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a  b  s  t  r  a  c  t

This  review  summarizes  efforts  in  developing  sulfonated  hydrocarbon  proton  exchange
membranes  (PEMs)  with  excellent  long-term  electrochemical  fuel  cell  performance  in
medium-temperature  and/or  low-humidity  proton  exchange  membrane  fuel  cell  (PEMFC)
applications.  Sulfonated  hydrocarbon  PEMs  are  alternatives  to commercially  available
perfluorosulfonic  acid ionomers  (PFSA,  e.g.,  Nafion®) that  inevitably  lose  proton  conduc-
tivity  when  exposed  to  harsh  operating  conditions.  Over  the past  few  decades,  a  variety
of approaches  have  been  suggested  to optimize  polymer  architectures  and define  post-
synthesis  treatments  in order  to further  improve  the  properties  of  a specific  material.
Strategies  for  copolymer  syntheses  are  summarized  and  future  challenges  are  identified.
Research  pertaining  to the  sulfonation  process,  which  is  carried  out in the  initial  hydro-
carbon PEM  fabrication  stages,  is first introduced.  Recent  synthetic  approaches  are  then
presented,  focusing  on the  polymer  design  to  enhance  PEM  performance,  such  as high  pro-
ton conductivity  even  with  a low  ion exchange  capacity  (IEC)  and  high  dimensional  stability.

Polymer  chemistry  methods  for  the physico-chemical  tuning  of  sulfonated  PEMs  are  also
discussed within  the  framework  of maximizing  the  electrochemical  performance  of  copoly-
mers in  membrane-electrode  assemblies  (MEAs).  The  discussion  will  cover  crosslinking,
surface  fluorination,  thermal  annealing,  and organic–inorganic  nanocomposite  approaches.
© 2011 Elsevier Ltd. All rights reserved.
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Nomenclature

6F-BPA 4,4′-hexafluoroisopropylidene bisphenol
6FCN disulfonated poly(arylene ether benzoni-

trile) copolymer containing 6F-BPA
AFM atomic force microscopy
BAPFDS 9,9-bis(4-aminophenyl)fluorene-2,7-

disulfonic acid
BDSA 4,4′-diamino-biphenyl 2,2′-disulfonic acid
BES N,N-bis(2-hydroxyethyl)-2-

aminoethanesulfonic acid
BPS biphenol-based SPAES copolymer in salt

form synthesized by McGrath et al.
BPSH biphenol-based SPAES copolymer in proton

form synthesized by McGrath et al.
CLPE cross-linked high-density polyethylene

substrate
DBSA 4-dodecylbenzene sulfonic acid
DCDPS 4,4′-dichlorodiphenyl sulfone
DMFC direct methanol fuel cell
DOE Department of Energy
DP diphenol
DS degree of sulfonation or sulfonation degree
FDA 4,4′-(9-fluorenylidene) dianiline
FPEB 4-fluoro-4-phenylethynyl benzophenone
HC-MEA sulfonated hydrocarbon PEM-based MEA
HFR high-frequency resistance
IEC ion exchange capacity
IEP isoelectric point
MEA  membrane-electrode assembly
NMP  N-methyl-2-pyrrolidinone
OBBA 4,4′-oxybis(benzoic acid)
ODADS 4,4′-diaminodiphenyl ether-2,2′-disulfonic

acid
PAA poly(acrylic acid)
PAAVS poly(acrylic acid-co-vinylsulfonic acid)
PAE poly(arylene ether)
PAES poly(arylene ether sulfone)
PATBS poly(acrylamide-tert-butylsulfonic acid)
PBI polybenzimidazole

PC polycarbonate
PEEK poly(ether ether ketone)
PEFC polymer electrolyte fuel cell
PEK poly(ether ketone)
PEM proton exchange membrane or polymer

electrolyte membrane
PEMFC proton exchange membrane fuel cell
PEO poly(ethylene oxide)
PFSA perfluorosulfonic acid or perfluorinated sul-

fonic acid
PPh polyphosphazene
PPO poly(phenylene oxide)
PS polystyrene
PSf polysulfone
PSK poly(sulfide ketone)
PSSA-MA poly(styrene sulfonic acid-co-maleic acid)
PTFE polytetrafluoroethylene
PVA poly(vinyl alcohol)
PVdF polyvinylidene fluoride
RH relative humidity
SA-DADPS 3,3′-disulfonic acid-bis [4-(3-

aminophenoxy)phenyl]sulfone
SEBS styrene–ethylene–butylene–styrene
SPAE sulfonated poly(arylene ether)
SPAEEN sulfonated poly(arylene ether ether nitrile)
SPAEK sulfonated poly(aryl ether ketone)
SPAEN sulfonated poly(arylene ether nitrile)
SPAES sulfonated poly(arylene ether sulfone)
SPAESK sulfonated poly(arylene ether sulfone

ketone)
SPEEK sulfonated poly(ether ether ketone)
SPEFC solid-polymer electrolyte fuel cell
SPEK sulfonated poly(ether ketone)
SPI sulfonated polyimide
SPPh sulfonated polyphosphazene
SPPSf sulfonated poly(phenylene sulfone)
SPPSSf sulfonated poly(phenylene sulfide sulfone)
SPPSSfN sulfonated poly(phenylene sulfide sulfone

nitrile)
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SPS sulfonated polystyrene
SSA sulfosuccinic acid
TEM transmission electron microscope

1

s
m
a
c
n
s
a
t
i
d
t
b
e
c
F
s
f
e
[
f
a
f
f
t
f
u
e
t
s
c
a

r
p
t
p
t
H
r
s
s
a
n
a
i
r
a
a
t

Tg glass transition temperature
ZrP zirconium phosphate

. Introduction

Many countries are developing eco-friendly energy
ources as an alternative to fossil fuels. Such develop-
ent has been accelerated by the instability of oil prices

nd frequent natural disasters caused by global climate
hange [1–3]. Fuel cells are regarded as a promising alter-
ative energy conversion device for both mobile and
tationary applications. These cells generate water, heat,
nd electricity without emitting pollutants via an elec-
rochemical reaction with hydrogen as a fuel and oxygen
n the air as an oxidant [4–6]. Although hydrogen is still
erived mainly from fossil fuel, energy circulation sys-
em with zero pollutant-emission may  be accomplished
y fuel cell using hydrogen produced from renewable
nergy sources in the near future. Among the various fuel
ell types, proton exchange membrane fuel cells (PEM-
Cs), also called polymer electrolyte fuel cells (PEFCs) or
olid-polymer electrolyte fuel cells (SPEFCs), are a type of
uel cell where proton conductive membranes (i.e., proton
xchange membranes (PEMs)) are used as an electrolyte
7,8]. The main advantage of PEMFCs is that they allow
or the use of thin polymer electrolytes. Such thin PEMs
re effective in providing a short pathway for ion transport
rom one electrode to the other, which directly improves
uel cell performance by reducing cell resistance. Thin elec-
rolytes can also reduce the total volume and weight of a
uel cell stack system. Polymer electrolytes can be easily
tilized because of the absence of leakage problems that are
ncountered with liquid electrolytes. Due to these advan-
ages, PEMFCs have been widely studied as mobile power
ources for transportation applications such as a fuel cell
ar, and portable electronic devices such as mobile phones
nd notebook computers.

Despite their limited capacity and need for frequent
echarging, lithium ion batteries are currently still the
rimary power supplies used for small-size portable elec-
ronic devices, which only consume a small amount of
ower. Accordingly, there have been less intensive efforts
owards the commercialization of portable PEMFC systems.
owever, in transportation battery power applications, a

echarging time of about 20 min  is needed. It is thus impos-
ible to implement the current battery-only-type power
ources such as lithium ion batteries in transportation
pplications because they require charging from an exter-
al electric supply source for a long period of time (e.g.,

 few hours). Direct fueling-type power sources, such as
nternal combustion engines, are instead needed to reduce

echarging or fueling time. Since transportation consumes

 large amount of power, power sources should have an
dequately long operating time between refueling to allow
he current vehicle range of distance. PEMFCs are expected
cience 36 (2011) 1443– 1498 1445

to be desirable transportation power sources due to their
high efficiency and energy density per volume and weight.
In addition, many countries have encouraged automobile
companies to develop eco-friendly fuel cell cars by phasing
in environmental regulations related to vehicle emissions
and fuel efficiency.

PEMFCs are classified into three categories depend-
ing on their operating temperatures: high-temperature
PEMFCs over 120 ◦C, medium-temperature PEMFCs from
70 ◦C to 120 ◦C, and low-temperature PEMFCs below
70 ◦C. High-temperature PEMFCs are generally oper-
ated under non-humidified conditions because water
boils at 100 ◦C. Low-mid temperature PEMFCs are oper-
ated either under fully humidified conditions below
100 ◦C or under reduced humidity conditions over 100 ◦C.
Under high-temperature/non-humidified conditions, cat-
alyst poisoning from carbon monoxide (CO) impurities
in fuels becomes less serious because catalyst activity is
improved at elevated temperatures. This enables the use
of fuels with less stringent purity requirements. Further-
more, the complexity and overall size of PEMFC systems
can be reduced due to the absence of large humidifiers
and the adoption of smaller cooling systems [9].  How-
ever, high operating temperatures can lead to the thermal
degradation of PEMFC components. In addition, the elec-
trochemical performance of high-temperature PEMFCs is
currently too low for their adoption in commercially
available transportation systems. In contrast, conventional
PEMFCs operated under low temperature/fully humidi-
fied conditions exhibit high electrochemical performance.
Unfortunately, PEMFCs operating at low temperature and
high humidity require high-quality CO-free fuels and
additional water management systems, including humidi-
fiers. Therefore, PEMFC systems operating in the medium
temperature range and at reduced humidity are being
extensively studied, particularly in the field of transporta-
tion [10].

To select appropriate PEMs for use in PEMFCs, it is nec-
essary to understand the proton transport mechanisms
in PEMs. In general, protons within PEMs are transported
through water channels in complex forms associated with
water molecules such as H3O+, H5O2

+, and H9O4
+ (i.e.,

the vehicle mechanism [11]). The protons are transferred
by “forming and breaking hydrogen bonds with proton
accepting media such as water or phosphoric acid” and
by “inter molecular proton transfer” (i.e., the Grotthuss
mechanism or hopping mechanism) [12–19]. The vehicle
mechanism is believed to be the dominant proton transport
mechanism in low-mid temperature PEMs at low degrees
of hydration. The Grotthuss mechanism can also be present
in low-mid temperature PEMs at high levels of hydra-
tion since water molecules can act as proton accepting
media. The Grotthuss mechanism also provides insight on
proton transport through PEMs operating at high tempera-
tures and under non-humidified conditions, because some
liquids with hydrogen bonding sites (such as phosphoric
acid, imidazole and triazole) can act as proton accept-

ing media with high degree of self dissociation [9,20–23].
PEMs for each operating condition have thus been devel-
oped by considering both transport mechanisms. The focus
of this review is medium-temperature PEMs, which are
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O(CF2)2CFOCF2 SO3H

CF2CF2* CF2CF *X Y n
CF3

Fig. 1. Chemical structure of Nafion® .

generally designed to have water channels that are formed
by the hydrophilic characteristics of polymer matrices.
Hydrophilicity in polymers can generally be achieved by
introducing acid functionalities such as sulfonic acid, car-
boxylic acid, and phosphoric acid in polymer backbones.
Among the acid candidates, sulfonic acid groups are by
far most commonly employed [24–29].  In addition, due to
their low pKa values (i.e., high acidity), sulfonic acid groups
are most widely used in PEMs. There are two methods
of introducing sulfonic acid groups into polymer matri-
ces: direct copolymerization of sulfonated monomers (the
monomer sulfonation method) and the polymer sulfona-
tion method (or post-sulfonation method). In this review,
both methods will be discussed and progress in PEM mate-
rials development will be detailed. In addition to sulfonic
acid groups, other acid functional groups such as phopho-
phonic acid [29–31] and sulfonamide [32,33] have been
used to impart hydrophilicity in polymers.

Nafion®, manufactured by DuPontTM (see Fig. 1) is
the most well-known PEM with acid functional groups.
Research regarding PEMFCs began with the Gemini space
program in the 1960s. The first membrane was  a sul-
fonated polymer based on polystyrene-divinylbenzene,
which exhibited a very short lifetime due to the sus-
ceptibility of its backbone to radical attack (i.e., poor
oxidative stability). Nafion®, a perfluorinated sulfonic
acid (PFSA) membrane, was utilized in PEMFC to over-
come such a weakness. While Nafion® membranes were
originally developed for the chloroalkali permselective
membranes, they have been widely used in PEMFCs
because of their excellent chemical and oxidative stabil-
ity derived from their perfluorinated backbone [27,34].
Despite the low ion exchange capacity (e.g., IEC of Nafion®

112 = 0.9 mequiv. g−1), Nafion® PFSA membranes have a
high acidity due to the electron-withdrawing character-
istics of fluorine atoms around the terminal sulfonic acid
groups on the side chains [16,35–38].  PFSA membranes
also form water channels effectively, despite the low water
uptake, as a result of the strong phase separation between
extremely hydrophobic backbones and hydrophilic side
chains (Fig. 2(a)) [12,16,38–40]. In particular, the flexibil-
ity of the acidic side chains allows the ready formation
of water channel [38]. Consequently, PFSA membranes
display high proton conductivity and dimensional stabil-
ity [16,38,39,41]. However, a number of issues such as
cost, safety, the dehydration and consequent loss of con-
ductivity at elevated temperature hinder the widespread
commercialization of PEMFCs that use PFSA membranes.

Such issues arise due to the complex nature of fluorine
chemistry and environmental pollution associated with
toxic fluorinated exhaust fumes that are emitted during the
incinerating process. Furthermore, the low glass transition
cience 36 (2011) 1443– 1498

temperatures (Tg) of PFSA membranes (e.g., broad Tg from
∼55 ◦C to ∼130 ◦C [42]) reduce their mechanical strength.

Given the above issues, extensive research has been
devoted to developing alternatives to PFSA PEMs, partic-
ularly for PEMFCs as transportation power sources. Note
that PEMs must satisfy tough criteria; they should pos-
sess high dimensional stability, excellent physico-chemical
durability, low frequency resistance with electrodes, and
high proton conductivity even at low relative humidity
(RH) and high temperature (e.g., US Department of Energy
(DOE) target >0.1 S cm−1 at 50% RH and 80 ◦C). These prop-
erties are required so as to achieve high electrochemical
fuel cell performance over a long period time (current DOE
target >5000 h).

The most promising PEM candidates are sul-
fonated hydrocarbon PEMs. As shown in Fig. 3,
sulfonated hydrocarbon PEMs can be classified as sul-
fonated polystyrene copolymers (SPSs), sulfonated
polyimides (SPIs), sulfonated poly(phenylene)s, sul-
fonated poly(arylene)-type polymers, or sulfonated
poly(phosphazene)s (SPPhs) according to their backbone
structures [5,24,25,27,28,43–47]. The major advantage of
these hydrocarbon PEMs is that it is possible to design
tailored polymer structures with desired properties using
various monomers. When compared to PFSAs, sulfonated
hydrocarbon PEMs are generally easy to produce and recy-
cle, relatively free from environmental pollution problems,
and can be synthesized with relatively cheap monomers.
In particular, since many sulfonated hydrocarbon PEMs
have high thermal and mechanical stabilities, they can
maintain their mechanical properties and have high
water uptakes over a wide temperature range [27,28,34].
Sulfonated hydrocarbon PEMs also have significantly
lower gas permeability than PSFA membranes. For these
reasons, sulfonated hydrocarbon PEMs have been recog-
nized as promising electrolyte materials, especially for
medium-temperature and low-temperature PEMFCs.

Despite their high water uptake, poor water chan-
nel formation has frequently been observed in sul-
fonated hydrocarbon PEMs due to weak phase sepa-
ration between hydrophilic and hydrophobic moieties
(Fig. 2(b)) [12,16,38–40]. Consequently, sulfonated hydro-
carbon PEMs exhibit relatively low proton conductivities
even at high ion exchange capacities (IECs) and exces-
sive swelling behavior under hydrated conditions (i.e., low
dimensional stability) [16,38].  Furthermore, sulfonated
hydrocarbon polymers generally exhibit lower chemical
and oxidative stability when compared to hydrocarbon
polymers without sulfonic acid groups. Such behavior
arises from the susceptibility of the sulfonated polymer
backbones (such as in polyimides) to chemial attack [26],
or their low molecular weight due to the low reactivity of
sulfonated monomers [27]. While sulfonated hydrocarbon
PEMs generally have a high water uptake, a reduction in
their proton conductivity is inevitable over 100 ◦C due to
the evaporation of water molecules.

Many attempts have been made to overcome the

aforementioned issues via the synthesis of copolymers
with desirable polymer architectures (e.g., block copoly-
mers, high-free volume copolymers, grafted/branched
copolymers, and highly sulfonatable monomer-based
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Fig. 2. Comparison of simulated water molecules distribution in (a) Nafion® and (b) sulfonated block copolyimides (DS = 80) having the similar � values.
Colors:  red (O), white (H), blue line (hydrogen bonding) [38]. (For interpretation of the references to color in this figure legend, the reader is referred to the
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38] Copyright 2010, American Chemical Society.

opolymers) or through polymer chemistry approaches
or the physico-chemical tuning of sulfonated PEMs (e.g.,
rosslinking, surface fluorination, thermal annealing, and
rganic–inorganic nanocomposites). This review summa-
izes efforts in developing sulfonated hydrocarbon PEMs
ith properties that make them attractive for durable
edium-temperature and/or low-humidity PEMFC appli-

ations.

. Synthesis of sulfonated hydrocarbon PEMs

.1. Sulfonation

Sulfonation is an electrophilic substitution reaction
here a sulfonation agent reacts on the aromatic rings and

heir protons are substituted by sulfonic acid. Here, the
eaction site selectively occurs on the electron-rich site of

enzene rings, such as the ortho-position to the electron-
onating groups. Electron-withdrawing groups deactivate
enzene rings to electrophilic sulfonation. As such, the
osition of sulfonic acid groups can be controlled by the
choice of the monomer or the polymer structure. Sulfona-
tion methods are mainly categorized by the host materials
into two groups, which are discussed below.

2.1.1. Polymer sulfonation
The post-polymerization sulfonation method has long

been used for the sulfonation of natural materials in
cationic exchange resins for water softening and deminer-
alization [48]. Due to its convenience, this method has often
been employed for PEMs in order to introduce sulfonic acid
groups into various types of aromatic polymers. However,
polymer chain degradation and/or undesirable side reac-
tions may  occur during the sulfonation process without
adequate attention to suitable sulfonation agents, reaction
temperature, and reaction time. In addition, it is sometimes
difficult to precisely control the degree of sulfonation (DS)
and the site of sulfonic acid groups in the polymer.
Sulfonation agents for polymers should be carefully
chosen according to the structure of the host polymer, due
to degradation and solubility problems [24,27]. For exam-
ple, Smitha et al. reported that poly(phenylene oxide) (PPO)
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and polysulfone (PSf) were sulfonated with chlorosul-
fonic acid, whereas acetyl sulfate was appropriate for the
sulfonation of polystyrene (PS) and polycarbonate (PC)
[29]. The concentration of the sulfonation agent and the
reaction time and temperature are generally the primary
factors that determine the DS of the resulting sulfonated
polymers. Representative sulfonation agents include:
(1) Strong agents: concentrated sulfuric acid, fuming sul-
furic acid, chlorosulfonic acid.

CH2CCH2CH2CH2CHCH2CH*
xn

SO3H

C

C

(a) Sulfonated styrene cop olymers (S PSs) [5 

NN

O

O O

OSO3H

H3OS

(b) Sulfon ated pol yimides (SPIs)  [92] . 

** n

C O

O

SO3H

 (c) Sulfonated poly(phe nylene)s [4 5]. 

Fig. 3. Various types of sulfonated hydrocarbon proton exchange membranes (
polyimides (SPIs) [92]; (c) sulfonated poly(phenylene)s [45]; (d) sulfonated pol
[46,47].
[50]  Copyright 2002, American Chemical Society; [27] Copyright 2004, American
cience 36 (2011) 1443– 1498

(2) Mild agents: acetyl sulfate, sulfur trioxide complexes,
trimethylsilyl chlorosulfonate ((CH3)3SiSO3Cl).

Strong sulfonation agents may  result in an inhomo-
geneous reaction or chain degradation due to their high
reactivity, and excessive sulfonation can render the host
polymer water soluble. While mild sulfonation agents can

lead to a more homogeneous reaction, with no degra-
dation, and less side reactions occurring, it is often
difficult to achieve a sufficiently high DS with these
agents [29,49].

CH2CHCH2CH *H
y m n

SO3H

H2

H3

0, 51] . 

O NN

O

O O

O

PEMs): (a) sulfonated styrene copolymers (SPSs) [50,51]; (b) sulfonated
y(arylene) types polymers [27]; and (e) sulfonated poly(phosphazene)s

 Chemical Society.
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Since the post-sulfonation method requires aromatic
ings for the electrophilic substitution reaction, it has
een widely used for polymers containing styrene
nits. A representative PEM based on polystyrenes is
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[59] Copyright 2007, American Chemical Society.

peratures between −5 ◦C and 0 ◦C or acetyl sulfate at 50 ◦C
is used as a sulfonation agent [50,51]. However, the appli-
cability of SEBS polymers in PEMFCs is limited due to the
poor oxidative stability of sulfonated aliphatic polystyrene

units [52]. Sulfonated polystyrenes have thus been stud-
ied as a grafted side chain so as to introduce sulfonic
acid groups onto a non-sulfonated polymer main-chain
[53,54].
Noshay and Robeson originally reported on the poly-
mer  sulfonation of bisphenol A polysulfone [55]. This work
was  followed by many studies where other poly(arylene
ether)-type polymers were employed. Among these poly-

mers, poly(ether ether ketone) (PEEK), such as commercial
Victrex®, is most extensively used as a host polymer. In
PEEK, the sulfonic acid group is introduced to the ring
located between ether linkages due to their electron-
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In 2001, Hay et al. suggested interesting PEM designs
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ther)s composed of tetraphenylphenylene ether and perfluorobipheny-
ene units [60].

onating character. Concentrated sulfuric acid is more
ppropriate as a sulfonation agent than chlorosulfonic acid
r fuming sulfuric acid due to polymer chain degradation
ssues (Fig. 4) [56–58].

Guiver and co-workers reported on a method to con-
rol the sulfonation sites by adjusting the molecular
tructures of the host polymers [59]. PEEK with the var-
ous side substituents, such as phenyl, methylphenyl,
rifluoromethylphenyl, and phenoxyphenyl groups, was
ulfonated under rapid and mild reaction conditions using
oncentrated sulfuric acid (95–98%) at room tempera-
ure. It was observed that while PEEKs with selected
endant groups, such as phenyl and 4-methylphenyl,
ad dramatically shorter sulfonation times than commer-
ial PEEK under mild reaction conditions, other pendant

roups could not be readily sulfonated. In addition, a
eries of sulfonated poly(ether ketone)s (SPEKs) with dif-
erent DS was prepared by controlling the length of the
CH3
O

Fig. 7. Sulfonation process via lithiation of sulfonated poly(sulfone)s [62].

ketone monomers in the homopolymer (Fig. 5(a)) and the
composition of sulfonatable/non-sulfonatable segments
(Fig. 5(b)). Homopolymer-type SPEKs were found to exhibit
a lower dimensional swelling ratio than copolymer-type
HO3S

Fig. 8. Process for sulfophenylated poly(sulfone)s via lithiation [66].
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have more than three sulfonic acid groups after sulfona-
tion [60,61]. Fig. 6 shows the synthesis and sulfonation
processes for sulfonated poly(arylene ether)s (SPAEs)
composed of tetraphenylphenylene ether and perfluoro-
biphenylene units [60]. After sulfonation, sulfonic acid
groups were located at the para position of the pendant
phenyl ring; their DS per repeat unit (m) could be controlled
by the reaction stoichiometry. However, since the result-

ing highly sulfonated polymers with m = 3 were soluble
in methanol, copolymers with non-sulfonatable bis(3,5-
dimethylphenyl) sulfone monomers were also synthesized.
The results attained by the Hay research group were later
O

 and sulfonaphthoxybenzoyl polysulfone [67].

applied to the concept of PEMs with highly sulfonatable
monomers, which will be discussed later in Section 2.2.6.

Another approach to polymer sulfonation is metalation,
or lithiation, without the use of conventional sulfona-
tion agents. This approach was first reported by Kerres
et al., who applied a three-step reaction process of lithia-
tion, sulfonation, and oxidation to commercial polysulfone
Udel®, as shown in Fig. 7 [62]. In a conventional sulfona-

tion reaction, sulfonic acid groups are introduced onto the
ortho-position of electron-rich benzene rings activated by
electron-donating groups such as ether linkages, which can
give rise to instability due to the low reaction energy barrier
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[63]. However, sulfonic acid groups introduced by lithia-
tion are potentially more stable and exhibit a higher acidity
because lithiation occurs on electron-poor benzene rings
that are deactivated by the electron-withdrawing group
such as a sulfone group [34,64,65].  Despite this potential
advantage, the final oxidation step that follows lithiation
and sulfination can result in a reduction in the expected
IEC, and chain degradation [62].

The grafting of sulfonation groups onto polymer side
chains is also an attractive method to prepare novel flexible
PEMs. As demonstrated with Nafion®, sulfonated groups
at the end of a side chain induce strong phase separation
between the hydrophobic main chain and the hydrophilic
side chain. This phase separated morphology can deceler-
ate polymer main chain degradation by radical species that
are present in the water channel [38]. In previous research
by the Jannasch group, a sulfophenyl ring was  intro-
duced to polysulfone using the above lithiation process
developed by Guiver et al. [65], followed by subsequent
anionic reaction with sulfobenzoic acid cyclic anhydride,
as shown in Fig. 8 [66]. The same group also synthesized
novel poly(sulfone)s with pendant sulfonated aromatic
side chains; the DS was conveniently controlled by the
degree of lithiation in the first step, because the second
step proceeded with full conversion (Fig. 9) [67]. Despite
their novel synthetic approach and grafting structure, unfa-
vorable transetherification reactions limited an increase in
the DS. Zhao et al. reported on poly(ether sulfone)s with a
grafted sulfonated group, where reagents with two sulfonic
acid groups were attached at the end of a 4-fluorophenyl
sulfide pendant group via a nucleophilic substitution reac-
tion [68]. In the study, the authors suggested a novel
grafting strategy to introduce disulfonated phenolates into
the pendant side chain. The strategy involved the activa-
tion of para fluorine on a pendant group via the oxidation
of sulfide to sulfone (see Fig. 10).

2.1.2. Direct copolymerization of sulfonated monomers
Various approaches have been proposed to overcome

the issues of polymer chain degradation and sulfonic
acid group instability that are inherent in the polymer
sulfonation method. One approach is to introduce sul-
fonic acid groups into monomers and then copolymerize
non-sulfonated monomers with sulfonated monomers to
control IEC. This monomer sulfonation method avoids the
polymer chain degradation during the sulfonation process
and enables the introduction of sulfonic acid groups into
a variety of polymer backbones that have sensitivity to
strong acidic conditions. For example, while many stud-
ies have been carried out to prepare sulfonated polyimides
(SPIs), there are few reports on the fabrication of SPIs via
polymer sulfonation because the PI backbones are suscep-
tible to decomposition during sulfonation process [69,70].
Furthermore, the use of sulfonated monomers allows the
design of the polymer to be easily tailored for desirable
properties such as the DS and the choice of sulfonated
sites (e.g., inactivated sites for high stability and acidity,

as shown in Fig. 11 [71]). In particular, special architecture
for sulfonated polymers (e.g., multi block copolymers) can
be designed by controlling the topology and/or molecular
weight of sulfonated and non-sulfonated oligomers and/or
Fig. 11. Introduction of sulfonic acid groups via post-sulfonation (upper)
and monomer sulfonation (below).

polymers [72–75].  However, there are relatively few com-
mercially available sulfonated monomers [34]. Another
factor is that the steric hindrance of sulfonated monomers
may  decrease the reactivity and limit the high molecular
weight of the resulting sulfonated polymers [27].

A list of widely used sulfonated monomers is shown in
Fig. 12.  Sulfonated dihalo monomers, which are mainly uti-
lized for polyarylene-type polymers, were first reported
on by Robesen and Matzner. The monomers were not
initially used for fuel cell membranes, but for flame
retarding materials [76]. Ten years later, sulfonated 4,4′-
dichlorodiphenyl sulfone was synthesized and purified
by Ueda et al. for aromatic poly(ether sulfone)s [77].
Wang et al. reported on the use of 3,3′-disulfonated 4,4′-
difluorodiphenyl ketone monomer for poly(arylene ether
ketone)s (Fig. 13)  [78]. However, research on fuel cell appli-
cations using sulfonated dihalo monomers began when
the McGrath research group synthesized 3,3′-disulfonated
4,4′-dichlorodiphenyl sulfone monomers and prepared a
BPSH series based on sulfonated poly(arylene ether sul-
fone) (SPAES) copolymers (Fig. 14)  [79,80]. The same group
and coworkers also studied structure–property relation-
ships using various monomers [81–84],  which will be
discussed in Section 2.2.1. Na and co-workers detailed the
use of 1,4-bi(3-sodium sulfonated-4-fluorobenzoyl) ben-
zene as a sulfonated monomer for sulfonated poly(ether
ether ketone ketone)s (SPEEKs) [85,86].  Various types
of SPAEs are listed in Fig. 3(d). Sulfonated commercial
monomers (Fig. 12(b)) were also examined for the poly-
merization of PEMs due to their availability and low
price. Guiver and co-workers used commercial sulfonated
bisphenol monomers to prepare SPAE-type polymers.
The researchers also performed a comparative study
of sulfonated poly(arylene ether ether nitrile) (SPAEEN)
copolymers with different sulfonic acid bonding sites
(Fig. 15)  [87–90],  which will be further discussed in Section
2.2.1.

For SPIs, a sulfonated commercial monomer, 4,4′-
diamino-biphenyl 2,2′-disulphonic acid (BDSA) was used
in early research by Mercier and Pineri’s group (Fig. 16)

[72,75,91,92].  However, BDSA-based SPIs have exhibited
a relatively low hydrolytic stability despite attempts to
improve this through the introduction of a six-membered
ring of naphthalenic anhydride [93]. To overcome this
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roblem, Okamoto and co-workers synthesized two types
f sulfonated diamines, 4,4′-diaminodiphenyl ether-2,2′-
isulfonic acid (ODADS) with a flexible structure [94]
nd 9,9-bis(4-aminophenyl)fluorene-2,7-disulfonic acid
BAPFDS) with a rigid and bulky structure [95], as shown
n Fig. 17.  When compared to BDSA-based SPIs, SPIs
ncorporating ODADS exhibited much better hydrolytic
tability due to their flexibility. This finding was further
upported by the reduced stability of SPIs when flex-
ble non-sulfonated diamines were replaced with rigid
iamines. However, despite their rigidity, SPIs with BAPFDS

isplayed a hydrolytic stability that was similar to that
xhibited by ODADS-based SPIs. Such stability was due to
he high basicity of BAPFDS, which favors imido ring stabil-
ty. The Okamoto group also attempted to impart intrinsic
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hydrolytic stability to SPIs by incorporating various types of
monomers [26]. In particular, SPIs with sulfonic acid groups
on the side chains (grafted sulfonic acid groups) exhibited
a significant improvement in their hydrolytic stability due
to the higher basicity of the diamine moieties and their
microphase-separated structure [96,97]. Using a similar
concept, Asano et al. synthesized highly stable sulfonated
copolyimides with aliphatic groups in both the main chains
and the side chains. The structures did not display a sig-
nificant open circuit voltage (OCV) drop during 5000 h of
operation (Fig. 18)  [98]. The McGrath group researched

a novel sulfonated diamine monomer, 3,3′-disulfonic
acid-bis [4-(3-aminophenoxy)phenyl]sulfone (SA-DADPS),
where sulfonated groups were introduced to aromatic
rings other than the amino-phenyl ring in order to reduce

one 

ne 

l) benzene 
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nol monomers, and (c) sulfonated diamine monomers.
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the electron-withdrawing effect of sulfonic acid groups
that cause poor hydrolytic stability (Fig. 19)  [99,100].
Pertaining to this stability issue, Li et al. suggested an
interesting design of a novel sulfonated monomer, where
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cid, and then polymerized with various non-sulfonated
iamines. Since the resulting sulfonated PIs had sulfonic
cid groups on the deactivated positions of the aryl back-
one rings and high DS, they showed very high proton
onductivities. In particular, sulfonated copolyimide poly-
erized with hexane-1,6-diamine, SBTDA, and BTDA had

xcellent water stability at 90 ◦C without sacrificing proton
onductivity.

.2. Recent high-performance sulfonated hydrocarbon
EMs

In the mid-2000s, as knowledge regarding the synthe-
is of new sulfonated hydrocarbon PEMs progressed and
he well-ordered hydrophilic channel structure in Nafion®

ad been disclosed, the importance of new polymer designs
aving high proton conductivities even at low IECs was
ddressed. This issue was expanded to high IEC PEMs with-
ut sacrificing mechanical stability. Earlier PEMs exhibited
elatively low proton conductivity and high water swelling
ue to poor water channel formation (as mentioned in Sec-
ion 1). Particular attention was paid to controlling the nano

or micro)-structure of these PEMs through polymer topol-
gy.

In this section, recent trends in high-performance sul-
onated hydrocarbon PEMs will be discussed.
e monomer and sulfonated poly(arylene ether sulfone) [79,80].

2.2.1. Introduction of functional groups
In the initial development stages of fuel cells based on

sulfonated hydrocarbon PEMs, their MEAs suffered from
poor adhesion and delamination between the Nafion®

ionomer binder in the catalyst layers and the hydrocarbon
PEMs due to differences in chemical properties. However,
extensive research has been devoted to improving MEA
fabrication methods for hydrocarbon PEMs and enhancing
membrane properties such as the balance between pro-
ton conductivity and water uptake. The incorporation of
functional groups into sulfonated PEMs is an effective way
to improve PEM performance (including the electrochemi-
cal performance) without sacrificing membrane properties
such as the IEC value.

The McGrath group first introduced fluorine groups into
hydrocarbon PEMs using 4,4′-hexafluoroisopropylidene
bisphenol (6F-BPA) monomers for SPAES copolymers [81].
The authors studied the effect of bisphenol monomers
with various chemical structures on the properties of
the resulting SPAES copolymers, as shown in Fig. 20(a).
6F-BPA copolymer systems exhibited the lowest water
sorption due to the hydrophobicity of the fluorine groups.

A disulfonated poly(arylene ether benzonitrile) copolymer
containing 6F-BPA (6FCN, see Fig. 20(b)) had much less
water uptake than both the copolymer without benzoni-
trile groups and the copolymer without fluorine and nitrile
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Fig. 15. Chemical structure of poly(arylene ether ether nitrile) copolymer
monomers [87–90].
[89] Copyright 2006, Elsevier Ltd.; [90] Copyright 2007, American Chemic

groups at equivalent IECs; the proton conductivities of the
structures were all comparable [102]. In particular, Kim
et al. reported that the 6FCN copolymer displayed the high-
est fuel cell performance [103]. Such performance was due
to two factors: a low water uptake that resulted from the

interaction between nitrile groups and sulfonic acid and
the reduced interfacial resistance from the improved adhe-
sion between fluorine groups in the copolymer and the
Nafion®-bonded electrodes [83,103].
ifferent sulfonic acid bonding site from commercial sulfonated bisphenol

ty.

Guiver and co-workers expanded the above concept
to sulfonated poly(aryl ether ketone)s (SPAEKs) contain-
ing hexafluoroisopropylidene diphenyl moieties, as shown
in Fig. 21 [104,105].  Various sulfonated poly(arylene ether
nitrile)s (SPAENs) were synthesized as explained in Sec-

tion 2.1.2 and shown in Fig. 15(b) and (c) [88–90].
The introduction of nitrile groups into the PEMs was
expected to promote adhesion onto either the catalyst or
carbon particles in the catalyst layers [88]. SPAENs con-
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Fig. 16. Synthetic route of sulfo

aining a naphthalene structure with the sulfonic acid
roups shown in Fig. 15(c) exhibited much lower water
ptakes and swelling ratios than previous SPAENs with
ydroxyquinone monomers. Such behavior was due to the
ynergistic effect of inter-chain attraction between poly-

er  chains via the strong polar interaction between nitrile

roups, and to the hydrophobicity of the naphthalene
tructure [89,90]. Furthermore, SPAEEN with sulfonic acid

NH2 O NH2

H2SO4/SO3

NH2NH2

H2SO4/SO3

80oC, 2h

80oC, 2h

ig. 17. Sulfonation of 4,4′-diaminodiphenyl ether-2,2′-disulfonic acid (ODADS)
95].
94]  Copyright 2002, American Chemical Society; [95] Copyright 2002, American
ly(imide)s based on BDSA [92].

groups meta to the ether linkage (m-SPAEEN) and those
with sulfonic acid groups located pendant on a phenyl
ring (P-SPAEEN) exhibited much higher proton conduc-
tivities because the meta linkage and the long-distance
connectivity of their sulfonic acid groups, could eliminate

deactivation of the sulfonic acid groups, respectively [90].
As a result, m-SPAEEN membranes showed high perfor-
mance in both PEMFC and DMFC fuel cell applications

NH2 O NH2

SO3H

HO3S

SO3HHO3S

NH2NH2

ODADS

BAPFDS

 [94] and 9,9-bis(4-aminophenyl)fluorene-2,7-disulfonic acid (BAPFDS)

 Chemical Society.
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[98]  Copyright 2006, American Chemical Society.

[106,107].  The authors also explained the effect of the
angled structure, which increased the interchain spacing
and created pores with sulfonic acid groups within. As the
pores effectively confined water molecules via hydrogen
bonds, the proton conductivity could be improved and be
less sensitive to temperature. This is a very important con-
cept for sulfonated PEMs with a high free volume and it
will be further discussed in the next section. In another
paper, Guiver and co-workers synthesized SPAE with a high
fluorine content and SPAEN with a high nitrile content;
each contained pendant phenyl sulfonic acids, as shown in

Fig. 22 [108]. The sulfonic acid groups could be introduced
exclusively on the para-position of the pendant phenyl ring
with chlorosulfuric acid under relatively mild conditions.
The SPAE and SPAEN with DS values of 1.0 exhibited high

Fig. 19. Chemical structure of sulfonated poly(imide)s based on 3,3′-disulfonic ac
hatic/aromatic poly(imide)s [98].

IECs of 1.75 and 2.71 mequiv. g−1, high proton conductiv-
ities of 0.135 and 0.140 S cm−1 at 80 ◦C in water, and low
water uptakes of 32 and 39.6%, respectively. On a tradeoff
plot of proton conductivity versus water uptake, the PEMs
exhibited high proton conductivity and low water uptake
in comparison with Nafion®.

2.2.2. Sulfonated hydrocarbon PEMs with high free
volume

One of the most important issues for sulfonated PEMs

in fuel cells is water management within the structures. If
PEMs swell excessively with water under humidified oper-
ating conditions, they can be delaminated from the catalyst
layer which has a relatively lower degree of water swelling,

id-bis [4-(3-aminophenoxy)phenyl]sulfone (SA-DADPS) [99,100].
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ue to differences in dimensional swelling ratio between
he hydrocarbon PEM and the PFSA ionomer-catalyst. This
imensional miss-match phenomenon has been reported
s one of the major reasons for low durability in fuel cell

ystems [109]. However, since fuel cell systems are oper-
ted under reduced humidity with increasing temperature
as mentioned in Section 1), PEMs should be designed to
etain water even under a low RH, to ensure high proton
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Fig. 21. Sulfonated poly(aryl ether ketone)s containing hex
104]  Copyright 2004, American Chemical Society.
ing various bisphenol and functional groups [81,102].

conductivity. Consequently, PEMs that are able to main-
tain water content and have high proton conductivity when
operated in a range of RH (40–100%) must be developed.

A possible way to solve this is to utilize polymer hav-

ing a high free volume imparted through the introduction
of bulky monomers. In general, the sorption of small
molecules, such as gas molecules in a polymer host mate-
rial, is affected by the amount of free volume of the polymer

F
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afluoroisopropylidene diphenyl moiety [104,105].
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t sulfon
Fig. 22. Copoly(arylene ether)s containing pendan

which the absorbed molecules have access to. This behav-
ior can be likened to sulfonated PEMs which absorb water
molecules. Using this concept, PEMs with a high free vol-
ume  have been investigated to absorb a large amount of
water molecules and to retain them even under low humid-
ified conditions. Of course, water swelling in sulfonated
PEMs is different from and more complex than gas sorption
behavior due to the much higher solvation effect of water
molecules and the resulting structural change of sulfonated
PEMs. As a result, most researches have demonstrated the
effect of high free volume in sulfonated PEMs with phe-
nomenological experimental results such as high water
uptake. Also, the distribution of sulfonic acid groups in the
vicinity of the free volume affects the absorption of water in
sulfonated polymers. In particular, little attention has been
paid to the latter point, despite the many trials to prepare
PEMs with high free volume.

In the early stages of PEM research in 1999 and 2000,
Litt and co-workers used the above concept for a series
of highly proton conductive SPIs with high chemical and
mechanical stabilities [110,111].  The incorporated angu-
lar and rigid rod-like bulky comonomers and the resulting
polymer structures from this work are shown in Fig. 23.
Sulfonated polyimides with comonomers in categories (b)
and (c) exhibited a higher d-spacing than those with a lin-
ear comonomer from (a) and a homopolymer because the
bulky or angular comonomers could prevent polymer chain
packing. The structures also displayed higher water uptake
and proton conductivities at high and low humidities. The
authors explained that, with larger interchain spacings,
more free volume could be available for water molecules
to occupy (i.e., high water uptake) and thus, a high conduc-
tivity could be maintained even at low humidity. However,
the importance of connectivity of free volume was  not con-
sidered in this study.

Watanabe and co-workers studied various types of sul-
fonated PEMs with bulky fluorenyl groups such as SPIs
[112], SPAES [113–116], and sulfonated poly(arylene ether
sulfone ketone)s (SPAESKs) [117,118].  Based on the find-
ings from the Litt group, SPIs with 4,4′-(9-fluorenylidene)

dianiline (FDA) were synthesized with increasing FDA
compositions up to 60 mol%. The incorporation of bulky
fluorenyl groups over 30 mol% caused the confinement of
water molecules. As a result, the proton conductivity did
ic acid groups and other functional groups [108].

not decrease even above 100 ◦C and high proton conduc-
tivity (1.67 S cm−1) was attained at 120 ◦C and 100% RH
[112]. In the following studies, Watanabe and co-workers
introduced sulfonic acid groups to bulky fluorenyl groups
so as to obtain the synergistic effect of a high water
affinity via the formation of high free volume and high
hydrolysis stability via the introduction of acidic groups
on the pendant phenyl groups [113,114].  This idea was
later expanded to the concept of PEMs with high IECs
(detailed in Section 2.2.4) and PEMs with highly sul-
fonatable monomers (discussed in Section 2.2.5). Both
homopolymers and copolymers of sulfonated poly(arylene
ether sulfone)s (SPAESs) were prepared via the polymer
sulfonation method (Fig. 24), where regioselective substi-
tution of the 2,7-positions of the pendant fluorenyl groups
(not on the main chain) with sulfonic acid groups was per-
formed using a careful sulfonation reaction. The sulfonation
reaction was successfully carried out with a low concentra-
tion of chlorosulfuric acid. The resulting PEMs, especially
the homopolymer PEM with an IEC of 1.80 mequiv. g−1,
exhibited very high oxidative stability in hot Fenton’s
reagent and high hydrolytic stabilities at 140 ◦C and 100%
RH due to the location of the sulfonic acid groups on the
pendant groups [114]. One of the homopolymer-type PEMs
with an IEC of 1.14 mequiv. g−1 exhibited a proton conduc-
tivity that was  comparable to Nafion® 112 and displayed
the highest maximum proton conductivity at 140 ◦C. How-
ever, in contrast to the results attained by the Litt group,
most of the membranes showed a much higher dependence
on humidity than Nafion® 112.

2.2.3. Hydrophilic–hydrophobic multiblock copolymers
An attractive way  to obtain distinct phase separa-

tion is to fabricate multiblock copolymers composed
of hydrophilic and hydrophobic blocks. Highly phase-
separated hydrophilic blocks can form well-defined
nano-sized water channels for proton conduction, which
result in less dependence of humidity and temperature on
proton conductivity, as well as an overall reduction in both
the water uptake and dimensional changes compared with

random copolymer of the same IEC.

McGrath and co-workers first adapted the concept of
distinct phase separation in block copolymers to sulfonated
aromatic PEMs, such as SPAESs and SPIs, and extensively
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Fig. 23. Chemical structure of a seri
110] Copyright 1999, American Chemical Society.

tudied novel sulfonated multiblock copolymers using var-
ous sulfonated monomers [73,74,119–123]. Images of

ell-defined nano-phase separation were obtained for
ulfonated multiblock SPAES copolymers, and the PEMs
ad high proton conductivity even under low humid-

ty conditions below 40% RH. The first report pertaining
o multiblock copolymers from this group detailed the
se of multiblock copolymers with sulfonated poly(4′-
henyl-2,5-benzophenone) as the hydrophilic block and
oly(arylene ether sulfone) (PAES) as the hydrophobic
lock [119]. The multiblock copolymers did not exhibit
haracteristic nano-phase separation described above,
robably due to their low IECs. In subsequent research
sing highly activated fluorine-terminated telechelics and
ydroxyl-terminated telechelics, sulfonated-fluorinated
AE multiblocks were successfully synthesized with high
ECs up to 2.2 mequiv. g−1 (Fig. 25). The multiblock copoly-

ers exhibited proton conductivities that were higher
han that of Nafion®, particularly under low humidity
onditions [73]. The authors concluded that well-defined
hase separation in their multiblock copolymers, which
as confirmed by AFM images, resulted in high proton

onductivity. The McGrath group used AFM imaging to
how nano-phase separation in their membranes because,
nlike TEM images, AFM images can be obtained under
ydrated conditions. The same group also studied the
ffect of block length on morphology and PEM perfor-

ance. Fig. 26 shows the chemical structure and the
FM images of a segmented sulfonated poly(arylene ether
ulfone)-b-polyimide copolymer [74]. In related studies,
ell-defined nano-phase separated morphologies were
id-rod sulfonated polyimides [110].

attained for multiblock copolymers as the block length
was increased. This in turn improved the proton con-
ductivity and water uptake of the structures [74,121].
In particular, multiblock copolymers based on sulfonated
and non-sulfonated poly(arylene ether sulfone) oligomers
exhibited anisotropic swelling behavior (i.e., a lower in-
plane swelling, but higher through-plane swelling than a
random copolymer and Nafion® with isotropic swelling
behaviors). This could be advantageous in actual fuel cell
systems operated under low humidified conditions by
reducing the effect of dimensional miss-match between
hydrocarbon PEM and PFSA ionomer-catalyst [121]. Multi-
block copolymers exhibit proton conductivities that are
less RH-dependent and higher than that of Nafion® [124].

Ueda and co-workers suggested new approaches to
synthesize sulfonated multiblock copoly(ether sulfone)s
via the nucleophilic aromatic substitution of hydroxyl-
terminated oligomers with a chain extender for PEMFC
(see Fig. 27(a)) [125,126].  Decafluorobiphenyl (DFB) was
used as a chain extender, due to its high reactivity, which
could prevent the ether–ether interchange reaction and
the resulting randomized polymer architecture. Accord-
ingly, their multiblock copolymers were obtained with high
molecular weights, and the hydrophilic and hydropho-
bic block lengths could be controlled. The resulting PEMs
had high oxidative stability and low dimensional swelling
ratio. In particular, they showed higher proton conductivity

than random copolymers, and could maintain compara-
tively high proton conductivity even under 50% RH [125].
These properties were further investigated with multi-
block copolymers having various block lengths [126]. The
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 (b) 

 (a) 

having 
Fig. 24. Chemical structure of sulfonated poly(arylene ether sulfone)s 

[113,114].
[114]  Copyright 2005, American Chemical Society.

resulting membranes also had high oxidative stability and
maintained high water uptake (7.3–18.7 wt%) even under
50% RH. Their proton conductivities with the optimized
oligomer lengths were higher than that of Nafion® 117 at

80 ◦C and 95% RH, and showed a high value of 0.007 S cm−1

even under 50% RH. Fig. 27(b) shows the cross-sectional
morphology of multiblock copolymer with block lengths of
14,000/14,000 (Mn of hydrophilic/hydrophobic oligomers),

Fig. 25. Multiblock sulfonated-fluorin
sulfofluorenyl groups: (a) homopolymer type and (b) copolymer type

which showed a clear hydrophilic/hydrophobic-separated
structure and contributed to effective proton conduction.

2.2.4. Grafted or branched sulfonated hydrocarbon

copolymers

In 2002, Ding et al. performed a pioneering model
study where a sulfonated graft polymer composed of
a polystyrene backbone and a poly(sodium styrene

ated poly(arylene ether)s [73].
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ig. 26. Chemical structure of sulfonated poly(imide)s based on 3,3′-disu
mages [74].

ulfonate) side chain was synthesized via free-radical poly-
erization [53]. Phase separation of ionic aggregates was

hown to be controlled by the chain length of the graft
hains, which had a direct effect on the proton conduc-
ivity. As expected, the copolymer with the longer graft
hain exhibited higher proton conductivity. However, the
uthors stated that the commercial applicability of the fab-
icated grafted copolymers was limited, probably due to
he poor stability of the styrene-based backbone and side

hain. Ding and co-workers expanded the above concept to

 much more stable highly fluorinated backbone and suc-
essfully fabricated novel comb-shaped copolymers (see
ig. 28).  In particular, the �-methyl polystyrene hydrophilic
cid-bis [4-(3-aminophenoxy)phenyl]sulfone (SA-DADPS) and their AFM

side chain of the structures induced strong phase separa-
tion in the hydrophobic fluorinated main-chain, which was
confirmed by TEM and SAXS [54]. However, while the ini-
tial performance of the structures was  superior to that of
Nafion® and BPSH-35 in a DMFC, the current density was
reduced due to the instability of the side chain [127].

Guiver and co-workers designed comb-shaped SPAES
with a new sulfonated side-chain grafting unit con-
taining two or four sulfonic acid groups, as shown in

Fig. 29 [128]. PAES containing a methoxy group was  first
synthesized via a conventional aromatic nucleophilic sub-
stitution. The methoxy groups were then converted to
a reactive hydroxyl group suitable for grafting. Finally,
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s and th
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Fig. 27. Synthetic route of sulfonated multiblock copoly(ether sulfone)
copolymer with bock lengths of 14,000/14,000 (Mn of hydrophilic/hydrop

the functional copolymer was grafted with previously
synthesized sulfonated side chains. The resulting comb-
shaped copolymers with two or four sulfonic acid groups
exhibited high proton conductivities (0.034–0.147 and
0.063–0.125 S cm−1, respectively) and low water uptakes
(18–60 and 27–53%, respectively).

The Ueda research group expanded the above strat-
egy to star-shaped block copolymers (Fig. 30)  [129].
Star-shaped sulfonated block copoly(ether ketone) with
hydrophilic and hydrophobic blocks as arms was  synthe-

sized via a Friedel–Crafts reaction of a tri-functional core.
The structure was subsequently sulfonated with concen-
trated sulfuric acid. The hydrophilic block with sulfonated
sites was attached directly to the core and the hydropho-
e TEM images showing the cross-sectional morphology of multiblock
ligomers) with (a) low resolution and (b) high resolution [125,126].

bic block was  placed at the end of each arm. The resulting
sulfonated polymers were soluble in common polar apro-
tic solvents and the solvent-cast membranes were tough
and flexible. Due to their structural characteristics, the
membranes exhibited relatively good dimensional stabil-
ity despite their high water uptake. In particular, the proton
conductivities of the membranes were comparable and/or
higher than those of Nafion® at 80 ◦C and 50–95% RH.

Lee et al. reported on grafted SPI membranes that were
prepared through thermal-solution imidization and the

subsequent incorporation of sulfoalkylated grafting agents
with different alkyl chain lengths, as shown in Fig. 31 [130].
The additional sulfonic acid (–SO3H) groups at the end of
the sulfoalkylated side chains significantly contributed to
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ig. 28. Chemical structure of highly fluorinated comb-shaped copolym
9  wt%, 0.87 mequiv. g−1, (2) 25 wt%, 1.40 mequiv. g−1, and (3) 38 wt%, 1.7

nhancements in both the IEC and proton conductivity. Fur-
hermore, the resulting PEMs displayed a much improved
evel of ductility when compared to pristine SPI due to the
nternal plasticizing effect of the alkyl side chain. While
rafted SPIs with long graft chains exhibited lower IECs
han those with short side chains, they had a relatively
igher number of water molecules per –SO3H group and

 large amount of bound water, which resulted in their
igher proton conductivity. In addition, the low acidity of
he resulting PEMs with long graft chains improved their
urability to chemical attack, such as in hydrolysis and
adical-induced decomposition.

.2.5. Sulfonated hydrocarbon PEMs with high IEC
Kreuer and co-workers recently suggested a very

romising strategy involving the formation of extremely
lectron-deficient poly(arylene) with a high IEC. A series
f sulfonated poly(phenylene sulfone)s (SPPSfs) containing
nly sulfone units (–SO2–; electron-withdrawing group)
onnecting the phenyl rings was prepared via a two-step
rocess consisting of a nucleophilic aromatic polycon-
ensation reaction to prepare sulfonated poly(phenylene

ulfide sulfone)s (SPPSSfs) and their subsequent oxida-
ion to SPPSfs (see Fig. 32)  [63,131,132]. These ionomers
xhibited increased acidity and higher hydrolytic stabil-
ty of the sulfonic acid groups due to the absence of
 their TEM images; their side chain monomer contents and IECs are (1)
v. g−1, respectively [54].

electron-donating groups, such as ether linkages, in their
backbone structure. High thermo-oxidative stability and
water insolubility was observed even at high IECs, due to
the crystallinity (physical crosslinking) of the ionomers.
The crystallinity resulted from the rigidity of the diarylsul-
fone unit and a high degree of intermolecular interaction.
The copolymer-type ionomers (Fig. 32(a)) displayed IEC
values in the range of 1.29–2.64 mequiv. g−1, were still
insoluble in water, and exhibited higher proton conduc-
tivities than that of Nafion® [63]. However, the degree
of sulfonation (i.e., the ratio of sulfonated phenyl rings
to unsulfonated rings) of the copolymer-type ionomers
was limited to less than 50% due to their structural lim-
itations. Through modifying the preparation route using
Na2S as the sulfide, Kreuer et al. obtained SPPSf that was
monosulfonated (100% DS) on each phenyl ring (sPSO2-
220, see Fig. 32(b)) and had an extremely high IEC
(4.3–4.5 mequiv. g−1) [131]. In its dry state, the polymer
also possessed a remarkably high density (1.75 g cm−3) that
was nearly as high as the density of pure sulfuric acid
(H2SO4; 1.83 g cm−3). Kreuer et al. stated that the den-
sity of sPSO2-220 appeared to be the highest among all

of the reported aromatic non-fluorinated polymers. The
sPSO2-220 also exhibited very high thermo-oxidative and
hydrothermal stability, but unfortunately, it was  soluble
in water due to its high IEC. With regards to the hydra-
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Fig. 29. Chemical structure of the comb-shaped sulfonated poly(arylene 

(b)  four sulfonic acid groups [128].
[128] Copyright 2008, American Chemical Society.

tion behavior and proton conductivity of sPSO2-220, Kreuer
and co-workers cited its unique microstructural and trans-
port features [132]. A high DS leads to the development of
a microstructure characterized by narrow, hydrated, and
hydrophilic domains that are highly connected on a longer
scale. For sPSO2-220, its high absolute water uptake at

given relative humidities and its high charge carrier con-
centration corresponding to a high IEC (∼4.5 mequiv. g−1)
resulted in very high proton conductivities, but a low water
transport coefficient. In particular, these trends became
lfone) having a sulfonated side-chain grafting unit containing (a) two or

more evident at higher water contents and temperatures.
As a result, the proton conductivity of sPSO2-220 was seven
times higher than that of Nafion® under low humidity (30%
RH) and high temperature (135 ◦C) conditions.

The above concept (i.e., well-connected but narrow
hydrophilic domains) is somewhat different from the main

idea of this review on how to establish distinct phase
separation between hydrophobic and hydrophilic moieties
(i.e., well-connected and wider hydrophilic domains). As
mentioned previously, since hydrocarbon PEMs have func-
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Fig. 30. Synthetic route of star-shaped
129] Copyright 2008, American Chemical Society.

ional groups that can interact with water molecules even
n hydrophobic moieties, water molecules are distributed
hrough the whole PEM matrix and thus, cannot form a dis-
inct water channel, as shown in Fig. 2. This scenario results
n decreased proton conductivity for hydrocarbon PEMs
38]. Consequently, most research on hydrocarbon PEMs
o date has focused on how to make well-connected and

ider water channels by concentrating proton-conductive

ulfonic acid groups onto the hydrophilic block. As sug-
ested in these studies, dispersing a large amount of
ulfonic acid groups throughout PEMs (i.e., high IECs) to

N N

O

O

O

O

O*

SO3H

HO3S

Fig. 31. Chemical structure of grafted sulfonated polyimide (SPI) me
ted block copoly(ether ketone)s [129].

increase the water content (which can play a role in
transporting protons) can lead to the formation of well-
connected but narrow water channels. These channels
can in turn decrease the water osmotic drag coefficient,
which is a potential problem in wider water channels,
without sacrificing proton conductivity. Considering the
advantages of this approach, such as high proton con-

ductivity and a low water osmotic drag coefficient, the
concept of well-connected but narrow water channels
(e.g. sPSO2-220) appears to be highly innovative and
promising.

N N *

O

O

HO3S

O

O

O

O

m n
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mbranes with different alkyl side-chain chain lengths [130].
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(a) 

(b) 

h high I
merica
Fig. 32. Synthetic route of sulfonated poly(phenylene sulfone)s wit
[63]  Copyright 2007, American Chemical Society; [131] Copyright 2009, A
Watanabe et al. used the concept of sulfonated PEMs
with high IEC to overcome the high humidity depen-
dency in proton conductivity in their sulfonated PEMs
discussed in Section 2.2.2. The introduction of methyl
ECs: (a) copolymer type [63] and (b) homopolymer type [131,132].
n Chemical Society; [132] Copyright 2009, Royal Society of Chemistry.
groups enabled the SPAESs to have high IECs in the
range of 1.32–3.26 mequiv. g−1 (Fig. 33)  without sacri-
ficing hydrolytic, oxidative, dimensional, and mechanical
stability [115]. The researchers used a flow reactor for sul-
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ig. 33. Chemical structure of methyl-substituted sulfonated poly(aryle
IEC  = 1.58 mequiv. g−1); (b) 2a (IEC = 2.51 mequiv. g−1); (c) 2e (IEC = 3.26 m
115]  Copyright 2007, American Chemical Society.

onation in order to overcome the poor solubility of the
esulting sulfonated polymers. The reactor allowed for sul-
onic acid groups to be introduced to the main chain under

ore severe conditions, such as a higher concentration
f chlorosulfuric acid. Methyl groups on the isopropyli-
ene biphenyl segment (R5 positions) were more effective

han methylation on fluorenyl units in imparting high

echanical stability, hydrolytic stability, and dimensional
tability. In particular, membrane 2e in Fig. 33 with the
ighest IEC (3.36 mequiv. g−1) exhibited very low dimen-
r sulfone)s having sulfofluorenyl groups and their STEM images: (a) 2a
−1); and (d) Nafion® 112 [115].

sional swelling in the area and thickness directions, despite
having the highest water uptake. Membrane 2e also had
proton conductivities that were comparable to, or even
higher, than Nafion® 112 at 80–120 ◦C and 20–93% RH. The
authors explained that the desirable properties of mem-
brane 2e were the result of well-connected ionic clusters,

as shown in Fig. 33.

Ueda and co-workers extended their multiblock copoly-
mer  structures to the concept of sulfonated hydrocarbon
PEMs with high IEC [133]. In their study, using addi-
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tional post-sulfonation reaction with concentrated sulfuric
acid to the multiblock copolymer structure in Fig. 27(a),
highly sulfonated multiblock copolymers were success-
fully obtained with the IEC range of 1.90–2.75 mequiv. g−1.
In particular, their multiblock copolymer with IEC of
2.75 mequiv. g−1 showed high proton conductivity, com-
parable with Nafion® 117 in the range of 50–95% RH, and
maintained its high proton conductivity of 0.0023 S cm−1

even under 30% RH. Using the resulting highly sulfonated
multiblock copolymers, crosslink reaction between sul-
fonic acid groups in their main chains were also tried in
the presence of the condensation agent [134].

Ueda and co-workers also fabricated stable PEMs
by incorporating binaphthalenyl groups in SPAES [135].
Highly sulfonated PAES (SPAES) with binaphthyl units
and a very high IEC (3.01 mequiv. g−1) was synthesized
via nucleophilic aromatic polymerization, as shown in
Fig. 34(a). Despite its high IEC, the resulting membrane
(BNSH-100) exhibited high mechanical stability in the dry
state and controlled dimensional changes in its hydrated
state (80 ◦C and 95% RH). In particular, BNSH-100 had a
high water uptake of 18.7 and 11.6 wt% at 50 and 30% RH,
respectively. The proton conductivity of BNSH-100 at 80 ◦C
was higher than that of Nafion® 117 in the range of 30–95%
RH. Ueda et al. stated that the high IEC value of BNSH-100
resulted in excellent proton conductivity over a wide range
of relative humidities. In addition, the high hydrophobic-
ity of the binaphthyl units contributed to good dimensional
stability, which was confirmed by a phase-separated image
taken with an AFM in tapping mode (Fig. 34(b)).

2.2.6. Sulfonated hydrocarbon PEMs based on highly
sulfonatable monomers

After introducing the concept of using
tetraphenylphenylene ether with up to four sulfonic
acid groups clustered on pendant phenyl rings via the
polymer sulfonation method (as discussed in Section
2.1.1) [60,61], the Hay research group studied various
other PEM designs with highly sulfonatable monomers.
These designs included linear [136], branched [137,138],
and dendritic multiblock [139,140] structures. Since
the authors used the post-polymerization sulfonation
method, electron-withdrawing groups, such as ketone
and/or sulfone groups, were introduced onto the PEM
backbone to avoid main chain sulfonation and enhance
the solubility of the resulting polymers. Fig. 35(a) shows
sulfonated linear aromatic poly(sulfide ketone)s (PSK)
with six sulfonic acid groups on each hexaphenylbenzene
end group [136]. When using the analogous aromatic
dithiol monomers, the resulting non-sulfonated polymer
was insoluble in any organic solvent due to its rigidity and
regularity. With a large excess of chlorosulfuric acid in
dichloromethane at room temperature, the selective and
quantitative introduction of sulfonic acid groups success-
fully occurred only on the end groups. The resulting PEMs
exhibited relatively high proton conductivities of 0.069 and
0.037 S cm−1 when considering their very low IECs of 0.48

and 0.47 mequiv. g−1, respectively. The author concluded
that these results could be accounted for by significant
phase separation in the PEMs. However, since the proton
conductivity of the PEMs was insufficient for effective
cience 36 (2011) 1443– 1498

fuel cell operation, the Hay group used other strategies
to increase the IEC of the PEMs. When using the polymer
sulfonation method to fabricate sulfonated PEMs, there
are two  ways to increase the IEC: increase the number
of sulfonatable monomers or increase the number of sul-
fonatable sites in the monomers. For the former strategy,
sulfonated branched PEKs were synthesized in accordance
with the concept of PEMs with sulfonatable end groups,
as shown in Fig. 35(b) [137,138].  Hexaphenylbenzene
moieties and 3,6-ditrityl-9H-carbazole moieties were used
as end groups for sulfonation, where six and eight sulfonic
acid groups, respectively, were successfully introduced.
However, due to the lower reactivity of 3,6-ditrityl-9H-
carbazole, a two-step polymerization method that was
different from the one-step polymerization process for
1-(4-hydroxyphenyl)-2,3,4,5,6-pentaphenylbenzene was
carried out. After sulfonation, the resulting PEMs exhibited
IECs (0.76–1.09 mequiv. g−1 and 0.99–1.25 mequiv. g−1)
and proton conductivities (0.04–0.091 S cm−1 and
0.066–0.095 S cm−1) that were comparable to those
of Nafion® (0.91 mequiv. g−1 and 0.098 S cm−1). It was
stated that the high proton conductivities were due to the
existence of significantly phase-separated and highly inter-
connected ionic channels, as observed in the TEM images
of Fig. 35(e). Sulfonated dendritic multiblock co-PAESs
were also fabricated with hexakis(4-(4-fluorophenyl-
sulfonyl)phenyl)benzene having 15 pendant phenyl rings
as sulfonatable sites, as shown in Fig. 35(c) [139]. However,
the resulting PEMs were too brittle for a proton conduc-
tivity measurement, because the introduction of bulky
dendritic blocks and the use of relatively short average
blocks prevented intermolecular chain entanglement. To
avoid this problem, longer block lengths enabled the intro-
duction of a much larger number (up to 13) of sulfonic acid
groups and thus, improved mechanical properties were
obtained (Fig. 35(d)) [140]. The proton conductivities of
the resulting structures (0.058–0.067 S cm−1) at IEC levels
in the range of 0.92–1.26 mequiv. g−1 were similar to that
of Nafion® 117 (0.098 S cm−1) at an IEC of 0.91 mequiv. g−1

at room temperature and 100% RH condition.
Tian et al. synthesized PAEs with randomly distributed

nanoclusters of 6, 12, and 18 sulfonic acid groups, as shown
in Fig. 36 [141,142].  The researchers developed a monomer
design based on work performed by the Hay group, as dis-
cussed in Section 2.2.1 and shown in Fig. 6. As the IECs of
the resulting PEMs increased from 1.16 to 1.69 mequiv. g−1,
water uptake increased from 20%, 29%, and 35% to
60%, 88%, and 125% at 35 ◦C, respectively. In addition,
the proton conductivities of the structures increased
from 0.021 S cm−1, 0.040 S cm−1, and 0.039 S cm−1 to
0.099 S cm−1, 0.123 S cm−1, and 0.137 S cm−1 at 75 ◦C and
100% RH condition, respectively. From an analysis of TEM
images, it was  confirmed that spherical ionic clusters with a
relatively uniform size were well-dispersed throughout the
resulting membranes. PEM with monomer (c) (see Fig. 36)
was  found to have a larger ionic domain size (15 nm)  than
PEMs with monomer (a) (3 nm)  and monomer (b) (12 nm)

(see Fig. 36)  due to its longer hydrophilic block segments.

Ueda and co-workers reported on locally and densely
sulfonated PAESs [143,144].  SPAESs with eight sulfonic
acid groups (Fig. 37(a)) were synthesized by the nucle-
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Fig. 34. (a) Chemical structure of a highly sulfonated poly(ether sulfo
135]  Copyright 2010, Royal Society of Chemistry.

philic substitution of 4,4′-dichlorodiphenylsulfone
ith 1,2,4,5-tetrakis([1,1′-biphenyl]-2-oxy)-3,6-bis(4-
ydroxyphenoxy)benzene and 2,2-bis(4-hydroxyphenyl)
exafluoropropane, followed by sulfonation using chloro-
ulfonic acid [143]. However, SPAESs with ten sulfonic acid
roups (Fig. 37(b)) required an additional oxidation step
hen compared to those with eight. Ueda and co-workers

lso synthesized PAESs by the nucleophilic substitution
f bis(4-fluorophenyl) sulfone with 1,2,4,5-tetrakis([1,1′-
iphenyl]-2-oxy)-3,6-bis(4-hydroxyphenoxy) benzene
nd bis(4-hydroxyphenyl) sulfide that was oxidized
sing m-chloroperoxybenzoic acid; the structures were
ulfonated using sulfuric acid [144]. The resulting PEMs
xhibited excellent proton conductivity over a wide range
f relative humidities due to their well-defined phase-
eparated structure. The phase separation was the result
f the large difference in polarity between the hydrophilic
nd hydrophobic segments of the polymer backbone.
n particular, the PEM with an IEC of 2.38 mequiv. g−1

xhibited proton conductivity that was comparable to that
f Nafion® 117 at 30% RH.

The Watanabe research group reported sulfonated block

opolymers having highly sulfonatable fluorenyl groups.
he researchers combined three concepts in their work:
EMs with a high free volume, multiblock PEMs, and
he introduction of highly sulfonatable monomers as dis-
h binaphthyl units and (b) its AFM tapping mode phase image [135].

cussed in Sections 2.2.2, 2.2.3, and 2.2.6, respectively
[116–118]. In particular, SPAESKs containing a hydropho-
bic sulfone-ketone block structure were fabricated via
the polymer sulfonation method, with 100% selective sul-
fonation of all phenyl rings of the fluorenyl moieties
occurring, without sulfonation of the hydrophobic block
(see Fig. 38)  [117,118].  STEM images revealed rod-like and
well-interconnected aggregation of the hydrophilic block.
According to the authors, the aggregation was the result
of the high local concentration of sulfonic acid groups
within the hydrophilic blocks, which enhanced phase sep-
aration between the hydrophilic and hydrophobic blocks.
The aggregation of hydrophilic blocks was more distinct
with increases in the IEC and the hydrophilic block length.
X30Y8 with an IEC = 1.62 mequiv. g−1 and well-defined
phase separation (see images in Fig. 38(c) and (d)) exhib-
ited a similar or higher proton conductivity than Nafion®

over a wide humidity range. The structure also retained
its high proton conductivity at 110 ◦C, which could enable
successful fuel cell operation even under harsh condi-
tions (100 ◦C and 53 or 30% RH). The sulfonated PEMs in
this study exhibited anisotropic swelling behavior with

larger dimensional changes in the through-plane direction
than in the in-plane direction. The PEMs also displayed
very high hydrolytic stability and moderate oxidative
stability.



1474 C.H. Park et al. / Progress in Polymer Science 36 (2011) 1443– 1498

Fig. 35. Chemical structure of sulfonated PEMs having highly sulfonatable end groups by Hay’s group: (a) sulfonated linear PSK [136]; (b) sulfonated
branched PEK [137,138]; (c) sulfonated dendritic multiblock coPES [139]; (d) sulfonated dendritic multiblock coPES [140]; and (e) TEM micrographs of

®

 Americ

sulfonated branched PEK and Nafion [137].
[136] Copyright 2008, American Chemical Society; [137] Copyright 2008,

Li et al. utilized this concept to synthesize SPAES
copolymers having two  or four sulfonated pendant phenyl
rings using monomer sulfonation method as well as post-
polymerization sulfonation method, as shown in Fig. 39
[145]. Monomer sulfonation led to sulfonated monomers

having two or four pendent sulfonic acid groups at the p-
phenyl position. In particular, SPAES with four sulfonic acid
groups exhibited high proton conductivity and lower water
uptake. The high performance was attributed to the more
an Chemical Society.

blocky and locally concentrated sulfonic acid groups in the
SPAES.

2.2.7. Properties of sulfonated hydrocarbon PEMs
In this section, major properties of PEMs (i.e., water
uptake and proton conductivity) that determine PEMs per-
formance and stability will be discussed focusing on the
recent trends in sulfonated hydrocarbon PEMs. Most liter-
ature discussed in this review used Nafion® (particularly
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Fig. 36. Chemical structure of poly(aryl ether)s having
141]  Copyright 2009, American Chemical Society.

afion® 112) with IEC of about 0.91 mequiv. g−1 as a ref-
rence sample for medium-temperature PEMFC. However,
s shown in Fig. 40,  the water uptake and proton conduc-
ivity of Nafion® (black stars) were differently reported by
ifferent research groups, although they used the same
embrane and measurement method. Accordingly, an

bsolute comparison of the values in PEMs property and
erformance seems to be meaningless in this review.

nstead, we will try to demonstrate the characteristics of
ach design strategy in Section 2.2 by analyzing the trend
n water uptake and proton conductivity, and then suggest

 solution to overcome their general disadvantages with-
ut unduly sacrificing their advantages. In this section, the
eference samples (red stars in Fig. 40)  represent hydrocar-
on random copolymers without specific functionality or
ide chain, obtained via conventional polycondensation. In
ddition, some papers did not report water uptake and/or
roton conductivity under the conditions discussed in this
ection (about 25 ◦C and/or 80 ◦C), and therefore will not
e considered in this section (e.g., sulfonated hydrocarbon
EMs with high free volume in Section 2.2.2).

Fig. 40(a) and (b) shows the relationship of weight-
ased water uptake (wt%) and proton conductivity to

EC for various types of sulfonated hydrocarbon PEMs

t 25 ◦C, respectively. In addition, to enhance readers’
nderstanding of Fig. 40,  the same data are listed in
able S1 in the Appendix.  A correlation graph between
ater uptake and proton conductivity is also drawn in
nd 18 sulfonatable pendant phenyl groups [141,142].

Fig. 40(c) to compare the characteristics of various types
of PEMs. Nafion® (black stars in Fig. 40(a)) shows similar
or somewhat higher water uptake values than sulfonated
hydrocarbon PEMs with the similar IECs at 25 ◦C. How-
ever, note that the density of Nafion® (about 1.98 g cm−3)
is higher than those of sulfonated hydrocarbon PEMs
(about 1.2–1.6 g cm−3). Nevertheless, much of the liter-
ature reports water uptake as wt% rather than vol%.
Accordingly, it is difficult to directly compare the water
uptakes between Nafion® and hydrocarbon sulfonated
PEMs on a wt%  basis. Considering the practical IEC range
of sulfonated hydrocarbon PEMs (over 1.25 mequiv. g−1),
the water uptake in Nafion® can be regarded as relatively
low, which can be more clearly seen in Fig. 40.  Proton con-
ductivities of Nafion® at 25 ◦C (black stars in Fig. 40(b))
are much higher than sulfonated hydrocarbon PEMs with
the similar IECs. Hydrocarbon PEMs, can attain the same
level of proton conductivity as Nafion® at 25 ◦C when they
have much higher IEC values (over 1.5 mequiv. g−1). Con-
sequently, Nafion® exhibits high proton conductivity even
with low water uptake and at low temperature, as shown
in Fig. 40(c), which demonstrates the effective formation
of well-connected water channels for proton transport in
Nafion®. As discussed in Section 1, the high proton con-

ductivity (i.e., well-connected water channel) of Nafion®

mainly results from three factors: (1) high acidity of the
sulfonic acid groups, (2) mobility of sulfonic acid groups,
and (3) large differences between the hydrophobicity of
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(a)

(b) 

ith (a) 8
Fig. 37. Chemical structure of sulfonated poly(ether sulfone)s w
[143]  Copyright 2009, American Chemical Society.

non-sulfonated moiety and the hydrophilicity of sulfonated
moiety in the PEM structure. These factors are also help-
ful to understand the properties of sulfonated hydrocarbon
PEMs which will be discussed below.

Kim and Pivovar introduced the concept of categoriz-
ing PEMs into broad characteristics such as those with
functional groups [146,147].  Sulfonated hydrocarbon PEMs
with functional groups (blue circles in Fig. 40(a)) have com-
parably low water uptake 25 ◦C for given IEC values. This
suggests that the introduction of functional groups (e.g.,
nitrile groups) and/or control of their connectivity (e.g.,
connectivity of sulfonic acids to naphthalene monomers)
can control excessive swelling of the membranes even for
those with high IECs under hydrated condition. On the
other hand, this class of PEMs (blue circles) shows relatively
low proton conductivity and a scattered trend at 25 ◦C
according to their backbone chemical structure and func-
tional group type, as shown in Fig. 40(b). Moreover, in order
to obtain high proton conductivity, very high IECs are nec-
essary but this may  cause poor mechanical stability. Note
that most sulfonated hydrocarbon PEMs with functional
groups tend to have low proton conductivities (below

0.1 S cm−1). In certain cases, functional groups can increase
acidity, such as in the case of electronegative and electron
withdrawing fluorine, which results in a PEM with higher
proton conductivity than the reference (non-fluorinated)
 sulfonic acid groups [143] and (b) 10 sulfonic acid groups [144].

sample. Considering their low water uptake, this strat-
egy has great potential for PEMFC operated under fully
humidified condition, as shown in Fig. 40(c). Accordingly,
if combined with appropriate structural or morphologi-
cal design, these types of PEMs may  possibly attain high
performance.

Multiblock PEMs (cyan triangles in Fig. 40(a)) have
relatively high water uptake values among sulfonated
hydrocarbon PEMs. In particular, a drastic increase in water
uptake can be observed at IEC values of 1.5–1.7 mequiv. g−1.
As mentioned in Section 1, excessive swelling (i.e., dimen-
sional change under hydrated conditions) in PEMs causes
poor mechanical stability and bad adhesion to catalyst
layer, resulting in failure of the PEMFC during opera-
tion. However, since multiblock PEMs generally exhibit
low dimensional swelling despite their high water uptake,
because of their well-defined phase-separated morphology
(see Section 2.2.3), their high water uptake is a less sig-
nificant problem. On the other hand, appropriately high
water uptake is beneficial and necessary for high pro-
ton conductivity. High water affinity can confine water
molecules within PEMs enough to maintain water channels

for proton transport, even under low humidity condi-
tions, which leads to lower humidity dependence for
proton conductivity, as observed in Nafion®. Accordingly,
providing dimensional swelling is controlled, high water
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ig. 38. Chemical structure of sulfonated poly(arylene ether sulfone ke
afion® 112 (IEC = 0.91 mequiv. g−1); (b) X60Y8 (IEC = 1.07 mequiv. g−1); (

118]  Copyright 2010, American Chemical Society.

ptake in sulfonated hydrocarbon multiblock PEMs pos-
tively affects PEMFC performance under both reduced
nd fully humidified conditions. This is also confirmed by
roton conductivity data in Fig. 40(b). Sulfonated hydro-
arbon multiblock PEMs have comparatively the highest

−1
evel of proton conductivity (over 0.1–0.3 S cm even at
ow temperatures of 25 ◦C) of those PEMs discussed in
his section. In particular, most have similar or higher
roton conductivities than Nafion® for IEC values greater
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Fig. 39. Chemical structure of sulfonated poly(arylene ether
145] Copyright 2010, American Chemical Society.
aving highly sulfonatable fluorenyl groups and their STEM images: (a)
8 (IEC = 1.62 mequiv. g−1); (d) X30Y8 with large scale [117,118].

than 1.2 mequiv. g−1. The observed high proton conduc-
tivities of multiblock copolymers strongly support the
discussion in Section 2.2.3 about the effective formation
of well-connected proton transport channels via a well-
defined and strong phase separation between hydrophobic

and hydrophilic segments. Consequently, sulfonated multi-
block copolymers are one of the most attractive design
strategies for high performance PEMs operated at medium-
temperature and low-humidity as well as under fully

O

CF3
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O Ar

S
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O
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100-X X

 sulfone)s with pendent sulfonic acid groups [145].
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Fig. 40. Performance comparison of various types of sulfonated PEMs at around 25 ◦C: relationship between (a) IEC and water uptake (wt%), (b) IEC
and  proton conductivity, and (c) water uptake (wt%) and proton conductivity. Here, black stars (Nafion®), red stars (the reference sulfonated hydrocarbon

 cyan tri
res (sulf
nterpre
PEMs),  blue circles (sulfonated hydrocarbon PEMs with functional groups),
(grafted and branched sulfonated hydrocarbon PEMs), dark yellow squa
(sulfonated hydrocarbon PEMs with highly sulfonatable monomers). (For i
to  the web version of the article.)

humidified conditions. Despite their high proton conduc-
tivities, sulfonated hydrocarbon multiblock PEMs have
much higher water uptakes values than other PEMs with
similar proton conductivities, as shown in Fig. 40(c). This
can be a possible impediment for their application in actual
PEMFC systems. For example, in unpublished research,
it is known that these PEMs have adhesion problems to
the catalyst layer when the MEAs are fabricated by the
decal method, due to differences in surface properties
between hydrated and non-hydrated conditions. Accord-
ingly, in order to find ways to reduce the water uptake
and to increase adhesion with the catalyst layer without
sacrificing proton conductivity, it will be helpful to adopt
physico-chemical tuning, such as crosslinking, surface flu-
orination and thermal annealing (which will be discussed
in Section 3).

A comparative study of property difference between

multiblock and graft PEM architecture was reported by
Holdcroft and co-workers [148]. Grafted and branched sul-
fonated hydrocarbon PEMs are also strong candidates for
PEMFC applications operating in the medium-temperature
angles (sulfonated hydrocarbon multiblock PEMs), yellow down-triangles
onated hydrocarbon PEMs with high IEC), and orange dot-center circles
tation of the references to color in this figure legend, the reader is referred

range. As shown in Fig. 40(a), most of these types of
PEMs have lower water uptake values (yellow down-
triangles) than other hydrocarbon PEMs and are similar
to those with functional groups. For IEC values up to
1.3 mequiv. g−1, their proton conductivities (yellow down-
triangles in Fig. 40(b)) are relatively lower than other
PEMs, even including those with functional groups. For
IEC value of over 1.3 mequiv. g−1, proton conductivities
in grafted and branched sulfonated hydrocarbon copoly-
mers drastically increase and then attain very high values
(over 0.1–0.2 S cm−1 even at 25 ◦C) despite their persis-
tently low water uptakes. This behavior demonstrates that
flexible grafted and branched side chains bearing sulfonic
acid groups help the effective formation of water chan-
nels for proton transport, even with low water uptake
(see Fig. 40(c)), as observed in Nafion® (see Fig. 2). This
conclusion is also confirmed by the fact that PEMs with

relatively rigid aromatic side chains show much lower
proton conductivity values than those with flexible side
chain, as shown in Fig. 40(b), because low mobility of rigid
side chain hinders aggregation of hydrophilic sulfonic acid
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Fig. 41. Relationship between water uptake (wt%) and proton conductiv-
ity of various types of sulfonated PEMs at around 25 (open marks) and
80 ◦C (closed marks): Here, black stars (Nafion®), red stars (the refer-
ence sulfonated hydrocarbon PEMs), blue circles (sulfonated hydrocarbon
PEMs with functional groups), cyan triangles (sulfonated hydrocarbon
multiblock PEMs), yellow down-triangles (grafted and branched sul-
fonated hydrocarbon PEMs), dark yellow squares (sulfonated hydrocarbon
PEMs with high IEC), and orange dot-center circles (sulfonated hydrocar-
C.H. Park et al. / Progress in P

roups on the side chains. On the other hand, the low
ffinity of grafted and branched sulfonated hydrocarbon
EMs to water molecules (i.e., low water uptake values)
an be obstacles in PEMFC, particularly for those operated
t low humidity, leading to poor proton conductivity at
ow humidity, and a high humidity dependence for proton
onductivity. In fact, many papers dealing with these PEMs
eported high humidity dependence for proton conductiv-
ty compared with Nafion®, or did not even include proton
onductivity data at low humidity. It should be noted that
s a grafted PEM, Nafion® has a relatively high water uptake
hen considering its low IEC value. Consequently, ways

o increase hydrophilicity without sacrificing dimensional
tability, such as the introduction of hydrophilic inorganic
aterials (which will be discussed in Section 3), may  be

 promising approach for PEMFC applications operating
t reduced humidity, particularly for hydrocarbon PEMs
earing sulfonic acid groups in grafted or branched side
hains. Furthermore, low chemical stability of side chain
n these PEMs was frequently reported, particularly for
he styrene-based side chains, due to their poor chemi-
al stability against radical species generated in fuel cell
peration. Accordingly, molecular design of chemically sta-
le side chains is absolutely necessary for actual PEMFC
pplication of grafted and branched sulfonated hydrocar-
on PEM.

In the case of sulfonated hydrocarbon PEMs with very
igh IEC values, there are only a few water uptake and
roton conductivity data at 25 ◦C because they were orig-

nally designed for high temperature PEMFC operation at
ver 100 ◦C and at low humidity. These PEMs (dark yel-
ow squares in Fig. 40(a)) have high, but slowly increasing,

ater uptake, due to the high hydrolytic stability (in the
riginal paper, the authors used this term similarly as

water insolubility’) of sulfone linkage in the backbone.
owever, proton conductivities of those PEMs, despite

heir high IEC values, are not so high. High proton conduc-
ivities (over 0.1 S cm−1) of those PEMs can be attained even
t high IECs of over 2.3 mequiv. g−1, as shown in Fig. 40(b).
ccordingly, considering water uptake and proton con-
uctivity in Fig. 40(c), these types of PEMs ostensibly
ave lower performance than other sulfonated hydrocar-
on PEMs. However, this conclusion is not appropriate due
o the target condition (over 100 ◦C and at low humidity) of
ulfonated hydrocarbon PEMs with high IEC. Moreover, one
f these PEMs show extremely high IECs of 4.3 mequiv. g−1

nd seven times higher proton conductivity than Nafion®

t high temperature (135 ◦C) and low humidity (30% RH),
hich is beyond the scope of discussion in this review.

Sulfonated hydrocarbon PEMs with highly sulfonat-
ble monomer (orange dot-center circles) have distinctive
haracteristic in water uptake and proton conductivity
n Fig. 40.  Most of these PEMs have relatively low IEC
below 1.7 mequiv. g−1), whereas their water uptakes and
roton conductivities are higher than those of other sul-
onated hydrocarbon PEMs and almost similar to those
f sulfonated multiblock PEMs, as shown in Fig. 40(a)

nd (b). In particular, introduction of highly sulfonatable
onomer into sulfonated hydrocarbon PEM enables the

ighest water uptake and proton conductivity of these PEM
mong the sulfonated hydrocarbon PEMs in the IEC range
bon PEMs with highly sulfonatable monomers). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of the article.)

below 1.1 mequiv. g−1. These high performances are also
comparable to Nafion®. The high water uptake and proton
conductivity of these types of PEMs may  result from the
structural characteristics which have both the advantages
of multiblock copolymers and grafted/branched PEMs, as
discussed in Section 2.2.6. However, these structural char-
acteristics also limit actual PEMFC application. Since most
highly sulfonatable monomers have very rigid aromatic
structures, the sulfonatable monomer composition should
be limited to avoid the brittleness of the final membranes.
As a result, it is difficult to obtain high IEC in this type PEMs
which enables high proton conductivity (over 0.1 S cm−1),
as shown in Fig. 40(b) and (c). In order to solve this prob-
lem, some possible ways were suggested: introduction of
flexible linkage in highly sulfonatable monomer and block
copolymerization with the monomer having less sulfonat-
able sites.

Fig. 41 shows the relationship between water uptake
and proton conductivity at different temperatures (25 ◦C
(open circles) and 80 ◦C (filled circles)) according to the
types of sulfonated hydrocarbon PEMs. There is no signif-
icant change in water uptake for Nafion® (back stars), but
proton conductivity is much improved by increasing tem-
perature. Among the sulfonated hydrocarbon PEMs, the
grafted and branched PEMs (yellow down triangles) and
those with high IEC values (dark yellow squares) show rel-
atively low increase in water uptake but exhibit remarkably
enhanced proton conductivity. However, it should be noted
that the water uptake and proton conductivity data of PEMs
with high IECs at 25 and 80 ◦C are chosen from different

research sources (see Table S1 in Appendix).  Accordingly,
a direct comparison of both data is meaningless, but their
high performance at 80 ◦C demonstrates that these types of
PEMs have high potential for medium-temperature PEMFC.
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On the other hand, sulfonated hydrocarbon PEMs with
highly sulfonatable monomers (orange dot-center circles)
exhibit less change in water uptake and proton conduc-
tivity in the water uptake range below 75%. After that,
water uptake drastically increases but proton conductiv-
ities are only slowly improved. In the case of functional
group PEMs (blue circles), some performance improve-
ment can be observed at 80 ◦C, but proton conductivity is
typically below 0.1 S cm−1. In fact, since most researchers
measure water uptakes at 25–30 ◦C, there are only a few
reports on water uptake measured at 80 ◦C. Accordingly,
it should be noted that the data in Fig. 41 are limited and
useful only as a reference.

3. Physico-chemically tuned sulfonated
hydrocarbon PEMs

In this section, methods to physico-chemically tune
sulfonated hydrocarbon PEMs will be discussed. Such
approaches include crosslinking, thermal annealing, sur-
face modification, and the use of composites and reinforced
PEMs. Basic PEM characteristics and electrochemical per-
formance will also be addressed.

3.1. Tuned sulfonated hydrocarbon PEMs

3.1.1. Crosslinked PEMs
Crosslinking PEM materials with high IEC values is

one way to overcome excessive water swelling that is
often observed in copolymers that have a high DS. Usu-
ally, the crosslinking of copolymers with DS values lower
than a certain level (e.g., percolation threshold) leads to
proton conductivity losses resulting from a reduction in
the polymer mobility. Crosslinking the high DS copoly-
mers can improve proton conductivity at the fully hydrated
state by improving the ionic density per volume due to
reduced water uptake. However, ineffective control of the
crosslinking degree (or gel point) can give rise to mem-
brane brittleness and unexpected side effects (e.g., a large
reduction in proton conductivity).

3.1.1.1. Ionic crosslinking. Ionic crosslinking is effective
for reinforcing the mechanical strength of PEM materials
[149–152]. Crosslinking is mainly achieved by blending
a sulfonated copolymer, particularly in the form of a
salt (e.g., –SO3

−Na+), with a basic polymer (e.g., poly-
benzimidazole (PBI)). After membrane formation and
subsequent acidification, –SO3

− groups in the sulfonated
polymer interact with H–N– groups in the basic poly-
mer, resulting in an acid–base complex. The crosslinking
density can be changed by varying both the mixing con-
tent and the basicity of the basic polymer. For example,
weakly basic polymers (e.g., post-sulfonated orthosulfone-
diamines) exhibit slightly reduced proton conductivities
due to physical crosslinking. In addition, strongly basic PBI
is easily protonated by sulfonated polymers. Below the per-
colation threshold of sulfonated polymers, most of their

acid functionality is ionically trapped by PBI groups and
thus, proton conduction capability is considerably reduced.
At a high DS over the percolation threshold, the water-
soluble character of sulfonated polymers is converted into
cience 36 (2011) 1443– 1498

water-insoluble character, which exhibits a certain level
of proton conductivity. Despite morphological stability,
water swelling is much higher than in other crosslinking
systems based on covalent bonds. The strength of phys-
ical crosslinking is also not strong sufficient to prevent
hydrolysis in water over 80 ◦C, which lowers the repro-
ducibility of fuel cell performance [153]. However, the use
of amphiphilic copolymers, which contain –SO3H groups in
addition to basic functional groups (e.g., PBI) in the polymer
backbone, as basic polymer counterparts can compensate
for proton conductivity losses and maintain stable fuel cell
performance [154].

3.1.1.2. UV-assisted photo-crosslinking. Polyphosphazenes
(PPhs) are representative inorganic polymers and their sub-
stituent sites can be easily functionalized with –SO3

−H+

groups [155]. The resulting SPPhs have a low Tg, which
enables photo-crosslinking in their membrane state under
UV light [46,47]. For this purpose, SPPh cast solutions
should contain a certain concentration of benzophenone
photo-initiator. While significant improvements in SPPh
dimensional stability have been observed after crosslink-
ing, avoiding proton conductivity loss is difficult. Currently,
crosslinked SPPh membranes have been recognized as
promising materials for direct methanol fuel cells rather
than PEFCs due to their low methanol diffusivity.

3.1.1.3. Thermally activated crosslinking. Thermally
crosslinked sulfonated copolymers are prepared in a
membrane state over a wide temperature range from 90
to ∼360 ◦C. The curing temperature and –SO3

−M+ form
(M+ = H+, Na+, or K+) of the copolymers during covalent
bond formation are mainly determined by the choice of
crosslinkers or crosslinkable groups. Thermally crosslinked
copolymers are classified into two different categories:
polymer-crosslinker systems and self-crosslinkable
polymer systems (see Fig. 42).

In the early stages of research, thermal crosslinking was
accomplished through condensation between –SO3

−H+

groups in sulfonated copolymers such as SPEEK, and
polyatomic alcohols (e.g., glycerol, ethylene glycol, and
meso-erythritol) as crosslinkers through a thermal treat-
ment at 120–150 ◦C under vacuum [156]. The crosslinking
reaction was accompanied by a loss in –SO3

−H+ content.
A major issue in the thermally crosslinked systems is their
severely reduced proton conductivity (<4.6 × 10−2 S cm−1

in water at 25 ◦C) that is observed even when highly sul-
fonated polymers (DS > 78 mol%) are used.

Incorporating crosslinkers, which react with other
functional sites (except –SO3

−H+ groups) in polymer
backbones, can be a good approach to minimize the afore-
mentioned proton conductivity losses. Representative
crosslinked copolymers are derived from biphenyl-based
disulfonated PAES (BPSH) oligomers with phenoxide
(–O−K+) groups at their terminal ends and crosslinkers
with different curing temperatures. In previous research,
salt form (–SO3

−Na+ or –SO3
−K+) BPS oligomers with
end-groups were primarily synthesized with controlled
molecular weights (>15 kg mol−1) via step growth poly-
merization, which is essential to maximize the end-group
concentration and to promote chain mobility for high
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Fig. 42. Thermally crosslinked polymer sy

onversion. Phenoxide end groups in the oligomers then
eacted with the crosslinkers so as to form cured mem-
ranes. The resulting membranes were ultimately acidified
o achieve high proton conductivity. Glycidyl methacry-
ate (GMA) is one of the promising crosslinkers in the
henoxide-terminated BPS system. In previous studies,
MA reacted with phenoxide endgroups via nucleophilic
ubstitution. BPS oligomers with crosslinkable GMA  end-
roups were then obtained. After adding a benzoyl
henoxide initiator, the GMA–BPS system was thermally
ured at 90–95 ◦C [157]. Another available crosslinker is
etraglycidyl bis(p-aminophenyl) methane (MY721 epoxy
esin), which is more hydrolytically and thermally stable
han GMA  with an ester linkage. The phenoxide end-
roups in BPS oligomers with a high DS (e.g., BPS-50
ith DS = 50 mol%) react with multi-functional epoxide

ings in MY721 in the presence of a triphenyl phos-
hine catalyst around 150 ◦C to produce a MY721-BPS

rosslinked network [158]. A small amount of a high boil-
ng solvent [e.g., N-methyl-2-pyrrolidinone (NMP)] was
sed to depress the high Tg of the high DS oligomer so
s to make vitrification feasible. The gel fraction of the
ith different curing temperature spectra.

crosslinked copolymer was  influenced by the crosslink-
ing time, epoxy concentration, molecular weight, and
DS of the BPS oligomers. After crosslinking and acid-
ification, the water uptake of proton (–SO3

−H+) form
BPSH-50 was  greatly reduced from 232% to 84%. Such
a reduction may  induce enhanced proton conductivity
by prohibiting the proton concentration per polymer
volume from being diluted due to excessive swelling
in the hydrated state. Furthermore, 4-nitrophthalonitrile
(Tcuring > ∼300 ◦C) [159,160] and 4-fluoro-4-phenylethynyl
benzophenone (FPEB) (Tcuring > ∼350 ◦C) are crosslinkers
with curing temperatures higher than the Tg of BPS
oligomers. After membrane formation, a curing reaction
was conducted in the thermally stable salt form (–SO3

−M+,
M = Na or K), since –SO3

−H+ groups in the BPSH backbone
begin to thermally decompose around 250 ◦C. It may  be
attractive to use FPEB as a crosslinker since volatile gases
are not evolved during the curing reaction. The high curing

temperature of FPEB would be a challenge when designing
crosslinked structures.

The crosslinking of sulfonated copolymers generally
leads to reduced proton conductivity due to a combi-
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nation of the restricted mobility of the polymer chains
and blocked hydrophilic water channels. A plausible way
to compensate for such a loss may  be to use crosslink-
ers with a –SO3

−H+ group [161,162].  One example is
the poly(vinyl alcohol) (PVA)–sulfosuccinic acid (SSA) sys-
tem [162], which was employed as both a sulfonating
agent and a crosslinker. After membrane formation at
60 ◦C, hydroxyl (–OH) groups in the PVA reacted with
carboxylic acid (–COOH) groups in the SSA at temper-
atures in the range of 120–130 ◦C via a condensation
reaction to form thermally cured polymer networks. The
proton conductivity trends in the system were highly
variable depending on the amount of SSA and the crosslink-
ing temperature. Membranes cured at a relatively high
temperature (125–130 ◦C) exhibited a high degree of
crosslinking, which led to a reduced proton conductivity
at a low SSA concentration (<17 wt%). Above this con-
centration, SSA contributed to an improvement in the
proton conductivity as a proton conductor. At a relatively
low curing temperature, SSA played an important role in
transporting protons due to the low degree of crosslink-
ing. Introducing crosslinkers with a –SO3

−H+ group was
more effective in a sulfonated polymer system than in a
non-sulfonated polymer system such as PVA. When N,N-
bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), a
crosslinker containing an –SO3

−H+ group, was added to
DS-controlled SPIs (1.9 < IEC < 2.2 mequiv. g−1), the water
uptake decreased as in other crosslinked systems but IEC
increased to the range of 2.0–2.5 mequiv. g−1 [161]. Unlike
crosslinked systems composed of sulfonated polymers and
fixed-ion free crosslinkers, the proton conductivity of the
BES-SPI crosslinked system measured at 30 ◦C and 90%
RH was comparable to Nafion® under the same condi-
tion. This result is believed to be due to the additional
–SO3

−H+ group in the aliphatic crosslinker giving rise to
improved acidity and/or ionic density. Note that improved
ionic density per volume obtained from both reduced water
uptake and enhanced –SO3

−H+ concentration contribute
to improved charge carrier concentration [163]. In addi-
tion, the proton conductivity of the crosslinked SPI system
was higher than that of Nafion® at elevated tempera-
tures, while its activation energy (e.g., 4.5–5.6 kcal mol−1

obtained from the proton conductivity measurement in
the temperature range of 30–90 ◦C at 90% RH) is lower
than that (7.3 kcal mol−1) of Nafion®. It might be due to
increased bound water content, in addition to the contri-
bution of charge carrier concentration as mentioned above
[163]. Here, bound water arises from the strong interac-
tion between water molecules and the polymer matrix and
is affected by the polarity and ionic concentration in the
hydrated polymer system. The bound water is thermally
durable at elevated temperature (90 ◦C) where water activ-
ity increases and protons can be well dissociated. When
compared to a polymer system based on a fixed-ion free
crosslinker with a similar aliphatic chain length, the resis-
tance of the membrane to hydrolysis and peroxide radical
attack was slightly weakened as a result of the higher IEC

value [164]. However, these model systems provide infor-
mation on how to design crosslinked polymer membranes
for mid-temperature and/or low-humidity PEMFC applica-
tions.
cience 36 (2011) 1443– 1498

Most thermal curing processes that proceed in the
salt (–SO3

−Na+ or –SO3
−K+) form exhibit excellent ther-

mal  stability (<∼400 ◦C). Some crosslinking reactions occur
in more acidic proton (–SO3

−H+) form polymers instead
of salt form polymers. One example is the sulfonated
poly(phenylene sulfide sulfone nitrile) (SPPSSfN)-4,4′-
oxybis(benzoic acid) (OBBA) crosslinked system [165].
The carboxylic acid (–COO−H+) in OBBA underwent
Friedel–Craft acylation with nucleophilic phenyl rings in
proton form SPPSSfN under vacuum at 160 ◦C for 10 h.
Here, SPPSSfN acted as a solid acidic catalyst in order to
activate the condensation reaction. Also, the nitrile (–CN)
groups in the SPPSSfN backbone gave rise to a polar–polar
interaction, which in turn contributed to both an interface
formation that was  compatible with Nafion® electrodes
and enhanced dimensional stability in the hydrated state.
The level of water swelling in highly sulfonated SPPSSfN
(DS = 50–60) membranes was  too high to evaluate their
proton conductivity, particularly at 90 ◦C. However, the
water uptake of the crosslinked system decreased to
about 50% of the non-crosslinked system. Interestingly,
the proton conductivity after crosslinking was somewhat
reduced, but the values were superior to those of Nafion®

membranes with a similar activation energy over a wide
temperature range from 30 to 90 ◦C.

Unlike conventional crosslinked systems where
crosslinkers are incorporated into as-prepared polymers
or oligomer matrices in the solution state and thermally
cured in the membrane state, self-crosslinkable polymer
systems are composed of homopolymers containing ther-
mally crosslinkable functional groups (e.g., sulfonic acid
group and ethynyl group) in the polymer synthesis step.
The crosslinkable functional groups in the homopolymers
then undergo inter- or intramolecular covalent bond for-
mation with reactive sites in their backbones over certain
curing temperature ranges. In addition to the curing time,
the curing temperature in self-crosslinkable systems is a
critical factor in determining their crosslinking degree.
Recently, self-crosslinkable polymers have been reported
in the literature [166–169]. Representative examples are
SPEEK and SPPSf [166,167] where a portion of the sulfonic
acid groups (crosslinking sites) present in the aromatic
backbone is sacrificed for thermal conversion into sulfone
bridge groups to cure the polymer matrices. The resulting
crosslinked polymers exhibit improved hydrolytic, ther-
mal, and mechanical stability. However, the crosslinking
reaction is necessarily accompanied by proton conduc-
tivity loss owing to their reduced IEC. The use of highly
sulfonated polymer matrices (e.g., IEC = 3.57 mequiv. g−1

[167]) can be a solution to compensate this unavoidable
proton conductivity loss. The self-crosslinkable polymer
systems also include SPAEs with ethynyl crosslinkable
groups randomly located within the polymer backbone
[168] or positioned at their terminal ends [169]. The
ethynyl groups in SPAEs were effective in removing
the thermal bottleneck observed in the aforementioned
BPS–FPEB curing system. This is because the ethynyl

groups used in the SPAEs exhibit a relatively high reactiv-
ity to a subsequent curing reaction due to their low steric
hindrance. As such, the thermal curing temperature was
100 ◦C lower than that of the BPS–FPEB system.
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.1.2. Surface fluorinated PEMs
A key element that determines electrochemical fuel cell

erformance is the MEA. A MEA  is generally composed
f a PEM and electrodes positioned at both sides of the
EM. Some sulfonated hydrocarbon materials used as PEMs
how excellent barrier properties to oxygen molecules that
re associated with active radical generation on the plat-
num catalyst in the electrodes [170,171].  Such PEMs have
lso exhibited proton conductivities that are higher than
ommercially available PFSA (e.g., Nafion®) under harsh
EMFC operating conditions such as a low humidity (e.g.,
0% RH) and a high temperature (>80 ◦C) [98,148,172,173].
onsequently, their fuel cell performance is superior to that
f PFSA over a short period of time. However, the good elec-
rochemical performance of sulfonated hydrocarbon PEMs
apidly declines within several days because of interfacial
roblems related to the electrodes. A firm understanding of
he electrode formula for MEA  fabrication is important for
he development of high-performance sulfonated hydro-
arbon PEM-based MEAs (HC-MEAs). Nafion® ionomers
EW = 1100) have conventionally been added as a cata-
yst binder in the electrode for the following reasons: (1)
o physically support catalyst-adsorbed carbon clusters
nd (2) to facilitate proton migration from the anode to
he PEM and from the PEM to the cathode [174]. Unlike
FSA membrane-based MEA  fabrication methods, the use
f Nafion® in HC-MEA fabrication processes gives rise to
rucial interfacial issues. These issues include a high inter-
acial resistance between the sulfonated hydrocarbon PEM
nd the electrodes due to their low compatibility and poor
atalyst layer adhesion, which leads to the delamination
f catalyst layers from the PEM and rapid electrochemical
osses during fuel cell on-off cycles.

Extensive research has been conducted to overcome
he above HC-MEA issues. One approach is to use a
atalyst binder with the same composition as the PEM
109,175,176]. This method was effective in improving
ompatibility with the PEM. However, it resulted in low fuel
ermeability, which caused a mass flux limitation poten-
ial drop in the corresponding current–voltage polarization
urves. Another approach is to tune the chemical nature
f the sulfonated hydrocarbon PEMs via the incorpora-
ion of partially or fully fluorinated monomers. Despite the
educed interfacial resistance attained with Nafion® elec-
rodes [103,177,178],  the relatively high cost of fluorinated

onomers made their use in PEMs less attractive [179].
Surface fluorination (or “post-fluorination”) can be

ffectively used in preparing sulfonated hydrocarbon PEMs
hat have a high compatibility with Nafion® electrodes
nd an excellent single cell lifetime. In surface fluorina-
ion, the surface state of sulfonated hydrocarbon PEMs is
imply and rapidly converted into one that is analogous
o fluorinated membranes. At present, surface fluorina-
ion has been utilized in a wide range of applications for
utomobiles, packaging, food storage and preservation,
nd coatings. Such diverse usage arises because surface-
uorinated hydrocarbon polymers combine the desirable

haracteristics of fluoropolymers, such as chemical stabil-
ty and good gas barrier properties, with the beneficial bulk
roperties of hydrocarbon polymers (e.g., good process-
bility and excellent mechanical strength) [180–182].
cience 36 (2011) 1443– 1498 1483

Surface fluorination of sulfonated hydrocarbon mem-
branes [BPSH-40 [183] and PVA–poly(styrene sulfonic
acid-co-maleic acid) (PSSA-MA) [184]] has been achieved
using a dilute F2 gas (e.g., 500 ppm) in an F2/N2 mixture
under ambient pressure and temperature for a short period
of time (5–60 min). Such a process minimizes undesirable
side reactions (e.g., chemical degradation) that may arise
due to the use of highly reactive F2 gas. Prior to surface
fluorination, all sulfonated hydrocarbon membranes were
acidified so as to maintain a level of chain mobility that was
higher than that of physically crosslinked salt (–SO3

−M+,
M+ = Na+ or K+) form membranes in the solid state. After
the surface treatment, the resulting membranes were acid-
ified again to eliminate the possibility that –SO2F group
formation on the membrane surface would lower their IEC
values.

In the above experiments, the fluorine content, which
was measured in atomic ratio by X-ray photoelectron spec-
troscopy, increased as a function of the F2 gas exposure
time. Under the same fluorination conditions, the fluo-
rine content was much higher in an aromatic polymer
matrix (atomic F content: ∼15%) [183] than in an aliphatic
matrix (atomic F content: ∼5.4%) [184] because the sub-
stitution reaction of a C–H bond with a C–F bond in the
aromatic rings is the most thermodynamically favorable
route. The C–F substitution reaction in BPSH-40 during
surface fluorination was expected to occur randomly in
its aromatic backbone since such F2 gas reactions have
been reported to be governed by a complicated radi-
cal chain mechanism [185]. The IEC values of BPSH-40
were independent of the fluorination times. However,
surface fluorination extensively altered the surface char-
acteristics of the structures. The formation of C–F bonds
resulted in a hydrophobic membrane surface, as demon-
strated by increased water contact angles (Fig. 43(a)). In the
AFM image of BPSH-40 as a random statistical copolymer
(Fig. 43(b)), randomly distributed hydrophilic cluster-like
structures (dark region) were observed within a hydropho-
bic polymer matrix (light region). Surprisingly, the surface
treatment transformed the morphology into fairly well-
defined hydrophilic–hydrophobic microphase separated
morphologies, similar to those of hydrophilic–hydrophobic
multiblock copolymers [74]. Hydrophilic domains became
interconnected and continuous ionic channels for fast pro-
ton transport were created as a result of self-assembly
on the partially fluorinated membrane surface. It can be
inferred that C–F bonds with a low surface free energy
would be formed mainly on the hydrophobic domains
rather than the hydrophilic domains of BPSH-40. Simi-
lar to multiblock copolymers, surface fluorinated BPSH
membranes have exhibited reduced water uptakes and
anisotropic swelling behavior in the thickness direction.
These peculiar swelling characteristics can lead to dimen-
sional stability of the surface-fluorinated membranes and
contribute to an enhancement in the lifetime of the result-
ing MEAs. In addition, the high electronegativity of fluorine
atoms in the C–F bonds improved the acidity of –SO3

−H+
groups in the aromatic rings containing the bonds. Conse-
quently, the proton conductivity of the surface fluorinated
BPSH membranes increased up to a certain fluorination
level (e.g., >30 min). Above 30 min, the proton conduction
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Fig. 43. Effects of surface fluorination of BPSH random copolymers on surface hydrophobicity and morphology based on water contact angle measurement
le bar in
and  atomic force microscopy (AFM), respectively. In AFM images, the sca

[183] Copyright 2009, American Chemical Society.

properties of the membranes slightly deteriorated, indi-
cating that chemical deformation may  have occurred. It
is also interesting to compare the interfacial resistance
between a PEM and Nafion® electrodes in terms of the
high-frequency resistance (HFR, � cm2) of the MEA  mea-
sured during a long-term direct methanol fuel cell (DMFC)
test. Though their electrochemical single cell performances
were evaluated under DMFC conditions, similar results can
be obtained even in a PEMFC and directly applied to high
performance MEA  development. Here, HFR is the sum of
all resistances in the pathway from the potentiometer to
all MEA  components. The surface fluorinated membranes
exhibited significantly reduced HFR values. In addition,
changes in the HFR values were negligibly small even after a
few thousand hours of operation. This means that surface-
fluorinated surfaces form a stable interface with Nafion®

electrodes. The combination of improved proton conduc-
tivity and a low interfacial resistance was beneficial in the
high performance of single cells and extended the electro-
chemical MEA  lifetime.

Multiblock copolymers exhibit proton conductivities
that are much higher than those of corresponding random
copolymers with the same IEC and chemical integrity
because of their well-defined hydrophilic–hydrophobic
phase separated morphologies. For example, a
BPSH100–BPS0 multiblock copolymer with an IEC value of

∼1.7 mequiv. g−1 had a proton conductivity of 0.14 S cm−1

in liquid water at 30 ◦C. Meanwhile, the proton con-
ductivity of a corresponding BPSH random copolymer
with the same IEC was 0.11 S cm−1 under the same test
dicates 50 nm [183].

conditions. When the surface fluorination technique was
applied to the multiblock copolymer, more developed
nanophase-separated structures were obtained [186].
The morphological transformation seemed to contribute
to an improvement in the proton conductivity in both
liquid water and at different RHs. Surface fluorinated
multiblock copolymers have exhibited a very slow reduc-
tion in their proton conductivity, particularly at a low
humidity [30–70% RH, e.g., the proton conductivity of
a multiblock copolymer after surface fluorination for
60 min  = ∼0.087 S cm−1 at 50% RH versus ∼0.020 S cm−1

for Nafion® 212]. This behavior was more remarkably
observed in highly fluorinated multiblock copolymers
with higher water retention levels. Therefore, multiblock
copolymers are expected to show electrochemical per-
formances that are superior to Nafion® 212 during low
humidity PEMFC operation. Despite the effectiveness of
surface fluorination, the mechanisms of the process and
the correlation of macroscopic membrane properties to
the fluorination depth have not been elucidated.

3.1.3. Thermally annealed PEMs
In addition to the chemical structure, composition, and

morphology of PEMs, the membrane preparation condi-
tion is one of most important factors to consider in PEM
design. Most sulfonated hydrocarbon PEMs are derived

from amorphous glassy polymers in the non-equilibrium
state. Amorphous glassy polymers generally encompass a
free volume that is higher than the minimal free volume,
which is obtained from the difference in specific volume
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hen the transition from the liquid to the hypothetical
quilibrium glassy state occurs. Thus, the thermal history
f glassy polymers can significantly influence the pack-
ng density of their polymer chains. A thermal annealing
rocess is a well-known and simple route to stabilize a
lassy polymer and induce densification of the polymer
atrix. Consequently, polymer chain mobility is restricted

nd membrane plasticization by absorbed small molecules
e.g., water or solvents) is minimized [187]. It is important
o investigate the thermal annealing effect on sulfonated
ydrocarbon copolymers since a thermal post-treatment
an alter the overall macroscopic characteristics of PEMs
ith the same chemical structure and composition.

Sulfonated polysulfone membranes have been fabri-
ated via post-sulfonation of Udel® using mixtures of
hlorosulfonic acid and chlorotrimethylsilane. The struc-
ures were annealed in the proton (–SO3

−H+) form
embrane state at temperatures (60 ◦C and 150 ◦C) lower

han the Tg of Udel® (Tg = 185 ◦C) [188]. The resulting ran-
omly sulfonated polysulfones (Fig. 44)  exhibited a single
nd broad Tg in the temperature range of 193–225 ◦C due
o the Tg contributions of the hydrophilic and hydropho-
ic domains. These Tg values increased with increasing DS,
imilar to what was observed in directly copolymerized
ulfonated copolymers based on sulfonated monomers.
rior to annealing, all membranes were kept in deionized
ater for one day so as to exclude the contribution of the

olvent on the Tg. Thermal annealing at 150 ◦C yielded a
g that was higher than that of the sulfonated polysulfone
reated at 60 ◦C. Both the water uptake and the number of
ater molecules coordinated per –SO3

− group (�) of the
ulfonated polysulfone were reduced after the heat treat-
ent. Such a result may  be associated with an increase

n the packing density and a reduction in the free vol-
me  for the transport of proton and water molecules. The
ost-sulfonated polysulfones may  also undergo inter- or

ntra-molecular covalent bond formation through a ther-
ally induced conversion from –SO3H to –SO2 groups,

osing a portion of their ionic characters [166,167].  Con-
equently, proton conductivity was slightly reduced after
hermal annealing.

Shown in Fig. 44 is the effect of thermal anneal-
ng on the ionic conductivity of randomly sulfonated
opolymers fabricated with different sulfonation routes.
irectly copolymerized disulfonated polysulfone (BisA)
opolymers in the proton form exhibited higher pro-
on conductivities than post-sulfonated polysulfones, even
hough their proton conductivity measurement was  con-
ucted at a relatively low temperature (30 ◦C). It should be
oted that disulfonate (–SO3

−M+, M+ = H+ or K+) groups in
isA copolymers are attached in the meta-position of an
lectron-withdrawing sulfonyl (O S O) group in the seg-
ented phenyl rings, while mono-sulfonated (–SO3

−H+)
roups in post-sulfonated polysulfones are randomly
ocated in the ortho-position of an electron-donating ether
–O–) linkage in other phenyl rings. The different loca-
ion of these functional groups causes an electron density

ifference, which makes the disulfonated groups in BisA
opolymers more acidic [79]. As a result, protons are easily
eleased from the disulfonated groups in BisA copolymers.
t is interesting to monitor the changes in BisA copolymer
cience 36 (2011) 1443– 1498 1485

characteristics when a thermal annealing protocol simi-
lar to that described above is applied to BisA copolymers
with the same Udel® backbone as post-sulfonated poly-
sulfone. Differences with the previous thermal annealing
procedure for post-sulfonated polysulfone were that all
BisA membranes were annealed at sub-Tg (60 and 150 ◦C)
in the salt (–SO3

−K+) form membrane state containing a
small amount of solvent. The structures were then restored
in deionized water so as to completely remove residual
solvent. The thermal annealing effects exhibited by BisA
copolymers were almost identical to those displayed by
post-sulfonated polysulfones, i.e., the water uptake was
reduced and the Tg was  increased. However, the proton
conductivity of the BisA copolymers was greatly improved
after the thermal annealing irrespective of whether they
were in the proton form or salt form. This peculiar behav-
ior may  be associated with a change in the ionic density
(IECv(wet)), which is defined as the molar equivalent of
–SO3

−H+ groups per water-swollen polymer volume [146].
In other words, a reduction in the water uptake as a result of
a heat treatment can give rise to an improved IECv(wet). This
behavior is believed to be more dominant in a BisA system
with two –SO3

−H+ groups in one hydrophilic moiety than
in a post-sulfonated system with one –SO3

−H+ group in one
hydrophilic moiety. As such, the conductivities of thermally
annealed BisA copolymers in the salt form with a high IEC
were comparable to those of post-sulfonated polysulfones
in the proton form.

The thermal annealing temperature plays an impor-
tant role in determining the proton conductivity of
annealed membranes. A high dependency on the
annealing temperature is more significantly observed
in hydrophilic–hydrophobic multiblock copolymers than
in randomly sulfonated copolymers. Multiblock copoly-
mers are generally synthesized via a coupling reaction
between phenoxide-terminated disulfonated hydrophilic
oligomers and coupling agent (e.g., decafluorobiphenyl)-
end-capped hydrophobic oligomers with a controlled
molecular weight [121]. Multiblock copolymers have two
Tg values: one from the hydrophilic block (high Tg) and
another from the hydrophobic block (low Tg). Up to now,
it has been believed that thermal annealing around the Tg

of hydrophilic blocks would influence proton conduction
because protons are transported through water channels
formed by hydrophilic blocks. As shown in Fig. 45,  thermal
annealing near the Tg of hydrophobic blocks leads to a large
change in the proton conductivity, particularly at a low
humidity. In BPSH100–PPH0 multiblock copolymers used
as an example [189], the Tg values of its hydrophobic and
hydrophilic blocks have been found to be approximately
250 ◦C and over 300 ◦C, respectively. A heat treatment
at around the Tg of the hydrophobic block prevented
the absorption of water molecules within the polymer
matrices dramatically. Despite the reduced water content
in the multiblock copolymer, its proton conductivity in
liquid water slightly increased as the annealing temper-
ature was increased. This positive contribution of the

thermal annealing process on the proton conductivity
was significant at humidities lower than 70% RH. The
conventional conductivity drop at low humidities was
gradually retarded as the thermal annealing temperature
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ted and 
Fig. 44. Thermal annealing effect on the ionic conductivity of post-sulfona
at  60 ◦C and 95% RH [188]; bmeasured at 30 ◦C in liquid water.

was increased close to the Tg of the hydrophobic block.
Simultaneously, the mechanical strength of the multiblock

polymer was further improved. Similar behavior was  also
observed in other hydrophilic–hydrophobic multiblock
copolymers with different chemical structures, Tg values,
and compositions [190]. This indicates that a thermal

Fig. 45. Thermal annealing effect on proton conductivity and water uptake of 

drying at 45 ◦C under IR lamp and final drying at 110 ◦C under vacuum for one da
130 ◦C under vacuum oven for one day, respectively, and cinitial drying at 75 ◦C u
atmosphere.
[189] Copyright 2010, American Chemical Society.
directly copolymerized polysulfone random copolymers. Here, ameasured

treatment at around Tg of the hydrophobic block results
in the densification of hydrophobic domains. A thermal

treatment also induces IECv(wet) improvement in the
hydrophilic domains of multiblock copolymers due to a
decrease in the water uptake level. Furthermore, thermal
annealing may  change the Flory–Huggins interaction

a hydrophilic–hydrophobic multiblock copolymers [189]. Here, ainitial
y, respectively, binitial drying at 75 ◦C under IR lamp and final drying at
nder IR lamp for one day and final drying at 250 ◦C for 30 min under N2
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arameter (�) of multiblock systems, as the casting sol-
ent and drying temperature do [191]. This implies that
ncreased dissimilarity between the two different blocks

ay  induce a more developed hydrophilic–hydrophobic
hase separation. As of yet, a correlation between ther-
ally annealed morphologies and proton conduction

t a low humidity has not been clearly investigated.
evertheless, thermal annealing is definitely a promising

oute to promote proton conduction under low humidified
onditions when considering medium-temperature and/or
ow-humidity fuel cell operations.

.2. Composite-type PEMs

A sulfonated polymer-based composite PEM is defined
s a polymeric membrane containing at least one inor-
anic component (organic–inorganic composite) or organic
omponent (polymer composite) in addition to the sul-
onated polymer. In the present review, the primary focus
s on organic–inorganic composite PEMs with inorganic
xides and heteropolyacids, as well as reinforced sul-
onated hydrocarbon PEMs where the pore-filling concept
as been adopted.

.2.1. Organic–inorganic composite PEMs
The incorporation of inorganic additives into sulfonated

opolymers for PEMFC applications has been gaining inter-
st since inorganic additives can improve the thermal,
echanical, chemical, and electrochemical properties of

ulfonated hydrocarbon PEMs to a certain degree. Such
mprovements are due to a combination of the intrinsic
roperties derived from the polymers themselves when the
dditives are used appropriately. Representative inorganic
andidates include silica [192–194], zeolite [195], titania
196–199], heteropolyacids [200–203], and carbon nan-
tubes [204]. Inorganic additives commonly have a high
urface area and excellent thermal/mechanical stability.

Heteropolyacids are one class of proton-conducting
norganic additives. These additives exhibit intrinsic proton
onduction capabilities over a wide range of temperatures
nd humidities (Fig. 46(a)) [205–214]. Their proton con-
uctivity usually becomes high as the humidity increases.
nlike –SO3H groups in sulfonated polymer matrices,
eteropolyacids exhibit improved proton conduction capa-
ilities even at elevated temperatures (>80 ◦C), where
any sulfonated PEMs, including PFSA membranes, begin

o lose their excellent proton conductivity due to the
vaporation of water molecules associated with proton
ransport based on the vehicle mechanism [13,215]. For
his reason, heteropolyacids are interesting inorganic addi-
ives for medium-temperature and low-humidity PEMFC
pplications. However, most heteropolyacids composite
embranes are prone to leaching-out issues that occur

uring fuel cell operation.
Another class of proton-conducting inorganic additives

re the inorganic oxides containing surface hydroxyl (–OH)
roups. Their surface potential is spontaneously changed

epending on the pH. The electrochemical behavior of
ydrophilic silica (SiO2, Aerosil® 380) as a function of the
H is shown in Fig. 46(b). The –Si–OH groups can take
+ ions at a pH lower than ∼2 and make their surface
cience 36 (2011) 1443– 1498 1487

potential positive (–Si–OH2
+, aquo state). Above a pH of 2,

hydrophilic silica surface charges become negative due to
the adsorption of OH− ions (–Si–O−, oxo state). The –Si–OH
groups on Aerosil® 380 exist in the neutral state at a pH of 2
(isoelectric point (IEP) of Aerosil® 380) [216]. Interestingly,
the pH of sulfonated copolymers (0–1 [217]) as solid acids
is lower than the IEP of Aerosil® 380. Hence, Aerosil® 380 in
sulfonated polymer matrices is always positively charged
and appears to act as an additional acid that can selec-
tively take and transport protons, even though Aerosil® is a
weaker acid than the –SO3H groups in the polymer matri-
ces. When a surfactant is absorbed onto Aerosil® 380, its
surface potential may  be altered by the charge character-
istics and content of the surfactant. These pH-dependent
amphoteric properties have been reported in a variety of
metallic oxides such as tungsten(VI) oxide, vanadium(V)
oxide, zirconium(IV) oxide, chromium(III) oxide, and cop-
per(II) oxide [218], but their IEP values are different from
each other. It may  be used as information to control the
proton conduction of the corresponding composite mem-
branes.

Some researchers maintain that performance improve-
ments that are not expected in pure polymeric materials
may  be accomplished in composite materials with a high
inorganic concentration (>15 wt.%) [219]. However, the use
of high inorganic contents often gives rise to an uneven
distribution and undesirable aggregation of the inorganic
additives in polymer matrices. High inorganic concentra-
tions may  also cause non-selective cavities at the interface
between the additives and the sulfonated polymers, which
makes control of PEM characteristics difficult and weakens
the mechanical strength of the resulting composite mem-
branes.

The most important issue to consider when prepar-
ing organic–inorganic composite membranes is how
to distribute the inorganic additives homogenously in
the sulfonated polymer matrices, minimizing their self-
aggregation that arises due to their physical interaction
derived from surface functionalities (e.g., –SO3H, –COOH,
–OH, –CH3, etc.). Well-distributed inorganic additives
are expected to boost the synergistic effect on macro-
scopic composite-type PEM properties such as the thermal,
mechanical, and chemical stability, as well as the elec-
trochemical characteristics [220]. Improvements in these
properties can significantly contribute to excellent fuel cell
performance over a long period of time.

3.2.1.1. Direct mixing of inorganic additives. The simplest
direct mixing method is to directly mix  as-prepared inor-
ganic additives in powder form with sulfonated copolymer
solutions. For improved dispersion of the additives, son-
ication is sometimes employed after mixing. Most of the
sulfonated polymer matrices used in this approach have
a proton conductivity that is sufficiently high for PEMFC
applications, but their excessive water swelling and high
fuel permeability (H2 and O2) must be reduced via a combi-
nation with inorganic additives [205–214]. Unfortunately,

it is very hard to avoid heterogeneity in both the size of
the inorganic agglomerates and the dispersion state with
the direct mixing method. This in turn prevents the PEM
properties from being reproducible [210,214].
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Fig. 46. (a) Inorganic fillers with proton conductivity at a specific temperature and humidity (1: tungstophosphoric acid (H3PW12O40·xH2O)
[214];  2: Ti(HPO4)0.25(O3PC6H5)0.12(O3PC6H4SO3H)1.63 [213]; 3: BPO4 [210]; 4: �-Zr(PO4)(H2PO4)0.54(HO3PC6H4SO3H)0.46·nH2O [205]; 5: �-
Zr(O PC H SO H)·3.6H O [213]; 6: Zr(O PCH OH) Y ·nH O [206]; 7: �-Zr(O PCH OH) (O PC H SO H) ·nH O [207]; 8: (P O ) (ZrO ) glass

SO4 [21

3 6 4 3 2 3 2 1.27 0.73 2

[208];  9: P2O5–ZrO2–SiO2 glass [211]; 10: CsDSO4 [209]; 11 and 12: CsH
electrochemical properties [216].

A plausible approach to achieve good inorganic disper-
sion is to use surface-functionalized inorganic additives
on the nano-scale. In particular, hydrophilic additives are
relatively compatible with sulfonated copolymer matri-
ces. The hydrophilic functional groups on their surface
can physically interact with polymer matrices via ionic or
hydrogen bonds. For example, –OH group-functionalized
silica (SiO2) was readily mixed with Nafion® [221–223] and
sulfonated polystyrenes [224] dispersed or suspended in
hydrophilic alcohols (e.g., methanol, ethanol, iso-propanol,
and butanol) through sonication or homogenization. The
well-distributed SiO2 nanoparticles were effective in
improving the level of water retention to temperatures
lower than 155 ◦C and reducing fuel permeation through
the resulting composite membranes. Here, improved water
retention capability was validated by measuring water
gains obtained when cooling the composite membranes
dried at a high temperature via thermogravimetric analy-
sis [222] or comparing both specific resistances and single
cell performances of the composite membranes with those
of Nafion® membrane under the same non-humidifying
conditions [221,224].  However, a high inorganic concen-
tration induced the formation of inorganic agglomerates,
which weakened the mechanical strength of the result-
ing composites and sometimes led to undesirable fuel
leakage/water flooding phenomena through their non-
selective cavities.

Given the above issue, perhaps the best strategy
for directly mixing inorganic additives is to maximize
the effects of the inorganic additives while minimiz-

ing their usage. The use of amphiphilic surfactants in
previous research was helpful in demonstrating this
strategy [109,183,193,201,216,225–227]. A representative
amphiphilic surfactant is a sort of non-ionic triblock
3 2 1.27 3 6 4 3 0.73 2 2 5 4 2 3

2]) and (b) hydrophilic fumed silica (Aerosil® 380) with pH-dependent

copolymer (ABA block, A = poly(ethylene oxide) (PEO) and
B = poly(propylene oxide) (PPO), e.g., Pluronics®) that has
a good balance of hydrophilicity and hydrophobicity so
as to distribute the surface-functionalized inorganic addi-
tives. When the surfactant exists in polar solvents (such
as water) over its critical micelle concentration, it creates
a peculiar micelle structure composed of a hydropho-
bic PPO core and a hydrophilic PEO shell [216,226–230].
After the addition of nano-sized inorganic additives (e.g.,
hydrophilic SiO2, Aerosil® 380 with an average diameter
of 7 nm), the surfactant was absorbed on the inor-
ganic surface and the micelle diameter became larger
than that of the surfactant as a result of the incor-
poration of inorganic additives within the surfactant
micelle (Fig. 47(a)). When the surfactant-SiO2 micelles
were incorporated into sulfonated copolymer matrices,
EO units in the surfactants formed strong complexes via
ion–dipole interactions with sulfonated groups in the poly-
mers (Fig. 47(b) [216,231]).  It made functionalized SiO2
particles positioned at the hydrophilic domains, which
control water/proton transport in the copolymer systems
[193,216,227]. The agglomeration of SiO2 nanoparticles
was  simultaneously minimized, maintaining the indi-
vidual particle size. Interestingly, even a small amount
(1–5 wt%) of homogenously distributed SiO2 nanoparticles
was  sufficient to significantly alter PEM properties. The
corresponding nanocomposite PEMs exhibited improved
proton conductivity, particularly at elevated tempera-
tures, because well-dispersed SiO2 nanoparticles act as
additional solid acids in the sulfonated medium and con-

tribute to an increase in the bound water content. This
trend was significant at a high SiO2 content (max. SiO2
content = 10 wt%). Similar results were also observed in
other sulfonated polymer matrices (i.e., SPI [109,193] and
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ig. 47. (a) Micelle structure of Pluronics dispersant in solvents [193] an
n  the dispersants and sulfonated copolymers, respectively [231].
231] Copyright 2011, American Chemical Society.

PSH [183,216,227]). In the case of SPI–SiO2 nanocompos-
tes, well-dispersed SiO2 nanoparticles greatly extended
he lifetime of SPI matrices which are easily decom-
osed under hydrolysis conditions [193]. Consequently,
he nanocomposites exhibited electrochemical single cell
erformances that were higher than or comparable to
afion® even under the same PEMFC acceleration test
onditions (Pt loading content = 0.3 mg  cm−2, operating
emperature = 90 ◦C, relative humidity = 25%, O2/H2 feed
ate = 200 mL  min−1/200 mL  min−1).

The characteristics of inorganic additives and sur-
actants play important roles in controlling the PEM
roperties of nanocomposite membranes. For example,
hen hydrophilic SiO2 nanoparticles with different aver-

ge diameters (7, 12, and 14 nm)  and surface areas (150,
00, 300, and 380 m2 g−1) were added to a BPSH-40
DS = 40) random copolymer at the same concentration,
oth inorganic characteristics contributed to the trans-
ort behavior of small molecules (e.g., water) and/or

ons (e.g., proton) through corresponding BPSH-40 SiO2
anocomposite membranes [227]. The smallest SiO2 par-
icles (7 nm)  with the largest surface area (380 m2 g−1)
ad the highest Si–OH concentration per unit gram, which
ave rise to a considerable increase in the bound water
ontent. Thus, the resulting nanocomposite membranes
xhibited a proton conductivity (e.g., � = 0.24 S cm−1 at

0 ◦C in liquid water) that was higher than other BPSH-
0 SiO2 nanocomposite membranes (� = 0.18–0.22 S cm−1)
nd BPSH-40 membranes (� = 0.15 S cm−1) even at elevated
emperatures.
ong interaction between ethylene oxide (EO) units and sulfonated groups

PEM properties can be affected by surface hydrophilic-
ity of inorganic oxides in corresponding composites. Under
a fully hydrated condition, sulfonated ZrO2 nanoparticles
exhibited proton conductivity of 0.01 S cm−1 at 120 ◦C.
Since its proton conductivity was  higher than that of
Nafion® at 120 ◦C and 70% RH, the resulting composite is
expected to show improved low humidity PEMFC perfor-
mances [232]. Also, the use of hydrophobic fluoroalkylated
silica afforded the formation of composite membranes with
remarkable mechanical and thermal stability, and good
proton conductivity [233].

The nature of a surfactant is likely to determine its com-
patibility with polymer matrices and thus, the status of
the inorganic dispersion. In highly fluorinated hydrocarbon
polymer matrices, fluorosurfactants may  be more effective
than hydrocarbon surfactants like Pluronics® in prepar-
ing high-performance nanocomposite membranes due to
their similar fluorine chemistry. In fact, fluorosurfactants
(Zonyl® FSP: [F(CF2CF2)lCH2CH2O]mP(O)(ONH4)n; Zonyl®

TBS: F(CF2CF2)xCH2CH2SO3H) with different ionic func-
tionalities (phosphoric acid; sulfonic acid characteristics)
positively contributed to SiO2 distribution within a perflu-
orinated Nafion® matrix and greatly improved the proton
conduction capability over a wide temperature range
(25–90 ◦C) when compared to pure Nafion® and Nafion®-
SiO2 composites without surfactants [36,234]. For example,

Nafion®-hydrophilic SiO2 nanocomposite membranes, in
which Zonyl® TBS was used as a dispersant, exhibited
PEFC performances (ca. 1600 mA  cm−2 at 0.6 V, tem-
perature = 80 ◦C, O2/H2 flow rate = 200/200 mL  min−1, and
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catalyst loading = 0.3 mg  Pt cm−2) that were higher than
those of Nafion® recast membranes (ca. 1000 mA  cm−2 at
0.6 V) with the same fabrication history [234].

When PEO–PPO-based surfactants with two  vinyl
(–C CH) groups at the terminal ends of the PPO are
used (Fig. 48),  the surfactants can act as dispersants
for the distribution of inorganic additives and simulta-
neously produce characteristic chemical structures and
morphologies according to the chemistry of the polymer
matrices. For example, the vinyl groups in PEO–PPO-based
surfactants can be polymerized using 2,2′-azxobisiso-
butyronitrile (AIBN) initiator and produce IPN structures
(red line). In addition, the hydroxyl groups in the sur-
factants can produce crosslinked structures through the
formation of covalent bonds with other functional groups
(e.g., –SO3H or –COOH) in the polymer matrices [226,235].
The resulting polymer–SiO2 nanocomposites have exhib-
ited excellent chemical durability and mechanical strength,
as well as improved proton conductivity when compared
to a corresponding pure copolymer due to the synergistic
effect of well-dispersed SiO2 and tuned polymer struc-
tures.

3.2.1.2. In situ inorganic formation. Inorganic components
can be grown within sulfonated polymer matrices in both
(1) the membrane state and (2) the solution state via the
sol–gel transition of inorganic precursors. Sol–gel tran-
sition in the membrane state is based on the in situ
local growth of inorganic sub-lattices that occurs within
the hydrophilic domains of sulfonated copolymers. Ini-
tially, sulfonated copolymers were soaked in aqueous
solutions containing precursors such as silicon oxide,
titanium oxide, aluminum oxide, zirconium oxide [e.g.
tetrabutylzirconate (Zr(OBu)4, TBZ)] [236,237],  and a mix-
ture of zirconium chloride octahydrate and phosphoric
acid [238]. After permeation or ion-exchange of the pre-
cursors, successive precipitation or hydrolysis, aging, and
drying processes followed. Here, the hydrophilic domains
consisting of –SO3H groups were used as acidic nanore-
actors for the sol–gel transition [236–239]. Consequently,
inorganic components were preferentially incorporated in
the hydrophilic domains of the sulfonated copolymers. The
concentration of inorganic precursors was relatively high
on the membrane surface, which induced a compositional
inorganic concentration profile according to the membrane
thickness. Inorganic components in the resulting hybrid
membrane were asymmetrically distributed. Membrane
properties, including the morphology, were highly influ-
enced by various factors such as the temperature, reaction
time, precursor concentration, permeation properties of
the precursors through the copolymer matrices, and the
IEC of the sulfonated copolymers. The proton conductiv-
ity of the hybrid membrane was generally superior to that
of pure copolymer membranes. However, its fuel perme-
ability was comparable to that of sulfonated copolymers
due to the non-selective and porous inorganic (e.g., SiO2)

network that is produced from the sol–gel reaction. Fur-
thermore, the inorganic content in the hybrid membranes
was restricted by both its IEC value and its precursor per-
meability. In sulfonated SPEEK–zirconium phosphate (ZrP)
cience 36 (2011) 1443– 1498

composites, the ZrP content was  limited to 30 wt%  at an IEC
of 1.3 mequiv. g−1 [239].

The above limitation on the inorganic content can
be eliminated through inorganic growth in the polymer
solution state. Theoretically, corresponding membrane
characteristics can be varied from pure organic to pure
inorganic as the inorganic content is increased. Up to now,
many polymers have been used as polymeric matrices for
this sol–gel transition. These include various sulfonated
polymers such as Nafion® [240], SPSs [241], and SPEEKs
[242]. The sol–gel transition is conducted via (1) the
hydrolysis of alkoxide precursors and (2) alcohol/water
condensation [243] (Fig. 49(a)). The physico-chemical
properties of hybrid membranes are affected by a variety
of reaction factors including the ratio of water to alkoxide
precursors, pH, temperature and pressure of the reaction
medium, solvents, and monomer stoichiometry. For exam-
ple, when Nafion®-SiO2 hybrid membranes with different
SiO2 contents (6–54 wt%) were prepared using two differ-
ent alkoxide precursors (TEOS and TMDES in Fig. 49(b)), the
resulting inorganic network morphology was significantly
influenced by the SiO2 content and the type of alkoxide
used in the hybrid formation. TEOS induced a bank-like
structure, which was  aligned in the solvent evaporation
direction at a low SiO2 content (∼6.5 wt%). Meanwhile, a
laminar structure was obtained when TEOS was replaced
with TMDES at a high SiO2 content (>10 wt%) [240]. In most
hybrid membranes, these inorganic networks failed to have
a positive impact on proton conductivity. Even in SPEEK
with a high DS of 87%, a small amount of inorganic oxide
(e.g., 2.5 wt% of ZrO2) severely depressed the proton con-
ductivity of the hybrid membrane. At 12.5 wt%, the hybrid
membrane exhibited an extremely high resistance to pro-
ton transport [242].

The reduction in proton conductivity after hybrid for-
mation can be compensated for by adding doping acids
(e.g., tungstophosphoric acid [241] and 4-dodecylbenzene
sulfonic acid (DBSA) [244]) into the inorganic oxide
network. Particularly, the combination of SiO2 and
tungstophosphoric acid contributed to a high level
of water retention and excellent proton conductivity
(<6.2 × 10−1 S cm−1) in the resulting SPS-SiO2 hybrid mem-
branes at 120 ◦C and 87% RH.

3.2.2. Reinforced sulfonated hydrocarbon PEMs
The polymer reinforcement concept that involves

the use of mechanically durable, porous non-sulfonated
polymer substrates to impregnate highly sulfonated
polymers has been studied. The resulting reinforced sul-
fonated hydrocarbon PEMs are classified into pore-filling
membranes [173,245–249] and sulfonated polymer-
impregnated electrospun composite membranes [250,251]
according to the substrate characteristics.

Pore-filling membranes are comprised of an organic or
inorganic substrate with interconnected pores that have
an average size smaller than 500 nm and a gel-type or
branched sulfonated hydrocarbon copolymer filling the

pores of the substrate (Fig. 50). The porous substrate should
be thermally stable and inert to fuel gases or liquids (H2,
O2, CO, CO2, water, and methanol) that come into con-
tact with during fuel cell operations. The substrate must
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ig. 48. Chemical structure of PEO–PPO based surfactants with vinyl gro
rom  the surfactant (right) [226,235].

imultaneously be mechanically strong enough to endure
he swelling of sulfonated copolymers filling the pores in
he fully hydrated state. In the early stages of pore-filling
esearch, porous silica (e.g., SiO2 gel) on a carbon support

as used as a substrate [245]. Despite its thermal stability,

iO2 gel was fragile and cannot form a self-supporting film
tructure. Meanwhile, some porous polymeric substrates
e.g., polytetrafluoroethylene (PTFE) [247], cross-linked

Fig. 49. (a) Synthetic scheme of sol–gel process an
eir terminal ends (left) and interpenetrating polymer network obtained

high-density polyethylene substrate (CLPE) [246,248,249],
and PI [173,246]]  satisfy the substrate requirements men-
tioned above.

The proton conductivity of pore-filling membranes

is determined by the pore-filling ratio and, more com-
monly, by the acidity of the filling polymers. Among
the filling polymers used for pore-filling membrane for-
mation, poly(acrylic acid) (PAA) is a weak acid and

d (b) representative alkoxide precursors.
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Fig. 50. Basic concept of pore-filling membranes [173] and their characteristics summary. aPoly(acrylic acid), bpoly(acrylic acid-co-vinylsulfonic
acid), cpoly(acrylamide-tert-butylsulfonic acid), dcrosslinked sulfonated poly(ether sulfone), epoly(tetrafluoroethylene), fporous crosslinked high-density

polyethylene, and gporous polyimide.
[173] Copyright 2007, Wiley–VCH Verlag GmbH & Co.

poly(acrylic acid-co-vinylsulfonic acid) (PAAVS) copolymer
has a low IEC value (0.7 mequiv. g−1). The corresponding
pore-filling membranes [245,247] exhibited proton con-
ductivities that were much lower than that of Nafion®

117 (� = 8 × 10−2 S cm−1) under the same measurement
conditions (25 ◦C and humid state). On the other hand,
poly(acrylamide-tert-butylsulfonic acid) (PATBS) has one
–SO3H group per monomer unit (IEC = 4.5 mequiv. g−1).
PATBS-CLPE and PATBS-PI pore-filling membranes were
prepared via monomer impregnation into pores and a
subsequent polymerization process. Gelation of PATBS
was achieved with a methylene-bis-acrylamide crosslinker
[247–249]. The proton conductivity increased with the
pore-filling ratio, regardless of the substrate type, and was
superior to that of Nafion® 117 and other pore-filling mem-
branes. Under PEFC operating conditions, a PATBS-CLPE
pore-filling membrane (� = 4.4 × 10−2 S cm−1) exhibited a
single cell performance (power density = 1000 mW cm−2

and current density = 2000 mA  cm−2 at 0.5 V and 60 ◦C) that
was comparable to that of Nafion® 112 [252]. Such behavior
could be observed because a thin (20 �m)  layer of PATBS-
CLPE resulted in a membrane conductance (in S cm−2) that
was similar to that of thick Nafion® 112 (58 �m)  while
maintaining good H2 barrier characteristics.

Most pore-filling membranes were designed for DMFCs,
where the mechanical restriction of the substrates to mem-
brane swelling was helpful in lowering methanol crossover
while maintaining water uptake for proton migration.
Previous gel-type pore-filling polymers failed to show
excellent methanol barrier properties. However, the com-
bination of a tough and rigid SPES crosslinked copolymer
and a thermo-chemically durable PI substrate allowed the
resulting SPES-PI pore-filling membranes to have greatly
reduced methanol permeability [173]. The pore-filling
membranes were fabricated via in situ polycondensation
of sulfonated 4,4′-dichlorodiphenylsulfone (SDCDPS)/non-
sulfonated [DCDPS and diphenol (DP)] monomers and a
crosslinking agent (1,1,1-trihydroxy phenylethane) inside

the pores of the PI substrate. After the polycondensation
process, the total membrane thickness did not significantly
change (∼30 �m).  In addition, swelling of the pore-filling
membranes in the fully hydrated state was negligibly
small (0–1%) when compared to Nafion® 117 (25%). The
greatly reduced level of methanol permeation and the thin
membrane thickness of SPES-PI pore-filling membranes
are expected to compensate for its low proton conductiv-
ity (� = 2 × 10−2–3 × 10−2 S cm−1). This is demonstrated in
PATBS-CLPE pore-filling membranes, which exhibited sin-
gle cell performances that were higher than Nafion® 117 at
a high methanol concentration (>16 wt%). Such a concept
is expected to be directly applied to PEMFC systems.

Recently, there have been approaches aimed at impreg-
nating sulfonated polymers into electrospun membranes
instead of polymer substrates with sub-micrometer scale
pores [248,250].  One example is Nafion®-impregnated
polyvinylidene fluoride (PVdF) composites [250]. Even
after composite formation, a tortuous framework structure
was  maintained. The peculiar three-dimensional network
structure of PVdF led to reduced liquid fuel (e.g., methanol)
permeability. However, the proton conductivity of the
membrane was  one order of magnitude lower than Nafion®

115 at almost the same membrane thickness. While a lim-
ited amount of electrochemical information derived from
the composite membranes was reported, their significant
advantages in single cell performance and the theoreti-
cal background supporting them have not yet been clearly
revealed.

4. Conclusions and outlook

Sulfonated hydrocarbon PEMs have been reviewed as
promising electrolytes for medium-temperature and low
relative humidity PEMFC applications. Sulfonated hydro-
carbon PEMs require excellent membrane durability to
chemicals and hydrolysis and a high proton conductiv-
ity under harsh conditions. Considering practical PEMFC
operation, the current DOE target (proton conductivity
>0.1 S cm−1 at 80 ◦C and 50% RH) is still challenging.

It was  explained that new sulfonated aromatic hydro-
carbon membranes have been synthesized so as to

form effective water channels within wider hydrophilic
domains. This was achieved by fabricating multiblock
copolymers, comb-type graft copolymers, highly sulfonat-
able polymers with aromatic and/or aliphatic side chains,
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igh free volume polymers, etc. These polymers usually
orm a micro-phase separated structure, as evidenced by
FM and TEM images. In order to increase the mem-
rane durability, sulfonic acid groups must be located apart
rom the polymer backbone. Well-connected nanoscale
ydrophilic domains in sulfonated aromatic hydrocarbons
hat mimic  the Nafion® structure should be formed.

To improve PEM properties further, physico-chemical
uning may  accompany the architectural design of PEMs.
hese approaches include crosslinking, surface fluorina-
ion, thermal annealing, the use of organic–inorganic
omposites, and the polymer reinforcement concept. Such
ombinational methods are expected to be new strategies
n the rational design of next-generation PEM materials

ith high electrochemical PEMFC performances over a long
eriod of time.
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