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ABSTRACT: This research work focuses on developing a robust
polymer electrolyte membrane (PEM) with high proton efficiency
toward proton exchange membrane fuel cells (PEMFCs). In this
study, poly ether sulfone (PES) was sulfonated by chlorosulfonic
acid to yield sulfonated poly ether sulfone (SPES) followed by
incorporation with bismuth-based additives such as bismuth
trimesic acid (BiTMA) and bismuth molybdenum oxide
(Bi2MoO6). The composite membrane was thoroughly inves-
tigated for its structural and physicochemical properties such as
FT-IR, SEM, TGA, contact angle, water uptake, oxidative stability,
ion-exchange capacity, and swelling ratio. Incorporation of
additives into the polymer was confirmed by XPS and XRD
analysis. The proton conductance of the pristine SPES is 4.19 ×
10−3 S cm−1, whereas that of the composite membrane SPES/BiTMA-10 is 10 × 10−3 S cm−1 and that of SPES/Bi2MoO6-15 is 7.314
× 10−3 S cm−1; both the composite membranes exhibit higher proton conductivity than the pristine SPES membrane. The
physicochemical characteristics and impedance measurements of the electrolyte reported can be viable to the PEM membrane.

1. INTRODUCTION
Global development that continues to exist and has a direct
impact on economic progress, industrial development, and
human well-being is the lack of adequate access to clean energy
sources. Fossil fuels, which historically have dominated the
energy industry, are the main contributors to the emissions of
carbon dioxide (CO2) and other greenhouse gases, including
petroleum fuels, natural gas, coal, and others.1 Access to
sustainable energy sources must be widely available for the
development of new clean energy sources. Hence, energy
storage systems like battery systems, redox flow batteries, and
other fuel cell-based technologies should be effectively
integrated side by side while enhancing their advanced features
of renewable energy sources.2

British physicist Robert Grove developed the first fuel cell
that used hydrogen and oxygen roughly 180 years ago, and
several additional types of fuel cells were created in the 19th
century after further research.3 The polymer electrolyte
membrane fuel cell (PEMFC) that further quickly turns the
chemical energy of hydrogen into electricity has emerged as
the most well-liked commercial fuel cell in recent years.4 In a
PEMFC, hydrogen gas, which has the highest energy density,
and oxygen, which comes from the air, are used in a few
electrochemical reactions on the surface of an electrode.5 In
the middle of a PEMFC, anode and cathode electrodes are
combined with an electrolyte layer, and a conductive layer is

positioned on each upper side of the cell. Low-temperature and
high-temperature PEMFCs are two significant subtypes of
PEM fuel cells.6 PEMs use hydrogen as a fuel and polymer
membrane as an electrolyte. It gained considerable popularity
due to its numerous advantages, such as high density of power,
elevated efficiency in converting energy, and fast start with low
environmental impact.7

For the past few decades, there are many developments and
alternations for the perfluorosulfonic acid polymer electrolyte
membrane, i.e., Nafion, because of its huge advantages like
strong C−F bonds attached with sulfonic acid as its end group
in the hydrophobic backbone and high mechanical and thermal
stability. Even though Nafion displays very good proton
conductivity and good mechanical stability, it has many
disadvantages also such as water flooding, high oxygen
permeability, poor thermal stability, dehydration at T > 80
°C, and high cost.8 The essential requirements of PEMFC
include the following: (i) the electrolyte membrane should be
mechanically and thermally stable, (ii) the change in
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membrane area between the dry and swollen states should be
negligible, (iii) the proton conductivity of the membrane
should be high, (iv) the thickness of the membrane should be
less to minimize the resistance, and (v) the membrane/
electrode interface resistance should be minimized.9−12 Hence,
we need an alternate polymer membrane for the PEMFC.
There is much ongoing research to find a good alternative for
Nafion like poly (ether ether sulfone),13 poly (ether ether
ketone),14 poly (vinyl alcohol),15 polyimides,16 poly (benzi-
midazole),17 porous organic polymers,18 etc.
To sort out these provocations, in our research, we have

used an aromatic hydrocarbon-based polymer network like
poly ether sulfone (PES). PES is a high-performance
thermoplastic polymer with amorphous, translucent, high
resistance, and pale amber color characteristics. It has high
water absorption rate and is sensitive to minor amounts of
moisture in the air, causing dimensional alterations. It has
excellent resistance to aliphatic hydrocarbons, chlorinated
hydrocarbons, and aromatics with ease. It exhibits excellent
mechanical stability, is cost-efficient, and has film-forming
capacity. The sulfonation process gives the parent aromatic
polymer several desirable properties, including greater ionic
conductivity, better hydrophilicity, and higher solubility.
Sulfonating PES provides improved proton transport, which
is essential for high proton conduction in fuel cells.
Furthermore, the addition of sulfonic acid groups turns the
parent polymer into ionomers without damaging the polymer
chain and raises the glass transition temperature. Controlling
sulfonation allows you to adjust the number of sulfonic acid
groups in your product, also known as sulfonation degree
(DS).19 SPES/MNFs, a unique flower-like MIL-53(Al)-NH2
nanofiber-blended proton exchange membrane, were reported
by Wang et al. The composite membrane demonstrated a
remarkable improvement in proton conductivity up to 0.201 S
cm−1 as the MNF content is high up to 5 wt %, attaining a
simultaneous improvement in membrane stability and proton
conduction.20

For the PEM membrane, there is an addition of fillers that
increase the IEC, water uptake, and proton conductivity. The
fillers can be organic, inorganic, and carbon nanomaterials that
have hydrolytic stability. Dual metal oxides have been
proposed as a potential alternative to generate greater
electroactivity. High catalytic activity and a strong interfacial
active band are found in dual metal oxides. Furthermore, using
dual metal oxides as a filler in polymers will improve durability
and allow for homogeneous dispersion.21 Bi2MoO6 is a dual
metal oxide that can hold a lot of oxygen and has a strong
interaction between metals. It also has high electrical
conductivity, stability in catalysis, and resistance to corrosion.22

Studies of porous metal−organic frameworks (MOFs) and

polymers that are combined to generate PEMs have garnered a
lot of attention recently. MOFs can be made when metal ions
or clusters and organic ligands come together on their own.23

Metal−organic frameworks (MOFs) with high proton
conductivity have gotten a lot of interest recently. Protons
were discovered to be transported through the coordinating
skeleton or carriers. In addition, MOF has a large specific
surface area, and it can hold more proton carriers, which opens
the door to increasing the composite membrane’s proton
conductivity. Improved selectivity can be achieved by
preventing fuel and oxidant from diffusing through MOF’s
narrow pore size.24 The interaction zone is created by the
dispersion of nanofillers into the polymer matrix, which
enhances the membrane properties. The hydrogen bonding
interaction formed between SPES and the bismuth nanofiller
improves the performance and stability of the prepared
composite membranes.25−27 Furthermore, due to their unique
and different crystal structures, directly processing MOFs for
fuel cells is extremely difficult.28 BiTMA is an organic hybrid
material with a unique crystal structure. The open framework
structure of MOFs was discovered to increase the composite
membrane’s performance by loading particles with particular
functions into the matrix as proton carriers.29,30 MOFs have a
large specific surface area, which permits the composite
membrane to facilitate proton migration while supporting
more bound water, improving proton hopping conductivity
even more. Furthermore, the small pore size in MOF can
obstruct fuel and oxidant diffusion, lowering selectivity, and
most MOFs contain multiple proton hopping sites, which can
raise conductivity.
Herein, we have reported the composite membranes

prepared from the bismuth-based metal−organic framework
and dual metal oxides based on bismuth and molybdenum with
sulfonated poly ether sulfone. The developed membranes were
characterized by FT-IR, XRD, SEM, XPS, TGA, and
physicochemical characterization like water uptake, IEC, and
contact angle. The comparison studies were performed for
MOF- and dual metal oxide-based polymer composites.
Moreover, both types of composites exhibit good results, but
the dual metal oxides seem to be the potential additive for
SPES polymer to operate in the PEMFC.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly ether sulfone (PES) was gifted by

Garda Chemicals Ltd., Mumbai. Concentrated sulfuric acid
and trimesic acid (H3BTC) were purchased from Sigma-
Aldrich. N-Methyl 2-pyrrolidine (NMP), dimelthylformamide,
chlorosulfonic acid, bismuth(III) nitrate pentahydrate (Bi-
(NO3)3·5H2O) were procured from SRL. Methanol, sodium
hydroxide, isopropyl alcohol, and sodium molybdate dihydrate

Figure 1. Preparation of Bi2MoO6 and BiTMA.
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(Na2MoO4·2H2O) were purchased from Qualigens and used
as received.
2.2. Synthesis of Bi-MOF. The bismuth metal−organic

framework was synthesized by a co-precipitation process.32 In
this method, 0.98 mmol of Bi(NO3)3·5H2O and 1.84 mmol of
H3BTC were dissolved in 20 mL of DMF/methanol solvent
mixture (1:3) slowly under constant stirring for 24 h. The
obtained solution was centrifuged at 2000 rpm for 10 min. The
resulting white precipitate was washed again and again with
methanol and DI water. The precipitate (BiTMA) was dried
out in a hot-air oven at 80 °C for 24 h after centrifugation.
2.3. Synthesis of Dual Metal Oxide. The dual metal

oxide was synthesized by a facile hydrothermal method.33 The
precursors 0.1 M Bi(NO3)3·5H2O and 0.1 M Na2MoO4·2H2O
were dissolved in 20 mL of 1:1 ratio of water and isopropyl
alcohol separately. Then, the Na2MoO4·2H2O solution was
added dropwise into Bi(NO3)3·5H2O solution under vigorous
stirring for 1 h and sonicated for 30 min. Finally, the reaction
was carried out for 12 h at 150 °C in a Teflon-lined autoclave.
Ethanol and water were used to centrifuge, filter, and wash the
resultant mixture. The resulting precipitate was dried in the
oven overnight at 80 °C. Then, the dried powder was calcined
in a muffle furnace for 2 h at 600 °C. The resulted dual metal
oxide (Bi2MoO6) powder was obtained in yellow color. Figure
1 shows the scheme for the preparation of Bi2MoO6 and
BiTMA.
2.4. Synthesis of Sulfonated PES. The sulfonation of

PES was carried out from the reported procedure.31 PES
pellets were initially dried at 120 °C for 2 h to reduce moisture

content. A volume of 25 mL of con. H2SO4 was taken in a
three-necked round-bottom flask, and the dried PES pellets (5
g) were added slowly in the reaction flask under constant
stirring. After 20 min, 2.5 mL of chlorosulfonic acid was added
drop by drop to the reaction medium under cool conditions.
When the solution became completely homogeneous, the
reaction was stopped and the mixture was quenched in ice-cold
water. The obtained white beads of SPES polymer were
washed with DI water until it reached neutral pH. To eliminate
extra moisture, the beads were dried at 80 °C for 24 h in a hot-
air oven. The dried polymer beads were stored in a vacuum
desiccator and used for further studies. Figures S1 and S2
present the GPC chromatograms of PES and SPES polymer,
respectively. The molecular weight of PES was found to be
53,066 g/mol. The weight average molecular weight (Mw) and
polydispersity index (PDI) of SPES polymer were found to be
64,781 g/mol and 1.709, respectively.
2.5. Preparation of Polymer Composite Membranes.

A solution casting method was used to prepare the polymer
composite membranes. The polymer SPES dissolved with
NMP at room temperature. Known amounts of MOF and dual
metal oxide (5, 10, 15, and 20% by weight) were added to the
viscous polymer solution, which was then thoroughly agitated
for 1 h at room temperature. The solution was then cast onto a
Petri dish, and the solvent was evaporated at 80 °C in an oven.
The membrane was immersed in deionized water to peel it
from the Petri dish, dried, and used for further characterization.
The composite membranes were represented as SPES/
Bi2MoO6-X wt % and SPES/BiTMA-X wt % (X = 5, 10, 15,

Figure 2. Scheme for the preparation of (a) SPES and (b) polymer composite membranes.

Figure 3. FT-IR spectra of (a) SPES/Bi2MoO6 and (b) BiTMA samples.
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and 20 wt %). The scheme for the synthesis of sulfonated PES
and preparation of the composite membrane is depicted in
Figure 2a,b. The prepared composite membranes were
thoroughly examined in terms of structural, physical, and
chemical properties. The characterization techniques and
procedures are provided in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Spectral Studies. The FT-IR spectra of Bi2MoO6 and

BiTMA are displayed in Figure S3. The FT-IR peak appeared
around 709 cm−1, which was associated with the C−H bond in
SPES. The presence of a peak at 1101 cm−1 indicated PES
sulfonation. A signal at 1013 cm−1 indicated the symmetrical
stretching vibration of sulfonic acid in the SPES polymer. The
peak observed at 1493 cm−1 validates the benzene ring’s
stretching vibration. The large peak seen at 3425 cm−1

indicates the presence of hydroxyl group stretching vibration
in the sulfonic acid-bound polymer. The peak at 459 cm−1

within the spectra of Bi2MoO6 dual metal oxide corresponds to
such stretching and bending vibrations of bismuth oxide, while
the peaks at 637 and 527 cm−1 correspond to stretching and
bending vibrations of molybdenum oxide. The signal at 830
cm−1 is attributed to a Mo−O bond dual metal oxide, while the
peak at 912 cm−1 indicates a stretching vibration of the Mo−O
bond.34 According to the spectra for BiTMA MOF, its peaks at
432 and 545 cm−1 correspond to the vibrational stretching of
bismuth and oxygen, respectively. The signal at 935 cm−1

corroborates an O−H bond of trimesic acid.35 The comparable
frequency reported for Bi2MoO6 and BiTMA within the
composite membrane validates the inclusion of Bi2MoO6 and
BiTMA into SPES and validates the appearance of compounds
in the polymer membrane. The FT-IR signal of each polymeric
membrane of a double oxide and MOF is depicted in Figure 3.
3.2. XRD Analysis. XRD patterns of dual metal oxide and

MOF are displayed in Figure S4. The sharp peaks that
appeared at 28°, 33°, and 47° represent the crystal planes
(111), (060), and (202), respectively,36 which confirm the
crystal structure of Bi2MoO6. The BiTMA MOF sample is also
found to be crystalline in nature and confirmed by the major
2θ peaks at 23°, 28°, and 45°, which represent the crystal
planes (003), (012), and (015),37 respectively. From Figure
4a,b, the SPES polymer shows a broad peak at 20° and it
confirms the amorphous nature of sulfonated PES. The
crystallinity behavior was enhanced in the SPES polymer,

which is due to the addition of Bi2MoO6 and BiTMA. From
the XRD data, it is confirmed that the composite membranes
are both amorphous and crystalline in nature.
3.3. Morphology Studies. The surface morphology of the

prepared SPES, Bi2MoO6, BiTMA, SPES/Bi2MoO6-5, and
SPES/BiTMA-20 composite membranes was investigated, and
the images are displayed in Figure 5. The morphology of the

pristine SPES sample shows a smooth surface with some voids
due to the absorbance of solvent on the membrane surface.
Both the prepared Bi2MoO6 dual metal oxide and BiTMA
MOF are cuboid in structure (Figure 5a,c). The composite
membranes (Figure 5b,d) of SPES/Bi2MoO6-5 and SPES/
BiTMA-20 show pores on the surface of the polymer, which
may be the hydrophilic segments that enhance the proton
conduction pathway.38

3.4. XPS Analysis. XPS analysis was used to investigate the
surface features of the composite membrane. Figure 6a shows
that the sample’s high-resolution C1s spectra revealed four
distinct peaks with binding energies of 284.4, 285.1, 286.3, and
288.2 eV, which are assigned to C−C, C−S, C�O, and C�C,
respectively. Figure 6b displays an O1s spectrum with a single
peak at 529.9 eV for O�C. Figure 6c shows the S2p spectrum
with intense peaks at 167.7, 164.6, and 159.2 eV, which
confirms the sulfonation in the polymer backbone and the

Figure 4. XRD patterns of (a) SPES and SPES/Bi2MoO6 and (b) SPES and SPES/BiTMA membranes.

Figure 5. SEM views of the samples: (a) Bi2MoO6, (b) SPES/
Bi2MoO6-5, (c) BiTMA, and (d) SPES/BiTMA-20.
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presence of the sulfone group. The Bi4f spectrum is shown in
Figure 6d, with two prominent peaks at 164.6 and 159.4 eV,
indicating the f-orbital splitting energy levels of Bi3+4f5/2 and
Bi3+4f7/2, respectively.

39

Figure 7a shows the overall XPS data for the SPES/
Bi2MoO6-20 membrane. Figure 7b shows that the sample’s
high-resolution C1s spectra revealed four distinct peaks with
binding energies of 284.5, 285.7, 286.7, and 287.9 eV, which
are assigned to C−C, C−S, C�O, and C�C, respectively.
Figure 7c displays an O1s spectrum with a single peak at 531.8
eV for O−Mo. Figure 7d shows the S2p spectrum with intense
peaks at 159.2, 164.5, and 168.3 eV, which prove the
sulfonation in the polymer backbone and the presence of the
sulfone group. The Bi4f spectrum is shown in Figure 7e, with
two prominent peaks at 164.5 and 159.2 eV, indicating the f-
orbital splitting energy levels of Bi3+4f5/2 and Bi3+4f7/2,
respectively.32 The Mo3d spectrum is shown in Figure 7f,
with two prominent peaks at 232.1 and 235.3 eV, indicating
the d-orbital splitting energy levels of Mo6+3d5/2 and
Mo6+3d3/2, respectively.

40

3.5. Thermogravimetric Analysis. The TGA curves of
Bi2MoO6, BiTMA, SPES, SPES/Bi2MoO6-20, and SPES/
BiTMA-20 composites are presented in Figure 8. The weight
loss that appeared at 90−120 °C in the entire materials is due
to the presence of bound water molecules. There is no
degradation up to 650 °C for the prepared Bi2MoO6, which
indicates that the materials are thermally more stable. The

prepared BiTMA MOF shows the major degradation at 380
°C, which is due to the presence of organic linkers. SPES and
hybrid membranes (SPES/BiTMA and SPES/Bi2MoO6)
undergo three-step deterioration. The initial weight loss
recorded up to 150 °C was due to the evaporation of solvent
and water.41 The second weight loss was attributed to the
aromatic sulfonyl group in the backbone of the polymer at 280
°C. Due to the polymer chain degradation at 520 °C, its full
weight loss was observed.
3.6. Contact Angle Measurements. By contact angle

calculations, the equivalent hydrophilic nature and hydro-
phobicity of a prepared PEM can be assessed. The contact
angles of SPES, SPES/Bi2MoO6-20, and SPES/BiTMA-20 are
depicted in Figure S5. In general, the more hydrophilic sample
demonstrates the lowest contact angle, which provides better
proton conduction. The SPES and composite membranes of
both dual metal oxide samples and MOF-based samples are
hydrophilic in nature,42 which shows good agreement to
operate in PEMFC.
3.7. Physicochemical Properties of SPES and Compo-

sites. Water uptake, a fundamental characteristic for assessing
a PEM’s effectiveness in proton conduction, is principally
influenced by the membrane’s microstructure (porous
structure) and functional groups in polymer rings. The amount
of water is taken on a mass basis, which is determined by the
quantity of water held within the membrane’s pores and, thus,
the interactions among molecules of water as well as the polar

Figure 6. XPS data of the SPES/BiTMA-20 membrane: (a) carbon spectrum, (b) oxygen spectrum, (c) sulfur spectrum, and (d) bismuth
spectrum.
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functional groups of the polymer.43 The increased water
absorption capacity is due to the sulfonic acid groups in the
polymer backbone. The water uptake of pristine and composite
membranes is represented in Table 1. The water uptake values
were dropped as SPES/Bi2MoO6-20 > SPES/Bi2MoO6-15 >
SPES/Bi2MoO6-10 > SPES/Bi2MoO6-5. Hence, the quantity
of sulfonic acid groups effects the water intake directly.44 The
water uptake has been gradually increased as the loading of
additives increases in SPES/Bi2MoO6 composite membranes.
The SPES/Bi2MoO6-20 membrane exhibits the highest water
absorption rate of all membranes. The addition of BiTMA to
SPES reduces the membrane’s water absorption compared to
SPES/Bi2MoO6. Even as the miscibility between hydrophilic
BiTMA and hydrophobic SPES has a large effect on lowering
water uptake, the water uptake can be reduced.42

The swelling ratio is the fractional increase in the membrane
dimension owing to water absorption. The swelling ratio was
calculated using the difference in the length and thickness of
the wet and dry membrane samples before and after water
immersion. Excessive water uptake, on the other hand, would
cause the membrane to bulge and lose its mechanical stability.
For a membrane to function for an extended period of time in
such a fuel cell application, it must be able to retain water and
swell.37 The values of the swelling ratio of SPES and
composites are shown in Table 1. The swelling ratio decreases
as the amount of Bi2MoO6 loaded increases. Incorporating
MOF into the SPES polymer matrix causes more swelling.
IEC is the total active sites or functional groups in a PEM

that are responsible for ion exchange. Significantly, the
membrane IEC seems proportional to the quantity of sulfonic

Figure 7. XPS data of the SPES/Bi2MoO6-20 membrane: (a) survey spectrum, (b) carbon spectrum, (c) oxygen spectrum, (d) sulfur spectrum, (e)
bismuth spectrum, and (f) molybdenum spectrum.

Figure 8. TGA analysis of (a) Bi2MoO6 and BiTMA and (b) SPES-pristine, SPES/Bi2MoO6-20, and SPES/BiTMA samples.
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acid that has been substituted in it. In general, the
conductivities and water uptake of a membrane were directly
related to its sulfonic acid group content.45 Table 1 shows the
measured IEC values of the pristine and composite
membranes, wherein the SPES/Bi2MoO6 membrane found in
the range between 1.8 and 2.2 meq g−1 shows an improvement
in the IEC than the other membrane. The IEC of the SPES/
BiTMA composites was found to be in the range between 1.5
and 2.0 meq g−1. The degree of sulfonation (DS) of the SPES
polymer was found to be 52.9%.
PEM’s oxidative stability is critical, and it must be high to

achieve long-term durability during fuel cell operation. The
oxidative stability of PEM can be measured in situ and ex situ
with Fenton’s test, indicating ex situ durability.45 The
membrane’s oxidative stability was assessed by immersing the
polymer membrane in Fenton’s solution at 80 °C, and the
values are presented in Table 1. A dual metal oxide with lower
concentration exhibited higher stability (90%) than the
composite membrane loaded with a higher concentration of
metal oxide, whereas increasing the concentration of MOF
increases the oxidative stability, which is found to be 89 to 95%
for the BiTMA-based composite membranes. Both Bi2MoO6
and BiTMA composite membranes possess good oxidative
stability than the pristine SPES polymer, which contributes to
their good durability and aids in proton conductivity
enhancement.
3.8. Proton Conductivity and Activation Energy.

Proton conductivity is a necessary characteristic of PEM that
has a direct impact on the performance of fuel cells. Four-
probe electrochemical impedance spectroscopy (EIS) is a
widely used method for determining proton conductivity. In
the vehicular mechanism, protons move with water as
hydronium ions; however, in the Grotthuss mechanism,
protons move by forming hydrogen bonds with water
molecules.47 The number of sulfonic acid groups influences
the level of hydration, which has a substantial impact on the
morphology (separation of hydrophilic and hydrophobic parts)
of SPES membranes.48 The proton conductivity measurements
of the polymer composite membranes are depicted in Table 1.
The ionic conductivity of the composite membrane SPES/
BiTMA was found to be higher than that of the SPES/
Bi2MoO6 membrane. The composite membranes derived from
SPES/BiTMA-10 exhibit the highest proton conductivity of 10
× 10−3 S cm−1. The pristine SPES polymer shows a value of
4.19 × 10−3 S cm−1, which was lower than both the composite

membranes. The MOF composite shows way less conductance
than dual metal oxide.
Activation energy was calculated for pristine SPES and

composite membranes. The activation energy of the SPES/
Bi2MoO6-15 composite was found to be 12.393 × 103 kJ/mol,
and that of SPES/BiTMA-15 was found to be 11.978 × 103 kJ/
mol. The virgin SPES polymer showed a higher activation
energy of 13.848 × 103 kJ/mol. The lower values of Ea of the
composite indicate the presence of good proton conduction
pathways.

4. CONCLUSIONS
Using sulfuric acid and chlorosulfonic acid, aromatic polyether
sulfone was sulfonated. The two fillers, Bi2MoO6 and BiTMA,
were synthesized by in-house methods. The additives bismuth
molybdenum oxide and bismuth trimesic acid were embedded
into SPES in four different concentrations. The solution
casting procedure was used to construct all of the electrolyte
membranes. FT-IR, XRD, contact angle, SEM, and XPS were
used to confirm the structural investigation of composite
membranes. Physicochemical characteristics including oxida-
tive stability, water absorption, and IEC were carefully
investigated. The composite membrane loaded with
Bi2MoO6 shows good results than the pristine and SPES/
BiTMA membranes. Both the composite membranes exhibit
excellent thermal stability. Contact angle measurements reveal
that the SPES/Bi2MoO6 and SPES/BiTMA composites were
more hydrophilic than the SPES polymer. The highest proton
conductivity (10 × 10−3 S/cm) was achieved for the composite
membrane SPES/BiTMA-10. The SPES/Bi2MoO6-15 mem-
brane displayed the ionic conductivity of 7.31 × 10−3 S/cm.
From the overall studies, it is evidently confirmed that MOF-
based SPES/BiTMA composites deliver good properties and
are hence viable materials to operate in fuel cells.
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Table 1. SPES and Composite Membranes’ Physical and Chemical Properties

polymer code
ion exchange capacitya

(meq g−1)
activation energy ×103

(kJ mol−1)
oxidative stabilityb (%)

at 80 °C
proton conductivityc

×10−3 (S cm−1)
water

uptaked (%)
swelling
ratioe (%)

SPES 1.81 13.85 81.66 4.19 8.14 2.38
SPES/BiTMA-5 1.56 11.81 89.03 9.02 10.34 4.52
SPES/BiTMA-10 1.30 17.40 95.16 10.00 10.58 4.76
SPES/BiTMA-15 1.60 11.98 92.65 8.61 11.33 5.26
SPES/BiTMA-20 2.03 14.72 92.83 2.97 12.89 5.53
SPES/Bi2MoO6-5 1.82 15.09 90.00 2.50 12.11 4.74
SPES/Bi2MoO6-10 1.70 13.50 87.34 4.27 14.96 5.00
SPES/Bi2MoO6-15 1.94 12.39 76.72 7.31 16.08 5.26
SPES/Bi2MoO6-20 2.22 14.63 65.71 3.02 20.01 5.41
Nafion 110046 0.91 - - 12.00 23.00 -
aIEC values are observed to be within ±0.065 meq g−1. bOxidative stability exhibits a variation of ±0.5%. cProton conductivity shows a variation of
±0.001 S cm−1. dWater uptake sweeps between ±0.75%. eSwelling ratio varies between ±0.60%.
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