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Abstract

Various thiol and sultone groups were grafted onto the surface of titanate nanosheets to render organic sulfonic acid (HSO;-) functionality.
The nanocomposite membranes were cast together with Nafion® using these materials as inorganic fillers. Nanocomposite membranes containing
surface-sulfonated titanates showed higher proton conductivity than composite membranes containing untreated TiO, P25 particles. They showed
better mechanical and thermal stability than Nafion alone. The methanol permeability of nanocomposite membranes decreased with increasing the
content of the sulfonated titanate in the nanocomposite membranes. The relative permeability of methanol through these composite membranes with
2 and 5 M methanol solutions was reduced by up to 38 and 26%, respectively, relative to pristine Nafion 115 membranes. The membrane electrode
assembly using Nafion/sulfonated titanate nanocomposite membranes exhibited up to 57% higher power density than the assembly containing a
pristine Nafion membrane under typical operating conditions of direct methanol fuel cells.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

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 ease of handling a liquid fuel [1]. Yet they have major tech-
nical drawbacks, i.e. slow oxidation kinetics of methanol and
high methanol crossover from the anode to the cathode [2—4].
In particular, the high methanol permeation through Nafion®
membranes significantly lowers fuel efficiency and cell per-
formance, and thus impedes the commercial development of
DMEFCs. The methanol crossover is dictated by the polymer
electrolyte membrane, which is employed to provide proton
conduction from the anode to the cathode and effective sepa-
ration of the anode (methanol) and cathode (oxygen) reactants.
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Nafion® membrane is by far the most studied proton electrolyte
membrane for DMFCs as well as polymer electrolyte membrane
(PEM) fuel cells.

Nafion® membranes are chemically inert in both oxidizing
and reducing atmospheres of the fuel cell, have demonstrated
a long term stability under fuel cell operating conditions, and
have an excellent proton conductivity (0.07-0.23 S cm™ b [5].
Yet the high methanol permeability rate across the membrane
poses a critical problem in realization of DMFC for practi-
cal use [6]. This phenomenon is caused by 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 CO; and water at the cath-
ode, and causes a loss in coulombic efficiency for methanol
consumption as much as 20% under practical operational
conditions [7].



1016 C.H. Rhee et al. / Journal of Power Sources 159 (2006) 1015-1024

There have been many attempts to reduce the methanol
permeability through the polymer electrolyte membranes: (i)
to treat the surface of the membranes to block the methanol
transport, (ii) to control the size of the proton transport chan-
nels using different block copolymers and cross-linkage, (iii)
to develop new types of electrolyte polymers and (iv) to intro-
duce a winding pathway for a methanol by making a composite
with inorganic fillers. The composite membranes have been
mostly prepared by addition of non-conductive ceramic oxide
such as silica, titania, zirconia, mixed silicon—titanium oxides,
zeolites, silicon—aluminum oxides and montmorillonite in the
Nafion® membrane [8—15]. Zirconium phosphates [16-21] have
also been examined, which have a moderate proton conductiv-
ity when humidified (~1072 Scm~!) [16]. Among the reported
zirconium phosphate fillers, y-layered zirconium phosphates
containing sulfophenyl group had the highest conductivity
(~0.05S cm’l) at 373 K and 95% relative humidity (RH) [19].
The main focus in these works was to obtain the electrolyte
membrane operating at higher temperatures over 373 K. When
applied to DMFC, these composite membranes containing inor-
ganic moieties indeed reduced the methanol crossover. Yet this
effect did not always lead to a desired improvement in the per-
formance of the membrane—electrode assembly (MEA), mainly
because the proton conductivity of the composite membranes
containing these less proton conductive oxides was markedly
lowered compared with that of a pristine Nafion® membrane.

In order to minimize the loss of proton conductivity caused
by adding the inorganics, while reducing the methanol per-
meability, we modified the surface of titanate nanosheets with
an organic sulfonic acid group and formed a nanocomposite
electrolyte membrane with Nafion®. The synthesized titanate
is a layer-structured material that has a large surface area
of over 500m?g~! and its proton form (H*-titanate) has a
proton conductivity of 2.66 x 107 Scm™! at 573K [22]. An
organic species bearing the functionality (HSO3— group) was
grafted onto the surface of the titanate nanosheets. This is the
method commonly employed to render strong acidity to min-
erals like kaolinite, magadiite and montmorillonite [23-26].
The characteristics of the nanocomposite electrolyte membrane
were studied in terms of methanol crossover, proton conduc-
tivity, tensile strength and spectroscopic properties. Although
the proton conductivity was slightly lowered, the nanocompos-
ite membranes exhibited improved performance by reducing the
methanol crossover and enhancing the mechanical strength com-
pared with a pristine Nafion 115 membrane.

2. Experimental
2.1. Preparation of titanate nanosheets

Titanate nanosheets were synthesized according to the
method described in detail elsewhere [27,28]. Thus, titanium
oxysulfate (TiOSOy4 - xH2SO4 - xH,O, Aldrich) was used as a
titanium source, in which the TiO; content was 33.6 wt% (esti-
mated by thermogravimetric analysis at 1073 K). In a typical
synthesis, titanium oxysulfate powder and deionized water were
placed in a beaker, and then this mixture was uniformly slur-

ried under ambient conditions. An aqueous ammonia solution
(28-30 wt%, J.T. Baker) was added slowly to prevent the slur-
ried mixture from boiling over during the hydroxylation reaction
between titanium oxysulfate and ammonia. The molar compo-
sition of TiOSOy4 - xH>SO4 - xH,O, NH4OH, and H;O in the
mixture was 1:5:50. The mixed solution was transferred into a
Teflon-lined autoclave and statically heated in an oven at 393 K
for 3 days. After the hydrothermal treatment, the formed white
precipitates were filtered out, washed thoroughly with deion-
ized water until the pH of the washing solution reached around
7 and then subsequently washed with absolute ethanol. The wet
products were dried in an oven at 353 K for 24 h to obtain white
ammonium titanate [(NH4)>TizO7_,N,] powders.

2.2. Functionalization of titanate nanosheets

Titanate nanosheets were treated with 1IN H;SO4 at
300K to convert ammonium titanate [(NHg4)>TizO7_,Ny]
into hydrogen titanate (H;TizO7_;N,, H*-titanate). The
surface functionalization of H*-titanate was performed using
the surface hydroxyl groups of titanate by condensation
with 3-mercaptopropyltrimethoxy silane (3-MPTMS) and
3-mercaptopropyldimethoxymethyl silane (3-MPDMS) or
dehydration with 1,3-propane sultone (1,3-PS) and 1,4-butane
sultone (1,4-BS) as sulfonic acid precursors. The reactions were
carried out at the refluxing temperature of toluene (383 K) for
24 h with the molar ratio of H*-titanate, sulfonic acid precursor
and toluene of 1:0.5:15. In case of thiol precursors (3-MPTMS
and 3-MPDMS), the thiol (-SH) group grafted onto titanate
was oxidized into sulfonic acid (HSO3-) with 10 wt% hydrogen
peroxide at 333 K and then treated with 1IN H,SOy4 at ambient
temperature for complete protonation [29]. The prepared sam-
ples were separated by filtration, washed with deionized water
and ethanol, and dried at 353 K in a vacuum oven. On the other
hand, sultone precursors (1,3-PS and 1,4-BS) directly gave the
sulfonic acid group from ring opening of sultone and did not need
further treatments after the surface functionalization of titanate.
Scheme 1 summarizes these functionalization steps using these
precursors. Functionalized samples were denoted by HS-titanate
(precursor) or HSOj3-titanate (precursor) as indicated.

2.3. Fabrication of composite membranes

To prepare a nanocomposite membrane, a desired amount
of prepared HSOj3-titante was added into 5 wt% Nafion solu-
tion (DuPont), and then stirred mechanically and degassed by
ultrasonication. The contents of functionalized titanates in the
mixture were varied in 3, 5, 7 and 10 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 wm at the formed
nanocomposite 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 formation of the composite membrane. Finally, the resid-
ual solvent in the nanocomposite membrane was fully removed
by evacuation at 403 K for 12 h. The recast nanocomposite mem-
branes were boiled at 353 K in 10 wt% hydrogen peroxide and
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Scheme 1. A schematic representation for the functionalization steps of nanostructured titanates.

rinsed with deionized water. Finally, the obtained nanocompos-
ite membrane was converted into the H*-form by immersing it
in IN H,SOy4 solutions for several hours at 353 K, and rinsing
repeatedly with deionized water to remove the excess acid.

2.4. Physical characterization

X-ray diffraction (XRD) patterns were obtained on a MAC
Science Co., M18XHF diffractometer with Cu Ko radiation
(40kV, 200 mA). The thermal properties of functionalized (HS—
or HSO3-) titanates were analyzed by thermogravimetric anal-
ysis (TGA, TGS-2). The TGA analyzer was operated in the
range of 323-1073K at a heating rate of 10 Kmin~—! under
air flow of 60 mlmin—!. The thiol (HS-) or sulfonic (HSO3-)
groups were analyzed by X-ray photoelectron spectra (XPS)
acquired with a VG-Scientific ESCALAB 220 iXL spectrom-
eter equipped with a hemispherical electron analyzer and Mg
Ka (1253.6eV) X-ray source. The 2°Si solid-state NMR mea-
surements were performed on a Varian Unity Inova 300 MHz
spectrometer (7.4 T) equipped with a 7 mm Chemagnetics MAS
probe head using a sample rotation rate of 5.5 kHz. Tetramethyl-
silane (TMS) was used as the chemical shift standard for 2°Si
(Oppm). The spectra of 2°Si MAS NMR were measured at a
frequency of 59.590 MHz.

2.5. Ion exchange capacity measurements

The ion-exchange capacity (IEC) (mmol of sulfonic acid/g
of HSOs3-titanate) 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 5ml of 0.IN NaOH to

exchange sodium ions with the protons in the inorganic. Back-
titration was accomplished by titrating the remaining NaOH in
solution with 0.1N HCl solutions. The IEC values were obtained
by subtracting the added volume of 0.1N HCI from the initial
0.1N NaOH volume.

2.6. Methanol permeability measurements

The methanol permeability of the composite membranes
was measured at 300K in a single cell without electrodes.
The membrane permeate side was dry by flowing He gas
(30 ml min~!) and the opposite side was wet by flowing 2 or 5 M
methanol/water solution (1 ml min—'). The amounts of methanol
and water that crossed through the membrane were determined
by a gas chromatography (GC, HP 6890) equipped with a packed
column (Porapak Q) and a thermal conductivity detector (TCD).

2.7. lonic conductivity measurements

The ionic conductivity of the composite membranes was mea-
sured by a four-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 con-
trolled humidity and temperature. By applying constant currents
(1) through the two outer Pt-probes and measuring voltage drops
(V) across the two inner Pt-probes, the resistance (R) of the mem-
brane was measured. The ionic conductivity (o) was calculated
by 0 =L/(A x R), where L and A are the distance between the
two inner Pt-probes and the cross-sectional area of the mem-
brane, respectively. The impedance measurements were carried
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out in the frequency region from 0.1 to 105 Hz and in the ac
current amplitude of 1 mA using electrochemical impedance
analyzer (EG&G 263A Potentiostat/Galvanostat, FRD 100 fre-
quency response detector) with Powersuite (v2.53) Software.

2.8. Tensile strength measurements

To measure the tensile strength, a nanocomposite membrane
was cut into the testing size (S mm x 5 cm). The prepared test
specimen was installed into an Instron 4206 instrument for ten-

sile strength measurements at a crosshead speed of 5 mm min~!.

2.9. Performance tests for a single cell

The catalyst slurries for cathode and anode were prepared
by mixing Pt black and Pt—Ru black with 5 wt% Nafion solu-
tions, respectively. For fabrication of the membrane—electrode
assembly (MEA), the catalyst slurry was coated on carbon paper
employed as an electrode substrate. The catalyst loading was
approximately 8 mgcm™! for both anode and cathode and the
effective electrode area of the single cell was 10 cm”. The MEA
was fabricated by hot pressing anode/membrane/cathode lay-
ers at 398 K and 3500 psi for 5min. The performance of the
single cell with this MEA was evaluated at 313K with 2M
methanol/water solution and air supplied into the anode and
cathode sides of the single cell, respectively.

3. Results and discussion

3.1. Synthesis and characterization of sulfonated titanate
nanosheets

The synthesis and characterization of titanate nanosheets
have been discussed in detail elsewhere [28]. In this work, this
nanosheet was used as the base material for surface functional-
ization by organic sulfonic acid groups.

The ion-exchange capacity (IEC, mmol of sulfonic acid/g
of HSOs3-titanate) is an important factor determining ion con-
ductivity. Thus IEC of each sample was determined by the
back-titration method as described in Section 2 and the results
are shown in Fig. 1. The H*-titanate treated with IN H>SO4 had
neutral pH of 7.4 and IEC of 0.526 mmol g~ !, which represents
that ammonium ions in the interlayer of as-synthesized titanate
were exchanged with H*. In case of 3-MPTMS as a grafting
precursor, the resulting HSOs3-titanate (3-MPTMS) had a lower
pH and a higher IEC value. On the other hand, HSOz3-titanate
(1,4-BS) had similar pH and IEC values as H*-titanate, indi-
cating that sufficient surface functionalization was not accom-
plished by using 1,4-BS. However, the resulting HSO3-titanate
(3-MPTMS), HSOs-titanate (3-MPDMS) and HSOs-titanate
(1,3-PS) samples had at least ca. 2 times higher IEC values than
that of H*-titanate.

In Fig. 2, X-ray photoelectron spectra (XPS) of S 2p core
level for the in situ outgassed samples revealed characteristic
S 2p3p—S 2p1 spin-orbital splitting. XPS analysis is useful
for evaluating qualitatively the types of sulfur species and mea-
suring quantitatively the sulfonic acid groups near the surface

o
7 B IEC(mmol/g)
O Initial pH 6.15
@ 6
©°
5
E 428
= 3.79
8 4 345
5 3
&
2 1.478
1.05 1.13
1| 0526 0.593
Lo 1
H+titanate  3-MPTMS 3-MPDMS 1,3-PS 1,4-BS

Precursors for Functionalization

Fig. 1. pH and ion exchange capacities (IEC) of titanate nanosheets upon graft-
ing precursors.

region. The chemical properties of the samples were probed by
examining the more intense component S 2p3/>. Samples showed
two types of sulfur species: one at a low binding energy (BE)
(~163.5eV), corresponding to a sulfide (S2) species due to
thiol (—SH) groups, and the other at a higher BE (~168.5eV),
associated with a sulfate (S*) species due to sulfonic (-SO3H)
group [30]. Considering the intensity of S®* peaks in Fig. 2 for
HSOs3-titanate samples, we can conclude that 3-MPTMS and
1,3-PS are more efficiently grafted onto the surface of titanate
than 3-MPDMS and 1,4-BS. In case of 3-MPTMS as a sulfonic
acid source (Fig. 2(c and d)), a large fraction of thiol group has
been lost from surface during oxidation reaction with hydrogen
peroxide. On the other hand, in case of 1,3-PS as a sulfonic
acid source (Fig. 2(f)), a large amount of sulfonic acid group
is directly grafted onto the surface of titanate. Table 1 shows
the contents of sulfur in functionalized titanate quantified by

160 165 170 175
Binding Energy (eV)
Fig. 2. X-ray photoelectron spectra (XPS) in the S 2p core level region of (a)
HS-titanate (3-MPDMS), (b) HSOj3-titanate (3-MPDMS), (c) HS-titanate (3-

MPTMS), (d) HSOj3-titanate (3-MPTMS), (e) HSOs-titanate (1,4-BS) and (f)
HSO3-titanate (1,3-PS).



C.H. Rhee et al. / Journal of Power Sources 159 (2006) 1015-1024 1019

Table 1
Sulfur contents of functionalized titanate determined by XPS

Sulfur contents (at%) in
functionalized titanate

Sulfonic acid precursors

HS-titanate HSOj3-titanate

Thiol
3-MPTMS 7.97 1.06
3-MPDMS 4.21 0.71
Sultone
1,3-PS - 1.44
1,4-BS - 0.40

XPS analysis. As evident in Table 1, 1,3-PS is the most efficient
reagent in grafting sulfonic acid group on titanate.

In Fig. 3, X-ray diffraction (XRD) of the functionalized
titanates indicated an increase in interlayer distance by fuctional-
ization of surface hydroxyl (-Ti—~OH) with 3-MPTMS, followed
by oxidation of thiol to sulfonic acid or direct sulfonation with
1,3-PS. From the Bragg’s law [31], its interlayer distance was
estimated to increase from ~0.9 to ~1.0 nm, indicating that the
grafted functional groups (—SH or —SO3H) on surface increased
slightly the interlayer distance of the titanate. This result indi-
cates that the interlayer space of titanates has been used for
functionalization. On the other hand, functionalization with 1,4-
BS had little effect on the interlayer distance. This was consistent
with previously described XPS results that showed a very small
amount of sulfur species on the surface of this sample.

2951 MAS NMR spectroscopy is an excellent method to study
silylated compounds [32,33]. H"-titanate exhibits no resonance
in the range from 0 to —200 ppm as shown in Fig. 4(a). Upon
surface fuctionalization with 3-MPTMS, a new broad peak (T)
appeared near —50 to —70 ppm as shown in Fig. 4(b). This new
peak (T) was due to the silane species grafted on the surface and
in accord with the reported Si signal for alkyltrimethoxysilane
or alkyltrichlorosilane grafted on layered silicates (near —55
to —65 ppm) [32,33]. Thus, the Si atom is covalently bonded
to carbon forming —O3Si—CHj— species. When HS-titanate (3-

6000

5000 4
MM"\\. ©

4000 H-s—»’/\ S

i - .(d)
3000 4 N
20004 - . (©)

10004

Intensity (a.u.)

£;
R
3 ‘r J
{ |
- !*
}
;
ONE TN
i

0 Y T Y v Y
6 8 10 12 14 16 18 20

20 (Degrees)

Fig. 3. Wide-angle X-ray diffraction (XRD) patterns of (a) H*-titanate, (b) HS-
titanate (3-MPTMS), (c) HSO3-titanate (3-MPTMS), (d) HSO3-titanate (1,3-PS)
and (e) HSOs-titanate (1,4-BS).
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Fig. 4. 298i MAS NMR spectra of (a) H*-titanate, (b) HS-titanate (3-MPTMS)
and (c) HSOs-titanate (3-MPTMS) (oxidation at 333 K). The sample (c) was
obtained after the protonation reaction with IN HySO4 at 298 K.

MPTMS) was treated with hydrogen peroxide to oxidize the thiol
group, the intensity of new peak (T) decreased, indicating that
a large portion of grafted molecules was detached from titanate
surface. These results of 2°Si MAS NMR are consistent with the
previously described results based on XRD and XPS.

The thermal stability of the functionalized titanates was stud-
ied by thermogravimetric analysis (TGA) shown in Fig. 5.
The weight losses of untreated, HSOs3-titanate (3-MPTMS) and
HSOs-titanate (1,3-PS) in the temperature range from 323 to
373K were ca. 6 wt%, and probably caused by loss of water
contained in inter-layers. In the case of HS-titanate (3-MPTMS),
a weight loss of ca. 13 wt% was recorded between 533 and
773 K as shown in Fig. 5(b) because the surface-functionalized
thiol group was thermally decomposed through this region. In
case of HSOs-titanate (3-MPTMS), a weight loss of ca. 6 wt%
was recorded between 453 and 523 K as shown in Fig. 5(c)
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Fig. 5. Thermogravimetric analysis (TGA) curves of (a) H*-titanate, (b) HS-

titanate (3-MPTMS), (¢c) HSOs-titanate (3-MPTMS) and (d) HSOj3-titanate (1,3-
PS).
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Fig. 6. Fourier transformed-infrared (FT-IR) spectra of (a) H*-titanate, (b) HS-
titanate (3-MPTMS), (c) HSO3-titanate (3-MPTMS) and (d) HSOs-titanate (1,3-
PS).

because the sulfonic acid group was thermally cracked through-
out thisregion. However, a weightloss of ca. 7 wt% was recorded
between 423 and 573 K for HSOs-titanate (1,3-PS) in Fig. 5(d).
The sulfonic acid group grafted by using 1,3-PS had an enhanced
thermal stability than that prepared using 3-MPTMS. In any
case, the thermal stability of the sulfonic acid group would
limit the allowed operating temperature of these materials. For-
tunately, however, the decomposition temperatures are all much
higher than usual operating temperatures of DMFC (<353 K).

Fig. 6 compares FT-IR spectra of thiol and sulfonic acid
grafted samples. In all FT-IR spectra, the absorption bands in
the range of 3600-3000cm™! and near 1630cm™! could be
assigned to adsorbed H,O and Ti—OH coordination, respec-
tively. The absorption band near 3400cm™' results from
hydroxyl group or water on the surface. In contrast, the absorp-
tion bands in the range of 12001000 cm~! in Fig. 6(b) could
be due to the grafted thiol (-SH) group. Upon oxidation with
hydrogen peroxide, the new absorption bands appeared at
1300-1100cm™"! as shown in Fig. 6(c), which is due to the
grafted sulfonic acid (-SO3H) group [34]. In case of grafting
with 1,3-PS, the similar absorption bands at 1300-1100 cm™!
appeared in Fig. 6(d). However, the absorption intensity of the
peak for HSOs-titanate (1,3-PS) was more intense than that of
HSOs3-titanate (3-MPTMS).
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Fig. 8. Small (A) and wide-angle (B) X-ray diffraction (XRD) patterns. (A)
(a) Nafion 115 membrane, (b) Nafion®/HSO;-titanate (1,3-PS) nanocomposite
membrane (3 wt% loaded); (B) (a) H* -titanate, Nafion®/HSOs-titanate (1,3-PS)
nanocomposite membrane loaded amount of (b) 3 wt%, (c) 5 wt%, (d) 7 wt%
and (e) 10 wt%.

3.2. Nafion/sulfonated titanate nanocomposite membranes

Nanocomposite membranes based on Nafion have been pre-
pared using surface-sulfonated titanate nanosheets as inorganic

Fig. 7. Transmission electron microscope (TEM) images of (a) HSOsz-titanate (1,3-PS) and (b) nanocomposite membrane (3 wt% HSOz3-titanate (1,3-PS)).
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fillers. Fig. 7 displays TEM images of HSOj3-titanate (1,3-PS)
nanosheets without and with Nafion matrix. In Fig. 7(a), the
TEM image was obtained from the samples that were prepared
by dispersing the samples in ethanol using ultrasonic treatments,
dropping them onto a porous carbon film supported on a copper
grid and drying at 353K in an oven. The nanosheet morphol-
ogy has a thickness of ca. 10-20 nm and a width of over several
hundred nanometers. After incorporating HSOs3-titanate (1,3-
PS) into the Nafion matrix, as shown in Fig. 7(b), HSO3-titanate
(1,3-PS) was well dispersed in the Nafion matrix. The nanosheets
became thinner in the Nafion matrix in general including some
degree of exfoliation. The small-angle XRD patterns of pris-
tine Nafion and the 3 wt% loaded nonocomposite membrane in
Fig. 8(A) show a single peak that represents channel size in
Nafion matrix [29]. The shift of the peak in Fig. 8(A, a) to a
higher 26 angle in Fig. 8(A, b) indicates that the size of the
ion channel in the nanocomposite membrane was reduced by
introduction of the sulfonated titanate, relative to that of pris-
tine Nafion. The ion channel size has a direct effect on the
methanol permeability rate of the membrane. From Bragg’s
law [31], the ionic channel size was estimated to be reduced
from 3.84 to 2.75nm. This smaller channel in the compos-
ite electrolyte membrane could be the factor responsible for
the reduced methanol crossover through the electrolyte mem-
brane as discussed below. As shown in Fig. 8(B, a—e), as the
amount of sulfonated titanate loading into the Nafion matrix
was increased, the peak intensity of the small-angle region
(around 3°) was decreased, which suggested that the disor-
dering of the ion channel structure was increased. The shifts
of the peak at ca. 10° to lower angles could be explained
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by partial intercalation of the polymer chains into the inter-
layer of the sulfonated titanate. This could be taken as evi-
dence for the close interaction between Nafion and the inorganic
fillers.

The tensile strength of a polymeric material has been shown
to be remarkably improved when nanocomposites are formed
with layered materials [35,36]. The formation of nanocompos-
ites exhibited a large increase in the tensile properties at a rather
low filler content. In the case of nanocomposites, the extent of the
improvement of the modulus depended directly upon the mor-
phology and the aspect ratio of the dispersed inorganic fillers.
Fig. 9(A and B) shows the effect of the morphology. Montmoril-
lonite (MMT) had alarge particle size of micrometer scale and its
aspect ratio was over 100:1. Previously we have studied surface-
sulfonated MMT as an inorganic filler of the Nafion nanocom-
posite for DMFC applications [29]. Surface-sulfonated titanates
with a nanosheet-like morphology showed a more enhanced
mechanical strength than flake (MMT) or nanoparticular (TiO»
P25) morphologies. The difference between titanates and MMT,
both having a layered structure, may be due to the difference
in the extent of exfoliation. Sulfonated titanate with ca. 0.8 nm
interlayer spacing can be easily exfoliated in a Nafion matrix.
Hence the final modulus of the nanocomposite membrane made
from sulfonated titanate was enhanced. TiO, P25 has no lay-
ered structure and is difficult to be homogeneously dispersed
in a nanocomposite membrane. Its impact on the mechanical
property of membrane was similar to that of MMT. Fig. 9(C
and D) shows the effect of the sulfonated titanate (1,3-PS) con-
tent. Young’s modulus increased with the content of sulfonated
titanate. This smooth increase in Young’s modulus suggests

350

300

250 4
T o™

2001 %‘ "T/ '

1501

100

Young's modulus [MN/m2]

50 T -
Nafion 115  MMT Tio2 P25 HSO3-titnate
Inorganic Additives (3wt%)

C

500
&
£ 400
2
s %/'
2 3001 /_{/’
2 _
B
£ 200
w
2 1001
=]
(=}
=

0
0 3 5 7 10

(D) Contents of HSO3-titanate [W%)]

Fig. 9. Effect of morphology of inorganic fillers (A and B) and sulfonated titanate (HSOs-titanate (1,3-PS)) content (C and D) on stress vs. strain and Young’s

modulus for nanocomposite membranes.
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Fig. 10. The proton conductivity of Nafion 115 and nanocomposite membranes
fabricated with different amounts of HSOs-titanate (1,3-PS) or TiO, P25. All
composite membranes had the same membrane thickness of ca. 120 pm.

fairly uniform distribution of the inorganic phase in the poly-
mer matrix.

Fig. 10 shows the proton conductivity of membranes fabri-
cated with different wt% of HSOs-titanate (1,3-PS) (IEC ~ 1.14)
in Nafion (0-10 wt%) and 3 wt% of TiO, P25. The proton con-
ductivity of the composite membranes was measured by the ac
four-point probe method using an ac impedance analyzer. Com-
pared with the proton conductivity of Nafion 115 purchased
from Aldrich, Nafion membrane recast by the solvent casting
method had similar conductivity values, which shows that our
preparation method is adequate for manufacturing the nanocom-
posite membrane. As shown in Fig. 10, the proton conductiv-
ities of nanocomposite membranes decreased with increasing
the content of inorganic fillers and decreasing the measuring
temperature. Nanocomposite membranes containing 3—7 wt%
HSOs3-titanate (1,3-PS) showed higher ionic conductivity values
than composite membranes containing 3 wt% TiO, P25. This
trend was consistent for all three temperatures tested. These
relatively higher proton conductivities of the nanocomposite
membranes containing sulfonated titanates rather than the mem-
branes containing TiO, particles are considered to be due to the
effect of surface functionalization with organic sulfonic acid
groups. Their conductivities are still lower than pristine Nafion
membrane. Yet, the difference is smaller than the membrane
containing unfunctionalized TiO;, because the organic sulfonic
groups on the surface contribute to the proton conduction.

Fig. 11 shows the water and methanol permeability rates of
membranes fabricated with different wt% of HSO3-titanate (1,3-
PS) in Nafion (0-10 wt%). The thickness of the nanocomposite
membranes was maintained the same at ca. 120 wm by employ-
ing the same total amount of Nafion and the inorganic filler.
As shown in Fig. 11, the methanol and water permeability rates
decreased with increasing the amount of HSOs-titanate (1,3-PS)
added into the Nafion matrix. As the concentration of methanol
solution was increased, the methanol and water permeability
rates proportionally increased. Table 2 summarizes the perme-
ability properties of the nanocomposite membrane containing
10 wt% HSOs3-titanate (1,3-PS). The reduced permeability of
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Fig. 11. The methanol (A) and water (B) permeability rates of Nafion 115 and
nanocomposite membranes fabricated with different amounts of HSO3-titanate
(1,3-PS). All nanocomposite membranes had the same membrane thickness of
ca. 120 pwm. The number in figure indicates the relative permeability of methanol
and water (relative to the permeability of solvent through pristine Nafion 115).

methanol was relatively large in 2 M methanol solution. Yet, the
reduced permeability of water was relatively less affected by the
methanol concentration.

Fig. 12 shows the performance under DMFC operating condi-
tions of a single cell containing a membrane—electrode assembly
(MEA) made with composite membranes of different inorganic
materials and pristine Nafion 115. The same Pt—Ru anode and
Pt cathode were employed as electrodes of the MEA. The
composite membrane with 5 wt% unfunctionalized TiO, P25

Table 2
The methanol and water permeability rate of nanocomposite membrane con-
taining 10 wt% HSOj3-titanate (1,3-PS)

2M MeOH 5M MeOH
MeOH 7—4.5(38%) 11— 8.3 (26%1)
H,0 44— 33 (25%) 49 33 (32%)

Note: Permeability rate [wmol min~!].
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Fig. 12. Single cell performance curves for the MEA made with Nafionl15
and composite membranes operated at 313K (2M methanol; air flow
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HSOs-titanate (1,3-PS).

had a better performance than Nafion 115 itself. Moreover,
the composite membranes with 5 wt% functionalized titanate
nanosheets showed a much improved performance compared
with a composite membrane with 5 wt% unfunctionalized TiO,
P25. Further, the composite membranes with 5 wt% HSO3-
titanate (1,3-PS) showed a higher performance than with 5 wt%
HSOs-titanate (3-MPTMS). The current densities measured
with the composite membranes with 5 wt% inorganic fillers such
as TiO, P25, HSOs-titanate (3-MPTMS) and HSOs-titanate
(1,3-PS) were 169, 284 and 318 mA cm™2, respectively, at a
potential of 0.2 V. The current density measured with Nafion
115 was 125mA cm™2 at a potential of 0.2 V. Thus, the per-
formance of the DMFC was improved by using the composite
membranes, and it was much more effective to use a compos-
ite membrane containing functionalized titanates rather than
unfunctionalized TiO, particles. The maximum power den-
sity of each MEA containing different membranes — Nafion
115 and the composite membranes with different inorganic
fillers such as TiO, P25, HSOs-titanate (3-MPTMS) and HSO3-
titanate (1,3-PS) — was 31.4, 39.3, 63.8 and 73.0 mW cm 2,
respectively. The maximum power density of the MEA fab-
ricated with HSOj3-titanate (1,3-PS)/Nafion composite mem-
brane was 57% higher than that of the MEA fabricated with
Nafion membrane and 46% higher than that of the MEA
fabricated with unfunctionalized TiO, P25/Nafion composite
membrane.

As previously mentioned, there have been many attempts to
improve the cell efficiency of DMFC through incorporation of
inorganic moieties into the Nafion membrane [8—15]. However,
there has not been much success that parallels the expecta-
tions put into these materials. Many inorganic particles have a
problem of too low an ion conductivity that lowers the ion con-
ductivity of the composite membrane to an unacceptable level.
Ion-conducting inorganics such as heteropolyacids and zirco-
nium phosphates, have also been examined without significant
success either at low temperatures below 353 K, although these

materials have improved performance at higher operating tem-
peratures over 373 K. The present system of Nafion/sulfonated
titanate provides encouraging results probably by two factors:
(i) the relatively high ionic conductivity of HSO3-titanate com-
pared to other inorganic fillers employed previously; (ii) the
2-dimensioal morphology of titanate nanosheets that could be
more effective in blocking the passage of methanol than materi-
als of other geometries [14,15]. Indeed, Yano et al. [37] reported
that the width of clay had a direct effect on the permeability of
water. The longer tortuous pathways were generated by introduc-
ing a clay with a higher aspect ratio and efficiently exfoliating
the layered structure, and thus the permeability of water was
more effectively reduced [37,38]. The nature of the precursors
had significant influence on the effectiveness of the sulfonated
titanates as fillers of the nanocomposite membranes. Relative to
thiol groups, sultone groups provided a simpler one-step func-
tionalization reaction as well as better performance, and 1,3-PS
was particularly effective.

4. Summary and conclusions

Various thiol and sultone groups were grafted onto the sur-
face of titanate nanosheets to render organic sulfonic acid
(HSO3-) functionality to their surfaces. The sulfonated titanate
and Nafion formed nanocomposite membranes. Based on the
results of XPS, XRD and MAS NMR, 3-MPTMS and 1,3-PS
were more efficient sulfonating precursors than 3-MPTMS or
1,4-BS. By surface functionalization with organic species bear-
ing a sulfonic acid (HSO3-) group, higher IEC values were
obtained than untreated titanate. In a TGA experiment, HSO3-
titanate (1,3-PS) showed a better thermal stability than HSO3-
titanate (3-MPTMS). In addition, HSO3-titanate (1,3-PS) was
directly synthesized by a one-pot reaction without any extra
oxidation step being required for thiol (—~SH) groups. The func-
tionalization of nanostructured titanate using 1,3-PS was the
most efficient route showing better results than using any other
precursors.

Sulfonated titanates incorporated into Nafion were well dis-
persed in the Nafion matrix. Nanocomposite membranes had a
reduced ion channel size of 2.75 nm and the mechanical prop-
erty (Young’s modulus) was highly enhanced by the presence
of titanate nanosheets. The performance of Nafion®/sulfonated
titanate nanocomposite membranes was evaluated under DMFC
operating conditions in terms of methanol permeability, mechan-
ical properties and proton conductivity. Nanocomposite mem-
branes containing HSO3-titanate (1,3-PS) showed higher proton
conductivity than composite membranes containing untreated
TiO, P25. The methanol permeability of nanocomposite mem-
branes decreased with increasing content of HSOs-titanate
(1,3-PS) in the nanocomposite membranes. The relative per-
meabilities of methanol with 2 and 5M methanol solutions
were reduced by up to 38 and 26%, respectively, relative
to pristine Nafion 115. The combination of higher IEC val-
ues, enhanced mechanical/thermal properties, and reduced
methanol crossover led to the enhanced the performance of
DMFCs employing Nafion/sulfonated titanate nanocomposite
membranes.
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