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ABSTRACT
This research investigates the impact of zirconia nanoparticle in conductivity, water

uptake, fuel crossover and fuel efficiency of modified Nafion® membranes.
Synthesized water-retaining mesoporous zirconia nanopatrticles (ZrOz) were used
to modify Nafion® membrane in order to enhance the thermal properties, water
uptake, proton conductivity and mechanical strength of composited membrane for
fuel cell applications. Recast and impregnation methods were used to prepare a
nanocomposite membrane with required weight% of zirconia nanoparticles. The
mechanical stability of modified membranes has become a priority for fuel cell
applications as the membranes must endure all the fuel cell operations (to prevent
crossover of the fuel while still conducting). Their mechanical stress and yielding
stress in the recast and impregnation methods compared with the commercial
Nafion® membrane were observed under tensile tests. The incorporated
membrane with zirconia nanofiller shows an improvement in mechanical strength,
due to the hydrophilic phase domains in the nanocomposite membrane. The water
contact angle and water uptake of the composited membrane were measured. The
modified membranes with zirconia nanoparticles showed a significant
improvement in water uptake and contact angle leading to enhanced hydrophilicity
when compared to unmodified hydrophobic Nafion® membrane. This shows the

potential for use as electrolytes in fuel cell applications.

Zirconia nanoparticles were further impregnated with sulfuric acid and phosphoric
acid to introduce the additional acid sites for absorption of water. In addition,
zirconium phosphates (ZrP) and sulfated zirconia (S-ZrOz) were incorporated into
Nafion® 117 membrane by impregnation method to obtain a reduced methanol
permeation and improved proton conductivity for fuel cell application. The
mechanical properties and water uptake of Nafion® membrane incorporated with
zirconium phosphates and sulfonated zirconia nanoparticles were much more
improved when compared to the commercial Nafion® 117, due to the presence of
acid site within the nanoparticles. Furthermore, the results showed that
incorporating ZrP and S-ZrO2 nanoparticles enhanced proton conductivity and IEC



of modified Nafion® membrane as they sustain water affinity and strong acidity.
The results show that nanocomposite membranes have low water content angle,
improved thermal degradation, higher conductivity and lower methanol
permeability than commercial Nafion® 117 membrane, which holds great promise

for fuel cell application. The Nafion® sulfated zirconia nanocomposite membrane
obtained a higher IEC and water uptake due to the presence of SO providing

extra acid sites for water diffusion.

To reduce the agglomeration of ZrO2 nanoparticles and improve the water
diffusion, ZrO2 was electrospun with polyacrylonitrile (PAN) solution to obtain a 1D
morphology. The recast method was used to synthesize the high thermal and
mechanical stability of Nafion® membrane incorporated with polyacrylonitrile (PAN)
nanofibers. The modified Nafion® membranes exhibited improved fuel cell
efficiency when tested in direct methanol fuel cells with a high proton conductivity
due to incorporating PAN/Zr nanofibers that retain water within the membrane.
Moreover, nanocomposite membranes achieved a reduced methanol crossover of
4.37 x 107 cm?s (Nafion®-PAN/ZrP nanofibers), 9.58 x 10® cm?/s (Nafion®-
PAN/ZrGO nanofibers) and 5.47 x 108 cm?/s (Nafion®-PAN/Zr nanofibers), which
is higher than 9.12 x 107 cm?/s of recast Nafion® membrane at the higher
concentration of 5M. All the blended membranes showed increase in power
density at a temperature of 25 °C in comparison with pristine recast Nafion®
membrane (76 mW-cm™, 69 mW-cm™, 44 mW-cm™, 18 mW-cm™). Finally,
incorporating electrospun PAN/ Zr nanofibers into Nafion® membrane has
successfully reduced the use of Nafion® solution that will eliminate the cost
problems, while improves the protons conductivity and the methanol permeability

which influence the fuel cell efficiency and long-term stability.
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CHAPTER ONE

1. Introduction

1.1. Background of study

Energy demands increases in the day by day basis all over the world, with its production and
consumption challenges facing the whole nation. The fossil fuel failed to supplement with the green
energy expectation because of CO, emission. Therefore, the research effort has been focused into
inventing the alternatives renewable energy of solar, wind, geothermal, fusion power and fuel cells.
A fuel cell is an electrochemical device which directly converts chemical energy into an electrical
energy, heat and water by using fuels like hydrogen, methanol, ethanol, methylene and natural gas
!, The proton exchange membrane fuel cell (PEMFC) using fuel such as hydrogen gas has been
selected as the cleanest energy technology as it maintains a high efficiency without polluting the
environment 2. Their higher efficiency makes them suitable for emergency generators in case of load
shading, in warships and submarines, in automobiles and space applications 3. However, a
disadvantage of transporting and storing hydrogen gas gives a strong limitation for the hydrogen fuel
cells initiation 4. But direct methanol fuel cell (DMFC) using fuel such as methanol has been used as
alternative fuel cell was compared with indirect fuel cells as it has attractive properties of higher
efficiency, with a less emissions, weight and volume °. This advantage qualified them to be applied
in the household devices. However, DMFC bring about less power energy than that of PEMFC due
to its relatively stagnant oxidation and reduction reactions °, with high methanol crossover through

the membranes ©.

But their disadvantages of the highly expensive manufacturing process, with a decrease in proton
conductivity at elevated temperatures due to water loss and higher in methanol crossover, limit its
application in fuel cells °. Presently, the fuel cell must be designed to function at elevated

temperatures due to its faster electrode kinetics, greater tolerance to impurities in the fuel such as



CO and easy to maintain thermal stability 1°. This prompts the researchers’ effort to modified Nafion®
membrane with metal oxides such as SiO,, TiO», ZrO, and zeolites ' to maintain its water content.
This can also be attained by modification with solid acids such as sulfated zirconia and zirconium
phosphates as it will maintain water content while increasing its acid sites 213, Hence, addition of
metal oxides in Nafion® membrane increases the pore size which improves the absorption and

retention of water and increases the ionic conductivity at elevated temperature .

The introduction of zirconium phosphate (ZrP) as an inorganic filler for Nafion® membrane has
increased the proton conductivity and water-retention 417, Some results show a higher fuel cell
performance in elevated temperature when Nafion® membranes modified with metal oxides such as
zirconia or zirconium phosphate 4. This may be due to high proton mobility and good water
retention capabilities of zirconium phosphate and also with zirconia stability in a hydrogen/ oxygen
atmosphere . The results of Pt/ ZrP-Nafion® composite membrane reveals an improvement in water
retention at increased cell temperatures 2222, The modified membrane was investigated for the aging
and also its performance. This research based on the modification of Nafion® membrane which
maintains high proton conductivity, less methanol permeability, less electro-osmotic drag coefficient,
high chemical and thermal stability, high mechanical properties. The compositing of Nafion®
membranes with metal oxide is synthesized in order to produce the nanocomposites membrane

which will enable (fuel cell) to function at higher temperatures without any limitations.

1.2. Problem statement

Fuel cells are promising candidate in power-generation, stationary and vehicle application. Best
preferred fuel cell is H,PEMFC and DMFC. However, the power densities for H>-PEMFC is higher
than that of DMFC at 90 °C, but the target is to increase the power density of DMFC above 300
mW/cm? at higher temperature of 80 °C. The state of art membrane for fuel cell are perfloronated
membranes (Nafion® series). These types of membrane cannot work more at temperature higher

than 100 °C due to their depended-on water for proton conductivity. Advantages of working at high



temperatures (120 °C-150 °C): enhanced oxygen reduction reaction; CO tolerance; water
management and enhanced methanol oxidation reaction in DMFC. Advantages of adding inorganic
materials to organic proton conduction membranes: enhanced proton conductivity at lower humidity
by reducing the diameter of the pores and ensures their hydration and reduces the methanol

permeability.

1.3. Research aims and objectives

1.3.1. Research aims

The purpose of the research project is to develop a Nanocomposite membrane based on inorganic
nanoparticles such as zirconia nanopowder, zirconia nanofibers, sulphated zirconia nanopowder and
zirconium phosphates nanopowder that are water insoluble and that can adapt to the basic

requirements of fuel cell applications.

1.3.2. Research objectives.

To synthesize zirconia nanoparticles.
To synthesize nanofibers.

To prepare zirconia phosphate and sulphated zirconia nanopatrticles.

YV ¥V V VY

To establish the changes on chemical and mechanical properties of modified nanocomposite

membrane with inorganic nanoparticles.

v

To investigate the changes of the inorganic nanoparticles on the permeability of methanol.

> To evaluate the effect(s) of the nanocomposite on the water retention by the membrane.

> To investigate the effect(s) of the metal oxides on the proton conductivity at elevated
temperatures.

> To measure the changes of nanocomposite on the fuel cell efficiency.

Eventually the modified Nanocomposite membranes should be able to do the following:



» Operate at elevated temperatures above 100 °C without deteriorating in chemical and
mechanical durability.

Lowering the methanol permeability.

Increase the proton conductivity at the higher temperature;

Decrease the operating cost.

Reduce the platinum loading.

Enhanced good water retention.

Improve membrane-electrode assemblies.

YV V VY YV Y V VY

Increase the fuel cell efficiency.

1.4. Thesis overview

This dissertation is based on five papers that have been published and four papers that have been
submitted to scientific journals and is comprised of the following sections: Chapter 1 gives the
introduction of the fuel cell and the objectives of the research. Chapter 2 summarizes the history, the
types of fuel cells and its applications. It also summarizes the types of Nafion® membrane and its
modification and other types of alternative membranes. Chapter 3 gives the methods and
characterizations techniqgues used in preparation/characterization of nanopowders and
nanocomposite membranes. Chapter 4 consists of the nanopowders and nanofibers preparations
with the experimental procedure and discussions of the results. It summarizes the one published
paper and two submitted papers. Chapter 5 consists of the membrane preparations; their mechanical
strength and thermal stabilities were investigated under Tensile Tests and TGA. Their ability to retain
water, swelling stability and structural morphology were observed by Water Uptake, dimensional
swelling ratio, scanning electron microscopy (SEM) and AFM. It summarizes the three published
papers. Chapter 6 consists of the nanocomposite membranes. Their preparations, experimental
procedure and discussions of the results. The effect of metal oxide in reduction of fuel crossover and
proton conductivity were observed by methanol permeability and four-point probe conductivity cell.

4



It summarizes the one published paper and two submitted papers. Chapter 7 present the cell

performances of modified membrane. It summarizes the one submitted paper. Chapter 8 gives

summary of all the results, conclusions and recommendations for future work.
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CHAPTER TWO

2. Literature review

2.1. Introduction

Fuel cells (FC) will be the suitable alternatives for generating electric power on load shedding as it
does not need to be recharged only refueled depending on the remaining fuel. It could also be a
substitute of the cars, computer and cell phone battery due to the high energy density, high efficiency,
reduced emissions and lighter than batteries as it provides longer operating life than a battery. These
fuel cell also found to be the most promising agent in controlling a green-house effect when
compared with the existing car battery as they don’t release any toxic gases 2. The main component
of fuel cell is proton exchange membranes (PEM) that enable them to function without dragging the
cell, allowing diffusion from the anode to the cathode. This PEM function as an electrolyte in order

to prevent mixing of oxygen and hydrogen gas in fuel cell 3.

Nafion®, Aciplex and Flemion are solid polymer electrolyte which used as PEM in fuel cells due to
their high mechanical, chemical and thermal stability (PEM) #°. Low temperature fuel cells such as
direct methanol fuel cells (DMFCs) and Polymer electrolyte membrane fuel cells (PEMFCs) are the
one on board, due to their low in impact as they are low in weight but higher in energy density which
makes them suitable for transportation applications 6. DMFCs are the most preferable PEM because
they use liquid methanol as fuel, which is easy to store and handle than hydrogen gas 2. Hydrogen
gas is the lightest element with low density which makes it difficult to store or transport. Moreover, it
also has low ignition energy that can cause explosion. But DMFCs also have major drawbacks on
its performances due to the high methanol permeability through solid polymer such as Nafion®
membrane and poisoning of catalyst into the oxygen cathode in the DMFCs, which also resembles
fuel loss and depolarization losses at the cathode 8. Furthermore, in order to generate a mixed

potential that reduces the cell voltage, DMFCs consist of cathode Pt sites for direct reaction between
8



methanol and oxygen °. Due to this cause, many researchers around the world focused on
production of the PEM with a low methanol crossover and able to work at high temperature but
without limitation in their performance through catalyst poisoning and conductivity *°. Furthermore,
some researchers are focused on developing new polymers or modifying the existing state of arts
Nafion® membrane while exhibit high performance at low temperature of 80 °C, which consisted of
hydrophobic (Teflon) and hydrophilic domain (mixture of sulphonic groups, proton and water) °. The
modification of organic membranes such as Nafion® with inorganic nanoparticles improves PEM
performance in DMFC applications . PEMs are modified or blended with other electrolytes to
improves their properties 213, In this regard, inorganic nano-materials such as TiO, ZrO. and SiO-
were used in modification of Nafion® membrane to enhance the operational temperature. The
improves properties was due to the metal oxide that maintained the hydration of the membrane.
Among the inorganic nano-materials, zirconia oxide has been used as inorganic filler for Nafion®
membranes that makes them suitable used in low relative humidity and high operating temperatures
fuel cells. Moreover, the incorporation of zirconia oxide decreases morphological stability and low

methanol permeability °.

ZrO, nanoparticles maintain the mechanical properties suitable for hydration with improvement of
Nafion® membranes at high-temperature fuel cell operations. The nanometre ZrO, shows
improvement mechanical and thermal resistance, improvement in water uptake (WU) and IEC which
better than those of commercial Nafion® membrane. Furthermore, the heteropoly acids such as
sulphated zirconia (S-ZrO;) nanoparticles enhance the concentration of acid sites of Nafion®
membranes while still increasing the proton conductivity 4. Modification of Nafion® membranes with
zirconium phosphate have been investigated and shown to exhibit good performance at operating
temperatures up to~150 °C >, |n this work, the incorporation of zirconia (Zr), sulfated zirconia
(SZr), phosphate zirconia (PZr), zirconium phosphate (ZrP), zirconia carbon nanotube (ZrO2-CNT)
and nanofibers into Nafion® membrane has been studied with its proton conductivity and water

retention. The aim of this research is to study the influence of zirconia nanoparticles and its acidic



groups in Nafion® membranes structure, mechanical and thermal resistance, WU, IEC, methanol
permeability, proton conductivity and fuel cell efficiency. The Nafion® membrane modified by simple

recast and swelling method were compared with commercials Nafion® membranes.

2.2. Fuel cells

Energy is everyday demand that bring challenges to humankind. FC is a promising energy backup
for existing fossil fuels. As the consumption of fossil fuels brings some disadvantages such as
environmental pollution and run-out in the near future. Researches are interested in the alternatives
sustainable energy and green energy sources such as fusion power technology, wind energy, solar
energy and geothermal energy. A FC is an electrochemical device that operates better than battery
and combustion engine due to the reduced noise emissions when compared to combustion. It can
also use fuel that has been converted or derived from natural gas, coal and alcohol fuels such as
methanol from hydrogen compound and propane. Moreover, fuel sources such as landfill gas or
anaerobic digester gas from wastewater, methane and biomass may be used. FC function the same
as combustion engine, as they run as long as the fuel is refilled and also convert chemical energy
by burning the fuel directly to electrical energy. As an electrochemical power source, fuel cells are
not subject to the Carnot limitations of heat engines. A FC is a system that produces electricity
directly from fuel without storing it. They only use fuel and oxygen as their energy sources, which
the fuel cell then converts into electricity; only releasing water as a by-product and the heat.
Unreacted oxygen and fuel can be recycled back into the fuel cell system to increase efficiency. It
also functions like an engine, as it converts chemical energy from fuel into useful electricity; this is
illustrated in Figure 2-1. Figure 2-1 shows that the electrolyte which separated the anode and
cathode works as the barrier of electrons while allows only protons to move from anode to cathode
17 The protons pass through the electrolyte membrane from the anode to cathode while producing

heat as energy and water as by-product.
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Figure 2- 1: Schematic diagram of the PEMFCs 8,

2.2.1. Types of fuel cells

Sir William Grove initially established fuel cells in 1839, by using water to produces electricity from
hydrogen and oxygen using an acid electrolyte fuel cell **2°. Fuel cell are classified depending on
how they function, on the types of electrolyte they use, operating temperature and in their structure.
This also includes the type of fuels and oxidants they used, the temperature and pressure needed
for operating. Fuel cells consists of five types which are alkaline fuel cells (AFC), phosphoric acid
fuel cells (PAFC), proton exchange membrane (PEMFC), molten carbonate fuel cells (MCFC) and
solid oxide fuel cells (SOFC). The functions and applicable properties of five main types of fuel cells

are summarized in Table 2-1 21-22,
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Table 2- 1: Types of Fuel Cells

Operating

Temperature Efficiency Application
Tvpe (°C) Electrolyte Fuel/Oxidant (%) Quipur
Alkaline
Fuel Cells high grade space
(AFC) <120 30-85% KOH /On 60 - 70 5-250 kW
Polymer
Electrolyte
Membrane
Fuel Cells high grade I mobile
(PEMFC) 60-80 Polvelectrolyte | / CHsOH / air 50-70 5-250 kW
Phosphoric
Acid Fuel
Cells ~100% stationary
(PAFC) 150-200 phosphoric acid | Hz / air 55 50 kW +
Molten
Carbonate
Fuel Cells stationary
(MCFCQC) 600-700 NaxCOs:/KoCOs CHa, Hz / air 60-65 100-250 kW
Solid
Oxide Fuel
Cells Non-porous stationary
(SOFC) 800-1000 metal oxide CHa, Hz / air 65 100 KW +

2.2.1.1.

Low temperature fuel cells

2.2.1.1.1. Polymer electrolyte membrane (PEM) fuel cells

PEM fuel cells has lower weight, volume, fast startup time and high-power density when compared

to the other fuel cells. It consists of electrolyte and porous carbon electrodes containing a platinum

alloy or platinum catalyst, which separate the protons and hydrogen's electrons. The platinum

catalyst is also extremely sensitive to carbon monoxide poisoning, making it necessary to employ an

additional expensive reactor to reduce carbon monoxide into the fuel gas. These PEMFCs are used

as power supply for vehicular, portable and stationary applications. Moreover, it is environmentally

friendly with a higher operations efficiencies, specific and volumetric energy densities than the

internal-combustion engines 23, It has a lower warm-up time, lower wear on system components and

longer durability due to their ability to operate at lower temperatures of 80 °C 242, Figure 2-2 presents

their operating principle of PEMFCs fuel cells.
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Figure 2- 2: Schematic representation of polymer electrolyte membrane fuel cell.

2.2.1.1.2. Direct methanol fuel cells (DMFCs)

DMFCs have more advantages than PEMFCs as they use methanol (MeOH) as fuel, which is easily
stored and transported due to their higher energy density than hydrogen. It is high in energy density,
operating at low temperature and environmentally make them preferable to use on portable portable
applications such as computers, cell phones and laptop than rechargeable lithium-ion batteries 2.
These properties make them suitable replacement for rechargeable lithium-ion batteries 2’. MeOH
fuel is directly fed to the anode to produce protons and electrons, which finally converted to energy
28 These makes challenges of higher MeOH permeability, which caused the cell to deteriorate,

reduced the mechanical stability and overall cell efficiency . Figure 2-3 present operating principle

of DMFC.
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Figure 2- 3: Schematic representation of direct methanol fuel cell.
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2.2.1.2. High temperature fuel cells

2.2.1.2.1. Alkaline fuel cells (AFCs)

AFCs were produced by Bacon group at Cambridge University in 1950’s, which was used to
generate power and water on-board spacecraft by U.S. space program *°. It uses potassium
hydroxide (KOH) solution as their electrolyte and having the higher electrical efficiency better than
other fuel cells. However, it has drawbacks of using ultra-pure gases for its fuel and carbon dioxide
(CO,) poisoning and the anode and cathode consist of non-precious metals as their catalyst, which
is additional cost and also affect cell performance and durability 2°. AFCs functions as PEM fuel cells
but differ in their electrolyte as they utilize alkaline electrolyte rather than acid electrolyte. The
alkaline electrolyte in liquid form faces some challenges due to high corrosion, difficult to control
differential pressures and wettability. Nevertheless, the introduction of alkaline membrane fuel cells
(AMFCs) reduces the CO; poisoning when compared to the liquid-electrolyte. Figure 2-4 present

operating principle of AFCs.
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Figure 2- 4: Schematic representation of alkaline fuel cell.

2.2.1.2.2. Phosphoric acid fuel cells (PAFCs)

PAFCs uses phosphoric acid as an electrolyte. Their phosphoric acid electrolyte is chemical and
thermally stable at elevated temperatures of 150-200 °C. They are the most commercially available
fuel cells due to their simplicity on construction with higher efficiency when compared to that of

combustion-based power plants. It was also considered as the first fuel cell to be used commercially
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with a higher efficient of 85%. They used to power stationary and large vehicles as their power
outputs are around 0.2 - 20 MW, which suitable to supply the electricity to hospitals and shopping
malls 3. However, having drawbacks of CO, poisoning the platinum catalyst at the anode which
lowers the cell efficiency. PAFCs is expensive due to the higher loadings of platinum catalyst. Figure

2-5 present operating principle of PAFCs.
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Figure 2- 5: Schematic representation of phosphoric acid fuel cell.

2.2.1.2.3. Molten carbonate fuel cells (MCFCs)

MCFCs use liquid lithium potassium or lithium sodium carbonate as their electrolyte. They used
nickel as anode and cathode catalysts due to their high temperatures’ operations, which lower the
operational costs. MCFCs are suitable to be used for stationary power applications. They are
powered by natural gas and coal-based power plants to produce electricity. When MCFCs operate
at the higher temperatures, they convert the methane and other light hydrocarbons to hydrogen by
using internal reforming. The process lowers the cost and improves efficiency when compared to
PAFCs, PEMFCs and AFCs which use external reformer to convert fuels. However, operating at the
high temperature limits the materials, safety use of cell and cell life due to the corrosion within the
electrolyte. MCFCs, when coupled with a turbine, improves its efficiencies up to 65%, which is higher
than that of PAFCs efficiencies (37%-42%). Furthermore, using the captured waste heat increases

the fuel cell efficiencies up to 85%. Figure 2-6 present operating principle of MCFCs
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Figure 2- 6: Schematic representation of molten carbonate fuel cell.

2.2.1.2.4. Solid oxide fuel cells (SOFCs)

SOFCs uses solid electrolyte and non-porous ceramic compound. They have a higher efficiency of
60%, which increases up 85% when capture and utilize waste heat within the system. Operating the
SOFCs at the higher temperatures of 1000 °C, removes the use of precious-metal catalyst and
enables the use of varieties of fuels as they reform the fuels internally. These operation principles
lower the cost of fuel cell. Moreover, SOFCs function better and sulfur-resistant than other fuel cell
due to the solid electrolyte that removes the leaking in the system when compared to the liquid
electrolyte. Furthermore, their resistance to CO; poisoning allows them to use gases made from

coal, natural gas and biogas. Figure 2-7 present operating principle of AFCs.
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Figure 2- 7: Schematic representation of solid oxide fuel cell.
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2.3. Applications of fuel cells

PEMFCs are used in variety of applications such as portable, stationary and transportation, to
produce electricity without environmental pollution as there is no gas emissions only water as waste

product that can be reused *2.

2.3.1. Transport

Hydrogen gas as fuel will be the upcoming suitable alternatives for fossil fuel due to their availability
as they are produced from nature resources. This will also make fuel cells to be the alternatives to
electricity generation technologies such as renewable energy. Some of the car manufacturing
companies have already implemented a fuel cell transportation, such as fuel cell forklift that is
powered by PEM fuel cells, which is used on transporting and lifting materials within the industrial
premises. More than 4000 fuel cell forklifts in 2013 were manufacture in United States (US)
for material transportation, as these low temperature fuel cells, generates electricity immediately
upon start-up. Furthermore, these PEM fuel cells powered forklifts can operate for 8 hours shift on a
single tank of hydrogen with a lifespan of eight to ten years and also environmentally friendly (no
emissions) when compared to petroleum-powered forklifts. In 2011 Toyota, UTC Power, Ballard,
Proton Motor and Hydrogenic produced more than 100 fuel cells buses. Many fuel cell buses were
manufactured in San Francisco (US), Whistler (Canada), Shanghai (China), Hamburg (Germany),
Séo Paulo (Brazil) and London (England). British firm Intelligent produced the hydrogen
run Emission Neutral Vehicle motorcycle in 2005 (Figure 2-8(b)) *. The motorcycle can run for 4
hours on a single tank, in an urban area. In 2004 Honda also produced a fuel cell motorcycle 3. The
world's first fuel cell airplane was flown in 2003. The airplane which operates using lightweight
lithium-ion batteries and PEM fuel cells were flight tests by Boeing researches and industry partners
at Europe in 2008 (Figure 2-8(c)). Moreover, the Naval Research Laboratory’s (NRL’s) lon Tiger in
2009 flew a hydrogen-powered fuel cell for 23 hours and 17 minutes. Figure 2-8(d) shows the world's

first hydrogen-powered trainset that was produced by Alstom debuted the Coradia iLint in 2016,
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which will be able to travel 140 km/h and travel 600-800 km on tank of hydrogen. The Hydra fuel cell
boat in Figure 2-8(e) uses an Alkaline Fuel Cell system with 6.5 kW net output and reduced gas

emissions.

Figure 2- 8: Mercedes-Benz fuel cell bus. (a), Yamaha FC-me motorcycle (b), The Boeing Fuel
Cell (c), Debut of the Alstom Coradia iLint atinnoTrans 2016 (d) and The Hydra fuel cell boat (e).

2.3.2. Stationary

Fuel cells can be used as power backup or primary source of power supply to the building, as it can
generate power independent of the grid. The combined heat and power (CHP) units generate heat
alongside electricity with the overall efficiencies of 80-95%, while using either PEM or SOFC fuel
cells (see Figure 2- 9 and 2-10). Japan has deployed more than 10 000 residential CHP in 2010,
which provides their homes with electricity. Even the South Korea also deployed CHP units for

residential use.
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Figure 2- 10: Stationary fuel cell demonstration project.

2.3.3. Portable

Portable fuel cells used to power or recharge batteries for electronic devices, in the area without
electricity. Portable fuel cells can supply energy in areas where there’s no electricity. It can be used
as battery substitute for portable applications such as computers, cell phones, video cameras and
laptop, as prolonged used of battery may results in degradation. Figure 2-11 presents a fuel cell

charger and a portable battery, which uses water and salt to provide energy.
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Figure 2- 11: Charge your device via the fuel cell.

2.4, Membranes

Membranes are widely used in daily basis such as filtration in reverse osmosis or electrolyte in fuel
cells. Nevertheless, lots of them faces mechanical and thermal failure under some operation
conditions. As some of them can burn, shrink and has structural failure resulting from cracking,
tearing, perforations and pinholes while function at low relative humidity and high temperature due
to internal defects. Therefore, it is necessary to improve their thermal stability, mechanical and
chemical strength in order to make them suitable for use in various conditions. The types of

membrane are classified according to their performance.

2.4.1. Proton exchange membranes (PEMs)

The purpose of proton-exchange membrane (PEM) in PEMFC is to separate the fuel and oxidants
while conducting electricity. The PEM must have a higher in ionic conductivity and mechanical
strength to endure the start-up and shutdown process and not completed in the manufacturing, while
is able to endure stress during electrode adhesion. During 1940s, researchers developed an organic
ion-exchange membrane that involve the interaction between polymer and ions 3+, Around 1960s
that PEM served at the power plants for Gemini space (GE). GE initiate prototype PEM by sulfonating

of polystyrene divinyl benzene co-polymer. But PEM has some drawbacks such as cost (expensive)
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and completed manufacturing process with a short lifespan which lead to the oxidation degradation
of membrane 6. This may be due to the trace amounts of CO which is poisoning the Pt catalyst .
These types of the membranes are Nafion® (DuPont), Flemion® (Asahi Glass), Aciplex® (Asahi
Chemicals) and Dow® (Dow Chemical) . Nafion® membrane is perfluorinated sulfonic acids (PFSA)
which consists of a perfluorinated main chain like Teflon and with side chains containing sulfonic
acid groups. Nafion® membrane when hydrated has higher thermal and mechanical stability and
higher proton conductivity, which makes them suitable used as perm-selective separator in chloro-

alkali electrolysis *°.

2.4.2. Nafion® membranes

The PEMs properties is to have a good proton conductivity around 102 S/cm under humidified
conditions %°, which make them able to produce a high power density in fuel cells. In 1960s, DuPont
Company made an effort on developing Nafion® membrane based on sulfonated
polytetrafluoroethylene that is stable in chemical reaction “°. The Nafion® membrane consists of
Teflon-based backbone that is hydrophobic and offers stability and durability in the cell environment
with negatively charged sulfonic acid (SOzH) ionic groups as side chains that are hydrophilic as
shown in Figure 2-12 %', The hydrophobic backbone is semi-crystalline and confers to its good
mechanical properties 2. The hydrophilic phase forms ionic clusters, which percolate upon hydration,
forming an interconnected structure that is responsible for excellent proton conduction exhibited by
Nafion® electrodes as shown in Figure 2-13 “3. The cluster observed by small angle X-Ray (SAXS)
and neuron scattering (SANS) it was composed of nanometer sized water clusters joined through
narrow channels °. These Nafion® membrane has sustained a long lifespan when used in
electrolysis, electro-synthesis, and fuel cell systems 4445, The Nafion®is commercially available in
120 (1200 equivalent weight (EW), 250 um thick) which was the first membrane material to be
manufactured, and then improve it to Nafion® 117 membrane (1100 EW, 175 um thick). These
Nafion® 120 membrane because of its thickness has limited use in fuel cell applications whereas

Nafion® 117 membrane is suitable membrane in DMFC because of its high resistance while also
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preventing the methanol crossover. These membranes have some similarity in their structure; their
conductivity depends on its thicknesses of about 1100 EW with a lifetime of over 60,000 hours when

operating in a fuel cell stack at 80 °C .
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Figure 2- 12: Chemical structure of Nafion® perfluorinated membrane (x = 6 - 10; y = z=1).

Figure 2- 13: Phenomenological sketch of the nanostructure in Nafion solid polymer electrolytes 4’

Unfortunately, as the membrane thickness decreases, its fuel crossover also increases with the
reductions in their durability. This fuel crossover drawback has limitation on the oxygen cathode
performance, which also decreases the electrochemical performance of the DMFCs. Most of the
PEMs are more complicated to produce which resulted to an increase in manufacturing cost and
environmental pollution. But Nafion® membrane still remains the main choice membrane for fuel cell
applications as they possess an excellent chemical stability, good mechanical resistance and ionic
conductivity “8. Their proton transport limited them to operate in fuel cell elevated temperatures of

above 90 °C with low relative humidity (RH) “°, which also changes the PEMs structure as it will
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dehydrate and lose proton conductivity, and may result in irreversible mechanical damage such as
fuel cells performance and degradation due to the anode of dehydration °. The high methanol
permeability, high production cost and having a complicated and time-consuming manufacturing
process has limited the Nafion® membrane to function in DMFCs ®%. It is well known that working in
higher temperatures is favorable for the kinetics of Pt catalyst and may improve its tolerance to
contaminants %2, improves CO tolerance, facilitates heat rejection, and improves the water
management but poor mechanical stability. These limitations can be overcome through the

modification of Nafion® membrane.

2.4.3. Modification of nafion® membranes

Many researchers focus their research on the blending of polymer as they produce the new ranges
of polymers with the unique properties 3. This blending method has been considered to be quick
and cheaper. In the previous year’s, lots of researchers have tried to initiate the new PEMs in
replacement of the existing one and modify the state of art membrane. PEMs are cross-linked with
other electrolyte membranes 5%, nanofibers filler 567, nano-oxides filler 5% nonfluorinated
hydrocarbon ionomers ° and porous substrate composite membranes to overcome the temperature
limitation and methanol crossover 62, Moreover, fabrication of Nafion® nanofibers by
electrospinning has shown a high proton conductivity which make them suitable for use in fuel cells
application 837, Nevertheless, electrospinning pure Nafion® solution is not possible due to low shear
viscosity that makes Nafion® aggregated 1. Nafion® has been electrospinning by blending with
poly(acrylic acid) (PAA) 772, poly(ethylene oxide) (PEQ) & % 7374 poly(vinylalcohol) (PVA) "2 and
polyacrylonitrile (PAN) >76 to avoid aggregation. Furthermore, incorporation of inorganic materials
in sub-micrometric or nanoparticles or within membranes, improves water retention, thermal and
mechanical stability ¢ 4% 7-’8 The state-of-the-art Nafion® membranes are faces the drawbacks of
function at high temperature due to their water dependent. The polybenzimidazole (PBI) have
observed and no effective polymer suitable for the replacement of Nafion® membranes as standard

electrolyte of PEMFC. Watanabe et.al operate the cell at dry and 80 °C temperature ’’. Some of the
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researchers found that some of metal oxide can have higher proton conductivity in its hydration
states. Such as tin dioxide (SnO,), that enhanced their proton conductivity at lower relatively
humidity (RH), due to their higher water retaining ’°. Modification of membranes with SnO-
nanopowders, let it operate operate at higher temperature of 120 °C and low relative Humidity 8-
82 The working temperature of unmodified Nafion® membranes is limited at around 90 °C with high
relative humidity, which constrains the tolerance of Pt catalysts to contaminants. Modification of the
Nafion® membranes with hydroscopic metal oxide was observed by some researches, as it can retain
water at higher temperature 4> 8% and enhances reaction kinetics at both electrodes. The
modification of Nafion® membrane with inorganic particles such as silicon dioxide (SiO>), titanium
dioxide (TiO2) and zirconium oxide (ZrO,) 3" 78919 enhanced the proton conductivity of membrane
at higher temperature, improve the operating temperature, maintain water retention and also lower
the methanol permeability which is the major problem in the DMFC system, due to their hydrophilic
natures 5% 100103 The incorporation of high surface area metal oxides can increases the proton
conductivity in higher temperature due to their water retention 4. Incorporating ZrO, nanotubes with
higher surface area, have more impact in the solid electrolytes in fuel cell %1%  However,
modification with pure zeolites was reported to have some mechanical failure such as cracks,
brittleness and fragility 1%, Composited membranes by moieties acids have improvement in

conductivity at elevated temperatures up to 160 °C when compared with a doped membrane 1°°,

2.4.3.1. Silicone oxide

Incorporating metal oxides such as silicate in Nafion® membranes enhanced the water content while
also improving the fuel cells performance at elevated temperatures °" 110112 Nafion® / silica
membrane shows the higher conductivity of 0.2 to 2 x 102 S/cm 3, At temperature of 110 °C and
relative humidity of 70%, it was observed that Nafion® / SiO,/PWA membrane maintain a higher
conductivity of 2.67 x 102 S/cm in comparison to 8.13 x 10 S/cm for Nafion® membranes *’. This
modification of membrane with inorganic particles improves the water content in the membrane,

reducing the methanol crossover and the mechanical properties improvement compared to the
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commercial Nafion® membranes. Nafion® membranes contains 23.3Mpa higher than 13 Mpa of
silica/ Nafion® composite membrane. Recast Nafion®/ silica composite membrane °° obtained the
lower proton conductivity at low temperature 4. But the silica/ Nafion® nanocomposite membrane
prepared by plasma enhanced chemical vapour deposition (PECVD) method reduced the methanol
crossover by 40% and obtained the ion conductivity that is the same as the commercial Nafion®

membranes 6.

2.4.3.2. Palladium layer

Palladium (Pd) is permeable to protons while resisting methanol permeability. Nafion® membrane
was modified by electrolysis plating of Pd layer & The more the Pd deposited in the membrane the
less the crossover while also reducing the proton conductivity. The fuel cell efficiency also depends
on the thickness of Pd layer as the thin Pd layer on Nafion® membrane increases the fuel cell
performance and also obtained a mechanical stability. However, modifying Nafion® membrane by
sputtering, resulted in many cracks that lead to the decrease in mechanical properties *°. The DMFC
performance using Pd layer Nafion® membrane (45Mw/cm?) was higher than 36 Mw/cm? of pure
Nafion® membrane with a lower methanol crossover 8. Nafion® membrane at elevated temperature
is limited because of methanol attack of Nafion® impregnated membrane when it becomes thinner
114 The impregnation of new material that bind between Nafion® and palladium membrane was

shows an improvement on methanol permeability 11°.

2.4.3.3.  Montmorillonite (MMT)

Nafion® montmorillonite shows the reduction of methanol crossover of 1.6x107 cm?/s for DMFC. It
also shows that those membrane delivered much higher density of 100 w/cm at concentrated 10 M
methanol feed at 70 °C ®. The modification of Nafion® membrane with sulfated montmorillonite
(HSOs-MMT) enhance the proton conductivity and decreases the methanol crossover.
Montmorillonite (MMT) is cheap and easy to find with a higher surface area. (H*-MMT) obtained an
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enhanced of IEC of 0.95 meq g* and proton conductivity of 104 Scm™ at room temperature 7. When
MMT grafted with organic species bearing the functionality (HSOs-group), enhanced the acidity of

montmorillonite, magadiite and kaolinite minerals 118119,

2.4.3.4. Polyethylene-terephthalate film (PETE)

The issue of methanol permeability prompted many researchers to produce the composite
membrane that will also reduce cost without decreasing conductivity. Furthermore, the permeation
of methanol through anode to cathode decrease the cell efficiency which also resulted on the
cathode flooding 1%. Porous PETE membranes were used in order to reduce the cost of the Nafion®
membrane 4 PETE membrane faces some drawbacks such as swelling when hydrated and
distortion under pressure and little swelling after humidification. The membrane can be simple

fabricated with Nafion® membrane, having the stable structurally interface bonds 4.
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Figure 2- 14: Chemical structure of Polyethylene-terephthalate film.

2.4.3.5. Poly vinyl alcohol film (PVA)

Poly (vinyl alcohol) (PVA) membrane is a polymer that has been investigated by many researchers
for its applications as blood prosthetic devices, binder, electric double layer capacitors,
electrochromic windows, bio-medical fields, fuel cells and sensors, due to high tensile strength and
chemical stability, biocompatibility, electrochemical stability and abrasion resistance 2°12!, PVA is
an inexpensive hydrophilic polymer, easy in preparation, biodegradability, good transparency and
fast charge transfer at electrode-electrolyte interface that make them useful in practical applications
122125 pVA polymer consists of a film-forming capacity, high density of reactive chemical functions

and hydrophilic properties, that makes them easily crosslinked with other polymer through chemical,
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irradiation or thermal treatments 2. These OH groups in Figure 2-15 shows that polymer blends can
be easily bond through hydrogen bonding 126127, It has a dense structure which consists of strong
intra-molecular and inter-molecular hydrogen bonding, which reduces the alcohol crossover through
the membrane 27128, Rhim et al.(2004) used PVA as a base material for the PEMs preparation 12°,
Rhim et al.(1998) also find that modification of PVA membrane by cross-linking method suppressed
the permeability of alcohol in water-alcohol mixed solvent 28, Furthermore, PVA shows an excellent
methanol barrier and a good resistance to organic solvent compared to Nafion® membrane 30131,
Moreover, modification of PVA membrane with doped inorganic acids such as H,SO,4 or H3PO,4 132
or blended with other polymer such as polystyrene 13 enhance the proton conductivities and the
chemical stability **. However, many researches they are improving the operational temperature
and enhance the proton conductivity of the existing membrane, through blending of polymers 3%,
cross-linking %, insertion of ceramic fillers 7 or plasticization *® of pure PVA has highly swelling

and low proton conductivity.
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Figure 2- 15: Chemical structure of Poly Vinyl Alcohol film.

2.4.3.6. Poly vinyl pyrrolidone film (PVP)

PVP is low in chemical toxic, high in biocompatibility, good in spinnability and dissolve in many
organic solvents 1%, which makes it a suitable candidate in potential application such as detergents,
in shielding devices, paints, adhesives, biological engineering materials and medical devices 4.
Moreover, its amorphous structure provides a low scattering loss that make it an ideal polymer for
hybrid material for optical applications #1. This vinyl polymer consists of planar and higher polar side
groups due to the peptide bond in the lactam ring. The pyrrolidone rings in PVP contain a proton
accepting carbonyl group as shown in Figure 2-16. When PVP is thermally cross-linked with other

polymer, it shows high mechanical strength and thermal stability 42. When PVP is used as a stabilizer
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and hydrophobized, it enhances the chemical and oxidative stability of a membrane *3°. Wang et al.
obtained an improvement on water flux, water adsorption and reduced water contact angle on the
modified polyethersulfone (PES) with PVP than the pristine PES membrane 43, The blending of
polymer increased the attention of the researchers, due to their unique properties of material that is
cheaper and quicker to synthesizes than existing Nafion® polymer. PVP blended with PVA become

a favourable electrolyte due to their good compatibility, higher stability and amorphous nature.
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Figure 2- 16: Chemical structure of Poly Vinyl Pyrrolidone film.

2.4.3.7. Polyacrylonitrile film (PAN)

PAN has been used in producing electrospun nanofibers polymer due to their spinnability,
environmentally friendly, good weatherability, commercial availability, good mechanical and
chemical stability 144146, Moreover, electrospun PAN nanofibers obtained a higher mechanical
properties #7. It also has a good thermal stability at higher temperature of 130 °C and a good
resistance to many organic solvents. When modified PAN with Li metal, used as a separator material
shows a good thermal stability, an increase in ionic conductivity, good compatibility and high
electrolyte uptake “8. Electrospinning of PAN had been reported successfully and modified
extensively to contain a chelating group for metal ion removal 14%1%°, Such electrospun nanofiber
composites may have multifaceted applications °. In particular, the utilisation of carbonised
electrospun nanofibres as electrode materials in supercapacitors and fuel cells has been
recommended in some references °2'%7. Blended membranes involving PAN for fuel cells

application have been investigated by the researchers. PAN blended with sulfonated
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polyphosphazene found to decrease the methanol crossover and improved mechanical properties
of membrane °8. Furthermore, the addition of PAN in another polymer lowers the methanol
permeability while enhancing the mechanical properties of the mother polymer %°. When thermal
treated PAN incorporated within the membranes, it found to reduce the swelling when contact with
water 1% and also increases the proton conductivity of blended membranes. The PAN structure is

shown in Figure 2-17.
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Figure 2- 17: Chemical structure of Polyacrylonitrile film.

2.4.3.8. Titanium oxide (TiOy)

Nanocrystalline titanium oxide (TiO2) has excellent physical and chemical properties 1. When
membrane is incorporated with inorganic filler such as TiO, it obtain a low glass transition while
allowing the hydration %. The water retention of modified membrane depends at the shapes of metal
oxide incorporated within the membrane, that allows them to function at higher temperature fuel cell
162 Using nanometer TiO improves the mechanical and thermal stability, water uptake and IEC of
composite membrane than pristine Nafion® membrane °. TiO. nanoparticles exhibited good
morphological properties with high surface area, porosity and acid character. The operation at
elevated temperatures increases the performance of fuel cell, with water retention and thermal
stability and with carbon monoxide (CO) tolerance “°. At high temperature Nafion® membrane
become an insulator when water is not present to promote proton dissociation 3. TiO, oxide
synthesised by sol-gel process has low stability in acid media that resulted on leaching out due to
insufficient condensation of the hydroxides, yielded in the hydrolysis reaction at low temperature “°,

but allows easy control over its thickness and porosity ®.
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2.4.3.9. Zeolites

Nafion® membrane consists of fluorocarbon backbone and hydrophilic *° that makes them commonly
used as electrolyte in a fuel cell application. Its drawbacks of having higher proton conductivity only
on hydrated states and high MeOH crossover limit them to function at elevated temperature 163165,
Many of researchers have modified Nafion® membranes with metal oxides such as SiO and zeolites
to lower the MeOH permeability and enhance the proton conductivity while improving fuel cell
operation 163166 Their molecular sieving and high water retention up to 200 °C, makes zeolites
suitable used in selective separations 167168, Moreover, zeolites have 4-12 A molecular pores sized
that make them suitable in selective separations. Zeolites also used as ion exchangers, due to their
higher water retention . Furthermore, zeolites in micrometer-ranges have been used to modified
membranes, but obtained a reduced in proton conductivity *’°. Whereas using zeolites nanofiller in
nanometer-ranges shows an improvement in methanol permeability and proton conductivity, due to
the compatibility with Nafion® membrane "X, But poor compatibility of zeolites with Nafion®
membrane can resulted on mechanical failure such as pinholes 2. Moreover, membranes
composited with unmodified zeolites are fragile, brittle and resulted on cracks of gaps 3. When
Nafion® membranes modified using zeolites nanofiller obtained a higher mechanical strength,
thermal stability, lower methanol permeability and higher proton conductivity 17’8 due to well
dispersed of zeolites with the Nafion® matrix, which provide the extra route for proton transport in the

membrane.

2.4.3.10. Zirconium oxide

Zirconia (ZrO,) has higher corrosion and wear resistance '’°, higher fracture toughness and
hardness lower coefficient of friction, ionic conductivity, resistance to thermal shock &, low thermal
conductivity at high temperatures, high refractoriness and catalytic properties, which make them
suitable used in engineering material 18182, The high temperature phases of zirconia have potential

applications as an oxygen sensor, in solid fuel cells, and as ceramic components 8, PEM
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membrane must have a reduction of catalyst loading, enhancing the working temperature and
increasing of longevity, mechanical and chemical stability, lowering the fuel crossover and enhanced
the proton conductivity at lower relative humidity *2*. Nafion® membranes is proton conductivity when
fully hydrated 8. Working at high temperature is restricted due to the dramatic water losses which
lead to some physical damage. This limited the membrane to function at higher temperature of 80
°C with a lower relative humidity. Hence, modification of Nafion® membranes by metal oxide has
been prompt in order to increase the operating temperature. The organic materials such as Nafion®
membranes must sustain a good proton conductivity while the inorganic material provides the
improves cell performance at lower relative humidity, the higher mechanical stability and lower the
fuel permeability 8. Furthermore, the inorganic substance give the new structure arrangement that
prevent the direct crossover of reaction gases ®. Nafion® membranes incorporated with metal
oxides such as ZrO,, zeolite, TiO2 and SiO; shows improvement on the mechanical strength and
proton conductivity while maintaining its water management %, Furthermore, Nafion® ZrO,
nanocomposite membranes enhance the water uptake and improves its proton conductivity than
commercial Nafion® membranes at elevated working temperature above 120°C 8. The commercial
Nafion 112 membranes also show the lower fuel cell performance on single cell fuel cell compared

to Nafion® ZrO, nano-composite membranes while operating between 80-130 °C 18,

2.4.3.11. Zirconium phosphate

DMFCs use MeOH as a fuel. DMFCs have higher energy density compared to hydrogen-based
systems. But, DMFC's face a challenge of MeOH permeability through the membrane 5. This MeOH
permeation through the membrane reduced the cell performance due to their reaction with the
oxidant at the cathode. Many researcher prompt a research on decreasing the MeOH permeability
187 by producing membranes with reduced crossover and improved conductivity . In addition,
using lower concentration of MeOH lowers the permeation through the membranes. Zirconium
phosphate (ZrP) is a proton conducting material, which is less toxic, inexpensive and stable in a

hydrogen/oxygen atmosphere 819  ZrP nanoparticles when composited within the Nafion®
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membrane found to have a low MeOH crossover and higher proton conductivity due to good water
retention capabilities while maintaining high power density °. Costamagna et al. obtained stable
behavior on Nafion® zirconium phosphate membranes over time when maintained at 130 °C while
Nafion® membrane sustain an irreversible degradation under the same conditions °. Similarly,
Alberti et al. obtained high conductivity at 140 °C and 90% relative humidity when modified Nafion®
membrane with 10wt% zirconium phosphate compared to pure recast Nafion® membrane .
Furthermore, the modified Nafion® membrane with ZrP obtained a decreased methanol permeability

at a higher temperature of 150 °C %2,

2.4.3.12. Sulfated zirconia oxide

The state of the art Nafion® membranes consists of sulfonic acid groups with strong ionic properties
that act as proton exchange sites. Modified Nafion® membrane with sulfated zirconia (S-ZrO,)
obtained higher water uptake, proton conductivity of 14.5 mS/cm when calcined at 300 °C, with a
higher IEC of 0.54 meq./g and increased water uptake property 92194 Furthermore, the modified
Nafion® membrane with S-ZrO, nanoparticles has less swelling, improved mechanical properties and
low methanol permeability. The S-ZrO,/ Nafion composite membrane obtained a cell performance
of 0.99 W/cm?, which is higher than 0.75 W/cm? of Nafion® 112 at higher operational temperatures

of 120 °C %,

2.4.4. Effects of inorganic particles in conductivity

Nafion® Membranes have high proton conductivity in hydrated conditions. This conductivity can be
obtained through the combination of charge carrier density and mobility °. Due to increasing
demand for high-density power and energy transmission of electronic application, manufacturing a
higher thermal conductivity membrane has become more important to the researchers 1% The
thermal conductivity of membrane enhances with the addition of inorganic material such as boron
nitride, aluminum nitride, silicon nitride, alumina, silicon carbide and silica 2°°-2%_ |n 1964, the critical
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breakthrough of proton conductivity in oxides was achieved 5. The first oxide to provide the good
proton conductivity was thorium oxide, at pressure and elavated temperatures of 1200 °C 27,
Iwahara et al in 1981, initial established the highest proton conductivities in cerates oxides 2°. Some
increase in proton conductivity was obtained by using zirconia phosphate (ZrP) due to the high
proton mobility on its surface and has good water retention capabilities. Their thermal conductivity
also depends on the percentages of metal oxides incorporated in the membrane. More addition of
inorganic content can form agglomerates, which induces stress concentration and decrease the
tensile strength, modulus and ductility of the material 2°°. Therefore, the practical application of

thermal conductive polymer composites is limited.

2.4.5. Effects of inorganic particles in methanol permeability

In DMFCs application, methanol permeability limits the use of Nafion® membrane as electrolyte as
it decreases its performance, as the fuel oxidized in the cathode. Furthermore, they are highly
dependent on humidification that makes them function in lower temperature fuel cell. Operating at
elevated temperatures of 130 °C will be beneficial in a fuel cell as it limits the oxidation of methanol,
while increasing the cell efficiency. Modified membrane with metal oxides such as silica, titania,
zirconia, laponite, and montmorillonite improves the methanol crossover than of pure Nafion®
membrane ?1°. Tricoli also reported that doping with cesium ions reduce methanol permeability 2**.
Limitation of Nafion® membrane in DMFCs is methanol permeability that decreases the cell
performance due to the cathode poisoning. Its further limitation is that they are highly dependent on
humidification that makes them only function well below 100 °C. Operating at higher temperatures
of 130 °C reduces the oxidation of methanol at the anode and obtained a higher fuel cell efficiency.
Tricoli et al. obtained the decrease in fuel crossover due to incorporation of cesium ions within the
membrane 2!, Moreover, using nanocrystalline oxides such as silica or titanium oxide improves the

cell performance has been further improved by the 7”212 due to water retention water.
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2.4.6. Effects of inorganic particles in mechanical stability

A mechanical property is the main quality of PEMs 192 213-225 Byt changes in temperature within the
operational membrane can cause mechanical damage which can be irreversible such as stress-
cracking and poor compatibility with various additives which have restricted its applications 220221,
The water content that the membranes can maintain as well as their adsorption speed depends also
in the mechanical stability 226228, Meanwhile, water absorption in membrane in the form of swelling
can drastically change its mechanical properties and durability of a membrane * ¥, Modifying
Nafion® membranes with inorganic nanoparticles enhance the mechanical properties of the
membrane which leads to better performance in fuel cells, particularly at higher temperatures and
reduced humidity’s 3 189.213.229-230 However, their mechanical properties strongly depend on the types
of nanoparticles used, whether it is having higher surface area or low, spheres or cubes or
agglomerated in the membrane. Nafion® membrane must exhibit high mechanical properties in order
to perform on the methanol or hydrogen fuel cell without mechanical failure, as tough membranes
improve fuel cell longevity % 220221 Byt the Nafion® membrane faces some challenges as the
conductivity depends on the bound water within the membrane that hinders the operation in high
temperatures and low relative humidity 2*4. Moreover, its hydrophobic states can have effects on the
mechanical properties of the membrane as it becomes swollen when in contact with water 8% 223
and also reduces the mechanical stability at elevated temperatures 23!, This is due to the diminished
stability of the polymer chains at high temperatures as a result of the relatively low glass transition
temperature of Nafion® membrane *® 2%2, Many researchers have enhanced the mechanical
properties of commercial Nafion® membrane with inorganic materials such as zirconia, silica,
titanium and clay that retain water in the Nafion® matrix and enhance thermal stability over 100 °C
in order to function at high temperatures and low relative humidity %2230, Furthermore, the mechanical
failure of the membrane such as cracks, pinholes and tensile strength can limit its operation at fuel
cell level 92:229-230.233 Jsing the inorganic material as a nanofiller shows an improvement of the elastic
modulus on the nano-composite membrane compared to the commercial membrane 234, This may
be due to the water retention of inorganic material within the membrane 23%2%¢, as incorporation of
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inorganic material within the Nafion® matrix increases the interaction between polymer matrix and
filler materials 2%’. The incorporation of inorganic materials improves the thermal and mechanical

stability while reducing the swelling of the membrane %,

2.4.7. Effects of inorganic particles in thermal stability

The fuel cell in its operations depends on thermal stability as it improves oxidation of fuel. Thermal
stability controls the cooling system to maintain a balance of water level within the fuel cell. To
operate at higher temperatures of 120 °C improves in tolerance of the electrodes to carbon
monoxide, proton conductivity and kinetics of methanol oxidation. However, high operation
temperatures also resulted in dehydration of the membrane due to poor water management. This
makes Nafion® membranes to function under a limited range of temperatures as the higher
temperature decreases its long term of functioning. A modification membrane with inorganic particles
such as zeolite shows improvement in thermal stability and methanol crossover 163 2% _|n addition,

silica used as filler, shows improvement thermal and mechanical stability 5 23,

2.4.8. Effects of inorganic particles in durability (lifetime)

The electrolyte works as reactant fuel separator and their fuel cell lifetime depends on physical
stability of electrolyte. However, the lifetime of the Nafion® membrane within the cell is shortened at
higher temperatures because of the stress which resulted in some mechanical failure such as tears,
pin-holes, cracks or punctures %°. Some researches shows that Nafion® membrane can have a
lifespan of above 50,000 hours %! but that is limited by hydration and drying cycle on the start-up and
shut-down process *°. The benefits of using fuel cells instead of batteries are that fuel cell is refill in
order to produce energy whereas battery needs to be recharge. The drawbacks of commercially
membranes have limited the commercialization of fuel cell, as it degrades with the increase in
temperature. The longevity of the fuel cells depends on the types of membrane and electrodes used
240 A Nafion® membrane in DMFC has limitations that prompt a research in developing of non-
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fluorinated membranes with a long lifespan . A Nafion® membrane modified with inorganic particles

was investigated in light of improving the durability and lifetime of PEMFCs.
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CHAPTER THREE

3. Characterization techniques

This section summarizes various technigues which were used to characterized zirconium
nanoparticles, nanofibers, nanotubes and nanocomposite membrane. The following techniques
were used; Brunauer-Emmett-Teller (BET), X-Ray diffraction (XRD), Atomic force microscopy
(AFM), Thermo-gravimetric analysis (TGA), Dynamic Light Scattering (DLS), Differential scanning
calorimetry (DSC), Fourier Transform Infrared (FT-IR), Nano sizer and Zeta potential, Scanning

Electron Microscopy (SEM), and Transmission electron microscopy (TEM).

3.1.  Structural properties

3.1.1. The X-ray powder diffraction (XRD) analysis

X-ray diffraction provides information about the structure of the crystalline material. Since the atoms
in a crystal are arranged as a regular array, so the X-ray wavelength is of the order of the spacing
between the atoms and the planes. For crystals the diffraction which results from scattered x-rays
by electrons is described by the Bragg’s law. X-ray diffraction of a sample produces a pattern
characterised by the reflections (peak intensity) at certain positions. XRD data provide information

about crystalline size by using the Debye-Scherrer equation 2.

4 0.91
D =:
3 ( BcosO

) (3-1)

D = diameter of the particle, A = wavelength of the X-ray

B = full width of the half maximum of the peak, 8 = Bragg’s angle of diffraction.
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3.1.2. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a powerful tool used to determine the chemical
structure of the sample. The sample information on FTIR is obtained by passing IR radiation through
a sample and some of the FTIR radiation will be absorbed by the sample and some will be
transmitted or reflected. The resulting spectrum will represent the molecular absorption and
transmission, creating a molecular fingerprint of the sample. This makes FTIR spectroscopy useful
for several types of analysis such as identifying unknown materials. The FTIR spectra will be

obtained using a FT-IR spectroscopy (Vertex 70 Bruker FTIR instrument) as shown in Figure 3-1.

)

Figure 3- 1: Fourier Transform Infrared Spectroscopy.

3.1.3. Brunauer-emmett-teller (BET) surface area

The BET analysis provides precise specific surface area evaluation of materials by nitrogen
multilayer adsorption measured as function of relative pressure using a fully automated analyzer.
The technigue encompasses external area and pore area evaluation to determine the total specific
area in m?/g yielding important in studying the effects of surface porosity and particle size in many
applications. The BET analysis will be performed using Micrometrics 3-Flex instrument as shown in
Figure 3-2. A dry sample will be evacuated of all gas and cooled to 77 K, using liquid nitrogen. A

layer of inert gas physically adheres to the sample surface, lowering pressure in the analysis
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chamber. The surface area will be calculated from the measured absorption isotherm of the
experiment. Before analysis, all the samples will be out-gassed at 200-300 °C under vacuum for 2
hours. Test materials were out gassed to the pressure of 3 x 107° mbar for 2 hours at 470 K, prior to
adsorption measurements. The measurements will be carried out on the synthesized powders. The

particle size will be calculated by the Equation (3-2):

6
pPDBET

S= x103 (3-2)

Where p is the theoretical density of the materials which equal to 6.27 g/cm? 2 and Dgeris the particle

size in nm.

Figure 3- 2: Micrometrics 3-Flex instrument.

3.1.4. Dynamic light scattering (DLS) measurements

The dynamic light scattering was performed on the nanopowder and modified Nafion® to observe

the particle-size distribution of zirconia nanoparticles.
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3.2.  Thermal and mechanical strength analysis

The thermal properties will be determined by Thermal gravimetric analysis (TGA) and Differential
scanning calorimetry (DSC). TGA demonstrates thermal degradation of organic and inorganic
components, while thermal transition behavior (glass transition) of hanocomposite membrane is
obtained by DSC study. DMA and Tensile test analysis will be used to determine the mechanical

stability of the membranes.

3.2.1. Thermo-gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) measurement was performed on the nanopowder, nanofibers
and modified Nafion® membrane as well as on the plain Nafion® membrane to observe the weight

losses due to the temperature. TGA data was obtained with PerkinElmer instrument.

3.2.2. Tensile test

The uniaxial mechanical properties of membranes were captured using a uniaxial testing system.
The length, width and thickness of samples were measured using a Vernier calliper and recorded
prior to testing. The testing area of the membrane samples were 4 mm x 10 mm in dimension. To
allow clamping area, the samples were prepared in such a way that they will be clamped both sides
and still allow the testing area to be 4 mm x 10 mm. The thicknesses of the membrane were
measured with digital micrometres. Each thickness was measured in the average of 3-7 reading at
different positions of the membrane and was repeated twice on each membrane in order to obtain
the average value. The thickness of the nanocomposite membrane was used in analysing the stress
applied to the sample. The membrane was soaked in water for 24 hours and tested as wet test. Then
the membrane was dried in a vacuum oven at 80 °C for 24 hours and tested as dry test. The tensile
strength of membranes was measured using CellScale Ustretch device dried at 25 °C and wet at 34

°C and actuator speed of 5 mm per min.
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3.2.3. Atomic force microscopy (AFM)

AFM is a powerful technique that allows imaging of almost any type of surface. It will be used to
measure and localize many different forces including adhesion strength, magnetic forces, and
mechanical properties. AFM is operated in two basic modes, i.e., contact and tapping modes. In
contact mode the AFM tip is in contact with the surface continuously. Whereas in tapping mode the
AFM cantilever is vibrated above the sample surface so that the tip is only in contact with the surface

intermittently.

3.3. The morphological properties

The morphological properties were determined by Scanning electron microscopy (SEM) and

Transmission electron microscopy (TEM).

3.3.1. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to observe the morphological properties of
nanocomposite membranes, nanofibers and nanoparticles. SEM samples will be prepared by
placing some of the nanoparticle materials onto an aluminum stub using adhesive carbon tape. The
samples were sputter-coated with gold or carbon under vacuum before SEM observations to prevent
charging effects inside the microscope. The composite membranes were cut into small pieces under

liquid nitrogen and their cross-section will also be sputtered with gold before analysis.

3.3.2. Transmission electron microscopy (TEM)

It makes it possible to image nanoparticles, determine their particle size, shape and statistical
analysis of the size and shape distribution. The high resolution of TEM is due to use of high energy
electron beam, during analysis. TEM does have some limitations such as alteration of the sample
exposed to electrons, but its ability to image any kind of material and high resolution imaging,

shadows this limitations when it comes to nanoparticles 2.
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3.4. The membrane properties

3.4.1. Proton conductivity measurement

The conductivities of nanocomposite membranes and commercial Nafion® membrane were
measured in a a four-point probe conductivity cell as shown in Figure 3-3. The ionic conductivity was
determined galvanostatically with a current amplitude of 0.1 mA over frequencies ranging from 1MHz
to 10Hz. Using a Bode plot, the frequency region over which the impedance had a constant value
was checked and the electrical resistance was then obtained from a Nyquist plot #. The ionic

conductivity (o) was calculated according to the following equation:

K = L/RWd (3-3)

where R is the obtained membrane resistance, L is the distance between potential-sensing
electrodes (1 cm), W and d are the width (2 cm) and thickness of the membrane respectively. For
conductivity testing, the membrane was immersed in 1M sulfuric acid solution for 6 hours at room
temperature. The membrane was then rinsed with deionized water several times to remove any
excess H,SO,4 and then immersed in deionized water for 6 hours at 60 °C. All membranes were kept

in deionized water at room temperature before conductivity testing measurement.
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Figure 3- 3: Schematic diagram of proton conductivity cell for four-point-probe electrochemical
impedance spectroscopy technique.
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3.4.2. Methanol permeability

The methanol permeability was performed with a permeation-measuring cell designed in our lab that
consisted of two compartments. The membrane was mounted between the two compartments and
the diameter of the diffusion area was 3.5 cm. One of the compartments (A) was filled with 50 mL of
methanol solution and the other compartment (B) was filled with 50 mL of distilled water as shown
in Figure 3-4. The solutions were prepared in 2M and 5M methanol and the results collected at 30
°C, 60 °C and 80 °C for comparison. The methanol concentration in compartment B was monitored
with a methanol concentration sensor. The output signal was converted using a data module and
recorded on a personal computer. Methanol permeability (P) was obtained by means of the following

relationship:

Cs =7 Calt—to) (3-4)
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where Cais the initial methanol concentration in compartment A; Cg(t) the methanol concentration in
compartment B at diffusion time t; Vs the volume of distilled water in compartment B; L the thickness

of the membrane; and A is the effective permeating area.

Membrane

Figure 3- 4: Schematic representation of the experimental setup for the determination of the
methanol permeability across the membranes.

3.4.3. Water contact angle measurements

The hydrophilicity of the membrane surfaces was performed under contact angles measurement
instrument equipped with a video system. Membranes were cut into strips and mounted on glass
slides for analysis. The droplet of de-ionized water (0.16 uL) was dropped onto the surface of
membranes at ambient temperature by placing the tip of the syringe close to the sample surface with
all the images been captured using a camera. The measurement was repeated 10 times at different
surface of membrane to obtain an average value. Before the water droplet attached to the sample
surface, the wetting process was recorded until no significant change at the surface was observed

any more 5.

3.4.4. Water uptake measurements

The membranes were immersed in deionized water for 24 hours, blotted with a paper towel and then

measured as wet mass percentage. The membranes were dried in a vacuum oven at 80°C for 24
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hours and then was measured. The water uptake of the nanocomposite membranes and recast

Nafion® membrane were calculated from the equation:

Wup(%) = %jgd’” 100 (3-5)

where Wy, is the percentage of water uptake, mue: is the weight of wet membrane and mqy is the

weight of the dried membrane.

3.4.5. Swelling measurements

The swelling of the membranes was determined by measuring changes of the membrane length
upon equilibrating in water. Determination of linear expansion is an effective method to interpret the

swelling &. Swelling ratio were calculated according to the equations below:
SR(%) = =22 5100 (3-6)
d

where Ly and Ly are the lengths of wet and dry membranes.

3.4.6. Hydration number (A)

The water uptake of PEM is often expressed by the hydration number (A) which is a useful parameter
for conductivity and transport modelling. The hydration number is defined as the number of water
molecules per conducting functional group: The number of water molecule per sulfonic acid group,

A, was calculated by following equations below ’

_ wu (3-7)
IECx 100x18
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3.4.7. lon exchange capacity (IEC)

The ion exchange capacity (IEC) is defined as the ratio between the numbers of the surface ion
organic groups (in mmol) and the weight of the dry materials 8. The titration technique will be used
to determine the IEC of the membranes. Firstly, the membrane will be dried at 60 °C for 24 hours
and measure the weight. The dried membranes in the proton form (H*) will be immersed in 60 ml of
1 M NaCl at 50-60 °C for 24 hours to exchange the H* ions with Na* ions. Then, the 60 ml of H* ions
solution will be titrated with a 0.01 M NaOH solution using phenolphthalein as the endpoint indicator

%, The titrated IEC of the membranes were determined by:

IEC = VYNaoH X Cnaow (3-8)

Wsample

where Vnaon is the titrated volume of NaOH and Wsample is the weight of the dry membranes.

3.4.8. Preparation of membrane electrode assembly (MEA) and fuel cell testing

The MEA was prepared by using 20% Pt Vulcan XC-72R in Nafion® solutions for ink preparation and
Pt in Carbon cloth. The prepared ink was brushed onto the carbon cloth on the cathode side. The 2
mg/cm? of catalyst was loaded onto the anode and cathodes of the Nafion®-PAN/Zr nanofiber, the
Nafion®-PAN/ZrP nanofiber and the Nafion®- PAN/ZrGO nanofiber membranes without hot pressing,
resulting in assembly membrane electrode assemblies (MEAS). The membrane assemblies thus
obtained were tested at galvanostatically in open air to measure their cell potential as a function of
current density. It was passed on 2 M of methanol solution mixed with 2 M of Potassium hydroxide

(KOH).
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CHAPTER FOUR

Synthesis of zirconia oxide nanoparticles and Polyacrylonitrile/zirconium phosphate (PAN

ZrP) nanofibers

This Chapter presents the three scientific papers summary in the following sections

Presents the results from the paper: “Effect of synthesis temperature on particles size and
morphology of zirconium oxide nanoparticle”. Journal of Nano Research 50 (2017)18.
Presents the results from the paper: “The synthesis, characterization and electrochemical study
of zirconia oxide nanoparticles for fuel cell application”. Journal of Physica B. (Accepted 2019)
Presents the results from the paper: “Structural morphology of blended Nafion®-
Polyacrylonitrile/zirconium phosphate nanofibers”. International Journal of Mechanical and

Materials Engineering 14(1) (2019) 2.

A: Effect of synthesis temperature on particles size and morphology of zirconium
oxide nanoparticle

4.1. Introduction

ZrO, nanomaterial in the form of spheres, rods and cubes with a high specific surface area at the
present time is very attractive material in many applications such as fuel cell electrolytes, catalysts,
buffer layers for superconductor growth, oxygen sensor, damage resistant, optical coatings and gate
dielectric . The ZrO, nanomaterial is also known as a wide band gap p-type semiconductor that
exhibits abundant oxygen vacancies on its surface 2. Additionally, it has very good transparency on
a broad spectral range 3, a great chemical stability and a threshold of resistance to high laser flow.
Zirconia is known to be crystalline in three phases which crucially depend on the change of
temperature; monoclinic (1170 °C), tetragonal (2370 °C) and cubic (2680 °C) *. Hence, these high
temperature phases of cubic and tetragonal with excellent chemical resistance, mechanical and

thermal stability and oxygen ion conductivity are normally found more stable at high temperatures °.
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So far, the tetragonal and cubic phases tended to transform the monoclinic phase at ambient
temperature ¢, which resulted in sample crack. When this phase stabilized under lower temperature,

it was found to be good for applications in chemical engineering “.

Many researchers have shown great interest in developing methods to stabilize these high-
temperature phases, using dopants such as yttria (Y203), magnesia (MgO) and calcia (CaO) ’ or
reducing the particle size into nanometre &°. The stabilization by size reduction method has attracted
many researchers due to their higher porosity and specific surface area that promotes adsorption.
The room temperature thermal stabilised tetragonal ZrO, with excellent mechanical and electrical
properties, such as fracture toughness, high strength and hardness has been used in structural
ceramic °. However, other researchers have succeeded in preparing the tetragonal form of zirconia
at low temperature, which does not transform to the monoclinic phase **. It has been reported that
stabilised tetragonal phase was obtained at ambient temperature by aging the ZrO, nanopatrticles in
its mother liquor 2. Furthermore, stabilised tetragonal zirconia exhibits a high toughness which
makes it suitable to be used in dental and orthopaedic fields 34, Similarly, stabilized cubic phase
at a lower temperature has mainly been used in solid oxide fuel cells (SOFCs) applications due to
high oxygen ionic conductivity and chemical stability *°. Some researchers have found that synthesis
of stabilized tetragonal and cubic phase zirconia nanoparticles in their nano-size form, play an
important role in enhancing their diffusivity, strength and ductility ¢, which is very important in the
modification of membrane for fuel cell application. The modification of membrane with this nano-size
material also has an impact on increasing its porosity with ultra-thin separation layer because of their
small diameter. Depending on nano-size crystalline structure, it can be used in many zirconia-based
devices !’. Moreover, the semiconductor particles obtained in the form of nano-size, have
attracted many researchers because of their atom-like size-dependent properties that make
them suitable for insignificants application 8. Many ZrO; applications require high surface area which
should remain stable under process conditions. But it has a significant shortage as the specific

surface area of ZrO; is usually much smaller compared to other similar catalysts, such as alumina
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or silica 19, as it disappears when calcinated at high temperatures. For further enhancement of
specific surface area and its crystallinity, the ZrO, was aged for 24 hours at varied temperatures.
Numerous experiments with different temperatures were conducted in order to produce ZrO;
nanoparticles with high specific surface area and narrow pore size distribution as it is important in
the modification of Nafion® membrane, to enhance the thermal stability. The main aim of this work is
to obtain zirconia nanoparticles with a high surface area and high porosity with a different
morphology through simple precipitation method, which will be used in preparation of modified
Nafion® nanocomposite membrane to be applied in fuel cells. The addition of zirconia oxides in the
membrane has been found to improve permeability and fouling resistance by either changing the

pore structure or increasing the hydrophobicity of membrane.

4.2. Experimental

4.2.1. Reagents
Zirconium oxychloride hydrate (Sigma Aldrich), sodium hydroxide pellets (Sigma Aldrich) and silver

nitrate (Sigma Aldrich). All the chemicals were used as received, without any further purification.

4.2.2. Synthesis of ZrO, nanoparticles

The ZrO; nanopatrticles were prepared by precipitation method where zirconium oxychloride hydrate
(ZrOCl; 8H,0) and sodium hydroxide (NaOH) were used as starting materials. 0.2M ZrOCl,.8H,0
was prepared in a 250 ml beaker and 2N NaOH solution was added dropwise with continuous stirring
for 45 minutes at room temperature (RT). Obtained precipitate was divided into six parts; one part
was filtered and washed several times with distilled water until chlorine ions (CI") were not detected
by the silver nitrate (AgNO3). The precipitate was dried at 100 °C for 24 hours, calcinated at 600 ‘C
for 4 hours and then labelled as Zr-0. The remaining parts of the solution were aged at 50 °C, 80 °C,

100 °C, 120 °C and 150 °C temperatures respectively for 24 hours. The solution was then filtered,
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washed and calcinated according to the procedure followed for part one. The samples were labelled

as follows: Zr-50, Zr-80, Zr-100, Zr-120 and Zr-150.

4.2.3. Characterisation techniques

The XRD analysis was performed using a Philips X-ray automated diffract meter with a Cu K radiation
source. Samples were scanned in a continuous mode from 10°-90° (2 theta) at a scanning rate of
0.026 (degree)/1 (sec). The thermal properties of the samples were studied by thermal gravimetric
analysis (TGA) under nitrogen flow. TGA data was obtained with model STA (Simultaneous Thermal
Analyzer) 1500 (Rheometric Scientific Ltd, UK), over nitrogen and at a heating rate of 10°C/min from
50 °C to 1000 °C. A Bruneau-Emmett-Teller (BET) surface area instrument (Micromeritics
Accelerated SA and Porisimetry (ASAP) 2010 system) was used to determine information such as
gas uptake, micropore volume (t—plot method), and pore size distribution via adsorption and
desorption isotherms. In a BET surface area analysis, a dry sample was cleared of all gas and cooled
to 77 K, using liquid nitrogen. The matrix surface and cross-section of the synthesized nanopowder
morphology were investigated by means of a scanning electron microscope. SEM images were
obtained on a Hitachi x650. Electronic techniques are based on the interaction of the sample with
electrons, which results in a secondary effect that is detected and measured. TEM in a Leo 912
electron microscope was used to estimate their particle size and observe the morphology. FT-IR
spectroscopy was used to determine the quality and composition of the sample. FT-IR spectra was
obtained with a Perkin-Elmer Paragon 1000 FT-IR instrument over a range of 4000-500 cm™and a

resolution of 4 cm.
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4.3. Results and discussion

4.3.1. Structure analysis

In order to observe the effect of synthesis temperature on the phase structure of zirconia
nanoparticles, the XRD measurements of Zr-0, Zr-50, Zr-80, Zr-100, Zr-120 and Zr-150 were
respectively performed, as shown in Figure 4-1(a-f). The XRD results in Figure 4-1 clearly revealed
the presence of monoclinic phase of zirconia that corresponds to (JCPDS card no. 00-037-1484)
and cubic phase of zirconia that corresponds to (JCPDS No. 65-1022). It was also observed that all
XRD patterns have broad peaks, which indicate the nanometre characteristics of zirconia particles.
The XRD results of Zr-0 in Figure 4-1(a) observed to have a mixture of cubic and monoclinic
phases, with diffraction angles of 30.2°, 35.2°, 50.5°, 60,1°, 74.2° and 82.5° corresponding to
planes (111),(200),(220),(311),(400), (331) of the cubic phase and a diffraction angle of
31.7°, 41.5° and 45.5°corresponding to planes (1 1 1), (1 0 2), (1 1 2) of the monoclinic phase. The
results that were obtained show that the reaction temperature has an effect on the crystallite phase
of zirconia nanoparticles. This was observed on the XRD pattern obtained in Figure 4-1(a), which
was completely different from those prepared at various temperatures as shown in Figures 4-1(b-f).
Figures 4-1(b) to (e), show that when the temperature was raised from 50 °C to 120 °C, only a single
cubic phase appeared, with diffraction peaks in the spectra indexed as cubic (arkelite) with lattice
constants a = 0.51291 nm, b = 0.51291 nm, ¢ = 0.51291 nm, and B = 90.0°. The main peaks at
2theta are 30.2°, 35.2°, 50.6°, 60.2°,74.2°, 82.5° and 94.1°, which correspond to planes (1 1 1), (2
00),(220),(311),(400),(331), and (4 2 2) 2>2%, This may be due to high synthesis temperature
of ZrO, which stabilises the high temperature phases at room temperature if the crystallite size is
below a critical size °, which is associated with reduced total energy of the system due to the inherent
high surface energy of the nanoparticles ?2. In the cubic phase of zirconia, vacancies increase and
improve the diffusion of oxygen ions as the primary charge carriers elevate the electrical conductivity
23, From these results it can be deduced that increasing synthesis temperature favoured structural

growth. The influence of synthesis temperature on the morphology and stabilisation of the phase
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was discussed by Adamski et al. 2%, Figure 4-1(f) shows that heating Zr(OH) solution at the synthesis
temperature of 150 ‘C lowers the particle size to nano-diameter with the influence of the monoclinic
phase that provides a more versatile surface than the cubic and tetragonal phases due to a less
symmetrical lattice 2. The XRD pattern in Figure 4-1(f) shows the same crystalline of zirconia
nanoparticle synthesis under 150 °C, which was completely transformed to a monoclinic structure

with broadening sharp peaks of m-ZrO, at a diffraction angle of 14.2°, 23.4°, 30.4°, 35.1°, 50.6°,

60.1°,74.0° and 82.4° corresponding to planes (100),(110),(111),(020),(300),(131),41
1) and (4 2 0).
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Figure 4- 1: The comparison of the XRD patterns of the ZrO, nanopatrticles at the different
temperatures of (a) Zr-0, (b) Zr-50, (c) Zr-80, (d) Zr-100, (e) Zr-120 and (f) Zr-150.
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4.3.2. FTIR spectrum of ZrO; nanoparticles

In order to observe the effect of temperature on the molecular nature of Zr-0, Zr-50, Zr-80, Zr-100,
Zr-120 and Zr-150 nanomaterial, Fourier transform infrared spectroscopic (FTIR) spectra were
measured in Figure 4-2(a-f). Figure 2(a) shows vibration bands at 569 cm™ and 853 cm™ which are
assigned to Zr-O bond vibrations 26?7, The peaks observed at 1180 cm?, 1443 cm™ and 1380 cm?
are assigned to O-H stretching vibration 2. The broad feature around 1684 cm seems to occur due
to adsorbed water deformation mode region and 3450 cm is attributed to stretching of O-H groups,
characteristic of a highly hydrated compound. It can be noted that the 569 cm™ peak of Zr-O
vibrations on the Zr-0 [29], has disappeared in the high temperature synthesis samples. Figure 4-
2(b) shows vibration bands at 685 cm™ and 863 cm™* which are assigned to Zr-O 262" bond vibrations.
The symmetric frequencies of Zr-OH were observed at 1072 cm™® and 1398 cm? . The
characteristic peaks observed at 2962 cm™ and 2462 cm™* are due to the presence of inorganic ions.
The frequencies observed in Figure 4-2(c) at 863 cm™ and 926 cm™ are due to the Zr-O vibration 7.
The peaks at 1393 cm™ and 1434 cm™ are assigned to O-H bonding, the peak observed at 2346 cm
Lis due to the presence of inorganic ions. Figure 4-2(d) shows the vibration bands at 846 cm™ and
916 cm due to the Zr-O vibrations ?’. The peaks at 1367 cm™ and 1447 cm™ correspond to O-H
bonding. The peaks in the region of 1554 cm™ and 1660 cm™ may be due to the adsorbed moisture
and the peak in the 3456 cm™ region is attributed to O-H stretching of nanomaterials 2°°, The FTIR-
reflectance spectrum of the Zr-120 sample in Figure 4-2(e) presented cubic phase at 2338 cm™
which appears at temperatures near 600 °C 3. Figure 4-2(f) shows the vibration bands at 930 cm™?
due to the Zr-O vibration %/, the peak of 1371 cm™ corresponds to O-H bonding, peaks in the region
of 1536 cm™* and 1634 cm™ may be due to the adsorbed moisture and in the 3390 cm™ region it is

attributed to O-H stretching of nanomaterials 2°°,
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Figure 4- 2: The comparison of the FTIR curves of the ZrO, nanopatrticles at the different
temperature (a) Zr-0, (b) Zr-50, (c) Zr-80, (d) Zr-100, (e) Zr-120 and (f) Zr-150.

4.3.3. Scanning electron microscopy (SEM) analysis
In order to observe the effect of synthesis temperature on the morphology of zirconia nanopatrticles,
Zr-0, Zr-50, Zr-80, Zr-100, Zr-120 and Zr-150 samples were compared. In Figure 4-3, it was observed
that zirconia nanoparticles prepared at different temperatures resulted in different morphologies in
SEM micrographs. Figure 4-3(a-f) shows that ZrO, nanoparticles can resemble different shapes
when the synthesis temperature is increased from room temperature to 150 °C. The SEM images
were taken at a high magnification scale bar of 100 nm and 1um of the ZrO, nanopatrticles. It was
observed in Figure 4-3(a) that many nanoparticles were aggregated in the form of irregular shaped
nanoparticles and mixed with little nanorod structures. Figure 4-3(b) shows that zirconia
nanoparticles consist of small particles agglomerated in the form of nanorods with irregular shapes.

This agglomeration occurred due to the formation of unstable and ultrafine nuclei that have a strong
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tendency to be stable when agglomerated. Figure 4-3(c) shows less agglomeration compared to Zr-
0 nanopatrticles. This may be due to a higher temperature reaction than at room temperature, which
increases the rate of collisions between the charged particles *2. These collisions also introduce the
charge to the particles so that they repel one another. In addition, the higher temperature reaction
enhances the dissolution and re-precipitation of material, which helps in strengthening the network
of particles 2. The agglomeration in the nanoparticles was assembled in the form of flower-like
nanostructures composed of nanopatrticles. From Figure 4-3(d), it can be seen that increasing
temperature to 100 “C transforms the flower-like shapes into a mixture of nanorods and cube-shaped
nanoparticles with narrow size distribution. It can be observed that nanocubes aggregate in one
direction while the nanorods aggregate on top. These observations indicate the possibility of
formation of nanorods or nanocubes shaped by increasing the reaction temperature up to 100 °C.
The formation of the nanorods could result from the crystallographic orientations which are joined by
a planar interface to form a larger particle. Therefore, to obtain an appropriate and uniform size and
morphology, the optimal temperature obtained at 150 ‘C, is important. To understand the influence
of temperature on the morphology, several experiments were carried out on the basis of temperature
variables. When the temperature increased, homogenous nanoparticles were obtained. According
to Figure 4-3(e), it was found that the sample is composed of a mixture of irregular and rod-like
nanostructures. The temperature increases to 150 ‘C has major effects on the morphology and
surface area of the zirconia nanostructures. Figure 4-3(f) shows the SEM images of Zr-150
composed of nanospheres that is useful in fuel cell electrolytes, oxygen sensors and gate dielectrics
33, Generally, the SEM images indicate that the morphologies and particle sizes of zirconia
nanostructures change with increases in synthesis temperatures. During higher temperature
reaction, all the excess precipitate (cations and anions) dissolves and reacts with the hydrous oxides

which affect the morphological properties of the material 2.
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Figure 4- 3: Scanning Electron Microscopy (SEM): (a) Zr-0, (b) Zr-50, (c) Zr-80, (d) Zr-100, (e) Zr-
120 and (f) Zr-150.
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4.3.4. Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) was used to confirm the phase structure and particle
size of zirconia nanoparticles. TEM images of Zr-0, Zr-50, Zr-80, Zr-100, Zr-120 and Zr-150 as
indicated (Figure 4-4), show that all the nanomaterials obtained were in nanometre size. Figure 4-
4(a) shows agglomerated nanoparticles in the form of nanospheres and nanorod-like shapes with
an average size of 10 nm and 20 nm, respectively. TEM analysis revealed more crystalline particles
and a reduction in particle size of zirconia nanoparticles as shown in Figure 4-4 (b-f). Figure 4-4(b)
shows that the particle size of zirconia nanopatrticles ranges from 7-15 nm with less agglomeration.
Figure 4-4(c) shows that the nanoparticles have nanospherical shapes with the particle size ranging
from 5-15 nm. Figure 4-4(d-f), shows that the formation of pure nanocrystalline ZrO, and particle
size reduction are highly affected by higher reaction temperature within the specified period. It can
be observed in Figure 4-4(d-f), that increasing synthesis temperature to 100 °C, 120 °C and 150 °C
can lead to very small nanoparticles of 2 nm. We have found that higher temperature reactions have
an effect on the size reduction of zirconia nanoparticles, which will be a filler in Nafion membrane.
This nanometer size of zirconia nanoparticles as a filler in membrane was found to have a significant
effect on the proton conductivity and methanol permeability of composite membrane; more so than
those having bigger nanoparticle sizes 34. The observed crystallite size is much smaller than the
reported average particle size of 4.45 nm *°. The size reduction was also confirmed by HR-TEM
atomic structure shown in Figure 4-5. Figure 4-5(a-f) shows that the HR-TEM image of Zr-0, Zr-50,
Zr-80, Zr-100, Zr-120 and Zr-150 are clearly presented in well-resolved equidistant lattice fringes.
The distance between the fringes was calculated to be 0.2891 nm and 0.2922 nm which can be
attributed to the interplanar spacing corresponding to (111) plane of monoclinic and cubic ZrO, 3%,
This HR-TEM results are in agreement with the XRD results discussed above that the monoclinic

and cubic phases are attributed to the d-spacing corresponding to (111).



100 nm

Figure 4- 4: TEM image of the ZrO, nanoparticles: (a) Zr-0, (b) Zr-50, (c) Zr-80, (d) Zr-100, (e) Zr-
120 and (f) Zr-150.
83



(a) zr-0, (b) Zr-50, (c) Zr-80, (d) Zr-100, (e)

o
o
Q
o
I

Q
o
c
I
c
N
®)
S
N
[}
<
=
=

HR-TEM image o

5

Figure 4-
Zr-120 and (f) Zr-150.




4.3.5. Thermo-gravimetric analysis (TGA)

The thermal stability of the zirconia hanoparticles was studied by thermo-gravimetric analysis (TGA)
as show in Figure 4-6. Figure 4-6(a) indicates that the thermal decomposition process occurs in three
stages. The TGA curve of Zr-0 results shows that the thermal decomposition occurs initially between
20 °C and 100 °C, with mass loss of 5 % associated with the removal of absorbed water. The second
weight loss occurred between 100 °C and 600 °C and this is due to the removal of terminal hydroxyl
groups decomposition bonded to the surface of zirconia 8. The third stage weight loss occurred
between 600 °C and 900 °C due to the degradation of material. The total weight loss of original
material reaches about 19%. The TGA curves in Figure 4-6 (b-f) show the thermal stability of zirconia
at the synthesis temperature ranges of 50, 80,100,120 and 150 °C, has little loss of its original weight
on heating up to 100 °C. This weight loss is attributed to the removal of the adsorbed water on the
surface. The behaviour up to 100 ‘C is the same for both samples. This may be due to the water
desorption from the surface and pores of material. Second stage of weight loss is between 100 °C
and 900 °C corresponding to the removal of terminal hydroxyl groups bonded to the surface of
zirconia. The TGA curves in Figure 4-6(b-f) confirm that the samples were stable as there was less
decomposition of oxide compared to the results in Figure 4-6(a). The lower degradation of zirconia
oxide is very important on modification of Nafion® membrane, as it will enhance the thermal stability
of membrane . The Zr-50 lost only 9 % of its total weight, Zr-80 lost only 8% of its total weight, Zr-
100 lost only 6% of its total weight, Zr-120 lost only 5% of its total weight and Zr-150 lost only 3% of
its total weight, respectively, indicating that a large amount of organic matter was stable and that it

lost less water.
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Figure 4- 6: The comparison of the TGA curves of the ZrO, nanoparticles at the different
temperatures (a) Zr-0, (b) Zr-50, (c) Zr-80, (d) Zr-100, (e) Zr-120 and (f) Zr-150.

4.3.6. Brunauer-emmett-teller (BET)

BET of zirconia nanoparticles prepared at different temperatures are shown in Figure 4-7 (a) with
the specific surface area and total pore volume. From the results tabulated in Figure 4-7 (a), it is
observed that raising the reaction temperature from 50 °C to 150 °C resulted in porous texture, with
a higher specific surface area that ranges from 55-162 m?/g when calcinated at 600 °C. The result
obtained in Figure 4-7 (b) shows that the pore volume of Zr-150 (0.33 cm?®/g) is much bigger than
that of Zr-0 (0.09 cm?®/g) that was synthesised at room temperature. The results in Figure 4-7 (a) and
(b) show that the increase in the reaction temperature results in the increase in the specific surface
area and pore volume. This may be due to the fact that sintering at higher temperatures decomposes
the hydrous zirconia to give a fine crystallite of zirconia. The TGA results also confirmed that higher
temperature reaction had a drier hydrous zirconia than room temperature. These dry hydrous

zirconia show the condensation between hydroxyl groups leading to three-dimensional structures
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that enhance the porosity of zirconia nanoparticles “°. Moreover, the zirconia nanoparticles with high
porosity as inorganic filler that retains water within the membrane and increases the conductivity at
a low relative humidity #*. But Zr-100 in Figure 4-7 (a) shows the slight decrease in specific surface
area with a bigger pore volume when compared to Zr-80. This may be due to their different

morphological structures (cubes and nanorods) as confirmed by the SEM images in Figure 4-3.

(a)

Sample ID Surface area Pore volume ( b)
(m'/g) (em*/g) 0351

Ir0 55 0.09

2r-50 17 0.16

Ir-80 132 0.17

2r-100 82 0.20

pore volume (cm®/g)

Ir-120 157 0.26

2r-150 162 033

Zrd 2r-50 2r-80 Zr-100 r120  Zr50

Sample name

Figure 4- 7: (a) table of BET of ZrO; nanopatrticles (b) pore volume of (a) Zr-0, (b) Zr-50, (c) Zr-80,
(d) Zr-100, (e) Zr-120 and (f) Zr-150.

4.4. Conclusion

A simple precipitate method was used to synthesis a high surface area of zirconium oxide with a
high temperature phase (cubic), stabilised at a low calcination temperature of 600 ‘C. The effect of
temperature on the decomposition of nanopatrticles was observed under TGA and FTIR. The cubes,
rods and flower-like spheres of nanostructures were obtained at varied temperatures, which were
confirmed by SEM studies. The SEM and XRD results show that the synthesis temperature has an

effect on the morphology and crystallinity of ZrO, nanoparticles. Furthermore, it was observed that
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by increasing the synthesis temperature, the surface area of zirconia nanoparticles also increased
from 55 t0162 m?/g and its pore volume from 0.09 to 0.33, while the agglomeration of nanoparticles
reduced. Notably, it was found that the synthesis temperature has an effect on the crystallinity and
particle size of the zirconia nanopatrticles, which was observed under HRTEM results with a particle
size range of 2-20 nm. Monoclinic ZrO, nanoparticles have been obtained at the synthesis
temperature of 150 °C, whereas at the lower synthesis temperatures of 50 °C, 80 °C, 100 °C and

120 °C only the pure cubic phase was present.

B: The synthesis, characterization and electrochemical study of zirconia oxide nanoparticles

for fuel cell application

4.5. Introduction

Zirconia is polymorphic, as it has a different crystal structure at different temperatures °. The
monoclinic phase is thermodynamically stable up to 1 100 °C, the tetragonal phase exists in the
temperature range 1 100-2 370 °C, and the cubic phase is found above 2 370 °C #2. Moreover, cubic
zirconium oxide (ZrO,) is a well-known material with extreme refractoriness %3, fracture toughness
and high mechanical strength 44 and has been used as an ionic conductor in fuel cells and as proton
transport material 4°. Furthermore, ZrO, maintains good electrical and mechanical properties, higher
dielectric constant, chemical inertness, wide band gap, thermal stability, wear and corrosion
resistance “. This makes it suitable for use in solid fuel cells, gas sensors, catalytic agents and high
durability coating #’. ZrO.is also used in catalysis as a catalyst *® and catalyst support *°, biomaterial
%0 and as coating for corrosion protection %1. When ZrO; is used as a photocatalyst, it can be applied
in environmental cleaning applications 2. Its good thermal matching with other metals makes it
suitable to be used in protective coatings and exhaust gas purifying devices 2 and as a constituent
present in transition metal-based catalysts >*. Moreover, when ZrO, is composited with other metals,
it can be used in commercial applications and variety of technological such as oxygen sensors °°,

catalysts °¢, as gate dielectrics in metal oxide-semiconductor devices and high dielectric constant
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materials for very large-scale integrated circuits *’. The nanometre-size semiconductors have
attracted significant attention because of their atom-like size-dependent properties °¢. Among the
ceramic semiconductors, zirconia is the only metal oxide that has both weak base and weak acid
properties °°%°, Depending on its crystalline structure, it can be an insulator used as a higher
resistance ceramic or an n-type semiconductor ®1. The morphological structure of nanoparticles has
influence in their potential applications. Spherical ZrO, nanoparticles have been applied as oxygen
sensors, fuel cell electrolytes and gate dielectrics 3. Several studies have been carried out in order
to test different synthesis possibilities due to their hardness and corrosion resistance 2. The ZrO;
reactions resulted into the formation of mixed phases that makes not easy to obtain a pure cubic
ZrO, nanoparticles. Here we report the cubic (Arkelite) and monoclinic (baddeleyite) zirconia
nanoparticles synthesized by a simple precipitation method with control of morphology and
crystallinity. The influence of temperature on the lattice fringes and size reduction of zirconia oxide
nanoparticles was observed under high-resolution transmission electronic microscopy (HRTEM).
The reaction temperature we used to obtain cubic ZrO, nanoparticles was low (50 °C and 120 °C).
The effect of temperature on the morphology and crystal shape of ZrO, was observed under
scanning electron microscopy (SEM) and X-ray powder diffraction (XRD). The performance of
electrochemical was investigated under potential dynamic polarisation techniques (Autolab
PGSTAT302). Nafion® solution, when used as a binding material of ZrO, nanoparticles, obtained a

high specific capacitance and good reversible redox reactions.

4.6. Experimental

4.6.1. Materials
Zirconium oxychloride hydrate (Sigma Aldrich), sodium hydroxide pellets (Sigma Aldrich), sodium
nitrate (Sigma Aldrich), ethanol (Sigma Aldrich), potassium chloride (Sigma Aldrich), Nafion solution

(Sigma Aldrich) and silver nitrate (AgNO3) (Sigma Aldrich). All the chemicals were used as received.
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4.6.2. Synthesis of ZrO, nanoparticles

The ZrO; nanopatrticles were prepared by the precipitation method. ZrOCl, 8H,O and NaOH were
used as starting materials. 0.2M ZrOCl,.8H,O was prepared in a 250 ml beaker and 2N NaOH
solution was added dropwise with continuous stirring for 45 minutes. The precipitate obtained was
divided into three parts, and then aged at 50 °C, 120 °C and 150 °C for 24 hours, after which it was
filtered and washed several times with distilled water until chlorine ions (CI) were not detected by
the AgNOs ®3. The precipitate was dried at 100 °C for 24 hours, which was calcinated at 600 °C for
4 hours and labelled as follows: ZrO»2-1 (50 °C), ZrO,-2 (120 °C) and Zr0,-3 (150 °C). Figure 4-8

shows the schematic diagram of the synthesis method.

ageing ageing ageing

ZrO,-1 ZrO,-2 ZrO,-3

Figure 4- 8: Synthesis of zirconium oxide.

4.6.3. Characterisation
The X-ray diffraction (XRD) analysis was performed through X-ray diffraction with Cu K radiation

source and the samples were scanned in a continuous mode from 5°-90° with a scanning rate of
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0.026 (degree) / 1 (sec). The surface morphologies of all the membrane were studied using Scanning
Electron Microscopy (SEM). Fourier-transform infrared spectroscopy (FTIR) was employed to
investigate the changes in the chemical structure of the membrane. The thermal properties and the
characteristics of the samples were studied by thermal gravimetric analysis (TGA) under nitrogen
flow. TGA data was obtained using TGA instrument (PerkinElmer) over nitrogen and at a heating
rate of 10°C/min from 28° C to 1000° C. A Brunauer-Emmett-Teller (BET) was used to determine pore
size distribution via adsorption, micropore volume (t-plot method) and desorption isotherms. In a
BET surface area analysis, a dry sample was evacuated of all gas and cooled to 77 K, using liquid

nitrogen.

4.6.4. Electrochemical studies

Electrochemical measurements were observed under three electrodes. While silver-silver chloride
(Ag/AgClI) electrode was used as the reference electrode, zirconia nanoparticles coated on glassy
carbon were used as a working electrode and Pt wire was used as a counter electrode. 0.03 g of
ZrO»-1, ZrO»-2 and ZrO»-3 were ultra-sonicated in 0.5 ml 1 wt% Nafion in absolute ethanol for 30
minutes, and pipetted a 0.05 ml suspension onto the glassy carbon electrode and dried at ambient
temperature ®. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
observed under 2M of KCl and NaNOs electrolytes. The scan rates used were 10 mV s, 20 mV s,
30 mV s, 50 mV s and 100 mV s with the CV test ranging from -0.15 V to 0.55 V vs. EIS

measurements were obtained under the frequency range of 100 kHz to 0.01 Hz.

4.7. Results and discussion

4.7.1. Transmission electron microscopy (TEM)
The sizes and morphology of ZrO;-1, ZrO»-2 and ZrO,-3 nanopatrticles were observed under TEM in
high-resolution mode as shown in Figure 4-9. Figure 4-9 (a) shows that the TEM micrographs of

ZrO»,-1 are less agglomerated with very small particle sizes of 10-20 nm, in the form of nanospheres
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and a nanorod-like shape. TEM micrographs of ZrO»-2 nanoparticles show a spherical phase of ZrO,
nanoparticles with less agglomeration in the size range of 2-10 nm as shown in Figure 4-9 (b). Figure
4-9 (c) shows that TEM analysis revealed more crystalline particles and a reduction in particle size
of zirconia nanoparticles. The nanoparticles have a nanospherical shape with the particle size
ranging from 2-5 nm as shown in Figure 4-9 (c). It also shows that the formation of pure
nanocrystalline ZrO and particle size reduction are highly affected by higher reaction temperatures
within the specified period. It is observable in Figure 4-9 (c) that increasing the synthesis temperature
to 150 °C led to very small nanoparticles of 2 nm. We found that higher temperature reactions have
an effect on the size reduction of zirconia nanoparticles, which will be a filler in Nafion membranes.
This nanometer size of zirconia nanoparticles as a filler in membranes has been found to have a
significant effect on the methanol permeability and proton conductivity of composite membrane than
those with bigger nanoparticle sizes 3¢. The observed crystallite size is much smaller than the
reported average particle size of 4.45 nm %, The selected area electron diffraction (SAED) pattern
of ZrO,-1, ZrO,-2 and ZrO,-3 nanoparticles is presented in Figure 4-10. Figure 4-10 (a) shows the
detectable rings that are indexed to DB card number: 5000038 for the standard cubic phase. It
indicates that the nanocrystals obtained were cubic phases. The corresponding diffraction pattern
shows the presence of a few clear spots together with connecting diffraction rings as shown in Figure
4-10 (a). The presence of the streaks and spots represent the crystallization of reasonably sufficient
sizes to diffract. The short-range order indicated by connecting streaks, which is due to the presence
of some smaller size particles. The clarity in the fringe patterns inside the crystallite indicates the
formation of single-phase ZrO; with the long-range order in the structure. When the crystallites are
of large size, the SAED pattern show the clear spots without the rings. The HRTEM results of ZrO,-
2 nanopatrticles is clearly presented in well-resolved equidistant lattice fringes as shown in Figure 4-
10 (b). The distance between the fringes was calculated to be 0.2928 nm and 0.2927 nm, which can
be attributed to the interplanar spacing corresponding to (1 1 1) plane of cubic ZrO, 3¢3’. These
HRTEM results correspond well with the XRD results. The lattice fringes are equidistant and clear,

all along the length of the nanorods and width of the nanoparticle, without any lattice mismatch,
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hence depicting a single crystalline-like structure. Figure 4-10 (c) shows the HRTEM image of a
single zirconia nanoparticle with the electron diffraction pattern of (1 1 1) planes of the cubic
structure. Figure 4-11 shows the lattice spacing of ZrO»-1, ZrO»-2 and ZrO,-3 nanoparticles observed
under HRTEM. The ZrO»-1, ZrO;-2 and ZrO»-3 nanoparticles obtained a lower lattice spacing of
0.2485, 0.2891 nm, 0.2998 nm, 0.2928 nm and 2927 nm for the (1 1 1) plane of the cubic and
monoclinic ZrO; structure as shown in Figure 4-11 (a-f). Figure 4-11 (a-f) show clear lattice images,

indicating the high crystallinity and single crystalline nature of ZrO, nanoparticles.
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Figure 4- 9: TEM image of ZrO, nanoparticles: (a) ZrOé-l, (b) ZrO»-2 and (c) ZrO,-3.
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Figure 4- 10: HRTEM image of ZrO, nanoparticles at higher magnification: (a) Zr- ZrO»-1, (b) SAED, Zr-
ZrO»-1, (c) ZrO»-2, (d) SAED, ZrO,-2, (e) ZrO»-3 and (f) SAED, ZrO»-3.
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Figure 4- 11: HRTEM lattice fringes of ZrO, nanopatrticles: (a-b) ZrO;-1, (c-d) Zr- ZrO;-2, (e-f) ZrO»-3.



4.7.2. Structure analysis
The XRD pattern of ZrO;-1, ZrO»-2 and ZrO»-3 is shown in Figure 4-12. The XRD results in Figure 4-12

clearly reveal the presence of the monoclinic crystallite phase of zirconia corresponding to (JCPDS card
no. 00-037-1484) and the cubic crystallite phase of zirconia corresponding to (JCPDS No. 65-1022). It was
also observed in all XRD patterns that they have broad peaks, which indicates the nanometer
characteristics of zirconia particles. Figure 4-12(a-b) show only broad reflections originating from cubic
ZrO; nanoparticles, with diffraction peaks in the spectra indexed as cubic with lattice constants a = 0.51291
nm, b = 0.51291 nm, ¢ = 0.51291 nm and B = 90.0°. The main peaks at 2 theta are 30.2°, 35.2°, 50.6°,
60.2°,74.2°, 82.5° and 94.1°, which correspond to the planes (111),(200),(220),(311),(400),(33
1), (4 2 2) 22 gs shown in Table 4-1. The results show that when zirconium oxychloride hydrate is
hydrolysed directly using concentrated sodium hydroxide solution, the particle size and the crystallinity
remain almost unchanged, but the product shows a higher degree of agglomeration. This may be due to a
high synthesis temperature of ZrO; which stabilises the high temperature phases at room temperature if
the crystallite size is below a critical size °. This is associated with reduced total energy of the system due
to the inherent high surface energy of the nanoparticles ?2. In the cubic phase of zirconia, vacancies
increase, improving the diffusion of oxygen ions as the primary charge carriers elevate electrical
conductivity 2. From these results it can be deduced that increasing synthesis temperature favours
structural growth. The influence of synthesis temperature on the morphology and stabilisation of the phase
was discussed by Adamski et al. 2. Figure 4-12 (c) illustrates the monoclinic phase, which may be due
to ageing at a temperature of 150 °C that lowers the particle size to nano-diameter, with the influence of
the monoclinic phase which provides a more versatile surface than the cubic and tetragonal phases due
to a less symmetrical lattice ?°. The XRD pattern in Figure 4-12 (c) shows the same crystalline of zirconia
nanoparticle synthesis under 150 °C, which was completely transformed to a baddeleyite structure, with
diffraction peaks in the spectra indexed a = 0.49920 nm, b = 0.52290 nm, ¢ = 0.50460 nm and 8 = 90.0°.
The main peaks at 2 theta are 14.2°, 23.4°, 30.4°, 35.1°, 50.6°, 60.1°,74.0° , 82.4° and 95.1°
corresponding to the planes (100),(110),(111),(020),(300),(131),(411),(420)and(511)as

shown in Table 4-2.
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Figure 4- 12: XRD patterns of ZrO2 nanoparticles: (a) ZrO.-3, (b) ZrO»-2 and (c) ZrO;-1.

Table 4- 1: XRD data of ZrO,-1 and ZrO,-2 nanopatrticles

No. | 2theta d Height FWHM Size Phase name | Chemical | DB card

formula | number
(deg) (ang.) (cps) (deg) (ang.)

1 13.81(3) 6.409(16) | 3353(169) | 2.45(7) 34.1(10) | Unknown Unknown | O

2 16.6(6) 5.3(2) 4491(195) |5.7(4) 14.6(9) | Unknown Unknown | O

3 23.35(13) | 3.81(2) 16443(373) | 14.3(3) 5.6(9) Unknown Unknown | O

4 24.518(11) | 3.6278(16) | 3732(178) | 0.183(18) | 463(45) | Unknown Unknown | O

5 |30.224(6) |2.9546(6) | 28738(493) | 2.359(15) | 36.4(2) | Arkelite(1,1,1) | O, Zr 5000038

6 34.98(2) 2.5631(14) | 7192(247) | 2.37(4) 36.7(7) | Arkelite(2,0,0) | Oz Zr 5000038

7 |43.28(2) |2.0887(9) |813(83) 0.77(6) | 116(9) | Unknown Unknown | O

8 [50.345(12) | 1.8110(4) | 11738(315) | 2.490(12) | 36.8(18) | Arkelite(2,2,0) | O Zr 5000038

9 60.035(18) | 1.5398(4) | 8699(271) | 3.07(3) 31.2(3) | Arkelite(3,1,1) | Oz Zr 5000038

10 |74.15(15) |1.278(2) |1151(99) |3.18(13) | 32.7(13) | Arkelite(4,0,0) | O, zr 5000038

11 |82.54(9) |1.1679(11) | 2155(135) | 5.50(15) | 20.1(6) | Arkelite(3,3,1 | O, Zr 5000038

12 | 94.71(11) | 1.0473(9) | 1225(102) | 3.5(2) 35(2) Arkelite(4,2,2) | Oz Zr 5000038
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Table 4- 2: XRD data of ZrO,-3

No | 2theta) d Height F(deg) Size Phase Chem | DB card

name ical number
(deg) (ang.) (cps) WHM (ang.) formu
la
1 6.53(7) 13.53(14) 3604(175) | 4.0(5) 21(3) Unknown Unkn | O
own

2 14.170(16) 6.245(7) 3088(162) | 4.33(7) 19.3(3) Baddeleyite | O, Zr | 9005835
(1,0,0)

3 23.42(10) 3.795(16) 2627(149) 10.0(6) 8.5(5) Baddeleyite | Oz Zr | 9005835
(1,1,0)

4 30.388(13) 2.9390(12) | 12222(322) | 2.05(2) 41.9(4) Baddeleyite | Oz Zr | 9005835
(1,1,1)

5 35.142(16) 2.5516(12) | 2225(137) 1.96(5) 44.3(11) | Baddeleyite | O, Zr | 9005835
(0,2,0)

6 50.610(17) 1.8021(6) 9169(279) 2.20(2) 41.8(4) Baddeleyite | Oz Zr | 9005835
(3,0,0)

7 60.12(2) 1.5377(5) 7027(244) 2.54(4) 37.8(5) Baddeleyite | O, Zr | 9005835
(1,3,1)

8 73.99(6) 1.2801(8) 902(87) 3.3(2) 32(2) Baddeleyite | Oz Zr | 9005835
(4,1,1)

9 82.37(4) 1.1698(5) 2394(142) 5.84(17) | 18.9(5) Baddeleyite | Oz Zr | 9005835
(4,2,0)

10 | 95.14(16) 1.0436(13) | 723(78) 2.45(15) | 50(3) Baddeleyite | Oz Zr | 9005835
(5,1,1)

99




4.7.3. SEM analysis

Figure 4- 13: SEM micrographs: (a) ZrO»-1, (b) ZrO»-2 and (c) ZrO»-3.

Figure 4-13 shows the SEM images of ZrO,-1, ZrO»-2 and ZrO,-3 nanoparticles. Figure 4-13(a) shows that
zirconia nanoparticles consist of small particles agglomerated in the form of nanorods and with an irregular
shape. This agglomeration occurs due to the formation of unstable and ultrafine nuclei that have a strong
tendency to be stable when agglomerated. Figure 4-13 (b and c) show less agglomeration compared to

ZrO»-1 nanoparticles. This may be due to a higher temperature reaction which increases the rate of collision
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between the charged particles compared to room temperature 3. This collision also introduces a charge
to the particles so that they repel one another. In addition, the higher temperature reaction enhances the
dissolution and re-precipitation of material, which helps strengthen the network of particles 2. As seen in
Figure 4-13 (b), it was found that the sample is composed of a mixture of irregular and rod-like
nanostructures. Figure 4-13 (c) shows the SEM images of ZrO,-3 composed of nanospheres that are useful
in fuel cell electrolytes, oxygen sensors and gate dielectrics *. Generally, the SEM images indicate that
the morphologies and particle sizes of zirconia nanostructures change with an increase in synthesis
temperature. During a higher temperature reaction, all the excess precipitate (cations and anions)

dissolves and reacts with the hydrous oxides, which affects the morphological properties of the material *2.

4.7.4. TGA and derivative thermo-gravimetric (DTG)

The thermal stability of the zirconia nanoparticles was studied by thermo-gravimetric analysis (TGA/ DTG)
as shown in Figure 4-14. Figure 4-14 (a) indicates that the thermal decomposition process occurs in three
stages. The TGA curves from Figure 4-14 (a) show the thermal stability of zirconia at the synthesis
temperature ranges of ZrO»-1, ZrO»-2 and ZrO»-3, and that it has little loss of its original weight on heating
up to 100 ‘C. This weight loss is attributed to the removal of the adsorbed water on the surface. The
behaviour up to 100 “C is the same for both samples, which may be due to the water desorption from the
surface and pores of material. The second stage of weight loss is between 100 °C and 900 °C,
corresponding to the removal of terminal hydroxyl groups bonded to the surface of zirconia 3. The TGA
curve of Figure 4-14 (a) confirms that the samples were stable as there was less decomposition of oxide.
Moreover, we find that the lesser degradation of zirconia oxide is very important in the modification of the
Nafion membrane for fuel cell application, as it will enhance the thermal stability of the membrane *°. The
ZrO»-1 lost only 9% of its total weight, Zr- ZrO»-2 lost only 5% of its total weight and ZrO,-3 lost only 3% of
its total weight, indicating that a large amount of organic matter was stabilised and lost less water. Figure
4-14 (b) shows the DTG curves of ZrO»-1, ZrO,-2 and ZrO,-3. ZrO»-1 shows the two transition peaks,
which are associated with the first and second stages of weight loss within the nanopatrticles. ZrO»-2 and

ZrO»-3 undergo only one stage of weight loss due to the removal of adsorbed water on the nanoparticles.
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Figure 4- 14: (a) TGA of the (a) ZrO;-3, (b) ZrO2-2, (c) ZrO,-1; (b) DTG of (a) ZrO2-3, (b) ZrO»-2, (c)
ZrOz-1.

4.7.5. FTIR spectrum of ZrO, nanoparticles
In order to ascertain the molecular nature of ZrO;-1, ZrO,-2 and ZrO,-3 nanoparticles, FTIR spectroscopic

spectra were measured as shown in Figure 8. The vibration bands at 685 cm™*and 863 cm™ are due to Zr-
O-Zr asymmetric and Zr-O stretching modes, respectively, confirming the formation of C-ZrO, phases as
shown in Figure 4-15 (a) 262, The symmetric frequencies of Zr-OH were observed at 1 072 cm™? and 1
398 cm™ 2, The characteristic peaks observed at 2 962 cm™ and 2 462 cm™ are due to the presence of
inorganic ions. Figure 4-15 (b) shows the vibration band in the region of 685 and 875 cm™ due to the
vibration of the Zr-O-Zr and Zr-0 groups, confirming the formation of C-ZrO; phases which correspond to
the crystalline zirconia . The weak band at 2 338 cm™ which appears at temperatures near to 600 'C 3
was attributed to vibration modes of the cubic phase. Figure 4-15 (c) shows the vibration bands at 930 cm’
! due to the Zr-O vibration ?’. The peak of 1 371 cm™ corresponds to O-H bonding, and the peaks in the
region of 1 536 cm™ and 1 634 cm™ may be due to the adsorbed moisture. The peak in the 3 390 cm™?
region is attributed to O-H stretching of nanomaterials 2°-%°. The slight shift of the Zr-O vibration peak and

disappearance of the Zr-O-Zr vibration peak may be due to the high synthesis temperature.
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Figure 4- 15: Comparison of FTIR curves of ZrO, nanoparticles at different temperature (a) ZrO--3, (b)
ZrO,-2 and (c) ZrO,-1.

4.7.6. Nitrogen adsorption-desorption
Figure 4-16 shows the nitrogen adsorption-desorption isotherms and pore size distribution curve of ZrO,-

1, ZrO,-2 and ZrO»-3 nanoparticles. Nitrogen adsorption-desorption isotherm patterns of ZrO,-1, ZrO,-2
and ZrO»-3 nanopatrticles correspond to the type IV isotherm, indicating typical mesoporous materials.
Figure 4-16(a) shows a very narrow pore size distribution in both samples; this may be due to the synthesis
temperature which promotes the growth of zirconia powder. The hysteresis does not exhibit any limiting
adsorption at high P/P0 and contains a steep region associated with a closure of the hysteresis loop due
to the tensile strength effect ®. The pore width range of ZrO,-1 nanoparticles is between 109 A and 48 A,
and the small pores width range is 27 A-18 A due to thermal collapse of the pore structure of the calcined
samples. Figure 4-16 (b) shows that the pore size distribution of ZrO»-2 and ZrO»-3 was narrower and there
was only one pore size distribution when compared to ZrO»-1; this may be due to the difference in synthesis
temperature. The pore distribution results show that aging temperature has an effect on the porosity of
zirconia nanoparticles. As can be seen, the pore size distribution for the ZrO,-3 that was aged at 150 °C
was narrower than ZrO;-1 and ZrO,-2, which were aged at 50 °C and 120 °C for 24 hours. This may be
due to the varying synthesis temperature. The specific surface area of ZrO;-1, ZrO;-2 and ZrO»-3

nanoparticles calcined at 600 °C are 77 m?/g, 157 m?/g, 162 m?/g and a pore volume of 0.16 cm?®/g, 0.26
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cm®/g and 0.33 cm®/g, respectively, as shown in Table 4-3, which are bigger than 72 m?/g obtained when
aged at 48hrs without temperature 2. Table 4-3 shows that the increase in the reaction temperature results
in an increase in the specific surface area and pore volume. This may be due to the fact that sintering at
higher temperatures decomposes the hydrous zirconia to give fine crystallites of zirconia. Also, as
confirmed by TGA results, higher temperature reaction has dry hydrous zirconia than at room temperature.
The dry hydrous zirconia shows the condensation between hydroxyl groups, which leads to three-
dimensional structures that enhance the porosity of zirconia nanoparticles “°. Moreover, the zirconia
nanoparticles with high porosity as inorganic filler retain water within the membrane, which increases

conductivity at a low relative humidity 41
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Figure 4- 16: (a) N2 adsorption-desorption isotherm of ZrO;-1(a), ZrO-2 (b) and ZrO,-3 (c) nhanoparticles;
(b) Pore size distribution curves of ZrO,-1(a), ZrO»-2 (b) and ZrO,-3 (c) nanopatrticles.

Table 4- 3: BET of ZrO; nanoparticles: (a) ZrO»-1, (b) ZrO2-2 and (c) ZrO--3.

Sample ID Surface area Pore volume
(m?/g) (em?®/g)

Zr0O,-1 77 0.16

Zr0O,-2 157 0.26

Zr0,-3 162 0.33

104



4.7.7. CV behaviour of zirconia nanoparticles
The electrochemical behaviour of zirconia nanoparticles was observed under CV and EIS using KCI as

shown in Figure 4-17. Figure 4-17(a) shows the CV behaviours of ZrO>-1, ZrO>-2 and ZrO,-3 in KCI
electrodes at scan rates of 10 mV s™. As shown in Figure 4-17, CVs of ZrO,-1, ZrO-2 and ZrO,-3 modified
with Nafion solution resulted in a rectangular shape, which shows the ideal capacitive behaviour ¢, with
the increased redox peak current; this may be due to the transfer of electrons. Figure 4-17(b-c) show that
when the scan rate is increased to 20 mV s and 30 mV s7, this also increases the current, expected for
a pure capacitor due to the resistance effects down the pores . At higher scan rates of 50 mV s* and 100
mV s?, the volumetric cycle is higher and faster to complete compared to the lower scan rates as shown
in Figure 4-17(d-e). ZrO»-1 shows that the capacitance decreases when the scan rate increases, due to
difficulty of the formation of the electrochemical layer at high scan rates as shown in Figure 4-17(a-e).
ZrO»-2 and ZrO,-3 become stable in all the scan rates, which may be due to their high specific surface
area and porosities that enhance the diffusion of ions within the pores . Figure 4-18 shows the CVs of
Zr0O»>-1, ZrO»-2 and ZrO»-3 in NaNOs electrodes at scan rates of 10 mV s?, 20 mV s, 30 mV s1,50 mV s
tand 100 mV s. ZrO2-1, ZrO,-2 and ZrO,-3 represent the redox transitions (anodic and cathodic) between
semiconducting states. ZrO»-1, ZrO»-2 and ZrO,-3 were more stable at a scan rate of 10 mV s, 20 mV s
1,30 mV stand 50 mV s with a sharp peak current and the sharp peak that represents higher voltage
and current values. Moreover, the CV of the NaNOs electrolyte shows a higher electrochemical reaction
than the KCI electrolyte as shown in Figures 4-17 and 4-18, due to the higher redox peak "°. Figure 4-18
(e) shows that ZrO,-3 obtained a higher current response and higher charge transfer resistance compared
to ZrO.-1 and ZrO,-2 at a scan rate of 100 mV s. This may be due to the high pore size of ZrO,-3 which
increases the porosity of Nafion. However, the increases in ionic resistivity of ZrO»-1, ZrO,-2 and ZrO»-3
at the higher scan rate of 100 mV s decrease the capacitance of the electrode. This may be due to the
slower transfer rate of ions, which leads to either depletion or saturation of protons in the electrolytes inside
the electrode during the redox process as shown in Figures 4-17(e) and 4-18(e). Furthermore, the CV of
KCl and NaNOs electrolyte shows that the capacitance increases in higher surface area and smallest
particle size with a small distance between the fringes and a lower surface area than zirconia nanopatrticles,
as confirmed by the BET and HRTEM results.
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mV s?, (c) 30 mV s, (d) 50 mV s and (e) 100 mV s,

106



0.00020 0.00020
0.00015 | 0.00015 |
0.00010 0.00010 -
< 1 < 1
= = 0.00005 -
£ 0.00005 £
[ 9 4
E g =
3 S 0.00000 |
O 0.00000 4 O |
1 -0.00005 -
-0.00005 | j
E -0.00010 -
-0.00010 1
[r]l}l]!]v]r{v[v]l'0'°0°1sf'|'l'|'T'|"|'|'
0.2 0.1 0.0 0.1 02 03 0.4 0.5 06 0.2 0.1 0.0 0.4 0.2 03 0.4 0.5 0.6
Voltage / V Voltage / V
0.00020 (c) 0.00020
0.00015 |
0.00015 - |
0.00010 |
0.00010 - ]
< 0.00005
< = ]
—  0.00005 - t
€ g 000000
2 3 1
5 0.00000 4 O 400005
U 4
-0.00005 - -0.00010 |
-0.00015 |
-0.00010 - ]
-0.00020 |
-0.00015 T T T T T T T T T T T T T T T T T T T T T T ¥ T v T
0.2 0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage / V Voltage / V

0.00010

0.00008

0.00006

0.00004 -

0.00002 —

0.00000 +

-0.00002

-0.00004 —

-0.00006 i ———y . .
0.2 0.1 0.0 0.1 0.2 03 0.4 0.5 0.6

Voltage / V

Current/ A

Figure 4- 18: CV of ZrO;-1, ZrO,-2 and ZrO,-3 in NaNOs electrolytes at scanning rate of (a) 10 mV s,
(b) 20 mV s?, (c) 30 mV s, (d) 50 mV st and (e) 100 mV s,

107



Figure 4-19 represents the Nyquist plot measurements performed to investigate the charge kinetic
properties of ZrO»-1, ZrO,-2 and ZrO.-3 in 2M KCI and NaNOs electrolyte. Figure 4-19(a-b) shows the
Nyquist plots obtained for these cells in the frequency range from 100 kHz to 0.01 Hz. ZrO-1 shows a
curved region of a 45° slope at a low frequency side, which may be due to weak electrical conductivity.
ZrO»-2 and ZrO»-3 have vertical Nyquist plots without a curve region as shown in Figure 4-19(a) insert due
to the electrons transfer through their porous structure of nanoparticles. Figure 4-19(b) and insert show
only the vertical plots without any curves with a high charge transfer resistance in 2M KCI solution. KCI
electrolytes show a higher charge transfer resistance than NaNOs, indicating good capacitive behaviour
without diffusion limitation. Figure 4-19(a-b) show that ZrO;-1, ZrO,-2 and ZrO.-3 exhibit typical
characteristics of porous nanoparticles . This shows that zirconia nanoparticles can increase the
conductivity of the Nafion® membrane, which will be used as an electrolyte of fuel cells. The result in Figure
4-19(a-b) shows that ZrO,-2 and ZrO-3 have a rapid charge transportation as electrode material in all the
electrolyte solution due to high porosity. Moreover, the vertical slope indicates the ion diffusion through the
composite; this indicates that zirconia nanopatrticles with a controlled nanocrystal shape and small distance
between lattice fringes can increase conductivity, which makes them suitable for use in fuel cell

applications.
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Figure 4- 19: Nyquist plots of ZrO,-1, ZrO,-2 and ZrO,-3 in (a) NaNOs and (b) KClI electrolytes at a range
of 10 kHz—-1Hz.
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4.8. Conclusion
The HRTEM results show that the lattice fringes of nanoparticles become smaller as their size decreases.

The lattice fringes are equidistant and clear, all along the length of the nanorods and width of the
nanoparticle, without any lattice mismatch, hence depicting a single crystalline-like structure. The HRTEM
image of a single zirconia nanopatrticle with the electron diffraction pattern of (1 1 1) planes of the cubic
and monoclinic structure were obtained. It was observed that synthesis temperature has an effect on
porosity and nanoparticle sizes, as all the nanopatrticles were smaller than 20 nm as confirmed by powder
HRTEM results. The XRD results confirm the formation of single-phase ¢-ZrO, and m-ZrO, and crystallinity.
The TGA results show that the higher temperature degradation of ZrO, nanoparticles was stable due to
synthesis temperature. It was observed in FTIR results that the slight shift of the Zr-O vibration peak and
the disappearance of the Zr-O-Zr vibration peak on ZrO»-3 nanoparticles may be due to the high synthesis
temperature. The porosity of zirconia nanoparticles was observed under BET. The synthesis temperature
of zirconia nanoparticles shows an effect in electrochemical tests. ZrO,-2 and ZrO,-3 obtained good
electrochemical performance, good stability and good ion flow compared to ZrO,-1. This good
electrochemical performance is due to the higher surface area and pore volume, which promotes the
transfer of electrons. The Nyquist plot of ZrO»;-1, ZrO,-2 and ZrO,-3 in the NaNOs and KCI electrolytes
exhibited typical characteristics of porous nanoparticles. A KCI electrolyte shows a higher charge transfer
resistance than NaNOs3, indicating good capacitive behaviour without diffusion limitation. These results
show that zirconia nanoparticles can increase the conductivity of the Nafion® membrane, which will be
used as an electrolyte of fuel cells.
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C: Structural morphology of blended Nafion®-Polyacrylonitrile/zirconium phosphate nanofibers

4.9. Introduction
Polymer nanofibers are prepared by electrospinning a polymer solution, with a high-voltage electric field

applied to a polymer solution ejected from a metal syringe needle. Electrospinning is when the electric
forces are utilised within the polymer solution to produce the varied morphology. Moreover, by varying
viscosity, surface tension, molecular structure, molecular weight, solution concentration, solvent structure,
additive and operational conditions such as rotating speed, spinning head diameter, nozzle diameter and
nozzle-collector distance of the same solution may produce a nanofiber web with the various fineness,
orientation and surface morphology "*. Many researchers focus on how to synthesise high surface area
nanofibers (less than 1 000 nm), which make them useful in fuel cell membranes, tissue engineering,
catalysis, sensors, separations, electrochemical cells, drug delivery and chemical filtration [2]. Some of the
researchers also focus on the proton conductivity of electrospun nanofibrous mats 2. Nafion® membrane
is a perfluorinated state-of-the-art polymer developed by DuPont in the 1970s. Nafion® at low temperature
maintained a high proton conductivity and chemical resistance due to its hydrophobic tetrafluoroethylene
backbone and sulfonate groups. Electrospinning Nafion® solution increases the proton conductivity of
nanofibers with the reduced nanometer scale 73. Electrospinning the plain Nafion® solution is impossible
due to the low shear viscosity that makes Nafion® aggregates in the solution 7475, Nafion® solution was
blended with other polymers such as poly(ethylene oxide) (PEO) ', poly(acrylic ) (PAA) 7/, or
poly(vinylalcohol) (PVA) [7] and polyacrylonitrile (PAN) 7 78 in order to enhance the mechanical properties
and electrospinning. Furthermore, blending Nafion® solution with electron-conducting polymers may
enhance their protons’ conductivity and their electrons. PAN is mostly the chosen copolymer for the
preparation of fibrous filter media as it can be fabricated easily into nanofibers by electrospinning due to
their superior mechanical properties, excellent weatherability and chemical stability ”°. Moreover, PAN also
maintains a good thermal stability at a higher temperature of 130 °C and has a good resistance to many
organic solvents. PAN has been studied as a separator material and PAN-based separators show
promising properties, including high ionic conductivity, good thermal stability, high electrolyte uptake and
good compatibility, with lithium metal &. Electrospinning of composited PAN nanofibers has been found
to have multifaceted applications 8!, such as electrode materials in supercapacitors and fuel cells &,
Zirconium oxide (ZrOz) has several properties that make it a useful material. These properties include high
density, hardness, electrical conductivity, wear resistance, high fracture toughness, low thermal
conductivity, and relatively high dielectric constant. Because of its high refractive index and high oxygen-

ion conduction, ZrO; has been applied as resistive heating elements, oxygen sensors, catalysts and fuel
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cells #2. The use of totally stabilised zirconia in fuel-cell technology obtain a good ionic conductivity of cubic
zirconia at medium and high temperatures [12]. Zirconium phosphates (ZrP) are inorganic cation exchange
material with high thermal stability. Zirconium phosphate has the features of increasing conductivity due to
high proton mobility on the surface of its particles, and good water retention. The reduced methanol
permeability of the polymer membrane while maintaining a high power density is obtained by impregnating
it with zirconium phosphate 84, In this work, we study the effect of ZrP nanofillers on the improvement of
the morphological and conductivity of blended Nafion®-PAN nanofibers compared with pure PAN
nanofibers, which can be fabricated by electrospinning into nanofiber mats.

4.10. Experimental

4.10.1. Materials

Nafion® solution D521 (lon Power) was purchased from lon Power. Polyacrylonitrile (PAN), average Mw
150,000 g/mol, was purchased from Sigma-Aldrich. N, N-dimethylformamide (DMF) (99.8%) (Merck),
sodium hydroxide (Merck), N, N-dimethylformade (Merck), phosphoric acid (Merck), sulfuric acid (Merck),
zirconium oxychloride hydrate (Merck), were obtained and used as received.

4.10.2. Preparation of electrospinning solutions

Plain Polyacrylonitrile (PAN) nanofiber solutions were obtained by dissolving PAN (1g) in DMF (6g) solution
and a magnetic mixer stirred the solutions for three hours at 80 °C #.The obtained solution was divided
into three parts. One part was for plain PAN, and other parts for the PAN/ ZrP and Nafion®-PAN/ ZrP
nanofibers. In order to prepare the PAN/ ZrP nanofibers, 0.1 wt% ZrP nanoparticles were added to the
obtained solution and sonicated for 30 min to obtain a homogenous solution and magnetically stirred for
three hours at 80 °C. Moreover, the third part 5:5 Nafion® PAN and 0.1 wt% ZrP nanoparticles were added
and magnetically stirred for three hours at 80 °C. The obtained solution was spun by an electrospinning
system perpendicularly aligned to the target collector. The electrospinning solution was fed by using a
syringe of 10 mL through a capillary tip with a diameter of 1.25 mm. A voltage of 16 kV and a syringe pump
were used to feed the electrospinning solution at a constant rate of 0.5 mL/h. The distance between the
nozzle and the collector was set as 10 cm. The collector plate was covered with aluminium foil to gather

the resultant nanofibers at a specified distance as shown in Figure 4-20.

111



Electrospinning method
dissolving PAN (1g) in DMF (6g) solution, stirred for 3hrs at 80 °C

l l l

PAN PAN + ZrP Nafion '+ PAN + ZrP
(Stirred 3hrs at 80 °C) (Stirred 3hrs at 80 °C)
PAN nanofibers PAN/ ZrP nanofibers PAN-Nafion®/ ZrP nanofibers
(electrospun at16 kV, (electros [ k h
pun at16 kv, (electrospun atl6 kV, 0.5 mL/
0.5 mL/h and 10cm) 0.5mL/h and 10cm) and 10cm)

Figure 4- 20: Electrospinning process.

4.10.3. Characterisation

The X-ray diffraction (XRD) analysis was performed using a Philips X-ray automated diffractometer, with a
Cu K radiation source. Samples were scanned in continuous mode, from 5° to 90° (2 theta). The thermal
properties of the samples and their characteristics were studied by thermal gravimetric analysis (TGA)
under nitrogen flow. TGA data was obtained with the PerkinElmer instrument, over nitrogen and at a
heating rate of 10 °C/min from 50 °C to 1 000 °C. Fourier transform infrared (FTIR) spectroscopy was used
to determine the quality and composition of the sample. FTIR spectra were obtained with a (Vertex 70
Bruker) FTIR instrument over a range of 4 000—400 cm™ and a resolution of 4 cm™. The surface
morphology of the nanofibers was analysed by atomic force microscopy (AFM) and Scanning Electron
Microscopy (SEM).

4.10.4. Electrochemical studies

Electrochemical measurements were observed under three electrodes. While a silver-silver chloride
(Ag/AgCl) electrode was used as the reference electrode, zirconium nanoparticles coated on glassy carbon
were used as a working electrode, and Pt wire was used as a counter electrode. 0.03 g of PAN, PAN/ ZrP
and Nafion®-PAN/ZrP nanofibers were ultra-sonicated in 0.5 ml of 1 wt% Nafion® in absolute ethanol for
30 minutes, and pipetted a 0.05 ml suspension onto the glassy carbon electrode and dried at ambient
temperature . Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were

observed under 2M of KCI electrolyte. The scan rates used were 10 mV s?, 20 mV s, 30 mV s, 50 mV
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st and 100 mV s with the CV test ranging from -0.15 V to 0.55 V vs. EIS measurements were obtained

under the frequency range of 100 kHz to 0.01 Hz.

4.11. Results and discussion

4.11.1. Morphologies and structures

The effect of zirconium phosphate nanoparticles on nanofibers were confirmed under SEM micrographs of
PAN, PAN/ZrP and PAN-Nafion® ZrP nanofibers electrospun on the same conditions (voltage 16 kV,
distance 10 mm) as presented in Figure 4-21. It was observable in Figure 4-21(a-b) and 4-22(a(ll)) that
nanofibers are smooth, uniform in morphologies and uniformly arranged on top of each other with average
diameters of 100-200 nm. The modified PAN nanofibers with zirconium phosphate nanoparticles showed
the surface smoothness with the reduced diameters of 100-150 nm as presented in Figure 4-21 (c-d).
These may be due to the increase of conductivity within the composited solution with zirconium phosphates
ions, which reduced the diameter of the nanofibers . At a lower magnification of 100 nm, PAN/ ZrP
nanofibers present smooth and overlaying on top of each other; this could be due to the presence of
zirconium phosphate nanoparticles within the nanofibers as shown in Figure 4-21(d) and 4-22(b II). Figure
4-21(e-f) shows that PAN-Nafion® ZrP nanofibers obtained a different morphology with the rougher surface
without beads and slightly increases diameters of 150-300 nm whereas the PAN nanofibers obtained a
uniform morphology and relatively smoother surface 8. That surface roughness and slightly increased
diameter may be due to the addition of a Nafion® solution . Furthermore, the addition of ZrP nanoparticles
in the PAN-Nafion® solution reduces the diameters as presented in Figure 4-21(e-f) and 4-22(c ).
Topography images measured in tapping mode of PAN, PAN/ ZrP and PAN-Nafion® ZrP nanofibers are
shown in Figure 4-22. Figure 4-22(c 1) shows that the PAN-Nafion® solution modified with ZrP
nanoparticles has roughness in all the area, when compared with PAN/ ZrP (Figure 4-22(b 1l) and PAN
(Figure 4-22(a II) nanofibers, which shows less roughness in all the dark (hydrophilic) and light
(hydrophobic) sections . This may be due to the Nafion® solution that introduced the surface roughness
of nanofibers. Moreover, PAN-Nafion® ZrP nanofibers have more darkness than the lighter surface; these

may be due to the enhanced water within the nanofibers.
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Figure 4- 21: Scanning electron microscopy (SEM) (a) and (b) SEM micrographs of PAN nanofibres. (c)
and (d) micrographs of PAN/ZrP nanofibers and (e) and (f) micrographs of PAN-Nafion/ZrP nanofibres at
low and high magnification.
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Figure 4- 22: Atomic force microscope images SEM images at scale bars of 10 um and 100 nm of (a-b)
PAN nanofibers, (c-d) PAN/ZrP nanofibers and (e-f) PAN Nafion/ZrP nanofibers.
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4.11.2. The X-ray diffraction (XRD) analysis

Figure 4-23 shows the X-ray diffraction pattern of PAN, PAN/ ZrP and PAN-Nafion® ZrP nanofibers. The
weak peak at 2theta = 17.6 °, 2theta = 24.9 °, 2theta = 37.1 °, 2theta = 50.4 °, 2theta = 55.4 ° and 2theta
=59.1 °, with a strong peak of 2theta = 39.2 °, indicated the crystalline peaks of ZrP as shown in Figure 4-
23(a). This PAN-Nafion® ZrP nanofibers show peaks at 2theta are 21.5 °, 26.8 °, 30.8 °, 36.4 °, 49.4 °,
54.5 ° and 58.1 ° which correspond to planes (200), (21 1),(220), (31 1), (4 20)as shown in figure 4-
23(b) 89, XRD patterns in Figure 4-23(b) show only the crystalline peak of ZrP nanoparticles without
reflecting the peak of electrospun Nafion® and PAN. Appearance of ZrP crystalline peaks indicates that the
metal oxide was successfully composited within the electrospun nanofibers. The PAN nanofibers are
amorphous with the strong peak at 2theta = 17.6 °, that assigned to crystal planes of PAN as shown in
Figure 4-23(c) °.

40000 —
35000 -
(a) PAN/ ZrP
30000 —
25000 -
2
‘® 20000 - (b) PAN-Nafion/ ZrP
c
o
|5
— 15000
10000 -
5000 (c) PAN
o411t
10 20 30 40 50 60 70 80 90

2 Theta (degrees)

Figure 4- 23: The comparison of the XRD patterns of the (a) PAN/ZrP nanofibers, (b) PAN-Nafion® ZrP
nanofibres and (c) PAN nanofibers.

4.11.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra analysis of PAN, PAN/ ZrP and PAN-Nafion/ ZrP nanofibers are presented in Figure 4-24.
Figure 4-24(a-c) show the vibration peak at 2933 cm™* (CH stretching) and 1456 cm™ (CH bending) which
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can be assigned to vibrations of the CH and CH; group of PAN 2, Also the peaks at 2246 cm?, 1673 cm
1 and 1630 cm™? related to the stretching vibration of nitrile groups C=N and C= O stretching vibrations of
the acrylonitrile 2. Figure 4-24 (a) shows the vibration peaks of 1097 cm™ and 658 cm that are assigned
to Zr-O vibration and P-O, stretching due to the present of ZrP nanoparticles within the PAN nanofibers
and 978 cm* which correspond to the C-O-C stretching #’. FTIR spectrum of the composite PAN-Nafion/
ZrP nanofibers shows the presence of Nafion polymer °* as shown in figure 4-24(b), with the strong bands
at 1233 cm? and 1149 cm?, which correspond to the -C-F- stretching °>. Figure 4-24(a-b) shows the
disappearing of vibrational structures at 1742 cm for C= O stretching vibration of the PAN backbone ¢’.
This may be due to the incorporation of ZrP nanoparticles that reduced some of the vibration peaks of PAN
polymer. Figure 4-24(a-b), shows vibration bands at 2361 cm™ are assigned to O-H bonding, the peak
observed at 2335 cm is due to the presence of inorganic ions. Therefore, the appearance of Zr-O groups
at the PAN nanofibers was caused by the zirconium phosphates composited within the electrospun
solution.
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Figure 4- 24: FTIR spectra of (a) PAN/ZrP nanofibers, (b) PAN-Nafion/ZrP nanofibers and (c) PAN
nanofibres.

117



4.11.4. Thermo-gravimetric analysis (TGA)

Figure 4-25 shows the TGA curve of PAN nanofibers. The TGA results show that the initial weight loss
occurred at 300 °C in PAN, PAN/ ZrP and PAN-Nafion/ ZrP nanofibers, with a little weight loss as shown
in Figure 4-25(a-c) due to dehydration. The second weight loss occurs at 333 °C, due to the release of the
volatile gases. The third weight loss occurs at 565 °C, due to partial evaporation of NH; and HCN %, In
addition, the final weight loss stage is at 882 °C, due to the total evaporation of polymer chain fragments
from the PAN nanofibers. Figure 4-25(a) shows that PAN-Nafion/ ZrP nanofibers are thermally more stable
than PAN and PAN/ ZrP nanofibers as they have a higher decomposition temperature. These may be due
to thermal decomposition of composited Nafion polymer that occurs in three stages, and the incorporation
of ZrP nanoparticles that presented the interactions between ZrP and Nafion-PAN nanofibers.

Weight %
=1]
(=]
1

(a) PAN Nafion ZrP
(b) PAN
20 4 (c) PAN ZrP

— T T 1 1 T T T T T T T T T T T 1
100 200 300 400 500 600 700 800 900
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Figure 4- 25: Thermal gravimetric analysis (TGA) and derivative thermogravimetric of (a) PAN-
Nafion/ZrP nanofibers, (b) PAN nanofibers and (c) PAN/ZrP nanofibers.

4.11.5. Electrochemical properties

Figure 4-26 shows the cyclic voltammograms (CV) of PAN, PAN/ ZrP and PAN-Nafion/ ZrP nanofibers at
a scan rate of 10 mV s?, 20 mV s?, 30 mV s?, 50 mV s and 100 mV s*. The CV of modified PAN shows
a higher current response and less estimated charge transfer resistance in all the scanning rates as shown

in Figure 4-26 (a-f). In Figure 4-26(a-f), it is observed that the current is directly proportional to the scan
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rates of CV, as when the scan rate increases, the current also increases *°. This may be due to the higher
response of redox peak in all the nanofibers. Figure 4-26(f) shows the electrochemical stability of all the
nanofibers at the scan rate of 100 mV s and 5 cycles, with CV test ranging from -0.15 Vto 1.0 V, as it has
obtained a rectangular curve at high electronic conductivity and good charge dissemination 1. This
indicates that these nanofibers can be suitable materials to be used as electrolytes or the modification of
electrolytes for the application of supercapacitors or fuel cells due to their fast charge and discharge
behaviour. However, the CV reduction of PAN-Nafion/ ZrP nanofibers at a scan rate of 10 mV s?, 20 mV
s?, 30 mV s?, 50 mV st and 100 mV s may be due to the conductivity as confirmed by Nyquist plots
below. Figure 4-27 shows the Nyquist plots of PAN, PAN/ ZrP and PAN-Nafion/ ZrP nanofibers. It can be
observed in Figure 4-27 that PAN-Nafion/ ZrP nanofibers obtained a nearly straight line without a semicircle
in the high-frequency region. This indicates the ultralow charge transfer resistance during the electro-
catalytic process in the composite nanofibers. The Figure 4-27 insert shows that PAN/ ZrP and PAN-
Nafion/ ZrP nanofibers obtained a smaller resistance when compared with that of plain PAN nanofibers.
These may be due to the incorporation of ZrP nanoparticle, which has high proton mobility. However, PAN-
Nafion/ ZrP nanofibers show as highly conductive as they can be observed on Nyquist plots as show in
Figure 4-27, which obtained a very steep line that shows how fast the charge transfers. PAN/ ZrP
nanofibers show steep linear slopes at high frequencies as presented in Figure 4-27. It is observable that
the conductivity for PAN-Nafion/ ZrP and PAN/ ZrP nanofibers is more improved than the plain PAN
nanofibers. This shows that the addition of the ZrP nanoparticle has an impact on increasing electro-
catalytic resistance. Furthermore, the plain PAN nanofibers show a long arc in the high-frequency region
and a relatively flat curve in the low-frequency region, due to its poor electroactivity in charge transport,
compared with the modified PAN nanofibers as shown in Figure 4-27 (insert).
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Figure 4- 26: Cyclic voltammograms of PAN, PAN/ ZrP and PAN-Nafion/ ZrP nanofibers at (a) 10 mV s,

(b) 20 mV s?, (c) 30 mV s, (d) 50 mV s?, (e) 100 mV s?and (f) 100 mV stand CV test ranging from -
0.15Vtol1.0V.
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Figure 4- 27: Nyquist plots for PAN, PAN/ ZrP and PAN-Nafion/ ZrP nanofibers.

4.12. Conclusion

The SEM images show that the electrospun PAN-Nafion nanofibers modified by ZrP nanoparticles
obtained a reduced diameter and roughness without formation of beads. In addition, PAN shows a more
reduced diameter of 100 nm due to the ZrP nanoparticles being well distributed within the nanofibers. The
XRD results also show well-crystallised zirconium phosphates within the modified PAN nanofibers.
Moreover, the obtained results show that the thermal degradation properties of PAN-Nafion/ZrP nanofibers
improve at a high temperature of 500 °C, with a high conductivity under CV and Nyquist plots. It can be
concluded that the addition of ZrP nanoparticles within PAN and PAN/ Nafion nanofibers can reduce the
diameter while improving the conductivity. When PAN blended with Nafion solution it stabilised the high
decomposition temperature of Nafion. Furthermore, PAN-Nafion/ZrP nanofibers show a high stability in
Nyquist plots due to the incorporation of zirconium phosphate nanoparticles that allow improved electrode
surface accessibility. The plots obtained rectangular curves at high electronic conductivity and good charge
dissemination. This makes composited nanofibers with ZrP nanoparticles suitable to be used as the

electrolyte of a promising fuel cell application.
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CHAPTER FIVE

5. Modification of Nafion® membrane and their mechanical properties

This chapter presents the three scientific papers summary in the following sections:

Presents the results from the paper: “Effect of relative humidity on mechanical strength of zirconia/
Nafion® Nano-composite membrane” Journal of Computational and Applied Research in Mechanical
Engineering 7(2) (2018) 175.

Presents the results from the paper: “Wettability and mechanical strength of modified Nafion®nano-
composite membrane for fuel cell” Digest Journal of Nanomaterials and Biostructures 12(4) (2017) 1137.
Presents the results from the paper: “Mechanical strength of Nafion®ZrO, nanocomposite membrane”

International Journal of Manufacturing, Materials, and Mechanical Engineering 8(1) (2018) 54.

A: Effect of relative humidity on mechanical strength of zirconia/ Nafion® Nano-composite

membrane

5.1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are used in variety of applications such as stationary,
automotive and mobile * due to their high efficiency of electrical conversion. PEMFCs uses hydrogen or
methanol as their fuel to produce electricity without environmental pollution as there is no gas emissions
only water as waste product that can be reused 2. The PEMFCs heart is a proton conducting membrane.
As this proton conducting membrane conduct protons from the anode electrode to the cathode electrode,
without allowing the oxygen and hydrogen gas crossover. Moreover, the fuel cell longevity depends on
the mechanical strength of proton conducting membrane, as it must endures any operational changes such
a water content and temperature without any operation failure 3“. Nafion® membrane when operates at
lower temperature maintain a high ionic conductivity and mechanical, thermal and chemical stability . It
consists of hydrophobic polytrafluoroethylene (PTFE) backbone and hydrophilic perfluorinated pendant
side chains ending with sulfonic groups SOsH* (acid form) 7. When in contact with water the sulfonic swell
and form hydrophilic domain. Critical characteristics of a good polymer electrolyte membrane (PEM) are
fast friction conduction, good water transport, thermo-mechanical stability and sustained durability under
various operating conditions . Furthermore, the Nafion® membrane because of its chemical structure
function well in its hydrated state, with the proton conductivity decreasing with the increase of temperature
and lower relative humidity 8. But this Nafion® membrane dehydrates at the temperature above 80 ‘C and

starts to shrink which leads to the development of cracks, and with a high methanol permeability.
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Incorporating various nanoparticles can improve membrane conductivity, water management, mechanical
properties, and bring changes to pore and channel structure **3. Zirconium oxide (ZrO2) has been used in
fuel cell, thermal barrier coating and refractory materials due to its high thermal, chemical and mechanical
stability 4. Nafion® membrane was modified with inorganics fillers such as ZrO-to introduce the hydrophilic
side of the membrane and enhance the mechanical strength with higher ionic conductivity in order to
function on the methanol or hydrogen fuel cell at higher temperature *>*7. To function at higher temperature
improves the carbon monoxide (CO) tolerance and reaction kinetics with reduction of catalyst loading on
the membrane electrode assembly of fuel cell 182°, This eliminate the properties of fuel cell gas; the findings
prompt the research on fuel cell working on high temperature. In this paper, we investigate the mechanical
properties of modified hanocomposite membrane using tensile modulus measurement when dry and wet
state compared with that of recast Nafion® membrane as these wet-up and dry-out can cause significant

stresses in membrane.

5.2. Experimental

5.2.1. Materials
Sodium hydroxide, silver nitrate, N, N-dimethylformade (Merck), Sulfuric Acid (Merck), Zirconium

oxychloride hydrate (Merck), Iso-propanol (Merck) and Nafion® solution (Sigma) was obtained and was

used as received.

5.2.2. Synthesis of ZrO, nanoparticles

The ZrO; nanoparticles were prepared by precipitation method. Zirconium oxychloride hydrate (ZrOCl.
8H20) and sodium hydroxide (NaOH) were used as starting materials. 0.2M ZrOCl,.8H.O was prepared
in 250ml beaker and 2N NaOH solution was added drop wise with continuous stirring for 45 minutes.
Obtained precipitate was divided into six parts, one parts was filtered and washed several times with
distilled water until chlorine ions (CI") were not detected by the silver nitrate (AgNO3). The precipitate was
dried at 100 °C for 24 hours, which was calcinated at 600 °C for 4 hours and labelled as Zr-0. Whereas the
remaining parts of the solution were covered with a foil and put in an oven at 50 °C, 80 °C and 100 °C
temperatures for 24 hours, after which they were filtered, then washed and calcinated according to the Zr-
0 procedure and then stored for analysis. Then the samples were labelled as follows Zr-50, Zr-80 and Zr-
100.

5.2.3. Preparation of nanocomposite membranes

The nanocomposite membranes were prepared using 5 % Nafion® solution as the standard material for

reference. Nafion® solution (10ml) with N, N-dimethylformade (DMF) (20ml) was mixed to replace solvents.
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10wt % of Zr, Zr-50, Zr-80 and Zr-100 nanoparticles (obtained by using method in 4.2.2) were added to
the Nafion® DMF solution and stirred at room temperature for 2 hours, then ultrasonizing for 30 minutes
21 The resulting solution was poured onto a piece of flat glass and placed into an oven at 80 °C for 12
hours to remove solvent, and finally heated up to 160 °C for 30 minutes. The membranes were then
removed by peeling off from the glass plate. Before conducting any measurement, all membranes were
kept at deionized water for 12 hours. The thicknesses of the membrane were measured with digital
micrometre (0.18 cm). Each thickness was measured in the average of 3-7 reading at different position of

membrane and was repeated twice on each membrane in order to obtain the average value.

5.2.4. Water Uptake (%) of nano-composite membranes

The membrane was soaked in distilled water for one day. Then was removed, wiped and weighed on the

micro-balance. Water uptake was calculated according to the following equation:

Wep (%) = ("“”;i'—“‘”y)xwo (5-1)

dry

Where W, is the percentage of water uptake, myet is the weight of a wet membrane immediately and mqry
is the weight of the dry membrane.

5.2.5. Tensile test

The uniaxial mechanical properties of nano-composite membranes and recast membrane were captured
using a uniaxial testing system. The length, width and thickness of samples were measured using a Vernier
caliper and recorded prior to testing. The testing area of the membrane samples were 4 mm x 10 mm in
dimension. To allow clamping area, the sample were prepared in such a way that they will be clamped
both sides and still allow the testing area to be 4 mm x1 0 mm. The thicknesses of the membrane were
measured with digital micrometer (0.18 cm). Each thickness was measured in the average of 3-7 reading
at different position of membrane and was repeated twice on each membrane in order to obtain the average
value. The thickness of 0.18 cm of the nanocomposite membrane was used in analysing the stress applied
to the sample. The membrane was soaked in water for 24 hours and tested as wet test. Then the membrane
was dried in a vacuum oven at 80 °C for 24 hours and tested as dry test. The tensile strength of modified
Nafion membranes were measured using CellScale Ustretch device dried at 25 °C and wet at 34 °C and

actuator speed of 5 mm per min.
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5.2.6. Characterization

The XRD analysis was performed using a Philips X-ray diffraction with Cu K radiation source. The analyzed
material is finely ground, homogenized, and average bulk composition is determined. Samples are
scanned in a continuous mode from 10° - 90°. The thermal properties of the samples and its characteristics
were studied by thermal gravimetric analysis (TGA) under nitrogen flow. TGA data was obtained with model
STA (Simultaneous Thermal Analyzer) 1500 (supplied by Rheometric Scientific Ltd, UK), over nitrogen and
at a heating rate of 10 °C/min from 28 °C to 1000 °C. Scanning Electron Microscopy (SEM) images were
obtained on a Hitachi x650. Electronic techniques are based on the interaction of the sample with electrons,

which results in a secondary effect that is detected and measured.

5.3. Results and discussion

5.3.1. The X-ray diffraction (XRD) analysis

The modified membrane was characterized by XRD to observe the effect of the zirconia nanopatrticles on
their crystallinity. The XRD results of modified Nafion® and pristine membrane are shown in Figures 5-1.
Figure 5-1(a) shows that the pristine recast membrane have only two reflections peaks at 17.5° and 39°
2thetha which resemble the crystallinity within the per-fluorocarbon chains of the ionomer 2. Figure 5-1(b)
shows the peaks corresponding to the cubic and monoclinic phase of zirconia oxide nanopatrticles, also
the Nafion® peaks which associated with crystallinity within the per-fluorocarbon chains. However, Figure
5-1(c-e) reflect only the broad diffraction peaks of zirconia cubic phase in the hanosized range without any
Nafion® peaks detected. With diffraction peaks at 2theta are 30.2°, 35.2°, 50.6°, 60.2°,74.2°and 82.5°
which corresponding to the planes (11 1), (200),(220),(311),(400),(331), (420) 2% In
comparison, it is noted that modified membrane obtains the more crystallite and bigger than the pristine
Nafion® membrane, this may be due to the crystallites of zirconia nanoparticles that have been distributed
within the membrane. Furthermore, it was observable on Figure 5-1 (c-e) that only the crystalline peak of

zirconia nanoparticles appeared while Nafion® peak disappeared.
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Figure 5- 1: The comparison of the XRD patterns of the (a) Nafion/ Zr-0, (b) Nafion/ Zr-50, (c) Nafion/ Zr-
80, (d) Nafion® Zr 100 nanocomposite membrane and (e) Nafion® membrane.

5.3.2. Thermo-gravimetric analysis (TGA) and Derivative thermo-gravimetric (DTG)

The Thermo-gravimetric analysis and the derivative (DTG) of nanocomposite membrane and pristine
Nafion® membrane were conducted in order to observe weight loss and thermal stability as displayed in
Figure 5-2. In Figure 5-2 (b-e), modified nanocomposite membrane showed three weight loss up to 900 °C
due to decomposition of membrane, with a total loss of 75-94 wt %. Figure 5-2 (b-e), shows an initial weight
loss of about 2% of the original weight below 530 °C, due to the evaporation of hydrated water, and the
second weight loss is attributable to the decomposition of the sulfonic acid groups of Nafion® membrane
around 550 °C 2°, The third degradation step over 550 °C was assigned to degradation of the polymer main
chain 212627 Furthermore, the modified Nafion® membrane with zirconia nanoparticles as a filler have a
shift in decomposition temperature, Nafion® / Zr, Nafion® / Zr-50, Nafion® / Zr-80 and Nafion® / Zr-100
nanocomposite membranes retain their weight up to 510 °C, which shows thermal degradation
improvement compared to pristine Nafion® membranes. The modified Nafion® nanocomposite membrane
was found to maintain water up to 530 °C, respectively, corresponding to desorption of water from
membranes. This result in Figure 5-2 (b-e), confirmed that the modification of Nafion® membrane by

zirconia nanoparticles can improve water retention ability and accelerate the decomposition process of the
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membrane. Addition of Zirconium oxide shows the improvement of thermal stability ?® as zirconia
nanoparticles were well distributed between Nafion® matrix, as confirm by XRD and SEM results. Because
water is proton transporting medium for PEMs, the water retention ability above 100 °C is one of the
important parameters for fuel cell applications. The pristine Nafion® membranes as shown in Figure 5-2(a),
were found to be less stable compared to the modified membrane in Figure 5-2 (b-e) as they have started
to decompose at a lower temperature of 360 °C. It is observable in Figure 5-2(a), as shows that pristine
Nafion® membranes has three weight loss from 50 °C to 360 °C due to the evaporation of hydrated water,
and the second weight loss is attributable to the decomposition of the sulfonic acid groups of Nafion®
membrane #°. The third degradation step over 550 °C was assigned to degradation and combustion of the
polymer main chain 22627, The DTG curves of modified Nafion® and Nafion® membrane obtained the
same two transition peaks which associated with the second and third decomposition stage of a membrane

as shown in Figure 5-3.
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Figure 5- 2: The comparison of the TGA curves of the (a) Nafion® membrane, (b) Nafion® Zr-0, (c)
Nafion® Z r-50, (d) Nafion® Zr-80 and (e) Nafion® Zr 100 nanocomposite membrane.
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5.3.3. Tensile test

Force and displacement data were collected at a rate of 5 Hz. The cross-sectional area of the samples
was calculated based on membrane thickness and the initial distance between membranes after
preloading but prior to testing. Axial force measurements and cross-sectional areas were used to determine
stress experienced by the samples in each direction (See Figure 5-4). Sample strains in each direction
were determined using axial displacements measured by the UniStrecher. One stress strain relationship
was plotted for each sample (See Figure 5-4 (a, c, e, g and i)). One force displacement relationship was
also plotted for each sample of the membrane. The stiffness of each membrane was determined by
identifying a linear region where their slopes are calculated as shown in Figure 5-4. The linear regions of
these plots were identified and their slopes were calculated to generate a corresponding elastic modulus
or stiffness (See Figure 5-4 (a-j)). All resultant data was examined and a common linear region, between
0% and 15%, was found. Linear regressions between 0% and 15% were taken for each plot and an R?
value of at least 0.9 was required to confirm linearity. A typical stress strain plot with an applied linear

regression is shown in Figure 5-4 (a-j).

The data collected were used to calculate the stress and strain for each of five tests using the force and
displacement. The stress-strain of the modified nanocomposite membranes and recast membrane in their
wet and dry state were presented in Figure 5-4(b, d, f, h and j). To verify the strain values, the motions of
the nanocomposite membranes and Nafion® membrane were analysed using the image analysis toolkit.
The image analysis resulted in lower strains than the actuator displacement- based strain data. This is not
surprising since some of the actuator displacement could have resulted in system deflection and or
specimen slippage. When looking at wet membranes, all samples have failed at approximately 0.6 strains.
When looking at the dry nanocomposite membranes, Zr-100 and Zr-0 did not fail at 0.6 strain. The highest
stress was recorded on the Nafion®/ Zr-100 of approximately 720 kPa (See Figure 5-4(h)), with the more
improvement of the yield strength and the elastic modulus thus demonstrating the close bonding between
the zirconia nanoparticles and Nafion® membrane through self-assembly 2°. This improvement of the
membrane rigidity demonstrates that the zirconia nanoparticles stabilized the structure of modified
membrane and give a potential restriction to the humidity-generated stress when the membrane is used
as an electrolyte membrane in the fuel cells application. Nafion® Zr-80 membrane (see Figure 5-4(a-b)) in
its dry state shows improvement in stiffness (secant modulus) when compared to recast membrane, this
may be due to Zr-80 nanoparticles incorporated in the Nafion which retains water to enhance mechanical

strength of Nafion® membranes.
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Figure 5- 4: Mechanical loading response (force-displacement curves) of wet and dry (a) Nafion®/Zr-80,
(c) Nafion®Zr-50, (e) Nafion® recast, (g) Nafion®/Zr-100 and (i) Nafion®/Zr-0 nanocomposite membranes
and Stress-Strain curves of wet and dry (b) Nafion®Zr-80, (d) Nafion®Zr-50, (f) Nafion® recast, (h)
Nafion®/Zr-100 and (j) Nafion®/Zr-0 nanocomposite membranes. Stress-strain and force-displacement
curves showing the region where the membrane stiffness was determined (force-displacement region is
between 0-1.2mm and Stress-strain region is between 0 %-15% strains).
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The method for determining the elastic modulus and stiffness of wet and dry nanocomposite membranes
and Nafion® membrane are shown in Figure 5-5. The region selected for determining stiffness is between
0.0 mm and 0.15 mm strain and similarly the region selected for determining stiffness is between Omm and
1.3 mm. When comparing the elastic modulus of wet Nafion® recast membrane with wet Nafion®/Zirconia,
it was found that Nafion® recast is 62.06 %, 35.26 %, 30.79 % and 35.26 % higher than Nafion®/Zr-100,
Nafion®/Zr-80, Nafion®/Zr-50 and Nafion®/Zr-0, respectively (See Figure 5-5(a)). The elastic modulus of
dry Nafion® recast membrane were found to be 1.20% and 7.44 % higher than Zr-80 and Zr-50,
respectively. The elastic modulus of dry Nafion® recast membrane was found to be -25.89 % and -60.67
% lower than Zr-100 and Zr-0, respectively. The elastic modulus of dry Nafion® recast, Nafion®/Zr-100,
Nafion/Zr-80, Nafion/Zr-50 and Nafion/Zr-O membranes are 46.29 %, 83.31 %, 64.81%, 59.84 % and 78.36
% higher than wet recast Nafion®, Nafion®Zr-100, Nafion®Zr-80, Nafion®/Zr-50 and Nafion®/Zr-0
membranes, respectively (See Figure 5-5). The percentage differences of the elastic modulus of wet and
dry membranes are similar to the percentage difference of the stiffness. Generally, the elastic moduli of
dry membrane are higher than the wet membranes. Similarly, the stiffnesses of dry membrane are higher

than the wet membranes.
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Figure 5-5: Modulus of elasticity of dry and wet Nafion® and Zirconia nanocomposite membrane
determined at selected region (see Figure 5-5 ('a) and (b) Stiffness of dry and wet Nafion® and Zirconia
nanocomposite membrane determined at selected region (see Figure 5-5).

The highest stress is recorded on the original Nafion® when compared nanocomposites membranes (see
Figure 5-6). It was observed that the dry nanocomposite membrane has higher modulus of elasticity when
comparing to wet nanocomposite membrane. The opposite is observed when comparing Nafion®/Zr-0,
Nafion®/zr-50, Nafion®/Zr-80 and Nafion®Zr-100 since in this category, the modulus of elasticity of dry
nanomembrane is lower than the wet hanocomposite membrane (see Figure 5-6). The tensile strength of

the wet recast Nafion® and Nafion®/Zr-0 membranes is higher than of the dry membranes (see Figure 5-
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6). The modulus of elasticity of wet membrane of recast Nafion® is 53.8%, 45.6%, 39.6% and 56.8% higher
than the Nafion/Zr-0, Nafion®Zr-50, Nafion®/Zr-80 and Nafion®/Zr-100, respectively. The modulus of
elasticity of dry membrane of recast Nafion is 72.5%, 20.6% and 1.8% higher than the Nafion®/Zr-0,
Nafion®Zr-50 and Nafion®/Zr-80, respectively. Ironically, the modulus of elasticity of dry membrane of
Nafion is 1.2% lower than the Nafion/Zr-100 (see Figure 5-6). When comparing the wet membrane of recast
Nafion®, it was observed that recast Nafion® is 45.3%, 62.4%, 56.1% and 59.3% higher than the Nafion®/Zr-
0, Nafion®/Zr-50, Nafion®/Zr-80 and Nafion/Zr-100, respectively.

The tensile strength of dry membrane of recast Nafion® membrane is -25.0%, 20.9%,1.7% and 1.2%
higher than the Nafion®Zr-0, Nafion®/Zr-50, Nafion®Zr-80 and Nafion®/Zr-100, respectively (see Figure 5-
7(a-b). Generally, it was found that the recast Nafion® membrane in wet state has higher modulus of
elasticity and tensile strength when compared to Nafion®Zr-0, Nafion®/Zr-50, Nafion®Zr-80 and
Nafion®/Zr-100 due to its hydrophobic nature as their tensile strength and tensile modulus increase with
increasing water content in the membranes. Moreover, the obtained results show that modified Nafion®
nano-composite membranes can maintain the mechanical strength when operating in higher temperature
fuel cell, as their elongation at break is higher at dry state than wet state. The incorporation of ZrO-
nanoparticles within Nafion® membrane has resulted in an increase in tensile strength and tensile modulus.
This may be due to the free motion within the membrane chains that was slightly restricted by the
intermolecular forces between the membrane chains and the inorganic oxide nanoparticles; the tensile

strength of membranes is sequentially enhanced .
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Figure 5- 6: Secant modulus of dry and wet (a) Nafion®/Zr-80, (b) Recast-Nafion®, (c) Nafion®/Zr-50, (d)
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Figure 5- 7: Tensile strength of modified Nafion® membranes and Comparison of modulus of elasticity.

5.3.4. Scanning electron microscopy (SEM)

The scanning electrons microscopic of the modified and recast membranes in cross-sections are displayed
in Figure 5-8. Figure 5-8(a) presents the micrographs of Nafion® /Zr-0 nano-composite membrane with
10wt.% of zirconia nanoparticles impregnated within the ionomer of Nafion® membrane. It is observable
that the nanoparticles were homogenously distributed within the membrane. Figure 5-8(b) presents the
cross-section of Nafion® /Zr-50 nano-composite membrane with well distributed and consistent small

particles of Zr-50 nanoparticle. Results in Figure 5-8(c-d) show that zirconia nanopatrticles consist of sub-

micrometric particles with the similar morphology which is well dispersed within the ionomer matrix °.
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Figure 5- 8: Scanning Electron Microscopy (SEM) micrographs (a) Nafion®/Zr-0, (b) Nafion®/Zr-50, (c)
Nafion®/Zr-80 and (d) Nafion®/Zr-100 nano-composite membranes.

5.3.5. Water uptake % (Wup %)

Figure 5-9(a) presents the Wy, % of modified membrane and recast membrane. The results show that the
modified Nafion membrane by incorporating inorganic nanoparticles retain more water (34-35 %)
compared to plain recast Nafion membrane (30 %), this may be due to inorganic fillers distributed on the
pores of swollen membrane to increase the hydrophilic nature of Nafion 3. In Figure 5-9(b), the graph also
confirms that the modified membrane with Zr-100 has about 5% higher water-uptake than un-modified
membrane. Furthermore, zirconia nanoparticles having a higher porosity increases the water retention

within the nanocomposite membranes which resulted also in increasing the proton conductivity, due to the
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increases of exchange sites available per cluster which is an important parameter of fuel cells in order to
operate on higher temperature *2.
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Figure 5- 9: (a) Water uptake data and (b) image of Nafion®/Zr-0, Nafion®/Zr-50, Nafion®/Zr-80, Nafion®
/Zr-100 nano-composite membranes and Nafion® membrane.

5.4. Conclusion

Modified Nafion® membranes were analysed under the following techniques XRD, TGA, SEM and its
mechanical properties under Tensile test was observed. The results obtained under XRD shows that the
zirconia nanoparticles are well dispersed within the Nafion® membrane as only the monoclinic and cubic
phase appears which increase the crystallinity and compatibility properties of Nafion® membrane. TGA
results of modified Nafion® membrane have more thermal stability compared to recast Nafion® membrane
which was completely burn. The mechanical properties of modified and recast Nafion® membranes have
been also observed at dry and wet conditions. The results show that the percentage difference of the
elastic modulus of wet and dry membranes are similar to the percentage difference of the stiffness.
Generally, the elastic modulus and the stiffness of dry membrane are higher than the wet membranes of
the modified membrane. This may be due to the ZrO, nano-fillers which enhance water affinity within the
Nafion® membranes, as it promotes the ionic channels that increase in the storage modulus of the
composite membrane. This obtained results show that the modified Nafion® membrane can function well

as electrolytes in fuel cell.
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B: Wettability and mechanical strength of modified Nafion® nano-composite membrane for fuel cell

5.5. Introduction

Fuel cell is an environmentally friendly energy resource, which generates electricity while removing water
as bi product. It can operate using hydrogen and methanol as its fuel. This make them have some
limitations, as they will need electrolyte that will be conducting while blocking some fuel to pass through.
Proton exchange membrane fuel cells (PEMFCs) has been recognizes as the most promising power
sources for electric vehicles because they have no carbon dioxide (CO;) emissions and relatively high
power generation efficiency 3. Nafion® membrane is currently the most popular membrane for its superior
mechanical and chemical stability and good electrochemical performances 3*, robust structure and
excellent proton conductivity in the hydrated state . The microstructure of Nafion® membrane consists of
three regions: the hydrophobic fluorocarbon backbone, hydrophilic ionic clusters of sulfonic acid groups
(proton exchange sites) and an interfacial region 2637, The super selectivity of Nafion® and its chemical and
thermal stability are ascribed to the structure 8. The proton migration within the Nafion® membrane
depends on the amount of absorbed water 33. Application of pristine Nafion® membrane in high
temperature fuel cells faces many challenges such as loses its water by evaporation that resulted in
irreversible mechanical damages, lowering its proton conductivity at low relative humidity due to the lower-
water content, which will hinder its operation in high temperature. However, Nafion® membrane also suffers
from methanol permeability, which has limited its application in methanol fuel cell, as it releases CO that
damage the catalytic side of fuel cell. The high temperature operation is performed in order to maintain
reasonable proton conductivity, good mechanical stability, enhances reaction kinetics at both electrodes,
improves the carbon monoxide tolerance of platinum catalyst at anode and simplifies heat and humidity
management of polymer electrolyte membrane (PEM) *°. It increases the biding energy of water 4°. Nafion®
tends to shrink when relative humidity decrease and swells in contact with water due to its molecular
structure 4*. Moreover, the mechanical properties of the membrane affected by changes of temperature
and water content 2. The researches has put efforts on developing modified Nafion® membrane with
inorganic filler, as this inorganic hanomaterials act as water storage in the membrane which does not
evaporate at a temperature higher temperature because of electrostatic attraction within the electrical
double layer #3, anti-swelling and hydrophilicity properties 44#’. Furthermore, the membrane strength and
performance increased, as the organic polymer formed strong interaction with the inorganic component
having large specific area “¢. The inorganic materials in the nanometer scale have been used in many
applications with the improvement of the electrical, mechanical, and optical properties of any compound
due to the increase in surface area “°. Modified membrane with inorganic filler such as silica (SiO,) % %3,
titanium dioxide (TiO) 2% %0, zirconium oxide (ZrO,) 25 %9, heteropolyacids ®! and zeolites **were used to
facilitate proton conductivity at high temperature and a low Relative Humidity (RH) performance, water

management, mechanical properties, and bring changes to pore and channel structure.!%12 53, As it
144



restructured hydrophilic channels composed of the pendant sulfonic acid groups that retention water , this
may due to the degree of acidity of the nanofiller 5*. Furthermore, when membrane modified by inorganic
particles improves the mechanical properties such as the tensile strength, modulus or stiffness 55,
Zirconia oxide (ZrO) is a metal oxide that is stable at high temperatures and also has high mechanical
properties >’. ZrO, obtained in three different crystal phases at ambient pressure, monoclinic, tetragonal
and cubic, that strongly influence the catalyst’s activities and selectivity 55°. In this paper, the incorporation
of zirconia nanoparticles within Nafion® membrane was prepared by recast method, in order to enhance
the wettability and mechanical strength of electrolytes for Proton exchange membrane fuel cells. The
effects of ZrO, nanoparticles on the recast membrane in the hydrophilicity and mechanical properties under

tensile test and water contact angle was observed.

5.6. Method
5.6.1. Preparation of ZrO; nanoparticles

The ZrO, nanoparticles was prepared by precipitation method, zirconium oxychloride hydrate (ZrOClI.
8H20) and sodium hydroxide (NaOH) were used as starting materials. 0.2M ZrOCI,.8H,O has been
dissolved in 50 ml de-ionised water. NaOH [2N] solution has been added dropwise to the ZrOCl,.8H,0 (50
ml) solution and stirred continuously for 45 minutes. The precipitate was covered with a foil and put in an
oven at 80 °C temperatures for 24 hours, after which it was then centrifuge and wash many times with de-
ionized water until Cl" not detected and dried at 80 °C and then calcinated it at 600 °C for 4 hours and
labelled as Zr-80.

5.6.2. Preparation of nanocomposite membranes.

The nanocomposite membranes were prepared using 5 % Nafion® solution as the standard material for
reference. Nafion® solution (10ml) with N, N-dimethylformade (DMF) (20ml) was mixed to replace solvents.
10wt % of Zr-80 nanoparticles were added to the Nafion® DMF solution and stirred at room temperature
for 2 hours, then ultrasonizing for 30 minutes 2. The resulting solution was poured onto a piece of flat glass
and placed into an oven at 80 ‘C for 12 hours to remove solvent, and finally heated up to 160 ‘C for 30
minutes. The membranes were then removed by peeling off from the glass plate. Before conducting any
measurement, all membranes were kept at deionized water for 12 hours. The thicknesses of the membrane
were measured with digital micrometer (0.18 cm). Each thickness was measured in the average of 3-7
reading at different position of membrane and was repeated twice on each membrane in order to obtain

the average value.
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5.6.3. Characterizations

The X-ray diffraction (XRD) analysis was performed using a Philips X-ray diffraction with Cu K radiation
source. The analyzed material is finely ground, homogenized, and average bulk composition is determined.
Samples are scanned in a continuous mode from 10° - 90° with a scanning rate of 0.026 (degree) / 1 (sec).
The thermal properties of the samples and its characteristics were studied by thermal gravimetric analysis
(TGA) under nitrogen flow. TGA data was obtained with model STA (Simultaneous Thermal Analyzer) 1500
(supplied by Rheometric Scientific Ltd, UK), over nitrogen and at a heating rate of 10 "C/min from 28 "C to
1000 °C. Fourier Transform Infrared (FTIR) investigated the changes in the chemical structure of the
membrane. Scanning Electron Microscopy (SEM) images were obtained on a Hitachi x650. Electronic
techniques were based on the interaction of the sample with electrons which results in a secondary effect
that is detected and measured. Dynamic Light Scattering (DLS) measurements and Transmission electron
microscopy (TEM) were used to observe the surface area. The surface morphology of hanocomposite

membranes and roughness analysis was measured by Atomic force microscopy (AFM).

5.6.4. Tensile Test

The uniaxial mechanical properties of nano-composite membranes and recast membrane were captured
using a uniaxial testing system. The length, width and thickness of samples were measured using a Vernier
caliper and recorded prior to testing. The testing area of the membrane samples were 4 mm x 10 mm in
dimension. To allow clamping area, the sample were prepared in such a way that they will be clamped
both sides and still allow the testing area to be 4 mm x1 0 mm. The length, width and thickness of samples
were measured using a Vernier calliper and recorded prior to testing. The thickness of 0.18 cm of the
nanocomposite membrane was used in analyzing the stress applied to the sample. The membrane was
soaked in water for 24 hours and tested as wet test. Then the membrane was dried in a vacuum oven at
80 'C for 24 hours and tested as dry test. The tensile strength of modified Nafion membranes were
measured using CellScale Ustretch device dried at 25 °C and wet at 34 “C and actuator speed of 5 mm per

min.

5.6.5. Water Contact Angle Measurements

The hydrophilicity of the membrane surfaces was performed under contact angles measurement (Phoenix
300 contact angle analyser (Surface Electro Optics Co., Korea) instrument equipped with a video system.
Membranes were cut into strips and mounted on glass slides for analysis. The droplet of de-ionized water
(0.16 yL) was drop onto the surface of membranes at ambient temperature by placing the tip of the syringe
close to the sample surface with all the images been captured using a camera. The measurement was

repeated 10 times at different surface of membrane to obtain an average value. Before the water droplet
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attached to the sample surface, the wetting process was recorded until no significant change at the surface

was observed any more ©°.

5.6.6. Water uptake measurements

The membranes were immersed in deionized water for 24 hours, blotted with a paper towel and then
measured as wet mass percentage. The membranes were dried in a vacuum oven at 80°C for 24 hours
and then was measured. The water uptakes of the nano-composite membranes and recast Nafion®

membrane were calculated from the equation:

Wup(%) = %‘r’y"dmx 100 (5-1)

Where Wuwet and Wy are the weights of the fully hydrated and the anhydrous membranes, respectively.

5.7. Results and discussion

5.7.1. Dynamic light scattering (DLS) measurements

The resulting particle size distribution is shown in Figure 5-10. As illustrated in Figure 5-10, DLS
measurements of a sample synthesized at 80 °C for 24 hours agree with TEM about the particles size
distribution. TEM measurements (insert) in Figure 5-10 show the real particle size while DLS measures
the hydrodynamic radius of the particles, the synthesized particles ®1. From Figure 5-10 (a) insert picture,
shows that the nanoparticles aggregate in the form of 10-20 nm diameter. Results from light scattering
measurements in Figure 5-10 show that the average particle size is 345 nm and that the particle size
distribution is narrow. The mean particle in Figure 5-10 (b) is also 3.40 ym, respectively, with a slightly
broadened particle size distribution. The nanocomposite mean particle size is bigger than the zirconia
nanoparticles on the surface area, which resulted in a slightly broadened patrticle size distribution in Figure
5-10 (b). This result indicates that the nanocomposite was slightly agglomerated, which may result from
synthesis procedure.
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Figure 5- 10: Dynamic Light Scattering (DLS) of (a) Zr-80 nanoparticles, (insert) TEM micrograph of Zr-
80 nanoparticles. (b)Nafion®/Zirconia nanocomposite.

5.7.2. Morphology

The SEM image of the Nafion® Zr-80 nanocomposite membrane and Zr-80 nanoparticles (insert) are
shown in Figure 5-11. The cross-section and surface morphologies of modified membrane shows that the
zirconia nanopatrticles are well distributed within the membrane matrix that confirms by XRD results. Figure
5-11 clearly shows the white particles within the Nafion® membrane, which indicate that zirconia
nanoparticles have successfully dispersed by recast method without any aggregation due to their good
compatibility. The cross-section of nanocomposite membranes shows the zirconia nanopatrticles is good
dispersion across the thickness of the membrane without macroscopic void space and cracks. The red
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arrow in Figure 5-11 shows the microscopic porosity within the modified membrane with inorganic
nanoparticles that enhanced the water uptake of membrane 2. It is notable in the Figure 5-11 (yellow
circles and arrow) that zirconia nanoparticles was uniformly distributed through the whole membrane with
the coarser pores in the interlayer membrane 3. The insert image shows the nanoparticles aggregated in
the form of nano-flowers having a diameter of less than 100 nm. Moreover, the distribution of inorganic
filler within the modified membrane have been identified by tapping mode atomic force microscopy . The
amplitude and topography images measured in tapping mode of Nafion® Zr-80 nanocomposites
membranes were shown in Figure 5-12. The modified membranes show that the presents of ZrO;
nanoparticles in the surface of Nafion® membrane shows the roughness of 60.8 nm. In Figure 5-12(b), the
nodules structure on the membrane’s surface can be seen. From the topography and amplitude images,
we can clearly see significant changes in the surface morphology with the addition of ZrO,, which indicates
the strong interaction of filler material within the Nafion® matrix ®°. The more the roughness on modified

Nafion® nanocomposite membranes improves the contact between the electrodes ©®.
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Figure 5- 11: SEM micrograph of Nafion® Zr-80 nanocomposite membrane, (insert) SEM micrograph of
0 nanopatrticles.




Figure 5- 12: Atomic force microscopy (AFM) (a) amplitude image (b) topography measured
in tapping mode of the modified membranes.

5.7.3. Tensile test

The uniaxial force was applied on the recast Nafion® and Nafion® Zr-80 nanocomposite
membranes. The stress-strain curve was used to determine the elastic modulus of
nanocomposite membranes. As shown in Figure 5-13, the elastic modulus of elasticity of dry
Nafion® Zr-80 nanocomposite membrane is slightly lower than that of the dry recast Nafion®.
Similarly, the elastic modulus of elasticity of wet Nafion® Zr-80 nanocomposite membrane is
lower than that of the wet recast Nafion®. This may due to poor dispersion of the inorganic
filler within the polymer ’. Figure 5-14 shows that the elastic modulus of dry recast Nafion®
is 1.19 % higher than that of the dry Nafion® Zr-80 nanocomposite membranes. Similarly,
elastic modulus of wet recast Nafion® is 31.24 % higher than the wet Nafion® Zr-80
nanocomposite membranes. The strength of Nafion® Zr-80 nanocomposite membrane is
greatly affected by moisture content when compared to recast Nafion®, due to the inorganic
nanofiller which acts as water storage within the membrane #+%5. Even when the effect of
moisture is felt on the recast Nafion® membrane, the effect is not as great as that of the
Nafion® Zr-80 nanocomposite membrane. Figure 5-13(e) shows improvement in secant
modulus of dry Nafion® Zr-80 when compared to recast membrane, due to incorporated of
zirconia nanoparticles within Nafion® membrane that retains water to enhance mechanical

strength of Nafion® membranes. Thus, demonstrating the close bonding between the zirconia
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nanoparticles and Nafion® membrane through self-assembly. This improvement of the
membrane rigidity demonstrates that the zirconia nanoparticles stabilized the structure of
modified membrane and give a potential restriction to the humidity-generated stress when the
membrane is used as an electrolyte membrane in the fuel cells application. Hence, it
observable that the recast Nafion® membrane in wet state has higher modulus of elasticity
and tensile strength when compared to Nafion®/Zr-80, due to hydrophobic nature as their
tensile strength and tensile modulus increase with increasing water content in the membranes
42_Moreover, the obtained results show that modified Nafion® nanocomposite membranes can
maintain the mechanical strength when operating in higher temperature fuel cell, as their
secant modulus is higher at dry state than wet state. The incorporation of ZrO, nanopatrticles
within Nafion® membrane has resulted in an increase in secant modulus [18, 19]. This may be
due to the free motion within the membrane chains that was slightly restricted by the
intermolecular forces between the membrane chains and the inorganic oxide nanoparticles;

the secant modulus of membranes is increases.
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Figure 5- 13: Mechanical tensile tests results of recast Nafion® and Nafion® Zr-80 nano-
composite membranes (a) shows the stiffness of dry and wet recast Nafion®, (b) shows the
elastic modulus of dry and wet recast Nafion®, (c) shows the stiffness of dry and wet Nafion®/
Zr-80 nano-composite membrane and (d) shows the elastic modulus of dry and wet of Nafion®/
Zr-80 nano-composite membrane, Secant modulus of dry and wet (e) Nafion®/Zr-80, (f)

Recast-Nafion®.
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Zr-80 nano-composite membranes and (b) dry/wet recast Nafion® and dry/wet Nafion® Zr-80
nano-composite membranes.

5.7.4. Structure analysis

The structure of zirconia nanopatrticles, nano-composite membranes and recast Nafion® were
measurements by X-ray diffraction (XRD) as shown in Figure 5-15(a-c). Figure 5-15(a) shows
that the crystallinity of zirconia nanoparticles resembles the same diffraction patterns
corresponding to (JCPDS No. 65-1022), which indicates the formation of only the pure cubic
phase. With the diffraction peaks at 26 are 30.2°, 35.2°, 50.6°, 60.2°,74.2°and 82.5° which
corresponding to the planes (11 1), (200), (220), (31 1), (4 00), (8331) 22 In,
corresponding to d-spacing of 0.51291 nm (a-c) and 3 = 90.0°, were spectra indexed as cubic
phase of ZrO, nanoparticles. Figure 5-15(b) shows that the recast Nafion® membrane
consisted of two diffractions peaks at 17.5° and 39° 2thetha which resemble the crystallinity
within the per-fluorocarbon chains of the ionomer 22, It is noticeable in Figure 5-15(c) that the
ZrO, nanoparticles is well distributed into the moieties surface of recast Nafion® membrane,
as the entire Nafion® peak at 17.5° and 39° 2thetha has been disappeared. Only observed
ZrO, peak within the composite membrane that shows the existence of nanoparticles within
the membrane as it is perfectly match with Figure 5-15(a). With the diffraction peaks at 2theta
are 30.2°, 35.2°, 50.6°, 60.2°,74.2°and 82.5° which corresponding to the planes (11 1), (20
0),(220),(311),(400), (331) 224 Moreover, it can be observed in Figure 5-15(c) that,

by introduction the ZrO, nanoparticles decreases the crystallinity of Nafion® membrane 8.
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Figure 5- 15: XRD patterns of Zr-80 nanoparticles (a), recast Nafion® membrane (b) and
Nafion® Zr-80 nanocomposite membrane (c).

5.7.5. Degradation at high temperatures

The thermal degradation of composite membrane compared to the recast Nafion® were
observed under thermal gravimetric analysis (TGA) and Fourier transform infrared

spectroscopy (FT-IR).

5.7.5.1. Thermo-gravimetric analysis (TGA)

The thermal degradation of nanocomposite membrane, zirconia nanoparticles compared to
the recast Nafion® were observed under thermal gravimetric analysis (TGA) in Figure 5-16.
Figure 5-16(a) show that Zr-80, has little loss of its original weight on heating up to 100 “C.
This weight loss is attributed to the removal of the adsorbed water on the surface ®°. Second
weight loss is between 100 °C and 900 °C corresponding to the removal of terminal hydroxyl
groups bonded to the surface of zirconia ®°. Zr-80 lost only 8% of its total weight mass with
less decomposition of oxide. Figure 5-16(b) shows that the modified Nafion® membrane with
zirconia nanoparticles has more thermal stabilized when compared to recast Nafion®
membrane that completely lose their weight, which is the same obtained by some researchers

0. This may due to the water retention of inorganic additives within the membrane that makes

155



close interaction with hydrophobic backbones of Nafion® Membrane & *. Moreover, Figure 5-
16(b) shows that modified nanocomposite membrane has improved thermal properties than
recast Nafion® membrane as started to decompose at 530 °C, while the recast Nafion®
membrane started to decompose at a lower temperature of 360 °C. As some reporters find
that sulfonic acid group of pure Nafion® membrane began to be decomposed at 280 °C 7273,
Figure 5-16(b-c), shows that all the membrane undergoes three weight loss stages, initial
weight loss due to the evaporation of hydrated water, and the second weight loss due to the
decomposition of the sulfonic acid groups of Nafion® membrane . The third weight loss due
to degradation and combustion of the polymer main chain 222627 As expected, recast Nafion®
Membrane in Figure 5-16(c) shows that it degrades faster in all stages when compared to that
of modified membrane. Hence, this improvement in thermal stability shows the possibility of
modified membrane to function in the high temperature PEMFCs and low relative humidity,

due to the inorganic nanofiller that contributes to the water retention at high temperature 5.
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Figure 5- 16: Thermograms of Zr-80 nanoparticles (a), Nafion/ Zr-80 nano-composite
membrane (b) and recast Nafion membrane (c).

5.7.5.2. FT-IR analysis

The degradation of the nanocomposite membrane, zirconia nanoparticles and recast
membrane were investigated by FT-IR as shown in Figure 5-17. Figure 5-17(a), shows
vibration bands at 863 cm™ and 926 cm™ are due to the Zr-O vibration 74, the peak at 1393
cm?® and 1434 cm are assigned to O-H bonding, the peak observed at 2346 cm™ is due to
the presence of inorganic ions. Figure 5-17(b) shows that the nanocomposite membrane

clearly exhibited a broad peak at a wavenumber of 3480 cm™ which corresponds to the
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presence of bound water and the -OH functional group on the surface of the Zr nanoparticles.
Due to the water that tightly bound on the surface of the Zr nanopatrticles, which resulted in it
being highly stable at a temperature greater than 100 °C. Figure 5-17(b) shows the vibration
peak at 1016 cm™ that could be attributed to vibrational mode of Zr-O and the peak at 1550
cm™ due to Zr-OH bending vibrations, indicating the presence of zirconia nanoparticles within
the modified Nafion membrane 7. Figure 5-17(c) shows the O-H vibration of physically
adsorbed water occurs at wavenumbers of 3451 cm™® and 3456 cm™ 7577, In Figure 5-17(b-
c), shows the vibration peaks at 1195 cm™ and 1198 cm™ that attributed to the -CF,-CF»-
vibration and 1060 cm™ attributed to -SO3™ 7> 78,
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Figure 5- 17: FTIR spectra of Zr-80 nanoparticles (a), Nafion/ Zr-80 hanocomposite
membrane (b) and recast Nafion membrane (c).

5.7.6. Water contact angle and water uptake measurement

One very important element that determines the performance of the PEMFC is the water-
content dependence of the protonic conductivity in the ionomer membrane. The contact angle
was measured to determine the effect of ZrO., nanoparticles in hydrophilicity and
hydrophobicity of modified membranes. The digital images of water droplets at the surface
area of recast Nafion® and modified membrane are presents at Figure 5-18 below. Figure 5-
18(a-b) shows that the modified Nafion® membrane with Zr-80 nanoparticles acts as
hydrophilic surface as the obtained contact angles less than 90° whereas the recast Nafion®
membrane is hydrophobic surface since they have obtained the contact angle above 90° as
indicated in Figure 5-18(c-d). Generally, the contact angles of the modified membranes were

decreasing from 88° to 64° when compared with that of unmodified recast Nafion® membranes
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(118° to 100°), this may due to the hydrophilicity of nanoparticles that adsorbed on the surface
of membrane to introduce the hydrophilicity of modified membrane surface °. Contact angles
below 90 ° indicate the hydrophilic character of a sample describing the water-uptake
capability. Figure 5-18(d) shows that when the water droplet touches the hydrophobic recast
Nafion membrane, immediately changes their morphological structure as it becomes swells
within the measuring time 8. Whereas in Figure 5-18(b) shows no swelling on the membrane,
due to the incorporation of inorganic oxide nanoparticles within the membrane matrix which is
anti-swelling #+4’. Figure 5-18(e) shows the water uptake percentage of modified membrane
and recast Nafion® membrane. From Figure 5-18(e), we find that the modified Nafion
membrane with inorganic filler of zirconium oxide has obtained a higher water uptake of 34 %
when compared to recast Nafion membrane (30%), this may be due to inorganic fillers
distributed on the pores of swollen membrane to increase the hydrophilic nature of Nafion 3.
Incorporating of zirconia nanoparticles with a higher porosity increases the water retention
within the nanocomposite membranes which resulted also in increasing the proton
conductivity, due to the increases of exchange sites available per cluster which is an important
parameter of fuel cells in order to operate on higher temperature 2,
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5.8. Conclusion

The modified membranes obtained by recast method shows decrease in water contact angle
when compared to the recast Nafion® membrane. Furthermore, the water uptake of modified
membrane was higher than that of recast Nafion® membrane, this may due incorporation of
the inorganic nanofiller that adsorb water. XRD, AFM and SEM results show that using zirconia
nanoparticles as inorganic filler improves the morphology and crystallinity of Nafion®
membrane, as it was well dispersed within Nafion matrix that makes them suitable candidates
for fuel cell applications. The incorporation of zirconia nanoparticles also shows the effect on
hydrophilicity roughness of the membrane. The strength of Nafion® Zr-80 nanocomposite
membrane in its wet state was greatly affected by moisture content when compared to recast
Nafion® membrane. However, the obtained results show that modified Nafion® nanocomposite
membranes can maintain the mechanical strength when operating in higher temperature fuel
cell, as their secant modulus is higher at dry state than wet state. The incorporation of ZrO-
nanoparticles within Nafion® membrane has resulted in an increase in secant modulus.
Zirconia nanoparticles shows better improvements on thermal stability of modified membrane
when compared to recast Nafion® membrane under TGA results. In addition, the membrane
started decomposed at a higher temperature when compared to the pure recast Nafion®

membrane.

C: Mechanical strength of Nafion® ZrO, nano-composite membrane

5.9. Introduction

Proton exchange membrane fuel cells (PEMFCs) are considered as the future alternatives or
replacement of combustion fossil fuels for power generation due to their high energy-efficient
and environmentally-friendly characteristics. The proton exchange membranes (PEMSs) such
as Nafion® membranes have high proton conductivity, high mechanical, chemical and thermal
stability at temperatures below the boiling point of water 56, However, this Nafion® membrane
must exhibit high mechanical properties in order to perform on the methanol or hydrogen fuel
cell without mechanical failure, as tough membranes improve fuel cell longevity >* ¢, But the
Nafion® membrane faces some challenges as the conductivity depends on the bound water
within the membrane that hinders the operation in high temperatures and low relative humidity
81 Moreover, its hydrophobic states can have effects on the mechanical properties of the
membrane as it becomes swollen when in contact with water 42 8 and also reduces the
mechanical stability at elevated temperatures 8. This due to the diminished stability of the
polymer chains at high temperatures as a result of the relatively low glass transition

temperature of Nafion 84%° Many researchers have enhanced the mechanical properties of
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commercial Nafion® membrane with inorganic materials such as zirconia, silica, titanium and
clay that retain water in the Nafion® matrix and enhance thermal stability over 100 °C in order
to function at high temperatures and low relative humidity & 8. By operating at high
temperatures above 100 “C the PEMFC performance is improved. It increases the water and
thermal management of the fuel cell system and there is an oxygen reduction reaction (ORR))
and carbon monoxide (CO) tolerance 48 8788 48 Eyrthermore, the mechanical failure of the
membrane such as cracks, pinholes and tensile strength can limit its operation at fuel cell level
18,43, 86,89 Using the inorganic material as a nanofiller shows an improvement of the elastic
modulus on the nanocomposite membrane when compared with the commercial membrane
% This may be due to the water retention of inorganic material within the membrane***°, as
incorporation of inorganic material within the Nafion® matrix increases the interaction
between polymer matrix and filler materials °X. The inorganic incorporation in organic materials
improves the thermal and mechanical stability while reducing the swelling of the membrane
47 In this work, the incorporation of zirconium oxide nanoparticles within Nafion membrane
was prepared by the recast and impregnation method to enhance the mechanical strength of
the electrolytes for the PEM fuel cell applications. Mechanical stress-strain properties of all
prepared nanocomposite membrane were measured under tensile stress-strain tests at wet

and dry conditions and compared to the commercial Nafion® 117 and plain recast membrane.

5.10. Experiment

5.10.1. Materials

Sodium hydroxide, silver nitrate, N, N-dimethylformade (Merck), Sulfuric Acid (Merck),
Zirconium oxychloride hydrate (Merck), Iso-propanol (Merck) and Nafion® solution (Sigma)

were obtained and used as received.

5.10.2. Synthesis of ZrO, nanoparticles

The ZrO; nanoparticles were prepared by precipitation method. Zirconium oxychloride hydrate
(ZrOCl, 8H,0) and sodium hydroxide (NaOH) were used as starting materials. 0.2M
ZrOCl,.8H,0 was prepared in a 250 ml beaker and 2N NaOH solution was added dropwise
with continuous stirring for 45 minutes. The obtained precipitate was divided into six parts, one
part was filtered and washed several times with distilled water until chlorine ions (CI) were no
longer detected by the silver nitrate (AgNO3). The precipitate was dried at 100 °C for 24 hours,
which was calcined at 600 °C for 4 hours and labelled as Zr-0. The remaining parts of the

solution were covered with a foil and put in an oven at 50 °C, 80 °C and 100 °C for 24 hours,
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after which they were filtered, then washed and calcinated according to the Zr-O procedure
and then stored for analysis. Then the samples were labelled as Zr-50, Zr-80 and Zr-100
respectively.

5.10.3. Preparation of nano-composite membranes (recast method)

The nanocomposite membranes were prepared using a 5% Nafion® solution as the standard
material for reference. Nafion® solution with N, N-dimethylformade (DMF) was mixed to
replace solvents. The appropriate amount of Zr, Zr-50, Zr-80 and Zr-100 nanoparticles was
added to the Nafion® DMF solution and stirred at room temperature for 2 hours, then
ultrasonized for 30 minutes 2. The resulting solution was poured onto a piece of flat glass and
placed into an oven at 80 °C for 12 hours to remove solvent, and finally heated up to 160 °C
for 30 minutes. The membranes were then removed by peeling them off from the glass plate.
Before conducting any measurement, all membranes were kept in deionized water for 12

hours.

5.10.4. Preparation of nanocomposite membranes (impregnation method)

Nafion® 117 membranes were treated according to the standard procedure: 1 hour in a boiling
3% solution of hydrogen peroxide; 1 hour in boiling 0.5 M sulphuric acid; 1 hour in boiling
distilled water. The nanocomposite membranes were prepared by extending the Nafion® 117
membranes over a petri dish, adding a required amount of Zr-0, Zr-50, Zr-80 and Zr-100 (5wt
%) nanoparticles in a methanol solution. The nanocomposite membranes were repeatedly
impregnated (up to 5 times) at room temperature °2. In order to remove any air from the
membrane pores, the sol and immersed membranes were heated up to 100 °C, then slowly
cooled down to room temperature and kept in the solution for 24 hours. After drying, these

membranes were stored in de-ionized water.

5.10.5. Tensile test

A Univert CellScale® Mechanical Tester with a 200 N load cell as shown in Figure 5-19 tested
the tensile mechanical property. The specimens were rectangular, about 10 mm in width and
about 30 mm in length. We used sandpaper to ensure adherence on the two surfaces of the
clamp, which prevented the slip of specimen during the testing. The length, width and
thickness of samples were measured using a Vernier caliper and recorded prior to testing.
The testing area of the membrane samples was 4 mm x 10 mm in dimension. To allow for a

clamping area, the samples were prepared in such a way that they were clamped on both
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sides and with a testing area of 4 mm x 10 mm as shown in Figure 5-19. The thickness of the
membrane was measured to be 0.18 cm. The thickness of 0.18 cm of the nanocomposite
membrane was used in analyzing the stress applied to the sample. The membrane was
soaked in water for 24 hours and used a wet sample. Then the membrane was dried in a
vacuum oven at 80 °C for 24 hours and used as a dry sample. The tensile strength of modified
Nafion® membranes was measured using the CellScale Ustretch device dried at 25 °C and
wet at 34 °C and an actuator speed of 5 mm per min. The crosshead speed was set at 3
mm/min, and the load was applied until ultimate fracture of the specimen. The elastic modulus

was calculated as the slope of the initial linear portion of the force-strain curve. The tensile

strength was determined at the maximum point of the force-strain curve as shown in Figure 5-
20.

Figure 5- 19: Tensile mechanical testing of zirconia/ Nafion® Nanocomposite membrane (a)
Clamp; (b) specimen- pure Nafion® membrane and Nafion® ZrO, nanocomposite
membrane.

163



e e
o N b~ O @

Force (N)

N O N A O ©

1 2 3 4 5 6 7
Displacement (mm)

Figure 5- 20: Force and displacement curve as applied in the experiment

5.11. Results and discussion

Mechanical properties of the pure Nafion® and Nafion® ZrO, nanocomposite membrane for
fuel cells play an important role in the development of durable materials. These materials are
considered to be the future alternatives for the replacement of combustion fossil fuels for
power generations. In this study, two methods were utilized, and mechanical tests were
conducted of wet and dry plain Nafion® membranes and modified Nafion® nanocomposite
membranes. Figure 5-21(a) (stress vs strain) plots the Nafion® Zr-0, Nafion® Zr-50, Nafion®/
Zr-80 and Nafion®/Zr-100 nanocomposite membrane using the impregnation method. Figure
5-21(a) shows that the Nafion® Zr-50, Nafion®Zr-80 and Nafion®/Zr-100 nanocomposite
membrane obtained by the impregnation method has the highest tensile stress of 2133 kPa
when compared to commercial Nafion 117 (1347 kPa). The stress vs strain graph of dry ZrO,
nanocomposite membrane using the recast method was observed and compared with recast
Nafion® membranes (Figure 5-21(b)). The Nafion®/Zr-100 nanocomposite membrane showed
the highest tensile stress of 662 kPa using the recasting methods when compared to recast
Nafion® membrane (537 kPa). However, using the recasting methods on the dry Nafion®/ Zr-
50 nanocomposite membrane obtained the lowest tensile stress of 492 kPa (see Figure 5-
21(b)). This may be due to the distribution of inorganic metal within the Nafion® membrane ®.
Therefore, for both the impregnation and recasting methods of dry nanocomposite
membranes, the Nafion® Zr-100 nanocomposite membrane has proven to have the highest
tensile stress when compared to pure Nafion® membrane. This may be due to the synthesized
procedure as Zr-100 nanopatrticles were aged at 100 °C for 24 hours. This stabilized the high
temperature cubic phase which enhanced their diffusivity, mechanical strength and ductility 9,
all of which are very important in the modification of the membrane for fuel cell application.

The maximum tensile stress was improved by the impregnation process (1347 kPa for the
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commercial Nafion® 117 membrane) when compared to that of the recast process (537 kPa
for the recast Nafion® membrane). The dry Nafion® Zr-100 nanocomposite prepared using
the impregnation method presented a higher tensile stress of 2133 kPa compared to recast
method presented a tensile stress of 662 kPa. This could be due to the addition of inorganic
oxide nanoparticles that cause an increase in tensile stress to some extent 7 9% %, Generally,
the impregnation methods of dry nanocomposite membranes show a good tensile stress

comparable to dry recast method.
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Figure 5- 21: Stress vs strain for dry membranes (a) Impregnation and (b) Recasting methods.

The wet pure Nafion® and Nafion® ZrO, nanocomposite membrane using the impregnation
and recast methods are displayed in Figure 5-22. The wet commercial Nafion117 membrane
shows a higher tensile stress than that with modified membrane (Figure 5-22(a)). At wet state,
tensile stress of Nafion® Zr-0 nanocomposite membrane was higher than those of the
Nafion®/Zr-50, Nafion®Zr-80 and Nafion®/Zr-100 nanocomposite membrane using the
impregnation method (Figure 5-22(a)). It clear that modification of Nafion® membrane with
zirconia nanoparticles do not have impact on the tensile stress of wet membrane. Furthermore,
the tensile stress of wet recast Nafion® membrane was also higher than the wet modified
Nafion® Zr-50, Nafion® Zr-80 and Nafion® Zr-100 nanocomposite membrane (see Figure 5-
22(b)). During the impregnation method of the dry nanocomposite membrane, the dry Nafion®/
Zr-0 nanocomposite membrane had the lowest tensile strength; however, when looking at the
wet modified membrane, the wet Nafion® Zr-0 nanocomposite membrane has the highest
tensile strength as shown in Figure 5-22(b). In the recasting method, the wet Nafion® Zr-100

nanocomposite membrane is shown to have the highest tensile strength. This result agrees
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with the dry Nafion® Zr-100 nanocomposite membrane when using the recast method that
has the highest tensile strength. The results of recasting method of wet and dry Nafion® ZrO,
nanocomposite membranes clearly shows an improvement on the mechanical strength of the
nanocomposite membrane, especially the Nafion® Zr-100 nanocomposite membrane has
obtained the highest tensile strength. It has been observed that the modified Nafion®
membrane with inorganic oxide nanoparticles enhances the tensile strength of membrane
whereas the tensile strength of the wet modified Nafion® / Zr-50 nanocomposite membranes
is lower when compared to the wet plain Nafion® membranes prepared using the recast
method *. The results of the tensile stress of wet Nafion® Zr-100 nanocomposite membrane
during the recast methods clearly showed an increased in the stress-strain when compared to
that of commercial Nafion® 117 membrane. Therefore, it can be concluded that the recasting
method has little influence on the mechanical properties of both the dry and wet Nafion® ZrO,

nanocomposite membrane (see Figure 5-21(b) and 5-22(b)).
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Figure 5- 22: Stress vs strain for wet nanocomposite membranes (a) Impregnation and (b)
Recasting methods.

The modulus of elasticity of the Nafion®117 nanocomposite membrane in dry and wet
conditions were compared with the Nafion® Zr-0, Nafion® Zr-50, Nafion®/Zr-80 and Nafion®/
Zr-100 nanocomposite membrane prepared using the impregnation method (Figure 5-23(a)).
It was observed that the modulus of elasticity of dry Nafion®117 membrane is 17.1% higher
than in the Zr-0/ Nafion® nanocomposite membrane. Similarly, the modulus of elasticity of dry
Nafion®117 membrane is 47.2%, 38.5% and 64.3% lower than in the Nafion®/Zr-50,
Nafion®/Zr-80 and Nafion®/Zr-100 nanocomposite membrane respectively. This indicates that
the incorporation of the ZrO, nanoparticles improved the mechanical property of the Nafion®
membrane in its dry states - mainly due to the interaction between the sulfonic acid groups of

the Nafion® ionomer and the ZrO, filler. The improvement of the membrane rigidity
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demonstrates that the zirconia nanoparticles stabilized the structure of the nanocomposite
membrane and give a potential restriction to the humidity-generated stress when the
membrane is used as an electrolyte membrane in the fuel cells. The modulus of elasticity of
wet Nafion®117 membrane is 56.7%, 39.8%, 32.3% and 51.0% higher than in the Nafion®/Zr-
0, Nafion®/Zr-50, Nafion®/Zr-80 and Nafion® Zr-100 nanocomposite membrane respectively
(see Figure 5-23(a)). Hence, the modulus of elasticity of wet modified nanocomposite
membrane prepared by impregnation method was much lower when compared to the dry
membrane, this may due to the incorporation of inorganic nanoparticles that enhance water
within the membrane 4%, Figure 5-23(b) shows the modulus of elasticity of dry and wet
membrane prepared by recast method. The modulus of elasticity of dry membrane of recast
Nafion® membrane is 60.7% and 25.9% lower than the Nafion® Zr-0 and Nafion® Zr-100,
nanocomposite membrane respectively. Ironically, the modulus of elasticity of dry membrane
of Nafion is 7.4% and 1.2% higher than the Nafion® Zr-50 and Nafion® Zr-80 nanocomposite
membrane (see Figure 5-23). This may be due to the distribution of inorganic metal within the
Nafion® membrane °3. When comparing the wet membrane of recast Nafion® membrane, it
was observed that recast Nafion® membrane is 35.3%, 30.8%, 35.3% and 62.1% higher than
the Nafion®Zr-0, Nafion®/zr-50, Nafion®Zr-80 and Nafion®/Zr-100 nano-composite

membrane, respectively.
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Figure 5- 23: Percentage difference of wet and dry pure Nafion® and modified membrane —
samples prepared using the impregnation (a) and recast (b) method, Peak stress value-
samples prepared using the impregnation (c) and recast (d) method.

The peak stress of wet and dry membranes using the impregnation and recast methods are
shown in Figure 5-23(c and d). In Figure 5-23(c and d), it is clear that the impregnation method
has high tensile stress when compared with recast methods. For example, Zr-0 (impregnation
methods) has the highest tensile stress of 1250 kPa while Zr-0 (Recast methods) has a tensile
stress of 326 kPa. The corresponding dry Nafion® Zr-100 nanocomposite membrane
presented a tensile strength of 2133 kPa (impregnation methods) higher than 662 kPa (Recast
methods) (Figure 5-23(c and d)). This could be due to the addition of inorganic oxide
nanoparticles which cause an increase in tensile strength to some extent . It has been
observed that the modified Nafion® membrane with inorganic oxide nanoparticles enhances
the tensile strength membrane *. In the study of the mechanical behavior of nonlinear material
properties, it is vital to determine the strength of material in the elastic region. In doing so, the
modulus of elasticity in a region between strain 0 and 0.23 has been identified as the elastic

region. Therefore, all modulus of elasticity of dry and wet nanocomposite membranes using
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impregnation and recasting methods were processed in Figure 5-24. In a region between O
and 0.23 strain of the dry commercial Nafion®117 membrane, Nafion® Zr-0, Nafion® Zr-50,
Nafion® Zr-80 and Nafion® Zr-100 nanocomposite membrane using impregnation methods,
the modulus of elasticity was found to be 5266.5 kPa, 4341.2 kPa, 7730.07 kPa, 7293.2 kPa
and 8651.8 kPa respectively (Figure 5-24a). Similarly, the modulus of elasticity of wet
Nafion11l7 membrane, Nafion®Zr-0, Nafion®Zr-50, Nafion®ZzZr-80 and Nafion®/Zr-100
nanocomposite membrane using impregnation methods in the region between 0 and 0.23
strain were also determined to be 4817.5 kPa, 2434.7 kPa, 1872.4 kPa, 2092.1 kPa and
2661.4 kPa respectively (Figure 5-24 (b)). In Figure 5-24(a), the modulus of elasticity of the
dry recast Nafion® membrane, Nafion®/Zr-0, Nafion®/Zr-50, Nafion®/Zr-80 and Nafion®/Zr-100
nanocomposite membrane using recasting methods in the region between 0 and 0.23 strain
were found to be 3775.7 kPa, 6066.3 kPa, 3494.9 kPa, 3730.4 kPa and 4753.4 kPa
respectively. Similarly, the modulus of elasticity of wet recasting Nafion® membrane,
Nafion®/zr-0, Nafion®Zr-50, Nafion®Zr-80 and Nafion®Zr-100 nanocomposite membrane
using recasting methods in the region between 0 and 0.23 strain were also determined to be
2028 kPa, 1312.9 kPa, 1403.5 kPa, 1312.9 kPa and 769.42 kPa respectively (Figure 5-24b).
Nevertheless, the dry nanocomposite membrane synthesised by a recast and impregnation
method has a higher modulus of elasticity than that of wet nanocomposite membrane
synthesised by a recast and impregnation method. This may be due to the water retention of
inorganic additives within the membrane 8, as these inorganic nanomaterials act as water
storage in the membrane #+“°, The water retention ability is one of the important parameters

for fuel cell applications because water is a proton-transporting medium for PEMs 8.
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Figure 5-25 compares the stiffness of dry and wet pure Nafion® membrane, Nafion® Zr-0,
Nafion® Zr-50, Nafion® Zr-80 and Nafion® Zr-100 nanocomposite membrane using
impregnation and recasting methods. In a region between 0 and 0.23 strain of dry Nafion®117
membrane, Nafion® Zr-0, Nafion® Zr-50, Nafion® Zr-80 and Nafion® Zr-100 nanocomposite
membrane using impregnation methods, the stiffness was found to be 11.6 N/mm, 9.6 N/mm,
17.0 N/mm, 16.1 N/mm and 19.0 N/mm respectively (Figure 5-25(a)). The Nafion® Zr-50,
Nafion® Zr-80 and Nafion® Zr-100 nanocomposite membranes show a higher stiffness when
compared to dry Nafion®117 membrane. The stiffness of wet Nafion®117 membrane,
Nafion®/zr-0, Nafion®/Zr-50, Nafion®/Zr-80 and Nafion® Zr-100 nanocomposite membranes
using impregnation methods in the region between 0 and 0.23 strain was also determined to
be 10.6 N/mm, 5.4 N/mm, 4.1 N/mm, 4.6 N/mm and 5.9 N/mm respectively Figure 5-25(b)).
Similarly, in a region between 0 and 0.23 strain of dry nhanocomposite membranes, recast
Nafion®, Nafion® Zr-0, Nafion® Zr-50, Nafion® Zr-80 and Nafion® Zr-100 nanocomposite
membrane using recasting methods, the stiffness was found to be 6.8 N/mm, 10.9 N/mm, 6.3
N/mm, 6.7 N/mm and 8.5 N/mm respectively. Furthermore, the dry Nafion® Zr-0 and Nafion®/
Zr-100 nanocomposite membranes also provide a higher stiffness than dry recast Nafion®
membrane (Figure 5-25(a)). The stiffness of wet recast Nafion® membrane, Nafion® /Zr-0,
Nafion® Zr-50, Nafion® Zr-80 and Nafion®Zr-100 nanocomposite membrane using recasting
methods in the region between 0 and 0.23 strain was also determined to be 3.7 N/mm, 2.4
N/mm, 2.5 N/mm, 2.5 N/mm and 1.4 N/mm respectively (Figure 5-25a and b). As shown in
Figure 5-25(a and b), the stiffness of nanocomposite membrane improves with the addition of
ZrO, nanoparticles with specific morphological properties within the Nafion® matrix that
enhance the interaction of inorganic oxides and membrane materials resulting in superior

Nafion® nanocomposite membranes 2.
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To clarify the best preparation method of nanocomposite membrane, the modulus of elasticity
and stiffness in the region between 0 and 0.23 strain of dry and wet pure Nafion® membrane,
Nafion® Zr-0, Nafion® Zr-50, Nafion® Zr-80 and Nafion®/Zr-100 nanocomposite membrane
was investigated by comparing the recast methods with the impregnation method (see Figure
5-26). The modulus of elasticity of the impregnation method of dry Nafion®117, Nafion® Zr-
50, Nafion® Zr-80 and Nafion® Zr-100 nanocomposite membranes are respectively 28.3%,
54.8%, 48.9% and 45.1% higher than in the recast dry nanocomposite membrane (Figure 5-
26(a)). Similarly, the modulus of elasticity of the impregnation method of wet Nafion®117
membrane, Nafion® Zr-0, Nafion® Zr-50, Nafion® Zr-80 and Nafion® Zr-100 nanocomposite
membranes are 57.9%, 46.1%, 25.0%, 37.2% and 71.1% higher than in the recast wet
nanocomposite membrane respectively (Figure 5-26(a)). When comparing the stiffness in the
region between 0 and 0.23 strain, it was found that using impregnation methods, the dry
Nafion®117, Nafion® Zr-50, Nafion® Zr-80 and Nafion® Zr-100 nanocomposite membranes
are respectively 41.3%, 63.0%, 58.2% and 55.1% higher than in the dry nanomembranes
prepared using the recast method (Figure 5-26(b)). Similarly, when comparing the stiffness in
the region between 0 and 0.23 strain, it was found that using the impregnation method, the
wet Nafion®117, Nafion® 2Zr-50, Nafion® Zr-80 and Nafion®Zr-100 nanocomposite
membranes are respectively 65.6%, 55.9%, 38.7%, 45.5% and 76.4% higher than in the wet
nanocomposites membranes prepared using the recast method (see Figure 5-26(a)). Figure
5-26(a) shows noticeably different on the modulus of elasticity, when comparing wet and dry
modified membrane prepared using the impregnation and recast method, this may be due to
the hygroscopic nature of zirconia nanoparticles that retain water within the membrane 444
The highest obtained modulus of elasticity and stiffness of modified membrane indicates that
the incorporation of zirconia nanoparticles into Nafion® 117 membrane by impregnation
method have greatly effect on the mechanical strength of membrane when compared to recast
method. This may be due to the casting the solution on a glass plate, which leads to poor

dispersion of inorganic nanofiller in membrane.
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(a) modulus of elasticity and (b) stiffness.

5.12. Conclusion

Preperation of modified Nafion® nano-composite membranes for fuel cell application plays an
important role in the improvement of their mechanical properties. The tensile tests were
performed both during dry conditions at ambient temperatures and wet conditions at 34 °C
compared to the commercial Nafion® 117 and plain recast Nafion® membranes. The tensile
strength of the wet modified Nafion® membranes prepared using the impregnation method is
higher compared to the wet modified Nafion® membrane prepared using the recast method.
The tensile strength of the dry ZrO, nano membrane prepared using impregnation is higher
than the wet ZrO; nano-composite membrane prepared using impregnation methods. Due to
the inorganic nanofiller that shows an improvement of the elastic modulus on the
nanocomposite membrane when compared with the commercial membrane Also, the tensile
strength of the dry ZrO, nano membrane prepared using the recast method is higher than the
wet ZrO, nano membrane prepared using the recast method. It was found that the
impregnation method obtained a highest modulus of elasticity and stiffness, indicates that the
incorporation of zirconia nanoparticles into Nafion® 117 membrane by impregnation method
have greatly effect on the mechanical strength of membrane when compared to recast

method.
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CHAPTER SIX

6. The methanol permeability and proton conductivity of nanocomposite membranes

This chapter presents three scientific papers summary in the following sections:

Presents the results from the paper: “The impact of zirconia nano-rods on the methanol
permeability and conductivity of Nafion®ZrO, nano-composite membrane”.
International Journal of Microstructure and Materials Properties13(6) (2018) 381.

Presents the results from the paper: “Nafion® sulphated zirconia oxide-nanocomposite
membrane: the effects of ammonia sulphate on fuel permeability” Journal of Polymer
Research 26 (2019) 108.

Presents the results from the paper: “The proton conductivity and mechanical properties

of Nafion® ZrP nanocomposite membrane” Heliyon 5(8) (2019) e02240.

A: The impact of zirconia nano-rods on the methanol permeability and conductivity of

Nafion®-ZrO, nano-composite membrane

6.1. Introduction

Methanol (MeOH) is preferred as an alternate fuel over hydrogen, due to its higher energy
density at high pressures (360 atm), easy storage and transportation (liquid at room
temperature)?, availability as it is obtained from biomass (pyrolysis of timber, wood alcohol).
Methanol as a liquid is a good candidate for portable generators because it is makes refuelling
simple. Methanol has a simple chemical structure that can be oxidised into hydrogen in the
presence of a suitable catalyst 2. Direct methanol fuel cells (DMFCs) have high-energy
efficiency and power density that make them suitable for use in mobile and portable power
sources without polluting the environment 3. A DMFC consists of a proton electrolyte
membrane (PEM) sandwiched between two porous electrodes containing catalyst. Working at
higher temperature above 100 °C enhances the CO tolerance, causes faster reaction kinetics
and improves heat removal 4, which are essential for the life span of fuel cells. The Nafion®
membrane has good chemical and mechanical properties, thermal stable and a high proton
conductivity of 0.1 S/cm in a hydrated state *>°. At high temperature, the Nafion® membrane
faces a decrease in proton conductivity, mechanical properties and cell performance as all
water within the Nafion® membrane has been converted to a vapour phase. Moreover, using
a Nafion® membrane above its glass transition temperature of 110 °C "®, can lower the

membrane’s stability, performance and lifetime due to the rearrangements of polymer °1°,
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Furthermore, the changes in the thermal expansion and swelling coefficients of polymer have
an effect on the mechanical properties, which leads to the deterioration and malfunction of the
fuel cell 112, Nevertheless, the Nafion® membrane has some major drawbacks such as fuel
permeability through the membrane and poor mechanical stability in DMFCs, which result in
fuel loss and poor performance 3. When this happens, the methanol reacts at the cathode
without producing electricity. This not only reduces the fuel utilisation, but also decreases the
catalyst activity at the cathode, due to the cathode flooding. Intensive research efforts are
focused mainly on decreasing the crossover of methanol through the polymer electrolyte
membrane while maintaining good ion conductivity 4. Nafion® membranes have been
incorporated with inorganic nanofillers to enhance the proton conductivity and mechanical
stability, and decrease the fuel crossover at low water content in DMFCs *°. It has been
reported in literature that the decreases in MeOH crossover due to the incorporated with
zirconium or titanium phosphate %, TiO, !, SiO, 7, alumina silicates *® and palladium
nanoparticles °. The incorporation of specific morphology metal oxide within Nafion®
membrane, allows the interaction of nanofiller with membrane . Modification with ZrO, lower
membrane swelling and methanol permeation 2. This paper presents the modified Nafion®
membrane with three zirconia nanoparticles Zr-50 and Zr-120 (cubic phase) and Zr-150
(monoclinic phase), which is prepared in different aging temperatures to enhance water
retention, proton conductivity, mechanical and thermal properties of polymers and reduce the
methanol crossover. Zr-50 and Zr-120 consists of irregular and rod-like nanostructures, Zr-
150 composed of nanospheres that are useful in fuel cell electrolytes, oxygen sensors and
gate dielectrics 2. The influences of stress—strain on the mechanical strength of Nafion® 117

and the modified Nafion® membrane were also investigated.

6.2. Experimental

6.2.1. Materials

Sodium hydroxide, silver nitrate, Methanol (Merck), sulphric acid (Merck), hydrogen peroxide,
zirconium oxychloride hydrate (Merck) and Nafion® 117 membrane (Sigma) were obtained and

were used as received.

6.2.2. Synthesis of ZrO, nanoparticles

The ZrO; nanopatrticles were prepared with the precipitation method. Zirconium oxychloride
hydrate (ZrOCl, 8H,0) and sodium hydroxide (NaOH) were used as starting materials. 0.2M
ZrOCl».8H,0 was prepared in a 250 ml beaker and 2N NaOH solution was added dropwise
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with continuous stirring for 45 minutes. The obtained precipitate was divided into three parts
that were aged at temperatures of 50 °C, 120 °C and 150 °C for 24 hours, then filtered and
washed several times with distilled water until chlorine ions (CI) were not detected by the
silver nitrate (AgNO3). The precipitate was dried at 100 °C for 24 hours, calcined at 600 °C for
four hours and labelled as Zr-50, Zr-120 and Zr-150.

6.2.3. Preparation of nanocomposite membranes (impregnation method)

Nafion® 117 membranes were treated according to the standard procedure: one hour in a
boiling 3% solution of hydrogen peroxide; one hour in boiling 0.5 M sulphuric acid; one hour
in boiling distilled water. The nano-composite membranes were prepared by soaking the
Nafion® 117 membranes in the methanol solution in order to open the pores of membrane and
then adding a required amount of Zr-50, Zr-120 and Zr-150 (5wt %) nanoparticles in the
methanol solution as shown in Figure 6-1. The nanocomposite membranes were repeatedly
impregnated (up to five times) at room temperature 2. To remove any air from the membrane
pores, the sol and immersed membranes were heated to 100 °C, then slowly cooled down to
room temperature and kept in the solution for 24 hours. After drying, these membranes were

stored in de-ionised water.

Impregnation Nanocomposite membrane
Nafion® 117 Nafion® 117/Zr-50
Purifying Nafion® 117 | +Zr-50
+methanol
Boiled in

¢ hydrogen

peroxide Nafion® 117 _
. SU]phUI'iC acid +7r-120 Nafion® 117/ZF-120
o (distilled water +methanol
Nafion® 117
+7r-150 Nafion® 117/Zr-150
+methanol

Figure 6- 1: Preparation of nanocomposite membranes.
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6.3. Results and discussion
6.3.1. Structure and morphology analysis

The morphological pattern and the crystallinity degree of the hanocomposite membranes were
observed under X-ray diffraction (XRD) analysis ?*. The XRD pattern of commercial Nafion®
117 compared with nanocomposite membrane is shown in Figure 6-2. It is observed from
Figure 6-2(a) that the commercial Nafion® 117 membrane has two diffraction peaks at 17.5 °
and 39 ° 20, which can be attributed to the semi-crystallinity of the perfluorocarbon chains of
the ionomer %. Figure 6-2(b-d) shows that when commercial Nafion® 117 membranes are
impregnated with zirconia nanoparticles (Zr-50, Zr-120 and Zr-150, see insert figure), the
peaks of Nafion® 117 at 17.5 ° and 39 ° decrease and the broadness increases, which indicate
the amorphous nature of the membranes. The morphologies of the Nafion® 117 membrane,
Nafion® Zr-50, Nafion® Zr-120, Nafion® Zr-150 nanocomposite membranes and their zirconia
nanoparticles are shown in Figure 6-3(a-h). The Nafion® 117 membrane has a smoother
external surface than the nanocomposite membranes that obtained a fractured surface as
shown in Figure 6-3(a-b). The external surface of Nafion® Zr-50, Nafion® Zr-120 and Nafion®/
Zr-150 nanocomposite membranes shows well-dispersed zirconia nanoparticles with little
agglomeration, which shows that the nanoparticles were successfully incorporated into the

Nafion® matrix.
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Figure 6- 2: The comparison of the XRD patterns of the (a) Nafion® 117 membrane, (b)
Nafion® Zr-150, (c) Nafion® Zr-120, (d) Nafion® Zr 50 nanocomposite membranes and insert
(XRD of (a) Zr-150, (b) Zr-120, and (c) Zr-50 nanoparticles).
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Figure 6- 3: SEM images of Nafion® 117 membrane (a) 10um and (b) 1um, Nafion® Zr-50
(c) 10um and (d) 1um, Nafion®/Zr-120 (e) 10um and (f) 1um and Nafion®/Zr-150 (g) 10um and
(h) 1pm nanocomposite membranes.




6.3.2. Degradation at high temperatures

The degradation process of the materials, as well as the weight loss percentage of Nafion®
117 and its nanocomposite membrane were determined by thermo-gravimetric analysis (TGA)
and derivative thermogravimetry (DTG). Figure 6-4(a-d) shows that the Nafion® Zr-50,
Nafion® Zr-120, Nafion® Zr-150 nanocomposite membranes as well as the Nafion® 117
membrane exhibit the three stages of weight loss up to 500 °C due to decomposition of the
membrane, with a total loss of 95-100 wt. %. Figure 6-4(a) shows an initial weight loss at 100
°C corresponding to the removal of adsorbed water within the membrane. The second weight
loss is due to the degradation of the sulphonic groups of the Nafion® membrane that starts
at 380 °C . The third weight loss at 500 °C is assigned to the degradation of the polymer
main chain 2”2°, Figure 6-4(a-d) shows that the degradation of Nafion sulphonic groups starts
at 380 °C in comparison with the nanocomposite membrane that shows degradation at a
temperature of 510 °C due to desorption of water from membranes. Figure 6-4e (a-d) shows
that the Nafion® Zr-50, Nafion® Zr-120, Nafion® Zr-150 nanocomposite membranes have
better thermal properties than pristine Nafion® 117 membranes because their main chain
starts decomposing at 510 °C, which is higher than that of the Nafion® 117 membrane (380
°C). The FTIR spectrum of the nanocomposite membrane compared with the commercial
Nafion® 117 membrane is shown in Figure 6-5. Figure 6-5(a) shows that the nanocomposite
membrane clearly exhibited a broad peak at a wavenumber of 3480 cm™, which corresponds
to the presence of bound water and the -OH functional group on the surface of the Zr-
nanoparticles 2031, Figure 6-5(b) shows the vibration peak at 1016 cm™ and the peak at 1550
cm? in the Nafion® Zr-150 nanocomposite membrane due to Zr-OH bending vibrations,

indicating the presence of zirconia nanoparticles within the modified Nafion® membrane 2.
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Figure 6- 4: The comparison of the TGA/ DTG curves of the (a) Nafion® Zr-150, (b) Nafion®/
Zr-120, (c) Nafion® Zr-50 nanocomposite membranes, (d) Nafion® 117 membrane and (e) the

comparison of the TGA patterns of the (a) Nafion® Zr-150, (b) Nafion®/ Zr-120 and (c) Nafion®/
Zr 50 nanocomposite membranes and (d) Nafion® 117 membrane.
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Figure 6- 5: FTIR spectra of the (a) Nafion 117 membrane, (b) Nafion/ Zr-150, (c) Nafion/
Zr-120, (d) Nafion/ Zr 50 nanocomposite membranes and insert (FTIR of (a) Zr-150, (b) Zr-
120, and (c) Zr-50 nanoparticles).

6.3.3. Water contact angle measurements

The hydrophilicity of the membrane surfaces was performed with a contact-angle
measurement instrument equipped with a video system. Membranes were cut into strips and
mounted on glass slides for analysis. The droplet of de-ionised water (0.16 uL) was dropped
onto the surface of the membranes at ambient temperature by placing the tip of the syringe
close to the sample surface, and all the images were captured with a camera. The
measurement was repeated ten times at different surfaces of the membranes to obtain an
average value. Before the water droplet attached to the sample surface, the wetting process
was recorded until no significant change at the surface was observed any longer 3. The water
contact angle of the dry commercial Nafion® 117 membrane, and the Nafion® Zr-50, Nafion®/
Zr-120 and Nafion® Zr-150 nanocomposite membranes were observed. The water droplets
at the surface area of the nanocomposite membranes compared with the commercial Nafion®
117 membrane is presented in figure 6-6(a-d). The increases water contact angle is related to
the hydrophobic characteristic of Nafion® 117 membrane, due to the presence of the sulphonic

acid group in the hydrophilic side chain.
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Figure 6- 6: The water contact angle of the commercial Nafion® 117 membrane (a),
Nafion®/zr-50 (b), Nafion®/Zr-120 (c) and Nafion®/Zr-150 (d) nanocomposite membranes.

6.3.4. Tensile test

The tensile mechanical property was tested with the Univert mechanical tester (CellScale) with
200 N load cell as shown in Figure 6-7. The specimens were rectangular, about 10 mm in
width and about 30 mm in length. Sandpaper was adhered to the two surfaces of the clamp,
which prevented the specimen from slipping during the testing. The length, width and
thickness of the samples were measured with a vernier calliper and recorded prior to testing.
The testing area of the membrane samples were 4 mm x 10 mm in dimension. To allow for a
clamping area, the samples were prepared in such a way that they could be clamped on both
sides and still allow the testing area to be 4 mm x 10 mm. The thickness of the membranes
was measured to be 0.18 mm. A thickness of 0.18 mm for the nanocomposite membranes
was used in analysing the stress applied to the sample. The membranes were soaked in water
for 24 hours and tested as a wet test. Then the membranes were dried in a vacuum oven at
80 °C for 24 hours and tested as a dry test. The tensile strength of the modified Nafion®
membranes were measured using a Ustretch device (CellScale) dried at 25 °C and wet at 34
°C and actuator speed of 5 mm/min. The crosshead speed was set as 3 mm/min, and the load
was applied until the ultimate fracture of the specimen. The elastic modulus was calculated as

the slope of the initial linear portion of the stress—strain curve. The tensile strength was
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determined as the maximum point of the stress—strain curve. The tensile test was measured
on the wet and dry commercial Nafion® 117 membrane, Nafion® Zr-50, Nafion®/ Zr-120 and
Nafion®/ Zr-150 nanocomposite membranes. The stress vs strain of nanocomposite
membranes compared to the pristine Nafion® 117 membrane as presented in Figure 6-8.
Figure 6-8(a) shows that the Nafion® Zr-50, Nafion® Zr-120 and Nafion® Zr-150
nanocomposite membranes in their dry state obtained the highest tensile stress of 1902 kPa,
2220 kPa and 2145 kPa respectively, when compared with commercial Nafion® 117 (1347
kPa). This may be due to the distribution of inorganic metal within the Nafion® 34. The Nafion®/
Zr-120 nanocomposite membrane showed a higher tensile stress than the commercial Nafion®
117 membrane. Figure 6-8(b) shows that the Nafion® 117 membrane, Nafion® Zr-50, Nafion®/
Zr-120 and Nafion® Zr-150 nanocomposite membranes obtained the tensile stress of 1078
kPa, 740 kPa, 1015 kPa and 855 kPa, respectively. The modulus of elasticity of the

Nafion®117 nanocomposite membrane in dry and wet conditions were compared with the

Nafion® Zr-50, Nafion® Zr-120 and Nafion® Zr-150 nanocomposite membrane as shown in
Figure 6-9 and 6-10. The modulus of elasticity of dry Nafion®Zr-50, Nafion®Zr-120 and
Nafion®/Zr-150 nanocomposite membrane is 47.2%, 65.79% and 49.32% higher than dry
Nafion®117 membrane, respectively (Figure 6-9(a)).

Figure 6- 7: Tensile mechanical testing of Nafion® nanocomposite membrane.

190



2500 1

2000 4

1500 4

Stress (kPa)
=)
8

500 +

(a)

—&— Dry/Zr-50

-500 +

—— Dry/Zr-150
e Dry/Z1-120
=== Dry Nafion117
02 04 06 038
Strain

(b) 1200 ,

Stress (kPa)

1000 +

800 +

600 +

400 4

200 -

0

-200 4

—a&— Wet/Zr-50
—»%— Wet/Zr-150
e \\et/Zr-120

04 06 08
Strain

Figure 6- 8: Stress vs strain for dry (a) and wet (b) membranes (Nafion® 117 membrane,
Nafion® Zr-50, Nafion® Zr-120 and Nafion® Zr-150 nanocomposite membranes).
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membrane, Nafion® Zr-50, Nafion® Zr-120 and Nafion® Zr-150 nanocomposite membranes.

6.3.5. Methanol permeability measurements

Methanol permeability was measured using a homemade permeation-measuring cell as
shown in Figure 6-11. The O-ring and the membrane were mounted between the two
compartments, and the diameter of the diffusion area was 3.5 cm. The one compartment (A)
was filled with a methanol solution of 50 ml and the other compartment (B) was filled with 50
ml of distilled water as shown in Figure 6-11. The solutions were prepared in 2 M and 5 M
methanol and the results collected at 30 °C, 60 °C and 80 °C within three hours for comparison.
The methanol concentration sensor was used to monitor the methanol concentration in
compartment B. The output signal was converted by a data module and recorded by a
personal computer. Methanol permeability (P) was obtained by means of the following

relationship. Methanol permeability (P) was obtained by means of the following relationship :

AP
Cp = Vel Ca (t—tp) (6-1)

where Ca is the initial methanol concentration in compartment A; Cg the methanol
concentration in compartment B at diffusion time t; Vg the volume of distilled water in

compartment B; L the thickness of the membrane; and A the effective permeating area.
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Figure 6- 11: Schematic representation of the experimental setup for the determination of
the methanol permeability across the membranes.

The methanol permeability across the modified Nafion® membranes compared with the
pristine Nafion® 117 was observed under different methanol concentrations (2 M and 5 M) as
shown in Figure 6-12. The water bath temperature was fixed at 30 °C, 60 °C and 80 °C and
then the methanol samples were taken within a period of two hours. Figure 6-12(b) shows the
permeation of methanol versus time. At 2 M MeOH the results showed that there was no
permeation of MeOH for all the membranes at different temperature. This may due to the lower
concentration of methanol solution that may reduce the methanol permeation 3¢-*’, Figure 6-
12(a) shows that when increasing the methanol solution to 5 M, it also increased the methanol
permeability. The MeOH permeability of the pristine Nafion® 117 membrane obtained a low
value of 8.8 10”7 cm?/s when compared with 1.77x10° cm?/s, 1.66x10° cm?/s and 1.22x10°
cm?/s for Nafion® Zr-50, Nafion® Zr-120, Nafion® Zr-150 nanocomposite membranes at a
higher concentration of 5 M and a temperature of 60 °C as shown in Figure 6-12(a). These
results show that using zirconia nanoparticles as a nanofiller for the Nafion® 117 membrane
has no effect on the blocking of the methanol diffusion at the lower temperature of 60 °C, as
the methanol permeability of the Nafion® 117 membrane is lower than the modified Nafion®
117 membranes ¥4, Figure 6-12(a) shows that when the temperature was raised to 80 °C, it
obtained a methanol permeability of 2.87x10% cm?/s, 1.88x10° cm?/s, 1.98x10° cm?/s and
1.98x10° cm?s for Nafion® Zr-50, Nafion® Zr-120, Nafion® Zr-150 nanocomposite
membranes and Nafion® 117 at the higher concentration of 5 M. The modified Nafion® Zr-120
and Nafion® Zr-150 nanocomposite membranes have low methanol permeability due to

zirconia nanoparticles that blocked the methanol crossover within the Nafion® matrix.
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Figure 6- 12: (a) The methanol permeability (2 M and 5 M) for the Nafion ®117 membrane,
Nafion® Zr-50, Nafion® Zr-120 and Nafion® Zr-150 nanocomposite membranes at 30 °C, 60
°C and 80 °C. and (b) Comparison of the methanol crossover (5 M concentration) of the
Nafion® 117 membrane, Nafion® Zr-50, Nafion® Zr-120 and Nafion® Zr 150 nanocomposite
membranes at 80 °C.

6.3.6. Proton conductivity measurement

The conductivities of nanocomposite membranes and commercial Nafion® membranes were
measured with a four-point probe conductivity cell 4> as shown in Figure 6-13. The ionic
conductivity was determined galvanostatically with a current amplitude of 0.1 mA over
frequencies ranging from 1MHz to 10Hz.*3. Using a Bode plot, the frequency region over which
the impedance had a constant value was checked, and the electrical resistance was then
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obtained from a Nyquist plot **. The ionic conductivity (k) was calculated according to the

following Equation ®:

K = L/RWd (6-2)

where R is the obtained membrane resistance; L the distance between potential-sensing
electrodes (1 cm); and W and d the width (2 cm) and thickness of the membrane.
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Figure 6- 13: Schematic diagram of a proton conductivity cell for the four-point-probe
electrochemical impedance spectroscopy technigue.

I/O / / O/— Current-carrying outer
(o]

For conductivity testing, the membrane was immersed in 1 M sulphuric acid solution at room
temperature for six hours. The membrane was then rinsed with deionised water several times
to remove any excess H.SO, and then immersed in deionised water for six hours at 60 °C. All
the membranes were kept in deionised water at room temperature before conductivity testing
measurement. The proton conductivity of the Nafion® Zr-50, Nafion® Zr-120, Nafion® Zr-150
nanocomposite membranes and the Nafion® 117 membrane was measured at ambient
temperature. The proton conductivity, membrane thickness and resistance of Nafion® 117 and
modified Nafion® membranes was presented in Table 6-1. Nafion® Zr-50 nanocomposite
membranes obtained a higher proton conductivity than commercial Nafion® 117 membrane as
shown in Figure 6-14(a). This may due to the lower distribution of zirconia nanorods within the
Nafion matrix that act as a water reservoir. The proton conductivity of the Nafion® Zr-50,
Nafion® Zr-120, Nafion® Zr-150 nanocomposite membranes and the Nafion® 117 membrane
is 0.139 S cm?, 0.090 Scm?, 0.097S cm?tand 0.113 S cm?, respectively as shown in Figure
6-14(a). The typical complex-plane of imaginary impedance (-Z") versus the real impendence
(Z) of Nafion® 117 membrane, Nafion® 2Zr-50, Nafion® Zr-120 and Nafion® Zr-150
nanocomposite membranes are shown in Figure 6-14(b). The plots highlight the part of the

electrochemical impendence spectrum (EIS) from 1MHz to 10Hz “°.
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Table 6- 1: The conductivity of the, Nafion® Zr-50, Nafion® Zr-120 and Nafion®/ Zr-150
nanocomposite membranes and Nafion® 117 membrane at 25 °C

Membranes Proton conductivity Membrane Membrane thickness
(S/cm) at 25 °C resistances (Ohm) (cm)

Nafion 117 0.113 248 0.018

Nafion® Zr-50 | 0.139 200 0.018

Nafion® Zr-120 | 0.090 308 0.018

Nafion® Zr-150 | 0.097 285 0.018
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Figure 6- 14: (a) The proton conductivity of the Nafion® Zr-50, Nafion® Zr-120 and Nafion®/
Zr-150 nanocomposite membranes and Nafion® 117 membrane at 25 °C and (b) the typical
complex-plane of imaginary impedance (-Z") versus the real impendence (Z') of Nafion®/ Zr-
50, Nafion® Zr-120 and Nafion® Zr-150 nanocomposite membranes at 25 °C and Nafion® 117

membrane.
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6.4. Discussion

The XRD results shows a slight deviation from the main chain of Nafion® peaks at 17 °, which
is more amorphous without any peak corresponding to the zirconia nanoparticles. The
morphology of the Nafion® Zr-50 nano-composite membrane has clearly visible when
compared to that commercial Nafion® 117 at 1 um. The SEM image confirmed that the Zr-50
nanoparticles were in the form of nanorods, which may be due to the ultrasonic bath that
breaks the nanopatrticles into small pieces and well impregnated within the membrane matrix.
All the nanocomposite membranes have impregnated with the same mass percentage of
zirconia nanopatrticles, but Zr-120 nanopatrticles clearly show that zirconia nanopatrticles in the
form of nanobars have been successfully impregnated with less agglomeration due to their
good compatibility. Moreover, well distribution of nanoparticles shows the microscopic porosity
of membrane with inorganic nanoparticles that enhanced the water uptake of the membrane
46 which is also confirmed by the water contact angle and TGA. The SEM image Nafion®/ Zr-
150 nano-composite membrane showed well distributed zirconia nanoparticles within the
membrane which confirmed by TGA and FTIR.The improvement of thermal stability confirmed
the presence of water retention zirconia nanoparticles within the Nafion® membrane #,
reducing the weight loss rate while also increasing the decomposition of the nhano-compaosite
membranes at high temperature. Therefore, this thermal stability improvement shows the
enhanced potential of the zirconia nano-composite membrane for higher temperature
operations for PEMFC applications. The DTG curves of the Nafion® 117 membrane obtained
the two transition peaks that are associated with the second and third decomposition stage of
amembrane. The DTG curves of the Nafion® 117 membrane show a maximum decomposition
rate of 2% per °C at 380 °C. Similarly, the DTG curves of the modified Nafion® membrane
appear in two peaks. The DTG curve of the Nafion® Zr-50 nano-composite membrane also
shows the maximum decomposition rate of 2% per °C at 380 °C. The FTIR results of
nanocomposite membranes clearly show a vibration peak at 1550 cm™ and 1474 cm™ due to
Zr-OH bending vibrations, indicating the presence of zirconia nanoparticles within the
modified Nafion membrane 2. While the peak observed at 2355 cm™ and 2927 cm™ are due
to the presence of inorganic ions. Comparison FTIR results of Nafion® 117 membrane shows
the band at 3456 cm™ due to O-H vibration corresponding to physically adsorbed water 48-4°,
Similar vibration peaks at 1195 cm™ and 1198 cm™ in all the membranes were observed, which
attributed to the -CF,-CF»- vibration and 1060 cm™ attributed to -SO3 %1, Furthermore, two
major vibrational structures at 1199cm™ and 1146cm™ for CF; stretching vibration of the
Nafion® backbone are shown 3° and 1065 cm™ and 978 cm, which are attributed to the
stretching vibration moieties of SO3-and C-O-C, respectively *°. In the modified Nafion® 117

membranes, the decreased in water contact angle were noticeable (from 118° to 84°), this
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may be due to the hydrophilicity of zirconia nanoparticles. In addition, the decreased contact
angles of nano-composite membranes ( below 90°), may due to the zirconia nanopatrticles that
are adsorbed on the surface of the membrane to enhance the hydrophilicity 52. Contact angles
below 90 ° indicate the hydrophilic character of a material describing the water-uptake
capability. The tensile results show that the nano-composite membrane in its wet state
obtained a slightly lower tensile stress than the pristine Nafion® 117 membrane. This shows
that the incorporation of zirconia nanoparticles within the Nafion® matrix does not have an
impact on the tensile stress of the wet membrane, as the dry membrane had a higher tensile
strength than the wet membrane. It has been observed that the modified Nafion® membrane
with inorganic oxide nanoparticles enhances the tensile strength of the membrane. This
indicates that the incorporation of the ZrO, nanoparticles improved the mechanical property
of the Nafion® membrane in its dry states, mainly due to the interaction between the sulfonic
acid groups of the Nafion® ionomer and the ZrO; filler. The improvement of the membrane
rigidity demonstrates that the zirconia nanoparticles stabilized the structure of the nano-
composite membrane, and give a potential restriction to the humidity-generated stress when
the membrane is used as an electrolyte membrane in the fuel cells. The wet Nafion®117
membrane have the higher modulus of elasticity compared to wet hano-composite membrane.
This show that the incorporation of zirconia nanoparticles within the Nafion® matric does not
have impact on the tensile stress of wet membrane. In contrast the methanol permeability of
the Nafion® Zr-50 nano-composite membrane is high 2.87 x 10° cm?/s compared with the
pristine Nafion® 117 membrane (1.98x10° cm?/s) at a higher temperature of 80 °C 5354, This
may be because the methanol permeates through hydrophilic ionic channels, especially free
water molecules. In addition, protons are transported by hopping between ionic sites due to
hydrogen bonding between bound water molecules as well as through ionic channels, and it
has a low concentration of zirconia nanopatrticles as confirmed by TGA results. The membrane
resistance of commercial Nafion® 117 membranes are higher than modified Nafion®
nanocomposite membranes due to the addition of zirconia nanopatrticles in Nafion® membrane
that enhanced the conduction of protons.incorporating zirconia nanoparticles with a higher
porosity, decrease the water contact angle within the nanocomposite membranes which
resulted also in increasing the proton conductivity due to the increases of exchange sites
available per cluster which is an important parameter of fuel cells in order to operate on higher

temperature.

6.5. Conclusion

Nanocomposite membrane prepaid by impregnation methods shows a higher proton

conductivity, decreased in water contact angle and methanol crossover, which are more
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improved when compared to the commercial Nafion® 117 membrane. This may due to the
addition of higher porosity zirconia nanoparticles in Nafion® membrane that decrease the
water contact angle within the nanocomposite membranes, which resulted also in increasing
the proton conductivity due to the increases of exchange sites available per cluster, which is
an important parameter of fuel cells in order to operate on higher temperature. The TGA and
DTG results of the modified Nafion® membrane shows that incorporation of zirconia
nanoparticles obtained a thermal stabilised degradation even at high temperature, due to the
water retained within the Nafion® membrane, which leads to fuel cell application at higher
temperature. The XRD results confirmed the presents of the zirconia nanoparticle within the
membrane. However, the results show no new peak, due to the incorporation of low wt.% of
zirconia nanoparticles. Wherever the crystallinity not visible in XRD, the SEM image shows
the present of zirconia nanoparticles within the Nafion® matrix. The FTIR results of modified
Nafion® membrane also confirmed the present of zirconia nanopatrticles at vibration peak at
1550 cm™ and 1474 cm™ due to Zr-OH bending vibrations and at 2355 cm™ and 2927 cm™.
The proton conductivity and the resistance of Nafion® Zr-50 nanocomposite membrane
increased because of the incorporation of zirconia nano-rods. The decreased in high methanol
concentration shows a potential application of the membrane in direct fuel cells, as the lower
permeation was obtained at the higher temperature of 80 °C. This observation shows the
possibilities of modified Nafion® membrane to operate at high temperature and reduced
relative humidity. The incorporation of the ZrO, nanoparticles improved the mechanical
property of the Nafion® membrane in its dry states - mainly due to the interaction between the
sulfonic acid groups of the Nafion® ionomer and the ZrO:; filler. As tensile results show that
nanocomposite membranes in their dry state obtained the highest tensile stress of 1902 kPa,
2220 kPa and 2145 kPa when compared with commercial Nafion® 117 (1347 kPa). This
indicates that the improvement of the membrane rigidity demonstrates that the zirconia
nanopatrticles stabilized the structure of the nhanocomposite membrane and give a potential
restriction to the humidity-generated stress when the membrane is used as an electrolyte

membrane in the fuel cells.

B: Nafion® Sulfated Zirconia oxide-nanocomposite membrane: The effects of ammonia

sulfate on fuel permeability

6.6. Introduction

Energy production from carbon-free or low-carbon sources is one of the most pressing issues

facing humanity today. Fuel cells will be the future alternative for crude oil automotive and
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portable applications. Fuel cells are one of the clean energies generating electricity at low cost
without polluting the environment. Direct methanol fuel cells (DMFCs) are the devices that
convert liqguid methanol (MeOH) into electrical energy and can be used directly in fuel cells
without the need for a hydrogen-reforming process. This makes them more advantageous
than proton exchange membrane (PEM) fuel cells as they use MeOH as fuel that is easily
stored and transported due to their higher energy density than hydrogen. Additionally, their
high energy density and environmentally friendly nature, operating at low temperature, make
them preferable to use in portable applications such as laptops, computers and cellphones
than rechargeable lithium-ion batteries *°. PEMs such as Nafion® maintain higher proton
conductivity and good mechanical and chemical stability and reduce gas and methanol
crossover at lower temperature fuel cell application °¢. However, at higher temperatures of
above 80 °C they face some challenges due to the water loss and softening of the polymer
backbone, resulting in membrane shrinkage, which reduces proton conductivity while
permeating the fuel to crossover %’. This also lowers cell performance, which results in
degradation due to anode dehydration “3. Furthermore, the high methanol permeability, high
production cost and complicated and time-consuming manufacturing process has limited the
Nafion® membrane to function in DMFCs %8, It is well known that working at higher
temperatures is favourable for the kinetics of Pt catalyst and may improve its tolerance to
contaminants %°, improves CO tolerance, facilitates heat rejection and improves water
management but leads to poor mechanical stability. These limitations can be overcome
through the modification of Nafion® membrane. Modification of Nafion® membrane with
hydroscopic metal oxide was observed by some researchers, as it can retain water at a higher
temperature ¢ and enhances reaction kinetics at both electrodes. The modification of Nafion®
membrane with inorganic particles such as silicon dioxide (SiO>), titanium dioxide (TiO2) and
zirconium oxide (ZrO.) ¢! enhances the higher temperature proton conductivity, improves the
operating temperature, maintains water retention and also lowers methanol permeability which
is the major problem in the DMFC system, due to its hydrophilic nature 6. The retained water
within the inorganic particles does not evaporate even under dry conditions, due to
electrostatic attraction within the electrical double layer 2. The incorporation of inorganic acid
such as sulfated zirconia enhances proton conductivity (14.5 mS/cm) when calcined at 300
°C, with higher ion IEC of 0.54 meg/g and increased water uptake due to the sulfate ions,
which increases the sulfonic acid content within the membrane 3. Moreover, when sulfated
zirconia is incorporated in the membrane, it provides an extra proton ion within the Nafion®
matrix [3]. Furthermore, the modified Nafion® membrane with S-ZrO, nanoparticles has less
swelling, improves mechanical properties and decreases methanol permeability. Mesoporous
sulfated zirconia has good potential for widening applications of zirconia-based acid materials,

but the major problem still lies with its low thermal stability, leading to the collapse of the
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mesoporous when the template is removed at high temperature. Under strong acidic
conditions, zirconia exists mostly in cationic form rather than the polyoxo species. However,
when zirconia is sulfated with ammonia sulfate, the polyoxo ions can form [Zr (OH)2(SO4*
)X(H20)]n"-23) 84 Moreover, impregnating the S-ZrO, nanoparticles within Nafion® membranes
improves the high temperature response [8]. Zirconia oxide is the only metal oxide which
possesses four chemical properties, namely acidity, basicity as well as reducing or oxidising
agents . The main aim of this paper is to modify Nafion® membrane with sulfated zirconia in
order to obtain good chemical and thermal stability, high proton conductivity and improved

water uptake of modified membrane.

6.7. Experimental

6.7.1. Materials

Sodium hydroxide pellets, silver nitrate, methanol, sulphuric acid, ammonia sulfate, zirconium
oxychloride hydrate and Nafion® 117 membrane was purchased from Sigma Aldrich. All the
chemicals with analytical grades were used as received, without any further purification.

6.7.2. Synthesis of ZrO; nanoparticles

The ZrO; nanoparticles were prepared by precipitation method where zirconium oxychloride
hydrate (ZrOCl, 8H,0) and sodium hydroxide (NaOH) were used as starting materials. 0.2M
ZrOCl,.8H,0 was prepared in a 250 ml beaker and 2N NaOH solution was added dropwise
with continuous stirring for 45 minutes at room temperature (RT). Obtained precipitate was
filtered and washed several times with distilled water until chlorine ions (CI") were not detected
by the silver nitrate (AgNO3). The precipitate was dried at 100 °C for 24 hours, calcinated at
600 °C for 4 hours and then labelled as ZrO; [%9].

6.7.3. Preparation of Sulfated zirconia oxide (S-ZrO) nanoparticles

Sulfated zirconia oxide (S-ZrO) was prepared by two methods: firstly, by vigorously stirring
the dried ZrO; nanoparticles in 0.5 M H>SO, solution for 30 minutes at room temperature. The
resulting solid was filtered and dried at 100 °C for 48 hours. The dried powder was then
calcined at 600 °C for 2 hours and the resulting particles were crushed with a mortar and
pestle and labelled S-ZrO, . Secondly, the ZrO, nanoparticles was mixed with 0.5M

(NH4)2S0O4 solution for 30 minutes at room temperature. Then the particles were filtered, dried
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and calcined following the above procedure and the resulting particles were crushed with a
mortar and pestle and labelled S-ZrO, (NH3zSO4).

6.7.4. Preparation of nanocomposite membranes (impregnation method)

6.7.5. Characterisations

The XRD analysis was performed using a Philips X-ray diffraction with Cu K radiation source.
The analysed material was finely ground and homogenised and the average bulk composition
was determined. Samples were scanned in continuous mode from 10°- 90° with a scanning
rate of 0.026 (degrees)/1 (sec). The thermal properties of the samples and their characteristics
were studied by thermogravimetric analysis (TGA) under nitrogen flow. TGA data was
obtained with a PerkinElmer instrument over nitrogen and at a heating rate of 10 °C/min from
28 °C to 1 000 °C. The surface morphologies of all the membrane were studied using
Scanning Electron Microscopy (SEM). Electronic techniques were based on the interaction of
the sample with electrons, resulting in a secondary effect that was detected and measured.
Fourier Transform Infrared (FTIR) was employed to investigate the changes in the chemical

structure of the membrane.

6.7.6. Water contact angle measurements

The contact-angle instrument was used to measure the hydrophilicity of the membrane.
Membranes were cut into strips and mounted on glass slides for analysis. The droplet of de-
ionised water (0.16 L) was dropped onto the surface of the membranes at ambient
temperature by placing the tip of the syringe close to the sample surface, and all the images
were captured with a camera. The measurement was repeated ten times at different surfaces
of the membranes to obtain an average value. Before the water droplet attached to the sample
surface, the wetting process was recorded until no significant change at the surface was

observed any longer 3,

6.7.7. Water uptake and dimensional swelling ratio of nanocomposite nanofibers

The membranes were soaked in distilled water for one day at 30 °C, 60 °C and 80 °C. They
were then removed, wiped, measured and weighed. Water uptake and swelling ratio were

calculated according to the equations below:

W (%) = wearr) 1 g (6-3)

dry
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(Lw_Ld)
Lq

SR(%) = X100 (6-4)

Where Wy, is the percentage of water uptake, mwe: is the weight of wet membrane and Mgy is
the weight of the dried membrane, Ly is the length of the wet membrane and Lq is the length

of the dried membranes.

6.7.8. lon exchange capacity (IEC)

The ion exchange capacity (IEC) of all membranes were determined by the titration method.

IEC = YnaoH X Cnaok (6-5)

Wsample

Where Vnaon is the titrated volume of NaOH and Wsampie is the weight of the dry membranes.

6.7.9. Methanol permeability measurements

The methanol permeability was measured with a permeation-measuring cell designed in our
lab that consisted of two compartments. The membrane was placed in the middle of two
compartments, and the diameter of the diffusion area was 3.5 cm. The membrane was placed
in the middle of two compartments, and the diameter of the diffusion area was 3.5 cm. The
compartment (A) was filled with a methanol solution of 50 ml and compartment (B) was filled
with 50 ml of distilled water. The solutions were prepared in 2 M and 5 M methanol and the
results collected at 30 °C, 60 °C and 80 °C within three hours for comparison. The methanol
concentration sensor was used to monitor the methanol concentration in compartment B. The
output signal was converted by a data module and recorded by a personal computer. Methanol

permeability (P) was obtained by means of the following relationship:
AP
CB = m CA (t - tO) (6-6)

where Cais the concentration of initial methanol in compartment A; Cg the concentration of
methanol in compartment B at diffusion time t; Vg the volume of distilled water in compartment

B; L the membrane thickness; and A the effective permeating area.
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6.7.10. Conductivity measurement

The conductivities of all membranes were measured using a four-point probe conductivity cell.
The ionic conductivity was determined galvanostatically with a current amplitude of 0.1 mA
over frequencies ranging from 1MHz to 10Hz. Using a Bode plot, the frequency region over
which the impedance had a constant value was checked and the electrical resistance was
then obtained from a Nyquist plot #*. The ionic conductivity (o) was calculated according to the

following equation:

K = L/RWd (6-7)

Where R is the obtained membrane resistance, L is the distance between potential-sensing
electrodes (1 cm), W is the width (2 cm) of the membrane and d is the thickness of the
membrane. For conductivity testing, the membrane was immersed in 1 M sulphuric acid
solution for 6 hours at room temperature. The membrane was then rinsed with de-ionised
water several times to remove any excess H,SO,4 and then immersed in de-ionised water for
6 hours at 60 °C. All the membranes were kept in de-ionised water at room temperature before

conductivity testing.

6.8. Results and discussion

6.8.1. Fourier transform infrared spectroscopy (FTIR) analysis

Figure 6-15 shows the FTIR analysis of the commercial Nafion® 117 membrane and
nanocomposite membranes. The nanocomposite membranes show the similar bands to
commercial Nafion® 117 membrane, at 1 133 cm™ attributed to the CF; stretching vibration of
the PTFE backbone *. The observed peaks at 1 062 cm™ and 1 212 cm™ were attributed to
the symmetry and asymmetry stretching vibrations of SO3-, the peak at 983 cm™ corresponds
to the C-O-C symmetry stretch and was assigned to symmetric stretching frequencies of S-O
bonds *° as shown in Figure 6-15. Furthermore, the peaks observed at 636 cm™ and 515 cm™
were assigned to asymmetric stretching vibrations of the Zr—O—Zr bond and Zr-O, which are
the same transmittance peaks as Nafion® 117 membrane . This may be due to the well-
dispensed inorganic materials within the Nafion matrix. Commercial Nafion® 117 membrane
shows the peak at a wave number of 3 428 cm? is attributed to O-H stretching of Zr-
nanoparticles, whereas the peak was less shallow on nanocomposite membranes 3 as shown
in Figure 6-15(a-c). This may be due to the inorganic materials that retain water within the

membrane. Figure 6-15(a) shows the bands at 1 619 cm™ was assigned to the bending
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vibration mode of HOH, this may due to the coordinated molecular water associated with the
sulfate group ®. Figure 6-15(b) shows the bands at 1 442 cm™ which assigned to the
asymmetric or symmetric stretching vibration frequencies of S=O or S-O bonds °°. The bands
at 1 680cm™ can be attributed to the stretching and bending vibrations of O—H group on the
surface of the Nafion® 117 membrane as shown in Figure 6-15(c) ™.
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Figure 6-15: FTIR spectra of (a) Nafion®/S-ZrO, (NHsSO4), (b) Nafion®/S-ZrO, nanocomposite
membranes and (c) Nafion® 117 membrane.

6.8.2. X-ray diffraction (XRD) analysis

The morphology and crystallinity of Nafion® membrane and nanocomposite membranes were
observed under X-ray diffraction (XRD) analysis. The X-ray diffraction (XRD) pattern of the
modified Nafion® and commercial Nafion® membranes was observed in Figure 6-16. Figure 6-
16(a) shows that Nafion® 117 membrane has two diffraction peaks at 17.5° and 39° 26, which
can be attributed to the semi-crystalline nature of the perfluorocarbon peak chains of the
ionomer 2°, The nanocomposite membranes have no new crystallisation peak as observed in
Figure 6-16(b) and (c), except a slight shift from the main chain of Nafion® peak at 17°, and
was more amorphous, indicating that there is less formation of metal oxide crystalline, as
confirmed by the TGA results 2. The XRD pattern of nanocomposite membranes showed
similar patterns when compared to commercial Nafion® membrane with the two diffraction
peaks at Bragg angles (20) of 17.5° and 39°.
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Figure 6-16: XRD patterns of (a) Nafion®/S-ZrO, (NH3SO4), (b) Nafion®/S-ZrO;
nanocomposite membranes and (c) Nafion® 117 membrane.

6.8.3. Thethermal degradation analysis (TGA) and derivative thermogravimetric (DTG)
analysis
Thermal degradation analysis and derivative thermogravimetric analysis of Nafion®/S-ZrO,
(NH3S0.), Nafion®/S-ZrO, nanocomposite membranes and Nafion® 117 membrane are shown
in Figure 6-17. Figure 6-17(a-c) shows the thermal decomposition occurs in three steps. Figure
6-17(a) shows that Nafion®/S-ZrO, (NH3SO,4) nanocomposite membrane has higher thermal
retention as it starts to lose a little weight at a higher temperature of 250 °C, due to the to the
decomposition of the sulfonic acid within the membrane 26, There was no water loss observed.
The third weight loss between 450°C and 500 °C is due to the decomposition of membrane
backbone . Figure 6-17(b) shows that modified Nafion® membrane with S-ZrO; nanoparticles
obtained thermal stability at a higher temperature of 335 °C, which is better than commercial
Nafion® membrane. The initial weight loss at 335 °C, due to the to the decomposition of the
sulfonic acid within the membrane 2. The initial weight loss of Nafion®/S-ZrO, was more
improved compared to Nafion®/S-ZrO, (NHzSO4) nanocomposite membranes as shown in
Figure 6-17(b). This may be due to the incorporation of S-ZrO, nanoparticles that enhanced
water retention within the membrane, which increased to a higher temperature degradation "2
as confirmed by DTG on Figure 6-17(insert). Figure 6-17(b) shows the second weight loss of
Nafion®/S-ZrO, nanocomposite membrane which starts to decompose at lower temperatures
of 380 °C. But the third weight loss starts to degrade at the higher temperature of 570 °C, with

the 5wt% of the inorganic materials remaining; this confirms the incorporation of inorganic
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nanofiller within Nafion® membrane reduces the high temperature thermal degradation. This
may be due to the intermolecular forces between the embedded nanoparticles and the
polymer matrix. Figure 6-17b(insert) shows that the DTG curves start degradation at the higher
temperature of 570 °C, due to thermal stability of the nanocomposite membrane. Figure 6-
17(c) shows that the thermal decomposition of Nafion® 117 membrane also undergoes three
stages of weight loss. The initial weight loss occurs at 100 °C due to removal of absorbed
water within the membrane, the second weight loss occurs at 380 °C due to the decomposition
of membrane, and the third weight loss occurs at 550 °C due to the degradation of polymer 2.
This is also confirmed by DTG curves in Figure 6-17(insert), which shows the degradation of
polymer above 500 °C. Zheng et al. also obtained the thermal stability membranes due to the
inorganic filler 74, In conclusion, the nanocomposite membranes were more thermal stable at
all stages of decomposition than commercial Nafion® 117 membrane which totally
decomposed, due to the nanoparticles that improve the backbones of nanocomposite
membranes. Their thermal stability above 250 °C, makes them suitable used for fuel cell

application at higher temperature.
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Figure 6-17: The TGA/DTG curves of (a) Nafion®/S-ZrO, (NH3zSO,), (b) Nafion®/S-ZrO,
nanocomposite membranes and (c) Nafion® 117 membrane.
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6.8.4. Morphology

: v

Figure 6-18: Scanning Electron Microscopy (SEM) of (a-b) Nafion® S-ZrO, (NH3SO.), (c-d)
Nafion® S-ZrO, nanocomposite membranes and (e-f) Nafion® 117 membrane.




The surface morphology of Nafion®/S-ZrO, (NHsSO.4), Nafion®/S-ZrO, nanocomposite
membranes and Nafion® 117 membrane was observed under SEM as shown in Figure 6-18.
The results in Figure 6-18(a-b) show that S-ZrO, (NH3SO4) nanoparticles were successfully
impregnated within the Nafion® matrix as they cover the whole surface area of Nafion®
membrane. These modified membranes show that the nanoparticles agglomerated to a high
diameter of 0.5 ym and were well dispersed within the membrane. This may be due to the
method of impregnation, which was repeated five times to ensure that the nanoparticles were
successfully impregnated. However, when Nafion® membrane was impregnated with S-ZrO;
the nanoparticles showed less agglomeration with irregular shape which were well distributed
within the membrane as shown in Figure 6-18(c-d). This nanocomposite membrane shows a
spongy surface, which endures some holes due to the high magnification. This spongy surface
may be due to the good adsorption within the sulfated zirconia as confirmed by higher uptake
when compared to commercial Nafion® 117 membrane. Figure 6-18(e-f) shows that

commercial Nafion® membrane has a smooth surface without any cracks or holes.

6.8.5. Atomic force microscopy (AFM) analysis

Atomic force microscopy (AFM) was used to measure the roughness of nhanocomposite
membranes as shown in Figure 6-19. Figure 6-19(a-b) and (c-d) show the amplitude and
topography images of Nafion®/S-ZrO, (NHsSO4) and Nafion®S-ZrO, nanocomposite
membranes. The surface roughness of Nafion®/S-ZrO, (NHsSO4) and Nafion®/S-ZrO;
nanocomposite membranes was 41.46 nm and 6.59 nm, respectively, which may be due to
impregnating S-ZrO, nanoparticles in Nafion® membrane. Figure 6-19(c) shows the amplitude
image; significant changes are clearly seen due to the incorporation of S-ZrO, (NH3SO,),
which is well interacted with Nafion® membrane 7°. The increased roughness on modified
Nafion® nanocomposite membranes improves the contact between the electrodes 6. Figure
6-19(d) shows that Nafion®S-ZrO, nanocomposite membrane was less rough in the

topography images.
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Figure 6- 19: AFM (a-b) amplitude image of Nafion®/S-ZrO, (NHsSO4) and Nafion®/S-ZrO,
nanocomposite membranes and (c-d) topography amplitude image of Nafion®/S-ZrO;
(NH3sS0.,) and Nafion®/S-ZrO, nanocomposite membranes.

6.8.6. Water contact angle, water uptake and swelling ratio measurement

Retention of water within the membrane matrix is very important in fuel cell application as it
allows the protons ion movement that promotes protonic conductivity of the membrane. This
water retention was measured by contact angle as shown in Figure 6-20A. Commercial
Nafion® 117 membrane obtained a contact angle greater than 90 °, due to its hydrophobic
nature as shown in Figure 6-20A(a) ’. Figure 6-20A(b) shows that the contact angles of
Nafion®/S-ZrO, nanocomposite membranes was not constant on one part which is greater
than 90 °, whereas the other part was more improved (98 °- 66 °). This may be due to the poor
distribution of nanoparticles within the membrane as confirmed by SEM results. Figure 6-
20A(c) shows that Nafion®/S-ZrO, (NH3SO4) nanocomposite membranes obtain contact
angles less than 90 ° between 80° - 68°, due to the incorporation of inorganic material that
retains water due to its hydrophilic character ®8. Furthermore, the modified membranes show
that impregnating inorganic material introduces hydrophilicity in the Nafion® membrane
surface. Figure 6-20B and Table 6-2 shows the water uptake of Nafion®/S-ZrO,, Nafion®/S-
ZrO; (NH3sSO4) nanocomposite membranes and commercial Nafion® 117 at 30 °C, 60 °C and
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80 °C. As indicated in Figure 6-20B, the water uptake of all the membranes increases with the
increase in temperature. Nafion®/S-ZrO, (NH3SO4) and Nafion®/S-ZrO, nanocomposite
membranes obtain a higher water uptake (40%, 44%, 47% and 33%, 40%, 44%, respectively)
than commercial Nafion® 117 (30%, 32%, 34%) at 30 °C, 60 °C and 80 °C; this may be due
to good distribution of hygroscopic S-ZrO; nanopatrticles that retain water within the membrane
matrix as presented in the SEM results. The reason for this may be the impregnation of
sulfated zirconia nanoparticles, which introduce the additional acid sites for absorption of
water. Moreover, the impregnation of nanoparticles makes clusters in the pore of Nafion®
membrane, which results in the higher water uptake of the nanocomposite membrane. The
modified membrane with S-ZrO, (NHsSO,) nanoparticles showed increased water uptake at a
higher temperature than modified with S-ZrO, nanoparticles as shown in Figure 6-20B. This
may be due to the hydrophilic nature of sulfated nanoparticles which increases the surface
area and acidity of the nanoparticles that are impregnated within the membranes 8. The
swelling ratio of membranes is an important parameter for proton conductivity, but their
dimensional stability must be balanced. since excessive absorbed water often results in
serious swelling and loss in mechanical properties 7°. Figure 6-20C shows that the dimensional
swelling ratio of all the nanocomposite membranes increases as the temperature increases,
which may be due to the water absorption ability in the nanoparticles within the Nafion®
membrane pores. As shown in Figure 6-20C, the dimensional swelling ratio for commercial
Nafion® 117 membrane was slightly lower than nanocomposite membranes at different
temperatures, this may due to the incorporating the nanoparticles within the Nafion matrix that
lowers the compatibility and shape-stability of the membrane and thus elevates the swelling
ratio of the membrane. These results showed that nanocomposite membranes have
dimensional stability. The IEC was used to detect the free sulfonic acid group in the
membranes. Figure 6-20D shows that the ion exchange capacity of Nafion®S-ZrO, and
Nafion®/S-ZrO, (NH3SO4) nanocomposite membranes was 1.2 meg-g* and 1.3 meg-g*,
respectively, which is higher than that of commercial Nafion® 117 (0.93 meqg-g?') . As
expected, the incorporation of sulfated zirconia increases the acidic site in the membranes, as
the nanocomposite membranes improves in IEC when compared with commercial Nafion®

117 membrane.
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Figure 6- 20: Water contact angle of (A) (a) Nafion® 117 membrane, (b) Nafion®/S-ZrO, and
(c) Nafion®/S-ZrO, (NHsSO4) nanocomposite membranes, water uptake (B), linear expansion
(C) and IEC (D) of Nafion® 117 membrane, Nafion®/S-ZrO, and Nafion®/S-ZrO, (NH3zSOu,)
nanocomposite membranes.

212



Table 6- 2: IEC and proton conductivity of Nafion® 117 membrane, Nafion®/S-ZrO, and
Nafion®/S-ZrO, nanocomposite membranes

Membranes Nafion® Nafion®/S-ZrO, Nafion®/S-ZrO,
117 (NHsSOy)

IEC (meg/q) 0.93 1.2 1.3

Proton conductivity (S/cm) at 25 °C | 0.113 0.146 7.891

Membrane resistances (Ohm) 248 199 3.6840

Membrane thickness (cm) 0.0183 0.0172 0.0172

Water uptake % (30 "C) 30 33 40

Water uptake % (60 ‘C) 32 40 44

Water uptake % (80 ‘C) 34 44 47

6.8.7. Methanol permeability

The reduced or low methanol crossover is the major key of DMFC applications, as the
methanol crossover can lower the fuel efficiency. The methanol crossover of Nafion® 117
membrane, Nafion®/S-ZrO, and Nafion®/S-ZrO, (NH3SO.) nanocomposite membranes was
measured at 30 °C, 60°C and 80 ‘C using 2 M and 5 M methanol solution as shown in Figure
6-21. The nanocomposite membranes showed no methanol crossover at a higher
concentration of 5 M methanol (60 °C) compared to 8.84 x 107 cm?/s for commercial Nafion®
117 membrane as shown in Figure 6-21. This may be due to the impregnation of S-ZrO, and
S-ZrO; (NHsS0.) nanoparticles into Nafion® membrane, which reduced the permeation of
methanol. Moreover, the well-dispersed nanoparticles may reduce methanol crossover by
blocking the methanol from migrating through the membrane 8. At lower concentration of 2
M methanol, there was no methanol crossover observed for all membranes at different
temperatures 2. The methanol crossover of nanocomposite membranes decreases with the
addition of S-ZrO, and S-ZrO, (NHsSO,) nanoparticles, due to the more compact structure.
Nafion®/S-ZrO, (NHsSO.4) nanocomposite membranes shows the lower methanol crossover
of 1.50 x107 cm?/s), that those of Nafion®/S-ZrO, nanocomposite membranes (1.31 x 107
cm?/s) and commercial Nafion® 117 (1.99 x 10® cm?/s). Figure 6-21 (b) shows the selectivity
of Nafion® 117 membrane and modified membranes. Selectivity is the ratio of proton
conductivity to methanol permeability . Nafion®/S-ZrO, (NH3SO4) and Nafion/S-ZrO,
nanocomposite membrane obtained the highest selectivity of 5.24 x 10’ Ss cm2and 1.12 x
107 Ss cm3, which is much higher than that of Nafion® 117 (5.68 x 10* Ss cm™) as shown in

Figure 6-21 (b). This conclude that nanocomposite membranes, can be suitable use in DMFC.
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Figure 6- 21: (a) Comparison of methanol crossover (5 M and 2 M concentration) of Nafion®
117 membrane, Nafion®/S-ZrO, and Nafion®/S-ZrO, (NH3SO4) nanocomposite membranes
at 30 'C, 60 ‘C and 80 °C, (b) selectivity ratio of Nafion® 117 membrane, Nafion®/S-ZrO, and
Nafion®/S-ZrO, (NHsSO,4) nanocomposite membranes at 80 “C.

6.8.8. Proton conductivity

The proton conductivity of nanocomposite and commercial membranes is presented in Figure
6-22(a) and Table 6-2. Nafion®/S-ZrO, (NHsSO4) and Nafion®/S-ZrO, nanocomposite
membranes show higher proton conductivities of 7.89 S/cm and 0.146 S/cm than Nafion® 117

membrane (0.113 S/cm). The proton conductivity of Nafion®/S-ZrO, (NHsSO,4) nanocomposite
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membranes is higher than that of Nafion®/S-ZrO, nanocomposite membranes as shown in
Figure 6-22(a). This may be due to the incorporation of sulfated zirconia ((S-ZrO, (NH3SO4))
which enhanced the proton conductivity of Nafion® membrane. Moreover, the proton
conductivity of the nanocomposite membranes was enhanced by sulfating zirconia
nanoparticles with (NH4).SO4acid which promotes the migration of sulphonated groups to form
cluster aggregates via the strong electrostatic interactions of the Na* counter ions. Table 6-2
shows that the proton conductivity of Nafion®/S-ZrO, nanocomposite membranes was slightly
higher than Nafion® 117 membrane. This may be due to incorporating sulfated zirconia
nanoparticles in the membrane, which increases the acid sites and provides extra water within

the membrane as was confirmed by the water uptake and TGA results.
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Figure 6- 22: proton conductivity of Nafion® 117 membrane, Nafion®/S-ZrO, and Nafion®/S-
ZrO, nanocomposite membranes.
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6.9. Conclusion

The XRD shows that nanocomposite membranes have no new crystallisation peak, except a
slight shift from the main chain of Nafion® peak at 17°, and is more amorphous, indicating that
there is less formation of metal oxide crystalline. The Nafion® S-ZrO, (NH3SO.)
nanocomposite membrane shows higher thermal retention as it starts to lose a little weight at
250 °C, due to the decomposition of the sulphonic acid within the membrane. There was no
water loss observed. Modified Nafion® membrane with sulfated zirconia oxide improves the
proton conductivity, IEC and membrane swelling, while it prevents the methanol from crossing
over. The water uptake was more improved at a higher temperature of 80 °C in hanocomposite
membranes. Nafion® S-ZrO, (NHsSO4) nanocomposite membrane shows low fuel crossover
at 80 °C and a higher methanol concentration of 5 M. The higher selectivity ratio shows that
the synthesised nanocomposite membranes can be used as electrolytes for fuel cell
application. Nafion® S-ZrO, (NH3SO.) and Nafion® S-ZrO, nanocomposite membranes show
higher proton conductivities of 7.89 S/cm and 0.146 S/cm than Nafion® 117 membrane (0.113
S/cm). The proton conductivity of Nafion®/S-ZrO, (NHsSO,) is greater than Nafion®/S-ZrO,
nanocomposite membranes. This may be due to the incorporation of sulfated zirconia ((S-
ZrO; (NH3S04)) which enhances the proton conductivity of Nafion® membrane. The higher
conductivity can be due to the NH3SO4 acid that does not leach out. The membrane resistance
of Nafion®/S-ZrO, (NHsSO4) nanocomposite membrane was lower than that of Nafion® 117
membrane and Nafion®/S-ZrO, nanocomposite membrane. This confirms that the lower the
resistance, the higher the conductivity. The incorporation of S-ZrO, (NHsSO.) nanoparticles
lowers the resistance of Nafion® membrane. The conclusion is that the sulfated zirconia with
NH3SO, acid is suitable as an inorganic filler of Nafion® membrane, due to its higher acidic
value which allows the ions movement without reducing the hydration of the membrane but

while reducing the methanol crossover.
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C: The proton conductivity and mechanical properties of Nafion® ZrP nanocomposite

membrane

6.10. Introduction

Fuel cell is an electrochemical device, which directly converts chemical energy into an
electrical energy by using various fuels such as hydrogen, methanol, ethanol, methylene blue,
glucose and natural gas in a reaction with an oxidant (oxygen). DMFCs only utilise methanol
as fuel. Nafion® membranes have high proton conductivity, mechanical and chemical stability
in its hydrated state and lower temperature, which make them a promising fuel cell electrolyte
for transport, portable and stationary application 84+%°, However, at lower relative humidity and
higher temperature, Nafion® membranes faces some challenges of higher permeation of
methanol and dramatically drops of protons conduction due to their dependence on hydration
49 That methanol fuel, which crossover through the membrane reduced cell voltage at higher
current and oxidised at the cathode *8. The researches prompt a research on the reduction of
methanol crossover and improves the fuel cell performance by modified membrane with
hygroscopic oxides or inorganic acids in nanometre-range, which retain water. This
hygroscopic inorganic acids such as zirconium phosphate (ZrP) has been used to modify the
Nafion® membrane due to their hydrophilic nature, proton conducting material, very low in
toxic, inexpensive, not soluble in water and stable in a hydrogen/oxygen atmosphere > 8,
Modified Nafion® membrane with ZrP nanofiller found to have a reduced methanol
permeability, enhanced proton conductivity and higher power density due to good water
retention capabilities and high proton mobility on the surface of ZrP particles °3. Costamagna
et al. obtained stable behaviour on Nafion® zirconium phosphate membranes with the
electronic current of 1500 mA/cm? while compared with Nafion® membrane that sustain an
irreversible degradation with the electronic current of 250 mA/cm? produced at 0.45 V and
130°C temperature 8788, Similarly, Alberti et al. obtained the higher conductivity at 140 °C and
90% relative humidity when modified Nafion® membrane with 10wt% zirconium phosphate
compared to pure recast Nafion® membrane #-°°. Moreover, the modified Nafion® membrane
with ZrP obtained a higher proton conductivity and decreased methanol permeability at a
higher temperature of 150 °C “¢. Modified Nafion® membrane with ZrP nanoparticles obtained
an improvement on the tensile modulus, stiffness and exhibit better fuel cell performance
compared to commercial Nafion® 117 membrane under high temperature and low RH

conditions °3. The aim of this work was to synthesis the modified Nafion® 117 membrane by
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acidic zirconia that enhance the mechanical strength, water uptake, proton conductivity and
reduce the methanol permeability. The stress-strain of Nafion® 117 membrane and Nafion®/
ZrP nanocomposite membrane were observed under 10 mm/s, 20 mm/s, 30 mm/s, 40 mm/s

and 50 mm/s.

6.11. Experimental

6.11.1. Materials

Hydrogen peroxide (Merck), Zirconium oxychloride hydrate (Merck), phosphoric acid (Sigma),

Sulfuric acid (Merck) and Nafion 117 membrane (Sigma) were used as received.

6.11.2. Synthesis of zirconia phosphates (ZrP)

The zirconia phosphates (ZrP) nanoparticles was prepared by adding 120 mL of 0.4 M
ZrOCl,-8H20 aqueous solution in 6 M solution of phosphoric acid (HsPO.) and stirred for 30
minutes. The solution was then refluxed at 80 °C for further 24 hours while stirring. The
obtained material was then centrifuged and washed extensively with distilled water up to pH
3 and dried at 80 °C and then calcinated it at 600 °C for two hours.

6.11.3. Preparation of nanocomposite membranes (impregnation method)

Nafion® 117 membranes were treated according to the standard procedure one hour in a
boiling 3% solution of hydrogen peroxide; one hour in boiling 0.5 M sulphuric acid; one hour
in boiling distilled water °*. The nanocomposite membranes were prepared by soaking the
Nafion® 117 membrane in the methanol solution in order to open the pores of membrane and
followed by adding the required amount of ZrP (2.5wt %, 5wt %, 7.5wt %) nanoparticles in
methanol solution. The hanocomposite membranes were repeatedly impregnated (up to five
times) at room temperature 23. The air from the nanocomposite membrane pores was removed
by heating the solution for 2 hours up to 100 °C, then slowly cooled down to room temperature
and kept in solution for further 24 hours. After drying, thicknesses of the nanocomposite
membranes were measured with digital micrometre (0.18 mm). Each thickness was measured
in the average of 3-7 reading at different position of membrane and was repeated twice on

each membrane to obtain the average value.
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6.11.4. Characterisations

The X-ray diffraction (XRD) analysis was performed through X-ray diffraction with Cu K
radiation source and the samples were scanned in a continuous mode from 10°-90°. The
thermal properties and the characteristics of the samples were studied by thermal gravimetric
analysis (TGA) under nitrogen flow. TGA data was obtained using TGA instrument
(PerkinElmer) over nitrogen and at a heating rate of 10° C/min from 28 C to 1000°C. the
surface morphologies of all the membrane were studied using Scanning Electron Microscopy
(SEM). Fourier-transform infrared spectroscopy (FTIR) was employed to investigate the

changes in the chemical structure of the membrane.

6.11.5. Tensile test

The uniaxial mechanical properties of nanocomposite membranes and recast membrane were
captured by using a uniaxial testing system. The length, width and thickness of samples were
measured by using a Vernier caliper and recorded prior to testing. The testing area of the
membrane samples were 4 mm x 10 mm in dimension. To allow a clamping area, the sample
was prepared in such a way that they will be clamped both sides and still allow the testing
area to be 4 mm x10 mm. The length, width and thickness of samples were measured with a
Vernier caliper and recorded prior to testing. The thickness of 0.18 mm of the nanocomposite
membranes was used to analyse the stress applied to the sample. The tensile strength of
modified Nafion® membranes were measured by using a CellScale Ustretch device at 25 °C

at the actuator speed of 10 mm/s, 20 mm/s, 30 mm/s, 40 mm/s and 50 mm/s.

6.11.6. Water uptake (WU) and swelling ratio (SR)

The membranes were soaked in distilled water for one day at 30 °C, 60 °C and 80 °C
temperature. Then was removed, wiped, measured and weighed. Water uptake and

dimensional swelling ratio were calculated according to the equations below:

W (%) = =) 10 (6-8)
Mary
SR(%) = “WL—;Ld)xmo (6-9)

Where Wy, is the percentage of water uptake, mye: is the weight of wet membrane and mgy is
the weight of the dried membrane, Ly is the length of the wet membrane and L4 is the length

of the dried membranes.
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6.11.7. lon exchange capacity (IEC)

lon exchange capacity (IEC) of nanocomposite membranes and commercial Nafion® 117

membrane was determined by titration method:

IEC = Ynaon X CnaoH (6-10)

Wsample

Where Vnaon is the titrated volume of NaOH and Wsampie is the weight of the dry membranes.

6.11.8. Methanol permeability measurements

The methanol permeability was measured with a permeation-measuring cell designed in our
lab that consisted of two compartments. The membrane was placed in the middle of two
compartments, and the diameter of the diffusion area was 3.5 cm. The membrane was placed
in the middle of two compartments, and the diameter of the diffusion area was 3.5 cm. The
compartment (A) was filled with a methanol solution of 50 ml and compartment (B) was filled
with 50 ml of distilled water. The solutions were prepared in 2 M and 5 M methanol and the
results collected at 30 °C, 60 °C and 80 °C within three hours for comparison. The methanol
concentration sensor was used to monitor the methanol concentration in compartment B. The
output signal was converted by a data module and recorded by a personal computer. Methanol
permeability (P) was obtained by means of the following relationship:

AP
CB = - CA (t—t0) (6-11)

where Cais the concentration of initial methanol in compartment A; Cg the concentration of

methanol in compartment B at diffusion time t; Vg the volume of distilled water in compartment

B; L the membrane thickness; and A the effective permeating area.

6.11.9. Conductivity measurement

The conductivities of all membranes were measured using a four-point probe conductivity cell.
The ionic conductivity was determined galvanostatically with a current amplitude of 0.1 mA
over frequencies ranging from 1MHz to 10Hz. Using a Bode plot, the frequency region over
which the impedance had a constant value was checked and the electrical resistance was
then obtained from a Nyquist plot 4. The ionic conductivity (o) was calculated according to the

following equation:
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o= L/RS (6-12)

where R is the obtained membrane resistance, L is the thickness of membrane and S is the

membrane area normal to the current flow.

6.12. Results and discussion
6.12.1. Fourier Transform Infrared (FTIR) analysis

Zirconia phosphate (ZrP) nanoparticles were successfully impregnated within the Nafion®
matrix and the structural combination was confirmed by FTIR spectroscopy as indicated in
Figure 6-23. Figure 6-23 shows the spectra of Nafion® ZrP nanocomposite membranes and
commercial Nafion® 117 membrane in the range of 400-4000 cm™. The band at 3456 cm™ in
Figure 6-23(a-d) shows the O-H stretching vibration corresponding to physically adsorbed
water 44° and 1630 cm™* due to O-H bending vibration. It was observed that the ZrP bands at
797 cm™, 509 cm™ and 446 cm™ corresponds to stretching peaks of Zr-O and P-O, as
indicated in Figure 6-23(a-c) . Figure 6-23(b) shows the vibration peak at 1016 cm™ and the
peak at 1550 cm™? due to Zr-OH bending vibrations, indicating the presence of zirconia
nanoparticles within the modified Nafion® membrane 2. The stretch vibrations between 2925
and 2865 cm, are attributed to the C—H stretching of the modified Nafion® in Figure 6-23(a-
b) 3. The band at 1060 cm™, due to symmetric S-O stretching as shown in Figure 6-23(a-d)
9. Figure 6-23(a-d) shows the band at 1145 cm™, due to symmetric C-F stretching and a band
at 1201 cm?, due to asymmetric C-F stretching 3% %. The peaks observed at 976 cm™ in Figure
6-23(a-d) attributed to the C-O-C stretching °*. The band at 512 cm is attributed to symmetric
0-S-0 bending and the band at 632 cm™ is assigned to the stretching of C-S groups %
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Figure 6- 23: FTIR spectra of (a) Nafion® 7.5% ZrP, (b) Nafion® 5% ZrP, (c) Nafion® 2.5%
ZrP nanocomposite membrane and (d) Nafion® 117 membrane.

6.12.2. Scanning electron microscopy (SEM)

Figure 6-24 shows SEM surface morphologies of the Nafion® 117 membrane and Nafion® ZrP
nanocomposite membranes. Figure 6-24(a) shows the plain Nafion® 117 membrane, which is
dark in colour without nanoparticles. The SEM image of Nafion® 7.5% ZrP nanocomposite
membrane in Figure 6-24(b) shows ZrP nanopatrticles are well distributed within the membrane
matrix with less agglomeration. When 5% of ZrP is added in Nafion® membrane, the
nanoparticle is well distributed within the membrane matrix as shown in Figure 6-24(c). This
SEM image in Figure 6-24(c) shows that ZrP nanoparticles within the membrane are uniform
in shape but less visible than when 7.5% ZrP is added. Figure 6-24(d) shows the addition of
2.5% ZrP nanoparticles obtained the well distributed within the membrane matrix but with less
visible when compared to the higher percentages added in the membrane. Figure 6-24(e-f)
shows the SEM image of ZrP nanoparticles in 1pum and 100 nm, respectively. ZrP
nanoparticles agglomerated together in the spherical shape with particle sizes around 100 nm
as observed in Figure 6-24(e-f). In conclusion, the results show that, when 7.5% ZrP
nanoparticles has been used as nanofiller, ZrP is well distributed within the membrane matrix

and well visible.
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Figure 6- 24: (a) SEM micrograph of (a) Nafion® 117 membrane, (b) Nafion® 7.5% ZrP, (c)
Nafion® 5% ZrP, (d) Nafion® 2.5% ZrP nanocomposite membranes and (e-f) ZrP
nanoparticles (1 um and 100 nm).




6.12.3. Structure analysis

The X-ray diffraction (XRD) pattern of the modified Nafion® and commercial membranes were
observed as shown in Figure 6-25. As shown in Figure 6-25(d), Nafion® 117 membrane has
two diffraction peaks at 17.5° and 39° 26, which can be attributed to semi crystalline of the
perfluorocarbon chains of the ionomer 2°. Figure 6-25(a-c) shows that modified Nafion® 117
membrane with ZrP nanoparticles has a little effect on the crystallinity as it reassembles the
same peaks with Nafion® 117 membrane at 17.5° and 39° 26. Nevertheless, with a slight shift
from the main chain of Nafion® peak at 17 ° and more amorphous indicating that there is a

less formation of metal oxide crystalline, as confirmed by TGA and SEM results .
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Figure 6- 25: XRD patterns of (a) Nafion® 7.5% ZrP, (b) Nafion® 5% ZrP, (c) Nafion® 2.5%
ZrP nanocomposite membrane and (d) Nafion® 117 membrane.
6.12.4. Thermo-gravimetric analysis (TGA)

The thermal degradation of nanocomposite membranes compared to the recast Nafion® were
observed under thermal gravimetric analysis (TGA) and derivative thermogravimetric (DTG)

as indicated in Figure 6-26 below. In Figure 6-26, it was observed that the membrane
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undergoes three weight-loss stages. The commercial Nafion® 117 membrane starts to lose
weight at lower temperature of 100 °C that corresponding to the adsorption of water bonded
to the sulfonic groups as shown in Figure 6-26 7. The second weight loss is attributed to the
degradation of the sulfonic groups of Nafion® membrane that starts at 380 ‘C 2. The third
weight loss was assigned to degradation of the polymer backbone chain 2°. However, Nafion®/
7.5 wt% ZrP nanocomposite membrane starts to lose weight at temperature of 150 °C that
corresponds to the adsorption of water bonded to the sulfonic groups. The second weight loss
is attributed to the decomposition of the sulfonic acid groups of Nafion® membrane that starts
at 490 °C as shown in Figure 6-26(b) 2. The modified Nafion® /7.5 wt% ZrP membrane showed
improved thermal degradation at high temperature of 490 °C that may be due to the nature of
inorganic filler whereas the commercial Nafion® 117 starts to decompose at 380 'C %. The
third weight loss was assigned to degradation of the polymer main chain 2°. The Nafion®
7.5%wt ZrP, Nafion® 5%wt ZrP and Nafion® 2.5%wt ZrP nanocomposite membranes
showed thermal stability up to 340 °C whereas Nafion® 117 membrane showed a thermal
stability up to 240 °C as shown in Figure 6-26 (DTG insert). This may be due to the presence
of water retention zirconia nanoparticles within Nafion® membrane #’, which reduce the weight
loss rate while also increasing the decomposition temperature of the nanocomposites in high
temperature. The thermal stability improvement shows that the enhanced potential of the
zirconia nanocomposite membrane for higher temperature operations for PEMFC
applications. The DTG curves (insert graph) of Nafion® 117 membranes showed two peaks of
decomposition, similarly, the DTG curves of the modified Nafion® membrane with 5% ZrP and
2.5% ZrP nanopatrticles also showed two peaks, as appeared in Figure 6-26(insert), with the
decomposition rate of 5% per °C at 380 °C. The modified Nafion® membrane with 7.5% ZrP
nanoparticle showed a higher thermal stability than the commercial Nafion® 117 as shown in

Figure 6-26 (insert), which makes them suitable to be used in fuel cell application.
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Figure 6- 26: The comparison of the TGA/ DTG curves of Nafion® 7.5% ZrP, Nafion® 5%
ZrP, Nafion® 2.5% ZrP nanocomposite membrane and Nafion® 117 membrane.

6.12.5. Tensile test

Figure 6-27 shows the stress-strain curves of the commercial Nafion® 117 membrane
compared with Nafion® 2.5% ZrP, Nafion® 5% ZrP and Nafion® 7.5% ZrP nanocomposite
membrane at 10 mm/s, 20 mm/s, 30 mm/s, 40 mm/s and 50 mm/s. The stress rate of 10
mm/s, 20 mm/s, 30 mm/s, 40 mm/s and 50 mm/s show the elasticity and flexibility of the
commercial Nafion® membrane at 0.6 stress versus strain as shown in Figure 6-27(a). Figure
6-27(b-c) shows that when increasing the strain rate to 50mm/s decreases the tensile stress,
whereas when the strain rate decreases to 30mm/s increasing the tensile stress to 1737 kPa
and 1790 kPa, respectively, this may due to the percentage of ZrP nanopatrticles deposited in
the membrane. The stress-strain of 10 mm/s, 20 mm/s and 40 mm/s were merely affected by
varying the strain rate values, as there was no difference on their tensile strain. Furthermore,
the stress-strain of the Nafion® 7.5 ZrP nanocomposite membranes were higher than Nafion®
117 membrane at a strain rate of 50 mm/s were 1737 kPa and 947 kPa, respectively as shown
in Figure 6-27(d). Whereas some of the strain rate of nanocomposites membrane shows a
lower strain of 3.7 and 4.9, but with a higher stress than commercial Nafion® 117 membrane,
which may be due to compatibility of nanoparticles within the Nafion® matrix. Moreover, the
stress-strain of the nanocomposite membrane were higher than Nafion® 117 membrane.

Generally, the results showed that the modification of Nafion® membrane with zirconia
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phosphates has an impact on the tensile strength of the membrane, which is good properties

for DMFC 6. However, the stress-strain of modified membrane with the higher percentage of

ZrP nanoparticles is not compactible for the lower stress rate as it reduces the elasticity and

mechanical properties, which shows the elastic in the entire stress rate as shown in Figure 6-

27(d). This may due to the high percentages of ZrP nanoparticles introduced within the Nafion®

matrix that can cause the brittle fracture in the modified membrane.
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Figure 6- 27: Mechanical tensile tests results of (a) Nafion® 117 membrane, (b) Nafion®/
2.5% ZrP, (c) Nafion® 5% ZrP and (d) Nafion® 7.5% ZrP nanocomposite membranes shows

stress versus strain ratio curve.
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6.12.6. Methanol permeability

Figure 6-28 presented the methanol permeability of composited Nafion® membranes with
2.5% ZrP, 5% ZrP and 7.5% ZrP nanoparticles compared to commercial Nafion® membrane
is presented in Figure 6-28. Figure 6-28(a) shows that the methanol permeability of
nanocomposite membrane was lower than that of commercial Nafion® membrane; this may
be due to ZrP nanoparticles added to Nafion® membrane that improve the barrier properties
of Nafion® membrane towards methanol. Table 6-3 shows the methanol permeability
measured at different temperatures of 30 °C, 60 °C and 80 °C and methanol concentration of
2 M and 5 M. As we know, the decrease of the methanol concentration can reduce the
methanol crossover °’, which is due to the decreased concentration gradient. Therefore, we
also used a higher concentration of 5 M methanol solution. Figure 6-28(a) shows that the
methanol permeability of Nafion® ZrP nanocomposite membranes measured at 60 °C were

0 cm?s (no crossover) when compared to 8.84 107 cm?/s of commercial Nafion® 117
membrane. Figure 6-28(a) shows that the methanol permeability of modified and unmodified
Nafion® membranes increases as the temperature increases. The results show that Nafion®/
ZrP nanocomposite membranes obtain a lower methanol permeation when the temperature
rise to 80 °C, which indicate that there is more water permeation at high temperature than
methanol. This temperature rise leads to a strong rise of the methanol permeation in
commercial Nafion® 117 membrane. The methanol permeability for Nafion® 2.5% ZrP
Nafion®/ 5% ZrP and Nafion® 7.5% ZrP nanocomposite membranes and Nafion® 117
membranes are 1.66x10% cm?/s, 1.55x10% cm?s, 1.42x10®¢ cm?s and 1.99x10% cm?/s,
respectively as shown in table 6-3. The modified Nafion® membrane with ZrP nanoparticles
shows a slight decrease of methanol permeability when compared to Nafion® 117 membrane,
due to zirconia phosphates nanoparticles that blocked the methanol crossover within the
Nafion® matrix. The results show that the methanol permeation in the nanocomposite
membranes decrease with the amount of ZrP nanoparticles added. Moreover, the modified
Nafion® nanocomposite membranes seem to be the promising electrolytes for fuel cell

application when compared with the commercial Nafion® 117 membrane.
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Figure 6- 28: Comparison of methanol crossover (5M and 2M concentration) of Nafion® 117
membrane, Nafion® 2.5% ZrP, Nafion® 5% ZrP and Nafion® 7.5% ZrP nanocomposite

membranes at 30 °C, 60 °C and 80 °C.

Table 6- 3: The methanol permeability for Nafion® 117 membrane, Nafion® 2.5% ZrP,
Nafion® 5% ZrP and Nafion® 7.5% ZrP nanocomposite membranes at 30 °C, 60 °C and 80

°C
Methanol oM oM 2M 5M 5M 5M
solutions
Temperature 30 °C 60 °C 80 °C 30 °C 60 °C 80 °C
Nafion 117 - - - - 8.84E-07 1.99E6
Nafion® 2.5% 06
Zrp 0 0 0 0 0 1.66E
Nafion® 5% ZrP | O 0 0 0 0 1.55E6
P A® 0 -06
Nafion® 7.5% 0 0 0 0 0 1.42E
ZrP
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6.12.7. Water uptake, dimensional swelling ratio, lon exchange capacity and proton
conductivity measurement
Figure 6-29(a) shows the water uptake of commercial Nafion® 117 membrane, Nafion® 2.5%,
ZrP Nafion® 5% ZrP, and Nafion® 7.5% ZrP nanocomposite membranes. The effect of ZrP
nanofiller in the water uptake of nanocomposite membranes were observed. The
nanocomposite membrane shows the higher water-uptake whereas the commercial Nafion®
117 membrane has obtained the lower water uptake as indicated in Figure 6-29(a). The
Nafion® 2.5% ZrP, Nafion®/ 5% ZrP and Nafion® 7.5% ZrP nanocomposite membranes
obtained a higher water uptake of 41 %, 49 % and 53 % when compared to Nafion® 117
membrane (34%) at 80 °C, which may be due to inorganic fillers distributed on the pores of
swollen membrane to increase the hydrophilic nature of Nafion® 8. Incorporating of zirconia
phosphates nanopatrticles increases the water retention within the nanocomposite membranes
which resulted also in increasing the proton conductivity due to the increases of exchange
sites available per cluster which is an important parameter of fuel cells in order to operate on
higher temperature %. Generally, the water uptake of the nanocomposite membranes
increases with the increases of ZrP weight content within Nafion® 117 membranes, which may
be due to the hydrophilicity of nanoparticles that adsorbed on the surface of membrane to
introduce the hydrophilicity of modified membrane surface. The dimensional swelling ratio at
30 °C, 60 °C and 80 °C shows a slightly increased with the increases in wt% of ZrP
nanoparticles within the membrane as shown in Figure 6-29(b). However, when Nafion® 7.5%
ZrP nanocomposite membrane soaked at higher temperature of 80 °C obtain a higher
dimensional swelling ratio of 44%, this may due to the absorbed water within the membrane

matrix.

The lon exchange capacity (IEC) and proton conductivity of Nafion® 117 membrane, Nafion®/
2.5% ZrP, Nafion® 5% ZrP and Nafion® 7.5% ZrP nanocomposite membranes are shown in
Table 6-4. The proton conductivity of the Nafion® 7.5% ZrP and Nafion® 5% ZrP
nanocomposite membranes (0.011 S cm*and 0.013 S cm™?) at 30 °C were slightly lower than
Nafion® 117 membrane (0.015 S cm™) as shown in Figure 6-29(d) and Table 6-4, this may be
due to inorganic particles within the Nafion® matrix. The results show that introducing the
zirconia phosphate nanopatrticles in the membrane decreases the proton conductivity at lower
temperature "3 %, Whereas the water uptake of the modified Nafion® membrane was higher
than unmodified Nafion® membrane as shown in Figure 6-29(a). The conductivity at 80 °C and
70% RH, found to be higher than that measured at 30°C and 60°C, due to the increases of
temperature, which increases the conductivity as shown in Table 6-4 and Figure 6-29(d) *°.
The results in Table 6-4 and Figure 6-29(c) shows that nanocomposites membranes obtained

a higher IEC value of 1.42 meg. g*, 1.46 meg. g* and 1.68 meg. g*, respectively when
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compared to 0.93 meg. g of commercial Nafion® membrane. These may due to the

incorporation of Zrp nanoparticles, which increased the membrane acid property for providing

new strong acid site. The results in Figure 6-29(c) shows that the IEC of the nanocomposites

increases with the increases in wt.% of ZrP nanoparticles within the membrane.
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Figure 6- 29: Water uptake (a), linear expansion (b), lon exchange capacity (c) and proton
conductivity measurement(d) of Nafion® 2.5% ZrP, Nafion® 5% ZrP, Nafion® 7.5% ZrP

nanocomposite membranes and Nafion® 117 membranes.
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Table 6- 4: The IEC and proton conductivity of Nafion® 117 membrane, Nafion® 2.5% ZrP,
Nafion® 5% ZrP and Nafion® 7.5% ZrP nanocomposite membranes at 30 °C, 60 °C and
80°C at 70% RH

Membranes Proton Proton Proton IEC

conductivity conductivity conductivity

(S/cm) at 30 °C

(S/cm) at 60 °C | (S/cm) at 80 °C

Nafion® 117 0.015 0.035 0.044 0.93
Nafion® 2.5 % ZrP | 0.018 0.041 0.057 1.42
Nafion® 5 % ZrP 0. 013 0.018 0.062 1.46
Nafion® 7.5 % ZrP | 0.011 0.012 0.0699 1.68

6.13. Conclusion

The preparation of the Nafion/ ZrP nanocomposite membrane with higher proton conductivity
and reduced methanol permeability was successfully achieved by the impregnation method.
The thermal stability of the nanocomposite membrane started to decompose at high
temperature of 450 °C that may be due to the nature of an inorganic filler. When compared to
the commercial Nafion® 117 that starts to decompose at lower temperature of 380 °C, which
makes them possible to be used for fuel cell application. Moreover, the water uptake, IEC,
swelling ratio of nanocomposite membranes were higher than Nafion® 117 membrane at 80
°C. The results show the decrease of methanol permeability of modified Nafion® membrane at
higher temperature of 80 °C and 5 M methanol concentration compared to Nafion® 117
membrane. The higher temperature conductivity on the nanocomposite membranes obtained
an enhanced proton conductivity than commercial Nafion® membrane, due to the incoporation
of metal oxide materials within the membranes. The higher proton conductivity resistance and
reduced methanol permeability of modified membrane also confirmed the suitability used in
fuel cell. SEM and FTIR results show the presence of ZrP nanoparticles within the Nafion
matrix that also enhanced the water uptake.
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CHAPTER SEVEN

7. Nafion® membranes reinforced with PAN/Zr nanofibers for direct methanol fuel cell
application

This chapter presents a summary of a scientific paper that presented the results from the
paper: “Nafion® membranes reinforced with PAN/Zr nanofibers for direct methanol fuel

cell application”

7.1. Introduction

All around the world, our sources of transportation rely on petroleum-based fuels which emit
poisonous gases, such as CO., that pollute our environment ®. Proton exchange membrane
fuel cells (PEMFCs) have been considered as an alternate to our petroleum-fuelled
transportation due to them having fewer or no CO, emissions 2. Fuel cells generate energy by
converting chemical energy directly into electricity without releasing poisonous gases such as
SOx and NOy, thus making them environmentally friendly. When compared to competing
technologies, direct methanol fuel cells (DMFCs) have higher energy efficiency, reduced
weight, low gas emissions, and are more easily transported due to the fuel being stored in
liquid form 3. Nevertheless, their drawbacks — methanol permeability and low performance —
limit their commercialization and operations in fuel cell 4. Perfluorinated membranes, such as
Nafion®, are currently used as electrolyte in fuel cells, due to their higher proton conductivity
as well as chemical and mechanical stability, which makes them promising polymer at low
temperature fuel cell operation 5. However, Nafion® membranes do face some challenges
such as losing water at higher temperatures and this limits their use to polymer electrolyte
membrane (PEM) fuel cells and to applications involving higher methanol crossover when
used in DMFCs which reduce the active site on the cathode catalyst. The high cost of
fabricating methanol crossovers prompted the researchers to initiate some research on
blending Nafion® with ionic conductivity membranes such as polyvinyl alcohol (PVA) and
polyacrylonitrile (PAN) without affecting or reducing their durability and mechanical strength ”.
PAN membrane has good mechanical strength and high ionic conductivity 8. Moreover, PAN
is easily mixed with other polymers due to its property of good solvent resistance °.
Electrospun PAN nanofibers have been found to have multifaceted applications °, such as
electrode materials in supercapacitors and fuel cells !, and they also have good mechanical
properties °. The blending of PAN nanofibers into Nafion® membrane has reduced the use of
Nafion® solution, thereby reduce costly problems. At the same time, the use of Nafion®

membrane improves methanol crossover and proton conductivity, which influence fuel cell

241



efficiency and long-term stability. These effects may be due to the low thermal plasticity of
PAN polymer 2, Nafion® membranes incorporated with metal oxides such as ZrO,, zeolite,
TiO2 and SiO, shows improvement on the mechanical strength and proton conductivity while
maintaining its water management 3. In addition, the water within the modified membrane
does not evaporate, which increases the proton migration within the membrane 4. ZrO,
maintains a high melting point and has both outstanding chemical stability and excellent
mechanical properties ¥°. Nevertheless, the performance of nanocomposite membranes does
not improve under conditions of high humidity. This may be due to their spherical phase which
aggregate, thus preventing sufficient water diffusion through the membrane 1. To reduce the
agglomeration of ZrO, nanoparticles and improve water diffusion, ZrO, was electrospun with
PAN solution to obtain a 1D morphology. In comparison, graphene flakes (GO) were added to
a Nafion® solution blended with PAN/ Zr nanofibers to increase proton conductivity and retain
water within the Nafion® nanocomposite membrane, this may be due to the graphene
monolayer, which is highly permeable to protons . The aim of this work is to produce
nanocomposite membranes that will sustain good chemical and mechanical properties, higher
proton conductivity and fuel cell efficiency in direct methanol fuel cells while reducing methanol
permeability.

7.2. Experimental
7.2.1. Materials

Nafion® solution D521 was purchased from lon Power. Polyacrylonitrile (PAN) (Sigma-
Aldrich), Sodium hydroxide (Merck), phosphoric acid (Merck), Sulfuric Acid (Merck), zirconium
acetylacetonate (Merck), Potassium hydroxide (KOH) (Merck), N, N-Dimethylformamide
(DMF) (Merck), methanol (Merck), and graphene flakes (Sigma-Aldrich), were obtained and

were used as received.

7.2.2. Preparation of electrospinning solutions

PAN/Zr nanofiber solutions were obtained by adding PAN (1g) and 0.3-wt% zirconium
acetylacetonate to a DMF (6g) solution and the solution was stirred magnetically for 3 hours
at 80 °C 18, The solution was then fed through a capillary tip with a diameter of 1.25 mm using
a 10 mL syringe. A voltage of 15 kV and a syringe pump were used to feed the electrospinning
solution at a constant rate of 0.5 mL/h. The distance between the nozzle and the collector was
set at 10 cm. The collector plate was covered with aluminium foil to gather the resultant fibres

at a specified distance.
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7.2.3. Preparation of nanocomposite membranes

The Nafion®-PAN/Zr nanofiber membranes were obtained using the casting method. 30 ml of
Nafion® solution was mixed with 60 ml of N, N-dimethylformamide and the solution was stirred
magnetically for 30 minutes. The the solution was then divided into four equal parts. A quarter
of the solution was recast onto a glass plate and each of the remaining quarters of the solution
were continuously stirred with 5wt% of PAN/ Zr nanofibers; 5wt% of PAN/ Zr nanofibers with
0.01g GO; and 5wt% of PAN/ Zr nanofibers with 0.01 wt% of phosphoric acid respectively for
1 hour and then placed in an ultrasonic bath for 30 minutes. The separated solutions were
dried in an oven overnight at 80 °C, and then heated at 160 °C for 30 minutes. The recast
membranes were labelled as recast Nafion®, Nafion®-PAN/Zr nanofiber, Nafion®-PAN/ZrGO
nanofiber and Nafion®-PAN/ZrP nanofiber membranes. Membranes were washed with

deionized water before characterisation.

7.2.4. Characterisations

The X-ray diffraction (XRD) analysis was performed through X-ray diffraction with Cu K
radiation source and the samples were scanned in a continuous mode from 10°-90° with a
scanning rate of 0.026 (degree) / 1 (sec). The thermal properties and the characteristics of the
samples were studied by thermal gravimetric analysis (TGA) under nitrogen flow. TGA data
was obtained using TGA instrument (PerkinElmer) over nitrogen and at a heating rate of 10’
C/min from 28’ C to 1000° C. the surface morphologies of all the membrane were studied using
Scanning Electron Microscopy (SEM). Fourier-transform infrared spectroscopy (FTIR) was

employed to investigate the changes in the chemical structure of the membrane.

7.2.5. Water Uptake (WU), swelling ratio (SR) and hydration number (A) of membranes

The membranes were soaked in distilled water for one day at 30° C, 60° C and 80° C. They
were then removed from the water, wiped, measured and weighed. Water uptake and

dimensional swelling ratios were calculated according to the equations below:

Wyp (%) = (mwet—mary) 1 9 (7-1)
Mmgry
and

SR(%) = L x100 (7-2)

d
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W, is the percentage of water uptake, mwe: is the weight of wet membrane and mgy is the
weight of the dried membrane, SR is the percentage of swelling ratio, L is the length of the
wet membrane and Ly is the length of the dried membranes.

Hydration number (A)
The hydration number (A) is one of the most important parameters for conductivity. It is defined
as the number of water molecules per conducting functional group (sulfonic acid group). The

hydration number (A) was calculated according to the equation below °:

wu

~ IECx 100x18 (7-3)

7.2.6. lon exchange capacity

The ion exchange capacity (IEC) of all membranes were determined by the titration method.

IEC = YNaoH X CnaoH (7-4)

Wsample

where Vnaon is the titrated volume of NaOH and Wsampie is the weight of the dry membranes.

7.2.7. Methanol permeability measurements

The methanol permeability was measured with a permeation-measuring cell designed in our
lab that consisted of two compartments. The membrane were placed in the middle of two
compartments, and the diameter of the diffusion area was 3.5 cm. One of the compartments
(A) was filled with 50 mL of methanol solution and the other compartment (B) was filled with
50 mL of distilled water. The solutions were prepared in 2M and 5M methanol and the results
were collected at 30 °C, 60 °C and 80 °C for comparison. The methanol concentration in
compartment B was monitored with a methanol concentration sensor. The output signal was
converted using a data module and recorded on a personal computer. Methanol permeability

(P) was obtained by means of the following relationship:

CB_A_P

= VBL CA (t—t0) (7-5)
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where Cais the concentration of initial methanol in compartment A; Cg the concentration of
methanol in compartment B at diffusion time t; Vs the volume of distilled water in compartment

B; L the membrane thickness; and A the effective permeating area.

7.2.8. Conductivity measurement

The conductivities of all membranes were measured using a four-point probe conductivity cell.
The ionic conductivity was determined galvanostatically with a current amplitude of 0.1 mA
over frequencies ranging from 1MHz to 10Hz. Using a Bode plot, the frequency region over
which the impedance had a constant value was checked and the electrical resistance was
then obtained from a Nyquist plot 2°. The ionic conductivity (o) was calculated according to the

following equation:

K = L/RWd (7-6)

where R is the obtained membrane resistance, L is the distance between potential-sensing
electrodes (1 cm), and W and d are the width (2 cm) and thickness of the membrane. For
conductivity testing, the membrane was immersed in 1 M sulfuric acid solution for six hours at
room temperature. The membrane was then rinsed with deionised water several times to
remove any excess H,SO4 and then immersed in deionised water for six hours at 60 °C. All
the membranes were kept in deionised water at room temperature before measuring of

conductivity.

7.2.9. Preparation of membrane electrode assembly (MEA) and fuel cell testing

The MEA was prepared by using 20% Pt Vulcan XC-72R in Nafion® solutions for ink
preparation and Pt in Carbon cloth. The prepared ink was brushed onto the carbon cloth on
the cathode side. The 2 mgcm2 of catalyst was loaded onto the anode and cathodes of the
Nafion®-PAN/Zr nanofiber, the Nafion®-PAN/ZrP nanofiber and the Nafion® PAN/ZrGO
nanofiber membranes without hot pressing, resulting in assembly membrane electrode
assemblies (MEAs). The membrane assemblies thus obtained were tested at galvanostatically
in open air to measure their cell potential as a function of current density. It was passed on 2

M of methanol solution mixed with 2 M of Potassium hydroxide (KOH).
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7.3. Results and discussion
7.3.1. Scanning electron microscopy (SEM)

The morphologies of PAN/Zr nanofibers are shown in Figure 7-1(a& b). The obtained
nanofibers were well arranged on top of each other with their diameters ranging between 300
and 500 nm, without any zirconia nanoparticles being agglomerated within the nanofibers, as
shown in Figure 7-1(a& b). This shows that the zirconia hanoparticles were well mixed within
the PAN solution and that DMF is a suitable solution for the blending of polymer with metal
oxide. Moreover, the PAN/Zr nanofibers show a smooth and uniform arrangement of
nanofibers on the 1 um and 100 nm scale bar as shown in Figure 7-1(a& b). Figure 7-2
presents the SEM images of recast Nafion® membrane, Nafion®-PAN/Zr nanofiber, Nafion®-
PAN/ZrP nanofiber and Nafion®-PAN/ZrGO nanofiber nanocomposite membranes. The SEM
image in Figure 7-2(a& b) shows that the recast Nafion® membrane obtained a smooth surface
without any pinholes or cracks. It can be seen in Figure 7-2(c& d) that nanofibers were
successfully incorporated within the Nafion® membrane, as the nanofibers are well dispersed,
without any porosity and having strong interaction between membrane with less
agglomeration. This may be due to the magnetic stirring breaking the nanofibers into small
pieces and allowed them to be well blended with the Nafion® solution as observed in Figure
7-2(c-d). It can be observed in Figure 7-2(e-f) that the addition of phosphoric acid has an effect
on the dispersement of the nanofibers. When phosphoric acid is mixed with Nafion® and
PAN/Zr nanofibers, they form an aggregation with nanofibers not being traceable and only
sphere-like shapes being observable. Furthermore, this spherical shape resulted in poor
distribution of nanofibers within the Nafion® membrane, as observable in Figure 7-2(e-f), due
to the nanofibers agglomerating in the spherical shape mentioned earlier and that, therefore,
were not easily well distributed within the Nafion® matrix, as well as to the addition of
phosphoric acid which reduces the sizes of PAN/Zr nanofibers within the Nafion® membrane.
Further addition of GO, as seen in Figure 7-2(g-h), shows that the nanofibers were invisible
within the membrane. This may be due to the thorough blending of GO with nanofibers within
the Nafion® matrix. This indicates that the incorporation of PAN nanofibers and GO improves
the dispersity within the Nafion® membrane #1. As all the Nafion® pores within the membrane
are well covered, though with more agglomeration as observed in Figure 7-2(g), this may be
due to the method of incorporation of GO nanoparticles. Furthermore, the SEM images of
Nafion®-PAN/ZrGO show that the nanofiber membranes were well covered in the Nafion®
matrix when compared to the Nafion®-PAN/ZrP nanofiber membrane. It was observable that
blending the non-beaded and well-arranged nanofibers increases the dispersity within the
membrane matrix, as shown in Figure 7-2. In generally, the SEM images of hanocomposite

membranes show that the nanofibers were agglomerated within the Nafion® membrane.
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Figure 7- 1: SEM images of electrospun PAN/Zr nanofibers.
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Figure 7- 2: Scanning Electron Microscopy (SEM) (a) SEM micrographs of recast Nafion®
membrane, (b) Nafion®-PAN/Zr nanofiber, (c) Nafion®-PAN/ZrP nanofiber and (d) Nafion®-
PAN/ZrGO nanofiber membranes.

7.3.2. Fourier transform infrared spectroscopy (FTIR)

Figure 7-3 shows the FTIR results of Nafion®-PAN/ZrGO nanofiber, Nafion®-PAN/ZrP
nanofiber, Nafion®-PAN/Zr nanofiber nanocomposite membranes and recast Nafion®
membrane. The FTIR results of nanocomposite membranes shows that the bending vibration
peak at 1465 cm can be assigned to vibrations of the C-H of PAN, as shown in Figure 7-3(a-
c) [20]. Figure 7-3(a-d) shows that the PAN nanofibers are well blended with the Nafion®
membrane as the samples show the stretching peaks at 1207 cm™ and 1140 cm™, which can
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be assigned to the stretching modes of C—F 22 and the strong peaks at 1051 cm™ and 972 cm-
L which can be assigned to the stretching modes of S—O and C-O-C. Figure 7-3(a-c) shows
the new peak at 438 cm™, due to vibration of the Zr-O group, while the peak observed at 2335
cm? is due to the presence of inorganic ions 2 . Therefore, the appearance of Zr-O groups at
the nanocomposite membrane confirms the presence of zirconia nanoparticles within the
electrospun nanofibers.
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Figure 7- 3: FTIR spectra of (a) Nafion®-PAN/Zr nanofibers, (b) Nafion®-PAN/ZrP nanofibers,
(c) Nafion®-PAN/ZrGO nanofibers membranes and (d) recast Nafion® membrane.

7.3.3. The X-ray diffraction (XRD) analysis

Figure 7-4 shows the crystal structures of recast Nafion® membrane, Nafion®-PAN/Zr
nanofiber, Nafion®-PAN/ZrGO nanofiber and Nafion®-PAN/ZrP nanofiber membranes. The
membranes present only two strong peaks, at 26 = 17 ° and 26 = 39 °, that show the X-ray
reflections of Nafion® membrane which are attributed to the semi-crystallinity of the
perfluorocarbon chains of the ionomer as shown in Figure 7-4 2%, However, the peak at 2theta
= 17 ° is also assigned to crystal planes of electrospun PAN 2, indicating that the Nafion®
/PAN membranes are well-blended. The XRD results of Nafion®-PAN/Zr nanofiber membrane
in Figure 7-4(a) shows the amorphous phase, without peak so as to represent the zirconia

nanoparticles within the membrane. Nevertheless, the XRD peaks at 26 = 17 ° and 26 =39 °
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decrease while the broadness increases, which indicates the amorphous nature of the
membranes. This may be due to the PAN/Zr nanofibers incorporated in Nafion® membrane as
confirmed by the SEM results. Figure 7-4(b) also shows that the membranes were amorphous,
as no new crystalline peaks were obtained, but with a reduced peak at 26 = 17 ° and 26 = 39
°. This may be due to the incorporation of PAN/Zr nanofibers that have an effect on the
crystalline structure of the Nafion® membrane. The XRD results of Nafion®-PAN/ZrGO
nanofiber nanocomposite membrane in Figure 7-4(c) show the presence of a weak peak at
26= 11° due to the added GO in the membrane 2¢ and weak peaks at 26= 9° and 26= 28° due
to crystalline peaks of zirconia oxide which was electrospun with the PAN solution. This peak
confirms the presence of GO within the Nafion® membrane. The recast Nafion® membrane
shows two strong peaks at 20 = 17 ° and 26 = 39 °, which are attributed to the semi-crystallinity
of the perfluorocarbon chains of the ionomer as shown in Figure 7-4(d) 24. In conclusion, the
XRD results show that the incorporation of PAN/Zr nanofibers into Nafion® membrane has

little effect on their structure as the membranes remained amorphous.
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Figure 7- 4: The XRD results of the (a) Nafion®-PAN/Zr nanofibers, (b) Nafion®-PAN/ZrP
nanofibers, (c) Nafion®-PAN/ZrGO nanofibers membranes and (d) recast Nafion® membrane.

7.3.4. Thermo-gravimetric analysis (TGA) and derivative thermo-gravimetric (DTG)

The thermal degradation of the Nafion®-PAN/Zr nanofiber, Nafion®-PAN/ZrP nanofiber,

Nafion®-PAN/ZrGO nanofiber membranes and recast Nafion® membrane were observed
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under TGA and DTG as shown in Figure 7-5. The TGA results of Nafion®-PAN/ZrGO nanofiber
membranes shows two stages of the weight loss process. The initial weight loss, at 360° C, is
related to the degradation of the sulphuric groups of the Nafion® membrane and the cyclization
of nitrile groups in the PAN nanofibers ?’. The second weight loss at 550-680° C is due to the
degradation of the polymer main chain of PAN nanofibers and Nafion® membrane 282°, It was
observed that no weight loss occurred below 360° C, which confirms that no water was
removed from the membrane. This may be due to the strong interaction between GO,
nanofibers and polymer, as confirmed by the SEM results, which causes the nanocomposite
membrane to be thermally stable at higher temperatures °. TGA results show that there is an
increase of the bound water within the Nafion® membrane, due to the incorporation of
inorganic filler and PAN nanofibers in comparison with the recast Nafion® membrane.
Furthermore, PAN has a higher thermal stability at a higher temperature of 130° C 3. Figure
7-5 shows that the TGA curves of Nafion®-PAN/ZrP nanofiber, Nafion®-PAN/Zr nanofiber
membranes and recast Nafion® membrane, undergo three stages of weight loss and that their
degradation started at almost the same temperature of 380 °C. TGA curves of Nafion®-PAN/Zr
nanofiber and Nafion®-PAN/ZrP nanofiber membranes shows the initial weight loss at 150 °C
due to the evaporation of adsorption water, as shown in Figure 7-5. The second weight loss,
at 380 °C, was due to the degradation of the sulphuric groups of the Nafion® membrane and
the cyclization of nitrile groups in the PAN nanofibers ?’. Furthermore, the degradation of
nanocomposite membranes was higher than for the recast Nafion® at 380 °C. The
nanocomposite membrane, with the phosphoric acid added, showed a slightly smaller mass
loss at around 360 °C than did the recast Nafion® membrane. The initial weight loss of the
recast Nafion® membrane at 100 °C was due to the removal of adsorption water (which can
be attributed to the loss of water tightly bound to the hygroscopic sulfonic acid groups). The
second weight loss at 380 °C was due to the degradation of the sulphuric groups of the Nafion®
membrane 2’. The third weight loss at 550° C was due to the degradation of the polymer main
chain *2. Above a temperature of 650 °C, the recast Nafion® membrane was totally burnt, while
the Nafion®-PAN/ZrP nanofiber, Nafion®-PAN/ZrGO nanofiber and Nafion®-PAN/Zr nanofiber
nanocomposite membranes had 99%, 93.8% and 78.8%, respectively, of mass weight percent
remaining. It may be concluded from this that all the composite membranes are suitable for
use in high-temperature PEM fuel cells as they start to lose water at only above 150 °C and
their backbones are more thermally stable than recast Nafion® membrane. Due to the addition
of inorganic filler and PAN nanofibers that increase the bound water within the Nafion®

membrane, PAN nanofibers have higher thermal stability at a higher temperature of 130 °C 3L
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Figure 7- 5: Thermalgravimetric analysis (TGA) and Derivative thermogravimetric of Nafion®-
PAN/ZrGO nanofibers, Nafion®-PAN/ZrP  nanofibers, Nafion®-PAN/Zr nanofibers
nanocomposite membranes and recast Nafion® membrane.

7.3.5. Water uptake (WU), lon exchange capacity (IEC), swelling ratio (SR) and
hydration number (A) of membranes
The impact of PAN/Zr nanofibers in nanocomposite membrane were observed according to
water uptake (WU), ion exchange capacity (IEC), swelling ratio (SR) and hydration number (A)
compared with recast Nafion® membrane. The higher water uptake of the nanocomposite
membrane at the higher temperature sustained the proton conductivity of the membrane *.
The results for the nanocomposite membranes showed that a higher water uptake was
obtained for high temperatures than was the case for the recast Nafion® membrane, this is
due to the incorporating of metal oxide within the electrospun PAN nanofibers that retain water
within the membrane as shown in Figure 7-6(a) and Table 7-1. The results presented in Figure
7-6(a), show that the Nafion®-PAN/Zr nanofiber membrane obtained a higher water-uptake.
This may be due to the thorough blending of PAN/Zr nanofibers and their good distribution
within the Nafion® matrix, as confirmed by the SEM results. Furthermore, zirconia
nanoparticles increase the water retention within the nanocomposite membranes due to their
higher porosity which also resulted in an increase of proton conductivity due to the increases

of exchange sites available per cluster which is an important parameter of fuel cells in order
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to operate at higher temperatures 3*3°. Nafion®-PAN/Zr nanofiber, Nafion®-PAN/ZrGO
nanofiber and Nafion®-PAN/ZrP nanofiber membranes obtained a higher water uptake of 49
%, 42 % and 37% at 80 °C when compared to that of recast Nafion® membrane (32 %). This
may be due to the incorporation of inorganic materials that retain water within the membrane
38, This water uptake of recast Nafion® membrane was higher than that obtained by Gosalawit
et al. ¥’. The higher water uptake on the nanocomposite membrane was due to the hydrophilic
nature of the acidic inorganic additives within the pores of the Nafion® membrane and the
increased acidity and surface areas of nanopatrticles. In addition, the results showed that, for
each membrane, the water uptake increases with the temperature. The swelling ratio
increases with the increase in temperature in the membrane as presented in Table 7-1 and
Figure 7-6(b). The blending of PAN nanocomposite nanofibers obtained a slight increase of
the dimensional swelling ratio at higher temperatures due to the incorporation of zirconia
nanoparticles, which are good for water retention. In Figure 7-6(c) and Table 7-1 the Nafion®-
PAN/Zr nanofiber, Nafion®-PAN/ZrGO nanofiber and Nafion®-PAN/ZrP nanofiber
nanocomposite membranes obtained a higher IEC of 1.4 meqg/g, 1.2 meg/g and 1.1 meqg/g,
which is higher than that of recast Nafion® membrane (0.95 meg/g) 3. This may be due to the
incorporation of metal oxide that increase the acidic site within the Nafion® matrix and also
increases the sulfonate ions (SOsH) of the Nafion® membrane **2°. Moreover, the
incorporation of GO nanosheet was found to enhance the IEC, due to the hydroxyl and
carboxyl groups. In conclusion, this nanocomposite membrane obtained a higher water uptake
and IEC that enhanced the proton conductivity, thus making them suitable for use in fuel cell
performance under hot and dry conditions “°. Water retention within the membrane promotes
the proton transporting within PEMs #!. As shown in Figure 7-6(d), the hydration number (A)
rise as the temperature increases. The results showed that the hydration number of recast
Nafion® membrane was lower than that of nanocomposite membranes, these may due to
hydrophobic nature of the membrane. These increases in the levels of bound water may be
due to the incorporation of zirconium oxide nanoparticles within the nanofibers. These
nanoparticles consist of hydroxyl groups which are responsible for the water adsorption and
retention capability 2. Furthermore, the incorporation of thermally treated PAN reduces the
swelling of membranes in water, as the swelling ratio decreases with increase of PAN content

in blended membranes 3 and also increases the proton conductivity of blended membranes.
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Table 7- 1: The IEC, swelling ratio and Water uptake of Nafion®-PAN/Zr nanofibers, Nafion®-
PAN/ZrP nanofibers, Nafion®-PAN/ZrGO nanofibers membranes and recast Nafion®
membrane

Swelling Ratio Water Uptake

IEC

(meq. | 30°
Membranes gl C 60°C 80°C |30°C 60°C 80°C
Nafion® PAN-Zr nanofibers 1.3 17 23 30 35 40 49
Nafion® PAN-ZrP nanofibers 11 15 22 30 32 34 37
Nafion® PAN-ZrGO nanofibers | 1.2 20 25 30 34 38 42
Recast Nafion® 095 (9 26 29 27 30 32

7.3.6. Methanol permeability and selectivity ratio

The Nafion® membrane was blended with polyacrylonitrile (PAN) nanofibers in order to reduce
the methanol permeability, as PAN has reduced methanol crossover in comparison with
Nafion® membrane 4. In order to observe the effects of blended PAN nanofibers within the
Nafion® matrix, the methanol permeability at temperature ranges of 30 °C to 80 °C were
observed over the sampling time period of two hours. The methanol permeability was
measured at 30 °C, 60 °C and 80 °C using 2 M methanol solution showed no permeability of
methanol, even at 30 °C, 60 °C using 5 M, there was no methanol crossover within the
membranes. The results showed an improved permeability at a low concentration of 2 M
methanol, as there was no methanol crossover in any of the membranes “°. Figure 7-7(a)
shows that the methanol permeability of nanocomposite membrane is lower than recast
Nafion® membrane, as observed by other research. The methanol permeability of blended
Nafion®-PAN membranes was stable for up to 80 minutes longer than that of recast Nafion®
membrane. Figure 7-7(a) shows that PAN/Zr nanofiber membrane obtained a lower methanol
permeability than recast Nafion®. This may be due to the incorporation of PAN nanofibers that
block the methanol crossover through the membrane and the incorporation of metal oxide that
can act as a barrier to methanol within Nafion® membrane, as they are well distributed within
Nafion® membrane as confirm by SEM images “°. In addition, the decrease in methanol
permeability may due to the very low permeation of water and methanol through PAN polymer
or nanofibers #4. Table 7-2 shows that the methanol permeability of Nafion®-PAN/Zr nanofiber,
Nafion®-PAN/ZrP nanofiber and Nafion®-PAN/ZrGO nanofiber membranes are 5.46 x 108
cm?/s, 9.58 x 10® cm?s and to 4.37 x 107 cm?s, respectively, which represents an
improvement when compared to that of recast Nafion® membrane (9.12 x 10”7 cm?/s). These

results make the blended Nafion® with PAN nanofibers suitable for use in DMFC applications.
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However, Nafion®-PAN/ZrGO nanofiber membranes show a slightly reduced of methanol
permeability when compared to Nafion® membrane, this may be due to the poor distribution of
PAN nanofibers and GO within the Nafion® matrix that allows water and methanol to flow
across the membrane. The selectivity of Nafion®-PAN/Zr nanofiber, Nafion®-PAN/ZrP
nanofiber, Nafion®-PAN/ZrGO nanofiber membranes and recast Nafion® membrane are
shown in Figure 7-7(b). Selectivity was obtained by dividing the proton conductivity by the
methanol permeability value [30]. The higher selectivity ratio of membranes represents good
fuel cell performance #’. Figure 7-7 and Table 7-2 shows that Nafion®-PAN/Zr nanofiber,
Nafion®-PAN/ZrP nanofiber, Nafion®-PAN/ZrGO nanocomposite membrane obtained a higher
selectivity ratio of 3.37 x 10’ Ss cm™ 2.82 x 10° Ss cm™ and 1.05 x 10 Ss cm respectively,
when compared to 2.74 x 10°Ss cm of recast Nafion® membrane. Furthermore, the Nafion®-
PAN/Zr nanofiber nanocomposite membrane shows higher selectivity than that of the recast
Nafion® membrane and this may be due to the higher proton conductivity and lower methanol
crossover that shows the effects of PAN nanofibers within the membrane as shown in Figure
7-7(b). These increase in the selectivity ratio show the ability of the membranes to be used as
electrolyte in DMFCs.

Table 7- 2: The conductivity, Methanol permeability and Selectivity ratio of Nafion®-PAN/Zr
nanofibers, Nafion®-PAN/ZrP nanofibers, Nafion®-PAN/ZrGO nanofibers membranes and
recast Nafion® membrane

Membrane Conductivity | Methanol permeability Selectivity
ratio
(S/cm) (cm2.s™)
(Ss/
cm2s™)
Nafion® PAN-Zr nanofibers 1.84 5.46492E-08 3.37E+07
Nafion® PAN-ZrP nanofibers 0.27 9.57897E-08 2.82E+06
Nafion® PAN-ZrGO nanofibers | 0.46 4.37194E-07 1.05E+06
Recast Nafion 0.25 9.11844E-07 2.74E+05
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Figure 7- 7. Comparison of the methanol crossover (a) and selectivity (5 M concentration)
(b) of the Nafion®-PAN/Zr nanofibers, Nafion®-PAN/ZrP nanofibers, Nafion®-PAN/ZrGO
nanofibers membranes and recast Nafion® membrane at 80 °C.
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7.3.7. Proton conductivity

The conductivity of nanocomposite membrane compared with that of recast Nafion®
membrane is presented in Figure 7-8 and Table 7-2. The proton conductivity of Nafion®-
PAN/Zr nanofiber, Nafion®-PAN/ZrP nanofiber, Nafion®-PAN/ZrGO nanofiber nanocomposite
membranes and recast Nafion® membrane were 1.84 S/cm, 0.27 S/cm, 0.46 S/cm and 0.25
S/cm, respectively. These results indicated that blending Nafion® membrane with PAN/Zr
nanofibers exhibits a higher proton conductivity of 1.84 S/cm compared with recast Nafion®
membrane (0.25 S/cm) as shown in Table 7-2. Moreover, Nafion®-PAN/ZrP nanofiber and
Nafion®-PAN/ZrGO nanofiber nanocomposite membranes obtained a lower proton
conductivity than PAN/Zr nanofiber nanocomposite membrane. These may be due to the
addition of phosphoric acid and GO that make a cluster within the membrane due to
agglomeration %8, as observed under SEM results. In general, nanocomposite membranes
obtained a higher proton conductivity when compared to the recast Nafion® membrane. These
increase in proton conductivity may be due to the incorporation of electrospun PAN/Zr within
the membrane as ZrO, nanoparticles retain water within the membranes #!. This is also
confirmed by the higher water uptake obtained, a factor that creates a proton channel through
the membrane #. This higher proton conductivity is in agreement with the higher water uptake
and IEC obtained above and which make the membranes suitable for use in fuel cell
applications. Furthermore, the addition of GO sheets within the membrane increases the
proton conductivity, due to the OH and COOH bond that retains a certain amount of bound

water 4.
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Figure 7- 8: Proton conductivity measurement of Nafion®-PAN/Zr nanofibers, Nafion®-
PAN/ZrP nanofibers, Nafion®-PAN/ZrGO nanofibers membranes and recast Nafion®
membrane.

7.3.8. Fuel cell performances

Figure 7-9 shows the power density and cell voltage curves of DMFCs using 2 M methanol/ 2
M KOH as a fuel. The Nafion®-PAN/Zr nanofiber, Nafion®-PAN/ZrGO nanofiber and Nafion®-
PAN/ZrP nanofiber membranes in Figure 7-9(a) show a high-power density performance of
68.7 mW cm at current density of 250 mA cm, 75.9 mW cm at current density of 250 mA
cm? and 43.9 mW cm current density of 200 mA cm, compared to the 18.0 mW cm™ of
pristine Nafion® membrane obtained by Yuan et al. All obtained results show an improvement
in cell performance at high current densities and at room temperature. However, the
introduction of phosphoric acid slightly lowers the power density performance at lower
temperature. Figure 7-9(b) shows that the cell voltage results of nanocomposite membranes
(0.66, 0.69 and 0.61 V) were slightly higher than that of Nafion® 212 membrane (0.6 V) at the
same operating temperature %°. However, Nafion®-PAN/ZrGO nanofiber membranes obtained
the highest cell voltage and this may be due to the incorporation of GO that enhances the
water content within the membrane, which promotes mass transport and thus improves the
fuel cell performance. Furthermore, the higher fuel cell performance could be due to the

presence of hydroxyl, carboxylic, and epoxy groups in the hydrophilic region of GO that
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enhance proton conductivity as the proton conductivity of the electrolyte plays a big role in fuel
cell performance 5. The Nafion®-PAN/Zr nanofiber membrane obtained the highest power
density performance of 47.6 mW cm at current density of 350 mA cm? when compared with
Nafion®-PAN/ZrGO nanofiber and Nafion®-PAN/ZrP nanofiber membranes which, starting at
a 300 mA cm current density, saw their power density reduced to 32.1 mW cm? and 17.3
mW cm2. When Nafion® membrane was incorporated with composited PAN nanofibers, fuel
cell performance improved when compared with the results when employing recast Nafion®
membrane. This may be due to the nanofibers reducing the methanol crossover at higher
concentrations of 5M methanol. Moreover, the incorporation of a graphene oxide on the
composited membrane increases fuel cell efficiencies at a higher current density of 250 mA
cm2, which shows more improvement than pristine Nafion® membrane. However, it can be
seen that Nafion®-PAN/ZrGO nanofiber membranes successfully block the methanol
crossover up to 250 mA cm2, with a sharp decrease in fuel cell efficiency at a high current
density of 250 mA cm, It is expected that the performance of a DMFC could be improved by

using a lower concentration of GO to reduce agglomeration within the membranes.
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Figure 7- 9: DMFC polarization of Nafion®-PAN/ZrP, Nafion®-PAN/Zr nanofibers and
Nafion®-PAN/ZrGO nanofibers membranes obtained in passive environment at room

temperature.
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7.4. Conclusion

The PAN/Zr nanofibers electrospan at 15kV and distance of 10 cm were well arranged next to
each other and with diameters ranging between 300 and 500 nm, without any zirconia
nanoparticles observed within the nanofibers. The PAN/Zr nanofibers were successfully
blended with Nafion® membrane using the recast method. The results of nanocomposite
membranes obtained a higher water uptake than that of the recast Nafion® membrane, due to
the incorporating of metal oxide within the electrospan PAN nanofibers that retain water within
the membrane. The results showed Nafion®-PAN/Zr nanofiber, Nafion®-PAN/ZrGO nanofiber
and Nafion®-PAN/ZrP nanofiber membranes as obtaining a higher water uptake of 49 %, 42
% and 37% at 80 °C when comparing to the uptake of recast Nafion® membrane (32 %). The
results also confirm that the blending of PAN/Zr nanofibers obtained a stable dimensional
swelling ratio, due to the incorporation of zirconia nanoparticles, which is good for water
retention. Moreover, this dimensional swelling ratio of membranes increases along with
increases in temperature. Furthermore, the results show that the nanocomposite membranes
obtain a higher A bound water than recast Nafion® membrane — possibly due to the
incorporation of zirconium oxide nanoparticles within the nanofibers, which consists of
hydroxyl groups which are responsible for the water adsorption and retention capability. In
addition, the Nafion®-PAN/Zr nanofiber, Nafion®-PAN/ZrGO nanofiber and Nafion®-PAN/ZrP
nanofiber nanocomposite membranes show a higher IEC of 1.4 meqg/g, 1.2 meg/g and 1.1
meg/g, compared to 0.95 meg/g of recast Nafion® membrane. These nanocomposite
membranes also exhibited a higher proton conductivity and lower methanol crossover of 1.84
S/cm and 5.46 x 10 cm?/s respectively. The fuel cell efficiency of nanocomposite membranes
showed additional improvement when operated on 2M of MEOH and KOH concentrations. In
summary, the incorporation of Nafion® membrane by PAN/Zr shows an enhancement in water
uptake, lowers methanol crossover, increases proton conductivity and provides higher fuel cell
efficiencies. The Nafion®-PAN/ZrGO nanofiber membrane caused a sharp decrease in fuel
cell efficiency at a high current density of 250 mA cm2, but this was much better than that of
recast Nafion® membrane. It can be concluded that the incorporation of PAN/Zr in the form of
nanofibers improves their dispersity within the membranes and that this gives them the

potential to improve the DMFCs performance at a higher concentration of 2M.
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CHAPTER EIGHT

8. Conclusion and recommendations

8.1. Conclusion

The purpose of this research was to modify the state of art Nafion® membrane in order to
enhance their proton conductivity and reduces their methanol permeability at lower humidity
by reducing the diameter of the pores and ensures their hydration. The inorganic materials
were added to organic proton conduction membranes in order to develop a new characteristic
of the Nafion membrane. Furthermore, zirconia nanopatrticles were impregnated with sulfuric
acid and phosphoric acid to enhance the acid site of nanocomposite membrane. The
composited membranes were prepared using recast and impregnation method. The structure
and morphologies, water retention, thermal and mechanical properties, methanol permeability,

proton conductivity and fuel cell efficiency of the modified membrane were studied.

A simple precipitate method was used to synthesis a high surface area of zirconium oxide with
a high temperature phase (cubic), stabilised at a low calcination temperature of 600 °C. The
modified membranes obtained by recast method shows decrease in water contact angle when
compared to the recast Nafion® membrane. Furthermore, the water uptake of modified
membrane was higher than that of recast Nafion® membrane, this may be due to the
incorporation of the inorganic nanofiller that adsorb water. XRD, AFM and SEM results show
that using zirconia nanoparticles as inorganic filler improves the morphology and crystallinity
of Nafion® membrane, as it was well dispersed within Nafion matrix that makes them suitable
candidates for fuel cell applications. The incorporation of zirconia nhanoparticles also shows
the effect on hydrophilicity roughness of the membrane. Nanocomposite membrane prepared
by impregnation methods shows a higher proton conductivity, decreased in water contact
angle and methanol crossover, which are more improved when compared to the commercial
Nafion® 117 membrane. This may be due to the addition of higher porosity zirconia
nanoparticles in Nafion® membrane that decrease the water contact angle within the
nanocomposite membranes, which resulted also in increasing the proton conductivity due to
the increase of exchange sites available per cluster, which is an important parameter of fuel
cells in order to operate at higher temperature. The TGA and DTG results of the modified
Nafion® membrane show that incorporation of zirconia nanoparticles obtained a thermal
stabilised degradation even at high temperature, due to the water retained within the Nafion®

membrane, which leads to fuel cell application at higher temperature. This observation shows
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the possibilities of modified Nafion® membrane to operate at high temperature and reduced
relative humidity. This indicates that the improvement of the membrane rigidity demonstrates
that the zirconia nanoparticles stabilized the structure of the nanocomposite membrane and
give a potential restriction to the humidity-generated stress when the membrane is used as an
electrolyte membrane in the fuel cells.

The incorporation of sulfated zirconia oxide within Nafion® membrane improves the proton
conductivity, IEC and membrane swelling, while it prevents the methanol from crossing over.
The water uptake was more improved at a higher temperature of 80 °C in hanocomposite
membranes. Nafion® S-ZrO, (NHsSO.) nanocomposite membrane shows low fuel crossover
at 80 °C and a higher methanol concentration of 5 M. The membrane resistance of Nafion®/S-
ZrO2 (NH3S04) nanocomposite membrane was lower than that of Nafion® 117 membrane and
Nafion®/S-ZrO, nanocomposite membrane. This confirms that the lower the resistance, the
higher the conductivity. The conclusion is that the sulfated zirconia with NH;SO, acid is
suitable as an inorganic filler of Nafion® membrane, due to its higher acidic value which allows
the ions movement without reducing the hydration of the membrane but while reducing the
methanol crossover.

The preparation of the Nafion/ ZrP nanocomposite membrane with low methanol permeability
and good proton conductivity was successfully achieved by the impregnation method.
Moreover, the IEC, Linear expansion and water uptake of modified Nafion® membrane was
higher than Nafion® 117 membrane at higher temperature of 80 °C. The results show the
decrease of methanol permeability of modified Nafion® membrane at higher temperature of 80
°C and 5 M methanol concentration compared to Nafion® 117 membrane. The higher
temperature conductivity on the nanocomposite membranes obtains an enhanced proton
conductivity than commercial Nafion® membrane, due to the addition of inorganic materials
within the membranes. The lower methanol permeation and high proton conductivity
resistance of modified membrane also confirm their suitability for use in fuel cell.

The electrospan nanofibers were successfully blended with Nafion® membrane using the
recast method. The results of nanocomposite membranes obtained a higher water uptake and
IEC than that of the recast Nafion® membrane, due to the incorporating of metal oxide within
the electrospan PAN nanofibers that retain water within the membrane. These nanocomposite
membranes also exhibited a higher proton conductivity and lower methanol crossover. The
fuel cell efficiency of nanocomposite membranes showed additional improvement when
operated on 2M of MEOH and KOH concentrations. In summary, the incorporation of Nafion®
membrane by PAN/Zr shows an enhancement in water uptake, lowers methanol crossover,
increases proton conductivity and provides higher fuel cell efficiencies. The Nafion®-
PAN/ZrGO nanofiber membrane caused a sharp decrease in fuel cell efficiency at a high

current density, but this was much better than that of recast Nafion® membrane. It can be
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concluded that the incorporation of PAN/Zr in the form of nanofibers improves their dispersity

within the membranes and that this gives them the potential to improve the DMFCs

performance at a higher concentration of 2M.

8.2.

>

Recommendations for future work

Investigate the effect of the incorporated sulfated zirconia oxide within Nafion® membrane
on the high temperature proton conductivity and DMFCs performance.

To study the fuel cell efficiency of Nafion®/ ZrP nanocomposite membranes at higher
temperature and higher concentrations (4M of MEOH and KOH).

To determine the minimum addition of GO within the membrane, to reduce agglomeration.
To electrospin GO with PAN nanofibers, to improves their dispersity within the membranes
and increases the power density of DMFC above 300 mW/cm? at temperature of 80 °C.
To study the effect of PAN carbon nanofibers in the methanol crossover, proton
conductivity and DMFC efficiency.

To investigate the effect of electrospan phosphated PAN/Zr nanofibers in proton
conductivity, methanol permeation and DMFCs performance.

Study the effect of composited membranes in the life cycle and polymer degradation.
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