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Prelace

This thesis is an attempt to develop Nafion® composite membrane for reduced methanol
crossover in direct methanol fuel cell (DMFC). The thesis provides detailed experimental
techniques, characterization, and investigations to develop effective nafion composite

membrane for DMFC applications.

Historical background of fuel cell, working principle, fuel cell types, description of the
various components of DMFC with special emphasis on the various types of polymer

electrolyte membrane used in DMFC is provided in the 1% chapter.

A detailed literature review on the important scientific findings on the nafion composite
membranes developed for DMFC is given in 2™ chapter. The outcomes of a few
significant literatures are summarized at the end of the chapter and the objective of the

thesis is formulated based on the literature review.

Description on the materials used for synthesis of nafion composites along with the
methodology of membrane preparation and membrane characterization both by ex-situ
techniques as well as evaluation of the composite membranes in a DMFC test set-up is

given in the 3™ chapter.

The results and discussion of the research is included in the 4™ chapter. The effects of
the various additives on the properties of the membranes are discussed in this chapter.
Moreover, the performance of the synthesized nafion composite membranes in a DMFC

test set-up has also been discussed.

The 5™ chapter describes an approach to reduce the effect of crossed-over methanol
through the nafion composite membranes by modifying the platinum cathode with a
biocatalyst (laccase). The performance of the bio-electrodes, methanol tolerance, and

the fuel cell performance is evaluated.

TH-1211 06615104



Preface Y

An overall conclusion of the research work is included in the 6™ chapter. Moreover, it
also includes the future scope towards extension of the research work. The chapter will

help the future researchers in formulating the objective to further enhance the DMFC

performance.

Lepakshi Barbora
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Abstract

The polymer electrolyte membrane (PEM) is a key component in a direct methanol fuel

cell (DMFC). The primary characteristics desired of a PEM for DMFC are low methanol
crossover (MCO), high proton conductivity, high mechanical, thermal and chemical
stability, sufficient water uptake and moderate swelling, easy fabrication to form the
membrane electrode assembly (MEA), competitive low-cost, and sufficient long-term
durability. The state of the art membrane, Nafion® by DuPont possesses almost all of the
desirable properties except the low MCO and low cost. Low MCO through nafion in
DMFC is a challenging issue. Subsequently, a lot of research has been directed to the
modification of nafion for DMFC application for reducing the MCO and simultaneously
there has also been a search for alternative membrane with all the desirable properties of
nafion including low MCO. As a contribution to the research on nafion modification for
DMFC application, this thesis aims to synthesize nafion composite membranes with
inorganic additives. Six different inorganic additives namely, titanium dioxide (TiO,),
neodymium oxide (Nd,O3), magnesium silicate hydroxide or talc H,Mgs(SiO3)4, erbium
triflate (ErTfO), neodymium triflate (NdTfO), and molecular sieve (MS), have been used
for nafion modification by the casting method. Each additive selected had a characteristic
property, which was anticipated to modify nafion by lowering its MCO while maintaining
its other desirable properties especially proton conductivity, thermal, chemical and
mechanical stability. TiO,, Nd,Os, and talc are hygroscopic and crystalline and consist of
—OH groups on the surface. Both ErTfO and NATfO are rare earth lanthanide triflates,
resembles nafion in structure, have high coordination number, are hygroscopic, thermally
stable, resistant to redox environment, and is anticipated to lower MCO without

compromising proton conductivity and the other desirable properties of nafion. MS is
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hygroscopic and crystalline in nature with pore size of 3 A, which is anticipated to act as

barrier to methanol having molecular size of 4.4 A.

All the six additives were studied for morphological analysis using particle size analyzer,
X-ray diffraction (XRD), BET surface area analyzer, and scanning electron microscope
(SEM). The volume median diameters of the particles were determined using particle size

analyzer.

The developed composite nafion membranes were characterized under ex-situ conditions
by scanning electron microscopy (SEM), for thickness, X-ray diffraction (XRD) analysis,
thermogravimetric analysis (TGA), Fourier transform infrared (FTIR) spectrometer
analysis, ion exchange capacity (IEC), water uptake, methanol uptake, swelling, tensile
strength, oxidative stability, proton conductivity, and methanol crossover. SEM images of
the membranes indicated the formation of dense nafion composite membranes with no
pore formation. XRD analysis of the nafion composite membranes indicated that the
TiOy/nafion and talc/nafion membranes are more crystalline than pure cast nafion
membrane. TGA thermograms of the nafion composite membranes indicated that all the
composite membranes were stable upto a temperature of 310 °C. FTIR analysis of the
composite membranes indicated shifting of peaks for S-O stretching and water stretching
frequency to higher wavenumbers and broader peak for water bending vibration for the
composite membranes compared to pure cast nafion membrane. It is indicative of
structural changes in the nafion polymer due to incorporation of the additives, increase in
hydrogen bond association, and increase in water content, etc. lon exchange capacity,
water uptake and methanol uptake of the composite membranes were, in general, higher

than pure cast nafion membrane. The tensile strength of the nafion composite membranes
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was at par or slightly lower than pure cast nafion membrane. Comparison of the oxidative
stability of the membranes showed that the composite membranes with lower additive
loadings were chemically more stable than pure cast nafion membrane, though the
optimum percent of loading varied for each type of additive. The proton conductivity of
the composite membranes increased significantly, the highest being 0.127 S/cm for 1%
TiOy/nafion, which is about 42.7% higher than pure cast nafion membrane followed by
0.123 S/cm for 3% ErTfO/nafion membrane, which is about 38.2% higher than pure cast
nafion membrane. The other composites almost retained the proton conductivity value of
pure cast nafion membrane. Appreciable reduction in MCO was observed for the
composite membranes; the highest being 80% by ErTfO/nafion. Both increase in
methanol concentration as well as temperature led to an increase in MCO. The selectivity

was highest for ErTfO/nafion membranes followed by TiO»/nafion membranes.

Once the membrane was thoroughly characterized using ex-situ techniques, the
membrane was used in the DMFC (in-situ characterization) to evaluate the performance
of the fuel cell. The composite membranes exhibited higher power density than pure cast
nafion membrane attributed to the decrease in MCO and increased proton conductivity.
The maximum power density with 1 M methanol and at 30 °C was obtained with 1%
talc/nafion membrane and 5% ErTfO/nafion (~8 mWi/cm?). Increase in methanol
concentration led to an increase in power density, however the open circuit voltage
decreased slightly. The maximum power density of 11.33 mW/cm? was obtained with 1%
talc/nafion membrane with 4 M methanol solution at 30 °C. Increase in fuel cell
temperature also led to an increase in the power density, the highest being 92.48 mW/cm?

by 1% talc/nafion membrane with 1 M methanol at 80 °C.
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The composite membranes decreased the MCO up to 80% as compared to pure cast
nafion membrane. However, the methanol, which crosses over through the composite
membrane affects the DMFC performance. Therefore, an attempt was made to
circumvent the affect of crossed-over methanol by use of a methanol tolerant enzyme
(laccase) in combination with Pt at the cathode. Laccase showed high tolerance to
methanol, and the use of laccase in combination with Pt in the cathode showed better

performance than Pt alone.

Keywords: Nafion; Composite; Methanol; Fuel Cell; Methanol Crossover; Proton

conductivity
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Chapter 1: Introduction

The global demand for energy is on the rise, while the fossil fuel reserves, which are the
major sources of primary energy, are limited. Presently, around 80% of the primary
energy is obtained from conventional fossil fuels (oil, natural gas, and coal). It is reported
that the total energy demand is expected to increase by about 56% towards 2040
[DOE/EIA-0484, 2013]. The total world energy use will rise from 524 quadrillion British
thermal units (Btu) in 2010 to 630 quadrillion Btu in 2020 and to 820 quadrillion Btu in
2040 [DOE/EIA-0484, 2013]. Thus severe energy crisis is predicted in the near future if
the need is solely dependent on the fossil fuel reserves. Another major concern associated
with the usage of fossil fuels is the emissions. The emissions from fossil fuel include
large amounts of carbon dioxide (CO;), nitrogen oxides (NOXx), sulphur oxides (SOx),
volatile organic compounds (VOCs), and particulates etc. These emissions are inflicting
enormous impacts on the environment. Thus a secure and accessible supply of energy
becomes very crucial not only for the sustainability but also for the growth of the society.
Moreover, environmental concerns necessitate that new energy sources must be highly
efficient and have zero (or very low) emissions. Thus, the need is clear and well
recognized for clean, safe, and reliable forms of energy, which have instigated scientists

and technologists to search for alternate energy sources [Martinot and Sawin, 2009].

Fuel cells have been identified as one of the potential power generation devices that may
reduce the dependency on fossil fuel usage while simultaneously abating environmental
pollution. Fuel cells have been recognized as one of the most stringent and promising
energy conversion devices for mobile and residential applications in future [Li and Sabir,

2005]. In essence, fuel cell is an electrochemical device that consumes fuel and oxygen in
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an electrochemical process to produce electricity and water. The fuel cell directly
converts the chemical energy of the fuel to electrical energy and thus much more efficient
than conventional heat engine. Its efficiency can reach as high as 60% in electrical energy
conversion and overall 80% in co-generation of electrical and thermal energies with
>90% reduction in major pollutants [Wang et al., 2011]. Fuel cell consists of an anode
and a cathode, with an electrolyte in between, similar to a battery but unlike batteries the
fuel cells can generate power continuously as long as the fuel and oxidant are supplied.
High efficiency of energy conversion, low pollution level, low noise, and low
maintenance costs render fuel cells preferable over other energy conversion devices.
Therefore, fuel cell is being recognized as one of the promising candidates for the next
generation power conversion devices for transportation, stationary, and portable

applications [Dillon et al., 2004].

1.1 Brief history of fuel cell

The principle of the fuel cell was discovered by German scientist Christian Friedrich
Schénbein in 1838 [Wand, 2008]. Based on his work, the first fuel cell was demonstrated
by Welsh scientist and barrister Sir William Robert Grove in 1839 [O'Hayre et al., 2004].
In 1889, Ludwig Mond and Carl Langer developed a hydrogen-oxygen fuel cell, with thin
perforated platinum electrode, which could produce current density of around 6.45
mA/cm? at 0.73 V [Zhang, 2005]. They were the first to demonstrate the practical
hardware to sustain the fuel cell reactions. In 1893, Friedrich Wilhelm Ostwald
experimentally determined the interrelated roles of the electrodes, anions and cations,
electrolyte, as well as oxidizing and reducing agents in the fuel cells [Andujar and Segura,
2009]. Ostwald explained the correlation of physical properties and chemical reactions at

the point of contact among electrode, gas, and electrolyte. His exploration of the
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underlying chemistry of fuel cells laid the foundation for fuel cell researchers. Francis
Thomas Bacon, a British engineer, began work on alkaline fuel cells in the late 1930s,
and by 1939 a fuel cell was built using nickel electrodes operating under pressure as high
as 3000 psi [Bacon, 1969; Demirbas, 2009]. During World War 1l, Bacon worked on
developing a fuel cell that could be used in Royal Navy submarines, and in 1958
demonstrated an alkaline fuel cell stack of 10-inch diameter electrodes. Later, Pratt and

Whitney licensed Bacon's work for the Apollo spacecraft fuel cells [Bacon, 1985].

Emil Baur of Switzerland and his group conducted extensive research on the electrolyte
for high temperature fuel cell. They used molten silver and a solid electrolyte of clay and
metal oxides [website']. In 1955, W. Thomas Grubb, a chemist working for the General
Electric Company (GE), further modified the original fuel cell design using a sulphonated
polystyrene ion-exchange membrane as an electrolyte. Three years later another GE
chemist, Leonard Niedrach, devised a way for depositing platinum onto the membrane,
which served as catalyst for the necessary hydrogen electro-oxidation and oxygen electro-
reduction reactions. GE went on to develop this technology with NASA and McDonnell
Aircraft, leading to its use during Project Gemini. This was the first commercial use of a
fuel cell. However, the sulphonated polystyrene ion-exchange membrane used as an
electrolyte in these fuel cells exhibited brittleness in the dry state and were later replaced
with crosslinked polystyrene-divinyl benzene sulphonic acid membranes [Zaidi, 2009].
This material also lacked stability and underwent degradation and suffered other
problems. Also, the main problem encountered with these membranes was that proton
conductivity was not sufficiently high to reach a power density even as low as 100

mwW/cm? .
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In 1959, Francis Thomas Bacon successfully developed a 5 kW stationary hydrogen fuel
cell. A team led by Harry lhrig built a 15 kW fuel cell stack, which used potassium
hydroxide as the electrolyte and compressed hydrogen and oxygen as the reactants. This
was used in a fuel cell tractor and demonstrated across the USA at state fair. Later, Bacon
and his colleagues demonstrated a practical 5 kW fuel cell unit capable of powering a
welding machine. In 1960s, Pratt and Whitney licensed Bacon's USA patents for use in

the USA space program to supply electricity and drinking water [Gross, 2010].

In 1966, sulphonated polystyrene membranes were replaced by Nafion®, which proved to
be superior in performance and durability to sulphonated polystyrene. At this early stage
of development, the nafion membrane showed lifetimes of up to 3,000 h at low current
densities and temperatures of 50 °C [Zaidi, 2009]. After Gemini program, NASA decided
to operate the next space programme with alkaline fuel cell systems [Stone and Morrison,
2002]. However, GE continued working on its proton exchange membrane fuel cell
(PEMFC) units and by the mid 1970s water electrolysis technology using polymer
electrolyte membrane (PEM) was developed for USA Navy Oxygen Generating Plant
[Appleby, 1996]. In 1980s, the British Navy adopted PEM electrolyzer for its submarine
fleet and other companies also started to look at PEMFC systems for the commercial
development and end-use applications. The PEMFC technology has evolved a lot since
the first commercial development of the PEMFC unit in the 1960s. PEMFC units are
considered to be the most prevalent alternative for automotive and stationary applications
[Hogarth and Ralph, 2002]. In 1991, the first hydrogen fuel cell automobile was
developed by Roger Billings. United Technologies Corporation's UTC Power subsidiary
was the first company to manufacture and commercialize a large, stationary fuel cell

system to use as a co-generation power plant in hospitals, universities, and large office
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buildings. UTC Power marketed their 200 kW fuel cell system, the PureCell 200, which
is now replaced by a 400 kW version, the PureCell Model 400 [Fuel cell industry review,

2012].

In 1990, Jet Propulsion Laboratory in Pasadena, California, in collaboration with the
University of Southern California, developed a Direct Methanol Fuel Cell (DMFC) as a
variant of PEMFC [Surampudi et al., 1994]. It was designed to supply electricity for field
troops in the armed forces and for applications in NASA. Currently, DMFC is the
technology of choice for the majority of portable appliances. DMFC with liquid-feed
(methanol solution) offers promising alternative to hydrogen gas consuming fuel cell
(PEMFC) as they allow easy handling and storage of the liquid fuel for applications in
portable and mobile electronic devices [Surampudi et al., 1994]. Many liquid fuels such
as methanol [Wang et al., 2006], ethanol [Zhou et al., 2004; Lobato et al., 2011; Datta et
al., 2012], formic acid [Ha et al., 2005], and ethylene glycol [Neto et al., 2005] are being
tested as a fuel in PEM based fuel cells. Among all the investigated possible fuels,
methanol [Rice et al., 2002; Difoe et al., 2008] is the most favorite due to various reasons.
A few of the reasons include, generation of 6 moles of electron per mole of methanol,
comparatively easy electro-oxidation than higher alcohols, and very high energy density
as compared to hydrogen gas. Moreover, methanol can be obtained through biomass, thus

is sustainable and environment friendly in production and use [Basak et al., 2010].

1.2 Basic principle of direct methanol fuel cell
The main components of a DMFC are the electrodes (anode and cathode) comprising of
catalyst layers on the gas diffusion layers (backing layers), an electrolyte, end plates,

fittings and necessary connectors. The catalyst layers, gas diffusion layers and the PEM
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make up what is known as membrane electrode assembly (MEA). The catalyst layers
typically consist of platinum or platinum alloys. The anode catalyzes the methanol
electro-oxidation reaction as shown in eq.1.1, and provides a pathway through which the
generated electrons are conducted to cathode via external circuit through a load. Protons
generated at the anode migrate to cathode through the PEM. At cathode, the protons,

electrons, and oxygen react as per eq.1.2 to form water. The overall reaction is shown in

eq.1.3.
CH30H (I) + H,0 (I) — 6H" + 66"+ CO; (9) (anodic reaction) (1.1)
3/20, (g) + 6H" + 66— 3H,0 (I) (cathodic reaction) (1.2)
CH3OH (1) + 3/2 O, (g) — 2H,0 (1) + CO: (g) (overall reaction) (1.3)

The standard reversible potential for methanol oxidation is 1.18 V [Deluca and Elabd,

2006].

The electrodes are made up of gas diffusion layer (GDL) and catalyst layer. The GDL
regulates the uniform distribution of reactant over the catalyst layer [Wang et al., 2006].
The PEM typically consists of strong acidic groups in a polymer structure, which aid in
proton transport through the membrane and serves as a barrier to unwanted species

transport through it. A discussion on the PEM is given in the next section.

1.3 Nafion membrane
The polymer electrolyte membrane is a crucial part in DMFC, which governs its
performance. One of the major challenges in current DMFC research is the development

of suitable PEM for improving the performance of DMFCs [Othman et al., 2010]. The
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polymer membrane should simultaneously maintain high proton conductivity; a low
permeability to reactants; and have reasonable chemical, thermal, and mechanical
stability [Neburchilov et al., 2007]. A lot of researches have been conducted in attempting
to develop a membrane having all of these properties. Some researchers have proposed
thermoplastic polymers such as poly(etheretherketone) (PEEK), polysulfone (PSF) and
polybenzimidazole (PBI) as good PEM for DMFC [Ahmad et al., 2010]. However,
nafion, a perfluorinated ionomer (PFI) membrane developed by DuPont in 1960s for
PEMFC has been the preferred electrolyte for DMFC to date [Othman et al., 2010]. Other
PFI membranes like Flemion (Asahi Glass), Aciplex (Asahi Chemical), and Dow (Dow
Chemical), were developed but their primary applications remained for PEMFC. The
starting raw material for developing PFI is polyethylene. The hydrogen molecules of
polyethylene are substituted with fluorine and the product obtained is
polytetrafluoroethylene or PTFE, also referred to as Teflon [Larminie and Dicks, 2000].
The strong C-F bonds make PTFE mechanically durable and resistant to chemical attacks
[Othman et al., 2010]. A perfluorinated side chain with ionically bonded sulphonic acid

(SO3H) group is added to the PTFE and the resulting polymer is referred to as PFI.

Nafion has both hydrophobic and hydrophilic domains. The long chain molecules of
PTFE contribute to the hydrophobic domain and the sulphonic acid side chains contribute
to the hydrophilic domain. Two models have been proposed to describe the morphology
of nafion namely, the cluster network model by Gierke, (1981) (fig.1.1) and the three-

region model by Yeager and Steck, (1981) (fig.1.2).

As per the cluster network model (fig 1.1) the morphology of hydrated nafion shows the

formation of spherical clusters (pores), which are connected by short narrow channels,
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Fig.1.1 The microstructure of nafion according to Gierke’s cluster-network model

[Heitner-Wirguin, 1996]

A- Polymer backbone B- Transition region C- Proton conducting region

Fig.1.2 Illustration of Yeager and Steck’s three region model of nafion [Yeager and

Steck,1981]
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due to the separation of ion-exchange sites from the fluorocarbon backbone [Gierke,

1981]. When the membrane is dry, an average cluster has a radius of about 1.8 nm and it

contains about 26 SO, groups distributed on the inner pore surface. In the swollen state,

the diameter increases to about 4 nm and the number of fixed SO; groups goes up to

about 70. Under these conditions, each pore is filled with about 1000 water molecules

[Smitha et al., 2005].

The morphology of nafion as described by the three-region model distinguishes polymer
backbone regions, proton conducting (aqueous) regions, and narrow bridge-like transition
regions connecting the large aqueous regions and PTFE polymer backbone [Yeager and

Steck, 1981]. Within the hydrated regions for both the models, the H" ions are relatively
weakly attached to the SO; group and move freely to enable the membrane in

transferring hydrogen ions through the membrane from anode to the cathode. The
migration of hydrogen ion from anode to cathode takes space by diffusion and/or by the
hoping mechanism via hydronium or Zundel and Eigen ions [Kreuer, 2001]. The
hydrophobic region primarily makes the nafion highly chemically resistive and
mechanically strong. The hydrophilic region of the nafion primarily helps to attain
acidity, sufficiently absorptive to water, as well as good proton conductivity [Othman et

al., 2010].

Despite showing an effective performance in PEMFC, the nafion membrane has many
limitations when used in DMFC. The limitations of the nafion hamper the emergence of
the DMFC design. One of the main limitations of nafion is methanol crossover (MCO)

through the nafion membrane from the anode to the cathode side [Tricoli, 1998]. The
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MCO is a major problem since it has two detrimental effects on the DMFC. Firstly, the
crossed methanol is oxidized by the cathodic electro-catalyst, which depolarizes the
electrode. Secondly, it severely lowers the efficiency of fuel utilization [Neburchilov et
al., 2007]. Since the energy resulting from crossed-over methanol oxidation is not
extracted as electricity, it all ends up as waste heat that increase the cooling load on the
cell [Othman et al., 2010]. Nafion is also susceptible to water and methanol uptake and
thus experience swelling, which is determinative factor in the longevity and performance

of a DMFC.

Various polymers are being investigated to replace nafion for reduced methanol crossover
while maintaining high proton conductivity, chemical resistance, mechanical strength etc.
comparable to nafion. However, till now no membrane has achieved all the desired
properties to surpass nafion membrane. Any new polymeric membrane suitable to DMFC
should possess low fuel crossover, high mechanical and thermal stability along with high
chemical or oxidation stability, and high proton conductivity. Besides, these properties
must be achieved while maintaining low cost. Nafion, as of date, is the only membrane
which has many properties up to the desired level. Therefore, nafion is the most widely
accepted PEM for DMFC. However, one of the main challenges to nafion is the reduction
of MCO in order to make it suitable for DMFC. The investigators are trying various
routes to modify the nafion for reduced MCO. A brief description of these routes is

provided in the next section.

1.4 Routes to nafion modification
Passive approaches to reduce MCO through nafion in DMFC such as increase in

membrane thickness and/or equivalent weight of membrane have been reported. These
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approaches reduce the methanol crossover. However, increased thickness and equivalent
weight adversely affect the DMFC performance due to higher ohmic resistance and lower
proton conductivity, respectively [Neburchilov et al., 2007]. Various approaches to alter
the physical geometry (or size) and chemical functionality (or acidity) of the ionic
clusters in the nafion membrane has also been tried to lower the MCO of nafion. Some of
the important routes are nafion coating, nafion blending, nafion impregnation, and nafion

composite.

A number of investigators have coated nafion with a thin barrier layer through a variety
of deposition techniques with the primary objective to reduce the methanol crossover in a
DMFC. Nafion coating with thin barrier layers of palladium, poly(1-methyl pyrrole),
poly vinyl alcohol, nano silica, sulfonated poly(ether ether ketone) etc. has been
attempted [Tang et al., 2005; Kadirgan et al., 2004; Hobson et al., 2001; Kim et al., 2004;
Ren et al., 2005]. Usually it has been observed that coating reduces the MCO of nafion
but the proton conductivity also decreases resulting in a lower power density of DMFC.
The nano silica coated nafion membrane could decrease MCO by 67%, but proton
conductivity decreased by 21% compared to commercial nafion-115 with a lower DMFC
performance compared to nafion-115 [Kim et al., 2004]. Moreover, formation of crack
free barrier layer is also an issue with nafion coated membranes [Ma et al., 2003].
Probably because of these reasons, it has been observed that the membranes have not

been thoroughly characterized for fuel cell applications.

A number of researchers have impregnated polymers within nafion by in-situ
polymerization and sorption technique. Impregnating nafion with solvent resistant

polymer membranes like polypyrrole (PPy), polybenzimidazole (PBI), poly(furfuryl
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alcohol) etc. has been reported [Easton et al., 2003; Hobson et al., 2002; Park et al., 2005;
Liu et al., 2005]. Easton et al., (2003) impregnated PPy by in-situ polymerization and
polymerization in hydrogen peroxide with Fe(lll) as an oxidizing agent (in in-situ
polymerization, peroxide is used as the free-radical initiator, PPy was impregnated with
and without Fe(lll) as an oxidizing agent). The composite membranes exhibited low
MCO compared to pure nafion but had lower proton conductivity than pure nafion. The
membranes modified via Fe(lll) oxidation exhibited poor performance in comparison
with pure nafion based DMFCs due to poor electrode bonding. Hobson et al., (2002) used
a variety of methods such as spin coating, dipping, and screen printing, to incorporate
acid-doped PBI into nafion membrane. All the PBIl/nafion composites could reduce
MCO. However, the membranes prepared by coating and dipping showed reduced proton
conductivity. Screen printing could maintain the proton conductivity at par with pure
nafion. However, it is reported that the maintenance of the right experimental conditions
is required to prevent increase in the impedance of the resultant MEA. Liu et al., (2005)
impregnated nafion with polyfurfuryl alcohol (PFA) through in-situ polymerization of
PFA. PFA/nafion membranes could reduce MCO by a factor of 2.7 compared to nafion-
115 but the proton conductivity reduced by 26%. However, they have reported higher cell
performance with the composite membrane, which may be due to suppression of lower
proton conductivity effect by reduced MCO. However, these membranes exhibited

reduced proton conductivities and compatibility with the electrodes.

A number of investigators have blended nafion with poly vinyl alcohol (PVA) or
sulfonated poly(aryl ether ketone) (SPAEK) or Sulfonated poly(ether ether ketone)
(SPEEK) with the goal to reduce MCO [Shao and Hsing, 2005; Deluca and Elabd, 2006;

Kim et al. 2007; Tsai et al., 2009]. Assessment of PVA/nafion membranes annealed at
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high temperature (230 °C) showed increased selectivity (proton conductivity/methanol
crossover) when compared with pristine nafion at similar or higher proton conductivity
values, attributed to increased interaction between the hydroxyl groups in PVA and the
sulphonic acid groups in nafion and subsequent increase in cross-linking. However, the
PVA/nafion membranes with increased cross-linking (due to high temperature annealing)
become brittle in dry state, which is problematic for the DMFC application. On the other
hand, the PVA/nafion membranes annealed at lower temperature did not show similar
performance. SPAEK/nafion and SPEEK/nafion membranes exhibited lower MCO but
exhibited lower proton conductivity. Another significant issue with the nafion blends
could be the problem of phase separation, if nafion and the polymer used for blending are
immiscible. Similar problem was faced with SPAEK/nafion membranes as SPAEK and
nafion are immiscible. Study of the crucial parameters like mechanical stability and
chemical or oxidation stability of these nafion blends have not been reported or

performed.

Another significant approach widely investigated by researchers to improve the
performance of nafion membrane by reducing MCO, is the synthesis of nafion composite
membranes. Nafion composite membranes may be macrocomposite, nanocomposite,
and/or hybrid organic-inorganic membranes with organic or inorganic fillers incorporated
as a modifier. Organic—inorganic composites, which reduce methanol crossover and
increase conductivity have been investigated [Neburchilov et al., 2007]. The idea is that
the fillers will make the path more tortuous and block the methanol transport channel.
Composite nafion membranes are prepared either by impregnation of commercial nafion
membrane with organic or inorganic materials or their precursors followed by in-situ

synthesis or by solution-casting a nafion solution mixed with organic or inorganic
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particles. In case of modification of the commercial nafion, the hydrophilic regions of
nafion membrane provide the reaction cage for the fillers and the original structure of
nafion membrane is maintained. The use of casting method allows the modifiers to
participate in forming the membrane structure easily [Jones and Roziere, 2008]. More
intensive efforts are needed to modify nafion with inorganic fillers than with organic
fillers [Zhang and Shen, 2012]. Composite membranes with inorganic compounds are
attractive because physical properties, such as thermal and mechanical behavior etc. may
be controlled by combining the properties of nafion and the inorganic compounds. The
inorganic material has the ability to enhance the properties of nafion and has the potential
to have required balance between the two important characteristics in DMFC namely,
proton conductivity and methanol permeability apart from various other properties.
Hence, amongst the various routes to nafion modification, special attention has been

given to the fabrication of inorganic/nafion composite membrane.

The next chapter presents the research and development status of the composite nafion

membrane using inorganic compounds.
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Chapter 2: Literature Review

Nafion composite membrane for direct methanol fuel cell (DMFC) is expected to meet
the following primary requirements-

(1) low methanol crossover (MCO), (ii) high proton conductivity, and (iii) good thermal
stability. The MCO and proton conductivity together determine the cell performance in a
DMFC [Zhang et al., 2012]. The performance of DMFC commonly depends on low MCO
(preferably) and high proton conductivity (typically 0.1 S/cm at 90 °C) [Ahmad et al.,
2010]. Increase in DMFC temperature improves the fuel cell performance, which is
attributed to increase in electro-oxidation and electro-reduction kinetics along with
alleviation of CO poisoning of the platinum catalyst. Additionally, the composite
membrane is expected to possess (iv) excellent electrochemical stability, (v) substantial
morphological and dimensional stability, (vi) outstanding mechanical properties,
(vii) sufficient water uptake and moderate swelling, (viii) suppressed water transport
through diffusion and electro-osmosis, (ix) easy fabrication to form the MEA, and finally,
more importantly from a practical point of view, (X) a competitive low-cost and sufficient

long-term durability [Zhang et al., 2012].

Different types of inorganic material have been explored as additives for nafion
modification. However, the success achieved so far is limited and various new additives
are being investigated to meet the objectives. It would be easier if the inorganic additives
used in nafion modification can be classified under three categories: (i) hygroscopic
additives, (ii) bi-functional additives, and (iii) methanol impermeable and/or proton
conducting additives. The following sections will address on points of relevance such as a
comparative as well as parallel understanding of the unmodified nafion membrane with

the composite membranes in terms of membrane properties. Now onwards the nafion
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with any inorganic filler will be called nafion composite membrane or nafion composites.

Similarly, the inorganic fillers may be reported as additives also.

2.1. Hygroscopic additives

The most commonly used additives under this category for nafion modification for
DMFC include silica (SiO,), and titania (TiO,). It is anticipated that MCO can be reduced
if inorganic additives are placed along the diffusion pathways, i.e., within the polar
clusters of the membrane [Xi et al., 2007]. Moreover, it is believed that such modification
of nafion membrane would allow its application at low humidity or high temperatures as
these inorganic additives enhance the water retention of the nafion composites [Amjadi et

al., 2012].

2.1.1. Nafion composites with SiO: additives

Modification of nafion through the addition of SiO; is a common approach utilized for the
improvement of membrane performance in DMFC applications. SiO,/nafion membranes
have been prepared according to several methods by casting mixtures such as: silica
powder [Dimitrova et al., 2002], dithenylsilicate (DPS) [Liang et al., 2006], sol-gel
reaction with tetraethylorthosilicate (TEOS) followed by solution casting of the nafion
solution [Jiang et al., 2006], and phosphotungstic acid (PWA) dopes composite
SiO,/nafion/PWA [Staiti et al., 2001]. The 3% SiO,/nafion membrane prepared by casting
method exhibited improved performance with increase in temperature attributed to the
hygroscopic property of SiO, with reduced MCO [Antonucci et al., 1999]. A maximum
power density of 240 mW/cm? and 150 mW/cm? was obtained with oxygen and air feed
supply, respectively, with 2 M methanol at 145 °C. Nafion composites with 10-20 wt.%

dithenylsilicate (DPS) prepared by casting method exhibited a nanolayered microstructure
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resulting in low MCO. Increased DPS content in the composite membrane improved the
proton conductivity attributed to its hydrophobic characteristics responsible for reduction

in water adsorption and flooding at the cathode [Liang et al., 2006].

According to Xi et al., (2007) the SiO,/nafion membranes prepared using sol-gel have
been successfully used in DMFCs due to the simple handling procedure and lower MCO
attributed to the filling of polar clusters (pores) of the unmodified nafion membrane with
SiO, nanoparticles during the in situ sol-gel reaction with TEOS. A 5% SiOy/nafion
membrane prepared by employing the sol-gel method utilizing TEOS exhibited MCO of
4.17x10"" cm?/s compared to 9.7x10~" cm?/s for pure cast nafion. Moreover, the thermal
stability of the composite nafion membrane was improved along with higher water uptake
than pure cast nafion [Jiang et al., 2006]. The maximum power density of 64 mW/cm? at
300 mA/cm? was achieved with 1M methanol at 60 °C and air (1 atm) as feed, which was
around 10 mW/cm? higher when pure cast nafion membrane was used in the DMFC.
However, the proton conductivity of the SiO,/nafion membranes was found to be slightly

lower than pure cast nafion membrane.

Lin et al., (2008) modified the surface of a nafion-117 membrane with mesoporous silica
layers through an in-situ surfactant-templated sol-gel reaction. All the SiO, modified
samples had a higher water uptake value than that of the nafion-117. The modified
membranes had more dimensional stability and reduced swelling than nafion-117. They
found that the aging time, along with the number of the SiO; layers, influenced the proton
conductivity and MCO. The nafion composite with a second SiO, layer coated on
SiO,/nafion membrane after 5 minutes, exhibited the best performance in terms of proton

conductivity and MCO. They showed elevated proton conductivity of 0.049 and 0.069
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S/cm at 25 and 80 °C, respectively, while possessing the lowest MCO at both the
temperatures. Moreover, the diffusion coefficients of methanol through the membrane

was 1.75%X10°® and 6.95x 10 cm?/s, which were about three orders lower compared to

nafion-117 at the similar conditions. However, they are of the opinion that the technique
of application of mesoporous silica layer in modifying nafion membranes through dip-

coating is a facile route in improving the said criteria simultaneously.

Rodgers et al., (2008) incorporated SiO; nanoparticles into nafion-115 membrane using
the sol-gel method to study several transport properties such as water transport and proton
conductivity. Swelling of the SiOz/nafion composite membranes in water was less than
that of unmodified nafion-115 membrane although water uptake was high. Xi et al.,
(2007) reported good chemical stability for the SiO,/nafion membrane prepared by in-situ
sol-gel method in vanadium and acid solutions. The nafion composites have been
reported to exhibit low vanadium ions permeability compared to nafion-117, attributed to
the filling of its polar clusters with SiO, nanoparticles. However, the authors have not

reported MCO results.

Tang et al., (2007) reported that by optimizing the SiO, content in SiO,/nafion membrane
or by using organically modified silicate (ORMOSIL) to replace SiO, the performance of
the nafion composite could be further improved. The 5% SiO,/nafion membrane based on
self-assembled SiO, nanoparticles formed through a reformative sol-gel process showed
significantly improved performance in terms of stability and durability at
cell/lhumidifying temperatures of 100/60 °C under a current density of 600 mA/cm? and
has a degradation rate of 0.12 mV/min, which is almost 20 times smaller than 2.33

mV/min measured on nafion-212 membrane under the same conditions.
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Nafion membranes modified by 3.3% molybdophosphoric acid (MoPh-a) and 4.3% SiO,
exhibited slightly higher MCO than nafion-117 but enhanced the proton conductivity by
2-2.5 times (0.23 and 0.12; 0.29 and 0.15 S/cm for nafion composite and nafion-117

respectively at 60 and 90 °C) [Dimitrova et al., 2002].

SiO; has been used to modify nafion in combination with polyaniline (polyaniline/nafion/
SiO, or PaniNC) through sol-gel method and redox polymerization for deposition of
polyaniline. Polyaniline, an electronically conductive polymer, modifies the membrane
structure and correspondingly reduces the MCO, while the silica nanocomposite improves
the conductivity [Neburchilov et al., 2007]. The SiO,/nafion membrane with 5% filler
prepared by sol-gel method showed improved performance in a Hy/O, fuel cell than
nafion-117 membrane (720 mA/cm? with 5% SiO./nafion as compared to 390 mA/cm?
with nafion-117 at 0.2 V), at 110 °C and in low humid conditions, attributed to the water
holding capacity of the SiOz/nafion membranes [Amjadi et al., 2012]. The authors were
able to obtain the minimum amount of leaching of SiO, at a reaction temperature of 60
°C. Some important properties of nafion and SiO,/nafion membranes reported in different
literature are listed in Table 2.1. On comparison of the SiO,/nafion membranes
synthesized and characterized by various research groups in table 2.1, it is observed that
SiO,/nafion membranes demonstrated improved thermal and mechanical stability as well
as maintained adequate water uptakes at elevated temperatures. Addition of silica reduced

MCO but also reduced proton conductivity by a large extent.

The swelling of SiO,/nafion membranes have been reported to be less than unmodified
nafion but moderate level of swelling is desirable to prevent delamination of membranes

in the MEA.
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Table 2.1 Comparison of critical properties of nafion composite membranes with SiO, additives

Reference Preparation Water uptake Proton conductivity MCO DMFC performance
technique (%) (S/cm)
Antonucci et al., Casting NR NR 4x10° mol/min/cm® with Maximum of 240 mW/cm®
1999 2 M methanol for 3% and 150 mW/cm? with
SiOy/nafion oxygen and air feed supply,
respectively, for 3%
SiOy/nafion (145 °C, 2 M
methanol)
Jiang et al., 2006  Sol-gel 20 for pure cast 0.045 for pure cast 9.7x10" cm’/s for pure Maximum of 54 mW/cm®
nafion and 22 for nafion and 0.034 for 5% cast nafion and 4.17x10" for pure cast nafion and 64
5% SiO,/nafion SiO,/nafion cm?s for 5% SiO,/nafion  mwW/cm? for 5%
SiOy/nafion (60 °C, 1 M
methanol)
Xi et al., 2007 Sol-gel 26 for nafion-117 0.059 for nafion-117 NR NR
and 21.5 for 9.2% and 0.056 for 9.2%
SiO,/nafion SiO,/nafion
Lin et al., 2008 Dip-coating 18.8 for nafion-117 0.037 and 0.062 for 1.75x10° and 6.95x10° NR
technique and 36.9 for nafion-117 at 25 °C and cm?s, for SiO,/nafion
(in-situ SiO,/nafion  with 80 °C, respectively. with second SiO, layer at
surfactant second SiO, layer 0.048 and 0.068 for 25 °C and 80 °C
templated sol- SiO,/nafion with second respectively.
gel reaction) SiO, layer at 25 °C and
80 °C respectively.
Amjadi et al., Sol-gel 31 for nafion-117 0.011 for nafion-117 NR 390 mA/cm’ for nafion-117
2012 and 38 for 5% and 0.004 for 5% and 750 mA/cm? for 5%
SiO,/nafion SiOs/nafion SiOy/nafion at 0.2 V (110

°C and 30 % RH, H,/O;
fuel cell)

NR: Not reported
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Moreover, DMFC performance of the SiO,/nafion composites have been reported to be
inferior or at par with unmodified nafion at low temperature but remarkably good at
temperatures beyond 100 °C attributed to the water holding capacity of SiO,. Leaching of
SiO, from membranes prepared by sol-gel method could be an issue though only a few

research groups have tried to check and reported about it.

2.1.2. Nafion composites with TiO:; additives

TiO; is another hygroscopic filler employed extensively for membrane modification for
fuel cell applications [Lobato et al., 2011]. TiO, differ from SiO; in the nature and
electronic environment of the surface functional groups (surface acid-base behavior, the
amount and strength of the surface functionalities, as well as the water adsorption density
behavior) [Baglio et al., 2004, Arico et al., 2004]. Besides, TiO, has advantage to be
tailored, the crystallographic structure allowing to modulate the physico-chemical
characteristics and thus the water adsorption properties, which facilitate proton
conductivity. The composite membranes based on mesoporous anatase TiO, powders and
nafion show large improvements in DMFC performance under low relative humidity and

elevated temperature.

Santiago et al., (2009) incorporated TiO, into nafion by sol-gel method to form a
composite membrane that improved the PEMFC performance at 130 °C. However, no
morphological study has been reported in their work. Baglio et al., (2004) synthesized
TiO, nanometric powder via a sol-gel procedure, and calcined them at various
temperatures to vary the powder particle size as well as crystalline phase to modify nafion
by casting method to evaluate the effect of filler content on high temperature DMFCs.

The composite membranes showed superior power densities at higher temperature with
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respect to pure cast nafion membrane. The improved performance of the cell may be
attributed to the higher conductivity of the cell using TiOz/nafion membranes as
compared to pure cast nafion membrane, which was confirmed by the cell resistance
measurements. Maximum power density of 350 m\W/cm?® was achieved in the presence of
oxygen feed at 145 °C for the composite membranes containing 3-5 wt.% TiO,; whereas,
the maximum power density with air feed was about 210 mW/cm? The DMFC
performance increased as the mean particle size of the TiO, filler decreased, which was
attributed to the influence of the filler morphology on the electrochemical properties of

the composite membranes.

Sacca et al., (2005) prepared 3% TiO,/nafion membranes prepared by casting method
with TiO; prepared by sol-gel technique and calcined at 400 °C exhibited higher water
uptake, ion exchange capacity (IEC) and proton conductivity than nafion-115 and pure
cast nafion. The enhanced proton conductivity of the composite membrane was attributed

to the hygroscopic property and proton conducting ability of TiO».

Crack free nafion composite membranes with nano-TiO, films, fabricated by deposition
of TiO, nanoparticles from a sol solution of TiO, on the surface of nafion-112 by spin
coating exhibited reduced MCO (2.9 x 10° cm®/s at 25 °C) than nafion-112 (3.6 x 10
cm?/s at 25 °C) and a maximum power density of 44 mW/cm? with TiO, coated nafion
membrane containing 0.009 mg/cm? TiO,, with 2 M methanol at 80 °C [Liu et al., 2006].
The protonic conductivity of the composite membranes decreased with increased TiO;
content, which was contrary to the results of Sacca et al., (2005) and may be attributed to
the difference in synthesis method. Nafion composites prepared with mesoporous TiO,

provided the best cell performance in the temperature range of 80-120 °C under 50% and
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95% relative humidities (669 mW/cm? under 50% RH at 120 °C in a H./O, fuel cell,
which was 5.7 times higher than the value obtained from the pure cast nafion membrane)
[Chen et al., 2007]. The enhanced performance was attributed to the high surface area and
the large amount of mesopores with the small pore sizes. According to them, in the lower
temperatures of 80 °C and 90 °C the surface area of the filler, which reflects its water
retention capacity, played a key factor in enhancing cell performance and at the higher
temperatures of 110 °C and 120 °C under lower relative humidity (RH), the size and the
amount of mesopores in the filler, which influence the reduction of the dehydration rate
of the nafion composite, became more important. Nafion composites with sulphonated
TiO, particles (6%), prepared by casting method exhibited improved performance with 5
M methanol feed compared to pure cast nafion attributed to the reduced MCO by the
composite membranes [Wu et al., 2008]. Daiko et al., (2006) synthesized nafion
composite membrane with combination of both TEOS and TBT alkoxides and tested
them in direct methanol fuel cell. They concluded that infiltrated oxides improve the
membrane barrier property against methanol. Table 2.2 shows a comparative study of
various properties of TiOz/nafion composites reported in different literature. It is observed
that the introduction of TiO; particles endows the nafion composite membrane with good
mechanical and thermal resistance and improves the water uptake and ion-exchange
capacity in comparison with pure nafion membranes. Modifiation of nafion with TiO,
additives resulted in a change in structure of the membrane, causing the blockade of the
proton migrating channels and narrowing of the water channels thereby lowering the
MCO and electroosmotic drag coefficient. However, other problems such as reduction in
mechanical stability (becomes brittle) when the inorganic component loading reached a
critical level, decrease in proton conductivity and decreased fuel cell performances were

encountered.
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Table 2.2 Comparison of critical properties of nafion composite membranes with TiO, additives

Reference Preparation Water uptake Proton conductivity MCO DMFC performance
technique (%) (S/cm)
Baglio et al.,, Casting NR NR NR Maximum of 350 mW/cm?
2004 for 5% TiO,/nafion with
oxygen feed (2 M
methanol, 145 °C)
Sacca et al, Casting 29 for 3% TiO,/nafion, 0.150-0.180 for 3% NR NR
2005 27 for nafion-115 and TiOy/nafion and 0.120-
20 for pure cast nafion ~ 0.140 for pure cast
nafion
Liu etal., 2006  Spin coating NR 0.027 and 0.041 for 3.6 x 10° cm?s for Maximum of 37 mW/cm®
nafion-112 at 25 °C and nafion-112 and 2.9 x 10° for nafion 112 and 44
85 °C, respectively. cm?s for TiOJ/nafion mwWicm® for TiO./nafion

0.022 and 0.036 for
TiOs/nafion with 0.009
mg/lcm? TiO, at 25 °C
and 85 °C, respectively.

with 0.009 mg/cm?® TiO,
at 25 °C. 13 x 10° cm%s
for nafion-112 and 11 x
10° cm?s for TiO,/nafion
with 0.009 mg/cm?® TiO,
at 85 °C.

with 0.009 TiO, mg/cm? (2
M methanol, 80 °C)

Wu et al., 2008 Casting

37 for pure cast nafion,
35 for 3% TiO,—
50,2 Inafion and 36 for
6% TiO,~SO,* /nafion

0.095 for pure cast
nafion, 0.089 for 3%
TiO,~S0O,% /nafion and
0.089 for 6% TiO,—
50,2 /nafion

4.05 x 10 cm?/s for pure
cast nafion, 2.83 for 3%
TiO,~SO,.* /nafion and
2.73 x 10° cm%s for 6%
TiO,~S042 /nafion

Maximum of 99 mW/cm?
for pure cast nafion and 119
mW/cm? for 6% TiO,
SO,. /nafion (5 M
methanol, 70 °C)

NR: Not reported
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2.2. Bi-functional additives

2.2.1. Nafion composites with silicon, including silica and polysiloxane additives

Recently, more attention has been paid to nafion composite membranes doped with bi-
functional inorganic additives. The nafion composite containing silicon, including silica
and polysiloxane are reported to exhibit better membrane properties such as improved
water management, a different proton conducting kinetic mechanism, and a lower MCO
than unmodified nafion, attributed to the hygroscopic and proton-conductive properties of
the bi-functional additives [Pereira et al., 2008]. Tay et al., (2008) prepared nanoparticles
with a core-shell structure consisting of a silica core (<10 nm) and a densely grafted
oligomeric ionomer layer. The resultant core-shell filler is used to synthesize nafion
composite membrane, which displayed improved proton conductivity considerably and
also repressed MCO by a factor of almost four. However, to obtain the core—shell
structured nanoparticles, three steps including silylation, bromination, and atom transfer
radical polymerization were required, which renders the synthesis process complex and
may result in non-uniform membrane synthesis thereby affecting the fuel cell

performance [Tay et al., 2008].

The nafion nanocomposite membrane containing 3 wt.% phosphoric acid-functionalized
(3-aminopropyl)triethoxysilane (3-APTES) has an MCO at least 50% lower than that of
nafion and a maximum proton conductivity of 0.07 S/cm, which is comparable with the
conductivity of nafion. However, the stability of the phosphoric acid group on 3-APTES

has not been evaluated [Kang et al., 2008].

Polyphenylsilsesquioxane (PPSQ) is a class of polysiloxane which has high heat stability,

high crystallinity, and low fuel permeability. Polysiloxanes incorporated in nafion are
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commonly synthesized by an in-situ sol-gel technique within nafion membranes through
corresponding organically functionalized silicon alkoxide precursors containing a thiol
(=SH) group (e.g., mercaptopropyltrimethoxysilane (MPTMS) and (3-mercaptopropyl)
methyldimethoxysilane (MPMDMS) to give a nafion composite membrane that is further
treated with H,O, solution to convert the —SH to —SOzH [Yen et al., 2007]. It is
interesting to note that the nafion composite membranes with 5 wt.% Sulphonated PPSQ
gave a proton conductivity of 1.57 x 10" S/cm at 120 °C and yielded a better DMFC
performance than nafion-115 at temperatures ranging from 100 to 120 °C and at pressures
from 1 to 2 bar [Nam et al., 2008]. Selectivity, defined as the ratio of proton conductivity
to methanol permeability, and often used to evaluate the potential performance of
membranes, was higher for the modified nafion membrane with 13.9 wt.%
poly(MPMDMS) and was approximately 5.88 times that of nafion-117, attributed to its
higher proton conductivity and lower MCO [Su et al., 2009a, b]. Usually, a high value of
selectivity corresponds to good performance [Dan et al., 2010]. Apparently, nafion
composites synthesized by using polysiloxane additives has great potential for DMFC
application. However, extensive characterization is lacking and durability of this

composite membrane is still questionable.

2.2.2. Nafion composites with Zr0O: additives

Sulphonated zirconia (SZrO,) is accepted as a useful bifunctional filler to a nafion
membrane as it improves water retention characteristics as well as maintains proton
conductivity for higher temperature operation of DMFCs. SZrO, is a strong superacid and
it has been demonstrated that the proton conductivity of SZrO,, as well as its surface and
crystallographic properties, varies largely depending on the method of preparation, in

particular on the thermal treatments [D’Epifanio et al., 2010]. Introducing SZrO, in
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nafion membranes, a general enhancement was revealed in a H,/O, fuel cell response,
both in terms of power density delivered and reduction of ohmic resistance, compared to
unmodified nafion membranes. Moreover, the high-temperature impedance response of
the SZrO,-doped nafion based fuel cell was highly improved, showing a well-controlled
charge-transfer resistance [Siracusano et al., 2012]. The proton conductivity of nafion-115
membrane was 1.5x107% S/cm at 25 °C, while that of the S—ZrO,/nafion membrane was
decreased to 5.0x10"° S/cm. However, at or above 110 °C, the proton conductivity of the

S—ZrOy/nafion membrane was more than one-half that of the pure cast nafion membrane.

The ZrO,/nafion membranes prepared by casting method were found to possess high
thermal stability (Ty=188-192 °C) and conductivity (0.30-0.93 S/cm) [Mokhtaruddin et
al., 2011]. The incorporation of sulfated zirconia into nafion membrane increases the
amount of water uptake and provides additional acid sites for proton transportation, which
results in higher proton conductivity compared to the host membrane at higher
temperature [Ren et al., 2006]. The recast nafion composite membrane containing
ZrO,-Si0, binary oxides gives a maximum cell performance of 683 mW/cm? in a Ha/air

fuel cell at 120 °C, 50% RH, and 2 atm pressure [Zhang et al., 2012].

Di Noto et al., (2008, 2010) prepared two nano additives with core shell structure
consisting of harder core covered by softer shell. The highest conductivities for these two
core shell nanoadditives/nafion membranes are 4.3 x 107 and 5.0 x 1072 S/cm,
respectively at 135 °C, whereas under the same conditions, pure cast nafion shows a
conductivity of only 2.8 x 1072 S/cm. The MCO of ZrO/nafion membrane is not reported.
However Silva et al., (2004) reported a good balance between high proton conductivity,

good chemical stability and low methanol permeability for the sulphonated poly(ether
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ether ketone) (SPEEK) polymer with a 7.5% (w/w) ZrO, content and sulfonation degrees
of 87%. Compared to nafion-112, the composite membrane was 3-times more
impermeable towards water/methanol and had similar proton conductivity (0.081 S/cm

compared to 0.088 S/cm).

2.2.3. Nafion composites modified with ZrP additives

Zirconium phosphates, Zr(HPQ4),, (ZrP), a Bronsted acid have the dual role of being both
hydrophilic and proton conducting [Viswanathan and Helen, 2007]. The ZrP particles
have the ability to donate protons, can increase water retention of nafion composite
membranes at elevated temperatures by acting as nanotanks, and thus improve membrane
conductivity. Bauer and Porada, (2004) examined the DMFC performance of ZrP-
modified nafion membranes and found that the inorganic fraction slightly enhanced water

content as compared to the unmodified nafion membrane and reduced the MCO. Yang et

al., (2001) introduced ZrP into nafion through ion exchange of zt"" followed by
precipitation of zirconium phosphate by immersion of the membrane in H3PO, solution,
which entrapped ZrP in the pores of the nafion membrane. The composite membranes
were thermally stable. The maximum power density of 380 mW/cm? and 260 mW/cm?
for a DMFC with the nafion composites was achieved with oxygen and air feeds,
respectively. The ZrP additive enhanced water retention characteristics, raised the
maximum working temperature, and increased the dry weight and thickness of the
membrane. The Zr(HPO,)./nafion membranes prepared by solution casting exhibited
lower resistance than pure cast nafion attributed to the proton conducting property of
Zr(HPQy,), [Si et al., 2002]. According to the authors, the existence of Zr(HPO,), in the
nafion structure provided more exchange sites for proton conduction and reduced the

reliance of the membrane’s conductivity on water content. Exfoliated-ZrP/nafion (e-
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ZrP/nafion) membrane prepared by dispersing e-ZrP nanosheet in nafion solution
exhibited 15.38% lower MCO than pure cast nafion with better thermal properties [Chen
et al., 2004]. However, the proton conductivity of the composite membranes 0.055 S/cm

were slightly lower than pure cast nafion membrane (0.06 S/cm).

The increase in the ZrP loading is associated with an enhancement of the elastic modulus
and with a decrease in the membrane conductivity, especially at low RH values [Casciola
et al., 2008]. However, temperatures above 130 °C, the conductivity of nafion-117 was
lower than the composite. Moreover, the incorporation of ZrP into nafion was reported to
significantly enhance the mechanical properties of the nafion-117 membrane [Bauer and
Porada, 2005]. As a consequence of the higher elastic modulus values, the composite
membranes exhibited enlarged stability region at higher temperature and RH values in
comparison to the nafion-117 membrane [Casciola et al., 2008]. However, the
polarization curve of the nafion composite in a DMFC was slightly decreased as
compared to nafion-117 membrane. ZrP/nafion membranes with 25% ZrP exhibited
lower water flux than nafion-115, attributed to low water diffusion, and displayed higher
power density than nafion-115 in a H,/O, fuel cell when operated at reduced humidity

[Yang et al., 2004].

ZrP/nafion membranes developed by ion exchange method exhibited markedly increased
IEC (0.909 meqg/g for nafion-115, and 1.93 meqg/g for ZrP/nafion), and 50% less MCO
than nafion-115 [Hou et al., 2008]. The single cell performance evaluation with
ZrP/nafion membranes demonstrated better fuel cell performance than nafion-115 at
75 °C with higher methanol concentration (10 M) attributed to reduced MCO. The

reported peak power density of DMFC with 10 M methanol as fuel at 75 °C using a-
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ZrP/nafion composite membrane is 76.19 mW/cm?, which is approximately two times
higher than that of nafion-115. The preliminary result of durability test showed that the
single cell with composite membrane can stably be run 100 h above 0.4 V when 1 M
methanol solution was used as fuel. Moreover, the stability was found to be at least 7 h at
high methanol concentration (5 M and 10 M). Subsequent treatment with phosphoric acid
enhanced elastic modulus but reduced the conductivity of the composite membranes as
compared to nafion-117 [Casciola et al., 2008]. Partial replacement of the phosphate
groups of ZrP with sulphophenylphosphonate groups led to a significant improvement of
conductivity and stiffness. Similar composite membranes prepared by casting gels of
exfoliated a-zirconium phosphate reduced MCO and swelling and improved thermal
stability than pure cast nafion [Casciola et al., 2009a]. Further treatment with aqueous
solutions of meta-sulphophenylphosphonic acid (H,SPP) rendered the composite
membranes more hydrophilic than pure nafion, and increased their stiffness, elastic
modulus and proton conductivity than the parent ZrP/nafion membranes [Casciola et al.,
2009b]. The MCO of unmodified nafion-117 was 2.3 x 10° cm?/s at ambient temperature
while that of the zirconium sulphophenyl phosphate membrane, (ZrSPP)/nafion,

decreased to 6.5 x 107 cm?/s [Kim et al., 2008].

The 10% ZrSPP/nafion membranes delivered constant power output of 104 mW/cm? at
0.4 V using 1 M MeOH at 70 °C. Table 2.3 compares the critical parameters of
ZrO/nafion and ZrP/nafion developed by various researchers. The success of ZrO/nafion
and ZrP/nafion membranes so far remains limited. The interaction between the inorganic
phase and proton conductor stands vaguely understood. Besides, there are many other

significant issues that need to be resolved, which include standard operating parameters
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such as mechanical strength, durability, cyclability, synthetic conditions, and design

issues including catalyst compatibility and scale-up.

2.2.4. Nafion composites with heteropolyacids (HPAs) additives
In recent years, significant efforts have been made to utilize heteropolyacids (HPAS) as
both electrolyte and surface promoters for low temperature fuel cells. These materials are

proton conductors with high intrinsic ionic conductivity [Staiti et al., 2001].

England et al., (1980) reported exceptionally high conductivity of approximately 0.17
S/cm at room temperature. HPA is generally impregnated into silica particles and then
used for nafion modification. The hydration sphere is connected to impart conducting
behaviour and thus it is essential to maintain the hydrated state of HPA in the polymer
matrices to exploit their conductivity. Therefore, the conductivity drops drastically once it

is heated and dehydrated.

Tazi and Savadogo, (2000) prepared silicotungstic acid/nafion (SiWA/nafion) membrane
by casting and compared the characteristics of the composite membrane with nafion-117.
The SiWA/nafion membrane exhibited enhanced water uptake and proton conductivity
compared to nafion-117. The mechanical strength and chemical stability of the
SiWA/nafion membrane were also excellent. The fuel cell performance of the
SiWA/nafion membrane in a H,/O, cell was inferior compared to nafion-117. At a
voltage of 0.60 V, SiWA/nafion membrane exhibited a current density of 55 mA/cm?
compared to 640 mA/cm? by nafion-117. However, on addition of thiophene to the

SiWA/nafion membrane, the current density increased to 810 mA/cm? at 0.60 V.
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Table 2.3 Comparison of critical properties of nafion composite membranes with ZrO and ZrP additives

Reference  Preparation Water uptake Proton conductivity MCO DMFC performance
technique (%) (S/cm)
Ren et al, lon exchange 58 for S- 0.009 for S- NR 20 mA/cm® at 0.2 V for S-
2006 and ZrO/nafion, 37.50 ZrOf/nafion, 0.003 for ZrO/nafion (1 M methanol at 105
precipitation  for nafion-115 at nafion-115, 100 °C °C)
100 °C
Chen et al., Casting NR 0.060 for nafion-117 2.6 x 10° cm/s for pure NR
2004 and 0.055  for nafion and 0.4 x 10°® cm?s
eZrP/nafion for eZrP/nafion
Yang et al., lonexchange 18 for nafion-115 0.140 for nafion-115 NR NR
2004 and 25 for 25% and 0.120 for 25%
ZrP/nafion at 80 °C  ZrP/nafion
Bauer and lon exchange NR 0.032 for nafion-117 0.4 Alcm® for nafion-117, 30 mA/cm’ for nafion-117 and 21
Porada, and 0.025 for 21% 0.25 Alcm® for 13% mA/cm®> for 13% and 26%
2005 ZrP/nafion at 130 °C ZrP/nafion, and 0.3 A/cm? ZrP/nafion at 0.35 V (1.5 M
for 26% ZrP/nafion at 130 methanol, 130 °C)
°C
Hou et al.,, lon exchange NR 0.102 for nafion-115 55 mA/cm’ for nafion-115 Maximum of 96.3 mW/cm® for
2008 and 0.084 for 23% and 24 mA/cm? for 23% nafion-115 and 91.6 mW/cm? for
ZrP/nafion ZrP/nafion at 30 °C 23% ZrP/nafion (75 °C, 5 M
methanol) 42.4 mwW/cm? for
nafion-115 and 76.19 mW/cm? for
23% ZrP/nafion (75 °C, 10 M
methanol)
Casciola et Casting NR 0.054 for pure cast 2.6 x 10° cm?/s for pure cast NR
al., 2009a nafion and 0.036 for nafion and 2.5 x 107 cm%s

1% ZrP/nafion (40 °C,
100% RH)

for 1% ZrP/nafion (40 °C,
100% RH)

NR: Not reported
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They further extended their approach to the preparation and characterization of polymer
electrolyte membrane based on modified nafion and included phosphotungstic acid
(PWA) and phosphomolybdic acid (PMA) as modification additives [Tazi and Savadogo,
2001]. The SiWA/nafion membrane exhibited mechanical properties similar to nafion-
117, while PWA/nafion and PMA/nafion exhibited lower mechanical properties than

nafion-117 and SiWA/nafion membrane.

Water uptake was highest for PMA/nafion (95%) followed by PWA/nafion (70%),
SiWA/nafion (60%), and nafion-117 (30%). The ionic conductivity and conductance of
the SiWA/nafion membranes were higher than those of PWA/nafion, PMA/nafion, and
nafion-117. The PEMFC performance was best for PMA/nafion followed by
PWA/nafion, SiWA /nafion, and nafion-117. A maximum power density of 400 m\W/cm?
at 145 °C in the presence of oxygen feed, and 250 mW/cm?in the presence of air feed was
obtained with nafion composite with phosphotungstic acid (PWA) impregnated into silica
particles [Staiti et al., 2001]. The authors also reported that PWA has a promoting effect
on the kinetics of electrochemical reduction of oxygen attributed to the high oxygen
solubility in the PWA electrolyte. CO-like products, which form at the anode during
methanol oxidation reaction giving rise to a strong chemisorption on surface catalyst, are

removed efficiently in the presence of PWA.

Xu et al., (2005) reported an open circuit potential of 0.75 V at 80 °C with the
PWAV/silica/nafion composite membrane compared to 0.68 V for pure cast nafion
membrane and a maximum power density of 70 mW/cm? and 62 mW/cm?, respectively.

The composite membrane exhibited higher proton conductivity than nafion-117. A
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methanol diffusion coefficient of 2.8 10" cm?s could be obtained with the composite

membrane as compared to 5.2 X 10~ cm?/s with nafion-117.

Thermogravimetric analysis (TGA) results indicated that nafion composite membranes
like PWA/SiO,/nafion and SiO/nafion composite membranes are thermally more stable
than pure cast nafion membrane. However, the nafion composites with inorganic
additives like titanium dioxide (TiO,), tungsten oxide (WOs) accelerated the
decomposition of the composite membrane at an earlier temperature than pure cast nafion
membrane [Shao et al., 2006]. The water uptake was higher for PWA/SiO,/nafion
membrane compared to the other modified nafion membranes and the pure cast nafion
membrane. The proton conductivity of the modified membranes, except that of the
TiO,/nafion, was found to be close to pure cast nafion membrane at high temperature and
at 100% relative humidity (RH), however, it was much higher at low RH.
PWA/SiO/nafion membrane exhibited higher proton conductivity than the other nafion
composites as well as pure cast nafion membrane. The performance of these modified
membranes in the PEMFC operated at 110 °C and 70% RH was better than pure cast
nafion membrane and was found in the order of PWA/SiOj/nafion > SiO,/nafion >

WOs/nafion > TiO,/nafion.

Nafion composite membranes with sulfonic acid groups onto the surface of SiO, of
HPA/SIO, were thermally stable up to 290 °C [Kim et al., 2006]. The maximum power
density was 33 mW/cm? at 80 °C, 39 mW/cm? at 160 °C and 44 mW/cm? at 200 °C,
respectively, with 4 M methanol. However, the authors reported that the fuel cell
performance was lower than that with pure cast nafion membrane and insisted on the

modification of the method of MEA preparation as the composite membrane has different
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surface as compared to the nafion membrane. Modification of nafion with cesium
hydrogen salt of heteropolyacids (Cs;5Hos5PM012040) (CsPMo) and Cs;sHosPWi12040
(CsPW) was done in an attempt to alter the membrane surface acidity and water
solubility. Enhanced proton conductivity of the composite membranes was found, which
may be attributed to the hygroscopic nature of CsHPs [Amirinejad et al., 2011]. The
performances of the composite membranes in a PEMFC were superior to unmodified
nafion. However, the composite membranes had lower thermal stability and lower IEC
than pure nafion attributed to the covering of the nafion active sites (sulfonic groups) by
the salts and decreasing the effective number of replaceable ion exchange sites.
Moreover, there are some issues in general with the HPA/nafion membranes relating to
operational and mechanical stability of the composites. Table 2.4 compares some of the

critical parameters of HPA/nafion membranes developed by various researchers.

2.2.5. Nafion composites with zeolite additives

Zeolites are a class of hygroscopic, microporous, proton conducting, crystalline
aluminosilicates [Sanni, 2011]. Tricoli and Nannetti, (2003) tried to exploit the molecular
sieving properties of zeolites to design nafion membranes with low MCO. Two natural
zeolites chabazite and clinoptilolite of considerably smaller size (40-50 nm) were selected
as additives and both types were proton conductive as well as impermeable to methanol.
Composite nafion membranes were made by evaporating the solvents from a suspension
of small zeolite crystals of various concentrations (maximum 40 wt.%) in a nafion
solution. The composites were studied in both Na* and H* form and characterized for
surface morphology, particle distribution, proton conductivity, and MCO. The composite
membranes retained reasonable flexibility when saturated with water but were rather

brittle in the dry state indicating a decrease in mechanical stability.
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Table 2.4 Comparison of critical properties of nafion composite membranes with HPA additives

Reference Preparation Water uptake Proton conductivity MCO DMFC performance
technique (%) (S/cm)
Staiti et al, Casting NR NR NR Maximum of 400 mW/cm® for
2001 30% PWAVJSIOy/nafion and 340
mW/cm? for 3% SiO,/nafion (145
°C, oxygen feed, 2 M methanol)
Maximum of 250 mW/cm? for
both 30% PWA/SiO,/nafion and
3% SiOy/nafion (145 °C, air feed,
2 M methanol)
Xu et al., 2005  Sol-gel NR 0.015 for nafion-117 5.2x107 cm?/s for Maximum of 62 mW/cm?® for
and 0.024 for 70.2 ug/g nafion-117 and nafion-117 and 70 mW/cm? for
PWA/SiO,/nafion 2.8x107 cm¥s for 38.2 pg/g PWA/SiO,/nafion (80
38.2 ug/g °C, 2 M Methanol)
PWAV/SiO,/nafion
Shao et al., Casting 38 for 10% 0.027 for 10% NR NR
2006 PWAV/SiOj/nafion, 26 PWA/SiO,/nafion and
for nafion-115 and 32 0.008 for nafion-115
for pure cast nafion (110 °Cand 70% RH)
respectively
Kim et al, Casting More than pure cast More than pure cast Lower than pure Maximum of 33 mW/cm® at 80
2006 nafion  (value not nafion (value not cast nafion (value °C, 39 mW/cm? at 160 °C and 44
reported) reported) not reported) mW/cm? at 200 °C, 4 M methanol
for 10% HPA/SiO./nafion
Amirinejad et Casting 33 for pure cast nafion, 0.037 for pure cast NR NR
al., 2011 62 for 10% nafion, 0.055 for 10%
CsPW/nafion and 76 CsPW/nafion and 0.058
CsPMo/nafion CsPMo/nafion

NR: Not reported
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The three-dimensional network of small size pores (3.8 A) of chabazite and relatively
high Al/Si ratio (1:2) that translates into notable ion-exchange capacity (2.5 meg/g) was
expected to contribute to good ion conductivity coupled to low MCO to the nafion
composite membranes compared to pure cast nafion. However, both MCO and proton
conductivity of the nafion composite membranes were lower than nafion-117 and pure

cast nafion membrane.

Acid functionalized zeolite B/nafion (NAFB) nanocomposite membranes by in-situ
hydrothermal crystallization exhibited slightly lower proton conductivity than nafion-115
but markedly lower MCO (ca. 40% reduction) [Chen et al., 2006]. The proton
conductivity of 2.5% zeolite B (AFB)/nafion membrane was higher than nafion-117 and
the selectivity ratio (conductivity/MCQO) of 2.5% and 5% AFB/nafion membranes were as
much as 93% higher than nafion-117 at 21 °C, and 63% higher at 80 °C, attributed to the
large reduction in MCO [Holmerg et al., 2008]. These membranes also performed well as
compared to nafion-117 membrane in DMFC performance evaluations. The current
density at 0.3 \VV were 150, 80 and 65 mA/cm? for 2.5% AFB/nafion, 5% AFB/nafion and
nafion-117, respectively. Similarly, the NAFB composite membranes when tested with 1
M methanol feed, exhibited higher open circuit voltage (OCV) (3%) and much higher
maximum power density (21%) than those with the nafion-115 membranes [Chen et al.,
2006]. With a higher methanol concentration (5 M), the DMFCs with the NAFB
composite membranes demonstrated a 14% higher OCV and a 93% higher maximum
power density than those with the nafion-115 membrane. However, compared with the
nafion-115 membrane, the NAFB composite membranes had slightly lower tensile
strength but higher elastic modulus. Maximum power densities ranging from 350-370

mW/cm? and 200-210 mW/cm? were recorded at 140 °C with 3% chabazite/nafion and
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6% clinoptilolite/nafion membranes, under oxygen and air operation, respectively. The
high performances obtained were attributed to the enhancement of water retention of the
composite membranes compared to pure cast nafion membrane caused by the presence of
the hygroscopic additive, which was confirmed by cell resistance measurements [Baglio

et al., 2005].

Montmorillonite (MMT) is another form of zeolite, a layered alumino-silicate mineral
that has large surface areas (220-270 m?/g) with a negative layer charge. Rhee et al.,
(2005) synthesized nafion composites with organic sulfonic acid group modified MMT
(HSO3-MMT). The HSO3-MMT/nafion membranes exhibited lower proton conductivities
compared to nafion-115 but exhibited substantial improvement in DMFC performance by
reducing the MCO drastically. The relative permeabilities of methanol and water were

reduced by up to 90% and 80%, respectively, relative to nafion-115 membrane.

Lin et al., (2005) cited that silicate clays are hydrophilic and have little affinity for
hydrophobic polymers and an organic modification is required to enhance their
compatibility with nafion. The nafion composites with modified MMT
(Poly(oxyproplene)-backboned (POP) quaternary ammonium salts of POPD400-PS as
intercalating agents) exhibited 60% reduction in MCO and improved the proton
conductivity of pure cast nafion, which significantly enhanced the DMFC performance

[Lin et al., 2007].

Nafion composites with MMT functionalized with Krytox, bearing nafion like poymer
chain (Krytox-MMT/nafion) exhibited improvement in water retention and thermal

resistance, reduced MCO by 50%, but lowered the proton conductivity as compared to

TH-1211 06615104



Literature Review | 43

unmodified nafion membrane [Gosalawit et al., 2007]. The reduction in proton
conductivity is attributed to the blocking effect of MMT additive confining the continuum
of sulfonic acid groups of nafion responsible for proton conductivity. Table 2.5 gives a
comparison of some critical parameters of zeolite/nafion membranes developed by

various researchers.

2.3. Methanol impermeable and/or proton conducting additives

2.3.1. Nafion composites with palladium (Pd) additives

Palladium (Pd) is known to be an effective storage medium for hydrogen and can easily
form palladium hydride [Choi et al., 2001]. Prabhuram et al., (2005) has reported Pd to be
a methanol impermeable and proton conducting (MIPC) additive, which has been adopted
by several researchers for nafion modification. Choi et al., (2001) combined plasma-
modification of the nafion surface and palladium-sputtering techniques in an attempt to

reduce the MCO problem.

Three types of modified membranes, i.e. plasma-etched membrane, Pd-sputtered
membrane, and plasma etched and Pd-sputtered membrane, were prepared. All the
modified membranes could effectively reduce the MCO. The MCO for the Pd-sputtered
membrane was lower than that of the plasma etched membrane, while the membrane
modified by both plasma etching and Pd sputtering exhibited the lowest MCO. The Pd
sputtered membrane exhibited the highest proton conductivity, followed by the plasma
etched membrane, unmodified nafion membrane, and the combination of plasma etched
and Pd sputtered membrane. However, the findings of this work was contrary to that of
Yoon et al., (2002), who observed that the proton conductivity for the modified

membrane decreased as compared to the unmodified nafion membrane, despite using the
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Table 2.5 Comparison of critical properties of nafion composite membranes with zeolite additives

Reference  Preparation Water uptake Proton conductivity MCO DMFC performance
technique (%) (S/cm)
Tricoli and  Casting NR 0.018 for 40% 1.85 x 10° cm?/s for 40% NR
Nannetti, chabazite/nafion (Na® form), chabazite/nafion (Na*
2003 0.022 for 40% form), 2.28 x 10° cm?s
clinoptilolite/nafion (Na™  40% clinoptilolite/nafion
form) at 22 °C, 0.101 for pure (Na® form) at 22 °C, 1.99 x
cast nafion (H* form) at 25 °C  10°® cm?s for pure cast
nafion (H* form) at 21 °C
Baglio et Casting NR NR NR Maximum  of 370
al., 2005 mW/cm?  for the 6%
clinoptilolite/nafion,
350 mWicm* for 6%
chabazite/nafion,  and
260 mW/cm? for pure
cast nafion
(oxygen feed, 2 M
methanol, 140 °C)
Chen et In situ NR 0.088 for NAFB membranes, 1.40 x 10 cm?/s for NAFB  Maximum of 98
al., 2006 hydrothermal 0.091 for nafion-115 membranes, 2.36 x 10° mw/cm? for NAFB

crystallization

cm?/s for nafion-115

membranes and 81
mW/cm? for nafion-115
(1 M methanol, 70 °C).
120 mW/cm? for NAFB
membranes and 62
mW/cm? for nafion-115
membrane (5 M
methanol, 70 °C)

NR: Not reported
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Reference  Preparation Water uptake Proton conductivity MCO DMFC performance
technique (%) (S/cm)
Holmberg  Casting NR 0.061 for 2.5% AFB/nafion, 5.68 x 10 cm?/s for 2.5% 150 mA/cm? for 2.5%
etal., 2008 0.047 for 5% AFB/nafion and AFB/nafion, 8.30 x 107 AFB/nafion, 80 mA/cm?
0.037 for nafion-117 at 21 °C  cm%s for 5% AFB/nafion for 5% AFB/nafion and
and 1.26 x 10° cm?s for 65 mA/cm? for nafion-
nafion-117 at 21 °C 117 at 03 V (1 M
methanol, 70 °C)
Rhee et Casting NR 036 for 5%  HSOs- NR 336 mA/cm® for 5%
al., 2005 MMT/nafion, 0.52 for nafion- HSOs;-MMT/nafion and
115 244 mA/cm? for nafion-
115 at 0.2 V 2 M
methanol, 40 °C)
Lin et al., Casting NR 0118 for 6% MMT- 1.2 x 10° cm/s for 6% 95 mA/cm®* for 6%
2007 POPD400-PS/nafion, and MMT-POPD400- MMT-POPDA400-
0.095 for pure cast nafion PS/nafion, and 3.1 x 10° PS/nafion, and 51
cm?/s for pure cast nafion mA/cm? for pure cast
nafion at 0.2 V 2 M
methanol, 40 °C)
Gosalawit  Casting 264 for 25% 0.025-0.048 for 25% 1.2 x 10° cm?/s for 2.5% NR
etal., 2007 Krytox— Krytox-MMT/nafion, 0.023- Krytox-MMT/nafion, 8.7x
MT/nafion, 31.6 0.032 for 5% Krytox— 10’ cm%s for 5% Krytox—
for 5% Krytox— MMT/nafion, and 0.029- MMT/nafion, and 8.7 x

MMT/nafion, and
20.8 for pure cast
nafion

0.062 for pure cast nafion

10° cm?s for pure cast
nafion at 25 °C

NR: Not reported
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same modification technique. Nafion composites with deposition of a thin Pt/Pd-Ag/Pt
alloy film by sputtering method on the surface of the nafion-117 effectively reduced
MCO and gave a higher DMFC performance than that of unmodified nafion-117
membrane [Ma et al., 2003]. However, the composite membranes synthesized developed
cracks. Modification of nafion-117 with Pd nanophases permitted the use of higher molar
concentration of methanol in DMFC without any power loss and the performance was
superior to nafion-117 [Kim et al., 2003]. This has numerous advantages such as the
reduction of the volume of the system and long-term usage of fuel through the circulation
of high concentrated methanol. The power densities of unmodified nafion membrane and
Pd/nafion with 2 M methanol and at 30 °C were 60 mW/cm? and 65 mW/cm?
respectively. The maximum power density of the Pd/nafion was slightly increased or
maintained with increasing concentrations of methanol, while the maximum power
density of the pure cast nafion membrane was abruptly decreased. The Pd-Nafion showed
an increment of 23% while the maximum power density of nafion-117 was reduced by

43% when 10 M methanol was used as a fuel compared to 2 M methanol at 30 °C.

Subjecting nafion-117 to y-ray radiation caused membrane cross-linking and reduced the
swelling of membrane along with reduction in MCO compared to unmodified nafion [Liu
et al., 2006]. Electroless Pd deposition further reduced the MCO and produced reasonable
power density performance as high as 4.9 mW/cm? with 2 M methanol solution at room
temperature in a uDMFC. Modification of nafion-115 with Pd alloyed with Group 1B
metals, to prevent hydrogen embrittlement, did not show significant improvement in
DMFC performance compared to unmodified nafion-115 membranes [Prabhuram et al.,
2005]. The Pd-sputtered membrane yielded a power density of 14 mW/cm?, while the Pd-

Cu-sputtered and bare membranes gave power densities of 13 mW/cm? and 11 mW/cm?,
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respectively. Though Pd modified nafion membranes were proving to be a potential
method of nafion modification for DMFC, Prabhuram et al., (2005) opined that the
prolonged hydride formation and its conversion into protons during cell operation can
lead to hydrogen embrittlement in the Pd thin layer, which can eventually cause
mechanical degradation of the Pd layers from the surface of the membrane. According to
them, the problem of the occurrence of hydrogen embrittlement in Pd can be ceased if it
is alloyed with metals like Ag (30 wt.%), Au (5 wt.%), and Cu (40 wt.%) (Group 1B
metals); at the same time, the hydrogen diffusion rate can be maintained in these Pd

alloys.

2.3.2. Nafion composites with Platinum (Pt) additives

Watanabe et al., (1998) successfully employed Pt modified nafion-112 for self-
humidification and suppression of gas-crossover in a PEMFC. Similar concept was
employed and extended for DMFC [Uchida et al., 2000]. The advantages brought about,
by the presence of Pt particles in nafion were not significant at the high methanol feed
rate, which was attributed to a higher MCO rate than the rate of catalytic oxidation in
Pt/nafion. The Pt/nafion membranes synthesized by exchange between the
tetraammineplatinum (1) cations ([Pt(NH3)s]**) and sulfonic groups in the nafion
molecules, exhibited increased proton conductivity and open circuit voltage compared
with the pure cast nafion membrane [Lee et al., 2008]. The maximum power density was
enhanced by 29% by the composite membrane attributed to the oxidation of methanol
passing through the proton-exchange membrane, which lowered the MCO. However, at a
high loading of Pt (over 3 wt.%), the Pt/nafion membranes exhibited lower water uptake
and proton conductivity attributed to the reduction in the nafion clusters and this

hypothesis was also supported by the increased ohmic resistance in the fuel cell
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polarization curve. Table 2.6 compares some critical parameters of nafion composite

membranes developed with methanol impermeable and/or proton conducting additives.

2.4. Summary of literature review

Nafion composites have great potential in achieving a polymer electrolyte membrane with
the ideal characteristics desired for DMFC. Composites are attractive because they allow
blending or modification of the different properties of each component to improve an
overall material performance. Basically, the inorganic additives utilized in nafion
modification for DMFC usually possess a few of the important properties, namely
hygroscopic property, proton conducting property, methanol impermeability, and
methanol oxidizing ability. The two primary parameters targeted by the researchers
during nafion modification are reduction of MCO while maintaining the proton
conductivity of nafion membrane. The addition of hygroscopic additives resulted in a
change in structure of the membrane, where the particles block part of the hydrophilic
polymer channels through which protons migrate. At the same time narrowing of water
channels facilitated low solvent permeation and electroosmotic drag coefficient, which
simultaneously reduced MCO. The water uptake by the oxide containing membrane was
higher than that of the pure nafion. They also exhibited improved thermal and mechanical
stability than the parent polymer, and in most cases exhibited reduced proton conductivity
compared to pure nafion membrane. However, other problems such as reduction in
mechanical stability when the inorganic component loading reached a critical level, and
decreased fuel cell performances were encountered. Proton conductive additive could
reduce MCO while maintaining the proton conductivity but showed improved

performance only at high operating temperatures.
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Table 2.6 Comparison of critical properties of nafion composite membranes with Pd and Pt additives

Reference Preparation Water uptake Proton conductivity MCO DMFC performance
technique (%) (S/cm)
Ma et al., Sputtering NR Improved (value not Reduced (value not Maximum of 2.8
2003 reported) reported) mW/cm?® for 1 pm Pd-

Ag/nafion, and 0.9
mW/cm? for nafion-117
(1 M methanol, ambient

temperature)
Kim et al, Casting NR 49 for nafion-117, 3.2 x 10° cm’/s for Maximum of 60 mW/cm®
2003 and 3.2 for 0.90 nafion-117, 4.3x 10’ for nafion-117 and 65
mg/cm? Pd/nafion cm?/s for 0.90 mg/cm® mW/cm? for 0.90
Pd/nafion mg/cm? Pd/nafion (2 M

methanol, 30 °C)
Maximum of 34 mW/cm?
for nafion-117 and 79
mw/cm?>  for  0.90
mg/cm? Pd/nafion (10 M
methanol, 30 °C)

Prabhuram et Sputtering NR NR NR 300 mA/cm’® for nafion-
al., 2005 115, 220 mA/cm’ for
Pd/nafion, 280 mA/cm?
for (60:40) Pd-Cu/nafion
at 0.12 V (2 M methanol,

70 °C)
Lee et al, Cation 22.93 for pure cast 0.033 for pure cast NR Maximum  of  77.7
2008 exchange nafion and 41.98 for nafion, and 0.038 for mW/cm? for pure cast
2% Pt/nafion 2% Pt/nafion nafion, and 100 mW/cm?

for 2% Pt/nafion (1 M
Methanol, 70 °C)

NR: Not reported
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Modification of nafion with zeolite, and their derivatives could increase thermal and
mechanical properties and reduce MCO. However, increasing impermeable filler content
usually resulted in a simultaneous reduction in proton conductivity and mechanical
failure. The composite membranes containing the impermeable additives were found to
have increased MCO when loading increased, attributed to lack of interactions between
the filler and the polymer creating a crude dispersion impairing the transport trend. Pd
modified nafion membranes could lower MCO while maintaining the proton conductivity
and also allowed usage of higher methanol concentrations without depreciating the fuel
cell performance. However, it has been indicated that prolonged hydride formation and its
conversion into protons during cell operation can lead to hydrogen embrittlement in the
Pd thin layer, which can eventually cause mechanical degradation of the Pd layers from
the surface of the membrane. Alloying Pd with other metals could alleviate the problem
of hydrogen embrittlement but the composite showed increased MCO than Pd/nafion
membranes. Modification of nafion with methanol oxidizing catalyst like Pt is a good
strategy. However, the performances of the composite membranes are limited by factors
such as high methanol concentration and high flow rate of methanol. Besides, Pt is very

expensive and would increase the cost of the composite membranes.

Therefore, the search for a nafion composite possessing the physic-chemical properties of
nafion with the additional property of methanol selectivity is still going on and there have
been efforts globally by the researchers to meet the set criterion. For a proper assessment
of the nafion composites a detailed characterization of the composite membranes both
under ex-situ environment and fuel cell conditions is necessary. Another significant point
to be noted is that DMFC has applications for automotive, stationary, and portable

devices. Hence, as pointed out by Zang and Shen, (2012), it would be impractical to
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expect that a single type of membrane can meet all the requirements. If the application of
DMFC is for portable devices like camera, laptops, thermometers, i-pods, mobile phones,
etc., which are operated at ambient temperature, performance of the composite
membranes at ambient temperature is noteworthy rather than that at high temperature.
Thus, for enhanced DMFC performance at ambient temperature both the parameters
namely, low MCO and high proton conductivity will play a crucial role. The mechanical
properties of the composite membranes namely, tensile strength and swelling have also
not been taken into consideration while studies have shown that the mechanical properties
of the membranes are extremely important to the performance and longevity of the fuel
cell. Nafion is a polymeric membrane, which means that it responds to stress in a time
dependant manner. The membrane of a fuel cell is subject to various stresses, including
those due to solvent mass uptake and clamping between flow plates. Hence, an accurate
knowledge of the physico-chemical properties of the synthesized nafion composite
membrane under a range of environmental conditions is crucial to identify the potential
composite membranes for DMFC. Moreover, the degradation of nafion in polymer
electrolyte membrane fuel cells has caused widespread concern. However, there are
barely any reports on the analysis of nafion composites for chemical stability or oxidative

stability.

It is an undeniable fact that in the foreseeable future, it will be difficult to completely
replace nafion membranes, especially at temperatures less than 80 °C, because of their
excellent oxidative stability and superior proton conductivity. Besides, the nafion
membranes reinforced by filling pores offer a cost-effective option. So, in order to
improve the performance of nafion composites, there is the need for extensive research

with new type of additives that would contribute to low MCO, acceptable proton
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conductivity, high thermal, chemical and mechanical durability, moderate swelling and,
high power density. It is also desirable for the additives to have some kind of bond with
the nafion matrices so as to enhance the durability of the composites. Therefore, the
objective of the current research is set as per the above literature survey and discussed in

the next section.

2.5. Aim and objectives
In this study, we have identified a few of the novel additives, which have the potential to
reduce not only MCO but may also help to achieve the other desirable properties of the

composite nafion membrane for DMFC application.

Hence, the main objective of this thesis is to develop a composite nafion membrane for
reduced MCO keeping other vital properties of the membrane at least at par with the cast
nafion membrane. The research work was started with cast nafion and TiO/nafion
composite membranes. The study and the result helped to standardize and develop a
protocol for various processes and techniques starting from additive characterization,
membrane casting, various membrane characterization techniques, and DMFC

development along with the MEA fabrication.

Therefore, in order to achieve the objective the additives were characterized first and then
using the additive and nafion dispersion the composite nafion membrane was synthesized.
The synthesized membrane was characterized thoroughly under ex-situ conditions.
Further, a direct methanol fuel cell was designed for evaluating the composite membrane
performance in the DMFC. The details of the work are given below.

P Characterization of additives by,
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C.

d.

Particle size,
X-ray diffraction (XRD) ,
BET surface area, and

Scanning electron microscopy (SEM).

» Synthesis of nafion composite membrane using casting technique

» Characterization of the developed nafion composite membrane by,

a.

b.

m.

n.

Scanning electron microscopy (SEM),
Thickness,

X-ray diffraction (XRD),
Thermogravimetric analysis (TGA),
Fourier transform infrared (FTIR) spectrometer analysis,
lon exchange capacity,

Water uptake,

Methanol uptake

Swelling,

Tensile strength,

Oxidative stability,

Proton conductivity,

Methanol crossover, and

Selectivity.

» Fuel cell development

a.

b.

Development of MEA

Fabrication of DMFC setup

» Performance evaluation of DMFC using developed membranes
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Once the above methodologies and techniques were set using cast nafion and TiO2/nafion
membranes, the next step was to choose suitable and novel additive. The following

additives were chosen,

TiO; (Titanium dioxide)

= Nd03; (Neodymium oxide)

=  H;Mgs(SiO3)s (Magnesium silicate hydroxide)

= Er(SO;CFs3); (Erbium triflate)

= Nd(SO3CF3)3 (Neodymium triflate)

= 0.4K;0:0.6Na,0Al05:2.0Si0,:24.5H,0 (Molecular sieve, 3A)

The above additives are grouped in to three categories as shown below,
i) Crystalline hygroscopic additive (TiO2, Nd,O3, and HMg3(SiO3)4)
- these three additives are crystalline in nature, adsorb water and form —OH
groups on the surface.
ii) Bi-functional additive (ErTfO, and NdTfO)

- both the additives have SO; as the functional group attached to the

trifluoromethane (-CFs) chain as in nafion. Both Er*" and Nd** have high

coordination numbers and can form coordination bonds with the anion (SO; ) of

triflate as well as nafion.
iii) Size selective additive (molecular sieve)
- MS has a pore size of 3 A, which is smaller than the diameter of methanol

molecule and hence should act as size selective additive.

» Reduction of crossed-over methanol effect at cathode using hybrid Pt/laccase

Next chapter provides the various materials used along with the details of the

experimental methodologies.
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Chapter 3: Experimental

The major materials used for the synthesis of nafion composite membranes are discussed
in the first part of the chapter. The experimental methodologies for characterization of the
additives, composite membranes, and DMFC along with the fabrication of membrane,
electrodes, and membrane electrode assemblies are discussed in the later part of the

chapter.

3.1 Materials

3.1.1 Crystalline, hygroscopic additive

Three different additives under this category namely, titanium dioxide, neodymium oxide,
and magnesium silicate hydroxide have been used in this work for the nafion
modification. A brief discussion on the properties of these additives is provided in the

subsequent sections.

3.1.1.1 Titanium dioxide (TiOz)

Titanium dioxide (fig. 3.1 a), also known as titanium (1) oxide or titania, is the naturally
occurring oxide of titanium. Titanium dioxide occurs in nature in three different forms,
rutile; brookite; and anatase [Dachille, 1968]. TiO, is crystalline and hygroscopic in
nature. The strong oxidation potential of TiO, oxidizes the water molecules associated to
it, which results in the formation of hydroxyl (fig. 3.1 b) groups on the surface of the
particles [Fujishima et al., 2000; Staiti et al., 2001]. In the present work, TiO, was
obtained from Merck, Germany. A few of the general properties of TiO, is presented in

table 3.1.
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(l)H
O=Ti=O0 HO—Ti—OH
OH
(@) (b)

Fig. 3.1 Chemical structure of (a) titanium dioxide and (b) titanium hydroxide

Table 3.1: General properties of TiO,

Properties Values
Molar mass 79.87 g/mol
Appearance White solid powder
Density 4.23 glem®
Melting point 1843 °C
Boiling point 2972 °C
Solubility in water Insoluble
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3.1.1.2 Neodymium oxide (Nd:03)

Electrical and chemical properties of rare earth oxides (REOs) have been recognized as of
great technological importance [Dakhel, 2004]. REOs find applications in a large variety
of research areas, including medical or biochemical systems, property enhancements of
materials as fillers and catalysis [Rill et al., 2008]. These are the main constituents of the
solid electrolytes and widely used as additives for improving their ion-conducting
characteristics and thus play a major role in the field of solid state ionics [Adachi et al.,
2002]. Neodymium (I11) oxide or neodymium sesquioxide is a rare earth oxide and

neodymium (Nd) belongs to the lanthanide (I11) series.

Neodymium is one of the most abundant rare earth elements and neodymium oxide is a
very light grayish blue chemical compound composed of neodymium and oxygen with
the formula Nd,Os (fig. 3.2a) [Lide, 1998]. There is evidence in the literature that the
lanthanide oxides may act as either Lewis acids or Lewis bases [Read, 1972]. Nd,Os is
crystalline, thermally stable [Kepin“ski et al., 2004], hygroscopic compound, which is

insoluble in water [Nagao et al., 2003]. The hygroscopic nature of Nd,O3 leads to the

formation of neodymium hydroxide [Nd(OH)s] (fig. 3.2b), and the presence of OH"™
groups, which can act as proton conducting domains and render it conductive [Dakhel,
2004; Nagao et al., 2003]. Wang and Kumar, (2004) used Nd,Oj3 as a proton conductor in
a novel solid electrochemical sensor for monitoring HCI gas [Wang and Kumar, 2004].
Various researchers synthesized urea silicates and dissolved large quantities of
neodymium salt to get the conductive films. The free-standing polymer films showed
moderate levels of ionic conductivity (approximately 10~ S/cm at room temperature)

over a wide range of salt concentration [Silva et al., 1998]. Nd,O3 used in the present
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work was obtained from Alfa Aesar (Lancaster). A few of the general properties of Nd,O3

is presented in table 3.2.

(a) (b)

Fig.3.2 Chemical structure of (a) neodymium oxide, and (b) neodymium hydroxide

Table 3.2: General properties of Nd,O3

Properties Values
Molar mass 336.48 g/mol
Appearance Light bluish gray powder
Density 7.24 glem®
Melting point 2233 °C
Boiling point 3760 °C
Solubility in water Insoluble
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3.1.1.3 Magnesium silicate hydroxide or talc [H2Mg3(Si03)4]

Talc is a crystalline, hygroscopic material having bimatellic oxide. The co-existence of
magnesium and silica in its oxide form (fig. 3.3) in talc has been anticipated to be
advantageous for improving the characteristics of the nafion membrane. There are several
reports in the literature where the individual effects of these oxides have been evaluated
for fuel cell applications. The contribution of SiO; in SiOy/nafion membranes in terms of
MCO and proton conductivity for DMFC has already been discussed in the previous
chapter. However, magnesium oxide (MgO) has been used for modification of Pt/C
catalyst for direct oxidation of ethanol in direct ethanol fuel cell (DEFC) [Xu et al., 2005]
but not in electrolyte. MgO is hygroscopic in nature and forms magnesium hydroxide
[Mg(OH)-] in the presence of water [Merwe and Strydom, 2006]. The magnesium silicate
hydroxide (talc) for the present work was procured from Loba Chemie, India. A few of

the general properties of talc is presented in table 3.3.

.
X Mg )
(@) N
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O—H
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ﬁl Si
I
(@] 0] ')
AN Mg

Fig.3.3 Chemical structure of magnesium silicate hydroxide
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Table 3.3: General properties of magnesium silicate hydroxide

Properties Values
Molar mass 379.27 g/mol
Appearance White powder
Density 2.7 glem®
Melting point 1500 °C
Boiling point 1557 °C
Solubility in water Insoluble

3.1.2 Bi-functional additive
Two additives under this category namely, erbium triflate and neodymium triflate have
been used in this work for nafion modification. A brief discussion on the properties of

these two additives is given below.

3.1.2.1 Erbium triflate [Er (SO3CF3)3] and Neodymium triflate [Nd (SO3CF3)3]

Erbium triflate (ErTfO) and neodymium triflate (NdTfO) are rare earth lanthanide
triflates and are regarded as environment friendly Lewis acid catalyst [Kobayashi, 1994;
Inanaga et al., 1993]. The lanthanide (II1) triflates, La(TfO)s, where TfO represents
-SO3CF; group, have high coordination number, are hygroscopic, thermally stable, and
resistant to redox environment [Katsuhara et al., 2006; Shroti et al., 2011].
Trifluoromethanesulphonic acid or triflate acid (CF3SO3H), is regarded as one of the
strongest acids, which resembles nafion in structure [Barbora et al., 2009b]. Therefore,

La(TfO); may contribute to protonic conductivity. Recently, lanthanide triflates have been
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widely investigated as solid polymer electrolytes in high performance battery because of
their high Lewis acidity and coordination number [Silva et al., 1995]. Studies carried out
on materials containing lanthanide salts have demonstrated that novel applications in the
fields of flexible phosphors and solid state lasers may also be possible [Silva et al., 1998].
Silva et al., (1995) prepared solid polymer electrolytes from poly(ethylene oxide) and
lanthanide triflates. They reported relatively high ionic conductivity for neodymium
triflate as compared to the other lanthanide triflates. Further, they prepared polymer
electrolytes for optical applications by the sol-gel method containing neodymium triflate
and reported ionic conductivity of the composite membrane in the range of 10> S/cm
[Silva et al., 1998]. ErTfO and NATfO used in this work were obtained from Sigma
Aldrich, USA. Figure 3.4 shows the chemical structure of the two inorganic triflates and

the general properties are given in table 3.4.

[ CF;%—O] Er [ CF;g—o]3Nd3+
@) ’ O

(@) (b)

Fig.3.4 Chemical structure of (a) ErTfO, and (b) NdTfO
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Table 3.4: General properties of ErTfO and NdTfO

Properties Values
ErTfO NdTfO

Molar mass 614.47 g/mol 591.45 g/mol
Appearance Pink powder Purple powder
Density 1.6 glem® 1.7 glem®
Coordination number  |7-10 12
Boiling point 160 °C 162 °C
Solubility in water Soluble Soluble

3.1.3. Size selective additive (Molecular sieve)

Molecular sieve (MS) is the material containing tiny and uniform size pores, and is
generally used as an adsorbent for gases and liquids. Molecular species smaller than the
pores of MS pass through whereas others are retained. These size selective additives are
usually crystalline and hydrophilic in nature. MS is relatively stable at high temperature
and pressure environments, and shows good chemical stability [Malherbe, 2009].
Recently, several reports have demonstrated that some surface modified mesoporous
molecular sieves may be employed as proton conducting solid materials, which are of
great interest due to their potential applications in electrochemical devices such as
batteries and fuel cells [Coutinho et al., 2005]. A molecular sieve can adsorb water up to
22% of its own weight, which is quite similar to nafion [Ramaswamy et al., 2013]. Thus

considering the size selective nature, the MS was used as an additive for nafion
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modification. MS may be classified based on the pore size such as 3A, with pore size 3 A;
4A, with pore size 4 A; 5A, with pore size 5 A; 10x, with pore size 8 A; and 13x, with

pore size 10 A and accordingly, the MS has varied applications.

In the present work, 3A MS was procured from Merck, India. The molecular formula of
3A MS is 0.4K;0:0.6Na;OAl,05:2.0Si0,:24.5H,0. 3A MS was selected as the additive
for the nafion modification due to the following reasons: pore size (3 A) has smaller
diameter than that of methanol (4.4 A) and is expected to play a role as size-selective
barrier, and hygroscopic nature is expected to assist in proton conductivity. It has been
anticipated that both methanol and the water will be adsorbed strongly to the molecular
sieve in the composite membranes, the size of water being less than the pore size of MS
will adsorb to the surface area within the pores and might create larger resistance to
methanol molecule to pass through. Thus, water (1.93 A) will enter the 3A pore size of
the additive, while methanol (4.4 A) will largely be excluded [Nadykto and Yu, 2003,
Chiou et al., 2009]. The 3A MS used in the study was ground to obtain fine particles. The
grounded MS was used to synthesize the nafion composite membrane. Chemical structure

of MS is shown in fig.3.5 and the general properties of the 3A MS is given in table 3.5.

Fig.3.5 Chemical structure of MS
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Table 3.5: General properties of 3A MS

Properties Values
Molar mass 697.23 g/mol
Appearance Beige or light tan
Bulk density 760 g/cm®
Melting point > 600 °C
Solubility in water Insoluble
Pore diameter 3A

Nafion dispersion (5 wt.%) and poly tetra fluoro ethylene (PTFE) dispersion (40 wt.%),
were purchased from DuPont, USA. Dimethylformamide (DMF) was purchased from
Merck, India. Methanol, HCI, NaOH, isopropyl alcohol, H,0,, and H,SO4 were procured
from Merck, India. Pt (40%) and Pt/Ru (40/20) were purchased from Electrochem. Inc.
(USA). Carbon paper was purchased from Toray. All the chemicals in the study were

used without further purification and de-ionized water was used in all the experiments.

3.2 Synthesis of membrane

3.2.1 Pure cast nafion membrane

The nafion membrane was prepared using nafion dispersion (5 wt%). In order to
synthesize the nafion membrane, a measured amount of the dispersion was first dried in a
petridish at 30 °C. The obtained dried nafion residue was then solubilized in dimethyl
formamide to obtain nafion solution. The nafion solution was used to cast the nafion

membrane in a petridish using a well aligned oven to get a uniform film of definite
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thickness. The temperature of the oven was kept at 165 °C [Silva et al., 2005]. The
membrane synthesis process is described in fig. 3.6. The membrane thus prepared is now

referred to as pure cast nafion membrane.

For composite nafion
membrane

Csasinaran
-

- 8 - o €=
\|\|\| |\|\|

Fig. 3.6 Schematic of membrane preparation process
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3.2.2 Composite nafion membrane

Block diagram in the fig. 3.6 describes solution casting process for synthesis of composite
nafion membrane by addition of the additive in the nafion solution. The nafion solution
and the additive were thoroughly mixed to get a homogeneous dispersion of additive in
the nafion solution using ultrasonication. The obtained mixture was then solution cast in a

similar way as pure cast nafion membrane so as to get the composite nafion membrane.

3.3 Treatment of membrane

The synthesized membrane obtained in the above process was chemically treated using
conventional method before any characterization or application [Zawodzinski et al.,
1993]. Block diagram for the membrane treatment process is given in fig. 3.7. The
membrane was rinsed with distilled water and kept in 3% H,0, solution at 80 °C for 2h to
remove any trace organic impurity. The membrane was taken out, rinsed and then
immersed in distilled water maintained at 80 °C for 2h for removal of excess H,O,.
Thereafter, the membrane was kept in 0.5 M H,SO, solution maintained at 80 °C in order

to convert the sulphonic side chains to the acid form, SO;H*. Excess H;SO, was

removed from the membrane by thoroughly rinsing with distilled water followed by
immersion in water maintained at 80 °C for 2h to remove any remaining free acid.
Finally, the membranes were stored in 18 MQ water at ambient temperature. All the
properties of the membrane were evaluated at 30 °C, unless otherwise mentioned. The

additive loading is reported in terms of weight percentage.
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Incubation in 3% H,O, solution at 80 °C for 2
hours

.

Immersion in distilled water at 80 °C for 2
hours

\

Incubation in 0.5 M H,SO, solution at 80 °C
for 2 hours

V

Immersion in distilled water at 80 °C for 2
hours

Fig.3.7 Schematic of membrane treatment process

3.4 Characterizations

The additives used for the synthesis of the composite nafion membranes were studied for
morphological analysis using particle size analyzer, X-ray diffraction (XRD), BET
surface area analyzer, and Scanning electron microscope (SEM). The developed
composite nafion membranes were characterized under ex-situ conditions by SEM, for
thickness, XRD, Thermogravimetric analysis (TGA), Fourier transform infrared (FTIR)
spectrometer analysis, ion exchange capacity (IEC), water uptake, methanol uptake,
swelling, tensile strength, oxidative stability, proton conductivity, and methanol
crossover. Once the membrane was thoroughly characterized ex-situ, the membrane was
used in the direct methanol fuel cell (in-situ characterization) to evaluate the performance
of the fuel cell. The detailed procedure for the fabrication of the membrane electrode

assembly (MEA) and characteristics of the fuel cell is provided in the relevant sections.
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The following subsection describes the various techniques used for the additive

characterization.

3.4.1 Characterization of additives

3.4.1.1 Particle size analysis

Particle size analyses of TiO,, Nd,Og, talc, and MS were carried out in a laser particle
size analyzer (make: Malvern Instruments; model: MASTERSIZER 2000) by dispersing
the sample in water using ultra sonication. The instrument was corrected for background
correction prior to the particle size analysis. The particle size analyses of ErTfO and
NdTfO were not conducted as these additives get dissolved by ionizing in the nafion

solution.

3.4.1.2 X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analyses of the additives were carried out in an advanced
diffractometer (make: Brucker; model: D8 Advanced X-ray diffractometer). The sample
was kept over a slide, which was later fixed in the XRD analyzer. The X-ray guns in the
XRD analyzer used a monochromatized Cu-Ka radiation. The wavelength of the Cu-Ka
X-ray was approximately 1.54 A at 40 kV and 40 mA. The XRD gun was swept from 5-

80° with a step size of 0.05° and scan rate of 0.5/s.

3.4.1.3 BET surface area analysis
Surface area of the additives was measured in BET surface area analyzer (make:
Beckman-Coulter; model: SA 3100) using nitrogen adsorption isotherm at 350 °C. The

relative pressure used to obtain the BET area is in the range of 0.05-0.2 mm of Hg. Prior
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to nitrogen purging, the sample was thoroughly de-gassed for 3 h at 300 °C to remove any

moisture or volatile content.

3.4.1.4 Scanning electron microscopy (SEM) analysis
Surface morphologies of the additives used in the study were evaluated using scanning
electron microscope (make: LEO; model: 1430vp). The powder samples were mounted

on a stub and subjected to gold coating to make them conductive for SEM analysis.

3.4.2 Characterization of membrane
The pure cast nafion membrane and the composite nafion membranes were characterized
using SEM and XRD as discussed in the previous section. The details of the other

characterization techniques are given below.

3.4.2.1. Thickness analysis

Membrane thickness was analyzed by using a screw gauge and confirmed by SEM
analysis. Transverse sections of the membrane sample were mounted on a SEM stub and
subjected to gold plating for making the sample conductive for thickness measurement
using SEM. The thickness was measured at many locations and the measurements were
repeated at least five times for each sample and the arithmetic mean is reported. The
variations in the experimental values were in the range of +7%. The thickness of the

membrane was kept same for all the experiments, unless otherwise stated.

3.4.2.2. Thermogravimetric analysis (TGA)
Thermal behavior of the membrane was studied using thermogravimetric analyzer (make:

Mettler Toledo; model: SDTA 851e). Approximately 5 mg of the membrane was cut into
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very small pieces and taken in the alumina crucible of the analyzer. A heating rate of 10
°C/min was used in the range of 25-800 °C under nitrogen atmosphere to study the

thermal behavior of the membrane.

3.4.2.3. Fourier transform infrared (FTIR) spectrometer analysis

The membranes were analyzed in a Fourier Transform Infrared (FTIR) spectrometer
(make: Perkin—Elmer; model: Spectrum One Spectrometer) to identify the presence of
functional groups. The transmission spectra of the membrane was recorded in a spectral

range of 450-4000/cm at a resolution of 4/cm [Barbora et al., 2009].

3.4.2.4. Ion exchange capacity

The ion exchange capacity (IEC) of the membrane was determined by volumetric titration
method. The membrane was immersed in 0.1N NaOH solution for 24 hours under
continuous stirring. To assure complete ion exchange, the membrane was immersed again
in another 0.1N NaOH solution for an additional 24 hour. In the process, H* from the
sulphonic sites of the membrane were replaced by Na® using NaOH solution. The two
solutions were then mixed and a sample was taken from the solution mixture. The sample
was then titrated against 0.1N HCI solution using phenolphthalein as an indicator to
determine the displaced H* ions present in the sample. The ion exchange capacity of the
membrane, E (meq/g), was calculated using eg. (3.1), [Rhim et al., 2004; Barbora et al.,

2009].

_VHCI N HCl ) (3.1)

N
E(meq/g) — (\/NaOH NaO\}/-Iv

d
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where, Vnaon and Vg are the volumes (in ml) of NaOH and HCI solutions, respectively,
used in the titration. Nnaon and Nucy are the normalities of NaOH and HCI solutions. Wy is

the weight of the dry membrane in gram.

3.4.2.5. Water and methanol uptake

Water uptake of the membrane was evaluated by suspending a dry membrane sample of
known weight in de-ionized water for 24 hours. Thereafter, the membrane was removed
from the water and the excess surface water was quickly wiped off from both the
surfaces. The weight of the wet membrane sample was measured and the water uptake of

the membrane was calculated by eq. (3.2),

(W, —W,)100 (3.2)

d

Water uptake=

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

method was performed to estimate the methanol uptake [Barbora et al., 2009].

The methanol uptake was measured by the similar method except three different molar
concentration of aqueous methanol solution (0.5 M, 1 M, 2 M) was used in place of pure
de-ionized water. The measurement was repeated at least five times and the arithmetic

mean is reported. The variations in the experimental values were in the range of + 5%.

3.4.2.6 Swelling
The swelling of the membrane (3 cm?) was determined by measuring changes of the

membrane length upon equilibrating the membrane in water or methanol solution at room
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temperature [Satterfield et al., 2006]. Determination of linear expansion is an effective
method to interpret the swelling [Affoune et al., 2005]. Therefore, the linear expansion

factor (L%) was calculated using eq. (3.3),

(%) = (L, —LLd )100 (3.3)
d

where, Ly, and Lq are the lengths of wet and dry membranes, respectively.

The measurements were repeated at least five times for each sample and the arithmetic

mean is reported. The variations in the experimental values were in the range of + 5%.

3.4.2.7 Tensile strength

The membrane was cut into ASTM (D-638) standard dog-bone samples with a gauge
length of 2.2 cm and a width of 0.5 cm [Satterfield et al., 2006]. The tensile strength of
the dry membrane was examined under ambient conditions using a universal tensile

tester.

3.4.2.8 Oxidative stability

The oxidative stability was characterized by immersing membrane in a 3% H,O, solution
at 80 °C and measuring the weight of the membrane over a period of time [Fu et al., 2008;
Barbora et al., 2010]. The membrane was cut in a size of 1 cm x 4 cm and immersed in
the solution. The membrane was taken out at an interval of 24 hours and its weight was
measured after the excess surface water was wiped off from both the surfaces. The study

was conducted for 30 days. The variation in membrane weight with time was evaluated
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for the oxidative stability and reported as degradation rate (percent change in weight/day).

The error in the measurement was within +3%.

3.4.2.9 Proton conductivity

Through-plane proton conductivity of the membrane was determined in a conductivity
cell shown in fig. 3.8 [Barbora et al., 2009]. The conductivity cell was fabricated using
perspex. Two cylinders of 3.2 cm internal diameter and 30 cm length were taken. A
perspex flange was attached to one end of each of the cylinders. The other ends were
sealed by the teflon blocks. Silicon gasket was used in between the flanges. Both the
cylindrical compartments have the arrangements to fix various electrodes as well as stirrer
as shown in fig. 3.8. These arrangements were also used to pour the solutions into the cell

compartments.

The conductivity was measured at 30 °C by AC impedance technique over a frequency
range of 10 kHz to 100 mHz using a potentiostat (Autolab, PGSTAT 302N) [Barbora et
al., 2010]. The proton conductivity measurements were performed after hydrating the
membrane in de-ionized water for 24 hours. The membrane was fixed between flanges of
the two chambers of the conductivity cell. A platinum foil electrode (0.25 cm?®) was
placed in one of the chambers, facing the membrane. The electrode was marked as the
working electrode. Another platinum foil electrode (0.25 cm?) was placed in the other
chamber facing the membrane, which was marked as the counter electrode. Both of these
two electrodes were kept near to the membrane. A third electrode (reference electrode)
was placed in the chamber where the working electrode was kept. The reference electrode
was kept very near to the working electrode. Chamber A of the cell was filled with 0.25

M of H,SO, solution, whilst chamber B was filled with distilled water. Proper mixing of
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the solution in the chambers was done all the time in order to increase the mass transfer to
the electrode. The proton conductivity of the membrane, ¢ (S/cm), was calculated using
eq. (3.4) after background correction for each measurement [Barbora et al., 2010],

L (3.4)

where L, R, and A denote the distance between the electrodes (cm), the measured
resistance (ohm), and the area of the membrane (cm?) perpendicular to proton flow,

respectively.

3.4.2.10 Methanol crossover (MCO)

MCO through the membrane was investigated in the two chamber cell discussed in the
section 3.4.2.9. The membrane was placed between flanges separating the two chambers
of the MCO cell. Chamber A of the cell was filled with methanol of known concentration
(1, 2, 3 and 4 M) in 0.5 M sulfuric acid, while chamber B was filled with the 0.5 M
sulfuric acid only. The MCO through the membrane was measured by

chronoamperometric method using a Potentiostat/Galvanostat (Autolab, PGSTAT 302N)

[ Potentiostat 1

[Offer et al., 2008].

RE-Reference electrode

WE-Working electrode

Chamber A Chamber B
=

/ \
RE WE Membrane CE Stirrer

CE-Counter electrode

Fig.3.8 Schematic of the two chambered cell for measurement of proton conductivity and MCO
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To determine the methanol crossover, the chamber containing only the dilute sulphuric
acid was stirred continuously and the methanol concentration was measured in this
chamber at regular intervals. The methanol permeability (p) reported as MCO was

obtained using the following relationship (eq. 3.5) [Barbora et al., 2009].

_AC,t (3.5)
A

B

where, Ca is the initial methanol concentration (mol/L); Cg is the methanol concentration
(mol/L) in the second compartment at time t (sec); Vg is the volume of electrolyte solution
in the second compartment (cm®); | is the thickness of the membrane (cm); and A is the

exposed area of the membrane (cm?).

3.4.2.11 Selectivity

The polymer electrolyte membrane for DMFC applications ought to have the lowest
MCO and highest proton conductivity possible [Rhim et al., 2004]. Thus a relationship
between the MCO and proton conductivity is an important factor in evaluating membrane
potential for DMFC application. This relationship is expressed as the selectivity [Tricoli,

1998], ¢, and is calculated by using eq. (3.6),

_o (39)
=

where, o is the proton conductivity (S/cm) and o is the methanol crossover (cm?/s) of

the membrane.
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3.5 Fuel cell testing
The synthesized membranes were tested in a direct methanol fuel cell (DMFC) developed
in the laboratory. The fuel cell was used to study and compare the 1-V performance of the

membranes as discussed in the subsequent sections.

3.5.1 Fabrication of MEA

Porous carbon paper or GDL (TGP-H-120) from Toray, USA, was used as support for the
microporous layers as well as for anode and cathode catalysts of the DMFC. Microporous
layer was developed on the carbon paper by depositing a thin carbon layer with the help
of a spray gun. The microporous layer on the anode side was kept hydrophilic and for the
cathode side it was made hydrophobic [Li et al., 2009; Wang et al.,, 2011]. The
hydrophilic microporous layer (MPL) at the anode comprised of Vulcan XC72 grade
carbon black and 5 wt.% nafion ionomer. On the other hand, the hydrophobic
microporous layer for the cathode side was prepared by using 40 wt.% PTFE along with
the carbon black [Alcaide et al., 2009]. The carbon loading in MPL for both the anode
and cathode was maintained at 1 mg/cm?. The prepared slurry of MPL was then sprayed
uniformly over the respective carbon papers at a temperature of 110 °C. The anode
electrode was dried at 135 °C for 30 minutes. However, the cathode electrode containing
PTFE was sintered at a temperature step of 110 °C, 280 °C, and 360 °C, each for 30 min
[Easton, 2003; Lindermeir et al., 2004]. Sintering allows the PTFE to form an evenly

distributed gas/liquid diffusion network.

MPL over the carbon paper worked as a support for the electrode catalysts. Catalyst
slurry was prepared by mixing isopropyl alcohol and the nafion dispersion with 40 wt%

Pt/C for the cathode ink, and 60 wt.% Pt/Ru (2:1)/C for anode ink followed by sonication
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for 20 min. The metal catalyst loading was maintained at 2 mg/cm® for both the
electrodes. Nitrogen gas was used as a carrier gas for spraying the catalyst dispersion onto
the MPL of the electrode. The electrodes with the catalyst layer were heat treated in an air

oven for about 12 h at 80 °C to obtain the final electrodes.

The treated membrane as discussed in section 3.3 was then placed in between anode and
cathode electrodes and the assembly was then hot pressed at 100 °C for 3 min under 70
kg/cm? pressure to obtain membrane electrode assembly. The MEA was then cooled to
room temperature by setting a cooling time of 30 min in the hot press machine. Figure 3.9
shows the sequence of the different layers of MEA and a snapshot of a MEA. The final
MEA was then ready to be tested in the DMFC. The details of the experimental setup of

DMFC are given in the next section.

o
<

[

GDL (carbon paper) )

%

Microporous layer

Catalyst layer

Membrane

(@) (b)

Fig. 3.9 Schematic of (a) the developed MEA, and (b) its snapshot
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3.5.2 Fabrication of DMFC setup

Direct methanol fuel cell hardware was developed and fabricated to study the
performance of the composite nafion membrane in real environment of the direct
methanol fuel cell. Two graphite plates were used to fabricate the monopolar plates or
end plates and machined to deliver the reactants at anode and cathode. Figure 3.10 shows
the picture of a machined graphite plate along with parallel channels and ribs and an
assembly of single DMFC. The channels are connected to a supply-head at one end and
outlet at other end so as the reactant can be fed in as well as the product and unreacted
reactant can be taken out from the fuel cell. The ribs serve the purpose of collecting the
electron from the anode and supplying them to the cathode via the external circuit. The
electrons collected by the ribs at anode migrate to the gold plated terminal attached at the
anode monopolar plate. Similarly, the electrons that are transported to the cathode via the
external circuit and reaching to the cathode are first received by the gold plated terminal
attached at the cathode monopolar plate then transported to the ribs. One of such graphite
plates with flow arrangement along with the gold plated terminals can be seen in the
fig.3.10a. The developed membrane electrode assembly (MEA), as described in section
3.5.1, was sandwiched between these two aligned graphite monopolar plates.
Temperature controlled silicon heating pads were attached on the opposite faces of the
plates as shown in the fig. 3.10b. Two stainless steel plates were used to integrate the full
assembly using tie rods. It can also be seen in the fig.3.10b that teflon sheets and
teflon/rubber sleeves were used to make the fuel cell isolated for any short-circuiting. The

DMFC was checked for any short-circuiting as well as leakage of any of the reactants.
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Ribs Channels

Channel width: 0.2
Active area: 6 cm?

(@) (b)

Fig. 3.10 Snapshot of (a) a machined graphite plate along with parallel channels and ribs,

(b) DMFC assembly

3.5.3 Performance evaluation of DMFC

The developed MEA was sandwiched between two similar monopolar plates and tested
for 1-V performance of the fuel cell. The methanol solution kept on a heating mantle to
maintain the desired temperature of the solution was fed to the anode side, whereas
oxygen was fed to the cathode side of the DMFC cell. For conducting experiments above
ambient temperature, the methanol solution was kept on a heating mantle to maintain the
desired temperature, and the methanol tank as well the carrier tubes were insulated with
aluminum coated glass wool sheets to prevent heat loss. The flow rate of methanol was
maintained with the help of a peristaltic pump whereas oxygen flow rate was maintained
with the help of a rotameter. The methanol and oxygen flow rates were maintained at 0.5
mL/min and 0.7 L/min, respectively. The temperature of the fuel cell was controlled with
the help of two silicon heating pads, connected to a digital temperature controller. The
heating pads were attached in between the graphite plate and stainless steel casing. The

output current and voltage across the cell was monitored with the help of two high
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precision digital multimeters (make: Sanwa, model: PC 5000). Prior to evaluating the
performance, the fuel cell was activated by circulating the methanol solution at the
desired temperature till obtaining a constant open circuit voltage (OCV). Thereafter, the
circuit was closed with a rheostat for providing variable load to obtain resulting current
and cell voltage from the fuel cell. The I-V performance of the fuel cell using the
developed membranes was recorded at various methanol concentrations as well as at

different operating temperatures.

11

2 | \_ 3
1 /T

1) Methanol tank, 2) Peristaltic pump, 3) O, cylinder, 4) Pressure regulator, 5) Rotameter,
6) Anode, 7) Heater, 8) Membrane, 9) Cathode, 10) Cathode outlet, 11) Anode outlet

Fig. 3.11 Schematic of the DMFC experimental set-up
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Chapter 4: Results and Discussion

The additives and the developed composite nafion membranes have been characterized by
various techniques. Details of the procedure used for characterization of the additives and the
developed membranes have been described in the previous chapter. In this chapter, the

characterization results obtained by various techniques are analyzed and discussed.

4.1 Characterization of additives

4.1.1. Particle size analysis

The particle size of a powder affects its dispersions and consequently contributes to the
property of the composite membrane containing the powder. The particle size analyses of the
additives (TiO,, Nd,Os3, talc, and MS) were performed as per the methodology described in
section 3.4.1.1. Table 4.1 shows the volume median diameter [D(v,0.5)] for the additives.
The particle size of ErTfO and NdTfO are not reported as these additives dissolve into the
nafion solution. Amongst TiO,, Nd,Os, and talc the D(v,0.5) of TiO, (21.30 um) and talc
(20.37 um) are comparable. The D(v,0.5) of Nd,O3 (06.39 um) is about one third than TiO,
and talc, which may prove to be advantageous, as reduced size of the inorganic additives are
crucial to the compatibility between the inorganic additive and nafion, which has significant
effects on the properties of the composite membranes. It may be noted that the laser particle
size analyzer was used for the study. Therefore, the aspect ratio may also come into
consideration. The talc particles were flaky in nature as can be seen later in SEM image of
the talc. The D(v,0.5) of MS (07.39 um) particles is slightly greater than Nd,O3. Overall, it is
observed that the results are in agreement with the SEM images of the particles (section

4.1.4).
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Table 4.1 Volume median diameter [D(v,0.5)] for TiO,, Nd,Os, talc, and MS

Additive D(v,0.5)
(Hm)
TiO, 21.30
Nd,0s 06.39
Talc 20.37
MS 07.39

4.1.2. X-ray diffraction (XRD) analysis

XRD analyses of the additives were performed to obtation information about the
morphological properties, mainly to assess the phase identification of a crystalline material as
it is an important parameter that would influence the physical properties of nafion composite.
Figure 4.1 shows the XRD pattern of the six additives. The XRD pattern of TiO, shows
strong diffraction peaks at 25°, 38.1° and 48°, which indicates that the TiO, is in anatase
phase [Thamaphat et al., 2008; Wongkaew et al., 2010]. The XRD pattern of Nd,O3z shows
sharp peaks at 15.81°, 27.78°, 28.70°, 30.73°, and 40.30°, which indicates the characteristic
crystalline nature of the Nd,Os. The XRD pattern of talc shows sharp peak at 25.28°
indicating the crystalline character of the talc. Similarly, for ErTfO a peak is observed at
8.07° in fig. 4.1, indicative of its crystalline nature. The XRD pattern of NdTfO shows two
broad peaks at 6.20° and 14.80°, attributed to the amorphous nature of the NdTfO powder.
Several sharp peaks are visible in the XRD profile of MS powder with the three major peaks

at 23.36°, 26.49°, and 30.92°, which indicate that the MS is highly crystalline in nature.
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Fig.4.1 XRD profile of different additives

The crystal size of the additives was estimated using the Debye Scherrer equation (eq.4.1),

D =xA/Bcosé (4.1)
where, A is wavelength of the X-ray, « is a constant taken as 0.9, & is the diffraction angle,
and /3 is the full width at half maxima (FWHM). The crystallite size of the additives derived

from the XRD data (except NdTfO), are given in table 4.2. The crystallite size of NdTfO

could not be obtained using Debye Scherrer equation due to absence of sharp peak.

4.1.3. BET surface area analysis
Apart from particle size and XRD analysis, surface area is a key physical parameter of the

additive powder used for nafion modification. The BET surface area analyses of the additives
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Table 4.2 Crystal size by Debye Scherrer equation

Additive Size
(nm)
Titanium dioxide (TiOy) 34.65
Neodymium oxide (Nd,O3) 26.65 + 8
Talc 36.08
Erbium triflate (ErTfO) 19.8
Molecular sieve (MS) 27.90 £ 3

were carried out as per the procedure described in section 3.4.1.3. The surface areas of the
additives are reported in table 4.3. The BET surface areas are not in close agreement with the
particle size analysis because particle size shown in table 4.1 is evaluated using laser particle

analyzer.

4.1.4. Scanning electron microscopy (SEM) analysis

Figure 4.2 shows the SEM images of the TiO,, Nd,Os, and talc particles. In fig. 4.2(a), the
SEM image of TiO, particles can be seen as small irregular shaped particles. Because of their
hydrophilic surface characteristics, TiO, powder is extremely sensitive to atmospheric
conditions such as moisture and have tendency to agglomerate [Lin, 2006]. Thus, TiO;
clusters are visible in the SEM image. Fig. 4.2(b) shows the SEM image of Nd,O3 particles.
The Nd,O;3 particles appear irregular shaped. Small as well as large agglomerates are also

visible, which may be attributed to the hygroscopic nature of Nd,O3. The SEM image of talc
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Table 4.3 BET surface area of the additives

Additive BET surface area
(m?/g)
Titanium dioxide (TiOy) 6.54
Neodymium oxide (Nd,Os3) 571
Talc 3.07
Erbium triflate (ErTfO) 11.37
Neodymium triflate (NdTfO) 9.63
Molecular sieve (MS) 4.02

is shown in fig. 4.2(c). The talc appears as large, flaky and irregular shaped particles. Small

and big flakes along with agglomeration are also visible.

Figure 4.3 shows the SEM image of ErTfO and NdTfO particles. The SEM image of ErTfO
in fig. 4.3(a) appears to be white lumps of varying sizes. Fig. 4.3(b) shows the SEM image of
NdTfO, which appear as loosely stacked sheets. Figure 4.4 shows the SEM image of MS

particles. Well dispersed and uniformed size of the particles may be seen in the figure.
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Fig.4.2 SEM image of (a) TiO, (b) Nd»Os, and (c) talc powder
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Fig.4.3 SEM image of (a) ErTfO, and (b) NdTfO powder

Mag= 100KX EHT=1000kV WD= 18mm Signal A = SE1

Fig.4.4 SEM image of MS powder
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4.2 Characterization of membrane

4.2.1. Scanning electron microscopy (SEM) analysis

SEM images of the membranes were obtained for studying the surface morphology, for
determination of membrane thickness (using SEM of membrane cross-section, not shown in
figures), and for ascertaining the physical compatibility between nafion and the additives in
the composite membranes. Figure 4.5 shows the SEM image of pure cast nafion membrane.
The surface morphology of the nafion membrane appears uniform without formation of pores

or cracks.

Figure 4.6 shows the SEM image of TiO,/nafion composite membranes at varying loadings
of TiO, ranging from 1% to 9%. Distribution of TiO, particles appear uniform and the
distribution gets denser with increase in loading percentage. No pores or cracks are visible in
the membranes. However, large agglomerates are visible in case of 7%, and 9% TiO,/nafion
membranes. Size of the agglomerates increases with increase in TiO; loading in the

composite membrane.

10pm’

EMT =20.00 kv Mag= 1.02KX WD= 13mm  Signal A= SE1

Fig.4.5 SEM image of pure cast nafion membrane
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Fig.4.6 SEM image of (a) 1% TiO2/nafion, (b) 3% TiO/nafion, (c) 5% TiO./nafion, (d) 7%

TiO,/nafion, and (e) 9% TiO,/nafion composite membranes
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Figure 4.7 shows the SEM images of Nd,Os/nafion composite membranes with varying
loading of Nd,O3 from 1% to 9%. The Nd,O3 are uniformly distributed in the Nd,Os/nafion
membranes for 1%, 3% and 5% Nd,O3 loadings. The distribution of Nd,Os particles in the
composite membranes appears uniform with no formation of pores or cracks in these
composites. However, agglomerate formation can be seen in case of 7% and 9%

Nd,Os/nafion composite membranes.

Figure 4.8 shows the SEM images of talc/nafion composite membranes with additive loading
varying from 1% to 9%. The distribution of the talc particles gets denser with increase in talc
loading. No crack or pore formation is visible. Small agglomerates can be seen in all the

membranes.

The surface morphology of 1% ErTfO/nafion and 1% NdTfO/nafion composites is shown in
fig. 4.9 and 4.10, respectively. The membranes appear smooth and uniform. There is no
evidence of pore or crack formation. The similarity in appearance of these composites with
pure cast nafion may be attributed to the ionization of the additives in the nafion cast solution
and thus uniformity in nafion composite membranes without any appearance of the particles
in the membranes. The increase in additive loading did not show any marked difference in
surface morphology. Thus, the SEM images at other loadings of ErTfO and NdTfO are not
shown here. However, the images may be seen in annexure A (figs. Al and A.2,

respectively).
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Fig.4.7 SEM image of (a) 1% Nd,Os/nafion, (b) 3% Nd,Os/nafion, (¢) 5% Nd,Os/nafion, (d)

7% Nd,Oz/nafion, and (e) 9% Nd,Os/nafion composite membranes
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Fig.4.8 SEM image of (a) 1% talc/nafion, (b) 3% talc/nafion, (c) 5% talc/nafion,

(d) 7% talc/nafion, and (e) 9% talc/nafion composite membranes
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EHT = 20.00 kV Mag= 1.07KX WD= 14mm Signal A=SE1

Fig.4.9 SEM image of 1% ErTfO/nafion composite membrane

Fig.4.10 SEM image of 1% NdTfO/nafion composite membrane

Figure 4.11 shows the SEM images of MS/nafion composite membranes with additive
loading varying from 1% to 9%. Small agglomerates are seen in case of the composite
membranes with the loading of 1%, 3%, and 5% MS; large agglomerates are visible with MS
loading of 7% and 9%. The surface morphology of the membranes does not appear uniform.

Some wrinkles are also visible for 3%, 5%, and 7% MS/nafion composite membranes.
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Membrane thickness was measured at several cross-sections of the nafion and composite
nafion membrane samples. Increase in additive content did not significantly change the
membrane thickness. Infact the average thickness of all the membranes were found to be

between 65-70 um with a maximum error of £7%.

c [ k% EHY = 1500 W WO+ 16mm Mag= 100KX SgnelA=SEl
EHT = 500 kV

(d)

10,
EHT = 15.00 kv wD= 16mm Mag= 1.00KX Signala=SE1

(€)

Fig.4.11 SEM image of (a) 1% MS/nafion, (b) 3% MS/nafion, (c) 5% MS/nafion,

(d) 7% MS/nafion, and (e) 9% MS/nafion composite membranes
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4.2.2. X-ray diffraction (XRD) analysis

Figure 4.12 shows the representative XRD patterns of pure cast nafion membrane and the
additive/nafion composite membranes with 1% additive. The pure cast nafion membrane
shows a broad peak at 14-18° (26). According to the literature [Dimitrova et al., 2002], this
broad peak can be deconvoluted into two peaks, assigned to amorphous (26 =16°) and

crystalline (26 = 17.5°) scattering from the polycarbon chains of nafion.

The XRD pattern of the TiO,/nafion membrane shows the characteristic peak of anatase
phase of TiO; at 26 = 25°, 38.1°, and 48° indicating the presence of the TiO; in the nafion
composite membranes [Barbora et al., 2009a; Wongkaew et al., 2010]. On comparing the
XRD patterns of pure cast nafion and TiOz/nafion membrane, it can be inferred that the

crystallinity of the nafion membrane increased with the incorporation of TiO,. However, the

M‘“WM MS/nafion

NdTfO/nafion

ErTfO/nafion
waﬁon
Mﬁion
Maﬁon
NM Pure cast nafion

10 20 30 40 50
26 (%)

Intensity (A.U)

Fig.4.12 XRD profile of pure cast nafion and composite membrane with 1% additive loading
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XRD pattern of Nd2Os/nafion membrane did not reveal the characteristic peaks of the Nd,Os.

Moreover, the broad peak of nafion at 26 = 14-18° is increased in the composite membrane,

indicating some kind of interaction between nafion side chain and Nd,Oj3 particles [Jin et al.,
2007; Barbora et al., 2010]. The XRD pattern of talc/nafion membrane shows the
characteristic peak of talc powder at 20 = 25.28° as well as the broad peaks of nafion

between 14-18°. Thus the talc has contributed its crystallinity to the nafion composites. A

peak at 38° is observed for talc/nafion membrane but is not seen in the XRD profile of talc
powder (fig. 4.1). Similar peak from about 35° to about 38° has also been reported by Tseng
et al., (2012) for sintered talc for blending of epoxy resin. During preparation of talc/nafion
membranes by the casting technique, it was kept at 165 °C, which justifies the additional

peak at 38° for the composite membrane.

The ErTfO/nafion membrane did not reveal the characteristic peaks of ErTfO, but rather

exhibited very broad peak in the region of 26 = 13-20°, which may be due to the involvement
of the Er®* ions of ErTfO in bond formation with the SO, groups of nafion. Similar to ErTfO

powder, the NdTfO/nafion membrane too did not reveal any sharp peak. The peak is rather
broad compared to that of pure cast nafion membrane. Thus it may be inferred that
incorporation of NdTfO has contributed its amorphous nature to the composite membrane

[Shroti et al., 2011].

The XRD pattern of MS/nafion composite membrane can also be seen in fig. 4.12. The broad

peak between 11° to 18° is attributed to the increase in the particle size of MS due to
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agglomerate formation in the composite membranes [Ruslimie et al., 2010], which is also

confirmed in the SEM images of MS/nafion membranes in fig. 4.11.

4.2.3. Thermogravimetric analysis (TGA)

TGA of the nafion composite membrane was conducted to evaluate the thermal stability of
the membrane. Typically, the operating temperature of the DMFC is upto 80 °C. However,
maximum temperature experienced by the membrane is 165 °C during synthesis process of
the membrane (section 3.2). Therefore, TGA was conducted to know the thermal stability of
the membrane atleast upto 200 °C. Figure 4.13 to 4.15 represents the thermograms of pure
cast nafion membranes and different composite membrane at 1% loading of the additive. The
trend of TGA for other loadings of the additives is same. Therefore, the TGA of the

composites at all other loadings are shown in annexure A (figs A.3 to A.8).
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Fig. 4.13 Thermogram of pure cast nafion and composite membrane with 1% loading of
TiO,, Nd;03, and talc
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Figure 4.13 shows the TGA thermograms of pure cast nafion membrane and nafion
composite membranes with 1% loading of TiO,, Nd,Os3, and talc. The initial weight loss upto

100 °C is due to removal of residual water. The weight loss in the temperature range of 100-

200 °C corresponds to dehydration of the bound water in the membranes [Barbora et al.,
2009a]. It can be seen that addition of TiO, or Nd,Os or talc increases the bound water. It
will be further confirmed by water uptake of the membranes in the subsequent section.
However, it may be noted that when the temperature was in the range of 300-400 °C the

weight loss of the composite membrane was more as compared to pure cast nafion
membrane, which is due to the decomposition of SO; groups within the membranes [Babu et

al., 2007; Barbora et al., 2010]. On further increase in the temperature, the weight loss
increases drastically due to the degradation of the polymer main chain [Chen et al., 2006]. On
comparison of the TGA thermograms, it is observed that all the membranes retain more than
90% of its weight up to a temperature of about 310 (x10) °C at which sulphonic groups
detach from the polymer backbone. Beyond that the composite membranes start
decomposing and loose weight quite rapidly. It can be seen that above 360 °C the

degradation of the composite membrane is faster than the pure cast nafion membrane.

Figure 4.14 compares the TGA thermograms of 1% ErTfO/nafion and 1% NdTfO/nafion
with pure cast nafion membrane. It can be seen in the figure that the thermograms of the
nafion composites are almost similar to the pure cast nafion membrane with no noticeable
change in thermal stability. However, above 440 °C onwards, degradation of the composite

membrane was higher as compared to the pure cast nafion membrane.
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Fig. 4.14 Thermogram of pure cast nafion and composite membrane with 1% loading of
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Fig. 4.15 Thermogram of pure cast nafion and composite membrane with 1% loading of MS
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A similar trend of the thermal stability can be seen in the fig. 4.15 in which the thermograms
of pure cast nafion membrane and 1% MS/nafion composite membranes are compared. The
thermal stability trend was same for pure cast nafion and 1% MS/nafion composite
membranes upto 360 °C. However, above 360 °C the thermal degradation of the composite
was higher as compared to pure cast nafion membrane as well as other nafion composites

(fig. 4.13 and fig. 4.14).

4.2.4. Fourier transform infrared (FTIR) spectrometer analysis
FTIR spectra were obtained to find out the changes in the structure of composite membranes
on incorporation of the additive as compared to the pure cast nafion membrane. The FTIR

spectra of pure cast nafion and nafion composite membranes are shown in figs. 4.16 to 4.18.

Figure 4.16 shows a comparison of the FTIR spectra of pure cast nafion membrane with that

of TiO,/nafion, Nd,Os/nafion, and talc/nafion membranes. The FTIR spectra of pure cast
nafion shows five major bands, namely, SO; or —SO,H band, C=0 and C-O-C band, C-F

band, band for H,O bending, and a band for stretching vibration of water. The observations

made for pure cast nafion and nafion composites for each type of band are discussed below.

The peaks at 518 and 633 cm* for the pure cast nafion membrane (fig. 4.16) may be assigned
to SO, and at 718 cm* to C=0 bending [Kumutha and Alias, 2006]. A peak is observed at
982 cm* for the vibration of C-O-C bending in pure cast nafion membrane [Mahreni et al.,

2009]. Similarly, the peak for the stretching vibration of SO, is observed at 1055 cm*

TH-1211 06615104



Results and Discussion | 105

[Ramani et al., 2005]. A band for water bending vibration occurs in the region 1400-2000
cm* [Park and Yamazaki, 2005] and the peak for stretching vibration of water molecules is
obtained within 3200 and 3700 cm* [Ludvigsson et al., 2000]. It may be seen in the fig. 4.16
that the presence of TiO,, Nd,O3, and talc in the nafion membrane show marked difference in
the FTIR, when compared to pure cast nafion. The presence of TiO, and Nd,O; additives led
to a shift of some of the peaks of nafion membrane and also caused changes in the relative

intensities. In case of TiO, additive, the peak for the stretching vibration of SO, at 1055 cm™

is shifted to 1067 cm™. These obvious changes suggest that an interaction exist between TiO-

particles and nafion because titanium (a transition metal) has tendency to form coordination
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Fig. 4.16 FTIR spectra of pure cast nafion and composite membrane with 1% loading of
TiO,, Nd;03, and talc
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bond with sulphur atom of the sulphonic acid group in the nafion [Bian et al., 2007]. The
peak between 800 and 465 cm* is broadened in case of TiO/nafion and may be assigned to
the Ti-O-Ti stretching vibrations [Yeo et al., 2005] with a valley centered at 517 cm *. The
broad band of Ti-OH can be observed below 3500 cm* indicating the existence of hydrogen
bonding [Wu et al., 2006]. This interaction between the organic and inorganic phase is
favorable for the improvement of the thermal stability [Wu et al., 2006]. A broad band for
water bending vibration in the region 1400-2000 cm " is assigned to the bending modes of
hydroxyl group of TiO, [Park and Yamazaki, 2005]. The broad peak for stretching vibration
of water molecules within 3200 and 3700 cm * [Ludvigsson et al., 2000] is assigned to the
stretching mode of the hydroxyl groups of TiO,. Altogether both indicate increased water

content in the nafion composite membrane.

Shifting of peaks could also be observed in fig. 4.16 for the Nd,Os/nafion membrane due to
the presence of the inorganic moiety [Barbora et al., 2010]. A broad peak compared to that of

pure cast nafion is observed from 500 to 800 cm* for the Nd,Os/nafion membrane. The
vibration of C-O-C bending for pure cast nafion membrane at the wavenumber of 982 cm™*

shifted to lower wave number for the Nd,Os/nafion membrane (971 and 979 cm™*), which
may be attributed to the interaction of SO; of nafion and -OH groups of Nd,Os; [Mahreni et

al., 2009]. A similar change was observed for the stretching vibration of SO, 1055 cm ™,

which may also be associated with the rearrangement of molecule or the backbone structure
in the composite, probably as a result in the rearrangement of the hydrophilic clusters

[Ramani et al., 2005]. The band for water bending vibration in the region 1400-2000 cm* is

TH-1211 06615104



Results and Discussion | 107

much broader with greater intensity for the composite membrane as compared to pure cast
nafion membrane, which indicates the increased water content in the composite membrane.

The shift in water bending frequency from 1627 cm ™ in pure cast nafion to 1631 cm ™ in the

composite membrane indicates the increase in hydrogen bond association [Laporta et al.,
1999]. Similarly, the peak for stretching vibration of water molecules ranging from 3200 to

3700 cm* [Ludvigsson et al., 2000] is broader for the composite membrane than for the pure

cast nafion membrane and indicates that the composite membrane has a higher water uptake
than the pure cast membrane. This may be due to the presence of —OH groups on the

neodymium surface [Barbora et al., 2010].

The FTIR spectra of talc/nafion membrane in fig. 4.16 shows the characteristic bands for
water bending vibration at 1702 and 1737 against 1472 and 1628 cm ™ for pure cast nafion
membrane. The shift of the bending frequency is due to the increase in hydrogen bond
strength [Mizuno et al., 1997]. Peaks in the higher wavenumber region can be assigned to
water molecules characterized by strong hydrogen bonding, whilst at lower wavenumber it
could be assigned to weaker hydrogen-bonded water molecules [Laporta et al., 1999].
Similarly, the peak for stretching vibration of water molecules ranging from 3200 to 3700
cm * [Ludvigsson et al., 2000] is much broader for the talc/nafion membrane than for the
pure cast nafion membrane. This data indicates that the talc/nafion membrane had a higher
water uptake than the pure cast membrane, which is in agreement with the water uptake
results discussed in later section of the thesis. The peaks of Si-OH (960 cm™) and Si-O-Si
(1084 cm™ and 1035 cm™) are visible only for the talc/nafion membrane and shown in

annexure A (fig. A.9) [Jung et al., 2002]. Similarly, the Mg-O absorption peaks [Raj et al.,
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2007] expected in the region of 400-600 cm™ is observed only for the talc/nafion and shown

in annexure A (fig. A.10).

Figure 4.17 represents the FTIR results of ErTfO/nafion and NdTfO/nafion composite and
compared with the FTIR results of pure cast nafion membrane [Barbora et al., 2009b; Shroti
et al., 2011]. The nafion and ErTfO have similar structures except for the long chain of
nafion with ether linkages. The spectral region between 1000 and 1350 cm™*, with a band at
around 1055 cm ' indicate symmetric S—O stretching for both pure cast nafion and
ErTfO/nafion membranes [Kujawski et al., 1992; Park and Yamazaki, 2005]. The shift in
band for the ErTfO/nafion membrane, from 1021 to 1030 cm ', may be attributed to
stretching of S-O involved in coordination bond with Er** ions. A band for water bending
vibration occurs in the region 14002000 cm * [Park and Yamazaki, 2005]. On comparison
of the FTIR spectra of pure cast nafion and ErTfO/nafion membranes, it is observed that
characteristic bands appear at 1472 and 1628 cm* for pure cast nafion whilst in case of the
composite membrane (ErTfO/nafion), there are close peaks at 1440, 1472, 1500, and another
at 1660 cm*, respectively. The band area is much larger for these composite membranes as
compared to pure cast nafion membrane, which indicate increased water content in the
composite membrane. The shift in water bending frequency from 1628 cm™ in pure cast
nafion to 1660 cm in the composite membrane indicates the increase in hydrogen bond
association [Laporta et al., 1999]. The shift of the bending frequency from 1628 to 1660 cm *
is due to the increase in hydrogen bond strength [Mizuno et al., 1997]. The observed
widening of band is due to the increase in hydrogen bond strength that results from the

increase in hydrogen bond distribution because of the presence of ErTfO in the nafion matrix
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[Hankins et al., 1970]. The peak for stretching vibration of water molecules ranging from
3200 to 3700 cm ' [Ludvigsson et al., 2000] is much broader for the composite membrane
indicating higher water uptake than the pure cast nafion membrane, which is in agreement

with water uptake results shown in later section of the thesis.

The similar results are also found for the FTIR spectra of NdTfO/nafion membrane (fig.4.17)
with some slight shifting of the bands for the NdTfO/nafion composites. The spectral regions
between 1000 and 1350 cm™, with a band at 1055 cm™ for pure cast nafion membrane and at
1058 cm™ for NdTfO/nafion, indicate symmetric S-O stretching [Lowry and Mauritz, 1980;
Kujawski et al., 1992]. The shift in band for the NdTfO/nafion composite membrane, from
1223 cm™ - 1294 cm™, may be attributed to stretching of S-O involved in coordination bond
with Nd** ijons. A band for water bending vibration occurs in the region 1400-2000 cm™
[Park and Yamazaki, 2005]. On comparison of the FTIR spectra of pure cast nafion and
NdTfO/nafion membrane, it is observed that characteristic bands appear at 1472 and 1627
cm™ for pure cast nafion whilst in case of composite membrane, a broad peak appears at
1642 cm™. The increase in band area indicates increased water content in the composite
membrane. The shift in water bending frequency from 1627 cm™ in pure cast nafion to 1642
cm® in the composite membrane indicates the increase in hydrogen bond association
[Laporta et al., 1999)]. Similarly, the peak for stretching vibration of water molecules
ranging from 3200 - 3700 cm™ [Ludvigsson et al., 2000] is much broader for the composite
membrane than for the pure cast nafion membrane, which indicates increased water content
in the composite membrane. Moreover, it may be noted that the NdTfO/nafion composite

membranes is expected to exhibit lower water uptake as compared to the ErTfO/nafion
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composite membranes, and this is in agreement in the water uptake results shown in later

section of the thesis .

Figure 4.18 shows the comparison of FTIR spectra of MS/nafion membrane and pure cast
nafion for comparsion. The spectral region between 1000 to 1350 cm™, with a band at 1055
cm™ for pure cast nafion membrane and at 1057 cm™ for MS/nafion indicates symmetric S-O
stretching [Kujawski et al., 1992]. The shift in band from 1223 cm ™ in pure cast nafion to
1271 cm* in MS/nafion composite membrane indicates the changes in structure due to the
incorporation of MS in pure cast nafion membrane. On comparison of the FTIR spectra of
pure cast nafion membrane and MS/nafion composite membrane, it is observed that
characteristic bands for water bending vibration appear at 1472 and 1627 cm™ for pure cast
nafion membrane whilst in case of the composite membrane, a broad peak appears at 1638
cm™. The FTIR results of MS/nafion membrane also indicate the increased water content as
compared to the pure cast nafion membrane, which is in concurrence with the water uptake

results found in the later section of the thesis.

Table 4.4 summarizes the FTIR bands of nafion and the composite nafion membranes. It can
be seen that the FTIR spectra of the composite membranes showed band shifts attributed to

the presence of the inorganic moiety.
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Fig. 4.18 FTIR spectra of pure cast nafion and composite membrane with 1% loading of MS
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Table 4.4 FTIR bands of pure cast nafion and nafion composite membranes

Membrane Wavenumber (cm™)
500-800 1000 - 1350 718, 982 1223 1400-2000 3200 - 3700
SO; or Stretching C=0 bending C-F band H.O bending Stretching vibration
_SO.H band vibration of $0;  and C-O-C band of water
3
group
Pure cast nafion 518, 633, 1021,1055 718, 804, 982 1223 1472, 1627 3504
TiOs/nafion 532, 647, 1067 737,817, 999 1284 1488, 1728 Broad band between
3200 - 3700 cm*
Nd»Os/nafion Broad band 1056 971, 979 1293 1631 Broad band between
between 500- 3200 - 3700 cm*
800
Talc/nafion 524, 637, 671 - 780, 805 1282 1702, 1737 Broad band between
3200 - 3700 cm*
ErTfO/nafion 527, 645 1030, 1057 819, 983 1284 1440, 1472, 1500, Broad band between
1660 3200 - 3700 cm™*
NdTfO/nafion Broad band 1058 808, 973 1294 1642 Broad band between
between 500- 3200 - 3700 cm*
800
MS/nafion 540, 642 1057 809, 985 1271 1638 Broad band between

3200 - 3700 cm™*
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4.2.5. Ion exchange capacity
lon exchange capacity (IEC) is defined as the number of replaceable ions (H™) per unit mass
of the dry membrane. It is one of the very important characteristics of the polymer electrolyte

membrane as it provides an estimate of the acid groups having replaceable H* ions. These H*
ions are relatively weakly attached to SO, groups and thus able to move from anode to

cathode via the Grotthuss mechanism, which involves rapid ‘hopping’ of protons amongst
neighboring sites involving solvated H* ions [Sandhu et al., 2005; Barbora et al., 2009a] or
through vehicular mechanism using hydronium, Zundel, and/or Eigen ions [Kreuer, 2001;
Barbora et al., 2010]. Figures 4.19 to 4.21 show the effect of additives on ion exchange

capacity of the nafion composite membrane.

Figure 4.19 shows the effect of TiO,, Nd,Og3, and talc on ion exchange capacity of the nafion
composite membrane. It can be seen in the figure that the IEC initially increases with the
addition of additives. However, the IEC reduces with further increase in the additive loading.
The maximum IEC was found at 1% of TiO; (1.17 meg/g) and 5% of Nd,O3 (1.34 meg/qg)
and talc loading (1.17 meq/g) [Barbora et al., 2009a; Barbora et al., 2010; Barbora et al.,
2012]. The reason for the increase in IEC is due to the presence of —OH groups on the
surface of TiO,, Nd,Ogs, and talc. Hydroxyl groups form on to the TiO, surface because of
the strong oxidation potential of TiO,, which oxidizes the water molecule associated with it
[Staiti et al., 2001]; The hygroscopic nature of Nd,O3 leads to the formation of neodymium
hydroxide [Nd(OH)3] and a weak hydrogen bond develops between the water molecules and
the —-OH group of Nd(OH); [Glushkova and Suglobov, 1965]; the SiO, present in talc is

hydrophilic and forms Si-OH, which has affinity for proton adsorption [Jun et al., 2007; Tang
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Fig. 4.19 Effect of TiO,, Nd;O3, and talc on ion exchange capacity of the composite

membranes

et al., 2007], which may simultaneously improve the ion exchange capacity of the composite
membrane. Besides, MgO in talc contributes to the hygroscopic nature of talc. These
additional —OH groups on the surface of the additives 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 loosen the interaction between proton and SO, ion. Thus

more number of replaceable protons is available. However, further increase in the additive
loading forms agglomerates of the additive in the composite membrane. The agglomerate
formation was evidenced from the SEM image (fig. 4.6-4.8). Moreover, according to Falk,
(1980), three quarter of all -OH groups can participate in the hydrogen bonding, and one-

quarter in non hydrogen bonding [Falk, 1980]. Thus, the effective number of replaceable ion
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exchange sites reduces in the composite membranes above the loading for 1% TiO,, 5%

Nd»O3, and 5% talc.

Figure 4.20 shows the effect of ErTfO and NdTfO on IEC of the composite membrane. The
figure shows that IEC of the ErTfO composite is maximum at 1% with a value of around
1.82. Higher loadings of the ErTfO do not help to increase the IEC further and IEC reduces
on further increase in the ErTfO loading. At the same time, it is observed that IEC of the
NdTfO composite slowly increases upto 3% loading and thereafter the increase in the loading
hardly have any influence on the IEC. The IEC of the NdTfO composite is 1.13 meqg/g at 3%

loading of NATfO in the composite membrane. The reason of increasing IEC may be
explained in light of the fact that in both the cases the triflate ions as well as nafion have SO;
as functional group in the molecular structure. The ionic character of triflates and stabilizing
effect of the polymer matrix enable the SO, group of triflate ion, not involved in

coordination bond with Er** of ErTfO or Nd** of NdTfO, to act as ion exchange domains
[Barbora et al., 2009b; Barbora et al., 2010], which is probably responsible for the increase in

IEC of the NdTfO/nafion membrane compared to pure cast nafion membrane.

It may be noted that Er** and Nd** ions show a striking tendency to coordinate with polymer
or oxygen of triflate ion. The average coordination number of ErTfO (or Er®") is 9 as

compared to 12 for NdTfO. That means Er** and Nd*" ions coordinate to both nafion and
triflate ions involving 9 SO; and 12 SO, groups. The presence of SO; groups not involved in

bonding with Er** jons increase the ion exchange capacity (in the presence of water) of the
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Fig. 4.20 Effect of ErTfO, and NATfO loading on ion exchange capacity of composite
membranes

composite membrane (fig. 4.20) with the increased number of ion exchange domains.
Whereas, the decrease in IEC with the increase in ErTfO (above 1%) and NdTfO (above

3%) loading was due to the decrease in the effective number of replaceable ion exchange

sites with the increased ErTfO loading, as more and more SO; sites were bonded [Barbora et

al., 2009b].

The effect of higher coordination number can be seen by the results of Nd*" as compared to

Er®*, where the IEC values of NdTfO were less than the IEC of the ErTfO almost in all the
composites. The effect of additional SO; groups is almost suppressed, due to the high

coordination number of Nd** ion. Figure 4.21 compares the IEC of pure cast nafion
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membrane with MS/nafion membranes. The MS/nafion membranes exhibited slight
improvement in IEC compared to pure cast nafion membrane, attributed to the ion exchange
characteristic property manifested by molecular sieves [Townsend and Harjula, 2002]. The
porous structure of the molecular sieves can accommodate a wide variety of cations, such as
Na®, K" and others that are rather loosely held and can readily be exchanged for others in a
contact solution [Lin et al., 2011]. In our case the ion is H*, as the membranes were
protonated before testing. However, the increase in IEC was not very high as expected,
which might have been due to the poor physical compatibility (agglomeration) of the additive
with nafion as obvious from the SEM images shown earlier. The maximum IEC value (1.04

meq/g) was obtained at a loading of 3%.
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Fig. 4.21 Effect of MS loading on ion exchange capacity of composite membranes
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4.2.6. Water uptake

Water uptake is closely related to the basic membrane properties and plays an important 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 membrane. Presence of
water in the membrane influences the ionomer microstructure, cluster, channel size,
plasticizes, and modifies the mechanical properties [Baglio et al., 2005]. It may be noted that
very high value of water uptake is not desirable due to adverse effect on strength and

swelling.

Figure 4.22 shows the water uptake profile of TiO,/nafion, Nd,Os/nafion, and talc/nafion
membranes with varying percentage of additive loading. All the three composites exhibited
higher water uptake than pure cast nafion membrane, which is in agreement to the FTIR
bands for water bending and water stretching vibrations (fig. 4.16). The enhanced water
uptake may be attributed to the hygroscopic nature of the additives [Watanabe et al., 1996].
A significant number of water molecules could be coordinated by hydrogen bonding with the
—OH groups present on the surface of the additives [Sandhu et al., 2005]. Therefore, the
water uptake of the pure cast nafion membrane increased with the addition of the additive.
The water uptake follows almost similar trend to that of IEC. The maximum water uptake
was found at 1% of TiO, loading (36.82%). Wheras, for Nd,O3 (31.93%), and talc (24.42%),
the maximum water uptake was observed at 5%. However, 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
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Fig. 4.22 Effect of TiO,, Nd,O3, and talc on water uptake of composite membranes

sites (—OH attached with TiO;) on the surface of the composite membrane for hydrogen
bonding with water. As can be seen from the SEM images (figures 4.6a to 4.6e), with
increase in TiO, loading by 7% in the composite membranes, the formation of
agglomerations increased and thus the surface area of the TiO, decreased. Over and above
non-hydrogen bonding between adjacent —OH groups may be responsible for the decrease of
free —OH groups on the composite surface for hydrogen bonding with water. However, at any
time the water uptake was observed to be more than the pure cast nafion membrane for
Nd,Os/nafion and talc/nafion membranes [Barbora et al., 2009a; Barbora et al., 2010;

Barbora et al., 2012].

Figure 4.23 shows the water uptake of ErTfO/nafion and NdTfO/nafion membranes with

different percentage of the additive loading in the composite nafion membrane. The
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composite membranes with both the additives exhibited higher water uptake than pure cast

nafion, attributed to the coordination of SO; group of ErTfO and NdTfO with water
molecules through hydrogen bonding. The SO; groups involved in coordination bonding

with Er** or Nd** though did not contribute much to IEC, but the weakly bonded SO, groups

could still attract water by weak hydrogen bonding [Barbora et al., 2009b; Shroti et al.,
2011]. The lower uptake of NdTfO support the results of lower IEC discussed previously.
The higher water uptake for ErTfO/nafion membranes as compared to NdTfO/nafion
membranes is in agreement with FTIR results (section 4.2.4). The nafion composites with the
inorganic triflates showed a continuous increase in the water content with the additive
loading. It may be noted that in earlier case (inorganic hygroscopic fillers), the water uptake

reached upto a maxima, then decreased due to agglomeration of the particles.
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Fig. 4.23 Effect of ErTfO and NdTfO on water uptake of composite membranes
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However, in this case there was no agglomeration due to soluble nature of the ErTfO and
NdTfO in the nafion solution and thus the water uptake kept on slowly increasing with the
additive loading. If we correlate the maximum IEC found in section 4.2.5, it may be found
that the water uptakes were 30.14% and 24.87% for the nafion composites with 1% ErTfO

and 3% NdTTfO, respectively.

Figure 4.24 shows the water uptake of MS/nafion membranes with varying percentage of MS
loading. The water uptake of the MS/nafion membranes was slightly higher than pure cast
nafion, which may be attributed to the water adsorbing capacity of the additive
[Mohamadbeigy et al., 2007]. The water uptake of the composite membranes increased with
a loading of up to 3% and then gradually decreased with the increase in additive loading. The

water uptake corresponding to 3% loading is 27.76%.
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Fig. 4.24 Effect of MS on water uptake of composite membranes
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The decrease in water uptake at higher additive loading might have been due to

agglomeration of the additive as observed in the SEM images (fig. 4.11a to 4.11e).

4.2.7. Methanol uptake

Evaluation of methanol uptake is one of the important characteristics of a solid polymer
electrolyte membrane for DMFC. Ideally, methanol uptake is not desired as it would increase
the methanol crossover as well as may increase the swelling as discussed in the subsequent
section. Figures 4.25 to 4.27 show the effect of additives on the methanol uptake by the pure
cast nafion membrane and composite nafion membrane for different concentration of
methanol solution. It may be noted that for evaluating the methanol uptake as well as the
swelling characteristics (section 4.2.8) of the membranes, three different concentrations (0.5
M, 1 M, and 2M) of methanol solution have been selected. The reason for selecting these
methanol concentrations is that the DMFC is generally fed with these methanol solutions as a
fuel [Vaivars et al., 2004; Jiang et al., 2006; Shen et al., 2007; Arbizzani et al., 2010]. It has
been observed in the figs. 4.25-4.27 that the trend of methanol uptake is almost similar to that

of water uptake discussed in section 4.2.6.

Figure 4.25 shows the effect of TiO,, Nd,O3, and talc loading on the methanol uptake at the
three concentrations of methanol. It can be seen that for any of the additives at any particular
loading the methanol uptake increases with the increase in the methanol concentration, which
is in agreement to previous reports in the literature [Godino, 2006]. The reason for this
behavior is that the nafion has both hydrophobic and hydrophilic domains, water being more

polar has high accessibility to the hydrophilic domains, which covers about 25 to 35% of the
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Fig. 4.25 Effect of TiO,, Nd,O3, and talc loading on methanol solution uptake of composite

membranes

membrane mass as is obvious from the water uptake results shown in figs. 4.22 to 4.24
[Barbora et al., 2009a]. Methanol being less polar than water has accessibility to hydrophilic
domains along with the hydrophobic domains. Hence, the uptake of methanol was slightly
higher than water for pure cast nafion membrane as well as the composite nafion membranes.
Similar trends of methanol uptake can be seen in the fig 4.26 and 4.27 for ErTfO and NdTfO,

and MS, respectively.

4.2.8. Swelling
During DMFC operation the protons along with water molecules (hydrated protons) transport
from anode to cathode. The generation of water at the cathode and aqueous methanol

solution at anode keep the membrane hydrated. The membrane hydration is very important
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Fig. 4.26 Effect of ErTfO, and NdTfO loading on methanol solution uptake of composite

membranes

Fig. 4.27 Effect of MS loading on methanol solution uptake of composite membranes
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for the transport of protons through the proton exchange membrane (nafion). However, the
nafion membrane swells up due to the presence of water and methanol because of water and
methanol uptakes (section 4.2.6 and 4.2.7) by the membrane. The hydration level in the
membrane decreases when the fuel cell is not in operation, which leads to shrinkage of the
nafion membrane. Therefore, during on/off cycles of the fuel cell there may be high chances
that MEA may not only be delaminated but may develop cracks in the MEA [Velankar et al.,
2012]. Thus leakage of the methanol solution may occur through the MEA and reduce the
DMFC performance drastically. However, the presence of inorganics in the nafion
composites is likely to prevent the shrinkage of nafion membrane as they have a higher water
uptake than pure nafion and unlike nafion would not loose water so easily. The water
retained by the inorganics would keep the membrane in the hydrated state even when the fuel
cell is turned off and thereby prevent delamination as well as cracks in the MEA [Adjemian
et al., 2002]. However, there should be a balance between the water uptake (a desired
property, upto certain extent, to have proton conductivity) and the swelling (an undesired
property) due to water and methanol uptake. Therefore, swelling is one of the most important

properties, which is to be evaluated for the nafion composite membrane.

Figures 4.28-4.30 show the swelling characteristics of the membrane in water and in the three
different concentrations (0.5 M, 1 M, and 2M) of methanol solution for various additives at
different loadings. However, for better clarity of the figures the swelling results for water are

separately tabulated in tables 4.5-4.7.
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Figure 4.28 and table 4.5 shows the effect of methanol solution and water on percentage
swelling for nafion composites using TiO,, Nd,Os, and talc. It can be seen that the swelling is
invariably more for any of the nafion composites in methanol solution as compared to water
[Barbora et al., 2009a]. Exposing nafion or its composite to methanol solution results in
methanol uptake apart for water uptake by the membrane as discussed in the previous
sections, which results in more swelling. According to Affoune et al., (2005), nafion structure
undergoes high modification due to the swelling of the methanol. The presence of
hydrophilic and hydrophobic zones in the nafion makes the interaction between the nafion
surface and methanol differently as compared to when contacted to only water. Methanol has
access to both the hydrophilic and hydrophobic zones in nafion as discussed. This makes
nafion expand much more in methanol solution than in water. Amongst the three additives,
talc/nafion composite membrane show the highest swelling followed by TiO,, and Nd,Os3,
respectively. The trend followed somewhat match with that of water and methanol uptake
(fig. 4.22 and fig. 4.25). It may be noted that both TiO, and Nd,O3 are more hydrophilic
(greater water uptake) than talc even then the composites with these two additives exhibited
reduced swelling than talc. This may be attributed to the difference in talc size, which is flaky

in nature [Wang et al., 2013].

The swelling of the composite membranes with ErTfO and NdTfO using methanol solution
and water is shown in the figure 4.29 and table 4.6. It is observed that swelling is slightly
more in ErTfO/nafion as compared to NdTfO/nafion composite membranes and follows the
water and methanol uptake patterns. The higher coordination number of Nd, which produced

more compact and dense composite ultimately develop more resistance to swelling.
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Fig. 4.28 Effect of TiO,, Nd,O3, and talc on membrane swelling by water and by different

concentrations of methanol solution

Table 4.5 Effect of TiO,, Nd>O3, and Talc on membrane swelling by water

Additive loading Swelling (%)
(%)

TiO, Nd,O3 Talc
0 05.32 05.32 05.32
1 08.22 06.70 08.68
3 07.62 07.14 09.71
5 07.21 07.19 10.09
7 05.26 07.02 09.48
9 04.93 06.52 09.38
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Fig. 4.29 Effect of ErTfO and NdTfO on membrane swelling by water and by different

concentrations of methanol solution

Table 4.6 Effect of ErTfO and NdTfO on membrane swelling by water

Additive loading Swelling (%)
(%)
ErTfO NdTfO
0 05.32 05.32
1 06.24 05.72
3 06.64 06.11
5 08.89 06.24
7 11.92 06.41
9 17.28 06.55
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Figure 4.30 and table 4.7 show the swelling of pure cast nafion membrane with MS/nafion
membranes. The pattern followed is similar to the other composite membranes. Overall the

percentage of swelling in the membranes was in the range of 10 (£5)%.

4.2.9. Tensile strength

It has been already discussed that the membrane is sandwiched between the electrodes and
placed into the fuel cell casing under a particular pressure. The nafion and nafion composite
membrane have different compressive strength. However, once the fuel cell operation
commences, the swelling occur, which may produce linear variation in the longitudinal
direction. Thus, the membrane is generally tested for its mechanical strength using tensile
strength [Liu et al., 2003; Park et al., 2012]. Therefore, tensile strength is one of the
important properties of the fuel cell membrane, which needs to be evaluated. In fig. 4.31, the
tensile strength of TiO,/nafion, Nd,Os/nafion, and talc/nafion composite membranes is
compared with that of pure cast nafion membrane. As can be seen from the figure, nafion
membrane with 1% loading of Nd,O3 has a higher tensile strength than pure cast nafion
membrane. However, the tensile strength slowly decreases with the further increase in the
Nd,Oj3 loading. Nonetheless, the tensile strength of Nd,Os/nafion membranes is much higher
than the composites with TiO, and talc, which is attributed to the comparatively smaller size
of Nd,O;3 particles (table 4.1). The fine Nd,O3 particles along with evenly distributed
particles in the Nd,Os/nafion composite membranes might have enhanced its physical
compatibility with nafion and thus the strength [Barbora et al., 2010]. It can be seen that the
tensile strength of the membrane with TiO, and talc reduces gradually with the addition of

the additive [Barbora et al., 2009a].
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Table 4.7 Effect of MS on membrane swelling by water

Additive loading
(%)

Swelling (%)

MS

© N o1 w ~—» O

05.32
08.82
10.87
11.038
10.89
09.96
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In case of the inorganic triflate/nafion membranes, the nafion composites with 1% ErTfO
shows slight improvement in tensile strength over pure cast nafion membrane (fig.4.32),
which decreases with the increase in the ErTfO loading may be due to the miscibility of these
two additives in nafion solution [Barbora et al., 2009]. However, at higher percentage of
loading, the tensile strength of the nafion composites deteriorated. Higher cross-linking at
higher loading apparently increased the stiffness of the membrane and reduced its tensile
strength. It can be seen that due to higher coordination number, NdTfO hardly increases the
tensile strength at 1% loading. Whereas, as the NdTfO loading increases above 1%, the
tensile strength decreases compared to nafion membrane. Moreover, ErTfO has lower
coordination number as compared to the NdTfO and thus have higher tensile strength than

NdTfO/nafion composites for all the compositions.
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Fig. 4.31 Effect of TiO,, Nd,O3, and talc on tensile strength of composite membranes
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Fig. 4.32 Effect of ErTfO, and NdTfO on tensile strength of composite membranes

The tensile strength of MS/nafion membranes was slightly lower than that of pure cast nafion
membrane (14 MPa vs ~16 MPa) (fig.4.33). The formation of MS agglomerates in the

composites might have apparently weakened the integrity of the nafion membrane and

reduced its tensile strength.

4.2.10. Oxidative stability

Various studies show that hydrogen peroxide forms as a reaction intermediate in the oxygen
reduction process at cathode [Song and Zhang, 2008]. Two reaction pathways are generally
considered for the oxygen reduction reaction (ORR); the one is the four-electron pathway
and the other is 2+2 electron pathway or peroxide pathway. In acidic medium, as in case with

DMFC using nafion, the ORR proceeds through peroxide pathway where reactive oxygen
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Fig. 4.33 Effect of MS on tensile strength of composite membranes

species are generated in-situ during the ORR in an operating direct methanol fuel cell [Fang
et al., 2009]. These reactive oxygen species namely hydroxyl (-OH) and hydroperoxyl (-OOH)
radicals are amongst the strongest oxidizing agents. These reactive oxygen species may
diffuse over the time into the polymer electrolyte membrane and degrade the membrane. The
concentration of these reactive species, which diffuse into the membrane, is in ppm range
generated over a long duration of time [Sethuraman et al., 2008]. The reactive oxygen
species initiate oxidative degradation of membrane side chains (primarily) that contain ionic
groups, which are essential for ion conduction [Curtin et al., 2004]. The adverse
consequences of these degradation modes (e.g., membrane thinning, pin-hole formation, and
loss of ionic conductivity) eventually contribute to catastrophic cell and stack failure.

However, the degradation process is so slow that it is not convenient to perform the study in
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the DMFC. Therefore, an accelerated test (ex-situ) was performed in H,O, solution as

described in the experimental chapter (section 3.4.2.8).

The membrane was immersed in the hydrogen peroxide (H20-) solution and change in the
weight percent (wt.%) was measured with time (in days). The pattern of change of weight
loss followed by the pure cast nafion membrane is shown in fig 4.34. It may be noted that the
initial dry membrane weight was considered as 100%. After first day the membrane weight
increased by 30%. This particular increase in weight (excess weight) was due to the uptake of
H,0, solution by the dry membrane [Barbora et al., 2009b]. The degradation rate of the pure
cast membrane was calculated from the figure 4.34 and was found to be around 0.28 wt.%
per day [Barbora et al., 2009]. It is reported that the oxidative degradation of nafion
membrane was due to the degradation of sulphonated polychains in the presence of H,0;

[Chen et al., 2006].

Figure 4.35 to 4.37 shows the degradation rates of nafion composite membranes with various
loadings of the different additives in comparison to pure cast nafion membrane. It can be
seen that almost all the composites for all the compositions show lower degradation rate as
compared to pure cast nafion membrane. It infers that the composites are chemically more
stable than pure cast nafion membrane though the optimum percent of loading varies for each
type of additive. The degradation rates of the composite nafion membrane using TiO,,
Nd,O3, and talc are shown in fig. 4.35. It can be seen that the degradation rate initially

reduces with the additive loading but for a higher loading of the additives the degradation
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Fig.4.34 Pattern of pure cast nafion membrane weight change during incubation of

membrane in H,O, and its degradation rate

rate increases. This may be attributed to the weakening of chemical bonds of the polymer due
to incorporation of the additive at higher loadings of the additive [Shroti et al., 2011]. The
lowest degradation rate was found for 1% TiO,, 5% Nd,O3, and 5% talc loading in the nafion
membrane [Barbora et al., 2010]. However, in any of the composition (except 9% TiO,) the
degradation rate of the composite was lower than the cast nafion membrane. Similar trends
were found for ErTfO and NATfO (fig. 4.36) composites as well as for MS (fig. 4.37)
composites [Barbora et al., 2009b; Shroti at al., 2011]. The minimum degradation rate was

observed at 1% for ErTfO and NdTfO composites wheras 5% for MS composites.
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Fig. 4.35 Effect of TiO,, Nd,O3 and talc on the oxidative stability of composite membranes
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Fig. 4.36 Effect of ErTfO, and NdTfO loading on the oxidative stability of composite

membranes

TH-1211 06615104



Results and Discussion | 137

= 05
% —&— MS/nafion
S
3 0.4
2 .
S
S 034 .
@ SN o
S 0.2 @\é/
S
8 0.1
S
D
D O-O T T T T
0 2 4 6 8 10

Additive loading (%)

Fig. 4.37 Effect of MS loading on the oxidative stability of composite membranes

4.2.11. Proton conductivity

The proton conductivity of the fuel cell membrane is a key property that directly affects
operational fuel cell voltage. Nafion membrane is a good proton conductor due to the
presence of loosely held hydrogen ions (protons), which are attached to the fixed sulphonic
acid sites, pending with the polymer chain. The protons along with the surrounded water
molecules available in the membrane form hydronium ions and diffuse through the flooded
pore channel of the membrane to contribute for the proton conductivity. Moreover, the
protons also transport through hopping mechanism via hydronium, Zundel and/or Eigen ions
[Kreuer, 2001, Barbora et al., 2009b]. Thus water is important for the transport of proton
whether vehicular or hopping mechanism. Moreover, as these protons should be loosely held

with the sulphonic acid groups, the IEC also plays an important role as discussed previously.

TH-1211 06615104



Chapter — 4 | 138

The replaceable characteristic of the hydrogen ion from the sulphonic site has been discussed
in terms of the IEC (4.2.5). The fixed charged (SO;) sites within the main polymer chain

provide the centers where the moving ions (protons) can be accepted or released. In a
polymer structure, maximizing 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 polymer, making it unsuitable for the

fuel cell.

Usually the trend followed by proton conductivity is similar to IEC and water uptake.
Nevertheless, this may not necessarily be the rule of thumb as increase in water uptake or ion
exchange capacity may not necessarily increase the proton conductivity of the membranes.
The IEC and water uptake contribute to proton conductivity by facilitating the transfer of
protons while at the same time the connectivity of the ion exchange channels within the
membrane is also crucial for effective proton conductivity [Kreuer, 2001]. Inclusion of
additives in nafion changes the morphology of the membrane by changing the shape of the
ionic cluster and water content, which subsequently result in variation of the proton

conductivity of the composite membranes.

Figure 4.38 shows the effect of TiO,, Nd,Os3, and talc loading on the proton conductivity of
the composite membrane. The proton conductivity of the composite membrane increases
initially and then gradually decreases with the increase in the additives loading [Barbora et
al., 2009a; Barbora et al., 2010]. The maximum proton conductivity varies with the loading

of the additive for the nafion composites. The maximum proton conductivity of 0.127 S/cm is
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obtained for 1% TiO,/nafion membrane. Lvov et al., (2004) reported proton conductivity of
0.11 S/cm for 5% TiO,/nafion membranes at 20 °C. It can be seen in the fig. 4.38 that Nd,O3
and talc nafion composites show the maximum proton conductivity of 0.119 S/cm and 0.113

S/cm, respectively, at 5% loading in the composite membrane.

Figure 4.39 and 4.40 show the similar pattern of proton conductivity for ErTfO/nafion,
NdTfO/nafion, and MS/nafion composite membranes. The maximum proton conductivity of
0.123 S/cm and 0.101 S/cm is obtained for ErTfO/nafion (fig. 4.39) and MS/nafion (fig.
4.40) at 3% additive loading. However, it can also be seen that the proton conductivity of the
NdTfO/nafion membrane sharply increases for the 1% NdTfO loading and on further
increase in the NdTfO loading the proton conductivity increases marginally. Therefore, the
maximum proton conductivity (0.113 S/cm) of the NdTfO/nafion membrane is considered at

1% NdTfO loading.
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Fig. 4.38 Effect of TiO,, Nd,O3, and talc on the proton conductivity of composite membranes
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Fig. 4.40 Effect of MS on the proton conductivity of composite membranes
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It is shown that the proton conductivity of the composite membrane increases upto a certain
loading of the additive (except NdTfO/nafion composite). Beyond this optimum percentage
of additive loading, the proton conductivity of the nafion composite drops. The probable
reason is explained in the fig. 4.41. It can be seen that with the increase in additive amount
beyond an optimum value, there might be some disruption in the continuum of hydrophilic
channels or the sulfonic group clusters. Thus the proton movement either takes a longer path
or the hindered movement results in the drop of the proton conductivity [Gierke, 1981].
Infact, on comparing the ion exchange capacity (fig. 4.19-4.21), water uptake (fig. 4.22-
4.24), and proton conductivity (fig. 4.38-4.40) of the nafion composite membranes, it is
noticed that higher water uptake does not inevitably result into higher proton conductivity. It
is not only the total water uptake, but also the distribution of water between surface and
hydrophilic channels of the membrane, which determines the effective proton conduction

[Choi et al., 2005].

Fugure 4.42 shows the relative proton conductivity of the composite membranes with
optimum loading of the various additives with pure cast nafion membrane. It is observed that
1% TiOy/nafion membrane exhibited the highest proton conductivity and improved the
proton conductivity of the pure cast nafion membrane by 43% followed by the nafion
composite membrane with 3% ErTfO loading, which improved the proton conductivity of
pure cast nafion membrane by 38%. The nafion composites with a loading of 5% Nd,O3 and
1% NdTfO improved the proton conductivity of pure cast nafion by 33.7% and 31.5%,
respectively. Similarly, the nafion composites with 5% talc improved the proton conductivity

of nafion by 27% and by 13.5% with MS loading of 3% [Barbora et al., 2012].
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Fig. 4.41 Conceptual schematic of the pathway for proton conduction (positive electrode to
negative electrode) in (a) pure cast nafion, (b) nafion composite with optimum additive

loading, and (c) nafion composite beyond optimum additive loading

4.2.12. Methanol crossover

Methanol crossover (MCO) through the proton exchange membrane adversely affects the
performance of the fuel cell due to polarization of the cathode. Therefore, a vital
characteristic of the membrane in direct methanol fuel cell is to possess ideally no methanol

crossover or very low methanol crossover.

TH-1211 06615104



Results and Discussion | 143

60

a- 1% TiOZ/nafion b- 5% Ndzoglnafion
50 c- 5% talc/nafion d- 3% ErTfO/nafion
e- 1% NdTfO/nafion f- 3% MS/nafion

40+

20+

10_ |—‘
O T T T T T

a b C d e f
Composite membranes

Relative proton conductivity (%)

Fig. 4.42 Relative proton conductivity of composite membrane with respect to pure cast
nafion membrane for optimum loading of TiO,, Nd,Os, talc, ErTfO, NdTfO, and MS

compared to pure cast nafion

Hence, MCO of pure cast nafion membrane and the nafion composite membranes was
investigated with 1 M, 2 M, 3 M, and 4 M methanol solutions at 30 °C and compared to that
of pure cast nafion membrane. Figures 4.43 to 4.48 show the MCO pattern using 1 M
methanol solution for pure cast nafion and nafion composite membranes with various
additives. Figure 4.43 shows the MCO for pure cast nafion membrane and nafion composite
membranes with TiO,, Nd,O3, and talc as the additive. As can be seen from the fig. 4.43, all
the three types of nafion composite membranes could reduce the MCO as compared to the
pure cast nafion membrane. The pattern followed is almost similar for all the composite
nafion membranes. However, the optimum loading in terms of lowest MCO varied for each

type of nafion composite. The 5% TiO,/nafion decreased the MCO value by 75% (fig. 4.44)
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compared to pure cast nafion membrane [Barbora et al., 2009a]. However, further increase in
TiO, loading to 7% and 9% did not show significant improvement, which may be due to
agglomerate formation of TiO, particles within the composite membrane as shown in SEM

analysis. Figure 4.44 is a reproduction of data using fig. 4.43 for better clarity.

Similar to TiOj/nafion membranes, the optimum loading for Nd,O3 in the Nd,Os/nafion
membrane is 5%. The MCO is reduced by about 55% (fig. 4.44) at the loading of 5% Nd,03
when compared to pure cast nafion membrane [Barbora et al., 2010]. This may be due to
partial blocking of the hydrophilic channels present in the nafion or the reduction in ionic
cluster size as a result of non-hydrogen bonding amongst the -OH groups on the surface of
neodymium. Moreover, there is possibility of the change in pore channel microstructure of
the composite membrane that might have resisted the crossover through the membrane
[Kreuer, 2001]. Further increase in loading however led to an increase in methanol crossover,
which may be attributed to the agglomeration of Nd,O3 particles as shown in SEM analysis

(fig. 4.7).

It may be seen in the fig. 4.44 that the incorporation of talc into nafion polymer has
significantly suppressed the MCO. A reduction of around 45% in MCO by 1% talc/nafion
composite membrane was found as compared to pure cast nafion membrane. This may be
attributed to the surface modification by the crystalline talc, which created obstruction in the
flow channels of the composite membrane. The composite membrane with 1% talc loading
exhibited the lowest crossover; the crossover increases with the talc loading above 1% but for

all the studied compositions the crossover was lower than pure cast nafion membrane.

TH-1211 06615104



Results and Discussion

| 145

Fig. 4.43 Effect of TiO,, Nd;,O3, and talc loading on MCO of composite membranes
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Fig. 4.44 Reduction in MCO of composite membrane at various loading of TiO,, Nd,Os, and

talc compared to pure cast nafion membranes
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As can be seen from the SEM image, 1% talc/nafion membrane appears flaky (fig.4.8),
which help to reduce the MCO. However, the MCO slowly increases due to non-uniform and

agglomerated talc particles in the composite nafion membranes.

Figure 4.45 shows the MCO pattern of ErTfO/nafion and NdTfO/nafion composite
membranes. The composite membrane with 1% ErTfO reduces the MCO by approximately
77.5% (fig. 4.46). This may be attributed to the reduced size of ionic clusters because of
increased cross-linking within the ErTfO/nafion membranes, owing to the Er®* ijons forming

coordination bond with the oxygen atom of SO, group of both triflic acid as well as nafion

matrix [Barbora et al., 2009b].
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Fig. 4.45 Effect of ErTfO, and NdTfO loading on MCO of composite membrane
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Thereafter, an increase in ErTfO loading decreased the MCO insignificantly, the maximum
reduction in MCO being 80.75% for 9% ErTfO/nafion membrane as compared to nafion
membrane. This behavior may be attributed to the denser composite membrane as a result of

increased cross-linking and reduction of free space.

In case of NdTfO/nafion membranes, the methanol crossover is reduced by about 70.5% (fig.
4.46) at a loading of 7% NdTfO when compared to pure cast nafion membrane. The
reduction in MCO using NdTfO is comparable to ErTfO, as both the additives are
structurally similar except for the inorganic ions. Further increase in NdTfO loading did not
exhibit marked difference. However, when loading was increased to 9% there was an
increase in methanol crossover. It was observed during synthesis that the 9% NdTfO/nafion
membrane shrank owing to intensive cross-linking, resulting in a smaller and thicker hard
polymer membrane with increased thickness. As a result the 9% NdTfO/nafion membrane
was synthesized at an annealing temperature of 110 °C instead of 165 °C (the temperature at
which all the other membranes were synthesized) [Shroti et al., 2011]. It has been reported
that membranes annealed at lower temperature has higher methanol crossover and vice-versa

[Luan et al., 2008].

Figure 4.47 shows the MCO pattern of MS/nafion membranes. As can be seen from the
figure, at 1% MS loading the MCO of pure cast nafion was reduced by around 25%
(fig.4.48), which may be attributed to the size selective adsorbent property of the MS.
However, increased MS loading showed increase in MCO, which may be due to the poor

physical association of the polymer and additive due to agglomerate formation as was
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Fig. 4.46 Reduction in MCO of composite membrane at various loading of ErTfO, and

NdTfO compared to pure cast nafion membrane
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Fig. 4.47 Effect of MS loading on MCO of composite membranes
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Fig. 4.48 Reduction in MCO of composite membrane at various loading of MS compared to
pure cast nafion membrane

indicated by the SEM images. The decreasing tensile strength (fig. 4.33) of the MS/nafion

membranes with increase in MS loading also indicates weak physical association between

MS and nafion thus contributing to the effect.

Comparison of methanol uptake results (fig. 4.25 to 4.27) with MCO values (fig. 4.43, 4.45,
4.47) indicate that increase in methanol uptake not necessarily leads to an increase in MCO.
The probable reason is that methanol has access to both the hydrophobic as well hydrophilic
domains of the polymer. Hence, uptake accounts the methanol present in both hydrophobic
as well as hydrophilic domains. MCO, on the other hand takes place primarily through the

ionic clusters present in the hydrophilic domain.
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The MCO of all the membranes have been tested with three more concentrations of
methanol, which were 2 M, 3 M and 4 M and at three different temperatures (40, 60 and 80
°C) to investigate the effects at strong conditions. Figure 4.49 to 4.51 shows the effect of
methanol concentration on the MCO of pure cast nafion membrane and the nafion composite
membranes at 1% additive loading (representative results). It can be seen from the figures
that increase in methanol solution concentration leads to an increase in MCO. The trend of
MCO with 1 M methanol solution for pure cast nafion membrane and composite membrane
with 1% loading of TiO,, Nd;Os3, and talc (fig. 4.49) is almost maintained at methanol
solution of higher concentrations (2, 3, and 4 M). This may be attributed to the fact that the
dominant factor for MCO through the membrane in the idle state is concentration gradient of

the methanol across the membrane [Cruickshank and Scott, 1998].
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Fig. 4.49 Effect of methanol concentration on MCO of pure cast nafion and composite

membrane with 1% loading of TiO,, Nd,O3, and talc
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Similar observations are visible for the composite membranes with ErTfO, NdTfO (fig.
4.50), and MS (fig. 4.51). The MCO of pure cast nafion membrane with 2 M, 3 M, and 4 M
methanol solution increased by nearly 6.5 times, 16 times, and 33 times, respectively,
compared to the MCO with 1 M methanol solution. The MCO rate of the membranes at 30
°C is a function of concentration of the methanol solution and increased almost
proportionally for all the membranes when the concentration of the methanol solution was

increased.

Figures 4.52 to 4.54 show the effect of temperature on MCO of pure cast nafion membrane
and composite membrane with 1% loading of the additives (representative result). It can be
seen that with an increase in temperature, MCO of the membranes also increases. This may
be attributed to the enhanced rate of diffusion of methanol solution across the membrane with
the increase in temperature [Nicotera et al., 2012]. Moreover, the solubility of water and
methanol in the membrane increases with an increase in temperature, which increases the
diffusion of methanol into the membrane, and thereby leads to an increase in MCO [Hansen,
2012]. For pure cast nafion membrane, the MCO increased by nearly 1.5 times, 3 times, and
4 times at 40, 60, and 80 °C, respectively, when compared to the MCO at 30 °C. A similar
trend of increase in MCO is observed for the composite membranes with TiO,, Nd,Os3, talc,
ErTfO, NdTfO, and MS, although the increase is slighter lower than that for pure cast nafion
membrane, which may be attributed to the interference caused by the presence of the
additives. Nevertheless, from the figures it may be inferred that with temperature variation in
the idle state, the diffusion rate of the methanol solution is the dominant factor regulating the

MCO across the membrane.
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Fig. 4.54 Effect of temperature on MCO of pure cast nafion and composite membrane with
1% loading of MS

4.2.13. Selectivity

It has been discussed in the section 3.4.2.11 that selectivity (defined as the ratio of proton
conductivity to MCO of the membrane) is the primary parameter to evaluate the suitability of
the membrane in DMFC. Therefore, for better understanding, absolute selectivity
(selectivity) as well as relative selectivity is shown and discussed in this section. It may be
noted that for finding out the selectivity, 1 M methanol solution was used at 30 °C

temperature (fig. 4.4.3, 4.45, and 4.47).

In fig. 4.55 the selectivity of composite membranes at different loading of TiO,, Nd,Os3, talc

is evaluated. Moreover, the relative selectivity of the composite membranes with reference to

pure cast nafion membrane is shown in fig. 4.56. The selectivity of 5% TiOy/nafion
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membrane is improved by 381% compared to pure cast nafion membrane followed by the
composites with TiO, loading of 7% and 9%, which enhanced the selectivity by 283% and
243%, respectively. On the basis of the relative selectivity values, the potential TiOz/nafion
membranes would be the ones with TiO; loadings of 5, 7, and 9%. Nd,Os/nafion membranes
with a loading of 5% improved the selectivity by about 199% compared to pure cast nafion,
followed by 180% by the composite with 3% loading. 1% and 7% Nd,Os/nafion membranes
showed a comparable relative selectivity of 143%. 1% talc/nafion enhanced selectivity of the
composite membrane by about 110% followed by 3% and 5%, which enhanced the

selectivity by about 80-90%.
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Fig. 4.55 Selectivity of pure cast nafion and composite membrane with various loading of
TiO,, Nd,03, and talc
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Fig. 4.56 Relative selectivity of composite membranes with respect to pure cast nafion

membrane

The fig. 4.57 shows the selectivity of composite nafion membranes for ErTfO and NdTfO
and fig. 4.58 shows their relative selectivities with respect to the pure cast nafion membrane.
As can be seen from fig. 4.58, all the ErTfO/nafion membranes have a higher selectivity
value and consequently much higher relative selectivity, which ranged in between 450% to
550% compared to pure cast nafion membrane. The 7% NdTfO/nafion membrane could
enhance the selectivity of the composite membrane by about 340% compared to pure cast
nafion membrane followed by the membranes with a loading of 5%, 3%, and 1% NdTfO,
whose selectivity was more than pure cast nafion by 200-300%. The selectivity of 9%
NdTfO/nafion membrane dropped drastically attributed to increased MCO as compared to

the other composites of NdTfO (fig. 4.45).
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Similarly, fig. 4.59 and fig. 4.60 show the selectivity and the relative selectivity for
MS/nafion composite membranes. It can be seen that the MS/nafion membranes with a
loading of 1% and 3% MS have higher selectivity (fig. 4.59), which is nearly 50% more than
pure cast nafion membrane (fig. 4.60). On comparison of the selectivity of pure cast nafion
with the best of each type of nafion composites, it is observed that ErTfO/nafion has the
highest selectivity followed by TiO,/nafion membranes with TiO, loading of 5, 7 and 9%.
The high selectivity may be attributed to the sharp decrease in MCO by these nafion
composite membranes relative to a moderate increase in proton conductivity. The selectivity
of the best of NdTfO/nafion, Nd,Os/nafion, and talc/nafion composite membranes are nearly
similar. However, the best selectivity shown by MS/nafion membrane is the lowest amongst
all the nafion composites with various additives but nevertheless higher than that of pure cast

nafion membrane.
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Fig. 4.57 Selectivity of pure cast nafion and composite membrane with various loading of
ErTfO, and NdTfO
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Fig. 4.59 Selectivity of pure cast nafion and composite membrane with various loading of
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Fig. 4.60 Relative selectivity of composite membranes with respect to pure cast nafion

membrane

It is essential to evaluate the performance of the membranes in DMFC environment for
determining their potential for DMFC. Hence, the membranes have been further
characterized by testing in a single DMFC test set-up with varying methanol concentration
and at different operating temperatures. The DMFC performance of the membranes is

discussed in the next section.
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4.3 Performance evaluation of DMFC using membranes

4.3.1. Effect of additive loading on DMFC performance

Figures 4.61 to 4.72 show the DMFC performance in terms of OCV and characteristic curves

for the pure cast nafion membrane and the composite nafion membranes at different loadings

of TiO, Nd,Og, talc, ErTfO, NdTfO, and MS, respectively.

Open circuit voltage (OCV) has a direct relationship with the methanol crossover through

the membranes. The higher the MCO, lower the OCV [Ye and Zhao, 2005]. Figure 4.61

shows a comparison of the OCV obtained in DMFC for pure cast nafion and TiO/nafion

composite membranes along with the MCO of the membranes obtained under ex-situ

conditions using 1 M methanol at 30 °C. Figure 4.61 shows the detrimental effect of MCO

on OCV, which is attributed to the oxidation of crossed-over methanol at the cathode. A

decrease in MCO value led to an increase in OCV.
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Fig. 4.61 Comparison of OCV, and MCO using membranes with various loading of TiO; at

30 °C using 1 M methanol at anode
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Figure 4.62 shows the DMFC characteristic curves of TiO,/nafion membranes along with
that of pure cast nafion membrane. It can be seen that 5% TiO/nafion shows the highest
power density (5.06 mW/cm?) followed by 3% TiO,/nafion (4.41 mW/cm?). The power
density generated by 1% TiO,/nafion and 7% TiO,/nafion is almost comparable. At a loading
of 9% TiO,, a decrease in performance is observed as compared to other composites.
However, it may be seen that the performances of the composite are better than the pure cast
nafion membrane. The highest performance is shown by 5% TiO,/nafion owing to its
maximum selectivity. However, the selectivity trend followed by other composites of
TiOy/nafion does not exactly follow the similar trend in fuel cell, which may be attributed to
the proton conductivity and MCO pattern of these composites. Increase in selectivity may be
either due to increase in proton conductivity or due to reduction in MCO of the membrane.
The performance of the TiOz/nafion composites almost follows the pattern of proton
conductivity. Moreover, due to the higher proton conductivity, the ohmic resistance
decreases and the fuel cell performance of the DMFC improves in the ohmic polarization
region. Therefore, the maximum performance is achieved by the 5% TiO,/nafion composite
and the performance of the 9% TiO,/nafion composite is slightly superior to the pure cast
nafion membrane owing to the slightly improved selectivity. The lower proton conductivity
of 9% TiO,/nafion composite membrane than pure cast nafion membrane (fig. 4.38)

suppressed the reduction (fig. 4.43) in MCO.

Figure 4.63 shows the variation of OCV and MCO with the change in Nd,O3 loading at 30

°C using 1 M methanol solution. It may be noted that the MCO, which is studied ex-situ, has
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Fig. 4.62 DMFC performance curves for 1 M methanol (a) current density vs voltage, and (b)

current density vs power density of membranes with various loading of TiO, at 30 °C
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strong affect on the OCV of the DMFC. The OCV of the Nd,Os/nafion composite
membranes increased from 1% to 5% Nd,Os loading attributed to the decrease in MCO.
However, with a loading of 7% and 9% Nd,O3, the MCO of the composite membranes
slightly increased and consequently there was a decrease in the OCV owing to the oxidation
of crossed-over methanol at the cathode. Nevertheless, the OCV of all the composite

membranes are higher than pure cast nafion membrane.

Figure 4.64 shows a comparison of the DMFC performance of pure cast nafion membrane
with Nd,Os/nafion composite membranes. Due to similarity in the proton conductivity
values, the Nd,Os/nafion membranes with 1%, 3%, 5%, and 7% Nd,O3 exhibited nearly

similar performance in the ohmic polarization region at lower current densities (fig. 4.64a).
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Fig. 4.63 Comparison of OCV, and MCO using membranes with various loading of Nd,O3
at 30 °C using 1 M methanol at anode
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However, at higher current density, the later portion of the ohmic polarization changes for
different composites. The performances shown by 1% and 3% Nd,Os loading are quite
comparable. The performance of Nd,Os/nafion membrane with 9% Nd,O3 and pure cast
nafion membrane in the initial portion of the ohmic polarization region is almost similar but
changes significantly at higher current density. At higher current densities, the performance
is highest for the Nd,Os/nafion membranes with 3% Nd,Os loading (4.84 mW/cm?) followed
by 1% Nd,Os loading (4.56 mW/cm?). The maximum power densities of Nd,Os/nafion
membranes with 5% (3.80 mW/cm?), and 7% Nd,Os loading (3.61 mW/cm?) are also almost
similar, attributed to the comparative selectivity values. At higher current densities, the
performance of the 9% Nd,Os/nafion membrane (4.08 mW/cm?) is better than pure cast
nafion membrane (2.33 mW/cm?), and 5%, and 7% Nd;Os/nafion membranes. This may be
due to reduced MCO of the composite membrane than pure cast nafion membrane and

comparative selectivity values with that of 5%, and 7% Nd,Os/nafion composite membranes.

Figure 4.65 shows the additive loading on OCV and MCO for talc/nafion composite
membranes at 30 °C using 1 M methanol solution. The composite membrane with 1% talc
loading reduced the MCO by nearly 46% compared to that of pure cast nafion membrane.
Further increase in talc loading could reduce the MCO compared to pure cast nafion
membrane but the value was greater than that of 1% talc/nafion composite membrane. Hence
the maximum OCV was obtained with 1% talc/nafion membrane. Beyond 1% talc loading,
there is a gradual decrease in the OCV of the composite membranes attributed to the gradual

increase in the corresponding MCO values.

TH-1211 06615104



Results and Discussion

| 165

0.6 m 0% O 1% 3%
0.5+ A 5% ® T% © 9%
S 04
87 . .Q AN
% 0.3 " lo&{ép@ g2
> " .c %éégé A
0.2 o @@é o4A
[ ] 5 éﬁ =
0.1 "uy
0-0 T T T T T
0 5 10 15 20 25 30
Current density (mA/cm?)
(@)
.
- m 0% O 1% 3%
e 6- A 5% 2 1% © 9%
O
= 5-
£ AL o OO
4 - Ao u =
= AngoheRel = °
2 3 &m@%
% X fll E EE g
— 2_ .C. ] L1 ™ -
2 3
o
o 1—ﬁ
O T T T T T

Current density (mA/cm?)

(b)
Fig. 4.64 DMFC performance curves for 1 M methanol (a) current density vs voltage, and (b)

current density vs power density of membranes with various loading of Nd,O3 at 30 °C

TH-1211 06615104



Chapter — 4 | 166

0.8 6 —~
—O— 0CV NQ

g —&— MCO g
L 064 < L?O
(@)] —
= 0.4 T 5
o , 2
= o
c /’ —_—
o 0.2 o—* * e}
c

O &
D

0.0 . . . ; 0 =

Talc loading (%)

Fig. 4.65 Comparison of OCV, and MCO using membranes with various loading of talc at

30 °C using 1 M methanol at anode

Figure 4.66 shows the DMFC performance curves of talc/nafion composite membranes and
that of pure cast nafion membranes for comparison. The nafion composite with 1% talc
loading exhibited a marked increase in performance (7.98 mW/cm?), which may be attributed
to its better selectivity owing to its improved proton conductivity, reduced MCO, and the
contribution of SiO, and MgO components of talc. Talc contains both SiO, and MgO.
Improvement in fuel cell performance by composite nafion membranes containing SiO; as
the additive have been reported by others and discussed in detail in chapter 2 of the thesis.
Magnesium oxide (MgO), the other oxide in talc has been successfully used for modification
of Pt/C catalyst for direct oxidation of ethanol in direct alcohol fuel cell (DAFC) [Xu et al.,
2005]. It was found that the presence of MgO as an electrocatalyst improve the kinetic

processes, giving the exchange current density of 1.8 x 10 mA/cm? for ethanol oxidation on
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Fig. 4.66 DMFC performance curves for 1 M methanol (a) current density vs voltage, and (b)

current density vs power density of membranes with various loading of talc at 30 °C
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Pt-MgO/C instead of 3.3 x 10 mA/cm? on Pt/C. The best result was found on Pt-MgO/C
electrode with Pt to MgO weight ratio of 4:1. The presence of the magnesium oxide in talc
further reduced the poisoning effect of CO to the Pt catalyst during fuel cell performance
with the talc modified nafion membranes. According to Xu et al., (2005), MgO plays a
similar role as does Ru in Pt/Ru/C catalyst during alcohol oxidation by the bi-functional
mechanism in DAFC. Platinum acts as the main catalyst for catalyzing the dehydrogenation
of alcohol during the oxidation reaction and oxygen-containing species (OHags) can be
formed on the MgO surface, similar to Ru surface, at lower potentials. These oxygen-
containing species react with CO-like intermediate species on Pt surface to release the active

sites for further alcohol oxidation [Prabhuram and Manoharan, 1998].

Inspite of the above positive effects of talc as an additive and the high proton conductivity
values and reduced MCO values of the talc nafion membranes compared to pure cast nafion
membrane, the fuel cell performance of talc/nafion membranes beyond 1% talc loading
gradually decreased and 9% talc/nafion membrane showed inferior performance (2.09
mW/cm?) to pure cast nafion membrane (2.33 mW/cm?). SEM images of talc powder show
its falky nature (fig. 4.2c). At lower percentage of loading (say 1%), the talc particles might
have been distributed uniformly and in plane of the composite membrane with no
overlapping, which may be the reason that the talc/nafion membrane with 1% talc loading
exhibited the lowest MCO. Further increase in talc loading results in an increase in MCO
(fig. 4.43), which may be due to overlapping and agglomeration of talc particles causing
tilting of the flaky particles and thus facilitates MCO and might have also contributed to

some extend of percolation in fuel cell operating conditions. Thus, there was a gradual
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decrease in the fuel cell performance, when talc loading increased beyond 1%. The

contribution of higher proton conductivity values and lower MCO is suppressed as a result.

Figure 4.67 shows the effect of ErTfO loading on OCV and MCO of ErTfO/nafion
composite membranes. Modification of nafion with ErTfO led to a remarkable reduction in
the MCO values of the composite membranes and hence a marked increase in the OCV

values for all the ErTfO/nafion composite membrane is observed.

Figure 4.68 shows the DMFC performance curves of pure cast nafion and ErTfO/nafion
membranes. The ErTfO/nafion composite membranes show markedly better performance
than pure cast nafion membrane attributed to the excessive reduction of MCO by these
composite membranes. It can be seen that the relative selectivity (fig. 4.58) of ErTfO is
significantly increased as compared to pure cast nafion membrane. It is due to the high
proton conductivities and low MCO shown by the ErTfO/nafion membranes as compared to
pure cast nafion membrane. Thus the overall performance of the ErTfO/nafion composite
membranes is significantly high. The maximum power density is obtained with 5%
ErTfO/nafion membrane (8.02 mW/cm?) followed by the composite membranes with 3%
(7.52 mW/cm?), 1% (7.31 mW/cm?), and 7% (7.31 mW/cm?) ErTfO loading. The membrane
with 9% ErTfO loading shows a slight reduction in power density (6.02 mW/cm?) attributed

to the reduction in the proton conductivity.
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Fig. 4.67 Comparison of OCV, and MCO using membranes with various loading of ErTfO
at 30 °C using 1 M methanol at anode

Figure 4.69 shows the effect of NdTfO loading on OCV and MCO of NdTfO/nafion
composite membranes, which is being compared to that of pure cast nafion membrane.
Modification of nafion with NdTfO decreased the MCO of the composite membranes
compared to pure cast nafion membrane upto NdTfO loading of 7%, consequently resulting
in improved OCV values. However, the nafion composite with 9% NdTfO loading exhibited
increased MCO (fig. 4.45) as discussed in section 4.2.12., and thereby resulting in reduced

OCV values.
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Fig. 4.69 Comparison of OCV, and MCO using membranes with various loading of NdTfO
at 30 °C using 1 M methanol at anode

Figure 4.70 shows a comparison of the DMFC performance of NdTfO/nafion membranes
with pure cast nafion membrane. The improved performance of the NdTfO/nafion
membranes with 1%, 3%, 5%, and 7% NdTfO loading followed a trend almost similar to the
improvement in proton conductivity as well as decreased MCO of the composite membranes.
It can be seen in the fig. 4.70a that the 3% NdTfO/nafion membrane shows the highest
performance (6.13 mW/cm?), followed by NdTfO/nafion membrane with NdTfO loading of
5% (5.64 mW/cm?), 7% (4.62 mW/cm?), and 1% (4.17 mW/cm?). The performance of the
membrane with 9% NdTfO loading (2.55 mW/cm?) was almost similar to pure cast nafion
membrane (2.33 mW/cm?) attributed to enhanced MCO of 9% NdTfO/nafion composite

membrane.
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Fig. 4.70 DMFC performance curves for 1 M methanol (a) current density vs voltage, and (b)

current density vs power density of membranes with various loading of NdTfO at 30 °C

TH-1211 06615104



Chapter — 4 | 174

Figure 4.71 shows the MS loading vs OCV and MCO plots of the composite membranes,
which is being compared to that of pure cast nafion membrane. MS/nafion membrane with a
loading of 1% MS could reduce the MCO by nearly 25% attributed to the size selective
property of MS. However, increase in MS loading beyond 1% could not reduce the MCO of
the composite membranes further, attributed to the poor physical compatibility of MS with
nafion as discussed previously. Thus, the OCV of 1% MS/nafion membrane was the highest
followed by a gradual decrease in the OCV for the composite membranes with higher

percentage of MS loading.
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Fig. 4.71 Comparison of OCV, and MCO using membranes with various loading of MS at
30 °C using 1 M methanol at anode
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Figure 4.72 shows the DMFC performance of MS/nafion membranes with varying
percentage of MS loading compared with that of pure cast nafion membrane. As expected,
MS/nafion membranes could inhibit MCO reflected by the improved performance of the
composites with lower percentage of loading. However, as already discussed in section
4.2.12, due to formation of agglomerates, MS/nafion composites of high quality in terms of
physical indication could not be obtained, which was found in the SEM images (fig. 4.11).
The increase in MCO of the composites with higher percentage of loading also further
confirmed the supposition. However, for lower MS loadings, the slight improvement in
proton conductivity and slight reduction of MCO influenced the performance of MS/nafion
composites. Therefore, 1% MS/nafion composite showed better performance as compared to
pure cast nafion membrane. The other compositions could also improve the performance,
especially at higher current densities. Maximum power density could be obtained with 1%
MS/nafion membrane (4.08 mW/cm?) followed by the composite with 3% MS loading (3.76
mW/cm?). The slight improvement in performance was found for the composites with 5%
(3.40 mW/cm?), 7% (3.76 mW/cm?), and 9% MS loading (3.06 mW/cm?) over pure cast

nafion membrane (2.33 mW/cm?).

Figure 4.73 shows the DMFC performance curves for the best performing composite
membranes in DMFC using TiO,, Nd,Os, and talc additives and compared with the pure cast
nafion membrane. It can be seen that the 1% talc/nafion membrane generated the maximum
power density followed by 5% TiO,/nafion, and 3% Nd,Os/nafion membranes. However, the

performances of 5% TiO/nafion and 3% Nd,Os/nafion are almost similar. The selectivity
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Fig. 4.72 DMFC performance curves for 1 M methanol (a) current density vs voltage, and (b)

current density vs power density of membranes with various loading of MS at 30 °C
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values of 5% TiO./nafion membrane were comparatively higher than that of 3%
Nd;Os/nafion attributed to reduced MCO. However, the fuel cell performance of 5%
TiO/nafion and 3% Nd,Os/nafion are almost at par with each other and may be attributed to
the other factors governing fuel cell performance like methanol uptake, membrane swelling,
and proton conductivity, which was inferior for TiO,/nafion membranes compared to
Nd,Os/nafion membranes (fig. 4.26, 4.29, 4.38). The exceedingly superior performance by
the 1% talc/nafion membrane may be justified by the fact that in addition to high proton
conductivity and reduced MCO, using talc/nafion composite membrane has the additional

advantage of methanol oxidizing capability as discussed previously.

Figure 4.74 shows the DMFC performances for the best performing composite membrane in
DMFC using ErTfO and NdTfO. The MCO of 5% ErTfO/nafion is lower than 3%
NdTfO/nafion membrane and thus exhibited higher OCV. The performance of 5%
ErTfO/nafion is better than 3% NdTfO/nafion, which may be attributed to the higher
selectivity of 5% ErTfO/nafion membranes compared to 3% NdTfO/nafion membranes (fig.
4.57 and fig. 4.58). The similar comparison for MS/nafion membrane is already shown in fig.

4.72 and thus not being reported here.
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4.3.2. Effect of methanol concentration on DMFC performance using composite
nafion membranes
The effect of methanol concentration on MCO has already been discussed in section 4.2.12
(figs 4.49, 4.50, and 4.51). It is observed that increase in methanol concentration leads to an
increase in the MCO attributed to the increased concentration gradient of methanol across the
membrane. The crossed-over methanol to the cathode side not only reduces the fuel
utilization but also depresses the cathode potential as well as poisons the cathode
electrocatalyst [Ye and Zhao, 2005]. Moreover, the permeated methanol on the cathode
reacts electrochemically with oxygen at Pt-based oxygen reduction electrocatalyst, leading to
the consumption of oxygen even under open-circuit conditions [Wang et al., 1996].
Therefore, in this section, the effect of methanol concentration on DMFC performance is
studied with pure cast nafion membrane and nafion composites with the best combination of

each additive.

Figure 4.75 to 4.81 shows the performance curves of pure cast nafion and the nafion
composites using methanol solution concentrations varying from 1 to 4 M at 30 °C. The
OCV of the cell at different methanol concentrations along with the maximum power density
attained is summarized in table 4.8. It may be observed that an increase of methanol solution
concentration leads to a drop in the OCV because of increase in MCO from anode to the
cathode leading to reduction in the O, reduction performance at the cathode and creation of a
larger mixed overpotential on the cathode [Umeda et al., 2011]. However, on comparison of
the power densities, it is observed that increased methanol concentration increases the power

density, which may be attributed to increase in temperature at the local site on the electrode
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due to exothermic reaction of oxygen reduction at the cathode [Chen and Yang, 2003]. Thus,
for each membrane the maximum power density is obtained at a higher methanol
concentration in all cases. However, it may be noted that the increase in the DMFC
performance at higher methanol concentration is not appreciable. The increment does not
follow the methanol concentration increament. The reason is that, higher the methanol
concentration, higher is the methanol crossover. The increased MCO has severe detrimental
effect on the DMFC performance and suppresses the advantages of using higher methanol
concentration. Table 4.8 shows that amongst the composite membranes the maximum power
density of 11.33 mW/cm? is obtained with 1% talc/nafion followed by 5% ErTfO/nafion
membrane (9.31 mW/cm?), and 3% NdTfO/nafion membrane (7.42 mW/cm?). The power
densities of 5% TiO/nafion (6.60 mW/cm?), 3% Nd,Os/nafion (6.36 mW/cm?), and 1%

MS/nafion (5.38 mW/cm?) are comparable.

In order to further evaluate the effect of temperature, the DMFC performance is evaluated at

higher temperature as discussed in the subsequent section.
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4.3.3.Effect of temperature on DMFC performance using composite nafion
membranes

The effect of temperature on MCO has been discussed in section 4.2.12 (figs 4.52 to 4.54). It
is observed that increase in temperature leads to an increase in the MCO through the
membranes. In this section, the effect of temperature on the DMFC performance is studied
with pure cast nafion membrane and nafion composite membranes with the best combination
of TiO,, Nd,0s3, talc, ErTfO, NdTfO, and MS as discussed earlier. The fuel cell performance
is studied at four different temperatures (30, 40, 60 and 80 °C) using 1 M methanol solution
as feed. Figures 4.82 to 4.88 show the DMFC performance curves for each type of membrane
at different temperature using 1 M methanol. The OCV values of the DMFC using various
membranes at different temperature and their maximum power densities are given in table

4.9.
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Table 4.8 Effect of methanol concentration on DMFC performance using different

membranes
Membrane type Methanol OoCvV Maximum power density
concentration (mWicm?)
(M) (V)

Pure cast nafion 1 0.410 02.35
2 0.405 02.53
3 0.394 02.74
4 0.370 02.90

5% TiO,/nafion 1 0.484 05.06
2 0.469 05.61
3 0.457 06.03
4 0.443 06.60

3% Nd,Os/nafion 1 0.487 04.84
2 0.484 05.14
3 0.473 05.76
4 0.442 06.36

1% Talc/nafion 1 0.611 07.98
2 0.607 09.51
3 0.597 10.71
4 0.584 11.33

5% ErTfO/nafion 1 0.601 08.02
2 0.594 08.81
3 0.587 08.70
4 0.563 09.31

3% NdTfO/nafion 1 0.505 06.13
2 0.499 06.39
3 0.489 06.68
4 0.465 07.42

1% MS/nafion 1 0.435 04.08
2 0.430 04.50
3 0.424 04.97
4 0.398 05.38
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Increases fuel cell temperature should have resulted in decrease in the OCV values because
of higher MCO. However, in fuel cell conditions it is observed that increase in the cell
temperature results in increased OCV, which may be attributed to improved electrocatalyst
activity at high temperature [Ye and Zhao, 2005]. Increase in temperature increases the
methanol oxidation Kinetics at the anode, which counteracted the MCO rate across the
membrane to the cathode side and consequently led to an increase in the fuel cell
performance [Pilatpwsky et al., 2011]. An increase in the operating temperature is beneficial
to fuel cell performance because of the increase in reaction kinetics and usually lower cell
resistance arising from the higher ionic conductivity of the electrolyte. In addition, the CO
tolerance of electrocatalyst improves as the operating temperature increases. Consequently,
the power density improves with increase in the cell temprerature. All the composite
membranes show improved performance at higher temperature compared to pure cast nafion
membrane. A maximum power density of 92.48 mW/cm? at 80 °C, is obtained with 1%
talc/nafion membrane followed by that with 5% ErTfO/nafion membrane (80.85 mW/cm?).
The power densities of 5% TiO/nafion (73.10 mW/cm?) and that of 3% NdTfO/nafion
membrane (70.31 mW/cm?) are comparable. The maximum power densities obtained with
3% Nd,Os/nafion (65.30 mW/cm?) and 1% MS/nafion (61.70 mW/cm?) are almost similar.

Thus the performance of the membranes improved when studied at higher temperatures.
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Table 4.9 Effect of temperature on DMFC performance using different membranes

Membrane type Temperature OoCvV Maximum power density
(°C) (V) (mWicm?)
Pure cast nafion 30 0.410 02.35
40 0.424 09.09
60 0.437 28.62
80 0.440 43.69
5% TiO,/nafion 30 0.484 05.06
40 0.480 20.11
60 0.507 44.31
80 0.514 73.10
3% Nd,Os/nafion 30 0.487 04.84
40 0.504 26.98
60 0.523 47.45
80 0.537 65.30
1% Talc/nafion 30 0.611 07.98
40 0.622 27.39
60 0.643 52.07
80 0.664 92.48
5% ErTfO/nafion 30 0.601 08.02
40 0.615 29.07
60 0.624 54.50
80 0.636 80.85
3% NdTfO/nafion 30 0.505 06.13
40 0.522 28.71
60 0.534 49.11
80 0.551 70.31
1% MS/nafion 30 0.435 04.08
40 0.450 21.60
60 0.464 40.81
80 0.473 61.70
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Chapter 5: Reduction of Crossed-over Methanol Effect at
Cathode using Hybrid Pt/laccase

It is seen in the previous chapter that modification of nafion with the inorganic additives
reduced methanol crossover (MCO) through the membrane upto a significant extent; the
maximum reduction in MCO being nearly 80% with erbium triflate/nafion membranes
(ErTfO/nafion). Though a major portion of the MCO is reduced but still the methanol,
which is reaching to cathode side affect the DMFC performance. The DMFC results in
the previous chapter show significant improvement in DMFC performance when
composite membrane is used in place of pure cast nafion membrane. However, there is
further scope for the improvement of the DMFC performance by tackling the crossed-

over methanol to the cathode side [Mustain et al., 2006, Chetty et al., 2009].

It is known that application of selective oxygen reduction catalyst at cathode, which do
not oxidize methanol such as macrocyclic complexes [Sun and Barton, 2006], transition
metal chalcogenides [Reeve et al., 2000], and platinum alloys [Xiong and Manthiram,
2004; Mustain et al., 2006] may be an alternative option to tackle the crossed-over
methanol problem. Additionally, laccase, an enzymatic bioelectrocatalyst, also proves to
be a potential candidate for use in the cathode of DMFC for ORR. Laccase (EC 1.10.3.2;
benzenediol: oxygen oxidoreductase) is an extracellular blue copper enzyme in plants and
fungi, which catalyses the oxidation of biphenols and the four-electron reduction of
molecular oxygen to water. Figure 5.1 shows the structure of laccase. It contains four
copper atoms, denoted as T1, T2, and T3 according to their spectroscopic properties
[Madhavi and Lele, 2009]. The copper center T1 can be reduced at high potential by

redox mediators, and direct electron transfer from electrodes. While substrates are
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Fig. 5.1 Structure of laccase [Meredith and Minteer, 2012]

oxidized at T1, further internal electron transfer leads to the reduction of molecular O, at
the T2/T3 cluster [Szamocki et al., 2009] as shown in the fig. 5.1. The catalytic ability of
laccase to activate the four-electron reduction of oxygen has promoted their study in
cathodes for bio-fuel cells. Chen et al., (2001) has done an extensive review on the
electro-chemistry of laccases from different sources. Laccase has excellent selectivity and
maximum activity at low temperatures and has primarily been employed in the context of
air-saturated physiological solutions. Studies have demonstrated laccase as biocatalytic
cathode and for the reduction of O, to water [Soukharev et al., 2004]. Mano et al., (2002)
showed that a laccase catalyzed composite electrode can achieve O, reduction current
densities exceeding 5 mA/cm? at 0.7 V (SHE) in air-saturated, pH 5, 0.2 M citrate buffer
at 37.5 °C. The laccase (from Rhusvernificera) biocathode with an enzyme loading of
0.224 mg/cm? provided methanol crossover tolerance and provided a high operational
current density of 50.0 mA/cm? and a maximum power density of 8.5 mW/cm? in a
DMFC operated at 40% methanol solution. The laccase biocathode showed a lifetime of
290 h in the DMFC [Gellett et al., 2010]. However, such high performance was achieved

in DMFC having anion exchange membrane. Considering the above findings, it has been
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conceptualized that the laccase may be a potential candidate for the cathode catalyst,

where crossed-over methanol effect may be mitigated.

Therefore, in an attempt to evaluate the use of laccase in the present DMFC system, the
experiments were conducted to reduce the effect of crossed-over methanol on the cathode
side of the DMFC set-up by hybridizing platinum with laccase. Multi-walled carbon
nanotubes (MWCNT) have been used for immobilization of laccase on the electrode
surface [Saxena et al., 2011] as well as to provide good electronic communication with
active sites of the laccase [Das et al., 2014]. Besides, application of MWCNT is
anticipated to maintain porosity of the hybrid electrode and facilitate better enzyme
substrate interaction. Osmium polyvinyl pyridine (OsO4-P4VP), known as potential
electron transfer mediator between redox enzymes and electrodes, is used in the present
study. Three types of cathode electrodes (Pt, laccase, and Pt/laccase) are fabricated in the
present work for a comparative study and evaluated both by electrochemical technique as

well as tested in the DMFC set-up to evaluate the methanol tolerance at the cathode.

5.1. Fabrication of electrodes

The Pt electrode was fabricated as described in section 3.5.1. For the laccase electrode
and Pt/laccase electrode, the microporous layer (MPL) was made by applying
nafion/carbon powder over the Toray carbon paper to get a hydrophilic microporous layer
over the carbon paper. 10 mg OsO4-P4VP in 1 mL ethyl benzene was sonicated for 1 h
and then 1 mg MWCNT was added to it. The mixture was sonicated again for 1 h and
then spread over the MPL and incubated at 140 °C overnight. The laccase solution
prepared in 0.1 M sodium citrate buffer (pH 4.8) was then spread over the OsO,-

P4VP/MWCNT layer and allowed to freeze dry to get a loading of 2 mg/cm? of laccase.
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Pt/laccase hybrid cathode was fabricated using layer by layer method. The Pt/OsO,-
PAVP/MWCNT layer was formed over the microporous layer, which was on the C-paper.
Finally, laccase solution was spread over the porous Pt/OsO4-P4VP/MWCNT layer so
that the enzyme can percolate through the layer for effective Pt/laccase composite

electrode.

The MEA for Pt at cathode was fabricated as described in section 3.5.1. For preparation
of the MEAs containing laccase or Pt/laccase on the cathode side, the cathode was placed
in contact with the membrane without pressing and heat treatment, in order to avoid

damaging the biomaterial, since enzymes do not tolerate high pressure and temperature.

5.2. Characterization techniques

All electrochemical experiments were carried out in an electrochemical cell containing 25
mL of pH 4.8, 0.1 M citrate buffer at 25 °C. The cyclic voltammetry (CV) measurements
were performed using a Potentiostat/Galvanostat (Autolab, PGSTAT 302N). The working
electrode was prepared as discussed in the previous section. However, glassy carbon disc
was used instead of C-paper as the support to the catalyst film. Potentials were measured
relative to a silver-silver chloride reference electrode but the results are reported with
respect to standard hydrogen electrode (SHE). The counter electrode was a platinum wire.
Methanol tolerance of the electrode was studied by cyclic voltammetry in the voltage
range of -1 to +1 at a scan rate of 50 mV/s at different concentrations of methanol for
oxygen saturated solution. The electrodes were also used to evaluate the performance of
direct methanol fuel cell as described in section 3.5.3. However, the nafion-117 was used

as polymer electrolyte membrane for the fuel cell performance.
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The stability of the Pt/laccase was found using cyclic voltammetry. The CV was
performed using electrode on a regular interval and on remaining time the electrode was

stored at 4 °C [Das et al., 2014].

5.3. Results and discussion

5.3.1.Scanning electron microscopy (SEM) analysis

Figure 5.2 shows the SEM images of the electrodes. Figure 5.2a shows the SEM image of
the carbon paper. It can be seen that the carbon paper has a non-woven structure with
many small and large pores through it. Figure 5.2b shows the SEM image of the
microporus layer (MPL) over the carbon paper. The MPL facilitates electrical
conductivity and also forms a support for the catalyst. Figure 5.2c shows the SEM image
of the Pt electrode. The distribution of the Pt catalyst layer over the MPL is visible. The
porosity of the electrode is maintained and is visible from the image at higher
magnification (inset, fig. 5.2c). Fig 5.2d shows the SEM image of the electrode after
addition of OsO,—P4VP-MWCNT layer. The surface appears highly porous and uniform,
which may be attributed to the presence of MWCNT. Figure 5.2e shows the SEM image
of the electrode after addition of laccase. The difference in the surface morphology is

clear. It can be seen that the porous structure is covered uniformly by the laccase layer.

5.3.2. Cyclic voltammetry of electrode

Figures 5.3 to 5.5 show the cyclic voltammograms (CV) of Pt, laccase, and Pt/laccase
electrode, respectively. It may be noted that for clarity of various peaks the voltage axis
shows the potential range from 0.2 V to 1.2 V. Figure 5.3 shows the effect of methanol on
oxygen reduction reaction by platinum electrode. It is observed that the peak decreases

from 0.49 mA/cm? to 0.33 mA/cm? with the introduction of methanol. The decrease in the
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oxygen reduction current density is due to non-tolerance of Pt-electrode to methanol

solution. With increase in methanol concentration the current density for ORR decreases

further.
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Fig. 5.2 SEM images of (a) C-paper, (b) MPL, (c) Pt electrode, (d) Pt electrode with

0s04-P4VP-MWCNT, and (e) Pt-OsO4-P4VP-MWCNT with laccase
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Fig. 5.3 Cyclic voltammetry using platinum on glassy carbon electrode

Figure 5.4 shows the effect of methanol on the oxygen reducing reaction capacity of
laccase cathode. It is observed that increase in methanol concentration hardly affect the
performance of the laccase electrode and indicates the tolerance of laccase to methanol.
However, the performance of laccase electrode is inferior to platinum electrode towards

oxygen reduction reaction especially without methanol.

Figure 5.5 shows the CV of Pt/laccase electrode. It is observed that the oxygen reduction
peak slightly decreases with increase in methanol concentration. However, fig. 5.6 shows
only a portion of CV to have better clarity to compare the peaks. On comparison with the
Pt electrode (fig. 5.3) it is observed that presence of laccase reduces the loss in current
density attributed to its methanol tolerance as compared in the fig. 5.6. Moreover, it
seems that the platinum along with laccase increases the oxygen reduction reaction too. It
can also be seen that with increase in methanol concentration there is positive shift in
oxidation and reduction peak potentials for the Pt (fig. 5.3) and Pt/laccase electrode (fig.

5.5).
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Fig. 5.5 Cyclic voltammetry using Pt/laccase on glassy carbon electrode
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Fig. 5.6 Comparison of ORR peaks of Pt and Pt/laccase cathode using 0.1 M MeOH

The shift in methanol oxidation peak potential with increase in methanol concentration
may be attributed to the reduction in electro-catalytic activity of the Pt electrode due to
poisoning affect of CO generated during methanol oxidation and its subsequent
adsorption on the active sites of Pt electrode [Kashyout et al., 2011]. On comparison it is
observed that the shift is lower for Pt/laccase electrode compared to Pt electrode,
attributed to the presence of laccase. Shifting of the oxygen reduction peak potential
towards positive direction is an indication of increased electro-catalytic activity [Ding,
2010]. On comparison it is observed that the shifting in reduction peak potential is more
for the Pt/laccase compared to Pt electrode, indicating its superiority over Pt electrode for

ORR.
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5.3.3.Stability of Pt/laccase electrode

Enzyme stability is always a great concern when employing it in any kind of application.
Hence, the stability of the Pt/laccase electrode was checked as discussed previously and
the data is reported for day 0 and day 32. The loss of performance after 32 days was
found to be around 31% as shown in fig. 5.7. The loss in catalytic activity is attributed to

the loss in enzyme activity.

5.3.4. Performance evaluation of the electrodes in DMFC

Figure 5.8 shows the OCV achieved in a single cell DMFC set-up with Pt/Ru as the anode
whereas at cathode Pt or laccase or Pt/laccase, was used, after 36 hours of operation with
nafion-117 at 25 °C using 1 M methanol. The DMFC cell with laccase as the cathode
catalyst gives the highest OCV attributed to its tolerance to methanol. Incorporation of
laccase/Pt catalyst as the cathode increased the OCV of the cell compared to that with Pt
cathode. This shows that use of laccase along with Pt can improve the methanol tolerance

of Pt cathode catalyst.
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Fig. 5.7 Stability of Pt/laccase cathode (O, feed, pH: 4.8, 25 °C)
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Fig. 5.8 Open circuit voltage of Pt/Ru anode and different cathode catalyst at 25 °C using

1 M methanol solution

The DMFC performance with the three types of cathode catalyst is shown in fig. 5.9. The
performance achieved with Pt/laccase cathode is improved compared to the performance
of Pt cathode catalyst. The DMFC performance with laccase as the cathode catalyst gives
the lowest performance, which may be attributed to the difference in nature of Pt and
laccase. The platinum surface can host thousands of reactions at once while each laccase
molecule can only react with one oxygen molecule at a time [Blandford,
2011]. Moreover, laccase to function as efficiently as possible, it needs to have its
reaction needs met such as, a good supply of oxygen (fast gas diffusion), a constant
concentration of hydrogen ions (buffered pH), and a well-connected electrical structure

for electron shuttling [Blandford, 2011]. On-membrane deposition of the cathodic catalyst
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layers may also help to improve the performance by lowering the internal resistance of

the cell [Chaparro et al., 2011] .
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Fig. 5.9 DMFC performance using Pt, laccase, and Pt/laccase as the cathode catalyst
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Chapter 6: Conclusions and Future Scope

6.1. Conclusions

Composite nafion membranes were synthesized by casting method using six different
types of inorganic additives, namely titanium dioxide (TiO;), neodymium oxide (Nd,Os3),
magnesium  silicate hydroxide (H2Mgs(SiOs)s) or talc, erbium trifluoro methane
sulphonic acid (ErTfO), neodymium trifluoro methane sulphonic acid (NdTFO), and
molecular sieve (MS). The additives were characterized for particle size, crystallinity,
BET surface area, and morphology. The synthesized nafion composite membranes along
with pure cast nafion membrane were extensively characterized by SEM, XRD, TGA,
FTIR, ion exchange capacity (IEC), water uptake, methanol uptake, swelling, tensile
strength, oxidative stability, proton conductivity, and methanol crossover (MCO). The
membranes were later tested in a single cell DMFC test set up at 30 °C and with a
methanol concentration of 1 M methanol. Further, the best combination of the nafion
composite of each kind of additive was tested in a DMFC with varying methanol
concentration (1, 2, 3, and 4 M) and at different temperatures (30, 40, 60, and 80 °C). A

summary of the findings is given below.

» From particle size analysis of the additives, the volume median diameter
[D(v,0.5)] for TiO,, Nd,Os, talc, and MS particles was found to be 21.30 pum,
06.39 pum, 20.37 um, and 07.39 um, respectively. The results were in close
agreement with the SEM images of the particles .The particle size of ErTfO and
NdTfO has not been reported as these additives dissolves into the nafion solution.

» All the additives, except NATfO, exhibited sharp X-ray diffraction peaks
attributed to their crystalline nature. However, the XRD plots of nafion composite

membranes showed that TiO, and talc could significantly contribute towards the
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crystallinity of the composite membranes. The characteristic crystalline peaks of
Nd;Os;, MS, and ErTfO could not be observed for the corresponding nafion
composite membranes. However, the broad peaks observed for the nafion
composites with  Nd;03, MS, and ErTfO is attributed to some kind of chemical
interaction of the Nd,O3; with the polymer, formation of agglomerates in case of
MS/nafion membranes, and due to the dissolution of the triflate salts in the nafion
solution.

» The crystal size of the additives determined from Debey Scherrer equation was
34.65 nm, 26.65 * 8, 36.08,19.8, and 27.90 + 3 for TiO,, Nd,Os3, talc, ErTfO, and
MS respectively. Due to the absence of sharp peaks in case of NdTfO powder, the
Scherrer formula could not be used.

> The BET surface areas of the additives were 6.54, 5.71, 3.07, 11.37, 9.63, and
4.02 m?/g for TiO,, Nd,Os, talc, EFTfO, NdTfO, and MS, respectively.

» SEM images of the membranes indicated the formation of dense nafion composite
membranes with relatively uniform distribution of the additives (TiO2, Nd,Os,
talc, and MS). In case of ErTfO and NdTfO, the presence of additives could not be
observed due to dissolution of the additives in the nafion. None of the nafion
composite membranes exhibited presence of pores or cracks. Agglomerate
formation was seen in a few of the cases attributed to both hygroscopic nature of
the additives and poor physical compatibility between the additive and the nafion.

» Analysis of the TGA thermograms of the nafion composite membranes indicated
that all the composite membranes retained 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. The decomposition behavior below 300

°C was attributed to the loss of bound and unbound water and rapid weight loss at
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and above 310 °C was attributed to loosening of sulfonic acid groups present in
the membrane. Though the nafion composite membranes showed slight loss in
thermal degradation temperature as compared to pure cast nafion but the
degradation temperature of the composites was well beyond the desirable fuel cell
operation temperature (25-80 °C).

» FTIR analysis of the nafion composite membranes showed shifting of peaks for S-
O stretching and water stretching frequency to higher wavenumbers and broader
peak for water bending vibration for the composite membranes compared to pure
cast nafion membrane. It was indicative of structural changes in the nafion
polymer due to incorporation of the additives, increase in hydrogen bond
association as well as increase in water content.

» lon exchange capacity was higher for the composite membranes compared to pure
cast nafion membrane as inclusion of additives increased the number of ion
exchange domains in the composite membranes. The porous structure of the

molecular sieves accommodating loosely held H* contributed to the higher IEC.

The OH groups in TiO2, Nd,Og3, and talc contributed to this effect whilst the 3037

group of the triflic acid was responsible in case of ErTfO and NdTfO.

» Water uptakes of the composite membranes were higher than pure cast nafion in
general and followed a trend similar to IEC. The increased water content in the
composite membranes was also indicated by the FTIR profile of the membranes.
Methanol uptake of the composite membranes followed a trend similar to water
uptake with a slight increase in uptake percentage for methanol, attributed to the
presence of hydrophobic and hydrophilic domains in the structure of the nafion

membrane; water being the most polar has high accessibility to the hydrophilic
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domains, which covers about 25 to 35% of the membrane mass; methanol being
less polar than water has accessibility to both the hydrophilic and hydrophobic
domains. The methanol uptake also increased with the increased methanol
concentration.

» Overall the percentage of swelling in the membranes was in the range of 10(x5)%.
This is desirable for fuel cell applications as the water retained by the inorganics
would keep the membrane in the hydrated state even when the fuel cell is turned
off and thereby prevent delamination as well as cracks in the MEA.

» The tensile strengths of talc/nafion membranes and MS/nafion membranes were
lower than that of pure cast nafion membrane (16 MPa vs ~ 14 MPa).
Incorporation of these two additives into pure cast nafion apparently weakened the
integrity of the nafion membrane and reduced its tensile strength. The TiO,/nafion
composite membranes showed insignificant effect on tensile strength compared to
pure cast nafion membrane. Nafion membrane with 1% loading of Nd,O3, ErTfO,
and NdTfO had a higher tensile strength than pure cast nafion membrane.
However, the tensile strength slowly decreased with increased loading above 1%.
The increased stiffness of the membrane at higher loading of TiO; and Nd,Os;
particles into the polymer matrix might have resulted in the decreased tensile
strength. In case of the inorganic triflate/nafion membranes, the higher cross-
linking at higher loading apparently increased the stiffness of the membrane and
reduced its tensile strength.

» Comparison of the oxidative stability of the membranes showed that the
composite membranes with lower additive loadings was chemically more stable
than pure cast nafion membrane though, the optimum percent of loading varied

for each type of additive. The lowest degradation or highest stability was found
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for 1% TiO,, 7% Nd,O3, and 5% talc loading in nafion composite membrane.
MS/nafion composite membrane too showed the highest stability at 5% MS
loading. This is attributed to the weakening of chemical bonds of the polymer due
to incorporation of the additive. In case of ErTfO/nafion and NdTfO/nafion
membranes, increase in additive loading beyond 1% reduced the stability of the
composite membranes. It was attributed to the weakening of chemical bonds of
the polymer due to increased cross linking and subsequent oxidation degradation
of the sulfonated polychains in the presence of H,O..

» Proton conductivity of the composite membranes improved significantly attributed
to the increase in water uptake of the composite membranes and the presence of
additional proton exchange domains associated with the additives. At an optimum
loading of the additives, the relative proton conductivity as compared to pure cast
nafion membrane was improved by 42.7% by TiO,/nafion, 33.71% by
Nd,Os/nafion, 26.97% by talc/nafion, 38.2% by ErTfO/nafion, 31.46% by
NdTfO/nafion, and 13.48% by MS/nafion composite membranes. However, the
trend of higher water uptake leading to higher values of proton conductivity was
not followed strictly.

» All the composite membranes could reduce MCO as compared to pure cast nafion
membrane but the maximum reduction was achieved by ErTfO/nafion membranes
(ranging 77.5% to 80.75%) followed by TiO,/nafion membranes (ranging 25% to
77%), NdTfO/nafion membranes (ranging 50.26% to 70.5%), talc/nafion
membranes (ranging 22.43% to 46.36%), Nd,Os/nafion membranes (ranging 46%
to 55.28%) and MS/nafion membranes (ranging 10.6% to 25%). The MCO of the
membranes was also evaluated at different concentrations of methanol (2 M, 3 M

and 4 M) and at different temperatures (40, 60 and 80 °C). It has been observed
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that increase in methanol concentration as well temperature led to the increase in
MCO attributed to concentration gradient of the methanol solution across the
membrane and increased diffusion Kinetics.

> Based on the selectivity value, the membranes may be ranked as
ErTfO/nafion>TiO,/nafion>NdTfO/nafion>Talc/nafion>Nd,Os/nafion>MS/nafion
>pure cast nafion. Amongst ErTfO/nafion membranes, 3% ErTfO/nafion
membrane showed the highest selectivity and for TiO,/nafion and Nd,Os/nafion
membranes the composite with 5% loading showed the highest selectivity. In case
of talc/nafion and MS/nafion, the composite with 1% loading exhibited the highest
selectivity and for NdTfO/nafion membranes the composite with 7% loading
showed the highest selectivity.

» The composite membranes exhibited higher power density than pure cast nafion
membrane attributed to the decrease in MCO while maintaining the proton
conductivity. The composite membranes with lower MCO showed a higher OCV.
The maximum power density with 1 M methanol and at 30 °C was obtained with
5% ErTfO/nafion (8.02 mW/cm?), followed by 1% talc/nafion membrane (7.98
mW/cm?), and 3% NdTfO/nafion (6.13 mW/cm?), which may be considered
amongst the best performing membranes. The other three type of composite
membranes also showed relatively better performance than pure cast nafion
membrane with a power density of 5.06 mW/cm? with 5% TiO,/nafion, 4.84
mW/cm? with 3% Nd,Oa/nafion, and 4.08 mW/cm?®with 1% MS/nafion.

» The effect of methanol concentration on the single cell DMFC performance was
studied with pure cast nafion and nafion composite membranes at 30 °C.
Increased methanol concentration led to decreased OCV, attributed to

simultaneous increase of MCO from anode to the cathode, leading to mixed

TH-1211 06615104



Conclusions and Future Scope | 215

potential at the cathode. However, it was observed that increased methanol
concentration increased the current density. Thus, for each membrane the
maximum power density was obtained at 4 M methanol concentration.

» The effect of temperature on the single cell DMFC performance was studied using
pure cast nafion and nafion composite membranes with 1 M methanol and at 30,
40 60 and 80 °C. It was observed that increase in cell temperature resulted in an
increase in the OCV value attributed to increase in methanol oxidation reaction at
the anode. The drop in voltage with increase in current density decreased as the
fuel cell temperature increased. Consequently, the power density improved with
increased cell temperature. However, in case of pure cast nafion membrane the
increase in power density was more prominent at lower temperatures. The
difference between the power densities at 60 and 80 °C with pure cast nafion is
much less compared to nafion composite membranes, which may be attributed to
the initiation of dehydration of pure cast nafion membrane at higher temperature.
It was observed that the composite membranes show improved performance at
higher temperature compared to pure cast nafion attributed to enhancement in
hydration capacity. The pattern of the best performing membrane slightly altered
when studied at varying methanol concentration and at varying temperatures, from
which it was clear that apart from proton conductivity, and MCO, other
parameters like swelling, and water holding capacity at higher temperature forms
the combinatorial deciding factor for the membrane performance.

» An attempt was made to improve DMFC performance by use of a methanol
tolerant enzyme (laccase) in combination with Pt at the cathode. Though laccase
showed high tolerance to methanol, DMFC performance with laccase and osmium

in polymer (OsP,VP) did not improve DMFC performance compared to Pt
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cathode. However, use of laccase in combination with Pt in the cathode showed
improved performance than Pt alone. From the study, it was inferred that
employing hybrid Pt/laccase cathode in a DMFC might be a potential technique of

alleviating the adverse effect of crossed-over methanol from anode to cathode.

Finally, the table 6.1 summarizes the performance exhibited by various nafion composite

membranes and compared with the pure cast nafion membrane.

6.2. Future scope
> Hybrid Pt/laccase electrode showed tolerance to methanol compared to single Pt
cathode. Further studies may be carried out along with composite nafion
membrane to evaluate the performance of the DMFC.
» PEMFC performance using hydrogen as the fuel and nafion composite membranes
with ErTfO, NdTfO, talc, and Nd,O3; as the additive has not been reported
previously. Hence, these composite membranes may be tried for high temperature

PEMFC.
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Table 6.1- Comparison of properties of nafion membranes
Membrane Water IEC Swelling Thermal Mechanical Chemical Proton MCO Maximum DMFC
uptake stability stability stability conductivity performance
(%) (meq/g) (%) (°C) (MPa) (% wt. (S/cm) (cm?/s) (mW/cm®)
loss/day)
Pure cast nafion 23.27 0.91 5.32 up to 310 °C 15.92 0.271 0.089 239x 10° 2.35,9.09, 28.62,
membrane (approx.) 43.69, 1 M methanol,
30, 40, 60, and 80 °C,
respectively
5% TiO,/mafion 33.91 0.92 7.21 -do- 16.08 0.264 0.107 0.60 x 10° 5.06,20.11, 44.31,
membrane 73.10, 1 M methanol,
30, 40, 60, and 80 °C,
respectively
3% Nd,Oj3/nafion 28.51 1.00 7.14 -do- 36.86 0.233 0.116 1.12x 10 4.84,26.98,47.45,
membrane 65.30, 1 M methanol,
30, 40, 60, and 80 °C,
respectively
1% Talc/nafion 23.82 1.1 8.68 -do- 15.62 0.179 0.099 1.28 x 10°® 7.98,27.39, 52.07,
membrane 92.48, 1 M methanol,
30, 40, 60, and 80 °C,
respectively
5% 31.13 1.33 8.89 -do- 17.50 0.130 0.114 0.50 x 10° 8.02, 29.07, 54.50,
ErTfO/nafion 80.85, 1 M methanol,
membrane 30, 40, 60, and 80 °C,
respectively
3% 24.87 1.13 6.11 -do- 14.27 0.209 0.114 0.84 x 10° 6.13,28.71, 49.11,
NdTfO/nafion 70.31, 1 M methanol,
membrane 30, 40, 60, and 80 °C,
respectively
1%  MS/nafion 26.04 1.02 8.82 -do- 14.86 0.233 0.100 1.79 x 10 4.08, 21.60, 40.81,
membrane 61.70, 1 M methanol,

30, 40, 60, and 80 °C,
respectively
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Annexure A

A.a SEM of membranes
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Figure A.l: SEM image of (a) 3% ErTfO/nafion, (b) 5% ErTfO/nafion, (c) 7%
ErTfO/nafion, and (d) 9% ErTfO/nafion composite membranes

Figures A.1 and A.2 shows the SEM images of ErTfO/nafion and NdTfO/nafion
membranes with an additive loading of 3%, 5%, 7%, and 9% for each membrane type. As
discussed in section 4.2.1, the surface morphology of ErTfO/nafion and NdTfO/nafion
composites bear similarity in appearance with that of pure cast nafion membrane and the
increase in additive loading did not show any marked difference in surface morphology,

which may be attributed to the miscibility of the additives in nafion solution.
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Figure A.2: SEM image of (a) 3% NdTfO/nafion, (b) 5% NdTfO/nafion, (c) 7%

NdTfO/nafion, and (d) 9% NdTfO/nafion composite membranes

A.b: TGA of membranes

Figures A.3 to A.8 shows the thermogram of the nafion composites with a loading of 3%,
5%, 7%, and 9% of TiO,, Nd,Os3, talc, ErTfO, NdTfO, and MS, respectively. It can be
seen from the thermograms that the nafion composite membranes with the various type of
additives at a loading of 3%, 5%, 7%, and 9% are thermally stable and at par with pure
cast nafion membrane. Thus, incorporation of the additives did not reduce the thermal

stability of nafion membrane.
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Figure A.3: Thermogram of TiO,/nafion composite membranes with a loading of 3%,

5%, 7%, and 9% TiO,
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Figure A.4: Thermogram of Nd,Os/nafion composite membranes with a loading of 3%,

5%, 7%, and 9% Nd,O3
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Figure A.5: Thermogram of talc/nafion composite membranes with a loading of 3%, 5%,

7%, and 9% talc
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Figure A.6: Thermogram of ErTfO/nafion composite membranes with a loading of 3%,

5%, 7%, and 9% ErTfO
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Figure A.7: Thermogram of NdTfO/nafion composite membranes with a loading of 3%,

5%, 7%, and 9% NdTfO
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Figure A.8: Thermogram of MS/nafion composite membranes with a loading of 3%, 5%,

7%, and 9% MS
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A.c: FTIR of membranes

Figure A.9 shows the FTIR spectra of 1% talc/nafion membrane highlighting the peaks
for Si-OH (960 cm™) and Si-O-Si(1084 cm™ and 1035 cm™), which were visible only for
the talc/nafion membrane and were absent for pure cast nafion membrane [Jung et al.,
2002]. Similarly, the Mg-O absorption peaks expected in the 400-600 cm™ region (fig.

A.10) was observed only for the talc/nafion membrane and was absent for pure cast

nafion membrane [Raj et al., 2007].
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Figure A.9: FTIR spectra of characteristic peaks of Si-O-Si and Si-OH
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Figure A.10: FTIR spectra of characteristic peak of Mg-O
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