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and application of a ROMP-type
epoxy-functionalized norbornene copolymer and
its hybrid alkaline anion exchange membranes†
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A series of ROMP-type epoxy-functionalized norbornene copolymers named rP(BN/MGENB)-x, with

different MGENB content, were synthesized by copolymerization of 5-norbornene-2-methylene butyl

ether (BN) and 5-norbornene-2-epoxypropyl ether (MGENB) via ring-opening metathesis polymerization.

The obtained rP(BN/MGENB)-49.2 showed the best molecular weight and processability performance

for hybrid alkaline anion exchange membrane preparation. Based on this, cross-linked copolymer/silica

hybrid alkaline anion exchange membranes, QrP(BN/MGENB-SiO2-y) (y ¼ 10, 20, 30 and 40 wt%

TSPCA), were prepared by chemical reaction with N-trimethoxysilylpropyl-N,N,N-trimethylammonium

chloride (TSPCA) and glutaric dialdehyde (GA). The effects of the TSPCA compositions on the

mechanical properties, morphology, methanol resistance permeability, alkaline resistance stability, and

ionic conductivity of the hybrid alkaline QrP(BN/MGENB-SiO2-y) were investigated. QrP(BN/MGENB-

SiO2-10) exhibited the best comprehensive properties and ionic conductivity of all of the hybrid

membranes. The ionic conductivity increased obviously with a rise in temperature, and values of 9.7 �
10�3 S cm�1 at 30 �C and 41 � 10�3 S cm�1 at 80 �C were obtained. A membrane electrode assembly

(MEA) fabricated using QrP(BN/MGENB-SiO2-10) was also tested in a direct methanol fuel cell, and

a maximum open circuit voltage (OCV) of 0.95 V and a current density of 96.7 mW cm�2 at a peak

power density of 42.6 mW cm�2 at 80 �C were achieved.
Introduction

Over the past several decades, the critical nature of the petro-
chemical resources shortage issues has led to a signicant
increase in the demand for renewable energy technologies.1 As
an important component of direct methanol fuel cells, anion
exchange membranes (AEMs) have attracted a great deal of
attention – especially concerning the use of non-noble metals
(such as nickel, silver and cobalt) – due to the superiority of
direct methanol fuel cells to proton exchange membrane (PEM)
fuel cells.2–4 To date, benzyltrimethylammonium (BTMA) and
alkyltrimethylammonium cations have been employed in AEMs
with polysulfones,5 polystyrene (PS),6 polyvinylalcohol (PVA),7

and polynorbornene (PNB).8–10
, Nanchang University, 999 Xuefu Avenue,

i@ncu.edu.cn

, Nanchang University, 999 Xuefu Avenue,

ering, Nanchang Hangkong University,

tion (ESI) available. See DOI:

hemistry 2017
In addition, cationic groups such as imidazolium,11 and
quaternary ammonium12 have also been screened for devel-
oping stable and efficient AEMs. However, the backbone of the
quaternized polymer, which contained a heterocyclic ring or
benzyl ring, was usually degraded in alkaline conditions.13 An
ideal anion exchange membrane should possess the advantages
of excellent mechanical properties, good dimensional stability,
high hydroxide conductivity and adequate hydroxide stability.
The stability of AEMs is still an important parameter for prac-
tical fuel cell applications.14,15 To achieve the above objectives,
a cross-linking strategy has been applied in the design of the
polymer architecture to obtain mechanically robust AEMs with
improved stability.

Polynorbornene (PNB) has been used for AEM polymer
matrix preparation.16,17 Membranes based on addition-type
polynorbornene (aPNB)18 that were prepared via vinyl-addition
polymerization had poor performance in their processing
properties, conductivity, and water uptake.19 To improve the
processing property, conductivity and hydrophilicity of the
aPNB, a simple but useful measure taken was to design and
prepare polynorbornene-based hybrid membranes with exible
backbones or polar functional groups. ROMP-type poly-
norbornene (rPNB)20 could be prepared with a high molecular
weight at normal temperatures and pressures and exhibited
RSC Adv., 2017, 7, 55977–55985 | 55977
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excellent processability. In addition, a cross-linked AEM was
developed by Coates and co-workers, who employed ring-
opening metathesis polymerization (ROMP) of a tetraalky-
lammonium-functionalized norbornene with dicyclopenta-
diene (DCPD). The resulting cross-linked fully hydrated
membrane demonstrated high hydroxide conductivities, with
a conductivity of 18 mS cm�1 at 20 �C.21 In epoxy-functionalized
norbornene, the epoxy group on the monomer endows the
polymer with excellent processability. In addition, as with the
epoxy group which is an active functional group, a mass of other
signicant functional groups could be graed on easily.
Therefore, copolynorbornenes obtained by copolymerization of
epoxy-functionalized norbornene with another norbornene
monomer functionalized with an alkoxy group, amine group or
siloxane group, had excellent heat resistance,22 weatherability,23

hydrophilicity, etc.24

By adding inorganic particles, such as a-Al2O3,25 ZrO2,26

SiO2,27 bentonite,28 and TiO2 (ref. 29) into the polymer matrix to
prepare hybrid membranes, the ionic conductivity and chem-
ical stability can be enhanced obviously. Many methods have
been applied to introduce inorganic particles into organic
networks, such as blending,30 sol–gel methods,31–34 and in situ
polymerization.35 In hybrid membranes, the organic and inor-
ganic components should be combined with each other
completely. However, hybrid membranes prepared by physical
mixing with inorganic particles have shown poor swelling
stability. To synthesize AEMs, an effective and simple way is via
chemical reactions graed on polymer chains by using silica
with quaternary ammonium groups. In addition, high tensile
strength and elastic moduli of hybrid membranes could be
obtained by using a sol–gel method to further form cross-linked
networks.

In this work, ROMP-type epoxy-functionalized norbornene
copolymers, named rP(BN/MGENB)-x with different MGENB
content, were synthesized by copolymerization of 5-norbornene-
2-methylene butyl ether (BN) and 5-norbornene-2-epoxypropyl
ether (MGENB) via ring-opening metathesis polymerization
catalyzed by Grubbs’ 1st catalyst. Copolymer/silica hybrid
alkaline anion exchange membranes, QrP(BN/MGENB-SiO2-y),
were further prepared via chemical reactions of rP(BN/MGENB)-
49.2, N-trimethoxysilylpropyl-N,N,N-trimethylammonium chlo-
ride (TSPCA), and glutaraldehyde (GA). The mechanical prop-
erties, morphology, methanol permeability, alkaline stability,
and ionic conductivity, as well as the single cell performance of
the hybrid membranes were investigated to assess their suit-
ability as alkaline anion exchange membranes for direct
methanol fuel cell (DMFC) application.

Experimental
Materials

N-Trimethoxysilylpropyl-N,N,N-trimethylammonium chloride
(TSPCA), glutaraldehyde (GA), 5-norbornene-2-methanol,
sodium hydroxide (NaH), and Grubbs’ 1st catalyst [Cl2(PCy3)2-
Ru]CH–Ph] were used from Energy Chemical Co. Ltd. Epoxy
chloropropane, 2-bromobutane, and hydrochloric acid were
provided by Tianjin Damao Chemical Co. Ltd. Tetrahydrofuran,
55978 | RSC Adv., 2017, 7, 55977–55985
toluene, hexane and dichloromethane were distilled from
sodium and benzophenone under nitrogen.

Synthesis of 5-norbornene-2-methylene glycidyl ether
(MGENB)

Monomer MGENB was synthesized by the following procedure:
21 mL (0.67 mol) 5-norbornene-2-methanol was dissolved in
THF, and 8 g (0.2 mol) NaH was added into a Schlenk, which
was placed in an ice water bath for 3 h. The mixture was stirred
at room temperature for 5 h, then 18.5 mL (0.2 mol) epoxy
chloropropane was added into the Schlenk under �90 �C for
4 h. Aer being stirred vigorously for 24 h at room temperature,
the product was puried by column chromatography [SiO2 with
an eluent of petroleum ether–ethyl acetate (v/v ¼ 4/1)] and
distilled at reduced pressure. The synthesized monomer was
dried over Na and vacuum-distilled before copolymerization.

Synthesis of 5-norbornene-2-methylene butyl ether(BN)

Monomer BN was synthesized according to the procedure re-
ported by Liu et al.36

Synthesis of ROMP-type epoxy-functionalized norbornene
copolymer

ROMP-type epoxy-functionalized norbornene copolymers
rP(BN/MGENB)-x were prepared as shown in Scheme 1. All of
the copolymerizations were performed under a nitrogen atmo-
sphere, toluene was distilled from sodium prior to use. Copo-
lymerizations of BN and MGENB (BN/MGENB ¼ 7/3, 6/4, 5/5,
and 4/6 in molar ratio) were carried out using Grubbs’ 1st
catalyst [Cl2(PCy3)2Ru]CH–Ph] in a 100 mL Schlenk with
magnetic stirring. [Cl2(PCy3)2Ru]CH–Ph] (100 mg, 0.11 mmol)
was dissolved in 10 mL toluene, and then the mixture was
stirred at 30 �C for 4 h before the reaction was terminated by
adding ethyl vinyl ether. The polymer solution was precipitated
in hexanes, puried, and dried under vacuum. The obtained
copolymer rP(BN/MGENB)-49.2 was chosen to be the polymer
matrix material for the preparation of the copolymer/silica
hybrid membranes.

Copolymer/silica hybrid membrane preparation

The chosen rP(BN/MGENB)-49.2 (2 g) was divided into four
equal parts and each part was dissolved in THF till the polymer
completely dissolved in a Schlenk at room temperature, then
a different content of N-trimethoxysilylpropyl-N,N,N-trimethy-
lammonium chloride (TSPCA) was added into the above
Schlenk for 1 h at 30 �C (copolymer/TSPCA ¼ 9 : 1, 8 : 2, 7 : 3,
and 6 : 4 mass ratio). An aqueous solution of HCl (0.1 mL,
1 mol L�1) was used to control the pH value of the solution.
0.05mL glutaraldehyde (GA) was added for further cross-linking
at 30 �C for 8 h. Aer that, the homogenous solution was cast
onto clean PTFE molds and dried at 50 �C to obtain hybrid
membranes. The molds were soaked in an aqueous solution of
sodium hydroxide to obtain axen and transparent hybrid
membranes. The obtained hybrid membranes were dried under
vacuum at 30 �C for 48 h and dened as QrP(BN/MGENB-SiO2-y)
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 The synthesis route of ROMP epoxy-functionalized norbornene copolymer and its hybrid anion exchange membranes.
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(y ¼ 10, 20, 30 and 40 wt% TSPCA). The route for the hybrid
membranes’ syntheses is shown in Scheme 1.
1H NMR and 13C NMR spectra characterization
1H NMR and 13C NMR spectra were measured on an ARX600
Nuclear Resonance Spectrograph by Bruker. Chloroform-d was
used as solvent. The monomers, copolymers, and copolymer/
silica hybrid membrane were identied from their respective
1H NMR and 13C NMR spectra.
FT-IR spectroscopy characterization

Fourier transform infrared attenuated total reection (FTIR-
ATR) spectra were obtained from dried copolymer/silica
hybrid membrane samples (IRPrestige-21 FT-IR spectrometer
Shimadzu) in the range of 4000–400 cm�1. The monomer and
copolymer were identied from the FT-IR spectra.
Thermal analyses and mechanical properties test

A TGA-7 Perkin Elmer thermal analyzer was used to determine
the thermal stability with a heating rate of 10 �Cmin�1. An MTS
CMT8502 was used to test the mechanical properties of the
copolymer/silica hybrid membrane.
Microscopic characterizations

The morphology of the prepared copolymer/silica hybrid
membrane was observed by transmission electron microscopy
(TEM, Tecnai G220 S-TWIN). The sample was dissolved in THF
and dropped onto a 200-mesh copper net. A Hitachi S-3000N
was used to record the elements in the membrane. The
surface and cross section morphology of the membrane were
investigated by scanning electron microscopy (ESEM, FEI
Quanta 200).
This journal is © The Royal Society of Chemistry 2017
Gel permeation chromatography test

Gel permeation chromatography (GPC) was conducted using
a Breeze Waters system equipped with a Rheodyne injector,
a 1515 isocratic pump, and a waters 2414 differential refrac-
tometer by using polystyrene as the standard and tetrahydro-
furan (THF) as the solvent.
Water uptake and methanol permeability measurements

The water uptake (WU) was measured via the following steps: all
of the copolymer/silica hybrid membranes were cut to 40 �
10 mm in size and immersed in deionized water for 48 h at
80 �C. The water uptake h (%) was determined by the following
equation:

hw ¼ mw �md

md

� 100%

The methanol permeability of the copolymer/silica hybrid
membrane was measured using liquid permeation equipment
with two compartments. The membrane was cut into a round
piece and sandwiched between two compartments which con-
tained 6 M aqueous methanol solution and deionized water,
respectively. The two compartments were continuously stirred
during testing. The concentration of methanol in the deionized
water was periodically determined by gas chromatography (GC).
The methanol permeability was calculated using the following
equation:

p ¼ Vml

ACm

Cw

ðt� t0Þ
where A (cm2) is the cross sectional area of the membrane, l
(cm) is the thickness of the membrane, and Vm is the volume of
the permeated reservoirs. Cw and Cm (mol L�1) are themethanol
concentrations in the donor and receptor reservoirs,
respectively.
RSC Adv., 2017, 7, 55977–55985 | 55979
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Fig. 1 1H NMR spectra of ROMP-type epoxy-functionalized norbor-
nene copolymers: (a) rP(BN/MGENB)-100, (b) rP(BN/MGENB)-49.2, (c)
rP(BN/MGENB)-37.3, (d) rP(BN/MGENB)-28.5, (e) rP(BN/MGENB)-21.3,
and (f) rP(BN/MGENB)-0.
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Ion-exchange capacity (IEC), ionic conductivity and alkaline
stability tests

The copolymer/silica hybrid membrane was soaked in a 50 mL
HCl (0.01 mol L�1) aqueous solution for 24 h. Then, an aqueous
solution of NaOH (0.01 mol L�1) was titrated and methyl orange
was used as an indicator. The IEC parameter (mmol g�1) was
calculated using the following equation:

IEC ¼ CHClVHCl � CNaOHVNaOH

m

The ionic conductivities (d) of the copolymer/silica hybrid
membranes QrP(BN/MGENB-SiO2-y) were evaluated by an AC
impedance test using a CHI660 electrochemical workstation.
The compartments were connected to each other with fasteners,
with a hole between the two compartments. Then, 50 mL NaOH
(1 M) aqueous solution was poured into the compartments, the
resistance of the solution was measured as R1. Aer that, the
sample was sandwiched between the two compartments, 50 mL
NaOH (1 M) aqueous solution was poured into the compart-
ments, and the resistance of the solution was measured as R2.
The ionic conductivity (d) of themembrane was calculated using
the following equation:

d ¼ l

ðR2 � R1ÞA

The alkaline stability of the copolymer/silica hybrid
membrane was tested by soaking it in a 6 M NaOH aqueous
solution, the anion conductivity of the membrane was recorded
every 24 h using a CHI660 electrochemical workstation. The
d value of the membrane was calculated using the above
equation.
Single cell performance test

The copolymer/silica hybrid membrane was cut to a size of 25 �
3 mm. A Fuel Cell Test Station (BT2000, Arbin Co.) was used to
test the current density, open circuit voltage, and peak power
density of the copolymer/silica hybrid membrane.
Fig. 2 13C NMR spectra of ROMP-type epoxy-functionalized nor-
bornene copolymers: (a) rP(BN/MGENB)-49.2, (b) rP(BN/MGENB)-
37.3, (c) rP(BN/MGENB)-28.5, and (d) rP(BN/MGENB)-21.3.
Results and discussion
ROMP-type epoxy-functionalized norbornene copolymer

A series of ROMP-type epoxy-functionalized norbornene copol-
ymers rP(BN/MGENB)-x and their hybrid alkaline anion
exchange membranes QrP(BN/MGENB-SiO2-y) were synthesized
as shown in Scheme 1.

The structures of rP(BN/MGENB)-x with different MGENB
content were characterized by 1H NMR spectroscopy (Fig. 1). It
was proved that the copolymers were prepared via ring-opening
metathesis polymerization due to the disappearance of peaks
around 6.0 ppm and the appearance of peaks around 5.3 ppm.
The peaks at 2.58 and 2.76 ppm could be assigned to the
hydrogen corresponding to the H11 in the MGENB monomer.

The 13C NMR spectra of the ROMP-type epoxy-functionalized
norbornene copolymers are shown in Fig. 2. The resonance
55980 | RSC Adv., 2017, 7, 55977–55985
peaks appearing between 69 and 74 ppm could be attributed to
the methene carbons (C5/C6/C7/C8). The peaks at 51 and
45 ppm were assigned to the epoxy group methene carbons that
correspond to C3 and C4. The appearance of C]C bond char-
acteristic peaks at 130 and 132 ppm owing to the ROMP-type
polynorbornene structures further imply that the copolymeri-
zation of BN and MGENB catalyzed by Grubbs’ 1st catalyst was
carried out via ring-opening metathesis polymerization.

In Fig. 3(a), major FT-IR absorptions of MGENB appearing at
1252, 1100, 929, 906 and 720 cm�1 were observed. A wide
absorption band around 1100 cm�1 in Fig. 3(b) and (c) was
assigned to Si–O–Si vibrations and C–O–Si vibrations. In
Fig. 3(c), a wide absorption band around 3450 cm�1 was
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 FTIR spectra of (a) monomer MGENB, (b) copolymer rP(BN/
MGENB)-49.2, and (c) the copolymer/silica hybrid membrane QrP(BN/
MGENB-SiO2-40).
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assigned to –OH in the hybrid membrane, which indicated that
a cross-linked network was formed successfully.

The epoxy-functionalized norbornene was introduced to the
copolymer rP(BN/MGENB)-x, and the peaks at 2.58 and
2.72 ppm could be assigned to the hydrogen corresponding to
the H11 in the MGENB. The content of MGENB in copoly-
norbornene could be carefully controlled by adjusting the
monomer feed ratios, BN/MGENB ¼ 7/3, 6/4, 5/5, and 4/6, and
were calculated to be (a) 21.3%, (b) 28.5%, (c) 37.3%, and (d)
49.2% by the following equation:

Sa

Sa þ Sb

¼ x

1� x

where Sa was the peak of 2.58 ppm, Sb was the peak of 5.3 ppm, x
was set as the content of MGENB, and the content of BN was set
as 1 � x.

The epoxy-functionalized norbornene copolymers, rP(BN/
MGENB)-x, were characterized by GPC (Table S1 and Fig. S1†).
The molecular weights (Mw) of the obtained copolymers were all
in the scale of 104 and they had narrow dispersity. The GPC data
indicated that the epoxy group in the copolymer had no effect
on the catalytic activity, the molecular weight increased from
49 039 to 64 876 g mol�1 and the polymer dispersity index
decreased from 1.69 to 1.62 when theMGENB content increased
from 21.3 to 49.2%.

The solubility of the epoxy-functionalized norbornene
copolymers rP(BN/MGENB)-x (Table S2†) also indicated that the
epoxy group was conserved in all of the copolymers. The rP(BN/
MGENB)-49.2 exhibited the highest Mw and the best processing
performance.

Copolymer/silica hybrid membrane

The cross-linked copolymer/silica hybrid alkaline anion
exchange membranes QrP(BN/MGENB-SiO2-y) were obtained by
This journal is © The Royal Society of Chemistry 2017
chemical reaction of rP(BN/MGENB)-49.2, TSPCA, and GA via
a sol–gel method under an acid environment. All of the ob-
tained copolymer/silica hybrid membranes were homogeneous,
exible, and dark brown with a thickness of around 160 mm.
Photos of the hybrid membranes and their corresponding
solutions before casting are presented in Fig. 4.

As a representative copolymer/silica hybrid membrane,
QrP(BN/MGENB-SiO2-40) was characterized by 1H NMR spec-
troscopy (Fig. S2†). The peaks at 2.58 and 2.72 ppm disappeared
and a new peak appeared at 3.35 ppm, which indicated that the
hybrid membrane was successfully formed.

Microscopic morphology

The microscopic morphology of the copolymer/silica hybrid
membranes was studied by SEM and TEM. The SEM images of
QrP(BN/MGENB-SiO2-40) are shown in Fig. 5. There were no
holes on the surface and cross-section, indicating the dense
nature of the obtained hybrid membrane. In addition, some
dots could be attributed to silica particles on the surface of the
membrane, and enhancements of the mechanical and thermal
stabilities were facilitated by the addition of TSPCA.

TEM images of QrP(BN/MGENB-SiO2-y) (y¼ 10, 20, 30 and 40
in wt% TSPCA) are shown in Fig. 6. The dark evenly-distributed
nano-sized spots in the images represent the hydrophilic
domains containing aggregated Si–O–Si and C–O–Si, while the
bright areas represent the hydrophobic domains composed of
rPNB main chains.

Fig. 6(b–d) provide direct evidence of the biphasic
morphology of the copolymer/silica hybrid membranes, the
TEM images exhibit a clear hydrophilic–hydrophobic micro-
phase separation with wormlike interconnected hydrophilic
network nano-channels. With increasing TSPCA, the hybrid
membrane showed a darker and uniform hydrophilic domain
with a small degree of connectivity. EDX spectroscopy was used
to analyze the dark globular domains in one of the hybrid
membranes (Fig. 6(e)), the presence of Si demonstrates the
existence of TSPCA in the hybrid membrane, and the disap-
pearance of nitrogen implies that the quaternary ammonium
groups were dispersed around the hole and nanosized
channels.

Thermal stability and mechanical properties

TGA curves of the copolymer/silica hybrid membranes QrP(BN/
MGENB-SiO2-y) are shown in Fig. S3.† Three steps of weight loss
were observed: the loss of water and solvent from the hybrid
membrane phase within the range of 0–120 �C, the loss of
quaternary ammonium groups and the decomposition of
C–O–C within the range of 120–450 �C, and the loss of
membrane matrix and the degradation of Si–O–Si within the
range of 450–650 �C.

Tensile curves of the copolymer/silica hybrid membranes
QrP(BN/MGENB-SiO2-y) are shown in Fig. S4,† and the
mechanical properties are presented in Table 1. The QrP(BN/
MGENB-SiO2-30) hybrid membrane showed better mechanical
properties than the others: the tensile strength of the hybrid
membrane was 8.2 MPa and the elastic modulus was 20.4 MPa.
RSC Adv., 2017, 7, 55977–55985 | 55981
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Fig. 4 Photos of copolymer/silica hybrid membranes demonstrating their (a) solubility, (b) casting, (c) flexibility, and (d) transparency.
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These results indicate that the degree of cross-linking had
a great inuence on the mechanical properties. In the hybrid
membrane materials with a low degree of cross-linking, the
mechanical properties were enhanced by an order of magnitude
compared to the compositions with more TSPCA. Nevertheless,
a high degree of cross-linking would make the material crumbly
and weaken the compression strength, therefore, the elonga-
tion at break of QrP(BN/MGENB-SiO2-40) decreased remarkably,
while the tensile strength at break and elastic modulus of
QrP(BN/MGENB-SiO2-40) were weakened slightly.

Water uptake and methanol permeability

The water uptake and methanol permeability of the copolymer/
silica hybrid membranes are collated in Table 2. The hybrid
membrane QrP(BN/MGENB-SiO2-10) showed better water
uptake (26%) than the others, and the hybrid membrane
QrP(BN/MGENB-SiO2-40) showed better methanol resistance
permeability (1.54 � 10�7 cm2 s�1) than the others. The reason
was that the cross-linking structure in the hybrid membranes
Fig. 5 SEM images of a copolymer/silica hybrid membrane: (a) SEM sur

55982 | RSC Adv., 2017, 7, 55977–55985
had a great inuence on the water uptake and methanol
permeability. Hybrid membranes with more TSPCA could ach-
ieve a higher degree of cross-linking and relatively compact
molecular structures, which restrained the mobility of meth-
anol as well as maintaining a lower water content in the
membranes. Thus, the water uptake andmethanol permeability
of the hybrid membranes decreased as the TSPCA content
increased from 10% to 40%.

Ion-exchange capacity, ionic conductivity and alkaline
stability

The thickness, ion-exchange capacity (IEC), and ionic conduc-
tivity of the copolymer/silica hybrid membranes are also shown
in Table 2. The QrP(BN/MGENB-SiO2-10) showed a better IEC
(1.61 � 10�3 mol g�1) and ionic conductivity (9.7 �
10�3 S cm�1) at room temperature than the others. The data in
Table 2 indicates that the IEC and ionic conductivity of the
hybrid membranes depended on the activity of the quaternary
ammonium group rather than on the number of the quaternary
face (1 mm), and (b) SEM cross-section (10 mm).

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 TEM images of copolymer/silica hybrid membranes: (a) QrP(BN/MGENB-SiO2-10), (b) QrP(BN/MGENB-SiO2-20), (c) QrP(BN/MGENB-
SiO2-30), (d) QrP(BN/MGENB-SiO2-40), and (e) the EDX spectrum of QrP(BN/MGENB-SiO2-30).
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ammonium groups in the hybrid membranes. The cross-linked
membranes showed lower conductivity compared to the corre-
sponding pristine ones, which might be due to two factors: (1)
the relatively compact molecular structures restrained the
mobility of OH� and led to lower water content in the
membranes; (2) the membranes that contained cross-linking
quaternary ammonium groups showed better separation of
the hydrophilic domains. Therefore, the ion-exchange capacity
of the hybrid membranes decreased gradually.

TSPCA was introduced into rP(BN/MGENB)-49.2 to generate
a cross-linked structure, which caused the ionic conductivity to
increase rapidly. The cross-linking network affected the ionic
conductivity by inhibiting the water absorption (Table 2) and
changing the nanophase structure in the hybrid membrane. As
Table 1 The major mechanical properties of the copolymer/silica hybrid

Sample
Tensile strength
at break (MPa)

QrP(BN/MGENB-SiO2-10) 0.8
QrP(BN/MGENB-SiO2-20) 1.5
QrP(BN/MGENB-SiO2-30) 8.2
QrP(BN/MGENB-SiO2-40) 4.9

This journal is © The Royal Society of Chemistry 2017
can be seen in Fig. 7, the ionic conductivity of QrP(BN/MGENB-
SiO2-10) increased from 9.7 � 10�3 to 41.0 � 10�3 S cm�1 when
the temperature increased from 30 to 80 �C. More quaternary
ammonium groups would facilitate the transport of hydroxide
and moderate water retention ability resulting from the silicon
dioxide structure. This might be the key factor for the observed
variations in the ionic conductivity values.

The alkaline stability of the copolymer/silica hybrid
membranes was studied by soaking the membranes in a 6 M
NaOH aqueous solution at 60 �C and measuring the changes in
the normalized hydroxide conductivity every 24 h, and the
results are shown in Fig. 8. Aer being soaked in the 6 M NaOH
for 144 h at 60 �C, the ionic conductivity of the hybrid
membranes declined in varying degrees. Compared to the other
membranes

Elongation at
break (%)

Elastic modulus
(MPa)

33.4 7.1
44.6 10.3

101.1 20.4
45.7 13.4

RSC Adv., 2017, 7, 55977–55985 | 55983
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Table 2 The thickness, water uptake (%), methanol permeability, IEC, and ionic conductivity of the copolymer/silica hybrid membranesa

Membrane
Water uptake
(%)

Methanol permeability
(10�7 cm2 s�1)

IEC (10�3 mol
g�1)

Conductivity
(10�3 S cm�1)

QrP(BN/MGENB-SiO2-10) 26.0 2.75 1.61 41.0
QrP(BN/MGENB-SiO2-20) 24.0 2.45 1.25 34.7
QrP(BN/MGENB-SiO2-30) 12.0 1.88 0.96 8.7
QrP(BN/MGENB-SiO2-40) 8.0 1.54 0.94 6.3

a The thickness of the hybrid membranes was 0.16 mm, and the ionic conductivity was tested at 80 �C.

Fig. 7 The ionic conductivity of the copolymer/silica hybrid
membranes at different temperatures: (a) QrP(BN/MGENB-SiO2-10),
(b) QrP(BN/MGENB-SiO2-20), (c) QrP(BN/MGENB-SiO2-30), and (d)
QrP(BN/MGENB-SiO2-40).

Fig. 9 Single cell performances of a MEA fabricated with the copol-
ymer/silica hybrid membrane QrP(BN/MGENB-SiO2-10).
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hybrid membranes, the ionic conductivity decrease of QrP(BN/
MGENB-SiO2-10) was the largest, which indicated that the
QrP(BN/MGENB-SiO2-10) hybrid membrane had low stability in
alkaline media. Meanwhile, the alkaline stability of the hybrid
Fig. 8 The alkalinity stability of the copolymer/silica hybrid
membranes: (a) QrP(BN/MGENB-SiO2-10), (b) QrP(BN/MGENB-SiO2-
20), (c) QrP(BN/MGENB-SiO2-30), and (d) QrP(BN/MGENB-SiO2-40).

55984 | RSC Adv., 2017, 7, 55977–55985
membranes with higher TSPCA compositions was enhanced by
an order of magnitude compared to those with lower TSPCA
compositions. The cross-linked structure had a signicant
effect on the alkaline stability of the hybrid membranes,
however, it hampered the development of the ionic conductivity
simultaneously.
Single cell performance

QrP(BN/MGENB-SiO2-10) was used as a representative case to be
tested with a DMFC test system, and the results are shown in
Fig. 9. As can be seen, the hybrid membrane QrP(BN/MGENB-
SiO2-10) exhibited an open circuit voltage (OCV) of 0.95 V, and
a current density of 96.7 mA cm�2 at a peak power density of
42.6 mW cm�2.
Conclusions

A series of ROMP-type epoxy-functionalized norbornene copol-
ymers were achieved and characterized. rP(BN/MGENB)-49.2
showed better Mw and processing performance than the other
copolynorbornenes. Copolymer/silica hybrid membranes were
obtained via a sol–gel method and a solution casting method.
The obtained copolymer/silica hybrid membranes exhibited low
methanol permeability, good alkaline stability, high tempera-
ture stability, and good ionic conductivity and IEC. The hybrid
membrane QrP(BN/MGENB-SiO2-10) showed comprehensive
properties: the IEC reached 1.61 � 10�3 mol g�1 and the ionic
This journal is © The Royal Society of Chemistry 2017
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conductivity reached 41 � 10�3 S cm�1 at 80 �C. The single cell
performance of the MEA fabricated using QrP(BN/MGENB-SiO2-
10) was tested in a DMFC and it showed a maximum open
circuit voltage of 0.95 V and a current density of 96.7 mW cm�2

at a peak power density of 42.6 mW cm�2.
Further work will focus on enhancing its mechanical prop-

erties and single cell performance to satisfy the requirements of
AEMs for potential application in DMFCs.
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