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a b s t r a c t

Simultaneous in situ unzipping and sulfonation of multi-walled carbon nanotubes (MWCNTs) using
potassium sulfate (K2SO4) and sodium dodecyl benzene sulfonate (SDBS) by a hydrothermal synthetic
route is carried out to prepare sulfonated graphene nanoribbons (sGNR) as confirmed by various char-
acterization techniques. Further, nanocomposite polymer electrolyte membranes of this with sulfonated
polyether ether ketone (SPEEK) show enhanced ion exchange capacity (IEC), proton conductivity and
water uptake compared to that of pristine SPEEK membrane. Higher mechanical stability for these
composite membranes is observed in comparison with pristine SPEEK membrane. Interestingly, these
SPEEK/sGNR composite electrolyte membranes (0.1 wt% sGNR) while testing in a proton exchange
membrane fuel cell (PEMFCs) test-bed, shows a current density of 840 mA cm�2 at 0.6 V (peak power
density of 660 mW cm�2) compared to the current density of 480 mA cm�2 at 0.6 V (peak power density
of 331 mW cm�2) for pristine SPEEK. The accelerated durability test for the membranes confirms that
composite membranes of SPEEK/sGNR are highly durable even after 200 h with marginal drop in OCV
with negligible fuel cross-over up to 175 h to suggest its potential applications in slew of future tech-
nologies including polymer electrolyte fuel cells, water electrolyzers and electrochemical sensors.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Generation, storage and convenient retrieval of clean energy is
a primary concern of almost all countries and fuel cells are widely
known to tackle most of the issues associated with it, being an
intrinsically efficient and clean energy conversion device [1,2].
Among several types of fuel cells, polymer electrolyte membrane
fuel cells (PEMFCs) with its zero emission characteristics and
modularity are especially suitable for both transport as well as
stationary applications [3,4] despite many serious issues asso-
ciated with affordability. Membrane electrode assembly (MEA) in
PEMFCs plays an important role in determining the cell perfor-
mance and most of the research is focused on developing new
membrane electrolytes and electrocatalysts [5,6] using both in-
expensive materials and cheaper manufacturing practices com-
patible for scale-up and production.

At present, perfluorosulfonic acid polyelectrolyte, Nafion, is
mical Research Institute-Ma-
widely used as a membrane electrolyte for PEMFCs due to its high
ionic conductivity and long term stability [1,7]. However, since
cost being a major concern of Nafion, research efforts are directed
towards exploring alternative polymers to be used as electrolyte
for PEMFCs [1,7]. Poly(ether ether ketone) (PEEK) polymer is a
semi-crystalline polymer [8] and being cost effective is considered
to be a best available alternative option to match the character-
istics of Nafion in terms of chemical, mechanical and thermal
stability and can be sulfonated using lesser carcinogenic reagents
[3,9]. Other advantages in terms of low fuel permeability are also
associated with sulfonated Poly (ether ether ketone) (SPEEK) [10].
However, a higher degree of swelling in SPEEK with increased
degree of sulfonation and ionic conductivity are some of the im-
portant challenges that needs to be addressed when used as
electrolyte in PEMFCs [9]. The thermal stability of SPEEK also de-
pends on the degree of sulfonation (DS) as it increases the proton
conductivity but at very high DS, thermal and mechanical stability
get affected significantly [10]. The proton conductivity of SPEEK in
turn depends on relative humidity and at high relative humidity
and temperature, the degree of membrane swelling increases due
to the excess water absorption as the DS increases in SPEEK [10].
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To address above issues, introduction of stable secondary phase is
important to form its composites. In this concern, SPEEK and its
composites by dispersing different additives are recently explored
as electrolytes to enhance the polymer electrolyte fuel cell (PEFC)
performance [9]. Some of the important additives like zeolites,
functionalized silicates, metal oxides, sulfated zirconia, hetero-
polyacids and layered silicates to form SPEEK composites are ex-
plored in PEFCs [9]. In recent years, carbon nanostructures have
been the topic of interest to be used as additive to the polymer
matrix for membrane electrolyte in PEFCs because of its remark-
able mechanical and thermal properties, low density and high
aspect ratio [9,11]. However, structural modification and sulfona-
tion of these materials are important for its better activity and
dispersion in the polymer matrix [9,11]. Different types of mod-
ified/sulfonated carbon nanostructures like single walled carbon
nano-tubes (SWCNTs), MWCNTs, carbon nanospheres, graphene
oxide and fullerene have been incorporated as additives to form
polymer composite membranes with Nafion and SPEEK as a base
polymer to enhance the physico-chemical properties required for a
polymer electrolyte membrane (PEM) [12–17]. For instance, Na-
fion/functionalized CNTs composite membranes with enhanced
thermal properties along with increased proton conductivity were
reported [13,14]. Similarly, Kannan et al. reported sulfonic acid
functionalized single walled-carbon nanotubes (S-SWCNTs) in-
corporated in Nafion with improved proton conductivity and
mechanical stability to form a composite membrane for PEMFCs
[12]. Also, functionalized sulfonated MWCNTs/Nafion composite
membrane was investigated for the application in PEMFCs with
the increased proton conductivity, mechanical characteristics and
enhanced fuel cell performance [15]. The composite membranes of
sulfonated porous carbon nanospheres with Nafion (Nafion/sPCN)
were also explored to increase the ionic conductivity for its use as
electrolyte in PEMFCs [16]. Recently, graphene and fullerene based
structures are also studied as additives in Nafion and SPEEK. For
instance, the composite membranes of sulfonated graphene oxide
and Nafion (Nafion/SGO) [17] and sodium dodecyl benzene sul-
fonate (SDBS)-adsorbed graphene oxide with SPEEK (SPEEK/SDBS-
GO) [18] was also investigated for its application in fuel cells. Si-
milarly composite membranes of sulfonated fullerene with SPEEK
(SPEEK/Sfu) were also used for better fuel cell performance [19].
However, there are certain limitations in the above approaches in
terms of finding more sulfonation sites and structural compat-
ibility for different carbon nanostructures within the polymeric
matrix.

In the present study, MWCNTs are in situ unzipped to increase
more number of available sulfonation sites and sulfonated si-
multaneously by adsorbing sulfonic acid (SDBS) groups to form
sulfonated graphene nanoribbons (sGNR). This is also essential for
proper structural compatibility of sGNR to be incorporated in the
SPEEK matrix for composite membrane electrolyte in PEFCs. GNR
have more available surface area for sulfonation than MWCNTs
which in turn helps in forming more ionic sites during sulfonation
for increasing ionic conductivity. Sodium dodecyl benzene sulfo-
nate (SDBS) is used as a sulfonating precursor during unzipping of
MWCNTs since it provides the π-π interaction without any struc-
tural deformation. Finally, sGNR is dispersed in SPEEK in different
wt% ratio (0.05, 0.1 and 0.15) to form composite membrane elec-
trolytes. These are characterized for their physicochemical prop-
erties and formed MEAs were subjected to cell polarization.
Among these composites, 0.1 wt% of sGNR has shown better dis-
persion in the polymer matrix. Higher IEC, water uptake, con-
ductivity, mechanical stability and fuel cell performance is ob-
served for SPEEK/sGNR (0.1 wt%).
2. Experimental

2.1. Materials

Multi-walled carbon nanotubes (MWCNTs, Z98% carbon basis,
O.D.� I.D.� L. 10 nm71 nm�4.5 nm70.5 nm�3- �6 mm,
773840-25G) and sodium dodecyl benzene sulfonate (SDBS,
289957-500G) were purchased from Sigma Aldrich. Potassium
sulfate (K2SO4) was purchased from Sisco research laboratories
(SRL) Pvt. Ltd. Sulfonated poly(ether ether ketone) (SPEEK,
Mw¼50,000 g mol�1, Mn¼14,000) was purchased from FuMA-
Tech GmbH, Germany. Dimethyl acetamide (DMAc) was procured
from Acros organics India. Commercial gas diffusion layer i.e. GDL
(SGL-DC-35) was supplied by SIGRACET

s

, GmbH, Germany. Plati-
num supported on carbon i.e. Pt/C (40 wt% Pt on Vulcan XC-72R
carbon) was purchased from Alfa Aesar (Johnson Matthey, USA)
chemicals. All the above mentioned chemicals were used as re-
ceived without any modification. Nafion 212 membrane was ob-
tained from Dupont and pretreated before PEFC test. Deionized
water (DI) (Elix

s

10, MERCK MILLIPORE) was used for all the
experiments.

2.2. Preparation of SDBS adsorbed graphene nanoribbons (sGNR)

MWCNTs (150 g) were properly mixed in 150 ml DI water un-
der stirring for 1 h. 0.5 M K2SO4 was added to the above solution
and was further sonicated for 1 h [20]. 0.016 M SDBS (0.873 g)
with pH¼1.77 was added to the above dispersion and again so-
nicated for 1 h. The final suspension was transferred in a hydro-
thermal reactor (250 ml) with heating and continuous stirring at
180 °C for 48 h for unzipping of MWCNTs and sulfonation. After
cooling to room temperature, the black suspension was separated,
washed with dil. HCl and finally with DI water repeatedly (till
neutral pH). The product (sGNR) was dried at 60 °C under vacuum
for 12 h.

2.3. Membrane preparation

The nanocomposite membranes of SPEEK/sGNR were prepared
by solution casting technique similar to the procedure reported
earlier [21]. sGNR in SPEEK with different wt% ratio (viz., 0.05,
0.1 and 0.15) was incorporated. In brief, the required amount of
sGNR was sonicated in dimethyl acetamide (DMAc) for 1 h. In
parallel, 2 wt% SPEEK was dissolved in DMAc under stirring at
room temperature and finally both the solutions were mixed, so-
nicated and stirred for 4 h. The solution was then poured on a flat
glass Petri dish and cast at 80 °C under vacuum for 12 h. The
membranes were then peeled-off and the measured thickness
varied from 50 to 70 mm.

2.4. Characterization

High resolution transmission electron microscopy (HR-TEM)
analysis of MWCNTs and sGNR were performed to study the
change in shape and size of sGNR drop cast after dispersing in
ethanol on copper TEM grid (TED Pella, Inc., USA) on a Tecnai G2
200 kV FEG TMP, FEI. The surface morphology of pristine SPEEK
and its composite membrane SPEEK/sGNR (0.1 wt%) were analyzed
in the field emission-scanning electron microscopy (FE-SEM) in-
strument (Zeiss ultra FE-SEM instruments, Germany), elemental
mapping was also done on the same instrument for sGNR to un-
derstand the carbon, oxygen and sulfur content distribution. The
energy dispersive X-ray spectroscopy (EDS) analysis of MWCNTs
and sGNR were analyzed on an EDS detector (quantax) connected
to the scanning electron microscopy (SEM) instrument (TESCAN,
Vega 3). The atomic force microscopy (AFM) analysis was done for



Scheme 1. Mechanism of simultaneous unzipping of multi-walled carbon nanotubes (with the length of 3–6 mm) and adsorption of SDBS to form sulfonated graphene nano-
ribbons (sGNR).

A. Shukla et al. / Journal of Membrane Science 520 (2016) 657–670 659
the MWCNTs, sGNR, pristine SPEEK and its composite membranes
in tapping mode atomic force microscopy (AFM, Pico SPM-Pi-
coscan 2100, Molecular Imaging, USA). Raman analysis of MWCNTs
and sGNR were performed on HR 800 Raman spectrometer (Jobin
Yvon, Horiba, France) using 632.8 nm green laser (NRS 1500 W).
The Fourier transform-infrared spectroscopy (FT-IR) of MWCNTs
and sGNR were analyzed in a TENSOR 27 (Bruker optik GmbH,
Germany). The elemental analysis was done for the MWCNTs and
sGNR in Elementarvario EL 111- Germany. The X-ray photoelectron
spectroscopy (XPS) analysis was done for MWCNTs and sGNR
using Thermo Scientific MULTILAB 2000 Base system with X-Ray,
Auger and ISS attachments. The thermo-gravimetric analysis (TGA)
was performed on a NETZSCH STA 449F3 TGA-DSC instrument in
the nitrogen environment (60 ml min�1) with the heating rate of
5 °C min�1 within temperature range of 30 °C and 1100 °C. The
mechanical properties in terms of tensile strength and elongation
at break of the membrane samples under sorbed condition (dip-
ped in water for 24 h and surface sorbed) was determined using
universal testing machine (UTM) (model: ZWICK/Roell, 146500)
using ASTMD882 with 10 mm width and 25 mm grip to grip se-
paration of membrane samples. The membrane samples were
tested using load cell of 1 kN with the test speed of 2 mm/min. The
average of five measurements for each sample was taken into
consideration.

2.5. Ion exchange capacity, water uptake, proton conductivity and
electrical conductivity

Ion exchange capacity (IEC) was measured using acid-base ti-
tration method [19]. The membrane sample with 2 cm2 area and
60 mm thickness was immersed in a saturated solution of NaCl for
24 h. The membrane was subsequently taken out and the remnant
solution was titrated against NaOH solution. IEC is calculated by
using the equation given below:

=
×

( )
−IEC

V N
Dry weight of sample

meq g
1

NaOH NaOH 1

where VNaOH and NNaOH represents the volume of NaOH consumed
during the titration and concentration of NaOH (in normality) used
for the titration.

The water uptake was measured by subjecting 2 cm2 area of the
dried membranes free of moisture kept in DI water for equilibra-
tion at room temperature for 24 h [22]. The membrane was then
surface sorbed and finally weighed. The water uptake was calcu-
lated by the difference in the weight of the sorbed and dry
membranes from the equation given below:

( ) = ×
( )

−⎡
⎣⎢

⎤
⎦⎥Water uptake

W W

W
% 100

2
eq intial

intial

.

where Weq. and Winitial represent the weight of the equilibrated
and initially dried membrane respectively.
The proton conductivity of the membrane was measured in a
fuel cell mode set-up by subjecting the membrane electrode as-
sembly to an alternating voltage signal of rms value 10 mV in the
frequency range of 1 MHz to 100 mHz. The impedance of the
membranes was measured at different temperatures ranging from
the room temperature to 60 °C under the fully humidified condi-
tion at 0.6 V (nearing Ohmic region). The Ohmic resistance was
noted by high frequency intercept of impedance with the real axis.
Finally ionic conductivity was calculated using the relation given
below:

( )=
( )

−

Membrane specific conductance

Thickness of membrane
Area specific resistance

S cm
3

1

The setup for measuring electrical conductivity i.e. conductivity
cell arrangement consisting of two stainless steel electrodes of
20 mm diameter each was arranged in a Teflon set-up. The com-
pletely dried membrane at 80 °C for 24 h was placed in between
the two electrodes and the set-up was kept in a closed glass
container. The setup was heated at 60 °C to remove the moisture
and also to reach the fuel cell operation temperature. Autolab
PGSTAT 30 instrument was used for the measurement of AC im-
pedance with amplitude of 10 mV in the frequency range of 1 MHz
to 1 Hz for different membrane samples. The high frequency in-
tercept on real axis of the impedance spectrum was used to de-
termine the resistance (R) of different membrane samples. The
electrical conductivity of the membrane samples was determined
by the equation:

σ= ( )
l

RA 4

where s represents the electrical conductivity of the membrane
samples in S/cm, l stand for the thickness of membrane sample in
cm, R stands for the electrical resistance of membrane and A
stands for cross-sectional area of membrane in cm2.

2.6. Fabrication of membrane electrode assembly (MEA)

MEAs were fabricated similar to the procedure reported else-
where [23]. In brief, the catalyst slurry was prepared using 40 wt%
platinum supported on carbon with iso-propyl alcohol as a solvent
and Nafion solution (5 wt%) as a binder. The electrodes were fur-
ther prepared by loading the above with 0.5 mg cm�2 catalyst
layer brush coated on the commercial gas diffusion layer. Further
the aforesaid composite membrane was uni-axially sandwiched
between the electrodes and hot pressed (hydraulic press) at 80 °C
with a compaction load of 20 kg cm�2 for 2.5 min to form MEA.

2.7. Fuel cell performance evaluation

MEAs were assembled in a single cell of 25 cm2 active area



Fig. 1. HR-TEM images of pristine MWCNTs (a and c) and sGNR (b and d). Unzipping of pristine MWCNTs is seen with the increase in the width from 5–10 nm to 15–20 nm
with the smooth edges and few transparent layers of sGNR. Length scale (a,b) is 50 nm and of (c & d) is 20 nm.
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comprising graphite monopolar plates with serpentine flow field
along with current collector and end plates supplied by Fuel Cell
Technologies, Inc., USA. The cell was further stabilized/activated at
0.6 V to observe the steady state current and then tested for po-
larization (I-V characteristics). High purity H2 and O2 with the
stoichiometry of 1.2 and 3 were fed as a fuel and oxidant on anode
and cathode side for PEMFC test respectively. Galvanostatic po-
larization experiments were carried out at 60 °C after stabilizing
the fuel cell under fully humidified conditions (100% RH) on both
sides in an electronic load Model: LCN1-50-24 and LCN1-100-24
from Bitrode Instrument (Bitrode Corp. Fenton MO USA).

2.8. Accelerated durability test (ADT)

The accelerated durability test (ADT) was performed for the
pristine SPEEK and its optimized nanocomposite membrane
SPEEK/sGNR (0.1 wt%) for 100 h and also the ADT was extended for
the composite membrane up to 200 h to evaluate the further de-
gradation point. DOE (US) protocols were slightly modified suiting
to the characteristics of SPEEK matrix and its composite stability.
The ADT measurement was performed in OCV condition at 60 °C
cell temperature and at 30% RH on both the anode and cathode
side with the fuel flow rate of hydrogen 350 ml min�1 on anode
side and 870 ml min�1 of air on cathode side. The test was per-
formed in an electronic load Model: LCN1-100-24 from Bitrode
Instrument (Bitrode Corp. Fenton MO USA). After every 25 h of
test, the cell was subjected to the gas permeability measurement
(H2 cross-over) and electrochemical impedance spectroscopy (EIS)
to understand the degradation behavior during durability test.

The gas permeability (H2 fuel cross-over) measurement was
performed in potentiostat/galvanostat (Autolab PGSTAT 30) in-
strument in the fuel cell set-up by linear sweep voltammetry
(LSV). The working electrode was connected on cathode side and
the counter and reference electrode was connected on anode side
of the fuel cell set-up. The humidified H2 gas was passed on anode
side with flow rate of 350 ml min�1 and humidified N2 gas was
passed on the cathode side with the flow rate of 150 ml min�1.
The LSV measurement after equilibrating the cell for 1 h was



Fig. 2. AFM analysis of (a) MWCNTs and (b) sGNR. The decrease in the height of the GNRs (9.85 nm) (including SDBS adsorption on both the sides) compared to the pristine
MWCNTs (15 nm) shows some of the layers are successfully exfoliated to sGNR with smooth edges.

Fig. 3. Laser-Raman spectra of MWCNTs and sGNR. Lower ID/IG ratio (1.38) for
sGNR is observed compared to pristine MWCNTs (1.70) suggesting towards the low
defect density. I2D/IG ratio of 0.30 suggests 3–5 layers of sGNR present.
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performed with the scan rate of 5 mV s�1 between 0.05 and 0.4 V
at room temperature (�25 °C) to measure the H2 cross-over cur-
rent from anode to the cathode side, which is electrochemically
oxidized on cathode side.

The electrochemical impedance spectroscopy (EIS) measure-
ments for the pristine SPEEK and SPEEK/sGNR (0.1 wt%) nano-
composite membrane was performed on fuel cell test station
(Biologic, Model: FCT-150S) after every 25 h of ADT. The test was
carried out with H2 as anode side fuel and O2 as cathode side
oxidant under fully humidified condition at operating temperature
of 60 °C. The reactant gas stoichiometry of 1.2 and 3 for H2 and O2

respectively, at ambient pressure was maintained. The EIS
measurements were carried out at 0.8 V.
3. Results and discussion

3.1. Structural characterization of MWCNTs and sGNR

Previous studies clearly indicate the important role of defects in
MWCNTs as a primary cause for the longitudinal unzipping to GNR
especially in presence of the electric field. Increased defects in
MWCNTs can be created by aggressive chemical reagents like
K2SO4 in aqueous medium and further intercalation of potassium
and sulfate ions through these defects on the edge and grain
boundaries will exfoliate the MWCNT and expand the interlayer
distance of MWCNT which will then facilitate the longitudinal
unzipping of MWCNT to form GNR at hydrothermal conditions of
temperature and pressure [20]. In situ hydrothermal synthesis
route is followed for simultaneous unzipping of MWCNT and ad-
sorption of SDBS. SDBS is adsorbed in the GNR due to the weak π-π
and hydrophobic interactions between them to form sulfonic acid
group functionalized GNR (sGNR) [18]. It is also presumed that
Naþ ion (from SDBS) being smaller in size compared to Kþ also
intercalate inside the pristine MWCNT layers which can enhance
the unzipping to form GNR. Accordingly a probable structural
modification of MWCNTs during this reaction is represented in
Scheme 1.

HR-TEM (Fig. 1b and d) images interestingly show the unzip-
ping in MWCNTs along with an increase in the width compared to
that of pristine MWCNTs (Fig. 1a and c) from 5–10 nm to 15–20 nm
with smooth edges. More importantly few transparent layers of
sGNR can also be discerned in these images. It confirms the un-
zipping of MWCNTs despite in a smaller degree which provides
valuable clue for the possible interaction between sulfonated GNR



Fig. 4. FT-IR spectra of MWCNTs and sGNR. Adsorption of SDBS on the GNR and also conversion of MWCNTs to the sGNR with the graphitic peak is confirmed.
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and sulfonated MWCNT [24].
The AFM analysis was performed to know the more accurate

shape and size of sGNR. The unzipped product shows a significant
decrease in the height (9.85 nm including SDBS on both sides of
GNR) as compared to that of MWCNTs with the height of 15 nm
confirming the unzipping of MWCNTs up to few layers as seen in
Fig. 2. The AFM of sGNR also show long ribbons (2–3 mm) with
smooth edges.

Raman spectroscopy is used to determine the changes in the
important characteristics of carbon nanotubes during its trans-
formation to GNRs. Since the ID/IG ratio is an important parameter
to determine the defect density, disorder, edge smoothness [25]
and edge structures [26–28]. As shown in Fig. 3, the ID/IG ratio of
sGNR is 1.38 which is comparatively lower than 1.70 for pristine
MWCNTs, suggesting towards the low defect density. The slight
broadening and consequent shift in the position of G band is due
to the disordered structure of sGNR because of the subtle mor-
phology changes after unzipping in comparison to that of pristine
MWCNTs [20]. More significantly a finite change in the I2D/IG ratio,
being π electron sensitive (suggesting the layer thickness) from
0.30 to 0.45 for pristine MWCNTs suggests the presence of about
3–5 layer of sGNR which is an indication of unzipping [20].

FT-IR analysis has been carried out to confirm the chemical
changes after sulfonation and accordingly, Fig. 4, shows a com-
parison of the IR spectra of the MWCNTs before and after the
hydrothermal treatment. Pristine MWCNT spectrum shows the
C¼C stretching frequency of MWCNTs at 1448.4 cm�1 and in the
range of 1444.5–1552.6 cm�1 [11,29] while peaks in the range of
3396.7–3728.6 cm�1 correspond to the stretching vibrations of
isolated O-H group/O-H group of carboxylic acid and adsorbed
water respectively [30]. The peak at 1737 cm�1 represents the
C¼O of carboxylic group and peak at 1365.4 cm�1 represents the
bending vibration of O-H of carboxylic group [11]. The peak at
1126.3 cm�1 represents the C-O stretching frequency of ethers and
alcohols [11]. The peak at 1215 cm�1 represents the bending vi-
bration of C-H for the benzene ring [11]. There are new prominent
peaks in sGNR in comparison to that of the pristine MWCNTs like
the one at 1600 cm�1 representing the graphitic C¼C stretching
vibration [31]. Absorption peaks at 1049.2 cm�1 and 1151.4 cm�1

represent the symmetric and asymmetric stretching vibrations
respectively for O¼S¼O of sulfonic acid group in sGNR compared
to that of pristine MWCNTs [11,32,33] while peaks at 1280.6 cm�1
and 1307.6 cm�1 may be attributed to the asymmetric stretching
vibrations of O¼S¼O sulfonic acid group attached to the un-
treated sGNR.

XPS is an important surface analytical technique used to mea-
sure the elemental composition, chemical valence of the attached
functional groups and also the structural defects on the nanotube
surface [11,34,35]. The XPS analysis survey spectra of pristine
MWCNTs, sGNR and its deconvoluted spectra are shown in Fig. 5.
In pristine MWCNTs, carbon and oxygen are present in C1s and
O1s state whereas in sGNR, additional S2p state of sulfur confirms
the presence of sulfonic acid group as seen in Fig. 5a (survey
spectra). The deconvoluted spectrum for the C1s in Fig. 5b of
pristine MWCNTs shows different peaks for C¼C (284.89 eV); C–O
(286.17 eV); C–O (287.29 eV) [11] signals and also a π-π* transition
loss peak (291.20 eV) [34]. Further the deconvoluted spectrum of
O1s in pristine MWCNTs (Fig. 5d) shows different peaks for C¼O
(532.87 eV) [11]; C–O–C, C-O-H (533.87 eV) [11] and isolated –OH,
C¼O, and finally O-C¼O (531.61 eV) [34]. In comparison, the de-
convoluted XP spectrum for C1s for sGNR in Fig. 5c shows different
peaks for C¼C (284.64 eV)[ 11]; C-C, C-H [11], defects in nanotube
structure (285.52 eV) [34]; C-O (286.53 eV) [11,34] and C¼O
(287.32 eV). [11,36] Similarly the deconvoluted spectrum for O1s
in sGNR shown in Fig. 5e confirms the presence of peaks for C¼O
(532.60 eV) [11,34]; C-O-C, C-O-H, S¼O (533.94 eV) [11,34]. Fi-
nally, the deconvoluted XP spectrum of S2p for sGNR in Fig. 5f
shows peaks at S2p1/2 (169.65 eV) and S2p3/2 (168.75 eV) with a
separation of 0.9 eV, which confirms the presence of sulfonic acid
groups [11,37] although the reasons for diminished S2p peak in-
tensity for sGNR could be attributed to the less number of sulfur
atom present in the SDBS molecule [37].

Thermogravimetric analysis (TGA) of both pristine MWCNTs
and sGNR are shown in Fig. S1 of the Supplementary material. The
TGA curve of pristine MWCNTs shows a weight loss starting at
875 °C due to the decomposition of MWCNTs [34,38] while in
sGNR, the first weight loss of 7.2 wt% is in the range of 305.7–
500.5 °C due to the decomposition of the functional groups/sul-
fonic acid groups attached to the GNR [34,39]. The residue ob-
tained at 1162.8 °C was 59.7% in the pristine MWCNTs while it is
only 34.8% in the sGNR explaining the contribution from the
modification of MWCNTs.

The CHNS analysis of MWCNTs and sGNR was performed and
the content of specific elements present in it is shown in Table S1



Fig. 5. XPS analysis (a) survey spectra for MWCNTs and sGNR, (b and c) C1s deconvoluted spectra for MWCNTs and sGNR, (d and e) O1s deconvoluted spectra for MWCNTs
and sGNR and (f) S2p deconvoluted spectrum for sGNR, confirming the presence of sulfonic acid group along with the different functional moieties in sGNR.
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of the Supplementary material. The sulfur and hydrogen content of
2.8% and 1.4% observed for sGNR confirms sulfonation. Interest-
ingly, the degree of sulfonation calculated from CHNS is found to
be 3% by considering the sulfur and carbon content [40] which are
in correlation with 7.2 wt% of the sulfonic acid group loss in TGA.
Further increase of oxygen and sulfur content in sGNR compared
to that of MWCNT as observed in Table S2 (see Supplementary
material) derived from EDS spectra suggests the attachment of –
SO3H group to GNR perhaps at the edges. The elemental mapping
of sGNR shown in Fig. S2 (see Supplementary material) also con-
firms the uniform distribution of carbon, oxygen and sulfur pro-
viding further credibility to above degree of sulfonation.



Scheme 2. Hydrogen bonding interaction of sulfonated graphene nano-ribbons and sulfonated polyether ether ketone to form nanocomposite membranes. The sGNR
dispersion in to the SPEEK matrix is uniform as seen in the photograph.

Fig. 6. TGA of (a) pristine SPEEK and (b) SPEEK/sGNR (0.1 wt%). It represents that
the composite membrane have similar thermal stability as pristine SPEEK.
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3.2. Characterization of pristine SPEEK and composite membranes

Based on the combined experimental data presented above, it
is possible to understand the probable interaction between sGNR
and SPEEK as illustrated in Scheme 2 (along with photographs of
the dispersed sGNR and SPEEK/sGNR composite membrane).
Thermo-gravimetric analysis (TGA) of pristine SPEEK and SPEEK/
sGNR (0.1 wt%) composite membranes show support for this
scheme in the form of three regions of thermal degradation as
represented in Fig. 6. The first thermal degradation region lies in
the range of 50–130 °C which is mainly due to the adsorbed
moisture in the membrane. The second region between 290 and
380 °C is perhaps due to the degradation of the sulfonic acid group
while the third region in between 450 and 630 °C could be as-
cribed to the degradation of the main polymeric chain [19].

A comparison of the surface morphology of pristine SPEEK and
SPEEK/sGNR is represented in Fig. 7, where the composite mem-
branes show enhanced surface roughness in comparison with the
smooth morphology for the pristine SPEEK confirming the uniform
dispersion of sGNR in SPEEK matrix. No agglomeration or phase
separation of particle is found and further neither cracks nor de-
fects is evident for these membranes which is also in accordance
with the literature available for such composite membranes [18].
FE-SEM cross-sectional analysis for the same also confirms the
distribution of sGNR in pristine SPEEK as seen in Fig. S3 of the
Supplementary material. Pristine SPEEK however, shows smooth
morphology even in magnified plane (Fig. S3b) whereas SPEEK/
sGNR (0.1 wt%) composite membrane in the magnified plane (Fig.
S3d) shows only the distribution of sGNR in SPEEK. This may fa-
cilitate enhanced transport of protons during PEFC operation.

The surface topography changes for the pristine SPEEK as well
as SPEEK/sGNR (0.1 wt%) composite can be understood by com-
paring the AFM images as represented in Fig. 8. For example,
brighter regions seen in SPEEK/sGNR (0.1 wt%) composite mem-
brane (Fig. 8b and d) suggests the preponderance of hydrophilic,
sulfonic acid groups of sGNR interacting with the hydrophilic do-
mains of SPEEK (Fig. 8a and c) [41,42]. Composite SPEEK/sGNR
(0.1 wt%) membrane also shows uniform distribution of sGNR
additives in the base polymer SPEEK. The increment in the hy-
drophilic sulfonic acid groups is due to the presence of sGNR ad-
ditive in the sulfonated chain of PEEK matrix. The increase in the



Fig. 7. FE-SEM surface morphologies for (a) pristine SPEEK and (b) SPEEK/sGNR (0.1 wt%). Uniform distribution of sGNR in SPEEK is observed.

Fig. 8. AFM analysis of (a and c) Pristine SPEEK and (b and d) SPEEK/sGNR (0.1 wt%). Brighter regions seen in composite membrane suggests the hydrophilic sulfonic acid
groups of sGNR interacting with the hydrophilic domains of SPEEK.

A. Shukla et al. / Journal of Membrane Science 520 (2016) 657–670 665
hydrophilic sulfonic acid groups in the composite membrane is
perhaps, responsible for the more energetically favorable path for
proton transport due to functional compatibility from the dual
hydrophilic domains.
The mechanical properties in terms of tensile strength and

elongation at break for different membranes are represented in



Fig. 9. (a) Tensile strength and elongation at break under sorbed condition for pristine SPEEK and nanocomposite membranes. (b) Stress-Strain curve for pristine SPEEK and
SPEEK/sGNR (0.1 wt%) composite membranes suggesting the better mechanical strength for 0.1 wt% sGNR additive in SPEEK matrix.

Table 1
IEC, water uptake, proton conductivity, activation energy of proton conduction (Ea), and Area specific resistance in cell mode of the Pristine SPEEK, and sGNR-incorporated
SPEEK (SPEEK/sGNR) Membranes.

Membrane type IEC
(meq g�1)

Water uptake
(%)

Proton conductivity for membranes Activation energy Ea
(kJ mol�1)

Area specific resistance of the membranes
(�10�7 Ω cm2)

33 °C (mS cm�1) 60 °C (mS cm�1)

Pristine SPEEK 0.78 28.81 36.32 53.63 11.14 5.33
SPEEK/sGNR (0.05 wt%) 1.54 40.48 39.25 57.97 10.81 3.93
SPEEK/sGNR (0.1 wt%) 1.42 37.35 43.81 63.45 10.56 2.36
SPEEK/sGNR (0.15 wt%) 1.41 36.75 24.99 44.39 15.88 6.12
Nafion 212 0.31 22.77 52.94 76.34 9.89 1.60

Fig. 10. Proton conductivity of SPEEK, SPEEK/sGNR composite membrane and Na-
fion 212. The proton conductivity of composite membrane has increased compared
to the pristine SPEEK and SPEEK/sGNR (0.1 wt%) has shown the highest con-
ductivity among all the composite membranes. Nafion 212 has better conductivity
than other composite membranes.

Fig. 11. Arrhenius plot for SPEEK, SPEEK/sGNR composite membrane and Nafion
212. The lower activation energy for ionic transport is observed for the SPEEK/sGNR
(0.1 wt%) compared to the pristine SPEEK and other composites.
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Fig. 9a. The tensile strength and elongation at break of SPEEK/
sGNR (0.05 wt%) nanocomposite membrane increased compared
to pristine SPEEK due to the addition of sGNR as additive which
impacts the mechanical properties of the composite membrane.
Moreover, the SPEEK/sGNR (0.1 wt%) nanocomposite membrane
show better tensile strength as well as elongation at break com-
pared to pristine SPEEK and SPEEK/sGNR (0.05 wt%) due to the
presence of GNR in significant amount with excellent mechanical
strength [20] and uniform distribution in SPEEK, which may
strengthen the SPEEK polymer chains. Further as the addition of
sGNR increased to 0.15 wt% in the composite membrane, the
tensile strength and elongation at break reduced compared to the
SPEEK/sGNR (0.1 wt%) and pristine SPEEK, may be due to the ag-
glomeration of sGNR particles which disturbs the chain continuity
of pristine SPEEK due to the higher content of additive [43]. Stress-
strain curve for pristine SPEEK, SPEEK/sGNR (0.1 wt%) is also re-
presented in Fig. 9b, which shows higher mechanical stability of
the optimized composite membrane compared to pristine matrix.
The statistical significance analysis is calculated and is found that
the tensile strength and elongation at break for all the four
membrane samples represented in Fig. 9a has the p-value of
0.0058 and 0.0013 respectively, which is lesser than the



Fig. 12. Cell polarization for the MEAs in PEMFCs. The current density of
840 mA cm�2 is observed at 0.6 V (peak power density of 660 mW cm�2) for
SPEEK/sGNR (0.1 wt%) compared to the pristine SPEEK of 480 mA cm�2 at 0.6 V
(peak power density of 331 mW cm�2).
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significance level (α) of 5% (0.05), confirms the statistical sig-
nificance between four sample groups for the above properties.

3.3. IEC, water uptake and proton conductivity for the membranes

For a PEMFC application, IEC, water uptake and proton con-
ductivity provide some vital parameters interconnected to each
other which in turn determines the overall fuel cell performance.
Ion exchange capacity (IEC) suggests the ability of membrane to
exchange the protons with the ions of solution in contact. The IEC
of the composite membranes of SPEEK/sGNR increases in com-
parison to pristine SPEEK due to the increased amount of sulfonic
acid groups in the composite membranes as shown in Table 1. The
water uptake for the aforesaid composite membranes also in-
creases in comparison to the pristine SPEEK as shown in Table 1
due to the increased content of hydrophilic sulfonic acid group in
the composite membrane. This in turn is expected to facilitate
more water molecules getting absorbed almost reaching a steady
state saturation at different content of sGNR. Interestingly, the
proton conductivity of composite membranes with sGNR content
of 0.05 wt% and 0.1 wt% also increases compared to that of pristine
SPEEK suggesting enhanced ionic conducting paths of SPEEK both
at 30 °C and 60 °C at 100% RH with the dispersion of sGNR. The
hydrophilic sulfonic acid group is responsible for improved water
uptake which in turn facilitates the proton conductivity. At the
same time the additional sulfonic acid groups through sGNR in the
composite membrane also facilitate proton transfer by contribut-
ing more towards the available sites for ionic transport. However
when the content is above 0.1 wt%, it was presumed that the paths
may be disturbed extensively by electrical conductivity thereby
reducing proton transport. To further confirm the same, the elec-
trical conductivity of pristine SPEEK and its composites were
studied to understand the effect of high electrically conducting
additive, i.e. sulfonated GNR in pristine SPEEK. The average of five
values was considered as a measure of final electrical conductivity.
As seen in the Fig. S4 of the Supplementary material, the electrical
conductivity of pristine SPEEK and its composites are approxi-
mately in the same range and as the additive (sGNR) content in the
composite membranes is very less i.e. lesser than the percolation
threshold (2 wt%) [14], there is a negligible effect on the electrical
conductivity of composite membranes. So it is confirmed that the
reduced ionic conductivity is attributed to the agglomeration of
sGNR (0.15 wt%) obstructing proton transport due to its high
content in the SPEEK matrix [43]. It is important to note that IEC
and water uptake is higher for pristine SPEEK and nanocomposite
membranes of SPEEK/sGNR when compared to Nafion 212 due to
the higher degree of sulfonation. However proton conductivity of
SPEEK and its composites is lesser in comparison to Nafion 212
due to the lower hydrophilic/hydrophobic separation corre-
sponding to narrow channels in the network [44].

3.4. Activation energy for proton conduction

The activation energy for proton transport (the minimum en-
ergy required for the ionic transport in the membrane) in pristine
SPEEK and composite membranes is determined by measuring
proton conductivity at different temperature as displayed in
Fig. 10. The activation energy Ea (kJ mol�1) can be calculated by
the Arrhenius equation given below through a linear fit [18,45] of
Fig. 11.

σ σ= − ( )
E
RT

ln ln 4
a

0

where s is the proton conductivity (mS cm�1), so is the pre-
exponential factor (mS cm�1), R is the gas constant and T is the
temperature (K). As shown in Table 1, the activation energy is less
for the composite membrane with sGNR content of 0.05 wt% and
0.1 wt% suggesting enhanced ionic transport through the mem-
brane in comparison to SPEEK. However if the content is above
0.1 wt%, the activation energy is higher suggesting more energy
required to transport the protons through the composite mem-
brane (0.15 wt%), may be due to the blockage of ionic channels of
SPEEK because of agglomeration of sGNR at higher additive con-
centration [43].

3.5. Steady state polarization

The aforesaid SPEEK/sGNR composite membrane based MEAs
are subjected to cell polarization using humidified H2 and O2 as
fuel and oxidant respectively at ambient pressure. The experi-
mental data are also compared with the data obtained using
pristine SPEEK and Nafion 212 based MEAs as represented in
Fig. 12. Interestingly, the composite membranes with 0.05 and
0.1 wt% content of sGNR show better peak power density than the
pristine SPEEK due to higher proton transport along with en-
hanced water uptake and IEC. It is obvious that there is an im-
provement in the Ohmic region for the composite membranes
compared to that of pristine SPEEK and at the same time all the
curves show similar trend in the activation region indicating same
electro catalytic behavior during testing. Also the area specific
resistance (ASR) for all the membranes in the region of 0.7–0.5 V
for MEAs in fuel cell assembly was calculated and represented in
Table 1. ASR significantly decreases for SPEEK/sGNR (0.05 wt% and
0.1 wt%) in the test cell assembly compared to that using pristine
SPEEK suggesting improved proton conduction in composites,
leading to an improvement in the overall cell performance. How-
ever there is also an increased resistance for the composite
membrane with the content of 0.15 wt% sGNR due to its agglom-
eration in the matrix as discussed elsewhere. The SPEEK/sGNR
(0.1 wt%) composite has shown better performance
(660 mW cm�2) followed by SPEEK/sGNR (0.05 wt%)
(432 mW cm�2) in comparison to pristine SPEEK (331 mW cm�2)
at 60 °C. However, Nafion 212 has shown better fuel cell perfor-
mance than all the membranes due its higher proton conductivity.

3.6. Accelerated durability test (ADT) for the membranes

The accelerated durability test (ADT) was performed for the
pristine SPEEK and its optimized SPEEK/sGNR (0.1 wt%) nano-
composite membrane. From Fig. 13a, it is observed that the pris-
tine SPEEK membrane has open circuit voltage (OCV) of 0.99 V and
after 35 h, it is reduced to 0.9 V and after that sharp fall in OCV is



Fig. 13. Accelerated durability test (ADT) curve for (a) pristine SPEEK and SPEEK/sGNR (0.1 wt%) nanocomposite membranes. The ADT of composite membrane up to 200 h is
also shown in inset. The hydrogen cross-over curve of (b) Pristine SPEEK for 0, 50 and 100 h during durability and (c) SPEEK/sGNR (0.1 wt%) composite membrane for 0, 50
and 100 h and in inset up to 200 h during durability. The electrochemical impedance spectroscopy (EIS) of pristine SPEEK and SPEEK/sGNR (0.1 wt%) nanocomposite
membrane (d) before durability (0 h) and (e) after durability (100 h).
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seen till 0.8 V and after 100 h it is 0.29 V which is 70% degradation
of initial OCV. Whereas in SPEEK/sGNR (0.1 wt%) nanocomposite
membrane ADT, the initial OCV observed was 1.01 V and there is
no sharp degradation in OCV up to 100 h. The OCV of 0.98 V was
observed after 100 h which is only 3% degradation of initial OCV.
To observe the sharp degradation point in the nanocomposite
membrane, the ADT was further continued up to the 200 h and the
final OCV observed was 0.9 V which is only 11% degradation in
voltage of initial OCV (inset to Fig. 13a). So the durability of the
optimized SPEEK/sGNR (0.1 wt%) nanocomposite membrane in
relation to initial OCV is on the higher side in comparison to the
pristine SPEEK. The reason for higher durability of the SPEEK/sGNR
(0.1 wt%) nanocomposite membrane in comparison to the pristine
SPEEK is due to the presence of highly stable additive i.e. sGNR
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with excellent mechanical and thermal properties [20] with uni-
form distribution in SPEEK, which strengthens the SPEEK polymer
chains. To further co-relate the above data, fuel cross-over and EIS
for the membranes was performed at regular interval of ADT.

The gas permeability (H2 fuel cross-over) measurement was
carried out to understand the amount of fuel cross-over from
anode to cathode during durability test. From Fig. 13b, it was found
that the H2 cross-over current density for pristine SPEEK was
0.87 mA cm�2 before the durability test and after 50 h of dur-
ability test it was found to be 5.08 mA cm�2 and finally after
100 h, it was 11.52 mA cm�2. Whereas for SPEEK/sGNR (0.1 wt%)
nanocomposite membrane shown in Fig. 13c, interestingly there is
no significant H2 cross-over current density before and after 100 h
durability which is in the range of 0.74 mA cm�2. Further it was
observed that the nanocomposite membrane has no significant H2

cross-over current density up to the 175 h of ADT. However, the H2

cross-over has increased after 200 h of ADT and the value is
4.63 mA cm�2 (inset to Fig. 13c), which is lesser in comparison to
the value of 11.52 mA cm�2 for pristine SPEEK discussed above. It
is confirmed that the H2 cross-over is very less for SPEEK/sGNR
(0.1 wt%) nanocomposite membrane in comparison to pristine
SPEEK may be due to the additive dispersion in the voids of the
SPEEK matrix that restricts the cross-over and the molecules are
made to traverse through the tortuous path. Hence sharp de-
gradation in OCV for pristine SPEEK compared to SPEEK/sGNR
(0.1 wt%) nanocomposite membrane can also be correlated with
the high amount of fuel cross-over.

The EIS measurement for the pristine SPEEK and SPEEK/sGNR
(0.1 wt%) nano-composite membrane was performed during the
ADT to understand the membrane resistance and interfacial re-
sistance in fuel cell mode. Nyquist plot shown in Fig. 13d and e
before and after 100 h durability, suggest the high frequency re-
sistance (HFR) on real axis of SPEEK/sGNR (0.1 wt%) nanocompo-
site membrane has shown lesser membrane resistance compared
to the pristine SPEEK leading to improved PEFC performance for
the composite.
4. Conclusions

Simultaneous unzipping and sulfonation of MWCNTs to form
sGNR has shown enhanced dispersion and functional compat-
ibility in the SPEEK matrix as a composite polymer electrolyte
membrane. These composite membranes of SPEEK/sGNR show
better water uptake and IEC which in turn helps in facile proton
transport concomitant with increased proton conductivity. Me-
chanical stability of the SPEEK/sGNR (0.1 wt%) nanocomposite
membrane is improved in comparison to pristine SPEEK. The MEAs
comprising these membranes display better PEMFC performance
in comparison with pristine SPEEK based MEAs. For example, in a
fuel cell test bed, the SPEEK/sGNR (0.1 wt%) shows a current
density of 840 mA cm�2 at 0.6 V (peak power density of
660 mW cm�2) compared to the pristine SPEEK of 480 mA cm�2

at 0.6 V (peak power density of 331 mW cm�2). Both the values
are 1.7 times more than that of the measured values for pristine
SPEEK membrane under similar conditions. Accelerated durability
test suggest the higher durability of the nanocomposite membrane
when compared to pristine SPEEK membrane. These results could
pave the way for the application of sGNR as effective additive in
different polymers to form cheaper and more durable composite
polymer electrolyte membranes in fuel cell applications.
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