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Abstract 

 

Hydrogen fuel cells are regarded among clean power sources. They yield almost zero 

emissions with water being the only product. A functional membrane is the heart of the 

proton exchange membrane (PEM) fuel cell. This thesis describes the development of 

novel composite membranes for high-temperature PEM fuel cells (HT-PEMFCs) in 

particular. PEM fuel cells usually operate around 80°C.  HT-PEMFCs operating above 

water’s boiling point are preferred due to their improved kinetics, heat recovery, 

superior water management, and enhanced tolerance to hydrogen fuel impurities. 

Nafion, the current conventional membrane in PEMFCs, cannot be used above 100°C, 

as its proton conductivity decreases dramatically. In this thesis, high-temperature and 

Nafion-free membranes are reported. These membranes are based on zirconium phytate 

(ZrPA), Silicotungstic acid (STA), and ionic liquids (ILs).  Porous 

polytetrafluoroethylene (PTFE) polymer was used as a support. Various mass 

percentages of STA, and ILs were utilized and investigated. The membranes were 

characterized by electrochemical spectroscopy (EIS) and showed promising proton 

conductivity upon the addition of ILs. The unmodified ZrPA membrane had a proton 

conductivity of 6.65×10-4 S/cm. The inclusion of STA resulted in a ten-fold increase, 

raising it to 2.23×10-3 S/cm. This work investigated the effect of adding a plasticizer 

agent, polyethylene glycol (PEG). Further modification with PEG raised the proton 

conductivity to 3.81×10-2 S/cm. The maximum proton conductivity (0.1 S/cm), similar 

to Nafion's conductivity, was obtained with 5.86 wt% of the IL ([HMIM][C4N3
−]). A 

high-temperature test up to 150°C showed a decrease in conductivity by two orders of 

magnitude (10-3 S/cm) but, promising conductivity. Water uptake analysis revealed that 

the modified ZrPA/STA/PEG/ILs membranes could hold more than 60 wt% of water. 

The modified membranes were further characterized by TGA, SEM, EDX, and XRD. 

The TGA results showed a decrease of 34 wt% at 600°C. FTIR and XRD analysis 

indicated a change in their crystalline and revealed substantial changes in particle 

diameter and morphology. The previous results showed that the synthesized 

membranes in this thesis are of great potential for HT-PEMFC applications. 

Keywords: HT-membranes, fuel cells, Zirconium phytate (ZrPA), Silicotungistic 

acid (STA), Polyethylene glycol (PEG), Ionic Liquids (ILs).  
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Chapter 1. Introduction 

1.1. Overview 

 In history, humans have utilized a wide range of energy sources, including coal, 

wind, hydro-energy, geothermal, solar, and fossil fuels. However, fossil fuels have been 

primarily used [1]. The reliance on fossil fuels has led to a depletion that results in 

serious economic instability in several countries, along with fluctuations in oil prices 

[2]. In addition, they have detrimental effect on the environment and ecosystem due to 

excessive pollutant emissions [3][4]. Carbon dioxide, which is one of these emissions 

is considered the primary cause of global warming [5][6]. Consequently, studies have 

been focused on renewable energy sources [7]. Fuel cells are electrochemical devices 

that convert chemical energy into electrical energy [8]. They have been developed for 

different applications, and they can be categorized by fuel type and convertor, oxidizing 

agents, generators, electrolytes, and operating temperatures [9]. When hydrogen is the 

fuel, fuel cells are regarded among the clean power sources where the only product is 

water.  

 The first fuel cell was firstly described in 1839 by Sir William Robert Grove 

[10]. He immersed platinum electrodes in sulfuric acid and introduced 

hydrogen/oxygen gas as the fuel [11]. Ludwig Mond (1839–1909) and Charles Langer 

used coal as fuel and introduced the fuel cell term to describe 20 Am−2 at 0.73 V [12]. 

In 1932, British engineer Francis Bacon modified Langer’s and Mond’s cells to create 

the first alkaline fuel cell, which was used later in Apollo space craft. William W. 

Jacques [13] invented the first practical fuel cell in 1896, while Walther Nernst was the 

first to employ zirconium as a solid electrolyte in 1900. After that in 1950, the first 

polymer electrolyte membrane fuel cell which was designed by Willard Thomas Grubb 

and Leonard Niedrach was used by NASA in the Gemini space program. They were 

using sulfonated polystyrene as their polymer, but it was replaced by Nafion in 1966 

[8]. In 1961 G.V. Elmore and H.A. Tanner synthesized a fuel cell that could operate 

with air directly without the need for pure oxygen and it could work for 6 months 

without any deterioration at 90 mA/cm2 and 0.25 V [13]. Its electrolyte was made of a 

mixture of phosphoric acid and silicon dust based on a Teflon. After that PEMFCs 

started to get huge interest, due to their high efficiency and zero to low emissions to the 

atmosphere when hydrogen is used as fuel. 
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 The proton exchange membrane (PEM) is considered as the core component of 

the fuel cell, as it facilitates the movement of protons or hydrogen ions from the anode 

to the cathode to allow the completion of redox reaction [14]. Among the various 

polymers that have been used in fuel cells, Nafion is the commercially available proton-

conducting membrane, and it’s known as the standard polymer that any new composite 

membrane is compared to it. It was created by DuPont in the late 1960s. It has high 

proton conductivity (0.1 S/cm), due to its sulfonated Perfluorinated polyethylene 

backbone structure. In addition, it has high thermal and mechanical stability at 

temperatures below 90℃ [15]. However, at elevated temperatures above 90℃, it shows 

a dramatic reduction in its proton conductivity, due to the dehydration of ionic clusters 

of its structure, which results in a considerable reduction in PEMFC performance. 

Another issue is Nafion’s high cost, which is preventing widespread manufacture and 

commercialization [16]. 

 High- temperature operation is preferred in fuel cells for several reasons. It 

improves the reaction kinetics of fuel cells, enhances water management, it allows the 

recovery of unused heat and increases the resistance to catalyst poisoning, thus, 

allowing the usage of various types of fuels [17][18]. As a result, there is an outstanding 

effort for developing HT-PEMFCs. Many HT-PEM has been synthesized in the 

literature. They were developed by two strategies. One of them depends on polymers 

that work at low water content conditions with their proton conductivity not being 

affected. While the other is concerned with the anhydrous conditions, where the proton 

movement is not aided by water [19]. In both methods, various types of fillers and 

plasticizers are utilized [14]. 

 In this thesis, a new composite Nafion-free membranes are synthesized. They 

are composed of zirconium phytate (ZrPA) with Silicotungstic acid and other additives 

such as polyethylene glycol, and Ionic Liquids. These membranes have been 

investigated for their proton conductivity, morphology, water uptake, and theirs 

chemical and mechanical stability at high temperatures. The objective of this work is 

to develop a high proton conductive membrane that could handle the elevated 

temperatures (>80 °C to 150°C) and can increase the performance of the polymer 

electrolyte membrane fuel cells (PEMFCs) in sustainable power supply for different 

applications.  



16 

 

1.2. Thesis Objective 

 The purpose of this work is the synthesis of Nafion-free solid proton conductors 

based on zirconium phytate (ZrPA), Silicotungstic acid, PEG and ionic liquids for high-

temperature PEM fuel cell applications. This combination of materials is introduced for 

the first time in the PEMFCs, due to the high chemical and thermal stability of each 

material as well as their high protonic conductivity which can lead to an increase in the 

PEMFC’s performance in sustainable power supply. 

The main objectives of this work are: 

1. Synthesize new proton conducting membranes based on zirconium phytate and 

silicotungstic acid. 

2. Study the effect of the addition of poly-ethylene glycol, and two imidazolium 

based ionic liquids (1-Hexyl-3- methylimidazolium tricyanomethanide) and (1-

Ethyl-3-methyl imidazolium biscteifluoromethyl sulfonyl imide) on the proton 

conductivity and find the best conductive composite membrane of zirconium 

phytate and silicotungstic acid. 

3. Conduct a full characterization for the membranes to evaluate their proton 

conductivity, chemical structure and water uptake properties using 

electrochemical impedance spectroscopy (EIS) coupled with the intermediate 

temperature system (ITS), Scanning electron microscopy (SEM), Fourier 

transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Energy 

dispersive X-ray (EDX) and thermogravimetric analysis (TGA). 

1.3. Research Contribution 

 The contributions of this research work can be summarized as follows:   

● The research proposes novel-composite membranes for PEMFCs, for high 

temperature operations. These membranes can overcome the drawbacks of the 

current state of art, the Nafion at elevated temperatures. They show a significant 

stability in the proton conductivity at temperatures above 100°C, while 

maintaining the mechanical and chemical stability.  

● The synthesis of potentially lower cost high temperature membrane compared 

to Nafion’s cost.  
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1.4. Thesis Organization 

 This thesis is divided into seven chapters. The first chapter gives the table 

contents of the thesis as well as the list of figures and tables. The second chapter gives 

an introduction and an overview of the project and the thesis objective and contribution. 

The third chapter includes an extensive literature review of the PEM fuel cells, the 

hydrogen role in fuel cells, and the advantages of high temperature operations. In 

additions, it gives detailed information about the proposed materials, zirconium 

phytate, silicotungstic acid, PEG, and ILs. The fourth chapter discusses the materials 

and the methodology in details. The results of the membrane’s proton conductivity are 

discussed in chapter five. Followed by chapter six, which presents the analysis and the 

discussion of the membrane’s morphology, water uptake, and proton conductivity at 

elevated temperatures. Finally, chapter seven concludes the work and the future 

recommendations.  
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Chapter 2. Background and Literature Review 

 Chapter two represents an overview of the polymer electrolyte membrane fuel 

cells (PEMFCs), and the standard employed membrane (Nafion). Followed by the 

advantages of high temperature operations which range from the electrochemical 

reaction kinetics, carbon monoxide tolerance to the water and heat management. 

Finally, it addresses the materials that were used in the membrane’s synthesis and their 

effect on the membrane’s advancement. 

2.1. Overview of PEM Fuel Cells 

 Fuel cells are regarded as an environmentally friendly technology, as they 

provide a range of environmental benefits, such as reducing harmful levels of local 

pollutants, in addition to providing economic benefits due to their high efficiency. In a 

fuel cell system, all operations are controlled by the diffusion of reactants and products, 

which emits almost no pollutants and greenhouse gases [10]. Hence, fuel cells can be 

used in a wide range of applications, including transportation, stationary appliances, 

and portable electronic devices, such as laptop computers, video cameras, and 

consumer electronics [21]. Fuel cells are classified according to their electrolyte 

material into six types: Polymer electrolyte membrane fuel cells (PEMFC), Direct 

methanol fuel cells (DMFC), Alkaline fuel cells (AFC), Phosphoric acid fuel cells 

(PAFC), Molten carbonate fuel cells (MCFC), and Solid oxide fuel cells (SOFC). 

Among all of them, PEMFCs are attracting huge attention. In reference to their compact 

size, relatively simple maintenance, low-temperature operation between 60 and 100°C, 

fast start-up and high power density [22][23][24]. Moreover, they have longer lifetime 

due to their high durability and the robustness of the electrolyte. 

 PEMFCs configuration design is regarded much simpler compared to the other 

types of fuel cells. They are primarily composed of bipolar plates, an anode (negative 

electrode), a cathode (positive electrode), and an ion-conducting material (electrolyte) 

which is sandwiched between the two electrodes [25]. The MEA membrane is the 

fundamental component of a proton exchange fuel cell. It is mainly composed of two 

layers: The membrane and a dispersed catalyst layer with a permeable Gas-Diffusion 

Layer (GDL) [26]. The catalyst layer is usually made of platinum (pt) due to its high 

performance compared to the other types of catalysts. However, its high cost is regarded 
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as one of the primary reasons that limit the PEM fuel cell’s commercialization [27]. 

Figure 1 represents a schematic diagram of a PEMFC. 

 The fuel such as hydrogen is delivered continuously to the fuel cell through the 

anode. Then by an electrochemical reaction, the inserted fuel is electro-oxidized on the 

catalyst layer into its protons and electrons. Electrons are transferred through an 

external circuit to produce electricity, as the membrane is made of a proton-conductive 

substance. On the other hand, proton ions transfer through the membrane and combine 

with the reduced oxygen ions on the cathode forming water primarily as a by-product 

[28]. The by-product depends on the type of fluid, as CO2 could be produced as a by-

product if hydrocarbon fuel is utilized [25]. 

 

Figure 1: proton exchange membrane fuel cell diagram [29]. 

The two main reactions that occur on the anode and the cathode are explained as follows 

[30]: 

At the anode the hydrogen is electro-oxidized producing hydrogen protons (H+) and 

electrons (e−): 

H2 → 2H+ + 2e−
 (1) 
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At the cathode the hydrogen ions (H+) are combined with the oxygen and electrons 

forming water as follows: 

½O2 + 2H+ + 2e− → H2O (2) 

The overall reaction can be written as: 

H2 +  ½ O2 →  H2O (3) 

The efficiency and effectiveness of PEMFCs are extensively dependent on the 

membrane properties and characteristics. These features range from chemical, 

mechanical, and thermal stability to high proton conductivity and low cost. As a 

result, Nafion is the most commonly used membrane as it possesses most of these 

features, except its diminishing ionic conductivity at temperatures above 80°C, fuel 

crossover, and expensive cost. Consequently, research put much effort over the years 

into improving the quality of the membranes to meet applications requirements.  

2.2. Hydrogen Fuel for Fuel Cells 

 The extensive reliance on fossil fuels has hastened environmental degradation 

by causing the formation of global warming gases such as carbon, nitrogen, sulphur, 

and other harmful oxides [31]. Hydrogen is regarded as one of the most eco-friendly 

fuels that can be utilized to meet future energy demands [32]. It has almost zero-

emissions, which results in a lower environmental impact. It can be produced using 

both renewable energy sources and fossil fuels, and while the former is less efficient 

than the latter, it produces free-carbon hydrogen, which is considered one of the 

cleanest energy elements [33][34]. 

 Hydrogen is expected to be a perfect replacement of conventional fuels due to 

its inherently immense energy content, low atomic mass, zero- emissions, and its 

availability. These merits expanded the hydrogen applications as an efficient energy 

source and carrier, especially in fuel cells for power generations [35][36]. 

2.2.1. Production and storage of hydrogen 

 Hydrogen is one of the most abundant elements in the universe, despite the fact 

that it is only found in a form of a chemical compound rather than a free element [37]. 

It is mostly found in water, hydrocarbons, fossil fuels, biomass and other renewable 

energy sources such as wind, geothermal, and solar [34]. 
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 Hydrogen can be produced by various methods depending on the type of 

hydrogen source. For example, hydrogen can be produced from water using one of the 

following methods: solar heat, electrolysis, chemical, and photochemical reactions 

[38]. On the other hand, it can be produced from biomass through fermentation process 

under low light intensity and low temperatures [34]. Hydrogen is a very light substance; 

hence it can easily get lost in the atmosphere. This could be attributed to its low 

volumetric energy density. Consequently, it’s storage process is very difficult. 

However, it is usually stored either in a liquid form or a gas form under specific 

conditions [39]. Figure 2 depicts the diagram of hydrogen storage methods. 

 

Figure 2: Some of the most common hydrogen Storage Methods [34]. 

2.2.2. Hydrogen in fuel cells 

 The periodic table shows hydrogen in both the first group and the first period. 

It is a relatively light gas that is present in the atmosphere but is never found there in 

its purest form; instead, it is typically found mixed with other elements like oxygen in 

the form of water. Since 2018, it has been generated from fossil fuels by partially 

oxidizing methane, converting steam through the gasification of coal and biomass, and 

electrolyzing water [40]. 

 Hydrogen is highly suggested for use in fuel cells, due to its high energy release, 

which might be advantageous in high efficiency electrochemical devices. It is referred 

to as an energy carrier like solar energy or solar turbines as it needs to be produced from 

powerful energy sources [41]. When fuel cells of the electric power generation system 

employ hydrogen as a fuel, it undergoes oxidation on the anode, generating protons and 

electrons. While the protons flow through the membrane and react with the reduced 

oxygen and electrons on the cathode to produce water and heat, the electrons pass 

through the wire creating electricity [42].   
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2.2.3. Hydrogen economy  

 There are three major challenges that must be overcome to move from fossil 

fuels system to hydrogen electrochemical devices. Firstly, the cost of hydrogen 

production as well as its delivery. Secondly, safety consideration of hydrogen storage 

for various applications. Finally, the price of hydrogen fuel cells. The use of hydrogen 

in fuel cells is largely dependent on those three elements. Despite these challenges, 

hydrogen can be produced from sustainable or renewable energy sources that don’t 

contain any fossil fuels, such as water electrolysis, and has the potential to bring 

renewable energy sources into the local hydrogen transport sector. This has significant 

advantages in terms of energy and economic security [42]. 

2.3. Standard Proton Exchange Membrane (Nafion) 

 Nafion is considered as the most utilized membrane in fuel cells. It is defined 

as a random copolymer comprised of perfluoro-ether side chains terminated with 

sulfonic acids which are distributed randomly along the semicrystalline polymer 

backbone (perfluoro-ethylene) [43]. Generally, this type of polymer is used as reference 

material for Chlor-alkali electrolysis, water electrolysis, polymer electrolyte fuel cells, 

etc [44][45][46]. Due to this backbone structure, it has high proton conductivity, 

mechanical and thermal stability at temperatures below 80℃, and low relative 

humidity. At high temperatures, its proton conductivity decreases dramatically, which 

is considered a major drawback of its performance. Furthermore, increasing the 

temperature negatively affects oxygen permeability due to the reduced relative 

humidity (RH) effect. In the oxygen reduction reaction, an appropriate electrical path 

is required to activate the cathode electrode. This will allow oxygen access and activate 

catalytic sites, as well as proton and electron-conducting sites. Since proton 

conductivity is very dependent on the RH, it will experience significant reductions at 

high temperatures, thereby lowering oxygen permeability and, consequently, reducing 

fuel cell performance [28][47][48]. Nevertheless, the high fabrication cost and the low 

tolerance to fuel impurities such as CO and S remain as major drawbacks for fuel cells. 

Therefore, operating at elevated temperatures can enhance polymer electrolyte 

performance with improved tolerance to the impurities as well as fewer humidification 

issues [49]. 

 Significant research has been done on improving Nafion’s proton conductivity 
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by fabricating new composite Nafion membranes in the presence of low relative 

humidity and high temperatures [50][51][52]. Ketpang et al [53] found that water-

retaining zirconium oxide nanotubes (ZrNT) embedded in perfluorosulfonic acid 

(Nafion) membrane showed high performance when operating under low relative 

humidity. A significant increase was seen in proton conductivity compared to Nafion 

212 at 80°C and 50% RH. Its performance was even better at 18% RH and 80°C, as it 

showed a 3.1 times higher maximum power density than Nafion 212.  Furthermore, a 

Princeton University research team [51][54] investigated high-performance MEAs 

using Nafion composite membranes hybridized with silica, alumina, titanium dioxide, 

and zirconium phosphates. The results showed that cell output ranged from 0.65-0.7 V 

at 120°C, 0.58-0.66 V at 130°C, and 0.35-0.45 V at 140°C, respectively. All those 

measurements were taken under nearly entirely humid conditions at a pressure of 3 atm. 

Another study in 2019, showed that the addition of hygroscopic” oxides, such as Al2O3, 

TiO2, SiO2 and ZrO2, to the Nafion can overcome the humidification problem of Nafion 

at high temperatures by improving the water retention, however, there was no 

significant improvement of the proton conductivity due to the incompatibility between 

the Nafion and the hygroscopic additives [55]. According to forementioned findings, 

more study should be done to increase proton conductivity at high temperatures in order 

to guarantee a high fuel cell performance. 

2.4. Advantages of High-Temperature Operations 

2.4.1. Electrical reaction kinetics 

 Numerous attempts have been made to enhance the performance of 

electrochemical fuel cells by investigating the kinetics of the cathodic O2 reduction 

reaction (ORR) at high temperatures. ORR plays a critical role in determining the 

overall reaction rate, except when using hydrocarbon fuels, such as direct hydrocarbon 

fuel cells [56][57][58]. It has been observed that the ORR has lower electrochemical 

kinetics in low-temperature proton exchange membrane fuel cells (LT-PEMFC) than 

in high-temperature PEMFC (HT-PEMFC), which leads to a decrease in cell voltage 

due to the overpotential in the cathode [59]. When the anodes are sufficiently hydrated, 

the overpotential for hydrogen oxidation reaction (HOR) is lower than that for oxygen 

reduction reaction (ORR). As a result, the slow ORR determines the overall 

electrochemical kinetics of PEMFCs when operating with hydrogen fuel. However, 

https://www.sciencedirect.com/science/article/pii/S0376738815003348#!
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dehydration can pose a significant obstacle to running PEMFC above 100℃. 

Tafel equation describes the performance of PEMFC in a kinetically controlled regime 

is given in equation 4 [18]: 

E = Erev + b log(i0) − b log(i) (4) 

where,  

 b =  −2.3 
RT

αnF  (5) 

 Where E is the electrode potential, Erev is the reversible potential, b is the Tafel 

slope, I is the current density, i0 is the exchange current density, n is the number of 

electrons transferred in the rate-determining step, and α is the transfer coefficient. 

Zhang et al [18] show variations of Erev, i0, and b with temperature.  

 According to this theory, several conclusions can be drawn. Firstly, an increase 

in fuel cell temperature results in a decrease in the theoretical Erev. This decrease can 

be attributed to an increase in the water partial pressure with respect to the constant 

relative humidity (RH). Secondly, an experiment has demonstrated that the Tafel slope 

of the ORR increases at low current densities as temperature rises. However, in high 

current density regions, the Tafel slope remains constant. Lastly, it has been observed 

that i0 increases as temperature rises below 100 ℃. However, the relationship between 

i0 and temperature above this point is not well understood in the literature. 

2.4.2. Carbon monoxide (CO) tolerance  

 CO tolerance is a crucial factor that affects the efficiency of fuel cells. It refers 

to the ability of a fuel cell to function efficiently even in the presence of CO without 

causing a significant decrease in voltage (i.e., less than 10-20 mV) at the hydrogen 

electrode [51].  To overcome the challenges associated with the storage, transportation, 

and distribution of pure hydrogen in portable and field applications, hydrogen-rich 

reformates are used as fuel. However, these reformates often contain approximately 1% 

CO [60], which can lead to a considerable drop in performance at 80°C, particularly 

with prolonged exposure to low CO concentrations (as low as 10 ppm) [61]. Although 

Pt catalyst is commonly used in fuel cells, it has a high affinity for CO, which can 

accumulate on the catalyst’s active sites and impair its performance. Therefore, 

enhancing CO tolerance is an essential scientific and technological objective in fuel cell 
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technology. 

 Various techniques have been employed to improve the CO tolerance of fuel 

cells, such as reducing the on-set potential for CO oxidation, minimizing the amount of 

adsorbed CO, increasing operating temperature, and purifying the fuel feed to remove 

CO [62]. However, most of these methods have significant limitations, such as reduced 

fuel cell performance and increased system complexity resulting from the use of an 

oxidant [18]. Recent studies have shown that the most effective way to increase CO 

tolerance is by operating at high temperatures. Chandan et al.[63] showed that in low-

temperature conditions, a significant amount of CO is absorbed on the Pt surface, while 

at high temperatures (>160℃), approximately 3% of CO can be tolerated. In fuel cells 

with PBI membranes, Wong et al.[14] revealed that operating at higher temperatures 

(around 200℃) can increase CO tolerance from 10,000 ppm to 30,000 ppm. 

Additionally, Cheng et al.[64] approved that at 240℃, excellent CO tolerance was 

achieved with minimal loss in performance even at a CO content as high as 11.7%. The 

improved tolerance is attributed to the thermodynamics of CO and H2 fuel adsorption 

on the Pt electrocatalyst, which can be explained using Langmuir isotherms in the 

following equations [51]:      

CO (g) + Pt → Pt – CO (6) 

H2 + 2Pt → 2Pt – H (7) 

CO and H2 coverage fractions (θ) on the catalyst surface are given by equations (8,9): 

𝜃𝐶𝑂 =
𝐾𝐶𝑂𝑃𝐶𝑂

1 + 𝐾𝐶𝑂𝑃𝐶𝑂 + 𝐾𝐻
1/2

𝑃𝐻2

1/2
 

(8) 

𝜃𝐻 =
𝐾𝐻

1/2
𝑃𝐻2

1/2

1 + 𝐾𝐶𝑂𝑃𝐶𝑂 + 𝐾𝐻
1/2

𝑃𝐻2

1/2
 

(9) 

 Where PCO and PH2 represent the partial pressures of CO and H2 in the gas 

phase, respectively, and KCO and KH represent the adsorption equilibrium constants. 

Since, the process of hydrogen adsorption necessitates the utilization of two adsorption 

sites only, this will result in lower exothermicity compared to CO adsorption. As 

temperature increases, the coverage of H2 on the catalyst surface increases, while the 

coverage of CO decreases. According to Figure 3, decreasing CO coverage on the 
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catalyst surface enhances fuel cell performance in the presence of small amounts of CO 

at elevated temperatures [42]. 

 

Figure 3: The coverage of CO on platinum as a function of temperature and CO 

concentration, H2 partial pressure is 0.5 bar [51]. 

2.4.3. Water and heat management 

 Water management is considered a significant factor in fuel cell performance 

due to the high dependency of the proton ions movement on the water content. At low-

temperature operation, flooding can occur due to the increase in water amount in 

cathode as the process temperature is below 100°C, in addition, the presence of liquid 

as well as vapor water causes significant water management challenges [59]. On the 

other hand, high-temperature operation will lead to a decrease in the proton 

conductivity to the dehydration [18]. Hence, to understand how to manage the flow of 

water inside the PEM cell, it is necessary to introduce the concept of water transport. 

Water production at the cathode results in a water gradient between the membranes, 

which causes back diffusion of water from the cathode to the anode. Additionally, a 

pressure difference may cause water to flow from the cathode to the anode. This 

phenomenon is known as electro-osmotic drag. It has been discovered that fuel cell 

performance is impacted by both diffusions of gas and electro-osmotic drag.  Ren et al. 

[65] report that the fast evaporation of absorbed water decreases hydrogen bonding 

between water molecules as the temperature increases. As mentioned in the Grotthuss 

mechanism, consideration of polymetric materials in high-temperature fuel cells 
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applications is crucial because they can retain water, particularly bond water. 

 Around 50% of produced energy is dissipated as heat, due to the irreversibility 

of the cathodic reaction, Ohmic resistance, and mass transport overpotentials [66]. The 

removal of this heat is necessary to ensure the durability of the fuel cell, as it prevents 

dehydration, shrinkage, and cracking of the membranes as well as electrodes. The only 

problem that is associated with the removal of heat is the use of an existing cooling 

radiator, which is considered insufficient, in addition to its high cost [63]. High 

temperatures (above 100℃) facilitate the heat rejection from a fuel cell since they have 

a large temperature gradient with the surrounding environment. Consequently, this 

might result in a simpler cooling system. In other words, increasing the temperature of 

a PEMFC increases the weight and mass-specific energy densities along with its overall 

efficiency. Moreover, the high-temperature waste could be recovered as a stream, 

which can be used in many applications, such as steam reforming. In a fuel cell stack, 

for example, the produced steam at temperatures exceeding 200℃ can be utilized for 

direct heating. Consequently, optimum fuel cell efficiency is enhanced at high operating 

temperatures [18]. Finally, it is important to simplify water and heat management to 

create simpler flow designs, which might lower the overall cost of stack operation. 

2.4.4. Temperature effect on oxygen diffusion 

 As mentioned previously, elevated temperatures lead to simplified water 

management due to the presence of only one phase (gaseous). In the absence of liquid 

to interfere with the electrochemical reactions, the reactant and product gases should 

diffuse faster [18]. Thus, the diffusion coefficient of oxygen through water vapor is 

higher than that of oxygen through liquid water. In hydrated Nafion membranes, 

oxygen diffusion coefficient, DO2, is related to temperature (T) by equation 10 [67]: 

𝐷𝑂2
=  3.1 × 10−3exp (−

2768

𝑇
 ) 

(10) 

 Based on this equation, the ratio of liquid water to water vapor decreases as the 

operating temperature increases (for a given current density). Accordingly, oxygen 

diffusion will increase. HT-PEMFCs, therefore, provide improved oxygen transport via 

gas diffusion layers and catalyst layers, which results in improved overall cell efficiency 

[63]. 
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2.5. High-Temperature approaches  

 According to the literature, the Nafion-based proton exchange membrane has 

limitations in its operating conditions and can only function optimally under certain 

conditions, specifically at temperatures up to 80℃ and high humidity levels [28].   If 

temperatures exceed this limit, the membrane’s ability to conduct protons will decrease 

significantly, causing problems such as CO deposition on the catalyst and reduced fuel 

cell performance. As a result, several techniques have been developed to maintain the 

conductivity of high-temperature PEMFCs without losing water, especially at 

temperatures near or above the boiling point of water [68]. One method involves 

incorporating inorganic materials into perfluorinated ionomer membranes to increase 

conductivity, such as adding HPAs to Nafion. Research has revealed that, the 

incorporation of acids into the membrane can increase the proton conductivity as well 

as the proton density due to the strong hydrogen bond of water molecules in the 

inorganic material. Another method involves using solid-state proton conductors that 

can operate without water, unlike the first method which requires a liquid solvent. The 

third approach is the utilization of non-aqueous, low-volatility solvents like ionic 

liquids instead of water [69]. For instance, the immobilization of acids into Nafion 

could separate the protons in the sulfonic acid group of Nafion. This can aid in water 

retention properties within the membranes and ultimately improve the composite 

membrane’s proton conductivity. Lu et al. [70] have shown that the immobilization of 

phosphotungstic acid into Nafion membranes has increased the proton conductivity by 

four times when compared to the pristine Nafion at both low and high relative humidity. 

Furthermore, Xu et al. [71] found that using in-situ techniques to modify Nafion with 

silica (Silca/Nafion) resulted in the stabilization of water distribution within the 

membrane structure. The combination of targeted silica particles and efficient –SO3H 

based proton channels resulted in a significant improvement in the high-temperature 

proton conductivity of the Nafion membrane, especially at low relative humidity. The 

Silica-Nafion membrane exhibited a proton conductivity of 0.07 S/cm at 110 °C and 

60% RH. Importantly, the mechanical, oxidative, and thermal stabilities of the Silica-

Nafion membrane were not compromised due to the preservation of the original Nafion 

structure. Ionic liquids have been used extensively in fuel cell membranes. Karimi et 

al. [60] explored the feasibility of using ionic liquids instead of water in fuel cell 

systems and compared anhydrous fuel cells with polymers doped with ionic liquids. 
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This research is studying the potential of using zirconium phytate, a solid proton 

conductor, in conjunction with silicotungstic acid as an inorganic material and 

modifying them with ionic liquids for use in high-temperature fuel cell applications. 

2.5.1. Zirconium phytate 

 Zirconium phytate is a type of inorganic compounds that composed of 

zirconium and phytate ions. Its chemical formula is Zr(PO4)2, and it has a crystal 

structure that belongs to the monoclinic space group P21/c. The zirconium ions are 

coordinated to eight oxygen atoms, forming a distorted square antiprism, while the 

phytate ions act as bridging ligands between the zirconium ions. This results in a three-

dimensional network structure that is stable under a wide range of conditions. To 

prepare zirconium phytate, zirconyl chloride and phytic acid are combined through a 

process known as gelation [72]. Phytic acid is a type of plant antioxidant that contains 

six phosphonic acid groups per molecule, which allows it to form hydrogen bonding 

networks that facilitate proton conduction. Additionally, phytic acid can easily bind 

with metal ions such as Zr+4 to form coordination polymers that link adjacent phytic 

acid molecules with the zirconium ion. Researchers have investigated various molar 

ratios of ZrPA and found that the most effective ratio is 3:4, as it has given proton 

conductivity of 0.099 S/cm at 140℃ and 100% RH, 0.042 S/cm at 50% RH, and 0.018 

S/cm at 0% RH. Electron microscope studies have shown that ZrPA has a fusiform 

shape and a layered structure. In addition, ZrPA (3:4) has exhibited excellent thermal 

stability up to 250℃. Those finding made zirconium phytate as a promising proton 

solid conductor for HT-PEMFCs. 

2.5.2. Heteropolyacids and their role in HT-PEMFCs 

 Heteropolyacids (HPAs) are a group of Polyoxometalates (POMs). They consist 

of MOx polyhedra (usually octahedra), where M is typically W, Mo, or V, surrounded 

by one or more heteroatoms. Typically, they are classified under the Wells-Dawson, 

Keggin, and lacunary structural configurations [73]. They have been studied 

extensively for the last decade due to their various selectivity of properties [74]. They 

have shown strong acidity, good solubility in polar solvents, good thermal stability, and 

reversible redox behaviour. The characteristic property of HPAs is their ability to be 

chemically adjusted or tuned by simply changing their structure (choosing a specific 

heteroatom, addendum atom, or counter ion to provide the desired stability and 



30 

 

electrochemical behaviour). Because of their strong acidity properties and high thermal 

stability, they made ideal proton conductors for fuel cells [73]. Figure 4 illustrates the 

Wells-Dawson and Keggin structures of heteropolyacids. 

 

Figure 4: Ball and stick diagrams showing (A) Keggin and (B) Wells-Dawson HPA 

variants where phosphorus atoms are black, addenda atoms are dark grey, and oxygen 

atoms are light grey [73]. 

 The addition of heteropoly acids (HPAs) can improve both the thermal and 

mechanical properties of polymer electrolytes while also enhancing their proton 

conductivity. In high-temperature proton exchange fuel cells, extensive research and 

development efforts are currently being conducted using polymers such as PBI, Nafion, 

and other polymers with HPAs. Lee et al. [75] showed that the addition of HPAs into 

the SiO2 /PBI composite membrane increased the power density to 0.7 W/cm2 at 

elevated temperature and low relative humidity. In 2017, study done by Nguyen et al. 

[76] proved that incorporation of silicotungstic acid into PBI/phosphoric acid 

membranes has increased the proton conductivity by one order of magnitude at 120°C. 

In addition, the mechanical stability of the HPAs/PBI membranes was highly increased 

when compared to the pure PBI membranes. Regarding the Nafion/HPAs membranes, 

research has found that at high temperatures (>80°C) the proton conductivity of the 

Nafion has enhanced due to the high thermal stability as well as the high ionic proton 

conductivity of heteropolyacids [73]. Lin et al.[77] created a Nafion-Silica-

phosphotungstic acid (HPW) electrolyte with periodic ordering. The researchers 
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achieved excellent conductivity by incorporating HPA and Nafion into the mesoporous 

SiO2 walls. Results were obtained for both low and high-temperature operations. At a 

dry condition of 200°C, the proton conductivity of the Nafion-Silica-HPA electrolyte 

was 0.044 S/cm. while, at a low temperature of 75 °C, the proton conductivities of the 

electrolyte were 0.029 S/cm and 0.09 S/cm under absolute dry (0 RH%) and fully 

humidified (100 RH%) conditions, respectively. Table 1 highlights the extensive 

research and studies that have been carried out on various polymer types, beside 

conventional Nafion and PBI, in conjunction with HPAs. 

Table 1: The proton conductivity and Temperature and RH% of various HPA composite 

membranes. 

Membrane type Temperature & % 

RH 

Conductivity 

(S/cm) or Power 

density (W/cm2) 

Ref. 

PBI/Aquivion- SIO2/HPA 120ºC; 40% RH 6.6×10-1 W/cm2 [78] 

PBI/PA 160ºC; 10% RH 4.9×10-2 S/cm [79] 

PBI/1.9 wt.% HPA/PA 160ºC; 10% RH 9.4×10-2 S/cm [79] 

PBI/3.1 wt.% HPA/PA 160ºC; 10% RH 1.27×10-1 S/cm [79] 

65 wt .% TSA/PBI 150ºC; anhydrous 

conditions 

2.91×10-1 S/cm [80] 

50 wt.% TSA/PBI 150ºC; anhydrous 

conditions 

2.56×10-1 S/cm [80] 

35 wt.% TSA/PBI 150ºC; anhydrous 

conditions 

2.02×10-1 S/cm [80] 

PWA/SiO2/PBI 100ºC; 100% RH 3×10-3 S/cm [81] 

PWA/SiO2/PBI 150ºC; 100% RH 1.5×10-3 S/cm [81] 

50 wt.% of SiWA–

SiO2/PBI 

160ºC; 100% RH 1.2×10-3 S/cm [82] 

50 wt.% of SiWA-

SiO2/PA/PBI 

160ºC; 100% RH 2.33×10-3 S/cm [83] 

30wt.% PWA/ZrP/PA/PBI 200ºC; anhydrous 

conditions 

5.8×10-2 S/cm [84] 

HPW/Silica/Nafion 200ºC; Dry condition 4.4×10-2 S/cm [77] 

PTA/Nafion 120ºC; 35% RH 1.6×10-2 S/cm [85] 
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SiO2/HPA/Nafion 160ºC; dry conditions 39×10-3 W/cm2 [86] 

SiO2/HPA/Nafion 200ºC; dry conditions 44×10-3 W/cm2  [86] 

5 wt.% PWA/PES-PVP 160ºC; anhydrous 

conditions 

1.44×10-1 S/cm [87] 

65 wt.% HPW/MCM-41 150ºC; anhydrous 

conditions 

1.01×10-1 W/cm2 [72]  

70 wt.% HPW/MCM-41 150ºC; anhydrous 

conditions 

1.25×10-1 W/cm2 [88] 

HPW-meso-silica 160ºC; anhydrous 

conditions 

1.34×10-1 W/cm2 [89] 

HPA/12-phosphotungstic 

acid 

100ºC; 80% RH 1.13×10-1 S/cm [90] 

PWA/Methacrylate–silica 100–150ºC; dry 

conditions 

2.3×10-2 S/cm [91] 

HPA/polyether ether 

ketone 

above 100ºC; dry 

conditions 

10-1 S/cm [92] 

30 wt.% HPA/70 wt.% 

BPSH 

130ºC; anhydrous 

conditions 

1.5×10-1 S/cm [93] 

CsPOMo/QDPSU/PTFE 150ºC; dry conditions 4×10-2 S/cm [94] 

 

2.5.3. Effect of polyethylene glycol 

 Polyethylene glycol (PEG) is an oligomer or polymer of ethylene oxide. It is 

considered as one of the most important polymers or plasticizers, since it can be 

manufactured in a variety of molecular weights, which can be used in a wide range of 

applications, such as pharmaceuticals. In recent years, it has been utilized in PEMFCs. 

It had shown great influence on the water retention improvement due to its hydrophilic 

backbone. Additionally, it has exhibited high mechanical strength and thermal stability 

at both 70°C and 120°C, with relative humidity >50%, when compared with Nafion 

(117) under the same conditions [95]. PEG can also be used as a crosslinker in semi-

IPN membranes to enhance both their protons conductivity and water stability at high 

temperatures ~100℃ [96]. Thangamuthu et al.[97] fabricated crosslinked PEG/SiO2 

membranes for DMFC applications. According to the results, the proton conductivity 

increased while the methanol permeability decreased. Also, Jodat et al.[82] had 

synthesized sulfonated polyetherimide (SPEI) membrane crosslinked thermally with 

PEG. They found that the addition of PEG increased the water uptake and the porosity 

of the membrane, which resulted in higher proton conductivity. Moreover, Pugalenthi 

et al. [99] showed that the addition of PEG to the SPEEK membrane resulted in lower 
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weight loss at 120℃, higher activation energy, and higher tensile stress when compared 

to the conventional SPEEK.  As a result, PEG has been used in this research as a 

plasticizer and its effect on proton conductivity and thermal and mechanical stability 

has been investigated. 

2.5.4. Effect of ionic liquids (ILs) 

 The incorporation of ionic liquids (ILs) in fuel cell membranes has recently 

gained attention in the industry due to their high proton conductivity, chemical and 

thermal stability, and water uptake properties [100]. There are two types of ILs: 

hydrophilic and hydrophobic. Hydrophilic ILs are preferred for membrane synthesis 

because they maintain membrane hydration, retain water, and boost proton 

conductivity. Ionic liquids based on imidazolium rings were the most studied due to the 

stability of imidazolium rings and their ability to form hydrogen bonds 

[101][102]. Zhang et al.[103] incorporated imidazolium-based IL (butyl-3-

methylimidazolium cation with hydroxide) into a polyvinylidene 

fluoride/polyvinylpyrrolidone hybrid membrane and found a significant increase in 

conductivity from 10−5 S/cm without IL to 10−3 S/cm with IL at 80℃ and 98% relative 

humidity. Similarly, methylimidazolium poly (aromatic ether ketone) and 

fluoropolymer were used to synthesize anhydrous membranes. They exhibited a 

conductivity of 0.192 S/cm at 160℃ [102]. Several studies on imidazolium-based ionic 

liquids have shown promising results in improving proton conductivity to 10−3 S/cm 

at 150℃ for proton exchange membranes as well as enhancing anion conductivity of 

alkaline exchange membranes to 0.0266 S/cm at 30℃ [89][90]. In this study, 1-Hexyl-

3- methylimidazolium tricyanomethanide abbreviated as [HMIM][C4N3
−]  and 1-Ethyl-

3-methylimidazolium bis(trifluoromethyl sulfonyl) imide [EMIM][BTI] imide have 

been utilized. 
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Chapter 3. Methodology and Experimental Work 

 In this chapter, several membranes of silicotungstic acid, PEG, and two 

imidazolium ionic liquids have been incorporated with zirconium phytate and their 

proton conductivity have been measured using EIS. They have been prepared using the 

precipitation method. Multiple characterization methods were utilized to study the 

chemical structure, and the proton conductivity of the fabricated materials where 

thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), 

scanning electron microscopy (SEM), X-ray diffraction (XRD) and electrochemical 

impedance spectroscopy (EIS) were all employed.    

3.1. Materials  

3.1.1. Zirconium oxychloride ((ZrOCl2) 

The ZrOCl2 used in this research is ACS 98% purity and purchased from SIGMA 

Aldrich. 

3.1.2. Phytic acid 

The C6H18O24P6 used in this work is 50% (w/w) in H2O, and purchased from SIGMA 

Aldrich. 

3.1.3. Silicotungstic acid   

The Silicotungstic acid or Tungstosilicic acid hydrate (H4[Si(W3O10)4] · xH2O), has a 

purity ≥ 99.9% trace metal basis. It was purchased from SIGMA Aldrich. 

3.1.4. Polyethylene glycol (PEG) 

The H(OCH2CH2)n OH was purchased from SIGMA Aldrich.  

3.1.5. Ionic liquids 

Both ionic liquids were purchased from IoLiTec GmbH. They were used with their 

following purity: 

1. 1-Hexyl-3-methylimidazolium tricyanomethanide [HMIM][C4N3
−] > 98%. 

2. 1-Ethyl-3-methylimidazolium bis(trifluromethyle sulfonyl) imide 

[EMIM][BTI]  > 98%. 

3.2. Methodology 

3.2.1. Zirconium phytate and (ZrPA) modified powder preparation  

 As a first step, ZrPA powder is prepared, according to the following reaction at 
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room temperature as can be seen in Figure 5: 

 

Figure 5: chemical reaction of 3:4 mole ratio of ZrOCl2 to C6H18O24P6  [72]. 

The experimental procedure of preparing ZrPA powder is as follows: 

1. 2.415 g of ZrOCl2 was weighed and diluted in 10 ml of deionized water. 

2. 9.43 g of C6H18O24P6 was prepared and poured to the ZrOCl2 solution under 

the magnetic stirrer. 

3. White flocculent was formed and precipitated, it was left undisturbed for 24 

hours. 

4. After 24 hours, the solution was dried for 2 hours at 90℃. 

5. After that, the solids were grounded to powder and washed by deionized water 

for removal of any unreacted Phytic acid and filtered by filter paper. 

6. The filtered powder then was dried again in the oven at the same temperature, 

and its mass was weighed. 

7. Then the proton conductivity of the synthesized powder was measured using 

the EIS. 

3.2.2. ZrPA/STA/PEG/ILs membrane preparation 

 Membrane synthesis process usually consists of three main steps as shown in 
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Figure 6: 

1. The wetting step: 

 The ZrOCl2/STA solution was prepared first for wetting the PTFE paper 

surface. The required amount of ZrOCl2was calculated from the reaction equation. A 

small amount of water, around 1 ml was used to dissolve the ZrOCl2 solids, to ensure 

that all solids were dissolved. After that, 20 ml of isopropanol was added to the solution. 

Various amounts of PEG and ILs were added. The mass fractions of PEG and ILs were 

the subject of this study. After wetting solution preparation, a piece of PTFE sheet was 

cut and weighed. Then it was fixed between two Teflon hoops. Then the hoops were 

fixed to an SCK 300P spin coater, purchased from INSTRAS as can be seen in Figure 

7. 

 The membranes were prepared using the spin coating technique. It is a technique 

that is used for the fabrication of thin layers of flat surfaces. In fuel cells, it is usually 

used for composite membranes synthesis [106]. Among the advantages of this 

technique over other membrane preparation techniques is its simplicity, the ability to 

prepare multiple layers, and to optimize each layer separately [107]. A 0.5 ml of the 

alcoholic solution was introduced to the membrane via a 5 ml syringe, then the spin 

coater was operated, starting with 250 rpm speed for 45s, then it was raised gradually 

to 3250 rpm. Working at higher speeds increases the evaporation of the volatile 

component, which is the isopropanol in this case. After the surface is dried, another 0.5 

ml was introduced, and the process was continued till the whole solution was finished. 

2. The reaction step: 

 Wet membranes were soaked in an excess of phytic acid until they were 

completely covered. The sample was then placed in the fume hood for 24 hours, to 

ensure the reaction was completed as shown in Figure 6. 

3. The drying step: 

 After 24 hrs the membrane was rinsed gently with deionized water, to wash any 

by-products that were formed during the reaction and any excess materials. Then, the 

membrane was placed in an oven for two hours at 90℃. After that, it was weighed and 

kept in zipper plastic bags for further characterization. 
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Figure 6: Schematic diagram of ZrOCl2/STA composite membranes laboratory 

synthesis process. 

 

Figure 7: (i) PTFE sheet fixed between the Teflon hoops (ii) SCK 300P spin coater 

with the fixed Teflon hoops. 

3.2.3. Characterization of synthesized ZrPA/STA/PEG/ILs membranes 

The synthesized membranes were characterized using the following techniques: 

3.2.3.1. Electrochemical impedance spectroscopy (EIS) 

 EIS is an electrochemical technique that is used for proton conductivity 

measurement of synthesized membranes. Bio logic SP-200 potentiostat with EC-lab 

software (V11.10) as can be seen in Figure 8 were used for measuring the impedance 

of the synthesized membranes, by applying different frequencies ranging from 100 Hz 

(i) (ii) 

9 
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to 7 MHz. The membrane was placed between two symmetrical stainless electrodes of 

a custom-made fuel cell. Then the electrodes were connected to the potentiostat via 

crocodile wires. An alternating potential with specific frequency was applied. The 

output of 𝑍𝑖𝑚vs 𝑍𝑅 was reported in a Nyquist plot. 𝑍𝑅 represents the resistance of the 

membrane, the required resistance was taken by taking the intersection of the plot with 

the x-axis, with zero 𝑍𝑖𝑚 at the high-frequency region. The resistance value was 

confirmed by applying the EC-Lab software tool (Z-fit). Then this value was inserted 

in the following equation (11) for proton conductivity evaluation [93][86]: 

𝜎 =
𝑡

𝑅 ∗ 𝐴
 

(11) 

 Where, 𝜎 represents conductivity, t represents thickness, which was measured 

by the digital vernier, R is the resistance, and A is the electrode cross sectional area. 

 

Figure 8: Bio logic SP-200 potentiostat with EC-lab software (V11.10). 

3.2.3.2. High-temperature test 

 High temperature test had been performed on the membrane with the highest 

proton conductivity, to test its proton conductivity at temperatures above 80℃, to check 

if it will maintain the same proton conductivity or not using the ITS (Intermediate 

Temperature System) as can be shown in Figure 9. The ITS is a compact temperature 

climatic chamber with a small laboratory footprint. It’s used for proton conductivity 

measurement at high temperatures up to 150°C. It consists of two PT-1000 temperature 

probes, which enable the direct measurement of the actual sample temperature. The ITS 

is controllable via EC-Lab software using the auxiliary inputs/output of SP-200 

potentiostats. The sample was prepared inside a glove box, placed in the CESH 

(Controlled Environment Sample Holder) and then installed in the ITS temperature 

https://www.biologic.net/support-software/ec-lab-software/
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Control System for electrical characterization. Then the proton conductivity was 

measured using the EIS as before at different temperatures. 

 

Figure 9: (a) ITS temperature climatic chamber. (b) CESH (Controlled Environment 

Sample Holder). 

3.2.3.3. Thermogravimetric analysis (TGA) 

 Thermogravimetric analysis (TGA) is a thermal analysis technique that is used 

to determine the thermal stability of the material. It is either a function of temperature 

and heating rate or a function of time with the mass loss and temperature constant. The 

membrane samples were tested by TGA for their stability and water content loss as a 

function of temperature by exposing the membrane sample to heat treatment. TGA was 

performed on the composite membranes using PerkinElmer, model no.4000 

thermogravimetric analyser. The prepared samples were subjected to a heating rate of 

20°C/min over temperature range 27-900 °C. The samples weight was monitored to be 

between 5 to 10 mg. The process was done in the presence of Nitrogen as an inert. The 

TGA curves were discussed for the best conductive modified membranes. 

3.2.3.4. Scanning electron microscopy (SEM) 

 SEM had been performed to investigate the morphology of the best membrane 

samples as well as their elemental composition. It was applied using Tescan VEGA 

XMU, LaB6 filament, Oxford Instruments X-Max 50 SSD detector. The morphology 

of the modified membranes was discussed and compared to the pure ZrPA. 

a b 
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3.2.3.5. X-Ray diffraction (XRD) and Fourier transform infrared spectroscopy 

(FTIR) 

 XRD analysis had been employed to study the crystalline structure of the 

membrane sample. While the FTIR had been used for identifying the molecular 

structure of the composite membrane as well as studying the functional group in the 

material. The FTIR was performed using PerkinElmer, Spectrum One FTIR 

Spectrometer, the wavelength range of 4000 – 400 cm−1. 

3.2.3.6. Water uptake analysis 

 The water uptake analysis was applied by measuring the membrane weight 

before and after hydration. The membrane sample was weighed, and its weight was 

recorded. After that it was immersed in deionized water for some time, and it is weight 

was measured again and recorded. Then the water uptake was calculated by using 

following equation 12: 

𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 =
𝑊𝑤𝑒𝑡 − 𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
 

(12) 

 After that, the water uptake of the synthesized membranes was analysed and 

compared to the Nafion’s water uptake.  
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Chapter 4. Experimental Results & Discussion of ZrPA- based membranes 

 In this study, the main focus was on the modification of zirconium phytate using 

silicotungstic acid as a primary step. Subsequently, the addition of PEG was utilized to 

augment the proton conductivity. Additionally, two types of ionic liquids were 

investigated, and the optimal percentage composition of each component was identified 

to achieve the highest proton conductivity for each combination. The resulting 

maximum proton conductivity values for all combinations were reported. 

4.1. Zirconium phytate/STA membranes 

 The principal objective of this research was to develop an innovative Nafion-

free membrane utilizing Heteropolyacid and zirconium phytate for high-temperature 

polymer electrolyte membrane fuel cell (HT-PEMFC) applications. After a thorough 

review of the literature, silicotungstic acid was identified as the most suitable 

heteropolyacid due to its exceptional chemical and mechanical stability, as well as high 

proton conductivity at elevated temperatures [73]. In this study, silicotungstic acid was 

utilized to modify zirconium phytate membrane. Various STA mass percentages, 

ranging from 50% to 91%, were employed, and their impacts on the proton conductivity 

and morphology of zirconium phytate were assessed. Figure 10 illustrates the chemical 

structure of the utilized heteropolyacid (H4[SiW12O40]). 

 

Figure 10 : (a) Silicotungstic -3D-polyhedra [109]. (b) Chemical structure of 

H4[SiW12O40] [110].  

a b 
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4.1.1. Proton conductivity data 

 The proton conductivity of zirconium phytate membrane as well as the modified 

zirconium phytate with silicotugistic acid were calculated at different mass ratios, and 

the best composite membrane was investigated with other additives such as PEG and 

ILs. The mass percentages of silicotungstic acid along with the specific amount of 

zirconium oxychloride are showed in Table 2. Six different mass percentages were 

immobilized into ZrPA at room temperature. According to the literature, the proton 

conductivity of Nafion-silicotungstic acid composite membrane was found to be 

9.5 × 10−2𝑆𝑐𝑚−1 at room temperature and high relative humidity [73]. Overall, 

silicotungstic acid membranes had the highest proton conductivity among all other 

types of heteropolyacids [69]. 

Table 2: Proton Conductivity of ZrPA/STA at different mass percentages of STA (in 

this work) 

Zirconium 

phytate/Silicotungstic 

acid 

Mass Percentage (%) of 

𝐇𝟒[𝐒𝐢𝐖𝟏𝟐𝐎𝟒𝟎] 

Proton Conductivity 

(S/cm) 

ZrPA (pure) - 6.65 × 10−4 

ZrPA/STA 50% 2.66 × 10−4 

ZrPA/ STA 67% 1.31 × 10−3 

ZrPA/ STA 75% 2.23 × 10−3 

ZrPA/ STA 86% 1.31 × 10−3 

ZrPA/ STA 89% 5.36 × 10−4 

ZrPA/ STA 91% 2.22 × 10−4 

 

 The proton conductivity of the ZrPA/STA membranes had been investigated 

using electrochemical impedance spectroscopy (EIS) at high frequency region of the 

Nyquist plot. Figure 11 and Figure 12 show the resistance data at the high frequency 

region for pure ZrPA and the best ZrPA/STA respectively.  

 Furthermore, the resistance associated with the transport of protons across the 

membranes was estimated by extrapolating the Electrochemical Impedance 

Spectroscopy (EIS) plots to identify their intercept with the x-axis at high frequency 
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region. EIS plots have been categorized based on their shapes and underlying 

mechanisms, such as semicircles representing controlled kinetic reactions, and straight 

lines indicating diffusional mechanisms, which are also known as the Warburg line. 

Following the EIS analysis, the obtained resistance value for a given material can be 

plugged into Equation (11) to calculate its proton conductivity. 

 Results showed that, the resistance has dropped dramatically from 139.09 ohm 

for pure zirconium phytate membrane to 17.95 ohms for ZrPA/STA composite 

membrane, which results in increasing the conductivity by 3 times. 

 

Figure 11: Nyquist plot for pure ZrPA membrane with Zreal = 139.09 Ohms 

 

Figure 12 : Nyquist plot for the best ZrPA/STA composite membrane with Zreal =

17.94 ohms 
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 The findings revealed that the proton conductivity exhibited an upward trend 

with an increase in the mass percentage of silicotungestic acid, until it reached an 

optimum level, after which it declined. The data in Figure 13 displays the various proton 

conductivity values in relation to the mass percentage of STA. The Figure indicates that 

the highest proton conductivity of 2.23 × 10−3 S/cm was obtained at a mass percentage 

of 75% silicotungstic acid. The results were consistent with what was mentioned in the 

literature; the composite membrane of silicotungstic acid doped in polybenzimidazole 

(SiWA/PBI) showed a proton conductivity of  1.2 × 10−3 S/cm [82]. 

  

Figure 13 : Mass percentage vs conductivity for ZrPA/STA. 

 The addition of silicotungstic acid (STA) to zirconium phytate results in an 

increase in proton conductivity for several reasons. Firstly, the acidic nature of STA 

aids in the movement of protons through the membrane by donating acidic protons to 

water molecules in the membrane, thereby allowing them to move more easily. 

Additionally, the high density of acidic protons in silicotungstic acid facilitates the 

formation of strong hydrogen bonds with water molecules, which can stabilize the 

proton transport pathway and prevent the formation of water clusters that may hinder 

proton mobility [73]. Secondly, the interaction between STA and the polymer matrix 

of the PTFE results in the formation of a composite material that exhibits enhanced 

proton conductivity [94]. Finally, the unique structure of HPAs, which consists of metal 

atoms encircled by oxygen atoms, forms a cage-like structure that can promote proton 

hopping (Grotthuss mechanism) between the metal atoms, thereby leading to improved 

proton conductivity. 
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 Overall, the high acidity and unique structure of HPAs make them promising 

materials for improving proton conductivity in PEMFCs. 

4.2. ZrPA/PEG and ZrPA/STA /PEG composite membranes 

 PEG (Polyethylene Glycol) is a water-soluble polymer that has been studied for 

its potential to improve the proton conductivity of (PEMFCs).  It has been investigated 

with both zirconium phytate and composite membrane ZrPA/STA forming ZrPA/PEG 

and ZrPA/STA/PEG composite membranes respectively. Nyquist plots of the best 

membranes in both combinations are represented in Figure 14 and Figure 15. 

 The incorporation of PEG into zirconium phytate (ZrPA) has resulted in a minor 

enhancement in proton conductivity. Specifically, the addition of 1.7% PEG increased 

the proton conductivity from 6.65 × 10−4 S/cm in pure ZrPA membranes to 

3.22 × 10−4 S/cm in ZrPA/PEG membrane. This conductivity is reasonable as it is in 

agreement with the range of the proton conductivity of the PEG composite membranes 

(10−3 − 10−5) S/cm [111].  

 On the other hand, PEG addition into the ZrPA/STA composite membrane has 

resulted in an increase by one order of magnitude in the proton conductivity. The proton 

conductivity has increased from 2.23 × 10−3 S/cm for ZrPA/STA to  3.81 × 10−2 

S/cm at 1.7% of PEG due to the interactions between the PEG and the STA. The 

combined effect of the high acidity of the silicotungstic acid and the hydrophilicity of 

the polyethylene glycol played a significant role in improving the proton mobility in 

uremembrane, thus increasing the availability of water for proton transfer. 

 In this research, various PEG mass percentages had utilized, and their proton 

conductivity was investigated, as seen in Figure 16 and Figure 17 for ZrPA/PEG and 

ZrPA/STA/PEG, respectively. The results showed that increasing the PEG percentage 

by more than 1.7% led to a decrease in the proton conductivity of the membranes. The 

reason can be attributed to the high molecular weight of PEG, which might have 

contributed to the conductivity decrease by reducing the conductivity of the ionomers, 

ultimately leading to an increase in proton transport resistance [112]. 

 In conclusion, it should be noted that while PEG can improve the proton 

conductivity of PEMFCs by improving the level of hydration and reducing the need of 

external source of humidification, it can also have some negative effects on the 



46 

 

performance of the cell. For example, it can reduce the mechanical strength of the 

membrane and can lead to an increase in the methanol crossover in DMFCs. Therefore, 

the amount of PEG added to the membrane needs to be carefully optimized to balance 

the benefits and drawbacks of its incorporation. 

 

Figure 14: Nyquist plot for pure ZrPA/PEG membrane with Zreal = 122 Ohm. 

 

Figure 15: Nyquist plot for pure ZrPA/STA/1.7 wt%PEG membrane with Zreal =

2.062 Ohm. 
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Figure 16: Mass percentage vs conductivity for ZrPA/PEG. 

 

Figure 17: Mass percentage vs conductivity for ZrPA/STA/PEG. 

4.3. ZrPA/ILs & ZrPA/STA/PEG/ILs composite membranes 

 Ionic liquids had been extensively used in PEMFCs membranes due to their 

high impact on the proton conductivity enhancement. In this study two imidazolium 

based ionic liquids were employed, 1-Hexyl-3- methylimidazolium tricyanomethanide 

[HMIM][C4N3
−] and 1-Ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl) imide 

[EMIM][BTI]. Their effect was investigated with both ZrPA membranes and ZrPA/ 

STA/PEG composite membranes.  
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 The addition of 1-Hexyl-3- methylimidazolium tricyanomethanide 

[HMIM][C4N3
−] into the ZrPA membranes has shown a significant increase  of the 

protonic conductivity in both the ZrPA/[HMIM][C4N3
−] and 

ZrPA/STA/PEG/[HMIM][C4N3
−] modified membranes. Firstly, the incorporation of 

[HMIM][C4N3
−] to the pure ZrPA has been investigated. The results showed that the 

resistance has decreased from 139.09 ohms for pure ZrPA to 8.059 ohms as seen in 

Figure 18. That has resulted in a raise by one order of magnitude of the conductivity 

(4.88 × 10−3 S/cm) upon the addition of 18.6% mass [HMIM][C4N3
−] to  pure ZrPA. 

Figure 19 shows the different mass percentages of [HMIM][C4N3
−] that has been 

utilized. It is noticed that the proton conductivity has increased slightly then decreased, 

while maintaining the same order of magnitude. These findings are in agreement with 

what was mentioned in literature. As the imidazolium based ionic liquids usually 

possess proton conductivity of 10−3S/cm [113]. 

 Secondly, different ILs mass percentages ranging from 3% to 8% was 

investigated with ZrPA/STA/PEG membranes as can be seen in Figure 20. The results 

displayed a significant enhancement of the proton conductivity upon the addition of 

5.86% mass percent of [HMIM][C4N3
−] into the ZrPA/STA/PEG composite membrane. 

As it gave a low bulk resistance of (0.39 ohms) as illustrated in Figure 21, which is 

equivalent to 0.1 S/cm. This composite membrane provided the same conductivity of 

Nafion’s. Many recent studies showed the same enhancement upon the addition of this 

ionic liquid into different combination. In 2021, a research done by Ka’ki et al [114] 

demonstrated that the addition of [HMIM][C4N3
−] to calcium phosphate has raised the 

ionic conductivity  from 9.58 × 10−4 S/cm to 0.1 S/cm. Another study [115] of 

lignin/ZrP/[HMIM][C4N3
−] confirmed that the incorporation of [HMIM][C4N3

−] has the 

ability to increases the conductivity to 0.1 S/cm.  

 This improvement could be attributed to the chemical structure of the protic 

ionic liquid, which enhances the hydrogen bonding. The anionic part of the ionic liquid 

[C4N3
−] has high affinity of forming hydrogen bonds with water molecules. This 

increases the proton transfer space which leads to better hopping process of hydrogen 

protons [H+]. Another reason, the hydrophilic nature of the IL might increase the 

formation of more hydrogen bonds by absorbing more moisture. This can provide more 

paths for proton transfer among the water molecules [116] . 
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Figure 18: Nyquist plot for pure ZrPA/[HMIM][C4N3
−

] with Zreal = 8.059 Ohm.  

 

 Figure 19: Mass percentage vs conductivity for ZrPA/[HMIM][C4N3
−

]. 

 

Figure 20: Nyquist plot for ZrPA/STA/PEG/5.86 wt%[HMIM][C4N3
−

] with Zreal =

0.39 Ohm. 
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Figure 21: Mass percentage vs conductivity for ZrPA/STA/PEG/[HMIM][C4N3
−

]. 

 The other ionic liquid [EMIM][BTI] also showed an enhancement in the proton 

conductivity of ZrPA. However it showed lower proton conductivity with 

ZrPA/STA/PEG composite membrane compared to the [HMIM][C4N3
−]. In the first 

case, the proton conductivity has increased to 1.68 × 10−3 S/cm when 20% of ionic 

liquid was added to the pure ZrPA. This could be explained by the intermolecular 

interaction between the zirconium phytate and the [EMIM][BTI] which led to the 

formation of hydrogen bonds that facilitates the proton movement. The findings are 

consistent with the proton conductivity of imidazolium-based proton conductivity 

[113].  

 On the other hand, the conductivity of ZrPA/STA/PEG/[EMIM][BTI] has 

slightly decreased to 9.88 × 10−3 S/cm upon the introduction of the ionic liquid to the 

membrane. The reduction in conductivity values can be attributed to the increase of the 

viscosity of the ionic liquid due to the increase of the ionic size part [BTI]. As a result, 

the cohesion energy will increase, which might lead to a significant reduction in the 

electrostatic attraction [117]. The other reason is the low hydrophilicity of 

[EMIMI][BTI] which decreases the affinity of the ionic liquid to form strong hydrogen 

bonding with ZrPA/STA/PEG.  

 The resistance data of both ZrPA/[EMIMI][BTI] and 

ZrPA/STA/PEG/[EMIMI][BTI] modified membranes are displayed in Figure 22 and 

Figure 23 respectively. In the study of this ionic liquids, various masses had been used 

and their values vs their proton conductivity are presented in Figure 24 and Figure 25. 
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Figure 22: Nyquist plot for pure ZrPA/[EMIM][BTI] with Zreal = 24 Ohm. 

 

Figure 23: Nyquist plot for ZrPA/STA/PEG/6.17 wt%[EMIM][BTI] with Zreal =

4.216 Ohm. 

 

Figure 24: Mass percentage vs conductivity for ZrPA/[EMIM][BTI]. 
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Figure 25: Mass percentage vs conductivity for ZrPA/STA/PEG/[EMIM][BTI]. 

In summary, table (3) provides the best conductive membranes in each combination 

accompanied with its resistance and proton conductivity.  

Table 3: The resistance with its corresponding conductivity of the best conducting 

membranes in each combination. 

Composite Membrane Resistance (Ohm) Proton Conductivity 

(S/cm) 

ZrPA (pure) 139.09 6.65 × 10−4 

ZrPA/STA 17.94 2.23 × 10−4 

ZrPA/PEG 122 3.22 × 10−4 

ZrPA/STA/PEG 2.062 3.81 × 10−2 

ZrPA/[HMIM][𝐂𝟒𝐍𝟑
−] 8.059 4.88 × 10−3 

ZrPA/STA/PEG/5.86 

wt%[HMIM][𝐂𝟒𝐍𝟑
−] 

0.39 1.00 × 10−1 

ZrPA/[EMIM][BTI] 24.09 1.68 × 10−3 

ZrPA/STA/PEG/6.17 

wt%[EMIM][BTI] 

4.216 9.88 × 10−3 
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Chapter 5. Discussion of Characterization results 

 In this chapter, the characterization tests ranging from EIS, TGA, FTIR, SEM, 

EDX, XRD, and water uptake analysis were performed. The results discussed the 

morphology as well as the crystalline structure of the best conductive membranes. In 

addition, the proton conductivity at elevated temperature (150°C) was performed.  

5.1. Proton Conductivity at High-Temperature 

  The main goal of this comprehensive research is the investigation of the proton 

conductivity of the synthesized membranes at elevated temperature (150°C). In regards, 

the ITS machine accompanied with the potentiostant were used to test the conductivity 

for the best conductive membranes; ZrPA/STA/PEG, ZrPA/ 

STA/PEG/[HMIM][𝐂𝟒𝐍𝟑
−], and ZrPA/STA/PEG/[EMIM][BTI]. The membranes were 

cut and fixed in the glove box, then placed inside the CESH. After that, the proton 

conductivity was measured using the EIS over the temperature range 25-150°C. The 

resistance of the corresponding membranes accompanied with their proton conductivity 

are displayed in table 4 and Figure 26. IL1 refers to 1-Hexyl-3- methylimidazolium 

tricyanomethanide [HMIM][C4N3
−], while IL2 refers to 1-Ethyl-3-methylimidazolium 

bis(trifluoromethyl sulfonyl) imide [EMIM][BTI]. 

 Table 4 and Figure 26 display the resistance and the conductivity of each 

composite membrane. It is observed that all membrane’s conductivity has dropped at 

least by one order of magnitude. For ZrPA/STA/PEG modified membrane, the proton 

conductivity has reduced by one order of magnitude from 3.8 × 10−2 S/cm at room 

temperature to 1.36 × 10−3 S/cm at 150°C. On the other hand, ZrPA/STA/PEG/IL1 

showed a significant decrease in the conductivity by two orders of magnitudes, as it 

reached  6.55 × 10−3 at high temperature. Moreover, the ZrPA/STA/PEG/IL2 showed 

a stable behaviour in its proton conductivity over the entire range of temperature (25-

150) °C. It has maintained a constant order of magnitude (10−3).  However, their 

performance is considered better than the standard Nafion, which gave a low 

conductivity at 30°C & relatively low humidity ( 1.4 × 10−4 𝑆/𝑐𝑚) [ref].  

 The high conductivity at HT-operation is attributed to the acidic backbone 

structure of the silicotungstic acid, as it has the ability to retain water molecules, hence 
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providing path for protons transfer. The findings were found to be consistent with the 

literature. The silicotungstic acid has given high proton conductivity in most of its 

composite membranes at elevated temperatures. For instance, doping 50% SIWA in 

SiO2/PBI composite membrane has resulted in  1.2 × 10−3 S/cm at 160°C and 

completely hydrous conditions (100% RH) [83]. Another research revealed that 9.6 

wt% of SIWA in SPEEK provided 0.0013 S/cm at 96°C [118].  

Table 4: Effect of temperature of the best conducting membranes over temperature 

range (25-150) °C. 

Temperature 

(℃) 

ZrPA/STA/PEG ZrPA/STA/PEG/IL1 ZrPA/STA/PEG/IL2 

Resistance/ 

Conductivity 

Ohm S/cm Ohm S/cm Ohm S/cm 

25 1.035 3.80E-02 0.390 1.00E-01 4.504 8.73E-03 

35 2.228 1.76E-02 1.103 3.56E-02 4.755 8.27E-03 

45 3.956 9.94E-03 5.794 6.78E-03 6.927 5.67E-03 

55 4.617 8.51E-03 9.071 4.33E-03 7.625 5.16E-03 

65 6.084 6.46E-03 12.050 3.26E-03 8.426 4.67E-03 

75 8.302 4.73E-03 14.260 2.76E-03 8.657 4.54E-03 

80 10.800 3.64E-03 14.870 2.64E-03 8.512 4.62E-03 

85 15.470 2.54E-03 14.390 2.73E-03 8.543 4.60E-03 

90 11.540 3.41E-03 9.961 3.95E-03 9.807 4.01E-03 

100 14.339 2.74E-03 17.620 2.23E-03 11.190 3.51E-03 

110 23.010 1.71E-03 5.710 6.88E-03 13.140 2.99E-03 

120 25.110 1.57E-03 9.570 4.11E-03 17.000 2.31E-03 

130 28.650 1.37E-03 5.129 7.66E-03 18.200 2.16E-03 

140 28.830 1.36E-03 5.711 6.88E-03 21.390 1.84E-03 

150 29.000 1.36E-03 6.000 6.55E-03 29.070 1.35E-03 

 

 

Figure 26: Effect of temperature on the best conductive membranes. 
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5.2. Thermogravimetric analysis (TGA) 

 Thermogravimetric analysis was applied to the best conductive composite 

membranes to investigate their thermal stability as well as their weight loss and 

compare it to the pure PTFE support sheet. The selected samples were exposed to 

temperature from 27°C to 900°C in the presence of Nitrogen as inert and at a heating 

rate of 20°C/min. The process took a round 45 minutes. Figure 27 illustrates the TGA 

for the pure PTFE and the modified ZrPA membranes with silicotungstic acid, PEG, 

and the two ionic liquids.  

 

Figure 27: TGA for pure PTFE, ZrPA/STA/PEG, ZrPA/STA/PEG/IL1, 

ZrPA/STA/PEG/IL2 membranes. 

 By looking at Figure 27, it is observed that less than 1% weight was lost at 27-

430°C for pure PTFE due to the loss of water molecules. A large weight drop was 

observed around 640°C due to the decomposition of the PTFE support [119], followed 

by a maximum degradation at 900°C. TGA analysis for the modified ZrPA/STA/PEG 

showed the same performance as the pure PTFE below 100°C. Then, it lost a round 3% 

of its mass weight from 100°C to 380°C, followed by a dramatic decrease (34%) at 

600°C, and a total decomposition at 900°C. this can be attributed to the loss of the 

interlayer water bound [72]. ZrPA/STA/PEG/IL1 and ZrPA/STA/PEG/IL2 on the other 

hand, lost 10% of their corresponding weight at 547°C. However, at 630°C, 

ZrPA/STA/PEG/IL1 showed more thermal stability than ZrPA/STA/PEG/IL2. Its mass 

weight has decreased more rapidly by 5 times than ZrPA/STA/PEG/IL1. AT 900°C, 

only 2.4% was remaining of ZrPA/STA/PEG/IL2, compared to 21.3% of 
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ZrPA/STA/PEG/IL1. Hence, IL1 ([HMIM][C4N3
−]) exhibited significant thermal 

stability in comparison to IL2 ([EMIM][BTI]). The reason can be attributed to the water 

retention properties of IL1.  

 In general, research has shown that using silicotungstic acid along with PEG 

and ILs to modify pure ZrPA sample has improved their ability to absorb water, hence, 

enhancing their thermal stability. TGA curves indicate that modified membranes 

display outstanding water absorption properties, with very little weight loss up to 150°C 

when compared to the pure ZrPA without any additives [72] . This is consistent with 

the proton conductivity results. Furthermore, the modified materials created multiple 

hydrogen bonds with STA, PEG and ILs. Therefore, ZrPA/STA/PEG/[HMIM][C4N3
−] 

and ZrPA/STA/PEG/[EMIM][BTI] demonstrated excellent thermal stability, with 

minimal weight loss, making them suitable for high-temperature fuel cell applications. 

5.3. Fourier Transform Infrared Spectroscopy (FTIR) 

 FTIR analysis was performed on synthesized membranes to investigate the 

chemical bond interactions and the functional groups in pure ZrPA membrane and the 

modified ZrPA membranes with STA, and PEG. FTIR was also conducted on the best 

conductive membranes ZrPA/STA/PEG/ILs. The FTIR spectrum for pure ZrPA and the 

ZrPA/STA, ZrPA/PEG, and ZrPA/STA/PEG composite membranes are depicted in 

Figure 28 and Figure 29, respectively.  

 The FTIR spectrum shown in Figure 28 of ZrPA displays various absorption 

peaks. The peaks at 3838, 3728, and 3267 cm-1are related to the O-H hydroxyl group 

present in phytic acid, which interacts with other hydroxyl groups and P=O bonds 

through hydrogen bonding [72]. The peak at 2991 corresponds to the C-H stretching 

vibration, while the peak at 1736 corresponds to the H-O-H interlayer bond water [121]. 

The peaks at 1547 and 1456 cm-1 represent P=O in the phosphonic acid group. 

Furthermore, the sharp peaks at 1208 and 1145 cm-1 correspond to the C-F asymmetric 

stretching vibration, which indicates the presence of the PTFE membrane base matrix 

[122]. The sharp peak at 1001 is attributed to the C-P-O stretching vibration. Moreover, 

the chelation of Zr4+ is indicated by the lower wavelength numbers (773-423 cm-1) [72]. 

The presence of PTFE peaks is noted in all membranes, along with low wavenumbers 

indicating the immobilization of Zirconium ion (Zr4+). 
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 The ZrPA/PEG spectrum in Figure 29 displays similar peaks to ZrPA, except 

for the 3268-3841cm-1 band, which is wider and less intense. This can be attributed to 

the interaction between PEG and ZrPA. Moreover, it is noticed that the absorption peak 

at 3741 cm-1 has been eliminated and become flat, which indicate the introduction of 

more O-H group upon the addition of STA to ZrPA. On the other hand, the H-O-H 

absorption peak at 1721 cm-1 has become broader and wider, possibly indicating the 

absorption of more water molecules within the membrane [123]. The ZrPA/STA/PEG 

spectrum is dominated by the effect of STA addition, as it is much similar to the 

ZrPA/STA spectra, likely due to the small amount of PEG added compared to STA 

added amount. However, the absorption peak at 1587 cm-1 indicates the intercalation of 

PEG within the ZrPA/STA composite membrane. The disappearance of the 3267 cm-1 

peak in the ZrPA/STA/PEG membrane suggests intercalation between the STA and 

PEG molecules within the ZrPA interlayer. The broader region in ZrPA/STA and 

ZrPA/STA/PEG at absorption peak 975 cm-1 is attributed to Si-O bond in silicotungstic 

acid [124].  

 Figure 30 demonstrates the effect of immobilization of ionic liquids within the 

ZrPA/STA/PEG membrane. It is observed that both ILs spectra are relatively identical. 

The absorption peaks at 504-914 cm-1 have become sharper and more intense in 

ZrPA/STA/PEG/ILs when compared to the ZrPA/STA/PEG. This can be attributed to 

the intercalation of ILs within the ZrPA structure. The shoulder at 1100 cm-1 in 

ZrPA/STA/PEG/[HMIM][C4N3
−] is due to C-OH bond. It is an indication of more water 

molecules absorption within the membrane. Moreover, the broader band at 1391 cm-1 

also illustrates the C-OH bending mode [125]. Additionally, the absorption peak at 

1600 cm-1and the wide band at 2096 cm-1 are attributed to the C-H bending vibrational 

modes [114]. The stretching band at 3267 cm-1 and the 3734 cm-1 peak are due to the 

water absorption [126]. In ZrPA/STA/PEG/[EMIM][BTI] the shoulder band at 1323 

cm-1 is assigned to the C-F bond, which is due to the introduction of [EMIM][BTI] ionic 

liquid into the membrane matrix. The H2O molecules absorption has also been seen in 

[EMIM][BTI] at 3028 cm-1. In general, the FTIR analysis of all membranes revealed 

similar spectrum trends. However, the C-OH peaks were more prominent and higher in 

the membranes containing ILs, which confirms their high-water content and ionic 

conductivity. 
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Figure 28: FTIR spectra for ZrPA membranes. 

 

Figure 29: FTIR spectra for ZrPA/PEG, ZrPA/STA, & ZrPA/STA/PEG membranes. 
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Figure 30: FTIR spectra for ZrPA/STA/PEG/[HMIM][C4N3
−] & 

ZrPA/STA/PEG/[EMIM][BTI] composite membranes. 

5.4. Scanning Electron Microscopy (SEM) 

 An AMRAY scanning electron microscope (SEM) was utilized to assess the 

consistency of additive dispersion in the membrane, as well as the size of the additive 

particles/agglomerates. SEM imaging was conducted at various magnifications, using 

an electron beam energy of 20 kV. To prepare the samples, small membrane pieces 

were cut and placed onto sample stubs covered in carbon tape. A thin layer of Au-Pd 

was sputtered onto the sample to enhance electrical conductivity and reduce artifacts 

caused by sample charging. 

 Figure 31, Figure 32, Figure 33, and Figure 34 depict the surface topographies 

of different membrane samples. Figure 31 displays the surface morphology of 

ZrPA/STA, revealing irregularly distributed nanoparticles formed due to the interaction 

between ZrPA and STA. In Figure 32, it was observed that adding PEG to the 

ZrPA/STA composite membrane caused particle agglomeration, which can be 

attributed to the high viscosity of PEG. Moreover, it was noticed that the 

immobilization of ionic liquids, which are commonly referred to as structure-directing 

agents, has significantly decreased the particle size, leading to a substantial 

enhancement in the available surface area of the membrane's structure [127]. The 

incorporation of ionic liquids has also improved the nucleation among the 

ZrPA/STA/PEG layer structure, leading to a better crystalline structure compared to the 

unmodified membrane. The SEM micrographs of the most conductive membrane, 

ZrPA/STA/PEG//[HMIM][C4N3
−], are presented in Figure 33. The images reveal that 

the formed particles are predominantly spherical in shape and are distributed as either 

individual units or agglomerates. It is observed that particle size has decreased 

dramatically upon the addition of ILs from microns in unmodified ZrPA/STA/PEG 

membranes to (200-500) nm [115]. These nanoparticles exhibit favourable interactions 

between the PTFE and the added materials, as it has resulted in an increase in the 

surface area of the composite membrane, which increased the proton pathways within 

the membrane matrix. These results confirm the high proton conductivity. Furthermore, 

Figure 34 shows the top view of ZrPA/STA/PEG/[HMIM][BTI], where the 

nanoparticles exhibit an irregular fusiform crystal shape. 
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(a)                                                             (b) 

Figure 31: SEM images for ZrPA/STA at magnifications of (a) 40000X, (b) 30000X. 

  

(c)                                                            (d) 

Figure 32: SEM images for ZrPA/STA/PEG at magnifications of (c) 1000X, (d) 

30000X. 

  

(e)                                                            (f) 

Figure 33: SEM images for ZrPA/STA/PEG/[HMIM][C4N3
−

] at magnifications of (e) 

5000X, (f)10000X. 
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(g)                                                            (h) 

Figure 34: SEM images for ZrPA/STA/PEG/[EMIM][BTI] at magnifications of (g) 

20000X, (h) 40000X. 

5.5. Energy Dispersive X-ray (EDX) 

 To perform a quantitative elemental analysis, EDX was conducted in 

combination with SEM for the best conductive membranes. EDX was studied in 

different regions of these samples, with the ionization energy displayed on the abscissa 

and the counts indicated on the ordinate of the EDX spectrum. The corresponding peaks 

are illustrated in Figure 35, Figure 36, and Figure 37. 

 In ZrPA/STA/PEG composite membrane, the atomic percentages for W, C, O, 

Zr, and Si were found to be 67.1%, 16.1%, 15.1%, 0.9%, and 0.2%, respectively. These 

percentages shows that tungsten, carbon, and oxygen percentages were the highest due 

to the addition of STA and PEG to ZrPA [72]. The addition of [EMIM][BTI] to 

ZrPA/STA/PEG composite is appeared clearly upon the formation of fluorine as seen 

in Figure 36. It is observed that the peaks of zirconium and phosphate are overlapped 

by the tungsten peak. This can be attributed to the high mass percentage of 

silicotungestic acid compared to the Zr and P masses. The high elemental percentage 

of carbon in all membranes is attributed to the polyethylene glycol addition.  

 The oxygen level in ZrPA/STA/PEG/[HMIM][C4N3
−] are found to be double 

the oxygen composition in ZrPA/STA/PEG/[EMIM][BTI]. This confirms the higher 

conductivity results of ZrPA/STA/PEG/[HMIM][C4N3
−] compared to 

ZrPA/STA/PEG/[EMIM][BTI]. As this indicates the increase in hydrogen bonding in 

structures. In addition, the high percentage of W increases the hydrogen bonding due 

to the four unpaired electrons in each tungsten atom. 
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Figure 35: EDX for ZrPA/STA/PEG. 

 

Figure 36: EDX for ZrPA/STA/PEG/[EMIM][BTI]. 

 

Figure 37: EDX for ZrPA/STA/PEG/[HMIM][C4N3
−

]. 
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5.6. X-Ray Diffraction (XRD) 

 The crystalline structure of the synthesized membranes was investigated using 

the XRD analysis. XRD was performed on the best conductive composite membranes 

and was compared to the pure ZrPA sample. The XRD spectra for pure ZrPA and 

modified membranes are provided in Figures 38 and Figure 39, respectively. 

 

Figure 38: XRD spectra for ZrPA [72]. 

 

Figure 39: XRD spectra for ZrPA/STA & best conductive membranes. 

 In Figure 38, it is observed that the peaks possess a low sharp intensity which 

indicates the low crystallinity of the ZrPA membrane. This was attributed to the phytic 

acid crystalline structure [72]. On the other hand, the modified ZrPA membranes have 

demonstrated narrower peaks with sharper intensity at 18° due the PTFE support 

matrix. There is a strong correlation between the moisture content and the crystalline 
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structure of a material. When the level of crystallinity decreases, there is a 

corresponding rise in the amount of water intercalated within the crystal lattice [128]. 

The low crystallinity in the ZrPA sample illustrates the good water absorption within 

its layers, which supports the ZrPA protonic conductivity. The diagram obtained from 

X-ray diffraction shows peaks of different intensities at specific 2θ angles. By 

identifying the 2θ values, it is possible to obtain information about the deflection of the 

beams. Bragg's law [129] as seen in Eq.13 can be used in the calculations to determine 

the d-spacing between atoms in the modified samples. 

2 d sinθ = λ                                                                                                                (13) 

  Sharp peaks were observed in the ZrPA at 7.1°, 23.5°, 33.7°, 53.4°, and 70.9°, 

while the other peaks had a lower intensity. According to Bragg's law, a 12.54 Å d-

spacing was found between the ZrPA interlayers. The ZrPA 2-theta values indicated 

that ZrPA had a fusiform crystalline structure. On the other hand, the modified ZrPA 

samples containing STA, PEG, and ILs had sharper peaks at 2θ values of approximately 

16.5° and 18.05°. The disappearance of peaks at 23.5°, 33.7°, 53.4°, and 70.9° 

suggested a significant alteration in the crystalline structure, is possibly due to the 

intercalation and exfoliation of the guest molecules within the ZrPA structure. These 

results align with the FTIR findings, which showed great O-H absorption peaks, 

indicating the presence of water molecules within the membrane layers. 

5.7. Water Uptake Analysis 

  The ability of the membrane to retain water molecules within its structure is 

referred to as its water uptake property. This characteristic is of significant importance 

in facilitating the movement of protons within the polymer electrolyte of a fuel cell by 

creating paths for proton hopping. To determine this property, the membrane is 

submerged in deionized water for a period of 24 hours, then dried for 4 hours in an 

oven. After that, the total mass of the membrane is measured before and after drying, 

followed by calculating the water uptake using equation (12). The water uptake analysis 

was carried out on the best conductive membranes, and their values were compared to 

those of Nafion. Table (5) displays the water content analysis for ZrPA/STA/PEG, 

ZrPA/STA/PEG/[HMIM][C4N3
−], ZrPA/STA/PEG/[EMIM][BTI], and Nafion. It is 

clearly seen that the ZrPA/STA/PEG, and ZrPA/STA/PEG/[HMIM][C4N3
−], contained 
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a water uptake percentage of 219.8% and 221.8% respectively. On the other hand, 

ZrPA/STA/PEG/[EMIM][BTI] has only showed a 67.3% water holding ability. These 

results as can be seen in Figure 40, are consistent with the proton conductivity results, 

as the ZrPA/STA/PEG, and ZrPA/STA/PEG/[HMIM][C4N3
−], provided the best ionic 

conductivity while the ZrPA/STA/PEG/[EMIM][BTI]  showed the lowest conductivity. 

In comparison to Nafion-117, the new composite membranes appear to be highly 

promising for high temperature operations.  

Table 5: Water uptake comparison between the best conductive membranes and Nafion. 

Composite membrane Water Uptake% 

ZrPA/PEG/STA 219.8% 

ZrPA/PEG/STA/[HMIM][𝐂𝟒𝐍𝟑
−] 221.80% 

ZrPA/PEG/STA/[EMIM][BTI] 67.30% 

Nafion-117 19% 

 

 

Figure 40: Proton conductivity vs water uptake for the best conductive membranes. 

 Overall, the synthesized composite membranes have shown the potential as 

candidates for HT-PEMFC operation, as confirmed by the various characterization 

techniques. However, further investigation is required for a better understanding of the 

chemical and morphological changes that occur during their synthesis. Specifically, 

additional XRD analysis should be performed on the starting materials and compare the 

results with after the synthesis. Additionally, more FTIR analysis should be conducted 

on the starting materials, the ZrOCl2 and phytic acid before and after their reaction to 
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gain insight into changes in chemical bonding and functional groups. To better 

understand the reduction in conductivity after the high-temperature testing, it would be 

helpful to perform additional XRD analysis on the most conductive membranes after 

testing and compare the results with those obtained at room temperature.  
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Chapter 6. Conclusions and Future Work 

6.1. Conclusions  

 This work reported an innovative Nafion-free, solid proton-conductive 

membrane, based on zirconium phytate (ZrPA) and Silicotungstic acid (STA). To 

enhance proton conductivity, the membrane’s structure was altered with a plasticizer 

(PEG) and ionic liquids. The modified membranes were synthesized using the spin 

coating technique and were further characterized by EIS and processed at high 

temperatures to evaluate their proton conductivity. In addition, their thermal stability, 

morphology, crystallinity, elemental composition, and water retention properties were 

analysed using techniques such as TGA, SEM, and EDX. The membranes were 

synthesized by the precipitation of zirconium phytate in situ and modified with STA, 

PEG, and ILs.  Two ionic liquids, [HMIM][C4N3
−], and [EMIM][BTI] were utilized in 

this study. 

 The proton conductivity of unmodified ZrPA was found to be 6.65 ×

10−4S/cm. The addition of STA has increased it by one order of magnitude to 

2.23 × 10−3S/cm. Further modification using PEG has increased the proton 

conductivity to 3.81 × 10−2S/cm. The highest proton conductivity (0.1 S/cm) was 

obtained upon the addition of [HMIM][𝐶4𝑁3
−], which is comparable to Nafion’s 

conductivity. In general, the addition of ionic liquids has increased the proton pathways 

which enhanced the proton hopping within the membrane matrix. This can be attributed 

to the high hydrophilicity of ionic liquids, which ultimately resulted in significant 

improvement of the proton conductivity.  

 Many characterization techniques were performed to confirm the high 

conductivity results. The water uptake results have shown an outstanding ability of the 

membrane absorbance of water, which resulted in increasing the proton conductivity as 

well as the durability of the membrane.  

 On the other hand, the SEM results have shown an increase in the surface area 

due to the formation of nanoparticles, which facilitates the protons transfer within the 

membrane matrix. In addition, the FTIR and XRD results have shown an increase in 

the water uptake ability upon the formation of an amorphous structure.   
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 High temperature analysis was performed on the best conductive membranes, 

ZrPA/STA/PEG, ZrPA/STA/PEG/[HMIM][C4N3
−], and 

ZrPA/STA/PEG/[EMIM][BTI]. The results showed a dramatic decrease in the proton 

conductivity at least by one order of magnitude, due to the loss of water content. When 

compared to Nafion, the results seem better as Nafion’s conductivity starts to decrease 

dramatically above 80°C. However, the TGA analysis has shown a great thermal 

stability at elevated temperatures. 

 In conclusion, the characterization results of the best conductive membrane 

ZrPA/STA/PEG/[HMIM][C4N3
−] have shown that this modified membrane can be used 

as alternative for the standard Nafion for high-temperature PEM  fuel cell applications.  

6.2. Future work and recommendations 

1) Investigate another method for membranes’ synthesis rather than spin coating 

and study their morphological structure and proton conductivity at high 

temperatures. 

2) Investigate other types of heteropoly acids such as phosphotungistic acid and 

study their effect on proton conductivity. 

3) Synthesize membranes with other imidazolium based ionic liquids and 

investigate their influence on both the thermal stability and ionic conductivity. 

4) Synthesize membranes based on PBI, SPEEK and perform high temperature 

analysis on them. 

5) Study the mechanical stability of the membranes by testing its tensile strength. 

6) Study the pH effect on the membrane’s proton conductivity. 
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