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An organic species bearing an organic sulfonic acid (kp@as grafted onto the surface of
montmorillonite (MMT) by silane condensation, and the composite membranes were cast together with
Nafion. The performance of the Nafion/HSEMMT composite membranes for direct methanol fuel
cells (DMFCs) was evaluated in terms of methanol permeability, proton conductivity, and cell performance.
The methanol permeability of the composite membrane decreased dramatically with increasing content
of HSG;—MMT in the composite membrane. By rendering proton conductivity to MMT by function-
alization with an organic sulfonic acid, the proton conductivity of the composite membrane was lowered
only slightly from that of pristine Nafion 115. The combination of these effects led to a significant
improvement in the performance of DMFCs made with Nafion/BSKRAMT composite membranes.

Introduction tion of DMFCs for practical us&This phenomenon is caused
by the protonic drag of methanol, similar to electro-osmotic
drag of water. Methanol is easily transported together with
solvated protons by means of the electro-osmotic drag as
well as by diffusion through the water-filled ion channels
within the Nafion structure and through the Nafion itself.
Methanol transported across the membrane is chemically
oxidized to CQ and water at the cathode, and causes a loss
in Coulombic efficiency for methanol consumption as much
as 20% under practical operation conditidns.

There have been many attempts to reduce the methanol
permeability through the polymer electrolyte membranes: (i)

Among various fuel cells, direct methanol fuel cells
(DMFCs) are suited for portable devices or transportation
applications owing to their high energy density at low
operating temperatures and the ease of handling a liquid fuel.
Yet they have major technical drawbacks, i.e., slow oxidation
kinetics of methanol and high methanol crossover from the
anode to the cathode? In particular, high methanol
permeation through Nafion membranes significantly lowers
fuel efficiency and cell performance, and thus impedes the
commercial development of DMFCs. The methanol crossover
is dictated by the polymer electrolyte membrane, which is .
employed to provide proton conduction from the anode to to modify the surface of the membranes to block the

the cathode and effective separation of the anode (methanolﬁgzag:?cg::sggasi(:) ;(i)ﬁg:)en;tr%lmt:f czlzsl (r)r:;rr;earpnéoéfonss
and cathode (oxygen) reactants. The Nafion membrane is P 9 poly

by far the most studied proton electrolyte membrane for linkages, (iii) to develop new types of electrolyte polymers,

DMFCs as well as for polymer electrolyte membrane (PEM) and (v) to introduce a winding pathway for a methanol

fuel cells. However, current Nafion membranes cannot meet_rpr?lecule by _|;nak|ng z comp(;sne Vg'th morgatrluc matena(;s.b
the requirements for practical DMFC applications. € composile memoranes have been mostly prepared by

: . ; . ition of a noncon iV ramic oxi h ili
Nafion membranes are chemically inert in both the addition of a nonconductive ceramic oxide such as silica,

oxidizing and reducing atmospheres of the fuel cell, have titania, zirconia, mixed silicontitanium oxides, zeolites,

demonstrated a long-term stability under fuel cell operating i:lécrﬁg:;rgﬁl'g quir:c%Xr:?ueri, aﬂgsmﬁgttrggggln?gf,eelggg Eggﬁn
conditions, and have an excellent proton conductivity ' pnhosp

(0.07-0.23 S ) 5 Yet, the high methanol permeability examined, which have a moderate proton conductivity when

rate across the membrane poses a critical problem in realiza- (6) Ravikumar, M. K.; Shukla, A. KJ. Electrochem. Socl996 143

2601.
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humidified (~10-2 S cn11).1®* Among the reported zirconium
phosphate fillersy-layered zirconium phosphates containing
sulfophenyl groups had the highest conductivityO(05 S
cmY) at 373 K and 95% relative humidity (RHJ.The main

focus in these works was to obtain an electrolyte membrane
operating at higher temperatures over 373 K. When applied
to DMFCs, these composite membranes containing inorganic
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(3-MPTMS) was performed at the refluxing temperature of toluene
(383 K) for 24 h with weight ratio of H-MMT, 3-MPTMS, and
toluene of 1:0.2-2:5-20. Then thiol (SH) grafted onto MMT
was oxidized into sulfonic acidH{SOs;H) with 10 wt % hydrogen
peroxide at 333 K. The prepared sample was then treated with 1 N
H,SO, at ambient temperature for complete protonation. The treated
MMTs were separated by filtration, washed with deionized water
and ethanol, and dried at 353 K in a vacuum oven.

moieties indeed reduced the methanol crossover, yet this  rapication of Composite Membran@o prepare a composite

effect did not always lead to a desired improvement in the
performance of the membranelectrode assembly (MEA),
mainly because the proton conductivity of the composite

membrane, a desired amount of prepared HB®T was added
into a 5 wt % Nafion solution (DuPont), and then stirred
mechanically and degassed by ultrasonication. The contents of

membranes mixed with these less proton-conductive oxidesfunctionalized MMT in the mixture were varied in 3, 5, 10, and 15

was markedly lowered compared with that of pristine Nafion
membrane.

To minimize the loss of proton conductivity caused by
adding the inorganics while reducing the methanol perme-
ability, we modified a clay (montmorillonite) with an organic
sulfonic acid group (HS@-MMT) and formed a composite
electrolyte membrane with Nafion. The evaluation of the
electrochemical activities of the DMFC was accomplished
for a single cell fabricated with the cast composite mem-
branes. Although the proton conductivity was still slightly

lowered, the composite membranes tested in DMFC exhib-

ited substantially improved performance by reducing the
methanol crossover drastically compared with the pristine
Nafion membrane. The composite membrane developed her

has been successfully adopted to build a prototype DMFC

to generate 100 Wh electricity from 100 mL of methanol
solution, sufficient enough to power a notebook PC for 10
h of continuous operatioff.

Montmorillonite (MMT) is an abundant and inexpensive

e

wt % based on Nafion. The prepared mixture was slowly poured

into a glass dish in an amount that would give a thickness of ca.
120 um of the formed composite membrane. The filled glass dish

was placed on the leveled plate of a vacuum-dry oven, and then
was dried by slowly increasing the temperature from 353 to 403 K

to prevent crevice of composite membrane. Finally, the residual
solvent in the composite membrane was fully removed by evacu-
ation at 403 K for 12 h. The diagram in Scheme 1 describes the
procedure of making a composite membrane.

Characterization Methods. Physicochemical Characterization.
X-ray diffraction (XRD) patterns were obtained on a MAC Science
Co. M18XHF diffractometer with Cu K radiation (40 kV, 200
mA). The thermal properties of functionalized (HS- and HSO
MMT were analyzed by thermogravimetric analysis (TGA, TGS-
2). The TGA analyzer was operated in the range of 50 to €0
at a heating rate of 10 K/min under air flow of 60 mL/min. The
degree of oxidation of thiol (HS-) to sulfonic (HgQ groups was
analyzed by X-ray photoelectron spectra (XPS) acquired with a
VG-Scientific ESCALAB 220 iXL spectrometer equipped with a
hemispherical electron analyzer and an Mg v = 1253.6 eV)
X-ray source. The’Al and 2°Si solid-state NMR measurements

layered alumino-silicate mineral that has large surface areaswere performed on a Varian Unity Inova 300 MHz spectrometer

(220270 n? g1, specified by Aldrich) and a negative layer
charge. Its proton form (HMMT) has a proton conductivity

of 104 S cnt! at room temperatur& and a cationic
exchange capacity (CEC) of 0.95 meqggAn organic
species bearing the functionality (H&@roup) was grafted

on the surface of MMT by silane condensation, which had
been previously employed to render strong acidity to minerals
such as kaolinite, magadiite and montmorillorfite’

Experimental Section

Preparation of Materials. Functionalized MMT Raw MMT
(Aldrich, Montmorillonite-K10) was treated witl N H,SO, at
300 K to convert Na&-MMT into H*-MMT. The surface func-
tionalization of H-MMT with 3-mercaptopropyltrimethoxy silane

(14) Jung, D. H.; Cho, S. Y.; Peck, D. H.; Shin, D. R.; Kim, JJSPower
Sources2003 118 205.

(15) Won, J.; Kang, Y. SMacromol. Symp2003 204, 79.

(16) Alberti, G.; Casciola, M.; Costantino, U.; Leonardi, Bolid State
lonics 1984 14, 289.

(17) Alberti, G.; Casciola, M.; Palombari, R.; Peraio,%olid State lonics
1992 58, 339.

(18) Alberti, G.; Costantino, U.; Millini, R.; Perego, G.; Vivani, A. B.
Solid State Chenml994 113 289.

(19) Alberti, G.; Boccali, L.; Casciola, M.; Massinelli, L.; Montoneri, E.
Solid State lonic4996 84, 97.

(20) Casciola, M.; Marmottini, F.; Peraio, &Solid State lonic4993 61,
125.

(21) Costamagna, P.; Yang, C.; Bocarsly, A. B.; Srinivasail&:trochim.
Acta 2002 47, 1023.

(22) Fuel Cell TodayApril 06, 2004.

(7.4 T) equipped with a 7-mm Chemagnetics MAS probe head using
a sample rotation rate of 5.5 kHz. The chemical shifts*fat and

29Sj were referenced to the positions of AB)3™ from AICI3
aqueous solution and tetramethylsilane (TMS), respectively. The
spectra of7Al and 2°Si MAS NMR were collected at frequencies
of 78.156 and 59.590 MHz, respectively.

lon-Exchange Capacity Measuremerithe ion-exchange capac-
ity (IEC) (mmol of sulfonic acid/g of HS@MMT) of each sample
was determined by the back-titration method. Thus, 0.5 g of the
sample was soaked overnight in 50 mL of distilled water containing
5 mL of 0.1 N NaOH to exchange sodium ions with the protons in
the inorganic. Back-titration was accomplished by titrating the
remaining NaOH in solution with 0.1 N HCI solutions. The IEC
values were obtained by subtracting the added volume of 0.1 N
HCI from the initial 0.1 N NaOH volume.

Methanol Permeability MeasuremenfShe methanol perme-
ability of the composite membranes was measured at 300 K in a
single cell without electrodes. The membrane permeate side was
dried by flowing air (500 mL/min) and the opposite side was wetted
by flowing 2 M methanol/water solution (30 mL/min). The amounts
of methanol and water that crossed through the membrane were
determined by a gas chromatograph (GC, HP 6890) equipped with
a packed column (Porapak Q) and a thermal conductivity detector
(TCD).

(23) Pourcelly, G.; Gavach, C.; Colomban, ®oton ConductorsCam-
bridge University Press: New York, 1992; p 45.

(24) Tunney, J. J.; Detellier, @Chem. Mater1993 5, 747.

(25) Ruiz-Hitzky, E.; Rojo, J. MNature 198Q 287, 28.

(26) Yanagisawa, T.; Kuroda, K.; Kato, React. Solid41988 5, 167.

(27) Merier, L.; Detellier, CEnviron. Sci. Technol1995 29, 1318.
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Scheme 1. Idealized Representation of the Processes of Preparing the Nafion/Sulfonated Montmorillonite Composite
Membranes

s S
é,_ ék 1. 10wt% H,0, ?303|~; SOH 1. 5wt% Nafion
sy SH — SOH SOH >
¢S 2. 1N H,S0, 3 2. Drying
Si S Si Si
(c) (d)

(@) Na"-MMT; (b) H*-MMT, Nat-MMT treated wih 1 N H,SOy; (¢) HS-MMT, H*-MMT treated with 3-MPTMS; (d) HS@MMT, HS-MMT treated
with 10 wt % HO, and 1 N HSOy; (e) schematic model and TEM image of a Nafion/composite membrane casted withN 8D

40006

Proton Conductiity MeasurementsThe proton conductivity of 10000
the composite membranes was measured by a 4-point probe method
using an ac impedance analyzer. The composite membrane was
fixed in a measuring cell made of two outer platinum foils and
two inner platinum wires. The installed cell was placed in a chamber -,
with controlled humidity and temperature. By applying constant
currents [) through the two outer Pt-probes and measuring voltage
drops V) across the two inner Pt-probes, the resistafjef the
membrane was measured. The proton conductivity ¢f the
membrane was calculated by= L/(AR), whereL andA are the
distance between the two inner Pt-probes and the cross-sectional
area of the membrane, respectively. The impedance measurements
were carried out in the frequency region from 1 Hz t& H2 and

8000

Intensity(a.u.)
[
o

F0J I s
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Intensity(a.u
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2000 o

in the ac current amplitude of 1 mA using a Solatron electrochemi- 0 T ; ; T
cal impedance analyzer with ZPLOT software. 0 10 20 30 40 50
Performance Tests for a Single Cellhe catalyst slurries for 20(degree)

the cathode and anode were prepared by mixing Pt black or Fi 1 Wid le X-rav diffraction (XRD) patt (Y EMMT
Pt—Ru black, respectively, with 5 wt % Nafion solutions. For fab- (t')?u;'es_MMT' ea-ﬁgg(g) ,:{ngN'”\ﬁ? Ingd( sma)ll-paig?er)n?(?rag/a)diffractibn

rication of the membraneelectrode assembly (MEA), the catalyst patterns (inset) of (d) Nafion 115 membrane, and (e) Nafion/sulfonated
slurry was coated on carbon paper as the electrode substrate. Th&MT composite membrane (3 wt % loaded).

catalyst loading was approximately 8 mg thfior both the anode
and cathode and the effective electrode area of the single cell was—SQ;H) on the surface increased the interlayer distance of
10 cn?. The MEA was fabricated by hot pressing at 398 K and the MMT. Comparison of small-angle XRD patterns of
3500 psi for 5 min. The performances of the single cell were eval- pristine Nafion and the composite in Figure 1d and e
uated at 313 K wh 2 M methanol/water solution and air supplied jngjcated that the size of ion channel in the membrane was
into the anode and cathode sides of the single cell, respectlvely.changed by the introduction of MMT. The shift of the peak
in Figure 1d to a higher @ angle in le indicates that the
size of the ion channel in the composite membrane was
In Figure 1, a gradual shift of the lowest angle peak reduced by introduction of the MMT relative to that of
positions to smaller angles in the wide-angle X-ray diffraction pristine Nafion. The ion channel size has a direct effect on
(XRD) spectrum of the functionalized MMT indicated a the methanol permeability in the membrane. From Bragg'’s
progressive increase in the interlayer distance by fuctional- law, it was estimated that the ionic channel size of Nafion
ization of the surface hydroxyl groups—GiOH) with was reduced from 3.84 to 2.94 nm. This smaller channel in
3-mercaptopropyltrimethoxy silane (3-MPTMS), followed by the composite electrolyte membrane could be a factor
the oxidation of thiol to sulfonic acid. Thus, after surface responsible for the reduced methanol crossover through the
functionalization of H-MMT, the low-angle XRD peak of  electrolyte membrane as discussed below.
ca. 6.2 shifted to 5.7. From Bragg’s law, its interlayer The ion-exchange capacity (IEC, mmol of sulfonic acid/g
distance was estimated to increase from 1.42 to 1.55 nm,of HSO;-MMT) is an important factor determining the ion
indicating that the grafted functional groups-§H or conductivity. Thus, the IEC of each sample was determined

Results and Discussion
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provides a useful tool for evaluating the degree of oxidation
of thiol to sulfonic groups near the surface region. As shown
in Figure 3b, ca. 60% of thiol groups were oxidized to
sulfonic group at an oxidation temperature of 298 K. On
the other hand, all functionalized sulfur groups were detached
from the surface when the reaction was preformed at an
uncontrolled reaction temperature as shown in Figure 3c. This
points out that it is very important to control the oxidation
condition to minimize the detachment of the functionalized
thiol groups on interlayer surface of MMT and to accomplish
complete conversion into sulfonic acid groups. As shown in
Figure 3d, most of the thiol groups in the sample were
converted into sulfonic groups by oxidation with 10 wt %

Figure 2. pH and ion exchange capacities (IEC) upon each treatment: (a) H202 at 333 K with only 7-8% of thiol groups remaining

Na"-MMT, (b) Na™-MMT treated with 10 wt % HO,, (c) HT-MMT, (d)
H*™-MMT treated with 10 wt % HO,, and (e) HS@MMT.
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Figure 3. X-ray photoemission spectra (XPS) in the (5c@re level region

of samples: (a) HS-MMT, (b) HSEMMT (oxidation at 298K), (c) HS@
MMT (oxidation at over 353K, uncontrolled reaction temperature), and (d)
HSO;-MMT (oxidation at 333K). (b), (c), and (d) were obtained after the
protonating reaction wit 1 N H,SO, at 298 K.

in an unoxidized form. However, the total amount of
remaining sulfur was only ca. 60% of the initial sulfur content
of the sample before oxidation.

295i MAS NMR spectroscopy is an excellent method for
studying silicates, silica gel, and silylated silica g&P? In
general, MMT exhibits?°Si resonances in the range from
—75 to—120 ppm as shown in Figure 4A(a and b). Each Si
atom in the MMT structures has two or three Si atoms as
nearest neighbors (through bridging oxygen) with the
remaining nearest neighboring atom being either Al or H.
The resonance denoted a3 i§ attributed to the central Si
atom in (Si-O—),Si(—O—Al)—OH and the ® resonance
represents the central Siin (8D—)3Si(—O—Al). As shown
in Figure 4A(a and b), Na and H'-MMT had similar?°Si
MAS NMR spectra. After the surface fuctionalization with
3-MPTMS, two changes were noticed in Figure 4A(c): a
new broad peak (T) appeared neas0 to —70 ppm, and
the Q/Q? ratio increased compared with unfunctionalized
MMT. This new peak (T) is due to the silane species grafted
on the surface and in accord with the reported Si signal for
alkyltrimethoxysilane or alkyltrichlorosilane grafted on lay-

by the back-titration method and the results are shown in ered silicates (near55 to—65 ppm)?2*Thus, the Si atom
Figure 2. The IEC values were obtained by subtracting the is covalently bonded to carbor-QsSi—CH,— species). The

added volume of 0.1 N HCI from the initially added amount
of NaOH solution. The sign of the values (negative or
positive) indicates the titration results with acid or base,
respectively. Thus, NaMMT with pH of 10.1 and IEC of
—0.25 mmol g indicates that alkali ions exchangeable with
H* are present in the interlayer. Treating with 10 wt %Okl
leached out the alkali ions from NaMMT, and the sample
became neutral with a negligible IEC value. MMTs treated
with 1 N H,SO, with and without the HO, treatment had
similar pH and IEC values. Introduction of an organic
sulfonic acid group on the surface (H&®IMT) gave the
highest IEC value of 0.52 mmol ¢ and the lowest pH of
3.9.

In Figure 3, the X-ray photoelectron spectra (XPS) of the

increase in &Q? further clearly indicates the grafting of
3-MPTMS molecules to surface silanol groups. When
HS-MMT was treated with hydrogen peroxide to oxidize the
thiol group, the intensity of the new peak (T) decreased,
indicating that a significant portion of the grafted 3-MPTMS
molecules was detached from the silicate surface. This result
from 2°Si MAS NMR was consistent with the previously
described results based on XPS. There was no significant
change in the € Q* parts of the spectrum’Al MAS NMR
(Figure 4B) showed aluminum in tetrahedralpand octa-
hedral coordination (%), with the latter in higher intensity.

In contrast t°Si MAS NMR, 2’Al MAS NMR did not show

any variation according to the surface functionalization by

S,, core level for the in-situ outgassed samples revealed a(28) Engelhardt, G.; Michel, DHigh-Resolution Solid-State NMR of

characteristic §3z— Sypa2 Spin—orbit splitting. The chemical

Silicates and ZeolitesJlohn Wiley & Sons: New York/Chichester/
Brisbane/Toronto/Singapore, 1987.

properties of the samples should be taken from the more(29) Morrow, B. A.; Gay, I. D.J. Phys. Chem1988 92, 5569.

intense component;s, The samples showed two types of
sulfur species: one at a low binding energy (BE163.5
eV), corresponding to a thioHSH) group, and the other at
a higher BE (168.5 eV), associated with the sulfonic acid
(—SGsH) group. This energy difference in the XPS analysis

(30) Carrado, K. A.; Xu, L.; Gregory, D. M.; Song, K.; Seifert, S.; Botto,
R. E.Chem. Mater200Q 12, 3052.

(31) Ruiz-Hitzky, E.; Letéef, S.; Pfeot, V. Adv. Mater. 2002 14, 439.

(32) Thiesen, P. H.; Beneke, K.; Lagaly, G. Mater. Chem2002 12,
3010.

(33) Shimojima, A.; Mochizuki, D.; Kuroda, KChem. Mater.2001, 13,
3603.
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Figure 4. (A) 2°Si and (B)2’Al MAS NMR spectra of MMT samples: (a)
Nar-MMT, (b) H*-MMT, (c) HS-MMT, and (d) HSG-MMT (oxidation
at 333K). (b) and (d) were obtained after the protonation reaction with 1 N
H2SOy at 298 K. (*) represents the sidebands by magic angle spinning at
5.5 kHz.
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Figure 5. Relative permeability (bar graph) and proton conductivity (open
marked line) of Nafion 115 and composite membranes fabricated with
different amounts of HS@MMT. All composite membranes had the same
membrane thickness of ca. 12én.

0.25 4

0.00 -

Nafionl15
Weight % of HSO,-MMT

3-MPTMS or the oxidation by hydrogen peroxide. Through-

Chem. Mater., Vol. 17, No. 7, 20695

100

96

92

88

% Weight

80

300 400 500 600
Temperature(°C)
Figure 6. Thermogravimetric analysis (TGA) diagrams of (aj-MMT,

(b) HS-MMT, and (C) HS@MMT.

The membrane thickness was maintained the same at ca. 120
um by employing the same total amount of Nafion and the
inorganic filler. In the case of the membrane containing 15
wt % HSO-MMT, its permeability of methanol and water
(relative to the permeability of water through pristine Nafion
115) was 0.017 and 0.19, respectively, indicating reduction
by 90% and 80% relative to pristine Nafion 115.

The proton conductivity of the composite membranes was
measured with the 4-point probe method using an ac
impedance analyzer at three different temperatures. The
marked error bar in Figure 5 originated mainly from the
thickness variation along the composite membranes. In
general, the proton conductivity of the composite membranes
decreased with an increase in the content of inorganic filler
from that of the pristine Nafion membraffeThe rate of
proton conductivity drop was slow with HSMMT content
up to 5 wt %, but became more rapid at higher loadings.
This trend was consistent for the three different temperatures
tested. A relatively coarse distribution of inorganics in the
Nafion matrix for composite membranes of high inorganic
contents might be responsible, as observed qualitatively by
TEM. All of the composite membranes exhibited a marked
increase in proton conductivity with increasing temperature,
indicating that temperature played a main role in the kinetics
of proton motion in the polymer membrane and mobility of
polymer chains. It was tentatively concluded that53wt %
HSO;-MMT could be the optimum level of inorganics in
the composite electrolyte membrane for DMFCs.

The thermal stability of functionalized MMT’s was studied
by thermogravimetric analysis (TGA), as shown in Figure
6. The weight loss of untreated and HSKMT in the
temperature range from 50 to 100 was ca. 2.5 wt %, and
probably caused by water contained between interlayers. As
shown in Figure 6b, a weight loss of ca. 5 wt % was recorded
between 260 and 400 because the surface functionalized
thiol group was thermally decomposed through this region
and eventually the sample lost 17% of its initial weight at
800°C. For HSQ-MMT, a weight loss of ca. 6 wt % shown

out the whole process, aluminum appeared to remain only ain Figure 6¢ was recorded between 100 and IBbecause

spectator of the surface functionalization.

Figure 5 shows the relative permeability and proton
conductivity of membranes fabricated with different wt %
(0—15 wt %) of HSQ-MMT (IEC ~0.52) in Nafion. The

the sulfonic acid group was thermally cracked in this
temperature region and the eventual weight loss was ca. 14%.
Here, we could estimate the amount of the functional group
loaded on MMT from the TGA thermograms. With unmodi-

relative permeability of methanol and water decreased rapidly fied MMT as the baseline, the amounts of thiol and sulfonic

with increasing amounts of HSEMMT added to Nafion.

functionalized group in MMT could be estimated to be ca.



1696 Chem. Mater., Vol. 17, No. 7, 2005 Rhee et al.

0.8 v 80 permeability decreased monotonically with increasing content

1 of HSOs-MMT in the composite membrane. Yet this reduced
methanol crossover is not directly translated into an improved
cell performance for membranes with high inorganic loadings
of 10 and 15 wt %. This might be due to the decreased proton
conductivity at higher inorganic contents as shown in Figure
5 that has compensated for a part of performance gains
. obtained from reduced methanol crossover. In addition, the
0.0 0 composite membranes with higher inorganic contents showed

0 100200300 400 500 a less uniform distribution of HSEMMT in the Nafion
. 2 . . .
Current Density(mA/cm’) matrix, which would reduce the effective contact area for
Figure 7. Polarization curves for the MEA made with Nafion115 and protonic conduction between the two phases. The maximum
composite membranes operated at 313 K (2 M methanol/air flow rate: 2 power density of 67 mW cn? was obtained for the
stoichiometric): ®, Nafion 115;v, Nafion + 3 wt % unfunctionalized . . .
MMT: W, Nafion -+ 3 wt % HSQ-MMT: . Nafion + 5 wt % HSQ: composne membrane W|th_ 5 wt % of HS@I.MT. All things
MMT; a, Nafion+ 10 wt % HSQ-MMT; ®, Nafion + 15 wt % HSQ- considered, 5 wt % loading was an optimized content of
MMT. The same symbols (but open ones) denote cell potentials for HSO,-MMT in the Nafion matrix to trade the proton
corresponding samples. . .
conductivity off with the methanol crossover.

7 and 4 wt %, respectively. These values represent the As mentiqned in the Introduction, there have been many
loadings of organic functions on MMT and agree with the 2{t€mpts toimprove the cell performance of DMFCs through
sulfur contents of 1.95 and 0.88 wt %, respectively, obtained INcorporation of inorganic moieties into a Nafion mem-
by chemical analysis. Although the formula weight of brane®15 However, there has not been much success that
functional groups is increased by oxidation of the thiol groups Parallels the expectations put into these materials. Many
to sulfonic acid, the percent weight loss was reduced from Inorganic particles have a problem of too low an ion
7 to 4 wt %. This indicates that ca. 45% of the thiol group conductllwty which lowers the ion conductivity of the
grafted initially on the surface of the interlayer was detached COMPOSite membrane to an unacceptable level. lon-conduct-
from the surface through the oxidation and protonation steps.iNg inorganics such as heteropolyacids and zirconium
This number is roughly consistent with that estimated by Phosphates, have also been examined without significant
XPS analysis (ca. 40%). The oxidation reaction of thiol with Success either, although these materials have improved
hydrogen peroxide is a highly exothermic reaction, and thus Performance at higher operating temperatures over"f00

the introduced functional groups could be detached thermally Th€ present system of H3MMT/Nafion provides encour-
from the surface of the interlayer. It is thus very important 29ing results probably by two factors: (i) the relatively high
to control the oxidation temperature to prevent the detach- Proton conductivity of HS@MMT compared to other
ment of functional groups. In any case, the thermal stability inerganic fillers employed previously; and (i) the highly
of the sulfonic acid group would limit the allowed operating 2nisotropic morphology of the MMT platelets that could be
temperature of the composite membrane below°ID0Yet, more effective in blocking the passage of methanol than

the material is stable at desired operating temperaturesmaterials of other geometrié:® indeed, Yano et &t
(40-70 °C) of DMFC for portable devices. reported that the clay particle length had a direct effect on

The performance of composite membranes was tested inthe permeability of water. L(_)nger, more tortuous pathways
a single cell for DMFC. Figure 7 shows the plots of cell were generated by mtrodup_lng a clay with a higher aspect
potential vs. current density (polarization curves) and power ratio, and thus the permeability of water was more effectively

density vs. current density for the DMFC membrane- reduced. Yet, the proton conductivity of the composite

electrode assembly (MEA) with composite membranes of membrane is still substantially lower than that of Nafion

different inorganic contents. The composite membrane with itself. Moreover, the thermal S“"Fb”‘ty of the sulfonic ac_id
3 wt % unfunctionalized MMT had a performance worse group is not yet adequate for high-temperature operations

than that of Nafion 115 itself, but the composite membrane (>100°C). Work is in progress to overcome these problems.

with 3 wt % HSQ-MMT showed an improved performance,
which showed that it is much more effective to introduce

unfunctionalized one. The current densities measured with (HSOx-) was grafted on the surface of MMT by silane con-
the composite membranes with HSRIMT contents of 0, gensation, and the composite membranes were cast together
3, 5, 10, and 15 wt %, respectively, were 244, 271, 336, ywjth Nafion. The performance of these Nafion/sulfonated
286, and 260 mA cn¥ at a potential of 0.2 V. Thus, the  MMT composite membranes was evaluated for DMFCs in
performance of the DMFC was improved initially with  terms of methanol permeability, proton conductivity, and cell
increasing the inorganic content, showed a maximum POWer performance. The methanol permeability of the composite
density at 5 wt % loading, and then was deteriorated with \emprane decreased dramatically with increasing content
further increasing the content of HS®IMT. Still, all the of HSO-MMT in the composite membrane. The relative
composite membranes containing HS@MT showed better

pe_rf(_)rmanc_e' particularly at h'gh C_urrent densities, than (34) Yano, K.; Usuki, A.; Okada, Al. Polym. Sci., Part A: Polym. Chem.
pristine Nafion 115. As shown in Figure 5, the methanol 1997, 35, 2289.
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