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A sulfonated poly[bis(benzimidazobenzisoquinolinones)] (SPBIBI) possessing a conjugated pyridinone
ring was shown to be effective for dispersing multiwalled carbon nanotubes (MWCNTs) in DMSO. The
dispersions in which the SPBIBI to MWCNTs mass ratio was 4:1 demonstrated the highest MWCNTs
concentrations, i.e., 1.5–2.0 mg mL�1, and were found to be stable for more than six months at room
temperature. Through casting of these dispersions, MWCNTs/SPBIBI composite membranes were
successfully fabricated on substrates as proton exchange membranes for fuel cell applications and
showed no signs of macroscopic aggregation. The properties of composite membranes were investigated,
and it was found that the homogeneous dispersion of the MWCNTs in the SPBIBI matrix altered the
morphology structures of the composite membranes, which lead to the formation of more regular and
smaller cluster-like ion domains. As a result, and in comparison to a pristine SPBIBI membrane, the
composite membranes displayed more significant proton conductivities, especially at low relative
humidity, without sacrificing other excellent properties, such as thermal, dimensional and oxidative
stabilities. For instance, the composite membranes with an MWCNTs content only of 0.5 wt% exhibited
proton conductivities of 0.021 S cm�1 at 50 RH% and 70 �C, a value almost fourfold as high as that of the
pristine SPBIBI membranes under identical conditions (0.005 S cm�1). The result was comparable to
Nafion 117 (0.021 S cm�1). The homogenous dispersion of the MWCNTs and the efficient enhancement
the SPBIBI performance were attributed to the p–p interaction between the pyridinone ring and the
sidewalls of the MWCNTs which changed the morphological structure of composite membranes as
revealed by TEM. A combination of a low methanol crossover with excellent thermo-oxidative and water
stabilities indicated that the SPBIBI composite membranes were good candidate materials for proton
exchange membranes in fuel cell applications.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer electrolyte membranes constitute an important class of
polymeric materials for use as ion exchangers, electrolytes for
batteries and sensors, and dopants for electronic conductors. In
particular, recent progress in the area of polymer electrolyte
membrane fuel cells (PEMFCs) has stimulated considerable interest
in proton-conductive electrolyte membranes (PEMs) [1,2]. For a fuel
cell to work effectively and to be widely adapted, the PEM must
have a portfolio of properties including an acceptable costs, a high
proton conductivity, good chemical and thermal stabilities, a good
mechanical strength, and a low fuel crossover [3]. A current state-
of-the-art PEMs material is Nafion; a perfluorinated ionomer
All rights reserved.
developed by DuPont. Nafion has demonstrated a superior chem-
ical and electrochemical stabilities, in addition to a high proton
conductivity with a relatively low ion exchange capacity (IEC) [4,5].
However, the material has several shortcomings that limit its utility
and performance, such as a low proton conductivity at elevated
temperatures, a high methanol diffusion, and significant
manufacturing costs [6–10]. Resultantly, much progress has been
made to develop novel proton exchange membranes based on
sulfonated aromatic polymers due to their good physical properties
and the fact that they are inexpensive [3,11–24]. Traditionally,
aromatic ionomer membranes reach suitable proton conductivities
only at high degrees of sulfonation due to a lack of ion channel and
the lower acidity of aryl-sulfonic acid as compared to Nafion [3,7].
However, a high degree of sulfonation leads to a significant
degradation of the physical properties (oxidative, hydrolytic and
dimensional stabilities) of humidified polymers and also causes an
increase in methanol diffusion.
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Few membranes have displayed the combination of high proton
conductivities and stabilities (especially at elevated temperatures)
with a low methanol crossover. The stability and proton conduc-
tivity of aromatic PEMs remain issues, and must thus be improved
[25,26]. For these reasons, researchers have synthesized and
investigated modified membranes, prepared by using hygroscopic
inorganic fillers such as SiO2 [27], nanoclay [28], inorganic particles
[29], or a polymer hybrid [30–33]. Despite that such composite
membranes have shown enhanced mechanical properties or lower
methanol permeabilities, the effect of the composite on the proton
conductivity is not very distinct or even negative in some cases. In
addition to the chemical and physical state of the inorganic ‘‘fillers’’,
the procedure for fabricating the membranes also seems crucial, as
absorbed water can take part in proton conduction only when
located in the vicinity of acid groups of the matrix polymers.

Currently, carbon nanotubes (CNTs) attract much attention as
a new class of advanced ‘‘filler’’ materials because of their inter-
esting properties and the possibility of employing them in
emerging applications in nanoelectronics as well as in the field of
nanocomposites [34–36]. The CNTs/Nafion composites have been
used in for instance actuators, microscopic pumps, sensors, and
electrocatalysts [37,38]. Furthermore, Liu et al. have reported on
using them as electrolyte, however without obtaining any signifi-
cant improvement in performance despite the higher mechanical
stability [39]. Functionalized composites of CNTs with Nafion have
displayed a reduced methanol crossover, but suffer from poor
proton conductivities [40]. Moreover, the strong intrinsic van der
Waals forces of CNTs as well as the lack of interfacial interactions
between CNTs and Nafion limit the dispersion of CNTs at higher
loadings in addition to the load transfer from the Nafion matrix to
the nanotubes. The potential advantages of using CNTs to improve
the portfolio performance in PEM fuel cells have therefore not been
fully realized, and it is important to enhance the interfacial inter-
actions between the CNTs and polymers in order to obtain
a homogeneous dispersion and thus also an enhancement of the
properties of the composite membranes [41,42]. Aromatic
condensation polymers such as polyimide [43–45] and poly-
benzimidazole [46] with conjugated groups have been reported to
be excellent for dispersing CNTs and enhancing the mechanical
strength or electrical conductivities of composites for use in the
aerospace industry. This is due to the strong interfacial interactions
(such as p–p interactions) between the conjugated groups of the
polymers and the sidewalls of the CNTs. To the best of our knowl-
edge, the homogenous dispersion of CNTs into aromatic ionomers
matrixes for proton exchange membranes and the study of the
effect of the dispersed CNTs on the properties, especially the proton
conductivity of the composites, have not yet been carried out. It
should hence be interesting to monitor the proton conductivity of
Fig. 1. The procedure for the formation of homog
aromatic ionomers into which homogeneous dispersions of CNTs
have been introduced.

The objective of the present research was to elucidate the effect
on material properties of multiwalled carbon nanotubes (MWCNTs)
incorporated into aromatic ionomers and thus to produce highly
proton-conductive composite membranes. A sulfonated poly
[bis(benzimidazobenzisoquinolinones)] (SPBIBI) with a conjugated
pyridinone ring was chosen as the matrix polymer due to its
excellent thermo-oxidative, hydrolytic and dimensional stabilities
as a proton exchange membrane [47,48]. The conjugated pyr-
idinone ring of the SPBIBI, as shown in Fig. 1, was able to form
strong interactions (such as p–p interactions) with the sidewalls of
the MWCNTs, while the sulfonic acid groups provided the de-
bundled MWCNTs with a good solubility and stability in organic
solvents and host polymer matrices. From the homogenous
dispersions, novel polymer nanocomposite membranes composed
of SPBIBI and MWCNTs could be fabricated for use in proton
exchange applications without any sign of macroscopic aggrega-
tion. These hydrophobic MWCNTs interacted with pyridinone ring
and located in the hydrophobic domains of polymer matrix, they
were except to exquisitely tune the extent of networking in the
matrix and thus increase the hydrophilic/hydrophobic separation
of the composite membranes. The increased hydrophilic/hydro-
phobic separation would naturally help to increase the proton
conductivities without sacrificing other excellent properties (such
as thermo-oxidative or dimensional stabilities) in the composite
membranes. Moreover, the high affinity of the SPBIBI for
the MWCNTs allowed the polymers to completely coat and insulate
the surfaces of the MWCNTs, thereby lowering the risk for short-
circuiting.

2. Experimental

2.1. Materials

SPBIBI and SPBIBI-b were synthesized according the method
previously reported [47,48]. The multiwalled carbon nanotubes
(MWCNTs) used in this work were purchased from Chendu organic
chemicals Co. Ltd., China (purity> 95%, length 1–2 mm, diameter
10–20 nm). All other regent were obtained from commercial
sources and used as received.

2.2. Preparation and characterization of MWCNTs/SPBIBI dispersion

MWCNTs/SPBIBI was dispersed in DMSO by mixing with SPBIBI
followed by sonication for 1 h with the water bath temperature
maintained at 50 �C. The dispersed MWCNTs were analyzed by TEM
on JEM-1011 operating at 100 kV and UV–vis–near IR spectra
enous MWCNT/SPBIBI dispersions in DMSO.
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(JASCO). Fluorescence measurements were conducted on a Fluo-
rolog-3 spectrofluorometer system and the UV–vis spectra were
measured with a Shimadze Uv-2550 spectrometer in the trans-
mittance mode. 1H NMR spectra were measured at 600 MHz on
Bruker AV 600 spectrometer.

2.3. Preparation of MWCNTs/SPBIBI composite membranes

The MWCNTs (5 mg) were added to the SPBIBI (500 mg) in
DMSO (10 mL) and then the mixture was sonicated for 30 min using
a probe-type sonicator (Ultrasonic Disreptor UD-200, TOMY; 46W),
followed by centrifugation at 3700 rpm for 30 min. The DMSO
dispersion of the MWCNTs/SPBIBI composite was cast onto glass
substrates, followed by drying at 100 �C for 12 h. The as-cast
composite membranes were dried in vacuum at 150 �C for 12 h to
remove the residual solvent.

2.4. Measurements

FT-IR spectra were obtained with a Bio-Rad digilab Division FTS-
80 FT-IR spectrometer. The thermogravimetric analyses (TGA) were
obtained in nitrogen with a Perkin-Elemer TGA-2 thermogravi-
metric analyzer at a heating rate of 10 �C min�1.

The ion exchange capacity (IEC) was measured by classical
titration. The membranes in the Hþ form were immersed in a 1 M
NaCl solution for 24 h to liberate the Hþ ions (the Hþ ions in the
membrane were replaced by Naþ ions). The Hþ ions in solution
were then titrated with 0.01 M NaOH using phenolphthalein as an
indicator.

2.5. Water uptake and swelling ratio

The membrane (30–40 mg per sheet) was dried at 100 �C under
vacuum for 6 h until constant weight as dry material was obtained.
It was immersed into deionized water at room temperature for 4 h.
Then the membranes were taken out, wiped with tissue paper, and
quickly weighted on a microbalance. Water uptake of the
membranes was calculated from:

Water uptake ðwt%Þ ¼ WU ¼
�

Wwet �Wdry

�.
Wdry (1)

Water swelling ratio of the membranes were investigated by
immersing the round shape samples into water at room tempera-
ture for a given time, the changes of through-plan and in-plane
direction were calculated as following:

DTc ¼ ðT � TsÞ=Ts

DLc ¼ ðL� LsÞ=Ls (2)

where Ts and Ls are the through-plan and in-plane direction of the
membrane at dry state, respectively; T and L refer to those of the
membrane immersed in liquid water for 5 h.

2.6. Electron, proton conductivity and methanol permeability
measurement

Electrical conductivity of the dried membranes was measured at
room temperature by standard four-probe method using a Keithley
2400 instrument. The resistivity indicator operated at 9 V and
reported as an average of three readings. The electron conductivity
was calculated by the following equation: s¼ dI/(LsWsU) (d: distance
between reference electrodes, and Ls and Ws are the thickness and
width of the dried membrane, respectively). All membranes were
dried at 150 �C in vacuum for 10 h before measurement.
The proton conductivity (s, S cm�1) of each membrane coupon
(size: 1 cm� 4 cm) was obtained using s¼ d/LsWsR (d: distance
between reference electrodes, and Ls and Ws are the thickness and
width of the membrane, respectively). The resistance value (R) was
measured over the frequency range from 100 mHz to 100 kHz by four-
point probe alternating current (ac) impedance spectroscopy using an
electrode system connected with an impedance/gain-phase analyzer
(Solatron 1260) and an electrochemical interface (Solatron 1287,
Farnborough Hampshire, ONR, UK). The membranes were sand-
wiched between two pairs of gold-plate electrodes. Conductivity
measurements under fully hydrated conditions were carried out with
the cell immersed in liquid water. For the measurement above 100 �C
at 100% RH, a pressure-resistant closed chamber was used. At a given
temperature, the samples were equilibrated for at least 30 min before
any measurements. The proton conductivities at 70 �C, 50% RH were
also studied. Typically, the membranes were placed in a humidity
chamber (the relative humidity was controlled at 50% by saturated
NaBr aqueous at 70 �C) for at least 24 h before measurements.

The methanol permeability was determined by using a cell
basically consisting of two-half-cells separated by the membrane,
which was fixed between two rubber rings. Methanol (2 mol L�1)
was placed on one side of the diffusion cell, and water was placed
on the other side. Magnetic stirrers were used on each compart-
ment to ensure uniformity. The concentration of the methanol was
measured by using a SHIMADZU GC-1020A series gas chromato-
graph. Peak areas were converted into methanol concentration
with a calibration curve. The methanol permeability was calculated
by the following equation:

CBðtÞ ¼
A
VB

$
DK
L

$CA$ðt � t0Þ (3)

Where CA and CB are the methanol concentration of feed side
and permeated through the membrane, respectively. A, L and VB are
the effective area, the thickness of membrane and the volume of
permeated compartment, respectively. DK is defined as the meth-
anol permeability. t0 is the time lag.
3. Results and discussion

3.1. Dispersion of MWCNTs in sulfonated
poly[bis(benzimidazobenzisoquinolinone)] (SPBIBI)

MWCNTs were purified with a HCl solution treatment in order
to remove residues of metal catalyst. Fig. 1 depicts the formation of
the MWCNTs suspensions. Bundled nanotubes were subjected to
a 30-min sonication in a SPBIBI/DMSO solution, and following
centrifugation of the dispersion, supernatants were collected. The
supernatant solution from dispersion is dark, as also illustrated in
Fig. 1. The highest possible MWCNTs concentration that could be
dispersed in DMSO using SPBIBI was in the range of 1.5–
2.0 mg mL�1, and this was higher than the corresponding value (i.e.,
0.7–1.2 mg mL�1) obtained with poly(3-hexylthiophene) (P3HT) in
chloroform [49]. The as-dispersed MWCNTs were very stable, and
did not precipitate even after six months of storage at room
temperature. Furthermore, the higher molecular weight (reduced
viscosity) of SPBIBI allowed for an enhanced polymer binding due
to the incremental additive nature of the attractive interactions,
which was similar to P3HT [50]. These results suggest that SPBIBI
had an excellent dispersing capability for MWCNTs.

The stability of the MWCNTs/SPBIBI dispersions was further
examined through a centrifugation test [49]. After being subjected
to a centrifugation test at 10,000 rpm for 30 min, all MWCNTs were
found to remain in solution, and such an observation suggested that
the SPBIBI was attached to the MWCNT walls through a strong and



Fig. 2. A TEM micrograph of MWCNTs/SPBIBI with a mass ratio of 1:4.
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stable molecular interaction, most likely a stacking interaction
between the polymers and the carbon nanotubes. The extent of
dispersion of the MWCNTs was examined by transmission electron
microscopy (TEM). Fig. 2 displays a micrograph of the dispersion
and one can see that the majority of the MWCNTs were de-bundled
individual tubes with a widths of w20 nm. Also UV–vis–near IR
spectroscopy of the MWCNTs/SPBIBI dispersion was carried out and
the obtained spectra are presented in Fig. 3. The characteristic
absorption bands of the MWCNTs were clearly visible in the 600–
1600 nm region, implying an effective dispersion of the MWCNTs in
the mixture [51]. Furthermore, the absorbance of the MWCNTs
remained unchangeddeven after a time period of six monthsdthus
confirming the stability of the MWCNTs/SPBIBI dispersion.

The MWCNTs/SPBIBI dispersion was further investigated by 1H
NMR and optical spectroscopy. Fig. 4 shows 1H NMR spectra of
pristine SPBIBI and of the MWCNTs/SPBIBI (mass ratio 1:4)
dispersion along with the proton assignment. A broadening of the
proton peaks was observed, and when compared to those from the
pristine SPBIBI, their intensity was found to be reduced. Previous
studies have revealed that the interactions of polymers with
MWCNTs have caused broadening and a reduced intensity of 1H
NMR peaks [52,53]. Accordingly, the present results from the 1H
NMR spectral analysis strongly supported the existence of an
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Fig. 3. UV–vis–near IR spectra of a) MWCNTs/SPBIBI (mass ratio: 1:4) dispersion, b)
the same dispersion after six months of storage at room temperature.
interaction between the MWCNTs and the SPBIBI. Fig. 5 presents
the UV–vis absorption spectra that were obtained from a dilute
solution (0.06 mg mL�1) of the polymer and the MWCNTs/SPBIBI
dispersion in DMSO. Three major absorption bands were observed
for SPBIBI, with values 269, 312 and 433 nm and these bands were
seen to decrease in the dispersion, presumably as a result of p–p
interactions between the MWCNTs and the SPBIBI. Moreover,
SPBIBI exhibited a considerable fluorescence emission at 564 nm.
After dispersion of the MWCNTs in the polymer solution (MWCNTs/
SPBIBI mass ratio is 1/4), 65.6% of the fluorescence emission
became quenched. This was probably due to electron transfer and/
or energy transfer [54], suggesting a very strong interaction.
Furthermore, stacking p–p interactions were presumed to exist
between the SPBIBI and the MWCNTs.
3.2. Preparation of MWCNTs/SPBIBI composite membranes

A previous paper has reported on the sulfonated poly
[bis(benzimidazobenzisoquinolinones)] (SPBIBI) being thermo-
oxidative, hydrolytically and dimensionally stable as a proton
exchange membrane [47,48]. However, the proton conductivity for
the practical application required further improvement. Novel
nanocomposites of MWCNTs and SPBIBI provide new opportunities
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Table 1
The mechanical properties of MWCNTs/SPBIBI composite membranes.

Sample Tensile strength (MPa) Young’s modulus (GPa) Elongation at
break (%)

CNT/SPBIBI(0.05) 101.5 1.15 32.9
CNT/SPBIBI(0.1) 110.9 1.18 34.1
CNT/SPBIBI(0.5) 115.8 1.22 36.3
CNT/SPBIBI(1.0) 120.7 1.34 34.5
CNT/SPBIBI(2.0) 124.0 1.39 35.2
CNT/SPBIBI(5.0) 126.4 1.40 34.7
SPBIBI 98.4 1.07 35.8
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for improving the performance of SPBIBI materials, especially for
proton conductivity. For proton exchange membrane applications,
the mass ratio of MWCNTs/SPBIBI dispersions was controlled to less
than 5% in order to avoid any short-circuiting in the fuel cells [40]. A
simple casting of the dispersions on a glass substrate and successive
drying at 100 �C for 12 h and at 150 �C in vacuum for 12 h provided
homogeneous composite membranes. A visual examination of the
composite membranes revealed a darkening of the membranes as
the MWCNTs loading level was increased. No aggregation or void
structure was visible.

The membranes were probed with ATR-IR and TGA to examine
the interactions between SPBIBI and the MWCNTs and the IR
spectra of the composite membrane in the 600–1900 cm�1 region
are shown in Fig. 6. For the sake of comparison, the acid and salt
forms of the pristine SPBIBI were also studied. The characteristic
absorption bands at 1702 cm�1 were ascribed to the symmetric
stretching of the C]O groups, while those at 1617 and 1548 cm�1

were assigned to the ]C]N stretching vibration. As compared to
the pristine SPBIBI in salt form, the C]O absorption bands of the
membrane in acid form were shifted up due to the acid–base
interaction between the pyridinone ring and sulfonic acid groups,
which resulted in a stronger polarization of the C]O bond. In
addition, there was a shoulder band around 1720 cm�1 for the
SPBIBI in acid form and its intensity was seen to increase as the
MWCNTs were introduced. It was assumed that the acid–base
interaction and the electron and/or energy transfer, increased the
polarization of the C]O bond, thus leading to the increased
absorption bands at 1720 cm�1. The absorption bands around
1040 cm�1 were attributed to the stretching vibration of –SO3

�. A
progression in the maximum of the symmetric stretching bands
toward a lower wavenumber was observed as the MWCNTs
concentration increased from 1038.8 cm�1 for the MWCNTs/
SPBIBI(1.0) to 1044.7 cm�1 for the pristine membrane in salt form
(Fig. 6). The result was also attributed to the acid–base interaction
and the electron and/or energy transfer which decreased the
frequencies of the –SO3

� stretching peak [55,56].

3.3. The thermal stability and mechanical properties of
composite membranes

TGA was employed to characterize the incorporation of
MWCNTs into SPBIBI. Fig. 7 shows the TGA curve of the MWCNTs/
SPBIBI(1.0) composite membrane as well as that of the membrane
of pristine SPBIBI. In the curve corresponding to the composite
membrane, three apparent drops in the sample’s weight could be
observed over the temperature ranges 50–150, 320–450 and 500–
750 �C. Similar results were seen in the curve of the pristine SPBIBI
membrane. The first weight loss was assigned to the evaporation of
hydrated water and the second to the decomposition of the sulfonic
acid groups. The on-set decomposition temperature for the second
step of the MWCNTs/SPBIBI composite membrane was approxi-
mately 30 �C higher than that of its pristine SPBIBI counterpart. The
electron and/or energy transfer between the polymer and the
MWCNTs could be responsible for the higher desulfonation
temperature of the MWCNTs/SPBIBI composite membrane. The last
weight loss, which started around 600 �C, was attributed to the
decomposition of the polymer backbone. The IR and TGA results
also confirmed the existence of a molecular-level interaction
between SPBIBI and the MWCNTs.

The mechanical properties of the MWCNTs/SPBIBI composite
membranes are summarized in Table 1. The tensile strength and
young’s modulus of the MWCNT/SPBIBI composite membrane
(5.0 wt% MWCNTs) were determined as 126.4 MPa and 1.40 GPa,
which are higher than those of the pristine SPBIBI membranes
(98.4 MPa of tensile strength, 1.04 GPa of young’s modulus). The
result indicated that the mechanical properties of the SPBIBI
membrane were reinforced with addition of the MWCNTs to the
membrane. Similar phenomena were also been reported in poly-
imide or polybenzimidazole/SWCNTs composites [44,46].

3.4. Morphology analysis

Although the polymer morphology appears to play a dominant
role in proton conduction, a systematic relationship between the
structure of a polymer and its proton conductivity has yet to be



Fig. 8. TEM micrographs of a) pristine SPBIBI, b) MWCNTs/SPBIBI(0.05), and c) MWCNTs/SPBIBI(1.0).
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revealed [57–60]. For this reason, the morphological structure of
the composite membrane was investigated with transmission
electron microscopy (TEM). Thin films were cast from a DMSO
solution and stained with lead acetate for the TEM analyses. Fig. 8
shows the morphology of MWCNTs/SPBIBI along with that of
pristine SPBIBI. The dark areas represent hydrophilic (ionic)
domains whereas the brighter ones refer to hydrophobic regions.
Cluster-like ion domains, approx. 60 nm in size, were observed in
the pristine SPBIBI membrane. Surprisingly, the addition of merely
0.05 wt% of MWCNTs to the SPBIBI matrix gave rise to changes in
the morphological structures. These changes consisted in the ionic
clusters in the composite membrane being smaller, approximately
30 nm in size, more uniform and denser than their counterparts in
the pristine SPBIBI membranes. It would be interesting to deter-
mine how this change in morphology affects water uptake, proton
conductivity and methanol transportation.

3.5. Water uptake and dimensional change

The water uptake in a proton-conducting membrane is an
important factor that directly influences proton transportation. The
water uptake is typically a function of the degree of sulfonation or
the ion exchange capacity (IEC); a measure of the exchangeable
protons in the material. Furthermore, the morphological structure
of the membranes also affects the water uptake. This parameter was
determined from the ratio of the weight of the water absorbed by
the membrane after immersion and the dry membrane weight. It
can also be expressed as the number of H2O molecules per sulfonic
acid group (l). Table 2 and Fig. 9 compare measured water uptake
and l values of composite membranes of varying MWCNT concen-
trations with those of Nafion 117 membranes. Each sulfonic acid
group of the SPBIBI membranes was solvated by fewer than 8 water
Table 2
Water uptake and swelling ratio of SPBIBI composite membranes.

Sample IEC (mequiv g�1) Water uptake (wt%) Swelling ratio (%)

20 �C l Dl Dt

CNT/SPBIBI(0.05) 2.87 37.8 7.3 3.9 13.9
CNT/SPBIBI(0.1) 2.87 38.2 7.4 4.1 13.8
CNT/SPBIBI(0.5) 2.86 40.1 7.8 4.2 14.9
CNT/SPBIBI(1.0) 2.84 39.1 7.6 4.2 14.2
CNT/SPBIBI(2.0) 2.81 37.2 7.4 3.8 13.2
CNT/SPBIBI(5.0) 2.73 28.1 5.7 3.2 10.0
SPBIBI 2.87 32.9 6.4 4.0 11.2
Nafion 117 0.9 19.4 12.0 11.4 13.2
molecules, a value much lower than that of Nafion 117 (l¼ 12.1) and
other proton-conducting sulfonated aromatic polymers [3]. This
lower water uptake was attributed to the combination of a rigid
polymer backbone and acid–base interactions between the pyr-
idinone ring and the sulfonic acid groups [47,48]. Nevertheless, the
composite membranes possessing similar IEC values displayed
a higher water uptakes than the pristine SPBIBI membrane. The
composite membrane MWCNTs/SPBIBI(0.5), for example, showed
a water uptake of 40.1% and l value of 7.8. This was higher than the
corresponding results for the SPBIBI membrane (32.9% water
uptake, l¼ 5.4). Based on the results of the microscopic observation,
the morphology of the composite membranesdconsisting in
smaller ionic clustersdwas believed to be responsible for the higher
water uptake in the composite as opposed to in their pristine
counterparts. This was presumably due to the formation of small
ionic clusters allowing for a more continuous and cohesive hydro-
philic matrix providing a greater number of hydrophilic sites for
water uptake. However, as the content of MWCNTs was further
increased, a decreased in water uptake was obtained. The composite
membrane MWCNTs/SPBIBI(5.0) with the high content of MWCNTs
showed a lower water uptake than its counterparts, and this was
ascribed to the IEC decreased and/or that the high content of
hydrophobic MWCNTs occupied the volume available for water
absorption.
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Fig. 9. A plot of the water uptake and lamda vs weight percentage of MWCNTs for
MWCNTs/SPBIBI composite membranes.
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The membranes’ dimensional change along the in-plane and
through-plane directions of the sample due to water sorption at
under fully hydrated conditions is presented in Table 2. The
dimensional change was found to strongly depend on the water
uptake, and the general trend was that a higher water uptake led to
membranes with a more considerable dimensional change.
Although all the composite membranes showed similar in-plane
swelling, a higher swelling ratio in through-plane directions of
composite membrane was observed due to the higher water
uptake. Furthermore, these membranes show unisotropic dimen-
sional changes between in-plane and through-plane directions. For
example, the MWCNTs/SPBIBI(0.5) membrane showed more than 3
times larger swelling in through-plane direction (14.1%) than in-
plane direction (4.2%). The higher water uptake and through-plane
swelling may also suggest the formation of ordered hydrophilic
domains within the composite membranes.

3.6. Electron and proton conductivities

As discussed above, in order to avoid any short-circuiting in the
fuel cell, the membrane should not be electrically conductive, and
thus, the carbon nanotubes should not percolate. The electron
conductivity of the membranes was measured and the data is
tabulated in Table 3. The Nafion 117 displayed an electrical
conductivity of 2.1�10�6 S cm�1, which agreed well with results
presented in the literature [61]. The electron conductivity of the
pristine SPBIBI membrane was 3.4�10�6 S cm�1, and this value
was slightly higher than that of Nafion 117. The electron
Table 3
The electron and proton conductivity of SPBIBI composite membranes.

Sample Electron conductivity
(10�6 S cm�1)

Proton conductivity
(10�3 S cm�1)

sa sb

CNT/SPBIBI(0.05) 3.9 78.0 16.4
CNT/SPBIBI(0.1) 5.1 89.0 17.0
CNT/SPBIBI(0.5) 6.9 102.0 21.0
CNT/SPBIBI(1.0) 7.2 94.0 18.0
CNT/SPBIBI(2.0) 9.8 90.0 18.0
CNT/SPBIBI(5.0) 89.0 71.0 15.8
SPBIBI 3.4 54.0 5.1
Nafion 117 2.9 90.0 20.0

a Measured in water at 20 �C.
b Measured at 70 �C, 50% relative humidity.
conductivity of the composite membranes increased as the
MWCNTs content was raised. In comparison to the pristine SPBIBI,
these results were high but still lower than 10�4 S cm�1. With such
values, there would be no risk of a short circuit occurring during the
fuel cell test operation [40]. Furthermore, the result indicated that
the mere presence of MWCNTs was inadequate for forming an
electronically conducting network. The interaction between the
MWCNTs and the SPBIBI effectively blocked the conduction of
electrons, and it was assumed that the high affinity of the polymer
to the MWCNT surfaces allowed the polymers to completely coat
and insulate these surfaces. The MWCNTs and MWCNT bundles
were thus coated with the insulative polymer in such a way as to
prevent the charge from transferring from one MWCNT bundle to
another.

In PEM fuel cells, the proton conductivity of the membrane is
particularly important since it plays a significant role in fuel cell
performance. To achieve good conductivity, an extensively phase-
separated morphology or high acid loading (water uptake) is
desirable. Table 3 showed the proton conductivity of the
membranes under fully and partially hydrated conditions. The
composite membranes with similar IEC values displayed signifi-
cantly higher proton conductivities than their pristine counterpart,
especially under partially hydrated condition. More specifically, the
composite membranes possessing a MWCNTs content of 0.5 wt%
exhibited proton conductivities of 0.021 S cm�1 at 70 �C, 50 RH%,
which is almost four times higher than that of pristine SPBIBI
membrane at the same testing conditions (0.005 S cm�1). This
value was comparable to Nafion 117 (0.020 S cm�1). Under fully
hydrated condition (in water), such superior values were main-
tained when the temperature was raised to 140 �C, as shown in
Fig. 10. The highest conductivity (i.e., 0.424 S cm�1) was observed
for the MWCNTs/SPBIBI(0.5) membrane at 140 �C, and corresponds
to more than twice the value of the pristine SPBIBI membrane
(0.184 S cm�1, at 140 �C). However, the measurement could not be
performed on Nafion 117 at such a high temperature due to a loss of
mechanical strength.

Also the composite membrane MWCNTs/SPBIBI(5.0) with an
elevated MWCNT content demonstrated a higher proton conduc-
tivity than that of the pristine SPBIBI membrane, despite its inferior
water uptake. It was found that the composite membranes con-
taining 0.5 wt% MWCNTs showed the best properties in terms of
stability and proton conductivity. Although the use of certain
MWCNT composites as proton exchange membranes has already
been reported, only a limited amount of papers describe the
achievement of greatly enhanced proton conductivities. A repre-
sentative example for the conductive enhancement of a polymer by
the addition of sulfonated SWCNTs is the S-SWCNTs/Nafion
composite, reported by Kannan et al., [62] in which the addition of
0.05 wt% sulfonated SWCNTs gave rise to an increase in the proton
conductivity due to the high sulfonic acid content of the composite
membrane. In the present case, our success was attributed to an
enhancement of the proton conductivities to the effective load
transfer to the MWCNTs as a result of the interaction between the
polymer and the MWCNTs, as discussed above. The interaction
between the hydrophobic MWCNTs and the polymer main chain
increased the hydrophilic/hydrophobic separation of the SPBIBI
membranes giving rise to smaller, highly dense and ordered ionic
clusters that were able to form enhanced connections for the
proton transport pathway. Thus, an improved proton conductivity
was observed for the composite membranes.

To further confirm the effect of the MWCNTs on the proton
conductivity of SPBIBI membranes, SPBIBI-b based on 1,4,5,8-
naphthalenetetracarboxylic dianhydride and sulfonated tetraamine
(IEC¼ 2.56 mequiv g�1) (Fig. 11) was adopted as the matrix [48].
Just as for SPBIBI, the SPBIBI-b composite membrane loaded with
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1.0 wt% MWCNTs showed a higher water uptake than that of its
pristine SPBIBI-b counterpart. As shown in Fig. 11, the proton
conductivity of the composite membrane was, at room tempera-
ture, almost twofold that of the pristine SPBIBI-b. From these
results, it was clear that the homogeneous dispersion of MWCNTs
evoked a significant change in morphology along with an
improvement in the proton-conducting behavior of the proton
exchange membranes.

3.7. Methanol permeability and oxidative stability

Table 4 lists the methanol permeability of the obtained
membranes at room temperature (25 �C). The composite
membranes showed lower values than that containing Nafion 117
(2.4�10�6 cm2 s�1). However, these results were slightly high as
compared to that of the pristine SPBIBI. For example, the MWCNTs/
SPBIBI(0.5) composite membrane exhibited a methanol perme-
ability of 6.5�10�7 cm2 s�1 as opposed to 5.2�10�7 cm2 s�1 for its
pristine SPBIBI counterpart. For a fully hydrated membrane, the
methanol transport across a proton exchange membrane should be
strongly dependent upon the water uptake, due to the methanol
permeating through the membranes as complex forms such as
CH3OH2

þ and H3Oþ. The composite membranes presented higher
water uptake values, and thus higher methanol permeabilities as
compared to the pristine SPBIBI membrane.

In order to understand the performance tradeoff between the
permeability and conductivity, an investigation was carried out
using the selectivity as a representation of the transport charac-
teristics of both the proton and methanol (s/P) of the MWCNTs/
SPBIBI, SPBIBI and Nafion 117 membranes. The results are shown in
Fig. 12. The composite membrane was more selective than its
Table 4
The oxidative stability and methanol permeability of SPBIBI composite membranes.

Sample Oxidative stabilitya Methanol permeability
(cm2 s�1)

s1
b (h) s2

c (h)

CNT/SPBIBI(0.05) 20 22 5.8� 10�7

CNT/SPBIBI(0.1) 20 23 6.4� 10�7

CNT/SPBIBI(0.5) 19 22 6.5� 10�7

CNT/SPBIBI(1.0) 19 23 5.9� 10�7

CNT/SPBIBI(2.0) 16 21 5.9� 10�7

CNT/SPBIBI(5.0) 15 21 4.8� 10�7

SPBIBI 18 22 5.2� 10�7

Nafion 117 – – 2.4� 10�6

a 30 �C in 30% H2O2 containing 30 ppm FeSO4.
b The time when the membrane broke into pieces after being shaken drastically.
c The time when the membrane dissolved completely.
pristine SPBIBI counterpart and approx 5 times more selective than
that of Nafion 117. Interestingly, a homogeneous dispersion of the
MWCNTs in the SPBIBI membrane increased both the resultant
proton conductivity and selectivity. This result differed greatly from
those of other composite membranes with hygroscopic inorganic
‘‘fillers’’ in which the selectivity could be increased while sacrificing
the proton conductivity [31]. The results indicated that the addition
of the MWCNTs into the SPBIBI matrix favored the proton transport
but blocked the permeability of methanol.

The oxidative stability of the composite membranes was tested
in Fenton’s reagent (30 ppm FeSO4 in 30% H2O2) at 25 �C and the
results can be seen in Table 4. It was fount that the oxidative
stability of the membranes decreased with increasing MWCNTs
loading levels. The time after which the MWCNTs/SPBIBI composite
membranes with 0.05–5 wt% MWCNT content started to break into
pieces decreased from 20 h to 15 h. The oxidative stability was thus
comparable to that of the pristine SPBIBI membranes that required
18 h to break into pieces.
4. Conclusions

Sulfonated poly[bis(benzimidazobenzisoquinolinone)] was
found to act as a good dispersant for MWCNTs. The MWCNTs/SPBIBI
dispersions with the highest MWCNTs concentration of 1.5–
2.0 mg mL�1 (using a SPBIBI to MWCNTs mass ratio of 4:1) were
stable for more than six months at room temperature. MWCNTs/
SPBIBI composite membranes could be successfully fabricated and
used as proton exchange membranes for fuel cells without any
visible aggregation of the MWCNTs. The resultant composite
membranes showed much higher proton conductivity values than
their pristine SPBIBI counterpart, however without sacrificing other
excellent properties (such as dimensional and thermo-oxidative
stabilities). The enhanced proton conductivity was attributed to the
ordered and smaller cluster-like ion domains of the composite
membranes, observed by transmission electron microscopy.
Moreover, a high selectivity (s/P) was observed for the composite
membranes as a result of the high proton conductivity. The
homogenous dispersion of the MWCNTs, as well as the efficient
enhancement performance of the SPBIBI, was due to the interaction
between the pyridinone ring and the sidewalls of the MWCNTs
which changed the morphological structure of composite
membranes as revealed by TEM. Further addition of the MWCNTs to
the other aromatic ionomers (such as sulfonated polyimide with
conjugated groups in polymer main chain) is expected to enhance
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the proton conductivity of composite membranes for fuel cell
applications. More detailed investigations are currently in progress
in our laboratory.
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