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Synthesis and Ex-situ Characterization of Nafion/TiO,
Composite Membranes for Direct Ethanol Fuel Cell

Lepakshi Barbora," Simadri Acharya,®> Anil Verma™*?

Summary: Nafion/TiO, composite membranes for different loadings of TiO, were
prepared by casting method for the possible application in direct ethanol fuel cell
(DEFC). The properties of the composite membranes were investigated by scanning
electron microscopy (SEM), x-ray diffraction (XRD), thermogravimetric analyser (TGA),
ion exchange capacity, water and alcohol uptake, swelling ratio, proton conductivity,
and ethanol crossover. The observed characteristics of the membranes were eval-
uated for DEFC and compared with the direct methanol fuel cell (DMFC) membrane.
The analysis reveales a significant influence on the TiO, surface characteristics, water
and alcohol uptake, and swelling of the membrane. The TiO, composite membranes
exhibited a sharp decrease in methanol and ethanol crossover for 5% TiO, and the
proton conductivity was heighest for 1% TiO, loading. The best compromise between
proton conductivity and crossover has been found out with the help of the
characteristic factor ¢h. The optimum loading of 5% TiO, composite membrane

Introduction

Polymer electrolyte membrane fuel cells
with liquid-feed offer a promising alter-
native to hydrogen gas consuming fuel cell
as they allow easy handling and storage of
the liquid fuel for applications in portable
and mobile electronic devices.'! Many
liquid fuels such as methanol,m ethanol,m
formic acid,*! ethylene glycol[s] are being
tested as a fuel in polymer electrolyte
membrane (PEM) based fuel cell. Among
all the investigated possible fuels, metha-
noll®” is the most favorite due to its
relatively higher electrochemical activity,
which is one of the major prerequisites for
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has shown the maximum characteristic factor.
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PEM based fuel cell. The fuel cell, which
utilizes methanol as a fuel is known as
direct methanol fuel cell (DMFC) and has
been actively investigated since 1960s.["!
Much progress has been made in the
different relevant issues of DMFC, includ-
ing electrocatalysts, electrolyte, membrane
electrode assembly and fuel cell stack.
However, the sluggish anode kinetics and
methanol crossover (undesired permeation
through the membrane) are still the main
challenges to the commercialization of
direct methanol fuel cell despite that
extensive efforts have been devoted.
Moreover, methanol is toxic and it is
neither a primary nor a renewable fuel.!'”’
On the other hand, ethanol as a renewable
material, offers an attractive alternative as
a fuel in PEM based fuel cells with positive
impact on both economy and environ-
ment.'Y] Ethanol can be produced in large
quantities from agricultural products and it
is the major renewable biofuel from the
fermentation of bi‘omass. It should also
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be noted that ethanol and the intermediate
products of ethanol electro-oxidation
are less toxic than the methanol.'”! Therefore,
the research on ethanol based fuel cell,
direct ethanol fuel cell (DEFC), has
become one of the promising fields of
investigation. The research and develop-
ment of DEFC have been concentrated on
both the ethanol electro-oxidation mechan-
ism!"* and identification of ethanol oxida-
tion products over electro-catalysts.*]
Breaking the C-C bond in ethanol mole-
cule for its complete electro-oxidation
to CO;, is a major problem in ethanol
electrocatalysis. It was shown that the main
bulk products in the electrochemical oxida-
tion of ethanol were acetaldehyde, acetic
acid, and COZ.“S] In particular, acetic acid
causes a considerable lowering of the fuel
capacity to generate electricity and yield
environmental problems. Therefore, it is
important to develop highly selective
catalysts for complete oxidation of ethanol
to carbon dioxide to enhance the electro-
chemical reaction rate.''!  Antolini
(2007)1'°) presented an overview of the
catalysts tested as anode and cathode
materials for DEFC.

Although the research and development
work on DEFC are being done but the
investigation on the problem of ethanol
crossover in DEFC similar to methanol
crossover in DMFC is scanty. When the
ethanol is fed to the anode side of the fuel
cell, some of the ethanol permeates through
the polymer electrolyte membrane to the
cathode (known as crossover). Song et al.
(2005)81 investigated the behavior of
methanol and ethanol permeation through
Nafion-115 and its effect on the perfor-
mance of fuel cell. They have shown that
ethanol has lower permeability as com-
pared to methanol inspite of the higher
swelling ratio of nafion membrane in
ethanol solution. It was found that metha-
nol and ethanol permeability rates in the
fuel cell increased with the increase in
temperature and alcohol concentration.
Fuel crossover through the PEM adversely
affects the performance of the fuel cell,
which requires the modification of existing
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membrane properties or the development
of new membrane. In the effort of modify-
ing the existing membrane properties,
incorporation of inorganic additives are
being investigated with the objective of
serving the dual functions of improving
water retention as well as providing more
tortuosity to reduce the fuel crossover
through the membrane. Blasi et al.
(2006)11%  fabricated composite nafion
membrane with nafion ionomer and silica
to investigate the behaviour of the compo-
site membrane for DEFC application. They
observed that the increased water retention
characteristics of these composite mem-
branes did not enhance the fuel cell
performance at temperatures below 90 °C
and larger ethanol permeability was envi-
saged. Tan et al. (2006)[18] investigated the
performance of nanocomposite membranes
based on sulfonated poly(etheretherke-
tone) and poly (ether sulfone), structured
with silica modified by phosphotungustic
acid for direct ethanol fuel cell. The
composite membrane showed increased
proton conductivity and mechanical stabi-
lity, while the swelling in ethanol solution
was reduced. Although the modified mem-
branes showed a slight increase in ethanol
permeability the other positive contribu-
tions, especially the increase in proton
conductivity renders composite membrane
suitable for DEFC application. Affoune
et al. (2005)") studied the effect of
methanol, ethanol, 2-proponol and water
on the proton conductivity and surface
properties of nafion membrane. They have
established that both conductivity and
surface topology of nafion undergo high
modification when the membrane was
transferred from water to alcohol environ-
ment. Arico et al. (1998)[14] conducted fuel
cell experiments with methanol or ethanol
as fuel and found that the ethanol perme-
ability is less as compared to methanol
permeability. The reduction of fuel perme-
ability is important but at the same time the
proton conductivity of the composite
membrane must not be reduced. There is
lack of extensive study in the field of
composite membrane for the DEFC.
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In the present study, nafion/TiO, com-
posite membrane is synthesized and exten-
sive ex-situ characterization of the compo-
site membrane is conducted for the possible
use in DEFC. Different loadings of TiO,
have been used to prepare the composite
nafion membrane. The membranes have
been characterized for surface morphology,
crystallinity, thermal stability, ion exchange
capacity, water and alcohol uptake, swel-
ling ratio, proton conductivity and ethanol
permeability.

Experimental Part

Materials

Nafion®™ dispersion (SE-5112), Swt% solid,
was procured from DuPont, USA.
Dimethylformamide (DMF) was purchased
from Merck, India. Titanium dioxide (TiO,,
anatase) was obtained from Merck, Ger-
many. Methnaol and ethanol were pro-
cured from Merck, India. All the chemicals
were used without further purification and
de-ionized water was used in all the
experiments.

Method

Preparation of Membrane

The nafion dispersion had water and iso-
propyl alcohol as the major volatile con-
stituents. The dispersion was dried to
obtain dried solid residue of the nafion
polymer. The dried solid nafion was
dissolved and diluted in an appropriate
amount of DMF as a solvent to get nafion
solution. Membrane was prepared using
solution casting method at 160 °C from the
above obtained nafion solution.*”! The
membrane thus prepared in the process
was pure cast nafion membrane.

To prepare the composite nafion mem-
brane, TiO, powder was calcined at 400 °C
in a muffle furnace. A known amount of
TiO, powder was added into the nafion
solution and sonicated in an ultrasonic
water bath (Model: D-78224, Make: Elma)
to get fine dispersion of TiO, in the nafion
solution. The dispersion was then used to

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cast the composite nafion membrane.
The membranes before characterization were
treated by boiling in 3% H,0O, to remove
trace organics and then the sulphonic
side chains were converted to the acid form
(SOsH") by boiling in 1M H,S0,."
Excess H,SO,; was removed from the
membrane by rinsing in boiling water for
2 h followed by water rinsing to remove any
remaining free acid. The membrane was
stored in 18 M) water. All the properties of
the membrane were evaluated at 25°C.
TiO, loading is reported in terms of weight
percentage unless otherwise stated.

Membrane Characterization

SEM, TGA and XRD

Membrane thickness was measured by
using scanning electron microscope (SEM)
at several cross-sections of the sample.
SEM was utilized for the surface morphol-
ogy of TiO, powder, distribution of TiO,
particles in the membrane and the interface
between nafion and TiO, in the composite
membrane.

Thermal stability of the membrane was
investigated by using thermo gravimetric
analyzer (TGA) (Mettler Toledo TGA/
STDA 851) with a heating rate of 10°C per
minute in nitrogen atmosphere from 25 to
800 °C.

X-ray diffraction (XRD) measurements
were carried out by using Bruker AXS-D8
Advance X-ray diffractometer using a Cu-
Ko source operated at 40 keV and at a scan
rate of 0.05 “/S.

lon Exchange Capacity

The ion exchange capacity of the mem-
brane was determined by titration method.
The membrane was immersed in 0.1N
NaOH solution for 24 hours under con-
tinuous stirring. To assure complete ion
exchange, the samples were immersed
again in another 0.IN NaOH solution for
additional 24 hours. In the process, the H"
sites of the nafion were explained by Na™
through immersion of the membrane in
the NaOH solutions. The two solutions
were mixed for the accurate results and a
sample was taken from the mixture. The
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sample was titrated for displaced H* ions
present in the sample using 0.IN HCl
solution using phenolphthalein as an indi-
cator. The ion exchange capacity of the
membrane, E (meq/g), was calculated using
eq. (1,221

E(meq/g)

_ (VNaouN~aon — VuciNuci)
- 2 M
d

where, Vnaon and Vi are the volumes (in
ml) of NaOH and HCl solutions used in the
titration, respectively. Nnaon and Nycy are
the normalities of NaOH and HCI solu-
tions, respectively. Wy is the weight of the
dry membrane in gram.

Water and Alcohol Uptake

The water uptake of the membrane was
measured by suspending a dry membrane
sample of known weight in de-ionized
water for 24 hours. Thereafter, the mem-
brane was removed from water and the
excess surface water was quickly wiped by
tissue paper from both the surfaces to get
the wet swollen membrane. The weight of
the wet membrane sample was measured.
Water uptake of the membrane was
calculated by the following equation, eq. (2),
(Wy gd) x 100 @)

d

where, W,, and Wy are the weights of wet
and dry membranes, respectively.

Water uptake =

Swelling Ratio
The swelling ratio of the membrane was
determined by measuring the change of the
membrane geometrical area (at a constant
thickness of 80 wm) upon equilibrating the
membranes in water or methanol or
ethanol at room temperature. The swelling
ratio was calculated using eq. (3),
Swelling ratio(%) = Ay = A44) x 100 3)
Aq

where, Ay, and A4 are the area of wet and
dry membranes, respectively.

To reduce the error, the measurements
were repeated at least five times for each
sample and arithmetic mean was used to
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report the data. The variations in the experi-
mental values were in the range of £5%.

Proton Conductivity

Normal direction conductivity of the mem-
brane was determined in a conductivity
cell shown in Figure 1. The conductivity
measurement was performed in a two-
electrode AC impedance mode using LCR
meter. The membrane was fixed between
flanges of the two compartments of the
conductivity cell. The two platinum foil
electrodes (0.5 cm?) were placed near the
faces of the membrane.

Conductivity measurements were per-
formed at 25°C after equilibrating the
membrane in de-ionized water for 24 hours.
The membrane was located at the center of
the two chambers filled with 0.5 M H,SO,
solution in the conductivity cell. The
electrical resistance of membrane (R;)
was measured at a frequency of 10 kHz
and a voltage of 1V using LCR meter (HP,
Model: 4263B). The electrical resistance of
0.5 M H,SO, solution (R,) without a
membrane was also measured. The elec-
trical resistance, R, of the membrane was
calculated by subtracting the value of R,
from R;.

The conductivity of the membrane, o (S/
cm), was calculated using eq. (4),%%!

L
o=— 4
RA 4)
R X: Freq: Yol:
1 2 3
O Olls
5 6 7
LCR Meter

Figure 1.
Schematic diagram of the experimental set-up to
measure proton conductivity.
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where L, R, and A denote the distance
between the electrodes (cm), the measured
resistance (ohm), and the effective area of
the membrane (cm?) perpendicular to ion
flow, respectively.

Ethanol Crossover

Ethanol crossover of the membrane was
investigated in terms of the permeability of
the ethanol through the membrane in a
permeability test set-up.** The membrane
to be tested was placed between the flanges
separating the two chambers of the ethanol
permeability cell. One chamber of the cell
was filled with ethanol solution, while the
other one with pure water. The crossed over
ethanol concentration with time in the
water compartment was determined by
gas chromatograph (Varian CP-3800).
After measuring the change in ethanol
concentration with permeation time, the
ethanol permeability (P) in cm*s through
the membrane was obtained using the
following relationship eq. (5),

APCt
Cp =
BT VL

®)

In the above equation, Cpx is the initial
ethanol concentration (M) and Cg is the
ethanol concentration (M) in the water
compartment at time 7 in sec. Vg represents
the volume of pure water (cm®) and L the
thickness of the membrane (cm), and A the
area (cm?) of the membrane.

Results and Discussion

Membrane characterization

SEM, TGA and XRD

Figure 2a to 2f shows the SEM images of
pure cast nafion and composite nafion
membranes at different loadings of TiO,.
It can be seen that all the membranes are
dense and there is no evidence of pores or
cracks. The TiO, particles are well dis-
persed in the membranes with 1%, 3% and
5% loadings (Figure 2b, 2c and 2d). The
dispersion of TiO; in case of 7% and 9%
loadings (Figures 2d and 2e) is somewhat
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not well dispersed and shows the aggelo-
meration in the composite membrane.

The thickness of the membrane was
evaluated from the cross-sectional SEM
images and found to be 80 pm with
maximum 10% error.

Figure 3 shows the thermal stability
results of pure cast and composite nafion
membrane. On comparison of the TGA
thermograms of the composite membranes
with pure cast nafion membrane (Figure 3),
it is observed that all the membranes retain
more than 90% of its weight up to a
temperature of about 310 °C. Above 310 °C,
the composite membranes started to
decompose and lost weight quite rapidly.
This decomposition behavior below 300 °C
can be attributed to the loss of bound and
unbound water and rapid weight loss at and
above 310 °C may be because of loosening
of sulfonic acid groups present in the
membrane.*®! The degradation of the
composite membrane is very slow above
500 °C and the residue remaining is propor-
tional to the TiO, content. The nafion/TiO,
composite membranes showed not much
improvement in thermal degradation tem-
perature as compared with pure cast nafion
but it is well beyond the desirable fuel cell
operation temperature (25-80 °C).

The typical XRD patterns of TiO,
powder, and the composite membranes at
different TiO, loadings are represented in
Figure 4(i) and 4(ii), respectively. The
peaks observed for TiO, and nafion are
almost identical to those reported in the
literature.l?*! The crystallite size of the TiO,
powders are determined with the Debye-
Scherrer equation using full-width at half
maximum of the main diffraction peak and
found to be about 16 nm. The patterns of
composite membrane show the character-
istic peak of the inorganic additive (TiO;)
indicating the presence of crystallites in the
composite membranes. On comparing the
XRD patterns, it can be concluded that
the crystallinity of the composite mem-
brane increased with the addition of 5%
and 7% titanium dioxide. Addition of
crystalline domains into the otherwise
amorphous nafion membranes is expected
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SEM images of (a) Pure cast Nafion membrane (b) 1% Nafion/TiO, composite membrane (c) 3% Nafion/TiO,
composite membrane (d) 5% Nafion/TiO, composite membrane (e) 7% Nafion/TiO, composite membrane and

(f) 9% Nafion/TiO, composite membrane.

to decrease the fuel permeability, as
crystalline surfaces are less permeable to
liquid compared to amorphous surfaces.

lon Exchange Capacity
Ton exchange capacity (IEC) is the number
of replaceable ions (H") per unit mass of
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the dry membrane. This is one of the very
important characteristics of the membrane
as it provides an indication of the acid
groups having H" ions. These H" ions are
relatively weakly attached to SO; groups
and are able to move from anode to cathode
via the Grotthuss mechanism.*!! This
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Figure 3.

TGA curves of pure and composite nafion membranes at different TiO, loading

mechanism involves very rapid ‘hopping’ of
protons between neighboring sites invol-
ving solvated H" ions. Figure 5 shows that
the IEC of the composite nafion membrane
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Figure 4.

XRD patterns of (i) TiO, powder, and (ii) composite
membranes at different TiO, loadings (a) 0% (b) 1%
(©) 3% (d) 5% (e) 7% (f) 9%.
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increases with 1% TiO, loading but on
further increase in TiO, loading the IEC
decreases slowly. The increase in the IEC
for composite membrane is attributed to
the TiO, particles. The strong oxidation
potential of TiO, oxidizes the water
molecules associated to it, which results
in the formation of Ti-OH groups on the
surface of the particles.[29] These additional
OH groups increase the number of ion
exchange sites in the composite mem-
branes. These hydroxyl groups coordinate
with the significant number of water
molecules and thus increase the water
content inside the composite membranes.
The increased amount of water helps to
loose the interaction between proton and
SOj ion. Thus more number of replaceable
protons are available and measured by ion
exchange capacity. It can be confirmed
from Figure 6, in which the ion exchange
capacity follows the pattern of water
content in the membrane. The water
content in the composite membranes is
described in the subsequent section.

Water and Alcohol Uptake

Water uptake is closely related to the basic
membrane properties and plays an essential
role in the membrane behavior. Proton
conductivity and fuel permeation across the
membrane depend to a large extent on the
amount of water absorbed by the mem-
brane. Presence of water in the membrane
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Figure 5.
Effect of TiO, content on IEC.

influences the ionomer microstructure,
cluster, channel size, plasticizes and modi-
fies the mechanical properties.**! Water
uptake properties of the composite mem-
branes and pure cast nafion membrane
were evaluated with de-ionized water.
Figure 6 shows the percentage of water
and alcohol uptake with TiO, loadings.
Nafion/TiO, composite membranes have
higher water and alcohol uptake than pure
cast nafion membrane. The enhanced water
uptake can be attributed to the hygroscopic
nature of TiO,.*'! A significant number of
water molecules can be coordinated by

hydrogen bonding with the OH groups
present on the surface of TiO, particles.*!
Therefore, the water uptake of the compo-
site membrane increases with the addition
of the TiO, in the membrane till 1%. On
further increase in TiO, loading to 5% the
water uptake decreases but at any time the
water uptake is more than the pure cast
nafion membrane. But the composite
membranes with TiO; loadings in the range
of 7% to 9% showed water uptake lower
than the pure cast nafion membrane. This
may be attributed to the distribution of
TiO, and the availability of active sites (OH

400
—&— MeOH
350
—l— EtOH
—&— Water
300
250
3
£ 200
8
=
= 150
100
50
0 T T -
0 2 4 6 8 10
TiO, content (%)

Figure 6.
Effect of TiO, content on water and alcohol uptake.
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attached with TiO,) on the surface of the
composite membrane for hydrogen bond-
ing with water. As can be seen from the
SEM images (Figures 2b-2f), with increase
in TiO, loading by 7% in the composite
membranes, the formation of lump
increased and the surface area of the
TiO, increase. Over and above non-hydro-
gen bonding between OH groups of
adjacent Ti-OH may be responsible for
the decrease of free OH groups on the
composite surface for hydrogen bonding
with water.

Nafion has both hydrophobic and hydro-
philic domains. Water being the most polar
has high accessibility to the hydrophilic
domains, which covers about 25 to 35% of
the membrane mass as is obvious from the
water uptake results. Hence, the mem-
branes show lowest uptake for water.
Methanol being less polar than water has
accessibility to both the hydrophilic and
hydrophobic domain whereas ethanol
being the least polar will have maximum
access to the hydrophobic domain (about
65 to 75% of the membrane mass) and to
some extend to the hydrophilic domain as
well. Hence, the uptake of ethanol is
highest followed by methanol and water.

Figure 7 shows the uptake of three
different concentrations of methanol and
ethanol. The uptake increases with increase

200

in concentration of methanol or ethanol,
but in case of methanol the difference is less
compared to ethanol, which again may be
attributed to its polarity compared to
ethanol.*?!

Swelling Ratio

Swelling is one of the important character-
istics of the fuel cell membrane as it is
sandwiched between two electrodes in the
fuel cell. The electrodes and membrane
form membrane electrode assembly (MEA),
which is the vital part of the fuel cell. In a
fuel cell on/off cycles the MEA gets wet and
dry and may create cracks or delamination
of electrodes in the MEA. Thus more
permeability of the fuel will take place and
the fuel cell performance will be reduced.
Therefore, there should be a balance
between the water uptake (a desired
property) and the swelling (an undesired
property). Figure 8 shows the trend of
swelling ratio with the change in TiO,
loading in the membrane. Swelling ratio
follows the trend of water or alcohol
uptake.

Proton Conductivity

For a hydrous polymer membrane to be a
good proton conductor, it should have the
presence of fixed charged sites surrounded
by the water molecules, which facilitate the

180
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Figure 7.

Effect of TiO, content on uptake of alcohol of different concentrations.
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Figure 8.
Effect of TiO, content on membrane swelling.

transport of protons. The hydrogen ions
(protons) are attached to the fixed sulpho-
nic acid sites pending with the polymer
chain. The protons conduct in the polymer
by the hopping mechanism as described
earlier. The replaceable characteristic of
the ion has been discussed in terms of the
ion exchange capacity. The fixed charged
(SO3) sites provide the centers where the
moving ions (protons) can be accepted or
released. In a polymer structure, maximiz-
ing the concentration of these charged sites
is critical to ensure high conductivity.
However, excessive addition of ionically
charged side chains may significantly
decrease the mechanical stability of the

80

polymer, making it unsuitable for the fuel
cell use. As discussed earlier that TiO, may
change the morphology of the membrane
by changing the shape of the ionic cluster
and water content. Therefore, the proton
conductivity is measured for the composite
membrane with different loading of TiO,.

Figure 9 shows that proton conductivity
of composite membrane increased for 1%
loading of TiO,. On further increase in
TiO, content the conductivity decreases
slightly. The increase in proton conductivity
is because of the increase in ion exchange
capacity and water content of the compo-
site membrane, which facilitates the trans-
fer of protons. The decrease in proton

70
60
502
40
30 4

20 1

Proton conductivity (mS/cm)

Figure 9.
Effect of TiO, content on proton conductivity.
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Figure 10.
Effect of TiO, content on fuel permeability.

conductivity with the increase in TiO,
content may be attributed to a blocking
effect by TiO, particles, which disrupt the
continuum of sulfonic group clusters that
are responsible for the proton motion in the
nafion structure.**!

Ethanol Crossover

The permeability of ethanol has been
investigated for 1M concentration and
compared with the methanol permeability
through the membranes. Figure 10 shows
that methanol and ethanol permeability of
composite membranes is reduced as com-
pared to pure cast nafion membrane. Fuel
permeability through the composite mem-
brane decreases with an increase in the
TiO, loading. Thus, pure cast nafion
membranes are more permeable than
nafion/TiO, composite membranes of the
same thickness. From the alcohol uptake
results it was expected that ethanol would
give a higher fuel permeability compared to
methanol. But the experiment results
showed that methanol permeability was
higher than ethanol. This may be attributed
to the difference in the geometry of the
molecules and also to the coupling effect
between ethanol and water molecules,
which influences the independent transport
of ethanol and water molecules through
nafion membrane.**!
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The 5% TiO, loading decreases the
permeability of the membrane for ethanol
and methanol by 71% and 75% respec-
tively. Further increase in TiO, loading by
7% and 9% do not show significant
improvement in reduction of permeation.
However, it is known that the polymer
electrolyte membrane for direct alcohol
fuel cell (DAFC) application should have
the lowest fuel permeability and highest
proton conductivity possible.[zz] Thus, a
relationship between the permeability and
proton conductivity is an important factor
in evaluating membrane performance for
DAFC. This relationship is expressed as the
characteristic factor[35], ¢, calculated by
using eq. (6),

p=3 ©)

where, o is the proton conductivity (mS/cm)
and P is the fuel permeability (cm?/s) of the
membrane. Figure 11 shows the variation of
characteristic factor of the membranes.
The characteristic factor increases with the
increase in TiO, content upto 5%. The
high ¢ values are attributed to the sharp
decrease in fuel permeability relative to a
moderate increase in proton conductivity.
The high ¢ values of composite membranes
indicate that the nafion/TiO, composite
membranes developed may be efficient for
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Characteristic factors of the membranes.

a DAFC application. The characteristic
factor for DEFC is 0.072 uSs/cm® as
compared to 0.058 pS's/cm® for DMFC.
Therefore, the DEFC with 1M ethanol
solution feed and 5% TiO, composite
nafion membrane is a potential fuel cell
membrane based on ex-situ characteriza-
tion.

Conclusions

This work was focused on the synthesis of
nafion/TiO, composite membranes from
commercially available nafion dispersion
by casting method for direct alcohol fuel
cell. The composite membranes were
extensively characterized for the possible
use of the membrane in direct alcohol fuel
cell. The methanol and ethanol permeabil-
ity was reduced with the composite mem-
brane. The membrane with 5% TiO, was
found to be the best in terms of the lowest
methanol or ethanol permeability and at
the same time maximizing the proton
conductivity. The permeability of ethanol
was lower than methanol. The 5% TiO,
loading decreases the permeability of the
membrane for ethanol and methanol by
71% and 75% respectively. Further
increase in TiO, loading by 7% and 9%
do not show significant improvement in
reduction of permeation. It has been found

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

that composite membrane prepared by 5%
TiO, has the maximum characteristic factor
for ethanol and thus may be suitable for the
DAFC application.
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