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bstract

In the present study, modified acid–base blend membranes were fabricated via incorporation of sulfonated poly(arylene ether benzimidazole)
SPAEBI) into sulfonated poly(arylene ether sulfone) (SPAES). These membranes had excellent methanol-barrier properties in addition to an ability
o compensate for the loss of proton conductivity that typically occurs in general acid–base blend system. To fabricate the membranes, SPAEBIs,
hich served as amphiphilic polymers with different degrees of sulfonation (0–50 mol%), were synthesized by polycondensation and added to
PAES. It resulted in the formation of acid–amphiphilic complexes such as [PAES-SO3]− +[H-SPAEBI] through the ionic crosslinking, which
revented SO3H groups in the complex from transporting free protons in an aqueous medium, contributing to a reduction of ion exchange capacity
alues and water uptake in the blend membranes, and leading to lower methanol permeability in a water–methanol mixture. Unfortunately, the
onic bonding formation was accompanied by a decrease of bound water content and proton conductivity, although the latter problem was solved

o some extent by the incorporation of additional SO3H groups in SPAEBI. In the SPAES–SPAEBI blend membranes, enhancement of proton
onductivity and methanol-barrier property was prominent at temperatures over 90 ◦C. The direct methanol fuel cell (DMFC) performance, which
as based on SPAES–SPAEBI-50–5, was 1.2 times higher than that of Nafion® 117 under the same operating condition.
2007 Published by Elsevier B.V.
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. Introduction

Proton exchange membrane (PEM) is one of key elements
n solid typed fuel cells such as the polymer electrolyte fuel

ell (PEFC) and direct methanol fuel cell (DMFC). A PEM
omprises a membrane-electrode assembly (MEA) in combi-
ation with catalyst layers containing Pt or Pt–Ru alloy. High
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poly(arylene ether sulfone); Sulfonated poly(arylene ether benzimidazole)

erformance PEMs should satisfy many requirements includ-
ng high proton conductivity and membrane durability. Because

ethanol transported across PEM induces catalyst poisoning
nd water flooding, and leads to a rapid reduction of single
ell performances, fuel barrier properties are indispensable for
ccomplishing excellent electrochemical performances; this is
articularly true of DMFC [1–4]. Nafion®, a commercially avail-
ble perfluorinated sulfonic acid (PFSA) ionomer, exhibits high
roton conductivity and long-term durability; however, its high

ethanol permeability gives rise to severe obstacles that ulti-
ately decrease performance of the fuel cell.
Due to their high thermal stability, excellent mechanical

trength, and strong resistance to membrane decomposition in
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n acidic water medium, sulfonated polyarylene ether deriva-
ives (SPAEs) have been a focus of current investigations of
lternatives to the highly methanol-permeable Nafion® mem-
rane for DMFC applications [5–14]. SPAEs include sulfonated
olysulfone [5], sulfonated poly(arylene ether ketone) [6–9],
nd sulfonated poly(arylene ether sulfone) [10–13]. In most
ases, SPAEs are fabricated via direct copolymerization using
romatic diols and disulfonated/non-sulfonated aromatic halides
ith constant chemical compositions. The monomer sulfonation

nd subsequent polycondensation process has been used exten-
ively to avoid excessive water swelling or dissolution of the
esulting SPAE membranes in water after post-sulfonation of the
olyarylene matrix. However, in spite of the ease in the control of
he water uptake level, this method contains unsolved problems
or fabricating desirable PEMs. Specifically, sufficient water
ptake and preservation of this uptake within the membrane can
ead to consecutive proton conduction because of a strong depen-
ence of proton conductivity on connectivity of hydrophilic
ater channels. Conversely, highly sulfonated polymer mem-
ranes become both weak in mechanical strength and sensitive
o hydrolytic degradation. On the other hand, sulfonated polymer

embranes with low level of sulfonation exhibit strong mechan-
cal strength and excellent membrane stability, although the

embranes have undesirable proton transport properties during
uel cell operation.

Crosslinking can be a simple and powerful solution to
vercome the limitations of the intrinsic properties of sul-
onated aromatic polymers, and to date there have been several
pproaches dealing with the chemical and physical crosslink-
ng of such polymers [15–25]. Among these approaches, there
ere acid–base blend systems which were composed of acidic
olymer components including sulfonated polyarylenes and var-
ous basic polymer components such as poly(4-vinlypyridine),
olyethylenimine (PEI), and polybenzimidazole (PBI) [24–26].
n the blend system, each component in the system was
rosslinked via ionic interaction, resulting in a significant
nhancement of membrane stability and methanol-barrier prop-
rty, even under thermally and chemically harsh conditions.
nfortunately, a high degree of crosslinking caused a severe
ecrease in proton conductivity through PEMs, leading to a
eduction of electrochemical single cell performances [24–26].

In the present study, a new approach to compensate the
educed proton conductivity shown in the typical acid–base
lend systems and, thereby, to improve electrochemical perfor-
ances of the resulting PEMs was addressed via incorporation

f amphiphilic polymer instead of basic polymer. The influence
f the amphiphilic polymer on overall membrane performances
uch as water uptake, proton conductivity, and methanol perme-
bility was investigated with respect to its degree of sulfonation
DS) and incorporated content. For this, sulfonated poly(arylne
ther sulfone) (SPAES) was fabricated as an acidic polymer,
nd then blended with amphiphilic sulfonated poly(arylene
ther bezimidazole) (SPAEBI) which contains both sulfonic

cid (–SO3H) groups and basic benzimidazole groups. This
lending was believed to result in the formation of the
rosslinked polymer network derived from physical interaction
f SPAES–SPAEBI and SPAEBI–SPAEBI chains, producing

b

h

Sources 175 (2008) 724–731 725

embranes with not only excellent methanol-barrier properties
ut improved dimensional stabilities. Finally, the electrochem-
cal single cell performances of the MEAs based on the blend

embranes were evaluated by comparing with Nafion® 117.

. Experimental

.1. Materials

4,4′-Dichlorodiphenylsulfone (DCDPS) and 4,4′-biphenol
BP) as the aromatic halide and diol, respectively, purchased
rom Tokyo Kasei Co. (Tokyo, Japan), were recrystal-
ized with ethanol and dried under vacuum at 120 ◦C
or 1 day. DCDPS was converted to 3,3′-disulfonate-
,4′-dichlorodiphenylsulfone (SDCDPS, Yield: 91.4%) using
uming sulfuric acid (28% free SO3, Aldrich, WI, USA) [11].
henyl-4-hydroxybenzoate (Tokyo Kasei Co., Tokyo, Japan)
nd 3,3′,4,4′-tetraaminobiphenyl (Aldrich, WI, USA) were
ecrystallized with toluene and water with a small amount
f sodiumdithionite (Aldrich, WI, USA), respectively. Bis(4-
uorodiphenyl) sulfone (DFDPS, Aldrich, WI, USA) was
eacted with fuming sulfuric acid to prepare disulfonated
FDPS (SDFDPS). Toluene, potassium carbonate, dimethyl

cetamide (DMAc), sodium chloride, sodium hydroxide, and
iphenylsulfone were purchased from Aldrich Chemical Co.
WI, USA) and were used as received. N-Methylpyrrolidinone
NMP, Aldrich, WI, USA) was used as a solvent and was purified
ith distillation using calcium hydride at about 80 ◦C.

.2. Synthesis of sulfonated poly(arylne ether sulfone)
SPAES)

Prior to the synthesis of SPAES, sulfonated 4,4′-
ichlorodiphenylsulfone (SDCDPS) was exchanged in a NaCl
olution to form sodium-salted SDCDPS (Na-SDCDPS) and
eutralized with a small amount of NaOH. Pristine SPAES
as synthesized by direct copolymerization of Na-SDCDPS

4 mmol, 3.9301 g), DCDPS (6 mmol, 3.4460 g) and BP
10 mmol, 3.7242 g) as previously reported [11,27]. The reac-
ion mixture was stirred at ambient conditions for a few minutes
nd then successively refluxed at 130 ◦C for 3 h to remove the
oluene and water by azeotropic distillation. After refluxing, the
ean–Stark trap was drained, and the reaction temperature was

aised to 190 ◦C and maintained for a further 16 h. The resulting
olution was slowly precipitated in ice water. The fiber-shaped
recipitate of SPAES was collected by filtration and washed
ith hot water to eliminate K2CO3. The final SPAES powder
as dried in vacuum oven at 120 ◦C and its inherent viscosity
as about 2.02 dL g−1.
IR (KBr, cm−1): 1006 (diphenyl ether), 1030, 1098 (sodium

ulfonate).

.3. Synthesis of 6,6′-bis[2-(4-hydroxyphenyl)

enzimidazole] (BHPB)

A three-neck flask was first charged with phenyl-4-
ydroxybenzoate (0.246 mol, 52.62 g) and 3,3′,4,4′-tetraamino-
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iphenyl (0.12 mol, 25.80 g), and then diphenylsulfone and
oluene were added to the mixture. The mixture was heated at
50 ◦C under a nitrogen atmosphere for 2.5 h until no water
as observed in Dean–Stark trap. Then, the reaction tempera-

ure was increased to 250 ◦C and maintained for a further 0.75 h.
ext, the reaction was placed under vacuum and the temperature
as subsequently raised to 280 ◦C and maintained for 1.25 h.
he resulting mixture was then washed repeatedly in hot ace-

one and toluene, and dried in a vacuum oven at 110 ◦C. The
ixture was recrystallized twice with DMAc using charcoal.
he dark-brown 6,6′-bis[2-(4-hydroxyphenyl) benzimidazole]

BHPB) was obtained as final product (Yield: 56%, and mass:
20 Da).

IR (KBr, cm−1): 3145, 3185, 3410 (benzimidazole) 3620
OH).

1H NMR spectrum (DMSO-d6, 400 MHz, δ, ppm): 6.95–6.97
d, 4H), 7.49–7.51 (d, 2H), 7.63–7.65 (d, 2H), 7.81 (s, 2H),
.06–8.08 (d, 4H), 9.99 (s, 2H).

Elemental analysis (C26H18N4O2, 420.42 Da): Cal. C
74.28%), H (3.84%), N (6.66%), and O (15.22%), Found C
74.31%), H (3.85%), N (6.66%), and O (14.54%).

.4. Synthesis of poly(arylene ether bezimidazole)
SPAEBI)

Before use, SDFDPS was converted into a sodium-salted
orm (Na-SDFDPS). A SPAEBI (Yield: 98%, ion exchange
apacity (IEC) = 1.40 mequiv. g−1) was synthesized using Na-
DFDPS (5 mmol, 2.29 g), DFDPS (5 mmol, 1.27 g) and BHPB

10 mmol, 4.2 g) based on the procedure shown in Scheme 1. A
eries of analogous copolymers were prepared by decreasing the
ole ratio of SDFDPS (40, 30, 20, and 0 mol%, respectively) to

otal halide monomers.

M
s
a
e

Scheme 1. Synthetic scheme of sulfonated poly
Sources 175 (2008) 724–731

IR (KBr, cm−1): 1030, 1097 (sodium sulfonate) 3145, 3184,
410 (benzimidazole).

1H NMR spectrum (DMSO-d6) was shown in Fig. 1.

.5. Fabrication of SPAES–SPAEBI blend membrane

Different amounts of SPAEBI (0, 3, 5, 10, and 15 wt.%)
ere re-dissolved in NMP and blended with SPAES (DS = 40%)

olution by a mechanical stirring for 1 day. After casting each
olution (∼15 wt.%) onto glass plate, it was slightly dried at
0 ◦C for 8 h and heated at 120 ◦C for 8 h in vacuum oven. The
esulting SPAES–SPAEBI blend membranes were obtained in a
alted sulfonated form. The nominal thickness of all the mem-
ranes was approximately 30–70 �m. The membranes were
cidified by boiling them in a 1 M H2SO4 solution for 1
ay and were then washed thoroughly with deionized water.
inally, semi-transparent brown colored polymer blend mem-
ranes were obtained. In the nomenclature of each membrane
SPAES–SPAEBI-#1–#2), #1 and #2 indicate mol% of SDFDPS
n SPAEBI and amount of SPAEBI (wt.%) in the blend system,
espectively. For example, SPAES–SPAEBI-50–5 represents the
lend of a SPAES (DS = 40%) and a 5 wt.% SPAEBI which has
0 mol% of SDFDPS.

.6. Evaluation of the SPAES–SPAEBI blend membranes

Spectroscopic analyses of the SPAES–SPAEBI blend mem-
ranes were carried out using a Fourier transform infrared
pectrometer (FT-IR, Nicolet Magna IR 76 spectrometer,
adison, WI, USA) and a 1H nuclear magnetic resonance
pectroscopy (NMR, Varian model NMR 1000, CA, USA). In
ddition, synthesis of the BHPB monomer was confirmed by
lemental analysis (EA, Model EA 1108, Carlo Erba Instru-

(arylene ether benzimidazole) (SPAEBI).
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Fig. 1. 1H NMR spectrum of sulfonated

ent, Milan, Italy). The thermal decomposition processes of
he blend membranes were characterized using a thermogravi-

etric analyzer (TGA 2050, TA instrument, New Castle, DE,
SA) under an air atmosphere at a heating rate of 10 ◦C min−1

n a range of 50 to 700 ◦C. The ion exchange capacity (IEC,
equiv. g−1) of the blend membranes was measured using
conventional titration method (ASTM D2187). The water

ptake was determined by weighing the difference between
dry sample and water-swollen sample made by immers-

ng the membrane in deionized water at 30 ◦C for at least 1
ay. The state of water in the fully hydrated membrane was
ssessed using differential scanning calorimetry as previously
eported (DSC, DSC 2010 thermal analyzer, TA instrument,
ew Castle, DE, USA) [22]. The content of free water (%)

o total water uptake in each membrane sample was calcu-
ated using the equation of free water = Efs/EFw × total water
ptake (Efs: fusion enthalpy of endothermic peak area from 0
o 10 ◦C and EFw: endothermic heat of fusion for pure water,
35 J g−1).

The content of bound water, which was expressed as a per-
entage, was also obtained by calculating the difference between
otal water uptake and free water content. The ohmic resistance
R, �) of each membrane sample (dimension: 1 cm × 4 cm)
as measured in liquid water at 30 ◦C with a four-point probe

lternating current (ac) impedance spectroscopic method using
oth an electrode system connected with an impedance/gain
hase analyzer (Solatron 1260) and an electrochemical inter-
ace (Solatron 1287, Farnborough Hampshire, ONR, UK) [28].
easurements were performed in a shielded thermo- and hygro-
ontrolled chamber in an electronic noise free state. Ohmic
esistance was converted to proton conductivity (σ, S cm−1)
y means of the equation σ = l/(RS), where l is the distance

w
t
w
T

arylene ether benzimidazole) (SPAEBI).

etween reference electrodes and S is the cross-sectional area
f membrane sample. The methanol permeability (PMeOH,
m2 s−1) of the membranes was determined in an isother-
al bath from 25 to 90 ◦C using a two chamber-diffusion

ell method with a 3 M (∼6 wt.%) CH3OH solution [19–23].
he methanol concentration gradient was periodically mea-
ured using a gas chromatography (GC, Shimadtzu, GC-14B,
okyo, Japan) equipped with a thermal conductivity detec-

or (TCD). Determination of the hydrolytic durability of the
embranes was achieved by measuring the change of proton

onductivity after immersion in liquid water at 80 ◦C [20–23].
he dimensional stability (initial size in dry state: 2 cm × 2 cm)
f the membranes was assessed by measuring the volumet-
ic change in the samples after they were dried at 100 ◦C and
wollen in liquid water at 30 ◦C for 1 day. Measurements were
epeated at least five times to ensure good reproducibility of the
esults.

.7. Single cell performances of SPAES–SPAEBI blend
embranes

A 5 wt.% Nafion® solution (EW = 1100, DuPont) and a Pt
lack (Johnson Matthey, HiSPEC 1000) for cathode were mixed
n 100 ml of isopropyl alcohol in a beaker. The mixture was son-
cated for 1 h to obtain well-dispersed catalyst slurry, and was
hen sprayed on one side of the SPAES–SPAEBI membranes at
mbient temperature. The cathode catalyst-coated membranes

ere dried at 60 ◦C in vacuum oven, and the catalyst slurry con-

aining Pt–Ru black (Johnson Matthey, HiSPEC 6000) for anode
as subsequently sprayed on the other side of the membranes.
he Pt and Pt–Ru loading on each electrode was 3 mg cm−2.
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ig. 2. TGA diagrams of pristine SPAES (1, solid), SPAES–SPAEBI-0–5 (2,
ash), SPAES–SPAEBI-0–10 (3, dot), and SPAES-SPEBI-0–15 (4, solid dot).

. Results and discussion

.1. Thermal stability

The thermal degradation behavior of the SPAES–SPAEBI
lend membranes was verified by the physical crosslinking
ia ionic interaction between strong acid (–SO3H) and strong
ase (benzimidazole). Fig. 2 shows three consecutive ther-
al decomposition processes; (1) the thermal evaporation of
ater molecules below 150 ◦C, (2) the thermal decomposition
f SO3H groups from 150 to 375 ◦C, and (3) the thermal oxi-
ation of polymer main chain over 375 ◦C. Incorporation of
PAEBI into pristine SPAES lowered water uptake levels in
he resulting membranes and, thereby, reduced the percentage
f weight loss derived from water evaporation in TGA ther-
ogram shown in Fig. 2. This trend was distinctly observable

n the blend system containing high amount of benzimida-

p
p
w
t

able 1
ater uptake behavior of SPAES–SPAEBI blend membranes

ypes of membrane Ion exchange capacity
(mequiv. g−1)

Water uptake
(%)

ristine SPAES 1.62 62.3
PAES–SPAEBI-0–3 1.51 57.2
PAES–SPAEBI-0–5 1.33 52.6
PAES–SPAEBI-0–10 1.12 38.1
PAES–SPAEBI-0–15 0.99 31.3
PAES–SPAEBI-20–10 1.17 39.3
PAES–SPAEBI-30–5 1.46 55.6
PAES–SPAEBI-30–10 1.22 41.2
PAES–SPAEBI-30–15 1.04 32.6
PAES–SPAEBI-40–10 1.27 42.4
PAES–SPAEBI-50–5 1.55 58.2
PAES–SPAEBI-50–10 1.30 43.1
PAES–SPAEBI-50–15 1.10 36.4
Sources 175 (2008) 724–731

ole. Furthermore, the blending gave rise to a strong interaction
etween the SO3H in SPAES and benzimidazole groups in
PAEBI, which retarded the thermal desulfonation process up to
pproximately 375 ◦C. It indicates that physical crosslinking via
cid–amphiphilic polymer blending enhanced thermal stability
f the resulting membranes.

.2. Water uptake behavior

In hydrated membranes, proton and methanol transport
ehaviors are strongly dependent on water uptake and the state of
ater within the membranes [3,13,20–23]. Considering its high

elevance with water uptake behavior, IEC should be primar-
ly observed as an indicator of proton-releasing capability. As
hown in Table 1, physical crosslinking between the Brønsted
cid and base groups in the SPAES–SPAEBI-0 series (0% of
DFDPS in SPAEBI) prevented SO3H groups in SPAES from

ransporting protons in a water medium. Consequently, the IEC
alues and water uptake of SPAES–SPAEBI-0 series decreased
ith a high content of the basic polymer. This trend was also
bserved for other SPAES–SPAEBI series membranes. Fur-
her the addition of SPAEBI with a constant sulfonation level
nhanced the degree of crosslinking, rather than overall content
f fixed-charged ions, i.e. SO3H group, in the resulting blend
embranes. It lowered their IEC and water uptake, leading to

he improvement of dimensional stability. In contrast, the loss
f IEC values in the blend membranes was compensated by
he addition of SO3H groups in SPAEBI. In SPAES–SPAEBI

embranes with a constant amount of SPAEBI, a high degree
f sulfonation of the amphiphilic polymer led to an increase of
EC, thus increasing water uptake.

Moreover, the physical crosslinking by ionic bonding
ffected the state of water within the blend membranes, which
as classified as either free water or bound water. In partic-
lar, bound water is a result of a strong interaction between
ater molecules and ionic groups, including SO3H groups, in

olymer matrix and is significantly responsible for proton trans-
ort [3,5,13,17–23]. After incorporation of SPAEBI, the bound
ater content of the membranes decreased relative to that of pris-

ine SPAES. A higher blending content of SPAEBI led to lower

Free water
(%)

Bound water
(%)

Dimensional
stability (%)

36.5 63.5 63.4
42.6 57.4 58.1
46.3 53.7 48.5
56.3 43.7 22.4
65.1 34.9 13.2
54.7 45.3 24.3
44.8 55.2 54.2
52.5 47.5 26.7
62.4 37.6 17.1
50.3 49.7 29.3
39.4 60.6 60.2
48.2 51.8 32.5
59.1 40.9 20.5
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methanol permeability similar to that of pristine SPAES at 25 ◦C,
SPAES–SPAEBI-50–5 exhibited higher methanol-barrier prop-
erties than non-crosslinked polymer membranes such as pristine
SPAES and Nafion® 117 at higher temperatures. This finding
ig. 3. Relationship between (a) proton conductivity and (b) methanol perme
ulfonation of SPAEBI. Proton conductivity and methanol permeability of each
espectively.

ound water content in the resulting membranes. It means that
he acid–amphiphilic complex ([PAES-SO3]− +[H-SPAEBI])
as intensified when the incorporated content of SPAEBI was
igh, which prohibited water molecules from forming a strong
nteraction with SO3H groups in the blend system. However,

reduction of bound water was balanced to some extent by
n increase of sulfonation level of SPAEBI. As a result, the
PAES–SPAEBI-50–5 with a high DS and a low blending con-

ent showed high bound water content similar to pristine SPAES.

.3. Proton conductivity and methanol permeability

The correlation of proton and methanol transport behav-
or through SPAES–SPAEBI blend membrane in the hydrate
tate is shown in Fig. 3. According to the vehicle mechanism,
rotons can combine with water and methanol molecules to
orm cationic complexes such as H3O+, H5O2

+, H9H4
+, and

H3OH2
+ [29–32]. After formation, the complexes permeate

hrough localized hydrophilic water channels within PEMs.
herefore, most PEMs with high proton conductivity are highly
ermeable to methanol molecules, while low proton-conductive
embranes exhibit a low permeability to methanol. This

orrelation was also observed for SPAES–SPAEBI blend mem-
ranes. Incorporation of SPAEBI into pristine SPAES membrane
esulted in relatively low water swelling and improved methanol-
arrier properties. This blending simultaneously reduced the
on-volatile bound water content of the resulting membranes and
owered their proton conductivities. On the other hand, incorpo-
ation of an amphiphilic polymer with a high sulfonation level
ontributed to the enhancement of proton conductivity, even in
small blending content. Unfortunately, the addition of SO3H
roups to SPAEBI was accompanied by an increase in methanol
ermeability, indicating that blending with amphiphilic poly-

ers was not an omnipotent method able to improve both proton

onductivity and methanol-barrier property at low temperatures.
The proton and methanol transport behavior at elevated tem-

eratures from 25 to 90 ◦C is shown in Fig. 4. Among the blend

F
p
a

of the various membranes with respective to content and varying degree of
rane were measured in liquid water and 3 M methanol–water mixture at 25 ◦C,

embranes, SPAES–SPAEBI-50–5, which had the highest pro-
on conductivity, was selected for the purpose of observing the
elationship between transport properties and temperature rela-
ive to pristine SPAES and Nafion® 117 as a standard membrane
or DMFC application. The elevation of the measuring tempera-
ure in the incorporation system altered the proton and methanol
ransport properties in each membrane. The proton conductiv-
ty of each membrane in liquid water increased successively
ith increasing temperatures. Irrespective of polymer types, a
ery similar activation energy (5.06–5.22 kcal mol−1 K−1) was
btained. The methanol diffusion through each membrane was
lso accelerated by temperature. Interestingly, in spite of the
ig. 4. Temperature dependence of proton conductivity (left side) and methanol
ermeability (right side) of pristine SPAES (blue), SPAES–SPAEBI-50–5 (red),
nd Nafion® 117 (black).



730 Y.T. Hong et al. / Journal of Power Sources 175 (2008) 724–731

F ives (
S 3 min

s
s
w
p
m
o
s

3

m
p
m
p
b
t
p
g
w

S
s
s
c
m
t
m
m
i
S
w
c
m
p
m
o
p
c
p

s
m
S
N

i
a
M
t
l
i
p
N
s
i
h
e
d
i
e
p
m
p
t
b
r
f
c

4

p
o
t
i

ig. 5. Single cell performances of Nafion® 117 (square) and SPAES derivat
PAES–SPAEBI-50–5 (red) at (a) 80 ◦C and (b) 90 ◦C under a 3 M MeOH 1 cm

uggests that the effect of physical crosslinking on the suppres-
ion of methanol transport across SPAES–SPAEBI membranes
as conspicuous at high temperatures rather than at low tem-
eratures. Considering the improved proton conductivity and
ethanol suppression at elevated temperatures, the application

f SPAES–SPAEBI blend membranes may be useful in DMFC
ystem operated at relatively high temperatures (above 80 ◦C).

.4. Single cell performances

In general, high proton conductivity and low methanol per-
eability are inevitably required to guarantee excellent DMFC

erformance [33–36]. Differing from MEAs based on PFSA
embranes, high contact resistance is observed between non-

erfluorinated membranes and Nafion® ionomer as a catalyst
inder for proton migration in catalyst layers. This is attributable
o a large difference in the swelling ratio of the heterogeneous
olymers in a water–methanol mixture. Consequently, the sin-
le cell performances of these types of MEA decrease rapidly
ithin a short time [37].
The electrochemical single cell performances of

PAES–SPAEBI blend membranes using a 3 M methanol
olution under different DMFC operation temperatures are
hown in Fig. 5. Nafion® 117 and pristine SPAES were used for
omparison. Complicating factors, such as proton conductivity,
ethanol permeability and contact resistance, influenced

he electrochemical properties of the SPAES–SPAEBI blend
embranes. Physical crosslinking with SPAEBI reduced
ethanol crossover relative to pristine SPAES, contribut-

ng to an enhancement of single cell performances in the
PAES–SPAEBI blend membranes. SPAES–SPAEBI-50–5
ith high proton conductivity displayed a higher electro-

hemical performance than SPAES–SPAES-50–10 with low
ethanol permeability. This finding indicated that the effect of

roton conductivity on DMFC performances, rather than that of
ethanol permeability, was predominant at low concentrations
f methanol (below 3 M). This result was consistent with
revious findings [34,35,38,39]. In spite of a higher proton
onductivity and lower methanol permeability, the DMFC
erformance of SPAES–SPAEBI-50–5 was similar to, or

i
a
s
a

circle) including pristine SPAES (black), SPAES–SPAEBI-50–10 (blue), and
−1 and O2 200 cm3 min−1 condition.

omewhat lower than, Nafion® 117 at 80 ◦C (Fig. 5(a)). This
ay have been due to a relatively weak adhesion between
PAES–SPAEBI-50–5 and catalyst layers containing the
afion® binder.
Differences in methanol permeability and proton conductiv-

ty of SPAES–SPAEBI-50–5 and Nafion® 117 became larger
s the temperatures were higher than 90 ◦C, which allowed the
EA based on SPAES–SPAEBI-50–5 to overcome the poten-

ial loss resulting from the adhesion problems with catalyst
ayers. Indeed, the SPAES–SPAEBI-50–5 exhibited an outstand-
ng DMFC performance (330 mA cm−2 at 0.4 V and maximum
ower density = 145 mW cm−2 at 0.3 V), which was superior to
afion® 117 (270 mA cm−2 at 0.4 V and maximum power den-

ity = 121 mW cm−2 at 0.3 V) at 90 ◦C in Fig. 5(b). Although
t is well known that most of hydrocarbon membranes do not
ave good stability in acid environment, we never find big
lectrochemical performance drops in relation to membrane
ecomposition during a short term DMFC operation of 100 h. It
s noted that adding constant amount of sulfonated poly(arylene
ther benzimidazole) into sulfonated poly(arylene ether sulfone)
olymer matrix caused physical crosslinking, thus improving
embrane durability even in acid environment. Presently, we

lan to focus on long-term DMFC operation over 90 ◦C using
he SPAES–SPAEBI-50–5 and development of custom-tailored
inder materials appropriate for SPAES derivatives. We will
eport the relation between membrane durability and long-term
uel cell performance, even being operated with higher methanol
oncentrations in near future.

. Conclusions

The amphiphilic polymers were incorporated into an acidic
olymer to make up for the reduction of proton conductivity
bserved in the general acid–base blend systems and thereby
o improve their electrochemical performances. Due to the
ncorporation, the ionic bonding between the SO3H groups

n SPAES and benzimidazole groups in SPAEBI formed an
cid–amphiphilic complex, [PAES-SO3]− +[H-SPAEBI]. Con-
equently, it was found that the physical crosslinking between
cidic SPAES and amphiphilic SPAEBI was effective enough to
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educe IEC values and water uptake, thus improving methanol
uppression through SPAES–SPAEBI blend membranes as well
s dimensional stability. Nonetheless, undesirable loss of proton
onductivity occurred, even in acid–amphiphilic membranes.
his trend was obviously observed for the blend membranes
ith high incorporated content of SPAEBI.
The reduction of proton conductivity that occurred after

lending with basic polymers was compensated by increasing
he degree of sulfonation of SPAEBI, although this subsequently
eakened their methanol-barrier properties. However, the ele-
ation of temperature altered both the proton and methanol
ransport behavior of SPAES–SPAEBI blend membranes with
hysically crosslinked microstructures. The methanol perme-
bility of SPAES–SPAEBI membranes increased slowly at
levated temperatures, while their proton conductivity increased
ith a similar increment to those of non-crosslinked membranes

uch as pristine SPAES and Nafion® 117. Consequently, the dif-
erence in methanol permeability between SPAES–SPAEBI and
ther membranes became large at the elevated temperatures. In
MFC application over 90 ◦C, SPAES–SPAEBI blend mem-
ranes, which had excellent proton conductivity and methanol
uppression capability, exhibited outstanding single cell perfor-
ances compared with those of pristine SPAES and Nafion®
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