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Abstract 

 

Novel sulfonated poly(arylene ether sulfone) (SPAES) based materials were 

prepared and characterized for their application in proton exchange membranes 

fuel cells (PEMFCs) in this study. Firstly, Sulfonated poly(arylene ether sulfone) 

membranes with cross-linked structures (C-SPAES) were simply prepared by 

simultaneously casting and heating the polymer solutions composed of sulfonated 

poly(arylene ether sulfone) with azidomethyl side groups (SPAES-N3), cross-

linkers such as 1,4-diethynylbenzene and 4,4′-diazido-2,2′-stilbenedisulfonic acid 

disodium salt tetrahydrate, and a click reaction catalyst such as CuBr and 

N,N,N′,N″,N″-pentamethyldiethylenetriamine in N,N-dimethylacetamide, where 

SPAES-N3 were prepared by the substitution of SPAES through chloromethylation 

followed by azidation reaction. C-SPAES membranes obtained using the optimum 

amount of the cross-linkers showed much improved chemical and physical 

stabilities and mechanical strength compared with linear SPAES membrane. Since 

the cross-linked structures were formed by the cross-linker having sulfonic acid 

groups, C-SPAES membranes showed higher ion exchange capacity and proton 

conductivity than the linear SPAES membrane. Although the C-SPAES membrane 

can absorb more water than the linear SPAES membrane, less volume expansion 

was observed due to their physically stable cross-linked structures. 
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Secondly, sulfonated poly(arylene ether sulfone) (SPAES) composite 

membranes were prepared with core-shell silica particles having poly(4-

styrenesulfonic acid) (PSSA) and poly(4-vinylpyridine) (P4VP) in shell layers 

named S-Si and P-Si, respectively, to investigate the effect of acidic and basic 

silica fillers on membrane properties. The core-shell silica particles were obtained 

by hydrolysis of vinyltrimethoxysilane followed by radical polymerization of 

vinyl monomers (4-styrenesulfonic acid sodium salt and 4-vinylpyridine) on the 

silica particle with vinyl groups. Incorporation of S-Si and P-Si into SPAES 

increased dimensional stability, mechanical strength, and proton conductivity of 

the membranes. In particular, P-Si was found to be more effective filler materials 

to improve these properties by additional well-connected hydrophilic channels 

having sulfonate/pyridinium structures formed around the silica particles through 

the acid-base interaction between the pyridine groups of the P4VP shell and the 

sulfonic acid groups of SPAES. 

Finally, sulfonated poly(arylene ether sulfone) (SPAES) composite membranes 

were prepared using thermally treated graphene oxide (GO) and poly(2,5-

benzimidazole)-grafted graphene oxide (ABPBI-GO) as fillers for proton 

exchange membrane fuel cell (PEMFC) applications. Pristine graphene oxide was 

obtained from graphite by chemical oxidation, and then 3,4-diaminobenzoic acid 

was reacted with pristine graphene oxide to obtain ABPBI-GO. When and 
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ABPBI-GO were incorporated into the SPAES matrix, the dimensional stability 

and mechanical strength of the membrane were improved. In particular, 

SPAES/ABPBI-GO composite membranes exhibited an improved dimensional 

stability, larger Young’s modulus value, and larger elongation at break value than 

SPAES/GO composite membranes due to the acid-base interaction between the 

sulfonic acid group of the SPAES matrix and the basic imidazole unit of ABPBI-

GO. In addition SPAES/ABPBI-GO composite membranes possessed a higher 

proton conductivity than pristine SPAES and SPAES/ABPBI-GO composite 

membranes because the acid-base interactions can generate additional proton 

conduction pathways in the membrane structures. 

 

Keyword: Proton exchange membrane fuel cell (PEM), Proton exchange 

membrane (PEM), Poly(arylene ether sulfone), Cross-linked membrane, 

Composite membrane. 
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1.1. Proton exchange membrane fuel cells (PEMFCs) 

 

Due to growing concerns on the depletion of petroleum based energy 

resources, renewable energy resources and eco-friendly energy devices with high 

efficiency have been drawing much attention for decades. Fuel cells are 

electrochemical energy devices that converts the chemical energy in the fuel 

directly into electrical energy. Their efficiency can reach as high as 60% in 

electrical energy conversion and overall 80% in co-generation of electrical and 

thermal energies with >90% reduction in pollutants due to their characteristic 

energy conversion not limited by Carnot cycle principle [1]. Types of fuel cells 

can be divided into five categories by electrolyte, ion conductor, or fuel used: 

alkaline fuel cell (AFC), solid oxide fuel cell (SOFC), molten carbonated fuel cell 

(MCFC), phosphoric acid fuel cell (PAFC), proton exchange membrane fuel cell 

(PEMFC), and direct methanol fuel cell (DMFC), which is a modified type of 

PEMFC (Figure 1.1) [2]. Among them, PEMFCs, using proton exchange 

membranes (PEMs) as proton conductor, are considered as the most promising 

fuel cell system due to their noteworthy features including low operating 

temperature, high power density, and fast activation process (Table 1.1). It is 

known that Sir William Robert Grove invented the first fuel cell in 1839. Since 

General Electric (GE) developed and incorporated an ion exchange resin as an 
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electrolyte in fuel cells for space application (Gemini space mission) in 1962, 

PEMFCs have been extensively studied for a wide range of applications, such as 

stationary and portable electronics and transportation [3]. 

PEMFCs are composed of PEM, gas diffusion layer, catalyst, and bipolar 

plate [4]. Among them, PEM, a core component of PEMFC, functions as a 

conductor for protons from anode to cathode, a separator to prevent mixing of fuel 

and oxidant, and an electrical insulator to drive electrons through an external 

circuit from anode to cathode [5]. For practical application, PEM should meet the 

following requirements: high proton conductivity, high thermal and oxidative 

stability, substantial dimensional stability, outstanding mechanical properties, 

sufficient water uptake and moderate swelling, good compatibility with electrode 

layers, long-term durability, and low cost [6]. The proton conduction through 

PEMs can be explained by vehicle mechanism and Grotthuss mechanism [7, 8]. 

According to vehicle mechanism, protons can be delivered in the complexed form 

of H3O
+, H5O2

+, and H9O4
+ through hydrophilic channels with abundant amount 

of water. Grotthuss mechanism is related to the proton hopping from one proton-

carrier site to a neighboring one with the aid of hydrogen-bond networks. 

Perfluorosulfonic acid ionomers represented by Nafion are most widely used 

as PEM materials with high proton conductivity due to well-developed 

hydrophilic channels by phase separation between very hydrophobic backbone 
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and hydrophilic side chains having sulfonic acid groups. However, its commercial 

applications are limited by some drawbacks: expensive cost and strong 

dependency of proton conductivity on hydration degree [9]. Therefore, lots of 

research groups have focused on the modification of Nafion or development of 

alternative materials to Nafion. 

 

1.2. Sulfonated hydrocarbon polymers for PEMs 

 

Non-fluorinated hydrocarbon polymers have been drawing great attention as 

the most promising alternative materials to Nafion due to their distinct advantages 

over perflourinated polymers in terms of reduced cost and structural diversity. The 

polymers should be acid-functionalized to transport protons; for example, sulfonic 

acid and phosphonic acid groups can be introduced [10-15]. Phosphonic acid 

groups are considered to form a strong hydrogen-bond network involving both 

P=O and P-OH as proton acceptor and proton donor groups, which is beneficial to 

the proton conduction via Grotthuss mechanism [16]. Therefore, phosphonated 

polymer membranes show high proton conductivity under high temperature and 

low humidity condition. However, possible condensation of neighboring 

phosphonic acid groups to form acid anhydride can decrease the proton 

conductivity [17, 18]. Whereas, sulfonic acid groups can transfer protons under 
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moderated temperature and high relative humidity conditions because the protons 

of sulfonic acid groups can be more easily dissociated than those of phosphonic 

acid groups under hydrated condition [19]. It can be ascribed to smaller pKa value 

of sulfonic acid groups (pKa = -0.7) than that of phosphonic acid groups (pKa = 

1.8) [20-22]. Therefore, sulfonated hydrocarbon polymers are appropriate for 

applications in low temperature PEMFC using water as a proton-conducting 

medium and have been studied as alternative materials to Nafion. 

Hydrocarbon polymers are classified into two categories by their structural 

characteristics: aliphatic polymers and aromatic polymers. Rather than aliphatic 

polymers, aromatic polymers have been widely studied since inflexible and bulky 

aromatic groups can provide high thermal stability, high mechanical strength, and 

high resistance against crossover of reactants and water; poly(phenylene)s, 

poly(arylene ether ether ketone)s, poly(arylene ether sulfone)s, poly(arylene 

thioether)s, polyimides, and poly(phenylene oxide)s are the examples [23-33]. 

However, their rigid structures restrict the phase separation, resulting in lower 

proton conductivity than that of Nafion. In order to achieve high proton 

conductivity in aromatic hydrocarbon membrane systems, degree of sulfonation 

(DS), related to molar percentage of sulfonated moieties, should be high. Some 

groups have already reported that aromatic polymer membranes with high DS 

showed higher proton conductivities than Nafion [34, 35]. However, the high DS 
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induced deterioration in dimensional stability and mechanical strength. Such a 

trade-off relation of the membrane properties limits the applications of aromatic 

hydrocarbon polymers. 

 

1.3. Motivation 

 

We attempted to develop sulfonated aromatic hydrocarbon polymer materials 

for applications in PEMFC and sulfonated poly(arylene ether sulfone) (SPAES) 

was prepared by nucleophilic substitution reaction between dihydroxy and dihalo 

monomers as a polymer base. However, aforementioned problems should be 

overcome for the practical use in PEMFC. Cross-linking is one of the widely used 

strategies to enhance the dimensional stability and mechanical strength of polymer 

membranes, which have been also applied to develop stable PEMs. Many of 

cross-linked membranes showed improved stabilities, but their proton 

conductivities were reduced owing to the restricted chain mobility and the 

decreased number of sulfonic acid groups by introducing cross-linked structures 

[36-38]. We designed cross-linked structures having sulfonic acid groups to 

prevent the decrease of proton conductivity by cross-linking. In particular, a click 

reaction between azides and alkynes was applied to form cross-linking chains for 
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fast and facile cross-linking process. For the cross-linking reaction, SPAES was 

modified to have reactive functional groups for the click reaction. The obtained 

cross-linked membranes showed much improved chemical and physical stabilities 

and higher proton conductivity than the corresponding linear membrane. 

 Hybridization of polymer matrix and inorganic filler has been used for 

various applications since properties of polymer can be easily tailored by simple 

blending with inorganic particles [39-41]. The method has been also applied to 

prepare of organic/inorganic composite membranes for applications in PEMFC. 

Hygroscopic materials, including silica (SiO2) and titania (TiO2), and carbon 

materials, including carbon nanotube (CNT) and graphene oxide (GO), were 

representatives of the inorganic fillers incorporated in polymer matrix to improve 

properties of PEM [42-45]. Incorporation of inorganic fillers is known to enhance 

dimensional stability and mechanical strength of membranes due to the 

reinforcement effect of filler materials [46, 47]. However, possible aggregation of 

fillers can deteriorate the membranes properties. Surface modification of fillers is 

one of the strategies to improve the compatibility of fillers with polymer matrix 

and prevent their severe aggregation. Fillers with acidic functionalities have been 

widely used since the incorporation of the fillers can increase the number of 

proton-conducting sites, resulting in the increase of proton conductivity [48, 49]. 

Whereas, Basic functionalities on fillers enhance dimensional stability and 
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mechanical strength by strong interaction with acidic polymer matrix but can 

decrease proton conductivity because the basic groups capture the protons of 

sulfonic acid groups of polymer matrix [50]. In contrast, the increase of proton 

conductivity by the incorporation of basic inorganic fillers have been reported by 

some groups in recent years [51-53]. We designed core-shell silica particles 

having acidic and basic polymer shells to study the effect of acidic and basic 

fillers on membranes properties. The silica core with vinyl groups was prepared 

by hydrolysis of silica precursor, and the shell layers were prepared by radical 

polymerization of vinyl monomers. We found that the core-shell silica particle 

having basic polymer in the shell layer was more effective filler to increase 

dimensional stability, mechanical strength, and proton conductivity of the 

membranes by acid-base interaction with acidic polymer matrix. In consideration 

with the results that basic functionalities on fillers can be beneficial to proton 

conduction, we also designed another basically functionalized filler based on GO. 

GO have been extensively studied as a promising filler material due to its intrinsic 

thermal and mechanical properties, large surface area, and tunability through 

covalent or noncovalent bonds [45, 54]. We attached basic grafting chains on GO 

nanosheet by condensation reaction from oxygen functional groups of GO and the 

modified GO was incorporated into SPAES matrix. We found that the 

incorporation of the basically functionalized GO could increase dimensional 
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stability, mechanical strength, ductility, and proton conductivity. 
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Table 1.1. Principal fuel cell characteristics [55]. 
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Figure 1.1. Spectrum of fuel cell types. Solid oxide fuel cell (SOFC), molten 

carbonate fuel cell (MCFC), phosphoric acid fuel cell (PAFC), direct 

methanol fuel cell (DMFC), and proton exchange membrane fuel cell 

(PEMFC) [2]. 

 



18 

 

 

Figure 1.2. Basic construction of a typical PEMFC [56]. 
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Chapter 2 

 

Cross-Linked Sulfonated Poly(arylene ether 

sulfone) Membranes Formed by in Situ 

Casting and Click Reaction for Applications 

in Fuel Cells 
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2.1. Introduction 

 

Proton exchange membrane fuel cells (PEMFCs) have attracted much 

attention and studied widely as a clean energy-conversion device alternative 

to fossil fuel combustion due to their high energy-conversion efficiency and 

low emissions [1, 2]. PEMFCs convert chemical energy directly into 

electric energy, where proton exchange membranes (PEMs) can provide the 

pathway for proton transportation and separate the reactant gases at once [3]. 

The interconnected hydrophilic channels formed by the phase separation 

between hydrophilic and hydrophobic domains have been known to be 

pathways for proton transportation. Since Nafion®, the most commonly used 

perfluorosulfonic acid polymer for PEM, is composed of a very 

hydrophobic backbone and polar flexible side chains with sulfonic acid 

groups, the interconnected hydrophilic channels are well-developed, and it 

shows very high conductivity especially at high humidity conditions. 

However, Nafion also has several drawbacks for practical applications such 

as expensive cost and strong dependency of the cell performance on the 

hydration degree [4]. 
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Non-fluorinated polymeric materials have been investigated as 

alternatives to the perfluorinated polymer because of their advantages, such 

as low cost, safety, ease of synthesis, and structural diversity; poly(arylene 

ether sulfone)s, poly(arylene thioether)s, poly(arylene ether ether ketone)s, 

poly(phthalazinone ether)s, polyphosphazenes, and polybenzimidazoles are 

the examples [5-16]. Their rigid structures lead to high mechanical strength, 

high oxidative and hydrolytic stabilities, and low fuel crossover, which are 

beneficial to the cell performance of PEMFC. However, the proton 

conductivity of these hydrocarbon-based polymer membranes is generally 

lower than that of Nafion mostly because the interconnected hydrophilic 

channels are not well-developed as Nafion. In order to improve the proton 

conductivity of the hydrocarbon-based polymer membranes, the number of 

sulfonic acid groups should be increased, while when the concentration of 

the sulfonic acid groups in the polymers is high enough to have the similar 

conductivity to that of Nafion, they do not have enough physical stability to 

maintain their physical shape especially at high humidity conditions [17]. 

To improve the physical stability of the hydrocarbon-based polymer 

membranes, they have been cross-linked. For example, the sulfonic acid 

groups in the side chains were interconnected to form the cross-linked 

structures, then the physical stability at high humidity conditions could be 
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improved while the proton conductivity decreased because the number of 

the sulfonic acid groups decreased [18-20]. In other studies, attempts have 

been made to cross-link the polymers by the radical reactions using the 

unsaturated structures through thermal treatment and UV irradiation or by 

the reactions using the epoxy, ethynyl, or azide compounds as the cross-

linkers [21-31], then the physical stability could be improved, while the 

proton conductivity is decreased because the chain mobility and the number 

of the sulfonic acid groups decreased due to the cross-linking reactions. 

In this study, we attempted to prepare the cross-linked poly(arylene ether 

sulfone) membranes by the well-known click reaction, Huisgen 1,3-dipolar 

cycloaddition between azides and alkynes [32-34], using the cross-linker 

containing sulfonic acid groups. It is also known that the 1,2,3-triazole group 

formed by the reaction of azide and alkyne groups can have the positive effect on 

the proton conduction [35]. Sulfonated poly(arylene ether sulfone) containing 

azidomethyl groups was prepared by the condensation polymerization followed 

by two step modification reactions. The cross-linked membranes were then 

obtained by simultaneously casting and heating the mixture solution of the 

polymer and cross-linkers to form the cross-linked structure by the click reaction. 

The cross-linked membranes showed much improved chemical and physical 

stabilities than the linear sulfonated poly(arylene ether sulfone) membrane due to 
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the cross-linked structures. Furthermore, the cross-linked membranes showed 

higher proton conductivity than the linear sulfonated poly(arylene ether sulfone) 

membrane because the cross-linker contains extra sulfonic acid groups. The 

details for the synthesis and the membrane properties such as thermal and 

oxidative stabilities, mechanical strength, water absorption properties, and proton 

conductivity are fully discussed in this paper. 
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2.2. Experimental 

 

Materials 

4,4’-Difluorodiphenyl sulfone (DFDPS, 99%, Aldrich) was purified by 

recrystallization from toluene. 3,3’-Disulfonated-4,4’-difluorodiphenyl sulfone 

(SDFDPS) was prepared by sulfonation of DFDPS using 65.0% sulfuric acid 

fuming, followed by purification steps according to the procedure described by 

Harrison et al. [36]. 4,4’-Dihydroxybiphenyl (BP, 97.0%, Aldrich) was purified by 

recrystallization from methanol. Chloromethyl methyl ether (95.0%, Kanto 

Chemical), 1,4-diethynylbenzene (DEB, 96.0%, Aldrich), 4,4′-diazido-2,2′-

stilbenedisulfonic acid disodium salt tetrahydrate (DSDA, 99.0%, Aldrich), 

potassium carbonate (K2CO3, 99%, Aldrich), N,N,N’,N”,N”-

pentamethyldiethylenetriamine (PMDETA, 99.0%, Aldrich), sulfuric acid fuming 

(65.0%, Merck Chemicals), sulfuric acid (95.0%, Daejung) and copper bromide 

(CuBr, 98.0%, Aldrich) were used as received. N-Methyl-2-pyrrolidone (NMP), 

toluene, N,N-dimethylacetamide (DMAc), and N,N-dimethylformamide (DMF) 

were stored over molecular sieves before used. 
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Synthesis of sulfonated poly(arylene ether sulfone) (SPAES) 

SPAES was prepared by the condensation reaction between the dihydroxy 

monomer (BP) and the difluoro monomers (DFDPS and SDFDPS) (Figure 2.1). A 

250 mL three-neck reactor equipped with an overhead mechanical stirrer, a Dean-

Stark trap, and nitrogen inlet and outlet was charged with 2.607 g (14.00 mmol) of 

BP, 2.010 g (7.000 mmol) of DFDPS, 3.439 g (7.000 mmol) of SDFDPS, and 

2.225 g (16.10 mmol) of K2CO3 in 18.32 mL of NMP. Then 9.160 mL of toluene 

(NMP/toluene = 2/1 v/v) was added as an azeotroping agent. The reaction mixture 

was refluxed at 150 oC for 5 h to dehydrate the system. After the toluene was 

removed, the temperature was raised to 190 oC for the polymerization. Viscous 

solution obtained from 48 h reaction was cooled down to room temperature and 

diluted with 30 mL of NMP. The solution was filtered to remove the salts. White 

polymer powder was obtained by precipitation in ethanol, followed by washing 

with deionized water to completely remove the salts. Then, the product was 

purified by Soxhlet extraction with deionized water. 7.080 g of polymer was 

obtained in 95% of yield after dried at 80 oC for 24 h under vacuum. The inherent 

viscosity of SPAES was 1.23 dL g-1. SPAES: 1H-NMR (DMSO-d6, 400 MHz): δ 

8.31 (br, 2H, ArH), 7.96 (br, 4H, ArH), 7.87 (br, 2H, ArH), 7.73 (br, 8H, ArH), 

7.22 (br, 8H, ArH), 7.13 (br, 4H, ArH), 7.02 (br, 2H, ArH). 
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Modification of SPAES to sulfonated poly(arylene ether sulfone) 

with chloromethyl side groups (SPAES-Cl) and sulfonated 

poly(arylene ether sulfone) with azidomethyl groups (SPAES-N3) 

SPAES-Cl was obtained by the chloromethylation of SPAES (Figure 2.1). 

7.080 g (14.09 mmol of repeat units) of SPAES in 67.79 mL of DMAc was added 

into a dried 250 mL two-neck reactor equipped with a condenser. 1.810 g (21.13 

mmol) of chloromethyl methyl ether and 3.864 g (14.09 mmol) of tin(IV) chloride 

were injected to the reactor at room temperature, and the mixture was heated at 50 

oC for 24 h. Then the mixture solution was poured into excess methanol. The 

precipitate was filtered and then washed with methanol and distilled water several 

times. 6.331 g of SPAES-Cl was obtained in 92% of yield after dried in a 80 oC 

vacuum oven for 24 h. The successful introduction and the content of the 

chloromethyl groups were confirmed by 1H-NMR. The content of chloromethyl 

group in SPAES-Cl was found to be 5 mol%, indicating that there are 0.05 

equivalents of chloromethyl groups per repeat unit. SPAES-Cl: 1H-NMR (DMSO-

d6, 400 MHz): δ 8.31 (br, 2H, ArH), 7.96 (br, 4H, ArH), 7.87 (br, 2H, ArH), 7.73 

(br, 8H, ArH), 7.21 (br, 7.95H, ArH), 7.13 (br, 4H, ArH), 7.02 (br, 2H, ArH), 4.43 

(br, 0.1H, 0.05 X ArCH2Cl). 
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SPAES-Cl was converted to SPAES-N3 by the substitution reaction using 

NaN3 (Figure 2.1). 6.540 g (12.77 mmol of repeat units) of SPAES-Cl in 62.62 

mL of DMAc was mixed with 0.5006 g (7.661 mmol) of NaN3, and the mixture 

was refluxed at 100 oC for 12 h. The mixture solution was poured into excess 

isopropanol, and the precipitate was washed with distilled water several times. 

5.955 g of SPAES-N3 was obtained in 91% of yield after dried in a 80 oC vacuum 

oven for 24 h. The chemical structure of SPAES-N3 and the degree of conversion 

from chloromethyl groups to azidomethyl groups were confirmed by 1H-NMR 

spectroscopy. The degree of conversion was found to be 100%. SPAES-N3: 
1H-

NMR (DMSO-d6, 400 MHz): δ 8.30 (br, 2H, ArH), 7.96 (br, 4H, ArH), 7.87 (br, 

2H, ArH), 7.73 (br, 8H, ArH), 7.21 (br, 7.95H, ArH), 7.13 (br, 4H, ArH), 7.02 (br, 

2H, ArH), 4.37 (br, 0.1H, 0.05 X ArCH2N3). 

 

Fabrication of Cross-linked SPAES membrane (C-SPAES) 

C-SPAES membranes were prepared by the in-situ casting and click reaction 

of SPAES-N3 solutions containing DEB and DSDA as cross-linkers (Figure 2.2 

and Fig. S1). The cross-linked polymer electrolyte membrane was called as C-

SPAES-X, where X indicates the weight percent of the cross-linkers in the casting 

solution. The following procedure shows the preparation of C-SPAES-33. 0.4000 
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g (0.7917 mmol of repeat units) of SPAES-N3, 0.04165 g (0.3170 mmol) of DEB, 

and 0.1616 g (0.2971 mmol) of DSDA were dissolved in DMF. The amounts and 

the molar ratios of the cross-linkers were decided to make the molar ratio between 

the azido groups (in DSDA and SPAES-N3) and ethynyl groups (in DEB) to be 

1:1. For example, 0.4000 g of SPAES-N3 and 0.1616 g of DSDA contain 0.03959 

mmol and 0.5944 mmol of azido groups, respectively, and 0.04165 g of DEB 

contains 0.6340 mmol of ethynyl groups. Then there are equimolar amount of 

azido and ethynyl groups and then the polymerizability between the two 

functional groups can be maximized [37, 38]. A catalyst solution consisting of 

CuBr, PMDETA, and DMF was injected into the mixture solution at 30 oC and 

stirred for 12 h (CuBr/PMDETA = 1/1 mol/mol). The amount of DMF was 

determined to make the total concentration of SPAES-N3, DEB, and DSDA to be 

15 wt.%, and the amount of CuBr was 5 mol.% compared to the amount of azide 

and ethynyl groups. The solution was cast on a glass plate using a doctor blade, 

and heated at 120 oC in an oven for 12 h. During the heat treatment, cross-linked 

membrane was obtained by the click reaction between the azido and ethynyl 

groups and by the solvent evaporation simultaneously. The membrane on the glass 

plate was detached by immersing in distilled water, and then the detached 

membrane was washed with 1 M HCl(aq) to remove CuBr [39]. In order to 

convert –SO3
- Na+ into –SO3H, the membrane was immersed in 1 M H2SO4(aq) at 
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room temperature for 24 h, followed by washing with distilled water several times 

for 24 h. The obtained membrane was dried in an 80 oC vacuum oven before use. 

The other membranes having different composition were prepared by the same 

methods except the weight ratios of SPAES-N3 and the cross-linkers (Table 2.1). 

The thickness of the membranes was found to be about 20-30 μm. 

 

Characterization 

The inherent viscosity was measured using an Ubbelohde viscometer in a 

water bath at 30 oC. The polymer powder, which had been dried under vacuum at 

70 oC for 1 days, was dissolved in a 96% H2SO4 solution in a 25.0 mL volumetric 

flask (0.3 g dL-1 of concentration) to measure its inherent viscosity. 1H-NMR 

spectra were collected on Avance-400 (Bruker, Germany) with a proton frequency 

of 400 MHz. During the experiments, deuterated dimethylsulfoxide (DMSO-d6) 

was used as the solvent and tetramethylsilane (TMS) was used as the internal 

standard. FT-IR spectra of the dry membranes were collected on Nicolet 6700 

(Thermo Scientific, USA) in attenuated total reflectance (ATR) mode over the 

frequency range of 4000 to 650 cm-1. The spectra were recorded as the average 64 

of scans with a resolution of 4 cm-1. The sample was placed in equal physical 

contact with the sampling plate of the spectrometer accessory to avoid the 
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differences caused by the pressure and penetration depth. 

Solubility test of the membranes was carried out by immersing the sample in 

a variety of solvents at 30 and 80 oC for 1 h. The amount of the solvent was 

determined as 1 mL per 0.001 g of the sample. Gel fractions were measured by the 

solvent extraction method [40]. The dry membranes were cut into 2 cm ⅹ 2 cm 

size and weighed (W1), and then they were immersed in excess DMF and refluxed 

at 80 oC for 12 h. The membranes were then repeatedly washed with distilled 

water and dried at 80 oC under vacuum until constant weight (W2) was obtained. 

The gel fractions were calculated using as follows: 

 

Gel fraction [%] = W2/W1 ⅹ 100     (1) 

 

where W1 and W2 are the weights of the dry membrane before and after the gel 

fraction test, respectively. Thermogravimetric analysis (TGA) was carried out 

using Q-5000IR (TA instruments, USA) under nitrogen atmosphere in the 

temperature range from 100 to 800 oC at a heating rate of 10 oC min-1. The 

samples were pre-heated at 120 oC for 15 min to remove the absorbed moisture 

before each test. The oxidative stability of the polymers was evaluated by 
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Fenton’s test. The membranes were cut into 2 cm ⅹ 2 cm size and soaked in 

Fenton’s reagent (3% H2O2 containing 2 ppm Fe2+) at 80 oC. The time when the 

membranes were broken was recorded [41]. Fe2+ was added as FeSO4∙7H2O for 

accelerating the effect to generate hydroxide radicals. Mechanical properties were 

measured using Lloyd-LS1 (Lloyd, UK). Dumbbell specimens were prepared 

using the ASTM standard D638 (Type V specimens). The test was carried out 

under air at 23 oC and 45% relative humidity conditions with a gauge length and a 

cross head speed of 15 mm and 5 mm min-1, respectively. 

Weight-based quantity for ion exchange capacity (IECw) of the membranes 

was determined by back-titration method. The dry membranes in the acid form 

were immersed into 1 M NaCl(aq) at 30 oC for 24 h to replace the protons of 

sulfonic acid groups with sodium ions. The replaced protons were titrated using 

0.01 M NaOH(aq). The moles of the proton are equal to the moles of sulfonic acid 

group in the membrane, and the IECw was calculated from the titration data as 

follows: 

 

IECw [mequiv. g-1] = (CNaOH∙ΔVNaOH/Ws) ⅹ 1000   (2) 
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where CNaOH, ΔVNaOH, and Ws are the concentration of NaOH(aq), the consumed 

volume of NaOH(aq), and the weight of the dry membrane, respectively. Volume-

based quantity for ion exchange capacity (IECv) was calculated by multiplying 

IECw by density of membrane [42]. Densities of dry and wet membranes were 

used to calculate IECv(dry) and IECv(wet), respectively. The water uptake and 

swelling ratio of the membranes were determined by measuring their changes in 

weight and volume. The dry membranes were cut into 2 cm ⅹ 2 cm, and then 

their weights and volumes were measured. Thereafter, the membranes were 

immersed in deionized water at 30 oC for 24 h. After the membranes were taken 

out and wiped, their weights and volumes were measured. The water uptake and 

the swelling ratio were calculated as follows: 

 

Water uptake [%] = [(Wwet-Wdry)/Wdry] ⅹ 100    (3) 

Swelling ratio [%] = [(Vwet-Vdry)/Vdry] ⅹ 100    (4) 

 

where Wdry and Wwet are the weights of the dry and wet membranes, and Vdry and 

Vwet are the volumes of the dry and wet membranes, respectively. 
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Proton conductivity was measured by a four probe technique [43]. The 

impedance measurement was carried out using IM-6ex impedance analyzer 

(ZAHNER-elektrik GmbH & Co. KG, Germany) in potentiostat mode with a 

perturbation amplitude of 10 mV over frequency range of 1 Hz to 1 MHz in the 

relative humidity range of 40 to 90% at 30 oC and 80 oC. The membrane was 

equilibrated for 40 min at each condition before measurement. The impedance 

was obtained from a Nyquist plot, and then the proton conductivity was calculated 

as follows: 

 

Proton conductivity (σ) [mS cm-1] = d/RS    (5) 

 

where d, R, and S are the distance between the reference and sensing electrodes, 

the ohmic resistance, and the cross-section area (thickness ⅹ width) of the 

sample, respectively. 

Membrane electrode assemblies (MEA) with an active surface area of 25 cm2 

were fabricated with gas diffusion layers coated with Pt/C and Nafion binder (50 

wt% Pt/C, 0.4 mg Pt cm-2 from FuelCellPower Inc.) for single cell performance 

test [44]. After assembling the single cell, the activation of the MEAs was 
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performed by feeding fully humidified H2 (228 sccm) into anode and air (905 

sccm) into cathode at 80 oC for 24 h. After the activation procedure, the single cell 

performance of the MEAs was measured by applying the programmed protocol: a 

cycle from 1.0 V to 0.5 V with a step change of 50 mV per 25 s without back 

pressure at 80 oC under 100% RH condition. The current-voltage polarization 

curves were recorded using fuel cell test stations (FCTTS300, Fuel Cell 

Technologies, Inc.). 
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2.3. Results and Discussion 

 

Sulfonated poly(arylene ether sulfone) (SPAES) was prepared by the 

condensation reaction between the dihydroxy monomer (dihydroxybiphenyl (BP)) 

and the dihalo monomers (4,4’-difluorodiphenyl sulfone (DFDPS) and 3,3’-

disulfonated-4,4’-difluorodiphenyl sulfone (SDFDPS)) (Figure 2.1). The chemical 

structure of the obtained polymer was confirmed by 1H-NMR spectroscopy 

(Figure 2.3). Since the molar ratio between DFDPS and SDFDPS is 1:1, the 

degree of sulfonation (DS) in the polymer is 50 mol% indicating that 50 mol% of 

the polymer repeating unit contains the sulfonic acid groups. Since the proton 

conductivity increases with the increase of DS, it is desirable to prepare the 

polymer with maximum DS. However, when the DS of SPAES was larger than 50 

mol%, we could not prepare a stable linear SPAES membrane, the control sample 

in this study. As mentioned in the introduction section, the hydrocarbon-based 

polymers with high DS are not physically stable at high humidity conditions. 

Therefore, 50 mol% was found to be the maximum DS for preparation of the 

physically stable linear SPAES membrane, maintaining its membrane stability 

during the proton conductivity measurement at high humidity conditions. 

Although we could prepare cross-linked SPAES membranes having DS larger 
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than 50 mol%, which have the dimensional stability at high humidity conditions, 

we intentionally studied in detail the cross-linked SPAES membranes with DS of 

50 mol% to compare the improvement of chemical and physical properties 

including the proton conductivity with the linear SPAES membrane. 

Since the click reactions between azido and ethynyl groups using copper(I) 

catalyst have been known to be very effective in connecting the polymer chains in 

short reaction times and in very high yields under mild conditions, we tried to 

introduce the azido groups in SPAES by two step substitution reactions using 

chloromethyl methyl ether followed by sodium azide (NaN3) (Figure 2.1) [45]. 

The appearance of a new peak at δ 4.43 (peak 8) originating from the methine 

groups adjacent to the chlorine atoms indicates the successful introduction of 

chloromethyl groups to SPAES (Figure 2.3). The content of the chloromethyl 

group in the polymer was calculated by comparing the integrals of peak at around 

δ 7.95 (peak 4) and peak at δ 4.42 (peak 8); it was found to be about 5.0 mol% per 

repeating unit. The substitution of the chloro group by the azido group was 

confirmed by the shift of the 1H-NMR peak assigned to the terminal methine 

groups from δ 4.42 (peak 8) to δ 4.37 (peak 9) [39, 46]. The content of the 

azidomethyl group in the polymer was also found to be about 5.0 mol% by a 

similar comparison of the peak integrals, indicating that the conversion from the 

chloromethyl to the azidomethyl groups is about 100%. Furthermore, a stretching 
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frequency at around 2100 cm-1 in the FT-IR spectrum clearly indicates the 

existence of azide groups in SPAES- N3 (Figure 2.4). 

Cross-linked SPAES (C-SPAES) membranes were prepared by 

simultaneously casting and heating the polymer solutions containing SPAES-N3, 

the cross-linkers (1,4-diethynylbenzene (DEB) and 4,4′-diazido-2,2′-

stilbenedisulfonic acid disodium salt tetrahydrate (DSDA)), and the click reaction 

catalyst (CuBr/PMDETA). The cross-linked structures could be formed by using 

only DEB containing two ethynyl groups per molecule because the SPAES-N3 has 

azido groups. However, when we prepared the cross-linked membranes using only 

DEB as the cross-linker, the cross-linked membranes were found to be very brittle 

and their proton conductivity was very low. This might have originated from the 

short length and the hydrophobicity of the cross-linker, DEB. The introduction of 

DEB units in the cross-linked structures can decrease the IEC values because 

DEB does not have any sulfonic acid group and it also can disturb the chain 

mobility of the backbone because the cross-linking reaction connects the 

backbones by the short diethynyl benzene ring, and both can decrease the proton 

conductivity of SPAES membrane. Therefore, we intentionally used the extra 

cross-linker, DSDA, with two azido groups and two sulfonic acid groups. The use 

of DSDA can increase the content of the sulfonic acid groups in the cross-linked 

structures because the cross-linked chains have two sulfonic acid groups per 
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repeat unit and the azido groups can react with the ethynyl groups in DEB to form 

elongated cross-linking chains between the backbones to increase the chain 

mobility, which increase the proton conductivity of C-SPAES membranes. Since 

CuBr is not soluble in DMF, the casting solvent, it was mixed with PMDETA to 

form the chelated structure; it was then soluble in DMF. The progress of the click 

reaction was confirmed by observing the intensity decrease of the azido peak at 

around 2100 cm-1 and the ethynyl peak of DEB at around 3250 cm-1 in the FT-IR 

spectra (Figure 2.4) [45, 47]. The progress can be further supported by the 

appearance of the triazole peaks at 1637, 1503, 1228, and 1028 cm-1 [48, 49]. 

Other characteristic peaks of SPAES membrane are observed in the FT-IR spectra 

of C-SPAES membranes; the broad band at ~3400 cm-1 can be ascribed to the O-H 

vibration of sulfonic acid groups and the absorbed moisture, and the absorption 

bands at 1236 cm-1 (O=S=O stretch), 1071 cm-1 (symmetric O=S=O stretch), 1022 

cm-1 (S=O stretch), and 690 cm-1 (O-S-O stretch) can be assigned to the sulfonic 

acid groups. The absorption bands at 1006 and 1022 cm-1 are due to the split 

symmetric stretch of the in-chain diphenyl ether (Ar-O-Ar) units of the para-

substituted benzene ring. 

The formation of the cross-linked structures in the membrane was confirmed 

by the solubility test (Table 2.2). Small pieces of linear SPAES membrane and C-

SPAES membranes (2cm X 2cm) were immersed in the various solvents, 
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including DMSO, DMAc, DMF, NMP, ethanol, methanol, and water at 30 and 80 

oC for 1 h. None of the membranes were soluble in alcohols and swelled in water, 

although the degree of swelling of linear SPAES membrane and C-SPAES 

membranes differ, which will be fully discussed in a later section of this 

manuscript. SPAES membrane was found to be soluble in DMSO, DMAc, DMF, 

and NMP, the polar aprotic solvents, while C-SPAES membranes were not soluble 

in these solvents at 30 oC and only small parts of the membranes were dissolved at 

80 oC. Therefore, C-SPAES membranes have the cross-linked structures that do 

not dissolve in the good solvents for SPAES membrane, while they also have 

some linear or branched parts that can be dissolved at elevated temperatures.  

The fully cross-linked fraction of C-SPAES membranes (gel fraction) could 

be estimated by measuring the weight changes before and after dissolving the 

membranes in DMF under reflux at 80 oC for 12 h. The gel fraction of C-SPAES 

membrane initially increases with the increase of the cross-linker content, then 

reaches its maximum value of about 89%, and decreases when the cross-linker 

content is larger than 50 wt% (Table 2.3). The click reaction in the casting 

solution occurs between the azido groups in SPAES-N3 and the ethynyl groups in 

DEB and between the azido groups in DSDA and the ethynyl groups in DEB. It 

could be easily expected that the reactions between DSDA and DEB are prevalent 

because the content of the azido groups in DSDA is much larger than that in 
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SPAES-N3 (for example, to prepare C-SPAES-33, 0.03959 mmol and 0.5944 

mmol of azido groups in SPAES-N3 and DSDA, respectively, are used) and the 

reactivity of the azido groups in DSDA is much higher than that in SPAES-N3. It 

is well-known that the reactivity of the functional groups in the small molecules is 

much higher than that in the polymer due to the steric effect [38]. Therefore, the 

prevalent reaction between DEB and DSDA produces the linear polymer, such as 

P(DEB-DSDA). The desirable cross-linked structures can be formed when the two 

ethynyl end groups at the end of P(DEB-DSDA) are reacted with the two azido 

groups in the two different SPAES-N3 chains. Therefore, the cross-linked structure 

can be formed when there is enough amount of DEB (or sufficient amount of 

cross-linkers) to from the cross-linking reactions between SPAES-N3 chains and 

ethynyl end groups at the end of P(DEB-DSDA). However, when the cross-linker 

content reaches larger than 50 wt%, the gel fraction decreases because there is an 

excessive amount of linear polymer, P(DEB-DSDA), that is not involved in the 

cross-linking reactions (Table 2.4). This postulation could be confirmed by the 1H-

NMR results of the polymers in the soluble portion in the C-SPAES membranes 

obtained by the gel fraction test (Figure 2.5) [40]. The molar ratio of SPAES and 

P(DEB-DSDA) in the soluble portion in C-SPAES membranes could be 

calculated by comparing the peak integrals of the proton peaks at around 7.0 ppm 

from the SPAES chain with those at 9.5 ppm from the triazole in P(DEB-DSDA)  
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(Table 2.3). As the cross-linker content increases, the P(DEB-DSDA) content 

increases and a very large increase is observed when the cross-linker content is 

larger than 50 wt%.  

The thermal stability of SPAES membrane and C-SPAES membranes was 

estimated by TGA under nitrogen atmosphere (Table 2.3 and Figure 2.6 (a)). All 

the membranes show a two-step degradation behavior comprising of the 

degradation of the sulfonic acid groups and the P(DEB-DSDA) chains at around 

250 oC and that of the SPAES main chains at around 500 oC [22]. The lower 

degradation temperature of the P(DEB-DSDA) chain could be ascribed to the 

aliphatic vinyl linkages in the DSDA units [50, 51]. Since the degradation 

temperature of the P(DEB-DSDA) chains is lower than that of the SPAES main 

chains, the cross-linking reaction could not increase the degradation temperature 

of C-SPAES. Nevertheless, the degradation temperatures of C-SPAES membranes 

are high enough to be used as PEM because the operation temperature of PEMFC 

is around 100 oC [52]. Furthermore, in the practical application in the fuel cell, the 

oxidative stability is more important than the thermal stability because the 

degradation of the membranes typically arises due to the harsh oxidation 

condition rather than to the thermal degradation. The oxidative stability test 

results estimated by the Fenton’s reagents revealed that C-SPAES membranes are 

much more stable than SPAES membrane, except C-SPAES-66 membrane 
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prepared using a very large amount of the cross-linkers (Table 2.3). For example, 

SPAES membrane was broken after immersing in Fenton’s reagent for 600 min, 

while C-SPAES-33 was broken after 1040 min. The oxidative stability behavior is 

very similar to the gel fraction behavior; the oxidative stability of C-SPAES 

membranes initially increases with the cross-linker content because the degree of 

cross-linking increases with the cross-linker content [43, 53], then decreases when 

the cross-linker content is larger than 33 wt%. The mismatch between the cross-

linker contents showing maximum gel fraction and oxidative stability is most 

likely due to the poor chemical stability of the P(DEB-DSDA) units in C-SPAES, 

as estimated by the thermal degradation behavior. Although 50 wt% of the cross-

linker content produces maximum cross-linking density in C-SPAES-50 

membrane, C-SPAES-33 membrane prepared using 33 wt% of the cross-linker 

content shows maximum oxidative stability because it has a smaller content of 

P(DEB-DSDA) chains. Nevertheless, most of C-SPAES membranes with the 

cross-linked structures, except C-SPAES-66, were found to be more stable than 

SPAES membrane in the strong oxidation condition [54, 55]. 

The tensile strength, Young’s modulus, stress at break, and percentage strain 

of the membranes were measured to compare their mechanical properties (Table 

2.5). The tensile strength initially increases with the cross-linker content, then 

reaches its maximum value of 72.9 MPa when the cross-linker content is 33 wt%, 
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and decreases as the cross-linker content further increases (Figure 2.7 (a)). Similar 

behavior was observed for the modulus and the stress at break although the 

optimum composition to show the maximum values was found to be somewhat 

different (Figure 2.7 (b) and (c)). The initial increase of the mechanical strength is 

caused by the increase of the degree of cross-linking, and the later decrease with 

further increasing cross-linker content can be attributed to the increase of the 

P(DEB-DSDA) chain content including the linear P(DEB-DSDA) chain not 

incorporated in the cross-linked structures; the P(DEB-DSDA) chain is more 

flexible and even the linear P(DEB-DSDA) chains not connected to the SPAES 

chains can act as the plasticizer [43, 56]. On the contrary, the percentage strain 

decreases continuously with the increase of the cross-linker content because both 

the increase of the cross-linking density and the increase of the P(DEB-DSDA) 

chain contents can decrease the elongation of the membranes (Figure 2.7 (d)). 

Furthermore, when the cross-linker content is larger than 50 wt%, phase 

separation showing the hazy domains was observed from C-SPAES membranes 

(Figure 2.8 (f) and (g)), and the phase separation should decrease all of the 

mechanical properties of C-SPAES membranes including percentage strain. Since 

the polartiry of SPAES and P(DEB-DSDA) chains are quite different, they are not 

miscible when they are mixed as shown in the supporting information. The 

immiscibility of the polymer pairs is commonly observed from the polymer blend 
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systems, so most of the polymer pairs having even small differences in the 

polarity (or solubility parameter) have been known to be immiscible [57, 58]. 

Therefore, it is not suprising that SPAES and P(DEB-DSDA) are not miscible. 

Nevertheless, C-SPAES membranes having the cross-linker content smaller than a 

certain amount show improved mechanical strength compared to SPAES 

membrane, indicating that they could have an advantage over SPAES membrane 

in terms of mechanical stability during the PEMFC operation [59, 60]. 

The water absorption behavior and the dimensional stability were examined 

by measuring the water uptake and the swelling ratio, respectively (Table 2.6). 

Although SPAES membrane and C-SPAES membranes are not soluble in water, 

they all swell to some extent in deionized water at 30 oC. The swelling ratio 

increases with increasing water uptake, similar to most PEMFC membranes [22, 

61, 62], although the swelling ratio of C-SPAES-66 could not be obtained because 

it swelled too much to form a coagulated gel. Both the water uptake and the 

swelling ratio increase with the increase of the cross-linker content, which 

contrasts the common phenomenon observed in other cross-linked polymer 

membranes [22]. The increase of the water uptake and the swelling ratio with the 

increase of the cross-linker content can be explained by the increase of the 

hydrophilicity of the membranes by the incorporation of more hydrophilic 

P(DEB-DSDA) units in the membrane; P(DEB-DSDA) has the larger amount of 
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the sulfonic acid groups per unit mass than SPAES. Still, C-SPAES membranes 

having the cross-linker content less than 50 wt% show a smaller swelling ratio 

than SPAES membrane although they absorb more water. Therefore, the 

hydrophilic cross-linking units can increase the water uptake continuously, while 

the formation of the cross-linked structures in the membrane can depress the 

swelling of the membrane. However, when more than 50 wt% of the hydrophilic 

cross-linker is used for the preparation of the C-SPAES membranes, they swell 

more than linear SPAES membrane because of the somewhat greater amount of 

linear P(DEB-DSDA) in the membranes (Table 2.3). The larger water absorption 

and the smaller swelling behavior of C-SPAES-25, C-SPAES-33, C-SPAES-40 

membranes compared with SPAES membrane is a very advantageous feature, 

providing excellent fuel cell performance in the PEMFC operations [63]. 

The ion exchange capacity (IEC) of a membrane is closely related to water 

uptake and proton conductivity because the IEC values are mostly dependent on 

the number of ion exchangeable groups such as sulfonic acid groups in a 

membrane [64, 65], and is can be estimated by back-titration method (Table 2.6). 

The number of the sulfonic acid groups per unit mass of the dry membrane has 

been defined as IECw and it initially increases with the cross-linker content, then 

reaches its maximum of 2.122 mequiv./g, and decreases as the cross-linker content 

further increases. The theoretical IECw (3.646) of P(DEB-DSDA), the cross-
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linking unit, is 1.75 times larger than that (2.081) of the SPAES backbone. 

Therefore, as the cross-linker content increases, the number of the sulfonic acid 

groups increases, which lead to the initial increase of IECw. On the other hand, the 

basic 1,2,3-triazole ring in the chain formed by the click reaction can decrease 

IECw by capturing the protons of the sulfonic acid groups [66]. Therefore, C-

SPAES membranes containing a large enough cross-linker content such as C-

SPAES-60 and C-PAES-66 show smaller IECw values than the other C-SPAES 

membranes having smaller cross-linker content such as C-SPAES-25, C-SPAES-

33, C-SPAES-40, C-SPAES-50, and SPAES membranes. Although volume-based 

quantities for IEC (IECv) on hydrocarbon-based PEMs are not generally used [42], 

since proton conduction occurs over length scales under operating conditions 

independent of mass, IECv might explain the proton conductivity behavior better 

than IECw. IECv indicates the number of the sulfonic acid groups per unit volume 

and can be calculated by multiplying IECw and the polymer density of the 

membrane. The IECv(dry) and IECv(wet) behavior with the cross-linker content 

was found to be similar to the IECw behavior although a very dramatic decrease of 

IECv(wet) was observed when the cross-linker content is larger than 40 wt%. The 

dramatic change of the IECv(wet) value for C-SPAES membranes having large 

cross-linker content is related to their very large swelling ratio. Since the IECv(wet) 

values of the membranes are calculated when the membranes are fully hydrated, 
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the large volume expansion can drastically decrease the IECv(wet) value. 

The proton conductivities of the membranes were measured at 30 oC and 80 

oC with different relative humidity conditions (40 to 90%RH) (Figure 2.9, Table 

2.7, and Table 2.8). The conductivities of C-SPAES membranes at 80 oC are 

higher than those at 30 oC and increase with the relative humidity, as is commonly 

observed in most of the other sulfonated polymer membranes [67]. Although there 

are minor deviations, the proton conductivity behavior of the membranes is as 

follows: 

C-SPAES-40 > C-SPAES-33> C-SPAES-25 > SPAES > C-SPAES-50 > C-

SPAES-60 > C-SPAES-66.  

The curve of the proton conductivity as a function of IECv(wet) explains the 

proton conductivity behavior very well (Figure 2.10); the larger the IECv(wet) 

value, the larger proton conductivity. As the cross-linker content increases, the 

proton conductivity increases in the range of 25.0 to 40.0 wt% of the cross-linker 

content and then decreases. All the C-PAES membranes, except C-SPAES-66 

membrane, show higher proton conductivities than Nafion; C-SPAES membranes 

containing small cross-linker content, such as C-SPAES-25, C-SPAES-33, and C-

SPAES-40 membranes, show higher proton conductivities than SPAES membrane. 

For example, C-SPAES-40 membrane shows the highest proton conductivity, 
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150.4 mS cm-1, and the proton conductivities of C-SPAES-25 and C-SPAES-33 

membranes are 126.4 and 137.5 mS cm-1, respectively.  

Since these C-SPAES membranes prepared using optimum amount of 

the cross-linker have the larger proton conductivity values and smaller 

swelling ratio at the highly hydrated condition than the SPAES membrane, 

it is highly likely that they have greater fuel cell performance than the 

SPAES membrane. However, our recent preliminary fuel cell performance 

test of the MEAs using C-SPAES-40 and SPAES membranes carried out at 

80 oC and 100% RH condition showed that the cell performance of the 

MEA from C-SPAES-40 is not significantly better than that from SPAES 

(Figure 2.11). Also, at the high current density region the cell performance 

of the MEA from SPAES was found to be even better as shown in the 

supporting information. However, this is the preliminary result, and the 

MEA preparation method and other testing conditions had been optimized 

for the MEAs from SPAES membranes obtained from the many trial and 

errors for several years. Since the chemical structures including the polarity 

and physical strength of C-SPAES and SPAES membranes are very 

different, quite different MEA fabrication conditions are expected to obtain 

to maximum membrane performance. Therefore considering the 

advantageous features of the C-SPAES membranes having high oxidative 
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and mechanical stabilities, high water uptake, low swelling ratio, and high 

proton conductivity, those MEAs from the C-SPAES membranes should 

have much better fuel cell performance than those from the SPAES 

membranes once we can obtain the optimum condition for the preparation 

of the MEAs from C-SPAES membranes and such works are under progress. 
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2.4. Conclusion 

 

Cross-linked sulfonated poly(arylene ether sulfone) (C-SPAES) 

membranes with cross-linked structures were prepared using the click 

reaction of sulfonated poly(arylene ether sulfone) with azidomethyl side 

groups and the cross-linkers for the first time. The C-SPAES membranes 

prepared using optimum amount of the cross-linkers showed much 

improved mechanical strength, dimensional stability, and chemical stability 

than linear SPAES membrane due to the well-formed cross-linked structures 

formed by the click reactions. Furthermore, the C-SPAES membranes 

showed higher proton conductivity, larger water uptake, and unexpectedly 

smaller swelling ratio than linear SPAES membrane, because the cross-

linker containing extra sulfonic acid groups can increase the ion exchange 

capacity while simultaneously limiting the volume expansion by the 

hydration. Therefore, we believe that the C-SPAES membranes prepared by 

the fast and facile click reactions can be one of the candidates for the 

practical PEMFC applications although future works such as fuel cell 

performance test are necessary.  
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Table 2.1. Preparation conditions of C-SPAES membranes. 

Samples 
SPAES-N3 

[g (mmol a) 

DEB 

[g (mmol b)] 

DSDA 

[g (mmol a)] 

CuBr 

[mmol] 

C-SPAES-25 0.4500 (0.04453) 0.03203 (0.4875) 0.1205 (0.4431) 0.02437 

C-SPAES-33 0.4000 (0.03958) 0.04165 (0.6339) 0.1616 (0.5943) 0.03170 

C-SPAES-40 0.3600 (0.03563) 0.04935 (0.7511) 0.1946 (0.7156) 0.03756 

C-SPAES-50 0.3000 (0.02969) 0.06090 (0.9269) 0.2440 (0.8973) 0.04634 

C-SPAES-60 0.2400 (0.02375) 0.07245 (1.103) 0.2934 (1.079) 0.05513 

C-SPAES-66 0.2000 (0.01979) 0.08013 (1.220) 0.3263 (1.200) 0.06098 

a molar amount of azido group. 

b molar amount of ethynyl group. 
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Table 2.2. Solubility test of the membranes in a variety of solvents. 

Samples DMSO DMAc DMF NMP EtOH MeOH Water 

SPAES + ++ ++ ++ - - Δ 

C-SPAES-25 ± ± ± ± - - Δ 

C-SPAES-33 ± ± ± ± - - Δ 

C-SPAES-40 ± ± ± ± - - Δ 

C-SPAES-50 ± ± ± ± - - Δ 

C-SPAES-60 ± ± ± ± - - Δ 

C-SPAES-66 ± ± ± ± - - Δ 

++, soluble at room temperature; +, soluble on heating; ±, partially soluble on heating; Δ, swelling; 

-, insoluble even on heating. 
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Table 2.3. Chemical, thermal, and oxidative stabilities of the membranes. 

a The molar ratio of SPAES/P(DEB-DSDA) in the soluble portion obtained by the gel fraction test, 

where P(DEB-DSDA) is the linear polymer obtained by the reaction between DEB and DSDA.  

b Recorded when the weight loss was 5 wt% in TGA. 

c Recorded when the membranes were broken. 

d Dissolved completely. 

Samples 
Gel fraction 

[wt%] 

The composition of soluble 

fraction SPAES/P(DEB-DSDA) a 

Td,5 wt% b 

[oC] 

τ c 

[min] 

SPAES d 100.00 / 0.00 321.7 600.0 

C-SPAES-25 43.20 85.83 / 14.17 274.9 930.0 

C-SPAES-33 53.81 83.98 / 16.02 277.9 1040 

C-SPAES-40 77.31 76.51 / 23.49 273.7 1030 

C-SPAES-50 89.05 68.30 / 31.70 271.2 910.0 

C-SPAES-60 71.04 34.46 / 65.54 272.0 780.0 

C-SPAES-66 58.94 15.72 / 84.28 270.5 520.0 
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Table 2.4. Composition and insoluble part after gel fraction test of the 

membranes. 

 
C-

SPAES-
25 

C-
SPAES-

33 

C-
SPAES-

40 

C-
SPAES-

50 

C-
SPAES-

60 

C-
SPAES-

66 

SPAES-N3 
[g] 

0.4500 0.4000 0.3600 0.3000 0.2400 0.2000 

DEB 
[g] 

0.03203 0.04165 0.04935 0.06090 0.07245 0.08013 

DSDA 
[g] 

0.1205 0.1616 0.1946 0.2440 0.2934 0.3263 

Tatal mass 
[g] 

0.6025 0.6033 0.6040 0.6049 0.6058 0.6064 

Gel fraction 
[%] 

43.20 53.81 77.31 89.05 71.04 58.94 

Insoluble part during gel 
fraction test 

[g] 
0.2603 0.3246 0.4669 0.5387 0.4304 0.3574 

Insoluble part per unit 
mass of SPAES-N3 

during gel fraction test 
[g] 

0.5784 0.8115 1.297 1.769 1.793 1.787 
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Table 2.5. Mechanical properties of the membranes. 

Samples 
Tensile strength 

[MPa] 

Young’s modulus 

[MPa] 

Stress at break 

[MPa] 

Percentage strain 

at break 

[%] 

SPAES 39.00 2996 37.08 45.76 

C-SPAES-25 67.22 5133 60.70 13.62 

C-SPAES-33 72.89 4335 61.26 9.613 

C-SPAES-40 71.05 3494 68.15 8.180 

C-SPAES-50 66.74 2903 63.62 6.738 

C-SPAES-60 56.73 1690 56.46 6.428 

C-SPAES-66 30.45 1585 30.34 4.434 
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Table 2.6. Water absorption behaviors and ion exchange capacities (IECs) of 

the membranes. 

Samples 

Water 

uptake 

[%] 

Swelling 

ratio 

[%] 

IECw 

[mequiv. g-1] 

IECv(dry) 

[mequiv. cm-3] 

IECv(wet) 

[mequiv. cm-3] 

SPAES 49.34 60.77 1.749 2.116 1.316 

C-SPAES-25 66.99 43.29 1.932 2.357 1.645 

C-SPAES-33 78.04 47.85 2.050 2.480 1.678 

C-SPAES-40 89.95 55.15 2.122 2.674 1.723 

C-SPAES-50 146.4 90.41 2.083 2.687 1.219 

C-SPAES-60 190.3 184.5 1.993 2.551 0.897 

C-SPAES-66 240.6 a 1.527 2.205 b 

a not calculated due to the low dimensional stability of the wet state. 

b not calculated due to the absence of the swelling ratio value. 
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Table 2.7. Proton conductivities of the membranes at 30 oC. 

Samples 
Proton conductivity at 30 oC [mS cm -1] 

40% RH 50% RH 60% RH 70% RH 80% RH 90% RH 

SPAES 0.9782 3.060 7.921 17.23 29.08 50.17 

C-SPAES-25 0.7095 2.668 7.018 15.69 29.23 51.70 

C-SPAES-33 2.644 6.666 14.09 26.39 48.40 68.93 

C-SPAES-40 3.138 7.749 17.30 34.38 58.24 81.96 

C-SPAES-50 1.721 4.646 10.01 20.65 35.33 50.91 

C-SPAES-60 0.5357 1.774 4.977 12.06 22.91 43.16 

C-SPAES-66 0.4902 1.042 2.669 6.214 13.32 40.23 

Recast Nafion 0.1660 0.6226 1.844 4.428 11.32 19.38 
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Table 2.8. Proton conductivities of the membranes at 30 oC. 

Samples 
Proton conductivity at 80 oC [mS cm -1] 

40% RH 50% RH 60% RH 70% RH 80% RH 90% RH 

SPAES 1.129 4.139 11.07 24.80 49.80 117.0 

C-SPAES-25 1.712 6.155 15.54 33.56 60.86 126.4 

C-SPAES-33 2.257 7.161 17.60 35.52 62.33 137.4 

C-SPAES-40 3.158 9.238 21.18 42.34 77.22 150.4 

C-SPAES-50 1.612 5.136 13.31 27.27 53.88 104.5 

C-SPAES-60 0.7844 3.193 9.148 21.87 42.75 103.1 

C-SPAES-66 0.7075 1.530 4.462 11.78 33.10 77.54 

Recast Nafion 1.937 5.255 12.70 26.41 55.08 98.60 
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Figure 2.1. Synthesis and modification of SPAES. 
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Figure 2.1. Scheme for preparation of C-SPAES membranes. 
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Figure 2.3. 1H-NMR spectra of SPAES, SPAES-Cl and SPAES-N3. 
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Figure 2.4. Infrared spectra of SPAES, SPAES-N3, C-SPAES membranes, 

and P(DEB-DSDA) formed by the click reaction of 1,4-diethynylbenzene 

(DEB) and 4,4′-diazido-2,2′-stilbenedisulfonic acid disodium salt tetrahydrate 

(DSDA). 
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Figure 2.5. 1H-NMR spectra of SPAES, P(DEB-DSDA), and soluble part of 

C-SPAES-40 after gel fraction test. 
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Figure 2.6. TGA curves of (a) C-SPAES membranes and (b) P(DEB-DSDA). 
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Figure 2.7. Mechanical properties of C-SPAES membranes. (a) Tensile 

strength, (b) Young’s modulus, (c) stress at break, (d) percentage strain. 
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Figure 2.8. Optical images of the membranes. (a) SPAES, (b) C-SPAES-25, (c) 

C-SPAES-33, (d) C-SPAES-40, (e) C-SPAES-50, (f) C-SPAES-60, and (g) C-

SPAES-66 membranes. 
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Figure 2.9. Proton conductivities of SPAES, C-SPAES, and Nafion 

membranes (a) at 30 oC and (b) at 80 oC. 
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Figure 2.10. Correlation of proton conductivity (at 80 oC and 90%RH) and 

IECv(wet). 
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Figure 2.11. Cell performances of SPAES and C-SPAES-40 membranes at 80 

oC and 100% RH. 
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Chapter 3 

 

Organic/Inorganic Composite Membranes 

Comprising of Sulfonated Poly(arylene ether 

sulfone) and Core-Shell Silica Particles 

Having Acidic and Basic Polymer Shells 
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3.1. Introduction 

 

Proton exchange membrane fuel cells (PEMFCs) have been drawing great 

attention as energy conversion devices due to their high energy-conversion 

efficiency and low emissions [1, 2]. Proton exchange membranes (PEMs) transfer 

protons from an anode to a cathode and separate fuel and oxidant in the PEMFC 

system [3]. The interconnected hydrophilic channels formed by the phase 

separation between the hydrophilic and hydrophobic domains within PEMs are 

known to be the pathway for the proton transportation [4]. Nafion, a 

perfluorosulfonic acid (PFSA) ionomer, has been widely used for PEM 

applications due to its very high proton conductivity by the well-developed 

interconnected hydrophilic channels formed by the phase separation between the 

very hydrophobic backbones and the polar flexible side chains with sulfonic acid 

groups. However, PFSA ionomers have several disadvantages including high cost, 

high fuel crossover, and a strong dependence of cell performance on the degree of 

hydration [5]. 

Sulfonated hydrocarbon-based aromatic polymers, such as poly(arylene ether 

sulfone)s, poly(arylene thioether)s, and poly(arylene ether ether ketone)s, have 

been studied extensively as alternative materials for PEMFC applications due to 
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their high mechanical strength, high oxidative and hydrolytic stabilities, low fuel 

crossover, and low cost [4, 6-8]. However, these hydrocarbon-based polymer 

membranes have lower proton conductivity than the PFSA ionomers because their 

phase separation is not as effective as that of the ionomers. The proton 

conductivity of the hydrocarbon-based polymers can be increased by increasing 

the number of sulfonic acid groups within the membranes while the physical 

stability can be decreased by extensive swelling or by dissolution in the system 

[9]. The physical stability of the polymers can be improved by preparing polymer 

composite materials with inorganic fillers or making the polymer mixtures of 

acidic and basic polymers forming strong ionic interactions. For example, 

improved physical strength is observed in sulfonated poly(arylene ether sulfone) 

composites containing silica fillers and a polymer mixture composed of acidic 

sulfonated poly(arylene ether ether ketone) and basic polybenzimidazole [10-13]. 

However, most of the polymeric composite materials and the polymer mixtures 

have lower proton conductivity than the acidic matrix polymers because the 

addition of the fillers dilutes the sulfonic acid groups in the system and the basic 

groups in the mixture can capture the protons in the acidic polymers [10, 12, 13]. 

However, inorganic fillers containing acidic or basic moieties can increase proton 

conductivity of the matrix polymers because the extra acidic groups can increase 

the number of proton conductive sites and the basic groups can impart additional 
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pathways for the proton conduction by promoting protonation-deprotonation [14-

20]. 

In this study, sulfonated poly(arylene ether sulfone) composite membranes 

were prepared using filler materials, such as silica particle and core-shell silica 

particles having an acidic or basic polymer (poly(4-styrenesulfonic acid) or 

poly(4-vinylpyridine)) in the shell layer. All the sulfonated poly(arylene ether 

sulfone) composite membranes containing the silica particles including the core-

shell silica particles showed improved physical strength and stability compared 

with the pristine sulfonated poly(arylene ether sulfone) membrane. The composite 

membranes containing the core-shell silica particles had higher proton 

conductivity than the pristine membrane, and the membranes containing the core-

shell silica particle having the basic polymer in the shell layer had highest proton 

conductivity. However proton conductivity of the composite membrane containing 

the silica particle without a shell layer was lower than that of the pristine 

membrane. These interesting composite membrane properties including thermal 

stability, mechanical strength, water absorption properties, proton conductivity, 

and water retention ability are fully discussed in this paper. 
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3.2. Experimental 

 

Materials 

4,4’-Difluorodiphenyl sulfone (DFDPS, 99.0%, Aldrich) was purified by 

recrystallization from toluene. 3,3’-Disulfonated-4,4’-difluorodiphenyl sulfone 

(SDFDPS) was prepared by sulfonation of DFDPS using 65.0% sulfuric acid 

fuming, followed by purification steps according to the procedure described by 

Harrison et al. [21]. 4,4’-Dihydroxybiphenyl (BP, 97.0%, Aldrich) was purified by 

recrystallization from methanol. 2,2’-Azobis(isobutyronitrile) (AIBN, 98.0%, 

Junsei) was recrystallized from ethanol prior to use. 4-Styrenesulfonic acid 

sodium salt hydrate (SSANa, Aldrich) was dried at 80 oC under vacuum before 

used. Potassium carbonate (K2CO3, 99.0%, Aldrich), sulfuric acid fuming (65.0%, 

Merck Chemicals), sulfuric acid (95.0%, Daejung), vinyltrimethoxysilane (VTMS, 

98.0%, Aldrich), 4-vinylpyridine (4VP, 95.0%, Aldrich), and ammonium 

hydroxide solution (NH4OH(aq), 28.0 - 30.0%, Aldrich) were used as received. N-

Methyl-2-pyrrolidone (NMP), toluene, N,N-dimethylacetamide (DMAc), N,N-

dimethylformamide (DMF), and ethanol were stored over molecular sieves before 

used. 
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Synthesis of Sulfonated Poly(arylene ether sulfone) (SPAES) 

SPAES was prepared via condensation polymerization of di-hydroxy and di-

fluoro monomers (Figure 3.1) [22]. A 250.0 mL three neck reactor equipped with 

an overhead mechanical stirrer, a Dean-Stark trap, and nitrogen inlet and outlet 

was charged with 2.607 g (14.00 mmol) of BP, 2.010 g (7.000 mmol) of DFDPS, 

3.439 g (7.000 mmol) of SDFDPS, and 2.225 g (16.10 mmol) of K2CO3 in 18.3 

mL of NMP. Then 9.2 mL of toluene (NMP/toluene = 2/1 v/v) was added as an 

azeotroping agent. The reaction mixture was refluxed at 150 oC for 5 h to 

dehydrate the system. After the toluene was removed, temperature was raised to 

190 oC for the polymerization. The viscous solution resulted from 48 h of the 

reaction was cooled to room temperature and diluted with 30.0 mL of NMP. The 

solution was filtered to remove the salts. The white polymer was obtained by 

precipitation in ethanol, followed by washing with deionized water to completely 

remove the salts. Then, the polymer was purified by Soxhlet extraction with 

deionized water. The polymer was dried in a vacuum oven at 80 oC for 24 h. The 

dried polymer powder was treated with 1.0 M H2SO4(aq) to convert –SO3
- Na+ 

into –SO3H, followed by washing with deionized water several times to remove 

the residual sulfuric acid. 6.556 g of polymer was obtained in 92% of yield after 

dried at 80 oC for 24 h under vacuum. The inherent viscosity of SPAES was 1.19 

dL g-1. SPAES: 1H-NMR (DMSO-d6, 400 MHz): δ 8.31 (br, 2H, ArH), 7.96 (br, 
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4H, ArH), 7.87 (br, 2H, ArH), 7.73 (br, 8H, ArH), 7.22 (br, 8H, ArH), 7.13 (br, 4H, 

ArH), 7.02 (br, 2H, ArH). 

 

Preparation of silica particles having vinyl groups (Vinyl Si) 

Silica particles were prepared by Stöber method using VTMS as a silica 

precursor (Figure 3.2). 2.0 mL of VTMS was added into 100 g of deionized water 

with stirring until the oily VTMS droplets completely disappeared and a 

transparent solution was obtained. 0.1 mL of NH4OH(aq) was added to the 

mixture solution, and the solution was stirred for 12 h at room temperature. After 

the completion of the reaction, the resultant product was obtained by 

centrifugation and washed several times using deionized water and ethanol. The 

product was dried in a vacuum oven at 80 oC for 24 h before use. The obtained 

silica particle was named Vinyl Si because it contains vinyl groups as shown in 

Figure 3.2. 

 

Preparation of core-shell silica particles having poly(4-

styrenesulfonic acid) or poly(4-vinylpyridine) in the shell layer (S-

Si or P-Si) 
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Polymer coated core-shell silica particles were prepared by radical 

polymerization of Vinyl Si with SSANa and 4VP, respectively (Figure 3.2). 0.750 

g of Vinyl Si was dispersed into 67.5 mL of DMAc by sonication, and then 3.780 

g of SSANa was dissolved in the solution. After the addition of 0.379 g of AIBN, 

the solution was deoxygenated by three freeze-pump-thaw cycles and back-filled 

with N2 to restore atmospheric pressure and maintain an inert environment. The 

solution was heated at 60 oC for 24 h, and the product was separated from the 

solution by centrifugation and washed several times with ethanol and deionized 

water to remove the remainders such as free polymer chain and residual monomer. 

The obtained particles were washed with 1.0 M H2SO4(aq) to convert –SO3
- Na+ 

into –SO3H, followed by washing with deionized water several times to remove 

the residual sulfuric acid. The core-shell silica particles having poly(4-

styrenesulfonic acid) (PSSA) in the shell layer was obtained in 67% of yield after 

dried in a vacuum oven at 80 oC and was named S-Si. The core-shell silica 

particle having poly(4-vinylpyridine) (P4VP) in the shell layer was obtained in 71% 

of yield by the same procedure used for S-Si except using 4VP instead of SSANa. 

The obtained particle was additionally washed with DMF to remove the free 

polymer chains of P4VP and monomers, and was named P-Si.  

 

Preparation of silica particle without any functional group (Si) 
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0.750 g of Vinyl Si was treated with AIBN in DMAc at 60 oC for 24 h in 

order to reduce the vinyl component in the silica particle. The resultant silica 

particle was named Si and used as a control sample. 

 

Preparation of SPAES/silica composite membranes (SPAES/Si, 

SPAES/S-Si, and SPAES/P-Si) 

The SPAES composite membranes containing Si, S-Si, and P-Si were 

prepared by solution casting method, and they were named SPAES/Si, SPAES/S-

Si, and SPAES/P-Si, respectively. For the preparation of SPAES/Si, 0.200 g of 

SPAES was dissolved in 1.190 g of DMF, and then 0.010 g of Si was dispersed in 

the solution by sonication. The solution was stirred until the mixture became 

homogeneous. The solution was cast on a glass plate using a doctor blade, and 

heated in an oven at 60 oC for 12 h and subsequently at 120 oC for 2 h. The 

resulted membrane was immersed into deionized water to be detached from the 

glass plate. The obtained membrane was dried in a 80 oC vacuum oven before use. 

SPAES/S-Si and SPAES/P-Si membranes were prepared using the same procedure 

except using S-Si and P-Si, respectively, instead of Si. The thickness of the 

resulting membranes was in the range of 15 to 24 μm. 

 



85 

 

Characterization 

The inherent viscosity was measured using an Ubbelohde viscometer in a 

water bath at 30 oC [23]. The polymer powder, dried under vacuum at 80 oC for 1 

day, was dissolved in DMAc in a 25.0 mL volumetric flask (0.3 g dL-1 of 

concentration) to measure its inherent viscosity. 1H-NMR spectra were collected 

on Avance-400 (Bruker, Germany) with a proton frequency of 400 MHz using 

deuterated dimethylsulfoxide (DMSO-d6) as the solvent and tetramethylsilane 

(TMS) as the internal standard. FT-IR spectra of the dry membranes were 

collected on Nicolet 6700 (Thermo Scientific, USA) in attenuated total reflectance 

(ATR) mode over the frequency range of 4000 to 650 cm-1. The spectra were 

recorded as the average 64 of scans with a resolution of 4 cm-1. The sample was 

placed in equal physical contact with the sampling plate of the spectrometer 

accessory to avoid the differences caused by the pressure and penetration depth. 

Morphology of the silica particles and the membranes was observed by 

transmission electron microscopy (TEM, LIBRA 120, Carl Zeiss). 0.001 g of the 

silica particles were dispersed in 30.0 mL of ethanol using sonication bath and 

then the dispersed solution was dropped on the copper grid. The grid was dried at 

80 oC for 12 h under vacuum. For the observation of membrane cross-sectional 

images by TEM, small pieces of the membrane samples were embedded in the 
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Spur resin [24]. Approximately 60−70 nm thick sections were cut by an 

ultramicrotome (MTX, RMC) and placed on TEM grids. The accelerating voltage 

of 120 kV was used to observe the section images. Cross-sectional morphologies 

of the membranes were inspected by scanning electron microscopy (SEM, JSM-

6701F, JEOL) using a field emission scanning electron microscope (FESEM). 

Thermogravimetric analysis (TGA) was carried out using Q-5000IR (TA 

instruments, USA) under nitrogen atmosphere in the temperature range from 100 

to 1000 oC at a heating rate of 10 oC min-1. The samples were pre-heated at 120 oC 

for 15 min to remove the absorbed moisture before each test. Mechanical 

properties were measured using Lloyd-LS1 (Lloyd, UK). Dumbbell specimens 

were prepared using the ASTM standard D638 (Type V specimens) [25]. The test 

was carried out under air at 23 oC and 45% relative humidity (RH) conditions with 

a gauge length and a cross head speed of 15 mm and 5 mm min-1, respectively. 

Weight-based quantity for ion exchange capacity (IECw) of the membranes 

was determined by back-titration method. The dry membranes in the acid form 

were immersed into 1.0 M NaCl(aq) at 90 oC for 24 h to replace the protons of 

sulfonic acid groups with sodium ions. The replaced protons were titrated using 

0.01 M NaOH(aq). Since the replaced amount of the protons should be identical 

to that of sulfonic acid groups in the membrane, and the IECw was calculated from 

the titration data as follows: 
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IECw [mequiv. g-1] = (CNaOH∙ΔVNaOH/Ws) × 1000    (2) 

 

where CNaOH, ΔVNaOH, and Ws are the concentration of NaOH(aq), the consumed 

volume of NaOH(aq), and the weight of the dry membrane, respectively. Volume-

based quantity for ion exchange capacity (IECv) was calculated by multiplying 

IECw by the density of membrane [26]. Densities of dry and wet membranes were 

used to calculate IECv(dry) and IECv(wet), respectively. The water uptake and 

swelling ratio of the membranes were determined by measuring their changes in 

weight and volume. The dry membranes were cut into 2 cm × 2 cm, and then their 

weights and volumes were measured. Then the density of the dry membranes 

could be obtained. Thereafter, the membranes were immersed in deionized water 

at 30 oC for 24 h. After the membranes were taken out and wiped, their weights 

and volumes were measured, then. the densities of the wet membranes could be 

obtained. The water uptake and the swelling ratio were calculated as follows: 

 

Water uptake [%] = [(Wwet - Wdry)/Wdry] × 100    (3) 

Swelling ratio [%] = [(Vwet - Vdry)/Vdry] × 100    (4) 
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where Wdry and Wwet are the weights of the dry and wet membranes, and Vdry and 

Vwet are the volumes of the dry and wet membranes, respectively. The water 

retention ability could be estimated by measuring the weight of the hydrated 

samples placed in a chamber at 30 oC and 40%RH condition every 5 min. The 

water retention and the water release were calculated as follows: 

 

Water retention [%] = [(Wwet,t – Wdry)/Wdry] × 100   (5) 

Water release [%] = [(Wwet - Wwet,t)/(Wwet - Wdry)] × 100   (6) 

 

where Wwet,t is the weight of the hydrated membranes at time t in the chamber 

[27]. 

Proton conductivity was measured by a four probe technique [28]. The 

impedance measurement was carried out using IM-6ex impedance analyzer 

(ZAHNER-elektrik GmbH & Co. KG, Germany) in potentiostat mode with a 

perturbation amplitude of 10 mV over frequency range of 1 Hz to 1 MHz at 90, 70, 

50, and 40%RH in the temperature range of 30 to 80 oC. The membrane was 

equilibrated for 60 min at each condition before measurement. The impedance 
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was obtained from a Nyquist plot, and then the proton conductivity was calculated 

as follows: 

 

Proton conductivity (σ) [mS cm-1] = d/RS    (7) 

 

where d, R, and S are the distance between the reference and sensing electrodes, 

the ohmic resistance, and the cross-section area (thickness × width) of the sample, 

respectively.  
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3.3. Results and Discussion 

 

Sulfonated poly(arylene ether sulfone) (SPAES) was synthesized by 

condensation reaction of the dihydroxy monomer (dihydroxybiphenyl (BP)) and 

the dihalo monomers (4,4’-difluorodiphenyl sulfone (DFDPS) and 3,3’-

disulfonated-4,4’-difluorodiphenyl sulfone (SDFDPS)) (Figure 3.1). The chemical 

structure of SPAES was confirmed by 1H-NMR spectroscopy (Figure 3.3). SPAES 

with a degree of sulfonation (DS) of 50 mol% was intentionally prepared using a 

1:1 dichloro monomer (DFDPS and SDFDPS) ratio because DS of 50 mol% was 

found to be the maximum value for SPAES membranes to maintain their physical 

stability for PEM applications based on our previous study [4]. 

Core-shell silica particles having poly(4-styrenesulfonic acid) (PSSA) and 

poly(4-vinylpyridine) (P4VP) in the shell layers (S-Si and P-Si) were prepared 

(Figure 3.2). Vinyl Si was reacted with 4-styrenesulfonic acid sodium salt (SSANa) 

and 4-vinylpyridine (4-VP) in the presence of AIBN at 60 oC. Under these 

conditions, radicals generated by AIBN can produce free polymer chains 

unattached to the silica particles and the radical transfers to the vinyl groups on 

Vinyl Si can produce polymer chains attached to the silica particles. The free 

polymers can be removed easily from the core-shell silica particles by washing 
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with deionized water and DMF because the free polymers produced by SSANa 

and 4-VP are soluble in water and DMF, respectively, whereas the core-shell 

particles are not. The core-shell silica particle obtained using SSANa was treated 

with 1.0 M H2SO4(aq) to convert the sodium salt sulfonate group to a sulfonic 

acid group to produce a core-shell silica particle having PSSA in the shell layer 

(S-Si). Vinyl Si was treated only with AIBN without any monomers to prepare a 

silica particle without any functional groups because the vinyl group can react 

with SPAES by radicals generated at high temperature reactive to aromatic 

polymer chains during the membrane preparation [29]. Therefore, the vinyl 

groups were saturated by heating the AIBN to generate radicals and to induce 

radical coupling reactions [30]. The silica particle without any functional groups 

was intentionally prepared as a control filler material. Figure 3.4 (a), (b), and (c) 

show the TEM images of Si, S-Si, and P-Si, respectively. From the TEM images 

PSSA and P4VP in the shell layers of S-Si and P-Si can be distinguished. When 

SPAES/S-Si and SPAES/P-Si were embedded in Spurr’s epoxy and microtomed, 

the shell layers were more clearly distinguished from the core. The shell thickness 

in S-Si and P-Si were about 65 and 75 nm, respectively, and their silica core size 

was about 450 nm, which is almost the same size as Si (Figure 3.4 (d), (e), and 

(f)). 

The chemical structures of the silica particles were investigated by FT-IR 
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spectra (Figure 3.5). The FT-IR spectra of PSSA and P4VP intentionally prepared 

by free radical chain polymerization of SSANa and 4VP without Vinyl Si, 

respectively, were also investigated to confirm the formation of the core-shell 

silica particles (S-Si and P-Si). Successful preparation of the silica particles was 

confirmed by its characteristic peaks at 1409 cm-1 (symmetric C-H stretching of 

Si-OR or Si-R), 1276 cm-1 (Si-C stretching), 1099 cm-1 (asymmetric Si-O-Si 

stretching), 966 cm-1 (asymmetric Si-OH stretching), and 780 cm-1 (symmetric Si-

O-Si stretching), which are also shown in the FT-IR spectra of S-Si and P-Si [31-

33]. The presence of the aromatic rings from PSSA and P4VP in the shell layers of 

S-Si and P-Si was confirmed by the peaks at 1601-1597, 1496-1493 cm-1 (skeletal 

C=C in-plate stretching) and 3100-3005 cm-1 (C-H aromatic stretching) [34, 35]. 

Furthermore, S-Si showed characteristic peaks of PSSA at 1128 cm-1 (O=S=O 

stretching), 1037 cm-1 (di-substituted benzene ring), 1007 cm-1 (S=O stretching), 

and 831 cm-1 (C-H stretching of 1,4-substituted benzene ring). P-Si showed those 

of P4VP at 1596 cm-1 (C-N stretching), 1556 cm-1 (C=N stretching), and 1412 cm-

1 (C-C stretching of aromatic pyridine) [35-38]. 

The amount of PSSA and P4VP chains in the shell layers of the core-shell 

silica particles were estimated by TGA curves (Figure 3.6) using a simple 

calculation method shown in Table1. The residual amount of Si at 1000 oC 

estimated by char yield was 91.75%. Therefore, 8.25 wt% of Si can be designated 
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as the organic moieties from the hydrocarbons formed by the AIBN-initiated 

reaction of the vinyl groups shown in Figure 3.2 [32]. Because the PSSA and 

P4VP layers were formed from the vinyl groups of Vinyl Si, the weight 

differences between Si and the core-shell silica particles (S-Si and P-Si) should 

originated from the PSSA and P4VP moieties in the shell layers. Therefore, the 

weight percent of the PSSA and P4VP moieties in the core-shell silica particles 

could were estimated to be 9.308 and 5.046, respectively, corresponding to 0.1026 

and 0.05314 g of polymer shells per 1.000 g of silica core (Table 3.1). Although 

the weight percent of PSSA in S-Si was larger than that of P4VP in P-Si, their 

molar amounts of repeating units were similar because the molecular weight of 

SSA is about 1.752 times larger than that of 4VP. 

A series of composite membranes named SPAES/Si, SPAES/S-Si, and 

SPAES/P-Si were prepared by the solution casting method using SPAES with Si, 

S-Si, and P-Si, respectively. 5 wt% of the silica particles were used as the filler 

materials because composite membranes containing S-Si and P-Si less than 5 wt% 

showed smaller proton conductivity and mechanical strength values, and those 

containing Si larger than 5 wt% showed phase separation behavior resulting in a 

drastic decrease in mechanical strength. These results are included in the 

Supporting Information. The cross-section SEM images in Figure 3.7 show that 

the silica particles in the SPAES matrix are well-dispersed without any obvious 
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aggregation when they were used at 5 wt%. 

The thermal stability of the SPAES membrane and the composite membranes 

was estimated by TGA (Figure 3.8 and Table 3.2). All the membranes showed a 

two-step degradation behavior comprised of degradation of the sulfonic acid 

groups at about 250 oC and that of the SPAES main chains at about 500 oC. 

SPAES/Si showed a higher decomposition temperature than SPAES because Si, 

mostly composed of inorganic silicon oxide moieties, can increase the thermal 

stability of the polymers [39]. SPAES/S-Si and SPAES/P-Si showed lower 

decomposition temperatures than SPAES/Si because S-Si and P-Si contain PSSA 

and P4VP in the shell layers; PSSA and P4VP composed of aliphatic backbone 

structures have lower decomposition temperatures than SPAES [40, 41]. 

Nevertheless the decomposition temperatures of the composite membranes are 

over 300 oC and are high enough to be used for PEMFC [42]. 

The mechanical properties of the membranes including tensile strength, 

Young’s modulus, stress at break, and elongation at break were measured as 

shown in Table 3.2 and Figure 3.9. It is well known that the inorganic fillers in a 

polymer matrix generally increase mechanical strength by the reinforcement effect 

of the filler materials unless there is severe phase separation [11, 43]. As expected, 

the addition of silica particles, including Si, S-Si, and P-Si, increased tensile 

strength, Young’s modulus, and stress at break of SPAES, although the elongation 
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at break values decreased as observed from most of the polymer composite 

materials with fillers [20, 39, 44]. SPAES/S-Si and SPAES/P-Si containing the 

core-shell silica particles showed higher elongation at break than SPAES/Si 

containing the silica particle without a polymer shell layer. As organic polymer 

components are present in the shell layers of the core-shell silica particles, larger 

interactive forces are expected with the SPAES organic polymer matrix compared 

with that between SPAES and Si without any organic polymer moieties. It is well 

known that the polymers having the sulfonic acid groups such as PSSA and 

having the basic groups such as P4VP can have the specific interactions such as 

the hydrogen bonding with other polymers having the sulfonic acid groups such as 

SPAES, and it can increase the interaction between these polymer pairs resulting 

in miscibility [18, 45, 46]. Comparing the effect of the core-shell silica particles, 

P-Si more effectively improved the mechanical properties compared with S-Si, as 

all the values of SPAES/P-Si in Table 3.2 are larger than those of SPAES/S-Si. 

The improved mechanical strength and toughness of SPAES/P-Si compared with 

other composit membranes probably originated from the acid-base interaction 

between the sulfonic acid groups of SPAES and the basic units of P4VP in the 

shell layer of P-Si; the acid-base interaction can generate the sulfonate/pyridinium 

ion pairs in the composite, which acts as hardening units to increase mechanical 

strength. They may also act as toughning agents for some degree by interfering 
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rupture of the polymer matrix [47]. The increased mechanical strength and 

toughness by the addition of the filler materials having a polymer component, 

whish has strong interactions with the matrix polymer, has been reported for other 

composites [25]. In conclusion, both S-Si and P-Si were effective filler materials 

to improve the mechanical strength of SPAES and maintain a reasonable 

elongation at break, which are advantageous features for PEMFC applications [4].  

As expected, the water uptake and swelling ratio values of the composite 

membranes were smaller than those of the SPAES membranes (Table 3.3). 

Inorganic fillers that interact with the polymer matrix can generate physically 

cross-linked structures, which, in turn, decrease the water uptake and swelling 

ratio of the sulfonated polymers [39]. Among the composite membranes, 

SPAES/S-Si had the largest values because S-Si contains very hydrophilic 

sulfonic acid groups, whereas SPAES/P-Si showed the smallest values because the 

acid-base interaction can generate physically firm cross-linked structures [48]. For 

the same reason, SPAES/P-Si showed the largest mechanical strength values. 

SPAES/Si membrane containing the silica particle without sulfonic acid groups 

and the acid-base interaction with SPAES had the medium water uptake and 

swelling ratio values among the three composite membranes. The smaller water 

uptake values may be disadvantageous for PEMFC applications because the 

sulfonated membranes containing large amount of water normally have high 
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proton conductivity. However, smaller swelling ratio values are advantageous in 

PEMFC applications because they increase stability of the membrane system [5]. 

Interestingly, the composite membranes containing the core-shell silica particles, 

SPAES/S-Si and SPAES/P-Si, had higher proton conductivity values than the 

pristine SPAES membrane, although their water uptake values were smaller than 

that of the SPAES membrane (Figure 3.10). Therefore, the core-shell silica 

particles increase proton conductivity but decrease water absorbing capability of 

the membranes. This unusual increase in proton conductivity with a smaller 

swelling ratio can be partially explained by the volume-based ion exchange 

capacity of wet membrane as shown in the next part of this paper. The increased 

proton conductivity values of SPAES/S-Si and SPAES/P-Si with the decreased 

volume expansion (swelling ratio) in the wet state is an excellent advantage for 

PEMFC membranes. 

Since the weight-based ion exchange capacity (IECw) indicates the number 

of ion exchangeable groups such as sulfonic acid per unit mass, such as one gram, 

of dry membrane, IECw behavior normally follows water uptake behavior [5]. 

Therefore, the SPAES membrane with the largest water uptake value had the 

largest IECw value, and SPAES/P-Si with the smallest water uptake value had the 

smallest IECw. Although volume-based ion exchange capacity (IECv) is not 

commonly used to expect water absorbing ability, it is more correlated with proton 
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conductivity because proton conduction occurs over a volume scale. IECv values 

indicating the number of ion exchangeable groups per unit volume, such as one 

cubic centimeter, of membrane were obtained by multiplying IECw and the 

polymer density value of membrane in dry and wet states, resulting in IECv(dry) 

and IECv(wet), respectively. As the PEMFC is operated in a humidified state, the 

IECv(wet) might be more meaningful to investigate the proton conductivity 

behavior of the membranes than IECv(dry). In contrast to previous results in 

literatures [26], the IECv(wet) behavior of the membranes did not follow the water 

uptake, IECw, and IECv(dry) behaviors. In particular, although the composite 

membranes had smaller water uptake, IECw, and IECv(dry) values than the 

pristine SPAES membrane, the IECv(wet) values of the composite membranes 

were larger than that of the SPAES membrane because the SPAES membrane 

swells much more than the composite membranes. The order of the IECv(wet) 

values of the composite membranes were SPAES/Si > SPAES/S-Si > SPAES/P-

Si>SPAES. 

The proton conductivities of the membranes were measured under 90, 70, 50, 

and 40%RH conditions at 30 to 80 oC (Figure 3.10 and Table 3.4). As the RH 

increases, the proton conductivity increased because the amount of water within 

the hydrophilic channels increases with increase of RH [49]. The proton 

conductivity values of the membranes were in the order of SPAES/P-Si > 
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SPAES/S-Si > SPAES > SPAES/Si, which cannot be explained by IECv(wet) 

behavior. In particular, SPAES/P-Si with the smallest IECv(wet) value among the 

composite membranes had the highest proton conductivity.  

We tried to further explain this unusually high proton conductivity values of 

SPAES/P-Si by comparing the activation energy (Ea) for the proton conduction. 

The Ea values were obtained from Arrhenius plots using the data in Figure 3.10 

[46]. Proton conduction in fuel cell membranes has been explained by two well-

known mechanisms, such as the vehicle and Grotthuss mechanisms. The Ea values 

of the vehicle mechanism (0 – 14.15 kJ mol-1) are smaller than those of the 

Grotthuss mechanism (14.15 – 40.26 kJ mol-1). The Ea values of all the samples 

increased with a decrease in RH, and when RH was 90%, the Ea value of the 

SPAES membrane was 13.74 kJ mol-1, indicating that the vehicle mechanism 

predominated under this condition. The Ea values under 90%RH of the composite 

membranes were larger than those of the SPAES membrane, indicating that the 

Grotthuss mechanism contributes to the proton conduction more in the composite 

membranes than in the SPAES membrane. As the vehicle mechanism is based on 

proton conduction within the aqueous channels, the proton conduction in polymer 

membranes with large water uptake values normally follows the vehicle 

mechanism. Therefore, the vehicle mechanism is predominant under the high RH 

conditions in the SPAES membrane with the largest water uptake value. Silica 
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particles generally absorb much of water and promote proton conduction due to its 

hygroscopic properties [50]. However, as Si contains hydrophobic hydrocarbon 

chains formed by the AIBN-initiated radical reaction of the abundant vinyl groups 

in Vinyl Si, water cannot be effectively absorbed by Si, leading to the decreased 

water uptake. Furthermore, the incorporation of Si decreases the concentration of 

sulfonic acid groups within the membrane, and Si can function as a barrier against 

proton transfer. Therefore, the incorporation of Si increases Ea and decreases the 

proton conductivity. In contrast, S-Si contains an abundance of hydrophilic 

sulfonic acid groups in the shell layer; thus the shell layer helps form additional 

hydrophilic channels. Therefore, the incorporation of S-Si increases the number of 

the hydrophilic channels within the membrane, which is beneficial to the proton 

conduction. Furthermore, the hydrophilic surfaces mostly composed of 

hydrophilic PSSA on S-Si can increase the domain size of the hydrophilic 

channels near S-Si in SPAES membrane known as less than 10 nm, which 

increases proton conductivity and decreases Ea [39, 51]. As P-Si contains 

hydrophilic and basic polymer chains, P4VP, in the shell layer, acid-base 

interaction between the sulfonic acid groups in SPAES and the pyridine groups in 

P4VP can generate additional very polar hydrophilic channels having ionic 

interactions. Such additional hydrophilic channels formed by the acid-base 

interaction have been known to decrease the proton conductivity in sulfonated 
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poly(ether ether ketone)/polybenzimidazole systems by forming densely packed 

structures [12, 13]. Others have reported that the acid-base interaction increases 

the proton conductivity by promoting the protonation and deprotonation sequence. 

For example, sulfonated poly(ether ether ketone) composite membranes bearing 

amine-functionalized titania or polydopamine-modified graphene oxide show 

higher proton conductivities than a pristine membrane due to the promoted 

protonation and deprotonation through ionic interaction between the acidic 

polymer matrix and the basic filler [17, 20]. Our results clearly show that the acid-

base interaction between the acidic SPAES matrix and the basic core-shell silica 

particle having P4VP in the shell layer increased proton conductivity through the 

entire temperature and humidity ranges (Figure 3.10). We believe that the addition 

of the hydrophilic domains formed by P-Si further connects the hydrophilic 

channels in SPAES to promote proton conductions in the composite membrane. 

Water retention ability was estimated by measuring the amount of water 

released from a wet membrane at 30 oC and 40%RH, and the values are shown in 

the form of water retention and water release, which was obtained using equation 

(5) and (6) in Experimental, respectively (Figure 3.11). The slopes of the plots in 

Figure 3.11 (a) indicate the water loss rates and they were in the order of 

SPAES/S-Si > SPAES ≈ SPAES/Si > SPAES/P-Si. The same trend was observed 

for the water release rates shown in Figure 3.11 (b). Therefore, SPAES/P-Si and 
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SPAES/S-Si had the highest and lowest water retention abilities, respectively. The 

lowest water retention ability of SPAES/S-Si should be caused by the enlarged 

hydrophilic channels by the addition of S-Si having the abundant sulfonic acid 

groups, and the highest ability of SPAES/P-Si should be related with denser 

hydrophilic channels formed by the acid-base interaction between the SPAES 

matrix and P4VP in the shell layer of P-Si. 

The proton conductivity behavior following the order of SPAES/P-Si > 

SPAES/S-Si > SPAES>SPAES/Si might be explained by a schematic diagram 

showing the hydrophilic channels formed in the membrane (Figure 3.12). PEMs 

have both connected hydrophilic channels promoting proton conduction and 

disconnected hydrophilic channels, as shown in Figure 3.12 (a). When Si is 

incorporated into the SPAES matrix, it can block the connected hydrophilic 

channels to restrict proton transfer, as Si does not have any hydrophilic groups 

(Figure 3.12 (b)). In contrast, the core-shell silica particles can connect isolated 

hydrophilic channels because the hydrophilic shell layers interact with the 

hydrophilic channels in the SPAES matrix. For example, the incorporation of S-Si 

having the sulfonic acid groups in the shell layer increases the amount of the 

sulfonic acid groups within the membrane and connect the hydrophilic channels 

near S-Si, promoting the vehicle mechanism (Figure 3.12 (c)). The smaller Ea 

values of SPAES/S-Si under the lower humidity conditions (40, 50, and 70 RH) 
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than the other membranes indicates the promotion of the vehicle mechanism 

(Table 3.3). The largest proton conductivity values of SPAES/P-Si through the 

entire humidity and temperature ranges (Figure 3.10) can be only explained by the 

further generation of additional connected hydrophilic channels by P-Si having 

basic pyridine groups in the shell layer. It is possible that the strong acid-base 

interaction between the sulfonic acid groups in the SPAES matrix and the pyridine 

groups in P-Si could even further generate the hydrophilic channels near P-Si, as 

shown in Figure 3.12 (d). As the acid-base interaction energy between sulfonic 

acid and pyridine is quite large at about 60 kJ mol-1 compared to the hydrogen 

bonding between the sulfonic acid groups of about 25 kJ mol-1 [52, 53], it is very 

possible that the basic pyridine group in P-Si further attracts hydrophilic channels 

containing sulfonic acid group, and additional channels are generated, as shown in 

Figure 3.12 (d). The hydrophilic channels near P-Si are expected to be suitable for 

the Grotthuss mechanism due to the promoted protonation and deprotonation by 

the acid-base interaction [20]. We attempted to observe the morphology of the 

hydrophilic channels using several methods, such as transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), atomic force 

microscopy (AFM),  small angle X-ray scattering (SAXS) but we obtained no 

clear results to explain the schematic diagram shown in Figure 3.12. Further study 

is necessary to determine the reason for the increase in the proton conductivity in 
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the composite membranes containing the core-shell silica particles.  
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3.4. Conclusion 

 

Sulfonated poly(arylene ether sulfone) (SPAES)/silica composite 

membranes were prepared using core-shell silica particles having acidic and 

basic polymers in the shell layer (S-Si and P-Si, respectively) and the silica 

particles without the shell layer (Si). The composite membranes containing 

the core-shell silica particles showed higher proton conductivity than the 

pristine SPAES membrane and the composite membrane with Si, as the 

core-shell silica particles having the hydrophilic shell layers can connect 

isolated hydrophilic channels in the SPAES matrix. Among the composite 

membranes containing the core-shell silica particles, SPAES/P-Si showed 

higher proton conductivity than SPAES/S-Si because the basic polymer 

layers in P-Si can promote the connections between hydrophilic channels in 

the SPAES matrix through strong acid-base interactions. The large 

activation energy value for the proton conduction in SPAES/P-Si of about 

28 kJ mol-1 under 40%RH condition indicates that the proton conduction in 

SPAES/P-Si occurs by the Grotthuss mechanism through well-connected 

hydrophilic channels due to the acid-base interaction. The acid-base 

interaction between the SPAES matrix and P-Si also enhanced mechanical 
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strength, dimensional stability, and water retention ability of the SPAES 

membrane. Therefore, we believe the incorporation of the inorganic filler 

having basic functionalities can be one of the effective method to develop 

PEMs in fuel cell applications. 
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Table 3.1. Char yield and composition of the core-shell silica particles. 

Samples 
Char 
yield  
[%] 

Amount of polymer in the shell layer 

Weight percentage in 
the silica particles 

[wt%] a 

Weight per 1.000 gram 
of the silica core 

[g] b 

Molar amount per 
1.000 gram of the 

silica core 
[mmol] c 

Si 91.75 - - - 
S-Si 83.21 9.308 0.1026 0.5570 
P-Si 87.12 5.046 0.05314 0.5050 

a weight percentage of polymer in the shell layer = [100/(char yield of Si)] × [(char yield of Si) – 
(char yield of the core-shell silica particles)]. 
b weight of the polymer in the shell layer per 1.000 gram of the silica core = (weight percentage of 
polymer in the shell layer) / (weight percentage of the silica core). 
c molar amount of the polymer in the shell layer per 1.000 gram of the silica core = (weight of the 
polymer in the shell layer per 1.000 gram of the silica core) / (molecular weight of the repeating 
unit of the polymer in the shell). 
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Table 3.2. Decomposition temperature and mechanical properties of the 

membranes. 

Samples 
Td,5wt% a 

[oC] 

Tensile 
strength 
[MPa] 

Young’s 
modulus 
[MPa] 

Stress at 
break 
[MPa] 

Elongation at 
break 
[%] 

SPAES 306.1 50.66 2946 47.92 35.64 
SPAES/Si 318.6 71.72 4878 62.83 5.953 

SPAES/S-Si 300.3 70.32 3550 63.76 8.516 
SPAES/P-Si 315.2 72.45 4209 64.35 11.14 

a Recorded when the weight loss was 5 wt% in TGA. 
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Table 3.3. Water absorption behavior, ion exchange capacities, and activation 

energy for proton conduction of the membranes. 

Samples 
Water 
uptake 

[%] 

Swelling 
ratio 
[%] 

IECw 
[mequiv. 

g-1] 

IECv(dry) 
[mequiv. 

cm-3] 

IECv(wet) 
[mequiv. 

cm-3] 

Ea for proton conduction [kJ 
mol-1] 

90% 
RH 

70% 
RH 

50% 
RH 

40% 
RH 

SPAES 49.34 60.77 1.749 2.116 1.316 13.74 18.76 22.20 24.21 
SPAES/ 

Si 
36.70 41.82 1.686 2.057 1.451 16.21 19.77 23.56 26.06 

SPAES/ 
S-Si 

40.92 45.99 1.723 2.084 1.428 15.41 16.44 19.56 22.06 

SPAES/ 
P-Si 

34.29 37.39 1.617 1.957 1.424 16.01 17.53 24.15 27.89 
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Table 3.4. Proton conductivities of the membranes containing 5 wt% of the 

silica particles at 90, 70, 50, and 40%RH in the temperature range of 30 to 80 

oC. 

Relative 
humidity [%] 

Temperature 
[oC] 

Proton conductivity [mS cm-1] 
SPAES SPAES/Si SPAES/S-Si SPAES/P-Si 

90 

80 117.0 102.3 139.8 145.7 
70 103.8 85.84 124.4 126.3 
60 91.59 71.79 105.1 106.0 
50 78.22 59.56 88.61 89.91 
40 64.96 50.37 73.07 73.53 
30 54.48 40.87 59.44 59.32 

70 

80 24.69 20.66 29.72 34.98 
70 20.41 17.36 25.72 29.58 
60 16.67 14.10 21.96 24.99 
50 13.33 11.17 18.34 20.35 
40 10.87 8.792 14.84 16.71 
30 8.621 6.899 11.82 12.98 

50 

80 4.167 3.490 4.785 7.298 
70 3.704 2.770 4.176 5.735 
60 2.963 2.144 3.296 4.355 
50 2.222 1.653 2.691 3.265 
40 1.709 1.250 2.074 2.569 
30 1.235 0.9305 1.635 1.874 

40 

80 1.130 1.033 1.269 2.266 
70 0.9950 0.7947 1.166 1.852 
60 0.7491 0.6031 0.8948 1.308 
50 0.5556 0.4507 0.7221 0.9696 
40 0.4167 0.3318 0.5385 0.6938 
30 0.3030 0.2388 0.3756 0.4858 
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Figure 3.1. Synthesis of sulfonated poly(arylene ether sulfone) (SPAES) 
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Figure 3.2. Preparation of Silica particles. 
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Figure 3.3. 1H-NMR spectra of SPAES. 
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Figure 3.4. Transmission electron microscopy images of silica particles. (a) 

Si, (b) S-Si, (c) P-Si, (d)Si in SPAES matrix, (e) S-Si in SPAES matrix, (f) P-Si 

in SPAES matrix. 
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Figure 3.5. FT-IR spectra of homopolymer (PSSA and P4VP) and silica 

particles. 
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Figure 3.6. TGA curves of silica particles under N2 atmosphere. 
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Figure 3.7. Scanning electron microscopy images of the membranes 

containing 5 wt% of the silica particles. (a) SPAES/Si (X 3,000), (b) SPAES/Si 

(X 15,000), (c) SPAES/S-Si (X 3,000), (d) SPAES/S-Si (X 15,000), (e) 

SPAES/P-Si (X 3,000), (f) SPAES/P-Si (X 15,000). 
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Figure 3.8. TGA curves of the membranes under N2 atmosphere. 
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Figure 3.9. Stress-Strain curves of the membranes at 23 oC and 45%RH. 
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Figure 3.10. Proton conductivities of the membranes under 90, 70, 50, and 

40%RH in the temperature range of 30 to 80 oC. 

  



126 

 

 

Figure 3.11. Water retention and water release of the membranes at 30 oC 

and 40%RH. 
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Figure 3.12. Schematic diagram of the hydrophilic channels within the 

membranes where the white lines indicates the hydrophilic channels in the 

SPAES matrix. (a) SPAES, (b) SPAES/Si, (c) SPAES/S-Si, (d) SPAES/P-Si. 
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Chapter 4 

 

Sulfonated Poly(arylene ether sulfone) 

Composite Membranes Having Poly(2,5-

benzimidazole)-Grafted Graphene Oxide for 

Fuel Cell Applications 
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4.1. Introduction 

 

Fuel cells converting chemical energy directly into electrical energy have 

been investigated as promising energy conversion devices alternative to the 

combustion systems.[1] Proton exchange membrane fuel cells (PEMFCs), one 

type of the fuel cell system, have attracted a great amount of attention due to their 

potential applications in a variety of applications, including portable electronic 

devices and electrically powered vehicles.[2] Proton exchange membrane (PEM), 

one of the most important component of PEMFCs, should have a high proton 

conductivity and improved chemical stability for the practical applications.[3] 

Therefore, perfluorosulfonated ionomers with such properties, such as Nafion, 

have been extensively used as PEM materials.[4] The phase separation between 

the highly hydrophobic backbones and the hydrophilic flexible side chains in 

Nafion provides a unique bicontinuous microstructure that imparts high proton 

conductivity and stable physicochemical properties. However, Nafion suffers from 

some drawbacks, including severe fuel crossover through swollen hydrophilic 

channels, low proton conductivity at elevated temperatures by dehydration, and 

high cost.[5] Therefore, various attempts have been made to overcome these 

disadvantages by developing modified perfluorosulfonated ionomer derivatives 
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and alternative membrane materials through the use of sulfonated aromatic 

hydrocarbon polymers. 

Sulfonated aromatic hydrocarbon polymers are considered as promising 

PEM materials due to their excellent thermal and mechanical stability, low fuel 

crossover, and low cost.[6-8] These properties are heavily influenced by the 

degree of sulfonation (DS), that is, the number of sulfonic acid groups. In 

particular, polymers with a high DS generally have a high proton conductivity, but 

are not sufficiently stable physically for application as fuel cell membranes 

because they swell or dissolve during operation of the fuel cell systems.[9-11] 

Organic-inorganic hybridization is known as one of the promising methodes to 

overcome this limitation of a high DS because inorganic particles in the polymer 

matrix can improve the thermal and dimensional stability, mechanical strength, 

proton conductivity, and resistance against fuel.[12] Recently, polymer composites 

containing nanomaterials, such as graphene oxide, have been extensively studied 

for application in photovoltaic devices, water treatment, supercapacitors, and fuel 

cells.[13-20] The dispersion of nanomaterials in the polymer matrix has been well 

documented to be the most important step to obtain polymer composites with the 

properties that are suitable for each application. The dispersion of graphene oxide 

can be improved by the introduction of functional groups or polymer chains into 

graphene oxide using its oxygen functional groups, including the epoxy, hydroxyl, 
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carbonyl, and carboxyl groups. For example, when acid-functionalized graphene 

oxide is used as filler for a PEM, the proton conductivity increases because the 

additional proton-exchangeable sites are provided in the polymer matrix.[19-23] 

Recently, base-functionalized graphene oxides were found to also improve 

the proton conductivity of PEM because the acid-base interactions between the 

sulfonic acid groups of the polymer matrix and the basic groups of functionalized 

graphene oxide generate additional pathways for proton conductions.[24-27] In 

this study, basic polymer-grafted graphene oxide was synthesized through a 

reaction of graphene oxide with 3,4-diaminobenzoic acid for use as filler to 

improve the proton conductivity, dimensional stability, and mechanical strength of 

PEM. A detailed description is provided in this paper of the synthesis and 

properties of the membranes, including their thermal stability, mechanical 

properties, water absorption properties, and proton conductivity. 
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4.2. Experimental 

 

Materials. 

4,4’-Difluorodiphenyl sulfone (DFDPS, 99.0%, Aldrich) was purified by 

recrystallization from toluene. 3,3’-Disulfonated-4,4’-difluorodiphenyl sulfone 

(SDFDPS) was prepared by sulfonation of DFDPS using 65.0% sulfuric acid 

fuming, followed by purification steps according to the procedure described by 

Harrison et al.[28] 4,4’-Dihydroxybiphenyl (BP, 97.0%, Aldrich) was purified by 

recrystallization from methanol. 3,4-Diaminobenzoic acid (DABA, 98.0%, TCI) 

was purified by recrystallization from deionized water. Potassium carbonate 

(K2CO3, 99.0%, Aldrich), sodium nitrate (NaNO3, 99.0%, Aldrich), potassium 

permanganate (KMnO4, 99.0%, Aldrich), phosphorous pentoxide (P2O5, 99.0%, 

Aldrich), sulfuric acid (H2SO4, 95.0%, Daejung), hydrochloric acid (HCl, 35.0%, 

Daejung), hydrogen peroxide (H2O2, 30.0%, Daejung), and poly(phosphoric acid) 

(PPA, 116.0%, Junsei) were used as received. N-Methyl-2-pyrrolidone (NMP), 

N,N-dimethylacetamide (DMAc), toluene, and ethanol were stored over molecular 

sieves before used. 

 

Synthesis of sulfonated poly(arylene ether sulfone) (SPAES). 
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SPAES was prepared via condensation polymerization of BP with DFDPS 

and SDFDPS monomers as shown in Figure 4.1.[6] After 2.048 g (11.00 mmol) of 

BP, 1.398 g (5.500 mmol) of DFDPS, 2.521 g (5.500 mmol) of SDFDPS were 

dissolved in 13.6 mL of NMP, the solution was added into a 250.0 mL three neck 

flask charged with 1.748 g (12.65 mmol) of K2CO3, and then the reactor was 

equipped with a mechanical stirrer, a Dean-Stark trap, and nitrogen inlet and 

outlet. 6.8 mL of toluene (NMP/toluene = 2/1 v/v) was added as an azeotroping 

agent. The reaction mixture was refluxed at 150 oC for 5 h to dehydrate the system, 

and then after the toluene was removed from the system, the reaction mixture was 

refluxed at 190 oC for the polymerization. Viscous solution obtained after 48 h of 

the reaction was diluted with 22.3 mL of NMP, and it was filtered to remove the 

salts. White powder was obtained by the precipitation in ethanol and it was 

purified by Soxhlet extraction with deionized water to remove the residual salts 

and the oligomers having low molecular weights. The product was dried in a 80 

oC vacuum oven for 24 h and then soaked in 1.0 M H2SO4(aq) with stirring to 

convert –SO3
- Na+ into –SO3H, followed by washing with distilled water several 

times to remove the residual sulfuric acid. 4.916 g of polymer was obtained in 93% 

of yield after dried at 80 oC for 24 h under vacuum. The inherent viscosity of 

SPAES was 1.16 dL g-1. SPAES: 1H-NMR (DMSO-d6, 400 MHz): δ 8.31 (br, 2H, 

ArH), 7.96 (br, 4H, ArH), 7.87 (br, 2H, ArH), 7.73 (br, 8H, ArH), 7.22 (br, 8H, 
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ArH), 7.13 (br, 4H, ArH), 7.02 (br, 2H, ArH). 

 

Preparation of pristine graphene oxide. 

Graphene oxide was prepared from graphite through the modified Hummers 

method as previously reported (Figure 4.2).[29] 1.000 g of graphite and 0.500 g of 

P2O5 were added into a reactor charged with 6.0 mL of 95.0% H2SO4. After the 

mixture was refluxed at 80 oC for 6 h, 300.0 mL of deionized water was added to 

the mixture and left at 30 oC for 12 h. The mixture solution was filtered through 

anode aluminum oxide (AAO) membrane filter, followed by washing with 

deionized water and ethanol several times. The obtained pre-oxidized graphite 

was dried in a vacuum oven at 80 oC for 24 h. 1.000 g of the pre-oxidized graphite 

and 0.500 g of NaNO3 were added into a reactor, and then 23.0 mL of 95.0% 

H2SO4 was added drop wisely into the reactor soaked in an ice bath. 6.000 g of 

KMnO4 was added into the mixture solution, and the solution was stirred in an ice 

bath for 2 h and in a 35 oC oil bath for 18 h. 140.0 mL of deionized water was 

added to the solution for the dilution of the resulting viscous solution. 20.0 mL of 

30.0% H2O2(aq) was added into the solution, and the solution was stirred for 1 h. 

The mixture was centrifuged (7000 rpm for 30min) and then supernatant was 

decanted. The resulting solid was washed with 250.0 mL of 10.0% HCl(aq) and 
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excess deionized water. After the filtration through AAO membrane filter, the 

resulting product was dried in a vacuum oven at 80 oC for 24 h and named pristine 

graphene oxide. 

 

Preparation of poly(2,5-benzimidazole)-grafted graphene oxide 

(ABPBI-GO). 

0.500 g of pristine graphene oxide was dispersed in 250.0 mL of DMAc by 

sonication, and then 2.500 g of DABA and 2.5 g of PPA were added into the 

mixture solution. After the stirring at 30 oC for 1 h, the mixture solution was 

refluxed at 160 oC for 2 h. The crude product was purified by washing with 

DMAc and centrifugation and, dried in a vacuum oven at 80 oC for 24 h. The 

resulting modified graphene oxide, poly(2,5-benzimidazole)-grafted graphene 

oxide, was abbreviated as ABPBI-GO. 

 

Preparation of thermally treated graphene oxide (GO) 

The degree of the reduction (or the content of the oxygen functional groups) 

in graphene oxides was known to affect the polymer composite property 

remarkably when they were used as the fillers.[29-32] Since ABPBI-GO was 
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prepared at 160 oC for 2 h, the content of the oxygen functional groups in ABPBI-

GO and pristine graphene oxide should be different; oxygen functional groups in 

graphene oxide are reduced at 160 oC as reported before.[33] Therefore to 

systemically compare the effect of the graphene oxide based fillers on the 

properties of the polymer composite, pristine graphene oxide obtained by the 

modified Hummers method described in this Experimental part was thermally 

treated at 160 oC for 2 h. Then oxygen functional groups on pristine graphene 

oxide prepared by the modified Hummers method can be reduced, and the content 

of the oxygen functional groups on the thermally treated graphene oxide becomes 

close to that of ABPBI-GO. The thermally treated graphene oxide abbreviated as 

GO in this manuscript was intentionally used as the filler for the preparation of 

SPAES composite membranes along with ABPBI-GO. 

 

Preparation of SPAES composite membranes. 

SPAES composite membranes were prepared by solution casting method. 

0.001 g of ABPBI-GO was added to 1.133 g of DMAc, and the mixture solution 

was sonicated for 30 min to make a homogeneous dispersion of ABPBI-GO. 

0.200 g of SPAES was dissolved in the solution. The mixture solution was cast on 

a glass plate using a doctor blade, and heated in an oven at 60 oC for 12 h and 
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subsequently at 120 oC for 2 h to obtain dried membrane. The membrane could be 

detached by soaking the glass plate in deionized. The obtained membrane was 

dried in a vacuum oven at 80 oC for 24 h and named SPAES/ABPBI-GO 0.5, 

where 0.5 indicates 0.5 weight percent of ABPBI-GO is incorporated in the 

membrane. Other SPAES/ABPBI-GO membranes containing 1.0, 2.0, and 4.0 

weight percents of ABPBI-GO were also prepared, and they were named 

SPAES/ABPBI-GO 1.0, SPAES/ABPBI-GO 2.0, and SPAES/ABPBI-GO 4.0, 

respectively. SPAES composite membranes containing GO were prepared using 

the same procedure used for the preparation of SPAES/ABPBI-GO membranes 

except using GO instead of ABPBI-GO. When 0.5, 1.0, 2.0, and 4.0 weight 

percents of GO were used, they were named SPAES/GO 0.5, SPAES/GO 1.0, 

SPAES/GO 2.0, and SPAES/GO 4.0, respectively. The thickness of the resulting 

membranes was in the range of 20 to 30 μm. 

 

Characterization. 

The inherent viscosity was measured using an Ubbelohde viscometer soaked 

in a 30 oC water bath.[34] The dried polymer powder was dissolved in DMAc at 

0.3 g dL-1 of concentration for measurement of inherent viscosity. 1H-NMR 

spectra were collected on Avance-400 (Bruker, Germany) with a proton frequency 
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of 400 MHz using deuterated dimethylsulfoxide and tetramethylsilane as the 

solvent and the internal standard, respectively. FT-IR spectra of the membranes 

were collected on Nicolet 6700 (Thermo Scientific, USA) in attenuated total 

reflectance (ATR) mode in the frequency range of 4000 to 650 cm-1. The spectra 

were recorded by 30 scans with a resolution of 4 cm-1. 

Cross-sectional morphologies of the membranes were investigated by JSM-

6700F (JEOL, Japan) using a field emission scanning electron microscope 

(FESEM). Thermogravimetric analysis (TGA) was carried out using Q-5000IR 

(TA instruments, USA) under nitrogen atmosphere at a heating rate of 10 oC min-1 

in the temperature range of 100 to 900 oC. The samples were pre-heated at 120 oC 

for 15 min to remove the absorbed moisture. Mechanical properties of the 

membranes were measured by Lloyd-LS1 (Lloyd, UK) using dumbbell specimens 

prepared by a pressing with the ASTM standard D638 (Type V specimens).[29] 

The test was carried out under 23 oC and 45% relative humidity (RH) condition 

with a gauge length and a cross head speed of 15 mm and 5 mm min-1, 

respectively. 

Weight-based quantity for ion exchange capacity (IECw) of the membrane 

was measured by a back-titration method. The dry membrane was immersed in 90 

oC 1.0 M NaCl(aq) for 1 day to replace the protons of sulfonic acid groups with 

sodium ions. The released protons were titrated using 0.01 M NaOH(aq). Since 
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the replaced number of the protons should be identical to that of sulfonic acid 

groups in the membrane, the IECw was calculated as follows: 

 

IECw [mequiv. g-1] = (CNaOH∙ΔVNaOH/Ws) × 1000                       (1) 

 

where CNaOH, ΔVNaOH, and Ws are the concentration of NaOH(aq), the 

consumed volume of NaOH(aq), and the weight of the dry membrane, 

respectively. Volume-based quantity for ion exchange capacity (IECv) was 

calculated by multiplying IECw with the density of the membrane.[35] Densities 

of the dry and wet membranes were used to calculate IECv(dry) and IECv(wet), 

respectively. The water uptake and swelling ratio of the membranes were 

determined by measuring their weight and volume before and after the 

membranes were soaked in deionized water. The weight and volume of the dry 

membrane in 2 cm × 2 cm size were measured, and then the density of the dry 

membranes could be obtained. Thereafter, the membrane was soaked in 30 oC 

deionized water for 7 days. After the membrane was taken out and wiped, the 

density of the wet membrane could be obtained by measuring its weight and 

volume. The densities of dry SPAES, SPAES/GO 0.5, SPAES/GO 1.0, SPAES/GO 

2.0, SPAES/GO 4.0, SPAES/ABPBI-GO 0.5, SPAES/ABPBI-GO 1.0, 
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SPAES/ABPBI-GO 2.0, and SPAES/ABPBI-GO 4.0 membranes are 1.220, 1.250, 

1.255, 1.260, 1.260, 1.260, 1.270, 1.270, and 1.280 g/cm3, respectively, and those 

of wet SPAES, SPAES/GO 0.5, SPAES/GO 1.0, SPAES/GO 2.0, SPAES/GO 4.0, 

SPAES/ABPBI-GO 0.5, SPAES/ABPBI-GO 1.0, SPAES/ABPBI-GO 2.0, and 

SPAES/ABPBI-GO 4.0 membranes are 0.7485, 0.8930, 0.9088, 0.9211, 0.9337, 

0.9019, 0.9569, 0.9880, and 1.014 g/cm3, respectively. The water uptake and the 

swelling ratio were calculated as follows: 

 

Water uptake [%] = [(Wwet - Wdry)/Wdry] × 100                         (2) 

Swelling ratio [%] = [(Vwet - Vdry)/Vdry] × 100                          (3) 

 

where Wdry and Wwet are the weights of the dry and wet membranes, and Vdry 

and Vwet are the volumes of the dry and wet membranes, respectively. 

Proton conductivity was calculated using the impedance of the membrane 

measured by a four probe technique.[34] The impedance was measured by IM-6ex 

impedance analyzer (ZAHNER-elektrik GmbH & Co. KG, Germany) in 

potentiostat mode with a perturbation amplitude of 10 mV over the frequency 

range of 1 Hz to 1 MHz under 90, 70, and 50% RH conditions in the temperature 
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range of 30 to 80 oC. The membrane was equilibrated for at least 90 min at each 

condition before measurement.The proton conductivity was calculated as follows: 

 

Proton conductivity (σ) [mS cm-1] = d/RS                             (4) 

 

where d, R, and S are the distance between the reference and sensing 

electrodes, the ohmic resistance, and the cross-section area (thickness × width) of 

the sample, respectively. 
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4.3. Results and Discussion 

 

Sulfonated poly(arylene ether sulfone) (SPAES) was synthesized by the 

condensation reaction between the dihydroxy monomer, such as 

dihydroxybiphenyl (BP), and the dihalo monomers, such as 4,4’-difluorodiphenyl 

sulfone (DFDPS) and 3,3’-disulfonated-4,4’-difluorodiphenyl sulfone (SDFDPS) 

(Figure 4.1). The successful synthesis of SPEAS was confirmed by 1H-NMR 

spectra as shown in Figure 4.3. Since the proton conductivity of the sulfonated 

polymer membrane is well known to increase as the amount of sulfonic acid 

groups increases, we attempted the synthesis of SPAES with a higher degree of 

sulfonation (DS). However, SPAES with a DS larger than 50 mol% has also been 

known not to have sufficient physical stability to provide membrane stability for 

PEM applications. Therefore, SPAES with 50 mol% of DS was prepared using a 

1:1 molar ratio of DFDPS and SDFDPS and was intentionally used to prepare 

pristine and composite membranes in this study.[6] 

Pristine graphene oxide, poly(2,5-benzimidazole) grafted graphene oxide 

(ABPBI-GO), and thermally treated graphene oxide (GO) were prepared as shown 

in Figure 4.2. Pristine graphene oxide was prepared from graphite by the modified 

Hummers method with a 6 weight equivalent amount of KMnO4, and ABPBI-GO 

was obtained by reacting pristine graphene oxide with 3,4-diamnobenzoic acid 
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(DABA) through a condensation reaction at 160 oC for 2 h. A reaction time of 2 h 

was used to prepare ABPBI-GO because when the reaction time was longer than 2 

h, the resulting free ABPBI not attached on the graphene oxide was not soluble in 

any organic solvent because the molecular weight of ABPBI is too large when a 

long reaction time is used.[36] After the 2 h reaction of pristine graphene oxide 

with DABA, the resulting ABPBI-grafted GO (ABPBI-GO) and the free ABPBI 

chains were easily separated by washing the mixture with DMAc because DMAc 

is a good solvent for ABPBI, but not for ABPBI-GO. The chemical structures of 

pristine graphene oxide and ABPBI-GO were investigated by FT-IR spectroscopy 

(Figure 4.4). The presence of pristine graphene oxide was confirmed by the peaks 

at 3500-3000 cm-1 (O-H stretching vibrations), 1709 cm-1 (C=O stretching 

vibrations), 1571 cm-1 (-COO- stretching vibrations), 1158 cm-1 (C-OH stretching 

vibrations), and 1043 cm-1 (C-O stretching vibrations).[37, 38] The decrease in the 

number of oxygen functional groups by thermal treatment at 160 oC for 2 h was 

confirmed by the decrease in the peak intensities at 1709, 1571, 1158, and 1043 

cm-1 in the FT-IR spectra of thermally treated graphene oxide (GO). The 

successful modification of pristine graphene oxide into ABPBI-GO was 

confirmed by the presence of the characteristic peaks of ABPBI in the FT-IR 

spectrum at 1622 cm-1 (C=C stretching vibrations), 1547 cm-1 (C=N stretching 

vibration), 1431 cm-1 (in plane deformation of benzimidazole ring), and 1280 cm-1 
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(imidazole breathing mode).[36] Furthermore, the decrease in the peak intensity at 

1709 cm-1 corresponding to carbonyl group of the carboxylic acid was observed 

due to the reaction with DABA forming imidazole groups. It was previously 

reported that even hydroxyl groups on graphene oxide can react with amine 

groups in ortho-phenylenediamine, leading to the formation of the phenazine 

groups.[39] Therefore, pristine graphene oxide was expected to react with the 

amine groups in DABA, which was confirmed by the characteristic peaks of 

phenazine at 1571, 1194, and 745 cm-1. Another peak of phenazine at 1636 cm-1 

was not be clearly detected because it overlapped with the peak corresponding to 

the C=C stretching vibration of the ABPBI chains attached on the graphene oxide 

sheet. 

The thermal properties of the graphene oxides were estimated by TGA 

(Figure 4.5). It is well-known that graphene oxide contains various oxygen 

functional groups such as hydroxyl, expoxy, carbonyl, and carboxylic acid groups, 

and these functional groups can be decomposed by heat treatment.[33] Therefore, 

pristine graphene oxide shows large changes in weight from 150 to 300 oC, 

mainly due to the decomposition of the oxygen functional groups, while ABPBI-

GO shows a gradual weight loss since the oxygen functional groups, including 

carboxylic acid and hydroxyl groups, were reduced during the reaction with 

DABA at 160 oC for 2 h. This condition is known to reduce the oxygen functional 
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groups in graphene oxide as reported by others.[33, 40-42] Since ABPBI is known 

to be thermally stable up to 600 oC [36], a weight loss above 700 oC can be 

ascribed to the decomposition of the ABPBI attached on the graphene oxide. To 

systematically study the effect of ABPBI-GO on the properties of the composite 

membranes, thermally treated graphene oxide (GO) was prepared by the thermal 

treatment of pristine graphene oxide heated at 160 oC for 2 h, which is the same 

reaction condition applied for the preparation of ABPBI-GO. The TGA curve of 

GO was found to be much different from that of pristine graphene oxide, while it 

is more or less similar to that of ABPBI-GO. Especially, the weight change by the 

decomposition of the oxygen functional groups from 100 to 300 oC becomes 

much less than that pristine graphene oxide. Since the oxygen functional groups 

on graphene oxide also affect the properties of the composite material, the 

polymer composite membranes were prepared using GO and ABPBI-GO with 

similar oxygen functional group content for the valid study to observe the effect of 

the fillers. Therefore, the membrane from SPAES and GO (SPAES/GO 

membranes) were prepared using thermally treated graphene oxide. 

The thermal stability of SPAES and composite membranes was estimated by 

TGA study (Figure 4.6 and Table 4.1). All the membranes exhibit a two-step 

degradation behavior comprised of the degradation of sulfonic acid groups at 

about 250 oC and that of SPAES backbone at about 500 oC. SPAES/GO and 
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SPAES/ABPBI-GO membranes show a higher decomposition temperature than 

SPAES membrane, indicating the incorporation of GO and ABPBI-GO improve 

the thermal stability of SPAES. It is known that the graphene oxide in the polymer 

composite can increase the thermal stability because it can capture free radicals 

generated during thermal decomposition.[43] For SPAES/GO, as the filler content 

increases to 1.0 wt%, the decomposition temperature increases, then it decreases 

as the filler content increases to 4.0 wt%. Therefore, SPAES/GO 1.0 membrane 

exhibits the highest decomposition temperature among SPAES/GO membranes, 

while SPAES/ABPBI 2.0 membrane exhibits the highest decomposition 

temperature among SPAES/ABPBI-GO membranes. The decrease in the 

decomposition temperature of the polymer composites with a larger content of the 

graphene oxide derivatives or other nanomaterials is ascribed to the phase 

separation as reported by others.[25, 29] Nevertheless, the decomposition 

temperature of the composite membranes above 300 oC is high enough for 

PEMFC applications.[44] 

Internal morphology of the membranes showing filler dispersion was 

investigated by the cross-sectional SEM using cryo-fractured membranes (Figure 

4.7). The image of SPAES membrane reveals relatively uniform and smooth 

cross-section features, and as the filler content increases, the morphology becomes 

rougher due to the mutual interaction between the SPAES matrix and the graphene 
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oxide fillers.[20] In particular, when the GO content in SPAES/GO membrane is 

larger than 1.0 wt%, agglomerated domains form due to the poor dispersion of the 

GO nanosheets are observed. Similar agglomerated domains are also observed 

from SPAES/ABPBI-GO membranes when the ABPBI-GO content is larger than 

2.0 wt%. Therefore, ABPBI-GO containing basic ABPBI chains has a better 

compatibility than GO without any basic moieties. The acid-base interaction 

between the acidic sulfonic acid group in SPAES and the basic imidazole group in 

ABPBI-GO should improve the compatibility between SPAES and ABPBI-GO[45, 

46]. The stronger interaction or better compatibility between SPAES and ABPBI-

GO than between SPAES and GO can be also inferred from the SEM images, 

showing the rougher fractured surfaces formed by the plastic deformation of 

SPAES/ABPBI-GO membranes. Such behavior is often observed in the toughened 

polymer composites having strong interfacial interactions between the polymer 

matrix and the fillers.[29] The strong interfacial interactions between SPAES and 

ABPBI-GO can be further confirmed by evaluating the mechanical properties of 

the membranes in the next section. 

The mechanical properties of the membranes, such as tensile strength, 

Young’s modulus, and elongation at break, were investigated using UTM under 23 

oC and 45% RH condition (Table 4.1, Figure 4.8, and Figure 4.9). It is well known 

that the incorporation of inorganic fillers in polymer matrix generally enhances 
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mechanical strength by the reinforcement effect of the fillers if the fillers are not 

phase separated (or agglomerated).[47, 48] The tensile strength and Young’s 

modulus values of the composite membranes are larger than those of SPAES 

membrane. Obviously, the graphene oxide filler materials increase the mechanical 

strength because they work as an effective filler. The mechanical reinforcement by 

graphene oxide derivatives can be ascribed to the increase in the stiffness of the 

polymer chain because the graphene oxide sheet can restrict the stretching of the 

polymer chain through the interaction between the oxygen functional groups in 

GO and the sulfonic acid groups in SPAES and also through the π-π interactions 

between benzene rings in SPAES and unsaturated C-C bonds in graphene oxide as 

shown in Figure 4.10.[26, 49, 50] The elongation at break values of SPAES/GO 

membranes are smaller than that of SPAES membrane and decreases as the GO 

content increases as observed in most other polymer composites containing 

reinforced filler materials including graphene and graphene oxides. However, the 

elongation at break values of SPAES/ABPBI-GO 1.0 and SPAES/ABPBI-GO 2.0 

membranes containing 1.0 and 2.0 wt% of ABPBI-GO, respectively, are larger 

than that of SPAES membrane, indicating that SPAES membrane is toughened by 

ABPBI-GO. The stress-strain curves of SPAES/ABPBI-GO 1.0 and 2.0 

membranes clearly shows the increase in the toughness resulting from the 

incorporation of ABPBI-GO; both the tensile strength and the elongation at break 
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values increase. The increase in the toughness with the tensile strength of the 

polymer composites containing graphene oxide derivatives has been explained by 

a bio-inspired toughening mechanism, where a balance of toughness and strength 

can be obtained because the stretching of hidden length and the rupturing of 

sacrificial bonds such as ionic bonds, acid-base interaction, and hydrogen bonds 

occurs simultaneously at the interface of polymer matrix and the fillers when a 

load is applied.[29] The additional acid-base interaction between the acidic 

sulfonic acid groups in SPAES and the basic imidazole group in ABPBI-GO 

should increase both the toughness and the mechanical strength as schematically 

described in Figure 4.10(b), while only the mechanical strength increases by the 

interaction between SPAES and GO. Although the elongation at break values of 

SPAES/ABPBI-GO 1.0 and 2.0 membranes are larger than that of SPAES 

membrane, those of SPAES/ABPBI-GO 0.5 and 4.0 membranes are smaller. The 

phase separation of ABPBI-GO sheets in the polymer matrix at a high filler 

content of as much as 4.0 wt% is likely responsible for the decrease in the 

toughness and the mechanical strength. For SPAES/ABPBI-GO 0.5 membrane, 

the filler content might not be sufficient to improve the mechanical strength and 

the toughness. 

The water uptake and the swelling ratio values of the membranes were 

measured to investigate their water absorption behavior and dimensional stability 
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(Table 4.2). Zhang et al. reported that graphene oxide in the polymer matrix 

decreases the free volume, the main location for water storage, because it can 

restrict the chain mobility.[26] As expected, the water uptake values of 

SPAES/GO and SPAES/ABPBI-GO membranes are smaller than that of pristine 

SPAES membrane. Even SPAES/GO and SPAES/ABPBI-GO membranes 

containing only 0.5 wt% of filler have smaller water uptake values than SPAES 

membrane. The water uptake values of SPAES/GO 0.5 and SPAES/ABPBI-GO 

0.5 membranes are 27.83 and 31.44%, respectively, and that of SPAES membrane 

is 51.98%. The increase in the filler content from 0.5 wt% to 4.0 wt% further 

decreases the water uptake values from 27.83 to 19.53% for SPAES/GO 

membranes and from 31.44 to 18.93% for SPAES/ABPBI-GO membranes 

because the increase in the interfacial area between the SPAES matrix and the 

graphene oxide materials further restricts the chain motion and the free volume. 

Since the water absorption into the polymer membranes can increase the volume 

of the membranes by the hydration of the hydrophilic domains, the high water 

uptake leads to the large volume expansion. A large water uptake value can be 

beneficial for the PEM applications because it can increase proton conductivity, 

while the large volume expansion by the water uptake damages the membrane 

electrode assembly (MEA), and then fuel cell performance decreases 

dramatically.[51, 52] Therefore, it is desirable to have a PEM with a high proton 
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conductivity and a small volume change during hydration and dehydration 

cycles.[3] The incorporation of the graphene oxide derivatives decrease the 

swelling ratio, the most commonly used parameter to estimate the volume 

expansion, of pristine SPAES membrane (63.00%) due to the combined effect of 

the smaller water uptake values and the interaction between the SPAES matrix and 

the graphene oxide fillers. Especially, SPAES/ABPBI-GO membranes show 

smaller swelling ratio values than SPAES/GO membranes, indicating the volume 

change of SPAES/ABPBI-GO membranes is more restricted possibly by the 

strong acid-base interaction between the sulfonic acid groups of the SPAES matrix 

and the imidazole units of ABPBI-GO although SPAES/ABPBI-GO membranes 

had larger water uptake values than SPAES/GO membranes. Although 

SPAES/ABPBI-GO membranes have smaller water uptake values than SPAES 

membrane, the proton conductivities of SPAES/ABPBI-GO membranes at 90% 

RH are always higher than those of SPAES membrane, and at 70% and 50%RH 

conditions SPAES/ABPBI-GO 0.5 membrane shows the higher proton 

conductivity than SPAES membrane as shown in Figure 4.11. This unusual proton 

conductivity behavior can be partially explained by volume-based ion exchange 

capacity (IECv) in the next part. As a result, the incorporation of ABPBI-GO can 

increase the proton conductivity and the dimensional stability, which is the 

advantageous feature for PEMFC applications. 
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The ion exchange capacities (IECs) are closely related to the number of ion-

exchangeable groups such as sulfonic acid and phosphonic acid groups in PEM. 

The molar amounts of ion-exchangeable groups per unit mass (one gram) and unit 

volume (one cubic centimeter) of membrane abbreviated as IECw and IECv, 

respectively, are commonly measured to estimate the ion exchange capacity. It is 

known that IECw behavior normally follows water uptake behavior, and the IECw 

values of SPAES/GO and SPAES/ABPBI-GO membranes decrease as the filler 

content increases since the incorporation of the fillers dilutes the concentration of 

the sulfonic acid groups within the membranes.[3, 25, 53] Although the protons in 

some of the oxygen functional groups, such as phenol and carboxylic acid groups, 

can be exchanged with the sodium ion, the dilution effect is still more dominant 

than the exchange ability of the oxygen functional groups. The smaller IECw 

values of SPAES/ABPBI-GO membranes than those of SPAES/GO membranes 

could be ascribed to the presence of the basic imidazole groups in ABPBI-GO that 

can decrease the concentration of the proton by the acid-base interaction. The 

IECw values of the composite membranes are even smaller than the theoretical 

IECw values calculated using the experimental IECw value of SPAES membrane 

and the filler content, and this can be ascribed to the barrier effect of the graphene 

sheet, which can prevent the penetration of larger sodium ions into the composite 

membranes as reported by others before.[16, 27, 53, 54] The IECw values obtained 
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after the composite membranes soaked in 30 oC 1.0 M NaCl(aq) for 1 day are 

smaller than those obtained after the composite membranes are soaked in 90 oC 

1.0 M NaCl(aq), while the IECw values of SPAES membranes obtained from the 

same two conditions were found to be close, indicating that the fillers work as a 

barrier against the sodium ions that are used to estimate the IECw values (Table 

4.2 and Table 4.3). The IECv(wet) behavior might better represent the proton 

conductivity behavior than the IECw behavior because proton conduction happens 

over the volume scale in the hydrated state. Since the density values of dry SPAES, 

SPAES/GO, and SPAES/ABPBI-GO membranes are very close in the range of 

1.220 to 1.280 g cm-3, the IECv(dry) behavior follows the IECw behavior (SPAES 

> SPAES/GO > SPAES/ABPBI-GO). However, the IECv(wet) values are smaller 

than the IECv(dry) values and they do not follow the IECw behavior because the 

swelling ratios of the membranes are quite different, ranging from 26.18% for 

SPAES/ABPBI-GO 4.0 membrane to 63.00% for SPAES membrane. The 

membranes having larger swelling ratio values have the smaller density values, so 

the IECv(wet) values become smaller. Therefore, SPAES membrane with the 

largest swelling ratio among the samples exhibits the smallest IECv(wet) values, 

and SPAES/ABPBI-GO membranes with smaller swelling ratio values than other 

membranes exhibit the larger IECv(wet) values. Although there is a small 
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deviation, the IECv(wet) values of the membranes are generally in the order of 

SPAES/ABPBI-GO > SPAES/GO > SPAES. 

The proton conductivities of the membranes were measured under 90, 70, 

and 50% RH conditions at 30 to 80 oC (Table 4.4, Table 4.5, Figure 4.11, and 

Figure 4.12). The proton conductivities increase as the increase of RH increases 

because the amount of water absorbed by hydrophilic channels increases.[55] 

According to the IECv(wet) behavior, the proton conductivities of the membranes 

can be expected to be in the order of SPAES/ABPBI-GO > SPAES/GO > SPAES. 

All SPAES/ABPBI-GO membranes are found to have higher proton conductivities 

than SPAES membrane at 90% RH, and SPAES/ABPBI-GO 1.0 membrane 

exhibits higher proton conductivities than SPAES membrane at 50% and 70% RH. 

The proton conductivities of the SPAES/ABPBI-GO membranes are in the order 

of SPAES/ABPBI-GO 1.0 > SPAES/ABPBI-GO 0.5 > SPAES/ABPBI-GO 2.0 > 

SPAES/ABPBI-GO 4.0, which follows the IECv(wet) behavior as well. The 

highest conductivity of 152.5 mS cm-1 was observed from SPAES/ABPBI-GO 1.0 

membrane at 80 oC and 90% RH condition. Whereas, although SPAES/GO 

membranes have the higher IECv(wet) values than SPAES membrane, they show 

lower proton conductivities than SPAES membrane under all RH conditions 

except SPAES/GO 0.5 membrane at 70 and 80 oC under 90% RH. Possibly the 

graphene oxide sheets work as a barrier that disconnects the hydrophilic channels 
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as schematically described in Figure 4.13. Others also reported that graphene 

nanosheets can disconnect the hydrophilic channels and consequently restrict the 

proton conduction.[16, 27, 53, 54] Although it is also possible for some of the 

hydrophilic oxygen functional groups to participate in the proton conduction, 

increasing the proton conductivity,[17] our SPAES/GO membranes show a lower 

proton conductivity because the barrier effect of the sheet disconnects the 

hydrophilic channels in a more dominant.[22] The proton conductivity values of 

composite membranes consisting of SPAES and pristine graphene oxide are 

smaller than those of SPAES membrane except at 90% RH and temperatures 

higher than 60 oC. However, when some of the oxygen functional groups are 

exchanged for longer polymer chains containing the basic imidazole group, 

forming ABPBI-GO, the proton conductivity increases and it becomes even 

higher than those of SPAES and SPAES/GO membranes. The acid-base complex 

structure can be formed between the basic imidazole group in ABPBI-GO and the 

sulfonic acid group in the SPAES matrix, and it can promote the proton 

conduction by the assistance of the protonation-deprotonation sequence.[24-27] 

Others also reported that the incorporation of inorganic fillers with basic 

functional groups into an acidic polymer matrix can increase the proton 

conductivity because the acid-base interaction can generate additional pathways 

for proton conduction.[24-27] The formation of the acid-base complex structure 
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and the additional pathways to increase the proton conductivity of 

SPAES/ABPBI-GO membrane is schematically drawn in Figure 4.13 (b). We 

believe that the strong acid-base interaction increases the mechanical strength and 

the dimensional stability, resulting in the membranes that are less expansible in a 

hydrated condition. The less expansible structure does not decrease the proton 

conductivity, while it even increases the proton conductivity due to the structure 

formed by the acid-base interaction as shown in Figure 4.13 (b). However, when 

the ABPBI-GO content is smaller than 1.0 wt%, the proton conductivity and the 

mechanical strength is lower because the filler content is not enough. When the 

ABPBI-GO content is larger than 1.0 wt%, they also decrease because the fillers 

are not effectively dispersed by the phase separation, which normally deteriorate 

the membrane properties. 
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4.4. Conclusion 

 

Sulfonated poly(arylene ether sulfone) (SPAES) composite membranes 

were prepared using basic poly(2,5-polybenzimidazole) (ABPBI) grafted 

graphene oxide (ABPBI-GO) and thermally treated graphene oxide (GO). 

The interfacial interaction between the SPAES matrix and the graphene 

oxide fillers increased the mechanical strength and the dimensional stability 

of the membranes. In particular, SPAES/ABPBI-GO membranes have a 

better dimensional stability and larger Young’s modulus and elongation at 

break values than pristine SPAES membrane and SPAES/GO membranes. 

The strong acid-base interaction between the sulfonic acid groups of the 

SPAES matrix and the basic imidazole groups on ABPBI-GO should 

increase the toughness and the proton conductivity of the membrane by the 

formation of acid-base complex structures and the additional pathways 

where protons can be transferred via protonation-deprotonation sequences. 

Therefore, we believe that the incorporation of ABPBI-GO having basic 

grafting chains can be promising to develop proton exchange membranes 

for fuel cell applications. 
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Table 4.1. Decomposition temperature and mechanical properties of the 

membranes. 

Samples 
Content of 

fillers 
[wt%] 

Td,5wt% c 
[oC] 

Tensile 
strength 
[MPa] 

Young’s 
modulus 
[MPa] 

Elongation at 
break 
[%] 

SPAES 0.0 323.8 50.66 2946 35.64 
SPAES/GO 0.5 0.5 a 343.1 56.53 4380 22.89 
SPAES/GO 1.0 1.0 a 350.5 59.45 6259 15.59 
SPAES/GO 2.0 2.0 a 349.2 64.26 8702 12.61 
SPAES/GO 4.0 4.0 a 343.4 61.31 3779 9.871 
SPAES/ABPBI-GO 
0.5 

0.5 b 337.4 52.76 6218 34.97 

SPAES/ABPBI-GO 
1.0 

1.0 b 342.4 59.47 9212 43.78 

SPAES/ABPBI-GO 
2.0 

2.0 b 343.1 64.08 5445 60.37 

SPAES/ABPBI-GO 
4.0 

4.0 b 330.5 56.59 6615 24.55 

a The content of thermally treated graphene oxide (GO). 
b The content of ABPBI-grafted graphene oxide (ABPBI-GO). 
c Recorded when the weight loss was 5 wt% in TGA. 
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Table 4.2. Water absorption properties and ion exchange capacities (IECs) of 

the membranes. 

Samples 
Water 
uptake 

[%] 

Swelling 
ratio 
[%] 

IECw 

(theoretical) a 
[mequiv. g-1] 

IECw b 
[mequiv. 

g-1] 

IECv(dry) c 
[mequiv. cm-3] 

IECv(wet) d 
[mequiv. cm-3] 

SPAES 51.98 63.00 1.762 1.762 2.150 1.319 
SPAES/
GO 0.5 

27.83 39.98 1.753 
1.608 2.010 1.436 

SPAES/
GO 1.0 

22.85 38.10 1.745 
1.579 1.982 1.435 

SPAES/
GO 2.0 

20.86 36.80 1.728 
1.556 1.961 1.433 

SPAES/
GO 4.0 

19.53 34.94 1.694 
1.515 1.808 1.414 

SPAES/
ABPBI-
GO 0.5 

31.44 39.70 1.753 
1.584 1.996 1.429 

SPAES/
ABPBI-
GO 1.0 

28.60 32.72 1.745 
1.571 1.995 1.503 

SPAES/
ABPBI-
GO 2.0 

24.29 28.54 1.728 
1.511 1.918 1.493 

SPAES/
ABPBI-
GO 4.0 

18.93 26.18 1.694 
1.467 1.877 1.488 

a IECw(theoretical) = [(IECw of SPAES) × 100] / [100 + (filler content)]. 
b Measured by a back-titration method. 
c IECv(dry) = IECw × (density of polymer materials within dry membrane). 
d IECv(wet) = IECw × (density of polymer materials within wet membrane). 
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Table 4.3. Weight-based ion exchange capacities of the membranes obtained 

by a back-titration method after the membranes were soaked in 1.0 M 

NaCl(aq) for 1 days at 30 oC 

Samples SPAES SPAES/GO SPAES/ABPBI-GO 
Filler 

content 
[wt%] 

0.0 0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0 

IECw 
[mequiv. 

g-1] 
1.758 0.2381 0.2187 0.1884 0.1783 0.3581 0.3355 0.2997 0.2672 
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Table 4.4. Proton conductivities of the SPAES/ABPBI-GO membranes under 

(a) 90%RH, (b) 70%RH, and (c) 50%RH conditions. 

Relative 
humidity 

[%] 

Temperature 
[oC] 

Proton conductivity [mS cm-1] 

SPAES 
SPAES/ 
ABPBI-
GO 0.5 

SPAES/ 
ABPBI-
GO 1.0 

SPAES/ 
ABPBI-
GO 2.0 

SPAES/ 
ABPBI-
GO 4.0 

90 

80 117.0 138.9 152.5 138.0 139.3 
70 103.8 118.7 130.8 115.7 116.4 
60 91.59 100.7 112.9 97.47 99.29 
50 78.22 84.08 93.75 81.70 81.66 
40 64.96 70.55 77.93 67.75 67.73 
30 54.48 58.03 63.90 56.69 55.63 

70 

80 24.69 24.61 29.08 20.74 18.66 
70 20.41 20.94 25.97 17.62 16.31 
60 16.67 17.50 20.79 13.85 14.85 
50 13.33 14.01 16.90 11.73 11.26 
40 10.87 11.48 13.31 9.319 9.172 
30 8.621 8.989 10.74 7.066 6.940 

50 

80 4.167 3.850 5.357 2.881 2.594 
70 3.704 2.784 4.244 2.243 1.845 
60 2.963 2.353 3.249 1.638 1.462 
50 2.222 1.819 2.471 1.300 1.081 
40 1.709 1.362 1.822 0.9203 0.7869 
30 1.235 0.9918 1.313 0.6598 0.5603 
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Table 4.5. Proton conductivities of the SPAES/GO membranes under (a) 

90%RH, (b) 70%RH, and (c) 50%RH conditions. 

Relative 
humidity 

[%] 

Temperature 
[oC] 

Proton conductivity [mS cm-1] 

SPAES 
SPAES/GO 

0.5 
SPAES/GO 

1.0 
SPAES/GO 

2.0 
SPAES/GO 

4.0 

90 

80 117.0 133.7 114.0 110.8 104.7 
70 103.8 109.4 93.42 92.18 83.11 
60 91.59 91.29 76.26 76.37 67.35 
50 78.22 74.33 63.19 63.13 55.80 
40 64.96 61.39 52.01 49.72 45.42 
30 54.48 49.72 41.95 39.86 36.51 

70 

80 24.69 15.97 13.86 12.12 9.411 
70 20.41 12.34 11.00 9.575 7.222 
60 16.67 9.810 9.110 7.503 5.758 
50 13.33 7.873 6.946 5.952 4.462 
40 10.87 6.321 5.377 4.638 3.371 
30 8.621 4.998 4.028 3.335 2.554 

50 

80 4.167 2.850 1.593 1.486 1.216 
70 3.704 1.959 1.211 1.095 0.7205 
60 2.963 1.519 0.8686 0.7932 0.4806 
50 2.222 1.189 0.6816 0.5600 0.3297 
40 1.709 0.9171 0.4701 0.3616 0.2237 
30 1.235 0.6566 0.3155 0.2581 0.1597 
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Figure 4.1. Synthesis of sulfonated poly(arylene ether sulfone) (SPAES). 
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Figure 4.2. Preparation and modification of graphene oxide. 
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Figure 4.3. 1H-NMR spectra of SPAES. 
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Figure 4.4. FT-IR spectra of pristine graphene oxide, GO, ABPBI-GO, and 

ABPBI. 
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Figure 4.5. TGA curves of pristine graphene oxide, GO, and ABPBI-GO 

under N2 atmosphere. 
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Figure 4.6. TGA curves of composite membranes under N2 atmosphere. (a) 

SPAES/GO membranes and (b) SPAES/ABPBI-GO membranes. 
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Figure 4.7. SEM images of the cross-section of the membranes. (a) SPAES, (b) 

SPAES/GO 0.5, (c) SPAES/GO 1.0, (d) SPAES/GO 2.0, (e)SPAES/GO 4.0, (f) 

SPAES/ABPBI-GO 0.5, (g) SPAES/ABPBI-GO 1.0, (h) SPAES/ABPBI-GO 

2.0, and (i) SPAES/ABPBI-GO 4.0. The arrows indicate the agglomerated 

sites. 
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Figure 4.8. Stress-strain curves of the membranes at 23 oC and 45%RH. (a) 

SPAES/GO membranes and (b) SPAES/ABPBI-GO membranes. 
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Figure 4.9. Stress-strain curves of the membranes at 23 oC and 45%RH. 
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Figure 4.10. Schematic diagrams of interaction (a) between the SPAES 

matrix and GO and (b) between the SPAES matrix and ABPBI-GO. 
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Figure 4.11. Proton conductivities of the SPAES/ABPBI-GO membranes 

under (a) 90%RH, (b) 70%RH, and (c) 50%RH conditions. 
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Figure 4.12. Proton conductivities of the SPAES/GO membranes under (a) 

90%RH, (b) 70%RH, and (c) 50%RH conditions. 



180 

 

 

Figure 4.13. Schematic diagram of the hydrophilic channels within the 

membranes where the white lines indicates the hydrophilic channels in the 

SPAES matrix. (a) SPAES/GO membrane and (b) SPAES/ABPBI-GO 

membrane. 
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초 록 

 

본 연구에서는 고분자 연료전지 (PEMFC)용 전해질막으로의 응용을 

위해 새로운 술폰화 폴리(아릴렌 에테르 술폰) (SPAES) 기반의 재료

를 제조하고 분석하 다. 첫째로, 아지도메틸기를 가지도록 개질한 술

폰화 폴리(아릴렌 에테르 술폰) (SPAES-N3), 1,4-디에티닐벤젠과 

4,4’-디아지도-2,2’-스틸벤디술폰산 디소듐염과 같은 가교제, 클릭 

반응의 촉매인 브롬화구리/N,N,N’,N”,N”-펜타메틸디에틸렌트리

아민이 N,N-디메틸아세트아미드에 녹아있는 고분자 용액을 캐스팅하

고 가열함으로써 가교된 구조를 가지는 술폰화 폴리(아릴렌 에테르 술

폰) 막 (C-SPAES)을 제조하 다. SPAES-N3는 SPAES의 클로로

메틸화 반응와 아지도화 반응을 이용한 치환을 통해 합성되었다. 최적

화된 양의 가교제를 사용하여 만든 C-SPAES 막은 선형의 SPAES 

막에 비하여 훨씬 향상된 화학적, 물리적 안정성 및 기계적 강도를 보

다. 가교구조는 술폰산기를 가지는 가교제로부터 만들어지기 때문에, 

C-SPAES 막은 선형의 SPAES 막에 비하여 더 높은 이온교환능력과 

수소이온 전도도를 보 다. 물리적으로 안정한 가교구조로 인해 C-
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SPAES 막은 선형의 SPAES 막보다 더 많은 물을 흡수하면서도 더 

낮은 부피 팽창을 보 다. 

둘째로, 산성과 염기성의 실리카 충전제가 막 성질에 미치는 향을 

조사하기 위해 폴리(4-스티렌술폰산) (PSSA) 및 폴리(4-비닐피리딘) 

(P4VP)을 셸에 가지고 있는 코어-셸 실리카 입자 (각각 S-Si와 P-

Si)를 이용하여 술폰화 폴리(아릴렌 에테르 술폰) 복합체 막을 제조하

다. 코어-셸 실리카 입자는 비닐트리메톡시실레인의 가수분해 반응

을 이용하여 얻은 실리카 입자와 비닐 단량체 (4-스티넬술폰산 나트륨 

염과 4-비닐피리딘)의 라디칼 중합을 통해 제조되었다. SPAES에 S-

Si와 P-Si를 첨가한 결과, 막의 치수 안정성, 기계적 강도, 수소이온 

전도도가 증가하 다. 특히, P-Si을 첨가할 경우에 P4VP의 피리딘기

와 SPAES의 술폰산기 간의 산-염기 상호작용을 통해 형성된 피리디

늄술폰산염이 존재하는 잘 연결된 추가적인 친수성 채널이 형성되어 상

기의 막 성질을 보다 효과적으로 개선할 수 있었다. 

마지막으로, 그래핀 옥사이드 (GO)와 폴리(2,5-벤즈미이다졸) 그래

프트 사슬을 가지는 그래핀 옥사이드 (ABPBI-GO)를 충전제로 사용

하여 술폰화 폴리(아릴렌 에테르 술폰) 복합체막을 제조하 다. GO는 
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흑연의 화학적 산화를 통해 제조되었고, 3,4-디아미노벤조산과 GO의 

반응을 통해 ABPBI-GO이 제조되었다. SPAES에 GO와 ABPBI-

GO를 첨가함으로써 막의 치수안정성과 기계적 강도를 강화할 수 있었

다. 특히 SPAES/ABPBI-GO 복합체막은 SPAES/GO 복합체막에 

비하여 더 큰 치수 안정성과 인장률을 보 는데, 이는 SPAES의 술폰

산기와 ABPBI-GO의 벤즈이미다졸기 사이의 산-염기 상호작용의 

향 때문이었다. SPAES/ABPBI-GO 막 내에서의 산-염기 상호작용

은 수소이온의 전도를 위한 추가적인 통로를 제공하여 수소이온 전도도

를 증가시켰다. 

 

주요어: 고분자 전해질막 연료전지 (PEMFC), 수소이온 교환 막 

(PEM), 폴리(아릴렌 에테르 술폰), 가교막, 복합체막. 
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