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bstract

Commercial Nafion®-115 (trademark registered to DuPont) membranes were modified by in situ polymerized phenol formaldehyde resin (PFR)
o suppress methanol crossover, and SO3

− groups were introduced to PFR by post-sulfonatation. A series of membranes with different sulfonated
henol formaldehyde resin (sPFR) loadings have been fabricated and investigated. SEM-EDX characterization shows that the PFR was well
ispersed throughout the Nafion® membrane. The composite membranes have a similar or slightly lower proton conductivity compared with
native Nafion® membrane, but show a significant reduction in methanol crossover (the methanol permeability of sPFR/Nafion® composite
embrane with 2.3 wt.% sPFR loading was 1.5 × 10−6 cm2 s−1, compared with the 2.5 × 10−6 cm2 s−1 for the native Nafion® membrane). In direct

ethanol fuel cell (DMFC) evaluation, the membrane electrode assembly (MEA) using a composite membrane with a 2.3 wt.% sPFR loading shows
higher performance than that of a native Nafion® membrane with 1 M methanol feed, and at higher methanol concentrations (5 M), the composite
embrane achieved a 114 mW cm−2 maximum power density, while the maximum power density of the native Nafion® was only 78 mW cm−2.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, there has been considerable interest in the
evelopment of direct methanol fuel cells. Methanol is an attrac-
ive fuel because its high energy density compare with hydrogen,
nd it is a low cost liquid that is easy to handle, store and trans-
ort [1,2]. DMFC could be the potential power source of several
pplications including portable electronics, distributed energy,
nd transportation [3,4]. There are two main barriers to the uti-
ization of the DMFC. One is methanol crossover across the
olymer electrolyte membrane from the anode to the cathode,

hich will affect the cell performance and lower the fuel effi-

iency [5,6]. The other is the poor methanol electro-oxidation
inetics of the anode [7].
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Typically a perfluorofulfonic acid, such as a Nafion® mem-
rane is used in DMFCs, due to good mechanical properties,
hemical stability and high proton conductivity [8]. However,
hese memebranes show a high methanol permeability [5,9].
herefore, intensive interest has arisen in modifying membranes
ased on Nafion®.

In the recent past, more research groups have turned their
ttentions to developing composite membranes based on
afion® to suppress the methanol crossover by using a variety
f materials. One of the approaches is the solution casting of
mixed Nafion® solution with silica [10–12], silica doped
ith heteropolyacids [13], montmorillonite [14], titania [15],

eolite [16], zirconia, alumina [17], and vinylidene fluoride
exafluoropropylene copolymer [18]. The other approach is

he impregnation of commercial Nafion® membrane with

aterials, such as silicon oxide [19–21], Pd [22], zirconium
hosphates [23], polypyrrole [24,25], and polyfurfuryl alcohol
26]. There is phase separation occurring in a Nafion® polymer:
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hydrophobic backbone fluorocarbon phase, a hydrophilic
egion with the side-chains, and fixed SO3

− end groups form
djacent aqueous domains for the liquid transportation channel
nd proton conductivity [27,28]. For the impregnation method,
he hydrophilic regions provide the reaction cage for the fillers.
hus, the fillers will block the methanol transport channel and

ncrease the zigzag of the channel. These composite membranes
an more or less reduce methanol crossover, but at the same
ime decrease the proton conductivity, which will lower the cell
erformance.

In this work, we fabricated sPFR/Nafion® composite
embranes by the impregnation-reaction method. First phenol-

ormaldehyde in solution impregnated Nafion® hydrophilic
egion, then in situ polymerization took place in the structure
y acid catalysis of the solid acid-Nafion® under evaluated
emperature. Finally, the functional group of the PFR in the

embrane was sulfonated by concentrated sulfuric acid. These
embranes showed a similar proton conductivity to Nafion®,

ut significantly suppressed methanol crossover. These charac-
eristics suggest the potential application of a sPFR/Nafion®

omposite membrane in DMFCs at high methanol concentra-
ions.

. Experimental

.1. Membrane preparation

Commercial Nafion®-115 membranes were cut into
.0 cm × 4.0 cm pieces. The membranes were treated in boiling
ydrogen peroxide (3 wt.%) for 2 h, followed by rinsing with
eionized water, then protonized by treating them in boiling
.5 M sulfuric acid for 2 h followed by washing with deionized
ater several times to remove the excess acid. The treated mem-
ranes were then stored in deionized water for later use. The
embranes were dried in 120 ◦C oven for 24 h, and immersed

n a solution of 6.0 g phenol, 5.3 g formaldehyde (36%), 35.6 g
-propanol and 32.2 g deionized water at room temperature.
he reaction was carried out under acid catalysis of the sul-

onic groups of Nafion® for 24 h. Subsequently, the membranes
ere placed in 120 ◦C oven for 24 h for further polymeriza-

ion of phenol formaldehyde inside the Nafion® membrane.
hen the membranes were put into 100 ◦C sulfuric acid (98%)

or 2 h, using this process to sulfonate the PFR inside mem-
rane and remove the PFR stuck to the Nafion® membrane
urface. Finally, the membranes were boiled in 0.5 M sulfu-
ic acid for 2 h, washed with deionized water, and dried in
20 ◦C oven for 24 h. sPFR/Nafion® composite membranes
ith different loadings of sPFR were obtained by repeating this
rocedure.

.2. Fouriertransform infrared spectroscopy (FTIR)

The FTIR spectra were collected on a Nicolet Avatar-370

quipped with a DTGS detector and a ZnSe crystal (45◦ angle)
s attenuated total reflection accessory (ATR). The pressure was
qual in all ATR measurements to avoid the difference brought
y the pressure and penetrating depth.

F
m
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.3. Scanning electron microscopy (SEM) investigations
nd energy dispersive X-ray (EDX) analysis

JEOL JSM-5600LV is used for membrane morphology
nvestigation. Fluorine element distribution in membrane cross
ection was determined by Oxford Instruments X-ray Micro-
nalysis 1350.

.4. Proton conductivity

The proton conductivity of membrane was obtained using ac
mpedance spectroscopy with potentiostat (EG&G Model 273A)
nd Lock-in amplifier (EG&G Model 5210) at room tempera-
ure (20 ◦C) and full humidity. The impedance was measured
n the frequency range between 100 KHz and 1 Hz with a per-
urbation voltage amplitude of 10 mV. The proton conductivity

was calculated from the impedance data, using the relation
= L/RS, where L and S are the thickness and area of the mem-

rane, respectively, and R was derived from the low intersect of
he high frequency semicircle on a complex impedance plane
ith the Re(z) axis.

.5. Methanol permeability

The methanol crossover through the membrane was mea-
ured by an open circuit potential method described in literatures
29,30]. The measurement performed on CHI 760B potentis-
at/galvanostat at room temperature (20 ◦C). The membrane was
lamped between two reservoirs of the diffusion cell (Fig. 1). Pt
oil was used as a counter electrode (CE), and Ag/AgCl, KCl
saturated) was used as the reference electrode (RE). The gas
iffusion electrode (GDE) was prepared by using carbon cloth
E-TEK) as substrates, and the Pt/C catalyst mixed with Nafion®

as pasted on it. The Pt loading of GDE was 2 mg cm−2. Eq.
1) shows the relationship between the methanol concentration
n compartment B and permeation time. Methanol permeability,

was calculated from Eq. (4)
ig. 1. Schematic diagram of diffusion cell for open circuit potential measure-
ent.
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C = CA − CB � CA(0) (3)

= D × K = VBL

SCA(0)

�CB(t)

�t
(4)

here J is the methanol flux in compartment B, VA and VB
re the volume of compartments A and B, respectively, CA and
B are the methanol concentration of compartments A and B,

espectively, D the diffusion coefficient, K the partition coef-
cient between the membrane and the adjacent solution, t the
ermeation time, S the effective area of membrane and L is the
hickness of membrane.

.6. DMFC single cell performance

The gas diffusion electrodes (GDEs) were prepared by hand
rushing ink containing Nafion® dispersion and catalyst onto
arbon paper diffusion substrates. Loadings of Pt–Ru/C (40%,
t:Ru = 1:1, Johnson Matthey) at anode and Pt/C (40%, Johnson
atthey) at cathode were 2 and 1 mg cm−2, respectively. The
EA was prepared by sandwiching the membrane between the
DEs and then hot-pressed at 120 ◦C for 5 min at a pressure
f 1.2 MPa. MEAs were tested in a single cell with 4 cm2 flow
hannel area. The single cell was activated by 1 M methanol with
mL min−1 feed at 75 ◦C without oxygen flow in cathode for
2 h. Then the cell was discharged several times at 75 ◦C with
mL min−1 methanol flow rate, and oxygen at 0.2 MPa, flow

ate 0.2 L min−1. After the cell remained stable, the single cell
valuation was operated at the same conditions.

. Result and discussion

.1. FTIR spectrum
Fig. 2 shows the FTIR spectra of Nafion®-115 and
PFR/Nafion® composite membrane. The two membranes all
how the typical spectra of Nafion®. whereas the symmetric
SO3

− stretching band is clearly visible at about 1060 cm−1, this

ig. 2. FTIR spectra of Nafion®-115 native and sPFR/Nafion® composite mem-
rane.
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(SO3
−) band will shift up or down depending on the hydration

ondition. The peaks at 1208, 1148, 1054, 982 and 968 cm−1

re ascribed to characteristic functional groups in Nafion® [31].
he new distinct bands at 1600, 1460 cm−1 are attributed to the
haracteristic vibrations of the benzene group.

.2. SEM micrograph and EDX analysis

The membranes were freeze-fractured in liquid nitrogen, and
he fracture surfaces were sputter coated with gold prior to
canning. Fig. 3 shows the SEM images of the membranes cross-
ection and their corresponding EDX mappings for fluorine
toms. In the EDX mapping image, the bright dots highlighted
he high element concentration areas. Obviously, a homoge-
eous distribution of the fluorine element was observed in
oth two EDX mapping images which implied the PFR was
ell dispersed throughout the Nafion® membrane. The EDX
apping of native Nafion® (Fig. 3(c)) showed a much higher
uorine element concentration than that of sPFR/Nafion® com-
osite membrane (Fig. 3(d)) despite the composite membrane
ad a higher thickness, which indicated some polymer chains
f Nafion® had been embedded in PFR, which decreased the
uorine signal.

.3. Proton conductivity

Table 1 shows the proton conductivity of native Nafion®

embrane and sPFR/Nafion® composite membranes. Obvi-
usly, composite membranes achieved the similar or slightly
ower proton conductivity of native Nafion® membrane.
lthough the integrated sPFR inside Nafion® membrane
ill block the proton transport channel, the dimension

xpansion (for example, the dimension of 8.9 wt.% sPFR load-
ng membrane is 5.0 cm × 3.9 cm × 173 �m compared with
.0 cm × 4.0 cm × 150 �m of native Nafion®-115 membrane) of
omposite membrane will some more decrease this block; on the
ther hand, the SO3

− group formed adjacent aqueous domains
f sulfonated sPFR will provide additional proton transport
apacity.
.4. Methanol permeability

The methanol permeability was measured by open circuit
otential method at ambient temperature. Fig. 4 shows the

able 1
roton conductivity at room temperature of native Nafion®-115 membrane and
PFR/Nafion® composite membranes with different sPFR loadings

PFR content (wt.%) Proton conductivity (S/cm, ×10−2)

3.6
.3 2.7
.7 3.6
.3 3.1
.9 2.9
.2 3.5
.9 3.1
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ig. 3. SEM image and fluorine element EDX mapping image of the native Na
mage of native Nafion® membrane; (b) SEM image of 2.3 wt.% sPFR/Nafion®

DX mapping for the element F of 2.3 wt.% sPFR/Nafion® membrane.

orking curve. The potential drop can be described by Nernst
quation [29]. The concentration of methanol in compartment B
ill increase with the permeating time elapse during test. This
ethanol permeating from compartments A to B will cause the
DE potential dropping continually. Thus, the methanol concen-

ration in compartment B can be determined by this drop from
he working curve. From Eq. (4), �CB(t)/�t will be near a con-
tant after the VA, VB, S, CA(0) and d were fixed and the P value

s lower enough . The sPFR/Nafion® composite membrane with
.9 wt.% sPFR loading was chose for demonstrating this process.
ig. 5 shows the GDE potential dropping and methanol concen-

Fig. 4. Potential drop |�E| against methanol concentration.
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membrane and the 2.3 wt.% sPFR/Nafion® membrane cross-section: (a) SEM
brane; (c) EDX mapping for the element F of native Nafion® membrane; (d)

ration in compartment B increasing with the permeation time
lapse (compartment A was filled with 5 M methanol and 0.5 M
2SO4, while compartment B was filled with 0.5 M H2SO4).
pparently, the crossover methanol concentration is increasing

inearly with the permeation time elapse. The �CB(t)/�t value
an be got from the slope of the methanol concentration–time
urve. Fig. 6 compares the methanol permeability and thick-
ess of composite membrane with different sPFR loadings. It
an be seen only few sPFR incorporated in Nafion® mem-

rane will significantly suppress the methanol crossover. The
ethanol permeability of sPFR/Nafion® composite membrane
ith 2.3 wt.% sPFR loading was 1.5 × 10−6 cm2 s−1, compared
ith the 2.5 × 10−6 cm2 s−1 of the native Nafion® membrane. It

ig. 5. GDE potential dropping and methanol concentration vs. permeation time
sPFR/Nafion® composite membrane with 3.9 wt.% sPFR).
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ig. 6. Methanol permeability and thickness of composite membrane with dif-
erent sPFR loadings.

s noted that the methanol permeability of Nafion® 115 agreed
ell with literature data [32]. And the methanol permeation of

omposite membrane decreased gradually with the sPFR loading
ncrease. This indicated the sPFR was likely filled in hydrophilic
egion of Nafion® formed by the side chain SO3

− end group
djacent aqueous domains, which provided the transport chan-
el for the liquid. With increasing sPFR contents in Nafion®

embrane, more and more “free space” inside swelling Nafion®

embrane will be filled with sPFR, which caused the expansion
f membrane, and the methanol transport channel will be further
locked. This is in agreement with the SEM–EDX analysis.

.5. DMFC single cell performance

sPFR/Nafion® composite membrane with 2.3 wt.% load-
ng was chosen for DMFC single cell performance evaluation,
ince this membrane had the lowest selectivity (φ = σ/P,
.1 × 104 S s cm−3) compared with other composite membrane,
nd that is higher than that of native Nafion® membrane

4 −3
1.4 × 10 S s cm ). Figs. 7 and 8 show the DMFC single
ell performance with the native Nafion®-115 membrane and
PFR/Nafion® composite membrane using 1 and 5 M methanol
t 75 ◦C, respectively. The composite membranes improved the

ig. 7. Polarization curves of native Nafion®-115 membrane and sPFR/Nafion®

embrane with 2.3 wt.% sPFR loading, 1 M methanol.
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ig. 8. Polarization curves of native Nafion®-115 membrane and 2.3%
PFR/Nafion® membrane, 5 M methanol.

erformance at both methanol concentrations compared with the
ative Nafion® membrane. The composite membrane showed a
igher performance than native Nafion® membrane with a 1 M
ethanol feed. This was attributed to lower methanol crossover

f this composite membrane which raised the cell potential
ore than the reduced IR loss decreases the cell potential in

omparison with native Nafion®. At higher methanol concen-
rations (5 M), the composite membrane achieved 114 mW cm−2

aximum power density, while the maximum power density of
ative Nafion® membrane was only 78 mW cm−2. These results
uggest the potential application of a sPFR/Nafion® composite
embrane in DMFCs with high methanol concentrations.

. Conclusion

Composite sPFR/Nafion® membranes were successfully pre-
ared by in situ polymerization of phenol formaldehyde, and the
FR in the membrane was sulfonated by using H2SO4 (98%) at
00 ◦C for 2 h. SEM–EDX characterization shows the PFR was
ell dispersed throughout the Nafion® membrane. Compared
ith a native Nafion® membrane, the sPFR/Nafion® membranes
ad a similar proton conductivity, but significantly decreased
he methanol crossover. The methanol permeability of the
PFR/Nafion® composite membrane with 2.3 wt.% sPFR load-
ng was 1.5 × 10−6 cm2 s−1, compared to 2.5 × 10−6 cm2 s−1

or the native Nafion® membrane. Due to a much lower
ethanol crossover, the sPFR/Nafion® composite membrane
ith 2.3 wt.% sPFR loading showed a higher DMFC perfor-
ance for 1 M methanol feed, and achieved a maximum power

ensity of 114 mW cm−2 with a 5 M methanol feed, compared
ith the 78 mW cm−2 for native Nafion®. These results sug-
est the potential application of the sPFR/Nafion® membrane in
MFCs at high methanol concentrations.
cknowledgement
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