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ABSTRACT

The direct methanol fuel cell (DMFC), a type of promoted polymer electrolyte membrane
fuel cell (PEMFC), has received tremendous attention in the past two decades because of its
potential as a promising technology for clean and efficient power generation in the twenty-
first century. Over the past four decades, the dominancy of perfluorinated proton exchange
membranes (PEM) such as Nafion is prolonging in the current PEM technology due to its
chemical stability, high proton conductivity and high mechanical strength in the low
operating temperatures. However, the Nafion membrane also has several weaknesses, such
as high methanol permeability, high manufacturing cost, and dehydration with low proton
conductivity at elevated temperatures > 100°C. This study fabricated a novel composite
membrane by blending the pristine chitosan (CS) and titanium oxide (TiO,) at various
loadings, 0.5, 1.0, 1.5 and 2.0 wt% to obtain high performance in DMFC. SEM and FTIR
analysis showed that the grafting of (O-Ti-O) successfully incorporated into the CS polymer
matrix. Water and methanol uptake of CS/TiO, composite membrane decreased with
increase of TiO- loadings, but proton conductivity value increased. The CS/TiO, membrane
with 1.5wt.%TiO, loading exhibited highest proton conductivity (0.41mScm™) and lowest
methanol permeability (17.18E-08cm?/s) characteristics among other membranes this due to
the hydrophilic TiO; raised the membrane hydrophilic character by increasing the number of
hydrophilic sites, such as OH-, COO- and O-. The results obtained from the study can be
used to conclude that chitosan membrane with TiO; filler is a promising high performance
PEM candidate for DMFC applications.

Keywords: Chitosan (CS), titanium oxide (TiO,), polymer electrolyte membrane (PEM),
direct methanol fuel cell (DMFC), methanol permeability

1.0 INTRODUCTION

Direct methanol fuel cells (DMFC)
are classified as a class of polymer
electrolyte membrane fuel cells [1].
They have gained incredible
attention due to several advantageous
characteristics such as low weight,
simplified system design, easy fuel
handling, high efficiency, high
power density (5.04 kwhL1), and

low operating temperature (60°C-
120°C) [2]. DMFC is regarded as the
preferable green energy generation
system due to its low emissions. It is
utilized for various applications,
from transportation to portable
applications such as mobile phones,
laptops, and computers. DMFC is
powered by methanol in liquid form
without external reforming and can
be operated even at room
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temperature compared to hydrogen,
which operates at temperatures
higher than 80°C [3].

The proton exchange membrane
(PEM) is regarded as a fundamental
constituent in DMFC, which plays a
prominent role as a physical
separator and proton conductor,
which selectively provide pathways
for ion transfer. Over the past four
decades, the dominancy  of
perfluorinated  proton  exchange
membranes such as Nafion is
prolonging in the current PEM
technology in fuel cells. Nafion
membrane has gained massive
interest due to its chemical stability,
high proton conductivity and high
mechanical strength in low operating
temperatures. The predominating
Nafion membrane is a synthetic
perfluorinated ion-exchange polymer
with perfluoro ether side chains
terminated with sulfonic acid groups
randomly distributed along the
semicrystalline polymer backbone of
(polytetrafluoroethylene). The
morphology structure of Nafion,
which has an acidic region, plays a
vital role in contributing to high
proton conductivity at temperatures
below 90°C. Despite the attractive
benefits, the practical usage of
markedly available Nafion
membrane has severe drawbacks for
DMFC  application, including
relatively  expensive preparation
increasing the overall cost of the fuel
cell, environmental inadaptability,
complicated  synthesis  process,
dehydration problem with lowering
the proton conductivity at high
temperature and excessive methanol
crossover due to its chemical
structure that consequently affected
the performance and efficiency of
DMFC [4]. The newly developed
alternative membrane based on
partially  fluorinated, acid-base
complex, and aliphatic/aromatic

hydrocarbon polymers show low
production costs over Nafion.
However, they suffer from high-
temperature  dehydration,  high
methanol crossover, poor proton
conductivity and poor durability
owing to the attack of hydroxyl (HO)
and hydroperoxyl (HOO-) radicals
on the native polymeric backbone
[5]. Therefore, the massive demand
is triggered by developing PEMs
with  inexpensive, eco-friendly,
thermally stable, and durable
characteristics, which is a crucial and
challenging process. Subsequently, a
broad interest has been paid to the
biopolymers derived from natural
resources owing to their abundance
in nature, biocompatibility, and low
cost.

As an alternative to the
perfluorinated membrane, chitosan
(CS) has gained tremendous
attention in the world of proton
exchange membranes (PEM) for
DMFC. CS is derived from the
deacetylation of the natural polymer
chitin, which can be obtained from
shrimp shells [6]. CS as a biopolymer
has several advantages, including
low methanol permeability,
biodegradability, and low cost.
Moreover, the solubility of CS in
aqueous acetic acid allows it to form
a gel, making it an excellent material
for membrane synthesis. The
presence of the amino (-NH2) and
hydroxyl (-OH-) groups in the
structure of CS promotes its
interaction with other
materials/hydrophilic groups,
allowing structural alterations to be
made to diversify the chemical
interactions. The presence of
hydroxyl groups in the acetic acid
facilitates the dissolution of chitosan
via hydrogen bonding with the
carboxyl and amine groups from the
chitosan.

The chitosan-based inorganic
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hybrid membrane is a promising
organic-inorganic hybrid to develop
a high-performance proton exchange
membrane (PEM). The properties of
the composite membrane are greatly
influenced by the electrostatic force
from the interactions between the
organic and inorganic particles. It
must be highlighted that the proton
conductivity of polymer electrolyte
membranes heavily relies on the
hydrophilicity of the membrane.
Tripathi and co-workers successfully
developed a composite membrane by
blending chitosan organic polymer
with inorganic materials such as
silica. CS decorated with silica could
suppress the movement of methanol
and maintain the presence of water in
the membrane [7]. Incorporating
hydrophilic ceramic oxides such as
TiO», zirconium oxide, and graphene
oxide inside the polymer matrix is a
common strategy to enhance the
mechanical and thermal stabilities
and the proton conductivity with
hydrophilic-hydrophobic balance of
hybrid membranes. Ceramic filler on
the polymer matrix balances its
hydrophilic nature, and the chemical
activation (doping)  of  the
membranes to produce PEMSs with
high efficiencies and low costs.
Recently, the development of a
chitosan-based inorganic  hybrid
membrane using modified SiO,
ZrO», and TiO> as the inorganic filler
is favorable to improve the chitosan
membrane performance for DMFC
application. The use of ceramic
oxides as a filler in biopolymer is
attractive due to their environmental
and economic importance. Studies
have proved that with the
introduction of inorganic materials,
TiO2 is a good candidate as a
hydrophilic  filler for polymer
membranes because it helps to
maintain suitable hydration of the
membrane under fuel cell operating

conditions, and the mechanical
properties are improved exploitative
strategy to improve the proton
conductivity of CS-based membrane
[8]. The hydrophilic nature of TiO:
plays a key role in improving the
membrane's proton conductivity,
which is the most crucial
characteristic of a membrane that
should have. This is due to the
hygroscopic nature of TiO; aids the
water management within
membranes  and  subsequently
improves  proton  conductivity.
Furthermore, these nanocomposite
membranes exhibited better
electrochemical performance of the
cell even at an elevated temperature
(110°C) and humidity (30%). The
metal-oxide-based inorganic fillers
improved the mechanical properties
and contributed to the blocking of the
fuel, such as methanol, by increasing
the transport pathway tortuousness
and improving  the  proton
conductivity, which resulted in better
cell performance.

Based on the promising
characteristics of CS and TiOg, this
study develops, characterizes, and
evaluates the overall performance of
the flat sheet membrane CS/TiOx.
This novel composite membrane will
be fabricated by the solution casting
method with the incorporation of
various ranges of TiO2 loading
(0.5,1.0,1.5,2.0 wt.%) to obtain the
optimum  loading value that
demonstrates high overall. The
composite membrane morphology
and interactions  analysis s
conducted using SEM and FTIR. The
physicochemical characterizations
by means of water uptake, ion
exchange capacity, proton
conductivity, and methanol
permeability are carried out to
determine the overall membrane
performance for DMFC applications.
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2.0 METHODS

2.1 Materials

titanium oxide, acetic acid with purity
(99.8%), methanol (CH30OH) (ACS,
ISO Reagent) with purity for analysis,
potassium hydroxide (KOH) with
purity > 99.95% sulfuric acid (H2SO4)
at 95-97% concentration was supplied
by Merck Co, Germany deionized water
were used during the experiments.

Chitosan (CS) > 75% deacetylated,

2.2 Fabrication of Flat Sheet
CS/TiO2 Membrane

To prepare CS/TiO2 polymeric
membrane with 3% (2.25g) chitosan
powder dissolved in 0.5M acetic acid
(3/4ml of the total solvent volume) in
a borosilicate glass. The loadings of
TiOz varied from 0.5 to 2.0%. The
process began with the dispersion of
the lowest concentration of the
ceramic filler TiO> at 0.5% (0.3259)
in a separate borosilicate glass with
acetic acid (1/4ml of the total solvent
volume). Both solutions were stirred
simultaneously for an hour at 40°C
on a hot magnetic stirrer. Then, CS
solution was incorporated with TiO>
solution, maintaining  magnetic
stirring at 40°C for 24 hours before
the degasification process via
sonication. Additionally, sonicate the
solution for 30 minutes to produce a
homogenous solution. Later, cast the
solution on an 8cm x 8cm x 2cm
silicone mold and dry it in the oven
at a temperature of 40°C for 24
hours. Thenceforth, peel off the
formed membrane with an average
thickness of 50um from the silicon
mold and then immerse in 2M KOH
solution for 24 hours at room
temperature. This step is to neutralize
the membrane. Finally, the fabricated

CS/TiO2 membrane was washed with
deionized water several times until
pH 6-7 and dried at the temperature
of 37°C. The developed membrane is
characterized by its physio-chemical
properties.

2.3 Membrane Characterization

The synthesized chitosan modified
membranes were characterized to
study the physicochemical
properties.  Scanning  Electron
Microscopy [9] and  Fourier
Transform Infrared Spectroscopy
(FTIR) were used to analyze each
material in an individual membrane.

2.4 Water Uptake

The water uptake of a membrane is
defined as the mass ratio of absorbed
water to that of the dry membrane. The
water intake of the hybrid membrane is
calculated by measuring the weight
change before and after hydration. The
membrane dried in the oven at 60 °C for
48 h to remove the moisture in the
membrane. After that, the membrane
will be weighted (Wary). The membrane
was plunged into deionized water for 24
h at ambient temperature. The swollen
membrane (Wuwet) is weighed as quickly
as possible after the surface-attached
water of the membrane is drained using
filter paper. The water uptake is
calculated by using the following
equation.

Water uptake = Dwee= Wary + 100%
Wdry
(1)

2.5 Proton Conductivity

Proton conductivity of the fabricated
membrane samples was obtained by
electrochemical impedance
spectroscopy (EIS) (model of Solartron
1260 Gain phase Analyzer, AMETEK,
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Inc., UK) over a frequency range of 1 to
107 Hz with 50 to 500 mV. Initially, all
the membranes were fully hydrated by
immersing in deionized water for 24 h,
and then put onto a home-made two-
stainless steel electrode. After that, the
measurements  of  the proton
conductivity were calculated using
equation 2:

)

where, o is the membrane conductivity,
L is the thickness of the membrane, R is
derived from the low intersection of the
high frequency semi-circle on a
complex impedance plane with the
Re(Z) axis and A is the cross-sectional
area of membrane.

2.6 Methanol Permeability

Determined the methanol permeability
using the diffusion cell method at room
temperature. The cell consists of two
compartments A and B, separated by
the membrane. The membrane
equilibrated in distilled water for 24 h.
After 24 hours, the thickness of the
hydrated membranes was measured
three times to obtain the average
membrane thickness. Methanol
solution was placed on one side of the
diffusion compartment (compartment
A) with concentration 1 M, and distilled
water was placed on the other side
(compartment B). A magnetic stirrer
was used to agitate in each
compartment to ensure the uniformity
of solution. Due to concentration
differences between the compartments,
methanol flow occurs throughout the
membrane. The methanol permeability
test of all membrane samples was
carried out for 3 hours at room
temperature and 4ml from sample was
taken every half an hour. HPLC-RI was
used to provide information to find
unknown concentration of the liquid

sample. Plotted graph of linear standard
curve of methanol concentration versus
refractive index to determine the
methanol permeability of membranes.
Further calculations were made by
using the Equation 3.

P=axZxLt (3)

A Ca

where, P is methanol permeability a =
CB (t)/ (t — to) the slope of linear
interpolation of methanol concentration
in the permeate compartment B at time
t, Ca(t) versus time, t, Vg is the volume
of the water in compartment B, Ca is the
methanol  concentration in  the
compartment A at time (t), A is the
membrane effective area (cross-
sectional area), L is the membrane
thickness and t, is time lag.

2.7 Overall CS/TiO2 Membrane
Characteristics for PEM

Proton conductivity and methanol
uptake are essential requirements to
enable membranes to be applicable in
DMFC. Based on the previous studies,
it is known that methanol permeability
of CS based membrane decreases to the
increasing proton conductivity. Thus,
the overall membrane characteristics is
the overall performance in terms of the
ratio between proton conductivity and
the methanol permeability. The
membrane with the highest overall
characteristics were favored in the
DMFC application. The following
equation can be assessed to measure the
membrane performance:

o

0=2 @

Where ¢ is a parameter that evaluates
the overall performance of the
membrane in terms of the ratio of the
ionic conductivity o, to the methanol
permeability, P.



78 K. R. Parameswaran, N. S. Suhaimin & J. Jaafar

3.0 RESULTS AND DISCUSSION

Several potential limitations and
uncertainty in the experimental
approach and data interpretation may
arise in this study. The fabrication
process of CS/TiO2 membranes may
introduce variability in membrane
properties such as thickness, porosity,
and composition, which can affect the
other parameters such as proton
conductivity and methanol permeability
measurements, leading to uncertainty in
experimental results.

3.1 Surface Morphological Study of
CS and CS/TiO2 Membranes

The synthesized chitosan-modified
membranes were characterized to study
the physicochemical properties.
Scanning Electron Microscopy [9] and
Fourier Transform Infrared
Spectroscopy (FTIR) were used to
analyse each material in an individual
membrane.

3.1.1 The Confirmation of the
presence of TiOz2 in CS Polymer
Matrix

To gather more information about the
presence of CS/TiO interconnections,
the membranes were characterized by
FT-IR, as shown in Figure 1. The ATR-
FTIR spectrum presented in Figure 1
shows CS and CS/TiO2 composite
membranes with different loadings of
TiO2. The result showed that the
broadening absorption band around
3315cm™ due to the OH bond of
chitosan could have an electrostatic
interaction of N-H-O-Ti [10]. The band
at 3215.18cm is the combined peak of
the NH2 and OH stretching vibrations
[11]. The band at 3160 cm is attributed
to the strong interactions between NH>
and OH with TiO, [12]. The band at
2160.51cm™ were allocated to the
asymmetrical stretching vibration of the

C-H in CH2 and CHj3 groups [13]. 2100
— 2000 cm™ bands indicate the C-H
asymmetric and symmetric vibration
due to the TiO2-OH functional group
[14]. 1950-1900 cm™ band is the O-C-
NHa, indicating the presence of the
titanates in the composite [15]. 735-
1632.85 cm™ bands are associated with
the N-H scissoring from the primary
amine, and it could be an interaction of
Ti** and -NH; [16]. 1541.20-1500 cm
band formed due to the angular
deformations of the N-H bond.
Secondary amide, CH: bending can be
seen at the band 1406.40 cm™[17]. The
peaks in the range from 1400-1385cmt
are attributed to the C-N axial
deformation (amine group); C-O
stretching from the primary amide [17].
The bands at 1385-1300 cm™ are the C-
O-C stretching bands, N=O vibrations,
-NH deformations. The band at 1152.68
cm is due to the vibrations from the Ti-
OH and Ti-O bonds. The 1019.96-
895.71cm™ bands have resulted from
the C-N bending vibrations and
asymmetrical stretching vibrations of
C-O glycosidic bonds, Ti-O-C bending
mode, and Ti-OH bond. 648.81-
599.71cm is the Ti-O-Ti bond with the
asymmetric stretching mode of Ti-O,
immobilization of TiO2 onto the CS
matrix. The band from 580-552.81cm™
is present because of the Ti-O-C. An
interaction of the Ti Lewis site with the
-NHz groups of the CS chain could
exist.

3.1.2 Surface Morphology of
CS/TiO2 Membranes

The figures below show that the
compactness of the composite
membranes is hypothetically increased
upon TiOz loading up to 2.0 wt.%. The
SEM images of surface morphologies
of pure CS and CS/TiO2 nanocomposite
films are depicted in Figure 2(a) until
Figure 2(e) and cross-section from
Figure 2(f) until Figure 2(j). Figure 2(a)
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shows pure CS shows a surface
structure exceptionally smooth and
homogenous surface structure with no
obvious defects or cracks (void-free).
Figure 2(b) to Figure 2(e) shows that
adding nanoparticles to the chitosan
matrix developed a topography and
granulation on the surface. The
appearance of TiOz particles in the
spherical and distributed uniformly in
the film matrix is evidenced in the
cross-sectional images of the films. The
TiO2 acts as the filler by filling the
empty spaces in the CS polymer matrix.
At the lower concentrations (0.5 wt.%
and 1.0wt.%), the filler particles
appeared scattered in a homogenous
pattern and embedded in the matrix.
They were well distributed in the
chitosan membrane, indicating the
immobilization of TiO2 on the chitosan
matrix. The TiO fillers were dispersed
homogeneously  but  with  slight
difference in particle size within the
interspaces of the CS polymer chain and
no agglomeration till 1.0wt.%, which
may be due to the strong electrostatic
interactions between the polymer and
nanofillers. It was discovered that
increasing the amount of TiO2 in the CS
membrane causes agglomerates of the

TiO2 nanoparticles in the film matrix
due to an increase in the number of
particles on the chitosan surface and the
appearance of a tiny aggregation. Then
at a medium higher concentration
(1.5wt.%), it was observed that
agglomeration of TiO- starts to occur in
the membrane. The surface of the
composite membrane exhibited a
certain  degree  of  roughness,
accompanied by the nano- TiO:
particles. Figure 2(e) shows that the
nanocomposite film containing 2.0wt%
TiO exhibited a larger cluster size of
agglomerated TiO2 nanoparticles than
the lower TiO2 concentrations. The
TiO2 agglomeration is expected to
affect the mechanical properties such as
proton conduction by blocking effect.
Nonetheless, the hydrophilic CS
polymer and the TiO: fillers proved
homogeneous and compatible without
any phase separation occurring when a
suitable amount of TiO, ceramic fillers
was added. A similar observation
obtained by the author Ubonrat and
coworkers, the CS  membrane
containing TiO fillers that tend to
aggregate because of high loading of
TiO2 with an increase in membrane
roughness.

N

i 1500 W KL

Vawunbas o]

Figure 1 FTIR spectrum of CS and shows CS/TiO, composite membrane with different loadings of
TiO-,
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Figure 2 SEM micrographs of surface (a) CS (b) CS/0.5TiO; (c) CS/1.0 TiO; (d) CS/1.5TiO-
(e) CS/2.0TiO, and cross-section of (f) CS (g) CS/0.5TiO, (h) CS/1.0 TiO; (i) CS/1.5TiO; (j)
CS/2.0TiO;
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3.2 Water Uptake of CS/TiOz
Membrane

Water uptake reflects the capability of a
membrane to absorb and hold water,
which is desirable for proton
conductivity. Water molecules can help
vehicle and Grotthuss mechanisms by
providing proton carriers and forming
hydrogen bond networks, respectively.
Water uptake of CS membranes with
different TiO. loadings at room
temperature is presented in Figure 3.
The results showed that the CS/TiO:
composite membranes generally exhibit
lower water uptake with increased TiO>
loadings. Based on the result shown in
Table 1, the native CS membrane has
the highest overall water uptake at
43.28% compared to other modified
membranes. The high-water uptake
phenomenon is attributed to the
presence of water-soluble polar groups,
also known as hydrophilic hydroxyl-
OH and amino-NH2 groups, in the
structure of chitosan.

Furthermore, water is orientated
inside the polymer matrix by hydrogen
bonds or dipoles created by interactions
with the polymer's -OH groups and
absorbed as free water in the capillary
pores [18]. On the other hand, the
preliminary introduction of the TiO:
resulted in a drastic decrease in water
uptake from 20.40% to 8.71%. The
TiO2 reduces the crystalline region of
chitosan and stiffens the molecules,
which reduces the ability to adsorb
solvent molecules This study found that
the water uptake of the composite
membrane exhibits a minor decrease
beyond the 0.50wt.% of TiO- loadings.
This phenomenon is due to the
abundant TiO2 occupying the composite
membranes' proton channels, a major
water storage zone in the CS matrix;
hence water uptake in the composite
membranes is reduced [19]. A similar
result was obtained from the study [20],
which showed that polymer membranes

(produced by casting) with high
concentrations of TiO2 or SiO: fillers
demonstrate a decrease in water
absorption.  They  attribute  this
phenomenon to the nature of these
fillers.  When incorporating the
nanoparticles in  the  polymeric
membrane at the lowest concentration,
a behaviour similar to that of the
unfilled membrane is obtained due to
the minimal competition between the
dispersed particles and the water in the
pOrous spaces.

Meanwhile, for the CS/1.5TiOg, the
percentage of water uptake shows a
sudden increment. This can occur when
an adequate dispersion of the ceramic
filler particles can cause some defects
or vacancies in the matrix, thus
generating a free volume at the interface
between these ceramic particles and the
polymer chain where the absorption
capacity and retention of water
molecules of the polymeric compound
are improved. Moreover, the excessive
loading of TiO2 can be correlated to the
morphological structure of the CS/TiO>
that seems to exhibit severe
agglomeration of TiO2 and reduces the
water absorption capacity by restricting
the CS polymeric matrix channels.
When the TiO2 content was higher than
2.0wt.%, the total amount of hydroxyl
groups on the surface of TiO> particles
decreased due to the aggregation of
TiO, particles. The obtained SEM
micrographs can support this statement.
Therefore, the hydrophilicity of
CS/TiO2 hybrid membranes decreased,
leading to decreased water uptake. In
addition, due to the dilution effect of the
polar groups of the polymers and to the
interference of the ceramic particles in
the porous spaces commonly occupied
by water, resulting in a smaller volume
of effective water absorption.
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Table 1 Water uptake of the membranes with different loadings of TiO>

Membrane type | Thickness (mm) | Average weight, | Average weight, | Water uptake
before (g) after (g) (%)

CS 0.0051 0.27 0.27 1.74
CS/0.5TiO; 0.0055 0.35 0.36 0.82
CS/1.0TiO; 0.0054 0.45 0.45 0.38
CS/1.5TiO; 0.0053 0.17 0.17 1.29
CS/2.0TiO; 0.0054 0.3 0.30 0.20

Water uptake % VS Loadings of TiO, in CS matrix
2.00
1.60
B3
(]
< 120
(=N
S
£ 080
=
0.40
0.00
0 0.5 1 15 2
Loadings of TiO, in CS matrix

Figure 3 Graph of water uptake (%) of CS/TiO, with different weight ratio of TiO,

Proton conductivity (mScm-1) VS wt% of TiO,
0.5

0.41
0.4

0.3

0.2

Proton conductivity, mScm-1

0.1

W% of TiO,

Figure 4 Graph of Proton conductivity (mScm™) of pristine and composite membranes versus
wt% of TiO,
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3.3 Proton Conductivity of CS/TiO2
Membranes

Many studies have reported that
composite membranes exhibit higher
conductivity  than  their  native
membranes. In general, inorganic fillers
improve the creation of proton transport
channels inside the membrane, increase
the water retention capacity, add
conductive groups, and improve
conductivity. In this study, the
membranes display an increasing
proton conductivity trend as the wt% of
TiO> increases in the membrane (refer
Figure 4 and Table 2). This increase in
proton conductivity is due to the
moisture absorption capacity in each
composite  membrane  (CS/TiOy)
controlled by the incorporation of the
inorganic ceramic filler (TiO2). The
ionic conductivity increases with the
introduction of ceramic oxide materials
in the polymer matrix [21]. The water
uptake of the modified CS membrane
with TiO2 was lower than the native CS
membrane. This phenomenon can be
elucidated by the presence of free water
and bound water retained in the current
membrane. The hygroscopic nature of
TiO> particles occupied the nanopores
of the hydrophilic CS membrane
without  contending  with  water
molecules. Thus, water contact
ionization produces the electric charge
from the oxide particles. In contact with
that, the hydroxyl groups are formed in
a monolayer on the surface of TiOa.
Hence, TiO> release water whenever
the membrane needs water without
external humidification for superior
proton  conductivity.  Hydrophilic
domains are thought to act as a proton
pathway, increasing proton
conductivity [22]. Furthermore, adding
hydrophilic inorganic fillers raised the
membrane's hydrophilic character [23]
by increasing the number of hydrophilic
sites, such as OH, COO and O [24]. As
the TiO. particle size is sufficiently

small, the existing waters of hydration
of sulfuric acid may form a bridge
between shrunken clusters, thereby
providing a pathway for proton hopping
from one cluster to another [25]. For
instance, CS/0.5TiO; and CS/1.0TiO2
exhibited a lower water uptake than
pristine CS. However, the proton
conductivity of the membrane, which
consists of 0.5wt% and 1.0wt% of TiOz,
shows a slight increment in the proton
conductivity compared to the pristine
membrane. This may be due to the
homogenous dispersion of TiO> to the
CS matrix creating plenty of available
volumes in polymer and several ion-
exchangeable sites per cluster, allowing
for easier water molecule penetration
through the membrane and,
consequently, providing continuous
proton conducting channels for fast
proton migration. Therefore, the
mobility of hydrogen ions improved
with the increase. The obtained SEM
micrograph can support  the
homogenous dispersion of TiOz in the
CS matrix surface. Conversely, the
water uptake of CS/1.5TiOz is higher
than CS/2.0TiO». Higher water uptake
contributes  substantially to the
formation of hydrophilic properties in
membranes capable of facilitating
proton transport even under low
humidity conditions. The low proton
conductivity in CS/2.0TiO2 due to the
structure of this membrane possesses a
compact network that makes it difficult
for water to pass through [26].
Moreover, when the content of the
TiO2 was too high, severe aggregation
of the fillers resulted in to decrease in
the effective surface area of the
particles, leading to the decrease of the
water uptake as shown in Figure 3
hence blocking the proton conducting
pathway resulting in low proton
conductivity. Incorporation of TiO>
particles into CS, though all membranes
have small water uptake under low
relative humidity, they still show a great
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increase in  proton  conductivity
compared to the pristine CS membrane.
The addition of TiO2 has also formed a
much denser and closer distribution of
TiO2 clusters in the CS membrane
matrix. It was well understood that the
hygroscopic nature of TiO2, has
successfully contributed to enhancing
the single-cell performance by
generating a higher proton
conductivity, as shown in Figure 4.

3.4 Methanol Permeability

Methanol permeability is the product of
the diffusion coefficient and sorption
coefficient. The diffusion coefficient
reflects the effect of a surrounding
environment on the molecular motion
of the permeant, and the sorption
coefficient  correlates  with  the
concentration of a component in the
fluid phase. Another key feature of a
good electrolyte for electrochemical
applications is the ability to separate the
anode and cathode sides [25]. An
electrolyte must prohibit reactants from
crossing from the anode to the cathode
or vice versa. Because of the crossover
problem, direct reactivity between the
reactants reduces electron production,
hence lowering the current and voltage
of the electrochemical device provided.
Due to high solubility in water, the
electro-osmotic drags in the PEM
causes the methanol molecules to cross
paths with water molecules during the
DMFC operation. As a result, an
effective PEM membrane for DMFC
the membrane must be able to prevent
methanol from crossing to the cathode
side. The ability of a PEM membrane to
withstand methanol migration through
its structure was measured using
methanol permeability. Figure 5

illustrates the methanol permeation of
native and composite membranes as a
function of time (s). Based on the result,
the methanol permeability of the
polymer membrane of the CS matrix
(4.66 x 10-7) is lower compared to
Nafion 117 membrane (25 x 107') (refer
Table 2). The lower methanol crossover
is likely due to the differences in
microstructure between CS and Nafion.

Meanwhile, the methanol
permeability of the TiO2-doped
membrane is much lower than the
undoped membrane. This phenomenon
may be due to TiO2 contributes to
increase the tightness of the composite
membrane, thus it can suppress little
methanol and diffuses into the
membrane composite [27]. Therefore,
as the TiO2 content increases the
diffusion capacity of nanocomposite
membranes for methanol is suppressed
as well. This owing to the availability of
TiO2 can improve the interaction with
chitosan matrix via hydrogen bonds.
Given the strong interaction, the
membrane structure more dense, thus
restricting the movement of methanol
into the membrane which called as
“blocking effect”. In addition, the
methanol uptake of PEMs depends
greatly on the available space within
membranes and also study from [28]
stated that the high aspect ratio with
higher surface area of adequate filler
loading can provide a tortuous pathway
for methanol crossover and eventually
can hinder the methanol permeation.
Thenceforth, the aggregation of the
TiOz fillers results in a decrease in the
effective surface area of the particles,
leading to the decrease of the methanol.
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Methanol permeability (cm2s1) versus Time (s)
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Figure 5 Graph of methanol permeability (cm?s™) versus Time(s)

Table 2 Overall performance of native and composite membranes

Membrane type Proton Methanol Overall

conductivity permeability cm?/S membrane
mScm™? characteristic
(4

CS 0.05 4.61E-07 11583.03

CS/0.5TiO; 0.06 3.76E-07 17305.02
CS/1.0TiO; 0.12 1.28E-07 553987.87
CS/1.5TiO; 0.41 1.18E-08 2401028.85

CS/2.0TiO; 0.10 1.22E-08 94090.43
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Overall membrane characteristics
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Figure 6 Graph of overall membrane characteristics

Table 3 Comparison between study data and literature review data

Membrane type Proton Methanol Reference
conductivity permeability cm?/S
mScm™?
CS 0.054 4.61E-07
CS/0.5TiO; 0.063 3.76E-07
CS/1.0TiO; 0.12 1.28E-07
CS/1.5TiO; 0.41 1.18E-08
CS/2.0TiO; 0.096 1.22E-08
CS/STIO; 0.0122 3.3x10-7 [29]
PVAITIO,/ 0.0901 8.4 x10-7 [30]
Nafion®
F-TiO2- 0.092 8.6 x10-8 [5]
NT/Nafion®
Ru85Sel15/ 0.029 3.77 x 10-7 [31]
TiO./C
PVA/nt- TiO/ 0.1197 2.08 x10-6 [32]
PSSA

3.5 Comparison between Study Data
and Literature Review Data

The results from the study show
improvements  in  both  proton
conductivity and methanol permeability
compared to the membranes reported in

the literature review (refer Table 3). The
CS/1.5TiO2 membrane in this study

particularly stands out with
significantly enhanced proton
conductivity and remarkably low

methanol permeability, making it a
promising candidate for direct methanol
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fuel cell (DMFC) applications (refer
Figure 6).

Proton conductivity indicates the
ability of the electrolyte membrane to
transport protons (H*) from the anode to
the cathode. High proton conductivity is
crucial for effective ion transport,
which directly affects the efficiency of
the electrochemical reactions at the
electrodes.

For efficient DMFC operation, the
membrane should have high proton
conductivity to facilitate rapid proton
transportation, which enabling fast
electrochemical reactions and thus high
power output. With the high proton
conductivity measured in this study, it
indicates that CS/1.5TiO2 can
efficiently transport protons, which able
to generate high power output.

Methanol permeability refers to the
rate at which methanol molecules can
pass through the membrane in the
DMFC system. High methanol
permeability can lead to methanol
crossover from the anode to the
cathode, reducing the cell's efficiency
and causing fuel wastage. ldeally, the
membrane should have low methanol
permeability to minimize methanol
crossover and maximize the utilization
of methanol at the anode. Therefore,
with the lowest methanol permeability
measured in CS/1.5TiO2 membrane, it
indicates this membrane could offer a
better performance in the DMFC
operation, as it effectively obstruct the
methanol crossover and improve fuel
efficiency.

Overall, the addition of TiO:
nanoparticles to chitosan membranes
appears to be a successful strategy for
enhancing their performance in DMFC
applications. The results from the study
suggests that the incorporation of TiO>
nanoparticles into chitosan membranes
enhances their performance in DMFC
applications by simultaneously
improving proton conductivity and
reducing methanol permeability. This

indicates the potential of TiO-based
chitosan membranes as efficient proton
exchange membranes for clean and
efficient power generation in DMFCs.

4.0 CONCLUSION

CS/TiO2 membranes were successfully
fabricated by the solution casting
method, whereby chitosan  with
1.5wt.% of TiO2, membrane exhibits
exceptional performance, high proton
conductivity and low  methanol
permeability. This superior
combination of properties is attributed
to the synergistic effects of chitosan and
TiO2 nanoparticles, which enhance
proton transport while effectively
mitigating methanol crossover. In
addition, the successful integration of
1.5 wt% of TiO2 nanoparticles into the
chitosan matrix yielded a well-
dispersed morphology of PEM. Hence,
further efforts should be performed with
aiming to optimize the PEM fabrication
process and scaling up production,
pertaining to pave the way for the
practical implementation of CS/1.5TiO>
membranes in real-world DMFC
systems, contributing to the
advancement of clean and efficient
power generation technologies.
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