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ABSTRACT: Nanohybrid membranes of electrically aligned function-
alized carbon nanotube f CNT with sulfonated poly ether ether ketone
(SPEEK) have been successfully prepared by solution casting. Function-
alization of CNTs was done through a carboxylation and sulfonation route.
Further, a constant electric field (500 V·cm−2) has been applied to align
CNTs in the same direction during the membrane drying process. All the
membranes are characterized chemically, thermally, and mechanically by
the means of FTIR, DSC, DMA, UTM, SEM, TEM, and AFM techniques.
Intermolecular interactions between the components in hybrid membranes
are established by FTIR. Physicochemical measurements were done to
analyze membrane stability. Membranes are evaluated for proton
conductivity (30−90 °C) and methanol crossover resistance to reveal
their potential for direct methanol fuel cell application. Incorporation of f
CNT reasonably increases the ion-exchange capacity, water retention, and
proton conductivity while it reduces the methanol permeability. The maximum proton conductivity has been found in the S-
sCNT-5 nanohybrid PEM with higher methanol crossover resistance. The prepared membranes can be also used for electrode
material for fuel cells and batteries.

KEYWORDS: poly ether ether ketone, functionalized carbon nanotube, PEMs, proton conductivity, electronic conductivity,
thermo-mechanical stability

■ INTRODUCTION

Proton exchange membranes (PEMs) are widely used in
different applications, such as fuel cells, batteries, electrolysis,
and many more.1−6 Nafion is an ideal candidate for a proton
exchange membrane but is very expensive. The need of the
present time is to develop a low cost, highly conducting, and
thermally and mechanically stable polymer electrolyte mem-
brane. PEEK is a fully aromatic polymer having good thermal
and mechanical stability and can be easily made hydrophilic by
controlled sulfonation from 45% to 65% degree of sulfona-
tion.7,8 Proton conduction of the SPEEK can be increased by
achieving more sulfonation, but it reduces its chemical and
mechanical strength.9 Composite material is the alternative way
to improve the properties of the PEM.10−13

Carbon nanotubes (CNTs) have emerged as an attractive
class of nanomaterial. After their discovery by Ijima, there has
been considerable interest in CNT research.14 A CNT
possesses distinct structural dependent electrical, mechanical,
and optical properties beneficial for many applications.15−20

Exploiting these unique physical and mechanical features of
CNTs with a polymer matrix leads to the nanocomposites with
improved properties. A CNT is used as a reinforcing agent in a
polymer matrix. The presence of CNTs within a polymer

matrix improves the tensile strength, mechanical properties, and
thermal and electrical conductivity.21−24 However, the low
solubility, bad dispersibility, and poor reactivity of CNTs, due
to van der Waals forces, limit its processing. For high
performance polymer/CNT nanocomposites, proper disper-
sion and strong interfacial interaction is essential. One of the
ways to meet this challenge is the surface modification of CNTs
by chemical functionalization, which also prevents CNTs from
agglomeration within the polymer matrix. Surface treatment of
CNTs with acids such as carboxylic acid and sulfuric acid
introduces functional groups onto CNT walls, which help to
enhance interaction with the polymer matrix.25,26

Again, the orientation of the nanotubes in to the polymer
matrix is also a problem that leads to the reduction of
performance. Electric and magnetic fields are powerful tools for
the proper orientation of CNTs into the base matrix. Alignment
of CNTs within the polymer matrix using an electric field has
been reported by many authors.27−29 The high aspect ratio of
CNTs makes them highly anisotropic in nature, so it is
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important to have aligned CNTs in the polymer matrix and
utilize their anisotropic structure to have improved properties
in the direction of alignment. Joo et al. have shown improved
mechanical strength in terms of tensile strength, strain, and
toughness with a functionalized CNT/sPAS composite
membrane.30 Ma et al. demonstrated the alignment and
dispersion of functionalized carbon nanotubes in polymer
composites by inducing an electric field.31 Kumar et al. showed
the enhancement of hydrogen gas permeability in electrically
aligned MWCNT−PMMA composite membranes.32

The present paper describes the preparation of an electrically
aligned f CNT/SPEEK nanohybrid PEM with varying
concentration of f CNT (0.1, 0.2. and 0.5%) within a SPEEK
matrix. Chemical, structural, thermal, and mechanical character-
izations are done using the respective analysis techniques.
Membranes were studied extensively by electrochemical and
physicochemical properties. Proton conductivity at different
temperatures is also measured.

■ EXPERIMENTAL SECTION
Materials and Methods. Poly ether ether ketone (PEEK) was

purchased from Solvay Chemicals. Multiwalled carbon nanotubes
(MCNTs) with a diameter of 20−50 nm and length of 5−15 μm were
purchased from TCI Chemicals. Other chemicals were obtained
commercially and used as received without further purification.
Sulfonation of PEEK was done using conc. H2SO4 at 60 °C under

constant stirring.33−35 In brief, 25 g of PEEK powder was dried at 70
°C for 2 h, and then dissolved in 250 mL of conc. H2SO4 with
constant stirring. After complete dissolution, the solution was heated
for 6 h at 55−60 °C with stirring and further stirred for 24 h at room
temperature. Then, the polymer solution was gradually precipitated
into excess of ice-cold water and washed several times to attain a
neutral pH. Sulfonated PEEK (SPEEK) was dried and stored for
further use.
Functionalization of the CNTs was done in two steps, first by

carboxylic acid treatment and then by sulfonation (Scheme 1). In
order to remove the impurities and graft a carboxylic acid functional
group on the surface, CNTs were oxidized according to the procedure
described elsewhere,36 where MWCNTs were dispersed in a mixture
of sulfuric and nitric acid (1:3 v/v) and heated up to 60 °C with
stirring under reflux for 3 h. Subsequently, the nanotubes have been
washed with the excess of acid by filtration and dispersion in water,

dried, and stored for further use. Carboxylic acid treated CNTs are
designated as c-CNT.

Now, c-CNT are further treated with sulfuric acid to add sulfonic
acid groups on their walls. Sulfonation of c-CNT was done by
dispersing c-CNT in conc. H2SO4 and sonicating for 2 h, followed by 2
h heating at 100 °C.37 Further, the obtained nanotubes are washed
with distilled water, filtered, and dried. Obtained CNTs are designated
as s-CNT.

For membrane preparation, functionalized CNTs are dispersed in
N,N′-dimethylacetamide (DMAC) by sonication for 2 h. SPEEK is
dissolved in dispersed CNT solution and stirred for 5−6 h to get a
homogeneous solution, followed by 2 h sonication. The homogeneous
solution is poured on a clean glass plate placed between two electrodes
of a high voltage power supply. The setup for electric field alignment
consists of two electrodes with the separation of 10 cm with 500 V/
cm2 applied potential. In this arrangement, the perpendicular electric
field is applied during membrane drying. Alignment of CNTs within
the polymer matrix can be explained by the electrophoretic effect.38

The field is applied throughout the drying process of the membrane.
After the membrane is dried, it is peeled off from the glass plate. The
membranes are dried at 100 °C in a vacuum oven for 24 h to complete
removal of solvent. Membranes of various concentrations of
functionalized CNTs (0, 0.1, 0.2, and 0.5 wt %) are prepared and
designated as S-cCNT-1, S-cCNT-2, and S-cCNT-5 for carboxylated
CNTs and S-sCNT-1, S-sCNT-2, and S-sCNT-5 for sulfonated CNTs,
respectively.

Chemical and Structural Characterization. The samples have
been characterized by the means of chemical and structural properties
by the means of FTIR, SEM, and AFM; details of the characterization
are included in the Supporting Information.

Thermal and Mechanical Stability of Membranes. Thermo-
mechanical stabilities of the membrane samples are evaluated by the
DMA, TGA, and DSC. Stress/strain curves for hybrid membranes are
measured using a Zwick Roell, Z2.5 universal testing machine (UTM).
Details of the characterization are included in the Supporting
Information.

Physiochemical and Electrochemical Characterization. Water
uptake behavior of membranes is determined by recording the weight
gain after equilibrating in water for 24 h. Ion-exchange capacity (IEC)
of hybrid membranes was estimated by the acid base titration. Proton
conductivity of the membranes was measured on a potentiostat/
galvanostat (Auto Lab, Model PGSTAT 30). Proton diffusion
coefficient for the membranes is calculated using membranes
conductivity. Electronic conductivity of the membranes are calculated
using i−v characteristics (−10 to +10 V) using a Keithley electrometer.
Details of the experiments are given in the Supporting Information.

Scheme 1. Schematic Representation for Functionalization of CNTs and Their Composite with SPEEK
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Methanol Permeability Measurements. Methanol permeability
of the membranes is carried out in a two-compartment cell in
recirculation mode at room temperature. Before performing the
experiments, membranes are equilibrated in a feed solution for 12 h.
The initial and final concentrations of the solution are measured by
using a digital refractometer (Mettler Toledo refractometer).
Experimental details are included in the Supporting Information.

■ RESULT AND DISCUSSION
Structural Characterization of Nanohybrid Mem-

branes. The alignment of f CNT in the polymer matrix has
been performed by applying a constant electric field of 500 V·
cm−2. Because of the difference in the dielectric constant of
CNTs and polymer, a dipole moment is induced when an
electric field is applied on the CNTs embedded in the polymer.
This strong dipole moment in the axis parallel to the length of
the nanotubes aligns the CNTs perpendicular to the electrodes
and in the direction of the electric field. The schematic
representation of electric field aligned f CNT/SPEEK
preparation is shown is Scheme 2.39

Functionalization of CNTs is done in two ways: First, CNTs
are treated with sulfuric and nitric acids to remove impurities
and graft carboxylic groups onto their walls. Second, carboxylic
acid grafted CNTs (c-CNT) are treated with sulfuric acid to
introduce sulfonic acid groups on CNT walls (s-CNT). Figure
1A shows the FTIR spectra of pristine CNT, c-CNT, and s-
CNT. Because of the functionalization, different bands have
been attached to the CNT walls. The pristine CNT shows a
peak at 1518 cm−1, ascribed to the CC bond. The peaks
emerging in c-CNT at 3300−3600, 2329, and 1632 cm−1

correspond to O−H bonds from the carboxyl group, O−H
stretch from strongly hydrogen bonded −COOH, and C
C.40,41 For s-CNT, the broad stretching frequency at 3429 cm−1

corresponds to the −OH bond, which indicates the existence of
COOH and SO3H groups. The peak emerging at 2921 cm−1 in
both c-CNT and s-CNT indicates C−H vibration, and the peak
at 1630 cm−1 may be due interaction between localized C−C
bonds and carboxylic acids and ketones.42,43 Frequencies at
1383 and 1097 cm−1 indicate the O−S−O asymmetric and
symmetric stretching modes in sulfonated CNTs.

FTIR spectra of SPEEK, S-cCNT-1, and S-sCNT-1 are
shown in Figure 1B. The stretching frequency at 3439 cm−1 in
SPEEK, 3411 cm−1 in S-cCNT-1, and 3420 cm−1 in S-sCNT-1
indicate O−H vibration (hydrogen bond), while frequencies at
2925 and 2435 cm−1, for SPEEK, S-cCNT-1, and S-sCNT-1,
indicate the presence of O−H stretching (acidic group) in
membranes. It can be seen that there is a slight peak shift in the
f CNT/SPEEK membrane compared to the SPEEK membrane,
which shows the interaction of f CNT to the SPEEK matrix.
The alteration on the sidewall due to the functionalization of

CNTs is confirmed by the Raman spectroscopy. Figure 2 and
Figure S1 (Supporting Information) show the Raman spectra of
functionalized CNTs and SPEEK/f CNT membranes, and the
corresponding D and G band values are shown in Table S-1
(Supporting Information). In Figure 2, the D band can be
observed at 1336 and 1345 cm−1 for c-CNT and s-CNT,
respectively, which is attributed to the defects or sidewall
functionalization of CNTs, while the G band is observed at
1560 and 1581 cm−1 for c-CNT and s-CNT, respectively,
which can be classified as the tangential stretching mode of
graphite.44−46 Figure S1 demonstrates the Raman spectra of
SPEEK/f CNT membranes. The D band is observed at 1345

Scheme 2. Schematic Representation of Electric Field
Aligned CNT/SPEEK Composite Membrane

Figure 1. (A) FTIR spectra of CNT, c-CNT, and s-CNT. (B) FTIR
spectra of SPEEK, S-cCNT-1, and S-sCNT-1 membranes.
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and 1320 cm−1 for S-cCNT-5 and S-sCNT-5, and the second
band, i.e., “G band”, was observed at 1574 cm−1 for S-cCNT-5
only. The G band also indicates the damage of nanotubes walls
after functionalization. G′ peaks observed at ∼2600 cm−1 in c-
CNT and s-CNT are due to the charge exchanged between
carbon nanotubes. The corresponding ID/IG values are also
illustrated in Table 1 Generally, a lower value of ID/IG

corresponds to the high purity of the sample.47 XRD spectra
of CNT and S-sCNT-5 are shown in Figure S2 (Supporting
Information). The 2θ peak for CNTs at 26.33° well matched
with the literature.48 In the hybrid membrane, the peak of CNT
goes diminished and denotes the amorphous nature of the
hybrid membrane.
Surface and cross-sectional images of f CNT/SPEEK

membranes are shown in Figure 3. The cross-sectional view
of S-cCNT-5 and S-sCNT-5 shows the distribution of f CNT in
SPEEK (Figure 3B,C). It is clear from the figure that the

distribution of f CNT in the SPEEK matrix is uniform, which is
also confirmed by the AFM images of SPEEK, cCNT-5, and S-
sCNT-5. Surface roughness of the membranes is also calculated
by AFM images, which are found to be in increasing order by
introducing the f CNT in the SPEEK matrix. TEM images of
randomly and aligned f CNT membranes are shown in Figure
4. The figure demonstrates the unaligned and aligned f CNT
within the SPEEK polymer matrix. Alignment can be clearly
seen in Figure 4B,C, while Figure 4A shows the unaligned
CNTs in the polymer matrix.

Thermal and Mechanical Properties of Nanohybrid
Membrane. TGA of CNT and electrically aligned f CNT/
SPEEK membranes is performed to analyze the thermal
stability of the samples. Figure 5 and Figure S3 (Supporting
Information) shows the TGA and DTG thermographs for
CNT, c-CNT, and s-CNT. It can be seen from the figure that
CNT is more stable than the f CNT up to 600 °C since there is
only 2.5% weight loss in CNT while 8.4% and 13.1% weight
loss is observed in c-CNT and s-CNT, respectively. Two weight
loss steps are found in CNTs: one is at around 100 o C due to
the presence of moisture, and another is between 260 and 310
°C observed due to the degradation of functional groups
present in the CNT. The amounts of the carboxylate and
sulfonate moiety of the f CNT are determined using a weight
loss difference between virgin CNT and f CNT at 600 °C.49 It
was found that the presence of about 5.9 wt % carboxylate and
10.6 wt % sulfonate content in f CNT indicates that the method
applied in this work is effective for functionalization of CNTs.
TGA and DTG thermographs for nanohybrid membranes are
depicted in Figure 6 and Figure S4 (Supporting Information).
Three weight loss steps could be observed in the corresponding
TGA curves of hybrid membranes. The observed weight losses
are between the ranges of 50−150 °C, 250−400 °C, and 450−
600 °C for S-cCNT membranes. For S-sCNT membranes, the
observed weight losses are from 40−10 °C, 280−430 °C, and
480−570 °C. The first weight loss is attributed to the
evaporation of hydrated water present in the membranes; the
second is assigned to the decomposition of carboxylic and
sulfonic acid groups present in the CNT and SPEEK matrix,
while the last weight loss around 500 °C is due to the
decomposition of the polymer backbone. The hybrid
membranes shows the higher degradation temperature than
the pristine SPEEK membrane. Also, the S-sCNT membrane

Figure 2. Raman spectra of c-CNT and s-CNT.

Table 1. Mechanical Properties of Different Nanohybrid
PEMs

sample
elastic modulus

(MPa) stress (MPa)
elongation at break

(%)

SPEEK 17.42 ± 0.5 92.19 ± 0.8 6.37 ± 0.2
S-sCNT-2 33.98 ± 0.5 127.27 ± 0.8 20.04 ± 0.2
S-sCNT-5 16.13 ± 0.5 54.59 ± 0.8 9.15 ± 0.2

Figure 3. SEM (A, B, C) of SPEEK, S-cCNT-1, S-sCNT-5; and AFM (D, E, F) of SPEEK, S-cCNT-5, S-sCNT-5 of SPEEK/f CNT composite
membranes.
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reveals a higher degradation temperature than the S-cCNT
membrane, due to the better interaction between s-CNT and
SPEEK compared to c-CNT and SPEEK. DSC curves for the
hybrid membranes are shown in Figure S5 (Supporting
Information). A single crystalline peak is observed for SPEEK
and f CNT/SPEEK hybrid membranes, showing the better
interaction between f CNT and SPEEK, as confirmed by the
TGA analysis.
DTMA analysis shows the thermo-mechanical stability of the

membranes (Figure 7). The storage modulus increased with the
increase in s-CNT concentration within the SPEEK matrix. The
highest value of modulus was found to be at 2503 MPa for the
S-sCNT-5 membrane, which is almost 2.4 times higher than

that for the SPEEK membrane. The enhancement in the
storage modulus of S-sCNT membranes indicates the strong
bonding due to the presence of a common sulfonic acid group
in CNT and PEEK, and the effect of electric field for the
alignment of CNTs in the SPEEK matrix. Furthermore,
alignment of CNTs using an electric field makes them more
oriented, which restricts the movement of the polymer chains
and which further increases the stiffness of the polymer. The
tan δ value is also found to be increased by 20% in the S-sCNT-
5 membrane than the SPEEK membrane. The stress−strain
curves for the membranes are shown in Figure 8, and the
calculated values for elastic modulus, stress, and maximum
elongation are presented in Table 1. The S-sCNT-2 membrane
shows the maximum value for elastic modulus, which is almost

Figure 4. TEM of (A) randomly distributed, (B, C) electrically aligned SPEEK/f CNT (S-sCNT-5) composite membranes (arrows show the
direction of CNT alignment).

Figure 5. TGA thermographs for CNT, c-CNT, and s-CNT.

Figure 6. TGA thermographs for SPEEK, S-cCNT-2, S-sCNT-2, and
S-sCNT-5 membranes.

Figure 7. DMA of SPEEK, S-sCNT-2, and S-sCNT-5 membranes.

Figure 8. Stress/strain curves for SPEEK, S-sCNT-2, and S-sCNT-5
membranes.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am506033c
ACS Appl. Mater. Interfaces 2015, 7, 264−272

268

http://dx.doi.org/10.1021/am506033c


double that of the SPEEK membrane, while the maximum
stress is found for the SPEEK membrane. All the hybrid
membranes are stable mechanically and thermally and can be
used for the high temperature applications.
Ion-Exchange Capacity, Water Retention Capability,

and Dimension Stability of Nanohybrid PEMs. The key
properties of nanohybrid PEMs, including IEC, water uptake,
hydration number, and dimensional stability, are presented in
Table 2. The IEC is an important parameter of PEMs, which is
affected by the density of functional groups present in the
polymer matrix. In present case, IEC of prepared membranes
increases as the concentration of aligned CNTs increases for
both S-cCNT and S-sCNT membranes. The IEC of S-sCNT-2
membranes is around 11% higher than those of S-cCNT-2
membranes, resulting from the higher content of sulfonic
groups in CNTs compared to carboxylic group content in
CNTs, confirmed by TGA of CNTs. In proton conducting
membranes, water uptake is an important parameter as it
directly affects the transportation properties and is related to
the IEC of the membranes. The high value of IEC displays a
higher water uptake in the membrane. It is evident from water
uptake measurements that the value increases with CNT
content in membranes. SPEEK shows 26% water uptake, while
it increases for the S-cCNT membrane, which is 32.9%. For the
S-sCNT membrane, the water uptake further increases and
reaches to 43.85% for S-sCNT-5; the water uptake for S-sCNT-
5 is about 68% higher than that for SPEEK due to its higher
IEC and the presence of aligned CNTs in the matrix. Water
molecules per unit functional group (λ) for the hybrid
membranes are calculated by the following equation:

λ = ⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟
⎛
⎝

⎞
⎠

Water uptake
18.01

10
IEC

The water content (λ) value for SPEEK is found to be 9.1,
which goes to increases by 11.1 for the S-sCNT-5 membrane.
The increment in λ is due to the corresponding ion-exchange
capacity of SPEEK; the IEC for S-sCNT-5 is found to be 36.7%
higher than that for the SPEEK membrane due to the presence
of highly acidic functionalized sCNT, as shown in Table 2. It is
clear from the results that, by increasing the sCNT content, the
water molecules surrounding SO3H increases from 9.1 to 11.1.
Unfortunately, the higher water uptake reduces the dimensional

and mechanical stability, but no reduction is found in the case
of S-sCNT membranes. Dimensional change reduces by 40%
from SPEEK to S-sCNT-5; it may be due to the interaction of
sCNTs with the SPEEK matrix as SPEEK is confined between
adjacent nanotubes, which hinders swelling of the mem-
branes.50,51 There exist two types of water, bound and free
inside PEM. For the conduction of protons, bound water is
more responsible than free water, which is calculated by TGA
analysis from 100 to 150 °C, while free water is the difference
of water content to the bound water present in membrane.
SPEEK membranes show the lowest bound water content
(0.59%) in comparison with all membranes (Table 2), while
1.18% bound water in the S-sCNT-5 membrane, maintains the
high water retention ability.

Proton Conductivity and Diffusion Coefficient Meas-
urements. Integrating the high surface functionalized aligned
CNTs in a polymer matrix improves the IEC, water uptake and
thus enhances the proton conductivity and transport through
the membranes. The proton conductivity of the membrane is
significantly improved due to three main effects of the
additives: the additional hydrophilic sulfonic acid groups
supported by the high surface area of CNTs, the inherent
property of carbon material to retain both the physical and the
chemically bound moisture, and the creation of pores by the
vertically alligned CNTs into the SPEEK matrix, creating free
volume to absorb more water. Since the immigration of H3O

+

ions is encouraged by the water channels, the conductivity of
the membrane increased, following the same fashion of the IEC
as well as water uptake. Proton conductivity of the S-sCNT-5
membrane reaches 4.31 × 10−2 S·cm−1, which is more than
twice that of the SPEEK membrane (Table 3). This is due to
the presence of more sulfonic groups within the matrix, which
provide the ion conducting path for the movement of ions. For
the high temperature applications, the temperature dependent
proton conductivity of PEMs are measured from 30 to 90 °C,
as presented in Figure 9. It can be seen from the figure that, as
the temperature increases, the proton conductivity of PEMs
increases, and the value of proton conductivity for S-sCNT-5
reaches to 12.41 × 10−2 S·cm−1 from its initial value of 4.31 ×
10−2 S·cm−1, which is equivalent to the nafion membrane.
Conductivity for all the membranes was found to be improved
by 2.6−3.0 times by increasing the temperature from 30 to 90

Table 2. Ion-Exchange Capacity, Water Uptake (%), Number of Water Molecules Per Ionic Site (λ), Free and Bound Water (%),
and Dimensional Change (%) for Different Nanohybrid PEMs

membrane type IEC (meq·gm−1) water uptake (%) λ (SO3/H2O) free water (%) bound water (%) dimensional change (%)

SPEEK 1.59 ± 0.05 26.02 ± 1.0 9.09 ± 0.2 25.43 ± 1.8 0.59 ± 0.2 19.54 ± 0.5
S-cCNT-2 1.89 ± 0.05 32.90 ± 1.0 9.67 ± 0.2 32.12 ± 1.8 0.78 ± 0.2 16.18 ± 0.5
S-sCNT-1 1.91 ± 0.05 37.02 ± 1.0 10.82 ± 0.2 35.95 ± 1.8 1.07 ± 0.2 18.52 ± 0.5
S-sCNT-2 2.12 ± 0.05 41.8 ± 1.0 10.95 ± 0.2 40.64 ± 1.8 1.16 ± 0.2 16.55 ± 0.5
S-sCNT-5 2.19 ± 0.05 43.85 ± 1.0 11.10 ± 0.2 42.67 ± 1.8 1.18 ± 0.2 11.80 ± 0.5
Nafion 117 0.9 ± 0.05 23.02 ± 1.0 8.0 ± 0.2

Table 3. Membrane Ionic Conductivity (σ), Membrane Electronic Conductivity (σ(E)), Diffusion Coefficient (Dσ), Methanol
Permeability (Pm), Selectivity (S), and Activation Energy of Proton Conduction (Ea) of Different Nanohybrid PEMs

membrane type σ (×10−2) (S·cm−1) σ(E) (S·cm
−1) Dσ (×10

−10) (m2 S−1) Pm (×10−7) (cm2 s−1) S (×105) Ea (kJ mol−1)

SPEEK 2.01 ± 0.01 2.50 × 10−5 1.251 ± 0.05 2.107 ± 0.1 0.95 ± 0.1 23.18 ± 0.5
S-cCNT-2 2.35 ± 0.01 5.53 × 10−3 1.582 ± 0.05 1.961 ± 0.1 2.39 ± 0.1 19.82 ± 0.5
S-sCNT-1 3.57 ± 0.01 2.54 × 10−3 1.701 ± 0.05 1.723 ± 0.1 4.14 ± 0.1 16.24 ± 0.5
S-sCNT-2 3.77 ± 0.01 7.10 × 10−3 2. 413 ± 0.05 1.701 ± 0.1 4.45 ± 0.1 15.32 ± 0.5
S-sCNT-5 4.31 ± 0.01 7.66 × 10−3 2.732 ± 0.05 1.689 ± 0.1 5.10 ± 0.1 13.69 ± 0.5
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°C, which may be due to the increment in proton diffusion with
temperature.52 The dependence of proton diffusion coefficient
on f CNT content is evaluated using membrane conductivity.53

Table 3 shows the calculated values of diffusion coefficient (Dσ)
for different PEMs, displaying the increased Dσ value by
increasing the S-sCNT content in the SPEEK matrix. This
indicates that the incorporation of f CNT can increase the
applicability of the SPEEK membranes not only for room
temperature but also for high temperature applications.
Activation energy for proton transport for one functional
group to another is calculated by the Arrhenius-type plot, as
shown in Figure S6 (Supporting Information) and Table 3. It is
clear from the table that the activation energy required for the
migration of ions is reducing by incorporation of f CNT
content in the SPEEK matrix, and required lower energy for the
S-sCNT-5 membrane.
Current−Voltage (i−v) Characteristics of Hybrid

Membranes. Current−voltage (i−v) characteristics of
SPEEK, S-sCNT-2 (without field), and S-sCNT-2 (with
field) are shown in Figure 10A. i−v measurements are
performed using a four-probe system. There is a dramatic
change in i−v characteristics of the electrically aligned S-sCNT-
2 PEM as compared to the randomly oriented S-sCNT-2
(without field) and pristine SPEEK membrane. SPEEK and S-
sCNT-2 (without field) membranes show almost negligible
current compared to the electrically aligned S-sCNT-2
membrane. While the increased trend in current in the aligned
S-sCNT-2 membrane can be explained as, when electric field is
applied, then CNT forms the conducting channel between the
electrodes and established the Ohmic contact between the
electrode and the PEM. In the randomly oriented S-sCNT-2
(without field) PEM, CNTs within the polymer matrix do not
carry any current and do not provide any conducting path for
current flow.32 Furthermore, the current enhances with applied
potential as the concentration of CNTs increases within the
polymer matrix. It can be seen from Table 3 that the maximum
conductivity is obtained for S-sCNT-2 for both c-CNT and s-
CNT membranes. The S-sCNT-5 (aligned) membrane shows
less electronic conductivity, which may be due to the
agglomeration of CNTs, hindering the conduction of electrons.
The total tunneling current has a kink that is a function of the
applied potential. From Figure 10B,C, it can be seen that the
kink becomes a step in the differential conductance (dI/dV)
plot and a peak in the d2I/dV2 plot.54 The nonlinearity of i−v
curves indicates the semiconducting behavior of aligned CNTs

and their ability to be used for the fabrication of nanoelectrode
materials.

Methanol Permeation (Pm) Resistance and Selectivity
of Nanohybrid Membranes. For DMFC application, the
PEM should have high proton conductivity with low methanol
permeation. Methanol permeability of SPEEK and S-sCNT
PEMs is shown in Table 3. It is clear from the results that the
methanol permeability of S-sCNT PEMs decreased with
increment of CNT content in SPEEK. In the case of S-sCNT
PEMs, CNTs prevent the movement of methanol through the

Figure 9. Plot of ionic conductivity vs temperature for different
membranes.

Figure 10. Current−voltage (i−v) characteristics for SPEEK/CNT
composites (A), corresponding voltage (V) versus dI/dV (B), and
voltage (V) versus d2I/dV2 (C) plots.
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membrane and act as barriers for connected hydrophilic
channels as well as provide the higher conductivity to the
hybrid membrane. The interaction between f CNT and SPEEK
restricts the formation of free volume in membranes, which
leads to low methanol permeability. Methanol permeability for
the SPEEK membrane is found to be 2.107 × 10−7 cm2 S−1,
which reduces to 1.961 × 10−7 cm2 s−1 for the S-cCNT-2
membrane and 1.701 × 10−7 cm2 s−1 for S-sCNT-2 membranes
and finally reached to 1.689 × 10−7 cm2 s−1 for the S-sCNT-5
membrane. Reduction in methanol permeability for S-sCNT
PEMs is due to strong interfacial adhesion between f CNT and
the SPEEK matrix.42 Selectivity of the membrane, which is
directly proportional to the membrane conductivity and
inversely proportional to the methanol permeability, is also
calculated for PEMs, which is found to be 0.95 × 105 for the
SPEEK membrane. The selectivity value for hybrid membranes
increases and reaches to 5.1 × 105 for the S-sCNT-5 membrane
(Table 3). The low methanol permeability with high selectivity
and proton conductivity of S-sCNT-5 PEM makes it suitable
for the DMFC application.

■ CONCLUSION
Electrically aligned f CNT/SPEEK nanohybrid PEMs are
successfully prepared by a solution casting method. Nanohybrid
PEMs with electrically aligned f CNT show better performance
as compared to randomly aligned f CNT. Further, among the
prepared membranes, the S-sCNT-5 membrane demonstrates
the best performance in comparison to other PEMs. While IEC,
conductivity, methanol permeation resistance and selectivity of
the membranes are enhanced, the membrane still maintained
excellent thermal and mechanical stability. All the membranes
show the good proton conductivity at higher temperatures and
have reduced activation energy for proton conduction by
addition of f CNT. The dramatic enhancement in current in S-
sCNT membranes indicates that aligning the f CNT within
SPEEK greatly affects the properties and performance of the
PEM membrane in a better way. The good exhaustive affairs
and stability make the f CNT/SPEEK nanohybrid membranes a
swatch candidate for fuel cell membranes and electrodes up to a
high temperature range.
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