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Novel poly(arylene ether sulfone) copolymers containing different amount of pendant sulfonic acid
groups have been synthesized by an aromatic substitution polymerization reaction. The properties of
the synthesized sulfonated poly(diphenylsulfone-diphenol) (SDPS-DP) copolymers depend on the sul-
fonic acid group content in the copolymers. Although all the copolymers show good thermal stability,
low liquid uptake, and low methanol crossover, they exhibit lower proton conductivity than Nafion or
sulfonated poly(ether ether ketone) (SPEEK). Taking advantage of the low methanol crossover, multilayer
membranes consisting of the SDPS-DP copolymer as a methanol-barrier center layer and SPEEK as the
proton-conducting outer layers have been fabricated and characterized. The SPEEK/SDPS-DP-60/SPEEK
multilayer membranes with an optimized center layer thickness are found to exhibit better performance
and higher power density in DMFC than plain SPEEK and Nafion 115 membranes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane (PEM) is one of the main com-
ponents in direct methanol fuel cells (DMFCs), and it plays an
important role on the fuel cell performance. While high proton con-
ductivity is desirable for a good PEM, low methanol permeability is
also a critical property of PEM for DMFC. The methanol crossover
from the anode to the cathode side through the PEM will waste the
fuel, poison the cathode Pt catalyst, and generate a mixed potential
through the unwanted methanol oxidation reaction at the cathode
side. These will not only lead to performance loss, but also result in
a degradation of the long-term stability of DMFC [1,2].

Extensive investigations have been made with poly(perf-
luorosulfonic acid) (PFSA) membranes such as Nafion (Dupont),
Aciplex (Asahi Chemical company), Flemion (Asahi Glass Com-
pany), and XUS (Dow) [1,2] due to their high proton conductivity
and good resistance to chemical attack. However, the PFSA
membranes usually suffer from high cost and high methanol per-
meability when used in DMFC. In this regard, aromatic polymers
with sulfonic acid groups attached to them have been widely inves-
tigated as candidate materials to replace the PFSA electrolytes in
DMEFC as the aromatic backbone could provide good thermal sta-
bility with suppressed methanol permeability while lowering the
cost compared to the PFSA membranes.
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Sulfonated derivatives of commercially available polymers such
as sulfonated poly(ether ether ketone) (SPEEK) [3,4], sulfonated
polysulfone (SPSf) [5-7], sulfonated poly(ether sulfone) (SPES)
[8-10] are among those being investigated due to the easy access
of the unsulfonated precursor raw materials as well as the sim-
ple reaction procedure amenable for easy scale up. The degree of
sulfonation (DS) could be controlled by the reaction time and the
amount of sulfonating agent (H,SO4, SO3) used in the reaction.
Also, sulfonated aromatic polymers could be synthesized through
the polymerization reactions of different sulfonated monomers
[11-24]. With this strategy, several PEMs with controllable chem-
ical structures (controllable degree of sulfonation and sulfonation
sites) and well-defined microstructures have been investigated. It
has been found that to improve the osmotic and hydrolytic stability
of the sulfonated polymers, an increasing hydrophilic-hydrophobic
separation is desired by locating the sulfonic acid groups away from
the polymer main chains [18-23].

With this perspective, our group reported recently novel sul-
fonated copolymers consisting of pendant sulfonic acid groups
synthesized by a nucleophilic displacement polymerization reac-
tion [24]. The resulting sulfonated poly(diphenylsulfone-diphenol)
copolymer formed with a degree of sulfonation of 60%, which is
designated as SDPS-DP-60, showed low methanol permeability and
liquid uptake in water and methanol solutions compared to Nafion
115 membrane and some sulfonated aromatic polymer (SPEEK,
SPSf) with similar proton conductivity [4,5,24], which makes it a
promising electrolyte material for DMFC application. However, the
experimentally measured IEC value of the resulting SDPS-DP-60
was lower than that expected for a degree of sulfonation of 60% in
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our previous study due to unoptimized reaction conditions. Also,
due to the low proton conductivity of the copolymer, thinner mem-
branes compared to SPEEK or Nafion are needed for DMFC operation
to achieve low cell resistance. Unfortunately, very thin membranes
will sacrifice the mechanical property and generate issues related
to membrane-electrode assembly (MEA) fabrication since brittle
thin membranes tend to break during the hot-pressing process.

One approach to make use of the low methanol permeability
of the membranes without introducing too big a cell resistance
is to adopt a multilayer membrane approach [25-38] in which
a thin layer of the low methanol permeability polymer forms
the center layer and a relatively high proton-conducting polymer
forms the outer layers. For example, our group [36] reported that
multilayer membranes with SPEEK as the methanol-barrier cen-
ter layer and recast Nafion as the proton-conducting outer layers
increase the overall cell performance significantly because of the
suppressed methanol crossover. Si et al. [37] also reported the use
of a Nafion/PVDF/Nafion (PVDF refers to polyvinylidene fluoride)
tri-layer membrane in DMFC, but PVDF is a proton insulator. Jiang
et al. [38] reported that SPEEK with different degrees of sulfona-
tion could also be used to fabricate the tri-layer membranes, but
the proton conductivity of the methanol-barrier SPEEK is still too
low when low methanol permeability is desired.

To have better understanding of the relationship between the
degree of sulfonation and the properties of the SDPS-DP copoly-
mers, we present here first a further investigation of the chemical
and thermal properties of the SDPS-DP copolymers with differ-
ent degrees of sulfonation (20-60%) that could be achieved by
higher reaction temperature and longer reaction time. The SDPS-
DP copolymers with a degree of sulfonation of 20, 40, and 60%
are hereafter designated as, respectively, SDPS-DP-20, SDPS-DP-
40, and SDPS-DP-60. Then the fabrication and characterization of
tri-layer membranes consisting of a thin inner layer of SDPS-DP-
60, which has the highest proton conductivity among the three
copolymers, and two outer layers of SPEEK are presented. The low
methanol permeability of the thin SDPS-DP layer is expected to
suppress the methanol crossover significantly without adversely
increasing the cell resistance. The multilayer membranes could also
offer good mechanical strength with long-term stability due to the
similar backbone structures of SPEEK and SDPS-DP polymers. The
electrochemical performance, methanol crossover in DMFC, and
the structural stability of the multilayer membranes with differ-
ent thicknesses of the methanol-barrier center layer are presented
here.
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2. Experimental
2.1. Materials synthesis

The materials used for the synthesis of the SDPS-DP copolymers
have been reported before [24]. N,N’-dimethylacetamide (DMACc,
99+%,)was purchased from Acros organics. Poly(ether ether ketone)
(PEEK450 PF) was obtained from Victrex. All chemicals were used
as-received.

The sulfonated poly(ether ether ketone) (SPEEK) was synthe-
sized by sulfonating PEEK with concentrated sulfuric acid for
certain amount of time to get the desired degree of sulfona-
tion [39]. Although the proton conductivity of SPEEK increases
with increasing degree of sulfonation, SPEEK membranes with
degree of sulfonation higher than 55% exhibit high water uptake
and methanol permeability, which could degrade the mechani-
cal stability and increase the methanol crossover during fuel cell
operation. Generally, SPEEK membranes with degree of sulfona-
tion between 40% and 55% show reasonable proton conductivity,
low solubility, and good mechanical stability [4,38]. Accordingly,
SPEEK with an ion exchange capacity (IEC) of 1.56 and a degree of
sulfonation (DS) of 51% was used in this study.

As shown in Fig. 1, the sulfonated poly(arylene ether sulfone)
copolymers were synthesized by an aromatic substitution poly-
merization reaction as reported by our group before [24].

2.2. NMR, FT-IR, and thermal characterization of the copolymer

TH Nuclear magnetic resonance (NMR) spectra were recorded
with a Varian INOVA-500 NMR spectrometer at a proton frequency
of 499.4 MHz using deuterated dimethyl sulfoxide (DMSO-dg) as a
solvent. Fourier transform infrared (FT-IR) spectra of the copoly-
mers were recorded with a Perkin-Elmer Spectrum BX instrument.
The thermal stability and the glass transition temperature of the
copolymers were evaluated with Perkin-Elmer Series 7 thermo-
gravimetric analyzer (TGA) in flowing air with a heating rate of
5°Cmin~! and differential scanning calorimeter (DSC) in flowing
nitrogen with a heating rate of 10°C min—!.

2.3. Membrane preparation
The plain SPEEK, SDPS-DP, and the multilayer membranes were

prepared by a solution casting method employing SPEEK/DMAc
(10%, wjw) or SDPS-DP/DMAc (10%, w/w) solutions. For the
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Fig. 1. Synthesis scheme for the SDPS-DP copolymers.
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multilayer membranes, a thin SDPS-DP-60 membrane with various
thickness values (5-30 wm) was first casted, followed by casting
two layers of SPEEK membrane on each surface. After casting all
the layers, the membranes obtained were hot-pressed at 130°C
and 20 psi for 2 min. All the plain and multilayer membranes were
dried at 90 °C overnight, held in a vacuum oven at 130 °Cfor 6 h,and
washed thoroughly with boiled de-ionized water several times to
remove the residual solvent. The thickness of the membrane was
controlled by changing the amount of SDPS-DP or SPEEK during the
casting process, and all the membranes in this study had the same
total thickness of 60 um with 5 cm? active area.

2.4. Ion exchange capacity (IEC) and liquid uptake measurement

The ion exchange capacity (IEC) values were determined by
suspending the SDPS-DP copolymers (0.15-0.2g) in 2.0M NaCl
solution (30mL) for 24 h to liberate the H* ions and then titrat-
ing with standardized 0.05N NaOH solution (Fisher Scientific) using
phenolphthalein as an indicator.

Equilibrium liquid uptake of the polymer membranes (W/ptake)
was determined at room temperature by first measuring the weight
of the wet membrane (Wyet) and the weight of the dry membrane
(Wdry) as

(Wwet - de)

x 100% (1)
Wdry

Wuptake =

2.5. Proton conductivity measurement

Proton conductivity values of the water equilibrated mem-
branes were obtained from the impedance data collected in the
lateral direction (i.e. in plane) using an open window framed two
platinum electrode cell [39] with a HP 4192A LF impedance ana-
lyzer in the frequency range of 5Hz to 10kHz with an applied
voltage of 10 mV. The measurement setup with the membrane was
held in a VWR humility chamber oven with water vapor at 100%
relative humidity (R.H.) at the desired temperatures for 2 h before
the tests.

2.6. Membrane-electrode assemblies (MEAs) fabrication

The electrodes (consisting of gas-diffusion and catalyst layers)
for testing in DMFC were prepared as reported elsewhere [40]. The
anode and cathode catalysts consisted of, respectively, commer-
cial 60 wt.% Pt-Ru (1:1) alloy on Vulcan carbon (E-TEK) and 60 wt.%
Pt on Vulcan carbon (Alfa Aesar). The loadings for cathodes (Pt)
and anode (Pt-Ru) were 2.5 mg cm~2 on both sides, and the Nafion
loading for both the anode and cathode catalysts was 0.45 mg cm™2.
After the catalyst layers were deposited onto the gas diffusion lay-
ers (A-6 ELAT/SS/NC/V2 carbon cloth, E-TEK), the resultant anode
and cathode electrodes were hot pressed onto the membrane at
120°C, 40 psi for 2 min.

2.7. DMFC performance and methanol crossover evaluation

Fuel cell tests were performed with a single-cell hardware
(active area of 5 cm?) by feeding methanol solution at a flow rate of
2.5mLmin~! and humidified oxygen at a flow rate of 200 mL min~!
without backpressure. The steady state fuel cell polarization data
were collected after operating the fuel cell for two consecutive days
including the period of shut down overnight.

Methanol crossover was evaluated by measuring with a voltam-
metric method [41] the steady-state limiting current density
arising from the oxidation of the permeated methanol at the cath-
ode side. In the measurement, methanol solution was fed at a
flow rate of 2.5mLmin~! into the anode side of the MEA while

the cathode side was kept in an inert humidified N, atmosphere.
The steady-state limiting current density resulting from complete
electro-oxidation at the membrane/Pt catalyst interface at the cath-
ode side was measured by applying a positive potential at the
cathode side.

2.8. Membrane cross-sectional characterization

Before and after the DMFC durability evaluation, the cross-
sectional structure of the multilayer membrane was studied with
a JEOL JSM-5610 scanning electron microscope (SEM). The sam-
ples were prepared by freezing the membrane in liquid nitrogen
followed by breaking the frozen membrane with forceps.

3. Results and discussion
3.1. FT-IR and NMR characterization

The chemical structure of the sulfonated polymers (in acid
form) was characterized by FT-IR and 'H NMR spectroscopies
(Figs. 2 and 3 ). Fig. 2 compares the FT-IR spectra of the
sulfonated copolymers obtained with different acid monomer con-
tents. The characteristic absorption peaks of the copolymers could
be assigned as reported before [24,42]. It is worth to point out that
the intensity of the absorption peaks corresponding to the aro-
matic sulfonic acid group (1030 cm~1) increases with increasing
sulfonated monomer content, which is consistent with the NMR
results discussed below. Fig. 3 compares the 'H NMR spectra of
the SDPS-DP copolymers with different degrees of sulfonation. The
chemical shifts of the protons in the polymer main chains could be
readily assigned as reported elsewhere [24,43,44]. The increasing
intensities of the hydrogen at H4 position on the naphthalene-
sulfonate containing units with increasing sulfonated monomer
content reflects the increasing degree of sulfonation. Interestingly,
by comparing the intensities of the H4 (1H) signal with the H8 (4H)
signal of the diphenol segment, we can calculate the degree of sul-
fonation of the products. For example, the intensity ratio of the H8
(4H) to H4 (1H) proton signal for SDPS-DP-40 was 6.68, implying
0.63 diphenol units and hence 0.37 DHNS units containing the sul-
fonic acid groups. All the IEC values calculated from the NMR data
are listed in Table 1 with other properties of the copolymers.
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Fig. 2. FT-IR spectra of the SDPS-DP copolymers.
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Fig. 3. '"H NMR spectra of the SDPS-DP copolymers with different sulfonated
monomer content in DMSO-dg: (a) SDPS-DP-20, (b) SDPS-DP-40, and (c) SDPS-DP-
60.

3.2. Thermal stability data

The thermal properties of the copolymers were investigated by
TGA and DSC analyses. As seen in Fig. 4, with increasing degree of
sulfonation, the weight loss corresponding to the loss of sulfonic
acid groups (in the temperature range of 250-450°C) increases
and the decomposition temperature shifts to lower temperature.
For DSC measurements, all the copolymers were first pre-heated
at 10°Cmin~! to a temperature below their decomposition tem-
peratures, which were derived from the TGA curves collected in
nitrogen atmosphere. After cooling down, they were heated again
at a rate of 10°Cmin~"! to their decomposition temperatures. The
data from the second scan are compared in Fig. 5. The copoly-
mers show an increase in the glass transition temperature (Tg) with
increasing degree of sulfonation (as seen in Fig. 5), which is consis-
tent with other copolymers synthesized from the same sulfonated
monomer. The increase in the Ty value with increasing sulfonic
group concentration is consistent with that normally observed for
ionomeric polymers due to the strong interaction between sulfonic
acid groups [42,45,46]. The high decomposition temperature (Ty)
and Tg values of the copolymers suggest that they have adequate
thermal stabilities for DMFC applications.

Table 1

100 + (a) SDPS-DP-20
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Fig. 4. TGA plots of the SDPS-DP copolymers recorded in flowing air.

3.3. IEC, liquid uptake, and proton conductivity

Table 1 gives the ion exchange capacity (IEC) values, liquid
uptake in water and methanol solution, and the proton conduc-
tivity values measured under 100% R.H. at 25 °C for the sulfonated
copolymers with different degrees of sulfonation as well as those
of the SPEEK membrane.

The SDPS-DP copolymers show IEC values in the range of
0.46-1.32 with increasing degree of sulfonation. The IEC values
obtained from the titration data are reasonably close to those cal-

SDPS-DP-60

SDPS-DP-40 _210°¢

SDPS-DP-20

Heat (arbitray units) » Endo

100 150 200 250
Temperature (°C)

Fig. 5. DSC plots of the SDPS-DP copolymers recorded in flowing nitrogen.

Ion exchange capacity (IEC), liquid uptake, and proton conductivity (o) of SPEEK and SDPS-DP membranes with different degrees of sulfonation.

Polymer IEC from titration IEC from NMR Theoretical [EC Liquid uptake 0? (mScm™1)
(mequiv.g~1) (mequiv.g1) (mequiv.g~1)
In water (%) In 1M methanol
solution (%)

25°C 65°C 25°C 65°C
SDPS-DP-20 0.46 0.47 0.48 49 5.2 5.9 6.2 11
SDPS-DP-40 0.89 0.90 0.94 131 16.5 16.7 17.3 18
SDPS-DP-60 1.31 1.32 1.36 17.6 27.8 18.2 30.9 31
SPEEK 1.56 - - 329 47.5 36.3 58.6 45

2 In 100% RH at 25°C.
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culated from the 'H NMR results. The close agreement between
the IEC values obtained by the two methods also confirms that the
observed degrees of sulfonation are close to the expected values.
Additionally, the IEC value obtained with 60% degree of sulfonation
is more close to the expected value due to the more optimized syn-
thesis conditions compared to that in our previous report [24] due
to unoptimized synthesis condition. When considering the liquid
uptake, even though the sulfonated polymers show an increase in
the liquid uptake with increasing temperature and methanol con-
centration, the values are much lower than those found with the
SPEEK membrane at a given temperature and methanol concen-
tration. This is not only due to the low IEC values of the SDPS-DP
copolymer compared to that of SPEEK, but also due to the larger
distance between the sulfonic groups and the backbone compared
to that of the SPEEK membrane [22-24].

The proton conductivity values determined with the copoly-
mer films range from 0.011 to 0.031Scm~! at room temperature
depending on the sulfonic acid group content. Even though the
sulfonated copolymers show lower proton conductivities com-
pared to that of the Nafion (0.090Scm~') and SPEEK membrane
(0.045Scm™1), all of them show better dimensional stability
and lower methanol permeability. To take advantage of the low
methanol permeability of the SDPS-DP copolymers, SDPS-DP-60
was further used as a methanol-barrier layer in multilayer mem-
branes since it showed the highest proton conductivity among all
the copolymers and much lower methanol permeability compared
to SPEEK and Nafion membranes [24].

3.4. Effect of the thickness of the center layer on methanol
crossover and membrane resistance

A series of multilayer membranes was fabricated for DMFC as
shown in Fig. 6. The SDPS-DP-60 copolymer with a lower methanol
permeability was used as the methanol-barrier center layer, while
SPEEK with an IEC of 1.56 and higher proton conductivity was used
as the outer layer on either side of the inner layer. While the total
membrane thickness was maintained constant at 60 p.m, the thick-
ness of the inner layer was varied from 5 to 30 pm.

Fig. 7 shows variations of methanol crossover current density
and membrane resistance with the thickness of the methanol-
barrier center layer. As seen, at 65°C with 1 M methanol solution,
the methanol crossover current density of the SDPS-DP-60 mem-
brane (35mAcm—2) is only 30% of that of the plain SPEEK
membrane (115mAcm—2) with the same membrane thickness.
Due to the methanol blocking effect of the SDPS-DP-60 copolymer,
the methanol crossover of the multilayer membranes is signifi-
cantly reduced. The methanol crossover is only 66 and 42% of that of
plain SPEEK with, respectively, 5 and 15 pm thick methanol-barrier
center layers. On increasing the center layer thickness to 30 um, the
methanol crossover is further reduced to 37%, which is very close
to that of the SDPS-DP-60 copolymer.

However, the resistance of the multilayer membrane increased
significantly with increasing thickness of the center layer. For
example, the resistances of the multilayer SPEEK/SDPS-DP-
60/SPEEK membranes with 5 and 15 wm center layer thicknesses

SPEEK
e
constant
SDPS- DP .
R thickness
Methanol-Barrier 60 ¢m

SPEEK

Fig. 6. Schematics of the multilayer membrane structure (SDPS-DP corresponds to
SDPS-DP-60).
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Fig. 7. Methanol crossover current density and high frequency resistance (HFR)
of the 60 wm thick SPEEK/SDPS-DP-60/SPEEK multilayer membrane with different
SDPS-DP-60 center-layer thickness.

are, respectively, 13 and 20 m$2. Moreover, the resistance of the
multilayer membrane with 30 wm thick center layer is almost 3
times higher than that of plain SPEEK membrane. Furthermore,
the electrochemical selectivities of the multilayer and plain SPEEK
and SDPS-DP membranes, which is defined as the ratio of recip-
rocal resistance to methanol permeability [47], were calculated
using the methanol permeability (P) determined from the methanol
crossover current density with electro-osmotic drag correction [41]
and the resistance data listed in Fig. 7. With a thickness of 5 and
15 pwm for the SDPS-DP-60 methanol-barrier center layer, the selec-
tivity of the multilayer membrane is, respectively, 1.3 and 1.5
times higher than that of the plain SPEEK membrane. On increas-
ing the center layer thickness further, the selectivity value becomes
lower than that for plain SPEEK membrane due to the significantly
increased membrane resistance. Thus, the optimized thickness for
the center layer is found to be ~15 pm.

3.5. Fuel cell performance

Fig. 8 compares the polarization curves of the multilayer mem-
branes (with different SDPS-DP-60 methanol-barrier center layer
thickness) in DMFC with those of the plain SPEEK, SDPS-DP-60
copolymer, and Nafion-115 membranes at 65 °C with 1 M methanol
solution. The multilayer membranes with 5 and 15 pm center layer
thickness exhibit higher performance in DMFC than plain SPEEK
membrane despite a higher membrane resistance mainly due to
the much suppressed methanol crossover through the multilayer
membrane (Fig. 7). However, with a larger thickness (>30 pwm)
of the SDPS-DP-60 methanol-barrier center layer, the membrane
resistance increases significantly while the methanol crossover is
limited by the properties of the center layer polymer, resulting in
a decrease in the overall fuel cell performance. In addition, with
increasing center layer thickness, the open circuit voltage (OCV)
of the multilayer membranes increases from 0.66 V for 5 um cen-
ter layer thickness to 0.73V for 30 pm center layer thickness due to
the suppressed methanol crossover through the membrane and the
consequent smaller voltage loss at the cathode side [48]. The polar-
ization loss seen with the multilayer membrane with 30 um center
layer thickness is also higher than that seen with the multilayer
membrane with 15 wm center-layer thickness, which is attributed
to a higher membrane resistance arising from its lower proton con-
ductivity as shown in Fig. 7.

Fig. 9 compares the polarization curves and power density of
the plain SPEEK membrane, multilayer SPEEK/SDPS-DP-60/SPEEK
membrane with an optimized center layer thickness of 15 pm, and
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Fig.8. Comparison ofthe polarization curves recorded with Nafion 115, plain SPEEK,
plain SDPS-DP-60, and SPEEK/SDPS-DP-60/SPEEK multilayer (with different SDPS-
DP-60 center-layer thickness) membranes in DMFC. Methanol concentration: 1M,
cell temperature: 65°C. The thickness values indicated in pm with the multilayer
membranes refer to the center layer thickness.
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Fig. 9. Comparison of the polarization curves and power densities recorded
with Nafion 115, plain SPEEK, and SPEEK/SDPS-DP-60/SPEEK (15 wm SDPS-DP-60
central-layer thickness) membranes in DMFC. Methanol concentration: 1M, cell
temperature: 80°C.

Nafion 115 membrane at 80 °C with 1 M methanol solution. Due to
the better reaction kinetics in the electrodes at elevated temper-
atures, the polarization loss is decreased and the current density
values are increased compared to that observed at 65°C in Fig. 8.
More importantly, the maximum power density of the multilayer
membrane (140 mW cm~2) is much higher than those of both the
plain SPEEK (96 mW cm~2) and Nafion 115 (82 mW cm~2) mem-
branes, which is 1.4 and 1.7 times higher, respectively.

3.6. Cross-sectional characterization by SEM of the MEAs

In multilayer membranes, the delamination phenomenon dur-
ing fuel cell operation has been observed after the fuel cell
operation when different materials were used in various layers. For
example, Nafion/SPEEK/Nafion multilayer membranes have been
reported by other researchers to encounter delamination [38]. To
investigate the performance and structure durability of the multi-
layer membrane, the DMFC testing of the membrane was carried

Be SO 1m

S8 s

Fig. 10. Cross-sectional SEM images of the multilayer SPEEK/SDPS-DP-60/SPEEK
membranes: (a) before and (b) after DMFC evaluation.

out for two weeks (including the overnight shutting down time)
by holding the potential at 0.4V. Then the cross-section of the
membrane (with a center-layer thickness of 15 wum) was character-
ized by SEM before and after the DMFC evaluation. The multilayer
membrane shows good performance stability after the DMFC oper-
ation. For example, the current density value at 0.4V and the
maximum power density remain at 93% and 95% of the initial val-
ues after 2 weeks of operation, which is better than that found
with the SPEEK/SPEEK/SPEEK multilayer membrane before [38].
The SEEK/SDPS-DP-60/SPEEK multilayer membrane shows good
structural stability under the DMFC operating conditions. As seen
in Fig. 10(a) and (b), no structural delamination is observed in the
cross-section of the same membrane after the DMFC evaluation. It
is mainly due to the similar main-chain chemical structures of the
SPEEK and SDPS-DP-60 polymers. Also, the solution-casting pro-
cedure used for fabricating the multilayer membrane might have
helped to generate stronger interlayer bonding between the differ-
ent layers as has been indicated in the literature [38].

4. Conclusions

A series of sulfonated poly(arylene ether sulfone)s with vari-
ous contents of sulfonic acid groups has been synthesized via a
nucleophilic displacement polycondensation reaction and charac-
terized. The sulfonated SDPS-DP polymers are thermally stable up
to 250°C in air, and the Ty, liquid uptake, and proton conductiv-
ity of the sulfonated copolymers increase with increasing degree of
sulfonation. Although these membranes exhibit lower proton con-
ductivity than SPEEK and Nafion 115, they exhibit a significantly
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reduced methanol crossover and liquid uptake compared to Nafion
and SPEEK membranes.

Taking advantage of the low methanol crossover of these
copolymers, a series of multilayer membranes with the SDPS-DP-
60 copolymer as the methanol-barrier center layer and the high
proton-conducting SPEEK as the outer layers have been fabricated
and characterized. The multilayer membranes show significantly
decreased methanol crossover without significantly increasing the
membrane resistance compared to SPEEK and Nafion 115 mem-
branes. The multilayer membranes with an optimized center-layer
thickness of 15 wm show much improved fuel cell performance
and power density at 65 and 80°C with 1M methanol solution
compared to plain SPEEK membrane due to the much suppressed
methanol crossover. The performance of the multilayer membranes
could be improved further employing SPEEK as an ionomer in the
electrode instead of Nafion during MEA fabrication to reduce the
interfacial resistance between the membrane and the catalyst lay-
ers [48,49].
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