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ABSTRACT: High level of phosphotungstic acid (PWA) was self-immobilized on
electrospun nylon nanofiberous sheet to fabricate highly selective methanol barrier layer
for sandwich structured proton conducting membranes. Simple tuning for the assembly
conditions of central layer and thickness of outer Nafion layers allowed obtaining different
composite membranes with superior methanol barrier properties (namely, P = 3.59 ×
10−8 cm2 s−1) coupled with proton conductivities reaching 58.6 mS cm−1 at 30 °C.
Comparable activation energy for proton transport and more than 20 times higher
selectivity than Nafion 115 confirm the effectiveness of the central layer and resulting
membranes for application in direct methanol fuel cells (DMFCs). When tested in
DMFC single cell, the performance of hybrid membrane was far better than Nafion 115
especially at higher methanol concentrations.
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■ INTRODUCTION

The advances in proton exchange membranes (PEM)s is
critical for improving the performance of electrochemical
energy systems including polymer-ion and redox flow batteries
(RFB), electrolyzers, and fuel cells.1−3 Since PEMs have
different functions of separating the reactants and conducting
the protons while electrically insulating, the membranes should
meet the characteristic of high ionic conductivity, low fuel/
charge crossover, and sufficient mechanical stability. Typically,
even though perfluorinated sulfonic acid membranes showed
exceptional proton conductivity upon employing in DMFCs,
excess methanol permeability ensue fuel loss as well as lower
energy efficiency and fuel cell performance. Using of diluted
feed (<4 M of methanol) which is frequently supposed to
minimize such excessive permeability is likely to reduce the
energy density of fuel cell significantly.4

The ultimate solution to such high crossover, which is a key
barrier for the development of DMFC, PEMFC, and RFB
technologies, is the utilization of membranes with low feed/
water/electrolyte crossover. Various strategies and materials
have been developed to mitigate this issue without causing any
concomitant loss in either proton conductivity or stability.1,4,5

In this light, using of polymers with low intrinsic crossover and

introducing inorganic proton conductor materials such as
heteropoly acids (HPA)s have been considered extensively. An
interesting class of materials for suppressing methanol
permeability is the polymers containing basic groups including
amine, amide, imine, and imidazole.6,7 One of the key
membranes of interest in DMFC is PBI-based materials, such
as commercialized Celtec-V membrane, which is a blend of PBI
and polyvinylphosphonic acid.8 Although some encouraging
results were reported,9 the conductivity is low and need to be
improved.
Hybrid organic−inorganic substrates have been used to

enhance the conductivity of polymers thru introducing solid
proton transport materials in the flexible polymer matrix.10,11

Several fabrication methods adopted for the preparation of
hybrid organic−inorganic substrates including dip-coating,
spray-coating, doctor blading, electrospinning, and electro-
chemical deposition.12 Among all, electrospinning has attained
a remarkable interest for films because of its ability to produce
substrates with highly porous structure, small pore size, and
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high surface-to-volume ratio.13 The technique is flexible and
could be used to prepare nanofibers from wide range of highly
conductive polymers, including Nafion,14,15 reinforced Na-
fion,16,17 sulfonated aromatic polymer,18,19 and porous scaffold
for preparation of layer-by-layer membranes.20 On the other
hand, the technique was successfully used to produce diverse
range of hybrid organic−inorganic proton conductor substrates
for fuel cell applications.21−24 However, most fillers used for
these membranes lack protogenic groups, which resulting in
low proton conductivity.
HPAs (such as phosphotungstic acid H3PW12O40, PWA)

have a very strong Brønsted acidity approaching the superacid
region (more acidic than 100% sulfuric acid and Nafion) and
exhibiting fast reversible redox transformations.25 PWA has
been immobilized in various proton conducting membranes to
improve methanol barrier property and/or water retention,26,27

and enhance the performance at dry conditions and/or elevated
temperatures.28,29 Two different procedures were mainly used
to fabricate PWA immobilized materials. The widely used
method involves the impregnation of porous substrate,29,30 or
mixing with polymer followed by casting.31,32 However,
although these composite membranes revealed some improved
properties, they still suffer from low proton conductivities and
leaching out of PWA during the fuel cell operation.33 Such
limitations is due to the low PWA loading level, loose
interaction with polymer substrate and agglomeration leading
to formation of large particles or clusters during the casting
process.28,34 To overcome this problem, a second method
involving copolymerization of PWA containing monomers was
proposed.34,35 The covalent bonding of PWA to the polymer
backbone minimizes the risk of PWA leaching and enhances its
immobilization level. However, the synthesis procedure is
complicated and leads to high processing cost and therefore,
the application of this method become limited.
In a recent study, we proposed simple yet efficient route

taking the advantages of both methods to enhance the
immobilization of PWA toward forming stable layered structure
with a negligible leaching out. To avoid the inherent poor
mechanical performance of multilayer membranes, the PWA
molecules were immobilized onto the nylon-66 electrospun
nanofibers, which is known as highly mechanically stable
material while showing low methanol permeability.6,20 It was
shown that anchoring high level of PWA increase the proton
conductivity of electrospun nanofiberous sheet, for example, 40
wt % of PWA increase the conductivity from 0.82 to 22.87 mS
cm−1. Flexible and mechanically stable 3 layered membrane was
assembled by sandwiching a central layer composed of high
level of PWA between two outer layers of recast Nafion.
Typically, a membrane selectivity of 12.6 × 108 mS·s cm−3 is
achieved which is around 20 times greater than the selectivity of
Nafion 115. Such high selectivity has resulted in a power
density of 127.1 mW cm−2 in a single cell which is 113.3%
higher than Nafion 115.

■ EXPERIMENTAL SECTION
Characterizations. SEM images of composite membranes were

obtained on the Philips XL30 field emission scanning electron
microscope (FESEM) after coating with 5 nm Au. The cross-sectional
morphology were examined using samples cryofractured in liquid
nitrogen. Fourier transform-infrared attenuated total reflection (FT-
IR-ATR) analysis was performed using Agilent Cary 660 spectrometer.
X-ray diffraction pattern was obtained on the Philips X’Pert 1 X-ray
diffractometer with graphite monochromatized Cu Kα radiation (λ =
1.5401 Å) at scanning rate of 2°/min over a range of 2θ = 4−80°.

Thermogravimetric analysis (TGA) was performed on the PerkinElm-
er TGA7 under nitrogen atmosphere at a heating rate of 10 °C min−1.
The ion exchange capacity was determined via titration procedure as
describes earlier.36 Leaching PWA from the membrane was measured
by immersing the composite membranes (size of 2.5 cm × 2.5 cm,
volume/weight ratio of around 0.61 cm3g−1) in 50 mL deionized water
at room temperature and monitoring the concentration of PWA in
water every 12 h using a UV-1800 UV−vis spectrometer. The chemical
stability of the membranes was evaluated by the Fenton test.
Preweighed dry membranes (size of 2.5 cm × 2.5 cm) were soaked
in a 100 mL Fenton aqueous solution (3% H2O2 containing 2 ppm
FeSO4) at 80 °C for up to 24h. The stability was evaluated by
recording the retained weight of the membranes after complete drying
at 80 °C for 12 h in a vacuum oven.

To evaluate the effectiveness of membranes in reducing methanol
crossover, the permeability test was conducted using a dual chamber
apparatus, where the membrane sample is the separator between
ultrapure water and 2 M methanol solution. Both compartments were
magnetically stirred at room temperature and the increase in methanol
concentration of the receiver compartment as a function of time was
monitored by the changes in the methanol concentration using a gas
chromatography technique with a FID detector (GC-FID, Agilent,
7820A) and DB-WAX column. The permeability of methanol (P) was
calculated from the slope of the plot between the CR and diffusion
time (t) with the equation

= −C
A

V
P
L

C t t( )R
R

0 0
(1)

where C0 and t0 are the initial concentration of methanol in the
compartment on the left side of the membrane and the time lag, VR is
diffusion reservoir volume, and A and L are the area and thickness of
the membrane.

The in-plane and through-plane proton conductivities of the
membranes were measured by using a four-point probe of Bekk Tech
conductivity cells (BT-112) and two-point probe of homemade
stainless steel cylindrical electrodes with diameter of 20 mm
(Supporting Information, Figure S1). The resistance of the
membranes was measured by using a DC conductivity testing
(Keithley 2400 sourcemeter). The potentiostat was set to apply a
specific voltage between the two inner probes and measure resulting
current. The slop of the data from current versus voltage measurement
was used to calculate the resistance (R) and proton conductivity (σ)
was calculated according to the equation

σ =
Ω ×

L
R A

(S/cm)
(cm)

( ) (cm)2 (2)

where L is the distance in the direction of ion flow between voltage
measurement probes, A is the area of the membrane, and denominator
term of equation, R (Ω) × A (cm)2, describes the area resistance. The
activation energy (E a) of proton conduction was calculated from
conductivity−temperature relationship using the Arrhenius equation

σ σ= −e E RT
0

/a (3)

where σ0 is the pre-exponential factor, R is the universal gas constant
(8.314 J mol−1 K−1), and T is the absolute temperature in Kelvin.

Membrane water uptake, defined as the difference in mass before
and after the complete dryness of the membranes, ϕw, was calculated
using the equation

ϕ =
−

×
W W

W
100w

wet dry

dry (4)

whereWwet is the weight of the membrane after soaking in water for 24
h and Wdry is the weight after complete drying in a vacuum oven at 80
°C for 24 h. Water and methanol uptake was also calculated using the
same equation, while Wwet was set for the weight of the membrane
after soaking in 5 M MeOH for 24 h.
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Similarly, the in-plane (Sin), through-plane (Str), and volume
swelling (Sv) of the membranes in water and 5 M MeOH were
calculated using the equation

=
−

×S
X X

X
100x

wet dry

dry (5)

where x represents in-plane, through-plane, or volume swelling
measurements and Xwet and Xdry are the length, thickness, or volume
of swollen and dry membranes, respectively.
Preparation of Composite Membranes. Electroris (FNM Ltd.)

system was utilized to perform electrospinning process of a technical
grade nylon-66 (medium viscous, DSM Co., The Netherlands).
Electrospinning solution containing 18 wt % of nylon-66 was prepared
in a mixture of formic and acetic acids (50/50 wt %) under continuous
stirring at room temperature in a glass reactor. The applied voltage was
set at 20 kV and the distance between the tip of the metal needle and
the aluminum foil collector was set at 12 cm. The flow rate of the

polymer solution was controlled by a syringe pump set at 0.4 mL h−1

and the collector drum rotation speed was 200 r·min−1. After 10−36 h
of electrospinning, the mat with a desired thickness was carefully
removed and dried in a vacuum oven for 12 h to completely remove
the solvent residues. A series of PWA anchored mats were prepared by
the immersion of the prepared nanofiberous sheet in an aqueous
solution of PWA of desired concentration (5−20 wt %) at room
temperature for different time intervals in range of 1−10 days. The
nanofiberous sheet was subsequently removed, washed with plenty of
deionized water to remove unbounded molecules, and dried in a
vacuum oven at 50 °C overnight.

Thin Nafion layers of desired thickness (25−35 μm) were prepared
by casting 15% concentrated aqueous solution of Nafion (5%, supplied
from DuPont). Composite membranes containing PWA anchored
electrospun mats and two outer recast Nafion layers were mechanically
compacted between two ETFE films at above the glass transition of
both polymers (130 °C) at 1560 psi for 30s. To enhance the adhesion
between layers, Nafion solution was sprayed on the three components

Figure 1. FESEM images of the electrospun mats having average fiber diameter of 85 nm (a) and (b), PWA anchored nanofibers (c), cross-sectional
image, which the recast Nafion are the amorphous regions on both sides and the PWA anchored nanofibers is the lighter band in the center (d), and
zoom in the central (e) and top layers (f).

Figure 2. Thermal gravimetric analysis of pristine nylon nanofiber, PWA anchored one, 3 L membrane and recast Nafion. PWA loading level could
be calculated from comparison of char yields of pristine nanofiber and HPA anchored one.
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before assembling. To ensure a uniform compression, the samples
were rotated 90° three times. Heat treatment of the membranes was
performed at 130 °C for 5 h in a vacuum oven. Finally, the membranes
were soaked in 1 N H2SO4 for 24 h, rinsed with deionized water and
dried in a vacuum oven.
Membrane Electrode Assembly and DMFC Performance.

The membranes were pretreated by boiling for 1 h in 3 wt % H2O2,
deionized water, 1 M H2SO4 and finally Milli-Q water. The catalyst ink
was prepared by mixing electrocatalysts with 5 wt % of Nafion
ionomer (Du Pont) as a binder and water isopropanol (1:1) using
ultrasound. Pt/Ru black (1:1) and Pt black were used as electro-
catalysts in the anode and cathode, respectively. The catalyst-coated
membrane was prepared by spraying the catalyst onto a membrane
with a loadings of around 4 mg cm−2 for both anode and cathode
sides. Membrane electrode assembly (MEA) with an active area of 5
cm2 was prepared by hot pressing the catalyst-coated membrane with
carbon paper at 130 °C under 1300 psi for 5 min and tested with
DMFC hardware (Fuel Cell Technologies, Inc.). The test was
performed at 60 °C by feeding 2 or 5 M MeOH at a flow rate of 4 mL
min−1 to the anode and humidified air (200 mL min−1) to the cathode.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Membranes. The

preparation of the sandwich structured membranes was carried
out in a three-step procedure of electrospinning, immobilizing
PWA, and assembling the resulting sheet with two outer Nafion
layers. Electrospinning technique was used to prepare beads
free nanofiberous sheets with diameters in the range of 50−100
nm as shown in the SEM micrographs of electrospun fibers
(Figure 1a and b). Self-anchoring of phosphotungstic acid
resulted upon immersing of the nanofiberous sheet in PWA
solution of desired concentration. Ion exchange capacity
measurement of PWA anchored sheet revealed a value of as
high as 4.1 (mequiv g−1) and thermogravimetric analysis
showed up to 55 wt % inorganic in 800 °C (as shown in Figure
2). This indicates that PWA immobilization as high as 54 wt %
was achieved.
PWA comprise clusters of typically 12 W−O octahedral

surrounding a central heteroatom. The IR spectrum of Keggin-
type PWA (Figure S2) shows four characteristic bands at 1080
(P−Oa), 983 (W = Od), 893 (W−Ob−W), and 797 (W−Oc−
W) cm−1. Upon anchoring onto nanofibers, the frequency of
the peak correspond to the W−Oc−W changes significantly (22
cm−1). Smaller shift of 2 cm−1 to the lower frequency was also
observed for the W−Ob−W peak. So, it could be concluded
that PWA is anchored due to the preferentially interactions
reside at edge-sharing (Oc) and corner-sharing (Ob) oxygen
sites rather than the terminal (Od) site. In fact, these oxygen
sites are preferred location of the Brønsted protons and DFT
calculations with 31P solid-state magic-angle-spinning NMR
confirm these preferences.37 Figure S3 shows FTIR spectra of
the nanofibers before and after anchoring PWA. The changes
on the characteristic peaks related to the PWA are highlighted
and also summarized in Table S1. As shown, nylon anchored
PWA possess inherent bands originated from both the substrate
and PWA. A minor shift in the carbonyl frequency of the amide
group (from 1636 to 1633 cm−1) could be ascribed to the
formation of hydrogen bonding with PWA.
Various sandwich structured membranes denoted as 3L

membranes with a typical thickness of 75−95 μm was prepared
thru assembling with two outer layers of recast Nafion using
hot pressing. In order to enhance the adhesion between layers,
Nafion solution was sprayed on the three components before
assembling. A sandwich structure assembly of the membrane is
shown clearly in the cross-sectional FESEM image in Figure 1d

and 1e is a central layer. The surface image of the membrane
(Figure 1f) confirms the nano size of dispersed PWA in the
nanofibers matrix.
The fine dispersion of the PWA was confirmed using X-ray

diffraction (XRD) pattern. As can be seen in Figure 3, none of

the characteristic diffraction peaks of PWA (2θ: 11°, 15°, 19°,
23°, 27°, 31°, 37°, 40°, 44°, 56°, 63°, 65°) appeared in the
PWA anchored nylon and 3L membrane even for 54 wt %
PWA. The nanofiber shows the two strong diffraction peaks of
(100) and (010, 110) corresponding to the α-phase crystals of
typical triclinic form of nylons respectively at 2θ = 20.49° and
23.20°, respectively. The chains in this phase crystal are in fully
extended planar conformation forming by hydrogen bonding. It
must be pointed out that the reflections for nanofiber occur at a
bit lower 2θ than value reported for pristine nylon. This feature
suggest that the layers are farther apart and d-spacings of the
electrospun fibers are enhanced in compare to casted nylon.
However, interestingly, anchoring PWA to the nylon nanofiber
transforms the α-phase into the new phase. Diffraction peaks of
(100) and (010, 110) of nanofiber with spacing of 0.433 and
0.382 nm are replaced by one peak with a spacing of 0.385 nm
centered at 23.06°. In addition, the pattern shows a new sharp
peak at 2θ of 7.1°, which could be attributed to basal spacing
indicating a layered structure with an interlayer distance of
about 1.24 nm.

Proton Conductivity and Durability. Figure 4a shows the
proton conductivities of 3L membranes of various thickness
and PWA loading levels under fully hydrated conditions in the
temperature range of 30−60 °C. As shown clearly, the
conductivity enhanced as the PWA content increased in the
central layer. Additionally, 3L membranes with thicker Nafion
layers revealed higher proton conductivity and lower area
resistance. A membrane containing PWA level of 51.12 wt %
exhibited the lowest area resistance of 0.17 Ω cm2 and highest
proton conductivity of 5.8−7.8 × 10−2 S cm−1, which are
partially better than that of Nafion 115 under the same
conditions. The plotted conductivity−temperature relationship
showed Arrhenius type behavior in which the proton
conductivity increased with the increase in the temperature.
The activation energy (Ea) calculated from the slope of the
conductivity curves, reveals that the Ea values of membranes
with low PWA content are higher than that of Nafion (23.1 kJ
mol−1 for 3L.3 compared to the 17.4 for N115). Interestingly,
in a membrane with higher loading level of PWA the Ea even

Figure 3. XRD patterns of the pristine nanofiber, PWA immobilized
fiber, and 3L membrane.
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drops to the values lower than 10 kJ mol−1. This behavior can
be attributed to the fact that higher concentration of the PWA
in the central layer enhance the ability of protons to move
between two highly conducting Nafion layers. Such low Ea
along with high proton conductivity confirm a facile proton
transport pathway in the sandwiched membranes. On the other
hand, since the prepared membranes are anisotropic, it would
be necessary to show the through-plane direction conductivity.
As shown in the preliminary data in Table 1, despite the
anisotropic morphology of the 3L membranes, the through-
plane and in-plane conductivity are quite similar.
The durability of the proton conductivity was monitored by

leaching test and further confirmed with measuring proton
conductivity under fully hydrated condition for 150 h (Figure

4b). UV−vis data clearly showed that the leaching of PWA did
not occur and proton conductivity plot displayed in Figure 3b
showed that there is no obvious reduction in conductivity even
after 150 h of continue testing. This data shows significant
stability improvement upon simple mixing methods and surface
modification of PWA/sulfonated polymer38 or PWA-impreg-
nated meso-Nafion multilayer39 membranes, which were used
and led to more than 18% decline in proton conductivity and
15.4 wt % reduction in the amount of PWA after 20 h
immersing in water, respectively.

Methanol Permeability. To determine the performance of
membranes in DMFC, the methanol permeability is evaluated
and the selectivity was calculated as a ratio of proton
conductivity to methanol permeability (σ/P). Linear correlation
between methanol concentration and time was obtained and
the permeability was calculated from the slope of linear fitted
curves. A summary of the improvements to the methanol
permeability and conductivity of the composite 3L membranes,
compared with Nafion and highly selective composite
membranes reported recently in the literature is shown in
Table 1. Since the upper value of selectivity specifies the higher
conductivity and lower permeability, better cell performance
would be expected. As shown in Table 1, all multilayered
membranes showed a drastically reduced methanol perme-
ability (around 2 orders of magnitude). Beside this, the
selectivity is almost 20 times greater than that of Nafion and the
highly selective composite membranes reported recently. This
data clearly confirm that the central layer composition and
particularly the low intrinsic methanol permeability of nylon-66
play a main role in controlling the methanol crossover.
Excellent dimensional, chemical, and mechanical stabilities

are required for ideal polyelectrolyte membranes because of
their direct consequence on DMFC performance. Therefore,
prior to in situ single cell testing, various stability examinations
including dimensional changes upon swelling in water and
water−methanol solutions and mechanical and chemical
stabilities of the obtained membranes were performed and
compared with Nafion 115. Table 2 shows the swelling ratio
and water and methanol uptake as a function of temperature in
the range of 30−60 °C. The 3L and Nafion 115 membranes
exhibited an increased swelling ratios and water and methanol
uptakes with the temperature increase. However, the swelling
ratio and uptake value of the 3L membranes were lower than
that of Nafion and the difference widen as the temperature

Figure 4. Temperature dependence of proton conductivity of
composite membranes compared to Nafion 115 (a) and conductivity
of 3L.1 membrane as a function of test time at 30 °C (b) showing the
success of the designed membrane for addressing the PWA leaching.

Table 1. PWA Loading Level, Thickness, Conductivities, Area Resistance, and Methanol Permeability and Selectivity of the
Membranes at 30 °C

proton
conductivity [σ]
(mS cm−1)

sample thickness (μm)
in-

plane
through-
plane

area resistance
(Ω cm2)a

MeOH permeability [P]
(×10−8 cm2 s−1) selectivity [S = σ/P] (×108 mS·s cm−3)

3L.1 (51.12)b 95 (35−25−35)c 58.6 57.6 0.17 3.59 16.3
3L.2 (46.45)b 95 (35−25−35)c 40.0 38.9 0.24 3.02 13.2
3L.3 (46.45)b 75 (25−25−25)c 23.4 23.2 0.32 1.85 12.6
N115 127 52.9 52.4 0.24 104 0.51
L-b-Ld onto nylon-6
nanofiber20,40

30 7.0 0.42 9.7 0.72

N212/PDDA-PWAe41 51 4.01

aBased on the through-plane measurements. bPWA loading level (%), indicated by thermal analysis. cThickness of various layers (Nafion-central-
Nafion). dSeveral layers of poly(diallyl dimethylammonium chloride)/sulfonated poly(2,6-dimethyl-1,4-phenylene oxide). eFour bilayers of
poly(diallyl dimethylammonium chloride) and PWA.
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increased. Similar results were obtained for swelling and uptake
in a pure water as reported in a Table S2 (Supporting
Information). These observations are consistent with the results
published by Horan et al.35 who reported about 60% lower
number of water molecules per H+ of PWA based materials
compared to Nafion and showing that this 3L film is
considerably less dependent on water in achieving higher
conductivity value than Nafion membrane.
The chemical stability of the membranes was evaluated by

measuring the retained weight (RW) after 1, 5, and 24 h of
immersion in Fenton’s reagent as shown in the Table 3. 3L

membrane remained intact and in reasonably good mechanical
shape even after 24 h of testing. Compared to Nafion 115, the
retained weight increased partially in the composite membrane.
The enhanced chemical stability of the composite membrane is

attributed to the presence of the PWA in the central layer,
which is chemically stable. The elongation at break of the 3L.1
membrane was found to be lower than the Nafion 115 unlike
the tensile strength which is comparable with that of Nafion
115 membrane.

Fuel Cell Performance of the 3-Layered Membrane.
To demonstrate the suitability of the obtained highly
conductive and methanol resistant membranes, DMFC tests
were reported in comparison with Nafion 115 membrane.
Figure 5 shows the power density and polarization curves of
cells assembled with 3L.1 and Nafion based MEAs using 2 M
(a) and 5 M (b) aqueous methanol feed at anode at 60 °C. It is
noteworthy that although the proton conductivity of the 3L
composite membranes is lower than that of Nafion 115 in 60
°C, the MEAs with 3L membrane showed better DMFC
performance at both feed concentrations. Such higher perform-
ance could be attributed to the lower methanol crossover and
better membrane selectivity. At 2 M methanol feed, the 3L.1
had an improvement in peak power of 49.6% above Nafion.
However, more improvement in peak power by 113.3% was
obtained with 5 M methanol feed as the maximum power
density of 127.1 mW cm−2 that was observed for 3L membrane
compared to 59.6 mW cm−2 for Nafion. Comparing the
performance in various methanol concentrations as depicted in
Figure 5 shows that although the maximum power density of
Nafion is decreasing by 15% upon increasing feed concen-
tration, it was increased by 21.4% for 3L membrane. This
higher performance at increased feed concentration clearly

Table 2. Water and Methanol Uptake (ϕw+MeOH), In-Plane (Sin), Through-Plane (Str), and Volume (Sv) Swelling of the
Membranes in 5 M Aqueous Methanol as a Function of Temperature

Nafion 115 3L.1

temperature (°C) ϕw+MeOH (%) Sin (%) Str (%) Sv (%) ϕw+MeOH (%) Sin (%) Str (%) Sv (%)

30 15.2 12.5 15.6 46.3 6.4 3.6 4.1 11.7
40 16.8 13.1 17.2 49.9 7.2 4.1 4.8 13.6
50 19.2 13.5 19.4 53.8 7.8 4.4 5.2 14.7
60 24.0 14.6 22.1 60.3 9.1 5.5 6.0 18.0

Table 3. Chemical Stability Parameters of Membrane
Dissolution and Retained Weight (RW) after 1, 5, and 24 h
in Fenton’s Reagent and Mechanical Properties of 3L.1 and
Nafion 115

sample
RW1h
(wt %)

RW5h
(wt %)

RW24h
(wt %)

Tdis
a

(h)

tensile
strength
(MPa)

elongation at
break (%)

3L.1 98.1 92.1 91.6 >96 20.8 ± 12 38.6 ± 2
N115 97.8 91.4 90.7 >96 22.6 ± 15 181.1 ± 4

aDissolution time of membranes in Fenton’s reagent.

Figure 5. Polarization and power curves of DMFC single cell with Nafion 115 membrane (gray open circle, gray open box) and 3L.1 composite
membrane (black open diamond, blue open triangle). Operating conditions of anode are 2 M (gray open circle, black open diamond) or 5 M (gray
open box, blue open triangle) methanol, 4 mL min−1.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02268
ACS Appl. Mater. Interfaces 2015, 7, 17008−17015

17013

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b02268/suppl_file/am5b02268_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b02268/suppl_file/am5b02268_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b02268


confirms the advantages of 3L membranes for DMFC with high
methanol concentration. In addition, the OCV, which is
directly related to the methanol crossover improved to 693
and 675 mV giving about 41 and 78 mV higher than that of
Nafion 115 in 2 and 5 M methanol, respectively.

■ CONCLUSIONS

To prepare proton-conducting and methanol blocking layer for
Nafion, high level of PWA was self-immobilized onto the
electrospun nylon-66 nanofiberous sheet. This highly proton
conductive sheet was assembled with 2 recast Nafion layers into
composite membranes. In contrast with the conventional
methods for Nafion modification, the self-immobilized PWA
onto nylon fibrous sheet was found not only acts as an efficient
methanol barrier layer but also imparts high and stable proton
conductivity and better chemical and dimensional stabilities.
Typically, the composite membrane exhibited the methanol
permeability as low as 1.85 × 10−8 cm2 s−1 and high through-
plane proton conductivity of 23 mS cm−1 at 100% RH,
indicating a membrane selectivity of 12.6 × 108 mS·s cm−3

which is around 20 times greater than the selectivity of Nafion.
As a result, the 3L membrane proved up to 2 times better
performance in DMFC single cell test compared to Nafion 115.
In addition, while the peak power density of Nafion 115 was
decreased at higher methanol concentration by 15%, the cell
performance using 3L membrane increased remarkably as the
peak power density increased by 21.4%. This improved
performance in DMFC along with the excellent stability and
selectivity, undetectable leaching of PWA and resulting
durability of conductivity represents the potential of these
composite membranes as a powerful candidate for applications
at higher methanol concentrations.
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