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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 nanoparticles (ZrO2) 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-ZrO2) 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 
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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 2

4SO −  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 10-7 cm2/s (Nafion®-PAN/ZrP nanofibers), 9.58 x 10-8 cm2/s (Nafion®-

PAN/ZrGO nanofibers) and 5.47 x 10-8 cm2/s (Nafion®-PAN/Zr nanofibers), which 

is higher than 9.12 x 10-7 cm2/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−2, 69 mW·cm−2, 44 mW·cm−2, 18 mW·cm−2). 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 CO2 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 

1. 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 5. 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 6, with high methanol crossover through 

the membranes 6. 

 

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 7-9. 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 



2 
 

CO and easy to maintain thermal stability 10. This prompts the researchers’ effort to modified Nafion® 

membrane with metal oxides such as SiO2, TiO2, ZrO2 and zeolites 11 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 12-13. 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 10.  

 

The introduction of zirconium phosphate (ZrP) as an inorganic filler for Nafion® membrane has 

increased the proton conductivity and water-retention 14-17. Some results show a higher fuel cell 

performance in elevated temperature when Nafion® membranes modified with metal oxides such as 

zirconia or zirconium phosphate 14-19. 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 20. The results of Pt/ ZrP-Nafion® composite membrane reveals an improvement in water 

retention at increased cell temperatures 21-22. 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 H2PEMFC and DMFC. However, the power densities for H2-PEMFC is higher 

than that of DMFC at 90 °C, but the target is to increase the power density of DMFC above 300 

mW/cm2 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 
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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 nanoparticles. 

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

membrane with inorganic nanoparticles. 

➢ 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: 
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➢ 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.  

➢ 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 techniques 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. 



5 
 

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 1-2. 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) 4-5.  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 7-8. Furthermore, in order to generate a mixed 

potential that reduces the cell voltage, DMFCs consist of cathode Pt sites for direct reaction between 
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methanol and oxygen 9. 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 10. 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) 5. The 

modification of organic membranes such as Nafion® with inorganic nanoparticles improves PEM 

performance in DMFC applications 11. PEMs are modified or blended with other electrolytes to 

improves their properties 12-13. In this regard, inorganic nano-materials such as TiO2, ZrO2 and SiO2 

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 9. 

 

ZrO2 nanoparticles maintain the mechanical properties suitable for hydration with improvement of 

Nafion® membranes at high-temperature fuel cell operations. The nanometre ZrO2 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-ZrO2) nanoparticles enhance the concentration of acid sites of Nafion® 

membranes while still increasing the proton conductivity  14. Modification of Nafion® membranes with 

zirconium phosphate have been investigated and shown to exhibit good performance at operating 

temperatures up to∼150 °C 15-16. In 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 
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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 18.  

 

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 19-20. 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  

 

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 24-25. 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 26. 

These properties make them suitable replacement for rechargeable lithium-ion batteries 27. 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 29. Figure 2-3 present operating principle 

of DMFC.  

 

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 30. 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 

(CO2) 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 30. 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 CO2 poisoning when compared to the liquid-electrolyte. Figure 2-4 present 

operating principle of AFCs. 

 

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 31. However, having drawbacks of CO2 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. 

 

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 CO2 poisoning allows them to use gases made from 

coal, natural gas and biogas. Figure 2-7 present operating principle of AFCs. 

 

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 32.  

 

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), 

São Paulo (Brazil) and London (England). British firm Intelligent produced the hydrogen 

run Emission Neutral Vehicle motorcycle in 2005 (Figure 2-8(b)) 33. The motorcycle can run for 4 

hours on a single tank, in an urban area. In 2004 Honda also produced a fuel cell motorcycle 33.  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) Ion 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, 

https://en.wikipedia.org/wiki/Lithium-ion_battery
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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. 

https://en.wikipedia.org/wiki/Mercedes-Benz
https://en.wikipedia.org/wiki/Yamaha_Motor_Company
https://en.wikipedia.org/wiki/Boeing
https://en.wikipedia.org/wiki/Alstom_Coradia_LINT#iLint
https://en.wikipedia.org/wiki/InnoTrans
https://en.wikipedia.org/wiki/Hydra_(ship)
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Figure 2- 9: Pictures of installation site. 

 

 

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 34-35. 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 36. This may be due to the trace amounts of CO which is poisoning the Pt catalyst 37. 

These types of the membranes are Nafion® (DuPont), Flemion® (Asahi Glass), Aciplex® (Asahi 

Chemicals) and Dow® (Dow Chemical) 38. 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 39. 

 

2.4.2. Nafion® membranes 

The PEMs properties is to have a good proton conductivity around 10-2 S/cm under humidified 

conditions 40, 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 40. 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 (SO3H) ionic groups as side chains that are hydrophilic as 

shown in Figure 2-12 41. The hydrophobic backbone is semi-crystalline and confers to its good 

mechanical properties 42. 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 43. 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 5. These Nafion® membrane has sustained a long lifespan when used in 

electrolysis, electro-synthesis, and fuel cell systems 44-45. The Nafion® is commercially available in 

120 (1200 equivalent weight (EW), 250 μm thick) which was the first membrane material to be 

manufactured, and then improve it to Nafion® 117 membrane (1100 EW, 175 μm 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 ºC 46.  

 

 

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 47. 

 

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 48. Their proton transport limited them to operate in fuel cell elevated temperatures of 

above 90 °C with low relative humidity (RH) 49, 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 50. 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 51. It is well known that working in 

higher temperatures is favorable for the kinetics of Pt catalyst and may improve its tolerance to 

contaminants 52, 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 53. 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 54-55, nanofibers filler 56-57, nano-oxides filler 58-59,  nonfluorinated 

hydrocarbon ionomers 60 and porous substrate composite membranes to overcome the temperature 

limitation and methanol crossover 61-62. Moreover, fabrication of Nafion® nanofibers by 

electrospinning has shown a high proton conductivity which make them suitable for use in fuel cells 

application 63-67. Nevertheless, electrospinning pure Nafion® solution is not possible due to low shear 

viscosity that makes Nafion® aggregated 68-71. Nafion® has been electrospinning by blending with 

poly(acrylic acid) (PAA) 70, 72,  poly(ethylene oxide) (PEO) 64, 69, 73-74, poly(vinylalcohol) (PVA) 72 and 

polyacrylonitrile (PAN) 75-76 to avoid aggregation. Furthermore, incorporation of inorganic materials 

in sub-micrometric or nanoparticles or within membranes, improves water retention, thermal and 

mechanical stability 16, 48, 77-78. 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 77. 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 (SnO2), that  enhanced their proton conductivity at lower relatively 

humidity (RH), due to their  higher water retaining 79. Modification of membranes with SnO2 

nanopowders, let it operate operate at higher temperature of 120 °C and low relative Humidity 80-

82.The working temperature of unmodified Nafion® membranes is limited at around 90 oC 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 43, 83-90  and enhances reaction kinetics at both electrodes. The 

modification of Nafion® membrane with inorganic particles such as silicon dioxide (SiO2), titanium 

dioxide (TiO2) and zirconium oxide (ZrO2) 37, 78, 91-99 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 50, 100-103. The incorporation of high surface area metal oxides can increases the proton 

conductivity in higher temperature due to their water retention 40. Incorporating ZrO2 nanotubes with 

higher surface area, have more impact in the solid electrolytes in fuel cell 104-106. However, 

modification with pure zeolites was reported to have some mechanical failure such as cracks, 

brittleness and fragility 107-108. Composited membranes by moieties acids have improvement in 

conductivity at elevated temperatures up to 160 °C when compared with a doped membrane 109. 

 

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 97, 110-112. Nafion® / silica 

membrane shows the higher conductivity of 0.2 to 2 x 10-2 S/cm 113. At temperature of 110 °C and 

relative humidity of 70%, it was observed that Nafion® / SiO2/PWA membrane maintain a higher 

conductivity of 2.67 x 10-2 S/cm in comparison to 8.13 x 10-3 S/cm for Nafion® membranes 37. 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 50 obtained the 

lower proton conductivity at low temperature 114. 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 8. 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 115. The DMFC 

performance using Pd layer Nafion® membrane (45Mw/cm2) was higher than 36 Mw/cm2 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 115. 

 

2.4.3.3. Montmorillonite (MMT) 

Nafion®/ montmorillonite shows the reduction of methanol crossover of 1.6x10-7 cm-2/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 116. The modification of Nafion® membrane with sulfated montmorillonite 

(HSO3-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-1 and proton conductivity of 10-4 Scm-1 at room temperature 117. When 

MMT grafted with organic species bearing the functionality (HSO3-group), enhanced the acidity of 

montmorillonite, magadiite and kaolinite minerals 118-119.  

 

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 106. Porous PETE membranes were used in order to reduce the cost of the Nafion® 

membrane 114. 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 114. 

 

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 120-121. 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 

122-125. 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, 



27 
 

irradiation or thermal treatments 126.These OH groups in Figure 2-15  shows that polymer blends can 

be easily bond through hydrogen bonding 126-127. It has a dense structure which consists of strong 

intra-molecular and inter-molecular hydrogen bonding, which reduces the alcohol crossover through 

the membrane 127-128. Rhim et al.(2004) used PVA as a base material for the PEMs preparation 129. 

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 128. Furthermore, PVA shows an excellent 

methanol barrier and a good resistance to organic solvent compared to Nafion® membrane 130-131. 

Moreover, modification of PVA membrane with doped inorganic acids such as H2SO4 or H3PO4 132 

or blended with other polymer such as polystyrene 133 enhance the proton conductivities and the 

chemical stability 134.  However, many researches they are improving the operational temperature 

and enhance the proton conductivity of the existing membrane, through blending of polymers 135, 

cross-linking 136, insertion of ceramic fillers 137 or plasticization 138 of pure PVA has highly swelling 

and low proton conductivity. 

 

                                      

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 139,  which makes it a suitable candidate in potential application such as detergents, 

in shielding devices, paints, adhesives,  biological engineering materials and medical devices 140. 

Moreover, its amorphous structure provides a low scattering loss that make it an ideal polymer for 

hybrid material for optical applications 141. 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 142. When PVP is used as a stabilizer 
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and hydrophobized, it enhances the chemical and oxidative stability of a membrane 130. 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 143. 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.  

 

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 144-146. Moreover, electrospun PAN nanofibers obtained a higher mechanical 

properties 147. 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 148.  Electrospinning of PAN had been reported successfully and modified 

extensively to contain a chelating group for metal ion removal 149-150. Such electrospun nanofiber 

composites may have multifaceted applications 151. In particular, the utilisation of carbonised 

electrospun nanofibres as electrode materials in supercapacitors and fuel cells has been 

recommended in some references 152-157. 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 158. Furthermore, the addition of PAN in another polymer lowers the methanol 

permeability while enhancing the mechanical properties of the mother polymer 159. When thermal  

treated PAN incorporated within the membranes, it found to reduce the swelling when contact with 

water 160 and also increases the proton conductivity of blended membranes. The PAN structure is 

shown in Figure 2-17. 

 

 

Figure 2- 17: Chemical structure of Polyacrylonitrile film. 

 

2.4.3.8. Titanium oxide (TiO2) 

Nanocrystalline titanium oxide (TiO2) has excellent physical and chemical properties 161. When 

membrane is incorporated with inorganic filler such as TiO2, it obtain a low glass transition while 

allowing the hydration 96. 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 TiO2 improves the mechanical and thermal stability, water uptake and IEC of 

composite membrane than pristine Nafion® membrane 96. TiO2 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 49.  At high temperature Nafion® membrane 

become an insulator when water is not present to promote proton dissociation 43. TiO2 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 49, 

but allows easy control over its thickness and porosity 6. 
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2.4.3.9. Zeolites 

Nafion® membrane consists of fluorocarbon backbone and hydrophilic 39 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 163-165. 

Many of researchers have modified Nafion® membranes with metal oxides such as SiO2 and zeolites 

to lower the MeOH permeability and enhance the proton conductivity while improving fuel cell 

operation 163-166. Their molecular sieving and high water retention up to  200 °C, makes zeolites 

suitable used in selective separations 167-168. Moreover, zeolites have 4–12 Å molecular pores sized 

that make them suitable in selective separations. Zeolites also used as ion exchangers, due to their 

higher water retention 169. Furthermore, zeolites in micrometer-ranges have been used to modified 

membranes, but  obtained a reduced in proton conductivity 170. Whereas using zeolites nanofiller in 

nanometer-ranges shows an improvement in methanol permeability and proton conductivity, due to 

the compatibility with Nafion® membrane 171. But  poor compatibility of zeolites with Nafion® 

membrane can resulted on mechanical failure such as  pinholes 172.  Moreover, membranes 

composited with unmodified zeolites are fragile, brittle and resulted on cracks of gaps 173. When 

Nafion® membranes modified using zeolites nanofiller obtained a higher mechanical strength, 

thermal stability, lower methanol permeability and higher proton conductivity  174-178, 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 (ZrO2) has higher corrosion and wear resistance 179, higher fracture toughness and 

hardness lower coefficient of friction, ionic conductivity, resistance to thermal shock 180, low thermal 

conductivity at high temperatures, high refractoriness and catalytic properties, which make them 

suitable used in engineering material 181-182. The high temperature phases of zirconia have potential 

applications as an oxygen sensor, in solid fuel cells, and as ceramic components 183. 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 184. Nafion® membranes is proton conductivity when 

fully hydrated 185. 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 

ºC 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 184. Furthermore, the inorganic substance give the new structure arrangement that 

prevent the direct crossover of reaction gases 186. Nafion® membranes incorporated with metal 

oxides such as ZrO2, zeolite, TiO2 and SiO2 shows improvement on the mechanical strength and 

proton conductivity while maintaining its water management 186.  Furthermore,  Nafion®/ ZrO2 

nanocomposite membranes enhance the water uptake and improves its proton conductivity than 

commercial Nafion® membranes at elevated working temperature above 120oC 185. The commercial 

Nafion 112 membranes also show the lower fuel cell performance on single cell fuel cell compared 

to Nafion®/ ZrO2 nano-composite membranes while operating between 80-130 oC 185.  

 

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 15. 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 188.  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 189-190.  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 15. Costamagna et al. obtained stable 

behavior on Nafion®/ zirconium phosphate membranes over time when maintained at 130 oC while 

Nafion® membrane sustain an irreversible degradation under the same conditions 94. Similarly, 

Alberti et al. obtained high conductivity at 140 ºC and 90% relative humidity when modified Nafion® 

membrane with 10wt% zirconium phosphate compared to pure recast Nafion® membrane 93. 

Furthermore, the modified Nafion® membrane with ZrP obtained a decreased methanol permeability 

at a higher temperature of 150 oC 191.  

 

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-ZrO2) 

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 192-194. Furthermore, the modified 

Nafion®
 membrane with S-ZrO2 nanoparticles has less swelling, improved mechanical properties and 

low methanol permeability. The S-ZrO2/ Nafion composite membrane obtained a cell performance 

of 0.99 W/cm2, which is higher than 0.75 W/cm2 of Nafion® 112 at higher operational temperatures 

of 120 °C 195.  

 

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 196. 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 197-199. 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 200-206. In 1964, the critical 
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breakthrough of proton conductivity in oxides was achieved 163. The first oxide to provide the good 

proton conductivity was thorium oxide, at pressure and elavated temperatures of 1200 °C 207. 

Iwahara et al in 1981, initial established the highest proton conductivities in cerates oxides 208. 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 209. 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 210. Tricoli also reported that doping with cesium ions reduce methanol permeability 211. 

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 211. Moreover, using nanocrystalline oxides such as silica or titanium oxide improves the  

cell performance has been further improved by the 77, 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 193, 213-225. But 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 220-221. 

The water content that the membranes can maintain as well as their adsorption speed depends also 

in the mechanical stability 226-228. Meanwhile, water absorption in membrane in the form of swelling 

can drastically change its mechanical properties and durability of a membrane 3, 189. 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 98, 220-221. 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 214. Moreover, its hydrophobic states can have effects on the 

mechanical properties of the membrane as it becomes swollen when in contact with water 189, 223, 

and also reduces the mechanical stability at elevated temperatures 231. 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 48, 232. 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 92, 230. 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. Using 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 235-236, as incorporation  of 
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inorganic material within  the Nafion® matrix increases the interaction between polymer matrix and 

filler materials 237. The incorporation of inorganic materials improves the thermal and mechanical 

stability while reducing the swelling of the membrane 238.  

 

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, 206. In addition, 

silica used as filler, shows improvement thermal and mechanical stability 50, 239. 

 

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 50. Some researches shows that Nafion® membrane can have a 

lifespan of above 50,000 hours 51 but that is limited by hydration and drying cycle on the start-up and 

shut-down process 50. 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 35. 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 techniques 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 1.   

 

           𝐷 =  
4

3
( 

0.9𝜆

𝐵𝑐𝑜𝑠𝜃
 )                                                                                                 (3-1)                                                                                                   

 

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

B = full width of the half maximum of the peak, θ = Bragg’s angle of diffraction. 



62 
 

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 technique encompasses external area and pore area evaluation to determine the total specific 

area in m2/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 oC under vacuum for 2 

hours. Test materials were out gassed to the pressure of 3 × 10−5 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): 

 

       𝑆 =
6

𝜌𝐷𝐵𝐸𝑇
𝑥103                                                                                                    (3-2) 

                                                                                                                          
                                                                                                                           

 

Where ρ is the theoretical density of the materials which equal to 6.27 g/cm3 2 and DBET is 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 nanocomposite 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 3. 
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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 4. The ionic 

conductivity (σ) 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 H2SO4 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. 

 

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 

ºC, 60 ºC and 80 ºC 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

VB 𝐿
 CA (𝑡 − t0)                                                                                (3-4) 
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where CA is the initial methanol concentration in compartment A; CB(t) the methanol concentration in 

compartment B at diffusion time t; VB the volume of distilled water in compartment B; L the thickness 

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

 

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 μL) 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(%) =
(𝑴𝒘𝒆𝒕 − 𝑴𝒅𝒓𝒚)

𝑴𝒅𝒓𝒚
∗ 𝟏𝟎𝟎                                                                                     (3-5)                              

 

where Wup is the percentage of water uptake, mwet is the weight of wet membrane and mdry 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 6. Swelling ratio were calculated according to the equations below:  

                                                                                                    

  𝑺𝑹(%) =
(𝑳𝒘−𝑳𝒅)

𝑳𝒅
𝒙𝟏𝟎𝟎                               (3-6)                                   

 

where Lw and  Ld  are the lengths of wet and  dry membranes.  

 

3.4.6. Hydration number (λ) 

The water uptake of PEM is often expressed by the hydration number (λ) 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, 

λ, was calculated by following equations below 7 

       𝜆 =
𝑾𝑼

𝑰𝑬𝑪𝒙 𝟏𝟎𝟎𝒙𝟏𝟖      
                                                                                                        (3-7)                                                                                                                                  
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3.4.7. Ion 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 

9. The titrated IEC of the membranes were determined by: 

 

   IEC =
VNaOH  X CNaOH

Wsample
                                                                                           (3-8)                                          

where VNaOH 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/cm2 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 

 

4. 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 

ZrO2 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 1. The ZrO2 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) 4. 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 5. 
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So far, the tetragonal and cubic phases tended to transform the monoclinic phase at ambient 

temperature 6, which resulted in sample crack. When this phase stabilized under lower temperature, 

it was found to be good for applications in chemical engineering 4.  

 

Many researchers have shown great interest in developing methods to stabilize these high-

temperature phases, using dopants such as yttria (Y2O3), magnesia (MgO) and calcia (CaO) 7 or 

reducing the particle size into nanometre 8-9. 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 ZrO2 with excellent mechanical and electrical 

properties, such as fracture toughness, high strength and hardness has been used in structural 

ceramic 10. However, other researchers have succeeded in preparing the tetragonal form of zirconia 

at low temperature, which does not transform to the monoclinic phase 11. It has been reported that 

stabilised tetragonal phase was obtained at ambient temperature by aging the ZrO2 nanoparticles in 

its mother liquor 12. Furthermore, stabilised tetragonal zirconia exhibits a high toughness which 

makes it suitable to be used in dental and orthopaedic fields 13-14. 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 15. 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 16, 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 17. 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 18. Many ZrO2 applications require high surface area which 

should remain stable under process conditions. But it has a significant shortage as the specific 

surface area of ZrO2 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 ZrO2 was aged for 24 hours at varied temperatures. 

Numerous experiments with different temperatures were conducted in order to produce ZrO2 

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 ZrO2 nanoparticles 

The ZrO2 nanoparticles were prepared by precipitation method where zirconium oxychloride hydrate 

(ZrOCl2 .8H2O) and sodium hydroxide (NaOH) were used as starting materials. 0.2M ZrOCl2.8H2O 

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 (Cl-) 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-1
 

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 o f  cubic and monoclinic 

phases,  with diffraction angles of  30.2°, 35.2°, 50.5°, 60,1°, 74.2° and 82.5° corresponding to 

planes (1 1 1), (2 0 0), (2 2 0), (3 1 1), (4 0 0), (3 3 1) 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, c = 0.51291 nm, and β = 90.0o. 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 

0 0), (2 2 0), (3 1 1), (4 0 0), (3 3 1), and (4 2 2) 20-21. This may be due to high synthesis temperature 

of ZrO2 which stabilises the high temperature phases at room temperature if the crystallite size is 

below a critical size 9, which is associated with reduced total energy of the system due to the inherent 

high surface energy of the nanoparticles 22. 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. 24. 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 25. 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-ZrO2 at a diffraction angle o f  14.2°, 23.4°, 30.4°, 35.1°, 50.6°, 

60.1°,74.0° and 82.4° corresponding to planes (1 0 0), (1 1 0), (1 1 1), (0 2 0), (3 0 0), (1 3 1), (4 1 

1) and (4 2 0). 

 

Figure 4- 1: The comparison of the XRD patterns of the ZrO2 nanoparticles 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 ZrO2 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-1 and 853 cm-1 which are  

assigned to Zr-O bond vibrations 26-27. The peaks observed at 1180 cm-1, 1443 cm-1 and 1380 cm-1 

are assigned to O-H stretching vibration 28. The broad feature around 1684 cm-1 seems to occur due 

to adsorbed water deformation mode region and 3450 cm-1 is attributed to stretching of O-H groups, 

characteristic of a highly hydrated compound. It can be noted that the 569 cm-1 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-1 and 863 cm-1 which are assigned to Zr-O 26-27 bond vibrations. 

The symmetric frequencies of Zr-OH were observed at 1072 cm-1 and 1398 cm-1 28. The 

characteristic peaks observed at 2962 cm-1 and 2462 cm-1 are due to the presence of inorganic ions. 

The frequencies observed in Figure 4-2(c) at 863 cm-1 and 926 cm-1 are due to the Zr-O vibration 27. 

The peaks at 1393 cm-1 and 1434 cm-1 are assigned to O-H bonding, the peak observed at 2346 cm-

1 is due to the presence of inorganic ions. Figure 4-2(d) shows the vibration bands at 846 cm-1 and 

916 cm-1 due to the Zr-O vibrations 27. The peaks at 1367 cm-1 and 1447 cm-1 correspond to O-H 

bonding. The peaks in the region of 1554 cm-1 and 1660 cm−1 may be due to the adsorbed moisture 

and the peak in the 3456 cm-1 region is attributed to O-H stretching of nanomaterials 29-30. The FTIR-

reflectance spectrum of the Zr-120 sample in Figure 4-2(e) presented cubic phase at 2338 cm-1, 

which appears at temperatures near 600 °C 31. Figure 4-2(f) shows the vibration bands at 930 cm-1 

due to the Zr-O vibration 27, the peak of 1371 cm-1 corresponds to O-H bonding, peaks in the region 

of 1536 cm-1 and 1634 cm-1 may be due to the adsorbed moisture and in the 3390 cm-1 region it is 

attributed to O-H stretching of nanomaterials 29-30. 
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Figure 4- 2: The comparison of the FTIR curves of the ZrO2 nanoparticles 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 nanoparticles, 

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 ZrO2 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 1µm of the ZrO2 nanoparticles. 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 nanoparticles. This may be due to a higher temperature reaction than at room temperature, which 

increases the rate of collisions between the charged particles 32. 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 32. The agglomeration in the nanoparticles was assembled in the form of flower-like 

nanostructures composed of nanoparticles. 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 32. 
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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.



 
 

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 nanoparticles 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 ZrO2 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 35. 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 ZrO2 
36-37. 

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).  
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Figure 4- 4: TEM image of the ZrO2 nanoparticles: (a) Zr-0, (b) Zr-50, (c) Zr-80, (d) Zr-100, (e) Zr-

120 and (f) Zr-150. 
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Figure 4- 5: HR-TEM image of the ZrO2 nanoparticles: (a) Zr-0, (b) Zr-50, (c) Zr-80, (d) Zr-100, (e) 

Zr-120 and (f) Zr-150. 



85 
 

4.3.5. Thermo-gravimetric analysis (TGA) 

The thermal stability of the zirconia nanoparticles 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 38. 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 39. 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 ZrO2 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 m2/g when calcinated at 600 °C. The result 

obtained in Figure 4-7 (b) shows that the pore volume of Zr-150 (0.33 cm3/g) is much bigger than 

that of Zr-0 (0.09 cm3/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 40. 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 41. 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. 

 

 

Figure 4- 7: (a) table of BET of ZrO2 nanoparticles (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 nanoparticles 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 ZrO2 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 to162 m2/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 nanoparticles, which was observed under HRTEM results with a particle 

size range of 2-20 nm. Monoclinic ZrO2 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 9. 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 42. Moreover, cubic 

zirconium oxide (ZrO2) is a well-known material with extreme refractoriness 43, fracture toughness 

and high mechanical strength 44 and has been used as an ionic conductor in fuel cells and as proton 

transport material 45. Furthermore, ZrO2 maintains good electrical and mechanical properties, higher 

dielectric constant, chemical inertness, wide band gap, thermal stability, wear and corrosion 

resistance 46. This makes it suitable for use in solid fuel cells, gas sensors, catalytic agents and high 

durability coating 47. ZrO2 is also used in catalysis as a catalyst 48 and catalyst support 49,  biomaterial 

50 and as coating for corrosion protection 51. When ZrO2 is used as a photocatalyst, it can be applied 

in environmental cleaning applications 52.  Its good thermal matching with other metals makes it 

suitable to be used in protective coatings and exhaust gas purifying devices 53 and as a constituent 

present in transition metal-based catalysts 54. Moreover, when ZrO2  is composited with other metals, 

it can be used in commercial applications and variety of technological such as oxygen sensors 55, 

catalysts 56,  as gate dielectrics in metal oxide-semiconductor devices  and high dielectric constant 
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materials for very large-scale integrated circuits 57.  The nanometre-size semiconductors have 

attracted significant attention because of their atom-like size-dependent properties 58. Among the 

ceramic semiconductors, zirconia is the only metal oxide that has both weak base and weak acid 

properties 59-60. Depending on its crystalline structure, it can be an insulator used as a higher 

resistance ceramic or an n-type semiconductor 61. The morphological structure of nanoparticles has 

influence in their potential applications.  Spherical ZrO2 nanoparticles have been applied as oxygen 

sensors, fuel cell electrolytes and gate dielectrics 33. Several studies have been carried out in order 

to test different synthesis possibilities due to their hardness and corrosion resistance 62. The ZrO2 

reactions resulted into the formation of mixed phases that makes not easy to obtain a pure cubic 

ZrO2 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 ZrO2 nanoparticles was low (50 °C and 120 °C). 

The effect of temperature on the morphology and crystal shape of ZrO2 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 ZrO2 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 ZrO2 nanoparticles 

The ZrO2 nanoparticles were prepared by the precipitation method. ZrOCl2 .8H2O and NaOH were 

used as starting materials. 0.2M ZrOCl2.8H2O 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 (Cl-) were not detected by 

the AgNO3 
63. The precipitate was dried at 100 °C for 24 hours, which was calcinated at 600 °C for 

4 hours and labelled as follows: ZrO2-1 (50 °C), ZrO2-2 (120 °C) and Zr02-3 (150 °C). Figure 4-8 

shows the schematic diagram of the synthesis method. 

 

 
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 



91 
 

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/AgCl) 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 

ZrO2-1, ZrO2-2 and ZrO2-3 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 64. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

observed under 2M of KCl and NaNO3 electrolytes. The scan rates used were 10 mV s-1, 20 mV s-1, 

30 mV s-1, 50 mV s-1 and 100 mV s-1 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 ZrO2-1, ZrO2-2 and ZrO2-3 nanoparticles were observed under TEM in 

high-resolution mode as shown in Figure 4-9. Figure 4-9 (a) shows that the TEM micrographs of 

ZrO2-1 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 ZrO2-2 nanoparticles show a spherical phase of ZrO2 

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 ZrO2 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 34. The observed crystallite size is much smaller than the 

reported average particle size of 4.45 nm 35. The selected area electron diffraction (SAED) pattern 

of ZrO2-1, ZrO2-2 and ZrO2-3 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 ZrO2 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 ZrO2-

2 nanoparticles 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 ZrO2 
36-37. 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 ZrO2-1, ZrO2-2 and ZrO2-3 nanoparticles observed 

under HRTEM. The ZrO2-1, ZrO2-2 and ZrO2-3 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 ZrO2 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 ZrO2 nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



94 
 

 

 
Figure 4- 9: TEM image of ZrO2 nanoparticles: (a) ZrO2-1, (b) ZrO2-2 and (c) ZrO2-3.
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Figure 4- 10: HRTEM image of ZrO2 nanoparticles at higher magnification: (a) Zr- ZrO2-1, (b) SAED, Zr- 
ZrO2-1, (c) ZrO2-2, (d) SAED, ZrO2-2, (e) ZrO2-3 and (f) SAED, ZrO2-3. 
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Figure 4- 11: HRTEM lattice fringes of ZrO2 nanoparticles: (a-b) ZrO2-1, (c-d) Zr- ZrO2-2, (e-f) ZrO2-3. 
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4.7.2. Structure analysis  

The XRD pattern of ZrO2-1, ZrO2-2 and ZrO2-3 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 

ZrO2 nanoparticles, with diffraction peaks in the spectra indexed as cubic with lattice constants a = 0.51291 

nm, b = 0.51291 nm, c = 0.51291 nm and β = 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 (1 1 1), (2 0 0), (2 2 0), (3 1 1), (4 0 0), (3 3 

1), (4 2 2)  20-21 as 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 ZrO2 which stabilises the high temperature phases at room temperature if 

the crystallite size is below a critical size 9. This is associated with reduced total energy of the system due 

to the inherent high surface energy of the nanoparticles 22. In the cubic phase of zirconia, vacancies 

increase, improving the diffusion of oxygen ions as the primary charge carriers elevate electrical 

conductivity 23. 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.  24.  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 25. 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, c = 0.50460 nm and β = 90.0o. 

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 (1 0 0), (1 1 0), (1 1 1), (0 2 0), (3 0 0), (1 3 1), (4 1 1), (4 2 0) and ( 5 1 1) as 

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

Table 4- 1:  XRD data of ZrO2-1 and ZrO2-2 nanoparticles 

No. 2theta 

(deg) 

d 

(ang.) 

Height 

(cps) 

FWHM 

(deg) 

Size 

(ang.) 

  Phase name Chemical 

formula 

DB card 

number 

1 13.81(3) 6.409(16) 3353(169) 2.45(7) 34.1(10) Unknown Unknown 0 

2 16.6(6)  5.3(2) 4491(195) 5.7(4) 14.6(9) Unknown  Unknown 0 

3 23.35(13) 3.81(2) 16443(373)      14.3(3) 5.6(9) Unknown Unknown 0 

4 24.518(11) 3.6278(16) 3732(178) 0.183(18)     463(45) Unknown Unknown 0 

5 30.224(6) 2.9546(6) 28738(493) 2.359(15)     36.4(2)  Arkelite(1,1,1) O2 Zr 5000038 

6 34.98(2) 2.5631(14) 7192(247) 2.37(4) 36.7(7) Arkelite(2,0,0) O2 Zr 5000038 

7 43.28(2) 2.0887(9) 813(83) 0.77(6)      116(9) Unknown Unknown 0 

8 50.345(12) 1.8110(4) 11738(315) 2.490(12)    36.8(18) Arkelite(2,2,0) O2 Zr 5000038 

9 60.035(18) 1.5398(4) 8699(271) 3.07(3) 31.2(3) Arkelite(3,1,1)  O2 Zr 5000038 

10 74.15(15) 1.278(2) 1151(99) 3.18(13)       32.7(13) Arkelite(4,0,0)  O2 Zr 5000038 

11 82.54(9) 1.1679(11) 2155(135) 5.50(15)     20.1(6) Arkelite(3,3,1  O2 Zr 5000038 

12 94.71(11) 1.0473(9) 1225(102) 3.5(2) 35(2) Arkelite(4,2,2)  O2 Zr 5000038 
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Table 4- 2:  XRD data of ZrO2-3 
 

 

 

 

 

 

 

 

 

 

 

No

. 

2theta) 

(deg) 

d 

(ang.) 

Height 

(cps) 

F(deg) 

WHM 

Size 

(ang.) 

Phase 

name 

Chem

ical 

formu

la 

DB card 

number 

1 6.53(7) 13.53(14) 3604(175) 4.0(5) 21(3) Unknown  Unkn

own 

0 

2 14.170(16) 6.245(7) 3088(162) 4.33(7) 19.3(3) Baddeleyite 

(1,0,0) 

O2 Zr 9005835 

3 23.42(10) 3.795(16) 2627(149) 10.0(6) 8.5(5) Baddeleyite 

(1,1,0) 

O2 Zr 9005835 

4 30.388(13) 2.9390(12) 12222(322) 2.05(2) 41.9(4) Baddeleyite 

(1,1,1) 

O2 Zr 9005835 

5 35.142(16) 2.5516(12) 2225(137) 1.96(5) 44.3(11) Baddeleyite 

(0,2,0) 

O2 Zr 9005835 

6 50.610(17) 1.8021(6) 9169(279) 2.20(2) 41.8(4) Baddeleyite 

(3,0,0) 

O2 Zr 9005835 

7 60.12(2) 1.5377(5) 7027(244) 2.54(4) 37.8(5) Baddeleyite 

(1,3,1) 

O2 Zr 9005835 

8 73.99(6) 1.2801(8) 902(87) 3.3(2) 32(2) Baddeleyite 

(4,1,1) 

O2 Zr 9005835 

9 82.37(4) 1.1698(5) 2394(142) 5.84(17) 18.9(5) Baddeleyite 

(4,2,0) 

O2 Zr 9005835 

10 95.14(16) 1.0436(13) 723(78) 2.45(15) 50(3) Baddeleyite 

(5,1,1) 

O2 Zr 9005835 



100 
 

 

4.7.3. SEM analysis 

 

 

 

Figure 4- 13: SEM micrographs: (a) ZrO2-1, (b) ZrO2-2 and (c) ZrO2-3. 
 

Figure 4-13 shows the SEM images of ZrO2-1, ZrO2-2 and ZrO2-3 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 

ZrO2-1 nanoparticles. This may be due to a higher temperature reaction which increases the rate of collision 



101 
 

between the charged particles compared to room temperature 32. 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 32. 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 ZrO2-3 composed of nanospheres that are 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 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 32. 

 

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 ZrO2-1, ZrO2-2 and ZrO2-3, 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 38. 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 39. The 

ZrO2-1 lost only 9% of its total weight, Zr- ZrO2-2 lost only 5% of its total weight and ZrO2-3 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 ZrO2-1, ZrO2-2 and ZrO2-3.  ZrO2-1 shows the two transition peaks, 

which are associated with the first and second stages of weight loss within the nanoparticles. ZrO2-2 and 

ZrO2-3 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) ZrO2-3, (b) ZrO2-2, (c) ZrO2-1; (b) DTG of (a) ZrO2-3, (b) ZrO2-2, (c) 
ZrO2-1. 
 

4.7.5. FTIR spectrum of ZrO2 nanoparticles  

In order to ascertain the molecular nature of ZrO2-1, ZrO2-2 and ZrO2-3 nanoparticles, FTIR spectroscopic 

spectra were measured as shown in Figure 8. The vibration bands at 685 cm-1 and 863 cm-1 are due to Zr-

O-Zr asymmetric and Zr-O stretching modes, respectively, confirming the formation of C-ZrO2 phases as 

shown in Figure 4-15 (a) 26-27. The symmetric frequencies of Zr-OH were observed at 1 072 cm-1  and 1 

398 cm-1 28. The characteristic peaks observed at 2 962 cm-1 and 2 462 cm-1 are due to the presence of 

inorganic ions. Figure 4-15 (b) shows the vibration band in the region of 685 and 875 cm-1 due to the 

vibration of the Zr-O-Zr and Zr-0 groups, confirming the formation of C-ZrO2 phases which correspond to 

the crystalline zirconia 65. The weak band at 2 338 cm-1 which appears at temperatures near to 600 °C 31 

was attributed to vibration modes of the cubic phase. Figure 4-15 (c) shows the vibration bands at 930 cm-

1 due to the Zr-O vibration 27. The peak of 1 371 cm-1 corresponds to O-H bonding, and the peaks in the 

region of 1 536 cm-1 and 1 634 cm-1 may be due to the adsorbed moisture. The peak in the 3 390 cm-1  

region is attributed to O-H stretching of nanomaterials 29-30. 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 ZrO2 nanoparticles at different temperature (a) ZrO2-3, (b) 
ZrO2-2 and (c) ZrO2-1. 
 

4.7.6. Nitrogen adsorption-desorption 

Figure 4-16 shows the nitrogen adsorption-desorption isotherms and pore size distribution curve of ZrO2-

1, ZrO2-2 and ZrO2-3 nanoparticles. Nitrogen adsorption-desorption isotherm patterns of ZrO2-1, ZrO2-2 

and ZrO2-3 nanoparticles 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 66. The pore width range of ZrO2-1 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 ZrO2-2 and ZrO2-3 was narrower and there 

was only one pore size distribution when compared to ZrO2-1; 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 ZrO2-3 that was aged at 150 oC 

was narrower than   ZrO2-1 and ZrO2-2, which were aged at 50 oC and 120 oC for 24 hours. This may be 

due to the varying synthesis temperature. The specific surface area of ZrO2-1, ZrO2-2 and ZrO2-3 

nanoparticles  calcined at 600 °C are 77 m2/g, 157 m2/g, 162 m2/g and a pore volume of 0.16 cm3/g, 0.26 
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cm3/g and  0.33 cm3/g, respectively, as shown in Table 4-3, which are bigger than 72 m2/g obtained when 

aged at 48hrs without temperature 12. 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 40. Moreover, the zirconia 

nanoparticles with high porosity as inorganic filler retain water within the membrane, which increases 

conductivity at a low relative humidity 41.  

 

Figure 4- 16: (a) N2 adsorption-desorption isotherm of ZrO2-1(a), ZrO2-2 (b) and ZrO2-3 (c) nanoparticles; 
(b) Pore size distribution curves of ZrO2-1(a), ZrO2-2 (b) and ZrO2-3 (c) nanoparticles. 
 

Table 4- 3: BET of ZrO2 nanoparticles: (a) ZrO2-1, (b) ZrO2-2 and (c) ZrO2-3. 
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4.7.7. CV behaviour of zirconia nanoparticles 

The electrochemical behaviour of zirconia nanoparticles was observed under CV and EIS using KCl as 

shown in Figure 4-17. Figure 4-17(a) shows the CV behaviours of ZrO2-1, ZrO2-2 and ZrO2-3 in KCl 

electrodes at scan rates of 10 mV s-1. As shown in Figure 4-17, CVs of ZrO2-1, ZrO2-2 and ZrO2-3 modified 

with Nafion solution resulted in a rectangular shape, which shows the ideal capacitive behaviour 67, 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-1 and 30 mV s-1, this also increases the current, expected for 

a pure capacitor due to the resistance effects down the pores 68. At higher scan rates of 50 mV s-1 and 100 

mV s-1, the volumetric cycle is higher and faster to complete compared to the lower scan rates as shown 

in Figure 4-17(d-e). ZrO2-1 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). 

ZrO2-2 and ZrO2-3 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 69. Figure 4-18 shows the CVs of 

ZrO2-1, ZrO2-2 and ZrO2-3 in NaNO3 electrodes at scan rates of 10 mV s-1, 20 mV s-1, 30 mV s-1,50 mV s-

1 and 100 mV s-1. ZrO2-1, ZrO2-2 and ZrO2-3 represent the redox transitions (anodic and cathodic) between 

semiconducting states. ZrO2-1, ZrO2-2 and ZrO2-3 were more stable at a scan rate of 10 mV s-1, 20 mV s-

1, 30 mV s-1 and 50 mV s-1 with a sharp peak current and the sharp peak that represents higher voltage 

and current values. Moreover, the CV of the NaNO3 electrolyte shows a higher electrochemical reaction 

than the KCl electrolyte as shown in Figures 4-17 and 4-18, due to the higher redox peak 70. Figure 4-18 

(e) shows that ZrO2-3 obtained a higher current response and higher charge transfer resistance compared 

to ZrO2-1 and ZrO2-2 at a scan rate of 100 mV s-1. This may be due to the high pore size of ZrO2-3 which 

increases the porosity of Nafion.  However, the increases in ionic resistivity of ZrO2-1, ZrO2-2 and ZrO2-3 

at the higher scan rate of 100 mV s-1 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 NaNO3 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 nanoparticles, 

as confirmed by the BET and HRTEM results. 
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Figure 4- 17: CV of ZrO2-1, ZrO2-2 and ZrO2-3 in KCl electrodes at scanning rate of (a) 10 mV s-1, (b) 20 
mV s-1, (c) 30 mV s-1, (d) 50 mV s-1 and (e) 100 mV s-1.  
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Figure 4- 18: CV of ZrO2-1, ZrO2-2 and ZrO2-3 in NaNO3 electrolytes at scanning rate of (a) 10 mV s-1, 
(b) 20 mV s-1, (c) 30 mV s-1, (d) 50 mV s-1 and (e) 100 mV s-1. 
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Figure 4-19 represents the Nyquist plot measurements performed to investigate the charge kinetic 

properties of ZrO2-1, ZrO2-2 and ZrO2-3 in 2M KCl and NaNO3 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. ZrO2-1 shows a 

curved region of a 45o slope at a low frequency side, which may be due to weak electrical conductivity. 

ZrO2-2 and ZrO2-3 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 KCl solution. KCl 

electrolytes show a higher charge transfer resistance than NaNO3, indicating good capacitive behaviour 

without diffusion limitation. Figure 4-19(a-b) show that ZrO2-1, ZrO2-2 and ZrO2-3 exhibit typical 

characteristics of porous nanoparticles 69. 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 ZrO2-2 and ZrO2-3 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 nanoparticles with a controlled nanocrystal shape and small distance 

between lattice fringes can increase conductivity, which makes them suitable for use in fuel cell 

applications. 

 

Figure 4- 19: Nyquist plots of ZrO2-1, ZrO2-2 and ZrO2-3 in (a) NaNO3 and (b) KCl 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 nanoparticle 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 nanoparticles were smaller than 20 nm as confirmed by powder 

HRTEM results. The XRD results confirm the formation of single-phase c-ZrO2 and m-ZrO2 and crystallinity. 

The TGA results show that the higher temperature degradation of ZrO2 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 ZrO2-3 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. ZrO2-2 and ZrO2-3 obtained good 

electrochemical performance, good stability and good ion flow compared to ZrO2-1. This good 

electrochemical performance is due to the higher surface area and pore volume, which promotes the 

transfer of electrons.  The Nyquist plot of ZrO2-1, ZrO2-2 and ZrO2-3 in the NaNO3 and KCl electrolytes 

exhibited typical characteristics of porous nanoparticles. A KCl electrolyte shows a higher charge transfer 

resistance than NaNO3, 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 71. 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 72. 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 74-75. Nafion® solution was 

blended with other polymers such as poly(ethylene oxide) (PEO) 76, poly(acrylic ) (PAA) 77, or 

poly(vinylalcohol) (PVA) [7] and polyacrylonitrile (PAN) 74, 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 79. 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 80.  Electrospinning of composited PAN nanofibers has been found 

to have multifaceted applications 81, such as electrode materials in supercapacitors and fuel cells 82.  

Zirconium oxide (ZrO2) 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, ZrO2 has been applied as resistive heating elements, oxygen sensors, catalysts and fuel 
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cells 42. 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 83-84. 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 (Ion Power) was purchased from Ion 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 85.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. 
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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-1
 

and a resolution of 4 cm-1.  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 64. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

observed under 2M of KCl electrolyte. The scan rates used were 10 mV s-1, 20 mV s-1, 30 mV s-1, 50 mV 
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s-1 and 100 mV s-1 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(II)) 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 86. 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 87.  That surface roughness and slightly increased 

diameter may be due to the addition of a Nafion® solution 78. 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 II).  

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 II) 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 II) and PAN 

(Figure 4-22(a II) nanofibers, which shows less roughness in all the dark (hydrophilic) and light 

(hydrophobic) sections 88. 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 μm 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 (2 0 0), (2 1 1), (2 2 0), (3 1 1), (4 2 0) as shown in figure 4-

23(b) 89-90. 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) 91. 

  

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-1 (CH stretching) and 1456 cm-1 (CH bending) which 
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can be assigned to vibrations of the CH and CH2 group of PAN 92.  Also the peaks at 2246 cm-1, 1673 cm-

1  and 1630 cm-1  related to the stretching vibration of nitrile groups C≡N and C= O stretching vibrations of 

the acrylonitrile 93. Figure 4-24 (a) shows the vibration peaks of 1097 cm-1 and 658 cm-1 that are assigned 

to Zr-O vibration and P-O4  stretching due to the present of ZrP nanoparticles within the PAN nanofibers 

and 978 cm-1 which correspond to the C-O-C stretching 27. FTIR spectrum of the composite PAN-Nafion/ 

ZrP nanofibers shows the presence of Nafion polymer 94 as shown in figure 4-24(b), with the strong bands 

at 1233 cm-1  and 1149 cm-1, which correspond to the -C-F- stretching 95-96. Figure 4-24(a-b) shows the 

disappearing of vibrational structures at 1742 cm-1 for C= O stretching vibration of the PAN backbone 97. 

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-1 are assigned to O-H bonding, the peak 

observed at 2335 cm-1 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.  

 

Figure 4- 24: FTIR spectra of (a) PAN/ZrP nanofibers, (b) PAN-Nafion/ZrP nanofibers and (c) PAN 
nanofibres.  
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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 NH3 and HCN 98. 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.  

 

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-1, 20 mV s-1, 30 mV s-1, 50 mV s-1 and 100 mV s-1.  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 99. 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-1 and 5 cycles, with CV test ranging from -0.15 V to 1.0 V, as it has 

obtained a rectangular curve at high electronic conductivity and good charge dissemination 100. 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-1, 20 mV 

s-1, 30 mV s-1, 50 mV s-1 and 100 mV s-1 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-1, 
(b) 20 mV s-1, (c) 30 mV s-1, (d) 50 mV s-1, (e) 100 mV s-1and  (f) 100 mV s-1 and CV test ranging from -
0.15 V to 1.0 V. 
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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 ºC, 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®/ZrO2 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 1 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  3-4.  Nafion® membrane when operates at 

lower temperature maintain a high ionic conductivity and mechanical, thermal and chemical stability 5-6. It 

consists of hydrophobic polytrafluoroethylene (PTFE) backbone and hydrophilic perfluorinated pendant 

side chains ending with sulfonic groups SO3H+ (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 7. 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 9-13. Zirconium oxide (ZrO2) has been used in 

fuel cell, thermal barrier coating and refractory materials due to its high thermal, chemical and mechanical 

stability 14. Nafion® membrane was modified with inorganics fillers such as ZrO2 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 15-17. 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 18-20. 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 nanocomposite 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 ZrO2 nanoparticles 

The ZrO2 nanoparticles were prepared by precipitation method. Zirconium oxychloride hydrate (ZrOCl2 

.8H2O) and sodium hydroxide (NaOH) were used as starting materials. 0.2M ZrOCl2.8H2O 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 (Cl-) 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:  

 

𝑊𝑢𝑝(%) =
(𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦)

𝑚𝑑𝑟𝑦
𝑋100                                                                                      (5-1)                                                                                                                      

 

Where Wup is the percentage of water uptake, mwet is the weight of a wet membrane immediately and mdry 

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 nanoparticles 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 22. Figure 5-1(b) 

shows the peaks corresponding to the cubic and monoclinic phase of zirconia oxide nanoparticles, 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 nanosized 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 (1 1 1), (2 0 0), (2 2 0), (3 1 1), (4 0 0), (3 3 1), (4 2 0)  23-24. 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 25. The third degradation step over 550 °C was assigned to degradation of the polymer main 

chain 21, 26-27. 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 28 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 25. The third degradation step over 550 °C was assigned to degradation and combustion of the 

polymer main chain 21, 26-27. 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.  

 

 

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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Figure 5- 3: The comparison of the TGA/ DTG 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.  



136 
 

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 R2 

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 29. 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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(a) (b)   

(c)  (d)  

(e) (f)  

(g) (h)  

(i)  (j)  

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 0mm 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-0 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.  

 
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 nanocomposite 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 ZrO2 

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 29.  
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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) 
Nafion®/Zr-100 and (e) Nafion®/Zr-0, membranes. 
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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 nanoparticles consist of sub-

micrometric particles with the similar morphology which is well dispersed within the ionomer matrix 30.  
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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 Wup % 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 31. 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 



143 
 

increases of exchange sites available per cluster which is an important parameter of fuel cells in order to 

operate on higher temperature 32. 

 

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 ZrO2 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 (CO2) emissions and relatively high 

power generation efficiency 33. Nafion® membrane is currently the most popular membrane for its superior 

mechanical and chemical stability and good electrochemical performances 34, robust structure and 

excellent proton conductivity in the hydrated state 35. 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 36-37. The super selectivity of Nafion® and its chemical and 

thermal stability are ascribed to the structure 38. 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) 39. It increases the biding energy of water 40. Nafion® 

tends to shrink when relative humidity decrease and swells in contact with water due to its molecular 

structure 41. Moreover, the mechanical properties of the membrane affected by changes of temperature 

and water content 42. The researches has put efforts on developing modified Nafion® membrane with 

inorganic filler, as this inorganic nanomaterials 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 43, anti-swelling and hydrophilicity properties 44-47. Furthermore, the membrane strength and 

performance increased, as the organic polymer formed strong interaction with the inorganic component 

having large specific area 48. 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 49. Modified membrane with inorganic filler such as silica (SiO2 ) 26, 43, 

titanium dioxide (TiO2) 26, 50, zirconium oxide (ZrO2) 26, 50, heteropolyacids 51 and zeolites 52were 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.10-12, 53. As it 
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restructured hydrophilic channels composed of the pendant sulfonic acid groups that retention water , this 

may due to the degree of acidity of the nanofiller 54. Furthermore, when membrane modified by inorganic 

particles improves the mechanical properties such as the tensile strength, modulus or stiffness 55-56. 

Zirconia oxide (ZrO2) is a metal oxide that is stable at high temperatures and also has high mechanical 

properties 57. ZrO2 obtained in three different crystal phases at ambient pressure, monoclinic, tetragonal 

and cubic, that strongly influence the catalyst’s activities and selectivity 58-59. 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 ZrO2 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 ZrO2 nanoparticles 

The ZrO2 nanoparticles was prepared by precipitation method, zirconium oxychloride hydrate (ZrOCl2 

.8H2O) and sodium hydroxide (NaOH) were used as starting materials. 0.2M ZrOCl2.8H2O has been 

dissolved in 50 ml de-ionised water. NaOH [2N] solution has been added dropwise to the ZrOCl2.8H2O (50 

ml) solution and stirred continuously for 45 minutes. The precipitate was covered with a foil and put in an 

oven at 80 oC 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 oC and then calcinated it at 600 oC 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 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 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 nanocomposite 

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 μL) 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 60. 

 

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(%) =
(𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦)

𝑚𝑑𝑟𝑦
X 100                                                                                       (5-1) 

 

Where Wwet and Wdry 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 61.  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 μm, 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 particle 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 nanoparticles 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 nanoparticles 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 62. 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 63. 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 64. 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 ZrO2 

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 ZrO2, which indicates 

the strong interaction of filler material within the Nafion® matrix 65. The more the roughness on modified 

Nafion® nanocomposite membranes improves the contact between the electrodes 66. 
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Figure 5- 11: SEM micrograph of Nafion®/ Zr-80 nanocomposite membrane, (insert) SEM micrograph of 
Zr-80 nanoparticles. 
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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 67.  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 44-45. 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 ZrO2 nanoparticles 

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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Figure 5- 14: Comparison of modulus of elasticity (a) dry an4d wet recast Nafion® and Nafion®/ 
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 nanoparticles, 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 2θ are 30.2°, 35.2°, 50.6°, 60.2°,74.2°and 82.5° which 

corresponding to the planes (1 1 1), (2 0 0), (2 2 0), (3 1 1), (4 0 0), (3 3 1) 23-24. In, 

corresponding to d-spacing of 0.51291 nm (a-c) and β = 90.0o, were spectra indexed as cubic 

phase of ZrO2 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 

ZrO2 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 

ZrO2 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 (1 1 1), (2 0 

0), (2 2 0), (3 1 1), (4 0 0), (3 3 1) 23-24. Moreover, it can be observed in Figure 5-15(c) that, 

by introduction the ZrO2 nanoparticles decreases the crystallinity of Nafion® membrane 68. 
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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 69.  Second 

weight loss is between 100 °C and 900 °C corresponding to the removal of terminal hydroxyl 

groups bonded to the surface of zirconia 69. 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 

70. This may due to the water retention of inorganic additives within the membrane that makes 
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close interaction with hydrophobic backbones of Nafion® Membrane 8, 71.  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 72-73.  

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 25. The third weight loss due 

to degradation and combustion of the polymer main chain 21, 26-27.  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 26. 

 

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-1  and 926 cm-1 are due to the Zr-O vibration 74, the peak at 1393 

cm-1  and 1434 cm-1 are assigned to O-H bonding, the peak observed at 2346 cm-1 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-1 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 nanoparticles, 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-1 that could be  attributed to  vibrational mode of  Zr-O and  the peak at 1550 

cm-1 due to Zr-OH bending vibrations,  indicating the presence of  zirconia nanoparticles within 

the modified Nafion membrane 75.  Figure 5-17(c) shows the O-H vibration of physically 

adsorbed water occurs at wavenumbers of 3451 cm-1  and 3456 cm-1 76-77. In Figure 5-17(b-

c), shows the vibration peaks at 1195 cm-1 and 1198 cm-1 that attributed to the -CF2-CF2- 

vibration and 1060 cm-1 attributed to -SO3
- 72, 78.  

 

Figure 5- 17: FTIR spectra of Zr-80 nanoparticles (a), Nafion/ Zr-80 nanocomposite 
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 ZrO2 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 79. 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 80. 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 44-47. 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 31. 

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 32. 
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Figure 5- 18: Water contact angle of Nafion® /Zr-80 nanocomposite (a-b) and recast Nafion® 

membranes (c-d), Water uptake of Nafion® /Zr-80 nanocomposite and recast Nafion® 

membranes (e). 
 

(e) 
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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 ZrO2 

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®/ ZrO2 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 (PEMs) such 

as Nafion® membranes have high proton conductivity, high mechanical, chemical and thermal 

stability at temperatures below the boiling point of water 5-6.  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 3-4, 6. 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, 82, and also reduces the 

mechanical stability at elevated temperatures 83. 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 84-85. 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 18, 86. 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, 87-88, 48. Furthermore, 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 

90. This may be due to the water retention of inorganic material within the membrane44-45, as 

incorporation  of inorganic material within  the Nafion® matrix increases the interaction 

between polymer matrix and filler materials  91. 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 ZrO2 nanoparticles 

The ZrO2 nanoparticles were prepared by precipitation method. Zirconium oxychloride hydrate 

(ZrOCl2 .8H2O) and sodium hydroxide (NaOH) were used as starting materials. 0.2M 

ZrOCl2.8H2O 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 (Cl-) 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-0 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 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 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 92. 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. 

 

 

 

 

 

 

 (a) (b) 

 

Figure 5- 19: Tensile mechanical testing of zirconia/ Nafion® Nanocomposite membrane (a) 
Clamp; (b) specimen- pure Nafion® membrane and Nafion®/ ZrO2 nanocomposite 
membrane. 
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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®/ ZrO2 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 ZrO2 

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 93. 

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 nanoparticles were aged at 100 °C for 24 hours. This stabilized the high 

temperature cubic phase which enhanced their diffusivity, mechanical strength and ductility 94, 

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 79, 93, 95. Generally, 

the impregnation methods of dry nanocomposite membranes show a good tensile stress 

comparable to dry recast method.  

 

 

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

The wet pure Nafion® and Nafion®/ ZrO2 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®/ ZrO2 

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 39. 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®/ ZrO2 

nanocomposite membrane (see Figure 5-21(b) and 5-22(b)).  

 

 

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 ZrO2 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 ZrO2 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 44-45. 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 93. 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 93. It has been 

observed that the modified Nafion® membrane with inorganic oxide nanoparticles enhances 

the tensile strength membrane 39. 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 0 

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 

Nafion117 membrane, Nafion®/Zr-0, Nafion®/Zr-50, Nafion®/Zr-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 44-45. The water retention ability is one of the important parameters 

for fuel cell applications because water is a proton-transporting medium for PEMs 8. 

                                   

 

Figure 5- 24: Comparison of modulus of elasticity of impregnation and recast methods (a) dry 
membrane and (b) Wet membranes. 
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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 nanocomposite 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 

ZrO2 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 91. 

                                              

 

Figure 5- 25: Comparison of stiffness of impregnation and recast methods (a) dry membrane 
and (b) Wet membranes. 
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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®/ Zr-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 44-45. 

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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Figure 5- 26: Percentage difference of dry and wet during impregnation and recast methods 
(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 ZrO2 nano membrane prepared using impregnation is higher 

than the wet ZrO2 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 ZrO2 nano membrane prepared using the recast method is higher than the 

wet ZrO2 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. 

 

5.13. Reference 

 

1. Tang, Y.; Karlsson, A. M.; Santare, M. H.; Gilbert, M.; Cleghorn, S.; Johnson, W. B., An 

experimental investigation of humidity and temperature effects on the mechanical 

properties of perfluorosulfonic acid membrane. Materials Science and Engineering: A 

2006, 425 (1), 297-304. 



173 
 

2. Barbir, F.; Gomez, T., Efficiency and economics of proton exchange membrane (PEM) 

fuel cells. International Journal of Hydrogen Energy 1997, 22 (10-11), 1027-1037. 

3. Hector, L. G.; Lai, Y.-H.; Tong, W.; Lukitsch, M. J., Strain accumulation in polymer 

electrolyte membrane and membrane electrode assembly materials during a single 

hydration/dehydration cycle. Journal of Fuel Cell Science and Technology 2007, 4 (1), 19-

28. 

4. Huang, X.; Solasi, R.; Zou, Y.; Feshler, M.; Reifsnider, K.; Condit, D.; Burlatsky, S.; 

Madden, T., Mechanical endurance of polymer electrolyte membrane and PEM fuel cell 

durability. Journal of Polymer Science Part B: Polymer Physics 2006, 44 (16), 2346-2357. 

5. Bauer, F.; Willert-Porada, M., Characterisation of zirconium and titanium phosphates and 

direct methanol fuel cell (DMFC) performance of functionally graded Nafion (R) composite 

membranes prepared out of them. Journal of Power Sources 2005, 145 (2), 101-107. 

6. Dimitrova, P.; Friedrich, K.; Vogt, B.; Stimming, U., Transport properties of ionomer 

composite membranes for direct methanol fuel cells. Journal of Electroanalytical 

Chemistry 2002, 532 (1), 75-83. 

7. Sahu, A. K.; Ketpang, K.; Shanmugam, S.; Kwon, O.; Lee, S.; Kim, H., Sulfonated 

graphene–Nafion composite membranes forpolymer electrolyte fuel cells operating under 

reduced relative humidity. The Journal of Physical Chemistry C 2016, 120 (29), 15855-

15866. 

8. Pan, J.; Zhang, H.; Chen, W.; Pan, M., Nafion–zirconia nanocomposite membranes 

formed via in situ sol–gel process. International Journal of Hydrogen Energy 2010, 35 (7), 

2796-2801. 

9. Bauer, B.; Jones, D.; Roziere, J.; Tchicaya, L.; Alberti, G.; Casciola, M.; Massinelli, L.; 

Peraio, A.; Besse, S.; Ramunni, E., Electrochemical characterisation of sulfonated 

polyetherketone membranes. Journal of New Materials for Electrochemical Systems 2000, 

3 (2), 93-98. 

10. Yaroslavtsev, A. B.; Nikonenko, V. V.; Zabolotsky, V. I., Ion transfer in ion-exchange and 

membrane materials. Russian chemical reviews 2003, 72 (5), 393-421. 

11. Xu, T., Ion exchange membranes: state of their development and perspective. Journal of 

membrane science 2005, 263 (1), 1-29. 

12. Yang, J.; Shen, P. K.; Varcoe, J.; Wei, Z., Nafion/polyaniline composite membranes 

specifically designed to allow proton exchange membrane fuel cells operation at low 

humidity. Journal of Power Sources 2009, 189 (2), 1016-1019. 

13. Muraviev, D. N.; Macanás, J.; Farre, M.; Muñoz, M.; Alegret, S., Novel routes for inter-

matrix synthesis and characterization of polymer stabilized metal nanoparticles for 

molecular recognition devices. Sensors and Actuators B: Chemical 2006, 118 (1), 408-

417. 



174 
 

14. Huo, H.; Wang, S.; Lin, S.; Li, Y.; Li, B.; Yang, Y., Chiral zirconia nanotubes prepared 

through a sol–gel transcription approach. Journal of Materials Chemistry A 2014, 2 (2), 

333-338. 

15. Yang, C.; Srinivasan, S.; Bocarsly, A.; Tulyani, S.; Benziger, J., A comparison of physical 

properties and fuel cell performance of Nafion and zirconium phosphate/Nafion composite 

membranes. Journal of Membrane Science 2004, 237 (1-2), 145-161. 

16. Thampan, T. M.; Jalani, N. H.; Choi, P.; Datta, R., Systematic approach to design higher 

temperature composite PEMs. Journal of The Electrochemical Society 2005, 152 (2), 

A316-A325. 

17. Bauer, F.; Willert-Porada, M., Zirconium phosphate Nafion® composites a microstructure-

based explanation of mechanical and conductivity properties. Solid State Ionics 2006, 177 

(26), 2391-2396. 

18. Adjemian, K.; Srinivasan, S.; Benziger, J.; Bocarsly, A., Investigation of PEMFC operation 

above 100 oC employing perfluorosulfonic acid silicon oxide composite membranes. 

Journal of Power Sources 2002, 109 (2), 356-364. 

19. Zhang, H.; Wu, W.; Wang, J.; Zhang, T.; Shi, B.; Liu, J.; Cao, S., Enhanced anhydrous 

proton conductivity of polymer electrolyte membrane enabled by facile ionic liquid-based 

hoping pathways. Journal of Membrane Science 2015, 476, 136-147. 

20. Di Noto, V.; Negro, E.; Sanchez, J.-Y.; Iojoiu, C., Structure-relaxation interplay of a new 

nanostructured membrane based on tetraethylammonium trifluoromethanesulfonate ionic 

liquid and neutralized nafion 117 for high-temperature fuel cells. Journal of the American 

Chemical Society 2010, 132 (7), 2183-2195. 

21. Zhai, Y.; Zhang, H.; Hu, J.; Yi, B., Preparation and characterization of sulfated zirconia 

(SO4
2−/ZrO2)/Nafion composite membranes for PEMFC operation at high temperature/low 

humidity. Journal of Membrane Science 2006, 280 (1), 148-155. 

22. Starkweather Jr, H. W., Crystallinity in perfluorosulfonic acid ionomers and related 

polymers. Macromolecules 1982, 15 (2), 320-323. 

23. Tahmasebpour, M.; Babaluo, A.; Aghjeh, M. R., Synthesis of zirconia nanopowders from 

various zirconium salts via polyacrylamide gel method. Journal of the European Ceramic 

Society 2008, 28 (4), 773-778. 

24. Davar, F.; Hassankhani, A.; Loghman-Estarki, M. R., Controllable synthesis of metastable 

tetragonal zirconia nanocrystals using citric acid assisted sol–gel method. Ceramics 

International 2013, 39 (3), 2933-2941. 

25. Kyu, T.; Hashiyama, M.; Eisenberg, A., Dynamic mechanical studies of partially ionized 

and neutralized Nafion polymers. Canadian Journal of Chemistry 1983, 61 (4), 680-687. 

26. Adjemian, K. T.; Dominey, R.; Krishnan, L.; Ota, H.; Majsztrik, P.; Zhang, T.; Mann, J.; 

Kirby, B.; Gatto, L.; Velo-Simpson, M., Function and characterization of metal oxide− 



175 
 

nafion composite membranes for elevated-temperature H2/O2 PEM fuel cells. Chemistry 

of Materials 2006, 18 (9), 2238-2248. 

27. Smitha, B.; Devi, D. A.; Sridhar, S., Proton-conducting composite membranes of chitosan 

and sulfonated polysulfone for fuel cell application. International Journal of Hydrogen 

Energy 2008, 33 (15), 4138-4146. 

28. Deng, Q.; Wilkie, C.; Moore, R.; Mauritz, K. A., TGA–FTIR. investigation of the thermal 

degradation of Nafion® and Nafion®/[silicon oxide]-based nanocomposites. Polymer 1998, 

39 (24), 5961-5972. 

29. Tang, H. L.; Pan, M., Synthesis and characterization of a self-assembled nafion/silica 

nanocomposite membrane for polymer electrolyte membrane fuel cells. The Journal of 

Physical Chemistry C 2008, 112 (30), 11556-11568. 

30. Mohammadi, G.; Jahanshahi, M.; Rahimpour, A., Fabrication and evaluation of Nafion 

nanocomposite membrane based on ZrO2–TiO2 binary nanoparticles as fuel cell MEA. 

International Journal of Hydrogen Energy 2013, 38 (22), 9387-9394. 

31. Savadogo, O., Emerging membrane for electrochemical systems:(I) solid polymer 

electrolyte membranes for fuel cell systems. Journal of New Materials for Electrochemical 

Systems 1998, 1 (1), 47-66. 

32. Zawodzinski, T. A.; Derouin, C.; Radzinski, S.; Sherman, R. J.; Smith, V. T.; Springer, T. 

E.; Gottesfeld, S., Water uptake by and transport through Nafion® 117 membranes. Journal 

of the Electrochemical Society 1993, 140 (4), 1041-1047. 

33. Ketpang, K.; Son, B.; Lee, D.; Shanmugam, S., Porous zirconium oxide nanotube modified 

Nafion composite membrane for polymer electrolyte membrane fuel cells operated under 

dry conditions. Journal of Membrane Science 2015, 488, 154-165. 

34. Xiangguo, T.; Jicui, D.; Jing, S., Effects of different kinds of surfactants on Nafion 

membranes for all vanadium redox flow battery. Journal of Solid State Electrochemistry 

2015, 19 (4), 1091-1101. 

35. Vishnyakov, V., Proton exchange membrane fuel cells. Vacuum 2006, 80 (10), 1053-1065. 

36. Kreuer, K., On the development of proton conducting polymer membranes for hydrogen 

and methanol fuel cells. Journal of Membrane Science 2001, 185 (1), 29-39. 

37. Gierke, T.; Munn, G.; Wilson, F., The morphology in Nafion perfluorinated membrane 

products, as determined by wide‐and small‐angle x‐ray studies. Journal of Polymer 

Science: Polymer Physics Edition 1981, 19 (11), 1687-1704. 

38. Zook, L. A.; Leddy, J., Density and solubility of Nafion: recast, annealed, and commercial 

films. Analytical chemistry 1996, 68 (21), 3793-3796. 

39. Zhengbang, W.; Tang, H.; Mu, P., Self-assembly of durable Nafion/TiO2 nanowire 

electrolyte membranes for elevated-temperature PEM fuel cells. Journal of Membrane 

Science 2011, 369 (1), 250-257. 



176 
 

40. Sacca, A.; Gatto, I.; Carbone, A.; Pedicini, R.; Passalacqua, E., ZrO2–Nafion composite 

membranes for polymer electrolyte fuel cells (PEFCs) at intermediate temperature. Journal 

of Power Sources 2006, 163 (1), 47-51. 

41. Dresch, M. A.; Isidoro, R. A.; Linardi, M.; Rey, J. F. Q.; Fonseca, F. C.; Santiago, E. I., 

Influence of sol–gel media on the properties of Nafion–SiO2 hybrid electrolytes for high 

performance proton exchange membrane fuel cells operating at high temperature and low 

humidity. Electrochimica Acta 2013, 94, 353-359. 

42. Satterfield, M. B.; Majsztrik, P. W.; Ota, H.; Benziger, J. B.; Bocarsly, A. B., Mechanical 

properties of Nafion and titania/Nafion composite membranes for polymer electrolyte 

membrane fuel cells. Journal of Polymer Science Part B: Polymer Physics 2006, 44 (16), 

2327-2345. 

43. Chalkova, E.; Pague, M. B.; Fedkin, M. V.; Wesolowski, D. J.; Lvov, S. N., Nafion∕ TiO2 

Proton conductive composite membranes for PEMFCs operating at elevated temperature 

and reduced relative humidity. Journal of The Electrochemical Society 2005, 152 (6), 

A1035-A1040. 

44. Brown, A. C.; Hargreaves, J. J., Sulfated metal oxide catalysts. Superactivity through 

superacidity? Green Chemistry 1999, 1 (1), 17-20. 

45. Lu, Y.; Yang, Y.; Sellinger, A.; Lu, M.; Huang, J.; Fan, H.; Haddad, R.; Lopez, G.; Burns, 

A. R.; Sasaki, D. Y., Self-assembly of mesoscopically ordered chromatic 

polydiacetylene/silica nanocomposites. Nature 2001, 410 (6831), 913-917. 

46. Yang, C.-C.; Li, Y. J.; Liou, T.-H., Preparation of novel poly (vinyl alcohol)/SiO2 

nanocomposite membranes by a sol–gel process and their application on alkaline DMFCs. 

Desalination 2011, 276 (1), 366-372. 

47. Zulfikar, M. A.; Mohammad, A. W.; Hilal, N., Preparation and characterization of novel 

porous PMMA-SiO2 hybrid membranes. Desalination 2006, 192 (1-3), 262-270. 

48. Licoccia, S.; Traversa, E., Increasing the operation temperature of polymer electrolyte 

membranes for fuel cells: From nanocomposites to hybrids. Journal of power sources 

2006, 159 (1), 12-20. 

49. Siddiqui, M. R. H.; Al-Wassil, A. I.; Al-Otaibi, A. M.; Mahfouz, R. M., Effects of precursor 

on the morphology and size of ZrO2 nanoparticles, synthesized by sol-gel method in non-

aqueous medium. Materials Research 2012, 15 (6), 986-989. 

50. Jalani, N. H.; Dunn, K.; Datta, R., Synthesis and characterization of Nafion®-MO2 (M= Zr, 

Si, Ti) nanocomposite membranes for higher temperature PEM fuel cells. Electrochimica 

Acta 2005, 51 (3), 553-560. 

51. Lu, S.; Wang, D.; Jiang, S. P.; Xiang, Y.; Lu, J.; Zeng, J., HPW/MCM‐41 phosphotungstic 

acid/mesoporous silica composites as novel proton‐exchange membranes for elevated‐

temperature fuel cells. Advanced Materials 2010, 22 (9), 971-976. 



177 
 

52. Chen, Z.; Holmberg, B.; Li, W.; Wang, X.; Deng, W.; Munoz, R.; Yan, Y., Nafion/zeolite 

nanocomposite membrane by in situ crystallization for a direct methanol fuel cell. 

Chemistry of Materials 2006, 18 (24), 5669-5675. 

53. Bonnet, B.; Jones, D.; Roziere, J.; Tchicaya, L.; Alberti, G.; Casciola, M.; Massinelli, L.; 

Bauer, B.; Peraio, A.; Ramunni, E., Hybrid organic-inorganic membranes for a medium 

temperature fuel cell. Journal of New Materials for Electrochemical Systems 2000, 3 (2), 

87-92. 

54. Navarra, M.; Croce, F.; Scrosati, B., New, high temperature superacid zirconia-doped 

Nafion™ composite membranes. Journal of Materials Chemistry 2007, 17 (30), 3210-

3215. 

55. Wang, K.; Chen, L.; Wu, J.; Toh, M. L.; He, C.; Yee, A. F., Epoxy nanocomposites with 

highly exfoliated clay: mechanical properties and fracture mechanisms. Macromolecules 

2005, 38 (3), 788-800. 

56. Fornes, T.; Paul, D., Crystallization behavior of Nylon 6 nanocomposites. Polymer 2003, 

44 (14), 3945-3961. 

57. Munoz, M.; Gallego, S.; Beltrán, J.; Cerdá, J., Adhesion at metal–ZrO2 interfaces. Surface 

Science Reports 2006, 61 (7), 303-344. 

58. Grover, V.; Shukla, R.; Tyagi, A., Facile synthesis of ZrO2 powders: control of morphology. 

Scripta Materialia 2007, 57 (8), 699-702. 

59. Li, W.; Huang, H.; Li, H.; Zhang, W.; Liu, H., Facile synthesis of pure monoclinic and 

tetragonal zirconia nanoparticles and their phase effects on the behavior of supported 

molybdena catalysts for methanol-selective oxidation. Langmuir 2008, 24 (15), 8358-8366. 

60. Yu, H.; Ziegler, C.; Oszcipok, M.; Zobel, M.; Hebling, C., Hydrophilicity and hydrophobicity 

study of catalyst layers in proton exchange membrane fuel cells. Electrochimica Acta 

2006, 51 (7), 1199-1207. 

61. Matsui, K.; Ohgai, M., Formation mechanism of hydrous zirconia particles produced by the 

hydrolysis of ZrOCl2 Solutions: III, kinetics study for the nucleation and crystal‐growth 

processes of primary particles. Journal of the American Ceramic Society 2001, 84 (10), 

2303-2312. 

62. Bauer, F.; Willert-Porada, M., Microstructural characterization of Zr-phosphate–Nafion® 

membranes for direct methanol fuel cell (DMFC) applications. Journal of Membrane 

Science 2004, 233 (1), 141-149. 

63. Tolba, G. M. K.; Bastaweesy, A. M.; Ashour, E. A.; Abdelmoez, W.; Khalil, K. A.; Barakat, 

N. A. M., Effective and highly recyclable ceramic membrane based on amorphous 

nanosilica for dye removal from the aqueous solutions. Arabian Journal of Chemistry 2016, 

9 (2), 287-296. 



178 
 

64. Lehmani, A.; Durand‐Vidal, S.; Turq, P., Surface morphology of Nafion 117 membrane by 

tapping mode atomic force microscope. Journal of Applied Polymer Science 1998, 68 (3), 

503-508. 

65. James, P.; Elliott, J.; McMaster, T.; Newton, J.; Elliott, A.; Hanna, S.; Miles, M., Hydration 

of Nafion® studied by AFM and X-ray scattering. Journal of Materials Science 2000, 35 

(20), 5111-5119. 

66. Velayutham, P.; Sahu, A. K.; Parthasarathy, S., A Nafion-Ceria Composite Membrane 

Electrolyte for Reduced Methanol Crossover in Direct Methanol Fuel Cells. Energies 2017, 

10 (2), 259. 

67. Realpe, A.; Mendez, N.; Acevedo, M., Proton exchange membrane from the blend of 

copolymers of vinyl acetate-acrylic ester and styrene-acrylic ester for power generation 

using fuel cell. International Journal of Engineering and Technology 2014, 6 (5), 2435-

2440. 

68. Penkova, A. V.; Acquah, S. F.; Dmitrenko, M. E.; Sokolova, M. P.; Mikhailova, M. Е.; 

Polyakov, E. S.; Ermakov, S. S.; Markelov, D. A.; Roizard, D., Improvement of 

pervaporation PVA membranes by the controlled incorporation of fullerenol nanoparticles. 

Materials & Design 2016, 96, 416-423. 

69. Gil, E.; Mas, Á.; Lerma, C.; Vercher, J., Exposure factors influence stone deterioration by 

crystallization of soluble salts. Advances in Materials Science and Engineering 2015, 

2015. 

70. Jia, W.; Feng, K.; Tang, B.; Wu, P., β-Cyclodextrin modified silica nanoparticles for Nafion 

based proton exchange membranes with significantly enhanced transport properties. 

Journal of Materials Chemistry A 2015, 3 (30), 15607-15615. 

71. Devrim, Y.; Erkan, S.; Baç, N.; Eroglu, I., Improvement of PEMFC performance with 

Nafion/inorganic nanocomposite membrane electrode assembly prepared by ultrasonic 

coating technique. International Journal of Hydrogen Energy 2012, 37 (21), 16748-16758. 

72. Zhai, Y.; Zhang, H.; Hu, J.; Yi, B., Preparation and characterization of sulfated zirconia 

(SO4
2−/ZrO2)/Nafion composite membranes for PEMFC operation at high temperature/low 

humidity. Journal of Membrane Science 2006, 280 (1), 148-155. 

73. Gupta, G.; Sharma, S.; Mendes, P., Nafion-stabilised bimetallic Pt–Cr nanoparticles as 

electrocatalysts for proton exchange membrane fuel cells (PEMFCs). RSC Advances 

2016, 6 (86), 82635-82643. 

74. Jansen, M.; Guenther, E., Oxide gels and ceramics prepared by a nonhydrolytic sol-gel 

process. Chemistry of materials 1995, 7 (11), 2110-2114. 

75. Sarkar, D.; Mohapatra, D.; Ray, S.; Bhattacharyya, S.; Adak, S.; Mitra, N., Synthesis and 

characterization of sol–gel derived ZrO2 doped Al2O3 nanopowder. Ceramics international 

2007, 33 (7), 1275-1282. 



179 
 

76. Baglio, V.; Di Blasi, A.; Antonucci, V., FTIR spectroscopic investigation of inorganic fillers 

for composite DMFC membranes. Electrochemistry Communications 2003, 5 (10), 862-

866. 

77. Yang, H.; Lee, D.; Park, S.; Kim, W., Preparation of Nafion/various Pt-containing SiO2 

composite membranes sulfonated via different sources of sulfonic group and their 

application in self-humidifying PEMFC. Journal of Membrane Science 2013, 443, 210-218. 

78. Ostrowska, J.; Narebska, A., Infrared study of hydration and association of functional 

groups in a perfluorinated Nafion membrane, Part 1. Colloid and Polymer Science 1983, 

261 (2), 93-98. 

79. Xuesong, Y., Preparation, Characterization and Application of a Novel PA/SIO2 NF 

Membrane. Procedia Engineering 2012, 44, 2075-2078. 

80. Zou, L.; Vidalis, I.; Steele, D.; Michelmore, A.; Low, S.; Verberk, J., Surface hydrophilic 

modification of RO membranes by plasma polymerization for low organic fouling. Journal 

of Membrane Science 2011, 369 (1), 420-428. 

81. Choi, P.; Jalani, N. H.; Thampan, T. M.; Datta, R., Consideration of thermodynamic, 

transport, and mechanical properties in the design of polymer electrolyte membranes for 

higher temperature fuel cell operation. Journal of Polymer Science Part B: Polymer 

Physics 2006, 44 (16), 2183-2200. 

82. Bauer, F.; Denneler, S.; Willert‐Porada, M., Influence of temperature and humidity on the 

mechanical properties of Nafion® 117 polymer electrolyte membrane. Journal of Polymer 

Science Part B: Polymer Physics 2005, 43 (7), 786-795. 

83. Zhang, L.; Xu, J.; Hou, G.; Tang, H.; Deng, F., Interactions between Nafion resin and 

protonated dodecylamine modified montmorillonite: A solid state NMR study. Journal of 

Colloid and Interface Science 2007, 311 (1), 38-44. 

84. Savadogo, O., Emerging membranes for electrochemical systems: Part II. High 

temperature composite membranes for polymer electrolyte fuel cell (PEFC) applications. 

Journal of Power Sources 2004, 127 (1), 135-161. 

85. Aksoy, E. A.; Akata, B.; Bac, N.; Hasirci, N., Preparation and characterization of zeolite 

beta–polyurethane composite membranes. Journal of Applied Polymer Science 2007, 104 

(5), 3378-3387. 

86. Sacca, A.; Carbone, A.; Passalacqua, E.; D’epifanio, A.; Licoccia, S.; Traversa, E.; Sala, 

E.; Traini, F.; Ornelas, R., Nafion–TiO2 hybrid membranes for medium temperature 

polymer electrolyte fuel cells (PEFCs). Journal of Power Sources 2005, 152, 16-21. 

87. Arico, A.; Baglio, V.; Di Blasi, A.; Creti, P.; Antonucci, P.; Antonucci, V., Influence of the 

acid–base characteristics of inorganic fillers on the high temperature performance of 

composite membranes in direct methanol fuel cells. Solid State Ionics 2003, 161 (3-4), 

251-265. 



180 
 

88. Li, Q.; He, R.; Jensen, J. O.; Bjerrum, N. J., Approaches and recent development of 

polymer electrolyte membranes for fuel cells operating above 100 oC. Chemistry of 

Materials 2003, 15 (26), 4896-4915. 

89. Liu, W.; Ruth, K.; Rusch, G., The membrane durability in PEM fuel cells. Journal of New 

Materials for Electrochemical Systems 2001, 4 (4), 227-232. 

90. Kumar, B.; Fellner, J., Polymer–ceramic composite protonic conductors. Journal of Power 

Sources 2003, 123 (2), 132-136. 

91. Wang, Z.; Tang, H.; Zhang, H.; Lei, M.; Chen, R.; Xiao, P.; Pan, M., Synthesis of 

Nafion/CeO 2 hybrid for chemically durable proton exchange membrane of fuel cell. 

Journal of Membrane Science 2012, 421, 201-210. 

92. Vaivars, G.; Maxakato, N. W.; Mokrani, T.; Petrik, L.; Klavins, J.; Gericke, G.; Linkov, V., 

Zirconium phosphate based inorganic direct methanol fuel cell. Mater. Sci 2004, 10, 162-

165. 

93. Kim, B.-N.; Lee, D.-H.; Han, D.-H., Thermal, mechanical and electrical properties on the 

styrene-grafted and subsequently sulfonated FEP film induced by electron beam. Polymer 

Degradation and Stability 2008, 93 (6), 1214-1221. 

94. Cong, Y.; Li, B.; Yue, S.; Fan, D.; Wang, X.-j., Effect of oxygen vacancy on phase transition 

and photoluminescence properties of nanocrystalline zirconia synthesized by the one-pot 

reaction. The Journal of Physical Chemistry C 2009, 113 (31), 13974-13978. 

95. Zhu, Y.-F.; Shi, L.; Liang, J.; Hui, D.; Lau, K.-t., Synthesis of zirconia nanoparticles on 

carbon nanotubes and their potential for enhancing the fracture toughness of alumina 

ceramics. Composites Part B: Engineering 2008, 39 (7), 1136-1141. 

 

 

 

 

 

 

 

 

 

 

 

 



181 
 

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®-ZrO2 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®-ZrO2 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)1, 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 5-6. 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 ºC 7-8, can lower the 

membrane’s stability, performance and lifetime due to the rearrangements of polymer 9-10. 
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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 11-12. 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 13. 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 14. 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 15. It has been  

reported in literature that the decreases in MeOH crossover due to the incorporated with 

zirconium or titanium phosphate 15, TiO2 16, SiO2 17, alumina silicates 18 and palladium 

nanoparticles 19. The incorporation of specific  morphology metal oxide within Nafion® 

membrane, allows the interaction of nanofiller with membrane 20. Modification with ZrO2 lower 

membrane swelling and methanol permeation 21. 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 22. 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 ZrO2 nanoparticles  

The ZrO2 nanoparticles were prepared with the precipitation method. Zirconium oxychloride 

hydrate (ZrOCl2 .8H2O) and sodium hydroxide (NaOH) were used as starting materials. 0.2M 

ZrOCl2.8H2O was prepared in a 250 ml beaker and 2N NaOH solution was added dropwise 



183 
 

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 (Cl-) 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 23. 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. 

 

 

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 nanocomposite membranes were 

observed under X-ray diffraction (XRD) analysis 24. 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 ° 2θ, which can be attributed to the semi-crystallinity of the perfluorocarbon chains of 

the ionomer 25. 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.  

 

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) 10µm and (b) 1µm, Nafion®/ Zr-50 
(c) 10µm and (d) 1µm, Nafion®/Zr-120 (e) 10µm and (f) 1µm and Nafion®/Zr-150 (g) 10µm and 
(h) 1µm nanocomposite membranes. 
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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 26. The third weight loss at 500 °C is assigned to the degradation of the polymer 

main chain 27-29. 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-1,  which corresponds 

to the presence of bound water and the -OH functional group on the surface of the Zr- 

nanoparticles 30-31. Figure 6-5(b) shows the vibration peak at 1016 cm-1 and  the peak at 1550 

cm-1 in the Nafion®/ Zr-150 nanocomposite membrane due to Zr-OH bending vibrations, 

indicating the presence of zirconia nanoparticles within the modified Nafion® membrane 32.  
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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 μL) 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 33. 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.  
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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). 
 

 

 

Figure 6- 9: Stress value at 0.236 strain (a), Percentage difference of wet and dry Nafion®117 
membrane, Nafion®/ Zr-50, Nafion®/ Zr-120 and Nafion®/ Zr-150 nanocomposite membranes. 
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Figure 6- 10: Comparison of dry and wet membrane (stress at 0.236 strain) of Nafion®117 
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 ºC, 60 ºC and 80 ºC 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 35: 

 

𝐶𝐵 =
𝐴 𝑃

𝑉𝐵 𝐿
 𝐶𝐴 (𝑡 − 𝑡𝑂)                                                                        (6-1) 

 

where CA is the initial methanol concentration in compartment A; CB the methanol 

concentration in compartment B at diffusion time t; VB 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 ºC, 60 ºC and 80 ºC 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 36-37. 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 cm2/s when compared with 1.77×10-6 cm2/s, 1.66×10-6 cm2/s and 1.22×10-6 

cm2/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 ºC 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 ºC, as 

the methanol permeability of the Nafion® 117 membrane is lower than the modified Nafion® 

117 membranes 38-41. Figure 6-12(a) shows that when the temperature was raised to 80 ºC, it 

obtained a methanol permeability of 2.87×10-6 cm2/s, 1.88×10-6 cm2/s, 1.98×10-6 cm2/s and 

1.98×10-6 cm2/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 42 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.43. 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 44. The ionic conductivity (k) was calculated according to the 

following Equation 6: 

 

                                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.  

 

Figure 6- 13:  Schematic diagram of a proton conductivity cell for the four-point-probe 
electrochemical impedance spectroscopy technique. 
 

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 H2SO4 and then immersed in deionised water for six hours at 60 ºC. 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-1, 0.090 S cm-1, 0.097 S cm-1 and 0.113 S cm-1, 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®/ Zr-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 45.  
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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 oC 

Membranes 
Proton conductivity 
(S/cm) at 25 oC 

Membrane 
resistances (Ohm) 

Membrane thickness 
(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 

 

 

 

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 µm. 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 nanoparticles into small pieces and well impregnated within the membrane matrix. 

All the nanocomposite membranes have impregnated with the same mass percentage of 

zirconia nanoparticles, but Zr-120 nanoparticles clearly show that zirconia nanoparticles 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 47, 

reducing the weight loss rate while also increasing the decomposition of the nano-composite 

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 

a membrane. 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-1 and 1474 cm-1 due to 

Zr-OH bending vibrations,  indicating the presence of  zirconia nanoparticles within the 

modified Nafion membrane 32. While the peak observed at 2355 cm-1  and 2927 cm-1  are due 

to the presence of inorganic ions.  Comparison FTIR results of Nafion® 117 membrane shows 

the band at 3456 cm-1 due to O-H vibration corresponding to physically adsorbed water 48-49. 

Similar vibration peaks at 1195 cm-1 and 1198 cm-1 in all the membranes were observed, which 

attributed to the -CF2-CF2- vibration  and 1060 cm-1 attributed to -SO3
- 50-51. Furthermore, two 

major vibrational structures at 1199cm-1 and 1146cm-1 for CF2 stretching vibration of the 

Nafion®  backbone are shown 30 and 1065 cm-1 and 978 cm-1, which are attributed to the 

stretching vibration moieties of SO3- and C-O-C, respectively 30. 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 nanoparticles 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 ZrO2 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 ZrO2 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 nano-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 10-6 cm2/s compared with the 

pristine Nafion® 117 membrane (1.98×10-6 cm2/s) at a higher temperature of 80 ºC 53-54. 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 nanoparticles 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 nanoparticles 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 nanoparticles at vibration peak at 

1550 cm-1 and 1474 cm-1 due to Zr-OH bending vibrations and at 2355 cm-1 and 2927 cm-1. 

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 ºC. This observation shows the 

possibilities of modified Nafion® membrane to operate at high temperature and reduced 

relative humidity. The incorporation of the ZrO2 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 ZrO2 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 

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.  

 

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 liquid 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 55. 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 56. 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 57. This also lowers cell performance, which results in 

degradation due to anode dehydration 43. Furthermore, the high methanol permeability, high 

production cost and complicated and time-consuming manufacturing process has limited the 

Nafion® membrane to function in DMFCs 58. It is well known that working at higher 

temperatures is favourable for the kinetics of Pt catalyst and may improve its tolerance to 

contaminants 59, 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 60 and enhances reaction kinetics at both electrodes. The modification of Nafion® 

membrane with inorganic particles such as silicon dioxide (SiO2), titanium dioxide (TiO2) and 

zirconium oxide (ZrO2) 61 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 61. The retained water 

within the inorganic particles does not evaporate even under dry conditions, due to 

electrostatic attraction within the electrical double layer 62. 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 meq/g and increased water uptake due to the sulfate ions, 

which increases the sulfonic acid content within the membrane 63. 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-ZrO2 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
2-

)x(H2O)]nn(2-2x)  64. Moreover, impregnating the S-ZrO2 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 65. 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 ZrO2 nanoparticles 

The ZrO2 nanoparticles were prepared by precipitation method where zirconium oxychloride 

hydrate (ZrOCl2 .8H2O) and sodium hydroxide (NaOH) were used as starting materials. 0.2M 

ZrOCl2.8H2O 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 (Cl-) 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 ZrO2 [66]. 

 

6.7.3. Preparation of Sulfated zirconia oxide (S-ZrO2) nanoparticles 

Sulfated zirconia oxide (S-ZrO2) was prepared by two methods: firstly, by vigorously stirring 

the dried ZrO2 nanoparticles in 0.5 M H2SO4 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-ZrO2 
67. Secondly, the ZrO2 nanoparticles was mixed with 0.5M 

(NH4)2SO4 solution for 30 minutes at room temperature. Then the particles were filtered, dried 



202 
 

and calcined following the above procedure and the resulting particles were crushed with a 

mortar and pestle and labelled S-ZrO2 (NH3SO4). 

 

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 μL) 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 33. 

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:  

 

𝑾𝒖𝒑(%) =
(𝒎𝒘𝒆𝒕−𝒎𝒅𝒓𝒚)

𝒎𝒅𝒓𝒚
𝑿𝟏𝟎𝟎                                                                                 (6-3)                                                                                                                            
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𝑺𝑹(%) =
(𝑳𝒘−𝑳𝒅)

𝑳𝒅
𝑿𝟏𝟎𝟎                   (6-4)                                   

                                                                                                                              

Where Wup is the percentage of water uptake, mwet is the weight of wet membrane and mdry is 

the weight of the dried membrane, Lw is the length of the wet membrane and Ld is the length 

of the dried membranes. 

 

6.7.8. Ion exchange capacity (IEC)  

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

 

IEC =
VNaOH  X CNaOH

Wsample
                                                                                                 (6-5)                                    

 

Where VNaOH is the titrated volume of NaOH and Wsample 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 ºC, 60 ºC and 80 ºC 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: 

   𝑪𝑩 =
𝑨 𝑷

𝑽𝑩 𝑳
 𝑪𝑨 (𝒕 − 𝒕𝟎)                                                                                     (6-6) 

 

where CA is the concentration of initial methanol in compartment A; CB the concentration of 

methanol in compartment B at diffusion time t; VB 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 44. The ionic conductivity (σ) 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 H2SO4 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−1 attributed to the CF2 stretching vibration of 

the PTFE backbone 30. The observed peaks at 1 062 cm−1 and 1 212 cm−1 were attributed to 

the symmetry and asymmetry stretching vibrations of SO3−, the peak at 983 cm−1 corresponds 

to the C-O-C symmetry stretch and was assigned to symmetric stretching frequencies of S-O 

bonds 30 as shown in Figure 6-15. Furthermore, the peaks observed at 636 cm−1 and 515 cm−1 

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 68. 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-1 is attributed to O-H stretching of Zr- 

nanoparticles, whereas the peak was less shallow on nanocomposite membranes 31 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−1 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 68. Figure 6-15(b) shows the bands at 1 442 cm−1 which assigned to the 

asymmetric or symmetric stretching vibration frequencies of S=O or S-O bonds 69. The bands 

at 1 680cm−1 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) 70. 

 

Figure 6-15: FTIR spectra of (a) Nafion®/S-ZrO2 (NH3SO4), (b) Nafion®/S-ZrO2 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° 2θ, which 

can be attributed to the semi-crystalline nature of the perfluorocarbon  peak chains of the 

ionomer 25. 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 71. The XRD pattern of nanocomposite membranes showed 

similar patterns when compared to commercial Nafion® membrane with the two diffraction 

peaks at Bragg angles (2θ) of 17.5° and 39°.  
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Figure 6-16: XRD patterns of (a) Nafion®/S-ZrO2 (NH3SO4), (b) Nafion®/S-ZrO2 
nanocomposite membranes and (c) Nafion® 117 membrane. 
 

6.8.3. The thermal degradation analysis (TGA) and derivative thermogravimetric (DTG) 

analysis  

Thermal degradation analysis and derivative thermogravimetric analysis of Nafion®/S-ZrO2 

(NH3SO4), Nafion®/S-ZrO2 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-ZrO2 (NH3SO4) 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 51. Figure 6-17(b) shows that modified Nafion® membrane with S-ZrO2 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 26. The initial weight loss of Nafion®/S-ZrO2 was more 

improved compared to Nafion®/S-ZrO2 (NH3SO4) nanocomposite membranes as shown in 

Figure 6-17(b). This may be due to the incorporation of S-ZrO2 nanoparticles that enhanced 

water retention within the membrane, which increased to a higher temperature degradation 72 

as confirmed by DTG on Figure 6-17(insert). Figure 6-17(b) shows the second weight loss of 

Nafion®/S-ZrO2 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 73. 

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. 

                                               

Figure 6-17: The TGA/DTG curves of (a) Nafion®/S-ZrO2 (NH3SO4), (b) Nafion®/S-ZrO2 
nanocomposite membranes and (c) Nafion® 117 membrane. 
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6.8.4. Morphology 

 

 

 

Figure 6-18: Scanning Electron Microscopy (SEM) of (a-b) Nafion®/ S-ZrO2 (NH3SO4), (c-d) 
Nafion®/ S-ZrO2 nanocomposite membranes and (e-f) Nafion® 117 membrane. 
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The surface morphology of Nafion®/S-ZrO2 (NH3SO4), Nafion®/S-ZrO2 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-ZrO2 (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 μm 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-ZrO2 

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 nanocomposite 

membranes as shown in Figure 6-19. Figure 6-19(a-b) and (c-d) show the amplitude and 

topography images of Nafion®/S-ZrO2 (NH3SO4) and Nafion®/S-ZrO2 nanocomposite 

membranes. The surface roughness of Nafion®/S-ZrO2 (NH3SO4) and Nafion®/S-ZrO2 

nanocomposite membranes was 41.46 nm and 6.59 nm, respectively, which may be due to 

impregnating S-ZrO2 nanoparticles in Nafion® membrane. Figure 6-19(c) shows the amplitude 

image; significant changes are clearly seen due to the incorporation of S-ZrO2 (NH3SO4), 

which is well interacted with Nafion® membrane 75. The increased roughness on modified 

Nafion® nanocomposite membranes improves the contact between the electrodes 76. Figure 

6-19(d) shows that Nafion®/S-ZrO2 nanocomposite membrane was less rough in the 

topography images.  
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Figure 6- 19: AFM (a-b) amplitude image of Nafion®/S-ZrO2 (NH3SO4) and Nafion®/S-ZrO2 
nanocomposite membranes and (c-d) topography amplitude image of Nafion®/S-ZrO2 
(NH3SO4) and Nafion®/S-ZrO2 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) 77. Figure 6-20A(b) shows that the contact angles of 

Nafion®/S-ZrO2 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-ZrO2 (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 58. 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-ZrO2, Nafion®/S-

ZrO2 (NH3SO4) 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-ZrO2 (NH3SO4) and Nafion®/S-ZrO2 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-ZrO2 nanoparticles 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-ZrO2 (NH3SO4) nanoparticles showed increased water uptake at a 

higher temperature than modified with S-ZrO2 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 78. 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 79. 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-ZrO2 and 

Nafion®/S-ZrO2 (NH3SO4) nanocomposite membranes was 1.2 meq-g-1 and 1.3 meq-g-1, 

respectively, which is higher than that of commercial Nafion® 117 (0.93 meq-g-1)  80. 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-ZrO2 and 
(c) Nafion®/S-ZrO2 (NH3SO4) nanocomposite membranes, water uptake (B), linear expansion 
(C) and IEC (D) of Nafion® 117 membrane, Nafion®/S-ZrO2 and Nafion®/S-ZrO2 (NH3SO4) 
nanocomposite membranes. 
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Table 6- 2: IEC and proton conductivity of Nafion® 117 membrane, Nafion®/S-ZrO2 and 
Nafion®/S-ZrO2 nanocomposite membranes 

Membranes Nafion® 

117 

Nafion®/S-ZrO2 Nafion®/S-ZrO2 

(NH3SO4) 

IEC (meq/g) 0.93 1.2 1.3 

Proton conductivity (S/cm) at 25 oC 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-ZrO2 and Nafion®/S-ZrO2 (NH3SO4) 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 10-7 cm2/s for commercial Nafion® 

117 membrane as shown in Figure 6-21. This may be due to the impregnation of S-ZrO2 and 

S-ZrO2 (NH3SO4) 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 81. At lower  concentration of 2 

M methanol, there was no methanol crossover observed for all membranes at different 

temperatures 82.  The methanol crossover of nanocomposite membranes decreases with the 

addition of S-ZrO2 and S-ZrO2 (NH3SO4) nanoparticles, due to the more compact structure. 

Nafion®/S-ZrO2 (NH3SO4) nanocomposite membranes shows the lower methanol crossover 

of 1.50 x10-7 cm2/s), that those of Nafion®/S-ZrO2 nanocomposite membranes (1.31 x 10-7 

cm2/s) and commercial Nafion® 117 (1.99 x 10-6 cm2/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 83. Nafion®/S-ZrO2 (NH3SO4) and Nafion/S-ZrO2 

nanocomposite membrane obtained the highest selectivity of 5.24 x 107 Ss cm-3 and 1.12 x 

107 Ss cm-3, which is much higher than that of Nafion® 117 (5.68 x 104 Ss cm-3) 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-ZrO2 and Nafion®/S-ZrO2 (NH3SO4) nanocomposite membranes 
at 30 °C, 60 °C and 80 °C, (b) selectivity ratio of Nafion® 117 membrane, Nafion®/S-ZrO2 and 
Nafion®/S-ZrO2 (NH3SO4) 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-ZrO2 (NH3SO4) and Nafion®/S-ZrO2 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-ZrO2 (NH3SO4) nanocomposite 
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membranes is higher than that of Nafion®/S-ZrO2 nanocomposite membranes as shown in 

Figure 6-22(a). This may be due to the incorporation of sulfated zirconia ((S-ZrO2 (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)2SO4 acid 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-ZrO2 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.  

 

Figure 6- 22: proton conductivity of Nafion® 117 membrane, Nafion®/S-ZrO2 and Nafion®/S-
ZrO2 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-ZrO2 (NH3SO4) 

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 nanocomposite 

membranes. Nafion®/ S-ZrO2 (NH3SO4) 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-ZrO2 (NH3SO4) and Nafion®/ S-ZrO2 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-ZrO2 (NH3SO4) is greater than Nafion®/S-ZrO2 

nanocomposite membranes. This may be due to the incorporation of sulfated zirconia ((S-

ZrO2 (NH3SO4)) 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-ZrO2 (NH3SO4) nanocomposite membrane was lower than that of Nafion® 117 

membrane and Nafion®/S-ZrO2 nanocomposite membrane. This confirms that the lower the 

resistance, the higher the conductivity. The incorporation of S-ZrO2 (NH3SO4) nanoparticles 

lowers the resistance of Nafion® membrane. The conclusion is that the sulfated zirconia with 

NH3SO4 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 84-85. 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 18. 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 15, 86. 

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 53. Costamagna 

et al. obtained stable behaviour on Nafion®/ zirconium phosphate membranes with the 

electronic current of 1500 mA/cm2 while compared with Nafion® membrane that sustain an 

irreversible degradation with the electronic current of 250 mA/cm2 produced at 0.45 V and 

130°C temperature 87-88. 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 89-90. Moreover, the modified Nafion® membrane 

with ZrP obtained a higher proton conductivity and decreased methanol permeability at a 

higher temperature of 150 °C 46. 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 53. 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 

ZrOCl2·8H2O aqueous solution in 6 M solution of phosphoric acid (H3PO4) and stirred for 30 

minutes. The solution was then refluxed at 80 ºC 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 ºC and then calcinated it at 600 ºC 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 91. 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 nanocomposite
 
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 ºC, 60 ºC and 80 ºC 

temperature. Then was removed, wiped, measured and weighed. Water uptake and 

dimensional swelling ratio were calculated according to the equations below: 

 

𝑾𝒖𝒑(%) =
(𝒎𝒘𝒆𝒕−𝒎𝒅𝒓𝒚)

𝒎𝒅𝒓𝒚
𝑿𝟏𝟎𝟎                                                                          (6-8)      

 

𝑺𝑹(%) =
(𝑳𝒘−𝑳𝒅)

𝑳𝒅
𝑿𝟏𝟎𝟎                                                                                   (6-9)         

 

Where Wup is the percentage of water uptake, mwet is the weight of wet membrane and mdry is 

the weight of the dried membrane, Lw is the length of the wet membrane and Ld is the length 

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

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

membrane was determined by titration method: 

 

IEC =
VNaOH  X CNaOH

Wsample
                                                                                  (6-10)                   

 

Where VNaOH is the titrated volume of NaOH and Wsample 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 ºC, 60 ºC and 80 ºC 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: 

 

  𝐂𝐁 =
𝐀 𝐏

𝐕𝐁 𝐋
 𝐂𝐀 (𝐭 − 𝐭𝟎)                                                                               (6-11)                     

 

where CA is the concentration of initial methanol in compartment A; CB the concentration of 

methanol in compartment B at diffusion time t; VB 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 44. The ionic conductivity (σ) was calculated according to the 

following equation: 
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                σ =  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-1. The band at 3456 cm-1 in 

Figure 6-23(a-d) shows the O-H stretching vibration corresponding to physically adsorbed 

water 48-49 and 1630 cm-1 due to O-H bending vibration. It was observed that the ZrP bands at 

797 cm−1, 509 cm−1 and 446 cm−1 corresponds to stretching peaks of Zr–O and P–O4 as 

indicated in Figure 6-23(a-c) 92. Figure 6-23(b) shows the vibration peak at 1016 cm-1 and the 

peak at 1550 cm-1 due to Zr-OH bending vibrations, indicating the presence of zirconia 

nanoparticles within the modified Nafion® membrane 32. The stretch vibrations between 2925 

and 2865 cm-1, are attributed to the C–H stretching of the modified Nafion® in Figure 6-23(a-

b) 93. The band at 1060 cm-1, due to symmetric S-O stretching as shown in Figure 6-23(a-d) 

94. Figure 6-23(a-d) shows the band at 1145 cm-1, due to symmetric C-F stretching and a band 

at 1201 cm-1, due to asymmetric C-F stretching 30, 94. The peaks observed at 976 cm-1 in Figure 

6-23(a-d) attributed to the C-O-C stretching 94. The band at 512 cm-1 is attributed to symmetric 

O-S-O bending and the band at 632 cm-1 is assigned to the stretching of C-S groups 94 
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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 nanoparticles 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 1µm 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 µm and 100 nm). 
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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° 2θ, which can be attributed to semi crystalline of the 

perfluorocarbon chains of the ionomer 25. 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° 2θ. 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 71.  

 

 

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 73. The second weight loss is attributed to the 

degradation of the sulfonic groups of Nafion®  membrane that starts at 380 °C 26. The third 

weight loss was assigned to degradation of the polymer backbone chain 29. 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) 26. 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 95. The 

third weight loss was assigned to degradation of the polymer main chain 29. 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 47, 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 nanoparticles 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 nanoparticles 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 96. 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. 

 

 

 

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 97, 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 cm2/s (no crossover) when compared to 8.84 10-7 cm2/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 1.66×10-6 cm2/s, 1.55×10-6 cm2/s, 1.42×10-6 cm2/s and 1.99×10-6 cm2/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 
solutions 

2M 2M 2M 5M 5M 5M 

Temperature 30 °C 60 °C 80 °C 30 °C 60 °C 80 °C 

Nafion 117 - - - - 8.84E-07  1.99E-06  

Nafion®/ 2.5% 
ZrP 

0 0 0 0 0  1.66E-06  

Nafion®/ 5% ZrP 0 0 0 0 0  1.55E-06  

Nafion®/ 7.5% 
ZrP 

0 0 0 0 0  
1.42E-06 
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6.12.7. Water uptake, dimensional swelling ratio, Ion 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® 58. Incorporating of zirconia 

phosphates nanoparticles 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 85. 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 Ion 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-1 and 0.013 S cm-1) at 30 oC were slightly lower than 

Nafion® 117 membrane (0.015 S cm-1) 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 nanoparticles in the membrane decreases the proton conductivity at lower 

temperature 73, 98. 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) 99. 

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, 1.46 meg. g-1 and 1.68 meg. g-1, respectively when 
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compared to 0.93 meg. g-1 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.  

 

 

Figure 6- 29: Water uptake (a), linear expansion (b), Ion 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 

conductivity 

(S/cm) at 30 °C 

Proton 

conductivity 

(S/cm) at 60 °C 

Proton 

conductivity 

 (S/cm) at 80 °C 

IEC 

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 ºC 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 ºC, 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 

ºC. The results show the decrease of methanol permeability of modified Nafion® membrane at 

higher temperature of 80 ºC 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 CO2, that pollute our environment 1. Proton exchange membrane 

fuel cells (PEMFCs) have been considered as an alternate to our petroleum-fuelled 

transportation due to them having fewer or no CO2 emissions 2. Fuel cells generate energy by 

converting chemical energy directly into electricity without releasing poisonous gases such as 

SOx and NOx, 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 5-6. 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 7. 

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 9. 

Electrospun PAN nanofibers have been found to have multifaceted applications 10, such as 

electrode materials in supercapacitors and fuel cells 11, and they also have good mechanical 

properties 9. 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 
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efficiency and long-term stability. These effects may be due to the low thermal plasticity of 

PAN polymer 12. Nafion® membranes incorporated with metal oxides such as ZrO2, zeolite, 

TiO2 and SiO2 shows improvement on the mechanical strength and proton conductivity while 

maintaining its water management 13. In addition, the water within the modified membrane 

does not evaporate, which increases the proton migration within the membrane 14. ZrO2 

maintains a high melting point and has both outstanding chemical stability and excellent 

mechanical properties 15. 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 16. To reduce the 

agglomeration of ZrO2 nanoparticles and improve water diffusion, ZrO2 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 17. 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 Ion 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 oC, and then heated at 160 oC 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 (λ) of membranes  

The membranes were soaked in distilled water for one day at 30o C, 60o C and 80o 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:  

 

𝐖𝐮𝐩(%) =
(𝐦𝐰𝐞𝐭−𝐦𝐝𝐫𝐲)

𝐦𝐝𝐫𝐲
𝐱𝟏𝟎𝟎  (7-1) 

                      and 

𝐒𝐑(%) =
(𝐋𝐰−𝐋𝐝)

𝐋𝐝
𝐱𝟏𝟎𝟎 (7-2)  
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Wup is the percentage of water uptake, mwet is the weight of wet membrane and mdry is the 

weight of the dried membrane, SR is the percentage of swelling ratio, Lw is the length of the 

wet membrane and Ld is the length of the dried membranes. 

 

Hydration number (λ) 

The hydration number (λ) 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 (λ) was calculated according to the equation below 19: 

 

λ =
𝐖𝐔

𝐈𝐄𝐂𝐱 𝟏𝟎𝟎𝐱𝟏𝟖
  (7-3)  

 

7.2.6.  Ion exchange capacity 

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

 

IEC =
VNaOH  X CNaOH

Wsample
  (7-4)  

 

where VNaOH is the titrated volume of NaOH and Wsample 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 ºC, 60 ºC and 80 ºC 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

𝐕𝐁 𝐋
 𝐂𝐀 (𝐭 − 𝐭𝟎)  (7-5) 
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where CA is the concentration of initial methanol in compartment A; CB the concentration of 

methanol in compartment B at diffusion time t; VB 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 20. The ionic conductivity (σ) 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 H2SO4 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 mgcm-2 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 nanoparticles 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 µm 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 21. 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 nanocomposite 

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-1 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-1 and 1140 cm-1, which can 
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be assigned to the stretching modes of C–F 22 and the strong peaks at 1051 cm-1 and 972 cm-

1 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-1, due to vibration of the Zr-O group, while the peak observed at 2335 

cm-1 is due to the presence of inorganic ions 23 . Therefore, the appearance of Zr-O groups at 

the nanocomposite membrane confirms the presence of zirconia nanoparticles within the 

electrospun nanofibers.  

 

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 2θ = 17 ° and 2θ = 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 24. However, the peak at 2theta 

= 17 ° is also assigned to crystal planes of electrospun PAN 25, 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 2θ = 17 ° and 2θ = 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 2θ = 17 ° and 2θ = 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 

2θ= 11° due to the added GO in the membrane 26 and weak peaks at 2θ= 9° and 2θ= 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 2θ = 17 ° and 2θ = 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. 

 

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 27. The second weight loss at 550-680° C is due to the 

degradation of the polymer main chain of PAN nanofibers and Nafion® membrane 28-29. 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 30. 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 31. 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 27. 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 27. The third weight loss at 550° C was due to the degradation of the polymer main 

chain 32. 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 31. 
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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), Ion exchange capacity (IEC), swelling ratio (SR) and 

hydration number (λ) 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 (λ) 

compared with recast Nafion® membrane. The higher water uptake of the nanocomposite 

membrane at the higher temperature sustained the proton conductivity of the membrane 33. 

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 34-35. 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 

36. This water uptake of recast Nafion® membrane was higher than that obtained by Gosalawit 

et al. 37. 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 nanoparticles. 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 meq/g, 1.2 meq/g and 1.1 meq/g, 

which is higher than that of recast Nafion® membrane (0.95 meq/g) 38. 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 (SO3H) of the Nafion® membrane 38-39. 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 40. Water retention within the membrane promotes 

the proton transporting within PEMs 41. As shown in Figure 7-6(d), the hydration number (λ) 

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 42. 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 43 and also increases the proton conductivity of blended membranes.  
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Figure 7- 6: The Water uptake (a), swelling ratio (b), Ion exchange capacity (c) and hydration 
number (λ) (d) measurements of Nafion®-PAN/Zr nanofibers, Nafion®-PAN/ZrP nanofibers, 
Nafion®-PAN/ZrGO nanofibers membranes and recast Nafion® membrane. 
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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 

 

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 44. 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 45. 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 46. In addition, the decrease in methanol 

permeability may due to the very low permeation of water and methanol through PAN polymer 

or nanofibers 44. 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 10-8 

cm2/s, 9.58 x 10-8 cm2/s and to 4.37 x 10-7 cm2/s, respectively, which represents an 

improvement when compared to that of recast Nafion® membrane (9.12 x 10-7 cm2/s). These 

results make the blended Nafion® with PAN nanofibers suitable for use in DMFC applications. 

   Swelling Ratio  Water Uptake 

Membranes 

IEC  

(meq. 

g-1) 

30o 

C  60o C  80o C 30o C 60o C 80o C 

Nafion®/ PAN-Zr nanofibers 1.3 17 23 30 35 40 49 

Nafion®/ PAN-ZrP nanofibers 1.1 15 22 30 32 34 37 

Nafion®/ PAN-ZrGO nanofibers 1.2 20 25 30 34 38 42 

Recast Nafion®  0.95 9 26 29 27 30 32 
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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 47. 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 107 Ss cm-3, 2.82 x 106 Ss cm-3 and 1.05 x 106 Ss cm-3 respectively, 

when compared to 2.74 x 105 Ss cm-3 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  

(S/cm)   

Methanol permeability  

(cm2.s−1) 

Selectivity 

ratio  

(Ss/ 

cm2.s−1) 

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 48, 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 ZrO2 nanoparticles retain water within the membranes 41. This is also 

confirmed by the higher water uptake obtained, a factor that creates a proton channel through 

the membrane 41. 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 49. 
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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-2 at current density of 250 mA cm-2, 75.9 mW cm-2 at current density of 250 mA 

cm-2 and 43.9 mW cm-2 current density of 200 mA cm-2, compared to the 18.0 mW cm-2 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 50. 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 51. The Nafion®-PAN/Zr nanofiber membrane obtained the highest power 

density performance of 47.6 mW cm-2 at current density of 350 mA cm-2 when compared with 

Nafion®-PAN/ZrGO nanofiber and Nafion®-PAN/ZrP nanofiber membranes which, starting at 

a 300 mA cm-2 current density, saw their power density reduced to 32.1 mW cm-2 and 17.3 

mW cm-2. 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 

cm-2, 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 cm-2, with a sharp decrease in fuel cell efficiency at a high current 

density of 250 mA cm-2. 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 λ 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 meq/g, 1.2 meq/g and 1.1 

meq/g, compared to 0.95 meq/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 10-8 cm2/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 cm-2, 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 nanoparticles 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 nanoparticles 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 nanocomposite 

membranes.  Nafion®/ S-ZrO2 (NH3SO4) nanocomposite membrane shows low fuel crossover 

at 80 °C and a higher methanol concentration of 5 M. The membrane resistance of Nafion®/S-

ZrO2 (NH3SO4) nanocomposite membrane was lower than that of Nafion® 117 membrane and 

Nafion®/S-ZrO2 nanocomposite membrane. This confirms that the lower the resistance, the 

higher the conductivity. The conclusion is that the sulfated zirconia with NH3SO4 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/cm2 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. 

 

 


