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Abstract 
Hybrid membranes consisting of sulfonated poly (ether sulfone) octyl sulfonamide (SPESOS) cast together with protonated 
montmorillonite (H-MMT, 1, 3, and 6 wt%) were fabricated and characterized. Fourier-transform infrared (FT-IR) spectra 
of the H-MMT/SPESOS composites confirmed that no chemical reactions occurred between the SPESOS and clay. X-ray 
diffractograms (XRD) showed a significant shift in the major peak of SPESOS at 2θ = 15.5° due to the incorporation of 
H-MMT. Furthermore, scanning electron microscopy (SEM) confirmed a homogeneous structure of the composite, and 
thermogravimetric analysis (TGA) results revealed that the addition of H-MMT promoted water absorption via the decrease 
in the loss of composite mass during evaporation. The SPESOS with H-MMT had higher water retention, contact angle, and 
proton conductivity values than pristine SPESOS. The proton conductivity of the hybrid membranes, however, improved at 
100°C from 42 mS/cm in pure SPESOS to 787, 350, and 300 mS/cm for the 1, 3, and 6 wt% H-MMT hybrids, respectively. 
These results demonstrate that the incorporation of the H-MMT is a viable strategy to boost the performance of SPESOS to 
construct a possible membrane for applying in fuel cells.
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Introduction

Fuel cells play a key role in the efforts to relieve global 
warming and decrease the reliance on fossil fuels. Among 
the available types of fuel cells, direct methanol fuel cells 
(DMFCs) have particular advantages in applications such 
as electronic devices and transportation, as they exhibit 
high energy density at low temperatures, and their fuel 
source (methanol) is relatively easy to store and han-
dle.1 A key element of any DMFC is the proton-exchange 
membrane (PEM), which acts as a barrier separating the 
anode and cathode reactants while still permitting pro-
tons to move between the electrodes while the cell is in 
use. Additionally, the PEM has high oxidative and hydro-
lytic stability, great mechanical durability in both dry and 
hydrated states, and low operating costs in practical fuel 
cells.2 Sulfonated poly (ether sulfone) (SPES) has been 
investigated extensively as an alternative to Nafion as the 
material of choice for PEM, due to its thermo-mechanical, 
oxidative, and chemical stability.3 SPES can also be effec-
tively functionalized. In our previous study, we proposed 
grafting pending chains of octylamine within sulfonated 
poly (arylene ether sulfone) (SPES), an approach that 
retains the polyaromatic skeleton of PES.4 The composite 
that resulted was sulfonated polyether sulfone octyl sul-
fonamide (SPESOS), which showed an ionic exchange 
capacity (IEC) of two mEq/g (1 H+ per monomer unit), 
useful levels of ionic conductivity, and a proton transport 
number close to one.4,5 Clays have also been investigated 
as a possible additive to conductive polymers.6 Clay/pol-
ymer composite membranes might possess extra dimen-
sional stability and, therefore, stronger polymer/electrode 
interfaces, which can enhance the durability of fuel cells.7 
These enhancements probably arise due to the interaction 
between the polymer (organic matrix) and clay (an inor-
ganic matrix) at a molecular level.8 Clay minerals can also 
act as electrical conductors. Clays that have silicates, alu-
mina, and metal cations in their main structure increase 
proton conductivity and impart high mechanical stability.9

The silicates, alumina, and metal cations form sepa-
rate layers within the clays, and different clays have lay-
ers with different ratios of silicates to alumina.10 Several 
studies on the use of silica as an inorganic additive to 
PEM have concluded that the physical characteristics of 
the resulting hybrid materials have a great impact on the 
durability, water retention ability, and fuel permeability of 
the membrane.11 One clay that is an effective additive is 
the naturally occurring MMT, which belongs to the class 
of clay minerals that consist of three layers, including a 
silica tetrahedral layer (SiO4), an alumina octahedral layer 
(Al2O6), and an exchangeable cation layer.12 Thus, MMT 
not only influences the electrochemical characteristics of 

the ion exchange membrane, such as ion conductivity and 
permeability, but also its thermal and mechanical stability, 
which is a great advantage for applications such as reverse 
osmosis, ultra-filtration, pervaporation, gas separation, 
and DMFCs.13–17 The intercalated or exfoliated MMT in 
MMT–polymer composites plays a key role in ionic con-
duction in the electrolytes.18–25 The electronic conductiv-
ity of MMT–polyaniline composite materials significantly 
increases with an increase in the quantity of polyaniline 
within the interlayer space.26 A Nafion–MMT-hybridized 
membrane is a promising alternative to pure Nafion, dis-
playing proton conductivities of up to 38.5 mS/cm and 
an ethanol permeability of below 0.69 × 10−6 cm2/s.27 
MMT was also combined with polyethylene oxide (PEO) 
with the polysaccharide chitosan as a secondary filler. The 
MMT hybrid membranes displayed promising PEM fea-
tures, such as good proton conductivity (2.99 × 10−2 S/
cm at room temperature), acceptable ion exchange capac-
ity (2.84 mEq/g), low swelling ratio (21%), and useful 
water uptake (55.7%).28 The hybrid contained 15% wt% of 
MMT functionalized with protons (H+-MMT), while the 
PEO content was 85 wt% of the polymer chains, indicat-
ing that much less MMT than PEO was needed to improve 
membrane performance.21 MMT and chitosan have also 
been combined with sulfonated poly (ether ether ketone) 
(SPEEK).

A study on the performance of SPEEK incorporated 
with Mg2Al-layered double hydroxide (Mg–Al LDH) and 
SiO2-MMT improved SPEEK, and showed that the com-
posite membranes displayed better proton conductivity 
(0.070 S/cm and 0.158 S/cm, respectively) compared to a 
pure SPEEK membrane (0.023 S/cm) at 120°C.29 Incorpo-
rating MMT within a SPESOS matrix showed a consider-
able increase in proton conductivity (485 mS/cm) over the 
pure SPESOS (42 mS/cm), which might be attributed to an 
increase in the hydrophilicity of the membrane by about 
25%.30 The use of a H-MMT-incorporated polymer matrix 
has gained much attention and can further enhance the elec-
trochemical properties of the membranes.31–33 Polybenzi-
midazole (PBI) membranes doped with phosphoric acid 
and containing high levels of H-MMT showed a significant 
increase in proton conductivity and mechanical properties.34 
This can be attributed to the water trapped in the H-MMT 
channels acting as a water reservoir in the composite mem-
brane, with the enhancement being more pronounced as the 
H-MMT content was reduced. This latter study suggested 
that A H-MMT filler is a promising high-performance PEM 
candidate for fuel cell applications.35,36 Numerous studies 
have been carried out on the behavior of membrane proton 
conductivity at high temperatures. For instance, SPEEK with 
1 wt% MMT at 100°C had a conductivity of 105 mS/cm. The 
conductivity of protonated MMT-elaborated membrane was 
significantly higher than that of composite membranes made 
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with the same mass percentages of non-protonated montmo-
rillonite mentioned in a prior study. The membrane contain-
ing 1% by weight of MMT had a proton conductivity of 468 
mS/cm, while the membrane containing 1% by weight of 
H-MMT had a proton conductivity of 787 mS/cm.36

In this study, SPESOS and H-MMT hybrid membranes 
with better electrochemical and thermal performance were 
synthesized and evaluated. The IEC, water uptake, and 
proton conductivity of the fabricated composite mem-
branes were used to investigate their suitability for usage 
in DMFCs.

Materials and Methods

Materials

The SPESOS base material was synthesized by the authors1 
at Eras Labo (Saint-Nazaire-Les-Eymes, France).4 Ana-
lytical grade reagents were purchased from Acros (N,N’-
dimethylacetamide), Schlarlau (sulfuric acid, H2SO4), and 
Laurylab (sodium hydroxide, NaOH).

Preparation of Protonated Montmorillonite

MMT is a soft phyllosilicate mineral of the smectic group 
with the chemical formula (Na, Ca)0.33(Al, Mg)2Si4O10(OH)2 
nH2O. H-MMT was synthesized by adding MMT to 1 M 
H2SO4 and stirring for 24 h. The resulting slurry was filtered 

to separate H-MMT as a white powder. The structure of 
H-MMT is shown in Fig. 1.

Composite Membrane Preparation

Three H-MMT/SPESOS composite solutions, consisting of 
SPESOS incorporated with either 1, 3, or 6 wt% of H-MMT 
solid filler, were prepared by mixing the raw ingredients 
in dimethylacetamide (30 wt%), followed by sonicating at 
ambient temperature for 2 h. Composite membrane products 
were then fabricated by casting each composite solution onto 
a Teflon substrate (surface = 100 cm2), followed by heat 
treatment in an oven at a range of temperatures.37,38

Experimental

Characterization

Fourier-transform infrared (FT-IR) spectra of SPESOS and the 
different composite membranes were acquired across the range 
of 400–4000 cm–1 using a Nicolet spectrophotometer (IR200 
FT-IR) operating in transmission mode. The x-ray diffraction 
(XRD) patterns of the dry hybrid membranes were acquired 
using a Bruker D8 Advance x-Ray Diffractometer with 2θ 
between 5° and 60°. Thermogravimetric analysis (TGA) of 
the polymer samples was performed on a Mettle TGA ther-
mogram. Before performing TGA, samples weighing between 
2.5 and 3.5 mg were vacuum-dried at 100°C for 24 h to remove 
residual solvents. TGA curves were recorded across a range 

Fig. 1   Structure of the base (Na+-MMT) and protonated montmorillonite (H-MMT).
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of temperatures (from ambient to 700°C). Scanning electron 
microscopy (SEM; Hitachi 4800 II) was used to character-
ize the surfaces and cross-sections of the membranes. For the 
latter observation, the membranes were first fractured after 
cooling with liquid nitrogen. Observations were made without 
any prior treatment of the samples. The degree of water uptake 
(WU) at room temperature was determined by first soaking 
the dry membrane in distilled water for two days, followed 
by weighing the membrane after removing the water using 
paper. 39 The WU values were calculated from the difference 
in mass before and after swelling of the membrane by water 
according to Eq. 1:

where Wwet and Wdry are the weights of the wet and dry 
membranes, respectively.

The water contact angle (CA) was measured with an 
Attension Theta optical tensiometer (Biolin Scientific) using 
samples of the different membranes cut into 1.5 cm × 1.5 cm 
pieces. In each measurement, a deionized water droplet of 5 
µL was immobilized on the surface of the membrane using 
a micro-syringe. Then, a light source was placed behind the 
sample, and an image of the drop of water was taken using 
a camera. The contact angle was calculated using the Theta 
Attension computer software (Biolin).

The ionic exchange capacity (IEC) of a membrane is the 
measure of the number of ionic sites per monomer unit of 
dry mass (mEq/g). This measure is widely used to compare 
different polymers. To determine this, the proton exchange 
membrane (S = 5 × 5 cm2) is immersed in a 10–2 -M NaOH 
solution for 48 h, and all the H+ ions present in the membrane 
are neutralized by the OH– ions of the basic solution. The 
IEC is determined by evaluating the concentration of sodium 
hydroxide solution remaining following the exchange.40 The 
IEC for each membrane is the mEq of sulfonic groups/g of dry 
polymer and is defined by Eq. 2:

where nI
NaOH is the initial mol amount of sodium hydroxide 

in the solution (10–2 M, 200 mL), nf
NaOH is the mol amount 

of sodium hydroxide after the exchange, and Wdry is the dry 
mass of the membrane.

The IEC value was used to determine the degree of sulfona-
tion (DS) of the different prepared membranes according to 
Eq. 3;

(1)WU =
Wwet −Wdry

Wdry

× 100

(2)IEC =
nI
NaOH

− n
f

NaOH

Wdry

(3)DS =
M

2
× CEI

1000 +
(

M
2
−M

1

)

× CEI

where CEI is the IEC, and M1 and M2 are the molar masses 
of the SPESOS (591.02 g/mol) and the PES (442.53 g/mol), 
respectively.41

Electrochemical impedance spectroscopy was performed 
using a VSP potentiostat (Biologic Science Instruments) to 
determine the intrinsic ionic conductivity of the membranes 
at a range of temperature and 100% relative humidity (RH). 
The membranes were cut into disc-shaped samples and 
placed between two platinized blocking electrodes. A fre-
quency response analysis was performed by plotting high-
frequency Nyquist plots from data captured by sweeping the 
frequency between 1000 kHz and 10 Hz with an oscillating 
voltage amplitude of 10 mV. The electrical resistance (R) 
was determined from the intersection of the high-frequency 
arc and the axis of real Zr. The ionic conductivity (σ, S/cm) 
was calculated according to Eq. 4:

wher e is the thickness, S is the surface area of the mem-
brane laid between the two electrodes, and R is its electrical 
resistance.

Results and Discussion

FT-IR spectra of the composite membranes and the base 
materials are shown in Fig. 2.

The spectrum of H-MMT showed bands at 3626 cm–1 
and 1630  cm–1 (Fig.  2a), corresponding to stretching 
and bending of O-H, respectively, while the bands at 
1042 cm–1 and 1120 cm–1 could be assigned to Si-O and 

(4)�(mS∕cm) =
e

RxS

Fig. 2   FT-IR spectra for (a) H-MMT (a), (b) SPESOS, (c) 1% 
H-MMT/SPESOS, (d) 3% H-MMT/SPESOS, and (e) 6% H-MMT/
SPESOS.
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Al-O stretching modes, respectively, showing that the 
core structure of MMT remained after the surface amend-
ment by sulfuric acid. The spectrum of SPESOS (Fig. 2b) 
showed bands at 1482 cm–1 and 1590 cm–1, corresponding 
to the aromatic carbons, and at 1005 cm–1 and 1074 cm–1, 
corresponding to O=S=O.

The spectra of the H-MMT/SPESOS composites 
(Fig. 2(c–e)) showed no significant difference irrespec-
tive of the quantity of added H-MMT (1 wt%, 3 wt%, 
or 6 wt%), showing that no chemical reactions occurred 
between the SPESOS and clay.

XRD was used to inspect the dispersal of the H-MMT 
platelet stacks in the SPESOS chains. The XRD pattern 
of the latter revealed an amorphous structure with a major 
peak at 2θ = 15.5° that was assigned to the (110) plane, 
whereas the pattern of H-MMT showed three characteris-
tic peaks at 2θ = 6.79°, 19.91°, and 28.22° corresponding 
to (001), (002) and (003), respectively (Fig. 3).

The SPESOS membrane composites showed a signifi-
cant shift in the major peak of SPESOS from 2θ = 15.5° 
to 18.7° in the three composites.

This shift was due to the incorporation of H-MMT, 
resulting in poor macromolecular orientations of the SPE-
SOS chains. Thus, increasing the quantity of the incorpo-
rated H-MMT increased the degrees of interaction between 
H-MMT and SPESOS.

These results suggested that the H-MMT layers were 
intercalated, exfoliated, and dispersed in the SPESOS 
matrix. The crystallite size also decreased with an increase 
in the quantity of H-MMT, as shown in Table I.

This result showed that there was a marked loss of crys-
tallinity due to the incorporation of H-MMT clay onto the 
SPESOS matrix, suggesting that high proton conductivity 
might be possible.

The thermal stability of the hybrid membranes and the 
pure SPESOS membrane, determined via TGA analysis, 
is shown in Fig. 4.

Fig. 3   X-ray diffraction patterns of (a) SPESOS, (b) 1% H-MMT/SPESOS, (c) 3% H-/SPESOS, and (d) 6% H-MMT/SPESOS and H-MMT.

Table I   Results of the XRD analysis of SPESOS and its H-MMT 
composites

Sample 2θ (°) (110) Mean crystal-
lite size (nm)

SPESOS 15.40 5.89
1% H-MMT/SPESOS 18.21 4.80
3% H-MMT/SPESOS 18.30 4.75
6% H-MMT/SPESOS 18.50 4.65

Fig. 4   Thermogravimetric analysis of (a) SPESOS, (b) 1% H-MMT/
SPESOS, (c) 3% H-/SPESOS, and (d) 6% H-MMT/SPESOS.
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The thermograms were very similar in appearance 
(Fig. 4), presenting the same stages of mass loss correspond-
ing to the vaporization of water at around 100°C, followed 
by a second significant loss of mass, which occurred at 
around 300°C and might be due to the deterioration of the 
sulfonated groups with the release of SO2 and H2O.37

The final mass loss was observed at around 500°C, and 
can be ascribed to the degradation of the backbone of the 
macromolecular chain of the base polymer. The most impor-
tant observation was that the loss of mass during the evap-
oration of water decreased as the percentage of H-MMT 
increased, which indicated that the addition of H-MMT 
can promote water absorption. The analysis also indicated 
that the thermal stability of all the hybrid membranes is 
acceptable at the temperatures corresponding to fuel cell 
applications.

Scanning electron microscopy (SEM) was used to exam-
ine the morphological structure of the hybrid membranes 
as an indication of the electrochemical properties that are 
associated with their microstructure, such as the spatial dis-
persion of their ionic sites. The SEM images showed that 
the composite membranes had a homogeneous structure free 
from cracks, holes, and pores (Fig. 5).

These results showed that the in  situ polymerization 
method could be used to prepare proton exchange films con-
taining different ratios of H-MMT and SPESOS distributed 
uniformly.

The two main determinants of the electrochemical behav-
ior of hybrid membranes are water uptake and IEC. The 
IEC is the number of milli-equivalents of ions in 1 g of 
SPESOS (mEq/g). An IEC of 2.84 mEq/g was detected for 

0.3 equivalents of octylamine with pure sulfo-chlorinated 
poly (ether sulfone). The left one, SO2Cl group per monomer 
unit, in the free state that could be transformed by hydrolysis 
into an SO3H group through acid–base titration. The results 
of the IEC analysis are shown in Table II.

The results showed that the SPESOS reference membrane 
provided the lowest IEC (2 mEq/g), while the incorpora-
tion of H-MMT in the SPESOS membrane increased its 
exchange capacity, because the protons that were provided 
by the clay increased the interactions between the H-MMT 
and the SO3H groups of the SPESOS. The increase in proton 
transfer made these hybrid membranes attractive for use as 
PEM in fuel cells.

The water contact angle of a membrane surface correlates 
strongly with the hydrophobicity or hydrophilicity of the 
membrane. The observed contact angle values for SPESOS 
and the composites membranes are shown in Fig. 6.

The water contact angle of all the composites membranes 
was below 80° (Fig. 6). The increase in the polarity of the 
hybrid membranes due to the incorporation of H-MMT 

Fig. 5   SEM images of the membrane surfaces: (a) SPESOS, (b) 1% H-MMT/SPESOS, (c) 3% H-/SPESOS, and (d) 6% H-MMT/SPESOS. 
Cross-section (d) 1% H-MMT/SPESOS, (e) 3% H-MMT/SPESOS, and (f) 6% H-MMT/SPESOS.

Table II   IEC of all the membranes

Membrane Ion exchange 
capacity  
(mEq/g)

SPESOS 1.91
1% H-MMT/SPESOS 2.15
3% H-MMT/SPESOS 2.29
6% H-MMT/SPESOS 2.35
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increased the affinity for water, permitting more water 
uptake without excess swelling that would adversely affect 
the performance of the membrane in a fuel cell.

This further supported the argument that these mem-
branes are good candidates for being used as PEM within 
fuel cells. Water uptake is a key requirement in determining 
the properties of SPESOS membranes. Ionic membranes 
are bad proton conductors in the dry state, only becoming 
conductive once hydrated. The water uptake of the hybrid 
H-MMT/SPESOS membranes was evaluated by monitoring 
the changes in weight between the dry and hydrated mem-
branes. The results are shown in Fig. 7.

The pristine SPESOS membrane contains few polar 
functional groups, only SO3H, and thus, displayed a low 
water-attracting capacity, as found from its high contact 

angle (85.29°). Water uptake changed considerably when 
H-MMT was incorporated into the SPESOS, due to the 
hydrophilic nature of the H-MMT clay filler and their 
chemical compatibility. This increased water uptake and 
promoted the formation of large areas within the mem-
brane with ionic groups that permitted the exchange of 
protons via the conduction channels without any hin-
drance. There was no significant change in the water 
uptake by the various hybrid membranes after 48 h. These 
results again supported the argument that the new hybrid 
membranes with H-MMT would function as a good PEM 
in fuel cells.

Proton conductivity is the most significant property of 
hybrid membranes when used in electrolysis. The proton 

Fig. 6   Results of the contact angle measurements for SPESOS and the composite membranes.

Fig. 7   Water uptake of all membranes after 1 h: (a) SPESOS, (b) 1% 
H-MMT/SPESOS, (c) 3% H-/SPESOS, and (d) 6% H-MMT/SPE-
SOS.

Fig. 8   Proton conductivity at 100% RH of the (a) SPESOS, (b) 1% 
H-MMT/SPESOS, (c) 3% H-/SPESOS, and (d) 6% H-MMT/SPE-
SOS.
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conductivity spectra of the membranes at a range of tem-
peratures are shown in Fig. 8.

The hybrid membranes showed higher proton con-
ductivity than pure SPESOS at all temperatures, which 
might be attributed to the improved IEC and water uptake 
described above, probably due to the protons contributed 
by the H-MMT. At low temperatures, the protonic conduc-
tivity of the composite membranes was low. However, at 
100°C, the proton conductivity of the hybrid membranes 
increased from 42 mS/cm in pure SPESOS to 787 mS/cm, 
350 mS/cm, and 300 mS/cm for the 1 wt%, 3 wt%, and 6 
wt% H-MMT hybrids, respectively. The proton conductiv-
ity (from 50°C) of the composite membranes decreased 
when the H-MMT loading content increased.

The aggregation of H-MMT, as shown in the SEM 
images (Fig. 5), might hinder the transfer of protons in 
the membrane.32,33The activation energy (Ea), which is 
the minimum energy needed for proton transport across 
the membrane, was calculated from an Arrhenius plot of 
proton conductivity as a function of temperature at 100% 
RH based on Eq. 5:

where σ is the proton conductivity (S/cm), σ0 is the pre-expo-
nential factor, R is the universal gas constant (8.314472 J/
mol. K), and T is the absolute temperature (K). As shown 
in Table III, the composite membranes showed lower Ea 
values than pure SPESOS, indicating that proton conduction 
occurred more readily in the composites.

The incorporation of clay influenced the Ea, and the 
lowest value was obtained for 1 wt% clay, confirming the 
results obtained for proton conductivity. The increase in 
Ea with an increase in the percentage of H-MMT might be 
attributed to the formation of agglomeration or chunks in 
the SPESOS matrix that hindered proton transfer. The high 
proton conductivity obtained at 100°C with only 1% clay 
also confirmed the presence of water in the composite, 
which allowed the protons to accelerate at high tempera-
tures. These conductivity values were higher than those 
found in a Nafion membrane with incorporated clay, which 
was ~ 126 mS/cm2 at 100°C.32

(5)� = �
0
exp(−Ea∕RT)

Conclusions

Membranes based on a composite H-MMT/SPESOS struc-
ture were fabricated for a range of clay concentrations. We 
found that the membrane properties, such as contact angle, 
IEC, water uptake, and protonic conductivity, were strongly 
related to the concentration of the clay added to the mem-
brane. The addition of H-MMT increased water uptake, 
IEC, and contact angle, and also increased the efficiency of 
protonic conduction compared to the values of these param-
eters for pure SPESOS. The best-performing composite (1% 
H-MMT/SPESOS) showed conductivity values 1500 times 
greater than that of pure SPESOS at high temperatures and 
100% humidity.

These findings suggest that the H-MMT/SPESOS com-
posite membranes, which possess excellent chemical and 
physical properties, are promising for their use in proton 
exchange membrane fuel cells. Reverse osmosis and ultra-
filtration, microbial fuel cells, the fabrication of modified 
electrodes, and other uses are all possible with the synthe-
sized H-MMT/SPESOS composite membranes.
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