fig. 1. The chemical shift at 4.46 ppm
(He) corresponds to the —CH,Cl group, which confirms
successful synthesis of CMPSf (Fig. 1a), whose degree of
chloromethylation was 78% according to the peak area

fOH

Scheme 1 Synthesis of the
MmCI-PSf-VS

foﬂ_

[22]. Figure 1b is the "H NMR spectrum of N-PSf. It can
be clearly observed that there are chemical shifts at
5.58 ppm (H;;) and 6.09 ppm (H;q), which are the allyl
proton signals of N-methyldiallylamine; the shifts at
2.89 ppm (Hg) and 3.88 ppm (Hy) correspond to the methyl
and methylene groups on N-methyldiallylamine, respec-
tively. All the above chemical shifts are assigned according
to literature information [37], which proved the successful
synthesis of N-PSf.

Figure 1¢ shows the "H NMR spectrum of the polymer N-
PSf-VS-12. Compared with Fig. 1b, new signals appear at
1.17 ppm (H,¢:, Hyy-, and H,,), which correspond to methy-
lene groups on the VBC-ST side chain [38—40]. The signals at
1.44 ppm (H;3) and 4.65 ppm (H, ) are assigned to protons of
the methine on the side chain and —CH,Cl of VBC [31,
41-43], respectively. Characteristic signals corresponding to
the allyl groups of N-PSf are still present at 6.07 ppm (H;)
and 5.58 ppm (H;;) because such groups were not fully
reacted due to steric hindrance effect.

The N-PSf-VS-x polymer was quaternized by reacting
with N-methylmorpholine. Figure 2 presents the "H NMR
spectra of MmCI-PSf-VS-12 in comparison with MmCl-
PSf, which does not have the side chains. In addition to
those shown in Fig. 1, the signal at 3.07 ppm (Ha) corre-
sponds to the methyl group of N-methylmorpholinium
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Fig. 1 "H NMR spectra of
CMPSf a, N-PSfb and N-PSf-
VS-12 ¢
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(Fig. 2a); the signals at 3.54 ppm (Hc) and 2.33 ppm (Hb)
correspond to the methylene close to O and N of N-
methylmorpholine, respectively, which indicate the suc-
cessful synthesis of MmCI-PSf-VS-12. Also in Fig. 2b,
the signals at 3.51 ppm (H3), 2.34 ppm (H,) and
3.14 ppm (H;) confirm the structure of MmCI-PSf synthe-
sized as a control.

Water uptake (WU), swelling ratio (SR), and IEC

Water uptake, swelling ratio, and IEC are three closely related
parameters which reflect the membrane performance. As is
well known, the water molecules in the membrane can effec-
tively promote the transport of OH via a vehicular mecha-
nism, while excessive water will reduce the transport rate of

OH  due to a dilution effect, and the mechanical strength of
the membrane will also be affected due to higher swelling
ratio.

As seen from Table 1, the ungrafted NPSf membrane
possesses a relatively low IEC (0.89 mmol g '), water up-
take (31.87%), and swelling ratio (18.39%). When grafted
with VBC and ST at a ratio of N-PSf:VBC:ST =1:6:3, the
resulting membrane (MmOH-PS{-VS-6) showed a signifi-
cantly higher IEC of 1.55 mmol g ' because the VBC-ST
side chains provide multiple chloromethyl sites which can
introduce more cationic groups as shown in Fig. 3. At the
same time, the cationic groups caused higher water uptake
(113%) and swelling ratio (29%) of the membrane. When
increasing the feedings of VBC and ST (NPSf:VBC:ST =
1:12:6), the resultant membrane, MmOH-PSf-VS-12
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Fig. 2 "H NMR spectrum of
MmCI-PSf-VS-12 a and MmCl-
PSfb
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showed a further increased IEC of 1.65 mmol gfl, indicat-
ing that more VBC and ST were grafted to the side chain.
Meanwhile, the water uptake and swelling ratio increase
consistently with IEC.

It is noteworthy in Table 1 that the MmOH-PS{-VS-12
membrane exhibits lower water uptake (130% vs 182%) and
lower swelling ratio (33% vs 57%) compared with the
MmOH-PSf membrane which the cationic group is directly
connected to the main chain at similar IEC, indicating that
MmOH-PS-VS-12 membrane possesses better anti-swelling
property. This is probably because the continuous hydropho-
bic domains formed by microphase separation, as will be seen
in the subsequent section, can inhibit excessive water uptake
of the membrane, and the lower grafting density of main chain
is also beneficial to enhance the anti-swelling property of
MmOH-PSf-VS-12. In addition, the un-quaternizable ST
units in the VBC-ST side chain may play some role in
inhibiting swelling.

Microphase separation

Microphase separation is very important for the anion ex-
change membrane. The separation of the hydrophilic—
hydrophobic microphases can not only form larger hydrophil-
ic channels for OH  transport but also achieve better manage-
ment of water molecules. The interconnected hydrophilic do-
mains contribute to membrane conductivity, and continuous
hydrophobic domains inhibit swelling of the membrane. In
order to observe the microphase separation, the MmOH-PSf-
VS-12, MmOH-PSf-VS-6, and MmOH-PSf membranes were
characterized by transmission electron microscopy (TEM).
Figure 4 shows the TEM micromorphology of different mem-
branes, where the darker and brighter areas in the images
correspond to hydrophilic domains and hydrophobic domains,
respectively.

It is observed from Fig. 4a that in the TEM of MmOH-PSf
membrane, small dark dots are scattered evenly throughout

Table 1 Water uptake, swelling ratio, and IEC at room temperature

Membrane IEC(mmol gfl) Water uptake(%) Swelling ratio(%)
NPSf 0.89 +0.15 31.87 £ 0.50 18.39 + 0.50
MmOH-PS{-VS-6 1.55+£0.19 113.22 + 1.00 28.86 + 0.88
MmOH-PS{-VS-12 1.65 +0.10 129.84 £ 1.23 32.87 £ 1.05
MmOH-PSf 1.63 + 0.09 181.82 + 1.90 57.08 + 1.53

@ Springer



lonics (2020) 26:1939-1950

1945

Fig. 3 Schema of pre-grafting
and post-grafting

the whole area, which indicates that there is insignificant ag-
gregation of cationic groups in the MmOH-PSf membrane,
because the cationic groups directly connected to the main
chain have lower mobility. When the main is grafted with
VBC-ST side chains carrying cationic groups, the difference
between hydrophobic backbone and hydrophilic side chain
and higher mobility of side chain will induce distinct micro-
phase separation. So compared with MmOH-PSf, the
MmOH-PS{-VS-x membranes (Fig. 4b Fig. 4c) show larger
hydrophilic domains, and form interconnected ion transport
channels. In addition, the MmOH-PS{f-VS-12 membrane
(Fig. 4c) undergoes more distinct microphase separation than
MmOH-PS{-VS-6 (Fig. 3b); this is because its longer flexible
side chain increases cation mobility. This is also why the
MmOH-PSf-VS-12 membrane and MmOH-PS{ membrane
have approximately the same IEC, but their micromorphology
is very different, and forcedly highlights the superiority of the
VBC-ST side chain grafted structure.

In order to further study the microphase separation in the
membrane, the MmOH-PSf-VS-12 and MmOH-PSf

e &% -

membranes

Fig.4 TEM images of a MmOH-PSf (IEC = 1.63 mmol g_l). b MmOH-PSt-VS-6 (IEC = 1.55 mmol g_l). ¢ MmOH-PSf-VS-12 (IEC = 1.65 mmol g_l)

\<\/\/2:/ "\ Polysulfone backbone

Grafting "\ Side chain

@ lonic groups

membranes with similar I[EC were characterized by small an-
gle X-ray scattering (SAXS) spectroscopy. As can be seen
from Fig. 5, no diffraction peak appears in the MmOH-PSf
membrane while the MmOH-PSf-VS-12 membrane displays
a sharp diffraction peak at ¢ = 0.68 nm ™', confirming the pres-
ence of distinct microphase separation, which is consistent
with the observation from TEM. Based on the ¢ value, the
size of hydrophilic domains represented by the Bragg spacing
d was estimated to be 9.24 nm according to the formula d = 27t
/ q; this size is bigger than that observed from TEM probably
because the sample for SAXS measurement was wet, which
may cause swelling of the ion cluster. Actually, the difference
between TEM and SAXS obtained cluster sizes is sometimes
reported in the literature.

Hydroxide conductivity
Conductivities of the MmOH-PS{-VS-x, MmOH-PSf, and

ungrafted NPSf membranes at various temperatures are shown
in Fig. 6. At room temperature, the ungrafted NPSf membrane

YL ¥on ) o LAt T %
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Fig.5 SAXS graphs of MmOH-PSf-VS-12 and MmOH-PSf membranes

showed a conductivity of 23.30 mS e¢cm™' (IEC =
0.89 mmol g "), while the MmOH-PSf-VS-6 and MmOH-
PSf-VS-12 membranes showed 28.75 mS cm™ ! (IEC =
1.55 mmol g ') and 33.71 mS cm ' (IEC = 1.65 mmol g "),
respectively, higher than that of NPSf due to the improvement
of IEC and better microphase separated morphology, and the
latter factor might be more important. The crucial role of mi-
crophase separation can be further manifested by the fact that
the MmOH—-PSf membrane with a high IEC of 1.63 mmol g~
only shows a conductivity of 25.17 mS cm ™', which is lower
than that of MmOH-PSf-VS-12 (28.75 mS cmfl) with a lower
(IEC =1.55 mmol g ). At elevated temperatures, all mem-
branes show improved conductivities because of stronger mo-
bility of ions and water molecules. At 70 °C, the MmOH-PSf-

65 | —A— MmOH-PSf-VS-12
60 L —® MmOH-PSf-VS-6
| —v— MmOH-PSf
_ S5 = NPSf
'e 50}
o L
(/2] L
£ 45 -
2 40f
2 -
S 35
3 I
§ 30
o -
25
20+
1 n 1 n 1 n 1 n 1 n 1

20 30 40 50 60 70
T(°c)

Fig. 6 Hydroxide conductivity of MmOH-PSf-VS and MmOH-PSf
membranes as a function of temperature
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Fig. 7 Arrhenius plots of MmOH-PSf-VS-x, MmOH-PSf, and N-PSf
membranes

VS-12 membrane exhibited an excellent conductivity of
63.44 mS cm ', while the MmOH-PSf membrane was broken
at 70 °C due to poor mechanical property because higher
degree of functionalization weakens the Van Der Waals force
among polymer chains, and the conductivity at 60 °C is
47.08 mS em .

In addition, the conductivity of prepared membranes obeys
the Arrhenius behavior as shown in Fig. 7, where the activa-
tion energy of ion transport (£,) was calculated. The larger the
E, is, more energy of ion transport is required. The value of E,
can be calculated by the formula £, = —bR, where R represents
the thermodynamic constant (R =8.314 J mol 'K™), and b is
the slope of the In(o) 1000/T plot. As can be seen in Fig. 7, the
MmOH-PSf-VS-12 membrane exhibits the smallest £, while
MmOH-PSf membrane the largest; that is why the former
shows the highest and the latter shows the lowest conductivity,
confirming the special VBC-ST grafted side chain can help
construct smooth ion channels, reducing the resistance of ion
transport in the AEM. It is worth noting from Table 2 that
MmOH-PS{-VS-6 and -12 membranes are advantageous over
some of the literature reported AEMs with comparable IEC in
terms of conductivity. However, their water uptake and SR
values are relatively high.

Alkaline stability

Alkaline stability of AEM is required to ensure reliability and
long lifespan of anion exchange membrane fuel cell. Alkaline
stability was assessed by immersing the membrane in 1 M
NaOH solution at 60 °C, and monitoring its change in IEC
and structure with time. As shown in Fig. 8a, the IEC of the
MmOH-PS{-VS-6 and -12 membranes dropped with the im-
mersion time, and ca. 80% and 79% of the original IEC value
was retained, respectively, after the membrane was treated for
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Table2  Conductivity, WU, and SR properties of different membranes

Sample IEC(mmol g ) WU(%) SR(%) Conductivity(mS cm ') Ref.
MmOH-PSF-VS-6 1.55 113.22 28.86 37.89 at 30 °C This work
MmOH-PSF-VS-12 1.65 129.84 32.87 4321 at 30 °C This work
[PTMVPMA][OH] 1.62 92.56 2235 15at 30 °C [44]
[PMVBIm][OH] 1.58 86.39 20.83 13 at 30 °C [44]
F30CON 1.43 176 40 32at25°C [45]
PEN-MmOH 230 133 6.4 25 at 30 °C [46]
BQA-FPAE-2 1.61 34.6 10.4 21.1 at 25 °C [47]
QA-PS120-b-PDVPPAS0-10C 1.67 17.9 5.1 25.5at20 °C [48]

288 h; while the MmOH-PSf membrane at similar IEC was
broken into pieces after the same treatment for just 48 h,
meaning the grafted structure can alleviate alkali attack on
the polymer backbone. However, as shown in Fig. 8b, the
conductivity of the MmOH-PSf-VS-6 and -12 membranes
gradually decreased with the time of immersion in the alkali
solution. The inconsistent IEC and conductivity changes
might be due to the possibility that the alkali-induced degra-
dation of the morpholinium cation can produce tertiary amines
(Fig. 9a); such products can react with HCI during the IEC
measurement.

The MmOH-PSf-VS-6 membrane after treatment with 1 M
NaOH solution at 60 °C for different periods were further
characterized by FTIR. As shown in Fig. 9b, the bands at
1487 cm " and 1102 cm ™' corresponding to C-N* groups from
the pyrodinium cation (formed by free radical polymerization
of N-methyldiallylaminium with VBC and ST, see Scheme 1)
did not show appreciable changes after the membrane was
treated for 144 and 288 h, but the band at 1384 cm™ ! became
dwindled, indicating that some morpholinium cations have
been degraded due to the hydroxide attack. Based on the
above observations, our membrane right now is not stable
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enough compared with a lot of the literature reported ones,
and needs further modification on the cation structure.

Thermal stability and mechanical properties

Figure 10 shows the thermogravimetric analysis (TGA)
curves of MmOH-PSf-VS-12 and MmOH-PSf membranes.
From the TGA, the weight losing process is mainly divided
into three stages. The first stage mainly results from the vola-
tilization of the bound water and residual solvent in the mem-
brane, only 5% approximately. The onset decomposition tem-
perature (Top) is a characteristic parameter to reflect the ther-
mal decomposition process. The second weight losing stage is
due to the degradation of cations of MmOH-PSf-VS-12 mem-
brane (Top =200 °C) and MmOH-PSf membrane (Top =

160 °C). This might be due to the better microphase separation
in the MmOH-PSf-VS-12 membrane, where the resultant hy-
drophobic microphase can protect the cations against the ther-
mal decomposition to some extent. The mass loss in the third
stage corresponds to the degradation of polysulfone backbone
(Top =380 °C). Since the typical operating temperature of
alkaline anion exchange membrane fuel cell (AAEMFCs)
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Fig. 8 The IEC (a) and conductivity (b) of MmOH-PSf-VS-6 and -12 membranes with increasing treatment time in 1 M NaOH at 60 °C. The

conductivity was measured at 30 °C
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Fig.9 a Possible pathways of morpholinium degradation. b FTIR spectra of the MmOH-PS{-VS-6 membrane treated in 1 M NaOH at 60 °C for different

hours

ranges from 80 °C to 120 °C, the above thermal stability of the
MmOH-PS{-VS-12 membrane can satisfy the requirement of
fuel cell.

Table 3 shows the mechanical properties of the NPS,
MmOH-PS{-VS-x, and MmOH-PSf membranes at fully hy-
drated state. Compared with ungrafted NPSf membrane, the
MmOH-PS{-VS-12 membrane has a higher IEC, but the me-
chanical strength was compromised due to higher water up-
take and swelling ratio as shown in Table 1. When compared
with MmOH-PSf at similar IEC, the MmOH-PSf-VS-12
membrane exhibits higher mechanical strength (4.37 MPa vs
2.36 MPa) and concomitantly lower elongation at break
(9.84% vs 17.13%) because of its special VBC-ST grafted
side chain structure, which has led to the formation of a
well-developed microphase separated morphology as shown

r —— MmOH-PSf
90 - —— MmOH-PSf-VS-12

Mass attained(%)

40 |

30

100 200 300 400 500 600 700 800

Temperature(OC)
Fig. 10 TGA curves of MmOH-PSf-VS-12 and MmOH-PSf membranes

@ Springer

in Fig. 4 and Fig. 5, and consequently a strong framework that
benefits the membrane strength.

After the alkali treatment in 1 M NaOH at 60 °C for 288 h,
the MmOH-PSF-VS-6 membrane’s tensile strength dropped
from 4.78 to 2.39 MPa, and elongation at break dropped from
13.88 to 2.20%; the MmOH-PSF-VS-12 membrane also ex-
perienced a decay of mechanical properties, whose tensile
strength decreased from 4.37 to 2.09 MPa and elongation at
break from 9.84 to 9.29%, indicating a better backbone resis-
tance to alkali attack because of higher grafting degree.

Conclusions

In summary, a novel VBC-ST grafted side chain anion ex-
change membrane was fabricated via polysulfone modifica-
tion with N-methyl diallylamine and subsequent graft copoly-
merization of VBC and styrene ST with the allyl group,
followed by a quaternization reaction between N-
methylmorpholine and the chloromethyl group coming from
VBC. By controlling the feeding amount of VBC and ST, side
chain AEMs with different grafting degrees were obtained.

Table 3 Mechanical properties of N-PSf, MmOH-PSf-VS, and
MmOH-PSf membranes in wet state

Membrane IEC Tensile Elongation
(mmolg™") strength at break
(MPa) (%)
NPSf 0.89 12.03 20.06
MmOH-PSf-VS-6 1.55 4.78 13.88
MmOH-PSf-VS-12  1.65 437 9.84
MmOH-PSf 1.63 2.36 17.13
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Compared with the main chain type MmOH-PSf membrane,
the introduction of VBC-ST side chain greatly promotes the
formation of microphase separated morphology, which was
demonstrated by TEM and SAXS. Therefore, the MmOH-
PSf-VS-12 membrane could obtain a higher conductivity of
33.71 mS em ! (20 °C) and 63.44 mS cm ™' (70 °C) than that
of the ungrafted membrane. Meanwhile, the grafted mem-
brane also showed a good alkali stability; ca. 80% of its IEC
was retained after a 288-h alkali treatment in 1 M NaOH
solution at 60 °C. Our work provides a new strategy of syn-
thesizing side chain type AEM, which shows a good potential
for application in fuel cells.
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