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SYNOPSIS 
 

For a direct methanol fuel cell (DMFC), the proton exchange membrane 

must conduct protons and be a good methanol barrier1. Currently the membranes 

most referred to are DuPont’s Nafion® materials. Nafion® has also been used in 

DMFCs, but only works in very dilute concentrations and high methanol 

permeability is observed at methanol feed concentrations above 0.5 M. In addition 

to the high methanol permeability achieved by these membranes, they are very 

expensive and contribute greatly to the overall cost of the fuel cell set up. The 

high cost of the DMFC components is one of the main issues preventing its 

commercialisation2. The main objective of this study was thus to produce highly 

proton conductive membranes that are cheap to manufacture and have low 

methanol permeability.  

Sulfonated poly(oxa-p-phenilene-3,3-phthalido-p-phenylene-oxy-

phenylene) (sPEEK-WC) was synthesized by sulfonating poly(oxa-p-phenilene-

3,3-phthalido-p-phenylene-oxy-phenylene) (PEEK-WC) with chlorosulfonic acid. 

The proton conductivity and the methanol permeability of the sPEEK-WC 

membranes increased with increasing degree of sulfonation (DS). Low methanol 

permeability (2.3x10-8 cm2/s) and satisfactory proton conductivity (4x10-3 S/cm) 

were obtained for sPEEK-WC having a DS of 0.99. Further synthesis was carried 

out using sPEEK-WC having a DS of 0.99. 

The synthesis of sPEEK-WC/phosphorised zirconium oxide nanoparticles 

(ZP) composite membranes was studied and the optimal preparation method 

obtained. The optimal preparation procedure involved the direct addition of a 

freshly prepared ZP nanoparticle suspension into the sPEEK-WC polymer 

solution and subsequent membrane preparation via a solvent evaporation 

technique. The optimal composite membrane composition emcomposes 6 wt.% 

ZP with 94 wt.% sPEEK-WC. Improved proton conductivity (0.03 S/cm) and low 

methanol permeability (4.6x10-9 cm2/s) were obtained for these membranes. In 

addition, these sPEEK-WC/ZP composite membranes are cheap to manufacture. 

The membrane-electrode assemblies (MEAs) prepared from these sPEEK-WC/ZP 
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composite membranes displayed promising DMFC performance and are thus 

worthy candidates for DMFC applications. 

A series of composite sPEEK-WC/hydrated phosphotungstic acid (PWA) 

membranes were prepared and investigated. These membranes are easy and cheap 

to synthesize. The conductivity of the composite membranes exceeded 3.5x10-2 

S/cm at room temperature (r.t.) and reached a values of 6.0x10-2 S/cm at 80 °C for 

the sPEEK-WC/PWA composite membrane containing 50 wt.% PWA. The 

optimal membrane composition contained 10 wt.% PWA and 90 wt.% sPEEK-

WC, as increased water swelling (WS) and decreases mechanical stability are 

accompanied by high PWA content. Their high proton conductivity (1.9x10-2 

S/cm, with 10 wt.% PWA) and low methanol permeability (3.5x10-8 cm2/s, with 

10 wt.% PWA) make these sPEEK-WC/PWA composite membranes good 

candidates to be considered for use in DMFCs. 
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CHAPTER 1: 

INTRODUCTION 

 
1.1 BACKGROUND 

 

There are currently 700 million automobiles and 250 million trucks on the 

road worldwide. In addition, 40 million new vehicles and 10 million new trucks 

are produced each year 3 . Most of these vehicles are powered by Internal 

Combustion Engines (ICEs). ICEs emit poisonous substances such as carbon 

monoxide, hydrocarbons, nitrogen oxide and fine particles, which lead to various 

health and environmental problems 4 , 5 . The deteriorating urban air quality, 

growing dependence on insecure energy sources and global warming caused by 

ICEs has lead to the re-evaluation of petroleum-fuelled ICE vehicles6. 

 
Figure 1.1: A photograph of typical automobile congestion7. 

 

A fuel cell is an electrochemical device that converts chemical energy into 

electricity, without combustion, by combining hydrogen and oxygen. If pure 

hydrogen is used as the fuel, it produces water, electricity, and heat. Figure 1.2 

shows a schematic diagram of a hydrogen fuel cell. A fuel cell consists of a 

cathode, an anode, an electrolyte and an external load8. At the anode the fuel is 

oxidised to release protons and electrons. The electrons are transported to the 

cathode through the external load via an external circuit. At the cathode oxygen 

combines with the protons and electrons and is reduced to water. The electrolyte 
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acts as the separator between hydrogen and oxygen to prevent mixing and, 

therefore, preventing direct combustion. It completes the electrical circuit of 

transporting ions between the electrodes9
.
  

 
Figure 1.2: A schematic diagram of a hydrogen fuel cell10. 
 
 

Fuel cells are intended to replace ICE vehicles due to their increased 

reliability, reduced pollution, reduced noise and higher efficiency, however 

reasons such as gaining independence from oil imports has also catalyzed fuel cell 

development11. For vehicular applications a fuel cell running on a liquid fuel 

would be ideal, and hence the Direct Methanol Fuel Cell (DMFC) is being 

intensely investigated for transportation applications. Methanol is a liquid fuel 

made from natural gas or renewable resources, and it is the leading candidate to 

provide the hydrogen necessary to power fuel cell technology for vehicle 

applications. The commercialization of the methanol powered fuel cell will offer 

practical, affordable, long-range electric vehicles with near-zero emissions while 

maintaining the convenience of a liquid fuel7.  

For a direct liquid methanol PEM fuel cell (the DMFC), the ion-exchange 

membrane must conduct protons and be a good methanol barrier1. Currently, 

DuPont’s Nafion® based membranes, which were developed in the 1960s for the 

chlor-alkali industry, are the most referred to materials. Nafion® is a 

perfluorinated sulfonic acid polymer and is the preferred membrane for H2/air 

PEM fuel cells that operate at a temperature of about 80°C. At temperatures above 
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100°C, Nafion® looses water and conductivity12. Nafion® has also been used in 

direct methanol fuel cells, but only works in very dilute concentrations and high 

methanol permeability is observed at methanol feed concentrations above 0.5 M. 

In addition to the high methanol permeability achieved by these membranes, they 

are very expensive and contribute greatly to the overall cost of the fuel cell set up. 

The high cost of the DMFC components, is the main issue preventing its 

commercialisation2.  

New membrane materials are thus required and in order to avoid long and 

costly fuel cell experiments with a membrane–electrode assembly (MEA) proper 

characterisation methods are needed, which can be used as a first estimate. Mulder 

et. al13 concluded that water swelling (WS) measurements, ion-exchange capacity 

(IEC) determination, resistance measurements and methanol permeability 

methods can be used as a first estimate to select proper materials for direct 

methanol fuel cell applications13. These techniques were used to characterise the 

prepared membranes as well as thermal gravimetric analysis (TGA), Fourier 

Transform Infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), 

transmission electron microscope (TEM) and x-ray diffraction analysis.  

 

 

1.2 OBJECTIVES 

 

The need for membrane electrolyte materials for DMFCs that are highly 

proton conductive, stable in methanol flow and cheap to manufacture, has 

stimulated this study. The main focus of the study includes: 

 The identification of cheap materials, which are highly proton 

conductive that can be utilised for membrane synthesis; 

 The synthesis of proton conducting membranes for DMFC applications, 

which are; 

 Highly proton conductive (of the order of 1x10-2 S/cm) 

 Non electronically conducting 

 Mechanically strong 

 Stable in water and methanol flow; 
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 Optimisation of the membrane preparation method; 

 Characterisation of the membranes prepared using various 

characterisation techniques; 

 Evaluation of which starting materials produce membranes possessing 

the properties listed above; 

 Membrane electrode assembly preparation and subsequent single cell 

DMFC assembly using the prepared membranes. 

 

1.3 RESEARCH STRUCTURE  

 

1. The starting material of choice to prepare these membranes was 

established to be the polymer material poly(oxa-p-phenylene-3,3-phtalido-

p-phenylene-oxa-p-phenilene-oxy-phenylene) (PEEK-WC). It was chosen 

due to it’s high chemical inertness, high proton conductivity, ease of 

synthesis as opposed to the other poly(ether ether ketone)s and it’s 

relatively low cost. 

2. The sulfonation of PEEK-WC was studied, in order to ascertain the ideal 

degree of sulfonation required for high conductivity and stability. The 

experimental procedures, results and discussions are given in Chapter 3. 

From the sulfonated PEEK-WC (sPEEK-WC), various composite 

membranes were subsequently prepared.  

3. The inorganic exchange material, phosphorised zirconium oxide 

nanoparticles (ZP) was introduced into the polymer matrix to form 

sPEEK-WC/ZP composite membranes.  Chapter 4 gives detailed 

information on the synthesis and characterisations of various sPEEK-

WC/ZP composite membranes. 

4. Another inorganic ion exchange material, the heteropolyacid, hydrated 

phosphotungstic acid (PWA, H3PW12O40.29H2O), was introduced into the 

polymer matrix. Chapter 5 discusses in detail the preparation and 

characterisation information obtained from composite membranes 

incorporating sPEEK-WC and heteropolyacids. 



Literature Review Chapter 2 
 

 
 

5

CHAPTER 2:  

LITERATURE REVIEW 
 

2.1 FUEL CELLS 
 

2.1.1  Introduction 

 

A fuel cell converts the energy released from a chemical reaction directly 

into electrical power, and in this sense operates similarly to a battery. However, 

unlike a battery, but similar to the combustion engine, a fuel cell has an external 

fuel source and will generate electricity as long as fuel is supplied, so it never 

needs electrical recharging. A fuel is thus sometimes referred to as an intermediate 

between a battery and a combustion engine. Thermodynamically, the biggest 

difference between the fuel cell and the combustion engine is that the combustion 

engine is limited by the Carnot efficiency (Equation 2.1) and the fuel cell is not14.  

In 1801, Johann Wilhelm Ritter discovered the basic operating principle of 

fuel cells by reversing water electrolysis to generate electricity from hydrogen and 

oxygen, and today is considered to be the fuel cell pioneer. The gas electrode, the 

basic part of the fuel cell was studied during the first half of 19th century by the 

Swiss professor, Christian Friedrich Schoenbein (1799 to 1868) from the 

University of Basel. Schoenbein discovered the effect, while William Grove is 

credited for the first patent of what he called the "gas battery", now better known 

as the "fuel cell"15. 

 

1

21

T
)T - (T  EfficiencyCarnot  Maximum =                   (2.1) 

where; T1 - temperature of heat source; 

T2 - temperature of discarded heat. 

 

For most fuel cells, hydrogen from a fuel tank and oxygen from the air 

combine to produce electricity and warm water, as illustrated in Figure 2.1. Fuel is 

not burned in this electrochemical procedure, permitting a fuel cell to operate 
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quietly and nearly pollution-free. While a standard automobile engine uses 15 to 

20 % of the fuel's chemical energy, a fuel cell can convert nearly three times as 

much of its fuel's energy into usable power. Fuel cells are usually categorized by 

their electrolyte (the material sandwiched between the two electrodes).  

 

 
Figure 2.1: The schematic diagram of a hydrogen fuelled fuel cell. 

 

The electrolyte determines the optimal operating temperature (see Table 

2.1) and the fuel used to generate electricity. Each comes with its particular set of 

benefits and shortcomings. All of these fuel cells operate in a similar manner. At 

the anode the fuel is oxidized to release protons and electrons. The protons then 

migrate through the proton conducting, but electronically insulating electrolyte 

and react with oxygen at the cathode and form water. The electrons produced at 

the anode are carried through an external circuit where they can be made to do 

useful work, such as powering an electrical motor14.  
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Table 2.1: Fuel cells classified according to their electrolytes. 

Fuel Cell Type Electrolyte Anode fuel Cathode Gas Temperature Efficiency 

Proton Exchange 

Membrane (PEM) 

Solid polymer 

membrane 
hydrogen air,  oxygen 75 °C 35–60 % 

Alkaline (AFC) 
Potassium 

hydroxide 
hydrogen oxygen <80 °C 50–70 % 

Direct Methanol 

(DMFC) 

Solid polymer 

membrane 
methanol  air 75 °C 35–40 % 

Phosphoric Acid 

(PAFC) 

Phosphoric 

Acid 
hydrogen air 210 °C 35–50 % 

Molten Carbonate 

(MCFC) 

Alkali- 

Carbonates 

hydrogen, 

methane 
air 650°C 40–55 % 

Solid Oxide 

(SOFC) 

Ceramic 

Oxide 

hydrogen, 

methane 
air 800–1000 °C 45–60 % 

 

 

2.1.2 Low and Medium Temperature Fuel Cells 

 

The alkaline fuel cell (AFC) has one of the longest histories, and was first 

developed by F.T. Bacon, in the 1930’s. Less concentrated (35 to 50 wt.%) KOH 

electrolytes are used for lower temperature (<80 °C) operation. Oxygen is reduced 

at the cathode and hydrogen is oxidized to water at the anode. An advantage of the 

alkaline electrolyte is that electrode materials other than noble metals (platinum) 

can be used with less risk of corrosion. AFCs are very efficient and they release 

only pure water. However, they require very pure hydrogen and oxygen. 

The phosphoric acid fuel cell (PAFC) uses molten H3PO4 as the electrolyte. 

The fuel is natural gas which is first reformed to produce hydrogen. The CO 

produced from the reforming reaction lowers the efficiency of the anode reaction, 

and thus the temperature is increased to increase the rate of CO removal. The 

catalyst involved is platinum, and at the anode oxidation of hydrogen occurs. At 

the cathode oxygen is reduced to water. The PAFC, was developed as a result of 

the TARGET (Team of Advance Research for Gas Energy Transformation) 

project (1967 to 1975)14.  
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The proton exchange membrane fuel cell (PEMFC) gets its name from the 

special polymer membrane it uses as the electrolyte. Similar to the PAFC, 

hydrogen is oxidized at the anode and oxygen reduced to water at the cathode. 

The membrane relies on the presence of liquid water for proton conductivity to be 

possible and limits the operating temperature of the PEMFC below 100°C. A 

catalyst, typically platinum, is required to promote the chemical reaction at this 

low temperature. Because of the low temperature, the PEMFC is very sensitive to 

impurities and even small amounts of CO in the cell can poison the catalyst. The 

anode, the cathode and the electrolyte, make up the membrane-electrode assembly 

(MEA). It can produce a cell voltage of up to 1V and power density of 1 Wcm-2, if 

supplied with hydrogen. The PEMFC was commercialized at General Electric by 

Grubb and Niedrach in 1960, and provided on board electrical power for the 

Gemini Space missions (developed since 1962)14. 

 

2.1.3 High Temperature Fuel Cells 

 

Two high temperature fuel cell systems are available; solid oxide (SOFC) 

and molten carbonate fuel cells (MCFC). Baur and Preis in 1937 developed the 

SOFC out of a need for a more managable electrolyte as an alternative to the 

liquid electrolytes. They influenced the initial developement of the MCFC by 

Davtyan in 1946. MCFCs rely on nickel-based catalysts and molten carbonates as 

the electrolytes. SOFCs use a coated zirconia ceramic as the electrolye, and do not 

require any catalyst. These fuel cells have two major advantages over their low 

temperature counterparts; they can achieve higher electrical efficiencies and the 

high operating temperatures allow direct internal processing of fuels such as 

natural gas.   

 

2.1.4 The Direct Methanol Fuel Cell 

  

The development of the direct methanol fuel cell (DMFC) started in the 

1960’s. The electrolyte is a polymer material similar to that of the PEMFC, and as 

the name implies methanol is used directly as the fuel. In the DMFC, methanol is 
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directly oxidized to carbon dioxide and protons at the anode following Equation 

2.216; 

 CH3OH + H2O    CO2 + 6e- + 6H+   (2.2) 

The reduction of oxygen then takes place at the cathode via Equation 2.3; 

1.5 O2 + 6H+ + 6e-   3H2O    (2.3) 

The net reaction is given by Equation 2.4; 

 CH3OH + 1.5CO2   CO2 + 2H2O    (2.4) 

 

A DMFC with a Nafion® electrolyte is illustrated in Figure 2.2. 

Electrochemical losses at both the anode and cathode result in reduced efficiency. 

The methanol permeability via the electrolyte to the cathode, which reacts on the 

Pt catalyst, is important factor in decreasing the efficiency. Also the probability of 

all six electrons involved in a cathod reaction being transferred simultaneously is 

low.  

 
Figure 2. 2: Schematic representation of a direct methanol fuel cell. 

 

Studies have showed that ruthenium increases the catalytic activity of 

platinum with the optimum composition being 50% Pt and 50% Ru. Methanol 

oxidation on Pt-Ru particles proceeds through the following steps17. 

3Pt + CH3OH   Pt3COH + 3H+ + 3e-    (2.5) 

Ru + H2O   RuOH + H+ + e-    (2.6) 
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RuOH    RuO + H+ + e-    (2.7) 

RuO + Pt3COH  Ru + 3Pt + CO2 + H+ + e-   (2.8) 

The methanol fed DMFC was developed for military purposes to power 

electronic equipment in the field. Figure 2.3 illustrates a DMFC that could be used 

in a 30 kW power system. Air breathing cells are designed to replace the 

traditional batteries and are sometimes referred to as micro fuel cells. .  

 
Figure 2.3: A schematic representation of a 30 kW direct methanol fuel cell. 

 

 

2.2 APPLICATIONS OF FUEL CELLS 

 

2.2.1  Stationary Power Generation 

 

The most important benefit of fuel cells in stationary power generation is 

its high fuel efficiencies, especially for Combined Heat and Power (CHP) 

applications. These systems currently serve as a back up power in buildings such 

as hotels, hospitals, banks and shopping centers. Rural electrification is a growing 

market and Intelligent Energy’s™ CHP units provide both electricity and hot 

water in rural areas, as illustrated in Figure 2.418.  
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Figure 2. 4: A combined heat and power unit developed by Intelligent Enegry™  

 

 

2.2.2  Portable Applications 

 

 Portable in context of fuel cell applications, describe a small, grid free 

electrical power unit ranging from a few watts to one kilowatt. Portable fuel cells 

extend the duration of grid independent operation and produce less noise and a 

higher quality of energy production14. The DMFC appears to be the most 

promising candidate for battery replacement for portable applications such as 

cellular phones and laptop computers. The Analytic Power Corporation reported 

on portable hydrogen fuelled PEMFC units, ranging from 50 to 500 W, for 

applications such as powering microclimate cooling systems.  Design studies on 

an 850 kW PEMFC for application as the service generators of ships are also 

being undertaken19.   

 

2.2.3  Automotive Applications 

 

Fuel cells are intended to replace internal combustion vehicles due to their 

increased reliability, reduced pollution, reduced noise and higher efficiency, 

however reasons such as gaining independence from oil imports has also 

catalyzed fuel cell development. For vehicular applications a liquid fuel would be 
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ideal, and hence the DMFC is being intensely investigated for transportation 

applications. Figure 2.5 shows a DMFC vehicle prototype.  

 

 
Figure 2.5: A methanol fuel cell vehicle developed by Germany’s Volkswagen in 

partnership with Johnson Matthey (United Kingdom), Volvo (Sweden), and the Energy 

Research Foundation Netherlands ECN. 

 

ICEs convert 19% of petrol’s useful energy to turning a car’s wheels. 

DMFC vehicles will achieve efficiencies of at least 38%. Additionally a DMFC 

vehicle will have all the convenience of a standard petrol vehicle, but without the 

noise. Fewer parts moving around will result in a greater reliability and longer 

vehicle life. Carbon dioxide is a reason for a “green house” effect. The DMFC 

vehicle’s carbon dioxide emission will be 50% less than that of the modern 

gasoline internal combustion vehicle7.  

 

There are many advantages of the DMFC over the hydrogen fuel cell for 

vehicular applications, some of which are listed as follows11: 

 The existing infrastructure for fuel supply and distribution can be utilized 

(The American Methanol Institute estimated that the petrol to methanol 

conversion would cost  $50 000 per station); 

 No additional fuel processing or cleaning is required; 

 Low cost of the fuel; 

 “Simple” system setup. 
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2.3 MEMBRANES 

 

One of the most expensive components of the DMFC or any PEMFC is the 

proton electrolyte membrane. The membrane in DMFC is providing two essential 

features; firstly it separates the positive and negative electrodes and secondly it is 

a medium for ion (proton) movement between the electrodes.  It has been 

projected that in order to make the DMFC competitive with the ICE the cost of a 

PEMFC should be $50/kW (approximately R300/kW) of power generated, if the 

current output is equal to 1 A/cm2 and the cell voltage is 0.7 V 20. In order to meet 

that target, the membrane would have to cost $10 to 15/kW (R60 to 90/kW) or in 

terms of area, $70 to 105/m2 (R420 to 630/m2). Beside low cost, prerequisites for 

the proton exchange membranes are: high proton conductivity, thermo-oxidative 

stability, affinity for water and extended life-time, i.e. not less than 10 years21.   

The large scale commercialization of the DMFC is currently limited by 

two major technological problems. The first is the slow methanol oxidation 

kinetics occurring at the anode and the second is the permeability (or diffusion) of 

methanol from the anode to the cathode of the fuel cell across the polymer 

electrolyte membrane. The cross-over of methanol results in platinum catalyst 

poisoning, the loss of fuel, reduced cathode voltage and an excess thermal load in 

the cell. In this section various membranes developed for possible use in the 

DMFC are discussed.  

 

2.3.1 Perfluorinated Ionomer Membranes 

  

2.3.1.1  Homogenous Perfluorinated Ionomer Membranes 

 

Perfluorinated ion-exchange (ionomer) membranes are composed of a 

perfluoroalkyl side chain and a perfluoro alkyl ether side chain with a sulfonic 

acid group at its end22. The negative ions, SO3
-, are attached permanently to the 

side chain. In hydrated membrane the dissociation of the water molecule is 

producing mobile protons. They provide conductivity by, hopping from one SO3
¯ 

site to the next10. The most commonly known material of this class is the DuPont 
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membrane (trade mark Nafion®). Nafion is a noncross-linked ionomer polymer, 

and it’s structure is shown below in Figure 2.6. 

 
Figure 2.6: The chemical structure of a repeating unit of a Nafion® membrane, by 

DuPont™. 

 

Nafion® swells in the presence of water, because the water is taken up by 

the ion-rich domains. This gives water pools surrounded by a polymer matrix and 

ionized sulfonate groups located at a polymer-water interface (as shown in Figure 

2.7, below). This interface is essential for proton conductivity. The structure 

resembles an inverted micelle, with the hydrophilic region on the inside where 

ions can pass through and the hydrophobic region (the backbone) to the outside. 

Unfortunately, small hydrophilic molecules, like methanol, can also diffuse 

through the water-rich regions and it has been found that over 40% of the 

methanol in the DMFC can be lost23. 

 
Figure 2. 7: Microphase separation of Nafion®23. 

 

Another disadvantage of the Nafion® membranes are their cost, Nafion® 

112 is a registered trade mark of E.I. DuPont, and costs approximately $600 to 
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700/m2 (R3600 to 4200/m2)20. Fluorine-free or partially fluorinated membranes 

with mechanical, chemical and electrochemical properties similar to that of 

Nafion® would be suitable replacement for the fluorinated Nafion® membrane. 

Another option would be to replace the Nafion® membrane with a Nafion® based 

composite membrane27.    

 

 

2.3.1.2  Perfluorinated Ionomer Composites 

 

Composite membranes can be prepared by the impregnation of a 

microporous support material with a Nafion® solution 24. The first composite 

membranes were prepared by Penner and Martin25 who impregnated Gore-Tex® 

with Nafion®. Kolde et al.26 applied the Gore-Select™ membrane in fuel cells. 

These membranes showed increased ion transport rate as compared to the 

Nafion® membrane with only a small decrease in selectivity. The r.t. 

conductivities of the Gore-Select™ EW 1100 membranes were found to be 0.053 

and 0.028 S/cm for the 5 and 20 µm membranes, respectively. It is lower than the 

0.10 S/cm conductivity of the Nafion® 112 membrane. However, the Gore-

Select™ membranes were found to have good mechanical strength in both the 

swollen and unswollen state.  

Fedwik et al. 27  prepared Nafion®-based composite membranes by the 

impregnation of poly(tetraflouroethylene) (PTFE) and Celgard® microporous 

supports materials with an 18 wt.% Nafion/ethanol solution. The conductivity at 

65 °C was 0.021 S/cm for Celgard® 2400 and 0.027 S/cm for Celgard® 2500, 

which is lower than the 0.1 S/cm of Nafion® 112. The PTFE support had a larger 

Nafion® uptake (70% cf. 45%) and conductivity (0.1 S/cm). Conductivity data for 

their composite membrane prepared as well as for Nafion® and the developmental 

Gore-Select™ membrane are given in Table 2.2. The Nafion®/PTFE composite 

membranes prepared by Fedwik et al.27 are more permeable than Nafion® 

membranes, therefore reactant cross-over and intermixing problems will occur in 

an operating fuel cell.  
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Table 2. 2: Conductivity and resistance at 65 °C  for Nafion® based membranes27. 

Membrane Nafion® content 

(wt%) 

Membrane 

thickness (µm)

σ (S/cm) R (Ω*cm2) 

Celgard® 2400 

+ Nafion® 

42.7 ± 4.2 28 ± 2 0.021 ± 0.005 0.140 ± 0.040 

Celgard® 2500 

+ Nafion® 

45.2 ± 5.6 28 ± 1 0.027 ± 0.006 0.110 ± 0.004 

PTFE  + 

Nafion® 

69.8 ± 3.2 31 ± 3 0.100 ± 0.006 0.031 ± 0.004 

Nafion® 112 as purchased 52 ± 2 0.144 ± 0.005 0.036 ± 0.002 

Nafion® 112 as purchased 210 ± 6 0.140 ± 0.005 0.151 ± 0.002 

Gore-Select ™ - 19 ± 1 0.063 ± 0.008 0.030 ± 0.004 

 

 

2.3.1.3  Composites of Perfluorinated Ionomers 

 

As opposed to perfluorinated ionomer composites, these types of 

composite membranes consist of Nafion® membranes being impregnated with 

suitable compounds, which will decrease the methanol permeability of the 

Nafion® membranes. Pyati et al.23 doped Nafion® membranes with an ionic 

liquid, 1-ethyl-3-methyl-imidazolium ion (EMI+, see Figure 2.8). The EMI+ ion is 

three times larger than the H+
 ion and the vapor pressure is much lower as 

compared to the water vapor pressure23. Thus the EMI+ doped membranes should 

have lower water content in the membrane, which will then reduce methanol 

permeability while having a lesser effect on proton conductivity. The EMI+ doping 

reduced methanol permeability significantly, decreasing proton conductivity to a 

lesser extent23.  
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Figure 2. 8: The structure of 1-ethyl-3-methyl-imidazolium ion (EMI+). 

Smit et al.28 and Langsdorf et al.29 studied the modification of Nafion® 

membranes by in situ polymerization of pyrrole within the structures of Nafion®. 

The composite membranes showed lower methanol permeation, increased proton 

conductivity, and enhanced cell performance. Shoa et al. 30  prepared 

Nafion®/polyvinyl alcohol (PVA) composite membranes with good water over 

methanol selectivity and better cell performance than the commercial Nafion® 

membranes.   

Lui et al.31 reported a new approach to modify commercial membranes by 

in situ polymerization of polyfurfuryl alcohol (PFA) within the structures of 

Nafion. They characterized Nafion®/PFA nanocomposite membranes and 

presented the related cell performance of these membranes in DMFCs. The proton 

conductivity of the membranes decreased at a low PFA loading (< 8 wt.%). These 

nanocomposite membranes with higher selectivity (e.g., proton conductivity or 

methanol crossover) achieved a much higher DMFC performance at both room 

temperature and 60°C32. The application of composite membranes in fuel cells is 

still under active research.  

 

 

2.3.2 Nonfluorinated Ionomer Membranes 

 

Various disadvantages of perfluorinated ionomer membranes, such as their 

high cost, poor performance above 100°C and high methanol permeability in 

DMFCs strongly limit their commercial applications. This has resulted in the 

stimulated development of nonfluorinated membranes whose proton conducting 
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properties are still provided by sulfonic acid groups, similar to that of 

perfluorinated ionomers.  

 

2.3.2.1 The Poly(ether ether ketone)s 

 

The family of poly(ether ether ketone)s has generated great attention over 

the past few years as one of the high performance and high stability polymers. 

Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene) (PEEK) 

functionalized by electrophilic sulfonation, possesses many of the properties 

required, such as chemical inertness and high proton conductivity. The structure 

of sulfonated PEEK (sPEEK) is given in Figure 2.9. 

 
Figure 2.9: The structural formula of sPEEK33 

 

A comparison of the structures of Nafion® and sPEEK is shown on Figure 

2.10. At high level of hydration, the proton conductivity is similar for both sPEEK 

and Nafion®. sPEEK  synthesis allows for the direct electrophilic sulfonation 

from organic solutions, which results in cheaper manufacturing prices. At low 

levels of hydration, the diffusion coefficients of the sulfonated aromatic polymers 

are lower than Nafion®, which results in a lower proton conductivity. They have 

narrower and less connected hydrophilic channels and larger phase separation 

between the less acidic sulfonic acid functional groups than Nafion® membranes 

(Figure 2.10). This results in considerably reduced electro-osmotic drag at higher 

water contents reducing the effect of ohmic losses34.  

The proton conductivity of sulfonated aromatic polymers is greatly 

dependent on the degree of sulfonation. At low levels of sulfonation the aromatic 

polymers have lower water contents and reduced conductivity (<10-2 S/cm), which 
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is not acceptable for fuel cell applications35. However, if the degree of sulfonation 

is increased, the mechanical properties of the membrane deteriorate 36 . The 

solution is to produce the nanocomposite membrane with controlled mechanical, 

physical and chemical properties37.   

 
Figure 2. 10: A comparison of the structures of Nafion® and sPEEK34. 

 

Xing et al.32 prepared a series of sPEEK membranes via the sulfonation of 

commercial Victrex® and Gatone® PEEK, in order to investigate the two proton 

exchange membranes (PEMs) for fuel cell applications. Both PEEKs showed 

identical chain structure according to NMR spectroscopy and had similar 

molecular weights. They found that the r.t. sulfonation of PEEK, reached degree 

of sulfonation (DS) of 0.8 (0.8 SO3H groups per repeat unit) within 1 week, but 

progressed slowly thereafter. A maximum DS of 1.0 was obtained after 1 month at 

22 °C. The conductivities of the sPEEKs were found to increase with increasing 
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DS and temperatures. The conductivity of sPEEK with DS of 0.8 reached 0.1 

S/cm at 90 °C32.  

Kaliaguine et al.38 investigated the effect of the synthesis procedure on the 

properties of the sPEEK membranes.  They found that the casting solvent played a 

big role in the proton conductivity and the mechanical strength of the membrane.  

Dimethylformamide (DMF) as a solvent resulted in the highest decrease in proton 

conductivity, due to formation of a strong hydrogen bound between the DMF and 

the sulfonic acid groups as shown in the Figure 2.1138. Also residual sulphuric 

acid affects conductivity of the membranes and at high temperatures the side 

reactions with both DMF and N,N-dimethylacetamide (DMAc) are causing the 

polymer degradation, as illustrated in Figure 2.12.  

 
Figure 2.11: Structures of DMF and DMAc and a possible configuration of hydrogen-

bonding between –SO3H groups of sPEEK and DMF molecules38. 

 
Figure 2.12: Reaction scheme of DMF or DMAc transformation in the presence of 

sulphuric acid38. 

= 
= 

= 
= 
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Li et al.39 prepared sPEEK membranes with various DS. The proton 

conductivity as well as methanol permeability of the sPEEK membranes increased 

with increased DS. Due to the different microstructure, the methanol permeability 

of the sPEEK membranes were about an order of a magnitude lower than that of a 

Nafion® 115 membrane over the temperature range 25 to 80 °C39. Liu et al.33 

synthesized sPEEK membranes directly from the sulfonated monomer and 

proposed the possible application of these membranes in fuel cells. They found 

that the direct synthesis of the sPEEK from sulfonated monomer proved more 

advantageous than that of post-sulfonation40. 

PEEK crystalline polymers are insoluble in almost all of the common 

solvents and thus functionalisation of the polymer back-bone via a sulfonic acid 

group, requires a prolonged reaction time (as noted above). More recently the 

synthesis of a new type of poly(ether ether ketone), poly(oxa-p-phenylene-3,3-

phtalido-p-phenylene-oxa-p-phenilene-oxy-phenylene) (PEEK-WC) has been 

reported. It is more amorphous and soluble in some polar organic solvents and 

also in some chlorohydrocarbons41. Drioli et al.21 reported the preparation and 

characterisation of sPEEK-WC membranes. The use of chlorosulfonic acid as a 

powerful sulfonating agent led to formation of a polymer with a high degree of 

substitution without appreciable degradation42. The structural formula of sPEEK-

WC is illustrated in Figure 2.13 below. 

 
Figure 2. 13: Structural formula of the sPEEK-WC polymer21. 

 

The sPEEK-WC membranes prepared by Drioli et al.21 reached a 

maximum proton conductivity of  2.5x10-2 S/cm at 115 °C  (RH = 100%, DS = 

0.82). They noted that proton conductivity increased with temperature and degree 

of sulfonation. 
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2.3.3 Cross-Linked Ionomer Membranes 

 

2.3.3.1 Covalently Cross-linked Polymer Membranes 

 

Kerres et al. 43 invented a method for preparing covalently cross-linked 

ionomer membranes, based on the alkylation reaction of sulfonate groups 

containing polymers, polymer blends and polymer (blend) membranes. Covalent 

cross-linking is achieved by alkylation of pendant sulfinate groups by α, ω-

dihalogenalkanes. Kerres et al.88 have developed two types of covalently cross-

linked membranes, the first type being by cross-linking of the sulfinate groups of 

a polysulfone (PSU)-sulfonate-sulfinate44, the second being cross-linked blend 

membranes from mixtures of PSU-sulfinate and PSU-sulfonate, where only the 

sulfinate component of the blend membrane formed the covalent network, and the 

PSU-sulfonate component being entangled in this network44.  

Advantages of these polymers are its resistance to hydrolysis even at high 

temperatures, which means that it will not undergo extreme swelling at high 

temperatures. A disadvantage of these polymers is the formation of hydrophobic 

networks when alkylating the sulfonate groups during the formation of the cross-

linked membrane. This hydrophobic network is partially incompatible with the ion 

conductive polymer (blend) components such as a sulfonated polymer -SO3H 

group, so that inhomogeneous polymer (blend) morphology is generated. This 

reduces the mechanical stability (embrittlement upon drying) and prevents a 

complete cross-linking due to the partial separation of sulfinate phase and the 

sulfonate phase. 

 

 Membrane Preparation (according to literature): 

 

Firstly, the polymer components sulfochlorinated PSU Udel® and PSUSO2Li 

are dissolved in N-Methyl-2-pyrrolidinone (NMP). Next, α, ω-diiodobutane 

(iodide ion is a better leaving group at SN reactions at the saturated carbon) is 

added to the solution of the cross-linking agents. After stirring for 15 minutes, the 

solution is then filtered and degassed. The polymer solution is then coated onto a 
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glass plate, and vacuum dried at temperatures from 80 to 130 °C.  The polymer 

film is then peeled off under water, and then treated with 10% hydrochloric acid 

(HCl) and then desalted in water at temperatures from 60 to 90 °C.  

 

2.3.3.2 Acid-base Polymer Membranes   

 

These types of membranes are prepared via mixing of a polymeric sulfonic 

acid salt with a polymer which contains primary, secondary or tertiary amino 

groups. Mixing of the polymeric acids and polymeric bases results in the 

formation of flexible ionomer networks, containing ionic cross-links formed by 

proton transfer from the polymeric acid onto the polymeric base as shown in 

Equation 2.9 22: 

P1-SO3H + P2-NR2  [P1-SO3]- +[HR2N-P2]          (2.9) 

 

Dried acid-base blend membranes show reduced brittleness, compared to 

uncross-linked or covalently cross-linked ionomer membranes, which is caused by 

higher flexibility of the ionically cross-linked bond22. Also, acid-base blend 

membranes show reduced methanol permeability as compared to Nafion® 45 , 

making them interesting candidates for the DMFC. The main disadvantage is their 

extreme swelling at high temperatures (70 to 90 oC), depending on the base 

strength. The higher the basicity of the basic polymer, the higher the temperature 

at which the extreme swelling occurs88. 

 

 Membrane Preparation (according to literature) 

 

Firstly, a 15 wt.% polymer solution in NMP is prepared. The polymer 

solution is then mixed in different relations and stirred for 10 to 20 minutes until it 

becomes homogenous. The solution is then filtered and degassed. Next, the 

solution is poured onto a support (glass plate). The solvent is then allowed to 

evaporate at 125 oC under vacuum. The glass plate is then put into deionised water 

and peeled off after 30 minutes. The membrane is then post treated in 10% HCl 

for 48hours and subsequently in deionised water at temperatures from 60 oC to   
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80 oC46. Figure 2.14 shows the cross-linking procedure leading to both covalent 

and ionically cross-linked blend membranes88. 

 
Figure 2.14: Schematical representation of a covalent-ionical cross-linking procedure by 

alkylation of sulfinate groups and tertiary amino groups via α, ω-dihalogenoalkanes88. 

 

In 1999, Kerres et al.88 introduced novel acid-base polymer blend 

membranes composed of sPEEK Victrex® or sulfonated poly(ethersulfone) 

(sPSU) Udel®  as the acidic compounds, and PSU Udel® diaminated at the ortho 

position to the sulfonate bridge, or poly(4-vinylpyridine), poly(benzimidazole) 

(PBI) Celazole® or poly(ethyleneimine) (PEI) (Aldrich) as the basic compounds. 

Kerres et al.88 prepared, characterized and studied the ionically, covalently, and 

covalent-ionically cross-linked polyaryl-blend membranes in DMFC. The 

polyaryl-blend membranes showed thermal stability up to 250-270oC. Different 

types of cross-linked membranes showed similar proton-conductivity and ion-

exchange capacity, but different water swelling.  

Mikhailenko et al.47 developed a new method for the preparation of cross-

linked sPEEK, which involves thermally activated bridging of the polymer chains 
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with polyatomic alcohols, which makes the polymer mechanically stronger and 

reduces the water swelling. The cross-linking occurs via sulfonic acid group, but a 

major portion of the acid is not involved in cross-linking and provide mobile 

protons for proton transfer. Membrane conductivity was only slightly reduced, 

some with values above 2x10-2 S/cm at r.t.47. 

 

 

2.4. INORGANIC ION EXCHANGE MATERIALS 

 

Inorganic materials with high ion exchange capacity are incorporated into 

the polymer in order to increase the stability and conductivity of the polymer 

membrane. The inorganic ion exchange materials can be introduced during the 

membranes synthesis or the prepared membrane can be post treated with the 

inorganic material. In this section, two types of inorganic ion exchange materials, 

which are of great interest for DMFC applications, will be discussed.   

 

2.4.1 Heteropolyacids 

 

The parent acids of the compounds considered here belongs to the class of 

12-heteropolyacids (HPAs), having the general formula H3XY12O40.nH2O, where 

X may be one of several elements including phosphorus, arsenic and silicon and Y 

a different element such as molybdenum, tungsten and vanadium48. The structure 

of HPAs is as follows: three YO6 octahedra link together by sharing edges to form 

a Y3O13 unit with a trigonal symmetry. Four such Y3O13 units arrange in a 

tetrahedral symmetry with a central X atom by sharing corners to build the 

structure known as Keggin anion49. HPAs such as phosphotungstic acid (PWA) 

have very strong Bronsted acidities as solid electrolytes50, higher than that of 

conventional solid acids such as SiO2-Al2O3, H3PO4/SiO2, HX and HY zeolites, 

making them the most conductive inorganic solid electrolytes at near ambient 

temperature51. 

 The strong acidity of HPAs is due to the dispersion of the negative charge 

over the many atoms of the polyanion. Also the negative charge is less distributed 
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over the outer surface of the polyanion owing to the double-bond character of the 

W═O bond, which polarizes the negative charge of O to W.  Hydrated 

phosphotungstic acid (PWA, H3PW12O40.29H2O) has a conductivity of 0.2 S/cm at 

a room temperature. PWA is soluble in polar solvents with forming [PW12O40]3- 

Keggin type anion, as Figure 2.15 illustrates. They are water soluble materials and 

may dissolve and leak out of a Fuel Cell system, which would result in reduced 

cell performance. Major research is required to produce HPA composite 

membranes in which the HPAs are fixed into stable structures, while at the same 

time maintaining its high proton conductivity. Composite membranes consisting 

of HPAs embedded in a hydrophilic polymer matrix are expected to have high 

proton conductivity while retaining the mechanical properties of the polymer 

membranes52. 

(a) (b) 

Figure 2.15: The structure of a Keggin type anion (a) and the polyhedral representation 

(b).  

Staiti et al.53 investigated the Nafion®-silica composite membrane doped 

with PWA and silicotungstic acid (SiWA) and tested it in a DMFC at 145oC. It 

was found that the PWA based membrane performed better than both the 

Nafion®-silica and Nafion®-silica-SiWA membrane. It was proved that the 

addition of inorganic materials extends the operating range of the DMFC. It is 

advantageous to operate at high temperatures, because of the enhanced methanol 

oxidation kinetic 53 . Wu et al. 54  prepared PVA films containing 12-

tungstogermanic heteropolyacid. The conductivity of the film increased with 

increasing acid content. At r.t. the conductivity of the PVA film containing 80 

wt.% 12-tungstogermanic acid was 0.02 S/cm. 
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Li et al.52 produced novel composite membranes based on poly(vinyl 

alcohol) (PVA) with embedded PWA. The highest proton conductivity of   

6.3x10-3 S/cm was observed at room temperature for a membrane doped with 50% 

PWA. It was found that the methanol permeability as well as the conductivity of 

the membrane increased as the PWA content increased, as the probability of 

linking together the hydrated hydrogen ions and methanol would both increase. 

Kim et al.55 synthesized an inorganic polymer based hybrid membrane containing 

zirconium oxide and polydimethylsiloxane (PDMS) by sol-gel processe. The 

maximum proton conductivity (5x10-5 S/cm at 150 oC) was provided by doping 

with PWA. 

 

2.4.2 Zirconium Phosphate and its Derivatives 

 

From as early as 1943 56 much attention was paid to the synthesis and 

properties of zirconium phosphate (also referred to as phosphorised zirconium 

oxide, hereafter ZP), which had actually been discovered then, but remained 

hidden as a classified document. Early on the main use of ZP was as a sorbent in 

portable artificial kidney devices57. Clearfield et al.58 synthesized  crystalline ZP, 

which was succesfully implemented as ion exchange material. The structure of 

crystalline ZP was determined 59 and the observed ion exchange behavior was 

explained in structural terms102. 

Insoluble metal acid phosphates such as α-Zr(HPO4)2.H2O (α-zirconium 

phosphate, hereafter α-ZP) and γ-Zr(PO4).H2PO4.2H2O (γ-zirconium phosphate, 

hereafter γ-ZP) can be obtained as layered compounds. Some metal acid 

phosphates exhibit good proton transport and acid catalytic properties, due to the 

presence of acid HPO4
2- or H2PO4

- groups. The layered structures of both              

α-Zr(O3P-R)2.nH2O and γ-ZrPO4.(O2P(OH)R).nH2O are regarded as inorganic-

organic polymers in which organic moieties are bridged through phosphorous 

atoms to an inorganic two dimensional matrix and are referred to as metalIV 

phosphonates. The polymers display good thermal stabilities (up to 180 to 200 °C) 

and thin layers can be obtained from colloidal dispersions, making them very 

promising proton conducting electrolytes at medium temperatures60. 
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2.4.2.1  Zirconium Phosphate of the α-type 

 

ZP crystals of the α-type have a layered structure in which the metal atoms 

lie slightly above and below the average plane and are bridged by phosphate 

groups from above and below (see Figure 2.16). Three oxygen atoms of each 

phosphate group are bonded to three different zirconium atoms, which form a 

distorted equilateral triangle. Each zirconium atom is thus octahedrally 

coordinated by six oxygen atoms from six different phosphate groups. The forth 

phosphate oxygen bonds to a proton and points into the interlayer space. The 

layers are staggered such that a phosphorus atom on one layer lines up with a 

zirconium atom in the adjacent layer. A water molecule resides in the interlayer 

space, hydrogen bonded to monohydrogen groups all from the same layer. There 

are no hydrogen bonds between layers, so that only van der Waals forces hold the 

layers together. The crystal structure has an interlayer distance of 7.6Å 61,62.  

 
Figure 2.16: Structure of α-zirconium phosphate showing one of the zeolite cavities 

created by the arrangement of the layers62. 

 

Ion exchange in the crystals takes place via diffusion of ions from the 

outer surface inward with advancing phase boundary. The layers expand to 

accommodate the ions as well as hydration water. Until the exchange process is 

complete, each particle or crystallite contains two phases, the original proton 

phase in the inner region and the cationic phase in the outer regions of the 



Literature Review Chapter 2 
 

 
 

29

crystallite. In addition to new phases being obtained on ion exchange, the 

hydrated ion containing phases also dehydrate in stages when heated61. This 

contributes to the stability of the α-ZP when heated as dehydration does not 

readily occur. Factors such as the high proton conductivity of α-ZP, its low cost, 

its low toxicity and its high thermal stability make it an ideal candidate for fuel 

cell applications.  

 

2.4.2.2 Zirconium Phosphate of the γ-type 

 

The first metalIV phosphates with a layered structure of the γ-type was 

prepared in 1968 by Clearfield et al.63, only four years after the preparation of the 

corresponding α -type. However, in the next 25 years, only a small number of 

papers on γ-ZP were published, even though displaying promising properties, such 

as high intercalation capacity, good ion exchange capacity and high proton 

conduction. Yamanaka et al.64 obtained a number of organic derivatives of γ-ZP. 

Recent progress in the knowledge of the structure of the γ-type layers have 

resulted in the development of the chemistry of the γ-compounds, which now 

seems richer than that of α-derivatives. 

The structure of the γ-layer consists of a rigid framework of ZrO6 

octahedra placed in two different planes which are joined to each other by PO4 

tetrahedra inside and outside these planes, and is shown in Figure 2.17. The 

dihydrogen phosphate groups bear two acid OH groups that are situated on 

external part of the layers as displayed in the figure below. Therefore γ-ZP is 

formulated as ZrPO4.H2PO4.2H2O, and is sometimes written as 

ZrPO4.O2P(OH)2.2H2O, to show more clearly the two oxygen atoms linked to the 

zirconium atoms and the two acid OH groups60.   
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Figure 2.17: The crystal structure of γ-Zirconium phosphate.  

 

2.4.2.3 Proton Conduction in Zirconium Phosphate 

 

It was established earlier that ZP is very stable and does not undergo one 

step hydrolysis on heating, but for proton electrolyte applications, the proton 

conductivity of the ZP is very important. Proposed proton diffusion mechanisms 

are the Grotthus mechanism, complex ion diffusion (or the vehicle mechanism), 

and proton hopping or tunneling. The Grotthus mechanism requires close 

proximity of firmly held water molecules which are still able to rotate. 

Compounds with reduced water content conduct via the vehicle method, in which 

nucleophilic groups (such as NH3 or H2O) act as the proton carriers. Lack of the 

proton carrier will force the proton transport to take place via hopping along the 

lattice sites. The activation energy required for the proton hopping is high as this 

mechanism requires the breaking of high energy bonds, and thus compounds with 

high Bronsted acidity will facilitate the mechanism61.  

Almost all good proton conductors are good ion exchangers, due to the 

high Bronsted acidity. Alberti et al.65 showed that the surface of α-ZP conducts 

protons 1000 times faster than the interior. They found the activation energy for 

surface transfer to be 0.17 eV, compared to 0.65 eV for interior transfer66. In α-ZP, 
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the water molecule is hydrogen bonded by two of the phosphate protons thus, 

conduction in the interior of the crystal must occur by a modified vehicle 

mechanism as rotation of the water molecule is difficult. The higher surface 

conductivity is due to the ability of water located there to rotate and participate in 

Grotthus-type transport aided by water sorbed on the surface61. As the crystallinity 

of the sample decreases, its surface area increases 67 , resulting in increased 

conductivity. In the case of amorphous zirconium phosphate, swelling occurs in 

water and hydronium ions may form 68 , allowing for a Grotthus transport 

mechanism61. 
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CHAPTER 3:  

SYNTHESIS AND CHARACTERISATION OF sPEEK-WC 

MEMBRANES 

 
3.1 INTRODUCTION 

 

The poly(ether ketone)s (PEK) and the poly(ether ether ketone)s are 

polymers possessing high crystallinity, thermal stability and mechanical stability 

in addition to being chemically inert. They are insoluble in water and in almost all 

common organic solvents, and are thus not able to easily form membranes by the 

most interesting technique for industrial thin membrane production, i.e. the phase 

inversion technique. In addition to their many applications, these polymers 

demonstrate new applications every day and there is a great demand for new 

polymers suitable for membrane preparation69.  

The insolubility of the PEEK was overcome by the synthesis of the 

polymer material poly(oxa-p-phenilene-3,3-phthalido-p-phenylene-oxy-phenylene) 

(PEEK-WC). PEEK-WC is characterized by the presence of a cumbersome 

lattonic group that reduces the degree of crystallinity and makes it more soluble in 

some chlorohydrocarbon solvents and also in dimethylformamide (DMF)70,71. The 

structure of PEEK-WC is shown in Figure 3.1. PEEK-WC is suitable for the 

preparation of both porous (via a phase inversion technique induced by diffusion) 

and dense (via a phase inversion technique induced by a solvent evaporation) 

membranes72. 

The insertion of side groups on the polymeric chain modifies the 

selectivity and the permeability of the polymer material. PEEK-WC can be 

chemically modified in order to produce new interesting materials. The chemical 

modification of interest to this study is the sulfonation of PEEK-WC to sulfonated 

PEEK-WC (sPEEK-WC), which presents interesting properties in terms of proton 

conductivity, due to proton transport within the polymer matrix 73. The SO3H 

group, which is introduced in the PEEK-WC matrix via sulfonation reaction (see 

Figure 3.1), is responsible for the proton conductivity. 
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Figure 3.1: The repeat units of PEEK-WC and sPEEK-WC74. 

 

In this chapter, the synthesis of sPEEK-WC from PEEK-WC via 

sulfonation using chlorosulfonic acid as the sulfonating agent is described. Dense 

sPEEK-WC membranes were subsequently prepared via  solvent evaporation 

method. A variety of membranes with various degrees of sulfonation (DS) were 

prepared. The best preparation method and the optimum DS were thus established. 

The following techniques were utilised for membrane characterisation: ion 

exchange capacity (IEC) determination; Fourier transform infrared (FTIR) 

spectroscopy; scanning electron microscopy (SEM); thermogravimetric analysis 

(TGA); water swelling (WS) determination; methanol permeability and proton 

conductivity measurements. The sPEEK-WC prepared in this section was utilized 

in all subsequent membrane preparation procedures. 
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3.2 EXPERIMENTAL 

 

3.2.1  Chemicals and Materials 

 

The chemical materials used in this section are listed in Table 3.1. 

 

Table 3.1: List of used chemicals and materials. 

Chemicals and Materials Specifications Supplier 

Poly(oxa-p-phenylene-3,3-

phtalido-p-phenylene-oxa-p-

phenilene-oxy-phenylene) 

(PEEK-WC) 

Powder,  

MWPEEK-WC monomer  

= 496.5 g/mol 

Changchun Institute of 

Applied Chemistry 

(Academia Sinica, 

China) 

Chlorosulfonic Acid  97.0% Synthesis Grade Merck 

N-Methyl-2-pyrrolidinone (NMP) HPLC Grade 99.5% Industrial Analytical 

Methanol  99.5% AR KIMIX 

Sodium Chloride AR (NaCl) 99.5% AR KIMIX 

Sodium Hydroxide AR (NaOH) 98% AR B&M Scientific 

Hydrochloric Acid (HCl) 32.0% AR KIMIX 

Potassium Bromide (KBr) 99.5% AR Pesca Ltd.  

Carbon cloth  DTEK 

 

 

3.2.2 Sulfonation of PEEK-WC  

 

Sulfonated PEEK-WC was prepared via sulfonation of the PEEK-WC with 

chlorosulfonic acid at 0°C. It was found by Drioli et al.75 that the PEEK-WC 

could be sulfonated much faster than PEEK, especially, by using chlorosulfonic 

acid as the sulfonating agent. In this work, the PEEK-WC was sulfonated 

following procedure developed by Drioli et al.75, which was slightly modified. 

The reaction time was prolonged from 4 to 7 hours in order to finalize the 

sulfonating reaction. 

500 ml of chlorosulfonic acid in volumetric flask was cooled down on ice. 

50g of powdered PEEK-WC was added slowly and the mixture stirred vigorously 
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in order to reach the complete dissolution of the PEEK-WC. The mixture was kept 

stirring at 0°C for the required time. After obtaining the desired sulfonation time, 

the mixture was poured into a large excess of crushed ice in order to precipitate 

the polymer solution. In order to remove the excess acid, the precipitate was 

recovered and washed with deionised water every two hours until a neutral pH 

was reached. The precipitate was oven dried under vacuum at 60 °C for 7 days. 

By varying the reaction time, several sulfonated PEEK-WC samples were 

synthesized with different degrees of sulfonation. 

 

3.2.3 Synthesis of sPEEK-WC membranes 

 

In order to obtain dense membranes, sPEEK-WC membranes were 

prepared by the solvent evaporation method as follows76. From all the polymer 

samples 15 wt.% solutions in N-Methyl-2-pyrrolidinone (NMP) were prepared. 

The polymer samples with different DS (from 0.61 to 0.99) were dissolved in 

NMP under magnetic stirring at room temperature (r.t.) for 24 hours. The solution 

was then kept under ultrasonication for 1 hour to fully mix and degas the solution 

and then cast onto flat glass plate and dried.  

Initially, the cast membranes were dried at 130 °C for 2 hours under 

normal pressure and subsequently for 4 hours under vacuum at the same 

temperature. In order to prevent the formation of air bubbles within the membrane, 

the heating rate was decreased. The cast membranes were dried at 90 °C for 1 

hour, then at 130 °C for another hour. After this stage, the temperature was 

increased to 150 °C and the membranes dried at this temperature under vacuum 

for another 5 hours. The membranes were peeled from the glass plate by 

immersion in deionised water. Membranes were activated by immersing in a 10 

wt.% HCl solution for 48 hours at 60 °C, and stored in deionised water at r.t. for 

at least 24 hours in order to remove the excess acid and Cl¯ ions. 
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3.2.4 Characterisation of sPEEK-WC membranes 

 

3.2.4.1 Ion exchange capacity 

 

The ion exchange capacity (IEC) of the sulfonated PEEK-WC polymer 

membranes were determined via titration by the following procedure: a dry weight 

of 0.3 to 0.5 g of the polymer membrane in the SO3
-H+ form was soaked in about 

50 ml of saturated NaCl solution at r.t. for 48 hours. All the H+ ions of the 

polymer were released by the large excess of Na+ ions. The polymer containing 

solution was then titrated with a 0.01N NaOH solution and phenolphthalein was 

used as an acid-base indicator. Since the molar concentration of the released Na+ 

ions is equal to the molar concentration of protons in the polymer, the IEC was 

calculated using the following equations:   

 

 Moles H+ = [NaOH] x VNaOH titrated (in ml)     (3.1) 

PolymerMass
MolesHgmeqIEC

+

=)/(           (3.2) 

 

3.2.4.2 Water swelling 

 

The water swelling (WS) was obtained via measuring the weight 

difference between the fully-hydrated and the dried membrane.  A piece of the 

membrane with surface area equal to 2 cm2 was immersed in deionised water at r.t. 

for 24 hours. The membrane was left in the deionised water until no further 

weight gain could be observed. The  membrane was then removed from the water, 

quickly dry-wiped with soft tissue paper in order to remove the surface water, and 

immediately weighed to determine the swollen membrane’s wet mass (Mwet). The 

membrane was then dried overnight at 100°C under vacuum and weighed in order 

to determine the dry mass (Mdry). The water swelling (WS) of the membranes was 

determined using Equation 3.3: 

100%  X (%)
dry

drywet

M
MM

WS
−

=      (3.3) 
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The percentage weight gain with respect to the dried membranes is taken 

as the water swelling. The procedure was repeated using the same sample, but by 

immersion into deionised water at various temperatures with the maximum 

temperature being 90°C.  

 

3.2.4.3 Thermal Stability 

 

The thermal stabilities of the sPEEK-WC membranes were determined via 

thermogravimetric analysis (TGA). The membranes were analyzed using a 

Simultaneous Thermal Analyzer (STA 1500, CCI-3, Rheometric Scientific). 

Approximately 10 mg sample was placed in the STA 1500, and the mass loss 

recorded. The temperature range of analysis was from 25 to 700°C at a heating 

rate of 10°C/min under a nitrogen atmosphere. Membranes were tested as 

prepared without pre-drying. 

 

3.2.4.4  Fourier Transform Infrared Spectroscopy and Degree of Sulfonation 

 

Fourier transform infrared spectroscopy (FTIR) is a powerful tool used for 

chemical bond identification. FTIR is useful for identifying chemicals that are 

either organic or inorganic. It can be utilized to quantitatively analyse some 

components of a mixture. FTIR can be applied to the analysis of solids, liquids, 

and gases. The FTIR instruments available are computerized making them faster 

and more sensitive than the older dispersive instruments77. Structural data of the 

PEEK-WC powder and sPEEK-WC membranes were obtained via FTIR analysis.  

The FTIR analysis was performed using a Perkin Elmer Paragon 1000 

FTIR spectrophotometer at r.t. For thin films, the spectra were recorded using air 

as a background. Potassium bromide (KBr) is transparent in the infrared (IR) 

range, and was thus used as a background for powdered samples. The KBr and the 

polymer samples were dried in a vacuum oven overnight at 100°C and stored in a 

desiccator until use. The powdered samples were milled with KBr in order to form 

a very fine powder. The powder was compressed into thin pellets which were used 
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for analysis. The pellets were composed of 95 wt.% KBr and 5 wt.% of the 

analyzed sample. FTIR spectra were recorded in the range 4000 to 400 cm-1.  

The DS was determined by means of FTIR spectrophotometry. Drioli et 

al.75, noted that the greater the DS, the higher the peak observed at 1480 cm-1 due 

to the third aromatic substitution. The calibration curve is produced by combining 

data arising from elemental analysis and FTIR spectra. The DS can be calculated 

by using the following empirical relation: 

1500

1480

A
 A12.1

=DS        (3.4) 

where, A1480 and A1500 are the absorbance values at 1480 and 1500 cm-1, 

respectively. 

 

3.2.4.5 Conductivity Measurements and Membrane Quality Tests 

  

The following procedures, based on impedance measurements, were 

developed for membrane quality tests.  The membrane resistance was measured 

whilst increasing the temperature of the cell from r.t. to 80 °C, while the 

membrane was kept under water, in 3% (1 Molar) methanol solution and pure 

(undiluted) methanol, respectively.  

A piece of electronically insulating carbon cloth  (so called gas diffusion 

layer) was placed on either side of the membrane being tested.  A piece of 

stainless steel mesh was placed against each piece of carbon cloth to serve as 

backing support to the membrane carbon cloth assembly. The conductivity cell 

was assembled by mounting the membrane carbon cloth assembly into cell 

endplates. The endplates were purchased from Lynntech (see Figure 3.2) and they 

are designed for fuel cell applications. The flow fields on the end plates are of 

serpentine configuration with three serpentines connected in parallel. The 

endplates are fitted with holes which accommodate heating rods and 

thermocouple for temperature control. A HIOKA-3650 milliohmmeter was 

connected to the cell in order to measure the resistance of the membrane being 

tested (see Figure 3.3). These operating conditions make the test set-up analogous 

to a fuel cell set-up. 
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Figure 3.2: Gold coated end plates from Lynntech. 

 
Figure 3.3: Setup for membrane and MEA quality tests under water or methanol flow. 

 

The conductivities of the membranes were calculated from the resistance 

values obtained using the following equation: 

RS
l

=σ        (3.5) 

where, σ - proton conductivity (in S/cm); 

 l - membrane thickness (in cm); 

 S - electrode area (in cm2); 

 R - volume resistance (in Ohm). 
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The higher the temperature, the faster any given chemical reaction will 

proceed. Quantitatively this relationship between the reaction rate and temperature 

can be determined by the Arrhenius equation 78. The Arrhenius behaviour for 

dependence of proton conductivity on temperature was observed for all prepared 

membranes. By plotting conductivity and temperature according to the Arrhenius 

equation for conductivity (Equation 3.6), the activation energy of the membrane 

proton conductivity could be calculated from the slope of the curve. 

 

oa kTE σσ log/log −=−     (3.6) 

 

where, σ   - conductivity (in S/cm); 

Ea - activation energy (in eV); 

k    - Boltzmann constant (8.617x10-5 eV/K); 

T    - temperature (in K); 

σo   - pre-exponential factor (in S/cm). 

 

3.2.4.6 Morphology Studies 

 

Scanning electron microscope (SEM) was used for membrane surface as 

well as the cross section morphology studies. SEM is more powerful as compared 

to ordinary microscope. The combination of higher magnification, larger depth of 

focus, greater resolution, and ease of sample observation makes the SEM one of 

the basic research tools79. 

The samples were prepared by freezing the membranes in liquid nitrogen 

before breaking, in order to expose the membrane cross section. The fresh 

cryogenic membrane fractures were then mounted upright onto aluminium stubs 

for cross section analysis, and stuck flat onto the aluminium stubs for surface 

analysis. Prior to SEM examination the sample stubs were vacuum sputtered with 

a thin layer of gold for 4 minutes in order to make them electronically conductive.  

The analysis was performed using a Hitachi x650 SEM. The SEM operating 

conditions are described in Table 3.2. 
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Table 3.2: The operating parameters of the Hitachi x650 SEM. 

SEM Parameter Setting 

Accelerating voltage 25 kV 

Aperture 0.4 mm 

Tilt Angle 0° 

Resolution 6 nm 

Working distance 5 mm 

 

 

3.2.4.7 Methanol Permeability 

 

 The methanol permeability (in literature denoted also as a methanol cross-

over) across the membranes was determined with a diaphragm permeability cell, 

which is a plastic cell made of two identical compartments, A and B (see Figure 

3.4). Compartment A was filled with a 1 M methanol solution in water, and 

compartment B was filled with ultra pure water. The membrane sample was 

clamped between the two compartments, and the cell was kept throughout the 

experiment under ultrasonication. The methanol concentration of compartment B 

was measured with time using a Hewlett Packard 5890 gas chromatograph (GC). 

The measurements were taken at r.t.  

 

 
Figure 3.4: Reactor for methanol permeability measurements80. 
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Methanol permeability was calculated from the slope of the straight line 

using the Equation 3.7[81,  82]: 

t
C

C
V

A
Lp

A

B

Δ
Δ

××=                                                      (3.7) 

where,  A - membrane area available for crossover; 

VB - volume of the receiving compartment (compartment B); 

L   - membrane thickness; 

CA  - initial concentration; 

P   - membrane permeability (P = DK); 

T   - time (t-t0);   

CB - final concentration. 

 

Gas Chromatography (GC)  

 

A Hewlett Packard 5890 series II model GC was used for the methanol 

permeability experiments. The GC parameters and settings are shown in Table 3.3. 

A Porapak Q column was used with the following specifications:  

Length   6 feet; 

Inside diameter  2.2 mm; 

Outside diameter 1/8 inches. 

 

Table 3.3: HP 5890 parameters.  

GC parameters Settings 

Helium flow rate 30 ml/min 

Hydrogen flow rate 25 ml/min 

Air flow rate 450 ml/min 

Column temperature 175 °C 

Injector temperature 150 °C 

Detector (FID) temperature 250 °C 

Sampling loop volume 1 µl 
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3.3 RESULTS AND DISCUSSIONS  

 

3.3.1 Fourier Transform Infrared (FTIR) Spectroscopy and Degree of 

Sulfonation (DS) 

 

In this section, the determination of the DS of the polymer material by 

FTIR, including analysis of the structure of the membranes is described. The 

sPEEK-WC membranes were sulfonated according to the procedure mentioned 

earlier. The DS of PEEK-WC can be controlled by controlling the reaction time, 

the temperature of reaction or the concentration of the sulfonating acid80. In this 

study, the reaction time was chosen as the controlling mechanism due to the ease 

of application. The samples obtained were characterised via FTIR in order to 

observe the difference in the DS with reaction time. The degree of sulfonation is a 

key parameter, since it is accompanied at too high levels by an unacceptable 

degree of swelling and unsatisfactory mechanical properties83. 

The FTIR spectrum of PEEK-WC is shown in Figure 3.5. The peaks at 3066 

to 3032 cm-1 and at 753, 690 and 603 cm-1 are assigned to the stretching and out-

of plane ring bending of the aromatic C-H bonds of PEEK-WC respectively. The 

broad peak at 1773 cm-1 is attributed to ketonic and esteric C=O stretching of the 

PEEK-WC 84 . Figure 3.6 illustrates the FTIR spectra of the sPEEK-WC 

membranes. The sPEEK-WC membranes are labelled 2, 3, 4, 5, 6, and 7hrs 

indicating their respective sulfonation times. The polymer structure and the 

presence of the sulfonate group, was confirmed by FTIR studies, as the absorption 

band at 690 cm-1 can be assigned to the stretching of the sulfonate groups. The 

absorption bands at 1241 cm-1, 1085 cm-1 and 1027 cm-1 can be assigned to the 

asymmetric and symmetric stretching vibrations of the sulfonate groups. The band 

at  1085 cm-1 was assigned to the sulphur oxygen symmetric vibration O=S=O85. 

The absence of absorption peaks in the range 1140 to 1110 cm-1 indicates the 

absence of aromatic sulfonate groups, which indicates that polymerization, 

occurred without significant cross-linking occurring33.   
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Figure 3. 5: The FTIR spectrum of PEEK-WC. 

 

 
Figure 3. 6: FTIR spectra of sPEEK-WC membranes with different sulfonation time. 

 
As stated earlier, the DS can be determined from the absorbance values of 

the peaks at 1500 and 1480 cm-1. The height of the peak at 1480 cm-1 increases as 

the degree of substitution increases due to the aromatic substitution of protons for 

sulfonate (SO3
-H+) groups75. This was observed and the DS increased from 0.61 

(0.61 SO3
-H+ groups per repeat unit) to 0.99 for the samples sulfonated for 2 and 7 

hours respectively. The DS were calculated using Equation 3.4. Figure 3.7, 
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illustrates their DS versus reaction time. As expected the DS increased with 

reaction (sulfonation reaction) time. 
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Figure 3.7: DS of sPEEK-WC membranes as a function of their reaction time. 

 

3.3.2 Water Swelling and Ion Exchange Capacity 

The water swelling (WS, also commonly referred to as water uptake) of 

the sulfonated PEEK-WC membranes as a function of DS at r.t. to 90°C are 

illustrated in Figure 3.8. As expected the water uptake increases with DS. For 

ionomeric membranes, the proton conductivity depends on the number of 

available acid groups and their dissociation capability in water, which results in 

the generation of protons. Water molecules dissociate acid function groups and 

facilitate proton transport, thus WS is an important parameter in studying proton 

exchange membranes (PEMs). WS is a key factor in understanding the 

mechanical stability of the membranes. Excessively high WS can result in 

membrane fragility and dimensional change leading to failures in its mechanical 

properties, and in extreme cases, solubility in water at elevated temperatures. 

Therefore, it is important to know the relationship between the DS and WS for 

sPEEK-WC membranes85. 

With increments of DS, the polymer becomes more hydrophilic and hence 

absorbs more water; this in turn facilitates proton transport, and will also result in 

increased proton conductivity. The sulfonation thus raises the conductivity of 

PEEK-WC not only by increasing the number of protonated sites (SO3
-H+), but 
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also through formation of water mediated pathways for proton transport 86 . 

Excessively high WS will thus result in water mediated pathways through which 

methanol can also diffuse and is thus undesirable. For these membranes adequate 

WS (maximum of 31.2+0.5 % at 90 °C) was obtained for all synthesized sPEEK-

WC membranes. 
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Figure 3.8: WS of sPEEK-WC membranes at different temperatures as a function of DS. 

 

The ion exchange capacity (IEC) indicates the number of sulfonate groups 

in the electrolyte film, which indicates the ease of ion flow within the membrane. 

The unit is the milliequivalent per gram of electrolyte membrane, meq/g87. The 

plot of IEC as a function of DS is shown in Figure 3.9. The plot shows an increase 

in IEC with increment of DS and is thus analogous with this fact that increases in 

DS are due to increased number of SO3
-H+ groups.  
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Figure 3.9: Ion exchange capacity of sPEEK-WC membranes as a function of degree of 

sulfonation. 
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3.3.3 Thermal Stability 

 

The TGA curves of the PEEK-WC and sPEEK-WC membranes are illustrated 

in Figure 3.10 and 3.11 respectively. In order to obtain their thermal stabilities, all 

the sulfonated samples as well as unsulfonated PEEK-WC were analyzed by TGA. 

The thermal degradation of the sPEEK-WC membranes starts in the 

temperature range 250 to 320 °C. These values are similar to the ones observed 

for cross-linked polyaryl blend membranes88 and other types of sulfonated PEEK 

membranes32. Three weight loss steps are observed for sPEEK-WC, the first 

weight loss being the loss of physically absorbed water. The second weight loss 

step at    280 °C is attributed to the splitting-off of the sulfonic acid groups in the 

PEEK-WC membrane. The third weight loss step at 450 °C corresponds to the 

main polymer chain decomposition89.  

By comparing the TGA curves for PEEK-WC and sPEEK-WC, it can be 

noted that the temperature of the main chain decomposition does not decrease 

after sulfonation. This differs to PEEK, where the main chain decomposition 

temperature decreases upon polymer sulfonation to sPEEK80. This illustrates the 

stability sPEEK-WC obtained by the presence of the cumbersome lattonic group. 

From these results, it can be concluded that, the sPEEK-WC membranes are 

thermally stable within the temperature range for DMFC applications. 
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Figure 3.10: The TGA curve of PEEK-WC. 
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Figure 3.11: The TGA curves of sPEEK-WC membranes with different sulfonation time. 

 

3.3.4 Conductivity Measurements and Membrane Quality Tests 

 

 Membrane quality tests are very important in understanding the stability of 

the synthesized membranes in water, 3% methanol and pure methanol. The 

temperature dependence of the membranes are established as the conductivity of 

the membrane is measured at increments of temperature from r.t. to 80 °C (the 

ideal operating temperature for the DMFC). The membrane resistance (and hence 

conductivity) is strongly related to the power output of the fuel cell, as the tests 

are done in 3% and pure methanol, the resistance values characterize the possible 

power output decrease in a real fuel cell set-up. The degree of swelling can also be 

evaluated due to the exposure of the membrane to methanol solutions. The 

properties of the sPEEK-WC membranes are given in Table 3.4. 

 

Table 3.4: Properties of sPEEK-WC membranes. 

Sample 

Designation 

Sulfonation 

time (hours) 
DS 

Ea 

(eV)

IEC 

(meq/g)

Conductivity

at 80°C (S/cm)

WS 

(at r.t.)

WS 

(at 90°C) 

2hrs 2 0.61 0.29 0.28 9.2x10-5 4.5+0.5 9.5+0.5 

3hrs 3 0.64 0.24 0.38 2.1x10-4 7.2+0.5 11.3+0.5 

4hrs 4 0.80 0.26 0.49 6.0x10-4 9.2+0.5 14.2+0.5 

5hrs 5 0.82 0.29 0.55 1.9x10-4 9.8+0.5 16.2+0.5 

6hrs 6 0.92 0.23 0.69 2.2x10-3 19.2+0.5 28.8+0.5 

7hrs 7 0.99 0.12 0.71 4.0 X10-3 21.7+0.5 31.2+0.5 
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Figures 3.12 shows the Arrhenius plot of proton conductivity as a function 

of temperature at 100% relative humidity (RH) for the sPEEK-WC membrane 

with DS of 0.92, and the Arrhenius plots of the other sPEEK-WC membranes are 

displayed in Appendix A, Figures A1 to A5.  
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Figure 3.12: Arrhenius plots for a sPEEK-WC membrane (DS = 0.92) measured in 3% 

methanol solution, pure methanol and water. 

 

The conductivity increased with increasing in temperature, and reached a 

maximum at 80 °C. The effect of DS on conductivity is given in Figure 3.13. At 

temperatures above 65 °C, the conductivity did not increase to a great extent for 

membranes having low DS.  This is a result of membrane dehydration occurring 

at low DS due to the poor water retention ability of these membranes. A 

maximum conductivity of 4x10-3 S/cm was obtained for sample with DS of 0.99, 

which is close to that of Nafion® membranes (0.01 S/cm). 

The relation between conductivity and temperature accords with the 

Arrhenius equation86. From the Arrhenius equation, the activation energies of the 

membranes were calculated. Table 3.4 reports the activation energies of proton 

migration (in deionised water) as well as other properties of these membranes. 

The activation energy tells us the correlation between temperature dependence 

and proton conductivity of the membrane. According to the literature 90 , the 

activation energy for a Nafion® 115 membrane is 9.45kJ/mol (0.1eV).  
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Figure 3.13: The effect of DS on the proton conductivity of sPEEK-WC membranes. 

 

The activation energies for the sPEEK-WC membranes are higher than 

that of Nafion®. For sPEEK-WC membranes, two variables are also present. The 

first is the water content, as the WS of sPEEK-WC increases with temperature. 

The second factor is the ion content of the polymers. The dissociation constants of 

week acids (such as sulfonic acid) vary with temperature, so the ion contents in 

the sPEEK-WC polymers will also vary. This will affect the measured 

conductivity as well as activation energy of the sPEEK-WC membranes. Nafion® 

is fully ionized at r.t., which means that its ion content will not vary with 

temperature86. In addition, Nafion® membranes are pre-treated in boiling water, 

so their water uptake most likely does not increase with temperature91. Thus, the 

activation energy of sPEEK-WC membranes is higher than that of Nafion® 

membranes86. The activation energies of the membranes did not vary much, 

except in the case of the sample sulfonated for 7 hours, which is due to the high 

ion content of this membrane.  

All the membranes showed marginal differences in conductivity when 

changing the solution in which it is dispersed from deionised water to pure 

methanol. After the completion of the conductivity analysis all the membranes 

remained in their original condition, indicating membrane stability in these 

operating conditions. In addition, no signs of extreme swelling in water, 3% 
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methanol solution or pure methanol were observed for any of the membranes. 

Thus they exhibit suitable stability for fuel cell applications.  

 

3.3.5 Methanol Permeability  

 

The methanol permeability was measured for the sPEEK-WC membrane 

with a DS of 0.99 as it showed the most potential for further study.   The 

permeabilities of 1M methanol solution through sPEEK-WC and Nafion® 

membranes were investigated. The permeability of methanol was determined at r.t. 

The permeation results are depicted in Table 3.5. The methanol permeability of 

Nafion® was found to be 1.4x10-6cm2/S which corresponds to the values in the 

literature. The permeability of Nafion® is about 60 times higher than that of the 

sPEEK-WC membrane tested. The sPEEK-WC membrane possesses low 

methanol permeability due to the difference in microstructure between Nafion® 

and sPEEK-WC. High methanol permeability is one of main limitations of 

Nafion® membranes for DMFC applications. 

 

Table 3. 5: The methanol permeability of sPEEK-WC and Nafion® membranes. 

Membrane Methanol permeability (cm2/s) 

Nafion® 1.4x10-6 

sPEEK-WC 7hrs 2.3x10-8 

 

3.3.6 Morphology Study 

 

The morphology of the sPEEK-WC membrane having DS of 0.99 was 

investigated by SEM, and the micrographs are presented in Figures 3.14 and 3.15. 

Initially, fast drying of the membranes caused air bubble formation, which is 

observed in the membrane cross section (see Figure 3.14). By slowing down the 

heating process, dense membranes were formed. The SEM picture in Figure 3.15 

shows the absence of a micro-porous structure. Dense membranes were formed 

via the solvent evaporation technique which is in agreement with the literature72.  

This is crucial to prevent the cross-over of methanol from the anodic to the 

cathodic compartment of the fuel cell set-up.  
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Figure 3. 14: The SEM of the cross-section the  sPEEK-WC  membrane (DS=0.99) 

(a) (b) 

Figure 3. 15: The SEM of the cross-section of sPEEK-WC membrane (DS=0.99) 

 
3.4 SUMMARY 

 

Membranes with good proton conductivity were successfully prepared 

from a relatively cheap material PEEK-WC, via sulfonating it with the strong acid, 

chlorosulfonic acid. Optimisation of the degree of sulfonation is important, since 

high degree of sulfonation is accompanied by an unacceptable degree of water 

swelling and unsatisfactory mechanical properties83. The degree of sulfonation 

obtained for these membranes were thus satisfactory, and further sulfonation is 

not required. FTIR spectroscopy, confirmed the presence of sulfonate groups 

within the polymer structure. Initially air-bubbles were produced within the 

membrane cross-section, but this was eliminated by reducing the heating rate of 

the solvent evaporation step. The SEM shows the formation of dense membranes 

which is necessary to prevent possible methanol permeability through pores 

within the membranes. The sPEEK-WC membrane with DS of 0.99 displayed 

reduced methanol permeability, as compared to the commercially available 

Nafion® membranes, which is one of the main objectives of this study. The TGA 

45μm 
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curves show that the membranes are stable within the operating temperature of the 

DMFC.  

The membrane quality tests, illustrated membrane stability within the 

operating conditions of a fuel cell set-up. The highest WS of 31.2+0.5 % at 90 °C 

was observed for a sPEEK-WC membrane having a DS of 0.99, this is lower than 

that for Nafion® (38 % at r.t.). The proton conductivity is directly related to the 

DS and the membrane with DS of 0.99 displayed a conductivity of 4x10-3 S/cm 

and a methanol permeability of 2.3x10-8 cm2/s. Since the highest conductivity 

with suitable methanol permeability and stability was observed for the sample 

having DS of 0.99, further synthesis was be done using sPEEK-WC sulfonated for 

7 hours at 0 °C. 
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CHAPTER 4: 

SYNTHESIS AND CHARACTERISATION OF sPEEK-WC/ZP 

COMPOSITE MEMBRANES 
 

4.1 INTRODUCTION 

 

The DS of the polymer membrane sPEEK-WC is directly related to the 

conductivity of the membrane and high DS is accompanied by undesirable 

swelling and mechanical properties. In order to compensate for the limited DS 

required for acceptable mechanical behaviour, inorganic materials can be added to 

the membrane materials. The addition of an inorganic material into the polymer 

membrane can improve the physical and chemical properties of the polymer such 

as, membrane elasticity, proton conductivity, solvent permeation rate, tensile 

strength, water retention, and the glass transition temperature. Also, the addition 

of an inorganic material will not alter the important polymer properties, which 

enable operation in the fuel cell92. The hydration properties of membranes are also 

key characteristics that can influence fuel cell performance83. 

The inorganic ion exchange material, phosphorised zirconium (ZP) is a 

good candidate due to its high stability in a hydrogen–oxygen atmosphere, high 

proton conductivity, low cost and low toxicity93. Due to the good water retention 

and high proton mobility on the surface of the ZP particles, high proton 

conductivity is observed for ZP. Different approaches have been applied in recent 

years for the modification of organic ion conducting membranes with inorganic 

compounds94,95,96 with the aim of simultaneously reducing methanol uptake while 

maintaining the water content and the proton conductivity at high operating 

temperatures. The layered ZP are of particular interest due to its high 

conductivity 97 , 98 , 99  For α-ZP (Zr(HPO4)2.H2O) the additional H+ ions of the 

hydrogen phosphate group and the bound water improve the high temperature 

conductivity of the organic-inorganic hybrid membrane100. 

In this chapter novel organic-inorganic hybrid membranes were prepared 

by incorporating ZP into the polymer matrix of sPEEK-WC. Various techniques 

of synthesis of the organic-inorganic hybrid membranes were utilised. For each 
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utilised preparation method, a range of ZP concentrations were investigated. A ZP 

nanoparticle suspension was prepared from a ZrO2 nanoparticle suspension and 

characterised by FTIR, thermogravimetric analysis (TGA), and XRD. Ion 

exchange capacity (IEC), Fourier transform infrared (FTIR) spectroscopy, 

scanning electron microscopy (SEM), TGA, water swelling (WS), methanol 

permeability and conductivity measurements were done for the analysis of the 

sPEEK-WC/ZP composite membranes synthesized.  

 

 

4.2 EXPERIMENTAL  

 

4.2.1 Chemicals and Materials 

 

The chemical materials used in this section which are not listed in Chapter 

3, Table 3.1 are listed in Table 4.1. 

 

Table 4.1: List of used Chemicals and Materials.  

Chemicals and 

Materials 
Specification Supplier 

Sulfonated PEEK-WC DS of 0.99 
Prepared via the procedure 

in Chapter 3. 

Ethanol 99.0% AR KIMIX 

Zirconium Oxide  Nano-sized particles Degussa 

Acetic Acid Glacial AR, min. 99.8% KIMIX 

Phosphoric Acid 85.0% AR KIMIX 

Anodic Catalyst Powder 
Pt 19 wt.%, Ru 10 wt.%, 2.1 nm 

size, supported on Vulcan XC-72 

Alfa Aesar; Johnson 

Matthey 

Cathodic Catalyst Powder  
Pt 39 wt.%, 3.8 nm size, 

supported on Vulcan XC-72 

Alfa Aesar; Johnson 

Matthew 

Nafion® Solution 
5.0 wt. % in a mixture of lower 

aliphatic alcohols and water 
Sigma Aldrich 
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4.2.2 Preparation of  Starting Materials 

 

4.2.2.1 Preparation of the Phosphorised Zirconium Nanoparticle Suspension 

 

The ZP nanoparticle suspension was prepared from a ZrO2 nanoparticle 

suspension in acetic acid. The reaction was done in a similar manner to Vaivars et. 

al. 101 , but with some modifications to their procedure. A ZrO2 nanoparticle 

suspension was prepared by slowly adding 3 g of ZrO2 nanoparticles to 20 ml of a 

50 wt.% acetic acid solution. The mixture was stirred with a magnetic stirrer until 

a milky white solution was obtained. 

To the ZrO2 nanoparticle suspension, 100 ml of 8.5 wt.% phosphoric acid  

solution in water was added. The use of phosphoric acid is preferred as it avoids 

contamination of the particles with foreign ions, which are present in other acids 

(e.g., the Cl- ions present in HCl)102. The resulting mixture was stirred with a 

magnetic stirrer for 1 hour and further dispersed for another hour in an ultra sonic 

bath. The mixture was then slowly heated to 80 °C and allowed to cool down to r.t. 

The ZP nanoparticle suspension was vacuum dried at 40 °C for 48 hours. The 

resulting product was a homogenous paste, which was used for composite sPEEK-

WC/ZP membrane preparation. 

  

4.2.3 Synthesis of sPEEK-WC/ZP Composite Membranes 

 

For the synthesis of sPEEK-WC/ZP composite membranes, three synthesis 

techniques were utilised which are described below. For each preparation method 

developed a series of composite membranes with different ratios of sPEEK-WC to 

ZP was synthesized. All subsequent membrane preparation utilised sPEEK-WC 

having a DS of 0.99. From the sPEEK-WC, a 15 wt.% solution in NMP was 

prepared. 
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4.2.3.1 Impregnation  with Zirconyl Chloride 

 

In this method the ZP was prepared from a zirconyl chloride 

(ZrOCl2.8H2O) solution by modification to a process described by Clearfield       

et al. 103 . The sPEEK-WC membranes were prepared according to the 

experimental procedure described in Chapter 3, section 3.2.3. The activated 

sPEEK-WC membranes were impregnated with a zirconyl chloride solution in 

water for 48 hours to allow for the exchange of the membrane protons with the 

Zr4+ ions in the solution. After impregnation the membranes were removed from 

the zirconyl chloride solution and placed in a 15 wt.% H3PO4 solution in order to 

phosphorise the zirconium ions, and produce ZP. A series of membranes were 

prepared by varying the zirconyl chloride solution concentration. The 

concentration of the zirconyl chloride solutions used ranged from 10 to 50 wt.% in 

water. This was done to establish the optimal concentration required for this 

synthesis technique.  

 

4.2.3.2 Addition of ZrO2 nanoparticles 

 

In this preparation method, different weights of ZrO2 nanoparticles were 

mixed into the 15 wt.% sPEEK-WC solution. The ZrO2 nanoparticles were 

thoroughly dispersed into the polymer solution under magnetic stirring at r.t. for 

24 hours. The solution was then kept under ultrasonication for 1 hour in order to 

fully disperse the ZrO2 nanoparticles as well as to degas the solution. The 

resulting solution was cast onto a flat glass plate and dried in order to produce thin 

films. The cast membrane was dried at 90 °C for 1 hour, then at 130°C for another 

hour. The temperature was subsequently increased to 150 °C and the membranes 

dried at this temperature under vacuum for an additional 5 hours. After cooling 

down to r.t. the membranes were peeled from the glass plate by immersion in 

deionised water. Membranes were phosphorised by immersion into a 15wt.% 

H3PO4 for 24 hours at r.t. and for 8 hours at 50 °C. The membranes were then 

stored in deionised water. A series of membranes were prepared by varying the 

amount of ZrO2 added to the polymer solution. 
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4.2.3.3 Addition of Aged Phosphorised Zirconium Nanoparticles  

 

For this preparation procedure ZP nanoparticles were introduced directly 

into the polymer solution. The ZP nanoparticle suspension used here was prepared 

in our laboratory by Dr. Vaivars et al.111 in 2004. 

To the 15 wt.% sPEEK-WC solutions (in NMP) different weights of ZP 

were added. A series of membranes were synthesised by varying the amount of 

ZP added to the polymer solution from 1.2 to 10 wt.%. After mixing for 5 minutes 

with a magnetic stirrer the composite membrane solution was put under 

ultrasonication for 1 hour to allow for the dispersion of the ZP nanoparticles. The 

solution was then stirred by a magnetic stirrer at r.t. for 24 hours. The composite 

membrane solution was degassed and further dispersed by ultrasonication for one 

hour. The solutions were subsequently cast onto glass plates and the solvent 

evaporated. The membranes were dried according to the same procedure as before. 

No post treatment was required as the membranes were already in their acid form. 

The sPEEK-WC/ZP composite membranes stored in deionised water until further 

use.  

 

4.2.3.4 Addition of Fresh Phosphorised Zirconium Nanoparticles 

 

The preparation method is the same as for the aged ZP nanoparticle 

suspension, but utilized ZP nanoparticles freshly prepared via the method 

described in Chapter 4, section 4.2.2.1. A series of these type of sPEEK-WC/ZP 

membranes were prepares by varying the ZP content from 2 to 10 wt.%. 

 

4.2.4 Characterisation of sPEEK-WC/ZP Composite Membranes 

 

4.2.4.1 Ion exchange capacity 

 

The procedure is the same as depicted in Chapter 3, section 3.2.4.1 (see 

page 36). 
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4.2.4.2 Water swelling 

 

In general, for ionomeric membranes, the proton conductivity depends on 

the number of available acid groups and their dissociation capability in water, 

which is accompanied by generation of protons. Water molecules dissociate acid 

functionality and facilitate proton transport, so the water swelling is an important 

parameter in studying PEMs104. The same experimental method was utilised as in 

Chapter 3, section 3.2.4.2 (see page 36). 

 

4.2.4.3 Thermal Stability 

 

The procedure is the same as depicted in Chapter 3, section 3.2.4.3 (see 

page 37). 

 

4.2.4.4 Fourier Transform Infrared Spectroscopy 

 

FTIR studies were carried out to ascertain some structural data on the 

composite membranes and the IR active stretching vibrations (v1, v2 and v3) and 

the bending vibrations (v4). A ZP nanoparticle suspension and commercial ZrO2 

nanoparticles were compared and analysed by FTIR spectroscopy. For FTIR 

measurements, zirconium oxide and ZP dispersions were dried in an oven at 

100°C for 24 hours. The final product was crushed into a fine powder in an agate 

mortar. The FTIR analyses were run according to the same method as described in 

Chapter 3, section 3.2.4.4 (see page 37).  

 

4.2.4.5 Conductivity Measurements and Membrane Quality Tests 

 

The procedure is the same as depicted in Chapter 3, section 3.2.4.5 (see 

page 38).  
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4.2.4.6 Morphology Studies 

 

The membrane morphology was studied using a scanning electron 

microscope (SEM). The operating parameters utilised were the same as that of 

Chapter 3, section 3.2.4.6 (see page 40). 

The particle size of the phosphorised zirconium nanoparticles were 

determined by transmission electron microscopy (TEM) analysis. TEM pictures of 

the nanoparticle from aged and fresh ZP nanoparticle suspensions were obtained 

and compared105.  

TEM pictures were obtained using a Jeol electron microscope. The 

analysis was done at 100k magnification. The sample was ground into a fine 

powder, which was suspended in methanol and placed on a carbon-coated copper 

grid. The grid was then sealed with a polymer (5wt. % Butyar in chloroform). For 

taking high resolution pictures a Hitachi H7500 TEM instrument was used, 

operating at 120 kV.  

 

4.2.4.7 Methanol Permeability 

 

The experiment was done the same as described in Chapter 3, section 

3.2.4.7 (see page 41). 

 

4.2.4.8 X-Ray Diffraction (XRD) 

 

The XRD of the ZrO2 before and after phosphorisation were run and 

compared. The XRD specifications are listed below in Table 4.2: 

 

 Table 4. 2: XRD specifications. 

Instrument name Siemens D8 Advance 

X-ray detector Detector Slits Antiscattering Generator Generator current 

Copper source Scintillation Divergence V20 V20 30kV 30 mA 
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The XRD operating parameters are summarized in Table 4.3.  

 

Table 4. 3: XRD Siemens D8 advance parameters. 

Range (2θ) 4 to 50 

Step size 0.1 

Scan speed 3 s/step 

Scan type Locked couple 

Scan time 23.3 min 

Scan mode Continuous 

Synchronous rotation On 

 

 

4.2.4.9 Membrane Electrode Assembly and DMFC Development 

 

The first step in membrane-electrode assembly (MEA) development was 

the preparation of the cathodic and anodic inks106. The inks were prepared using 

nano-sized particles of the required catalysts as specified in Table 4.1. For ink 

preparation, 300 mg ultra pure water, 200 mg absolute ethanol and 200 mg 

Nafion® solution were added to 50 mg of the required catalyst. The catalyst was 

allowed to disperse in the mixture for 10 minutes under ultrasonication. The inks 

were then magnetically stirred for 2 hours. The electrodes were prepared by 

brushing the prepared inks onto carbon cloth gas diffusion layers, until a catalyst 

loading of 2 mg/cm2 was obtained. Electrodes with a surface area of 1 cm2 were 

used for the MEA preparation. The procedures described are illustrated in Figure 

4.1.  

After preparation of the required electrodes they were positioned on either 

side of the prepared sPEEK-WC/ZP composite membrane, and hot pressed at   

130 °C for 2 minutes at 80 Bar. The MEA was immersed into ultra pure water for 

24 hours before installing it into a single cell fixture consisting of Lynntech 

endplates (as described in Chapter3, section 3.2.4.5) with an active area of 1cm2. 

The DMFC set-up is illustrated in Figure 4.2.  
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Figure 4.1: The hot-press fabrication of a membrane electrode assembly. 

 

 
Figure 4.2: Schematic DMFC set-up for MEA testing. 

In this experiment, air and 1 M methanol were utilized as the oxidant and 

fuel. A 3% methanol solution was fed into the anode inlet at a flow rate of 1 

ml/min without pre-heating. Humidified room temperature air was fed into the 

cathode inlet at a flow rate of 60ml/min at 1atm pressure. The data was collected 

by a volt meter. The loadings of electrodes were about 2mg/cm2. The 

measurement was carried out at 75 °C with 0.8 Bar extra pressure versus 

environment pressure. 
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4.3 RESULTS AND DISCUSSIONS  

 

4.3.1 Phosphorisation of Zirconium Oxide 

 

4.3.1.1 Fourier Transform Infrared Spectroscopy Analysis 

 

The FTIR spectra of ZrO2 powders prepared from nanoparticle 

suspensions in water (curve a) and acetic acid (curve b) are given in Figure 4.3. 

The hygroscopic nature of ZrO2 is illustrated by the broad peak at 3700 to 

2700cm-1, which is due to the presence of water. The presence of acetic acid is 

important to regulate the rate of phosphorisation and prevent agglomeration of the 

phosphated particles 101. Acetic acid has a characteristic absorption band at 

1750cm-1, which is not present in Figure 4.3. This suggests that acetic acid is 

removed during the drying process.  

 
Figure 4.3: The FTIR spectra of ZrO2 powders prepared from ZrO2 nanoparticle 

suspension in (a) water and (b) acetic acid. 

 

The FTIR spectra of ZrO2 before and after phosphorisation are displayed in 

Figure 4.4. When looking at Figure 4.4, it is observed that the peak at 

approximately 800 cm-1 disappears upon phosphorisation. This can be a result of 

the reaction of the OH surface groups with the phosphate group. After 

phosphorisation, the characteristic P–O stretching bands are observed. The bands 

in the range 1110 to 1000 cm-1 are due to the P-O stretching vibrations in the PO4 
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tetrahedron, and the band in the 607 cm-1 region is due to the bending vibrations. 

The weak band at 1650 cm-1 is due to the P=O vibrations107,108.  

 
Figure 4.4:The FTIR spectra of ZrO2 nanoparticles before(a) and after phosphorisation(b). 

 

4.3.1.2 X-Ray Diffraction Analysis 

 

XRD analysis was used to acquire information on the crystallinity and 

chemical composition of the ZrO2 and ZP nanoparticle suspensions. The XRD 

spectra of ZrO2 nanoparticle powders before and after phosphorisation are 

displayed in Figure 4.5.  

 
Figure 4.5: The XRD spectra of ZrO2 nanoparticles before(a) and after phosphorisation(b). 
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 The XRD analysis of ZrO2 showed the presence of both monoclinic and 

tetragonal structures. The Bragg angles (2θ) of the monoclinic structure appear at 

24.4°, 28.2°, 31.5°, 34.5° and 62.3°, whereas the angles for the tetragonal 

structure are 30.2°, 50.2°, 59.3° and 60.2° 109. After phosphorisation the XRD is 

still characteristic of the ZrO2 nanoparticles without any change in diffraction 

domains or broadening of the diffraction peaks. However, the intensity of the 

peaks lowers upon phosphorisation. This reveals that the ZP nanoparticle 

suspension structure is less crystalline than the ZrO2 nanoparticle suspension due 

to the absence of the sharp peaks.  

Although the characteristic ZP peak at 20° is not present after 

phosphorisation, the presence of ZP is confirmed by FTIR analysis. By combining 

the XRD and FTIR data it can be concluded that phosphorised nano-ZrO2 

particles are present only on the surface of the nano-ZrO2 particles. This explains 

why the bulk structure of ZrO2 is not altered upon phosphorisation and why 

phosphorisation results in a decrease in crystallinity of the particles. 

  

4.3.1.3 Thermal Stability 

 

The TGA curve of the pure ZP nanoparticle suspension is shown in Figure 

4.6. The loss of the water in the zeolite cavity can occur in either one or two steps. 

If the heating rate is faster than the rate of dehydration, some of the water (about 

half) diffuses out relatively quickly while the remainder comes out slowly110. In 

Figure 4.6, it can be noted that the water in the zeolite cavity of ZP is lost in two 

steps. The start of condensation of the phosphate group starts at 450 °C, which is 

in agreement with the literature. The ZP nanoparticle suspension is thus stable 

within the operating temperature required (80 °C). 
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Figure 4.6: The TGA curve of ZP nanoparticle powder obtained from suspension in acetic 

acid. 

 

4.3.1.4 Morphology Studies 

 

The TEM analyses were done by Dr. Ji Shan and Dr. Guntars Vaivars in 

our research group and the figures have been utilised with their consent. The TEM 

images of the ZrO2 nanoparticle suspension before and after phosphorisation are 

displayed in Figures 4.7 and 4.8 respectively. The TEM image shows the uniform 

dispersion and lack of agglomeration of the ZrO2 nanoparticles. The average 

particle size for the nanoparticle suspension before phosphorisation is 10 to 12 nm.  

 
Figure 4.7: TEM results of ZrO2 nanoparticle powder obtained from suspension in acetic 

acid 
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For Figure 4.8, two different phases can be distinguished, which are 

represented as darker and lighter spots. The estimated sizes of the darker particles 

are 10 to 20 nm and are assigned to ZrO2 nanoparticles (as this is the particle size 

indicated by the manufacturers). The lighter particles are in the range of 40 to 60 

nm, and are due to ZP. Figure 4.9 shows the high resolution TEM picture of the 

phosphorised ZrO2 nanoparticles. The high resolution image confirms the particle 

size in the range of 40 to 60 nm. The phosphorisation thus leads to an increase in 

the particle size, but the particles maintain the structure of the fine powder. These 

results are in agreement to those obtained for the XRD analysis, where the ZP 

peak is not presented. However, the FTIR spectrum confirms the presence of the 

ZP due to the presence of the ZP peak. 

 
Figure 4.8: TEM results of ZP nanoparticle powder obtained from suspension in acetic acid. 

 
Figure 4.9: High resolution TEM of ZP nanoparticle powder obtained from suspension in 

acetic acid. 

4.3.2 Impregnation with Zirconyl Chloride 
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4.3.2.1 Fourier Transform Infrared Spectroscopy Analysis 

 

The FTIR spectra of the sPEEK-WC/ZP membranes prepared via 

impregnation with ZrOCl2.8H2O is given in Figure 4.10. The spectrum displays a 

combination of peaks observed for sPEEK-WC and the ZP nanoparticle 

suspension. The peaks in the range from 1100 to 1000cm-1 are characteristic of the 

phosphate group and the polymer membranes peaks are in the range 1300 to 1100 

cm-1. The presence of absorption peaks in the range 1140 to 1110 cm-1 is observed. 

This indicates the presence of aromatic sulfonate groups, which indicates that 

cross-linking could have occurred in the sPEEK-WC/ZP composite membranes.  

 
Figure 4.10: The FTIR spectra of : a) sPEEK-WC/ZP composite membrane 

prepared using impregnation with 40 wt.% zirconyl chloride solution and 

phosphoric acid; b) sPEEK-WC powder. 

 

4.3.2.2 Water Swelling and Ion Exchange Capacity 

 

The WS of these sPEEK-WC/ZP composite membranes as a function of 

temperature are illustrated in Figure 4.11. The effect of ZrOCl2.8H2O 

concentration as well as the effect of temperature on WS was established from this 

data. The WS of the membranes ranged from 13.5+0.5% at r.t. to 37.5+0.5% at  

90 °C (see Table. 4.4). Minimal variation in WS was obtained for the composite 
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membrane prepared from the different concentrations of zirconyl chloride. As the 

sPEEK-WC component of the membrane remains unchanged for all membranes, 

any variation in WS would be due to the ZP component of the composite 

membranes. The lack of variation indicates that the maximum amount of ZP 

impregnated into the membrane does not vary with the concentration of the 

starting material (the zirconyl chloride solution). This indicates that the maximum 

amount of ZP on the surface must be obtained when a 10 wt.% zirconyl chloride 

solution is used. At 90 °C the maximum WS obtained is 37.5+0.5%, which is low 

enough to prevent high methanol permeability through the membrane cross 

section, via water mediated pathways.  
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Figure 4.11: The WS of the sPEEK-WC/ZP composite membranes prepared using 10 

(ZrCl1), 20 (ZrCl2) , 30 (ZrCl3), 40 (ZrCl4) and 50 (ZrCl5) wt.% zirconyl chloride 

solution (refer to Table 4.4 for sample designations). 

 

Table 4.4: The WS, thermal stability, IEC properties of sPEEK-WC/ZP composite 

membranes prepared using zirconyl chloride (see Figure 4.11). 

Sample 

Designation 

ZrClO2.8H2O 

concentration (wt.%)

IEC 

(meq/g)

WS (%), 

at r.t. 

WS (%), 

at 90 °C 

ZrCl1 10 0.83 13.5+0.5 27.0+0.5 

ZrCl2 20 0.84 20.6+0.5 27.5+0.5 

ZrCl3 30 0.83 19.1+0.5 26.2+0.5 

ZrCl4 40 0.80 18.5+0.5 37.5+0.5 

ZrCl5 50 0.82 19.0+0.5 34.0+0.5 
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 The IEC of the membranes are plotted in Figure 4.12, and tabulated in 

Table 4.4. Little variation in IEC with zirconyl chloride solution concentration is 

observed. This is in agreement with the above mentioned deductions; the reaction 

of the zirconyl chloride with phosphoric acid only occurs at the surface of the 

membrane and the ZP formation is not affected greatly by increasing the zirconyl 

chloride solution concentration. It was observed that the presence of the ZP on the 

surface of the membranes has increased the IEC from 0.71 for the untreated 

membranes to 0.82 for a sPEEK-WC/ZP composite membrane impregnated with a 

50 wt.% zirconyl chloride solution.  
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Figure 4.12: IEC of the sPEEK-WC/ZP composite membranes prepared using zirconyl 

chloride solution with different concentrations (wt.%).  Error bars +5%. 

 
4.3.2.3 Thermal Stability 

 

The TGA curves of sPEEK-WC and a sPEEK-WC/ZP composite 

membrane prepared via impregnation with a zirconyl chloride solution (30 wt.%) 

are illustrated in Figure 4.13. Slight variation in the thermal stability is observed 

upon the introduction of ZP. Three weight loss steps are observed for the sPEEK-

WC/ZP composite membrane prepared via zirconyl chloride impregnation. The 

first weight loss is the loss of water physically absorbed in the membrane. The 

second weight loss step at 270 °C is attributed to the splitting off of the sulfonic 
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acid groups in the sPEEK-WC membrane89,89. The third weight loss step at       

450 °C corresponds to the main polymer chain decomposition33. 

 

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0

5 0

6 0

7 0

8 0

9 0

1 0 0

Tem p era tu re  (0C )

R
el

at
iv

e 
W

ei
gh

t L
os

s 
(%

)

 sP E E K -W C
 sP E E K -W C /Z P

 
Figure 4.13: The TGA curves of sPEEK-WC membrane and a sPEEK-WC/ZP composite 

membrane prepared using 30 wt.% zirconyl chloride solution. 

 

4.3.2.4 Conductivity Measurements and Membrane Quality Tests 

 

The conductivity was determined while the membrane was kept in; water, 

a 3% methanol solution in water, and finally undiluted methanol. Commercial fuel 

cells will operate using 3% (1 M) methanol solutions and thus the tests in 3% 

methanol are crucial to determine the behaviour of these membranes under these 

conditions.  The DMFCs will have a 100% methanol feed and accidental exposure 

of the membranes to the undiluted methanol can occur. It is thus also crucial to 

know the effect of the undiluted methanol on the membrane performance and 

stability. The Arrhenius plot for the sPEEK-WC/ZP composite membranes 

impregnated with a 10 wt.% zirconyl chloride solution is given in Figure 4.14. 

Refer to Appendix B Figures B1, B2, B3, and B4 for the Arrhenius plots of the 

other sPEEK-WC/ZP membranes prepared via impregnation with a zirconyl 

chloride solution. Table 4.5, summarises the conductivity, activation energy (Ea) 

and thermal stability of these membranes.  
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Table 4. 5: The conductivity, activation energy and thermal stability of the sPEEK-

WC/ZP composite membranes prepared using zirconyl chloride. 

ZrClO2.8H2O 

concentration (wt.%) 

Conductivity (S/cm),  

at 80°C 

Ea  

(eV) 

Thermal Stability 

(°C) 

0 4.0 x10-3 0.12 0-250 

10 4.7x10-3 0.23 0-270 

20 5.4x10-3 0.23 0-270 

30 3.1x10-3 0.20 0-270 

40 3.4x10-3 0.24 0-270 

50 2.8x10-3 0.20 0-270 

 

 All the membrane followed a similar trend for the conductivity 

measurements. The proton conductivity increases when the temperature is 

increased due to the increased amount of energy available for proton diffusion. 

For these sPEEK-WC/ZP composite membranes linear Arrhenius plots were 

obtained with no levelling off of conductivity occurring at higher temperatures 

(close to 80 °C). This indicates that the membranes do not undergo severe 

dehydration at these temperatures. The increased membrane hydration properties 

could be facilitated by the presence of the ZP particles on the surface of the 

membrane.  

As stated in Chapter 3, for sPEEK-WC and sPEEK-WC/ZP composite 

membranes variables such as water content and ion content affect the Ea obtained. 

By increasing temperature, the WS of the membranes increases, and hence the 

sPEEK-WC/ZP composite membranes will have increased water content. High 

swelling will result in higher water uptake and hence high activation energies will 

be obtained. The activation energy observed is thus an indication of the extent of 

swelling the membranes undergo. High activation energy (0.75eV) was obtained 

when undiluted methanol was applied, indicating membrane swelling occurs 

under these conditions. The highest conductivity was obtained when water is used 

due to the higher number of available protons in the water. When methanol 

solutions are used, the methanol replaces water within the membrane structure 

decreasing the number of free protons and thus, the proton conductivity decreases. 



sPEEK-WC/ZP composite membranes                     Chapter 4 
 

 
 

73

Ea=0.74eV

Ea=0.22eV

Ea=0.23eV

2.3

2.5

2.7

2.9

3.1

3.3

3.5

2.8 2.9 3 3.1 3.2 3.3 3.4 3.5
1000/T, K-1

-lo
g(

co
nd

uc
tiv

ty
 in

 S
/c

m
) Water

3%
Methanol
Pure
Methanol

 
Figure 4.14: Arrhenius plots for the sPEEK-WC/ZP composite membrane prepared using 

10 wt.% zirconyl chloride solution, measured in 3% methanol solution, pure methanol 

and water. 

 
The effect of zirconyl chloride solution concentration on membrane 

conductivity is plotted in Figure 4.15. The conductivity does not vary greatly with 

zirconyl chloride solution concentration and no trend is observed. This once again 

proves that the ZP content of the membrane is not affected by zirconyl chloride 

solution concentration and that the maximum ZP content is obtained at the 

zirconyl chloride solution concentration of 10wt.%.  
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Figure 4.15: The effect of used zirconyl chloride solution concentration on proton 

conductivity of impregnated sPEEK-WC/ZP membranes, measured in 3% methanol 

solution, pure methanol and water. 
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4.3.2.5 Morphology Studies 

 

The SEM cross-section and surface pictures of certain sPEEK-WC/ZP 

composite membranes prepared via zirconyl chloride impregnation are displayed 

in Figure 4.16. The cross-section images show the formation of dense, but brittle 

looking membranes. The surface picture shows a homogenous distribution of ZP 

on the membrane surface. Large particle are observed on the surface of the 

membranes with particle sizes as large as 0.1 µm being observed. This indicates 

that particle agglomeration occurred on the surface of the membranes. As 

phosphorisation occurred predominantly on the surface of the membrane, the 

amount of phosphoric acid used was higher than required which resulted in the 

agglomeration on the surface of the membranes. The membrane cross-section is 

uniform in composition and agglomeration occurs only on the membrane surface.  

 

(a) (b) 

(c) (d) 

Figure 4.16: The SEM pictures of the cross-section of following sPEEK-WC/ZP 

composite membranes: (a) ZrCl1; (b) ZrCl3; (c) ZrCl5 and (d) the surface of ZrCl5 (see 

Table 4.4). 

 

20μm 
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4.3.2.6 Methanol Permeability  

 

Due to lack of variation in conductivity, WS and IEC for the membranes 

prepared using different zirconyl chloride concentrations the permeability (cross-

over) of only one of these composite membranes (prepared via impregnation with 

a 30 wt.% zirconyl chloride solution) was tested and compared against that of 

Nafion® and untreated sPEEK-WC. The resulted are tabulated in Table 4.6. The 

permeability of the composite membrane is in the same order of magnitude      

(10-8 cm2/s) as the untreated sPEEK-WC membranes. This indicates that the ZP 

particle do not alter the cross-over of methanol through the membrane as they are 

not present in the bulk structure of the membrane material. The permeability of 

the sPEEK-WC/ZP composite membrane is about two orders of magnitude lower 

(10-8cm2/s versus 10-6cm2/s for Nafion®) than that of Nafion®. The low 

permeability is characteristic of sPEEK-WC membranes.  This means that ZP is 

not decreasing the methanol permeability of the membrane. 

 

Table 4. 6: Comparison of the methanol permeability of Nafion®, sPEEK-WC (DS = 

0.99) and sPEEK-WC membrane impregnated using 30 wt.% ZrOCl2 solution. 

Membrane Methanol permeability (cm2/s) 

Nafion® 1.4x10-6 

sPEEK-WC (DS = 0.99, untreated)   2.3x10-8 

sPEEK-WC/ZP (30 wt.% ZrOCl2 solution) 4.2x10-8 
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4.3.3 Addition of ZrO2 nanoparticles 

 

4.3.3.1 Fourier Transform Infrared Spectroscopy Analysis 

 

 The FTIR spectrum of a sPEEK-WC/ZP composite membrane prepared 

via ZrO2 nanoparticle addition is presented in Figure 4.17. All the characteristic 

peaks for sPEEK-WC are observed in the spectrum. The intensity of the 

characteristic bands in the range 1110 to 1000cm-1 due to the P-O stretching 

vibrations in the PO4 tetrahedron are noticeably smaller than observed for the 

other sPEEK-WC/ZP composite membranes. This indicates that phosphorisation 

has occurred on the surface of the membrane and not within the bulk structure, 

owing to the dense nature of these membranes. The weak band in the range of 

3700 to 2700 cm-1 shows the absence of hydrophilic ZP in this composite 

membrane. It cannot be ascertained if all the ZrO2 has been converted to ZP. 

 
Figure 4.17: The FTIR spectra of the sPEEK-WC/ZP (10 wt.%) membranes prepared 

from ZrO2 addition. 

 

Wavelength (cm-1)
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4.3.3.2 Water Swelling 

 

The WS of these sPEEK-WC/ZP composite membranes as a function of 

temperature are illustrated in Figure 4.18. The WS of the membranes ranged from 

17+0.5% at r.t. to 45.4+0.5% at 90 °C (see Table 4.7). For all the membranes WS 

increases linearly with temperature up to 60 °C and increases rapidly above 70 °C. 

For a constant temperature the WS increases with increased ZP content in the 

composite membrane. This increased WS can be attributed to the high water 

retention properties of ZP.  
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Figure 4.18: The WS of the sPEEK-WC/ZP composite membranes prepared using ZrO2 

nanoparticles (see Table 4.7). 

 

Table 4.7: The WS properties of sPEEK-WC/ZP composite membranes prepared using 

ZrO2 nanoparticles. 

Sample 

Designation 

ZrO2 content 

(wt.%) 

WS (%),  

at r.t. 

WS (%), 

at 90°C 

Zr1 5 17.0+0.5 23.1+0.5 

Zr2 10 19.9+0.5 29.3+0.5 

Zr3 15 22.5+0.5 34.2+0.5 

Zr4 20 27.1+0.5 45.4+0.5 

 

4.3.3.3 Thermal Stability 

 

The TGA curves of a sPEEK-WC and sPEEK-WC/ZP composite 

membrane prepared via ZrO2 nanoparticle addition are given in Figure 4.19. 
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Noticeably, the main chain decomposition temperature increases for the sPEEK-

WC/ZP composite membrane as compared to the pure sPEEK-WC. For the pure 

sPEEK-WC membranes main chain decomposition starts at 450°C. For the 

sPEEK-WC/ZP composite membranes, the main chain decomposition occurs at a 

slightly higher temperature of 470°C.  

For the sPEEK-WC/ZP composite membrane increased thermal stability is 

observed. Although the decomposition of both sPEEK-WC and ZP start at 450°C, 

the combination of ZP into the polymer matrix of sPEEK-WC by this method 

results in increased thermal stability of the composite membrane. However the 

thermal stability of the sPEEK-WC/ZP composite membrane is similar to that of 

pure sPEEK-WC, with both being stable at temperatures below 300°C. The results 

illustrate that the membranes are stable within the operating temperature of a 

DMFC.  
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Figure 4.19: The TGA curves of sPEEK-WC and a sPEEK-WC/ZP(5 wt.%) composite 

membrane. 

 

4.3.3.4 Conductivity Measurements and Membrane Quality Tests 

 

Table 4.8, summarises the conductivity, activation energy (Ea) and thermal 

stability of these membranes. The Arrhenius plot for the sPEEK-WC/ZP(5 wt.% 

ZrO2 addition) composite membrane is given in Figure 4.20, refer to Appendix B 

Figures B5, B6 and B7 for the Arrhenius plots of the remaining sPEEK-WC/ZP 

composite membranes prepared via ZrO2 nanoparticle addition.   
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Table 4. 8: The conductivity, Ea and thermal stability of the sPEEK-WC/ZP composite 

membranes prepared using ZrO2 nanoparticles. 

ZrO2 content 

(wt.%) 

Conductivity (S/cm), 

at 80°C 

Ea  

(eV) 

Thermal Stability 

(°C) 

0 4.0x10-3 0.12 0-250 

5 3.6x10-3 0.20 0-270 

10 2.7x10-3 0.20 0-270 

15 1.0x10-2 0.13 0-270 

20 1.5x10-2 0.16 0-270 
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Figure 4. 20: Arrhenius plots for sPEEK-WC/ZP (5 wt.% ZrO2) composite membrane, 

measured in water, 3% methanol solution and pure methanol. 

 

Figure 4.20 illustrates the usual trends observed for the Arrhenius plots; 

the proton conductivity is highest when water is used due to the higher number of 

free protons available in water as apposed to methanol. The activation energies of 

the membranes were calculated from the Arrhenius plots of temperature 

dependence. The activation energies of the membranes in water is higher than that 

of Nafion® membranes due to variation in the ion contents in sPEEK-WC with 

temperature. Higher activation energy (0.65eV) was observed when pure 

methanol was applied, due to membranes swelling and hence increased water 

uptake under these conditions. The effect of ZrO2 concentration on proton 

conductivity is illustrated in Figure 4.21. For these membranes conductivity 

increased with increased ZrO2 concentration. The conductivity ranged from 
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3.6x10-3 to 1.5x10-2 (see Table 4.8), which is in the same order of magnitude as the 

conductivity of Nafion® membranes. Stability in methanol was only achieved up 

to an added ZrO2 content of 15wt.%. The membrane containing 20wt.% ZrO2 was 

unstable in undiluted methanol and was soft and gel like after completion of the 

conductivity measurements. The  sPEEK-WC/ZP(15 wt.% ZrO2 addition) 

composite membrane however was completely stable in the testing cell and gave a 

good conductivity measurement (1x10-2 S/cm), which makes it a good candidate 

for DMFC applications.  
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Figure 4.21: The effect of ZrO2 content on proton conductivity of sPEEK-WC/ZP 

composite membranes, measured in 3% methanol solution, pure methanol and water. 

 

4.3.3.5 Morphology Studies 

 

The SEM cross-section and surface pictures of certain sPEEK-WC/ZP 

composite membranes prepared using ZrO2 nanoparticles are displayed in Figure 

4.22. Figure 4.22(a) illustrates the formation of a dense membrane with no 

microporous structure and a very smooth interface. Upon higher ZrO2 content 

addition (Figure 4.22(b)) the membrane remains dense, but the membrane 

interface becomes less smooth and more brittle in appearance. The surface picture 

displays a homogenous distribution of ZP within the membrane structure without 

the formation of large agglomerated particles.  
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(a) (b) (c) 

Figure 4.22: The SEM pictures of the cross-section the of the composite membranes (a) 

Zr1, (b) Zr4 and (c) the surface of Zr1 (see Table 4.7 for sample designations).  

 

4.3.3.6 Methanol Permeability 

 

The values of the methanol permeability of the sPEEK-WC/ZP composite 

membrane prepared via ZrO2 nanoparticle addition are given in Table 4.9. The 

permeabilities for the composite membranes ranged from 1.1x10-8 to 2.2x10-8 

cm2/S and are about two orders of magnitude lower than that observed for 

Nafion® membranes. The minimum permeability being observed for the 

membrane containing 5 wt.% ZrO2 and it is 50 % lower than that of the pure 

sPEEK-WC membrane. This initial decrease in methanol permeability upon ZP 

incorporation is due to the ZP nanoparticles acting as fillers within the membrane 

structure. This enhances the methanol barrier properties of the membrane as the 

nanoparticles blocks the possible channels which methanol can diffuse through.   

 

Table 4. 9: The methanol permeability of a sPEEK-WC and sPEEK-WC/ZP composite 

membranes. The methanol permeability of Nafion® is given for comparison. 

ZrO2 content (wt.%) Methanol permeability (cm2/s)

0 2.3x10-8 

5 1.1x10-8 

10 1.4x10-8 

15 1.8x10-8 

20 2.2x10-8 

Nafion® 1.4x10-6 

 

2200µµmm  6600µµmm 
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  The methanol permeability of the composite membranes increases with 

increased ZP content. The effect of the starting material (ZrO2) content on 

methanol is plotted in Figure 4.23. Increasing the ZP content the amount of 

sPEEK-WC polymer available to surround and bond to the ZP decreases, and not 

all the ZP can be bound to the sPEEK-WC polymer. On a random area of surface 

a sufficient number of empty spaces between the incorporated ZP particles could 

result in the formation of several inorganic physical channels (ZP channels). The 

number of the channels formed increases with increasing ZP content and these ZP 

channels could possibly transport methanol across the membrane interface. The 

methanol permeability thus increases with increased ZP content due to the 

increased number of ZP channels. At low ZP content the nanoparticles can 

disperse thoroughly within the polymer structure and act as a barrier for methanol 

permeability. At higher ZP content, the formation of ZP channels can result in 

increased methanol permeability.  
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Figure 4.23: The influence of ZrO2 content on methanol permeability of sPEEK-WC/ZP 

composite membranes. 
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4.3.4 Addition of Aged Phosphorised Zirconium Oxide Nanoparticles  

 

4.3.4.1 Fourier Transform Infrared (FTIR) Spectroscopy Analysis 

 

 Figure 4.24 shows the FTIR spectrum of a sPEEK-WC/ZP composite 

membrane prepared via aged ZP addition. The bands in the range 1100 to         

990 cm−1 are due to the P–O stretching vibrations in the PO4 tetrahedron. The 606 

to 530cm-1 region show bands expected for v4 bending vibrations. Once again a 

broad band in the region 3700 to 2700cm-1 due to the presence of water is 

observed illustrating the hydrophilic nature of the ZP in the composite membrane. 

For this synthesis method no cross linking between ZP and sPEEK-WC occurred33 

due to the absence of absorption peaks in the range 1140 to 1110cm-1. All the 

characteristic sPEEK-WC peaks are observed, illustrating no complex formation 

between the polymer matrix with the ZP particles, but rather suggests the 

dispersion of the particles homogenously within the polymer matrix. 

 

 
Figure 4.24: The FTIR spectrum of a sPEEK-WC/ZP (10 wt.%) membrane prepared via 

aged ZP addition. 
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4.3.4.2 Water Swelling  

 

 Figure 4.25 illustrates the WS of these composite membranes as a function 

of temperature. The WS of the membranes ranged from 27+1 % at r.t. to 137+1 % 

at 100 °C (see Table 4.10). A linear increase in WS is observed until 60 °C, 

followed by a rapid increase in WS after 80 °C. As apposed to the previous set of 

composite membranes, the WS actually decreases with increased ZP content. It is 

believed that agglomeration of the ZP caused aging prevents the proper dispersion 

of the ZP dispersion into the polymer matrix.  
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Figure 4.25: The WS of the sPEEK-WC/ZP composite membranes prepared using aged 

ZP (see Table 4.10). 

 
Table 4.10: The WS properties of sPEEK-WC/ZP composite membranes prepared via 

aged ZP addition. 

Sample Designation ZP content (wt.%) WS (%), at r.t. WS (%), at 100°C 

ZP1 1.2 37+1 137+1 

ZP2 2.4 34+1 123+1 

ZP3 3.6 33+1 113+1 

ZP4 4.8 31+1 95+1 

ZP5 10.0 27+1 57+1 
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4.3.4.3 Thermal Stability 

 

The TGA curves of a sPEEK-WC and a sPEEK-WC/ZP composite 

membrane prepared via aged ZP addition are given in Figure 4.26. The thermal 

stability of the sPEEK-WC/ZP composite membrane is similar to that of pure 

sPEEK-WC and both are stable at temperatures below 300°C. The results 

illustrate that the membranes are stable within the operating temperature of a 

DMFC. 
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Figure 4.26: The TGA curves of sPEEK-WC and sPEEK-WC/ZP (10 wt.%) membranes. 

 

4.3.4.4 Conductivity Measurements and Membrane Quality Tests 

 

Table 4.11, summarises the conductivity, activation energy and thermal 

stability of these membranes. The Arrhenius plot for sPEEK-WC/ZP (1.2 wt.%) 

composite membrane prepared via aged ZP addition is given in Figure 4.27, refer 

to Appendix B Figures B8, B9, B10 and B11 for the Arrhenius plots of the 

remaining sPEEK-WC/ZP composite membrane prepared via aged ZP addition.   
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Table 4. 11: The conductivity, Ea and thermal stability of the sPEEK-WC/ZP composite 

membranes prepared using aged ZP. 

ZP content  

(wt.%) 

Conductivity (S/cm), 

at 80°C 

Ea 

(eV) 

Thermal Stability 

(°C) 

0 4.0 x10-3 0.12 0-250 

1.2 1.6 x10-2 0.18 0-270 

2.4 1.4x10-2 0.20 0-270 

3.6 1.3x10-2 0.17 0-270 

4.8 1.1x10-2 0.20 0-270 

10.0 5.4x10-3 0.23 0-270 
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Figure 4.27: Arrhenius plots for the sPEEK-WC/ZP (1.2 wt.% aged ZP) composite 

membrane, measured in 3% methanol solution, pure methanol and water. 

 

For these membranes, the conductivity is highest when pure water is 

applied, due to the higher number of free protons available as apposed to 

methanol. Low activation energies were obtained when water or 3% methanol is 

applied to the conductivity cell (refer to Table 4.11). These values indicate that the 

membranes do not undergo a high increase in water content as the temperature is 

increased. However, when undiluted methanol is applied to the sPEEK-WC/ZP 

(1.2 wt.%) composite membrane prepared via aged ZP addition membrane, the 

activation energy undergoes a dramatic increase from 0.17 to 0.43 eV (refer to 

Figure 4.27). Since the membrane is stable in 3% methanol, (as it does not 
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undergo a dramatic increase in Ea when 3% methanol is applied) the membrane 

can be suitable for DMFC applications. The effect of ZP content on conductivity 

is illustrated in Figure 4.28.  The conductivity of the membranes ranged from 

1.6x10-2 to 5.4x10-3 S/cm. The conductivity undergoes a decrease as the ZP 

content of the membrane is increased. This is unusual for ZP, as one would expect 

an increase in the conductivity due to the high proton conducting properties of ZP. 

The decrease in conductivity can be attributed agglomeration of the aged ZP 

particles.  
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Figure 4.28: The effect of aged ZP content on proton conductivity of sPEEK-WC/ZP 

composite membranes, measured in 3% methanol solution, pure methanol and water. 

 

4.3.4.5 Morphology Studies 

 

The SEM cross-section and surface pictures, of certain sPEEK-WC/ZP 

composite membranes prepared using an aged ZP suspension, are displayed in 

Figure 4.29. Dense membranes where formed in this technique. Agglomerated 

particles are observed in the interface as well as on the surface of the membranes. 

As the ZP content is increased, the membrane remains dense, but the membrane 

interface becomes less smooth and more brittle in appearance. 
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(a) (b) 

(c) (d) 

Figure 4.29: The SEM cross-section pictures of the sPEEK-WC/ZP composite 

membranes: (a) ZP1; (b) ZP3; (c) ZP5 and (d) the surface of ZP5. Sample designations 

are explained in Table 4.10. 

 

4.3.4.6 Methanol Permeability 

 

The methanol permeabilities of these membranes are given in Table 4.12. 

The permeability ranged from 6.7x10-8 to 1.7x10-7cm2/s. For a composite 

membrane containing 1.2wt% ZP (sample designation ZP1) the permeability is 3 

times higher than that pure sPEEK-WC membranes. The permeability of the 

composite membrane (ZP1) remains in the same order of magnitude as that of the 

sPEEK-WC membrane and is 21 times and two orders of magnitude lower than 

that of the commercially available Nafion® membrane. 
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Table 4. 12:The methanol permeability of sPEEK-WC and sPEEK-WC/ZP (aged) 

composite membranes. For comparison the methanol permeability of Nafion® is given. 

ZP Content (wt.%) Methanol permeability (cm2/s)

0 2.3x10-8 

1.2 6.7x10-8 

2.4 7.9x10-8 

3.6 9.7x10-8 

4.8 1.2x10-7 

10.0 1.7x10-7 

Nafion® 1.4x10-6 

  

The effect of the ZP content on methanol permeability is plotted in Figure 

4.30. The methanol permeability of the composite membranes increases almost 

linearly with increased ZP content. The reasoning for this is the same as explained 

before. When increasing the ZP content the amount of sPEEK-WC polymer 

available to surround and bond to the ZP decreases, and not all the ZP can be 

bound to the sPEEK-WC polymer. A sufficient number of empty spaces between 

the incorporated ZP particles on a random area of surface could result in the 

formation of several ZP channels. The number of the channels formed increases 

with increasing ZP content and these ZP channels transport methanol across the 

membrane interface. The methanol permeability increases with increased ZP 

content due to the increased number of ZP channels within the membrane. 

Improving the dispersion of ZP could decrease the formation of ZP channels. 
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Figure 4.30: The influence of ZP content on methanol permeability of the sPEEK-WC/ZP 

(aged) composite membranes 
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4.3.5 Addition of Fresh Phosphorised Zirconium Oxide Nanoparticles 

 

4.3.5.1 Fourier Transform Infrared Spectroscopy Analysis 

 

Figure 4.31 displays the FTIR spectrum of a sPEEK-WC/ZP composite 

membrane prepared via fresh ZP addition. The spectrum is analogous to the one 

obtained for the composite membrane prepared from the aged ZP nanoparticle 

suspension, and has the characteristic peaks described in section 4.3.4.1. All the 

characteristic sPEEK-WC peaks are observed, suggesting that no complex 

formation occurs between the polymer and the ZP particles, but rather suggests 

the dispersion of the particles homogenously within the polymer matrix. The 

similarities between the curves demonstrate that the structure of the membranes is 

the same as the membranes prepared from aged ZP addition. However, since 

different conductivity is observed for the membranes prepared with the different 

ZP nanoparticle suspensions, the dispersion of the ZP nanoparticle within the 

membrane must be different. 

 

 
Figure 4.31: The FTIR spectra of the sPEEK-WC/ZP (10 wt.%) membrane prepared from 

the fresh ZP nanoparticle suspension. 
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4.3.5.2 Water Swelling 

 

The WS of the sPEEK-WC/ZP composite membranes as a function of 

temperature are illustrated in Figure 4.32. Very low WS was obtained for these 

membranes and is in the range of 9.6+0.5% (at r.t.) to 25.2+0.5% (at 90 °C) (see 

Table 4.13). For all the membranes WS increases linearly with temperature up to 

60 °C and more rapidly temperatures above 70 °C. At a constant temperature the 

WS increases with increased ZP content in the composite membrane. This 

increased WS can be attributed to the high water retention properties of ZP 

.  
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Figure 4.32: The WS of the sPEEK-WC/ZP(fresh phosphated) composite membranes.  

 

Table 4. 13: The WS properties of sPEEK-WC/ZP (fresh) composite membranes.  

Sample  

Designation 

ZP content 

(wt.%) 

WS (%), 

 at r.t. 

WS (%), 

 at 100°C 

F1 2 9.6+0.5 13.0+0.5 

F2 4 10.1+0.5 14.3+0.5 

F3 6 18.9+0.5 23.1+0.5 

F4 8 19.5+0.5 24.5+0.5 

F5 10 20.1+0.5 25.2+0.5 
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4.3.5.3 Thermal Stability 

 

No variation in thermal stability was obtained for sPEEK-WC/ZP 

composite membranes having different ratios of sPEEK-WC to ZP. The TGA 

curves of a sPEEK-WC and a sPEEK-WC/ZP composite membrane are given in 

Figure 4.33. The thermal stability of the sPEEK-WC/ZP composite membrane is 

similar to that of pure sPEEK-WC and both are stable at temperatures below    

300 °C. The results illustrate that these membranes are also stable within the 

operating temperature of a DMFC. 
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Figure 4. 33: The TGA curves of sPEEK-WC and sPEEK-WC/ZP (2 wt.%) membranes.  

 

4.3.5.4 Conductivity Measurements and Membrane Quality Tests 

 

Table 4.14, summarises the conductivity, activation energy and thermal 

stability of these membranes. The Arrhenius plot for a sPEEK-WC/ZP (2 wt.% ZP) 

composite membrane prepared via fresh ZP addition is given in Figure 4.34. Refer 

to Appendix B Figures B12, B13, B14 and B15 for the Arrhenius plots of the 

remaining sPEEK-WC/ZP composite membrane prepared via fresh ZP addition.   
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Table 4. 14: The Conductivity, Activation Energy and Thermal Stability of the sPEEK-

WC/ZP composite membranes prepared using fresh ZP. 

ZP content 

 (wt.%) 

Conductivity (S/cm), 

at 80°C 
Ea (eV), 

in water 

Thermal Stability 

(°C) 

0 4.0x10-3 0.12 0-250 

2 8.0x10-4 0.16 0-270 

4 1.2x10-3 0.20 0-270 

6 2.3x10-2 0.22 0-270 

8 2.8x10-2 0.23 0-270 

10 3.1x10-2 0.19 0-270 
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Figure 4.34: Arrhenius plot for the sPEEK-WC/ZP (2 wt.%) composite membrane, 

measured in 3% methanol solution, pure methanol and water. 

 

For all the membranes conductivity is highest when pure water is applied, 

due to the higher proton content in water as opposed to methanol. Low activation 

energies were obtained when water, 3% methanol or undiluted methanol was 

applied to the conductivity cell. These values indicate that the membrane does not 

undergo a high increase in water content or swelling with increase in temperature. 

Since the membrane does not undergo a dramatic increase in Ea when 3% 

methanol or undiluted methanol is applied, the membrane can be suitable for 

DMFC applications. Figure 4.35 shows the conductivity of the composite 

membranes as a function of ZP content. Initially, up till ZP content of 4 wt%, the 
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conductivity of the membranes decreases, but as the ZP content is further 

increased the conductivity also increases. This is in complete agreement with 

results obtained by G. Vaivars et. al., who synthesized PVA/ZP composite 

membranes111. The conductivity of the membranes ranged from 8x10-4 to 3.1x10-2 

S/cm (refer to Table 4.14). Upon examination of Figures 4.32 and 4.35 it can be 

noted that a change in the properties of the sPEEK-WC composite membrane 

occurs at ZP content of 6 wt.%. Above ZP content of 4 wt.% dramatic changes in 

WS and conductivity are observed, but upon further ZP addition the conductivity 

does increase to such a great extent. All the membranes were completely stable in 

the testing cell and high conductivity was obtained (in the order of magnitude 10-2 

S/cm), making them good candidates for DMFC applications. 
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Figure 4.35: The influence of ZP content on proton conductivity of sPEEK-WC/ZP (fresh) 

composite membrane, measured in 3% methanol solution, pure methanol and water. 

 

4.3.5.5 Morphology Studies 

 

The SEM cross-section images, of certain sPEEK-WC/ZP composite 

membranes prepared using fresh ZP, are displayed in Figure 4.36. Once again 

dense membranes were obtained using the solvent evaporation technique. The 

membranes appear to become more brittle when the amount of ZP in the 

membrane is increased. Figure 4.37 shows the SEM images of the surface of the 

composite membranes before and after testing in the conductivity cell. Both the 
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surface and cross section images show the thorough dispersion of the ZP 

nanoparticles within the membrane structure and no agglomeration of ZP are 

observed as in the case of the aged ZP suspension. After testing in the 

conductivity cell the membrane appears to be in the same condition and before 

testing, and no cracking within the membrane is observed. Thus high conductivity 

and stability are observed for sPEEK-WC/ZP composite membranes prepared via 

fresh ZP addition.  

(a) (b) (c) 

Figure 4.36: The SEM of the cross-section the pictures of the sPEEK-WC/ZP (fresh) 

composite membranes prepared with (a) 2 wt.% ZP, (b) 6 wt.% ZP and (c) 10 wt.% ZP. 

 

(a) (b) 

Figure 4.37: The SEM surface images of sPEEK-WC/ZP (fresh) composite membranes 

prepared with 10 wt.% ZP (a) before and (b) after testing in a conductivity cell. 

 

4.3.5.6 Methanol Permeability 

 

Table 4.15 presents the methanol permeabilities for these membranes. The 

permeability ranged from 2.2x10-9 to 4.6x10-9 cm2/s. On addition of 2 wt% ZP 

nanoparticles the permeability of the membranes decreased by ten times. As 

explained for the ZrO2 nanoparticles, the ZP nanoparticle can act as fillers for the 

sPEEK-WC polymer membrane. This then results in a decrease in methanol 
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permeability due to the decreased availability of water mediated pathways in the 

membrane cross-section for the methanol to pass through. The composite 

membrane containing 2 wt% ZP nanoparticles has permeability 636 times (about 

three orders of magnitude) lower than that of the commercially available Nafion® 

membranes. This is a remarkable reduction in permeability, which as essential 

requirement for DMFC applications.  

 

Table 4. 15: The methanol permeability properties of sPEEK-WC and sPEEK-WC/ZP 

(fresh) composite membranes. The methanol permeability of Nafion® is given for 

comparison. 

ZP content (wt.%) Methanol permeability (cm2/s)

0 2.3x10-8 

2 2.2x10-9 

4 2.8x10-9 

6 3.6x10-9 

8 3.9x10-9 

10 4.6x10-9 

Nafion® 1.4x10-6 

 

The methanol permeability of the composite membranes increases with 

increased ZP content. The effect of the ZP content on methanol permeability is 

plotted in Figure 4.38. A linear relation between methanol permeability and ZP 

content is obtained and once again the same rationale can be used. Increased ZP 

content decreases the sPEEK-WC to ZP ratio, which means that the amount of 

sPEEK-WC available to surround and bond to the ZP is decreased. Empty spaces 

between the incorporated ZP particles result in the formation of inorganic physical 

channels (ZP channels). The number of the channels formed increases with 

increasing ZP content and these ZP channels are means for methanol to be 

transported across the membrane interface. The methanol permeability thus 

increases with increased ZP content due to the increased number of ZP channels. 

When a low ZP content is used the nanoparticles can disperse thoroughly within 

the polymer structure and act as a barrier for methanol permeability. When too 

much ZP is incorporated into the composite membrane, the ZP channels form 
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resulting in an increase in methanol permeability. The increase in permeability 

observed for these membranes is not as high as for the other synthesis methods 

studied. The sPEEK-WC/ZP (10 wt.%) composite membrane prepared via fresh 

ZP addition the measured permeability was 4.6x10-9cm2/s. This value is 300 times 

lower than that of the commercially available Nafion® membrane.  
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Figure 4.38: The effect of ZP content on methanol permeability of sPEEK-WC/ZP(fresh) 

composite membranes.  

 

4.3.5.7 DMFC Performance 

 

Preliminary MEA testing was done for the sPEEK-WC/ZP composite 

membrane prepared using the freshly prepared ZP. The MEA testing was done 

under 2 bar pressure for 2 days. After DMFC testing, SEM images of the cross-

section of the MEA were taken. Figure 4.39 shows a typical SEM image obtained 

for the MEA. From the SEM image gaps between the electrode and the membrane 

are clearly observed. This gap causes a reduction in the catalyst efficiency, due to 

the reduction in the DMFC reaction area. This delamination thus leads to an 

overall reduction in DMFC performance. The MEA preparation process utilized 

for the commercially available Nafion® membranes is thus not sufficient for these 

novel membranes.  
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Figure 4.39: SEM image of the cross-section of an MEA with sPEEK-WC/ZP(fresh) 

composite membrane.  

 

Table 4.16 lists the main parameters obtained for the MEA test. The 

resistance after 10 minutes activation is about 4.9 ohm, and decreases to 1.5 ohm 

after 62 minutes. The stable resistance at static status is about 1.45 ohm, while the 

dynamic resistance is 2.2 ohm. Low current output was observed; lower than that 

of Nafion® membranes, due to the high resistance. However, the membrane 

displayed higher mechanical stability in the MEA testing cell than any other 

membranes previously prepared our laboratory. The membranes can endure 2 bar 

applied pressure, for long periods of time in 3% methanol, which was not 

observed for any other membranes.  

The impedance study showed that the resistance was too high for high 

power output applications. It was found experimentally that moisturisation 

decreases resistance. At high temperatures, water is lost and hence the 

moisturisation is decreased. Membrane moisturisation must therefore be studied in 

order to improve the resistance. In order to improve the MEA performance, future 

work will involve the optimization of the hot pressing and MEA preparation 

procedure for these membranes as well improved membrane moisturisation.  
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Table 4. 16: Obtained parameters of MEA prepared using a sPEEK-WC/ZP (fresh) 

composite membrane. 

Open Circuit Voltage 0.64V 

R after 10 min 4.9Ω 

R after 60 min 1.5Ω 

R 1.45Ω 

Stability High 

Where: R - resistance. 

 

 
Figure 4.40: Photograph of the MEA after the measurement.  

 

 

4.4 SUMMARY 

 

In this section phosphorised zirconium was successfully prepared from a 

ZrO2 nanoparticle dispersion in acetic acid. The ZP nanoparticle suspension was 

in the particle size range of 40 to 60nm. This indicated that only partial 

phosphorisation had occurred and was confirmed by FTIR and XRD analysis. 

After phosphorisation the particle size remained in the nano range. From the 

sPEEK-WC prepared previously with a DS of 0.99 various types of sPEEK-

WC/ZP composite membranes were prepared. Of the various types of synthesis 

utilised the optimal one was established. The properties of the best membrane for 

each synthesis technique used are listed in Table 4.17. 
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Table 4.17: The Properties of Nafion® and sPEEK-WC/ZP composite membranes 

Sample 

Designation 
Preparation or Composition 

Conductivity 

(S/cm) 

Methanol 

Permeability  

(cm2/s) 

Nafion® Commercially available 0.010 1.4x10-6 

sPEEK-WC/ZP 

(20 wt.%) 

sPEEK-WC impregnated with 20 

wt.% zirconyl chloride solution and 

subsequent phosphorisation  

0.005 4.2x10-8 

sPEEK-WC/ZP 

(15 wt.%, ZrO2) 

Addition of 15 wt.% ZrO2 to 

sPEEK-WC and subsequent 

phosphorisation 

0.010 1.8x10-8 

sPEEK-WC/ZP 

(2.4 wt.%, aged) 

2.4 wt.% Aged ZP suspension and 

97.6 wt.% sPEEK-WC 
0.016 6.7x10-8 

sPEEK-WC/ZP 

(6 wt.%, fresh) 

10 wt.% Fresh ZP nanoparticle 

suspension and 90 wt.% sPEEK-WC 
2.3x10-2 3.6x10-9 

 

The optimum preparation procedure involved the direct addition of a 

freshly prepared ZP nanoparticle suspension into the sPEEK-WC polymer 

solution and subsequent membrane preparation via the solvent evaporation 

technique. The optimal ZP content was also established to be 6 wt.%. These 

membranes have many advantages over the commercially available Nafion® 

membranes. They are cheap to manufacture. They have high proton conductivity 

in the same order of magnitude as that of Nafion® membranes.  

These membranes display reduced methanol permeability as compared to 

Nafion® membranes, which is about three orders of magnitude lower than that of 

Nafion® membranes. The reduced methanol permeability is crucial for increased 

DMFC performance. These membranes are easy to manufacture and does not 

require any vigorous reaction conditions. They also display a promising DMFC 

performance. These membranes are thus worthy candidates for DMFC 

applications, and the further study of the MEA preparation conditions for these 

membranes is of much importance. These novel membranes require the 

development of new (aternative) MEAs. 
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CHAPTER 5:  

SYNTHESIS AND CHARACTERISATION OF sPEEK-

WC/PWA COMPOSITE MEMBRANES 
 

5.1 INTRODUCTION 

 

The large scale commercialization of the DMFC is currently limited by 

two major technological problems, namely the slow methanol oxidation kinetics 

occurring at the anode and the secondly the cross-over of methanol from the 

anode to the cathode across the polymer electrolyte membrane. Beside low cost, 

prerequisites for the proton exchange membranes are high proton conductivity and 

high stability75. The proton conductivity should be in the order of magnitude of 

1x10-2 S/cm, which is already obtained for the commercially available Nafion® 

membranes.  It has already been noted (and proven, refer to Chapter 4) that 

preparation of composite membranes of sPEEK-WC and an inorganic ion 

exchange material can greatly improve physical and chemical properties of the 

polymer sPEEK-WC92. Also the additions of these inorganic ion exchange 

materials do not alter the important properties of the polymer required for DMFC 

operation83.  

Heteropoly acids (HPAs) display very high Bronsted acidities as solid 

electrolytes50, which make them the most conductive inorganic solid electrolytes 

at near ambient temperatures51. Hydrated phosphotungstic acid (PWA, 

H3PW12O40.29H2O) has a conductivity of 1.9x10-1 S/cm at room temperature. 

PWAs are soluble in polar solvents and form [PW12O40]3- Keggin type anions as 

Figure 5.1 illustrates. HPAs make an attractive candidate for composite membrane 

preparation due to their high proton conductivity, their relatively small size (10Å 

of the isolated Keggin’s ion) and their high solubility in many organic solvents112. 

HPAs are water soluble materials and may dissolve and leak out of a Fuel Cell 

system, which would result in declining performance of the cell. To overcome this 

problem, PWA was immobilized in silica gel113,114 and more recently in sPEEK115. 

Composite membranes consisting of HPAs embedded in a hydrophilic polymer 
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matrix are expected to have high proton conductivity while retaining the 

mechanical properties of the polymer membranes52. 

 
Figure 5.1: The structure of a Keggin type anion. 

 

In this section composite membranes consisting of the inorganic ion 

exchange material PWA incorporated into the polymer material sPEEK-WC were 

synthesized and investigated. PWA was added directly to the sPEEK-WC polymer 

solutions and dense membranes formed via the phase inversion by solvent 

evaporation method. The study involved the characterisation of the membranes 

via, scanning electron microscopy (SEM), thermo gravimetric analysis (TGA), 

water swelling (WS) determination, methanol permeability and proton 

conductivity measurements. 
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5.2 EXPERIMENTAL 

 

5.2.1 Chemicals and Materials 

 

The chemical materials not listed previously are listed in Table 5.1. 

Table 5. 1: List of used Chemicals and Materials 

Chemicals and Materials Specifications Supplier 

Phosphotungstic acid hydrate H3PO4.12WO3.xH2O Sigma Aldrich 

 

5.2.2 Synthesis of sPEEK-WC/PWA Composite Membranes 

 

The membrane preparation involved the addition of the heteropoly acid, 

phosphotungstic acid hydrate (PWA) directly to the polymer solution of sPEEK-

WC having a DS of 0.99. Phosphotungstic acid hydrate was added directly to a 15 

wt.% sPEEK-WC solution. The mixture was put under ultrasonication for 1 hour 

and subsequently stirred at r.t. for 24 hours. The composite membrane solution 

was then degassed under ultrasonication for an hour. The solutions were cast onto 

glass plates and dried via the solvent evaporation method.  

The cast membrane solutions were dried at 90°C for 1 hour, then at 130°C 

for another hour. The temperature was subsequently increased to 150°C and the 

membranes dried at this temperature under vacuum for an additional 5 hours. 

After cooling down to room temperature, the membranes were peeled from the 

glass plate by immersion in deionised water. A series of these sPEEK-WC/PWA 

composite membranes were prepared by varying the amount of PWA added to the 

polymer solution. No post treatment was required as the membranes were already 

in their acid form. They were then stored in deionised water until further use. 
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5.2.3 Characterisation of sPEEK-WC/PWA Composite Membranes 

 

5.2.3.1 Water Swelling 

 

The same method was utilised as in Chapter 3, section 3.2.4.2 (see page 36). 

 

5.2.3.2 Thermal Stability 

 

The procedure is the same as depicted in Chapter 3, section 3.2.4.3 (see page 

37). 

 

5.2.3.3 Morphology Studies 

 

The operating parameters utilised were the same as that of Chapter 3, 

section 3.2.4.6 (see page 40). 

 

5.2.3.4 Conductivity Measurements and Membrane Quality Tests 

 

The procedure is the same as depicted in Chapter 3, section 3.2.4.5 (see 

page 38).  

 

5.2.3.5 Methanol Permeability 

 

The experiment was done the same as described in Chapter 3, (see page 41). 
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5.3 RESULTS AND DISCUSSIONS 

 

5.3.1 Water Swelling 

 

The WS of the sPEEK-WC/PWA composite membranes as a function of 

temperature is presented in Figure 5.2. The WS of a sPEEK-WC is also plotted as 

a reference. For the composite membranes the WS increases almost linearly until 

60 °C, after 70 °C the WS increases rapidly with temperature. Upon addition of 10 

wt.% PWA the WS at r.t increases from 21.7+0.5% to 29.0+0.5%, and increases 

from 31.2+0.5 to 90.1+0.5% at 90 °C (refer to Table 5.2). The WS increases 

dramatically upon PWA addition, due to the hydrophilic nature of the PWA. High 

WS increases conductivity of the membranes through water mediated pathways, 

but at the same time increases the amount of pathways for methanol transport. 

Thus, the significant increase in WS upon PWA addition could have a negative 

impact if the methanol permeability also increases significantly. 
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Figure 5.2: Water uptake of sPEEK-WC and sPEEK-WC/PWA composite membranes as 

a function of temperature. 
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Table 5.2: The WS Properties of the sPEEK-WC/PWA Composite Membranes. 

Sample Designation PWA content (wt.%) WS at r.t. (%) WS at 90°C (%) 

PWA1 10 25.4+0.5 75.8+0.5 

PWA2 30 29.2+0.5 84.6+0.5 

PWA3 50 33.5+0.5 90.1+0.5 

 

5.3.2 Thermal Stability 

 

The thermal stability of composite membranes was characterized using 

TGA. The TGA curves of a sPEEK-WC and a sPEEK-WC/PWA (50 wt.%) 

composite membrane are plotted in Figure 5.3. Three water loss steps are 

observed for the TGA curves of both membranes. The first weight loss is due to 

the loss of water physically absorbed to the membrane surface as the samples are 

not dried before testing. The second weight loss is due to the splitting off of the 

sulfonic acid groups89. The onset of this weight loss is at a slightly higher 

temperature for the composite sPEEK-WC/PWA membrane. This could be 

attributed to the hydrophilic nature of the PWA, which leads to increased water 

retention properties and hence higher thermal stability. The third weight loss starts 

at 450°C and is attributed to the main polymer chain decomposition33, which 

results in the formation of phenols and benzene. The composite membrane is 

thermally stable up to approximately 270 °C, indicating that it is stable within the 

operating temperature of the DMFC.  

100 200 300 400 500 600 700

50

60

70

80

90

100

sPEEK-WC

sPEEK-WC/PWA (50wt.%)

R
el

at
iv

e 
W

ei
gh

t 
Lo

ss
 (

%
)

Temperature (oC)  
Figure 5.3: The TGA curves of sPEEK-WC and sPEEK-WC/PWA composite membranes. 

5.3.3 Morphology Studies 
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The SEM cross section image of a sPEEK-WC/PWA (30 wt.%) composite 

membrane is shown in Figure 5.4. The image shows the formation of a dense 

membrane with no microporous structure present. This is important to decrease 

the methanol permeability via the micropores which would serve as a pathway for 

methanol. This would lead to high methanol permeability across the membrane 

interface. Very small particles are observed in the SEM image and appear to be 

dispersed within the membrane with no agglomeration being observed.  

 
Figure 5.4: The SEM cross section image of a sPEEK-WC/PWA composite membrane. 

 
5.3.4 Conductivity Measurements and Membrane Quality Tests 

 

Table 5.3 summarises the conductivity, activation energy and thermal 

stability of these membranes. The Arrhenius plots for the composite membranes 

(while kept under water) are given in Figure 5.5.  

 

Table 5.3: The Conductivity, Activation Energy and Thermal Stability of sPEEK-

WC/PWA composite membranes. 

Sample Designation Conductivity at 80°C (S/cm) Ea (eV) Thermal Stability (°C) 

0 4.0x10-3 0.12 0-250 

PWA1 1.9x10-2 0.24 0-270 

PWA2 4.1x10-2 0.26 0-270 

PWA3 6.7x10-2 0.24 0-270 

40µm 
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From the Arrhenius plots an increase in conductivity with temperature is 

observed. For all the membranes, the activation energies observed is higher than 

that of Nafion® (0.1eV). The can also be attributed to the increased ion content 

and water uptake which occurs with increased temperature. 
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Figure 5.5: The Arrhenius plots of sPEEK-WC/PWA composite membranes. 

 

The effect of PWA content on proton conductivity of the composite 

membrane is plotted in Figure 5.6. The membranes were prepared from sPEEK-

WC with a DS of 0.99, and thus any variation in conductivity would be due to 

variation in PWA content. The results show that the addition of PWA improves 

the proton conductivity of the composite membrane effectively. The conductivity 

of the composite membrane is higher than that of the Nafion® (1.6x10-2 S/cm) at 

r.t., when the content of PWA is over 15 wt.%. The conductivity increases upon 

addition of 10 wt.% PWA, and increases almost linearly upon further PWA 

addition. This can be attributed to the high proton conductivity and hydrophilic 

nature of the inorganic material PWA. The composite membrane thus absorbs 

more water due to the hydrophilic nature of PWA, which facilitates the transfer of 

protons though water mediated pathways. Thus one can conclude that the 

conductivity increases with PWA loading and temperature. For the sPEEK-

WC/PWA membrane containing 50 wt.% PWA, the conductivity increased from 

3.5x10-2 S/cm at 25 °C to 6.7x10-2 S/cm at 80 °C.  
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Figure 5.6: The effect of PWA content on the proton conductivity. 

 

5.3.5 Methanol Permeability 

 

The methanol permeabilities of the sPEEK-WC/PWA composite 

membranes are given in Table 5.4 and plotted in Figure 5.7. 

 

Table 5.4: The Methanol Permeability of Nafion® and sPEEK-WC/PWA composite 

membranes. 

PWA Content (wt.%) Methanol permeability (cm2/s) 

Nafion® 1.4x10-6 

0 2.3x10-8 

10 3.5x10-8 

30 8.9x10-8 

50 1.3x10-7 

 

The dependence of the methanol permeability of the sPEEK-WC/PWA 

composite membranes on PWA content has been investigated. The methanol 

permeability was determined at room temperature. The methanol permeability is 

about 60 times higher in Nafion® than for sPEEK-WC membranes (having DS of 

0.99). The high methanol permeability of the Nafion® membranes (refer to Table 

5.4) reduces the efficiency of the DMFC. Addition of PWA to sPEEK-WC in the 

preparation of sPEEK-WC/PWA composite membranes, results in a slight in 
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increase in the methanol permeability.  The methanol permeability through the 

composite membrane increases from 2.3x10-8 to 8.9x10-8 S/cm when the PWA 

content is increased from 0 to 30 wt.%. For the sPEEK-WC/PWA composite 

membrane composed of 50 wt.% PWA, the methanol permeability increases to 

1.3x10-7 S/cm, which is about one order of magnitude (11 times) lower than that 

of Nafion® membranes. At the same time, the proton conductivity of the 

membrane is increasing with increased PWA content. It is important for FC 

applications to decrease the methanol permeability while maintaining high proton 

conductivity. 
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Figure 5.7: The effect of PWA content on methanol permeability. 

 

 

5.4 SUMMARY 

 

The water swelling, proton conductivity, methanol permeability, 

morphology and thermal stability were studied for a series of sPEEK-WC/PWA 

membranes. The composite membranes were found to be thermally stable up to 

250°C makes them suitable candidates for DMFC applications. The proton 

conductivity is also sufficiently high for fuel cell applications. It was 3.5x10-2 

S/cm at room temperature and 6.7 x10-2 S/cm at 80°C for a membrane containing 

50 wt.% PWA .  It was demonstrated that the WS of the composite membranes 

increased with increasing temperature. Addition of PWA results in significant 
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improvements in the proton conductivity. However, the methanol permeability 

also increases with PWA addition. All studied composite membranes displayed 

rather lower methanol permeability, as compared to the commercially available 

Nafion® membranes. The optimal membrane composition was established to 

contain only 10 wt.% PWA and 90 wt.% sPEEK-WC, as increased WS and 

decreases mechanical stability are accompanied by high PWA content. The 

measured proton conductivity and methanol permeability for this membrane was 

1.9x10-2 S/cm and 3.5x10-8 cm2/s respectively. These membranes are easy to 

prepare and very cheap. Their high proton conductivity and low methanol 

permeability make these composite membranes good candidates to be considered 

for use in DMFCs. 
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CHAPTER 6:  

OVERALL SUMMARY AND RECOMMENDATIONS 

 
6.1 OVERALL SUMMARY 

 

The starting material PEEK-WC was identified as a suitable starting 

material for membrane preparation due to its low cost and high mechanical 

stability. Upon sulfonation of the polymer material, it becomes highly proton 

conductive while maintaining its electronic resistance. The sulfonation of PEEK-

WC to sPEEK-WC was presented in Chapter 3. The conductivity and WS of the 

sPEEK-WC membranes increased with increasing degree of sulfonation (DS). 

Membranes with DS ranging from 0.61 to 0.99 were obtained and displayed 

proton conductivity ranging from 0.092 to 4.0 mS/cm. A methanol permeability of 

2.3x10-8 cm2/s was obtained for the membrane having a DS of 0.99, this value is 

60 times lower than that of Nafion® membrane. All further organic-inorganic 

composite membrane preparation utilised sPEEK-WC with a DS of 0.99.  

In Chapter 4, a series of sPEEK-WC/ZP (phosphorised zirconium oxide) 

membranes were prepared and various synthesis techniques utilised.  The optimal 

preparation method involved the direct addition of a freshly prepared ZP 

nanoparticle suspension to the sPEEK-WC polymer solution. When aged ZP 

suspensions were utilised, lower proton conductivity and higher methanol 

permeability were obtained. This can be attributed to agglomeration of the ZP 

nanoparticle suspension with age. The agglomerated particles are unable to 

thoroughly disperse within the sPEEK-WC polymer matrix, which results in the 

undesired membrane properties. The methanol permeability and proton 

conductivity, of the sPEEK-WC/ZP composite membrane prepared via fresh ZP 

addition, increased with increasing ZP content. For these membranes the proton 

conductivity ranged from 0.8 mS/cm (for a membrane containing 2 wt.% ZP)  to 

31.0 mS/cm (for a membrane containing 10 wt.% ZP) and displayed methanol 

permeability ranging from 2.2x10-9 to 4.6x10-9 cm2/s. These membranes displayed 

high mechanical strength and the stability of the membranes are promising for 

DMFC applications. The sPEEK-WC/ZP membranes displayed high proton 
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conductivity, low methanol permeability, high mechanical stability under 

methanol flow and are cheap to manufacture. They are thus suitable candidates for 

DMFC applications.  

In Chapter 5, the synthesis and characterisation of novel organic-inorganic 

sPEEK-WC/PWA composite membranes is discussed. For a membrane containing 

10 wt.% PWA, the measured proton conductivity and methanol permeability 

obtained was 19 mS/cm and 3.5x10-8 cm2/s respectively. These values increased to 

67 mS/cm and 1.3x10-7 cm2/s (for proton conductivity and methanol permeability 

respectively) when the PWA content was increased to 50 wt.%. For these 

composite membranes the optimal composition is 10 wt.% PWA and 90 wt.% 

sPEEK-WC as high PWA content results in decrease mechanical strength. The 

high conductivity (in the same order of magnitude as Nafion® membranes) and 

low methanol permeability (40 times lower than Nafion® membranes), makes the 

sPEEK-WC/PWA composite membrane suitable for application in DMFCs.  

 

6.2 RECOMMENDATIONS 

 
Fuel cell development should achieve high power output and the long term 

stability is important for practical application. Optimization of the MEA 

preparation procedure will be required for successful commercialization of these 

membranes in high performance DMFCs,. A compromise between improving the 

fuel cell technical management and improvement of individual constituents should 

be found. Fuel cell stack formation and fuel cell set-up optimization will minimize 

the ohmic losses and increase the power output. It is suggestible to moisturize the 

membrane before it is installed in a fuel cell in order to prevent the delamination. 

It is preferable to use the derivatives of zirconium phosphate instead of 

heteropolyacids as an inorganic additive, because it is cheaper and 

environmentally friendly material. 
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APPENDIX A 

The Arrhenius Plots of sPEEK-WC Membranes 
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Figure A1: Arrhenius plots for a sPEEK-WC membrane (DS = 0.61) measured in 3% methanol 

solution, pure methanol and water. 

 

Ea = 0.24eV

Ea = 0.12eV

Ea = 0.2eV

3.65

3.75

3.85

3.95

4.05

4.15

4.25

4.35

2.8 2.9 3 3.1 3.2 3.3 3.4 3.5
1000/T, K-1

-lo
g(

co
nd

uc
tiv

ity
 in

 S
/c

m
)

Water
3% Methanol
Pure Methanol

 
Figure A2: Arrhenius plots for a sPEEK-WC membrane (DS = 0.64) measured in 3% methanol 

solution, pure methanol and water. 
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Figure A3: Arrhenius plots for a sPEEK-WC membrane (DS = 0.80) measured in 3% methanol 

solution, pure methanol and water. 
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Figure A4: Arrhenius plots for a sPEEK-WC membrane (DS = 0.82) measured in 3% methanol 

solution, pure methanol and water. 
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Figure A5: Arrhenius plots for a sPEEK-WC membrane (DS = 0.99) measured in 3% methanol 

solution, pure methanol and water. 
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APPENDIX B 

The Arrhenius Plots of sPEEK-WC/ZP Composite Membranes 
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Figure B1: Arrhenius plots for the sPEEK-WC/ZP composite membrane prepared using 20 wt.% 

zirconyl chloride solution, measured in 3% methanol solution, pure methanol and water. 
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Figure B2: Arrhenius plots for the sPEEK-WC/ZP composite membrane prepared using 30 wt.% 

zirconyl chloride solution, measured in 3% methanol solution, pure methanol and water. 
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Figure B3: Arrhenius plots for the sPEEK-WC/ZP composite membrane prepared using 40 wt.% 

zirconyl chloride solution, measured in 3% methanol solution, pure methanol and water. 
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Figure B4: Arrhenius plots for the sPEEK-WC/ZP composite membrane prepared using 50 wt.% 

zirconyl chloride solution, measured in 3% methanol solution, pure methanol and water. 
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Figure B5: Arrhenius plots for sPEEK-WC/ZP (10 wt.% ZrO2) composite membrane, measured 

in water, 3% methanol solution and pure methanol. 
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Figure B6: Arrhenius plots for sPEEK-WC/ZP (15 wt.% ZrO2) composite membrane, measured 

in water, 3% methanol solution and pure methanol. 
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Figure B7: Arrhenius plots for sPEEK-WC/ZP (20 wt.% ZrO2) composite membrane, measured 

in water, 3% methanol solution and pure methanol. 
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Figure B8: Arrhenius plots for the sPEEK-WC/ZP (2.4 wt.% aged ZP) composite membrane, 

measured in 3% methanol solution, pure methanol and water. 
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Figure B9: Arrhenius plots for the sPEEK-WC/ZP (3.6 wt.% aged ZP) composite membrane, 

measured in 3% methanol solution, pure methanol and water. 
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Figure B10: Arrhenius plots for the sPEEK-WC/ZP (4.8 wt.% aged ZP) composite membrane, 

measured in 3% methanol solution, pure methanol and water. 
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Figure B11: Arrhenius plots for the sPEEK-WC/ZP (10 wt.% aged ZP) composite membrane, 

measured in 3% methanol solution, pure methanol and water. 
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Figure B12: Arrhenius plot for the sPEEK-WC/ZP (4 wt.%) composite membrane, measured in 

3% methanol solution, pure methanol and water. 
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Figure B13: Arrhenius plot for the sPEEK-WC/ZP (6 wt.%) composite membrane, measured in 

3% methanol solution, pure methanol and water. 
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Figure B14: Arrhenius plot for the sPEEK-WC/ZP (8 wt.%) composite membrane, measured in 

3% methanol solution, pure methanol and water. 
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Figure B15: Arrhenius plot for the sPEEK-WC/ZP (10 wt.%) composite membrane, measured in 

3% methanol solution, pure methanol and water. 
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