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Abstract: The relentless increase in the demand for useable power from dnaTggy
economies continues to deivenergymaterial related research. Fuel cells, as a future
potential power source that provide clestrthe-point-of-use powepffer many advantages

such as high efficiency, high energy density, equbperation, and environmental
friendliness. Critical tahe operation of the fuel cell is the proton exchange membrane
(polymer electrolyte membrane) responsible for internal proton transport from the anode to
the cathode. PEMs have the following requirements: high protonic conductivity, low
electronic condueatity, impermeability to fuel gas or liquid, good mechanical toughness in
both the dry and hydrated states, and high oxidative and hydrolytic stability in the actual
fuel cell environment. Water soluble polymers represent an immensely diverse class of
polymers. In this comprehensive review the initial focus is on those members of this group
that have attracted publication interest, principally: chitosan, (@ilylene glycdl, poly

(vinyl alcoho), poly (vinylpyrrolidong, poly (2-acrylamide2-methyt1-propanesulfonic

acid) and poly(styrene sulfonic ac)d The paper then considers in detail the relationship of
structure to functionality in the context of polymer blends and polymer based networks
together with the effects of menamre crosslinking on IPN and semi IPN architectures.
This is followed by a review of potfdling and other impregnation approaches.
Throughout the paper detailed numerical
stateof-the-art Nafior’ based material
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1. Introduction

There has been an enormous increase igltteal demand for energy in recent years as a result of
industrial development and population growkhe production of efficient and clean energydesired
goal for modernindustial societies The environmental demands associated with energy production
have focused our attention towaritie® development athe fuel cell however, its development still
presentsscientific researars with many challenged-uel cells differ from batteries in that they
require a constargupply of fuel, butwhile this fuel input is suppliethey can produce electricity
continually.Fuel cells may be classified accordioghefuel sourcaused the operating conditions and
the fuel cellb structure,some examples beingl) solid oxide fuel cells (SOFGhat have aeramic
ion/solid oxide conducting electrolyte(2) molten carbonate fuel cells (MCFC) with molten
carbonatesalt electrolyte (3) alkaline fuel cells (AFC) wittan alkaline solution electrolyte (such as
potassium hydroxide KOH (4) phosphoric acid fuel cells (PAFC) wiéim acidic solution electrolyte
(5) solid proton exchange membrane fuel cells (PENMBE@d(6) direct methanol fuel cells (DMBC

Figure 1. Comparison of the six main types of fuel cells.
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Figure 2. Schematic representation of a proton exchange membrane fuel cell (PEMFC) and
a direct methanol fuel cell (DMFC).
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Figure 1 ompares and illustrates the prominent features six types of fue[Xelldmong them,
PEMFC and DMFC offer many advantages such as high efficiency, high energy densty, qui
operation, and environmental friendliness. Basically, in a PEMFC system, aheemergy is
generated by the electrochemical reaction of the fuel (e;gmethanol, or ethanol) with the oxidant
producing water, electricity and heat. The primary reactions of the PEMFC and DMFC are shown in
Figure 2.

The most important part of PEMBE@nd DMFG is the poton exchange membrane (also termed
the polymer electrolyte membrane (PEMhat isresponsible for proton transport from the anode to
the cathode andhus theentire fuel celd gperformance.PEMs have the following requirements
high protonic conductivity, low electronic conductivityimpermeability to fuel gas or liquidgood
mechanicatoughnessn both the dry and hydrated statasdhigh oxidative and hydrolytic stability in
the actual fuel cell environmer@urrently, most commeially available membranes for PEME@re
based on perfluorosulfonic acid (PFSA) polymer membranes (e.g., Rafitemior and AcipeX).
These PEMs have many advantages, suciheisgood physical and chemicatabilities, and their
high protonconductivties, at moderate operating temperaturess wide range of relativeumidities.
There are, however, several drawbacks which have linNfibn®6s application includingts high
cost and high methanol permeabilitytogether with itsenvironmentalincompatibility with other
materials To overcome these obstacles, extensive efforts have been made to dikesiafivelow-cost
membranes gsotential PEMs.

Most current development strategiesise modified PFSA polymers (partially fluorinated)
acidfunctionalized aromatic hydrocarbdrased polymersor a number of sulfonated aromatic
polymers such apoly (arylene ether)s (PAE)2,3], poly (acryleneethersulfongs (PAES) [4i €],
poly (phenylene)s (PP)7,8], poly (ether ether ketone)éPEEK) [9,10], poly (phenylene sulfide)
(PES)[11] andpolyimide (PI) [12,13] as potential PEMsSulfonated or phosphonatediybenzimidazoles
(PBI) [141 16], polybenzoxazole@PBO)[17,18] and polybenzothiazold®BT)[19,20] havealsobeen
investigatedor possibleuse as PEMd\evertheless, there are still unresolved application issiths
these membranes dwariouslyto low proton conductivity under low humidity conditiored poor
stability duringlong-termoperation

Acid-based blends are considerad anotherclass of fuel membrane design, which use basic
polymers, such as polfgthylene oxide) (PEQR1,22], poly (vinylalcohol) (PVA), poly(acrylamide)
(PAAM), poly (vinylpyridine), or poly (vinylpyrrolidone) PNVP) complexed with strong acids, such
as sulfuric acid or phosphoric acithese blendpossessow protonconductivities (20 % S&m'Y) in
both their dehydrated and hydrated statekwever, in order to show sufficient conductivityis
usually necessary to loadtle membrane with digh acid contenthowever, this camesult in poor
mechanical stability especially sgmperaturesbove 100°C. Another concern isertiary GH bond
stability in the oxidative environment dfiel cells.Approaches témproving thep o | y meahdnisal
strength have included:(1) crosslinking; (2) using high § polymers such a$?Bl and poly
(oxadiazole); and (3) addiraninorganic filler ofanda plasticizer. Amongthe materialsnoted above
aciddoped PBI membrasehave receivedhe most attention. These membranes have very good
properties that allow them to be used in PEMRE temperatures as high as 200 without
humidification[23,24.
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Reflecting the already mentioned requirement of the-bagkd membranes for a high degree of
acid doping, thesulfonated aromatic polymer membranes require a high degree of sulfpnation
however, high sulfonation or high aeibping levels leads to a mecheal strength decreaseaking
the membranegmpractical for use in fuel cell applications. Different methods are being explored
to improve the proton conductivity without sacrificing mechanical strength or vice versa.
Copolymerization, grafting, polymdslendng or crosslinkingmay be efficient approaas towards
conferring on membranes thgopertiesneededfor PEM application Regardless othe fabrication
method theselection otthe polymeis for PEMs for DMFCs is avery importantconsideratiorbecause
proton conductivity and methanol permeability gneperties that ardargely dependent omhe
polymers Water soluble polymers (WSPhave recently becommcreasimgly interesing to both
industry and academia, as they can be used in soft maepigations such as biomaterig®$|, drug
delivery [26], dispersant$27], and flocculantd28]. WSPs with hydrophilic propertieare used in
membrane materialsvhere they conferadditional water retentionability (particularly at high
temperatures andw RHs)[29]. In anetwork orblendedsystem a critical consideration is the choice
of the hydrophilicWSPto be combined with polymer electrolytehis combination should have the
aim of preverting coarseor unstablemorphologies thatesult in poor mechanical properties

The present review aims t@view theclassificationof menbranes containingVSPks. We also
considerthe selection of WSPspembranearchitecturs andsynthetic pathwaysSeveral WSRssuch
aschitosan(CS), poly (ethylene glycol) (PEGpoly (vinyl alcohol) (PVA), Poly(vinylpyrrolidone)
(PNVP),poly (2-acrylamide2-1-propanesulfonic acid) (PAMPS) and Poly (styrene sulfonic awidl)
first be describedand thear suitability for application in fuel cé PEM will described. After a
description of thecategorization of WS#and their associatectharacteristis, various membrane
architecturesresulting from polymer blends, simply crosslinked polymersemiinterpenetating
polymer network (semiIPN) and interpenetrating polymer netwsitPN) aredescribed Particular
emphasis is given tgynthetic pathways, proton conductivities, methanol permeabilitiesmical
stabilities, mechanical properties arebulting membrane performance$he difficulty encountered
here has been to indentify existing membgatieat incorporateWSPs even when they araot
described as such by the authdrs.the best of our knowledge, this is first revilagusedon theuse
of WSP membranes finel cellapplicatons

2. Water Soluble PolymerasFuel Cell Membranes

Water soluble polymers (WSPs) represent an immensely diverse class of padbyohegscally
important members of this clasxlude polynucleotides, polypeptides, and polysaccharj@8s The
three most abundant naturally occurring polymers cellulose, chitin, and staecttommonly
derivatized by the incorporation of hydroxyethyl hydroxypropyl, carboxymethyl sulfate, and
phosphate groupso enhance theiwater solubility. The use of anionic polymers and charged
polymers (cationic, anionic and zwitterionttasbeenexploredfor a large number of applicatiorsor
nonionic WSB, sufficient numbersof poar functional groupsnust be insertedhto the polyme s
backboneto impart the desed solvation characteristicsViajor commercial WSPs such as poly
(acrylamid@ (PAM), poly (ethylene oxidg(PEO), poly(vinyl alcoho) (PVA), poly (vinylpyrrolidone
(PNVP), and poly (hydroxyethyl acrylate (PHEA) have been widely used in biomedical,
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pharmaceutical, cosmetic, and personal gaoelucts (Table 1)Charged WSPs can be classified into
two main groups (polyanions and polycations) according to the types of charges in the molecular
backbone. Table 2 lists representative groups of indugtsaghificant monomersisedfor preparing
polyanions and polycationdPolyanions and polycations have been utilized extensively in water
treatment, papermaking, mineral processing, petroleum recovery, dispersion, and flocculation.

In the present reviewnembranes that have been synthesized with $d®Rtainingmembrane
blends simply crosslinkednembranessemilPN and IPN membranes are reportafter introducing
the materials we then relate the properties of WSPs to their potential applicationseétifueembranes.

Table 1. Repeating unitg representative nonionic homopolymers.

Name Structure

—(—CHz-?Héﬁ
?:o
NH,

~-CH,-CH-0-

CH,-CH
Poly (vinyl alcohol) (PVA) FoH, (lmjﬁ

—(-CH2-<I:H9;
Poly (vinylpyrrolidone) (PNVP) C/v/o
—(—CHZ-?Ht

6=0
?
(CI3H2)2
OH

Poly (acrylamide) (PAM)

Poly (ethylene oxide) (PEO)

Poly (hydroxyethyl acrylatPHEA)

Table 2. Representative anionic and cationic mononmeasrporated irpolymers.

Name Structure Name Structure
Anionic Monomers Cationic Monomers
CH2=CH OcH,
, , L Diallyldimethylammonium chlorid Cl |®
Acrylic acid (AA) c=0 CH3—N=CH,-CH=CH,
OH (DADMAC) HaC—CH,-CH=CH,
_CHs o0
Methyl methacrylatr H2C=C Diallyldiethylammonium chloride cI ¢H2
OH H2C—CH2‘CH:CH2
CH2=CH
p-Styrene carboxyli Diethylaminoethyl methacrylate :N—CHz-CHz-O—g—ﬁ/ 3
(SCA) (DEAEMA) CH3—CHj CH,
COOH
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Table 2.Cont.
Name Structure Name Structure
Anionic Monomers Cationic Monomers
CH2=CH
H3C o)
p-Styrene sulfonic Dimethylaminoethymethacrylate ’ \N_CHZ_CHZ_O_('{_C/CHS'
acid (SSA) (DMAEMA) HyC CH,
SOzH
o)
SHll
. : ., CH2=CH _ 0-S—0—
Vinyl sulfonic acid | Methacryloyloxyethyltrimethyl CHs 8 0 oh
(VSA) SOzH ammonium sulfatéMETAM) CHS_'#@CHQ‘CHQ'O—g—ﬁ/ s
CH3 CH,
H2C:(|3H
2-acrylamidoe2- ¢=0 o
methylpropane ’I\‘H Methacryloyloxyethyltrimethy!l oH _E@le :'_CH -O—E—C/CHS
sulfonicacid M7 CM | ammonium chloridéMETAC) Sy T i
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( ) SO,H
H2C=(IZH
, Cc=0
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CHs~¢~ CHs | ammonium chloridéMAPTAC) Sy TR I
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2.1.Chitosan (CS)

Chitosan(CS), the structural supporting material of crustaceans, insectss ¢bhe Ndeacetylated
derivative of chitin, a naturally abundant polysacchafktdgure 3(a)). The parent chitin is insoluble in
most organicsolvents;CS is readily soluble in dilute acidic solutions below pH 6.0 due to the
guaternisation of the amine groups that have a pKa value 0fmél3ng CS a water soluble cationic
polyelectrofte (Figure 3Ib)). CSis a natural and lowost biopolymer which has many excellent
properties such as biocompatibility, ntoxicity, chemical and thermal stabiljtghus it has been
consideredor use in awide range of applicationN81,32]. Membranedased on natural lowost CS
are easily formed and hategh hydrophilicity, good chemical and thermal resistance. In addition, the
free amine and hydroxyl , egch pasgessingcanionet paie of €estioss
available for complexatiorgre readily accessible reactive sites that allow the CS todzbfied and
incorporatednto sophisticated functional macromolecular systems
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Figure 3. (a) Chemical structures of Chitin and Chitosan (G8) Schematic illustration
of ¢ hiversatitg.n 60 s
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CS is potentially a useful membrane material due to itspeomeability to alcohol. However, in its
native state, CS films exhibit very low conductivities and high degrees of swgEBgAlthough,
high swelling levels in the membrane are a prerequisite for reaching high proton conductivities, at the
changes associated with swelling impact upon
permeability, dimensional stability and thernshbility. To solve the low conductivity and high
swelling problems, CS was usually either ionically crosslinked with sulfuric E&3¢34] or
incorporated into inorganic particl¢35i 38]. In addition, different Chitosabased PEMs have been
studied andhave showed promising properties for application in the field of PENIF 42].

2.2. Poly(ethylene glycQl(PEG)

Poly (ethylene glycdl (PEG), poly (ethylene oxide (PEO) or poly (oxyethyleng¢ (POE) are
oligomess or polymes of ethylene oxiddghatare chemically synonymouBREG is a well known and
industrially important polymeicommercially supplieéh high and low molecular weight gradesthe
pharmaceutical and textile industrieghich can be used e,gas anencapsulating agent for drug
delivery, or asa fiber-forming aid[43]. Moreover, PEG has been widely investigated for use both in
lithium batteries[31,44 and dye sensitized solar cells (DSS{4),46] due to its chemical stability
and its ability to solvatelithium salts. Fuel cell appkatiors exploit PEG dlexible hydrophilic
backbonewhen it isusal in membrane materiat® improve water retentiolPEG can be transformed
throughmodification ofthe functional groupat the end of the polymer chaito provide a multitude
of variations and specific cheaail functionalities,such as alcohols, amines, carboxylic aceisd
thiols. Bai et al introduced diamine terminated PEM,, = 1,000) as copolymer segments to modify
the membrane propertseof sulfonated polyimde (SPI) The results showed that SPI membsanih
PEO segmestexhibited enhancedmechanical properties and thernshbilities,as well as better
proton conductivity, with respect ttlafion® at high relative humidity (RH) levels $9%) at both 70
and 120°C. Moreover, PEG canebused as crosslinkdratcan improveboth chemical and hydrolytic
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stability without compromising proton conductivityr brittleness[47i 50]. Compared to using rigid
arylene polymers as crosslinkethe croslinked membranes with PEG become more flexible and
show agreatly reduced water uptake and swelling ratio with amlglightly sacrifice in proton
conductivity[51]. PEG canalsobe introducednto semilPN membranes a&crosslinkerto improve

the membrané doughness andtrength, while simultaneously enhancing the membrapeston
conductivityand water stabilityt high temperatusgf~100°C) [52,53].

2.3. Poly (vinyl alcohol) (PVA)

Poly (vinyl alcoho) (PVA), a polyhydroxypolymer, is the largest volume, synthetic WSP produced
in the world. The excellent adhesion capacity of PVA to cellulosic materials makes it useful as an
adhesive and coating materihht ishighly resistant to solvents, oil and grease. Moreovés viidely
used insynthetic fibes, papes, textiles, coating, andin bindersdue to its excellent resistance, wide
ranging crystallinity, good film formation capacity, complete biodegrability and high crystal mgijus
PVA is usually selected as a cragsker becausef its film-forming capacities, hydrophilic properties,
and the high density of reactive chemic#&linctionalities availabldor crosslinking by irradiation,
chemical, or thermal treatmen{85. The hydroxyl group of PVA and dialdehydeontaining
monomers are crodskable by acetal or hemiacetal react®betweenthe hydroxyl and aldehyde
grougs under acid conditiongs6]. In addition, the hydroxyl groups of PVA atige carboxylic acid
groups of polymers or monars forma network structure via dehydratidasterification)oetweerthe
carboxylic acid and hydroxyl groups thebntributes tostrong bonding during therml activated
reactiors (Figure4) [55].

Figure 4. Scheme showing chemically crelgsked poly (vinyl alcohol) (PVA)-based
network structures.
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Owing to the high affinity of water for alcohols, PVA membranes have been used as alcohol
dehydration reagents to break the alcehater azeotropgs7]. Taking advantage of this high affinity,

PVA seems to be a very attractive material for preparing PEM in DMFCs applications. Rival/§s8]
explored the potential of PVA as a proton exchange membrane in DMFCs from proton conductivity
and methanol permeability experiments. The results iretictitat the PVA membranes employed in
the preevaporation process were much better methanol barriers than Nafiento their dense
molecular packing structure caused by ingerd intramolecular hydrogen bonding. In addition, PVA
with its excellent medmical properties and its inherent chemical stability advantages make it
well-suited for fuel cell membrane applications.

A drawback of PVA membranes is the absence of negatively chargédtiouns it is a poor proton
conductor when compared to the comcigly available Nafiofi membrane. For this reason, it is
necessary to incorporate proton sources into PVA to enhance both its proton conductivity and its
hydrophilicity. To this end Let al [59] have produced PVA membranes doped with phosphotungstic
add (PWA). However, the excessive swelling of PNPAVA composite membranes limits their
mechanical strength. For PEM applications, PVA is commonly incorporated into the PEM as a
crosslinked partner via aldol condensatj6fi 70] or esterification49,71 76] to form a 3D network
structure. Moreover, the degree of crosslinking of the ®d8ed membranes has been shown to be
easy to control via successive chemical treatments (aldol condensation or esterification). The resulting
membranes show that swelling, a®lwas chemical and mechanical properties are able to be
effectively controlled by the presence of the dense network structure, this is especially useful with
respect to the inhibition of methanol permeability. Therefore, PEMs having optimized properges w
prepared via the introduction of PVA as crosslinking structure.

2.4. Poly (vinylpyrrolidong (PNVP)

Poly (vinylpyrrolidone (PNVP) is widely usedin the pharmaceutical, cosmetic, textile, adhesive,
coating, and ceramindustries This is due to the unique physical and chemical properti®NvP,
particularly its good solubility in water and organic solvents, its chemical stability, its strong
complexing ability with both hydrophobic and hydrophilic substances, and itsormmncharacter.
PNVP was selected as membranematerial due to itsstrong polarity, whichgives it good
compatibility with other polymerswvhile avoidng unstable morphologies that give rise tpoor
mechanical properties. Moreover, atidse interactianbetwea the amino group oPNVP and the
sulfonic acid groups of sulfonated polymer other host polymer canform ionically crosdinked
ionomer networks able to lower methanol permeation and promote proton tfaAsT&]. Lu et al [80]
reportedthe exceptional water or methanol sorption selectivity of PRMYP blendsthat implied
PNVP seermedto beapotential material for preparing PEM in DMFQecently PNVP hasbeen used
asa stabilizer toimprove the oxidative and mechanical properties of the lnaneg63]. Moreover,
by incorporating PNVP into sertPN membranesve can effective reduce the methanol permeability
due tothe resultingow methanol uptake and methanol sdiffusion coefficientd81]. Theseresults
showthaP NV P 6 s hydr glyhan impodantgaleonanpraling methanol permeability.
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2.5. Poly (2-acrylamide2-methyt1-propanesulfonic acid) (PAMPS)

Water soluble Zacrylamide2-methylpropanesulfonic acid (AMPS) and its sodium salts are widely
used as effective flocculants and additivés homopolymer, poly G&acrylamide2-1-propanesulfonic
acid) (PAMPS)was found tchave ahigher proton conductivity than partiallydrated Nafiofi [82].
PAMPS is considered to be hydratedden associated withbnly ca.six molecules per equivalent grqup
this beingmuch lower thareither partially hydrate Nafion® or polystyrene sulfonic acid (PSSA)
where 15 water molecules per sulfienacid groups are necessaf83]. This implies that the
conductivity of PAMPS polymemwhen compared to NafiSnmay be more tolerarib water content
fluctuations which is an important asset for fuel cell operation at high temperaBuelsadvantages
allow PDMASto bea new potential component of proton conducting eleceatyembranes in DMFC
applicatiors. However,the PAMPS homopolymeris generally water swolleto the point of being
soluble hence,the PAMPS homopolymercan only be usedn the ofform gels or alternatively
copolymerizdor extensively crosslinketb control swelling.

Copolymerization witha suitablenonomer is an effectively method to control the swelling level of
membranes,e., by tuning the ratio of the hydrophiicom o mer cont ent i n [8d]lhe pc
However,the AMPS monomer is immiscible with most of the monomer aigl thus its uséas
seldombeenreported. Quet al. synthesizedMPS-co-methyl methacrylate (MMA) copolymer lifie
free radical polymerization of MMA and AMPS in waf&5]. The resulting pol(AMPS-co-MMA)
membraneshowed high proton conductivity and low methanol permeability, its methanol permeability
coefficient being much lower than that of Nafi6n However, this knd of solution castingo form
membranes stilhaspotential problems, e.g, poor mechanical and chemical properties as compared
with crosslinked membranes. Therefore, it is desirable to fix the PAMRStable structure using
crosslinking approactvhile maintaining high proton conductivity and improvitige mechanical and
chemical properties dheresulting membrane# linear PAMPS homopolymetanbe combined with
a PVA network to form a sertPN architectureHowever, these seriiPNs are generall stiff and
brittle and thus they are difficult to handle as membr§é&$4. Therefore a third media presence is
necessaryjn the network structure thatan effectively modify the mechanical properties tio¢
resulting membranedt has beenrepored that the addition ofunreactive and neutral polymer
components to PAMRBased semiPNs can generate membranes with higher flexibility and robustness
without a significant decrease in conductivity or an increase in permeddifitgl,6364,8687].
PAMPS has also been incorporated into séRis as a crosslinkegartnerby in situ synthesis
pathways [88/ 90]. The resulting crosslinked hydrogels slealthe highest reported conductivity for
materials of this type (0.5 A E)f88].

2.6. Poly (styrene sulfoniacid) (PSSA)

Poly (styrene sulfonic ac)dd(PSSA}based fuel cell membranegere first used in the 1960s in
NASAOGs Gemi ni ;howeaecdarabpity wag foandhto be limited tabout1,000 h at an
operating temperature of 6@ [91]: because¢he PSSAbased membrane wasisceptibleto chain
degradation initiated by radicalHOA HOOA present in the fuel celhlthoughthere ardnstances of
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poor polystyreneperformance, some investigatassll advocate the usef sulfonated polystyrene
in PEMFCs.

Grafting polymer blend,and crosslinking strategieshave beenused to modify PSSAbased
membraneso yield membranes with higher chemiahbilities Holdcroft et al [92,93] reported the
synthesis of polystyrene with graftpdly (sodiumstyrenesulfonate) (PSSNagingstable free radical
polymerization (SFRP}echniques ashown in Figure 5(a). These grafted copolymers displayed
excellent proton conductivities (up to ~084A tYrDifferent from above method (random systems), the
block copolymers of styreabased membranes were synthesized for PEM application.-BAIS& | y t i ¢ ¢
PEMs (and related materials) are based on-kvedlvn commercial block copolymers of the styrene
ethylene/butylenstyrene family e.g KratonG1650 block copolymefhese sulfonated Krat8rtype
block copolymers are postilfonated by a sulfur trioxide/triethyl phosphate sulfonating conjpi§® a
related structure is shown in kig 5(b). DAIS membraneare reported to be much less expensive to
produce than Nafidh however, the oxidative stability of these aliphatic hydrocarbon copolymers is
much poorer tharperfluorinated copolymer$93]. For this reason, DAIS membranes are being
promoted for the low temperatureg °C) portable fuel cell power market.

Figure 5. Chemical structure of aj PSg-PSSA and lf) sulfonated sulfonated
styrene(ethylenebutylene) styrenéSEBS block copolymer.

@)
SO,Na
(b)
#CHZCH%CHZCH) [ CHaCH)H{ CH2 CHH— CHzCH%CHﬁH%
n X L, Ymt n
2
CHs
SOH SOsH

In the grafting strategy, thermally and chemically stable fluoringel¢mers(fluorinated ethylene
propylene (FEP)95,96) or partially fluorinated polymers [ethylene tetrafluoroethylene (ETBEPS]
or polyvinylidene fluoride(PVDF) [99]] were chosen aghe base polymers and shown pooduce
materials withsome improved performance. It has been reportedtitigaimost stable polystyrene
analogue is a vinyl perfluorosulfonic system developed by Ballard Po@). Us i n g U,
b-trifluorostyreneBal | ar dés third generati on P Bd/m tabilitya d e
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(over 100,000 h), and higbroton conductivity (~0.085 A EYmUnfortunately, the high cost of these
membranes is comparable to that of other perfluorinated polymers.

Polymer blending is another potentially cesfective route t@chievingpartially fluorinated PEMSs.
However, the poor copatibility between hydrophilic PSSA and hydrophobic fluorinated polgmer
seriously affects the membranegroperties especiallits methanol permeability anils mechanical
integrity [101]]. Introducinga third component irblendedmembrane was found to bean effective
methodfor enhancingthe interface between two poor compatibilgipases Proton conductivies
methanolpermeabilitiesand mechanical properti@gereall improvedby the addition oanappropriate
third component such &NVP[78] or block ®polymer[101i 104).

Linear or crosslinked PSSA has been used as a polyelectrolyte wiP$¢rarchitecturesPSSA
homopolymer, or as copolymer, has often been combined with a PVA network to form-dEemi
architecturethrough an impregnation proce€9,64 or by in situ synthesig66i 68]. This strategy is
similar to the PAMPS polymer systethat involvesthe use of intraand intermolecular hydrogen
bonds to forma dense composite network structuresulting ingood film forming properties, good
resstance to chemical attack, and also low permeability to alcobwlsrosslinked PVAased
composite membrane¥/hen PSSA is crosslinked,is frequently combined with hydrophobic neutral
partners, such as PVDF, poly (tetrafluoroethylene) (PTFE), palylidene fluoridehexafluoropropylene)
PVDF-HFP-based, or poly (vinyl chloride) (PVQ)y an impregnation process. Crosslinked PSSA
membraneshatuse PSSA adinear polymershow proton conductivities equal to or slightly lower than
that of Nafioff, while theirion exchange capacity (IEGjlues are higher. Generally, the methanol
permeability of these ser®PNs is lower than that of Nafifn

3. Blend Polyelectrolyte Complex Membranes

Polymer blendtechnology may represent a more versatile appréacthe development of new
membrane materigldecausethe material properties of blends can be varied over a wide range.
Relative to a singleomponent polymeric material, a blend enjoys several degrees of freedom that
allow tailoring of the material to eet the membran& sequirements, such as good mechanical
properties and good proton transp&blymer blendsn which a sulfonated polymer with high proton
conductivity is combined with a nesonductive thermoplastic chosen to maintain mechanical
integrity, has become a popular contemporary approadesmningmproved PEM materials.

For polymer blending systesnthree types of blends can be distinguished: (1) completely miscible
(2) partially miscible and (3) immisciblgf105. In most caseshe polymer blends are immiscible
because of the high degree of polymerization of their components, especially in hydrophilic/nydrophobic
polymer blendsin orderto avoid immisciblepolymer blendst is necessaryo enhance the formation
of single phase midoie polymer blendsThe most commonly strategies dhe introduction specific
intermolecular interactiondor two base components of the blend, such as-lzaseinteractions
hydrogen bonding, icd i po-l ¢, of char ge t[106 1g.flneadditionythe ese @ c t i C
block or graft copolymersasalso improved the compatibility of immiscible polymevehere one
block is identical or at least miscible with one blend component, and the second constituent block is
identical to/or miscible with theecond blend componefit11,117.
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A variety of different blended polymer pairs chosen to introduce specific interactions have been
considered as PEM candidates for fuel cells applicdfi@Bi 117]. Such interactions are reported to
improve compatibilitym &6t wo bl end6é polymers and also r et
However, these interactions may also weaken the sulfonated ion pair, thus reducing the amount of
water needed to promote proton transport. Another approach is to introduce a thirdnntieelialénd
membrane to improve compatibility while maintaining the proton conductivity and mechanical
properties of the blend membranes. Next, we describe the preparation of blend complex membrane:
based on water soluble polymers (WSPs) developed focéliehembrane applications, together with
their conductivities, and permeabilities.

Linear PSSA (poly styrene sulfonic acid) or sSSEBS [sulfonated styethg@enebutylene) styrene]
polyelectrolytes have often been blended with poly (vinylidene flup(leléDF) to prepare composite
membranes (Table 3j &). PVDFwas chosen as the structural component because of its good mechanical
strength and its chemical stability. To overcome the poor compatibility between hydrophilic PSSA and
hydrophobic PVDF, Cheat al [118] mixed poly (styrene sulfonic acitethyl methacrylate) random
copolymer (PSSA-PMMA) with PVDF prior to casting the blend membrane. The presence of
PMMA repeating units in the PSSAPMMA copolymer promotes better compatibility between the
copolymer and the PVDF. The resulting membranes show that the SSA segments are distributed very
uniformly over the PVDF matrix, forming narszale domains. The high dispersion of SSA segments
in the membrane provides plentiful interconnecting SSA channelsthars favors proton transfer.
There appears to be an optimum ratio of PSSA in the copolymer, as with over 40 wt% PSSA in the
blend, the membrane became fragile, and thus no substantial increase in proton conductivity was
gained. The optimal membranes shawroton conductivity range that is quite close to what N&fion
117 offers (~ 1 S A EYm

Table 3. Characteristics of various water soluble polymers combined in blended
polyelectrolyte complex membranes.

. . _ Proton conductivity Methanol
. Acid monomer/ Third lonic partner : 3 .
Line Polymer olvmer Component (wio) ( S A%mo permeability Reference:
0 . =7
poly P /measurement condition x10% (cm?& %)
1 PVDF PSSAr-PMMA - 1Gi 40 2i41 25¢€ - [118]
2 PVDF PSSA PNVP 1Gi 50 ~63158 30Gi80€C - (78)

- 40i 70 0.2112.5
PMMA-BA-PMMA 38170 0.719.4
- 50 0.2118.7
4  PVDF SSEBS MAM ~50 5.8/6.8 RT, 100% RH - [103]

3 PVDF sSEBS RT, 100% RH - [102]

SBM ~50  5.2132.8

- 1.26 0.98

0,

5 PVDF PSSA BShPMMA 40 sgg 25 C 83%RH 5 [101]

- 301100  0.037 0i 134
6 PVDF SSEBS PSb-PMMA 50170  2.0i12.2 25T 0i 1.6 [104]
7 CS PAAC - 10175 201100 251120€ 4.88.7 [40]
8 CS SA - 50 4090 301100 € 4.6 [42]

i 41 2

9 PVA SPEEK - 50i 100 8 °C ~101110 [119]

~2072 80¢C
10 PNVP SPEEK - 701 100 ~11 25 RT 39.5142 [120]
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With the aim of getting a finely dispersed and homogeneous blend memdmdn& insure
solid-state adhesion between the blend componaritérd component, liner polyvinylpyrrolidong
(PNVP), has been added to PSSA/PVDF blendembrane [78]. The PNVP polymer with
oxygenrcontaining unitsis ableto form Lewis aciedbase pairs with PVDF and PSSA to improve
blending compatibility. With respect tbe proton conductivity of the resulting membranes, increasing
both the content oPNVP and d PSSA produce$avorable effectsA PVDFPNVPPSSA (:4:5 by
elementary protorflendedmembrane showed the best proton conductivety~0.15S A &' a170°C,
which is comparable to that of Nafidd17(~1.65S A t)m

Block copolymer has also been incorporated biendedmembranes as a compatibility media in
which each of the blocks is entirely miscible in one of each of the blend componhabks 3; 36).
Mokrini et al [102] prepared sulfonated poly (styrebéethylener-butylenejb-styrene/polyvinylidene
fluoride (SEBS/PVDF) blend membranes by using an extrusion blending process and further
sulfonaton by sold state grafting of sulfonic acid moietidggese membranes withhigher SSEBS
content (70nt%), exhibithigher conductivity (1.2%10'? S A EYrbutinferior mechanical properties,
in contrast tanembranes witla lower SSEBS contentlt was found that, by adding &t% of poly
(methyl methacrylatdutylacrylatemethyl methacrylate) triblock copolymer (PMMBA-PMMA), as
a compatibilizer, the mechanical properties, ion exchange capacity, and proton conductivity of the
blend membrane improved. Compatibilized blend membranes also showed higher conductivities,
1.9 x102 S A t',rand improved water managemefihe same authors have also incorporategr
block copolymes, poly (styrenebutadienemethylmethacrylate) block copolymer (SBM) into
SSEBS/PVDFblendedmembrane as third components to optimize the blends perforftdge As
low an amountas 1 wt% blockcopolymerwhen incorporatedvas sufficient to dramatically reduce
segregation and improve mechanical properties. The resulting compatibilized blend membranes
showed conductivities up to 3 x10S A t' at 100% RH.

Other block copolymetr.e., poly (styreneb-methyl methacrylate) block copolym@Sb-PMMA)
has also been successfully incorporated into PSSA/PMDHA and sSEBS/PVDF[10]] as a third
component Table 3; 5 and 6 It was found thaboth blend membranes were incompatible, especially
those containindnigh weight ratio of PSSA osSEBS inthe blend membranes. Poor compatibility
between the two polymers in the blend membravre® result in poor mechanical properties and high
methanol permeadltly. However, by adding 5wt% of the PSb-PMMA block copolymer into
PSSA/PVDF orsSEBS/PVDF the compatibility, proton conductivity, and methanol resistance of the
blend membrane increasethe highest proton conductivity was obtainedai8-SEBSPVDF/PShb-
PMMA blend membranethe value was about 24 times that of a plair5~SEBSPVDF membrang
which in addition showed a significant reductionniethanol permeabilitas compared witla plain
S-SEBSPVDF membrane (frorh3.4x10' " t0 0.16 x10 ' cn?A ).

Oppositely charged polyions (polycations or polyaniotigt interact electrostatically to form
polyelectrolyte complexes (PECs) have been wsdEMs for DMFCs [40,43 (Table 3; 7 and 8
These PECdave anionic crosslinkedstructurethat not only reduces swelling but also improves
specific properties such as structural strength and thermal mechanical statallibhus removeshe
needfor other crosslinking agentBue to its electrostatic interactions with polyanioeigtosan (CS)
is anattractive PEQandidate materiah PEC membrane combining G&d poly (acrylic acid) (PAA)
has been synthesized and assessed for applicability in fue[4@llAmong the blends synthesized,
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the CS/PAAs50/50complex (1:1: by weight ratio) exhibited the highest proton conductivity
(3.8 x102 S A EYnThe methanol permeability of the CS/PAAs 50/50 complex was (3.9%xt@A 1)
this valuebeingaboutoneseventh that observddr a Nafion® 117 membraneThe tensile strength of
the CS/PAAs50/50blended membrane (26.1 MPais higher than the individual homopolymer
polymers(18.1 MPa for CS and 8.8 MPa for PAAdue toits dense ioniccrosslinkedstructure.
Similar results have been obtairfeaim the same study42] for CS blended witlalginate (SA)o form
an ionic crosslinked PEC membrane. The CS/SA membdameonstrategpromising properties for
DMFC applications because it§ low methanol permeability (4.6 x 1&cn?A * at 50 vots methanol
concentration), excellent physicoechanich properties(tensile strength: 72.3 MPa&nd relatively
high proton conductivity (4.2 x18S A tYm

Finally, blened complex membrargehave been prepared by mixing sulfonated poly (ether ether
ketone) (SPEEK) with WSP, PVAL19 (Table 3; 9. The SPEEK/PVA blend membranes show that
PVA can increase t hewhiesimbtanecusydelucimgethanal absomptioa. k e
However, the protonconductivity of the blenced membranesdecreased (from 4.x 10'? to
0.3 x10?S A t! at 25°C) as the PVA conterihcreasedfrom 0i 50 wt%) in the membranesiue to
the negligiblecontribution to proton transport from PVA in the blend membraR&B/P, has also
been introduced into SPEEKased membrane® modify their properties[12(Q (Table 3; 10.
Acid-baseinteractionsoccur between the sulfonic acid group of SPEEK and the tertiary amide groups
of PNVP that interestingly have ansignificant effect on water uptake; howevagreat reduction of
methanol uptake and methanol crossasabserve. As theamountof PNVP is loweredto lessthan
20 wt% in the blends, the acidased interactions causegreat reductiorof methanol permeability
(to about onethird that of pure SPEEK)while maintaining adequate proton conductivity
(>1.5x102S A EYm

In summary,several strategiebave effectively optimizel the blends performandsy introducing
specific intermolecular interactions for two base components of the bldngtbeintroductionof a
compatibility media intothe blend. The methanol pernadility of these blened membranes is
generally lower than that of plain membranes dudédormation of acicbase structures or the nature
of blend polymerHowever, these features aldecrease theonductivity, thus the conductivity of
these blenagnembranes isimilar tg or lower than that of plainmembranegxcept PECsThe repoted
results show that the blend membranes do not generally improve all of the target properties to any
significant extentBut the properties of the bleedmembranes arinable according to the categpry
or content of the blend polymersand can thude formulated withthe desired properties for fuel
cell applications.

4. Polymer Network Architectures as Proton Exchange Membranes

Crosslinkedpolymers are defined as polyms@&omprising one or more networktsatareinterlaced
on a molecular scalend covalently or norrcovalently bondedwith each other. The mobility dhe
polymer chainsleads togreat variabilitythat canturn a liquid polyneri nt o a 06 s dhei d 6
properties othe polymer, such ags: chemical resistance, swellability, permeability, thermal stability,
and mechanical properties, depend stronghiterarchitecture, and densitpue to the desirability
of being ableto selectively introducehese featurein a controlled mannercrosslinked polymers
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are increasinglybeing used as engineering materidts provide for a variety of requirements in
different applications.

Crosslinking appears to be an efficient and plmmapproach tenhancingnembranegerformance
hence it hasbeen considereds a route fomtroducingimprovedPEMs in direct methanol fuel cell
(DMFC) applicatiors, in which the membrane properties ofosslinked PEM. The numerous
crosslinkedmembranes that have been designed witiew to meeting these requirememslude
common chemical networksa (polymer comprising only one networkithout a linear polymer
entrapped withirthe network polymey [121i 124, interpenetrating polymer networid$Ns)[68,125
and semiPNs[126 12§: an illustrated commopolymer networkand the associatddPAC polymer
network definition are shown irFigure 6[129. A possible drawbacko the use ofcrosslinked
polymers is that the crosslinkimgight hinder the mobility of ions and hence lower the final conductivity.
Thus, the development of more efficient membranes with improved chemical and medtabittés
that do nodetrimentally affect proton conductivity remains an important chgdien

Figure 6. Schematic examples of different types of common polymer network

Polymer Network

Qrosslinkable Polymer
Aw

Functional groupsin
polymer chain end
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|UPAC definition for polymer network:

A highly ramified macromolecule in which essentially each constitutional unit is connected to each other
constitutional unit and to the macroscopic phase boundary by many permanent paths through the
macromol ecule, the number of such paths increasing with the average number of intervening bonds; the paths
must on the average be co-extensive with the macromolecule.

Water soluble polymers (WSP&ave beerintroducedinto crosslinked membranes due ttweir
high flexibility and hydrophilicity. WSPs are expecteid serve asbetter crosslinkersthan either
hydrophobic alkylic or aromatic crosslinkeil he essentiallifferencesarereflectedin the production
of a finer network morphologyenhanced toughnesmd strength, improgewater absorption and
retention and better proton condction. Currently there are anumber of reportsighlighting the
successfuintroduction of WSP into crosslinked membrantsat show promising propertiefor fuel
cell applications.In this section, we describe the preparation of crosslinked membraneks drase
WSPs using chemical crosslinkingexcluding membranes synthesized by usiiNs and semiPNs
strategies.As these latter two network structurdsave their wn characteristics,crosslinked
membranes based on IPNs and s#?N architecturesvill be described following section.



Polymers2012 4 92¢

4.1. Crosslinked Bly (vinyl alcohol)BasedMembranes

Poly (vinyl alcoho) (PVA) has often been selecténl serveas the polymer matrix in crosslinked
membranes due to itsigh differential selectivity for water over methanol or alcohol, its excellent
film forming capacities andts possession oflense reactive chemical functions favorable for
crosslinking[57,58]. A major disadvantage of PVA as a membrane is its poor mechanical stdiility.
overcomethis drawback a crosslinking strategy has been employed to fabriad®FC membrane.
However, the PVA membranes are poor proton conductors as compared with®Naéane it is
necessary to combinewith a monomey oligomeror polymerthat contains negataly chargedions
(carboxylic andbr sulfonic acid groups), such as sulfosuccinic acid (S34)), poly (styrene sulfonic
acidco-maleic acid) (PSSAMA) [72], poly (acrylic acidco-maleic acid) (PAAPMA) [7€],
p-sulfonate phenolic ¢(Ph) [130, sulfonated polyhedraloligosilsesquioxane (sPOSS131],
sulfonated poly (phthalazinone ether sulfone ketone) (SPPES®), sulfonated poly (arylene ether
ketone) (SPAKE]74] or 4-formyl-1,3-benzenedisulfonic acid disodium salt (DSDSBAJ] (Table 3;
1i 9). Figure7 illustratesthe preparation oPVA-basedcrosslinked membrase

Figure 7. Scheme illustrating the preparation of PAsed crosslinked membranes.
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Crosslinked PVA membranes have been prepared usamgpus amounts {80 wt%) of
sulfosuccinicacid (SSA) aghe crosslinking agenand also by varying the crosslinking conditidos
achieve desirable proton conductive properties for fuel cell applicdff@hgTable 4; 1). The results
obtained showethat the degree of crosslinking in the PVA/S®@&mbranes significantlgffects their
waterretention propertiegprotonconductivitiesand methangbermeabilitiesAs the amount of SSA in
the PVA/SSA membraneas reduced tdess than 1#wt%, the proton conductivity and methanol
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permeability decreasedle to thedominanteffect of crosslinkingon proton and methanol transport.
Above this the concentratioreffect ofthe sulfonic acid group contained in the SSAominates any
effects due t@rosslinking on the prot@nsonductivity and methanol permeatyil Thus crosslinking
agentscontainingsulfonic acid groupsanplay a decisive role in proton conductioiSQ;' H) and at
the same time act as a barrter methanol transportSimilar results have also been obtained for
PVA-based crosslinkeshembrane$y using poly (styrene sulfonic aetb-maleic acid) (PSSAMA)

as both crosslinker and as a donor of the hydrophilic group (carboxylic and/or sulfonic acid [gi2jups)
(Table 4; 2. The results show that proton and methanol transport decregtbedn increase ithe
PSSAPMA content.The effect of crosslinking maglay a moredominantrole thandoesanincrease

in the number of ionic exchange sites. For the two systdmse (PVA/SSA and PSSRMA), the
proton conductivities and the methanolrmpeabilities of all the membranes were in the range
10°to 102 S A t'and 107 to 10° cn?A * (in the temperature range iZ °C), depending on the
crosslinking conditionsThe same authors have alsoxed other kind of crosslinkes, e.g, poly
(acrylic acidco-maleic acid) (PAAPMA) with PVA to form crosslinked membranesdinvestigatel

the aging effecon swelling time morphology and proton conductivify6] (Table 4; 3. It was found
that swellingloosenedhep o | y mseuctdresresuling in an increase in the free volume capable of
containing free water moleculeSwelling of the membrane may provide space for the transgort
protors and therebyincrease the mobility of protonic charge carridemding toslightly increased
proton conductivitiesAlthough the proton conductivities of these crosslinked PVA/PMA membranes
are known tancrease, no report of their methapermeabilityhas y¢ appeared.

Other crosslinker containing proton sourse(sulfonated phenolic resin -@h) have been
incorporated into PVAo from crosslinkeanembranegy covalenly linking the sulfonated groups of
the phenolic resin and the hydroxyl groups of the PVA at°Cl(Xable 4; 4. This approaclsacrifices
a certain amount othe sulfonated groupsleading to a slight reduction of proton conductivity
However, the residual conductivity is still significant (102 S A tm The reduced methanol
permeability(10 * cn?A ') wasdue to arincreasen thes-Ph concentration witanincreasing curing
temperaturgleading to aeduction of methanol uptake as well as torthe mb r digheréealectivity
towards water. The conductivity/permeabilitiatios (selectivity) of the crosslinked PVA/2h 40/60
composition (40:60 by weight) membrarst®wedthe highestvalue(0.97x10'* S A E%AhY), which is
higherthan that determined for NafiBriL17. Sulfonated polyhedral oligosilsesquioxane (sPOSS) has
also been incorporated into PVA and crosslinked by ethydearainetetraacetic dianhydrideDTAD)
to produce PVAbased crosslinked membrang$3l] (Table 4; 5. The resulting crosslinked
PVA/sPOSS membranes shedvthat proton conductivity increased and methanol permeability
decreased with increasigffOSS contentncorporating 2Wt% sPOSS]ed to aproton conductivity
of about 2 x16? S A t,rwhich is comparable to Nafirl17: increasing the sSPOSS further tov
led to a conductivity 0f0.042 S A th.nAdditionally, the methanol permeability of PVA/SPOSS
membranesdecreasessignificantly with increasesin the sPOSS contentendering itlower than
Nafion® 117. sPOSS cagess crosslinker and sources ofroton can provide ion conductionaghs
while the hydrophobic portionsef the samesPOSS cages combine to form a barriemiethanol
permeatiorwhile contributing to thémproved thermal stability of the membrane.
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Table 4. Characteristics of various crosslinke@mbranes that incorporate water soluble polymers.

Line Polymer Acid Monomer Crosslinker lonic Partner Proton Conductivity (mS Ad)m  Methanol Perm_gability References
/Polymer (Wt%) /Measurement Condition x108 (cm?A %)
1 PVA SSA SSA 5130 ~1i 10 25/50€C 10i 100 [71]
2 PVA PSSAPMA PSSAPMA 5111 ~1i 10 2590 10i 100 [72]
3 PVA PAA-PMA PAA-PMA 7 ~1i 10 30and 50 C - [76]
4 PVA sPh sPh 20r 80 12/ 86 - 20.9181 [130]
5 PVA sPOSS EDTAD 20i 50 ~10r 50 25¢C 10i 100 [131]
6 PVA SPPESK PVA 601 85 ~5i 23 60C - [132]
7 PVA SPAEK PVA 851100 1001 220 3080 €C 19.041.6 [74]
8 SPVA - GA 100 1715 RT 301290 [69]
9 PVA DSDSBA GA ~16/64 3i41 25¢C 417 105 [70]
10 PVA ggg’AP:niA'Sbé A SSA 101 100 18i 44 25 € - [73]
11 PEG SPI PEG 75100 10i 120 3090 € - [47]
(PMA-alt-PS)co- . . .
12 PEG PAMPS PEG 60r 80 0.9'68 3090 € - [48]
13 PEG SPAEK PEG 70 100 ~60i 180 20180 € - [51]
14 PEG SPEEK PEG 601 75 ~0.41 100 100 €, 401 100% RH i [50]
CDM 67175 ~0.41 100 100 €, 60i 100% RH
15 sSBS - - - 23 25¢C 8.1 [133]
16 NaSS4VvP NaSS4vP DBD 75192 ~611 223 30170 €, 90 % RH 211646 [134]
17 CS SSA SSA and GA 0i 16 ~10r120 25190 € ~601 120 [39]
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Sulfonated eomatic polymes, such as sulfonategoly (phthalazinone ether sulfone ketone)
(SPPESK]132] and sulfonated poly (arylene ether ketone) bearing carboxylic acid groups (SPAEY,
have been used with PVA to modify theetadi8r ane
invesigated the effect ofusing PVA as thecrosslinkerin comparison with asmall molecule
crosslinkercomprisingglycol and glycerolthe resultdndicated that the crosslinking of SPPSK with
PVA requiresa relatively lower crosslinking temperature and laswch higher stability in water
(Table 4; §. The swelling ratio and proton conductivity thle SPPESK/PVA crosslinked membrane
decreasesapidly with increasing PVA content, because thé decreasing IEC anthe increasing
crosslinker densitywhenSPPESKwith ahigh degree of sulfonation (DS4Q %) is incorporatedvith
a lower content of PVA (<3Wt%) the resulting membrandsvea higher proton conductivity than
stable pristine SPPESK (DS1%). The highest proton conductivi(2.00 x102 S A tY)rwvas obtained
with SPPESK/PVA 85/15 (85:15 by weight) which is almost twice as that (1.03%>3A t"rof a
pristine SPPEKSK membrane (DS: 81%jlore recently, Zhaet al [74] havealso used PVA aa
crosslinker incorporated into sulfonated poly (aryletieer ketone) bearing carboxylic acid groups
(SPAEK-C) using thermal esterification to forencrosslinked membran@able 4; 7. Similar results
were observed in SPAEYC/PVA crosslinked membranithat isthe proton conductivities of these
membranes decreased wititreasing amounts &tVA due to the lower water uptake and lower IEC.
From the relationship between the relative protmnductivity decrease (from 1 to 0.63 andthe

both proton conductivity and IE@re small with respect to the decrease in the uptakeatsr. This
result indicates that the crosslinked structure of SPAE&Nd PVA can sigificantly decrease water
uptake while maintaining high proton conductividditionally, the methanol permeabilities of
SPAEK-C/PVA membranes gradually decreased (from 4.16' «t01.9 x10’ cn?A ) when the PVA
content increased (from 0 to ®6%), and were all lower than that of Naffoh15 (10.05 x16" cnA %)
under thesame measurement condittoiThe SPPAEKC/PVA crosslinked membranes with PVA
(15 wt%) possess better selectivity, lower water upsaked adequatgrotonconductivity,i.e., nearly
five times higher than Nafi6h115 Both sulfonated aromatic polynsensed PVA asa crosslinker
showing that these crosslinked membranes are promising proton conducting materials and have
potentialapplicationan DMFCs

Another approachs to séect PVA as thePEM polymer matrixand modify it with negatively
charged ions to facilitate proton transfer.order toimprovethe mechanicabnd thermal stabilitiesf
PVA-basednembranes, glutaraldehyde (GAasused as the crosslinking agémtform P/A network
membranesThus, Shenet al [69 have used PVA as the polymer matfor PEMs while the
protogenic sulfonic acid groups have been introducedhtgrosulfonic acid througl condensation
reactionto form sulfonated PVA (sPVA]Table 4; §. The crosslinked sPVA membranes were
obtained byan aldol condensation betwedine OH groups of PVA andhe aldehyde groups of GA.
Crosslinked sPVA membranesth a high DSshow higher conductivityl.4 x10°* S A tYrand lower
methanol permeabilitf0.3 x 10° cn?A ) than membranes with dow DS (proton conductivity:
0.96 x 103 S A t:nmethanol permeability: 0.8 x 10 cn?A Y); this is quite differentto other
sulfonated polymeor perfluorinated ionomemembranes where the methanol permeability increases
with conductivity. The authors beliewbe effect isdue tothe quite differentmicrostructuresand
morphologes in thesemembranesThe samegroup have also preparedrosslinked €2VA based
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membrane®y introducingthe 4-formyl-1, 3-benzenedisulfonic acid disodium salt (DSDSBw#tp the
PVA chains act asinion carrierwhile using GA asa crosslinker to formthe sPVA network[70]
(Table 4; 9. The combination o& flexible backbongwith short and rigid side chains and dense acid
functionalities improved the proton conduction in theséAsPased crosslinked membrandiswas
found that by increasing the DSDSBA content up to abowtt20, protonthe conductivitieof these
membranes (>1.4 ¥02? S A tYmvere higher than that of Nafiri17 (1.3 x 102 S A tYmhowever,
the methanol permeability of these membranes (<0.78'% ¢67& ") is significantly lowwhen
compared to Nafioh117 (2.43 x 10° cn?A Y). These results can be attributiedthe well connected
system of narrow water channdisat facilitatedboth alower methanol permeatioand thehigh
mobility of the protonic charge carriers.

Finaly, proton conducting crosslinked membranes lesebeen prepared using polymer blends of
poly (styreneb-hydroxyethyl acrylatd-styrene sulfonic acid) (RB-PHEA-b-PSSA) and PVA
(Table 4; 10. The middle PHEA triblock copolymer was crosslinked with PbAan esterification
reaction using sulfosuccinic aci®@3A) as a crosslinkinggent. Similar results werdsoobserve in
the IEC valuegfrom 1.56 to 0.61 mel %) and proton conductivity4.4 x10%to 1.8 x102 S A EYm
which continuously decreased witin increasing PVA contenffrom 33 to 66wt%). In contrast the
mechanical properties increased from 15.0 to 38.5 MPaimgtieasesn the PVA content due to the
decrease of water uptake (from 87.0 to 44.39gerating in an WO, polymer electrolyte membrane
fuel cell (PEMFC) the crosslinked membrane contamiPVA 50 wt% had apower density of
230 mWam * at 70°C and 100 RH%.

4.2. Crosslinked Bly (ethylene glycolBased Membranes

Other WSP polymerse.g, poly (ethylene glycol) (PEG), have also been employedhm
preparation of crosslinked membrariier fuel cell applicatios. PEGis generally used ascrosslinker
and has been introduced into several sulfonated polymmatrices such as sulfonated polyimide
(SPI) [47], poly [(maleic anhydrideglt-styreneco-(2-acrylamide2-methyt1-propanesulfonicacid)]
(PMA-alt-PS-co-PAMPS [48], sulfonated poly (arylene ether ketone) (SPAEK) and sulfonated
poly (ether ether ketone) (SPEEK3(Q], to improve the me mb r ameehéngal and hydrolytic
stabilities while reducing methanol crossovemwithout compromising proton conductivity and
brittleness.(Figure 8 and Table 4; I114) Thus, Yanget al [47] prepared a series of crosslinked
SPI/PEG membranes with various ratios of maleic anhydride SPI and PEG diacrylate as PEMs
(Table 4; 11). Theiresults showed that the wataptake (from 23.8 to 24.3%)and the proton
conductivityincreased with increasing contewtf PEG (from 0 to 25wt%) despitea decrease ithe
ion exchange capacity (IEQrom 1.27 to 1.23 mel ') andanincrease irthe crosslinking density
The effect ofthe flexible PEGcrosslinkeron the proton conductiviesand hydrolytic stabilities itthe
crosslinked SPI membrane with 26% contentof PEG were more obvious, showing high proton
conductivities(>0.1 S A tY)rand good hydrolytistabilities(>200 hto the time when the film started
to disintegratg at hightemperature§80~90°C).
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Figure 8. Proposed structure of sulfonated polymé&dly (ethylene glycol)(PEGQ
crosslinked membranes.
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Effects due to themolecular weight andhe amount of PEGncorporatedon the me mbr ane 6
propertiesnclude alterations to itmechanical properties, swelling behavior, and proton condugtivity
these araliscussed ifPMA-alt-PS}co-PAMPS[48] and SPAEK system$1]. A series of (PMA-alt-
PS)}co-PAMPS crosslinked membranes using PEG with different molecular weights 2@0, 1450
and 4000 gkol'!) and amounts (2@0 wt%) have been prepardd§] (Table 4; 12) Theresulting
me mb r temsiée Gtrength slight increased with decreasifgeG chain lengtki this chain length
decreasalso has the effect of makirige membranesnore rigid. These resultsply that short PEG
crosslinking molecules the polymer matrix could not provide sufficient flexibilitty producestable
membranesvhen compared tionger PEG crosslinking moleculad/ith respect teswelling behavior,
the water absorption was increased véthincrease ithe chain length of PEG araddecrease in its
content The highest proton conductivityas obtainedvhenthe membranesvere prepared witha
lower content (2@vt%) of thePEG crosslinkebut with a high molecular weight (M= 4,000 gkol'%).
Similar results have also been observedd@PAEK/PEG membrane, in which PEG was usethas
crosslinker[51] (Table 4; 13)In all SPAEK/PEG crosslinked membranes the conductivity decreased
with anincreasing PEG content. The decrease in water uptake and IEC with increasing PEGsontent
thought tobe the reason for the observed decrease immpnductivity. Although the introduction of
the crosslinker PEG ithe membranegenerallyleads toa decrease in proton conductivitgt higher
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temperatures (80C) a significant increase in proton conductivity and chemical stabsitgpparent

More recently, Guptaet al [50] have prepared crosslinked membranes based on SPEEK in the
presence of varying amounts of PEG and cyclohexane dimethanol (ClRIg 4; 14). PEGs more
flexible and hydrophilic than CDMso this structural differences reflectedclearly in the finer
morphology of thenetwork producedthe enhanced storage modultise glass transition temperature
and the proton conductivity.The highest proton conductivity (5.7 x70S A thnwas achieved in
SPEEK/PEG 67/33 (6733 by weight) which is comparable to neat SPEEK (5.6 %?18 A tYm
Resultsfrom various sulfonated polymenatrices madesing PEG as crosslinker showed that PEG is

a very effective crosslinker in the sense that it maintains hydrolytic stability even atr highe
temperatures with no compromise in proton conductivity.

4.3. Other Crosslinked Membranésvolve Water Soluble Polymer

Othercrosslinked membrangisat incorporat&VSP have been preparkm application infuel cells.
Won et al [133 useda crosslinking approach to control and fix microphase separated sulfonated poly
(styreneb-butadieneb-styrene) $SBS)to reducemethanol permeabilitywhile maintaning high proton
conductivity (Table 4; 15).The crosslinked sulfonated SBBembranesscSBS) were prepared by
photo-crosslinking andadditional sulfonating to obtairwell-structured(i.e., semirigid) PEMs. The
effect of fixed channel on methanol permeability and proton conductivity were confirmed by
comparing the resulting properties of scSBSI amoncrosslinkable sulfonated poly (styrebe
(ethylener-butylene)b-styrene (SSEBS) membranes. The results show ttieascSBS membrane
(DS = 36.8)exhibits a methanol permeability of 8.1 x'f@n?A ?, i.e., more than 30 times smaller
than that of Nfon® 117 (2.9 x10° cn?A %), anda proton conductivity of 2.3x1F S A t',rwhich is
comparable to that dfiafion® 117 (6.3 x10% S A tYrand sSEBS3.8 x10'% S A thmiThese results
indicated that limiting the ionic channel size would severely limit the methanol permeability but would
not affect the proton conductivitrosslinkedmembranes composed of zwitterionic molecules with
variouscrosslinkingdensitieshavealso beenfabricatedfor the development of high durability PEMs
(Table 4; 16. After crosslinkingpoly (styrene sulfonic acido-vinylpyridine) NaSS4VP) membranes
with a crosslinking fraction of 90.8nowedexcellent hydrolytic stability with only sliglyt changes in
weight (decrease in weight: 1.9%nd proton conductivitfrom 7.1 to 5.5x 10'? S A thrmafter
28 days of testing in water at 100: note thathe initial NaS$4VP isa WSP.Moreover,anoptimum
membrane maintained adequate pratonductivities (>10 S A tYmafter 120 h in a high concentration
of Fent on ang is rtheeisangah retronger than other sulfonated polymdrat typically
decompose after 260 h.The optimum membrane possesadugh selectivity for methanol fuel csll
(3.38 x10° S A BAhY), i.e., approximately five times that of Nafi6ri17 (0.71 x10 S A E2a).

With its distinct advantage® forming anexcellent alcohol barriewhile maintaining acceptable
ion conductivity properties, chitosg@S) has been uséadr the polymer matrix of PEM$39] (Table 4;
17). Various compositions of sulfosuccinic acid (SSA) and GA were introduced into CS as a binary
crosslinking agent to form CS network membranes. It was found that both proton conduntivity a
methanol permeability were increased with increasing ctsxwémproton sources of SSA. According to
selectivity value calculations, the optimum composition of crosslinking agent was chosen as 12 and
2 weight % of SSA and GA. The optimum membrane (SB/&A 12) showed relatively high proton
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conductivity (4.5 x10? S A tYrand low methanol permeability (9.6 x1&n?A Y). The selectivity of
the optimummembrane waapproximately 4.7 x10S A E%Ah* compared tat.1 x10* S A EAh" for
Nafion®. The single cell DMFC performance testowedthat the CS/SSA/GA 12 membrahad a
maximum power densitgwith 2 M methanol feedt 30 °C) of 17 mWa&m 2, while a higher power
density 41 mWem'? was obtained at 6@ . From the resultsit is apparent thathese CS based
crosslinkednembranesave promising potentidr usein DMFC applicatios.

4.4. Summary for Crosslinked Membrariagolve Water Soluble Polymer as Fuel Cell Membrane

In summary, several WSPs have been effectively optimized for fuel celicaons by
crosslinking. Proton conductivities have been used to compare the properties of tHeas®dA
crosslinkedmembranes (Figure 9); interestingtize addition of PVA to a sulfonated polymer leads to
the formation of membranes with high flexibjli good water resistance and low methanol
permeability without a significant decrease in conductivity. The methanol permeability chBs&4
crosslinked membranes is generally lower than that of N&fitue to the PVA polymer reinforcing
methanol barrierln addition, sulfonated polymer matrices made using PEG as crosslinker allow good
control of swelling simply by changing the content and length of the crosslinking PEG molecules. The
reported results show that crosslinking with PEG leads to a signifinar¢ase in both proton
conductivity and chemical stability at higher temperatures. Unfortunately, no report related to the
methanol permeability of these membranes has yet appeared. The best reported stability is that o
crosslinked membranes composedzefitterionic molecules, which withstand exposure to boiling
water for 28 days while maintaining adequate proton conductivity after 120 h in high concentrations of
Fentonds reagent. It can be concl ude tustadle t he
according to the selection of the WSP and can thus give desireable properties for fuel cell applications.

Figure 9. Conductivity versusthe methanol permeability of PVBased crosslinked
membranesOnly values given in the text of articles (rather than values that can merely be
read from a figure) are plotted. Various Nafioralues are plotted for comparison.
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5. Crosslinked Proton Exchange Membranes Based on Se#imterpenetrating (SemilPN) and
Interpenetrating (IPN) Architectures

Both semtinterpenetrating networks (semilPN) and interpenetrating networks (IPN) have
characteristicshat make themery different from common netwaski-or acommon polymer network
systemthere isusuallyonly one network structure in the final form of the polymaer, it is formed
without an entrappedinear polymer. An illustration of polymer networls, including common
networks, semiPNs and IPNss presented irfFigure 10 together with thdUPAC defintions [129.
Briefly, semiIPN networks are composited of one linear polymer entrapped within the network of
another polymerwhile IPN networkscomprisemore than one polymer network structures interlaced
on a molecular scal&enerally, the synthesis s€EmilPNs and IPNs can be classified into two main
pathways namely in situ and impregnation synthesid35. According to these twasynthetic
approachesthe water soluble polymers (WSPs) can be introduced into-IB&imembranes as
crosslinkers or linepolymers.

Figure 10. Schematic representation of semterpenetrating polymer network$Ns) and IPNs.

Semi-interpenetrating polymer networks
(semi-IPNs)
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IUPAC definition for semi-IPNs; : :

| UPAC definition for | PNs: :
A polymer comprising two or more networks which
i are at least partially interlaced on a molecular scale :
i but not covalently bonded to each other and cannot :
be separated unless chemical bonds are broken. :

i A polymer comprising one or more networks and one :
or more linear or branched polymer(s) characterized :
: by the penetration on amolecular scale of at least one ;
i of the networks by at least some of the linear or
branched macromol ecules. :

When using semiPNs in fuel cell applications, it is necessary to introduce the polymer with proton
sources in the seniPN membranes, which can legther alinear polymer ora network polymer.
WSPs containing sulfonic acid groups, such as poly (styrene sulfonic acid) (R&8Apoly
(2-acrylamide2-methylpropanesulfonic acid) (PAMPS), have been used as linear pslgnrextwork
polymess in the semilPN membranes due tieir high conductivities. However, linear PSShd
PAMPS are water soluble polymgrthus the formation ofa copolymeror networkcan limit over
swelling however, the membranssll lack sufficient strength and toughndesfuel cell applications.

As mentionedabove, the combination of PVA anda sulfonated polymer to forna crosslinked
membane resu#éd in PVA-based crosslinked membranesth higher flexibility, good water
resistance and low methanol permeabiliBonsideringtheir respective advantages, linear PSSA or
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PAMPS have often been combined with a PVA network to form a-Beiarchtectureto achieve
desirable properties for fuel cell applicatiomowever, thePVA/PAMPS basedsemilPN system
needsto introduce a third mediurby grafting or blendingnto the PVA network toovercome the
me mb r ashorconsings obeingstiff and britte. WhenPSSA or PAMPSs formed as crosslinked
structure, itrequiresto be associated with another polymer, suchpaly (vinylidene fluoride)
(PVDF) [88,134, poly (tetrafluoroethylene)RTFE [137,138], poly (vinyl chloride) PVC) [139,
Nafion® [140141], and PVA[88], in order to obtain adequate mechanical and swelling properties.
Other semilPNs in different combinations involve WSPs, suchpaly (ethylene glycol) (PEGbHZ],
chitosan (CS)and poly (vinyl pyrolidone) (PNVP]79], have also been pmared assemtIPN
membranedor fuel cell applicationsNext, we describe the preparatiand performancef semilPN
membranesased on WSPfor fuel cell membrane applications) terms oftheir conductivities,
stabilities andpermeabilities.

5.1. PVA Polymer NetworBasedSemilPN Membranes

Based onthe advantages of PVAased crosslinked membranes, s&PNs combining PVA
network andlinear PSSA or poly (styrene sulfonic acido-maleic acid) (PSSAMA) copolymes
have been producedccording toan impregnation62] or anin situ [60,66 68] process to form
semilPN membranegTable 5; 13). To form aPVA network, the PVAs most commonly combined
with a dialdehyde, such aglutaraldehydgGA), and a dicarboxylic acid, such aailfosuccinicacid
(SSA), using analdol condensatioriollowed by esterification to formthe 3D network structure.
Previously, variousPVA/PSSAPMA semilPN membraneshave beenpreparedusing GA asa
crosslinking agent with various amoandf linear PSSA and PSSPRMA to achieve desirable proton
conductivitiesand methanopermeabilitiesfor fuel cell application§62]. The degree omembrane
swelling was controlled by adding a GA & crosslinkerallowing theresulting PVAGA polymer
networkto function asa hydrophobianethanol barriert was found that the proton conductivity of the
PVA/PSSA or PVA/IPSSAMA semilIPN membranesvas strongly dependent on the content thie
linear acid polymerMaximum proton conductivity (~16 S A EY)nwas observedfor PVA/PSSA
semilPNs with 50 wt% PSSA whichis comparableto that of Nafiolf 117. PVA/IPSSAPMA
semilPN membranes are more suitable than PVA/PSSA membranes thegr &ironger mechanical
properties and moderate hydrolytic stabilitiesThe methanol permeabilitiesf PVA/PSSAPMA
membranes are at least sefel lower than those of Nafi6h117 in all methanotoncentrations
(51 40 wt% MeOH). In addition tothe high methanol resistance of PM#ased network structws,gheir
low permeabilitycanbe attributedo a narrower ionic channel size in the crosslinked memlirare
in Nafion® 117 as can beinferred from SAXS studies [the size (d) of the separation of channels,
d = 5.09 nm for Nafiofi 117 and d = 4.28 for PVA/PSSRMA crosslinked membrane].
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Table 5. Characteristic of various sefflRN membranes involve water soluble polymers

Third Components

lonic Partner

Proton Conductivity (mS A '&)m

Methanol Permeability

Line Linear Polymer Polymer Network Name W% (WH%) | Measurement Condition x10° (cmAs ?) References
PSSA 25 65 19.5168.5  (5i 40 wt%
1 PSSAPMA PVA-GA i 50 95 25T 3.2125.3 MeOH) [62]
2 PSSA PVA-GA - 0i 35 ~0.01 50 30 €, 01100% RH - [60]
3 PSSAPMA PVA-SSA - ~1650 0.8/54.9 20150 € 9.6 41.0 [66,67]
4 sD PVA-GA - 10i 30 ~2i 14 25 €, 100% RH ~10i 20,000 [65]
5 PNVP PVA-SSA - ~37 52 1.4 10 RT 2.4i 10 [81]
- ~3371 ~40 120
BA 57 120
6 PAMPS PVA-TA HA 920 501 60 28 110 25¢C - [61]
OA 83i120
7 PAMPS PVA-GA OA 10-40 ~67 92118 25¢C ~125180 [86]
8 PAMPS PVA-GA PEG 11-50 ~14i 45 10i 85 25¢C 41.8 (cniAnin' *EmMg'Y) [64]
PEGDCE 20 40 99 101
PEG 20 40 109 117
9 PAMPS PVA-GA PEGME 17 a7 113 25¢C 102 [87]
PEGDE ~13 ~43 99 96
10 PAMPS PVA-GA PEGBCME ~827 ~25 45 95 25¢C 40i 150 [49]
11 PAMPS PVA-GA PNVP ~6-43 ~14i 57 10i 130 25€C 15/ 120 [63]
12 PTFE PVSA-PAA - ~23 56 ~8i 35 25¢C ~201 75 (Kgh min'?A'Y) [137]
13 PTFE PSSADVB - - 80i 110 25¢C 13i 67 (5M MeOH) [138]
14 PVDF PSSADVB - 10i 35 55i 88 23¢C - [136]
15 PVC PSSADVB - ~33140 45 107 - - [139]
PVDF 64i 79 0.02500 20190 €
16 PVA PAMPSBAA ) 83i 85 20i 1500 50170 € i [68]
17 TCPB PA“QE%ETAEAMA' - 131 26 ~10%30 70C 1i 10 [89]
18 Nafion® PAMPSEMA-HPDA - 30i 60 ~7.518.5 RT 6.6i112 [140]
19 SPI PEGDA - 40i 80 211154 30190 € - [52]
20 ~ SPI(contain PEGDA - 501 90 53 194 3090 € - [53]
decyl chains)
21 PNVP CSGA - - ~201 110 30120 € 7.3 (50Wt% MeOH) [79]
22 Nafion® PNVP - - 69i 111 25€C 126i 145 [145]
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SemilPNs combining linear PSSA and PM&A polymer network, showing high proton
conductivitiesand high water retentiocapabilitiesfor PEM applicationsin fuel cells have also been
prepared[60,6§. The maximum proton conductivityas observed fora PVA/PSSA semiPN
membrane with about 351% PSSA(PVA/PSSA 35wt%) at all humidity values (0L00% RH).The
PVA/PSSA35wt% membraneshowedadequate proton coadtivityi the valuebeingabout two orders
of magnitude higher than the conductivity valuesagiistine PVA membrane and similar to that of
Nafion® 1135. These results confirmed that the additiontloé PVA-GA polymer networkin the
semilPN membranesan effective imprové h e me sMmateraretemtion capability and enharise
proton conductivity at low RHSimilar results were obtained ltlye same authorfs8] and showed the
PVA/PSSA semiPN membranes with 2&1t% of PSSA having a maximum proton cluctivity of
3.3 x102S A t' at 100°C andalow methanol crossover compared to Nafidri 7. Consideringhe
costeffectivenes®f the membrans the cost ofthe PVA/PSSA semIPN membraness about 50 times
lower thanthat of Nafion® membranesthus, they may be considered as potentially -efsctive
substitutons for Nafion® membranesPower densityvalues 200 mWam ? and 90 mWem % were
obtained for electrodassembliegonsisting of the optimum membrane at&@5with H, and Q and
70€C with aqueous MeOH and,@all at atmospheric pressQreespectively.

PVA/PSSAPMA semilPN membranes incorporating PVA crosslinkeynthesized byan
esterification reaction witlSSA haveused asPEMs for DMFC [66,67]. Crosslinkes containing
sulfonicacid groups (SSA) not only reinforce the network but also provide extra proton conditioning
paths. The proton conductivities and methanol permeabilities of PVA/RB®A semilPN
membraneshave been found to be strongligpendent on th®@SSAPMA content.Increasingthe
PSSAPMA content (20 80% determined by the weight of PYAn PVA/PSSAPMA semilPN
membranessignificantly increased the proton conductivity dhe resulting membranes (from
6.63 x10° to 4.10 x10% S A tYndue to the increase of sulforacid and carboxylic groups in the
membraneHowever, high amounts of PSSMMA also led toan increasen the water uptad (from
29.4 to 62.%) andresultedin an increasén theme mb r anetleado$ permeability (from 9.56 x 19
to 4.1x10'" cnA ). The PVA/PSSAPMA semiIPN membrane with 8 PSSAPMA exhibited
high selectivity (proton conductivity/methanol permeabilithgtermined a8.32 x10' S A £ savalue
eight times higher than that of Naff®d15 (0.78 x10 S A t%&). The dfect of the molecular weight
of PVA ontheme mb r a n e 6 shagalsodeea investigated wasshownthat thewater uptake
(from 62.9 to 50.80) and methanol permeability (from 4.10 x'10to 3.19 x 10’ cn?A %) both
decreasednincrease in thenolecular wejht (from 89,000 to 195,0004g0l' ). However, there was
no significant effectrelated tomolecular weight on thene mb r groterd conductivity. A power
density value>=100 mW&n ? was obtained foa PVA/PSSAPMA 80% membrane electrode assembly
at 80C with aqueous MeOH and,@eeding.

Other types of linear polymers, such as sulfonated dextran[@&Dand poly (vinyl pyrrolidone)
(PNVP) [81], have also been successfully combined with Fd4&sed polymer netwoskto form
semilIPN membranesion et al [65] have selected a stiff SD as linear acid polymer to combine with
PVA-GA polymer network to forna semtIPN membranevith the regular ionic sites along the stiff
dextran chain providing continuoasroute for ionic transportan additional advantage bei thatthe
dextran polymer matrix has good computability with PVAThe proton conductivityof PVA/sD
semtlPN membranesncreased for sxontens up to 30wt%, and then decreasedth more sD
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loading (>30 wt%) due to inhomogeneity of the membramesventing protoriransportthrough the
membrane However, increasing the content of sD also increased the methanol permeability. The
PVA/sD semilPN membrane with 28t% sD showed an maximum selectivity (3 x18 A E&),
which is in the same order ofagnitude as Nafioh 117 (5 x 10" S A t%&). Huang et al [81]
performed a similar studyTéble 5; 3 by replacing the PSSRMA by poly (vinyl pyrrolidone)
(PNVP). Both PSSAPMA and PNVP are water solubfmlymers thatabsorb water ito the membrare
however,PNVP is nonionid this may be theeasonwhy the watemuptake ofthe PVA/PNVP semilN
membraneshows norinear increaseswith an increase in the ionic exchange capacity (IEQg
proton conductivity of these membranes increasitis the PNVPcontent andeachesa maximum
value of 1x10'? S A t' mhenthe PNVP content reaches 20% (determinedhgmweight of PVP)and
thendecreases witinore PNVP loading (>20%). The methanol permeability of PVA/PNVP -$ehhi
membranes increaséfrom 2.35 x10% to 1.00 x10’ cn’A ) asthe PNVP content increases (from 10
to 60%) which correlate well with an increase irthe water uptake (from 53.3 to 127.9%lhe
optimum ratio of PNVP content (20%n the PVA/PNVP semIPN membrane shosvvery low
methanol pemeabilityd i.e., about one and a half ordesf magnitude lower thathat ofNafion® 115.

5.2. Modified SemiPN Membranswith Third Components

As mentiored above, in order to overcome the drawback of stiff and brittle PVA/PAMPS |88
membranesthe introduction of a third dartneb is a very effective methodof modifying the
me mbr aneds me c h stabiitc swelling level,ppeototcan@ustiyity and permeability
Third componentsiave beemntroduced intdPVA/PAMPS basedgemilPN membraneby grafting or
blending as described beloFigure 11). Qiao et al haveintroducedvarious alkyl aldehydes into
PVA/IPAMPS semiPN membranes as third partneya the conceptualbasis of binary chemical
crosslinking. Terephthalaldehyde (TAjasused asa crosslinker to forma PVA-TA network while
alkyl aldehydes with different spacer lengtlkesy, n-butylaldehyde(BA), n-hexylaldehydgHA) and
n-octylaldehyde(OA), were usedas auxiliary agents to form side chaims the PVA-TA polymer
network The water uptake dhe resulting membranesignificantly increased witran increase ithe
content of PAMPS and auxiliary crosslinkers, blightly decreased with increasimgosslinkerspacer
lengths.Although the water uptake ofe PVA/PAMPS semiPN membranes significalytincreased
with an increase ithe PAMPS contenthere was ndormal linear increase in proton conductivity due
to an excess of waténducedswelling caused a dilution of charge carridrge resulting membranes
with longerhydrophdic side chaingOA) displayed higher protoconductivitiescomparedo shorter
systems(BA and HA) due to the formation ofbetter microphase separatiaf structuresin the
membraneThe highest proton conductivift.2 x10* S A E)mvasobtained for PVA/PAMPS 1/1.5
(2:1.5 by mass) with Wt% of OA asan auxiliary crosslinker which is sligiyt higher than that of
Nafion® 117 (9.1x 102 S A EYmin addition, the membranes with 5 and W% OA as auxiliary
crosslinkershowed anuch better hydrolytic stabilitwithout any change in appearance, flexibiliy,
toughness even after being boiled in XD0wvater for 24 hThe mechanical properties (tensile strength,
youngoés modul us and el on g aftthegemembranadthve iexen fardner o |
examinedby thes a me a (88). it wasshownthata higher mechanical strengttensile strength:
from 1.3 to 2.2 kdgnn ?) has been achieved witén increase irthe OA content(from 10 to 40%).
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However, the OA content hardaffects the methanol permeability of the séRN (Table 5; 7, thusit
still remains lower than that of Nafi6ri17 (2.11 x10° cn?& 1.

Figure 11. Scheme for illustrating the preparation of PVA/PAMPS based-#éhimembranes.
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Linear polyethylene glycol (PEG) has also been incorporated into PVA/PAMPSIREmMI
membranes as a plasticizing agémit grafted to the PVA polymer network) in order to improve the
robustness and flexibility of the membrari&able 5; §. Thereis anoptimal ratio of PMAPS and PEG
in the semilPN, with more tham0 wt% PAMPS the membrarebecomefragile although high proton
conductivity can still be achieved(8.3 x 102 S A E)mwhich iscomparable to that of Nafi§n117
(9.1 x 10?2 S A thmFor optimal mechanical characteristics, the siéthi composition should
comprise5i 25 wt% PEG and less than 4@8t% PAMPS. The optimum membranexhibits low
methanol permeability (orfifth) compared to that of Nafi6h117. Other PEG derivativ& poly
(ethylene glycol) methyl ether (PEGME), poly (ethylene glycol) dimethyl ether (PEGDE), and poly
(ethylene glycol) diglycidyl ether (PEGDCE), have also been successfully incorporated into
PVA/PAMPS based seriiPN membranes as third componerfialfle 5; 9 [87]. These PVA/PAMPS
based membranes athowed high proton conductivitgd.9 11.3 x 102 S A EYntomparable to
Nafion® 117 (0.1 x10* S A thrand a low methanol permeabilit§.96 1.17 x10° cnA 1), i.e., only
half that of Nafiorn® 117 (2.13 x 10° cn?A Y. In addition, these membramexhibited excellent
hydrolytic and oxidativestabilities In the hydrolytic test, PVA/IPAMPS/PEGME 1/1/0.4 (1:1:0.4 by
mass) semiPN membranes retained high protoonductivities(~0.1x 10™ S A Enafter soaking in



Polymers2012 4 945

0.1 MH,SQO, at 60 °C for more than D00 h.In the oxidative stabilitytestof PVA/IPAMPS/PEGDEC
1/1/0.5 (1:1:0.5 by mass) sefiN membranet was observedhat about 7080 wt% of the original
masswas retained after 30 h of Fenton reagent treatmei@,(BP6 and FeS©2 ppm) at 60°C. The
same authorsfurther have fabricatedVA/PAMPS semiPN membranes by incorporating poly
(ethylene glycol) bis (carboxymethyl) ethG(PEGBCME) as a third componen{49] (Table 5; 10.
When usinghis third componentwhich is differentto other PEG derivative@ot grafted to the PVA
polymer network);his third component ay be grafted onto the PVA network crosslinkedPVA
chainsvia esterification betweetihe OH groups of PVA anthe carboxylic acid groups of PEGBVIE.
The resultsshoweda higherproton conductivitythanwasthe cases for other PEG derivatives due to
additional proton contributia@from double carboxylic acid end groups in PEGBCMEuakiebeing
around 9.5 x10' S A t! for anoptimum sample (compition PVA/PAMPS/PEGBCME = 1:0.75:0.4
in mass). Moreovetthis sample shaed a low methanol permeability that was ngame-third that of
Nafion® 117 with an even higher water uptakéan Nafion® 117 threefold that of Nafion® 117).
Although high protorconductivity and low permeability were obtained in the PVA/IPAMPS/PEGBCME
membraneshey shoved a relatively lower cell performance in real DM§&s compare with Nafidh
117.Poor adhesion between the catalyst layer and thelf&mnmembrane is reasdor thelow power
density values.

Linear PNVP has also been selected as a third component for improving of the mechanical
properties and the oxidative stability of PVA/IPAMPS sdéRN membraneg63]. The proton
conductivity of these membranes (from about 1 %16 1.2 x10* S A tYrincreased with the content
of PAMPS (from 14.3 to 57.Wt%) due to the higher concentration of sulfonic acid. The proton
conductivity increased with the content of PNVP and reached a maximum of 8'8 & Z0t" as the
PNVP contenincreased from 5.9 to 20t%, then decreased with the further introduction of PNVP.
The proton conductivity in the membrane did not increase linearly with the water uptake due to dilution
of charge carries from the increasing hydrophilic effect of PN¥® tihe cases of PVASSA/PNVP
system[63]. The methanol permeability of these membranes (from 1.5 to 12"xch@& ) strongly
depends on the water uptake (from 0.4 to ¥B'giry polymer) and shows almost linear increases
with increasing contents of RMPS (from about 14 to 5@t%) and PNVP (from about 6 to 3@%) in
the membrane. Although the PVA/PAMPS membranes showed a much higher water uptake than
Nafion® 117, the methanol permeability was much lower than N&fidry which indicates that PNVP
effectively inhibits methanol permeation through the membranes. In addition, PNVP was found to play
a crucial role in improving oxidative durability and water stability. It was show that the membranes
displayed a relatively high oxidative durability without wetidoss (e.g., 100 in 3% HO, solution
and 20 h in 10% bD, solution at 60 €) and excellent stability towards water for a long time without
any decrease in proton conductivity (e.g., for 240 h, 25 €).

5.3. SulfonatedPolymer Network Based Set®RN Membranes

In order to obtain adequate mechanical and swelling properties, sulfonated polymerabasekis
such as PSSA, PAMPS and poly (acrylic acid) (PA#pg usually combined with linear polyneer
using monomermpregnaed polymerization oby in situ polymerization approachés form semilPN
membranes The impregnation polymerization approach most common§s used to prepare
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crosslinked PSSA or PAA-based semiPN membranes.In the impregnation method, both
hydrophobe porous and dense polymer fdrhave been used #se substrate matrix to prevent excess
swelling of the filling polymer and improve the dimensional stability of membrianthe transition
from the dry to the swollen stati€igure 12 represents the concept of porous and dense polimer
containingfilling polyelectrolyte materialsFor porous composite membranes, por®d$-E, poly
(ethylené (PE) orpolycarbonates (PC) have been widely used as substrates for poredfilling
eledrolyte membrane antave successfully increased it&chanicaktrength and chemical stability
while at the same time reducing the preparation cost of original polymer electrolyte merjiztziriest]

Figure 12. The concept of a potling electrolytemembrane.

Initiator RNy

i ry
Monomers ® .-’ Pore-filling electrolyte |.:
Porous Polymer .. 0 9 n
e o . membrane
® OO @9 T, oo .
°® ®e o : KY Flling electrolyte .~
Qubstrate o MR
» Qosslinking o o %
Y % or oo
agent oy
i o W ° °v
Ledse A
q oy ° oot é
Loty oLl e,
Impregnation & cul o' Photo- or Thermal-
90 i o Polymerization
) o 2 ! Qrosslinking
" ° [ °o0
Pore N I8 o

Yamaguchiet al. [137] have prepared poly (vinylsulfonic aetd-acrylic acid) (PVSAPAA) pore
filling composite membranes usinige thermal polymerization of acrylic acgbdiumvinylsulfonate
divinyl benzene crosslinker (DVB) (AASA-DVB) catalyzed byinitiator mixturesin porous PTFE
membranes$or usedasPEMsin DMFCs (Table 5; 12. The results show that the pore filling structure
is effective in suppressing membrawater swelling and resultsin low methanol permeabilityln
addition, thePVSA-PAA/PTFE porefilling membranes are stable at higgmperature§130°C) due to
high durability ofthe PTFE substrateAlthough the water swelling level anchethanol permeability
can becontrolled by changinthe ratio ofthe porefilling, the protonconductivity of these membranes
(>3.5 x102 S A thnis general lower than that of Nafirl17 (8 x102 S A ENmOther pore filling
composite membrang®SSA/PTFE have also been prepareding similarproceduredy replacing
AA-VSA-DVB with styrenedivinyl benzene (SIDVB) mixtures in porous PTFE membran&sth
further sulfonatiorby chlorosulfonic acid13§ (Table 5; 13. The degree of sulfonation and the water
content of these composite membranese successfully controlled by changing the ST/DVB ratio in
the PTFE substrat®loreover, ondecreasinghe ST/DVB ratio, the methanol permeability decreased
from 6.6 x 107 to 1.3 x 10’ cn?A %, and theproton conductivity decreased from 11.0 x'F0to
8.2x10'% S A t! due to the water content and the sulfonic acid content of the sulfonated composite
membranesdecreasingwith increasing degreesof crosslinking These proton conductivity and
methanol permeability values are comparablebetter thanthe \alues achieved with Nafi6n117
(proton conductivity = 8.0 x1F S A t',rand methanol permeability = 1.0 x'T@&n?A ). Moreover,
the optimum composite membrane watlsT/DVB ratio of 85/1585:15 by mass$howedthe highest
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selectivity (protonconductivity/methanol permeability = 5.89 x316 A E*Ah") which is about seven
times higher than that of Nafi6ri17 (0.81 x16 S A EA).

The impregnatioftype approach has also been used for the crosslinking of PSSA in the presence of
densehydrophdic PVDF films(Table 5; 14 [136]. In a smilar procedureo thepreparation of pore
filling composite membranesmpregnatedPVDF films containinga mixture of STDVB introduced
through thermal polymerization asdbsequergulfonation procedurerereused ¢ form PSSA/PVDF
semilPN membranesThe resulting membranes were flexible and showed lower crossover rates in
operating fuel cells compared to Naffoi17 systems. Moreover, high proton conductivity was
observed with a number of PSSA/PVDF membrarssging from 5.5¢10'*to 8.8 x10' S A t',rhis
being comparable to values reported for Nafiad7 under similar conditions (0.0.8 x10* S A tYm
Similar results have been obtained for PSSA/poly (vinyl chloride) (PVC)-B&8membranes made
by replacing the PVDFwith a PVC dense polymer substrate via thermal polymerization and
subsequent sulfonatidd39 (Table 5; 1%. Thedegree of sulfonationyater uptake, oxidative stability
andproton conductivity otheresulting membranesasstronglydependent on the DVB content in the
membranes. With the DVB content increasing from 1 to 20%, the water uptake decreased from 85 to
36% and the degree of sulfonation decreased from 99 to & proton conductivity with 1 and 5%
DVB reached the maximumonductivity (>0.1S A EYmhowever,the conductivitydecreased as the
DVB content increasetb 20%(from 1.04 x10'to 0.45 x13* S A EY)mMoreover, it was found that
DVB also improved the oxidative stabiliof the more compact structuibg restricing the diffusion of
OH- radicalinto the membranethereby the reducinthe possibility of radicalattackon the polymer
chain The best oxidative stability was obserweith membranesormedwith 20% DVB whichwere
able towithstand exposure to Fentorsolution (3wt% H,0, and 4 ppm F&) for 6.5 daysThe effect
of sulfonationhas also been studied: the higher the chlorosulfonic acid concentration, the more side
reactions are favored (sulfonyl chloride formation and sulfone bind-bndssg), therebyinducing
decreases in the IEC and proton conductivity. However, the formatienlfone bridge causeghe
membranesto becomemore resistant to the hydrogen peroxide solution #ng results in an
enhancement in oxidative stabilifjhese results shothat a nonionic linear polymer substrate (PVDF
or PVC)when combined with a PSSA networesultsin improved fuel performance and fuel cell
efficiencies for DMFCs.The PVC/PSSA serlPN membraneshowed ahigh power density
(maximum power density = 740 mv) which is twice than that of NafiGn117 (380 m\ent). In
addition,a PSSADVB polymer network has alsbeen combined witla Nafion® 117 linear polymer
using a similar approach and showeddramatic improvement ipower densityperformance141].
Theseresults indicate that the formation of sdPIN membranes offers promise for PEMFC applications.

PAMPS has also commonly been incorporated into $BMimembranessaa crosslinked polymer
network due to its superior ability to support ion conduction under low water conditions compared
with Nafion®. Monikowskaet al [88] have been prepared PAMPS/PVRBEmMiIPN membranes
by photochemical crosslinking of AMPS$2-acrylamide2-methylpropane sulfonic cad) with
N, MEjhylenebis-acrylamide (BAA)in a colloidal dispersion of PVDF in dimethylformamide
(DMF) or dimethylacetamide (DMé& (Table 5; 1§. The resulting membrane containing @@ of
PVDF reached higr conductivity valueg~0.5S A Enat ambient temperatui@ comparison with
membranesaving the least amount of PVDF (181%; proton conductivity~6 x 10"3 S A tYne.f.
Nafion® 117 @ x10'41 x 10'* S A tYmThe conductivity is lower (16 to 10* S A thrmand the
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mechanical strength is not satisfactory when PVDF is replaced by hydrophilic PVA in th&Psemi
However,the PAMPS/PVA semiPN membrane with 1&t% PVA contentshows maximumproton
conductivity value reaching 1.% A t',nand high adhesion to materia@ther crosslinked PAMPS
based semiPN membranes have betabricated that consist of a methafbbbckingthree component
polymer blend (TCPB)i.e., poly (4vinylphenolco-methyl methacrylate) (P¥P-PMMA), poly

(butyl methacrylate) (PBMA), and Paral8igcrylic copolymer resintogether withan embedded
proton sourcecomprising a copolymer of AMPSand 2hydroxyethyl methacrylate (HEMA)
crosslinked by poly (ethylene glycol) dimethylacrylate (PEGDNBY (Table 5; 17. After embedded
polymerization, an asymmetric structure was obtained in which the conducting network was
sandwiched by two outer layers of predominantly hydrophobic TGRB.proton conductivity ofhe
resulting membranevas strongly dependent on the sulforacid content reaatg its highest proton
conductivity 8 x10'2 S A EY)rwith the highest AMPS content (25\6t%) in the membranewhich is

about onethird that of Nafion® 117 at 70°C. Although the proton conductivities are lower than
Nafion® 117, the methanol permeabilitiestbe PAMPS/TCPB semiPN membranes are in the range
108to 107 cn?A L, whichis much lower than that of Nafi6il17 (~2x 10 ° cn?A ). Moreover, the
mechanical properties of these membranes are superior to thdsefioi® 117. The monomer
impregnation approach has also been used for the crosslinking of PMAPS in the presence of
commercial Nafioff films [14( (Table 5; 18. Impregnating Nafiofi films with a mixture ofAMPS,

ethyl methacrylate (EMAWwith 1,6-hexanediol propoxylate diacrylate (HPDA) crosslinker through
photopolymerizatioricrosslinking The proton conductivity ahe resulting membranes increased with
increasing AMPSontents(30 to 60wt%) in the membranes armeached B5 x10'% S A t'in the
membrane with 6&vt% AMPS whichis comparable to Nafidh117. The methanol permeability of
these membranessoshoweda linear increasavith anincreag in theAMPS contenfrom 6.55 x 10’

to 1.12 x10° cn?A * which are all lower than that of Nafi6ri17 (2.32 x10° cn?A 1). The optimum
membrane (with 6&vt% AMPS) showed that the membrane had lower methanol permeability (~50%),
maintaineda high proton conductivity and increased the maximum power density by 22.2% in fuel cell
test as compared withaflon® 117.

5.4. Other SemiPN MembranesnvolveWater Soluble Polymer

As mention above, linear PEG has been incorporated into crosslinked membranes as a plasticizing
agent or crosslinking agent to improrabustnessflexibility andmethanol permeatioPEG has also
been incorporated intbnear sulfonated polyimide (SPI) ascrosslinker in order to improve the
hydrolytic stability of SPILeeet al [52] have prepared PEG/SPI selAN membranes according to
anin situ synthesis, whereby the free radicrosslinking of poly (ethylene glycol) diacrylate (PEGDA)
was thermally initiatedTable 5; 19. As expected the IEC valuelinearly decreasedrom 1.17 to
0.59 medy'!) with increased®EG content (2060 wt%) in the PEG/SPI seriPN membranes due to
reductionin the proportion of sulfonic acid group resulting membranes. The decrease in IEC with
increasing PEBGA content resulted ima decrease in water uptake and proton conductigity
temperatuesbelow 0 °C. When the temperature reached°®) the membrane with 40t% PEGDA
contentshowedthe highest proton conductivift.54 x10* S A EYmhich is comparable to Nafi6n
117 (1.87 x10' S A EhmrMoreover,water stability improved as the PEGDA content incrdaseing
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to its flexibility and semiPN structures, which enhances the mechanical stability of the SPI in water
condition. The same authors have prepared similar PEG/SPH&Nnmembranes in which the SPI
contained flexible decyl chairjs83] (Table 5; 2). However, opposite results were obserwedhich

the water uptake increas@dom 10.9 to 13.6% at 38C; from 27.3 to 32.9% at 8UC) with increags

of PEGDA conten{from 10 to 50wt%) despitedecreasem the content of sulfonic acid groufl&C:

from 1.79 to 0.98 mel ). The proton conductivity of these membranes also increased (from 1.66 x10
to 1.94 x 10* S A t' et 90°C) with an increase in th®EGDA content in altemperature ranges
examined30i 90 °C). These results care attributedo the increaseof water uptakehat is associated
with proton conductivity thus explaining thérigh proton conductivityseenwith higher contentsof
PEGDA These results indicate th&et combination of both hydrophilic PEG and sulfonic acid groups
confershigh proton conductivitpponthe semilPN membranes compared to Nafidd17.

A semilPN membrane combining a CS network and linear PNWNAB been synthesized by
impregnation followed by crosslinking with GA and further crosslinking with sulfuric a8}
(Table 5; 2). The CS/PNVP serlPN membrane exhibite& high water uptake(52.199 in
comparisorwith Nafion® 117 (33.3%), bu lower methanol uptake was observed (0.11%) which is
much lower than that of Nafi§nl17 (9.32%). The lower methanol uptakettd semilPN membrane
resulted ina lower methanol permeability for ser#N membrane (7.3 x I8 cnA %) which is three
times lower than that of Nafi6n.17 (2.16 x10’ cn?A 1). Moreover, the methanpermeatity of the
semilPN membrane decreas¢ffom 1.01 x 107 to 0.45 x 10® cn’& ') with an increase irthe
methanol concentratioffrom 0.02 to 97.72vt%). Finally, the proton conductivity ahe semtIPN
membrane was sliglyt enhanced from 1.9 x 16 to 2.4 x 102 S A th:rhowever,this is still much
lower than Nafiofi 117 (8.6 x10? S A tYrLow methanol permeability and cost effectiveness may be
compensatindactors forthe low conductvity of the CS/PNVP semIPN membraneMore recently,
PNVP has been transformed into network polymexrhen combined with Nafiofi 117 film by a
monomer impregnation synthesis to foarmemiIPN membrangl149 (Table 5; 22. The water uptake
of the PNVP/Nafiofi 117 membraneslightly decreasedfrom 36 to 32%)with an increasein the
PNVP content (1.5 to 2.81%) due to theestrictioneffect of the PNVP network omobility of the
Nafion polymer chains.The restriction effect also contributed tathe suppressionof methanol
permeability andeducing itfrom 3.08 x10°to 1.26 x10° cn? s 1. However, the proton conductivity
increased and reachedmaximum (1.11x 10'Y) with a small amount of PNVP (1\8t%) in the
membrane anthendecreased with further loading. The optimum sampMMP content = 1.5vt%)
exhibits 53%lower methanol permeability b 38% higher proton conductivity as compared to
Nafion® 117.

5.5. Other IPN MembranelkvolveWater Soluble Polymsr

Only a few examples of IPN membranasolving WSP used for fuel cell membraagplications
have been reported in the literatu@ne of the most comprehensisreailable studies was carried out
on IPN membranes synthesized bye combination ofin situ polymerization/crosslinking and
impregnatiorreactiong 146. A two polymer network composite formed an IPN composeappbton
conducting PAMPSPHEMA network|crosslinking by ethylene glycol dimethacrylate (EGERNand
a second polymer network, PVBA, serving as a methanol barrier. First, the PAMBEEMA gel
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soluion was synthesized byn situ polymerization/crosslinking of mixing of AMPS, PHEMA
EGDMA crosslinkerand initiatorazobisisobutyronitrile AIBN) and further blending with PVA via
castevaporation process to form PVA/IPAMPSPHEMA film. The resulting film was further
impregnated into GA solution usiragnaldol condensation to form the second polymer network in IPN
membranesHowever, the aldol condensatiaf GA can simultaneouslyoccur with both the OH of
PVA andthe OH of PAMPSPHEMA, thus thetwo netwoks were covalently bonded to each other.
Herein,we ignore the possibility dahis situationand summarize this systemithin the scope of IPN
membranes.All of these PVA/IPAMPSPHEMA IPN membranes showed lower selectivity for
methanol the lowest value was obtained in PVA/IPAMPSEMA 754-21 (75:4:21 by weight) which
had a methanol selectivity (MeOH/8 = 0.16) that was 15 times less than Nafidil7 (2.4). In
addition, the methanol permeability, water adsorption and swelling bel@vidsecontrolled by the
purity and the extent of the crosslinking of the PVA. Limited P@A crosslinking reduces methanol
selectivity, buthasno significant effect on conductivity. However, the conductivity of these IPN
membraneg~0.5 x 103 S A tY)mvas general lower than Nafi6h117 (~2 x 10" S A E)mwhich is
more than one order of magnitude less conductivity than Nafsat room temperaturd=rom this
reason, these IPN membranes have been shown to be unstable under dperagitigconditions and
thusrequire further improvement.

Recently,a PVA/IPAMPSPHEMA IPN systemhas also been used a®EM in combinationwith
silica particles This was formediusing anin situ polymerization approachy solgel hydrolysis of
tetraethoxysilané¢ TEOS) in the polymer networkl25. The proton conductivities, swelling and fuel
permeabilitywere found to bestrongly dependent on thee mb r aTlB@Ssadd PAMPSHEMA
contents The swelling ability was decreased with increased TE@& 0 to 43wt%) and resultedn
decreased proton conductivitydm ~9 x10'? to 2 x10 ?) and fuel permeability (from ~0.5 x1®to
~0.1 x 10° cnA ! for methanolor ethanol).Oppositeresults to those previously obtainedere
observed.e., proton conductivity (~2.5%10'?to 11 x10?) and fuel permeability (from ~0.15 x 19
to ~0.6 x10° cn?& * for methanol or ethanol) increaseith anincreasing PAMPSHEMA weight
proportion (from 25 to 5Wt%) in the membranesTheselPN hybrid membraneblave high proton
conductivities at room temperature (from 2 X4@ 1.1 x10*' S A EY)mwhich arethe same order of
magnitude as that of the Nafi®i17 (9 x10'? S A ENmin addition, these membranes alstibited
less swelling andbw fuel permeabilityin methanol aneéthanol (>0.6 x10° cnA %), whichis lower
than that of Nafiofi 117 (2.12 x 10° cn?& * for ethanol and 1.80 x 16 cn?& * for methanol).
The highest proton conductivity/fuel permeability ratio occurredamoptimal IPN membrane
PVA/IPAMPSPHEMA/TEOS 1/1/1 (1:1:1 by weightthesewere ten and six times of those of Nafion
in ethanol and methanol, respectively. addition, the optimal membrane also exhibi@digh
chemicalstability, with less thara 5 wt% loss in 1 M HSQ, solution after 1 week and about 10t%
in a3 wt% H,0O, solution dter 1 day at room temperature.

According toa previousreport semilPN membranes have been preparedalgombinationof
linear polymer substrate and filling polymelectrolyte network to forma pore filling composite
membrane. When the linear polymer substrate was replacedneywork polymer substrate, the
resulting pore filling membraneas classified asan IPN membraneYamaguchiet al [147] have
prepared IPN type poifdling electrolyte membranesby the thermal polymerization ofan
acrylamidetert-butyl sulfonated sodium salt (ATBSa), bisacylamide crosslinker andn initiator
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mixture ina porous crosslinked high density polyethylene substrate (CLRi€)protonconductivity
and methaol permeability of CLPEpoly (acrylamidetertbutylsulfonic acid) PATBS membranes
were strongly dependent dhe porefilling ratio. The protonconductivity of the membranes with
high porefilling ratio was 1.5 x 10' S A t'mt 25 °C, whichis higher than that of Nafi¢h117
(8 x10'? S A tYndue to high sulfonic acid content thfe PATBS filling polymer.However,the high
porefilling ratio also led to an increase in the methanol permeabpiiityever, thevalueis still less
thanthat of Nafion® 117 or Nafioff 112 membranéVhen @erating in an KO, polymer electrolyte
membranefuel cell (PBMFC), aCLPE/PATBSmembrane electrode assembly (MEA) showed a cell
voltage of 0.5 V and a power density of 1.GW 2 at a current density of 24m % [148. The MEA
also showed aelatively high OCV of ~1.0V, despite its thinnes¢ ~ 2 0 , irdicgting that the
CLPE/PATBS membrane suppresses fiel crossoverMoreover,the MEA with this pordiling
membranelso showed higPEMFCperformance$~50 mWAam 2 at 50°C) using DMFCeven when
ahigh methanol concentration (10 M) was emploj/btd,.

5.6. Summaryf SemilPN Membrane€omprisingWater Soluble Polymsias Fuel Cell Membrarse

Several WSP have been described in the literature that introduce linear polymer matrices (PSSA,
PNVP, PAMPS and PVA) or network polymers (PVA, PSSA, PEG and PNVP) intoIBé&mi
membranes to optimize the membrane performance. SeveratiRdmmembranes bageon
crosslinked PVA networks combined with linear polyelectrolytes including PS3A, PAMPS,

PNVP and sD have been prepared and used as PEMs in fuel cells. The conduetststhe
methanol permeability of PVAased semiPN membranes is shown Figure 13. It is apparent that

the nature of PVA and the crosslinking density of network strongly affect the methanol permeability
and absorption. Thus, the methanol permeabilities of Bsged seriPN membranes are usually
lower than that of Nafioh even fo membranes with high water uptake. However, the incorporation of
PAMPS as a linear polyelectrolyte in PMAased semiPN membranes leads to a lower reduction in
methanol permeability in comparison with other introduced linear polyelectrolytes. But tlo@ pro
conductivities of PVA/IPAMPS seriPN membranes are better than other Ph&sed semiPN
membranes with some samples even showing more conductivity than Nafiormddition, the
incorporation of PEG as third partner into the membranes effective ingorase swelling
characteristics, mechanical properties and stability. When a crosslinked PVA network combines with
linear PNVP it shows the most significant reduction in methanol permeability of all-2a¥d
semilPN membranes while also exhibiting adegug@roton conductivity together with excellent
oxidative durability and water stability.

Sulfonated polymer based networks exhibit significant improvements in membrane stability while
effectively reducing methanol permeability. These membranes mairftiggh aroton conductivity and
have a low methanol permeability which effective improve their performance. The best reported
stability was found in a PSSA/poly (vinyl chloride) (PVC) sdRIN membrane, which was able to
withstand expos unmfer6.bdaysFQihertsed®N membBranésuinvolving PEG or
PNVP, have also been used in WSP and polymer electrolyte combinations and found to impart high
proton conductivities and lower methanol permeabilities to the-B&himembranes. Although at the
time of writing the data collected with respect to IPN aadidPN systems appears to hold promise it
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should be treated as preliminary as the body of literature dedicated to this group of polymers is

extremely limited.

Figure 13. Conductivity versus the mehanol permeability of PVAased semiPN
membranes. Only values given in the text of articles (rather than values that can merely be
read from a figure) are plotted. Various Nafloralues are plotted for comparison.
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5. Conclusions
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The benefits of the water soluble polymers (WSPs) for fuel cell membranes have been highlighted.
The aim of this review was to introduce progress in polymer synthesis, architecture, characterization,
strategy, and performance as PEMs, mostly focusing atomprconductivity and methanol
permeability. Promising WSPs for application in PEMs have been categorized into the following three
groups: (1) blend polymers which contain WSPs; (2) network polymers which are composed of WSPs
as a linear polymer matrix ¢inat function as a crosslinker; (3) sei@Ns or IPNs based on WSPs. All
methods aim at the fabrication of flexible and tough membranes with high chemical and hydrolytic
stabilities while maintaining high proton conduction even at low RH and high opetatnpgratures.

The most important is effective control of swelling and limiting fuel permeation. By optimally
combining WSPs in the membranes based on these strategies, extraordinarily useful WSP base
membranes possessing wedllanced properties for fueéll applications have been realized. To build

on gains already made a more thorough understanding of polymer structure design and control shoulc

be pursued in the future.
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Appendix A.
Monomers
Acronym Chemical Name Chemical Structure Acronym Chemical Name Chemical Structure
CHs CHg
AIBN azobisisobutyronitrile H3C‘C’_NN:N CNCH3 GA glutaraldehyde O~
o]
1,6-hexanediol propoxylate o _
SN
BA n-butylaldehyde "0 HPDA e OJ\/
diacrylate o}
N,N-methylenebis- i i
N Y! [
BAA \)J\N/\NJ\/ HA n-hexylaldehyde S~ P
acrylamide H H

(0]

OH
CDM cyclohexane dimethanol HO/ < > HEMA 2-hydroxyethylmethacrylate \[)J\o/\/OH

4-formyl-1,3 NaO3S SO3Na
DSDBA benzenedisulfonic acid D/ OA n-octylaldehyde )

|
disodium salt %

o o SO
DVB divinyl benzene / SSA sulfosuccinic acid o

[e] O AN
ethylenediaminetetraacetic d  N-CH,-CH,-N zo
EDTAD 2CHy ST styrene
dianhydride o> ﬁo
Q o
(o) /
EGDMA ethylene glycol dimethacryla )\( V\O)Y TA terephthalaldehyde J < >
(@)
b :
EMA ethyl methacrylate o] TEOS tetraethoxysilane oS0

- L
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Appendix B.
Polymers
Acronym Chemical Name Chemical Structure
Cs Chitosan
PAA poly (acrylic acid)

PAMPS or PATBS

PBMA

PE

PEO

PEGDA

PEGME

PEGDE

PEGDCE

PNVP

PSSA

PTFE

PVA

PVvC

PVDF

PC

sD

s-Ph

SPAEK-C

SPEEK

poly (acrylamidetert-butylsulfonic
acid)

Poly (butyl methacrylate)

Poly (ethyleng
poly (ethyl oxide)
Poly (ethylene glycol) diacrylate
Poly (ethylene glycol) methyl ethe

Poly (ethylene glycol) dimethyl
ether

Poly (ethylene glycol) diglycidyl
ether

poly (vinylpyrrolidone)

poly (styrene sulfonic acid)

poly (tetrafluoroethylene)
poly (vinyl alcohol)
poly (vinyl chloride)

poly (vinylidene fluoride)

polycarbonate

sulfonated dextran

p-sulfonate phenolic

sulfonated poly (arylene ether
ketone)

sulfonated poly (ether ether ketor




