
820 | Mater. Adv., 2020, 1, 820--829 This journal is©The Royal Society of Chemistry 2020

Cite this:Mater. Adv., 2020,

1, 820

Sulfonated poly(ether sulfone) based sulfonated
molybdenum sulfide composite membranes:
proton transport properties and direct methanol
fuel cell performance†

Vikrant Yadav,ab Nagaraju Niluroutu,c Santoshkumar D. Bhat bc and
Vaibhav Kulshrestha *ab

Composite membranes of sulfonated poly(ether sulfone) (sPES) are prepared in combination with

sulfonated molybdenum sulfide (s-MoS2) as an alternative polymer electrolyte for direct methanol fuel

cells (DMFC). Hydrothermally prepared MoS2 is functionalized using 1,3-propanesultone as a sulfonating

media and confirmed via FTIR and XPS analysis. The synthesized composite membranes are

characterized for their water content, ion exchange capacity (IEC), proton conductivity and thermo-

mechanical stabilities. The suitability of composite membranes for DMFC applications is assessed in

terms of their methanol cross-over resistance. The composite membranes show better methanol

permeation resistance compared to pristine sPES membranes, as s-MoS2 acts as a barrier for methanol

and provides a conduction path for the proton. Composite membrane with 5 wt% of s-MoS2 shows 91%

reduction in methanol crossover and almost four-fold higher electrochemical selectivity compared to a

sPES membrane.

1. Introduction

Clean energy for society is a critical issue nowadays. Globally,
major energy production is based on fossil fuels that strongly
affects the environment. In order to overcome this issue, there
is a critical need of alternate means for power generation
without disturbing the eco-system.1–3 Fuel cells may be a viable
solution as next-generation energy conversion devices. Among
the fuel cells, direct methanol fuel cells (DMFC) have been
widely accepted and investigated for portable applications due
to the high energy density of methanol and its ease of storage
compared to hydrogen.4–6 Proton exchange membrane (PEM)
with high proton conductivity, thermo-mechanical stability,
and low electro-osmotic drag is an ideal candidate as a polymer
electrolyte in DMFCs.7,8

Perfluorosulfonic acid based Nafion is commercially used
PEM for DMFC owing to its unique properties. However, a major
drawback associated with it high methanol crossover which
poisons the precious Pt catalyst at the cathode, ultimately
lowering the performance of membrane electrode assembly.9–11

Furthermore, Nafion is expensive considering the commercial
aspects of DMFC. Hence, the development of alternative PEM is
important to address the above issues associated with Nafion.
Recently, alternative composite membranes based on sulfonated
poly(vinylidene fluoride-co-hexafluoropropylene),12 sulfonated
poly(ether ether ketone),13,14 sulfonated polybenzimidazole,15

sulfonated poly(ether sulfone),16 and sulfonated polysulfone17

have been extensively investigated as an alternative to Nafion.
The above composites are formed by incorporating nanomaterials
which will eventually offer high methanol crossover resistance and
high proton conductivity.

Poly(ether sulfone) (PES) has received immense attention
and is considered as a suitable candidate, as an alternative to
Nafion, due to its thermo-mechanical, oxidative and chemical
stabilities in a fuel cell environment.18–21 Along with these
unique characteristics, poly(ether sulfone) can be easily func-
tionalized. However, high degree of swelling in sPES based
membranes with increased sulfonation (DS) levels affects their
mechanical properties. For applications, sPES membranes with
high DS should be tailored by incorporating nanomaterials to
enhance their mechanical stability as well as proton conductivity.
Two dimensional (2D) layered materials have unique properties
like high surface area, thermal and mechanical stability along
with methanol barrier properties. The use of layered 2D materials
in polymers have been extensively studied to achieve high-
performance polymer composites.22–25 Molybdenum sulfide (MoS2)
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is one of the important 2D layered nanomaterials, with its
lamellar structure, which offers better ionic transport.26–29

Additionally, exfoliated molybdenum disulfide is extensively
investigated in energy applications as an additive to polymers,
which in turn facilitates proton transfer with additional
mechanical strength to the polymer electrolyte. Furthermore,
high methanol cross-over resistance for the polymer electrolyte
is realized with the incorporation of exfoliated molybdenum
disulfide nanosheets.30 Usually, nanomaterials with few surface
functionalities aggregate into a polymer matrix, thereby, the
properties of both nanomaterials and composites are signifi-
cantly undermined. The functionalized nanomaterials form
additional strong hydrogen bonding and interfacial interactions
with polymers; as a result, the overall performance of the
polymer improves significantly.31,32

The present study describes the synthesis of sulfonated
molybdenum sulfide and preparation of sPES composite mem-
branes (s-MoS2/sPES) as polymer electrolyte for DMFC applications.
Improved selectivity of sPES based PEMs by simultaneous enhance-
ment of proton conductivity and methanol cross-over resistance are
reported by inclusion of s-MoS2.

2. Experimental section
2.1 Materials

Poly(ether sulfone) was obtained from Solvay Chemicals Pvt.
Ltd, India and vacuum dried at 100 1C prior to use. 1,3-Propane-
sultone was supplied by TCI chemicals. Pt–Ru/C, 60 wt% and
Pt/C, 40 wt% at 1 : 1 ratio, and ammonium molybdate tetra-
hydrate and thiourea were received from Alfa Aesar Johnson
Matthey. Nafion ionomer 5 wt% from ion power and gas
diffusion layer (GDL) supplied by Sigracet SGL group was used
for this study. Deionized (DI) water (resistivity 18.4 MO cm) was
used for all the experiments.

2.2 Synthesis of sulfonated poly(ether sulfone), MoS2 and
s-MoS2

The sulfonation reaction on poly(ether sulfone) was carried out
in a similar way to the procedure reported in the literature.16

Briefly, vacuum dried poly(ether sulfone) was slowly added to
concentrated sulfuric acid (98%) at 30 1C under vigorous
stirring to make a (10% w/v) homogenous solution. The
reaction mixture was heated at a constant temperature of
60 1C for 6 h, followed by vigorous stirring for 24 h at 30 1C. The
reaction mixture was precipitated in ice cold deionized water and
filtered, followed by washing with DI water until neutral pH.

The degree of sulfonation (DS) for sulfonated poly(ether
sulfone) is calculated using the following relation between
IEC and DS:33

Degree of sulfonation ¼ 232� IEC

1000þ ð232� IECÞ � 312� IEC
� 100

(1)

One pot hydrothermal route was followed for the synthesis
of MoS2 as reported in the literature.34 In a typical synthesis,

aqueous solutions of ammonium molybdate and thiourea were
prepared separately (the stoichiometric ratio of molybdenum
to sulfur is 1 : 2) and mixed by vigorous stirring for 1 h at 30 1C
followed by ultrasonication. Furthermore, the resulting
solution was transferred to a Teflon-lined stainless-steel auto-
clave for 12 h at a constant temperature of 220 1C. On cooling,
the resultant black powder was filtered and washed several
times with DI water. The filtered MoS2 was dried and stored
under vacuum for characterization and further modifications.
Sulfonation of the as synthesized MoS2 was carried out by using
1,3-propanesultone following the procedure reported in the
literature.28 1 g of MoS2 was dispersed in 20 mL of toluene by
ultrasonication and 3 g of 1,3-propane sultone was added and
the reaction mixture was refluxed at 120 1C for a period of 24 h.
On cooling, the reaction mixture was filtered and washed with
excess amounts of toluene and water. The resultant black
powder termed as s-MoS2 was dried and stored under a vacuum
for characterization and further use.

2.3 Preparation of composite membranes and membrane
electrode assembly (MEA)

Composite membranes based on s-MoS2/sPES with B0.180 mm
thickness were prepared using a simple solution casting technique.
For composite membrane synthesis, s-MoS2 was dispersed in
DMAc by ultrasonication and mixed with the separately prepared
sPES/DMAc homogenous solution (10 wt% in relation to solvent),
and further stirred for 12 h at 30 1C. The resultant homogenous
mixture was cast on a glass plate and dried in vacuum oven. The
composite membranes were peeled off carefully and stored in DI
water for further analysis. Composite membranes prepared with 1,
2, 5 and 6 wt% of s-MoS2 in sPES matrix were designated as FCL-1,
FCL-2, FCL-5 and FCL-6, respectively. The pristine sPES membrane
was designated as FCL.

The membrane electrode assemblies (MEAs) with an effec-
tive area of 4 cm2 were prepared and considered for the present
study. A mixture of Nafion–isopropyl alcohol (1 : 1) as a binder
was coated on anode prepared by loading 2 mg cm�2 Pt–Ru/C,
60 wt% and cathode 2 mg cm�2 Pt/C, 40 wt%. The synthesized
membranes were placed in between the anode and cathode,
and the assembly was subjected to hot press (Flow Mech) at
80 1C with a compaction pressure of 20 kg cm�2 for 2 min to
form a typical MEA.

2.4 Characterization of MoS2, s-MoS2 and membranes

The functional group, phase identification and indexing, and
morphological analysis for MoS2, s-MoS2, and membranes were
carried out using FTIR spectrometer, X-ray diffractometer, and
scaning electron microscope, respectively. Morphology for MoS2

and s-MoS2 was further recorded by transmission electron
microscope. The XPS analysis for MoS2 and s-MoS2 was carried
out using a Thermo Scientific K-alpha+ X-ray photoelectron
spectrometer using a monochromatic Al Ka (1486.6 eV) X-ray
source and the data were interpreted with the help of the XPS
Peak 4.1 software. The chemical structure of PES and sPES was
confirmed using 1H NMR using d6-DMSO as the solvent and
characterized using a JEOL RESONANCE ECZ600R spectrometer.
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The mechanical stability study for the membrane samples was
carried out using a ZWICK ROELL BT-FR2.5TH.40 Universal
Testing Machine (UTM) at room temperature. Thermogravimetric
(TG) analysis for the membrane samples was carried out at a
heating rate of 10 1C min�1 in the range of 30 to 600 1C using N2

gas on a METTLER TOLEDO STAR SW.

2.5 Physicochemical characterization

Water uptake (WU), ion exchange capacity (IEC), and hydration
number (l) for the membranes were determined using a similar
procedure to that reported elsewhere.4,13 The details of proton
conductivity and linear swelling ratio (LSR) measurements are
given in the ESI.†

2.6 Methanol permeability measurement

The methanol permeability of the s-MoS2/sPES composite
membranes was measured using an in-house built bicompart-
ment (60 cm3 volume of each) diffusion cell at 30 1C.4 The
membrane samples were clamped between the compartments
and placed on a magnetic stirrer. One compartment (CP-A) was
filled with 2 M methanol solution and the other (CP-B) with
de-ionized water. The solutions in both compartments are
continuously stirred and the concentration difference in
compartment CP-B was measured at regular intervals of 1 h
using gas chromatography (Thermo scientific Trace GC-Ultra)
equipped with a capillary column and a flame ionization detector
(FID). Methanol permeability for the test samples was calculated
by using the following relation:

P ¼ k2 � V2 � L

C1 � C2ð Þ � A
cm2 s�1
� �

(2)

where P reflects the methanol permeability of the membrane
samples, k2 is the slope of the methanol concentration profile
(plot of methanol concentration in CP-B vs. time), V2 is the volume
of liquid in compartment B, and C1 & C2 are the concentrations
of methanol in CP-A and CP-B, respectively, after 8 h. L is the
thickness of the test membrane sample and A is the area of the
test membrane exposed to methanol solution for methanol
crossover.

Electrochemical selectivity (b) of membranes is the ratio of
proton conductivity and methanol permeability as shown in the
following equation:

Electrochemical selectivity ¼

Proton conductivity S cm�1
� �

methanol permeability cm2 s�1ð Þ S s cm�3
� � (3)

2.7 DMFC performance evaluation

The prepared MEAs were evaluated in a conventional fuel cell
fixture with serpentine flow field machined on graphite plates
(Fuel Cell Technology, US) with an active area of 4 cm2. The fuel
methanol was passed at the anode at a flow rate of 2 mL min�1

and oxygen was passed at the cathode at a flow rate of
300 mL min�1. All the MEAs were tested at 60 1C using an

electronic load Model-LCN4-25-24/LCN 50-24 from Bitrode
Instruments (USA). Cell polarization studies were performed
in the galvanostatic mode wherein constant current was drawn
from the cell and the corresponding voltage value is noted in
relation to individual current in each step. Furthermore, power
density values were calculated by considering the cell voltage,
current and active area of the MEA.

3. Results and discussion
3.1 Characterization of MoS2, s-MoS2 and membranes

The phase identification and crystal structure of the synthe-
sized MoS2 and s-MoS2 are analysed via XRD technique, and the
obtained spectra are shown in Fig. 1. A strong and highly
intense 2y peak at 13.9, which corresponds to (0 0 2) plane
and is indexed for layered structure of MoS2 (ICSD collection
code: 31067) present in both MoS2 and s-MoS2, is attributed to
similar layered structure of s-MoS2.34 Additional 2y diffraction
patterns at 33.19, 39.46, 58.77 and 69.34 with their charac-
teristic planes of (1 0 1), (1 0 3), (1 1 0) and (2 0 1), respectively,
confirm that the abovementioned material is a hexagonal
crystal system and layer-structured, with D4

6h crystal system
and P63 space group (ICSD collection code: 31067).35 Similar
diffraction pattern of s-MoS2 reveals that the crystal structure
does not vary on grafting aliphatic hydrocarbon chains carrying
acidic groups. The presence of a sulfonic acid group with
aliphatic hydrocarbon chains on MoS2 is confirmed by FTIR
spectroscopy, and the recorded spectra of MoS2 and s-MoS2 is
presented in Fig. 1 (inset). An absorption band at 613 cm�1 is
assigned to the Mo–S stretching vibration present in both MoS2

and s-MoS2.33,35 In addition to this, new absorption bands at
1042 and 1212 cm�1 are assigned to the stretching vibrations of
sulfonic acid group.36 The absorption band present in between
2800 and 3000 cm�1 is associated with stretching vibrations of the
–CH2 group. These new absorption bands in the s-MoS2 spectrum
confirm the grafting of sulfonic acid group on MoS2.33,37

The chemical bonding structures and composition of the
synthesized MoS2 and s-MoS2 are further examined by X-ray
photoelectron spectroscopy. The detailed XPS survey spectrum

Fig. 1 X-ray diffraction patterns of layered flower like MoS2 and s-MoS2

(inset shows FT-IR spectra).
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of MoS2 and s-MoS2 presented in Fig. S1(a and b) (ESI†) reveals
the presence of molybdenum, sulfur, and oxygen in both MoS2

and s-MoS2. The de-convoluted spectrum of Mo 3d (Fig. S2(a),
ESI†) exhibits two peaks with binding energies of 229.2 eV and
232.4 eV corresponding to the Mo4+ 3d5/2 and Mo4+ 3d3/2 states,
respectively.34 Notably, binding energy at 226.4 eV attributed to
S 2s is detected, which is in agreement with previous
reports.34,38 Moreover, the peaks at 162.1 eV and 163.3 eV are
also observed in the de-convoluted spectrum of S 2p (Fig. S2(b),
ESI†) corresponding to S 2p3/2 and S 2p1/2 states of a divalent
sulfide ion (S2�), respectively.39 The O 1s (Fig. S2(c), ESI†) at
532.2 eV is assigned to the crystal lattice oxygen in the form of
–OH present on the MoS2 surface which is in good agreement
with the EDX data. In order to provide unambiguous evidence
of covalent bonding between MoS2 particles and 1,3-propane
sultone, the Mo 3d, S 2p, C 1s and O 1s peaks are de-convoluted
and presented in Fig. 2(a–d). The Mo 3d and S 2p states in
s-MoS2 (Fig. 2(a and b)) are identical as observed in the fine fitted
Mo 3d and S 2p spectrum of MoS2. Additionally, the de-convoluted
spectrum of S 2p with a binding energy in the vicinity of 168.8 eV
is associated with the sulfonic acid group.28,40 Moreover,
the signals for carbon have also emerged in the spectrum of

s-MoS2, and this implies that a carbon chain containing
a sulfonic acid group is effectively introduced on the MoS2

surface. The de-convolated spectrum of C 1s (Fig. 2(c)) exhibits
binding energies at 284.2 eV, 285.1 eV, and 286.7 eV corres-
ponding to the –C–C bond, –C–S bond, and –C–O bond,
while 288.9 eV associated with CQO bond originated from CO2

contamination.41–43 Furthermore, the O 1s spectrum (Fig. 2(d))
with a binding energy at 531.3 eV is attributed to –O–H, and
532.2 eV could be assigned for adsorbed water, and 533.4 eV is
associated with the –O–C bond.36,44 These studies confirm the
hydrothermal synthesis of MoS2, and the presence of binding
energies corresponding to C 1s, S 2p, and O 1s in the XPS survey
spectrum of s-MoS2 clearly points towards the existence of a
sulfonic acid group present on MoS2 surface.

The morphology of hydrothermally synthesized MoS2 is
analyzed by micro-scale imaging using SEM and TEM techni-
ques and is presented in Fig. 3. From Fig. 3(a), it is clear that a
number of wavy and entangled nanoflakes are assembled
together to give rise uniformly distributed spherical flower of
MoS2. Spherical flower like MoS2 nanostructure is obtained
keeping the stoichiometry of precursors as 1 : 2 (Mo : S), and
high sulfur ratio with respect to molybdenum suppresses the

Fig. 2 High resolution and de-convoluted XPS spectrum of Mo 3d peak (a), S 2p peak (b), C 1s peak (c), and O 1s peak (d) of sulfonated MoS2.
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growth of flower like MoS2.34,45 The TEM microscale images
(Fig. 3(c)) of MoS2 flowers show that petals are entangled to
form flowers. The TEM results are in good agreement with the
SEM results. Sulfonation of MoS2 leads to the separation of a
few layers from the MoS2 flower which is clearly observed in
Fig. 3(d). The presence of a sulfonic acid group with long alkyl
chains on the edge of MoS2 petals increases their dispersion
along with interaction with the sPES matrix. Presence of carbon
and oxygen content in the EDX analysis and elemental mapping
(Fig. S3, ESI†) of s-MoS2 further supports the sulfonation of
MoS2.

Proton NMR spectroscopy is used as a scrutinizing techni-
que to confirm the presence of sulfonic acid on the PES back-
bone and the corresponding 1H NMR spectra is presented in
Fig. S4 (ESI†). It is clear that PES shows only two chemical shifts
at d = 7.3 ppm and d = 8.0 ppm originating from the ‘‘b’’
protons of the phenyl ring near the ether linkage and ‘‘a’’
protons of the phenyl ring near the sulfone group, respectively.
New chemical shifts observed at d = 8.3 ppm in the sPES
spectrum are assigned to the ‘‘c’’ proton located near a grafted
sulfonic acid group.46 Meanwhile, the chemical shifts of ‘‘d’’
and ‘‘e’’ protons are also observed at higher chemical shift
values of d = 7.33 ppm and d = 8.08 ppm, respectively, due to the
very high de-shielding effect of the –SO3H group. This down
field chemical shift value confirms the presence of the sulfonic
acid group on the PES backbone. Sulfonation of PES in terms of
functional group has also been characterized by FTIR-ATR and
the corresponding spectra of the synthesized membranes are
presented in Fig. S5 (ESI†). From the polymer skeleton, absorp-
tion bands at 1240 and 1152 cm�1 are assigned to aryl oxide
(Ar–O–Ar) and the aromatic sulfone group, respectively. The
peaks at 1485 and 1580 cm�1 correspond to the stretching
vibrations of aromatic rings. Absorption bands at 1068 and
1102 cm�1 associated with the symmetric and asymmetric
stretching vibrations of the OQSQO group of the sulfonic acid

group confirms the successful grafting of –SO3H over the PES
backbone.47

Fig. 4 represents the XRD spectra of PES, sPES, and 5 wt%
composite membrane. Sulfonation reaction of PES leads to
poor macromolecular orientations within the polymer chains
resulting in the shift of 2y peaks of sulfonated PES towards
lower 2y values in comparison with PES.48 In addition to the
characteristic sulfonation peak, additional 2y peaks at 13.9,
33.25, 39.43 and 58.56, which are characteristic of s-MoS2

are also present in the s-MoS2/sPES composite membrane,
confirming the successful incorporation of s-MoS2 in the sPES
matrix. Scanning electron microscopy has been applied to
investigate the morphology of the synthesized membrane,
and microscale images of the prepared membranes are shown
in Fig. 5. From the microscale images of the FCL membrane, it
is clear that no cracks are seen in the synthesized membranes
and the membranes are homogenous in nature with a smooth

Fig. 3 SEM micrograph of layered MoS2 (a), TEM image of layered MoS2 (c), SEM and TEM micrograph of layered MoS2 after sulfonation (d and f).
Elemental analysis of MoS2 and s-MoS2 (b and e, respectively).

Fig. 4 X-ray diffraction patterns of poly(ether sulfone) (PES), sulfonated
poly(ether sulfone) (sPES), and 5 wt% s-MoS2/sPES composite membrane.
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surface (Fig. 5(a and b)). Fig. 5(c and d) present the surface and
cross-sectional view of the FCL-5 membrane to further confirm
the uniform distribution of s-MoS2. The inset of Fig. 5(d) at
lower magnification shows that the nanomaterial is uniformly
dispersed throughout the membrane matrix. However, at 6 wt%
of s-MoS2, agglomeration of s-MoS2 particles is observed
(Fig. S6(a and b), ESI†) and aggregation of nanoparticles at
high concentrations was reported in many studies.22

3.2 Thermal and mechanical stability of the membranes

Thermal stability analysis of the membranes is examined in
inert atmosphere and the results obtained are presented in
Fig. 6. TGA thermograph presents three distinct weight loss
regions in the range of 50–150, 250–350 and above 500 1C. The
first phase of weight loss below 150 1C is due to the removal of
absorbed moisture and bound water present in the membrane
matrix. The intermediate weight loss region of 250 1C to 350 1C
is associated with thermal decomposition of super acidic
sulfonic acid group present.36 The third and major weight loss
after 500 1C is associated with the decomposition of the sPES
main chain.49 The s-MoS2/sPES composite membranes show
lower weight loss at similar temperatures compared to the sPES

membrane, which could be attributed to strong intermolecular
hydrogen bonding interactions and even distribution of s-MoS2

particles within the sPES matrix.36 The result shows that com-
posite membranes were thermally stable up to 250 1C which is
adequate for their use as polymer electrolyte membranes.

Mechanical stability for the polymer electrolyte membranes
is carried out and presented in Table S1 (ESI†). Elongation at
break and tensile strength of FCL membranes are found in
the order of 51.47–65.85% and 15.31–24.53 MPa, respectively.
As we increase the s-MoS2 content from 1 to 5 wt%, elongation
at break, tensile strength, and elastic modulus of the FCL
membranes increase and for 6 wt%, the parameters are
reduced; moreover, the abovementioned parameters for 6 wt%
s-MoS2 composite membrane are higher than that of the pristine
sPES membrane. The above data show that addition of s-MoS2 in
the sPES matrix significantly enhances the mechanical properties
of membranes up to a certain limit, and thereafter on further
addition, it reduces due to agglomeration of nanostructures
(Fig. S6, ESI†) and results in poor mechanical properties of
composite membranes. The FCL-5 membrane showed the highest
elongation at break and tensile strength which is 65.85% and
24.53 MPa, respectively. The significant enhancement in tensile
strength of the composite membranes in comparison with
pristine membrane can be ascribed due to strong interfacial
interactions between s-MoS2 and sPES chains and uniform
dispersion which in turn reduces the free volume and transfers
the mechanical strength to polymer electrolyte.28,30,32 The high
dielectric properties and plasticizing nature of water molecules
present in the membrane matrix reduce the Van der Waals force
of attraction present between the macromolecular chains of the
polymer which is elastic in nature.

3.3 Physicochemical properties of membranes

Absorbed water provides indirect measure of proton transport
in PEMs. Proton gets transported across the membranes in the
form of H3O+ using water molecules present in the membrane
as their transport depends on a vehicular or hopping mecha-
nism using bound water present in the membrane.50 The water
uptake behavior of pristine and composite membranes is
presented in Table 1, and it is envisaged that water uptake
for s-MoS2/sPES composite membranes is higher than that of
the sPES membrane. This trend is realized by the presence
of additional sulfonic acid functionalities in s-MoS2. Presence of
s-MoS2 in the sPES matrix creates additional water adsorption
channels and available sulfonic acid group over sPES and

Fig. 5 Surface morphology of pristine sPES membrane with surface (a)
and cross sectional (b) micrographs, and surface (c) and cross sectional (d)
micrographs for the 5 wt% composite membrane.

Fig. 6 Thermogravimetric analysis of prepared membranes.

Table 1 Water uptake (WU), bound water (BU), ion exchange capacity (IEC),
hydration number (l), activation energy (Ea) and linear swelling ratio (LSR) of
the prepared FCL membranes

Membrane WU (%)
BW
(%)

IEC
(meq. g�1) l

Ea

(kJ mol�1) LSR (%)

FCL 24.34 � 0.97 1.33 1.26 � 0.03 10.73 13.13 22.92 � 1.27
FCL-1 29.36 � 1.15 1.62 1.32 � 0.02 12.35 11.88 17.58 � 0.88
FCL-2 34.45 � 0.99 1.71 1.44 � 0.02 13.28 11.97 16.47 � 0.94
FCL-5 40.73 � 1.07 1.84 1.61 � 0.03 14.04 9.39 12.34 � 0.90
FCL-6 35.12 � 1.09 1.59 1.41 � 0.03 13.82 13.13 17.12 � 0.82
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s-MoS2 interact with water molecules by electrostatic forces or
hydrogen bonding. The highest water uptake is seen for the
FCL-5 membrane that is 40.73%, which is 67% higher than
pristine sPES. Bulk water in the polymer matrix is comprised of
free water and bound water. Bound water in the membrane
samples is calculated and presented in Table 1. From Table 1,
it is presumed that bound water content in composite
membranes follow the same trend as followed by water uptake
resulted from higher charged groups (–SO3H) present within the
polymer matrix with increased s-MoS2 content. Hydration num-
ber (l) indicates the number of water molecules present over
repeating unit ionic site in the membranes and is presented in
Table 1. Higher amount of water molecules facilitated overall
proton transport across the membrane.

Ion exchange capacity (IEC) of the proton exchange mem-
branes is directly related to water uptake and it reflects their
proton conductivity. The measured ion exchange capacity for
membranes is presented in Table 1, and found in the order of
1.26 to 1.61 meq. g�1. The IEC value for the FCL-5 membrane is
28% higher than pristine membrane which resulted from a
increase in the number of ionic sites upon addition of s-MoS2

in the sPES matrix. Dimension changes in the hydrated form of
membranes determine their mechanical stability. Linear swelling
ratio of composite membranes decreases with increase in s-MoS2;
two dimensional graphene like structure of s-MoS2 provides high
mechanical strength to membranes in addition to higher ion
transport channels. The above data reveal that s-MoS2 has a
profound effect on the physicochemical parameters of FCL mem-
branes and the above mentioned parameters are significantly
enhanced in the presence of s-MoS2 in the sPES matrix. Enhance-
ment in the properties of FCL composite membranes is observed
for up to 5 wt% addition of s-MoS2, however, with further increase
in s-MoS2 content (6 wt%) the properties are found to be almost
similar to FCL-2 membrane and presumably due to the agglomera-
tion of s-MoS2 particles. Aggregation of s-MoS2 in the sPES matrix
inevitably suppresses the number of active sulfonic acid sites
available for water uptake and exchange of ions.

3.4 Proton conductivity of membranes

Proton conductivity is one of the critical parameters for DMFC
applications and depends upon the concentration of sulfonic
acid group present within the membrane matrix. Proton
conductivity of the FCL membranes with increased s-MoS2

(1, 2, 5 and 6 wt%) content is assessed at different temperatures
as shown in Fig. 7. Proton conductivity of the composite
membranes is higher than pristine membrane. Proton conduc-
tivity increases from 7.34 to 11.8 � 10�3 S cm�1 at 30 1C, with
an increase in s-MoS2 content from 1wt% to 5 wt%. The highest
proton conductivity is seen for the FCL-5 membrane which is
two-fold that of the pristine sPES membrane at 30 oC. Further-
more, FCL-6 displayed lower proton conductivity value as
compared to FCL-5, which could be due to the aggregation of
ionic groups in the former. It is proven that the Grotthuss
mechanism (proton hopping) for proton transport and migra-
tion of protons in a hydronium ion (H3O+) form mainly governs
the proton conductivity of a proton exchange membrane.

In case of s-MoS2/sPES composite membranes, proton conduction
takes place via both proton hopping and vehicular mechanisms
(Scheme 1).51 From Table 1, we can see that s-MoS2 significantly
increases the water content in composite membranes resulting in
abundant water molecules in composite membranes for both
proton transport mechanisms. Hence significant increase in
proton conductivity for composite membranes is seen. In case of
composite membranes, proton transport via vehicular mechanism
is more favorable because of high water content. A similar
response towards proton conductivity of membranes was observed
at elevated temperatures. Proton conductivity of membranes line-
arly increases with an increase in test temperature following the
Arrhenius relationship of thermal dependence (Fig. S7, ESI†).
Activation energy (Ea) which is minimum energy required for
proton transport is presented in Table 1. The FCL-5 membrane
shows an activation energy of 9.39 kJ mol�1 which is 40% lower
than that of the FCL membrane. The results reveal that s-MoS2

content in the sPES matrix significantly reduces the activation
energy for proton transport and facilitates ionic transport across
the s-MoS2/sPES composite membranes.

3.5 Methanol permeability and direct methanol fuel cell
polarization study

High methanol crossover resistance of PEMs help in achieving
high power density and long-term durability for DMFC system.
Mitigation of methanol across the test membrane plays a key
role in determining the effect of membrane electrode assembly.
Methanol crossover from the anode to the cathode poisons the
catalyst due to the mixed potential and decreases the power
output. Methanol concentration profile validated from the
second compartment of the diffusion cell with time is pre-
sented in Fig. S8 (ESI†), and the corresponding methanol
permeability (P) is presented in Fig. 8. Methanol permeability
for the sPES membrane is reduced by 26% with addition of
1 wt% of s-MoS2 in the sPES matrix, whereas reduced by 91%
with the addition of 5 wt% of s-MoS2. The transport rate of
permeate across a membrane is highly influenced by the
channels within the membrane matrix and PEMs exert similar
transport channels for methanol and protons. High methanol
permeation resistance exerted by composite membranes could

Fig. 7 Proton conductivity of the prepared membranes as a function of
test temperature.
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be attributed by presence of s-MoS2 in sPES matrix. Abundant
acidic –SO3H groups improve the proton conductivity by pro-
viding more connective ionic cluster domains and suppress
methanol transport via hydrogen bonding interactions between
s-MoS2 and sPES, which makes the transport channels more
compact and tortuous (Scheme 2). Furthermore, uniform disper-
sion of s-MoS2 in the sPES matrix creates a highly compact network
with much less free-void space, which effectively restricts the
passage of methanol molecules across composite membranes.52

Membranes with high electrochemical selectivity are considered

to be suitable for DMFC, which is validated by the ratio of proton
conductivity and methanol permeability. Selectivity for FCL-5
membrane is 8.36 � 104 S s cm�3 and for FCL membrane it is
2.17 � 104 S s cm�3, which is much lower than FCL-5 membrane
(Fig. 8). High electrochemical selectivity for the FCL-5 membrane
results from restricted methanol permeability combined with high
proton conductivity. This implies that addition of s-MoS2 signifi-
cantly increases electrochemical selectivity and reduces methanol
crossover. The methanol permeability and electrochemical
selectivity of FCL-5 membrane is compared with previous
literature and presented in Table 2. Low methanol crossover

Scheme 1 Hopping mechanism (a) and vehicular mechanism (b) of proton transport across the synthesized composite membranes.

Fig. 8 Methanol permeability (P) and electrochemical selectivity (b) for
the prepared membranes.

Scheme 2 Schematic illustration of improved proton transport via long
range ionic clusters and methanol crossover resistance of sPES/s-MoS2

composite membranes.
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along with high selectivity and proton conductivity makes FCL-5
composite membrane a suitable candidate for DMFC applications.

The composite membranes along with pristine sPES
membrane are subjected to DMFC (single cell) polarization
studies as a function of current density at 60 1C. Fig. 9 repre-
sents the DMFC polarization studies of prepared membranes.
It is noted that composite membranes show higher power
density in comparison with sPES membrane due to improved
methanol permeation resistance and high proton conductivity.
As the s-MoS2 content increases in the sPES matrix, the DMFC
power output significantly increased, and this trend is evident
via hydrogen bonding networks between s-MoS2 and sPES that
forms a facile path for proton conduction, thereby minimizing
the Ohmic resistance of the composite membranes. As a result,
the sulfonic acid attached to s-MoS2 becomes more acidic and
acts as a solid acid proton conductor, improving the transport
of protons. Furthermore, the barrier effect of s-MoS2 increases
the tortuosity for methanol transport through the composite
membranes leading to better electrochemical selectivity. The

peak power density of a cell with optimized s-MoS2/sPES
(5 wt%) composite membrane is 60 mW cm�2 at a current
density of 534 mA cm�2 which is almost 90% higher than
31.5 mW cm�2 at a current density of 185 mA cm�2 achieved for
pristine sPES membrane and equivalent to 59 mW cm�2 at a
current density of 280 mA cm�2 reported for Nafion 117 (with
2 M methanol anode feed and DMFC performed at 80 1C).57

Furthermore, the increase in s-MoS2 content with respect to sPES
decreases the fuel cell performance due to suppressed proton
conductivity and enhanced methanol permeation. The conse-
quences suggest the potential of s-MoS2/sPES (5 wt%) composite
membranes as an alternative PEM in direct methanol fuel cells.

4. Conclusions

Layered s-MoS2 with abundant acidic functional groups has
been prepared and dispersed in sPES matrix to form composite
polymer electrolytes for direct methanol fuel cell application.
As prepared proton exchange membranes have been charac-
terized in terms of their physicochemical properties, and the
composite membranes showed better water uptake and IEC
values which in turn helps in facile proton conduction com-
pared with pristine membrane. Composite membranes with
enhanced mechanical stability and proton conductivity showed
restricted methanol permeation. FCL-5 membrane exhibited
91% methanol crossover reduction along with 1.9 times high
peak power density in DMFC under similar experimental
conditions, compared withs PES membrane. The results confirm
that the use of s-MoS2 as an effective additive in sPES allows the
formation of durable composite polymer electrolyte membranes.
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