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Abstract

An electrolytic membrane for fuel cell application was fabricated by blending sulfonated poly ether sulfone octyl sulfona-
mide (SPESOS) with montmorillonite (MMT) clay at different proportions (1 wt.%, 3 wt.%, and 6 wt.%). The structural
functionality, surface morphology, and thermal stability of the resultant composite membranes were characterized using
Fourier transform infrared spectroscopy, x-ray diffraction, scanning electron microscopy, and thermogravimetric analysis.
Interestingly, the thermal properties of the composite membranes were improved compared to pristine SPESOS. Further-
more, proportions as low as 0.1 wt.% in the MMT/SPESOS composite membrane showed superior proton conductivity to the
SPESOS membrane. Thus, we propose the MMT/SPESOS composite membrane as a promising material for the electrolytic

membrane in fuel cells at temperatures above 100°C.
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Introduction

Fuel cells have emerged in recent times as a promising innova-
tion to address the global electric power demand. In contrast to
traditional energy generation technologies, fuel cells operate
without ignition, thus reducing the harmful ecological impact.
Fuel cells act as a continuous source of electrical energy simi-
lar to constantly fueled batteries and generate direct current
(DC) by utilizing an electrochemical cycle.! Among the vari-
ous types of power modules, those with a polymer electrolyte
layer (PEM) have gained increased attention nowadays, for
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example, hydrogen power modules, direct methanol energy
components, and natural power devices.”™ These power
devices operate at room temperature and can generate sig-
nificant power density. There are several inherent advantages
and disadvantages in all designs, all of which however can
be limited to some extent by the use of proton-conducting
polymeric films. PEM serves as a fuel separator by provid-
ing protonic correspondence between the anode and cathode.’
Despite several drawbacks, poly(perfluoro alkyl sulfonic acids)
like Nafion® and similar materials are still the standard film
materials for polymer electrolyte fuel cells (PEMFCs). The
limitations of these polymers and the interest in innovative
and clean energy sources or the creation of good frameworks
have led to the search for alternative materials for PEMFCs.®
Many promising polymers depend on polyaromatic thermo-
plastics, for example, poly(aryl ether ketone) (PAEK/PEEK),
poly ether sulfone (PES), and polybenzimidazole (PBI), all
of which have high rigidity and thermal stability, low cost,
and simple handling.”"'° The functionalization of these poly-
mers by sulfonation prompts improved layer properties such
as better wettability, higher water transition, and better perm
selectivity, making sulfonated polymers an excellent candidate
for PEMFCs. Another approach to investigate the alternatives
for polymer composites in fabricating the best membranes is
to utilize functionalized polymers either alone or blended with
other polymers or nanoparticles or clay.>*!'=!> Among these

@ Springer


http://orcid.org/0000-0002-6671-794X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-022-09862-7&domain=pdf

6370

W. Mabrouk et al.

derivatives, sulfonated poly ether sulfone octyl sulfonamide
(SPESOS) exhibits a smooth membrane with varying ionic
conductivity and water uptake depending on the amount of
grafted octylamine.!! On the other hand, clay minerals have
been explored as significant additives to conductive polymers.
Clay/polymer composites membrane is expected to show more
dimensional stability and consequently stronger polymer/elec-
trode interfaces, thus improving the fuel cell durability.>*!6
Montmorillonite (MMT) is one of the most abundant natural
clays with water retention, intercalation, and ion exchange
properties.!”"' The introduction of MMT onto the polymer
matrix enhances a variety of membrane characteristics, such as
water uptake, proton conductivity, and mechanical and chemi-
cal stability at a high-temperature range.*’ In addition, the pres-
ence of clay minerals on the surface of the polymeric mem-
brane is beneficial for fuel cell performance.’’ The increased
proton conductivity due to the introduction of clay minerals is
attributed to the water retention ability of clay layers, resulting
in the superior performance of membranes even at higher tem-
peratures by preventing dehydration.”? The presence of water
linked with clay minerals favors proton transport (a vehicular
mechanism) and plays a vital role in improving proton con-
ductivity. The MMT clay/poly(ether ether ketone) compos-
ite showed improved characteristics including 2.4 meq/g ion
exchange capacity, 75% water uptake, and 0.06 S/cm proton
conductivity. > A nanocomposite film with a sandwich-like
structure was prepared by intercalating conductive polyaniline
(PANi) into the interlayer of MMT with a layered structure for
quick and selective separation of Pb** ions.?® This MMT/PANi
nanocomposite film exhibited an ion exchange capacity as high
as 213.4 mg g~! and maintained above 90% of its initial ion
exchange capacity even after 20 repeated cycles of Pb>* ion
uptake analysis. In the present study, SPESOS was used as an
electrolyte matrix. Furthermore, MMT/SPESOS composite
with various clay ratios was prepared by the solution cast-
ing method for the first time to increase the conductivity of
the resulting SPESOS membrane. The physicochemical char-
acterizations of the composite membranes were investigated
via Fourier transform infrared (FT-IR) spectroscopy, x-ray
diffraction (XRD), scanning electron microscopy (SEM), and
thermogravimetric analysis (TGA). Furthermore, the proton
conductivity (up to 100°C) and water uptake of the composite
membranes were evaluated.

Materials and Methods

Materials

The authors synthesized sulfonated poly ether sulfone octyl
sulfonamide (SPESOS) in ERAS Labo.! Montmorillon-

ite (MMT) is a soft phyllosilicate mineral, and it contains
hydrated sodium calcium aluminum magnesium silicate
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hydroxide (Na, Ca), 53(Al, Mg),(S1,0,,) (OH),nH,0. N,N'-
dimethylacetamide (DMAc) was purchased from Acros.
Sulfuric acid was purchased from Scharlau, and sodium
hydroxide was purchased from Laurylab.

Membrane SPESOS Preparation

A calculated amount of powdered sulfonated SPESOS was
dissolved in dimethylacetamide (DMAc) for 15 min and
magnetically stirred at room temperature to obtain a 10%
solution in mass of SPESOS.2° After stirring, a transpar-
ent homogeneous polymer solution was obtained. Then,
the polymer solution was cast on smooth Teflon® support
and distributed homogeneously and was dried in an oven
under different conditions of 50°C for 12 h, 80°C for 6 h,
and 100°C for 12 h.!! The fabrication of the membranes was
carried out using three temperatures stages: the first stage
(50°C for 12 h) to evaporate the maximum amount of solvent
and avoid the formation of air bubbles in the membrane;
the second stage (80°C for 6 h) to obtain a viscous solu-
tion and uniform thickness of the membrane; and finally, the
last stage (100°C for 12 h) to evaporate the solvent residual
from the formed membranes. After the sample was cooled,
the reference SPESOS membrane was wetted with distilled
water and removed from the Teflon®. The obtained mem-
brane was stored in a moist environment.

Composite Membrane Preparation

The solution dispersion technique and the casting evapora-
tion method were combined to produce the composite mem-
branes. Dispersions composed of varying MMT content (1,
3, and 6 mass%) and SPESOS (10 mass%) were prepared.
Initially, different quantities of MMT powder were dissolved
separately in 5 mL DMAc under magnetic stirring at room
temperature for 2 days. The resultant solutions were sub-
jected to ultrasonication for 4 h to obtain a uniform disper-
sion of the filler. Finally, each MMT solution was added to
SPESOS (10 mass%) polymer solution. The resulting poly-
mer solutions were magnetically stirred for 2 h. The disper-
sion solutions were spread on the Teflon® support (surface
10x 10 cm) and distributed evenly. The samples were then
subjected to drying under different conditions. The thickness
of all the elaborated membranes was around 100 um.

Characterization

FT-IR analysis was performed in transmission mode using
a Nicolet spectrophotometer (IR200 FT-IR). The spectra
of SPESOS and the different composite membranes were
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measured on the page from 400 to 4000 cm™'. The mem-
brane samples were placed between the cast iron and the
diamond crystal (separator blade) without any pretreatment
for recording the spectra.

An automated Bruker D8 Advance x-ray diffractometer
was used to evaluate x-ray diffractograms in the 2-theta
range of 5°-60°. The dry composite membrane samples
were analyzed without any pretreatment. The crystalline size
of the SPESOS and its composites were determined by the
x-ray line broadening method using the Scherrer equation
D=(kMpBp COSO), where D is the crystalline size in nanom-
eters, 4 is the wavelength of the radiation (1.54056 A for
CuKp radiation), k is a constant equal to 0.94, 3, is the peak
width at half-maximum intensity, and 6 is the peak position.

Thermogravimetric analysis (TGA) was carried out using
a Mettler Toledo thermogravimetric analyzer. Approxi-
mately 2.5 mg and 3.5 mg of membrane samples were first
dried at 100°C for 24 h to remove any moisture and solvent.
Then, the software was programmed from 25°C to 900°C at
a rate of 10°C/min under a 40 mL/min nitrogen flow.

Scanning electron microscopy (SEM) was used to observe
the surface morphology of the membranes and their cross-
section. The membranes were fractured after cooling with
liquid nitrogen for this analysis. Observations were made
using a Hitachi 4800 II SEM and were made directly on the
surface and cross-sections of the samples without any prior
treatment.

Dry samples were employed to determine the water
uptake (WU). Water uptake measurements were made after
soaking each membrane in deionized water for 72 h at room
temperature, and the wet weight was recorded after remov-
ing the surface water with hydrophilic paper.>* From the dif-
ference in mass before and after absorption of water by the
membrane, WU values were calculated as the relative weight
gain per gram of the dry sample using the following Eq. 1:

wet Wdry

* 100 (1)
dry

where W, and W, are the weight of the wet and dry mem-
branes, respectively.

The contact angle (CA) of the different membranes was
determined using a Theta optical tensiometer (Attension).
As such, a photo of the droplet of demineralized water (5 pL)
deposited on the membrane was recorded by a camera, and
CA was calculated using the computer software Theta
(Attension).”

The ionic exchange capacity (IEC) was determined by
acid-basic titration. The different proton exchange mem-
branes (area=5X5 cm?) were immersed separately for
2 days in sodium hydroxide aqueous solution (100 mL,
1072 M). This period of time is necessary for the exchange
of the sulfonated groups (SO;H) of the membranes to be

transformed into groups (SO;Na). The protons of the sul-
fonated groups released in the solution are neutralized by
the OH™ ions to form water. Finally, the initial solution and
the NaOH solution were titrated with aqueous solutions of
sulfonic acid.?*?® The IEC for each membrane was calcu-
lated by the following relation:
n -
[EC = _NeOH —_ "NaOH )
dry

where 1y, oy is the initial mol number of sodium hydroxide
in solution (1072 M, 200 mL), n'y,cy is the mol amount of
sodium hydroxide after exchange and Wy, is the dry mass
of the membrane.

The proton conductivity of the prepared membranes as a
function of temperature and the amount of MMT added was
measured by EIS (electrochemical impedance spectroscopy)
using a Biologic Science Instruments VSP potentiostat. The
electrical resistance (R) of the different membranes was
determined by the intersection of the layout of the high-fre-
quency Nyquist diagrams and the abscissa axis using ZView
software.? Tonic conductivity (o, mS/cm) was calculated
using the following relation:

e
mS/cm) = —
o(mS/cm) = = 3)
where e denotes the thickness and S is the surface of the
membrane placed between the two electrodes and R is the
electrical resistance.

Results and Discussion

The FT-IR spectrum of the MMT/SPESOS membrane at
varying concentrations, along with spectral observations of
MMT and SPESOS individually, is presented in Fig. 1.
The FT-IR spectra of MMT revealed characteristic peaks
at 3395 & 3637 cm™! corresponding to the stretching vibra-
tions of O-H and at 1123-1023 cm™' to the stretching vibra-
tions of Si-O. Additionally, a characteristic bending vibra-
tion of the Si-O bond at 520 cm™ was also evidenced.’® On
the other hand, the characteristic bands of SPESOS at 1482
and 1590 cm™ correspond to the aromatic carbons, and that
at 1005 and 1074 cm™' can be ascribed to the symmetric
and asymmetric stretching vibrations of the O=S=0 group
of the sulfonic acid (Fig. 1).3! The absorption band present
between 2750 and 3000 cm™! is associated with stretch-
ing vibrations of CH, group.’! However, the spectra of the
MMT/SPESOS (c, d, and e) composite membranes depict
the characteristic bands belonging to MMT and SPESOS
along with several new absorption bands. The peaks at
3458 cm™! and 1630 cm™' assigned to stretching vibrations
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of the O-H from water molecules and that at 2950 cm™ is
due to C-H stretching vibrations (Fig. 1).

The MMT/SPESOS composite has reduced intensity
of —OH stretching bond vibration of pristine MMT, as a
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Fig.1 FT-IR spectra of (a) MMT, (b) SPESOS, (c) 1% MMT/SPE-
SOS, (d) 3% MMT/SPESOS and (e) 6% MMT/SPESOS composite
membranes.

result of the consumption of the MMT hydroxyl groups
via interaction with SPESOS, while the surface of the
MMT showed decreasing water adsorption. In addition,
the observed effect of MMT on SPESOS structure around
1020 cm™! and 560 cm™! may be attributed to Si-O vibra-
tions originating from MMT introduction (Fig. 1) and sig-
nifies the interactions between the SPESOS matrix and
the MMT phase. The SO;H groups and SO, groups of
SPESOS may interact with Si-O-Si groups of the silicate
layer of MMT (Scheme 1).

Unfortunately, the strong change in the Si-O-Si absorb-
ance band was not observed in this case because of the
overlapping of the Si-O-Si absorbance band with SPE-
SOS bands. Further, it can be observed that there is only
one OH stretching peak at 3458 cm™! in the composite
membrane, unlike MMT. Moreover, the peak shifted to
the lower wavenumbers. This can be attributed to the
formation of new hydrogen bonds between the SPESOS
molecules and MMT during the preparation of the com-
posite. Figure 2 presents the XRD diffractograms of all the
samples. The major peaks at 20=11.66°, 29.34°, 35,93°,
39.34°,43.25°, 47,46°, and 48.51° are observed in all the
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Scheme 1 Chemical interaction between the MMT and SPESOS.
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diffraction patterns and correspond to the crystallographic
planes of the MMT nanoparticles present in membranes.

The interaction of MMT layers with the SPESOS causes
the peak at 20 =15. 45° to shift toward slightly higher 26
values owing to change in the lattice structure from the
linkage between SPESOS and MMT particles that made
tension stress (lattice compression) (Fig. 2; Table I).

Furthermore, the d-spacing value decreased after incor-
porating the MMT (Table I). This may be attributed to the
change in crystallite size and different atomic radii confirm-
ing that MMT was successfully incorporated. Besides, the
appearance of the MMT peaks in the MMT blended SPE-
SOS samples indicates the successful intercalation of the
MMT in SPESOS. Thus, the fabrication of organic—inor-
ganic composite membranes results in diverse structures,
shapes, and properties of inorganic complementary advan-
tages, demonstrating the synergistic effect and improving
the comprehensive properties of the composite membranes.
SEM analysis is a surface technique to identify the surface
morphology of the prepared composites, and the analysis
can effectively track the minute cracks or fractures in the
membrane. The SEM images of all the composite mem-
branes are presented in Fig. 3.

SPESOS molecular chains aggregate to form a domain struc-
ture, and MMT nanoparticles are embedded in the SPESOS
matrix.

The drop shape analysis method can be used to deter-
mine the surface properties of SPESOS that change during
the process of MMT incorporation (Fig. 4). The contact
angle analysis provides insight into the super wettabil-
ity of the materials concerning the composite areas. The
hydrophilic/hydrophobic properties of the composite can
be controlled by adjusting the tangent between the surface
of the sessile drop and the contact outline formed with
the surface (Fig. 4). The contact angle values of the vari-
ous membranes are less than 90°, confirming that these
prepared membranes have sufficient hydrophilicity. The
introduction of MMT decreased the contact angle values,
indicating improved hydrophilicity. It can be seen from
the thermogravimetric analysis (TGA) of the different

Table I XRD analysis of SPESOS and MMT/SPESOS composite
membranes

Intensity

Sample 20 (°) d ol A
The micrographs in Fig. 3 confirm the homogeneity of the
. £raphs I 118 genery SPESOS 15.45 573
fabricated composite membranes by the absence of cracks,
. .. 1% MMT/SPESOS 18.35 4.83
holes, and pores. It can be inferred that the in situ polym-
.. .. . 3% MMT/SPESOS 18.39 4.82
erization method of fabrication of composite membranes
. . 6% MMT/SPESOS 18.02 491
can reliably produce evenly distributed membranes. The
1600 MMT
1400 o
2 1200 4
£ 1000
1
\ 800 A ﬁﬂ
(d) 600
i 10 20 30 40 50 60
() 200
(b)
(a)
I 4 I ' I ! I N | 1
10 20 30 40 o0 60

26 (°)

Fig.2 X-ray diffraction patterns of MMT, (a) SPESOS, (b) 1% MMT/SPESOS, (c) 3% MMT/SPESOS, and (d) 6% MMT/SPESOS composite

membranes.
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Fig.3 SEM micrograph of the membrane surfaces (a) SPESOS, (b) 1% MMT/SPESOS, (c) 3% MMT/SPESOS, (d) 6% MMT/SPESOS, and
cross section (a’) SPESOS, (b’) 1% MMT/SPESOS, (¢') 3% MMT/SPESOS and (d") 6% MMT/SPESOS.

SPESOS (CA =85.29 °) 1% MMT/SPESOS (CA = 84.75 °)

81.83° 81.76 ° 79.87° H 80.77 °

6% MMT/SPESOS (CA = 81.79 °) 6% MMT/SPESOS (CA = 80.32 °)

Fig.4 Contact angle of fabricated composite membranes.

membranes that the various fabricated membranes exhib- The first loss of mass indicated by the thermograms
ited somewhat similar behavior without any anomalies  appears around 100°C and corresponds to the evaporation
(Fig. 5). of water from the SPESOS matrix. The second significant
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Fig.5 Thermogravimetric analysis of (a) SPESOS, (b) 1% MMT/
SPESOS, (¢) 3% MMT/SPESOS, and (d) 6% MMT/SPESOS com-
posite membranes.

Table Il Comparison between experimental and theoretical values of
ion exchange capacity of all as-prepared membranes

Membrane Theoretical ion Experimental ion
exchange capacity/ exchange capacity/
(meq/g) (meg/g)

SPESOS 2.00 1.94

1% MMT/SPESOS  2.00 1.93

3% MMT/SPESOS  2.00 1.95

6% MMT/SPESOS  2.00 2.15

mass loss is observed at around 300°C and is attributed to
the deterioration of the sulfonic groups, followed by a final
mass loss at around 500°C owing to the decomposition of
the main matrix of the SPESOS. Nevertheless, the thermal
stability of all the membranes prepared is acceptable for
the temperatures corresponding to the proton exchange
membrane fuel cell applications.?” Table II shows the
values of the theoretical and experimental ion exchange
capacities of the manufactured composite membranes with
a surface area equal to 25 cm?.

The theoretical calculation of ion exchange capacity was
carried out in previous !! works which compared the sig-
nals of the aromatic protons of the commercial poly ether
sulfone and SPESOS obtained by'H nuclear magnetic reso-
nance (NMR) spectroscopy. SPESOS indeed gives two peak
masses of aromatic protons. The theoretical ion exchange
capacity can be obtained from the ratio R of the surfaces of
the two masses. The results are consistent with the composi-
tion of the membranes, where the SPESOS reference mem-
brane has an ion exchange capacity equal to 2 meq/g. The
theoretical capacity did not vary much with the increasing
percentage of MMT in the SPESOS matrix.

55

Water uptake (%)
P n
[6)] o
>
°

IS
o
*

35

% in weight of MMT

Fig.6 Water uptake statistics of the composite membrane with
increasing MMT percentage in the virgin SPESOS membrane. (H)
SPESOS, (¢) 1% MMT/SPESOS, (A) 3% MMT/SPESOS and (@)
6% MMT/SPESOS composite membranes.

On the other hand, a slight increase in the experimen-
tal ion exchange capacity of the composite membranes,
obtained using Eq. 2, is observed when the percentage of
MMT in the matrix of the virgin membrane increases. This
increase can be explained by the hydrophilic nature of MMT,
which facilitates proton exchange through the membrane.
The variation between the theoretical and experimental val-
ues is acceptable if the experimental errors made during
the acid—base assay are considered. Figure 6 reproduces the
variation in the water uptake, calculated using Eq. 1, of the
composite membranes with that of the SPESOS (2 meq/g)
when the percentage of MMT is increased.

The fabricated membranes tend to absorb more water than
the reference sample SPESOS (2 meq/g) due to the addition
of MMT (Fig. 6). It is worth noting that the water uptake of
the composite membranes is significantly higher when the
proportion of added MMT is high, which is more likely due
to a significant increase in the hydrophilic nature of the SPE-
SOS by added MMT. Indeed, at room temperature, the rate
of water uptake of the composite membranes increases from
40 to 50% by mass for the membranes with 1% and 6% of
MMT, respectively, while it remains around 38% for the ref-
erence sample. These results are in concordance with those
observed from the contact angle values. The electrochemi-
cal performance based on the ability of protons to migrate
through the membrane was studied using AC impedance
spectroscopy with 100% relative humidity (RH) from room
temperature to 100°C (Fig. 7).

The values of proton conductivity of the different mem-
branes during the increase in temperature were calculated
using Eq. 3. The increased proton conductivity of the mem-
branes with temperature is depicted in Fig. 7.
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Table lll Activation energy values and proton conductivity at 100°C
500
b Membrane Conductivity (mS/cm) E, (kJ/mol)
C at 100°C
=400
5 d SPESOS 417 36.5
UE) 300 4 1% MMT/SPESOS 468.1 13.9
; 3% MMT/SPESOS 437.5 15.5
= 6% MMT/SPESOS 375.0 24.9
S 200+
©
5
O 100 A
a where o is the proton conductivity (S/cm), o is the preex-
04 ponential factor, R is the universal gas constant (8.314472 J/
mol. K), and T is the absolute temperature (K).

20 30 40 50 60 70 80 90 100 110
Temperature (°C)

Fig. 7 Evolution of proton conductivity of different composite mem-
branes at 100% relative humidity (a) SPESOS, (b) 1% MMT/SPE-
SOS, (¢) 3% MMT/SPESOS, and (d) 6% MMT/SPESOS composite
membranes.

At all temperatures, the lowest recorded proton con-
ductivity values were observed for the SPESOS reference
membrane. The proton conductivity at 100°C of SPESOS
is 41 mS/cm, while those of the nanocomposite membranes
containing 1, 3, and 6% by weight of MMT are 486, 437, and
375 mS/cm, respectively. The higher proton conductivity of
composite membranes containing different percentages of
MMT compared to that of SPESOS can be attributed to the
better water retention ability (solvation of proton) at high
temperatures (100°C). The water retention factor, in turn, is
related to the hydrogen bonds with the hydrophilic groups in
the composite membranes (sulfonated groups) and the bet-
ter affinity of MMT toward water (Scheme 1). However, the
proton conductivity (at 100°C) of the composite membranes
gradually decreases with the increasing proportion of MMT.

The layered structure and hygroscopic nature of MMT
contribute to better water retention at high temperatures.®>>*
The comportment of the proton conductivity of the mem-
branes at high temperatures has been studied in various
works. Let us quote, for example, the proton conductivity of
SPEEK at 100°C is 90 mS/cm while those of the nanocom-
posite membranes containing 1, 3, and 5 wt.% of sulfonated
MMT are respectively 105, 100, and 30 mS/cm.? The rela-
tionship between temperature and proton conductivity can be
obtained using the Arrhenius equation.!” Thus, the activation
energy of conductivity can be calculated using the following
equation:

o = oyexp(—E,/RT) 4)

@ Springer

Table III summarizes the activation energies of SPE-
SOS obtained using Eq. 4, and its nanocomposite mem-
branes determined from experiments carried out at 100%
RH. The composite membranes show lower values of acti-
vation energy than the pristine SPESOS.

It can be observed that the incorporation of the filler influ-
ences the Ea, and the lowest value is obtained with 6% of
clay. Thus, the MMT in the membrane surface can prevent
electric field erosion of the internal structure and improve
the corona resistance of composite membranes at high ratios
of MMT. These results are in good agreement with the pro-
ton conductivity results. The values of Ea increased with the
introduction of MMT in the membranes. Correspondingly,
the best proton conductivity obtained at 100°C with 6% clay
confirmed that the water present in MMT accelerates the
proton flow at high temperatures. These conductivity values
are higher than that of Nafion® 117 membranes with clay,
which is about 120 mS/cm at 100°C.***

Conclusion

Montmorillonite/SPESOS composite membranes were fab-
ricated, characterized, and evaluated for their potential as
electrolytic membranes in fuel cell applications. The results
of the FT-IR and XRD analyses confirmed the successful
incorporation of MMT in the SPESOS matrix. The water
absorption profiles of the composite membranes increased
with increasing clay content. The water uptake value, contact
angle, ion exchange values, activation energy, and proton
conductivity values of the various samples were investigated
in detail. The 1 wt.% MMT composite membrane showed
superior proton conductivity performance and reasonably
good MMT dispersion among all the studied samples. There-
fore, SPESOS/MMT with MMT of 1% by weight showed
optimal performance and represents a promising composite
material for electrochemical applications. The hydrophilic
nature of the MMT phase embedded in SPESOS benefits the
composite membrane. It was expected that the incorporation
of MMT into the SPESOS matrix would provide excellent
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fuel cell performance compared with the bare SPESOS
membrane. Thus, the present study can serve as a guide for
the fabrication of other composite membranes blended with
different nanoparticles such as sepiolite, graphene oxide, and
hydroxyapatite.
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