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요   약: 연료전지는 화석연료, 특히 내연기관을 대체할 수 있는 가장 대표전인 에너지 기술이다. 가장 중요한 핵심 재료 
중 하나로서 연료기체의 장벽 역할을 함과 동시에 수소이온전달 역할을 하는 고분자 전해질 막(PEM)이 있다. PEM 내부에서 
수화 채널은 수소이온의 전달통로 역할을 하기 때문에, 많은 연구자들은 높은 함수율을 저가습 상태에서도 유지하여 우수한
수소이온 전달 능력을 보유할 수 있는 상분리현상을 통한 친수성 채널 형성에 대하여 초점을 맞추어 왔다. 본 총설에서는 이
러한 낮은 가습조건에서도 높은 수소이온전도도를 갖는 술폰화 PEM들의 합성 전략에 대하여 논의 하여보고, 다른 연구자들
의 고성능 탄화수소계 PEM의 설계에 도움을 주고자 하였다.

Abstract: Fuel cells are regarded as a representative energy source expected to replace fossil fuels particularly used in 
internal combustion engines. One of the most important components is polymer electrolyte membranes (PEMs) acting as a 
proton conducting barrier to prevent fuel gas crossover. Since water channels act as proton pathways through PEMs, many 
researchers have been focused on the ‘good phase-separation of hydrophilic moiety’ which ensures high water retention un-
der low humidity enough to keep the water channel for good proton conduction. Here, we summarized the strategies which 
have been adopted to synthesize sulfonated PEMs having high proton conductivities even under low humidified conditions, 
and hope this review will be helpful to design high performance hydrocarbon PEMs. 

Keywords: Fuel cell, polymer electrolyte membrane (PEM), sulfonated PEMs, hydrocarbon PEMs

1)1. Introduction

In recent years, renewable and environmentally 

friendly energy sources are required for an alternative 

to fossil fuels[1,2]. As one of the most promising and 

potential energy technology, fuel cells are energy con-

version devices that generate electricity via chemical re-

action of fuels (e.g., hydrogen) and oxidants (e.g., oxy
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(a)

(b)

Fig. 1. (a) Polymer structure and (b) Microstructure of 
Nafion®[10].

gen). In particular, polymer electrolyte membrane fuel 

cells (PEFCs) have been expected to be replace the in-

ternal combustion engine for transportation and sta-

tionary co-generation applications[3-5]. Membrane-elec-

trode assembly (MEA) is one of the key factors, which 

is composed of proton exchange membrane (PEM) and 

two catalyst electrodes[6]. To be applied in PEMFCs, 

PEM which is a critical component in cell performance 

should meet the following requirements: high ionic con-

ductivity, low fuel permeability, good thermal and hy-

drolytic stability, excellent electrochemical stability in 

an aggressive environment condition, substantial mor-

phological and dimensional stability, outstanding me-

chanical properties in both the dry and hydrated state, 

easy fabrication to form the MEA without delamination 

between membrane and electrode, a competitive 

low-cost and lastly sufficient long-term durability. 

Especially, proton conductivity, which directly corre-

lates to the corresponding cell performance, could be 

the most significant characteristic of proton exchange 

membrane for PEMFC. The protons are transferred by 

the “vehicle mechanism’’[7] and/or the “Grotthuss 

mechanism’’[8] through sulfonated PEMs. Formation of 

hydrophilic domains as ionic channels in PEMs is at-

tractive to facilitate the transportation of protons 

through the membranes. Thus, proton conductivity of 

PEMs is usually closely related to several parameters 

such as number and position of ionic groups, main 

chain and/or side chain structures, composition and se-

quence of hydrophilic and hydrophobic components, 

and membrane morphology[9].

Perfluorinated ionomers such as Nafion® are the 

most widely used PEM materials in fuel cell applica-

tions, as shown in Fig. 1. The hydrophobic poly(tetra-

fluoroethylene) backbones with hydrophilic pendant sul-

fonic acid groups on perfluorialkylether side chain form 

phase-separated domains but well-connected ionic cluster 

in nano-size range. The sulfonic acid clusters serve as 

proton-conducting channels, resulting in the high proton 

conductivity of Nafion® membranes (about 0.09 S cm-1 

at 25°C, 100% relative humidity (RH))[10]. Due to their 

high proton conductivity and excellent chemical and 

physical stabilities, it is no doubt that the perfluorinated 

ionomers retain their status as the most used electrolyte 

for PEFCs in their initial stage of commercialization. 

However, perfluorinated ionomers still have well-known 

limitations such as high cost, high fuel crossover, re-

stricted operation temperature (< 80°C), and difficult to 

modify structure and property. 

Thus, sulfonated aromatic hydrocarbon polymers such 

as poly(ether ether ketone)s, poly(arylene ether sul-

fone)s, poly(arylene ether)s, polyimides, poly(p-phenyl-

ene)s, and polybenzimidazoles have been investigated as 

alternative PEMs[11-16]. Despite these efforts, the per-

formance of many sulfonated hydrocarbon PEMs, espe-

cially proton conductivity under conditions of low rela-

tive humidity, is still inferior to that of perfluorinated 

PEMs. Consequently, the understanding of PEM proper-

ties that result from different polymer architectures and 

control of polymer morphologies and ionic nano-

structures is important to obtain PEMs which have mod-

erate IEC values and high proton conductivities. 

In this review, the strategies widely used in PEM re-

searches will be briefly discussed for highly proton-con-

ductive sulfonated hydrocarbon polymer membranes 

based on the correlation between the chemical structure 

of polymer and morphological phase-separation includ-

ing their ion exchange values (IEC) and proton con-

ductivity at low relative humidity (RH) condition. The 



Synthetic Strategies for High Performance Hydrocarbon Polymer Electrolyte Membranes (PEMs) for Fuel Cells

Membr. J. Vol. 26, No. 1, 2016

3

approaches will be cartegorized into (1) side-chain and 

grafted sulfonated polymers, (2) nanophase-separated 

block copolymers, and (3) locally and densely sulfo-

nated polymers.

2. Proton Conductivities Enhancements 

by Morphological Phase-separation 

There are various types of sulfonated hydrocarbon 

PEMs such as sulfonated polystyrene copolymers (SPSs), 

sulfonated polyimides (SPIs), sulfonated poly(phenylene)s, 

sulfonated poly(phosphazene)s (SPPhs), etc[5,17-21]. These 

sulfonated hydrocarbon PEMs have relatively cheap 

price due to the cheap monomers as starting materials 

as well as high thermal stabilities and low gas perme-

ability compared to the state-of-the-art PEMs, PSFA 

membranes[5,19]. Despite thes advantages, there are 

still obstacles to solve for practical applications. 

Among them, significant drop of proton conductivity 

under low-humidity and high temperature conditions 

should be solved to apply fuel cell system into fuel 

cell vehicles. 

In general, the ion exchange capacity (IEC) is close-

ly related to the proton conductivity of PEMs because 

the acid functionalities, such as sulfonic acid groups, 

contribute to the proton conduction in a membrane. 

However, since too high sulfonation degree induces too 

much water uptake of PEMs, their mechanical stability 

can be significantly reduced or they even become solu-

ble in water[22,23]. Therefore, the improvement of 

proton conductivity using hydrocarbon polymers with 

moderately adjusted IEC values has been under intense 

investigation[24-26]. To achieve high proton con-

ductivity with moderate IEC values, the formation of 

ion channel structures, which enable effective proton 

conduction, has been studied. In these studies, phase 

separation of hydrophilic domain having sulfonic acid 

groups induces interconnected three-dimensional net-

works for efficient proton conduction. Moreover, since 

hydrophobic non-sulfonated segments keep the mechan-

ical framework from excessive water swelling and fi-

nally enhances the mechanical properties.

Sulfonic acid groups attached on aromatic backbone 

is known to make the bridging groups such as ethers 

connecting benzene rings prove to chemical attack, re-

sulting in breakdown of molecular weight of hydro-

carbon polymers[27]. Therefore, there have been many 

approaches to make highly durable PEM membranes by 

adding side chain sulfonic acid groups on aromatic rings 

to enhance the durability of sulfonated hydrocarbon 

membranes[28]. These approaches include branched pol-

ymer or pendant sulfonic group containing polymers, or 

comb-shaped copolymers, densely sulfonated polymers. 

Morphology of polymer is also very important for pro-

ton transport. Well-developed morphology of sulfonated 

hydrocarbon membranes enhances the water as well we 

proton transport. Block copolymer synthesis strategy 

and sulface modification strategy have also been adopt-

ed for morphological transformation of polymers. 

2.1. PEMs with branched or pendant sulfonic 

acid groups 

Branched polymers are structurally similar to 

Nafion®, such as star-branched polymers, comb-shaped 

polymers, and graft copolymers PEMs have received 

much attention for high proton conductivity resulted 

from microphase-separated morphology. Hydrophilic 

sulfonic acid groups and hydrophobic polymer chain of 

branched polymer form the distinct phase separation 

morphology via gathering the sulfonic acid groups on 

the polymer side chains[28-34]. These pendantly (or 

branched)-sulfonated polymers also have relatively 

higher stability under heat, hydrolysis, and oxidation 

compared to the PEMs with sulfonic acid groups at the 

main chains[35].

Ding et al. synthesized graft copolymers by copoly-

merization of styrene with poly(sodium styrene sulfonate) 

macromonomers, which were prepared with controlled 

molecular weights and low polydispersities by stable 

free-radical polymerization (Fig. 2)[28]. Membranes 

based on long hydrophilic graft chains are able to 

phase-separate to a greater extent compared to those 

based on shorter ones, which enhances proton conduc-
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Fig. 2. Scheme for PS-g-macPSSNa graft polymers[29].

Fig. 3. Comb-shaped copolymers having long side chains[35].

tion in high ionic content regime. 

Long ionic side chain graft copolymers have been 

developed as PEMs by Norsten et al.[34]. Fig. 3 shows 

their chemical structures composed of a highly fluori-

nated poly(arylene ether) as a main chain and mono-

disperse poly(α-methylstyrene sulfonate) as long graft-

ed chains having multiful sulfonic acid groups. The 

grafted PEMs having IEC = 1.75 meq g-1 showed pro-

ton conductivity of 0.58 S cm-1 two times as high as 

that of Nafion® 117 (0.30 S cm-1) in water. Also, TEM 

images of lead-stained grafted copolymer membranes 

clearly showed well-defined phase separated morphol-

ogy with interconnected hydrophilic domains. 

Jannasch et al. used phosphonic acid-based graft co-

polymers for PEMs instead of sulfonated PEMs[39]. 

Polysulfones were successfully grafted with poly(vinyl-

phosphonic acid) using an anionic grafting-from meth-

odology, as shown in Fig. 4. Their stiff hydrophobic 

backbone and strongly hydrogen bonded grafted chains 

induced the phase-separated morphologies in the mem-

branes with very dense and local concentrations of 

phosphonic acid groups. These aggregates are essential 

for efficient proton conductivity in the nominally dry 

state. At 120°C, the membrane with the poly(vinyl-

phosphonic acid) content (57 wt%) reached a con-

ductivity of 4.6 × 10-3 S cm-1 under nominally dry 

conditions and 0.093 S cm-1 under 100% RH.

Ohira’s group reported poly(p-phenylene) with pend-

ant sulfonic acid groups based on the attractive proper-

ties (excellent thermal and hydrolytic stability) of 

poly(p-phenylene) for PEMs(Fig. 5)[30]. These PEMs 

showed fiver times higher high proton conductivities 

compared with that of Nafion® 112 at 80°C and 95 

RH. A similar work by Tonoruka et al.[32]. studied 
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Fig. 4. Synthetic pathway for grafting PVPA side chains from polyfunctional PSU macroinitiators by anionic polymerization of DEVP 
followed by cleavage of the ester functions[30].

Fig. 5. Poly(p-phenylene) with pendent phenylsulfonic acid groups copolymers[31].

Fig. 6. Chemical structure of (a) Poly(arylene ether sulfone) with pendent phenylsulfonic acid groups[30] and (b) Fluorene based 
poly(arylene ether sulfone)s containing flexible pendent sulfonic acid[38].

the effect of molecular weights of poly(p-phenylene) 

on their properties for PEMs, and concluded that high 

molecular weight poly(p-phenylene) could retain high 

IEC values and high proton conductivities without loss 

of mechanical properties and dimensional stability.

Recently, our group with Prof. Guiver investigated 

the effect of sulfonation positions[36] and the presence 

of fluorenyl groups[37] on the proton conductivities of 

poly(arylene ether sulfone) copolymers, as shown their 

chemical structure in Fig. 6. Promotion of phase sepa-

ration in the PEMs contributed to the increases in their 

proton conductivities. Highly sulfonated poly(arylene 

ether sulfone) with four pendent sulfonic acid groups 

showed high proton conductivities in the range of 
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Fig. 7. Synthetic route of sulfonated multiblock copoly(ether sulfone)s (top) and the TEM images (below) showing the cross-sectional 
morphology of multiblock copolymer with bock lengths of 14 K/14 K (Mn of hydrophilic/hydrophobic oligomers) with (a) low resolution
and (b) high resolution[44].

51-158 mS cm-1 at room temperature and excellent 

thermal stability due to comprising a more blocky 

higher local concentration of sulfonic acid groups[36]. 

With introduction of fluorenyl groups to poly(arylene 

ether sulfone), four flexible aliphatic ionic chains were 

incorporated to each of the fluorenyl group to result in 

densely sulfonated structures. The obtained PEMs 

showed two times higher proton conductivity than that 

of Nafion® 117[37].

2.2. Block copolymers

In block copolymers composed of hydrophilic and 

hydrophobic blocks, highly phase separated hydrophilic 

blocks induces well-defined water channels as a pro-

tons pathway with less amount of water molecules than 

in poor phase separated copolymers (e.g., random co-

polymers). Water molecules can effectively keep them-

selves from the dehydration, which enables also to 

keep high proton conductivity under low humidity con-

dition as well as lower water uptake and dimensional 

changes. 

An early example is sulfonated poly(styrene-b-iso-

butylene-b-styrene) which showed a proton con-

ductivity three times higher than that of Nafion® 

117[38]. The high proton conductivity of the sulfonated 

block copolymer was attributed to its high IEC value 

(2 meq g-1) and morphological effect. Similar work on 

sulfonated pentablock copolymers suggested a morpho-

logical transition from discrete hydrophilic domains to 

interconnected hydrophilic structures while increasing 

the IEC values of the copolymers from 1.0 to 1.5 meq 

g-1[39]. However, these sulfonated pentablock aromatic 

copolymers have relatively good mechanical and ther-

mal properties. Toward improvements of proton con-

ductivities of sulfonated hydrocarbon PEMs, Einsla et 

al.[40]. studied the properties of an alternating sulfo-

nated poly(arylene ether ketone), a random sulfonated 

poly(arylene ether sulfone), and a multiblock copoly-

mer of sulfonated poly(arylene ether sulfone) and 

polyimide. The multiblock copolymer outperformed 

both the others in proton conductivity and fuel cell 

performance, as it showed a well-defined structure with 

continuous hydrophilic and hydrophobic pathways re-

sponsible for fast proton transport. 

McGrath’s group reported the series of of multiblock 

sulfonated and fluorinated poly(arylene ether)s for 
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Fig. 8. Chemical structure (top) of polyimides based on sulfonated multiblock copoly(ether sulfone)s and their AFM images (below) as
block length increases[47].

PEMs[41-45]. In those polymers, perfluorinated poly(ar-

ylene ether) as a hydrophobic segment and highly sul-

fonated poly(arylene ether sulfone) as a hydrophilic 

segment provided a highly phase-separated morphology, 

as shown in Fig. 7.

The resulting multiblock PEMs had IEC values of 

0.95-2.29 meq g-1 and water uptake of 40-400%. 

Among them, the PEM having IEC of 2.29 meq g-1 

showed excellent proton conductivity of 0.32 S cm-1 in 

water. Despite under low humidifying condition (RH = 

40%), very high proton conductivity superior to 

Nafion® 117 was still observed. McGrath’s group dem-

onstrated well-defined phase separation by a tapping 

mode atomic force microscopy (AFM). They also re-

ported the effect of the block length of segmented sul-

fonated poly(arylene ether sulfone)-b-polyimide copoly-

mer on the morphology and PEM performance[46] as 

shown in Fig. 8. Increased block length improved 

phase separation and connectivity between the hydro-

philic domains, improving proton conductivity and wa-

ter uptake. This concept have been widely tried for the 

PEMs targeting low-humidified fuel cell systems[47]. 

Watanabe’s group incorporated fluorenyl groups into 

sulfonated poly(arylene ether sulfone)[48] and poly(ar-

ylene ether sulfone ketone)[49]. As shown in Fig. 9, 

one fluorenyl group of the polymer chain possesses two 

sulfonic acid groups, resulting in highly and densely 

sulfonated hydrophilic blocks of the copolymers. These 

polymers showed well-developed phase-separated struc-

tures without the contribution of fluorinated groups and 

relatively high proton conductivities at IEC values be-

low 2.0 meq g-1.

Polyelectrolyte polymers with high IEC values, al-

though they could demonstrate relatively high proton 
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Fig. 9. Chemical structure of fluorenyl group containing sulfonated poly(arylene ether sulfone ketone)s[50].

Fig. 10. Synthesis of end-functionalized poly(sulfide ketone)s with 6 sulfonic acid moieties at end chain[25].

conductivities, usually suffer from high water uptakes 

and poor dimensional stability. The multiblock polymer 

structure discussed above has shown some positive ef-

fect on suppressing the water uptakes of polymers[50]. 

For the polyelectrolyte polymers possessing higher IEC 

values (> 3.0 meq g-1), introduction of cross-linked 

structures to the polymer electrolyte membranes could 

significantly overcome the problem. Crosslinked multi-

block copoly(ether sulfone) membranes having an high 

IEC value of 3.40 meq g-1 showed a high proton con-

ductivity of 3.6 times of that of Nafion® 117 (80°C, 

95 RH). It is noteworthy that this membrane could 

maintain its proton conductivity of 10 mS cm-1 at 80°C 

and 30% RH. 

2.3. Densely and locally sulfonated PEMs

Promotion of the hydrophilic-hydrophobic micro-

phase-separation in PEMs could be performed to make a 

high contrast in polarity between hydrophilic and hydro
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(a)

(b)

Fig. 11. Locally and densely sulfonated poly(ether sulfone)s with eight and ten sulfonic acid groups (top and below, respectively)[55]. 

phobic domains via isolation and localization of the sul-

fonic acid groups. Especially, selective postsulfonation 

has been carried out for the preparation of this kind of 

sulfonated polymers[25,51]. The polymers are expected 

to show clearly phase-separated structure due to the 

large polarity difference between the densely-sulfonated 

hydrophilic part and the hydrophobic unit. The poly-

mers showed proton conductivities comparable to that 

of Nafion®.

Hay et al. reported the synthesis of end-functional-

ized poly(sulfide ketone)s with six sulfonic acid moi-

eties at the ends for PEMs, which composed of an end 

group with pendant phenyl rings as sulfonation sites 

and wholly aromatic poly(sulfide ketone)s as main 

chains, as shown in Fig. 10[25]. The resulting PEMs 

showed high proton conductivities of 3.7-6.9 × 10-3 S 

cm-1 even with very low IECs of 0.47-0.48 meq g-1 at 

100% RH. In order to overcome the limition of IEC 

enhancement due to limited sulfonation of two end 

groups, they synthesized branched poly(ether ketone)s 

having six or eight sulfonated groups at each chain 

end, and obtained high IEC of 1.25 meq g-1 and proton 

conductivity[52].

Localizing and concentrating sulfonic acid moieties 

into a random polymer has been regarded as a poten-

tial approach expected to produce clear phase-separated 

structures[53-55]. Ueda’s group reported on locally and 

densely sulfonated PAESs with well-defined phase-sep-

arated structures, showing high proton conductivity 

even under low humidified condition (Fig. 11) [54]. 

Here, PEM with an IEC of 2.38 meq g-1 had similar 

proton conductivity with Nafion® 117 under 30% RH 

condition. These results demonstrated that sulfonated 

hydrocarbon polymers could still exhibit highly 

phase-separated morphology with a proper molecular 

and structural design. 

However, design of polymer chains with more than 

one strategy for proton conductivity enhancements has 

been reported. A high proton conductivity of 130 mS 

cm-1 (80°C, 100% RH) was reported for densely-sulfo-

nated multiblock copoly(arylene ether sulfone)s (IEC 

value of 4.65 meq g-1), which showed well-connected 

hydrophilic phase domains in the matrix of hydro-

phobic phase domains[51]. Improvement of proton con-

ductivity under low humidity and high temperatures 

has been explored, as low humidity condition is crucial 
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factor for practical PEMFC operation. Selective sulfo-

nation on the fluorenylidene biphenyl groups of multi-

block poly(arylene ether sulfone ketone)s resulted in 

highly sulfonated PEMs[49]. Even with a relatively 

low IEC value of 1.62 meq g-1, the membrane showed 

interconnectivity of hydrophilic aggregates in morpho-

logical observation. The highly developed phase-separa-

tion helps to increase its proton conductivity to be 

higher than that of Nafion® and enables the PEM re-

taining its proton conductivity at 110°C. 

3. Conclusion 

In this review, we surmmarized the strategies which 

have been adopted to synthesize sulfonated polymer 

electrolyte membrane having high performance even 

under low humidified conditions. Most of them clearly 

have been focused on the ‘good phase-separation of 

hydrophilic moiety’ which ensure high water retention 

under low humidity enough to keep the water channel 

for good proton conduction: 1) branched or pendant 

sulfonic acid groups, 2) block copolymers, 3) densely 

and locally sulfonated PEMs. Those researches have 

attained high proton conductivity induced by well-de-

fined phase separation between hydrophilic moiety as 

proton conducting pathway and hydrophobic moiety 

acting as a mechanically stable matrix, even under low 

humidifying conditions, promising for practical fuel 

cell applications such as fuel cell vehicles.
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