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bstract

A novel functional organoclay was prepared using POP-backboned quaternary ammonium salts that contained sulfonic acid (–SO3H) to improve
he performance of Nafion® membranes used in direct methanol fuel cells. Modified layered silicate clays were cast with Nafion®. The performance of

®
he Nafion /MMT-POPD400-PS composite membranes was evaluated in terms of methanol permeability, proton conductivity and cell performance.
he methanol permeability of the composite membrane declined as the MMT-POPD400-PS content increased. The MMT was functionalized using
rganic sulfonic acid to enhance proton conductivity. The proton conductivity of the composite membrane exceeded that of pristine Nafion®. These
ffects essentially improved the single-cell performance of DMFC.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cells (DMFCs) have great potential in
enerating electricity owing to their high efficiency and light-
ess [1]. However, two major technical limitations restrict the
ommercialization of the DMFC. They are the slow oxidation
inetics of methanol and the high methanol crossover from the
node to the cathode [2–4]. Nafion® (perfluorosulfonic acid)
embranes are commonly adopted as electrolytes, because of

heir long-term stability under fuel cell operating conditions
nd excellent proton conductivity. However, the high methanol
ermeability rates across such membrane represent a serious
bstacle to the realization of DMFCs for practical use [5].

Composite membranes have been used in DMFCs to reduce
he permeability of methanol as compared to pristine Nafion®

6–12]. Most composite membranes have been prepared by the
ddition of nonconductive ceramic oxide, such as silica [6], tita-
ia [7] and montmorillonite [8–12]. However, improving the

ell performance of DMFCs by incorporating inorganic moieties
nto the Nafion® membrane has not been very successful. Ion-
onducting inorganics, such as MMT-SO3H and MMT-COOH,

∗ Corresponding author. Tel.: +886 3571 3058; fax: +886 3571 5408.
E-mail address: ccma@che.nthu.edu.tw (C.-C.M. Ma).

2

2

u
a

378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2007.02.079
e oxide); 1,3-Propane sultone

ave also been investigated without much success, although
hese materials may reduce the methanol permeability and pro-
on conductivity of composite membranes [11–12].

A modified montmorillonite with an organic sulfonic acid
roup (MMT-SO3H) was prepared and a composite electrolyte
embrane with Nafion® was fabricated to increase proton con-

uctivity and reduce the methanol permeability as compared to
ristine Nafion®. Since silicate clays are hydrophilic and have
ittle affinity for hydrophobic polymers, an organic modifica-
ion is required to enhance their compatibility with polymeric

aterials [13]. In this investigation, a sulfonated intercalating
gent was synthesized by the ring-opening condensation reac-
ion of 1,3-propane sultone (PS). Modified montmorillonites
ere prepared from poly(oxyproplene)-backboned (POP) qua-

ernary ammonium salts of POPD400-PS as intercalating agents
or Na+-MMT. Such composite membranes in DMFCs are syn-
hesized, characterized and evaluated.

. Experimental

.1. Materials synthesis
The adduct of amine/1,3-propane sultone was synthesized
sing poly(propylene oxide)-backboned diamines of Mw 400
s the starting material and was abbreviated as POPD400. The

mailto:ccma@che.nthu.edu.tw
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iamine was commercially available from the Huntsman Chem-
cal Co., Philadelphia, Pennsylvania, U.S.A. The preparation
f diamine bearing one sulfonic acid (–SO3H), abbreviated
s POPD400-PS was carried out in a glass reactor equipped
ith a stirrer. The designated amount of 1,3-propane sultone

12.2 g, 100 mmol) was slowly added to a reactor charged
ith POPD400 (40 g, 100 mmol). The progress of the reac-

ion was characterized by FT-IR to confirm that the diamine
ears one sulfonic acid (–SO3H) successfully. Organoclay has
een prepared by cation exchange between Na+ in clay galleries
nd poly(oxyproplene) (POP)-backboned diamines cations in
queous solution [14]. In this present work, a total of 10 g of Na+-
MT (cation exchange capacity CEC = 1.45 mequiv g−1) was

ispersed homogeneously in 1 L deionized water at 80 ◦C. The
lurry was added with the POPD400-PS (7.6 g, 14.5 mmol) and
he equivalent of hydrochloric acid in water. After being stirred
t 80 ◦C for 5 h, the precipitate was collected at ambient temper-
ture, then was washed thoroughly with deionic water/ethanol
hree times and dried under vacuum.

To prepare a composite membrane, a desired amount of pre-
ared MMT/organoclay was added to a 5 wt% Nafion® solution,

nd then stirred and degassed by ultrasonication. The contents
f functionalized MMT in the mixture were varied in 1–6 wt%
ased on Nafion®. The prepared mixture was slowly poured into
glass dish in an amount that would provide a thickness of ca.

2

t

Scheme 1. Synthesis scheme of POPD400 bearing sulfonic acid side gro
ources 168 (2007) 162–166 163

20 �m of the formed composite membrane. The filled glass
ish was placed on the leveled plate of a vacuum-dry oven, and
hen was dried by slowly increasing the temperature from 300
o 323 K to prevent crevice of composite membrane. Finally,
he residual solvent in the composite membrane was completely
emoved by evacuation at 393 K for 12 h. Scheme 1 describes
he procedure of fabricating the composite membrane.

.2. Characterization

The structure of the synthesized POPD400-PS was character-
zed with infrared spectroscopy using a Nicolet Avatar 320 FT-IR
nstrument (WI, U.S.A.) in the range of 4000–400 cm−1. The
-spacing of MMT/POPD400 and MMT/POPD400-PS organ-
clays were scanned at a rate of 1◦ min−1 by using a Shimadzu
D-5 X-ray diffraction Instrument (XRD; 45 kV, 30 mA) with

opper target and Ni filter. The basal spacing (n = 1) was calcu-
ated according to Bragg’s law, nλ = 2d sin θ. Thermogravimetric
nalysis (TGA) was conducted utilizing a DuPont-TGA951 by
eating the samples from ambient temperature to 800 ◦C with a
eating rate of 10 ◦C min−1 in nitrogen atmosphere.
.3. Proton conductivity

Proton conductivities of membranes were measured at room
emperature by AC impedance method, using a Solartron Inter-

up and the process of preparing POPD400-PS intercalated MMTs.
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Fig. 1. FT-IR spectra of: (a) POPD400 and (b) POPD400-PS.

Table 1
Comparison of infrared frequencies (cm−1) of POPD400 and POPD400-PSa

POPD400
(this work)

POPD400-PS
(this work)

Assignment [15]

607, 671 ν (C S)
730 ρ ( CH2 CH2 CH2 )
790 ω (secondary amine, NH )

824, 860 824, 860 ν (primary amine NH2)
924 924 ν (C O C)
1015 1015 ν (C N)

1040 ν ( SO3H)
1065 ν (C C C)

1

ν
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ace 1260 gain phase analyzer, Hampshire, U.K. over the
requency range of 1 Hz–10 kHz. The sample was place sand-
iched between two circular platinum electrodes of 1.0 mm
iameter in an open cell. The conductivity was calculated from
he following equation: σ = L/RA, where L is the membrane
hickness, A the surface area of the electrodes and R is the
esistance.

.4. Methanol permeability

Methanol permeability was determined and calculated by
sing two connected compartment cells. In the beginning, one
ompartment was filled with 10 M methanol solution, and the
ther compartment was filled with deionized water. Each of
he compartment was kept stirring during experiment to ensure
he uniformity of the cell concentration. The refractive index
f methanol solution was recorded with time and was con-
erted to the methanol concentration. Methanol permeability
as obtained by analyzing the methanol concentration with time.

.5. DMFC single-cell test

The membranes were immersed in 2 M sulfuric acid for 1day
nd then washed with distilled water to remove the remaining
ulfuric acid in order to assure of the hydrogen form of the
omposite membranes. Fuel cell experiments were carried out
n a 4 cm2 self designed single cell. The single cell was tested
ith 2 M methanol solution and air breathing after equilibrium

t 40 ◦C for 4 h. A layer of 20 wt% of PtRu (1:1 a/o) on car-
on black (anode) and 20 wt% of Pt on carbon black (cathode)
ere applied on two gas diffusion layers. The content of catalyst

oading was approximately 0.2 and 0.4 mg cm−2 for anode and
athode, respectively.

. Results and discussion

Scheme 1 displays the synthesis of POPD400 with a sulfonic
cid side group via a ring-opening reaction between the primary
mine of POPD400 and 1,3-propane sulfone. Scheme 1 also
epicts an idealized preparation of the MMT-SO3H organoclay.
ig. 1 shows the FT-IR spectra of POPD400 and POPD400-PS.
n the spectra, infrared bands appear at 824, 860, 924, 1015
nd 1106 cm−1. After modification by POPD400, the IR bands
hat are produced by the POPD400-PS appeared at 607, 671,
30, 790, 824, 924, 1015, 1040, 1065, 1106 and 1175 cm−1.
able 1 compares the infrared absorptions of POPD400 and
OPD400-PS. The new IR bands of the intercalating agents
emonstrate that C S (607, 671 cm−1) and species that contain

C C (1065 cm−1) and CH N C (1175 cm−1) are generated.
T-IR was used to characterize the progress of the reaction, and
onfirm that the POPD400-PS had been synthesized successfully
Fig. 2).

In the conventional method for Na+-MMT intercalation,

he incorporated organics are typically quaternary ammonium
alts that can be formed by treating the precursor amines
ith hydrochloric acid. The ionic exchange reaction between

he quaternary ammonium salts ( NH3Cl−) and sodium ions

w
1
a
d

106 1106 ν (CH NH2)
1175 ν (CH NH C)

, stretching; ρ, rocking; ω, wagging.

Si O−Na+) in the layered MMT is the main driving force
or the intercalation of MMT. For example, the poly(propylene
xide)diamine of Mw 400 (POPD400) was treated with one
quivalent amount of hydrochloric acid to produce monoammo-
ium salts, which could intercalate with Na+-MMT. Therefore,
he modified silicates expand from 12.4 to 17.3 Å because of
he aforementioned controlling factor of Na+-MMT intercala-
ion. The intercalating profile was further studied using organic
ntercalants that comprised a POP-backbone structure with the

ono-tethering functionality of a quaternary ammonium salt.
he reaction in Scheme 1 describes the synthesis intercalating
gent POPD400-PS. The starting poly(alkylene oxide)diamine

ith Mw 400 was allowed to react with one equivalent amount of
,3-propane sultone (PS) to synthesize sulfonated intercalating
gents. The intercalation of POPD400-PS with Na+-MMT pro-
uced a d-spacing of 17.7 Å in the silicate as indicated in Fig. 2.
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Table 2
Basal spacing and solvophilicity of Na+-MMT intercalated by POPD400 and POPD400-PS

Intercalating agent d-Spacing (Å)a Weight fraction (w/w, %)b Solvophilicityc

Toluene Ethanol Water

None 12.4 0/100 − − +
POPD400 17.3 27/73 − + −
POPD400-PS 17.7 35/65 − + −

a Basal spacing was determined by X-ray diffraction.
b Weight fraction: organic composition/clay (measured by TGA).
c +, dispersible; −, aggregated.
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gle cell was tested at low methanol concentration (2 M). Hence,
the phenomenon exhibited by DMFCs herein may be reason-
able. The composite membrane with 5 wt% MMT-POPD400-PS
outperformed pristine Nafion®. The current densities measured
ig. 2. X-ray diffraction patterns of: (a) original MMT, (b) MMT/POPD4000

nd (c) MMT/POPD400-PS.

he intercalated silicates were analyzed by thermogravimetric
nalyses (TGA), revealing that the percentage of the organic
ncapsulated is 35% as shown in Table 2.

Fig. 3 presents the methanol permeability and proton
onductivity of membranes fabricated with various propor-
ions (0–6 wt%) of MMT-POPD400-PS in Nafion®. The

ethanol permeability decreased rapidly as the amount of
MT-POPD400-PS added to Nafion® increased. Indeed, sev-

ral studies have demonstrated that adding montmorillonite
anofiller can improve the barrier properties of Nafion® mem-
rane towards methanol, because the length-to-width ratio of
he additive is high [8–12]. The methanol permeability of the

omposite membranes that contained 6 wt% MMT-POPD400-
S was 1.2 × 106 cm2 S−1, 60% of that of pristine Nafion®.
he proton conductivity of the composite membranes increased

F
p
o

ith added MMT-POPD400-PS. The proton conductivity of
he composite membranes generally declined from that of pris-
ine Nafion® membrane as the inorganic filler content increased
6–12]. However, the cause may involve various mechanisms
f proton transportation. We suggest two mechanisms that
mprove proton transportation in the composite membrane: (i)
opping mechanism is promoted by the intercalating agent
POPD400-PS) with a long chain and (ii) the vehicle mecha-
ism is accelerated on the surface of the introduced clay network
xide [16]. Three to five weight percent MMT-POPD400-PS is
entatively concluded to be the optimum level of inorganic filler
n the composite electrolyte membrane for DMFCs.

The performance of composite membranes was tested in
DMFC single cell. Fig. 4 plots cell potential versus cur-

ent density and power density versus current density of
he DMFC membrane-electrode assembly (MEA) with an

MT-POPD400-PS and pristine Nafion® composite mem-
rane. Indeed, the suppression of the methanol crossover results
n higher OCV at lower current densities [17]. In this work,
owever, the improvement at lower current densities is less, per-
aps because of the concentration of the methanol fuel in the
MFCs test. Some groups have shown that the OCV change at

ow current densities with a low concentration of methanol fuel
as too small to be distinguished [18–21]. In this work, the sin-
ig. 3. The proton conductivity (–©–) and methanol permeability (–�)– of the
ristine Nafion® and composite membranes fabricated with different amounts
f MMT-POPD400-PS.
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ig. 4. Polarization curves for the MEA made with pristine Nafion® membrane
nd composite membranes operated at 313 K.

ith composite membranes that contained 0, 3, 5 and 6 wt%
MT-POPD400-PS, were 51 and 64, 95 and 88 mA cm−2,

espectively, at a potential of 0.2 V. Meanwhile, the membrane
ith 6 wt% inorganic loading does not outperform that with
wt%, perhaps because the proton conductivity at 6 wt% inor-
anic loading is reduced, as plotted in Fig. 3. However, all of the
omposite membranes that contain MMT-POPD400-PS outper-
orm pristine Nafion® at high current densities.

. Conclusions

POP-backboned oligomers that bear an organic sulfonic
cid intercalating agent can be used in the preparation of
ighly ordered silicates with basal spacing of up to 18 Å via a
ation exchanging mechanism. The Nafion®/MMT-POPD400-
S composite membranes exhibit a higher selectivity than
ristine Nafion®, perhaps because of the increased proton con-

uctivity and decreased methanol permeability of the composite
embranes. The high selectivity reveals that the composite
embrane is suited to DMFC applications. The combina-

ion of these effects substantially improved the properties of

[
[

[

ources 168 (2007) 162–166

afion®/MMT-POPD400-PS composite membranes, which are
ppropriate for DMFC applications.

cknowledgment

This work was supported by the Ministry of Economic
ffairs.

eferences

[1] L. Carrette, K.A. Friedrich, U. Stimming, Fuel Cell 1 (1) (2001) 5.
[2] X. Ren, M. Wi;son, S. Gottesfeld, J. Electrochem. Soc. 143 (1996) L12.
[3] S. Surampudi, S.R. Narayanan, E. Vamos, H. Frank, G. Halpert, A. LaConti,

J. Kosek, G.K. Surya Prakash, G.A. Olah, J. Power Sources 47 (1994)
377.

[4] K. Scott, W.M. Taama, P. Argyropoulos, K. Sundmacher, J. Power Sources
83 (1999) 204.

[5] M.K. Ravikumar, A.K. Shukla, J. Electrochem. Soc. 143 (1996) 2601.
[6] P.L. Antonucci, A.S. Arico, P. Creti, E. Ramunni, V. Antonucci, Solid State

Ionics 125 (1999) 431.
[7] M. Watanabe, H. Uchide, M. Emori, J. Phys. Chem. B 102 (1998) 3129.
[8] D.H. Jung, S.Y. Cho, D.H. Peck, D.R. Shin, J.S. Kim, J. Power Sources

118 (2003) 205.
[9] M.K. Song, S.B. Park, Y.T. Kim, K.H. Kim, S.K. Min, H.W. Rhee, Elec-

trochim. Acta 50 (2004) 639.
10] J.M. Thomassin, C. Pagnoulle, D. Bizzari, G. Caldarella, A. Germain, R.
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