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a b s t r a c t

The fuel cell application is an imperative energy conversion transformation with impressive potential for
Malaysian future vitality. The relatively small market of fuel cell technology in Malaysia, causing consid-
erable development in the domestic market, should be created to ensure a noteworthy contribution to
Malaysia’s energy industry. Currently, the research towards advanced polymer electrolyte membranes
that can provide high proton conductivity and good durability is actively being studied. This article
reviews the promising properties of polyphenylsulfone (PPSU) polymer materials as proton exchange
membranes. This alternative polymer material would be best to replace the costly and counter the draw-
backs of the perfluorinated membranes in fuel cell systems. Unfortunately, the interconnected hydrophi-
lic channels of PPSU polymers are not well developed as the Nafion membrane. Thus, the PPSU was
modified by a sulfonation reaction to confer their protonic conduction properties. In addition, the mod-
ification of the highly sulfonated PPSU by thermal crosslinking as a potential technique to improve the
mechanical and chemical durability of the PPSU was discussed. Further, the effect of mixing various addi-
tives to develop the PPSU nanocomposite membrane on proton conductivity, physicochemical properties,
mechanical properties and fuel cell performance are also discussed in this work.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

Demanding energy has become crucial to provide sufficient
energy access for human well-being, poverty alleviation and eco-
nomic development, which is an ongoing and pressing challenge
for global growth. The world consumed about 154,000 terawatt-
hours of primary energy in 2017, more than 27 times from 1800
(5650 terawatt-hours). Typically, higher energy consumers come
from higher country average income [1]. Our world’s current
energy system is highly dependent on fossil fuels that produce car-
bon dioxide and other greenhouse gases that become the primary
reason for global climate change [2]. Nowadays, the world has
transitioned from an energy system dominated by fossil fuels to
ig. 1. The annual number of scholarly works on (a) PEM in fuel cell and (b) PPSU/PAES
stem, 2021).
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a low-carbon emission system. Renewable energy technologies,
including fuel cells, bioenergy, hydropower, solar, wind, and
geothermal energy, are options for replacing fossil fuels [3,4]. The
global fuel cell market was valued at USD 4.1 billion in 2020 and
is expected to grow massively at a compound annual growth rate
of 23.3 % for the following 8 years [5]. Fuel cell technology has con-
siderable potential for energy conversion devices towards the
Malaysian future energy. The significant contribution of fuel cell
technology towards Malaysia’s energy by 2060 should be achieved
by the rapid development of this technology in the domestic mar-
ket [6]. Proton exchange membrane fuel cell (PEMFC) comprises
advantages over other types of fuel cells which it is light, compact
and operate at lower temperatures making it suitable for small
in fuel cell applications within year 2000 to 2021 (LENS. ORG scholar works search
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operation devices like cars [7,8]. Development and operating cost
are the primary factors that limit the commercialization of PEMFCs
in the industry. Generally, the platinum catalyst of the electrodes
and membrane electrolyte is a significant expensive contribution
to PEMFC development [9]. Second is the storage problem for
hydrogen gases which has a low density and combustible gas as
a fuel that is necessary for installing the high-pressure hydrogen
tank for mobile applications [10]. Water management in the fuel
cell system becomes another hindrance in technology develop-
ment where membrane materials research become challenging to
make sure that it can effectively perform under different relative
humidity and operating temperature conditions [11].

Currently, the research towards developing all fuel cell parts is
actively being studied, especially the PEM. Based on the patent
search system, the researchers reported that the PEM in fuel cell
systems dramatically increased from 2000 to 2010 and steadily
increased throughout the year until 2021 (See Fig. 1(a)). PEM is a
semipermeable membrane that is designed as a medium for only
proton transportation and, at the same time, blocking the fuel,
reactant and electron from passing through the membrane [12].
The PEM performance is usually tested based on the proton con-
ductivity, physicochemical properties, and membrane stability.
Typically, proton conductivity values higher than 10�2 S cm�1

can be categorized as a good PEM, which can effectively transport-
ing a proton [13]. They also require humidification to conduct pro-
tons, and sometimes due to hydration effects, the PEM will be
degraded [14]. Other than that, an excellent dimensional, chemi-
cally, and thermally stable membrane under any operating condi-
tions is another factor required as a PEM. The ability to be
processed into a thin film and overall compatibility with other cell
components is another property needed to develop an efficient cell
performance [15]. PEM can be made from either pure polymer
membranes or composite membranes. One of the most common
commercially available PEM materials is a fluoropolymer (PFSA)
and Nafion from DuPont. However, Nafion has a significant draw-
back in high operation temperature (>100 �C), leading to a relative
decrease in the conductivity values. Meanwhile, Nafion membrane
use at an operating temperature below 80 �C requires a fully satu-
rated membrane, and it is too low for the cogeneration [16].

As a result, new proton conductor membranes that can with-
stand this condition are actively studied to develop flexible PEM
resulting in excellent fuel cell performance. Recently, many
research has been reported on a variety of new membrane materi-
als for PEM development that has the potential to replace Nafion
[17,18]. Among them are Polystyrene (PS)-based PEM [19,20],
polyimide (PI)-based PEM [21,22], sulfonated polyphenylene-
based PEM [23], polybenzimidazole (PBI)-based PEM [24,25], poly-
sulfone (PSf)-based PEM [26], Polyether sulfone (PES)-based PEM
[27], Polyphenylsulfone (PPSU)-based PEM [28,29], and natural
polymer-based PEM [30] that have been reported as an alternative
specialized PEM. Various types of alternative polymer-based PEM
have been reported, and in this review, we are concentrating on
describing the PPSU-based PEM for fuel cell applications.
Polyphenylsulfone (PPSU) or also can be found as poly (arylene
ether sulfone) (PAES) with a similar molecular structure, repre-
sents a sulfone polymer group that has been widely explored as
an alternative to the proton-conducting membrane. The data
obtained from the patent search system; the reviewed literature
suggest that interest in PPSU as a proton exchange membrane
has contributed to about two per cent of total publications of
PEM in the fuel cell. The total number of documents found in the
year 2000–2020 that deal specifically with PPSU/PAES membranes
in fuel cell systems are presented in Fig. 1 (b). The excellent ther-
mal stability and high mechanical strength of PPSU polymers make
the PPSU one of the alternative materials to replace perfluorinated
membranes as PEM [31]. Unfortunately, there is a restriction on
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PPSU membrane to be applied in fuel cell applications as the pro-
ton conductivity of PPSU polymers is generally lower than perflu-
oro ionomers-based PEM membranes. The interconnected
hydrophilic channels of PPSU polymers are not well developed
as perfluoro-ionomers PEM [32]. Incorporating the inorganic
materials into the polymer matrix becomes an efficient approach
for improving the proton conductivity of the SPPSU membrane
[33]. The incorporation of inorganic nanomaterials influences
the organic phase’s properties towards physicochemical proper-
ties, proton conductivity, and membrane stability that can result
in excellent cell performance [34]. The intrinsic properties of the
fillers, such as size, type, structure, and interactions with the
polymer matrix, can significantly affect the resultant matrix
[35,36].

The main objective of this review is to describe the vital aspect
of PEMFC technology and the limitation of commonly available
Nafion membrane operating under an extensive range of tempera-
tures as a PEM. To the best of our knowledge, comprehensive
reviews focusing on the in-depth understanding of modifications,
physicochemical properties, and fuel cell performance of PPSU as
a polymer backbone to develop the PEM are still limited. Compared
to the other relevant reviews in the literature, this review focuses
mainly on the chemical modifications and nanomaterials additions
of PPSU to be comparable with the Nafion membrane in terms of
physicochemical properties and fuel cell performance. A critical
overview of the limitations of Nafions as PEM for the fuel cell appli-
cation is addressed. This review also emphasized on the chemical
modifications of PPSU through sulfonation reaction, thermal
crosslinking as well as copolymer modifications to enhance the
physicochemical properties and proton conductivity of the poly-
mers has been discussed. The challenges of incorporating different
types and structures of nanomaterials to build the sulfonated PPSU
nanocomposite membrane and the improvements in its properties
and fuel cell performance were also highlighted. The primary out-
come of this study will benefit the scientific community in the
sense of filling in the knowledge gap in multiple fields that encom-
pass the PPSU nanocomposite membrane as PEM. Considering that
the proton conductivity and durability of the SPPSU nanocompos-
ite membrane are comparable to the commercial Nafion mem-
brane, it could diversify its potential in fuel cell applications. The
resourceful approach, which combines the unique properties of
the polymers with different filler structures, is excellent potential
to replace the commercial Nafion membrane in PEMFC
applications.

Operating conditions of proton exchange membrane fuel cell

PEMFC is one of the alternative fuel cell types to replace the
ageing alkaline fuel cell (AFC) technology that is mainly used in
the space shuttle. This type of fuel cell is mainly being developed
for transport, stationary and portable devices [37]. The simple
structure of the PEMFC make it become the most fuel cell type
studied by the researcher that can be applied in a wide range of
applications, and many prototypes based on the PEMFC concepts
are already available. This tremendous development of PEMFC
has prepared a platform for an automaker to release fuel cell-
powered hybrid vehicles into commercialization. The chemical
reactions that produce the current are the key to how a fuel cell
works (see Fig. 2). There are several kinds of fuel cells, and each
operates differently according to the purpose of the technology.
Like batteries, cathode and electrolyte are essential parts in PEMFC
arrangements. The two electrodes, which are the positive (cathode)
and negative (anode) site, is separated by an electrolyte layer
which is determined as PEM in PEMFC systems [38]. The benefit
of this technology as compared to the battery is that it can contin-
uously generate electricity as long as fuel is supplied [39]. In this



Fig. 2. The working concept in proton exchange membrane fuel cells.
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case, hydrogen gas is used as a fuel, and it can be derived from var-
ious hydrocarbon sources, and only water and heat would be gen-
erated using pure hydrogen gases [40]. The electrochemical
reaction that occurred in the PEM cell for power generation
involves hydrogen as a fuel as follows:

Anode : 2H2 ! 4Hþ þ 4e� ð1Þ
Cathode : O2þ4e� þ 4Hþ ! 2H2O ð2Þ
CellReaction : 2H2 þ O2 ! 2H2O ð3Þ
Optimum operating conditions for a fuel cell are essential to

obtain good fuel cell performance. The fuel cell performance was
significantly affected by the operating conditions. The flow rate
of the reactants (fuel and oxidants), operating pressure, tempera-
ture, and humidity of the fuel and oxidants are the parameters that
affect the fuel cell performance. Ogungbemi et al. [41] highlighted
the operating conditions, design parameters, and material proper-
ties of PEMFC in their review. Pressure is one of the significant
parameters affecting the cell performance, in which performance
will improve along increasing pressure. Unfortunately, high pres-
sure requires gas compression and storage, while the pressuriza-
tion of the fuel will affect the water management in the cell [42].
More than that, the gas pressure will also affect the operating of
cell parameters such as inlet fuel composition, gas diffusion and
flow-field plate design, which requires analysis of the fuel cell per-
formance from a system perspective [43]. The reactant flow rate is
another operating condition that will affect cell performance. The
general requirement of the reactant flow is that it should be sup-
plied equal to or greater than the reactants consumed within the
cell, which should be appropriate for the required current [4244].
Other than the flow rate, the humidity conditions of the reactants
gas should be achieved about 70 % to result in an excellent fuel cell
performance [45]. The membrane dehydration and performance
degradation happen when the electro-osmotic drag from the anode
exceeds transport to the anode by back diffusion at high current
density. Oxidants in low humidity conditions can worsen this
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dehydration effect by reducing the back diffusion transportation
from the cathode, which requires humidifying conditions at the
anodes gasses [46].

There is an optimal temperature for each fuel design that led to
explicitly choosing the optimum operating temperature for each
fuel cell system. Controlling the operating temperature is crucial
as the heat generated from electrochemical reactions will affect
many factors, and it is very hard to maintain the optimum temper-
ature. Increasing the operating temperature and pressure of the
cell system causes more extensive ion mobility that enhances the
ion conductivity [41]. As water is the main substance for humidity
supply, the higher operating temperature will force the heat waste
into the latent heat of vaporization results in more vaporized
water, causing less water to be pushed out of the cell [47,48]. In
contrast, low operating temperatures result in shorter warm-up
times and also lowering the thermomechanical stresses. The upper
limit of operating temperature depends on the electrolyte’s prop-
erties used in the fuel cell system. Usually, the operating tempera-
ture for PEMFCs is restricted to approximately 90 �C because water
evaporates from the polymer membrane, dries the membrane out,
and causes the performance to drop quickly. PEMFC operating at a
small temperature range (60 to 120 �C) restricted this system for
broad applications. Therefore, there are increasing demands for a
stable polymer membrane that can withstand the PEMFCs systems
operating in wide range of temperatures.

PEMFC works under operating temperature of 80 �C, giving a
system efficiency about 40–50 % and general output of about
50 W – 250 kW [49]. Solid and flexible membrane electrolyte as
a heart of PEMFC system that operates at low enough temperature
which will not leak, which remark as a superior alternative to
replace the liquid electrolyte for AFC. However, the slow reduction
reaction at the cathode in this cell required the platinum catalyst
to fasten the reaction, simultaneously raising the operating cost
[50]. Generally, the polymer electrolyte membrane has several
required properties to be compatible with the fuel cell operation.
PEM should be chemically stable as it acts in a strongly acidic med-
ium and has high durability and fuel cell operation [51]. Ideally, the
proton conductivity of the developed PEM that meets the PEMFC
application requirement is about 0.1 S cm�1 [13]. Finally, all these
properties should remain unchanged at the working temperature
to avoid structural changes during the chemical reactions and be
thermally stable [52]. The general PEM fuel cell flow arrangements
as was depicted in Fig. 3. DuPont’s Nafion-based polymer elec-
trolyte membrane has excellent proton conductivity with high
hydrolytic and oxidative stability, becoming the most commonly
available PEM in the industry [53]. The state-of-the-art PEM fuel
cells-based perfluorosulfonic acid ionomers such as Nafion, which
shows good durability and high proton conductivity, is recognized
as the most used PEM in the market [54].
State of the art and limitation of Nafion as proton exchange
membrane

PEM is built in the fuel cell systems as a reactant separator and
proton transportation medium, which was also functioning by
blocking the electronic pathway through the membrane [12].
PEM can be made from either pure polymer membranes or com-
posite membranes. One of the most common commercially avail-
able PEM materials is a fluoropolymer (PFSA) and Nafion from
DuPont [16]. The PEM performance is usually tested based on the
proton conductivity, physicochemical properties, and membrane
stability. The general requirement for a good PEM has a higher pro-
ton conductivity (>10�2 S cm�1) that enables the proton transport
between the electrodes [13]. They also require humidification to
conduct protons, and sometimes due to hydration effects, the



Fig. 3. Simplified diagram of the fuel cell flow system. Reprinted with permission from Ref. [55]. Copyright (2008) IEEE.
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PEM will be degraded [14]. Exceptional dimensional, chemical, and
thermal stability are the required properties for the PEM to operate
under fuel cell operating conditions. The ability to be processed
into a thin film and compatibility with other cell components is
another property needed to develop efficient cell performance.
The limitation of the PEM fuel cells-based perfluorosulfonic acid
ionomers from commercialization is due to the expensive materi-
als, low proton conductivity along temperature rising that con-
tribute to water management issues and carbon monoxide
poisoning [16]. PEM materials based on perfluorinated ionomer
membranes such as the Nafion membrane are widely practiced
and have become the general reference or benchmark for new
membrane materials research. This membrane is a proton conduc-
tive polymer film that allows the only proton to cross over through
the layer. Nafion is a brand name for a sulfonated
tetrafluoroethylene-based fluoropolymer discovered by Walther
Grot of DuPont in the late 1960 s. It has been broadly used for
PEMFCs and can be identified based on various thicknesses and
specific applications, which has been classified that Nafion 1110,
Nafion 117, Nafion 115, Nafion 212, and Nafion 211 membranes
are non-reinforced films [56]. The Nafion membrane-type’s last
number refers to several membrane thickness dimensions (Nafion
212–0.002 inches, Nafion 211–0.001 inches).

Different conditions in operating the fuel cell system required
the different thicknesses of the Nafion membrane. A thicker mem-
brane is needed when the fuel cell operates under high differential
pressure and vice versa. The thicker Nafion membrane available in
the market is Nafion 1110, with a membrane thickness of 254 lm.
Nafion polymers’ uniqueness resulted from incorporating perfluoro
vinyl ether groups terminated with sulfonic acid groups onto a
tetrafluoroethylene (PTFE) backbone [57]. Having high proton con-
ductivity while maintaining excellent thermal and mechanical sta-
bility makes Nafion become considerable attention as PEM [58].
The chemical structure of Nafion is illustrated in Fig. 4(a). The mor-
phology of Nafion membrane membranes is a matter of continuing
study to allow for greater control of its properties. The Nafion
structure will affect the important properties as PEM, such as
water capacity, hydration stability at high temperatures and mem-
brane durability [59]. The first Nafion model called the cluster
channel or cluster-network model, consisted of an equal distribu-
36
tion of sulfonate ion clusters with a 40 Å (4 nm) diameter held with
a continuous fluorocarbon lattice is illustrated in Fig. 4(b). The
interconnection between the clusters in Nafion structures having
narrow channels about 10 Å (1 nm) in diameter can explain the
transport properties within the Nafion membrane [60]. The molec-
ular structure, model cluster network, and proton transport of the
Nafion membrane are shown in Fig. 4. This fluorinated polymer
occasionally branches off into side chains with sulfonic acid
groups. This sulfonic acid group forms the channels that allow pro-
ton transport from one side of the membrane to another [61]. The
transportation models in the Nafion membrane are illustrated in
Fig. 4 (c). Combining the stable PTFE backbone with the acidic sul-
fonic groups gives Nafion its excellent characteristics as proton
conductive polymers. Nafion is widely been used as an electrolyte
in a wide variety of applications such as vanadium redox flow bat-
teries [62,63], fuel cell [53,64], water electrolyzers [65], and CO2

separation [66]. Furthermore, the proton conductivity of the Nafion
membrane can achieve up to 0.2 S cm�1 depending on the operat-
ing temperature and hydration state.

Although the Nafionmembrane is the most commonly used fuel
cell system, the high material and manufacturing cost due to the
expensive Nafion materials and cathode platinum catalyst has
restricted its function [68]. Nafion materials costing as much as
about 100 times as compared to the engineering thermoplastic
materials, which donating a big part in membrane manufacturing
cost [69]. Furthermore, Nafion faces the problem of being highly
dependent on the relative humidity of the cell, that results in
reducing mechanical and dimensional stability at high operation
temperature (>100 �C) [70]. Some studies have been reported on
modifying Nafion by composite with another material to serve this
PEM that can function in higher operating temperature [71,72].
The operating temperature below 80 �C is too low for cogeneration,
and the PEM must be water-saturated. Fuel cell system without
additional humidifiers is highly dependent on the rapid water gen-
eration through electrochemical reaction as well as the back diffu-
sion through the membrane layer. That is become a turning point
to explore high-temperature PEMFCs working between 100–
200 �C as an alternative to cell system without additional humidi-
fiers that can also potentially benefits electrode kinetics, proper
heat management and excellent tolerance towards fuel impurities



Fig. 4. (a) Nafion molecular structure, (b) model of cluster network. Reprinted (adapted) with permission from Ref. [15]. Copyright (2019) JohnWiley and Sons, and (c) proton
transport in Nafion. Reprinted (adapted) with permission from Ref. [67]. Copyright (2001) Elsevier.
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that could lead to higher overall system efficiencies [60]. Unfortu-
nately, these gains have yet to be realized as high cell temperature
will cause the membrane loses its function rapidly, which con-
tributes to shortening the membrane lifetime. This matter has to
gain attention to research new anhydrous proton conductor mem-
branes that can withstand under a broad range of cell operating
conditions that will result in excellent cell performance and dura-
bility [17,25].
The polyphenylsulfone-based polymer as promising proton
exchange membrane, and the chemical modifications

Generally, there are several required properties of the PEM to be
compatible with the operation of various fuel cell types. PEM
should be chemically stable as it acts in a strongly acidic medium
[51]. Ideally, the durability and mechanical strength of the proper-
ties are desired in whatever the hydration state and the tempera-
ture of the membrane. The degradation phenomenon of the
proton exchange membrane in the fuel cell system is thought to
be caused by the H∙ or HO∙ or HO2∙ radicals that occur at both elec-
trodes. The degradation occurs at the anode by HO∙ or HO2∙ radi-
cals, which are thought to be formed by the reaction of H∙
radicals with O2, which diffuses through the electrolyte from the
cathode side. Meanwhile, another degradation at the cathode side
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occurs from the HO∙ or HO2∙ radicals originated during the cathode
reduction reaction [73]. On the other hand, membrane degradation
during single-cell operation is considered to result from the forma-
tion of HO∙ or HO2∙ radicals [74]. Therefore, the chemical stability
of the developed PEMmaterials in harsh oxidation conditions must
be considered for PEM fabrication. In addition, water uptake is a
crucial property for evaluating the efficiency of a PEM concerning
proton conductivity. Water uptake by the membrane leads to
dimensional changes that can adversely affect proton transporta-
tion across the membrane [75]. Besides, substantial changes in
the dimensions would loosen the polymer matrix, creating large
spaces between the polymer chains that lead to undesired cations
that could pass through the electrolyte, contributing to perfor-
mance deterioration.

Therefore, new proton conductor membrane materials have
been extensively studied to produce a suitable PEM that can with-
stand a broad range of cell operating conditions that use non-
fluorinated polymers [76]. Sulfone polymer, which is an aromatic
compound that contains sulfonic functional groups attached to
two carbon atoms, has been extensively studied. This material is
being demanded by various industries due to its excellent mechan-
ical properties and is highly stable in prolonged exposure to water
and chemicals. It also can be handled and withstand a broad range
of temperatures from �40 �C to 204 �C [77]. Sulfone polymers can
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be classified as relatively cheap and abundant rawmaterial sources
in conjunction with easy manufacture, good mechanical proper-
ties, and environmental resistance. Sulfone polymer is amorphous
thermoplastics comprised of aromatic units bridged with sulfone,
isopropylidene, or other moieties [78]. Sulfone polymer can be
classified into three categories which are polysulfone (PSU) [79],
polyphenylsulfone (PPSU) [31], and polyethersulfone (PES)
[27,80] with excellent properties that have been studied for fuel
cell applications. The molecular structure of these sulfone poly-
mers is illustrated in Fig. 5. The adequate sulfonation degree of
PSU and PES polymers is challenging as the polymers are mechan-
ically weak under harsh sulfonation reactions, and insufficient sul-
fonation will limit the overall proton conductivity. In contrast,
highly sulfonation will lead to a polymer chain breakage [81].
The inadequate sulfonation degree and the chain-scission degrada-
tion during the sulfonation reaction process have restricted PSU
and PES usage as PEM. Therefore, PPSU, with the highest resistance,
long-term stability, and a broad range of chemical compatibility
and ease of sulfonation modification, has directed this polymer
to be further explored as PEM-based polymeric materials [82].

PPSU is a transparent and rigid high-temperature engineering
thermoplastics. It consists of two segments: sulfone and ether,
which are connected by ether linkages. PPSU is also sometimes
referred to as poly (arylene ether sulfone) (PAES) or poly (arylene
Table 1
Various applications of PPSU membranes.

Materials Applications

PPSU/Silica Plant-inspired dew
Copper-1,3,5-benzenetricarboxylate-PPSU Methanol separatio
Activated carbon modified PPSU Phenol adsorption
ZIF-8-PPSU Gas separation
PSU/PPSU Heavy metal reject
PPSU-GO BSA and pepsin rej
PPSU/zeolite Socomy Mobil-5 (ZSM-5) Organic componen
PPSU/bismuth oxychloride nano-wafers Oily wastewater se
Carboxylated graphene oxide/PPSU Nanofiltration mem
SPPSU/hyperbranched polyethyleneimine Organic solvent na
PPSU/ZIF-8 Solvent-resistant n
PPSU/CuO/graphitic carbon nitride Protein separation
PPSU/silver-coated hydroxyapatite Palm oil mill efflue
SPPSU/PBI Hydrogen purificat
PPSU/SnO2 Ultrafiltration mem
PPSU/cellulose acetate Ultrafiltration mem
PPSU/SPEEK Vanadium flow bat
PPSU/multiwalled carbon nanotubes Heavy metal remo
PPSU Biogass upgrading
Zwitterionic nanoparticles/PPSU Protein rejection

Fig. 5. Molecular structure of sulfone polymer. Reprinted with permission from Ref.
[78]. Copyright (2011) Elsevier.
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sulfone) (PAS), which is known for its excellent hydrolytic stability,
high impact strength, and good chemical resistance [77,83]. The
tremendous heat-resistant properties of PPSU make it ideal to be
applied in the medical, electrical, electronics and even aerospace
industries. PPSU has widely been explored as a membrane material
in various applications and is listed in Table 1. Darvishmanesh et al.
[84] reported the PPSU membrane promising for filtration in mild
organic solvents with excellent stability. However, due to the
hydrophobic nature, low permeability and high fouling restricted
the PPSU membrane from widely used in water applications.
Unfortunately, there is a restriction on PPSU membrane to be
applied in fuel cell application as the proton conductivity of PPSU
polymers is generally lower than perfluoro ionomers-based PEM
membranes [85]. The interconnected hydrophilic channels of PPSU
polymers are not well developed as perfluoro-ionomers PEMs.
Therefore, PPSU is modified by functioning with sulfonic acid
groups through chemical modifications such as sulfonation and
copolymer modifications playing important roles in improving
the proton conductivity and physicochemical properties of the
PPSU membrane to be potentially applied as PEM in the fuel cell
[32]. Furthermore, thermal crosslinking is another modification
that can improve the properties of the sulfonated PPSU, which
are discussed in the next section.
Sulfonation of polyphenylsulfone

Sulfonation is a major industrial chemical process used to make
various products. Sulfonated terms of PPSU polymers refer to the
presence of sulfonic acid (SO3H) groups on the aromatic rings, in
which a hydrogen atom is connected to the aromatic ring of the
ether ketone unit is replaced by SO3H groups [107]. Feng et al.
[108] reported on the rheology and phase inversion behaviour of
PPSU for membrane formation. This study highlights the behaviour
of PPSU in membrane forming and the effect of modification of
PPSU by sulfonation. In this state, the purpose of sulfonation is to
reduce the tendency of membrane fouling and enhance the water
permeability to achieve an excellent filtration performance [109].
The purpose of sulfonation processes is to convert the polymer
material into an ionomer and confers their protonic conduction
properties in better hydrophilicity, selectivity, and increased solu-
bility in processing solvents [110]. Generally, PPSU polymer has
low proton conductivity values due to the no active protonic site
that can transport protons through the polymer chain. Therefore,
Reference
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Fig. 6. Schematic diagram of the proton transport mechanism in the sulfonated
(PAES)/silica-phosphate nanocomposite membrane. Reprinted (adapted) with per-
mission from Ref. [117]. Copyright (2011) Elsevier.
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the best approach to modifying PPSU for PEM application is to
employ sulfonic acid groups on PPSU aromatic rings through the
sulfonation process. This sulfonic acid group is capable of becom-
ing a medium for proton transportation where it is easily can be
attached to the PPSU polymer chain through sulfonation reaction.
By introducing SO3H groups within the polymer chain, ion
exchange capacity, hydrophilicity, solubility in polar solvents, pro-
ton conductivity, and the transport number of sulfonated PPSU
(SPPSU) significantly increased [99].

The proton transportation within the SPPSU membrane
depends on the hydrated membrane, whereas a polymer matrix
holds the water. Generally, two mechanisms for proton transporta-
tion happen in the PEM, which are structured diffusion and vehicle
diffusion [111]. The structure diffusion of protons, also known as
the Grotthuss mechanism, refers to the proton transportation by
tunneling from one water molecule to another via hydrogen bond-
ing known as ‘‘proton hopping”. Proton hopping is the process of a
proton (H+ ions) through the network of hydrogen bonds. On the
other hand, it should be noted that water has a high self-
diffusion coefficient, which contributes to the total proton conduc-
tivity of protonated water molecules in the form of H3O+. In the
Grotthus mechanism, proton diffuses from one hydrolyzed ion
(SO3

�, H3O+) to another through the polymer matrices. A water-
free proton-conducting membrane with an active functional group
for proton transportation will offer high proton conductivity under
low humidity conditions considered to function by this mechanism
[100]. Water-free proton-conducting membranes are more
demanded in which the proton transportation lying under
Grotthus-mechanisms can operate higher than the boiling temper-
ature of the water. Yoshimura et al. [112] modified PPSU by adding
a highly acidic semisquaric acid group so that the proton dissociat-
ing group can conduct proton by the Grotthus mechanism above
the boiling point of water. The transportation of proton in this
mechanism starts from the movements of hydronium ions by pro-
ton produced from hydrogen oxidized at the anode combining with
the water molecules. Additional nearby water molecules will pull
the proton from these hydronium ions, and the process will be
repeated until the proton reaches the cathode side [113].

This occurrence can be called a vehicle diffusion in which it con-
tributes approximately 22 % to the total conductivity [114]. In this
mechanism, the maximum temperature used for the membrane is
limited approximately to the boiling point of water that usually
happen in the polymer without an active functional group for pro-
ton transportation. The electro-osmotic drag in the membrane
becomes a medium for hydronium ions (H3O+) transportation that
is transported through the aqueous medium with more water
molecules that causing the water/methanol molecules to become
a source for proton diffusion through the membrane [115]. Catio-
nic complexes such as hydronium ions H3O+are the results of a
combination between proton and water. In the sulfonated PPSU
polymer chain with -SO3H functional groups become the carriers
for proton transportation. These sulfonic acid functional groups
increase the number of water molecules by forming hydronium
ions H3O+ according to the vehicular mechanism of the proton
transportation [116]. Kim et al., [117] presented a proposed mech-
anism inside their developed sulfonated PAES nanocomposite
membrane with modified silica-phosphate (see Fig. 6). This
nanocomposite membrane follows both transportation mecha-
nisms that were detected from conductivity results. The high con-
ductivity of the membrane is due to the hydrogen bonding
between the bound water and the hydroxyl group of the silica-
phosphate and sulfonate groups of the polymer chain that
enhances the proton conductivity through the Grotthuss mecha-
nism. Meanwhile, the slightly tortuous path through the mem-
brane due to the presence of inorganic materials has reduced the
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membrane conductivity, following the vehicle mechanism for pro-
ton transportation.

In a sulfonation reaction, the degree of sulfonation is vital in
determining the polymers’ properties. The D.S can be well con-
trolled by adequately selecting the sulfonating agent, concentra-
tion, reaction temperature, and reaction time. The sulfonating
agent helps to enhance the reactivity of the sulfonation process.
Generally, sulfonations for polymers can be conducted with sul-
fonating agents such as concentrated sulfuric acid, fuming sulfuric
acid, sulfur trioxide complexes, chlorosulfonic acid, and acetyl sul-
fate that was chosen based on the reactivity of the polymers [118].
Concentrated sulfuric acid (95 % to 98 %) was the most used sul-
fonating agent to sulfonate the polymer. The direct linkage
between aromatic moieties makes the PPSU structure more rigid,
but at the same time, it offers two activated phenyl rings for the
electrophilic aromatic substitution reaction. Furthermore, Liu
et al. [119] reported that varying the concentration of sulfonating
agents achieved different D.S for the PPSU polymers. Other than
that, varying the reaction temperature and reaction time also
results in different D.S. Parreño et al. [120] reported on the effect
of varying the reaction time on the sulfonated polybenzoxazine
(PBz) nanofibers. They stated that by varying the reaction time,
the dimensional stability of the sample was affected and deter-
mined that the sample achieved different D.S values.

Consequently, it is easily possible to introduce two sulfonic acid
groups per repeating unit (2nd substitution) in the PPSU molecular
structure by adequately determining the optimized conditions
during the sulfonation reaction. Di Vona et al., [121] present a
study that they can develop two sulfonic acid groups in one repeat-
ing unit of PPSU by tuning the sulfonation reaction conditions
using strong sulfonating agents with longer reaction times. Fur-
thermore, Matsushita and Kim [122] also reported on the soluble
SPPSU bearing two sulfonic acid groups in the PPSU polymer chain
through similar sulfonation reaction conditions that are shown in
Fig. 7(a). Meanwhile, Xing and Kerres, [74] prepare the sulfonation
reaction of PPSU using the metalation route shown in Fig. 7(b). This
preparation method also required optimized conditions to achieve
the desired D.S for any applications.

The sulfonation of PPSU with SO3H groups will lead to two frac-
tions, water-soluble and highly sulfonated with D.S > 1.5 fractions
and water-insoluble fraction with D.S < 0.7 concerning a number of
sulfonic acid groups per monomer unit [123]. SPPSU with high D.S
showed fewer tendencies to convert to coherent dry film due to
highly soluble polymers in the water [124]. Investigation of the
polymeric membrane with different D.S revealed that high D.S
could improve the conductivity of the polymer membrane. Xiang
et al. [125] reported that the varying conductivity values of
sulfonated polyaryl ether ketones (SPAEKs) were achieved by



Table 2
Summary of sulfonation conditions towards PPSU membrane properties.

Sulfonating agent D.S./IEC Mechanical
strength

Proton
conductivity

Remarks

- Concentrated H2SO4

Fuming sulfuric acid
Sulfur trioxide complexes
Chlorosulfonic acid
Acetyl sulfate

Low Good Very Low - Low protonic site for proton conduction
Medium Good Low - Proton conductivity is much lower as compared to perfluorosulfonic acid

membrane
High Weak Very high - Unable to form a membrane

Sulfonated PPSU is dissolved in water which require further treatments such
as crosslinking, chemical modifications or composite with another materials

Fig. 7. Sulfonation synthesis for 2nd substitution for PPSU polymer (b) direct sulfonation using sulfonationg agent. Reprinted (adapted) with permission from Ref. [122].
Copyright (2018) Elsevier, and (c) sulfonation synthesis through metalation route. Reprinted (adapted) with permission from Ref. [74]. Copyright (2006) John Wiley and Sons.
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changing the sulfonation degree. They used SPAEKs with sulfona-
tion degrees 0.4 to 1.0, and SPAEKs with 1.0 D.S. achieved the high-
est proton conductivity values that exceeded the conductivity of
the tested Nafion� 117 membranes. On the other hand, Dyck
et al. [123] also reported that SPPSU with 1.0 D.S results in high
conductivity. It has been proven that the D.S plays a vital role in
enhancing the proton conductivity of PEM [126]. The proton con-
ductivity values of the SPPSU membrane are increasing along the
degree of sulfonation. However, typically highly sulfonated with
D.S > 1.5 fraction results in excess membrane swelling that con-
tribute to failure mechanical and chemical durability of the PEM
[127]. It is regrettable to sacrifice the potential of highly sulfonated
PPSU polymers, which will contribute to the excellent proton con-
ductivity as PEM due to the mechanical failure and chemical insta-
bility factors.

The properties of PPSU by sulfonation reactions are summarized
in Table 2. According to the required properties, many researchers
found that the crosslinking technique is one of the methods that
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have been extensively studied. Generally, crosslinking can be easily
defined as forming a covalent bond to join two polymer chains.
Kulasekaran et al. [128] applied crosslink methods to crosslink
between the poly (vinyl alcohol) and sulfonated polyethersulfone
crosslinked through ether linkage PEM for fuel cell applications.
The polymer chain becomes more rigid when undergoes crosslink-
ing reaction and membrane durability increases [129]. The modifi-
cations of the sulfonated polymer membrane by multiblock
copolymers and the possibilities of applying thermal crosslinking
to improve the membrane properties were discussed.

PPSU modifications by multiblock copolymer

An exciting strategy to improve the PPSU polymers as a PEM is
the synthesis of copolymers with tunable architectures. This block
copolymer is composed of hydrophilic and hydrophobic channels
leading to nanophase-separated domains with continuous
proton-conducting channels. Generally, copolymers have lower
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proton conductivity values at lower water contents due to the poor
connectivity of the proton-conducting hydrated phase domain.
This suggests that the development of the multi-block copolymers
should have highly sulfonated segments with an excellent phase
separation between hydrophilic parts to maintain the sulfonic acid
concentration in the membrane [130]. Besides, excessive water
uptake and mechanical deterioration should be avoided with a
high relative humidity [131]. Currently, the researcher is focusing
on building the micro phase-separated block copolymers with
highly active sulfonated functional groups for efficient proton con-
duction at high operating temperatures and low relative humidity
conditions. Multi-block copolymers comprise two or more
homopolymer repeat units linked by covalent bonds. An approach
to enhance the proton conductivity values at a higher temperature
and low relative humidity conditions is to induce the distinct
phase separation between the hydrophilic and hydrophobic
domains through block copolymers architectures with stable
mechanical properties. Lee et al., [132] developed the multi-block
copolymers consisting of hydrophilic hydroquinone and hydropho-
bic PAES, which achieved high proton conductivity ranging from
13.0x10�2 to 21.0x10�2 S cm�1 and good mechanical properties.
Generally, the open circuit voltage (OCV) measurement is closely
related to the fuel and oxidant crossover through the membrane.
Without applying any current, the OCV measure was ideally about
1.23 V, which indicates that the higher OCV is related to excellent
PEM durability towards the fuel and oxidant crossover. The excel-
lent phase separation of hydrophilic and hydrophobic segments in
the multi-blockchain has also been shown to reduce the hydrogen
crossover that shows higher OCV, which was very important to
sustain the prolonged operation of the fuel cell system [133].

Kim et al. [134] introduce the 3,30, 5050-tetramethylbiphenyl-4,
40-diol with four bromination sites and bis (4-chlorophenyl) sul-
fone as a hydrophilic site to build the multi-block copolymers PAES
for the AEMFC cell system. The multi-block copolymers have
shown an improvement in the hydroxide conductivity as well as
alkaline stability. Although the OCV data was not included in the
manuscript, it can be predicted that the OCV is high due to the
high-power voltage measured by the small current density
reported in the study. The membrane also shows stable power den-
sity and voltage up to 18 h, which remarks the membrane proper-
ties durability towards fuel crossover and chemical degradation.
Lee et al. [82] developed hydrophilic-hydrophobic multi-block
copolymers based on PAES polymers for PEMFC applications. Due
to their well-separated microstructure, the proton conductivities
were improved, supporting well-connected hydrophilic domains
in the copolymers chain. The result is consistent with the report
by Titvinidze et al. [135], where the multi-block copolymers of
hydrophilic SPPSU and hydrophobic PES segments show high pro-
ton conductivity with superior hydrolytic stability. Jung et al. [77]
developed a series of multi-block copolymers containing sul-
fonated poly(arylene sulfone) (SPAS) blocks to achieve high proton
conductivity and excellent durability in fuel cell systems under
various RH conditions.

Consequently, the multi-block polymers showed excellent
hydrogen crossover performance under low humidity conditions
with outstanding durability. The OCV hold a test for more than
1400 h (see Fig. 8(a and b)). OCV hold test was measured to deter-
mine the chemical durability of the membrane since, under extre-
mely low humidity condition, the harmful peroxide will be
generated through the diffusion of H2 and O2. This peroxide will
result in rapidly degrade the PEM that leading to membrane pin-
holes, thus increasing the H2 crossover. Ureña et al. [136] devel-
oped multi-block copolymers composed of PSU and PAES by
polycondensation in a one-pot, two-step synthesis. With the high
D.S (0.98 to 1.58), this nanocomposite polymer membrane
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achieved proton conductivity up to 0.03 S cm�1 at 70 �C with excel-
lent thermomechanical stability.

Rowlett et al. [137] investigated the properties of PEM-based
multi-block copolymers consisting of Nafion copolymers that
served as a hydrophobic segment and a block of SPAES as a hydro-
philic segment (6FPAEB-BPSH) (see Fig. 8(c)). It shows that the
water uptake and IEC of the membrane were greatly enhanced,
contributing to improving the proton conductivity. This property
can be achieved by controlling the length of the SPAES block that
serves as a hydrophilic contributor. Excessive swelling was
reported with longer SPAES block lengths unsuitable for PEM.
Afterwards, they reported on the capability of this multi-block
copolymer membrane in MEA and subsequent fuel cell testing
[138]. Fig. 8(d) and (e) shows the polarization of 6FPAEB-BPSH
membrane testing at a different level of relative humidity condi-
tions and commercial Nafion 212 membranes as a reference to
compare the results. At higher RH conditions, 6FPAEB-BPSH mem-
branes show similar performance to the Nafionmembrane at lower
current density (up to 0.8 A cm�2), whereas Nafion showed a sharp
voltage drop at higher current density. Meanwhile, 6FPAEB-BPSH
shows slightly low performance compared to Nafion, which might
be due to the poor compatibility between 6FPAEB-BPSH with
Nafion ionomer on the electrodes. Although Nafion is still showing
excellent performance, the outcome performance of 6FPAEB-BPSH
multi-block copolymers in fuel cell systems can be further
improved with some modifications to the interfaces between the
membrane and the electrodes, lead to better cell performance.
Well define hydrophilic domains that are derived from the well
hydrophilic and hydrophobic separation are needed for an efficient
proton conductivity [133]. In this case, the modification of the
PPSU using multi-block copolymers with well hydrophobic and
hydrophilic phase separation will utilize the facile proton trans-
portation along the distinctively hydrophilic phase that will be
contributed to better cell performance. Although the multi-block
copolymer is one of the modification ways for PPSU-based-PEM,
complex chemicals are needed to construct the well-defined
microphase separated by hydrophobic and hydrophilic channels.
The previously reported study regarding modifications of PPSU
by multiblock copolymer was summarized in Table 3.

Modifications of highly sulfonated PPSU membrane by thermal
crosslinking

Improvements in the thermal, mechanical, and physicochemical
properties of the polymers used are crucial challenges in polymer
synthesis and the quest for new search applications. The properties
of polymeric materials depend on their chemical nature. Still, they
also depend on their molecular weight and the function of the
polymer chain for a given polymer type. PEM-based engineering
thermoplastic polymers are now considered a proven technology
and widely used in a broad range of applications. However, there
are still challenges to making it comparable with the commercially
Nafion membranes [141]. The alternative membranes include
maintaining membrane performance, thermal stability, and chem-
ical resistance under continuous operating conditions. According
to the mechanical failures of the highly sulfonated membranes,
the crosslinking techniques offer the best option to counter the
problems. In polymer chemistry, the resulting mechanical proper-
ties of the crosslinking polymer are highly dependent on crosslink
density. Low crosslink density will only increase the viscosities of
the melting polymer, while intermediate crosslink density trans-
forms gummy polymers into materials with elastomeric properties
and potentially high strengths. Very high crosslink densities will
result in very rigid or glassy materials [142]. The crosslinking will
provide many benefits to the polymer matrix, such as higher



Fig. 8. (a) Variation of hydrogen crossover current density for H2/N2 and (b) durability comparison under OCV testing at 80 �C and 10 % RH conditions for SPAS block
copolymers. Reprinted with permission from Ref. [77]. Copyright (2014) Elsevier, (c) structure of multiblock hexafluoropropane poly(arylene ether benzonitrile) disulfonated
poly(arylene ether sulfone) copolymers (6FPAEB-BPSH), and polarization curve of the 6FPAEB-BPSH and Nafion� 212 MEAs at (d) 95 %/95 % and (e) 50 %/50 % relative
humidity conditions. Reprinted with permission from Ref. [137,138]. Copyright (2013, 2017) Elsevier.
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tensile strength, resistance to stress cracking, no electrical charge,
negligible difference in thermal stability, decreased flexibility and
improved high-temperature mechanical [143]. Crosslinking has
received much attention since it appears to provide a promising
approach to enhancing chemical and thermal resistance. Crosslink-
ing modification can be achieved by thermal or chemical crosslink-
ing, further discussed in the next section. Crosslinking reactions
are among the most powerful ways to control and improve poly-
meric materials, such as swelling and mechanical behaviour. How-
ever, reticulation often relies on introducing the crosslinker
species, which requires special procedures such as grafting by irra-
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diation. Harilal et al. [24] report on the crosslinked PBI membrane
for PEMFC using brominated polyphenylene oxide as a crosslinker,
and crosslinked membrane shows many improvements in chemi-
cal stability, mechanical strength, and strong resistance to mem-
brane swelling in concentrated acidic solutions. Generally, the
high proton conductivity of PEM with high IEC and D.S usually
leads to large dimensional variation and low mechanical strength.

The cross-linking method becomes the most straightforward
solution to the problems as it effectively controls excessive mem-
brane swelling. An et al. [127] reported using gradient crosslinking
to crosslink the SPEEK membrane by immersing it in sodium



Table 3
PPSU modifications through multiblock copolymers in fuel cell applications.

Composite membrane Conductivity
(S cm�1)

Mechanical
strength (MPa)

Elongation
at break (%)

Water uptake/
swelling RT (%)

Power density
(mW cm�2)

Temperature
(�C)

RH
(%)

Type of
fuel cell

Multiblock copolymers SPAES[77] 0.028, 80 �C,
50 % RH

9.0 24.0 58.0/20 495.6 70 50 PEMFC

Block copolymers PES/PAES[134] 0.0518, 90 �C,
100 % RH

- - 45.0/29.6 64 60 100 AEMFC

PAES multiblock copolymers/butanesulfonic
acid-ethanedion groups[130]

0.171, 80 �C,
65 % RH

50.62 13.8 14.4/15.7 424.8 60 100 PEMFC

Multiblock SPPSU/SPSU[136] 0.0341, 70 �C,
95 % RH

55 57 23.9/- �400 70 100 PEMFC

Multiblock poly(arylene ether nitrile)
disulfonated PAES copolymers[137,138]

0.140, 80 �C,
95 % RH

50–60 11–16 51/- �520 80 95 PEMFC

Multiblock SPAES/SPP[23] 0.102, 70 �C,
-% RH

- - 69.5/- 630 80 100 PEMFC

Partially fluorinated Multiblock SPPSU[139] 0.340, 80 �C,
90 % RH

- - 31/- 292.8 80 80 PEMFC

Multiblock copolymers sulfonated PPSU/
imidazolium PPSU[140]

0.086, 80 �C,
-% RH

59 ± 3 52 ± 3 �34/43 60.11 80 - DMFC
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borohydride and sulfuric acid solutions. The simultaneous diffu-
sion and reaction of sodium borohydride with reduced SPEEK iono-
mers result in no damage to proton conductance but effectively
controls the membrane swelling and improves mechanical
strength. Occasionally, crosslinking can modify the properties of
the polymer membrane, such as increased membrane water
uptake, inducing brittleness, and even reducing the proton conduc-
tivity [144]. The crosslinked membrane can become brittle, and the
formation of a proton channel inside the membrane can be dis-
rupted. Furthermore, the proton-bearing sulfonic acid group in
the ionomers was sacrificed during crosslinking, which usually
decreased proton conductivity values. A study by Feng et al.
[145] describes the effect of crosslinking time and Araldite
MY721 epoxy resins crosslinker concentration on hydroxyl-
functionalized SPEEK. It shows that a longer reaction time results
in membrane water uptake and proton conductivity values and
reduces the methanol swelling ratio compared to the pristine
SPEEK membrane. Increasing in the epoxy resin concentration
has tremendously decreased the methanol permeability. During
the crosslinking reaction, the optimized condition showed a proton
conductivity of �0.096 S cm�1, which meets the requirement for
PEMFC (0.1 S cm�1).

Besides, the degree of crosslinking plays a vital role in the opti-
mized properties of the sulfonated polymer. The desired dimension
of the crosslink polymers is hardly to be maintained by having high
IEC values with a too low degree of crosslinking. On the other hand,
larger crosslinking degrees resulted in membrane brittleness and
decreased proton conductivity, which has restricted the applica-
tion of the polymer membrane to be applied in fuel cell applica-
tions [144]. Zheng et al. [146] reported the effect of crosslinking
degrees on sulfonated poly (aryl ether nitrile) using an allyl bisphe-
nol A crosslinker. They reported that an increase in crosslinking
degrees had enhanced the tensile strength of the crosslinking
membrane but reduced IEC and proton conductivity values. It is
suggested to optimize the crosslinking reaction conditions such
as crosslinker, crosslinker concentrations, crosslinking time, and
crosslinking temperature. The thermal crosslinking process is time
and temperature dependent. To crosslink the polymer chain, the
polymers are heated below their glass transition temperature
(Tg) to relieve the internal stresses introduced during the fabrica-
tions [147]. Thermal crosslinking of ion-conducting polymers
decreases the free volume between the polymeric chains, thus
inducing a mechanical stabilization of polymeric materials [143].
Thermal crosslinking can play a crucial role in changing membrane
morphology. Thermal treatment lower than Tg, the polymer chains
are mainly fixed, thereby maintaining the existing morphology.
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Unfortunately, at higher than Tg, the polymer chain becomes less-
ened, resulting in changing the physical properties of the polymers
[146]. Joseph et al. [148] prepared the crosslink PBI/sulfonated
polysulfone-based blend membranes (see Fig. 9) by introducing
the thermal crosslinking step to avoid the N-CH2 links reduce the
membrane conductivity and simultaneously improve the mechan-
ical stability of the membrane. The chemical, thermal and mechan-
ical stability of the thermally crosslink PBI with SPPSU was also
improved and potentially used in high-temperature PEMFC and
has been proven by other reported studies [147,149].

A part of sulfonic acid groups of highly sulfonated polymers can
be sacrificed to perform further functionalization, such as
crosslinking without a sensible loss in electrochemical perfor-
mances. A sulfonated polymer can be crosslinked under thermal
treatment at a specific temperature through bonding between sul-
fonic acid groups. The crosslinks via sulfone bridges (SO2) can be
achieved by one-step condensation reactions of sulfonic acids
attached to the polymer chain, triggered by heat treatment with-
out being introduced to the crosslinker [150]. The first report about
the thermal crosslinking reaction claimed that the thermal treat-
ment of SPEEK was assumed to occur at 120 �C [151]. The develop-
ment of cost-effective and straightforward thermal crosslinking
treatments assisted by a polar aprotic solvent such as DMSO
enhances the stability and performance of SPEEK. It was demon-
strated that after treatments performed in air at temperatures
higher than 160 �C, crosslink SPEEK membranes result in higher
mechanical strength than the uncrosslinked SPEEK membrane
and could resist water up to 145 �C without significant swelling
[152]. Moreover, Joseph et al. [148] crosslink polybenzimidazole
by applying heat over 200 �C and developing a membrane with
higher gas tightness and good cell performance.

Maranesi et al. [153] have depicted the possible pathways for
crosslinking via SO2 bridges under a thermal crosslinking reaction
illustrated in Fig. 10. They reported three possible ways in the for-
mation of crosslinking SPEEK. First, the attack is activated free if
the SPEEK has D.S lower than 1 (pathway a). Next is the attack in
the deactivated ring in the meta position of sulfonic acid groups
or carboxylic acid groups (pathway b). Pathway c shows the elec-
trophilic species’ attack in the aromatic ring’s position, where the
sulfonic acid groups are present (high D.S polymer). The D.S = 1.0
of the SPEEK heated at 120 �C was obtained by titration, and ele-
mental total sulfur analysis was then further treated at 180 �C
for 15 h. After the second treatment, the titration gave results of
D.S = 0.6, that is, 0.6 mol of sulfonic acid groups, for one repeating
unit. The D.S reduction suggests that crosslinks form between sul-
fonic acid groups and eliminate some sulfonic acid groups. The



Fig. 9. The scheme for the crosslinking reaction between PBI and SPPSU. Reprinted with permission from Ref. [148]. Copyright (2017) Royal Society of Chemistry.
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approach using thermal crosslinking without incorporating a
crosslinking agent, often sensitive to the operating conditions, is
merely realizable and suitable for all D.S values [154,155].

The incredible impact on the polymer crosslinking by sulfonic
acid bridges between macromolecular chains of SPEEK through
the thermal crosslinking process was further reported on other
aromatic polymers. Wu et al. [156] applied thermal crosslinking
to crosslink that sulfonated poly (2, 6-dimethyl-1,4-phenylene
oxide) (SPPO) under different times and temperatures. The SPPO
membrane prepared at 80 �C for 5 h results in high proton conduc-
tivity and excellent mechanical properties. Meanwhile, Kim et al.
[117] applied thermal crosslinking on the sulfonated polyethersul-
fone (SPES, D.S = 1) and highly sulfonated PPSU (SPPSU, D.S = 2) for
fuel cell applications. The effect of thermal crosslinking on SPPSU
was further reported [31]. The crosslinked membrane resulted in
water-insoluble properties upon heating at 180 �C. This method
was further applied to SPPSU with high IEC. The produced mem-
brane shows an excellent thermal and mechanical stability [157].
The results were consistent with Kim et al., [150] on the 2nd sub-
station sulfonic acid groups on the SPPSU polymer matrix. It indi-
cates that thermal crosslinking can be applied to a wide variety of
aromatic sulfonated polymers that apply to a wide range of IEC val-
ues. This method is economically preferable, upscale, and thus
suitable for practical applications. The possible crosslinking struc-
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ture of SPPSU with 2nd substitution sulfonic acid is illustrated in
Fig. 11. This straightforward technique to improve the mechanical
and thermal properties of the membrane are potential can be
improved by studying the properties of the membrane along the
heating process and optimize conditions in applying thermal con-
ditions should be reported. Although crosslinking offers an option
to improve the mechanical strength of the membrane, the sulfonic
acid functional group proton transportations were also reduced.
This results in reducing the proton conductivity of the PEM. One
of the techniques to keep maintaining the proton conductivity of
the highly sulfonated membrane with improved mechanical prop-
erties is the addition of composite materials. Some studies
reported on applying the highly sulfonated PPSU polymers but
with the addition of nanomaterials to counter the drawbacks of
failure. Nor et al. [28] reported the effect of incorporating thermal
crosslinking carbon nanodots (CND) towards improving the proton
conductivity of the sulfonated PPSU with D.S �2 fraction. The
incorporation of CND into the SPPSU membrane shows superior
dimensional stability and even enhances the membrane’s proton
conductivity under low relative humidity conditions. The remark-
able performance of the PPSU base polymer as a potential PEMs has
directed an extensive effort to develop a variety of attempts to pre-
pare a more stable PPSU-based PEM with various modifications.
The modifications of the SPPSU by modifying it with various com-



Fig. 11. Possible crosslinking products of SPPSU polymers. Reprinted with permission from Ref. [31]. Copyright (2016) Elsevier.

Fig. 10. Possible pathways for crosslinking reaction via SO2 bridges in SPEEK polymers. Reprinted with permission from Ref. [153]. Copyright (2013) John Wiley and Sons.
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posite materials and improved properties of the composite SPPSU
were discussed in the next section.
Modification of SPPSU proton exchange membrane with
nanomaterials addition

Composite materials are a multi-phase combination of two or
more component materials with different properties and forms
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through compounding processes. It maintains the main character-
istics of the original component and shows a new character not
possessed by any of the original components [158]. While prepar-
ing the nanocomposite membrane, some factors must be consid-
ered depending on fillers and polymer backbone. The first
consideration while preparing the nanocomposite membranes is
the loading of the filler. Sahu et al. [159] reported on the properties
of Nafion by incorporating various loading of sulfonated graphene
(0.5 %, 1 %, 1.5 % and 2 %). It shows that incorporating 1 % sul-
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fonated graphene achieved five times higher proton conductivity
than the pristine Nafion membrane. By contrast, incorporating
more than 1.5 % of sulfonated graphene reduces the proton con-
ductivity values due to the excess amount of graphene that could
disrupt the continuity of the proton conduction path. The optimum
degree of filler loading should be achieved to prevent deterioration
in the mechanical integrity of the membranes and block the proton
conduction mechanism. Next are the filler size and distribution in
the polymer matrix. The non-uniform distribution will lead to par-
ticle agglomeration that results in mechanical failure due to a dis-
ruption in the homogeneity of the polymer film. The filler particle
distribution is affected by the chemical interactions between the
polymer and the particles, the particle dimensions, and the disper-
sion of the fillers in the casting solvent [160]. Scipioni et al. [161]
mentioned that a smaller tin oxide filler size had promoted enor-
mous water affinity that contributes to the more regular organiza-
tion of the polymer ionic channels in their research. Not restricted
to that, it also increased the storage modulus of the Nafion
nanocomposite membrane for better mechanical stability. The fil-
ler structure is one factor that can be considered while developing
the nanocomposite membrane. Di Noto et al. [162] reported using
the core–shell zirconia oxoclusters incorporated into the Nafion
membrane matrix for low relative humidity fuel cells. It shows that
core–shell zirconia oxoclusters result in better water retention at
lower humidity conditions.

Nanocomposite membranes are attracting a great deal of atten-
tion to increase the temperature tolerance of conventional PEM
materials. The objectives for the development of the nanocompos-
ite membrane include several modifications like improving self-
humidification of the membrane, reducing electro-osmotic drag
and fuel crossover, improving mechanical strength without deteri-
orating proton conductivity, enhancing proton conductivity,
improving the chemical and decomposition of the polymer back-
bone, also enhanced water retention capability at all operating
temperatures and hydration state [134]. The oxidative and chemi-
cal stabilities of the sulfonated hydrocarbon membranes are not as
good as perfluorosulfonic acid membranes because hydroxyl radi-
cal easily attacks hydrocarbon polymer. Therefore, the hydrocar-
bon polymer membrane has a short lifetime due to membrane
degradation because of the hydroxyl attack. Deng et al. [163]
reported using a confined perfluorosulfonic acid membrane that
incorporated a water-stable metal–organic framework (ZIF-8 and
MIL-101) as PEM. It shows that the nanocomposite membrane
improves the water uptake and chemical stability of the nanocom-
posite membrane, and the MEA shows better cell performance
under dry feed conditions. Park et al. [32] reported on nanocom-
posite Nafion with PPSU, whereas the PPSU is needed for mechan-
ical reinforcement and controlling membrane swelling. Moreover,
the introduction of metal–organic frameworks contributes to the
water retention layer for water adsorption generated from cell
reactions. Micro-phase-separated morphology with nanochannel
has been formed to improve proton conductivity by blending iono-
meric polymers with organic/inorganic hybrid materials. Many
modifications have been successfully developed on PPSU-based
PEM. Among them is integration with different types of additives
such as carbonaceous nanomaterials, silica, inorganic clay and a
metal oxide that was discussed in the next chapter.

Carbonaceous materials

Carbon can be found in nature through its elemental form as
graphite, diamond and coal, which are the most abundant materi-
als found on earth. The unique hybridization properties and sensi-
tivity to discomposure during material synthesis make the carbon
allotropes can be manipulated into fine nanomaterials, which has
been extensively studied [164]. Notably, carbon can be found in
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different hybridization states that have unique properties in which
the chemical, thermal and electrical properties directly correlate to
their structure that is widely used in several applications [165].
Carbon-based nanomaterials such as carbon nanodots, carbon nan-
otubes, graphene, graphene oxides, and fullerenes are attractive fil-
lers used to develop various nanocomposites for PEM. In a study by
Vani et al. [166], sulfonated carbon nanotubes were incorporated
into polyvinyl alcohol to enhance the mechanical stabilities of
the nanocomposite PEM. Meanwhile, Sun et al. [167] report on
the properties of crosslink SPEEK nanocomposite doped with dif-
ferent carbon-based materials (graphene oxide and carbon nan-
otubes) or fuel cell applications. The doped 2D nanosheets
graphene oxide exhibit higher proton conductivity and dimen-
sional stability. Carbon nanotubes (CNT) are also attractive fillers
for developing a variety of nanocomposite-based PEM. CNT is out-
standing among a one-dimensional tubular nanofiller due to its
excellent thermal, mechanical, and electrical properties. Unfortu-
nately, CNT is heavily entangled because the strong Van der Waals
force makes it difficult to disperse the polymer matrix [168]. CNT
further underwent surface modifications to improve interaction
with the parent polymer matrix. CNT functionalized with poly-
dopamine (PDA) was incorporated into the chitosan polymer
membrane to investigate the nanocomposite membrane’s
microstructure, membrane durability, and proton conductivity to
be used as PEM in fuel cells. The proton conductivity improved
by 33.3 % compared to the pristine chitosanmembrane with excep-
tional thermal, mechanical, and oxidative stability [30]. Liu et al.
[169] used multiwalled CNT as a filler in the Nafion membrane
resulting in an increase of 1.5 folds of mechanical strength and a
fivefold increase in proton conductivity.

Besides CNT, graphene is a carbon-based material that can be
viewed as a one-atom-thick sheet of graphite. It has been investi-
gated intensively in recent years due to its unique electronic prop-
erties. High-quality graphene sheets are often prepared by
chemical vapor deposition, which requires expensive equipment.
Graphene oxide (GO) was used instead to prepare graphene-like
materials [170]. Indeed, graphene oxide can be reduced in solution
and as a thin film using various reducing conditions that can con-
vert graphene oxide into a material with a considerable enhance-
ment in the electrical conductivity [171]. Besides, sulfonated
graphene oxide incorporated into the Nafion membrane was
reported for high temperature and low humidity PEMFC. The
nanocomposite membrane achieves 4.74-fold higher proton con-
ductivity than the pristine Nafion membrane at 120 �C under
20 % RH [64]. Lee et al. [172] introduced sulfonated poly(arylene
thioether sulfone)-grafted GO (SATS-GO) nanocomposite in sul-
fonated PAES for PEMFC. The incorporation of GO into the SPAES
matrix significantly contributed to high water uptake and chemical
stability compared to the pristine SPAES membrane. The oxidative
stability of the nanocomposite membrane was tested using the
Fenton reagent, where all the nanocomposite membranes exhib-
ited better oxidative stability than the pristine membrane. The
introduction of SATS polymers grafted onto GO has significantly
improved the interfacial interaction with the SPAES molecule, as
there are no agglomerated domains were found in the cross-
sectional SEM images of the nanocomposite membrane (see
Fig. 12(b–d)). However, the incorporation of hydrophilic SATS-GO
increased the IEC values of the nanocomposite membrane, which
resulted in reducing the oxidative stability of the membrane (see
Fig. 12(e)), where t1 time elapsed for the membrane to start to
break and t2 dissolve completely. Meanwhile, Han et al. [173]
reported on the performance of SPAES nanocomposite membrane
bearing sulfonated polytriazole grafted graphene oxide (SPTA-
GO) for PEMFCs. Incorporating the SPTA-GO has shown tremen-
dous effects on the SPPSU membrane properties. Even though this
nanocomposite membrane shows a higher water uptake, the



Fig. 12. (a) Schematic illustration of the SPAES/SATS-GO, the structure of GO and SATS-GO, SEM images of the (b) pristine SPAES membrane, (c) SPAES/2.0 GO, (d) SPAES/
SATS-GO-1.0 and (e) chemical stability of the composite membrane. Reprinted with permission from Ref. [172]. Copyright (2019) Elsevier, (f) the proton conductivity
membrane of SPAES, SPAES/SPTA-GO and Nafion 212 membrane at 80 �C under various %RH conditions (g) single-cell H2/O2 performance of SPAES, SPAES/SPTA-GO and
Nafion 212 membrane at 80 �C. Reprinted with permission from Ref. [173]. Copyright (2020) Elsevier.
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dimensional and chemical stabilities were superior compare to the
pristine SPPSU membrane. The proton conductivity and fuel cell
performance also are greatly enhanced and even show remarkable
performance as compared to the commercial Nafion 212 mem-
brane (see Fig. 12(f and g)). On the other hand, Lim and Kim
[174] reported on the modified GO with perfluoropolyether group
grafted onto GO (PFPE-GO) to evaluate the effect on SPAES and per-
fluorosulfonic acid (PFSA) membranes for PEMFC. From this report,
the incorporation of PFPE-GO did not significantly impact the pro-
ton conductivity of the polymer membrane. However, it was found
as a strategic solution to improve the mechanical and dimensional
stability of the membrane with only a small amount of the PFPE-
GO nanoparticles.
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Carbon nanodots (CND) is an emerging new class of nanomate-
rials with a very small particle size which is about below 5 nm that
have excellent property such as good conductivity, chemical inert-
ness and excellent water solubility that are suitable to be incorpo-
rated into membrane based PEM [175]. The research publications
on CND have been exponentially growing since 2006 due to the
exclusive optical properties of CND compared to other types of
carbon-based materials. Simple synthesis, low cost, vast precur-
sors, excellent biocompatibility, and tunable surface properties
make CND desirable to be developed. The state-of-the-art features
have turned the CND into filler in the polymer-based electrolyte
membrane for fuel cell applications. Jia et al. [176] introduced
CND in the Nafion membrane structure to achieve high proton



Fig. 13. (a) The schematic illustration of proton transfer within SPAES/CNOs nanocomposite membrane and preparation route for sulfonated CNOs, (b) the water uptake and
(c) proton conductivity of the nanocomposite membrane with different loading of CNOs nanofiller, (d) the polarization curve and (e) durability test of cell voltage under
constant current density at 100 mA/cm2 for pristine SPAES, SPAES with 1.5 wt% of CNOs and Nafion 112 membranes. Reprinted with permission from Ref. [177]. Copyright
(2021) Elsevier.
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conductivity and reduce the methanol permeability of the Nafion
membrane for DMFC applications. The open circuit voltage of the
nanocomposite membrane is higher than the pristine Nafion mem-
brane, indicating that low methanol crossover the nanocomposite
membrane during the DMFC testing. The Nafion/CND membrane
effectively enhances the high-temperature water retention ability
and proton conductivity values and reduces methanol
permeability.

Nor et al. [28] developed SPPSU/CND nanocomposite mem-
branes to see the potential in PEM fuel cell applications. The incor-
poration of CND has significantly improved the membrane
flexibilities, water uptake and proton conductivity. The open cir-
cuit voltage (OCV) of the nanocomposite membrane measured
was near to ideal OCV, which is 1.23 V, indicating that the
nanocomposite membrane has high durability toward H2 and O2
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crossover. CND also exhibit an excellent water solubility property
that can promote efficient water retention ability that can facilitate
large channel number for proton transportation. This zero-
dimensional nanoparticle, like CND, offers a higher surface area
and more active sites for the reaction, providing better interfacial
compatibility with the polymer structure. Liu et al. [177] intro-
duced highly sulfonated carbon nano-onions (CNOs) as excellent
nanofillers into sulfonated PAES. They developed highly sulfonated
CNOs by the thermal annealing method of nanodiamonds and
underwent a sulfonation reaction with fuming H2SO4, illustrated
in Fig. 13(a). The results indicate that the nanocomposite mem-
brane exhibit excellent mechanical toughness enhanced water
retention ability and good thermal and oxidative stability due to
the good interfacial interfaces between the CNOs and SPAES. Dur-
ing the oxidative stability test using Fenton’s reagent, the



Fig. 14. (a) Synthetic diagram of the method to prepare HPW-mesoporous g-C3N4 nanofillers, (b) TEM images of mesoporous g-C3N4, (c) TEM images of HPW-mesoporous g-
C3N4, (d) and (e) the polarization curve of the nanocomposite membrane testing at 100 % and 60 % RH conditions, respectively. Reprinted with permission from Ref.[182].
Copyright (2020) Elsevier.
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nanocomposite membrane keeps its integrity longer than the pris-
tine membrane, which results in excellent proton conductivity and
mechanical durability. The hydroxyl attack of the hydrophilic seg-
ments of the polymer chain that leading loss of protonic site and
mechanical deterioration. The obtained CNOs possess a uniform
size of 5 nm with excellent interfacial interaction with SPAES that
results in superior water retention properties that provide a better
proton conductivity up to 0.18 S cm�1, which is 45 % higher than
pristine SPAES membrane (See Fig. 13(b and c)). Furthermore,
the SPAES with highly sulfonated also shows better power density
in H2/O2 cell performance as well as stability in cell voltage
recorded over 168 h which it is comparable to Nafion� 112 mem-
brane that is shown in Fig. 13(d and e).

Recently, graphitic carbon nitride (g-C3N4) has attracted atten-
tion as an emerging class of carbon materials due to its appropriate
physicochemical properties that are highly demanded in various
applications. Inexpensive, non-toxicity and simple preparation
make this material widely explored as a filler for the composite
membrane development [178]. Ingabire et al. [179] introduced dif-
ferent content of g-C3N4 nanosheet fillers incorporated into quater-
nized PAES (QPAES) membranes for AEMFC applications. The
hydroxide conductivity was improved from 34.3 mS cm�1 to 46.5
mS cm�1 with 0.6wt% of g-C3N4 nanosheets tested at 80 �C. This
research group also extended the application of g-C3N4 nanosheet
filler by composite with TiO2 nanoparticles to further enhance the
hydroxide conductivity of the QPAES in AEMFC applications. This
shows significant improvements in conductivity compared to pre-
vious reported AEM using these TiO2/g-C3N4 fillers [180]. They also
extended their research on these fillers incorporated into the
SPAES in the PEMFC applications [181]. In this research, the com-
posite TiO2/g-C3N4 fillers show a grateful impact on the mechanical
and dimensional stability of the SPPSU membrane, which is
promising for long-term fuel cell operation. Besides that, Liu
et al. [182] reported on the mesoporous g-C3N4 immobilized with
phosphotungstic acid (HPW) as a filler to improve SPAES properties
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as PEM in fuel cell applications. The surface of mesoporous g-C3N4

was modified with HPW (see Fig. 14(a)) to increase the active site
for proton transportation. The TEM images in Fig. 14(b and c) show
that the doped HPW hardly affected the structure of mesoporous g-
C3N4. The fuel cell performance in this study shows that incorpo-
rating g-C3N4 into the SPAES membrane has shown a remarkable
potential of g-C3N4 as a medium to improve the cell performance
at high and low humidity conditions, as depicted in Fig. 14(d and
e).

Silica

Silica-based nanoparticles have been extensively studied
because of their low cost, inferior electrical conductivity, and bet-
ter water retention capacity. Silica is commonly found in the crys-
talline state and rarely found in an amorphous state. Being a raw
material in the glass and ceramic industries, silica has revolved
around the development of the plastics industry. The hydrophilic
nature of silica helps improve the proton conductivity of nanocom-
posite membranes. Wang et al. [183] modified the silica surface
using nanoscale phosphonic acid as a filler in the Nafion mem-
brane. The phosphonic acid functionalised silica fillers are well
incorporated in the Nafion membrane and exhibited 24 % higher
proton conductivity values than the unmodified Nafion membrane.
This result agrees with a study reported by Oh et al. [184] that
mentioned sulfonated silica nanocomposite membrane shows 2.8
times higher maximum power density compared to recast Nafion
at 80 �C under low RH% conditions (20 %). Besides, Baglio et al.
[185] studied the electrochemical behavior of sulfonated polysul-
fone composed of acidic silica nanoparticles for DMFC applications.
This nanocomposite membrane resulted in a low swelling degree
and lower methanol crossover. The particle size and structure of
the fillers could affect the nanocomposite membrane properties.
It was reported that the nanocomposite membranes with 30 nm
particle size of nanofillers displayed 35 % higher proton conductiv-



Fig. 15. (a) Tensile strength of the QPAES/OA-POSS nanocomposite membranes at 110 �C and (b) proton conductivity at different temperature. Reprinted with permission
from Ref. [191]. Copyright (2021) Elsevier, (c) schematic illustration of POSS/SPAES with and without underwent UV radiation process, (d) mechanical properties and (e)
proton conductivity of the POSS/SPAES nanocomposite membranes. Reprinted with permission from Ref. [192]. Copyright (2021) Elsevier.

N.A. Mohamad Nor, M.A. Mohamed and J. Jaafar Journal of Industrial and Engineering Chemistry 116 (2022) 32–59
ity than the nanocomposite membrane with micron-size particles
[186]. Kim et al. [187] developed the nanocomposite membrane
based SPAES polymer by incorporating various contents of meso-
porous ceria-silica powder to test the durability of the nanocom-
posite membrane in PEMFC cells. The incorporation of
mesoporous ceria-silica has indeed lowered the proton conductiv-
ity, but it has greatly enhanced the polymer degradation under
oxidative stability test where cerium acts as a radical scavenger
inside polymer matrices. They are testing the chemical durability
of the nanocomposite membrane using H2O2 exposure in water
vapor that is similar to actual conditions for PEMFC. The low
weight loss percentage indicates that the nanocomposite mem-
brane exhibits excellent chemical durability where cerium can
act positively as a radical scavenger inside the SPAES polymer com-
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posite membrane. Meanwhile, Ko et al. [188] introduced the core–
shell silica particles into the SPAES polymer matrix. The SPAES
bearing core–shell silica particle improves the dimensional stabil-
ity, mechanical strength, and proton conductivity. The core–shell
silica has shown well-connected hydrophilic channels with the
SPAES polymer chains, greatly enhancing the SPAES membrane
properties.

In comprehensive materials technologies, silicon-containing
organic polymers, silsesquioxane have generated tremendous
interest because of their potential replacement and compatibility
with silicon-based inorganics. Silsesquioxane is a silicon-oxygen
cage compound of the general formula (RSiO0.5)n in which R can
be any kind of organic group and H except O group [189].
Silsesquioxane cage-like structure is usually called polyhedral
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oligosilsesquioxanes or polyhedral oligomeric silsesquioxane,
abbreviated as POSS. Conceptually, it can be considered the small-
est possible silica particle with a diameter range of 1–3 nm, which
has been created either with a dispersant or coupling agent
depending upon the type [190]. POSS nanoparticles have recently
been widely explored in the polymer matrix-based proton
exchange membrane as a filler. Wang et al. [191] introduced octa
amino POSS (OA-POSS) fillers into quaternary ammonium PAES
molecular structure to determine the effect on the mechanical
properties and proton conductivity values of the PEM. The interac-
tion between hydrophilic OA-POSS shows a high proton conductiv-
ity of 97.4 % mS cm�1 at 180 �C without humidification, and the
tensile stress acquired about 70 % higher as compared to pristine
quaternary ammonium PAES testing at 110 �C (see Fig. 15(a and
b)). It indicates that the hydrophilic OA-POSS are excellently com-
patible with the quaternary ammonium PAES by the reactions with
the amino groups, which exhibit excellent PEM properties oper-
ated at higher cell temperatures.

POSS nanoparticles containing octahedral structures with the
external organic functional group can be easily modified to be
compatible with various polymer matrices, even at very low con-
centrations [193]. Nor et al. [194] reported the study on the effect
of modified POSS by sulfonation incorporated into highly sul-
fonated PPSU polymers. It shows that the POSS was successfully
modified by adding eight sulfonic acid groups on the outer surface
of the POSS and the compatibility with SPPSU was excellent. They
further investigated the effect of the SPOSS loading, and it shows
that SPOSS greatly enhanced the membrane flexibility and proton
conductivity [195]. Integrating organic–inorganic POSS nanoclus-
ters into a polymer matrix would contribute in enhancing the
nanocomposite membrane properties, such as controlling the
membrane swelling while maintaining the proton conductivity of
the sulfonated polymers[20,196]. Chen et al. [192] introduced
gradient-distributed POSS nanospheres dispersed in sulfonated
PAES via UV radiation. Fig. 15(c) shows the schematic illustration
of POSS nanospheres in the SPAES membrane without (POSS/S*)
and with underwent the UV (POSS/S) induced polymerization pro-
cess. In Fig. 15(d), the SPAES/POSS underwent a UV radiation pro-
cess showing high mechanical strength and enhanced membrane
flexibility. On the other hand, the UV radiation process enhances
the interfacial interaction of SPAES with POSS, where the proton
conductivity was significantly higher at a higher temperature, as
shown in Fig. 15(e). Most POSS nanoclusters can be incorporated
into most existing polymers through blending, grafting, or copoly-
merization, resulting in significant improvements to several poly-
mer properties. The properties of SPAES/polydopamine-modified
sulfonated POSS were reported by Zhang et al. [83] to address
the trade-off between membrane stability and proton conductivity
values for PEMFC. They concluded that the interaction between the
sulfonate group of POSS or SPAES with primary groups of poly-
dopamine could maintain the superior mechanical strength of
the nanocomposite membrane with an excellent proton hopping
site that results in high proton conductivity. The oxidative stability
of the polydopamine-modified sulfonated POSS effectively protect
the polymer backbone from radical attacks where higher IEC mem-
brane leads to the volumetric suspension that allow more radicals
attacks that reducing the chemical durability. Notably, incorporat-
ing modified POSS fillers can enhance the proton conductivity,
mechanical strength, and single-cell performance of the PEM.

Inorganic clay

Polymer-inorganic nanocomposite materials herein are defined
as inorganic nanofillers dispersed at a nanometer level in a poly-
mer matrix to enhance the polymer matrix properties. It may com-
bine the advantages of the inorganic materials and the polymer
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matrix itself. The organic–inorganic nanocomposite materials have
developed rapidly due to the excellent application prospects in
both structures and functions [197]. Among the inorganic materi-
als widely being explored as a filler in the polymer electrolyte
membrane, clay is one of them. Clay or layered silicate is a fine-
grained natural rock or soil material that combines several clay
minerals with possible traces of quartz, metal oxides, and organic
matter [198]. Different types of clay and their various physical
and chemical properties are determined by their chemical compo-
sition and structure [199]. Clay works very well as electrolytes,
especially as a filler in the nanocomposite membrane for fuel cells,
depending on its structure, morphology, size, and ionic nature
[200]. A study by Plackett et al. [201] reports that incorporating
modified laponite clay in polybenzimidazole membrane for high-
temperature fuel cell applications and the nanocomposite mem-
brane shows good mechanical strength as well as improve in
dimensional stability. Other than that, Neethu et al.[199] devel-
oped a nanocomposite membrane using natural clay incorporated
into activated carbon from coconut shells for a microbial fuel cell.
This nanocomposite membrane exhibited excellent properties as a
membrane fuel cell.

Montmorillonite, hectorite, and saponite are the most used lay-
ered silicate. Montmorillonite (MMT) has been a filler of choice for
most studies on polymer nanocomposite due to its high cation
exchange capacity, high surface areas, high surface reactivity, and
high barrier properties [202]. The general formula of MMT is Mx

(AL4-xMgx)Si8O20(OH)4. This MMT nanomaterial consists of a
1 nm thick aluminosilicate layer stack with a regular gap. Despite
the advantages of MMT clay, the chemical microstructure beha-
viour has limited the usage of MMT as a filler. Using different mod-
ifiers, modifying the MMT surface could prevent the phase
inconsistency between organic polymer membrane and inorganic
clay. Nafion composite membrane with the presence of sulfonated
MMT shows significantly reduced methanol permeability for DMFC
applications. At the same time, the proton conductivity also
reduces a bit compared to the pristine Nafion membrane [203].

Other than that, porous aluminosilicate materials are attractive
due to their textural and surface features, highly ordered struc-
tures, high surface area, and wide pore-range/pore size distribu-
tion. The porous morphology of aluminosilicate facilitates specific
ionic interactions with the host matrix and enhances water uptake
and other related properties of the nanocomposite membrane.
Imogolite is a class of inorganic clay that contains aluminium sili-
cate clay mineral that is in a nanotubular structure with unique
physicochemical properties [204]. The nanotubular imogolite has
a large surface area of up to micrometers comprised of aluminium
hydroxide on the outer wall and a silicate layer in the inner wall
[205]. Nor et al. [29] introduced various loading of imogolite nan-
otube to improve the properties of the crosslink highly sulfonated
PPSU for PEMFC. The imogolite consists of the alumina and silica
elements depicted in the FTIR figure and the chemical structure
illustrated in Fig. 16(a). Incorporating 1 wt% of imogolite loading
has significantly improved the membrane water uptake, contribut-
ing to cell performance improvements from 77.2 mW cm�2 to
111.2 mW cm�2 tested at 80 �C and 100 % RH (see Fig. 16(d)).
The flexibilities of the membrane were also enhanced as a remark
on an excellent interface in MEA preparation (see Fig. 16(b)). The
nanocomposite membrane also shows superior chemical stability
in the Fenton test as the membrane remains intact over the period
of testing time shown in Fig. 16(c). Like CNT, imogolite has a high
aspect ratio, and surface area with tube length runs from several
hundred nanometers to micrometres. However, some imogolite
nanotechnology problems remain to be overcome, for instance,
the uniform dispersion inside a polymer matrix, tenability of
imogolite dimensions (diameter and length), and interfacial adhe-
sion between the nanotube and the polymer matrix [206].



Fig. 16. (a) FTIR spectra and chemical structure of the imogolite, (b) the stress–strain curve of the nanocomposite membrane, (c) the membrane condition after immersing in
the Fenton reagent for 14 days and (d) the I-V polarization curve of SPPSU and SPPSU-imogolite nanocomposite membrane tested at 80 �C, 90 % RH. Reprinted with
permission from Ref. [29]. Copyright (2021) Elsevier.
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Although there are not many reports on the application of imogo-
lite as a filler in the polymer electrolyte membrane, it is still worth
studying this material as a filler with the advantages mentioned
above on these materials.

Metal oxide

The former inorganic component in the polymeric material can
enhance membranes’ mechanical strength and stability of mem-
branes while suppressing fuel diffusion and swelling of mem-
branes. The latter can combine the appealing advantages of each
component and reduce their weaknesses. On the other hand, it
has been demonstrated that adding metal oxide into a polymer
matrix could improve the mechanical properties of polymer elec-
trolyte membranes [34,207]. Metal oxide refers to crystalline solids
that contain a metal cation and an oxide anion. They typically react
with water to form bases or acids to form salts. Usually, metal oxi-
des such as TiO2, SiO2, or ZrO2 can be classified as hygroscopic
materials in which these materials can attract and hold water
molecules via either absorption or adsorption from the surround-
ing. The purpose of having hygroscopic metal oxides as a filler is
to enhance the water retention capacity of the nanocomposite
for better proton transportation. Li et al. [208] reported on the
Nafion nanocomposite membrane consisting of SiO2 and ZrO2 by
in situ hydrolysis through the sol–gel process. These metal oxide
nanoparticles have fair distribution in the Nafion membrane with
diameters of �5 nm and adequate water retention capacity, con-
tributing to good proton conductivity values at all measured tem-
perature ranges. Li et al. [209] reported incorporating different wt%
nano-ZrO2 particles into the multi-block copolymer of PPSU for
AEMFC. The incorporation of nano-ZrO2 particles significantly
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improved the membrane water uptake, ionic conductivity, alkaline
stability, and mechanical properties. Liu et al. [210] study on the
superacid sulfated SnO2 doped with CeO2 (CST) as a novel inor-
ganic filler for SPAES-based PEM. This study highlights the effect
of the incorporation of novel dual metal oxide on the proton con-
ductivity of the nanocomposite membrane in fuel cell applications
(see Fig. 17(a and b)). The better compatibility of the CST nanopar-
ticles with SPAES molecular structure was observed on the SEM
images, where the SEM images showed a smoother surface as com-
pared to SPAES with sulfated SnO2 (ST) particles (see Fig. 17(c–e)).
This novel inorganic filler has provided an excess active site for
proton conduction that can help improve the proton conductivity
of the nanocomposite membrane. The superacid metal oxide fillers
also have taken part in enhancing the durability of the SPPSU
membrane under accelerated stress test conditions that contribute
to comparable cell performance with the commercial Nafion 112
membrane (see Fig. 17(f and g)). The oxidative test in Fenton’s
reagent shows high chemical resistance of the nanocomposite
membrane that also results in stable cell voltage under prolonged
operating time.

Titanium dioxide or titania is a type of metal oxide that is ther-
mally stable, poorly soluble, highly resistant to corrosion, and clas-
sified as not hazardous material [211]. Titania has become one of
the remarkable inorganic materials that the researcher has been
focusing on due to its unique properties, environmental friendli-
ness, and most important property that it is economical. Titania
provides many benefits in enhancing fuel cell performance as elec-
trolytes or electrodes [212,213]. The titania crystal structure in
anatase or rutile is thermodynamically stable, contributing to the
composite materials’ good thermal and chemical stability. Titania
with high surface area in the nanocomposite membranes shows



Fig. 17. (a) The possible proton conduction mechanism in nanocomposite membrane, (b) In-plane conductivity of the nanocomposite membrane compared with pristine
SPPSU and Nafion 112 membrane measured at 90 �C in water, SEM images on SPAES with (c) 2 wt% ST, (d) 5 wt% ST, (e) 2wt% CS + 3 wt% ST, (f) stress–strain curve and (d)
single cell test performance of the sample membrane compared with Nafion 112 tested at 80 �C and 100 % RH. Reprinted with permission from Ref. [210]. Copyright (2021)
Elsevier.
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good thermal stability and improves water uptake, enhancing
membrane conductivity. Furthermore, titania with a higher active
surface area can also increase the active area for reaction, prevent-
ing sintering and limiting the electrocatalyst’s poisoning [214].
Devrim et al. [215] reported that the nanocomposite-based proton
exchange membrane consists of the sulfonated polysulfone mem-
brane incorporating titanium dioxide nanoparticles. It shows that
TiO2 increased the thermal stability of the membrane but upon
higher loading, causing a brittle membrane due to the agglomera-
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tion of the TiO2 nanoparticles. Zhang et al. [216] reported using
modified TiO2 using sulfonation to enhance the dispersion of these
nanoparticles into the SPAES microstructure. From the findings,
incorporating the sulfonated titania (STiO2) has improved the
membrane water uptake and reduced membrane swelling, which
are important factors in maintaining membrane stability. Better
dispersion of sulfonated titania was observed in Fig. 18(a–f), where
no white particle was observed on the membrane surface when the
sulfonated titania was used.



Fig. 18. The SEM images of nanocomposite membrane on surface (a-c) and cross sectional images (d-f) where (a, d) SPAES membrane, (b, e) SPAES-1 % TiO2, (c,f) SPAES-1 %
STiO2, (g) proton conductivity, methanol permeability and proton selectivity of the sample membrane at 30 �C, (h) mechanical properties of SPAES, SPAES-1 % STiO2 and
Nafion 117 membranes, and (i) DMFC performance of SPPSU, SPPSU-1 %STiO2 and Nafione membrane at 80 �C. Reprinted with permission from Ref. [216]. Copyright (2020)
John Wiley and Sons.
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In contrast, less white particle was observed on the cross-
sectional images. The incorporation of the titania nanoparticles
also shows an exceptional improvement towards reducing the
methanol permeability of the cell, and improvement in membrane
flexibilities was shown in Fig. 18(g and h), which contributes to
better DMFC performance as compared to pristine SPPSU mem-
brane and commercial Nafion117 membrane (see Fig. 18(i)). In
every modification of PPSU-based PEM membrane, incorporating
different type of additives such as carbonaceous materials, silica,
inorganic clay, and metal oxide that have been discussed give
improvements towards physicochemical membrane properties in
many ways. The significant improvements are towards the
mechanical and stability of the nanocomposite membranes under
appropriate amounts of additives. Proper optimizations of the
additives quantity that are integrated into the PPSU membrane
matrix will result in excellent membrane properties that will give
efficient fuel cell performance. The various nanocomposite mem-
brane based PPSU in fuel cell application is summarized in Table 4.
Future outlooks of SPPSU membrane modification for PEMFC

Fuel cell technology is two to three times more efficient than
fuel burning. No other energy generation technology offers the
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benefits that fuel cell technology can offer. In addition to low or
zero emissions, benefits include high efficiency and reliability,
multi-fuel capability, flexibility, durability, scalability, and ease of
maintenance. It has attracted scientists and industries to research
this technology since it has had a considerable impact on the
R&D industries. Research has been explored to improve the proper-
ties of every part of the fuel cell system, and the electrolyte mem-
brane has a significant impact on cell performance. The important
function of PEM in the fuel cell system has initiated many studies
to develop PEM with high proton conductivity and good mechani-
cal, thermal, and oxidative stability. These properties should
remain unchanged at the working temperature to avoid structural
change during the chemical reactions. Proton-conducting polymer
electrolyte based on highly sulfonated PPSU polymers is one of the
promising materials for developing new PEMFCs as a replacement
to the expensive Nafion membrane. These polymer materials have
a great variety concerning the chemical structure and can be chem-
ically modified for better properties as a proton exchange mem-
brane. PPSU have a very great structure that can withstand very
harsh acidic conditions during the sulfonation process for a period
of time. The innovation of implementing thermal crosslinking
steps to counter the problems of having a weak mechanical charac-
ter of highly sulfonated polymers becomes fascinating research
worth exploring.



Table 4
Nanocomposite based PPSU membrane in fuel cell applications.

Composite membrane Conductivity (S
cm�1)

Mechanical
strength (MPa)

Elongation
at break (%)

Water uptake/
swelling RT (%)

Power density
(mW cm�2)

Temperature
(�C)

RH
(%)

Type of
fuel cell

SPAES/polydopamine modified SPOSS[83] 0.243, 80 �C,
100 % RH

50.82 7.25 40/14 346 70 100 PEMFC

SPPSU/CND[28] 0.0364, 80 �C,
90 % RH

55.5 121.5 82/20 118.75 80 100 PEMFC

SPAES/poly(2,5-benzimidazole)-grafted
GO[170]

0.153, 80 �C,
90 % RH

59.47 43.78 - - - - PEMFC

SPAES grafted GO[171] 0.146, 90 �C,
90 % RH

55.5 9.5 75.9/63.2 - - - PEMFC

SPAES/SATS-GO[172] 0.131, 80 �C,
90 % RH

62.2 ± 3.0 36.8 ± 3.7 - - - - PEMFC

SPAES/perfluoropolyether-functionalized
GO[174]

�0.200, 80 �C,
90 % RH

72.4 ± 4.6 18.2 ± 4.2 55.4/21.7 - - - PEMFC

SPAES/polytriazole grafted GO[173] 0.413, 80 �C,
90 % RH

53.8 ± 2.6 12.2 ± 0.8 58/75 1580 80 100 PEMFC

QPAES/g-C3N4[179] 0.0465, 80 �C,
100 % RH

25.8 ± 1.0 31.0 ± 2.8 - 68.1 60 100 AEMFC

Q-PAES-TiO2/g-C3N4[180] 0.0438, 80 �C,
100 % RH

26.2 16.4 70.2/21.7 64.3 60 100 AEMFC

SPAES-TiO2/g-C3N4[181] 0.325, 80 �C,
100 % RH

34.8 132.9 63.5/19.2 273.9 80 100 PEMFC

SPAES/phosphotungstic acid-gC3N4[182] 0.203, 80 �C,
100 % RH

43.2 �54 37.1/0.7 584 80 100 PEMFC

SPAES/core–shell poly(4-vinylpyridine)
silica nanoparticles[188]

16.01 kJ/mol,
80 �C, 90 % RH

72.45 11.14 34.29/37.39 - - - PEMFC

PAES/octa-amino POSS[191] 0.097, 180 �C, –
% RH

8.5 21 48.6/0.95 429 180 - HT-
PEMFC

SPAES/POSS nanospheres[192] 0.09, 80 �C,
100 % RH

�65 �7 /5.9 - - - PEMFC

SPPSU/Imogolite[29] 0.0436, 80 �C,
90 % RH

39.7 103.3 30/23.5 111.2 80 90 PEMFC

Multiblock QPAES/nano-ZrO2[209] 0.0552, 80 �C,
100 % RH

32.0 ± 2.6 27.2 ± 2.2 56.2/15.4 - - - AEMFC

SPAES/SnO2-CeO2[210] 0.128, 80 �C,
100 % RH

52.9 96 43.9/5.9 673.6 80 100 PEMFC

SPAES/S-TiO2[216] 0.048, RT �C,
100 % RH

65.7 171 37/9 �180 80 - DMFC

Elctrospun PSf/spray SPAES[217] 0.0763, -�C, -%
RH

�35 �80 -/10.25 611.2 80 100 PEMFC

Sulfonated fluorinated block copolymers
SPPSU-functionalized silica[218]

0.100, 90 �C,
100 % RH

41.5 2.7 72.1/- - - - PEMFC

4-amino phenyl pendants SPPSU/ SiO2-
SO3H[219]

0.110, 100 �C,
100 % RH

28 25.5 35/- - - - DMFC

SPPSU/phosphotungstic acid/silica[220] 0.151, 80 �C,
100 % RH

19 24 38.6/- 450 85 100 PEMFC
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In addition, the modification of the SPPSU membrane toward
membrane stability and durability in fuel cell applications by
implementing different types and structures of inorganic fillers
with unique properties are fascinating subjects to be discovered.
As mentioned above, several modifications have been made with
the incorporation of different types and structures of fillers, has
been reported to improve the properties of the SPPSU as a PEM
in a fuel cell system. Different types and structures of inorganic fil-
lers incorporated into SPPSU polymers have improved the SPPSU
membrane properties essential for PEMFC applications. The
research presented the key factors that influence the SPPSU
nanocomposite membrane consisting of the different types and
structures of fillers to serve as a basis in the rational design of a
new PEM in fuel cell applications. Implementing the fillers into
the SPPSU matrix should be extensively studied to reduce the
trade-off between the attractive fillers and polymer properties.
Besides, new emerging fillers with surface modifications such as
nitrogen-doped, acid-doped, and base-doped that have superior
compatibilities with polymer-based membranes have gained much
attention from researchers and industry. Since that, the acid-doped
filler can also improve the water properties of the membrane and
provide an additional proton conduction medium for enhancing
the proton conductivity values. It would be successful in the com-
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mercialization of the fuel cell system with the implementation of
natural-based based fillers inside the SPPSU polymer matrix since
it will lower the cost of materials and membrane process. The
nanocomposite polymer membrane can be identified as a remark-
able family of the proton-conducting membrane, which provides
new high performance that can be operated under any conditions
and be commercialized.

Conclusions

Implementing different fillers into the polymer-based mem-
brane involves a variety of technologies that the fillers have con-
tributed substantially to the material engineering field. This
study focuses on the different types and structures of fillers incor-
porated into the sulfonated PPSU polymer membrane to replace
the commercial Nafion membrane to reduce the membrane pro-
cessing cost and any major problems facing the Nafion membrane.
This review briefly discussed the role of different types of
nanocomposite membrane bearing SPPSU as a polymer backbone,
such as multi-block copolymers, carbonaceous nanomaterials, sil-
ica, inorganic clay, and metal oxide for fuel cells. Fillers with
nanoscale particle size ranges are favourable as filler as smaller
molecular size enables easier dispersion in narrow hydrophilic
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nanochannels and may enlarge the nanochannel size for better
proton transportation. Besides that, the incorporation of inorganic
fillers has effectively suppressed excessive water absorption and
increased the tensile strength of the nanocomposite membrane.
The surface modification of the fillers into the SPPSU membrane
has provided an external proton source for higher proton conduc-
tivity and improved the compatibility with a different matrix. It is
interesting to state that the utilization of a variety of fillers show
excellent membrane and electrochemical properties. Besides that,
this study also discusses the possibility of implementing thermal
crosslinking to improve the poor mechanical and dimensional sta-
bility of the highly sulfonated PPSU without sacrificing the proton
conductivity values. Given the satisfactory proton conductivity,
good dimensional, mechanical properties, and chemical durability,
and different types of fillers under normal fuel cell operating con-
ditions, the developed nanocomposite membranes are good
enough to compete with commercial PEM in the market.
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