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Abstract 

Proton exchange membrane fuel cells (PEMFCs) are promising electrochemical energy 

conversion devices, which are based on high cost materials such as Nafion
®
 membranes. The 

high cost and limited availability of noble metals such as Pt hinder the commercialisation of 

PEMFCs. The research described in this thesis focused on the development of composite 

materials and functionalised polymer membranes for intermediate temperature PEMFCs that 

operate in the temperature range of 120 to 200
o
C. A higher operating temperature would 

enhance the kinetics of the cell compared to a perfluorinated polymer membrane based cell 

and provide a greater opportunity to use non-noble metal electrocatalysts. 

Inorganic–organic composite electrolyte membranes were fabricated from Cs substituted 

heteropolyacids (CsHPAs) and polybenzimidazole (PBI) for application in intermediate 

temperature hydrogen fuel cells. Four caesium salts of heteropolyacid, (CsXH3-XPMo12O40 

(CsPOMo), CsXH3-XPW12O40 (CsPOW), CsXH4-XSiMo12O40 (CsSiOMo) and CsXH4-

XSiW12O40 (CsSiOW)), and an ionic liquid heteropolyacid were used to form composite 

membranes with PBI. The membranes were characterised by using SEM, FTIR and XRD. 

The CsHPA powders were nano-size as shown in the XRD and SEM data. The CsHPA/PBI 

composite membranes, loaded with H3PO4 had high conductivity, greater than that of a 

phosphoric acid loaded PBI membrane. Cs substituted heteropolyacid salt showed better 

enhancement of conductivity than that provided from ionic liquid heteropolyacid salt. The 

conductivity increased with an increase in the percentage of powder in the composite. The 30% 

CsPOMo/PBI/H3PO4 exhibited a conductivity of 0.12 S cm
-1

 under anhydrous conditions 

although its mechanical strength was the poorest, but still promising with a value of 40 MPa. 

The performance of the hydrogen fuel cell with composite membranes was better than that 

with a phosphoric acid-doped PBI membrane under the same conditions. The CsPOMo gave 

the best power density, of around 0.6 W cm
-2

 with oxygen at atmospheric pressure.  

 

A novel method was used to prepare poly (ethylene oxide)/graphite oxide (PEO/GO) 

composite membrane aimed for low temperature polymer electrolyte membrane fuel cells 

without any chemical modification. The membrane thickness was 80 µm with the GO content 

was 0.5 wt. %.  SEM images showed that the PEO/GO membrane was a condensed 

composite material without structure defects. Small angle XRD for the resultant membrane 

results showed that the d-spacing reflection (001) of GO in PEO matrix was shifted from 
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2θ=11º to 4.5 º as the PEO molecules intercalated into the GO layers during the membrane 

preparation process. FTIR tests showed that the vibration near 1700 cm
-1

 was attributed to the 

-COOH groups. The ionic conductivity of this PEO/GO membrane increased from 0.086 S 

cm
-1

 at 25 ºC to 0.134 S cm
-1

 at 60 ºC and 100% relative humidity. The DC electrical 

resistance of this membrane was higher than 20 MΩ at room temperature and 100% relative 

humidity. Polarisation curves in a single cell with this membrane gave a maximum power 

density of 53 mW cm
-2

 at temperature around 60 ºC, although an optimised catalyst layer 

composition was not used.   

 

Polybenzimidazole/graphite oxide (GO /PBI), sulphonated graphite oxide/PBI and ionic 

liquid GO/PBI composite membranes were prepared for high temperature polymer electrolyte 

membrane fuel cells. The membranes were loaded with phosphoric acid to provide suitable 

proton conductivity. The PBI/GO and PBI/SGO membranes were characterised by XRD 

which showed that the d-spacing reflection (001) of SGO in PBI matrix was shifted from 

2θ=11º, meaning that the PBI molecules were intercalated into the SGO layers during the 

membrane preparation. A low acid loading reduced the free acid in the membranes which 

avoided water loss and thus conductivity loss. The ionic conductivities of the GO /PBI and 

SGO/PBI and ILGO/PBI membranes, with low acid loading, were 0.027 S cm
-1

, 0.052 S cm
-1

 

and 0.025 S cm
-1

 at 175 ºC and 0% humidity. Fuel cell performance with SGO/PBI 

membranes gave a maximum power density of 600 mW cm
-2

 at 175 ºC.    

 

A quaternary ammonium PBI was synthesised as a membrane for applications in intermediate 

temperature (100-200°C) hydrogen fuel cells. The QPBI membrane was loaded with 

phosphoric acid (PA) to provide suitable proton conductivity and compared to that of a 

similar PA loading of the pristine PBI membrane. The resulting membrane material was 

characterised in terms of composition, structure and morphology by NMR, FTIR, SEM, and 

EDX. The proton conductivity of the membrane was 0.051 S cm
−1

 at 150 °C and a PA acid 

loading of 3.5 PRU (amount of H3PO4 per repeat unit of polymer QPBI). The fuel cell 

performance with the membrane gave a peak power density of 440 mW cm
-2  

and 240 mW 

cm
−2

 at 175 °C using oxygen and air, respectively. 
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Inorganic–organic composite electrolyte membranes were fabricated from CsXH3-XPMo12O40  

CsPOMo and quaternary diazabicyclo-octane polysulfone (QDPSU using a 

polytetrafluoroethylene (PTFE) porous polymer matrix for applications in intermediate 

temperature (100-200°C) hydrogen fuel cells. The CsPOMo/QDPSU/PTFE composite 

membrane was made proton conducting using a relatively low phosphoric acid loading to 

provide the membrane conductivity without compromising the mechanical strength to a great 

extent. A casting method was used to build a thin and robust composite membrane. The 

resulting membrane materials were characterised in terms of composition, structure and 

morphology by EDX, FTIR and SEM. The proton conductivity of the membrane was  0.04 S 

cm
-1

 with a PA loading of 1.8 PRU (amount of H3PO4 per repeat unit of polymer QDPSU). 

The fuel cell performance with the membrane gave a peak power density of 240 mW cm
-2

, at 

150 °C and atmospheric pressure. 

 

A composite material for phosphoric acid (PA) loaded membrane was prepared using a 

porous polytetrafluoroethylene (PTFE) thin film. N, N-Dimethylhexadecylamine partially 

quaternised poly (vinyl benzyl chloride) (qPVBzCl
-
) was synthesised as the substrate for the 

phosphoric acid loaded polymer membrane. The qPVBzCl
-
 was filled into the interconnected 

pores of a PTFE thin film to prepare the PTFE/qPVBzCl
-
 membrane. A SEM data indicated 

that the pores were filled with the qPVBzCl
-
. The PA loading was calculated to be on average 

4.67~5.12 per repeat unit. TGA results showed that the composite membrane’s was stable at 

intermediate temperatures of 100°C to 200 °C. The composite membrane’s tensile stress was 

56.23 MPa, and Young’s Modulus was 0.25GPa.   The fractured elongation was 23%. The 

conductivity of the composite membrane after PA addition (PTFE/qPVBzCl
-
/H3PO4) 

increased from 0.085 S cm
-1

 to 0.1 S cm
-1

 from 105°C to 180 °C. The peak power density of 

the H2/O2 fuel cell, at 175 °C under low humidity conditions (<1%), with the 

PTFE/qPVBzCl
-
/H3PO4 membranes was 360 mW cm

-2
. 
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Chapter 1 Introduction and Objectives 

1.1 Overview 

Fuel cells have been developed over 100 years as candidates as portable source of power for 

light duty vehicles and buildings and as replacement for rechargeable batteries. The use of 

polymer membranes as electrolytes has received tremendous impetus in recent years. 

Polymer electrolyte membrane Fuel Cells (PEMFC) have been considered as a suitable 

alternative to internal combustion engines because of their high power density, compared to 

other fuel cells, higher energy conversion efficiency, low emission levels, and being 

environmental friendly [2]. Now, the membrane costs 20-30% over the whole fuel cell 

system, so the development of membranes becomes a key challenge for applying fuel cell 

into industry and business. My work gave more focus on development of membranes for 

PEM fuel cell, especially at temperature range of 100-200 °C. 

 

Although great success has been achieved with perfluorosulphonic acid (PFSA) polymer 

membrane (e.g. Nafion
®
), there are still some challenges that restrict commercialisation and 

development of PEMFC such as: 

 High materials costs of membrane, catalysts and bipolar plates [2],  

 Low tolerance to fuel impurities such as sulphur and carbon monoxide [3], 

 Complex system construction and operation with respect to water and thermal 

management [4] 

One of the solutions to improve PEMFCs technology is to develop new polymers or 

composite polymer electrolyte to reduce the membrane costs and elevate the operation 

temperature (more than 100 °C). Especially, most of the above shortcomings are associated 

with the low operation temperature, so development of some new polymer materials which 

exhibit stability and high conductivity in the absence of liquid water (more than 100 °C) may 

improve the overall fuel cell characteristics and overcome the shortcomings [1, 2].  

Acid loaded polymer membranes are considered as promising electrolytes for use at 

temperatures between 100-200 °C. Polybenzimidazole (PBI) is a relatively low cost ($70-

100/lb) non-perfluorinated basic polymer (pKa=5.5) easily imbibed with strong acids to form 

a single phase polymer electrolyte [5, 6]. Xing et al. [7] compared the conductivity of PBI 

membrane doped in various acids, and found that the conductivities were in the order of 
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H2SO4 > H3PO4> HClO4 >HNO3> HCl. However H3PO4 offers greater thermal, chemical and 

electrochemical stability than using H2SO4 as PBI membrane was not stable in H2SO4 at 

elevated temperature.  

Inorganic/polymer composite membranes with polymer as the host matrix were considered as 

a way to improve the conductivity and thermal stability. Typically examples included 

Zr(HPO4)2 [8, 9], phosphotungstic acid (H3PW12O40, PWA) [10] and boron phosphate (BPO4) 

[11]. The combinations of inorganic components with polymers offered a route to improved 

membranes with desired properties of conductivity and stability. The CsPOMo powders were 

used as addition catalyst element to optimising the electrode, and investigated the effect of 

CsHPA powder in the catalyst. 

 

1.2 Project Objective 

This work aimed to develop new solid state proton conducting electrolytes and investigate 

their fuel cell electrochemistry. This not only promised new operating parameters that would 

be better suited to PEMFC applications, but also offered important technology inputs to the 

more established technologies operating both for low (< 100 °C) and intermediate 

temperature (100-200 °C) ranges.   

The program was comprised of the following goals: 

 Synthesis and characterisation of inorganic filler combined with polymer matrix to 

enhance the conductivity or other properties 

 Synthesis and characterisation of functionalised PBI and other polymer to improve the 

conductivity and fuel cell performance. 

This thesis consisted of eight chapters listed as below: 

Chapter 1, an introduction to the subjects of the research and objectives 

Chapter 2, a literature review introduces fuel cells, especially the PEMFC, the polymer 

electrolyte membrane materials, composite membrane for PEMFC and characterization 

method and fuel cell performance. 

Chapter 3, introduction the theory related to the fuel cell and membranes 

Chapter 4, described experiments and instruments used in this work. 
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Chapter 5, the preparation and characterization of Cs-heteropolyacid, ionic liquid 

heteropolyacid/PBI composite membrane for PEMFC 

Chapter 6, Graphite Oxide (GO) and functional GO polymer composite membrane for 

PEMFC 

Chapter 7, synthesis and characterization of functionalised PBI membrane for intermediate 

PEMFC 

Chapter 8, quaternary polysulfone/PTFE membrane for intermediate fuel cell 

Chapter 9, conclusion of the study were presented which form the basis for the 

recommendations for future work.  
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Chapter 2: Literature Review 

2.1 Fuel Cells  

Hydrogen is a high energy density and carbon emission-free fuel. An energy system 

based on hydrogen and hydrogen generation could provide a renewable and 

sustainable energy system referred to as the ‘Hydrogen economy’. A great amount of 

effort has been devoted to the research and development of fuel cells as part of the 

‘Hydrogen Economy’ in recent decades.  

The fuel cell (fc) is an device which produces electrical energy from an 

electrochemical reaction. The discovery of fuel cells can be dated back to 1839 when 

Sir William Grove developed his prototype fuel cells, in which sulphuric acid was 

used as the electrolyte [1]. Progress in fuel cell development was limited until the 

1950s when space application research was required. The first practical fuel cell 

application was initially developed by General Electric who used FC as a power 

supply for the Gemini Earth-orbiting program in the early 1960s [2]. Since then 

terrestrial usage of fuel cells has been limited due to the large utilisation of noble 

metals which has restricted the development of fuel cells. 

 

The fundamental physical structure of a fuel cell consists of an electrolyte layer in 

contact with a porous anode and cathode on either side. The efficiency of a fuel cell is 

normally higher than that of traditional combustion devices (around 40%-60%) 

because fuel cells are not constrained by Carnot limitation. Figure 2-1 shows better 

fuel cell efficiency than any other energy conversion system.  
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Figure 2-1 Comparison of fuel cell performance with other energy conversion systems 

[3]  

 

Fuel cells are environmentally friendly as they normally use hydrogen as fuel and 

oxygen (air) as an oxidant, thereby producing water as the final product. Production 

of pollutants such as nitric oxides are avoided as no thermal combustion of a fuel with 

air occurs. The added advantages are the low noise and high reliability of fuel cells. 

Recently fuel cells have been considered as suitable alternatives to internal 

combustion engines for power applications and have attracted more and more 

research attention. [4-7] 

 

Fuel cells can be classified according to the type of electrolytes used: into molten 

carbonate fuel cells, solid oxide fuel cells, alkaline fuel cells, phosphoric acid fuel 

cells and proton exchange membrane fuel cells. They can also be divided into high 

temperature fuel cells (>500°C), intermediate temperature fuel cells (100-500°C) and 

low temperature fuel cells (<100°C) [4-7]. The classification of fuel cells and cell 

reactions is shown in Table 2.1. 

http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Oxygen
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Fuel cells have good potential as power sources, especially in remote locations, such 

as spacecrafts, remote weather stations, rural locations, and in certain military 

applications. Fuel cells could provide constant electric power to houses, office 

buildings and factories and can be used in cars, on buses, ships, portable and small 

scale systems, and many other applications [4-7]. 
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Table 2-1 Categories of fuel cells by electrolytes 

Fuel cells Electrolyte Work 

temperature 

(°C) 

Reaction 

Alkaline fuel 

cells (AFC) 

KOH <120 Anode:  2H2+4OH
-
→ 4H2O+4e

-
 

Cathode: O2+2H2O+4e 
-
→4OH

-
 

Overall:   2H2+ O2 → 2H2O                                                                                 

Phosphoric 

acid fuel cells 

(PAFC) 

H3PO4 100-200 Anode:  H2→ 2H
+
 + 2e

-
 

Cathode: O2 + 4H 
+
 + 4e

-
 → 2H2O 

Overall:   2H2+ O2 → 2H2O                                                                                 

Molten 

carbonate fuel 

cells (MCFC) 

Immobilised liquid 

molten 

carbonates 

~650 Anode:  H2+CO3
2-

→ CO2 

+H2O+2e
-
 

Cathode: O2 + 2CO2 +4e
-
 → 

2CO3
2-

 

Overall:   2H2+ O2+ 2CO2 

(cathode) → 2H2O+2CO2 (anode)                                                                                 

Solid oxide 

fuel cells 

(SOFC) 

Solid oxide 550-1000 Anode:  H2+O
2-

→ 2H2O + 2e
-
 

Cathode: O2 + 4e
-
 → 2O

2-
 

Overall:   2H2+ O2 → 2H2O                                                                                 

Polymer 

electrolyte 

membrane fuel 

cells (PEMFC) 

Perfluorosulphonic 

acid membrane 

or 

Polybenzimidazole 

<100 

 

100-200 

Anode:   2H2 → 4H
+
 + 4e

-
                                                                                   

Cathode:  O2 + 4H 
+
 + 4e

-
 → 

2H2O                                                                       

Overall:   2H2+ O2 → 2H2O                                                                                 
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2.2 Proton Exchange Membrane Fuel Cell (PEMFC) 

The PEM fuel cell has been under development for a long time. However, the 

evolution of membranes for fuel cell applications started as early as 1959 [3], and 

during recent years there has been an increasing interest in PEMFCs due to their high 

energy conversion efficiency, high power density, low emissions, and long life [4]. 

PEMFCs are considered to be suitable for commercial transport and portable 

applications [4, 6].  In the 1970s, Du Pont developed a novel membrane based on a 

sulphonated tetrafluorethylene polymer called “Nafion
®
” which was the most widely 

used and investigated for the PEMFC system [3]. 

The principle of PEMFC operation can be explained by the following reactions 1 to 3 

and Figure 2-2 [4]. 

Anode:   2H2 → 4H
+
 + 4e

-
                                                                                         (2.1) 

Cathode:  O2 + 4H 
+
 + 2e

-
 → H2O                                                                             (2.2) 

Overall:   2H2+ O2 → 2H2O                                                                                      (2.3) 

 

Figure 2-2 Schematic picture of a PEMFC fuel cell 
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The PEMFC is formed by a solid membrane between catalyst layers, two gas 

diffusion layers and electrodes. The membrane is a very important part of a PEMFC, 

and should be an electronic insulator as well as a proton conductor. Also, the 

membrane separates the oxidant and fuel. At the anode, hydrogen is electro-oxidised 

to protons and electrons which pass through the membrane and the external circuit, 

respectively. The oxygen reduction reaction occurs at the cathode and produces water 

as the final product. Both reactants react at separate catalyst layers (CL). The gas 

diffusion layer (GDL) provides voids for gas transfer to the catalyst layers and also 

electronic conductivity for flow of electrons from the catalyst layers (Figure 2-3).  

 

 

 

Figure 2-3 Structure of a single MEA (GDL: gas diffusion layer, CL: Catalyst layer, 

PEM: proton exchange membrane)  
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2.3 Performance measures of Fuel cells 

 

A polarisation curve (Figure 2-4) is the most important characteristic of a fuel cell and 

its performance. Voltage losses in an operational fuel cell are caused by several 

factors such as [8, 9]: 

 Slow kinetics of the electrochemical reactions (activation polarisation). 

 Internal electrical and ionic resistance. 

 Mass transport limitations of reactants to reaction sites Internal (stray) currents. 

 Crossover of reactants. 

The voltage loss is mainly divided into three parts. The first part (mainly at low 

current densities) is activation polarisation controlled by the oxygen and hydrogen 

reaction rate on the electrodes indicating catalyst effectiveness.  The second part (at 

intermediate current densities) is mainly attributed to the resistance of membrane 

electrode assembly (MEA), so better proton conductivity of electrolytes should reduce 

the voltage loss in this part. The last part is controlled by mass transport and is caused 

by concentration polarisation (gas transport loss) which is mainly associated with the 

oxygen reduction reaction (ORR) rate in the PEMFC.  

 

The output power density (in mW cm
-2

) which is calculated from the product of cell 

voltage and the current density at this voltage is an important characteristic of a fuel 

cell and its performance. One of the goals of PEMFCs is to achieve high power 

density) (notionally > 1 W cm
-2

), using a low catalyst loading (~0.1 mg cm
-2

) to 

reduce the cost of a fuel cell. The United States Department of Transportation (DOT) 

published a target price of vehicle fuel cells at $30/kW for transportation applications 

with 5,000 hour lifespan (150,000 miles) and the ability to function over the full range 

of vehicle operating conditions (40°C to 80°C), and production volume of 500,000 

per year in 2010 [9]. For stationary systems, the acceptable price is $400–$750/kW 

for commercialisation with more than 40,000 hours of reliable operation for market 

acceptance [9]. 
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Figure 2-4 Various voltage losses and the resulting polarisation curve of an operating 

fuel cell [8] 

 

2.4 Intermediate temperature PEMFC 

As discussed in Chapter 1 most of the shortcomings associated with low-temperature 

PEMFC technology can potentially be solved or avoided by developing alternative 

membranes that operate at temperatures higher than 100 °C. As a result, in recent 

years, application of fuel cells in the intermediate temperature range of 100–400 °C 

has attracted increasing interest [10-12]. Compared with low temperature PEMFC, the 

intermediate temperature PEMFC (ITPEMFC) potentially offers some significant 

advantages such as: 

1. The kinetics for both electrode reactions will be enhanced [12, 13]. 

2. Reducing catalyst poisoning on the anode caused by CO for example. This 

high CO tolerance makes it possible for a fuel cell to use hydrogen directly 

from a steam reformer and simplifies the CO cleanup system [12, 13]. The CO 
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tolerance will be dramatically enhanced, from 10-20 ppm of CO at 80 °C, to 

1000 ppm at 130 °C, and up to 30000 ppm at 200 °C [13]. Thereby improving 

the efficiency of the fuel cell [11]. 

3. Avoiding fuel cell flooding by the product water. 

4. A simplified cooling system [12].  

5. Making it more feasible to use a non-noble metal catalyst [14]. 

 

The PEMFC is expected to give the overall power system advanced features including 

higher efficiency, smaller size, lower weight, simple construction and operation, and 

lower capital and operational cost. High reliability, less maintenance, and better 

transient response capacities can be expected as the potential features of the 

intermediate temperature PEMFC technology [13]. Therefore, the development of 

ITPEMFC is of great importance for fuel cell research and development.  

 

The development of conducting membranes above 100°C operation includes (i) 

modified PFSA membranes, (ii) alternative sulfonated polymers and their composite 

membranes, and (iii) acid-base polymer and their composite membranes [12]. 

 

2.5 Electrolytes  

The membrane provides the proton transport, electronic insulation between the two 

electrodes and prevents gas permeation. The membrane thus must provide high ionic 

conductivity, good chemical resistance, good thermal stability, and low gas transport.  

2.5.1 Proton conducting materials 

2.5.1.1 Perfluorosulphonic acid (PFSA) polymer membranes  

According to the proton conduction mechanism, the proton conduction membranes 

can be classified into three main groups: 
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1. The perfluoroalkyl backbone (such as aromatic) and stable side group acid 

pendants (e.g. sulfonic acids group Fig. 2-5 a). 

2. Polymers with an aromatic backbone and side group, like -CF2-SO3H or –CF2-CF2-

SO3H, which can provide higher proton conductivity due to increase of side group 

acidity as shown in Fig. 2-5 b. 

3.  Incorporation of a sulfonic acid group into aromatic polymers, such as sulfonated 

polybenzimidazole, polyimides, and polyphenylene as shown in Fig. 2-5 c. 

 

Figure 2-5 a) Teflon backbone and aromatic side group, b) polyphenylene backbone 

and pendant fluorosulfonic acid, c) some typical sulfonated aromatic polymers [6]
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The best known example of membrane for PEMFC is perfluorosulfonic acid polymer 

membrane (Nafion
®
) produced by Dupont Inc., which is used at a low temperature due to its 

hydrated requirement. The mobility of protons in water through Nafion
®
 membranes is 

extremely high because of the fast reorientation between water molecules. Therefore, water 

plays a vital role in the proton conduction processes. These types of proton conductors 

usually possess internal open structures (layers, channels) so that water molecules are 

maintained and “free” to move.  

 

 

Figure 2-6 Chemical structure of Nafion
®

 

 

The fluorinated backbones are hydrophobic and lead to the formation of the continuous 

network of channels where hydrophilic sulfonic groups form an aqueous domain. The 
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aqueous domain contains only protons as mobile species in addition to water molecules, and 

protons are charge-balanced by immobilised anionic sulfonic groups. This specific structure 

allows fast exchange and migration of protons and therefore high proton conductivity can be 

obtained [15]. In the Nafion
®
 structure, the charge units are anions, typically sulfonic groups 

(-SO3
-
). The sulfonated hydrocarbon polymers provides a conventional way for ionic 

conducting via attached charged units and release to another charged group, as shown in 

Figure 2-6. 

 However there are some disadvantages to restricting the use of Nafion
®
 as a polymer 

electrolyte [6].  

1. The high cost of membrane, US$ 700 per square meter [19].  

2. Requirements of supporting equipment, such as humidity supply systems to provide 

water for the membrane. 

3. The polymers proton conductivity is highly water dependent therefore operating 

temperatures need to be less than 100°C.  

 

Several approaches have been made to modify the PFSA membranes so as to overcome the 

shortcomings of the last 30 years. These approaches include [3, 12]: 

 Replacement of water with low volatile or non-aqueous media such as phosphoric 

acid, ionic liquid  

 Impregnation with hygroscopic oxide nanoparticles, e.g. SiO2 

 Impregnation with solid inorganic proton conductors, e.g. heteropolyacids, and 

zirconium phosphate 

 Development of aromatic and hydrocarbon polymers functionalised with sulphuric 

groups, such as sulfonated polystyrene, sulfonated polysulfone, and sulfonated 

polyimide 
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 Development of acid base polymer complexes. The polymers have basic properties 

and can easily react with strong acids by establishing hydrogen bonds 

 

2.5.1.2 Polybenzimidazole 

Phosphoric acid has a good conductivity and thermal stability, and its use is well known in 

phosphoric acid fuel cells (PAFC) for intermediate temperatures of 175–220 °C [20]. 

However, the conventional PAFC has certain disadvantages such as the fact that phosphoric 

acid electrolytes can have limited immobilisation in certain matrices. Therefore, attempts to 

apply phosphoric acid to certain materials (e.g. polymer membrane), through chemical 

bonding, has attracted much interest [21]. The phosphoric acid loaded polybenzimidazole 

(PBI) is the best known example which has produced reasonably successful membranes for 

fuel cells, with excellent thermo-chemical stability and good conductivity.   

 

Polybenzimidazole (PBI) refers to amorphous thermoplastic polymers with linear 

heterocyclic polymers containing benzimidazole nuclei as a repeat unit. It has a high thermal 

stability (glass transition temperature, Tg = 425 - 436 °C), excellent chemical resistance, 

retention of stiffness and toughness, and good membrane-forming properties. [21, 22] PBI 

membranes can be impregnated with variable amounts of phosphoric acid to yield proton-

conducting membranes that can work at temperatures up to 200 °C. As a speciality polymer 

PBI is used as textile fibres for a wide range of high temperature applications and refers to a 

commercial product under the trademark Celazole
®
 (Scheme 2-1) [22]. 

N
H

N
H
N

N
n 

Scheme 2-1 Poly 2, 2´-m-(phenylene)-5,5´-bibenzimidazole 
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PBI, in wholly aromatic form, were first synthesised by Vogel and Marvel in 1961 [23].  A 

two stage process was developed to produce PBI with tetraminobiphenyl (TAB) and diphenyl 

isophthalate (DPIP) as monomers, as shown in Scheme 2-2 [23].  

 

NH2

NH2

NH2

NH2

+n n O O

O O

Ph Ph
270 

o
C

1.5 h

prepolymer +  2n PhOH + 2n H2O

1 h 360 oC

N
H

N
H
N

N
n

xH2O +

 

Scheme 2-2 Two-stage process for PBI synthesis 

Choe [24, 25] developed a single stage method to synthesise high molecular PBI through 

using the isophthalic acid (IPA) to replace DPIP in the presence of catalysts of organo- 

phosphorus and silicon compounds (Scheme 2-3). 

 

NH2

NH2

NH2

NH2

+n OH

O O

HO
>360 

o
C

N
H

N
H
N

N
n

4nH2O +

catalyst
n 

 

Scheme 2-3 Single stage process for PBI synthesis 

PBI can also be synthesised in homogeneous solutions with solvents such as polyphosphoric 

acid (PPA) [26] (Scheme 2-4). This method is an excellent route for preparing laboratory or 

small scale polymers as it requires only a moderate temperature (170–200 °C) and uses more 

stable monomers (TAB stabilised by tetra hydrochloride) [26]. 
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. 4 HCl n

+ 4n HCl

 

Scheme 2-4 PPA process for PBI synthesis 

Other solvents rather than PPA have been used for the homogeneous synthesis of PBI, such 

as molten sulpholane or diphenyl sulphone [27], and a mixture of phosphorus pentoxide 

(P2O5) and methanesulphonic acid (MSA) [28, 29]. 

 

After poly [2, 2-p-(phenylene)-5, 5-bibenzimidazole] (pPBI, Scheme 2-1) was synthesised in 

1961 [23], the extensive work on synthetically modified PBI of varied structures, which 

consist of bis (3, 4-tetraaminodiphenyl) containing ether, sulphone, ketone and aliphatic 

groups and various bis(phenoxycarbonyl) acid derivatives is shown in Table 2. 

 

 

 

 

 



Chapter 2 Literature review 

Page | 21  

 

Table 2-2 Structures of PBI variants 

 

 

m-PBI 

p-PBI 

 

Py-PBI 

 

 

Naphthalin-PBI 

 

 

O-PBI/ OO-PBI/ SO2-

O-PBI 

 

 

SO2-PBI 

 

 

F6-PBI 

 

 

R  

 

  [30] 

[30] 

N [31]  

 

[32] 

 

O
[33] 

 

 

S

O

O [34] 

 

 

C

CF3

CF3 [35] 

 

X  

 

 

 

 

 

 

 

 

 

 

O [33] 

S

O

O [33] 
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NH2-PBI 

 

 

2OH-PBI 

 

OH-PBI 

 

Sulphonated PBI 

 

 

Sulphonated naphthalin-

PBI 

 

[36] 

OH

HO [37] 

[38] 

SO3H

[34]  

SO3H

SO3H [39] 

 

Some groups such as ether linkages [40, 41] sulfone, fluorine [42], N-phenyl 1, 2, 4-triazole 

group [43] and perfluorocyclobutyl [44] were introduced into PBIs to reduce the 

intermolecular forces between the polymer chains. This was in order to overcome the 

restricted polymer solubility as well as to improve other physicochemical properties of acid-

doped PBI electrolytes. The thermal stability, oxidation resistance, and water absorption were 

increased. 

Varieties of diacids or sulphonated diacids were used to prepare PBI with modified structures, 

such as 4, 4-(hexafluoroisopropylidene)bis(benzoic acid) [45], (4,8-disulphonyl-2,6-

naphthalenedicarboxylic acid  [46] or 5-sulphoisophthalic acid [47]. 

NH2

OH
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Recently and interestingly, Xu et al. [48, 49] synthesised a series of amine-terminated 

hyperbranched PBI with good mechanical properties with the help of cross-linkers. 

 

Poly (2, 5-polybenzimidazole) (AB-PBI) has a simpler structure to PBI without the 

connecting phenyl rings and therefore a high concentration of the basic sites in the structure. 

 

As NH groups in the imidazole rings became chemically reactive, the PBI could first react 

with an alkali hydride (e.g. LiH, NaH) to produce a polybenzimidazole poly-anion, and then 

react with an alkyl, aryl or alkenyl methyl halide such as hydroxyethyl [50], sulphoalkyl [51, 

52], and cyanoethyl [53]. The N-substituted PBI may increase the polymer spacing or 

decrease the polymer packing when a group is introduced, resulting in high acid-doping 

levels and therefore high proton conductivity [35]. Xavier Glipa et al.[54] grafted the 

benzylsulfonate groups on the imidazole nitrogen in PBI and controlled the degree of 

sulfonation through the amount of sulfonated grafting agent used. The sulfonated groups 

benefited proton conductivity, water uptake, and acid sorption.  Prabakran R. Sukumar et al. 

[55] reported two functionalised PBI. One was phosphoric acid (PA) functionalised onto PBI 

via N-alkylation which showed good proton conductivity. Increasing the degree of 

modification of PA resulted in an improvement in conductivity, but a loss of mechanical 

stability. The other one was vinyl phosphonic acid (VPA) cross-linked onto PBI to form the 

PBI/PVPA networks. These materials showed improved solubility and very good film-

forming properties as well as a high degree of grafting of VPA enhancing proton conductivity.   

 

There were two direct casting methods used for membrane fabrication, either from a 

phosphoric acid and trifluoroacetic acid (TFA) mixture (called TFA-cast) or from a 

polyphosphoric acid  (PPA, called PPA-cast) [22]. PBI also dissolved in a few organic 
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solvents, such as N, N-dimethylacetamide (DMAc), N, N-dimethylforamide (DMF), N-

methylpyrrilidone (NMP) [22, 23]. Typically, DMAc was chosen as a suitable solvent.  

The conduction mechanisms indicated that higher conductivity will be achieved when loaded 

with acid. DMAc-cast membrane should be loaded with acids to achieve high conductivity. 

Many acids were investigated by researchers to find the suitable acid, such as H3PO4, H2SO4, 

HClO4, HNO3, HBr, etc [22]. As described in Chapter 1, phosphoric acid was better for PBI 

membrane loading as it is amphoteric with both the proton donor and proton acceptor groups 

to form dynamic hydrogen bond networks [22, 23]. The other advantages were good thermal 

stability and low vapour pressure at higher temperatures [22]. Generally, the higher acid 

doping level resulted in higher conductivity for the PBI membrane, but it decreased the 

mechanical strength which was also influenced by the PBI molecular weight [23]. When the 

PBI was loaded with acid, the selection of acid doping level should take both the conductivity 

and mechanical strength into account. For DMAc-cast membranes, doping level of 5-6 was 

considered suitable [23]. 

The proton conduction mechanisms for PBI were studied by many researchers and there were 

four possible mechanisms proposed, as shown schematically in Figure 2-7 [29]. 

1. Proton directly hopping from one N site to another when it is non-doped. This 

procedure contributes little to conductivity. 

2. At low doping level (less than 2), proton hopping from the N-H site to a phosphoric 

acid anion. 

3. Proton hopping along the H3PO4/H2PO4
-
 chain at high doping level (~6), the free acid 

provides the major conductivity. 

4. Humidity will also increase conductivity, because protons can hop via water 

molecules. 
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Figure 2-7  Proton conduction for PBI membranes, 1) from N-site to another, 2) from N-site 

to phosphoric acid molecular, 3) via the acid chain, 4) via water molecular [29].  

As Kawahara et al. [56] reported, the PBI membrane with a PA doping level of 1.9 under 

anhydrous conditions at temperatures up to 160 °C, the conductivity varied from 10
-9

 - 10
-5

 S 

cm
-1

. Even under humidified conditions and at 200 °C, the conductivity did not exceed 10
-2

 S 

cm
-1

 with low PA doping levels (less than 3) [57, 58]. When excess PA was present in the 

membrane (i.e. at a PA doping level of 4-6, At 200 °C, the conductivity for the PBI with PA 

doping levels of 4-6 has been reported to be about 4-7 × 10
-2

 S cm
-1

 [59] 

The dry PBI membrane had a small elongation at break of around 1–3%, and a tensile 

strength of 60–70 MPa at room temperature. When saturated with water, the elongation and 

tensile strength increased to about 7–10% and 100–160MPa, respectively [58]. When 

phosphoric acid was introduced into the polymer structure at a low acid-doping level range, 

there was no significant change of modulus or tensile strength of the PBI [59]. However, the 

strength of the PBI membrane would decrease due to free acid reducing intermolecular forces. 
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[60] The strength was also strongly influenced by the average molecular weight and casting 

method [61]. 

 

The membrane in a PEM fuel cell was also a separator of reactants. Hence, the gas 

permeability of the membrane was an important parameter to take into account. PBI 

membranes results showed low gas permeability for both hydrogen and oxygen (2 × 10
–13 

and 

5 × 10
–15 

mol cm
-1

 s
-1

 bar
-1

, respectively [62]). At elevated temperatures, from 80 to 180 ◦C, 

He et al. [63] reported a hydrogen permeability of 1.6–4.3×10
−12

 mol cm
−1

 s
−1

 bar
−1

 and an 

oxygen permeability of 5–10×10
−14

 mol cm
−1

 s
−1

 bar
−1

 [63].  PA doped PBI membrane 

(doping level of 6) was 2-3 times higher than the non-doped membrane at 120-180 °C, 

because PA swelling of the polymer matrix and separation of the polymer chains [61].  

 

Besides PBI, there were also some widely investigated materials including sulfonation of 

polysulfones (PSF) or polyethersulfone (PES) [64,65], polyetheretherketone (PEEK) [66, 67], 

polyimides (PI) [68, 69], polyphenylenes (PP) [70], polyphenylenesulfide (PPS) [71], etc, in 

developing polymer electrolytes for fuel cells. These materials were also considered as 

suitable membranes which could provide acceptable conductivity for proton transfer.  

 

2.5.1.3 Quaternary polymer and PTFE support composite membranes for PEMFC 

According to a good bonding with phosphoric acid and stable in the operating condition of 

ITFCs, quaternary ammonium group bonding to polymer materials that had high glass 

transition temperature and chemical stability were investigated [20].  
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Poly (phthalazine ether sulfone ketone) (PPESK) is a material that has good mechanical 

strength, chemical resistance and a high glass transition temperature (263–305°C) [72]. The 

quaternized poly (phthalazinone ethersulfone ketone) (QAPPESK) membranes doped with 4 

times mole ratio of H3PO4 gave fuel cell performance  0.85 W/cm
2
 with H2/O2 at 150°C and 

0.1 MPa. This performance was stable for more than 100 hours [72]. 

 

Li et al. [20] developed a novel polymer quaternized polysulfone (QNPSU) poly (R1R2R3)–

N
+
 doped with H3PO4 for intermediate temperature PEMFC. This membrane was synthesised 

from polysulfone and ClCH2OCH2CH3 and after loading with H3PO4 gave high proton 

conductivity (0.12 S cm
−1

) at 160°C as well as giving a good performance in fuel cells with a 

peak power density more than 0.7 Wcm
−2

 at 150 °C and 1bar pressure. X. Wang et al. [73] 

synthesised a quaternary 1, 4-diazabicyclo-[2.2.2] octanes (DABCO) polysulfone (QDPSU) 

with different degrees of substitution (DS). The higher DS of quaternary group resulted in 

higher conductivity but lower mechanical property.  The DS 106 one was optimised as 

achieving a high power density output of 400 mWcm
-2

 at 150 °C and atmospheric pressure.  

 

Good mechanical strength is an important property for the membrane, which will benefits the 

working period in the fuel cells. However, it is a challenge for most polymer materials to 

chase both the high conductivity and good mechanical property, especially after doping with 

H3PO4. Polytetrafluoroethylene (PTFE) is a hydrophobic material with high mechanical 

strength and could be used under 300 °C over a long period. The thin porous PTFE films 

were used as a support framework to enhance the mechanical strength requirement. 

 

Li et al. [74] also reported polytetrafluoroethylene/zirconium/phosphate 

(PTFE/ZrP2O7·xHPO3) composite membranes for an intermediate temperature of 120 to 
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200°C.  They filled the ZrP2O7·xHPO3 sol as the proton conductor into a porous PTFE as the 

membrane-supporting structure. This membrane had high proton conductivity, greater than 

0.1 S cm
−1

 at anhydrous condition, and a good mechanical strength of 10.25 MPa, indicating 

that this composite membrane was a promising material for the intermediate temperature 

PEMFC. Li et al. [75] also tried to immobilising PBI into porous PTFE film to form the 

composite membranes. The mechanical strength of the membrane was good, exhibiting a 

maximum load of 35.19 MPa, After doping with the phosphoric acid, the PTFE/PBI 

composite membrane had a proton conductivity of 0.3 S cm
−1

 at a relative humidity of 8.4% 

and 180 °C with a doping level of 3 (Fig. 2-8) [75]. This conductivity was much higher than 

the pristine PBI doped with phosphoric acid. The peak power density was over 1.2Wcm
−2

 

with oxygen at 1 bar overpressure and the current densities were over 3 Acm
−2 

(shown in 

Figure 2-9). Even with H2/air condition, the peak power densities of 0.6 Wcm
−2

 are achieved 

at 1 bar overpressure [75]. The PTFE/PBI/H3PO4 composite membrane did not exhibit 

significant degradation after 50 hours of intermittent operation at 150 ◦C. PTFE supported 

composite membrane balanced the cell performance, mechanical property, and durability. 

This kind of membrane provided a way to fit the requirement of intermediate temperature 

PEMFCs for the vehicles application [75]. 
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Figure 2-8 In plane and the cross section Proton conductivity of the PTFE/PBI composite 

membrane 3 doping level, and Relative humidity 8.4% [75] 

 

Figure 2-9 Polarisation (adapt diag. above) and power density curves of a PEMFC with 

PTFE/PBI composite membranes with H2/O2 at 170 ◦C under1bar pressure [75] 
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Da Hye Choi et al. [76] prepared sulfonated poly (fluorinated arylene ether) (SDF-F)/poly 

(N-vinylimidazole) (PVI) and PTFE layered membranes. The new layered membranes had a 

sandwich structure with PTFE between the SDF-F/ PVI layers. This PTFE membrane also 

had a high-proton conductivity of 2.20×10
−2

 S cm
−1

 at 150 °C anhydrous condition, and good 

mechanical strength by using a porous PTFE film. A peak power density was 317 mW cm
-2

 

at a cell voltage of 0.6V at 190°C. The new SDFF/ PVI and PTFE layered membranes show 

stable performances for 150 hours. Another example for PTFE composite membrane was 

NH4PO3/PTFE reported by Jiang, Y. et al. [77]. This composite membrane showed good 

conductivity under 250 °C, so the thermal stability was an advantage for PTFE support 

membranes as well. 

2.5.2 Inorganic filler for composite membranes 

2.5.2.1 Heteropolyacid and Polyoxometalate/polymer composite  

Incorporating inorganic proton conductors into a polymer matrix can help to improve 

conductivity, retain water, and increase the operating temperature limit.  

Heteropolyacid (HPA) is formed as nano-sized metal–oxygen anion clusters with unique 

variety in structure and strong acidity. HPAs and their salts are generally considered to be one 

of the most acidic materials in solids with high conductivity and thermally stable. This has 

attracted much attention  [78–80], HPA compounds include a metal (such as tungsten, 

molybdenum or vanadium), oxygen, acidic hydrogen atoms, and an element generally from 

the p-block (such as silicon, phosphorus) [81, 82].  HPAs have different hydrated structures 

(Keggin and Dowson Structures), and the Keggin structure (HnXM12O40) is well known  

consisting of a central atom in a tetrahedral arrangement of oxygen atoms surrounded by 12 

oxygen octahedra connected with tungsten or molybdenum due to its ease of preparation and 

strong acidity  [80-82]. HPA molecules bridge water moieties through formation of 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DJiang,%2520Yinzhu%26authorID%3D7404832931%26md5%3D5b16baa9192c48f6f05934bd0725e597&_acct=C000014659&_version=1&_userid=224739&md5=4fcfb7c4b7f00fa7c13f38252324aa90
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7404832931&zone=
http://en.wikipedia.org/wiki/Tungsten
http://en.wikipedia.org/wiki/Molybdenum
http://en.wikipedia.org/wiki/Vanadium
http://en.wikipedia.org/wiki/Acidic
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/P-block
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Phosphorus
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hydronium ions such as H
+
, H3O

+
, H5O2

+
 (Figure 2-10), so HPAs react with the water of 

hydration, which is generally bound loosely in the structure for high proton conductivity [81]. 

This is the reason that the conductivity of the Keggin units HPAs relate to the number of 

water molecules, which are determined by the relative humidity and temperature. So HPAs 

are attracted as inorganic modifiers in polymer matrix to improve conductivity and thermal 

stability for PEMFC.  Table 2-3 lists some matrix with HPA. 

 

 

Figure 2-10 Structure of heteropolyacid: (a) primary (Keggin) structure; (b) secondary 

(hydrated) structure [81] 
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Table 2-3 reviews on the application of heteropolyacids in the solid electrolyte of fuel cells 

Matrix Heteropolyacid Additional 

inorganic 

Reference 

Nafion PWA/SiWA SiO2 83-89 

Nafion Cs
+
, NH

4+
, Rb

+
 and 

Tl
+
 PWA 

 90 

Nafion/poly(tetraflouroethylene) (PTFE) Cs2.5H0.5PW12O40  91 

Sulfonated polyether ether ketone (SPEEK PWA or SWA CsHSO4 92 

Poly(ethylene glycol) (PEG) H8SiW11O39  93 

Sulfonated polyimides (SPI) PWA  94 

Sulfonated poly(arylene ether 

ketone)/polyaniline 

(SPAES/PANI) 

PWA  95 

Poly(vinyl alcohol)/polyacrylamide 

(PVA/PAM) 

Cs2.5H0.5PW12O40 

Cs2.5H0.5PMo12O40 

 96 

Polybenzimidazole (PBI) PWA or SWA CsHSO4 97 

 

Gomez-Romero et al. [81] reported that a hybrid organic–inorganic material formed by 

phosphomolybdic acid (H3PMo12O40, denoted here as PMo12) and poly (2, 5-benzimidazole) 

(ABPBI) were cast in the form of membranes from methanesulfonic acid (MSA) solutions. 

This composite membrane was impregnated with phosphoric acid. An ABPBI–45% PMo12 

membrane impregnated in a 68% phosphoric acid solution reached a proton conductivity of 

0.03 S/cm at 185 °C un-humidification. This composite membrane presented higher 
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conductivity than the pristine ABPBI polymer membranes impregnated and tested under the 

same conditions, and was stable even up to 200 °C [81].  

Heterotungstic acid (phosphotungstic acid (PWA, H3PW12O40·nH2O) and silicotungstic acid 

(SiWA, H4SiW12O40·nH2O) provided good mechanical strength [58]. However, the 

composite membranes showed lower conductivity at higher temperature than pristine PBI 

membranes due to their higher demand for humidity [58]. P. Staiti et al. [98] tried to combine 

SiO2 with heteropolyacid to provide a stable structure for the heteropolyacid, avoiding its 

dissolution in water. Silicotungstic acid and silica/PBI (SiWA-SiO2/PBI) composite 

membrane had higher conductivity in comparison with that of the PBI membrane. Anil 

Verma et al. [99] reported on the development of the heteropolyacid/PBI membrane in the 

fuel cell. They pre-treated PWA and SiWA with a water and NaOH solution and found that 

the pre-treated HPA membrane showed higher conductivity than the untreated HPA 

membrane. 40%SiWA/PBI showed a higher conductivity of 0.1774 S/cm at 150°C. The 

SiWA/PBI membrane performed better than the PWA/PBI membrane in the fuel cell. Open 

circuit voltages (OCV) of the 40% SiWA/PBI composite membrane reached a peak point at 

120°C, and decreased with the temperature increasing. Therefore, the HPA/PBI membrane 

showed higher conductivity and better fuel cell performance, but there were still limitations 

for HPA/PBI in using the higher temperature PEMFC. Another problem was the relatively 

high crossover of the HPA/PBI membrane. 

 

An addition of heteropolyacid into sulfonated polymer for higher temperature PEMFC was 

reported, such as heteropolyacid /sulfonated poly (arylene ether sulfone) [100], 

Heteropolyacid /Sulfonated Poly (ether ether ketone sulfone) (SPEEK) Composite 

Membranes [101]. A higher degree of sulfonation of sulfonated polymer will make a stronger 

interaction between HPA particles and polymer backbone. 
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Water solubility was a limitation for heteropolyacid use in the PEMFC, because water was a 

final product which will take the heteropolyacid out through flowing, leading to the 

properties decreasing and the membrane to break. The addition of CsHPA inorganic to the 

Nafion
®
 matrix also enhanced the water content, and the CsHPA may provide the additional 

surface functional sites to facilitate proton transport in anhydrous conditions. However, it was 

a limitation that the CsHPA covering the Nafion
®

 clusters and shielding the Nafion sulfonic 

groups, resulting in decrease of the activity of hydrophilic sulfonic groups. The covering 

effect for the CsPOW particle was stronger than that for the CsPOMo particle, so 

CsPOMo/Nafion provided a better conductivity than CsPOW/Nafion
®
 [102]. 

 

Li et al. [80] reported a caesium-heteropolyacid (CsHPA) /PBI membrane. In their report, the 

material Cs2.5H0.5PMo12O40 (CsPOM) which was synthesised from Cs2CO3 and H3PMo12O40 

was insoluble in the water. CsPOM/PBI membranes gave a much higher conductivity (even 

up to 0.25 S/cm) than the pristine PBI membrane. For the fuel cell performance, the power 

density of CsPOM/PBI reached the peak point of 0.7 W/cm
2
, and OCV were around 0.95V. 

The CsPOM/PBI composite membrane was stable above 200 °C and thus was suitable for 

intermediate temperature PEMFC. 
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Figure 2-11 (a) polarisation and power density curves of a PEMFC operated at 150 °C 

atmospheric pressure; (b) polarisation and power density curves of a PEMFC operated at 150 

◦C, 1 bar pressure. [103] 

Ionic liquids (ILs) are organic salts which exhibit a low melting temperature (<100 °C). They 

consist of only ions; their properties are strikingly different from those of molecular liquids. 

ILs have been widely used by electrochemists for a long time, as a result of their high ionic 

conductivity (within 10
-4

 to 10
-2

 S cm
-1

 around room temperature) and their wide 

electrochemical potential window (which can be as high as 5.7 V between Pt electrodes) [104, 
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105].  ILs present advantages such as improved safety and a higher operating temperature 

range for the membrane, so Ionic liquid combined with polymer materials could be 

considered used over 100 °C. The membranes H3PO4/PMIH2PO4/PBI have acceptable ionic 

conductivity of up to 2.0×10
−3

 S cm
−1

 at 150 °C and under anhydrous conditions [105]. The 

IL substitute Heteropolyacids are also a good optimising way to use in the membrane [104-

106]. 

 

2.5.2.2 Graphite oxide used in composite polymer membranes  

From the 18
th
 century, graphite, which is recognised as an allotrope of carbon, is remarkable 

for the large variety of materials that can be produced from its basic form [107- 109]. 

Graphite is a composite material containing series of stacked parallel layers of hexagonal 

planes which are parallel to each other in a three-dimensional structure with  arranged carbon 

atoms in a planar condensed ring system, and the bond has a short length (0.141 nm) [107- 

109]. The chemical bonds are covalent with sp
2
 hybridisation, and six σ bonds form carbon 

hexagons with a remaining p orbital, of which two neighbouring carbon atoms form a π 

orbital [107- 109]. Due to the trigonal sp
2 

bonding of carbon atoms, graphite can be used to 

produce diverse materials such as extremely strong fibers, gas-tight barriers, and gas 

absorbers [109]. Although the bond between the carbon atoms within a layer is stronger than 

the bond of diamonds, the force between the two layers of graphite is weak [107- 109]. 

Graphite invariably contains defects, such as vacancies due to a missing atom, and stacking 

faults. Figure 2-12 is the graphite structure. The other graphite structure is rhombohedral 

which is thermodynamically unstable and considered as an extended stacking fault of 

hexagonal graphite [109].  
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Figure 2-12 Crystal structure of graphite [107] 

Graphite as an electrical conductor is one of the allotropes of carbon consisting of layers of 

hexagonally arranged carbon atoms in a planar condensed ring system, so it can be used as 

the material in the electrodes of an electrical arc lamp [107- 109]. Graphite is considered to 

be an up-to-date topic in modern material science and extensive research and developments 

have been devoted to the use of graphite as fillers to produce a variety of high-performance 

nanocomposites for applications. Graphite as reinforcing fibers for composites can improve 

the performance of a matrix or achieve new properties due to its low density, excellent 

mechanical strength, thermal stability, and electrical and thermal conductivity [110].  

Graphite oxide (GO), which is oxidized from graphite, not only contains most good 

properties of graphite, but also improves some properties because of  increased O and N 

atoms. The preparation of graphene oxide was reported in 1859 by a British chemist, B. C. 

Brodie [111], while investigating the structure of graphite and later Hummer and Offeman 

http://en.wikipedia.org/wiki/Electrical_conductor
http://en.wikipedia.org/wiki/Arc_lamp
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developed an oxidation method [112]. Hummer’s method is widely used to prepare the 

graphite oxide.  

Thin sheets of graphite oxide (GO) have recently emerged as a new carbon-based nanoscale 

material. The solubility of GO in water and other solvents allows it to be deposited uniformly 

onto wide ranging substrates in the form of thin films. The structure of GO is often 

simplistically assumed to be a graphene sheet bonded to oxygen in the form of carboxyl, 

hydroxyl or epoxy groups. [113-116].   

 

Functionalised graphite oxide (FGO) is not only easily incorporated and homogeneously 

distributed into various matrices, but also improves the hydrophilicity and proton 

conductivity. Functionalised groups such as 3-mercaptopropyl trimethoxysilane (MPTMS) 

[117], –SO
3-

 [115] added into graphite oxide were incorporated with the Nafion
®
.  The 

functionalised graphite controlled the state of water by means of nanoscale manipulation of 

the physical geometry and chemical functionality of ionic channels. The confinement of 

bound water within the reorganised nanochannels of composite membranes enhanced proton 

conductivity at high temperature and the low activation energy for ionic conduction [118]. 

Also, the increase of F-GO nanofiller loading extended the number of available ion exchange 

sites per cluster, resulting in the increment of proton mobility in the membrane at high 

temperatures and low humidity values [117].  
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Figure 2-13 Structure of functionalised graphite oxide incorporation with Nafion
®
 [117]. 

 

As Zarrin, H. Et al. [117] Reported, the Nafion
®

 incorportion with FGO showed good fuel 

cell performance at an elevated temperature (120 °C). The peak power density for 10 wt % F-

GO/ Nafion was 0.15 W cm
-2

, approximately 3.6 times higher than that of recast Nafion 

(0.042 W cm
-2

). This indicated that incorporation of the FGO filler was benefical to structural 

and mechanical properties of electrolytes. 

 

2.6 Electrode  

A PEM fuel cell electrode is essentially a thin catalyst layer pressed between the membrane 

and porous electrically conductive substrate (e.g. carbon paper). The electrochemical 

reactions take place on the catalyst surface in this layer [8]. Pt based catalysts are most 

successful and common catalysts developed in either research or commercial scale. The 

electro-catalysts used in the PEMFCs are usually based on Pt or its alloy for both anode and 

cathode. There are three different participants in electrochemical reactions, electrons, protons 

http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=37110467300&zone=
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and gaseous-liquid reaction, which take place on the catalyst surface. Protons travel through 

the ionomer and electron transfer through the electrically conductive substrate, so it is 

essential to have an intimate contact between the catalyst and the ionomer. The electrode 

should be porous to allow both gases to reach the reaction sites and the product water to be 

removed to prevent the flood [8, 119]. 

 

To minimize potential losses in the cell caused by limitation in the rate of proton transport 

and gas permeation, the electrode layer should be reasonable thin. The metal active surface 

area is expected to be larger to provide enough reaction sites, so the Pt particles should be 

appropriately small. The key to improving the PEMFC performance is to increase Pt effective 

usage in the catalyst layer, and ionomer added into layer is a useful way [8]. The combination 

of ionomer membrane and catalyst layers is called membrane electrode assembly (MEA). 

One way to prepare the MEA is to deposit the catalyst layer including ionomer to the porous 

substrate and then hot press it to the membrane. The other method is to apply the catalyst 

directly to the membrane and then press the substrate. Several methods, such as spreading, 

spraying, and painting, are used for deposition of a catalyst layer to the membrane or the 

substrate [8]. 

 

Typically in the intermediate temperature PEMFC, a binder has been used to enhance the 

contact of the catalyst to the electrode. The binder fixes the catalyst particles within a layered 

structure and enables some degree of electronic conductivity between particles and also 

provides the access of gas into the structure. Nafion
®
 ionomers were usually used as a binder 

in low temperature PEMFC. The Nafion
®
 ionomers were normally covered in a thin layer 

which had thickness in the range of 0.5 to 3 nm depending on a balance between the proton 
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mobility and oxygen solubility through the layer [121-123]. PTFE is also typically used as 

binder in the intermediate temperature PEMFC.  

 

Qi et al. [124] recommended a Nafion ionomer of 30% for electrodes with a platinum loading 

of 0.2-0.35 mg cm
-1

.  Proton migration was improved due to the higher ionomer content, but 

oxygen transport was compromised by decrease in the porosity. Compared with a uniform 

Nafion
®
 distribution having a different content of Nafion

® 
in the catalyst layer compared with 

the GDL towards membrane will result in a better performance [125].  

 

Seland et al. [125] reported that a Pt loading of 0.36 mg cm
-2

and 0.6 mg cm
-2

 accompanied by 

acid loading of 0.8-1.2 mg cm
-2 

are optimum. Scott et al. [126] reported the use of a colloidal 

ionomer in the catalyst ink which enhanced performance compared with the use of a standard 

ionomer solution. Kongstein et al. [127] also reported non homogenous platinum distribution 

that 50% Pt/C loading close to the membrane and 20% Pt/C close to GDL with total loading 

of 0.6 mg cm
-2

. This electrode showed advantages over normal 0.6 mg cm
-2 

50% Pt/C. Pan 

[128] suggesting that PBI and acid loading used in catalyst layer could be 0.7 and 2.8-3.5 mg 

cm
-1

, respectively. Wang et al. [129] concluded that the preparation method and ionomer 

content of PBI had severe impact.  

 

Based on our groups’ previous work, the PBI ionomer used in the catalyst ink showed a 

similar performance to that with only PTFE added as binder. Hence a 30 wt% PTFE in the 

Pt/C catalyst ink for the both anode and cathode was found to be optimal. MEA was prepared 

by depositing the catalyst layer to the porous substrate and then pressed on to the membrane 

 

 



Chapter 2 Literature review 

Page | 42  

 

 

2.7 Conclusions and perspectives 

The PEMFC is considered to be an optimising potential power supply application. The 

electrolyte as a core issue for PEMFC should have good proton conductivity, mechanical 

properties, durability, and low cost. So, the development of innovation materials with 

beneficial properties is attracting much attention. The development of the membrane used for 

higher temperatures (over 100°C) will especially play a major role in energy research and 

application. The whole PEMFC system will be simplified over 100°C and the cost will be 

reduced due to the low cost of the membrane and catalyst. So, this will improve the 

commercialisation of the PEMFC. Three ways are considered so as to develop the membrane 

materials: i) using the inorganic filler with polymer to improve the performance, ii) 

modifying the PBI materials by grafting the functional group, iii) combining the PTFE 

mechanics with high conductivity polymer to elevate the fuel cell performance. 
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Chapter 3: Theoretical  

 

It is an important step to understand and comprehend the basic theories about 

electrochemistry, fuel cell, materials and etc. This chapter introduced fuel cell 

thermodynamic, electrochemical kinetic, proton conductance and mechanism, and 

percolation theory. The operation of fuel cells includes electrochemical reactions which 

follow the thermodynamic and kinetic principle that was introduced in this chapter. The 

proton conducting mechanism and the percolation theory indicate the way to improve the 

proton conductivity.  

 

3.1 Thermodynamic and kinetic for the fuel cell 

3.1.1 Thermodynamic 

 

The reaction in a hydrogen/oxygen PEM fuel cell corresponds to a chemical process, which 

contains two separate electrochemical reactions at the anode and the cathode [1, 2]. 

Overall:   H2+ 
 

 
 O2 → H2O                                                                                                    (3.1) 

Anode:   H2 → 2H
+
 + 2e

-
                                                                                                       (3.2) 

Cathode: 
 

 
 O2 + 2H 

+
 + e

-
 → H2O                                                                                          (3.3) 

The same number of electrons, n, must be exchanged in both reactions to balance of the 

overall reaction. The Gibbs free energy of the reactions is given by:  

               

                                             
 

 
         

                   

                                             
 

 
         

                  

(3.4) 

Where n is the number of electrons involved in the above reaction , F is the Faraday constant 

(96,485 Coulombs/electron-mol), E is the cell voltage,    is the Enthalpy, T is the 

temperature,  and    is the entropy. The table 3-1 showed the enthalpies and entropies of 



Chapter 3: Theoretical 

Page | 60  
 

materials, which could be used to calculated the    under different conditions through eq. 

3.4.  

Table 3-1 Enthalpies and Entropies of formation for fuel cell reactants and products at 25 °C 

and 1 atm [1] 

                               

H2 0 0.13066 

O2 0 0.20517 

H2O (liquid) -286.02 0.06996 

H2O (vapor, gas) -241.98 0.18884 

 

Assuming that all of the Gibbs free energy can be converted into electrical energy, the 

maximum possible theoretical efficiency of a fuel cell is the ratio between the Gibbs free 

energy and Enthalpy [8]: 

  
  

  
 

      

      
          

(3.5) 

The efficiency of PEMFC is much higher than other energy conversion systems at low 

temperatures which are limited by the Carnot cycle which are normally 20%-40% in the 

temperature range from 100-200 °C [1, 2]. 

The theoretical cell potential at 25°C and atmospheric pressure is: 

   
   

  
 

      

       
        

                                                                                                                                  (3.6)  

Under non standard conditions the equilibrium potential is expressed by the Nernst equation 

[3], For the hydrogen and oxygen reaction, the cell potential is a function of operating 

temperature and pressure [2, 3]. 

     
  

  
   

    
   

   

    

  

(3.7) 

Where, a, is the activity or the ratio between the partial pressures of reactants (H2 and O2) or 

product (H2O) and atmospheric pressure (for liquid water product aH2O = 1).  

 

Actual cell potential is a function of temperature and pressure as presented by equ. 3.8: 
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 (3.8) 

Typically the PBI based fuel cells operated above 100 °C, so the potential was considered to 

fit the gaseous water condition that achieve around 1.18V theoretically by ignoring all the 

other affection.  

Practical equilibrium or open circuit potentials are affected by other factors. Crossover of 

hydrogen from anode to cathode and oxygen from cathode to anode create a mixed potentials 

leading to a reduction of the open cycle potential. In addition, the coverage of platinum 

electro-catalyst surfaces with oxides and impurities, and the corrosion of the carbon electrode 

supports would influence the equilibrium potential. So in experimental tests, the open cycle 

voltage typically was in the range of 0.8-0.9V depending on operating conditions [3-5]. 

 

3.1.2 Electrochemical kinetics 

Consider two substances, A and B with a simple unimolecular elementary reaction [3] 

  
  

    

(3.9) 

The reaction rate is described by 

                                

                     

(3.10) 

Where    and    are the rate of the forward and reverse process,    and    are the rate 

constant,    and    are the concentration.  

The Arrhenius equation describes the temperature rate constants, which is expressed as: 
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(3.11) 

Where   is the activation energy, A is the frequency factor. The exponential term represents 

the probability of using thermal energy to surmount an energy barrier    [3].  

If the potential is changed by    to a new value,  , the relative energy changes from    to 

   by              , so the Gibbs free energy of reduction and oxidation could be 

presents as: 

                                    

                                  

(3.12) 

Where αa is the transfer coefficient of the reduction reaction and αc is the transfer coefficient 

of the oxidation reaction. The transfer coefficient is a measure of the symmetry of the energy 

barrier. Furthermore, according to the Arrhenius equation, the reaction rate is given as  

                             
          

                               
         

(3.13) 

At equilibrium of the reaction, equation 3.10 gives  

            
                   

         

(3.14) 

   is the exchange current, and the net current is equal to zero at equilibrium, , Er is the 

reversible potential.   

Consider a special equilibrium condition with a solution, which        ,         

called the standard rate constant.  Combinin g equations 3.10 and 3.14, gives 

         
          

  
       

          

  
   

        

  (3.15) 
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At large overpotentials, such as those at the fuel cell cathode, ignoring mass transport 

limitations, the B-V equation becomes 

       
  

   
   

 

  
  

(3.15) 

Furthermore, this equation can be simplified as 3.16 when            

          

          

 (3.16) 

This equation is the Tafel equation (fig. 3-1), where,      
  

  
     , and      

  

  
, b 

is the Tafel Slope. Through a plot of the overpotential versus logarithm of the current 

density, information regarding the reaction kinetics is obtained. 1) i0 is obtained from the 

linear part of the curve extrapolated to the current density axis, 2) the slope of the linear 

part of the graph gives the value of b, and the transfer coefficient can be calculated. 

 

Figure 3-1 Plot of Tafel equation [3] 
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The kinetics of ORR on Pt in acid has been well studied over ten decades. The Tafel slope of 

ORR at the low current density region in acid is typically,           . The calculated 

value is around 100 mV dec
-1

 for Pt/PBI–H3PO4 system (3 H3PO4 per imidazole) at 150 ◦C 

[13].  

 

3.2 Proton conducting mechanism 

 

As the simplest case of water, proton transfer takes place in a structure such as H9O4
+
 and 

H5O2
+
 instead of transfer within extended hydrogen-bonded water chains [6, 7]. One possible 

reason is that the hydrogen bond formed as H3O
+ 

needs more energy which is unfavourable 

for fast proton transfer process [6], and the proton transfer from one molecule to the other 

molecule through hydrogen bond which can be explained by hopping mechanism. Another 

important point is that the diffusion of protonated water molecules makes some contribution 

to the total proton conductivity [6]. However, the proton defect concentration of water 

remains too low (10
-7

mol dm
-3

) leading to a low proton conduct as a diffusion view. So 

introducing some proton defects is a good method to enhance proton conductivity of water 

that could be provided as defined in equation (3.17) below.  

  
      

  
 

(3.17) 

Where σ is the conductivity of ion, c is the concentration of the ion, D is its diffusion 

coefficient, z is the charge on ion, F is the Faraday constant and R is the gas constant [7, 8]. 

The mechanism for proton conduction of H3PO4 remains the same, i.e. Grotthuss type that an 

'excess' proton or protonic defect diffuses through the hydrogen bond network of water 

molecules or other hydrogen-bonded liquids through the formation or cleavage of covalent 

bonds. The high proton conductivity could be ascribed to the extremely high proton mobility 

which involves proton transfer between phosphate species and some structural 

rearrangements [6-8]. Diffusion constant was affected by several factors shown in eq. 3.18 [8] 

  
  

    
 

(3.18) 

http://en.wikipedia.org/wiki/Proton
http://en.wikipedia.org/wiki/Hydrogen_bond
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Covalent_bond
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Where D is the diffusion constant, k is the Boltzmann constant, T is the temperature and   is 

the viscosity [8]. 

3.3 Percolation theory 

 

Percolation represents the basic model for a structurally disordered system. Percolation 

theory is a simple model displaying a phase transition. Althought this theory was frequently 

used to explain the carbon-black network and the DC conductivity of the semiconducting 

material. For the composite membrane, the proton conductive come from the conductor 

particles, and the polymer matrix could be considerd the insulator. So the proton conductivity 

of composite membrane could  also be explained by percolationm theory.  

 

If it is assumed that the composite materials is a square lattice, the conductive filler particles 

(e.g. ceasium heteropolyacid, graphite oxide) as conductor and polymer matrix (e.g. PBI) as 

insulator, current can only flow between nearest neighbour conductor sites as shown in fig 3-

2. Each site is occupied randomly with probability   by the conductive fillers and empty 

space is       [9-11].  

 

When there are few conduction paths which give a low probablity   connecting the opposite 

edges of lattices, the composite materials are isolated. With an increasing valume fraction, 

more links between edges are establised thereby increasing the conductivity. Therefore a 

threshold concentration    exists where for the first time a conduction path is established in 

which the current can percolate from one edge to the other. At large values of   , the mixture 

is conductive as many conducting paths exists [9-11]. The table 3-2 refers to the threshold of 

the content of conducting particles.  
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Figure 3-2. Model of percolation, conductive beads (grey), insloation beads (white) [9].  

 

Table 3-2, The percolation threshold for the various lattices [12] 

Lattice Site Bond 

1d 1 1 

2d Hexagonal 0.692 0.6527 

2d Square 0.592746 0.5 

2d Triangular 0.5 0.34729 

3d Diamond 0.43 0.388 

3d Cubic 0.3116 0.2488 

1. 3d Body Centered Cubic  0.246 0.1803 

3d Face Centered Cubic 0.198 0.119 

 

 

http://departments.kings.edu/chemlab/chemlab_v2/bcc.html


Chapter 3: Theoretical 

Page | 67  
 

The threshold (  ) is the critical value of the occupation probability and is different in 

different lattice structures.  For a 1d lattice with an infinite number of sites as a line. Each site 

has a conductivity site p occupied, and insolate parts as 1-p. Hence,  only when percolation 

threshold    = 1 is achieved, that is each conductivity site touchs at least one by one, the 

conducting path could be established. For 2d and 3d structures, the value    is shown in 

Table 3-2 [9-12]. The connectivity of sites on the lattice is known as site percolation, and the 

edges of the sites occupied known as the bond percolation.  

 

For  a composite material composed of conducting sites (taking copper particles as an 

example) and non-conducting sites (particles of insulating material). When a voltage is 

applied across such a composite material, current only goes through the the copper particles 

sites. There exists a limit volume fraction of conducting sites (percolation threshold)   , and 

this threshold obeys the scaling law in the form [12-14] 

 

        
            

                            

(3.19) 

Where   is the relative condcutvity and   is the volume fraction of conducting sites. The 

exponent   is a universal constant which depends only on spatial dimensions and is 

applicable to any percolation system regardless of its chemical, mechanical, structural 

morphological and statistical properties. For a three-dimensional system,   has been reported 

to range between 1.3 and 1.7 [13, 14]  
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Figure 3-3, Typical dependence of conductivity on filler content. 

 

For composite materials (the filler dispersed in the polymer matrix) loaded with water or 

phosphoric acid, the polymer also shows a conductivity. The effect of conductivity which 

arise from the hydrophilicity of the membrane should also be considered [13]. So the 

composite proton conductivity with low filler loadings well below the percolation threshold is 

mainly the result of transport processes within the polymer host matrix [15, 16]. When the 

filler reaches the  percolation threshold at which the first conducting infinite cluster is formed 

in the infinite lattice, the value of conductivity increases rapidly over several orders of 

magnitude. In this case, the conducting filler particles touch each other, and that the 

conduction of charge occurs through the continuous structure of the chain of filler particles in 

the polymer matrix. So these two factors will assist the conductivity of the composite 

membrane, and the conductivity is increased as (fig. 3-3) 

        
        

(3.20) 

Where the exponent n is a parameter between 1.65 and 2 for three dimensional lattices [6] 
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Chapter 4: Experimental 

This chapter described the experiment and instruments used in this project as well as some 

basic principles in relation to the experiment. The introduction included the materials 

synthesis, membrane preparation and characterisation, and the fuel cell test. 

4.1 Membrane preparation 

4.1.1 PBI membrane preparation 

PBI powder was purchased from Caleed Between inc. PBI powder (intrinsic viscosity 

IV=0.7-0.9 dl/g) was dissolved in N, N-dimethylacetamide (DMAc) with vigorous stirring in 

a three neck bottle at 130-160°C for 24 hours. Then the solution was put in the centrifuge for 

10 minutes at a speed of 4000 r/min. to separate the solution and the undissolved powder. 

 

In general, directly casting PBI from a DMAc solution made it more rubbery and soft but had 

a higher conductivity [1-3], so a higher molecular weight polymer was required for a direct 

casting method to achieve enough mechanical strength. In this project, the membranes were 

based on a direct casting method. The solution was poured onto a flat glass and kept in an 

oven at 80°C for 4 hours and 120°C for 8 hours so that the DMAc evaporated and formed the 

membrane. The thickness of membrane was controlled by a doctor blade. 

 

4.1.2 Cs and BmIm substitute Heteropolyacid 

CsXH3-XPW12O40 was prepared from H3PW12O40 (Aldrich) and Cs2CO3 (Aldrich) according 

to published procedures [4]. In this procedure a solution of 0.407 g (0.00125 mol) Cs2CO3 

which was dissolved in 10 cm
3
 (ml) deionised water was added to a solution of 2.88 g (0.001 

mol) H3PW12O 40 dissolved in 30 ml deionised water to achieve the ratio of 1.25:1 (mol:mol). 

The resulting precipitate was recovered from the solution by evaporation at 60 °C, rinsed in 

deionised water, and filtered three times. The other three CsHPA acids, CsPOMo, CsSiOMo, 

and CsSiOW, were prepared using a similar procedure. BmImPOMo was synthesised from 

0.218 g (0.00125 mol) 1-Butyl-3-methylimidazolium chloride and 1.825 g (0.001 mol) 

phosphomolybdic acid by following the same procedure. Different ratio of Cs and BmIm was 

controlled by molecular weight added when it reacted with Heteropolyacid 
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CsHPAs composite membranes were prepared as follows. CsHPA powders were dispersed in 

a PBI/DMAc (N, N-dimethylacetamide) solution with a mass ratio of 10%, 20% or 30%. The 

CsHPA/PBI composite membranes were cast by evaporating the DMAc solvent at 120 °C for 

12 hours. Finally, the composite membrane was immersed in H3PO4 aqueous solution (11 

mol dm
-3

 (M)) for 96 hours at 25 °C, for loading with acid. 

 

4.1.3 Preparation of graphite oxide and functional graphite oxide 

A graphite oxide (GO) sheet was synthesised from graphite (Shandong Qingdao graphite 

company (China)) by oxidation with KMnO4 in concentrated H2SO4 according to the 

Hummers method [5]. A graphite sheet, which was placed in cold (0 
o 
C) concentrated H2SO4, 

and KMnO4 powder was added gradually by stirring and cooling to ensure a temperature 

below 20 
o 
C. This mixture was stirred at 35 ± 3 

o 
C for 30 minutes, and then the temperature 

was increased to 98 
o 
C and 150 ml distilled water was added slowly.  This temperature was 

maintained for 15 minutes. The reaction was then terminated by the addition of a large 

amount of distilled water and 30 % H2O2 solution. Finally, the mixture was filtered and 

rinsed with 5% aqueous HCl solution until the sulphate could not be detected with BaCl2, and 

then it was dried under a vacuum at 50 
o 
C [5]. 

Sulphonated graphite oxide was prepared using chlorosulphonic acid. 100 mg of graphite 

oxide was dissolved in 30 cm
3
 (ml) of DMAC with vigorous stirring for 1 hour. 5 ml of 

chloro- sulfonic acid was added, drop by drop, with continuous stirring for 1 hour. The 

mixture was then centrifuged and washed with deionised water and air-dried for 10 hours at 

50 
o 

C. The membrane thickness was 40 µm and approximately 70 µm after being imbibed 

with phosphoric acid. 

3-bromopropylamine hydrobromide (4.4000 g, 0.02 mol) and 1-methylimidazole (1.58 ml, 

0.02 mol) were added to 50 ml ethanol in a three neck bottle, forming a colourless solution 

which was refluxed under nitrogen for 24 hours. The resulting turbid mixture was purified by 

re-crystallization from ethanol, with ethyl acetate as anti-solvent. Finally, the resulting white 

powder was dried oven dried at 60 °C. 
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Ionic liquids graphite oxide (ILGO) was synthesised by an epoxide ring-opening reaction 

between graphite oxide (GO) and the 1-(3-aminopropyl)-3- methylimidazolium bromide (IL-

NH2) shown in scheme 5-1. Firstly, 0.05 g (8.9 10
-4

 mol) KOH was added into the 50ml of 

GO homogeneous and transparent dispersion in water (5 10
-4

 g/ml) and then the mixture was 

subjected to ultrasonication for 30 minutes. Secondly, IL-NH2 (0.05 g) was added into a 

mixture solution for another 1hour of ultrasonication, and then the turbid mixture was 

transferred into a three neck bottle by vigorously stirring at 80 °C for 24 hours.  The resulting 

p-CCG was subsequently centrifuged, washed with ethanol and water, and air-dried [6]. 

 

Scheme 4.1 Illustration of the preparation of ILGO [6] 

 

4.1.4 PEO/GO membrane preparation 

5 g PEO was first completely dissolved in 10 ml of distilled water in a round-bottom flask 

and then 2 ml (0.5 g/ml) of graphite oxide solution was added into the flask while  stirring for 

2 hours to obtain the resultant PEO/GO solution (0.5 wt%). The PEO/GO solution was then 

poured onto the prepared glass slides mould (10 mm x 10 mm) which was kept at room 

temperature for 48 hours until the membrane was solid. The membrane was peeled from the 
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mould and dried for 12 hours at room temperature before undergoing characterisation and 

being used in fuel cell tests. PEO blank membranes were prepared under the same conditions. 

 

4.1.5 PBI/GO membrane preparation 

GO/PBI composite membranes were prepared as follows. GO sheets were dispersed in a 

PBI/N, N-dimethylacetamide (DMAc) solution with a mass ratio of 2 wt. %. The GO/PBI 

composite membranes were cast by evaporating the DMAc solvent at 120 °C for 12 hours. 

Finally, the composite membrane was immersed in aqueous H3PO4 solution (2M) for several 

days at 25 °C. Unless otherwise specified, phosphoric acid loadings in this paper were 

defined as number of H3PO4 molecules per repeat unit (PRU) of PBI in the membrane. 

 

4.1.6 Synthesis of quaternary PBI 

 

In a three neck bottom flask, 1g Poly(2,20-m-(phenylene)-5,50-bibenzimidazole) (PBI) 

powder was dissolved in 100 ml of Dimethyl sulfoxide (DMSo) with vigorous stirring for 6 

hours at 160 °C to form a uniform solution. After cooling down to 60-80 °C, 0.15 g (0.00625 

mol) Sodium hydride (NaH) was added into the solution which was charged under N2 

atmosphere for 24 hours. At this stage, a deep blood red colour developed. 1.5 g (0.0104 mol) 

2-Chloro-N, N-dimethylethylamine hydrochloride was added into the solution for another 24 

hours reaction. The solution was precipitated from deionised water. The resulting precipitate 

was filtered and rinsed with deionised water several times and dried at 100 °C overnight. The 

dried precipitate was dissolved in DMAc again and iodomethane (CH3I) was added, being 

kept at 30-40 °C for 24 hours. The resulting solution was precipitated and rinsed with 

deionised water. The resulting precipitate was redissolved in DMAc to cast on a glass plate 

and the DMAc solvent evaporated at 120 °C for 12 hours [7, 8]. 
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Scheme 4.2 Synthesis of the QPBIs 

 

4.1.7 Caesium Salt of Heteropolyacids/Quaternary diazabicyclo-octane 

Polysulfone/PTFE composite membranes 

CsXH3-XPMo12O40 was prepared according to procedures discussed previously. Quaternary 

diazabicyclo-octane Polysulfone (QDPSU) was made as described in previous work provided 

by Dr Wang [9]. Briefly, the choloromethylated polysulfone (CM-PSU) was synthesised 

through the Friedel-Crafts reaction. 10 g polysulfone (2.26 10
-3

 mol) (P-1700, Udel) was 

dissolved in 400 ml 1, 2-dichloroethane. 6.78 g (2.26 10
-2

 mol) paraformaldehyde and 24.6 g 

(2.26 10
-2

 mol) trimethylchlorosilane were added to the solution with magnetic stirring. 

Stannic chloride 1.178 g (4.52 10
-3

 mol)  was added drop-wise and the reaction was carried 

out for 12 hours at 50 
o 
C. The CM-PSU was formed as a white precipitate in ethanol (99.9 %) 

to remove the excess reactants. The CM-PSU and 1, 4-diazabicyclo [2.2.2] octane (DABCO) 

was mixed in DMAc in a molar ratio of 1:5, with vigorous stirring at 80 °C for 14 hours, 

whereupon the final product was precipitated using diethyl ether and dried in a vacuum. 

CsPOMo was dissolved in QDPSU/DMAc solution at a weight ratio of 30 wt% to form the 

resultant. 

The PTFE membrane used in this work was obtained from a Membrane Solution (US). It was 

25 µm in thickness and had a porosity of 82 % and a pore size between 0.2-0.3 μm. The 

hydrophobic PTFE sheet was pre-treated, to enable incorporation of the QDPSU polymer 
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solution, using the method of Li et al [10]. This involved treatment with seven parts H2SO4 

(98 wt% aqueous solution Aldrich) and three parts H2O2 (30 wt% aqueous solution Aldrich) 

at 80 
o 

C for 1 hour. Following this, the porous PTFE was rinsed with copious amounts of 

deionised water and further treated by immersion in a solution containing one part aqueous 

NaOH (1.0 mol dm
−3

) solution, one part H2O2 (30 wt% aqueous solution), and five parts 

deionised water at 70 
o 

C for 30 minutes, followed by rinsing with copious amounts of DI 

water . The pre-treated PTFE sheet was boiled in DMAc for 10 minutes and then immersed in 

3 wt % CsPOMo/QDPSU solution for 10 minutes and placed on an optical glass plate and left 

for 6 hours at 60 
o 
C to form the CsPOM/QDPSU/PTFE membrane. 

 

 

Scheme 4.3 Preparation of the CsPOMo/QDPSU/PTFE membrane 

 

The membrane was immersed in 2.0 M H3PO4 at room temperature for 3 days. The 

theoretical amount of “bonded acid” corresponded to 2.0 molecules of PA per repeat unit of 
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QDPSU with nitrogen sites for hydrogen bonding.  Thus with a 2.0 M PA, the acid content 

will be less and was measured at 1.8 PRU. The data in this work was compared against a PBI 

membrane (30 µm in thickness) which was prepared by a casting method as described 

previously [11]. 

 

4.1.8 Dimethylhexadecylamine quaternized poly (vinyl benzyl chloride)/PTFE 

composite membrane 

 

Dimethylhexadecylamine quaternized poly (vinyl benzyl chloride) (qPVBzCl
-
) was provided 

by Dr Cao.  PTFE porous films (10 cm x 10 cm) were first sonicated for 1 hour in ethanol 

and then acetone. These films were then air-dried. After these treatments, the PTFE films 

were weighed individually and then immersed into diluted qPVB/Cl
-
 ionomer solution for 30 

minutes and then air-dried. They were then immersed once again into the qPVB/Cl
-
 ionomer 

solution for 30 minutes before air-drying.  This process was repeated several times before 

being weighed and the qPVB/Cl
-
 ionomer percentage was calculated from the weight 

differences. The calculated weight of the qPVB/Cl
-
 ionomer in the PTFE was 71% over the 

original PTFE membrane weight. Then the qPVB/Cl
-
 ionomer filled PTFE membranes were 

immersed into 11 mol dm
-3

 (M) H3PO4 solution for 2 days. 

 

4.2 Sample characterisation and instruments 

4.2.1 Conductivity measurement 

The conductivity of the membranes was measured using a four-point probe method with a 

Frequency Response Analyser (Voltech TF2000, UK) as shown in Figure 4-1. The four-point 

method involves four equally spaced probes in contact with the measured material: two of the 

probes were used to source the current whilst the other two were used to measure the voltage 

drop. There are two main methods to test the conductivity. One is four point method to test 

in-plane conductivity of membrane and the other one is two point method for through plane 

conductivity. The reason for using the four-point method rather than the two-point method 

was that the four-point method can eliminate the probe resistance and the resistance between 

the probe and the membrane surface, so the four point method is more accurate to test the 

conductivity of the membrane (shown in Fig. 4-2). A rectangular membrane sample (10 mm 
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width × 50 mm length) was placed across four platinum foils (probes) with equal spacing of 5 

mm. AC impedance measurements were carried out between frequencies of 1 and 20 kHz 

amplitude of 40. To ensure the membrane reached a steady state, the membranes were held at 

the desired conditions for 2 hours before testing, and measurements were taken at 30 minute 

intervals. At the low temperature, the humidity was provided from the N2 gas which passes a 

water tank and was measured by the humidifier. Above 100 °C, the humidity was considered 

less than 1% at atmosphere pressure. 

 

 

Figure 4-1 Conductivity measurement system 
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Figure 4-2 Four-point probe method to measure the in-plane conductivity [4] 

 

4.2.2 Electrode preparation 

Catalysts used in the PEMFC were usually based on platinum or its alloys for both anode and 

cathode. Polytetrafluoroethylene (PTFE) was used as a binder which fixes the catalyst 

particles within a layered structure and enabled some degree of electronic conductivity and 

gas path into the structure. Catalyst inks were prepared by blending carbon-supported 

catalysts (50 wt. % Pt/C, Alfa Aesar) and polytetrafluoroethylene (PTFE) solution (60 wt% 

Aldrich) in a water–ethanol mixture under ultrasonic vibration for 60 min. [2]. Based on 

previous work in our lab, the PTFE was optimised as 30 wt% of the catalyst. 

Gas diffusion electrodes (carbon paper) incorporated with a wet proofed micro-porous layer 

(H2315 T10AC1), obtained from Freudenburg (FFCCT, Germany), were used as substrates 

to deposit the catalyst layer for both anode and cathode. The catalyst inks were sprayed onto 

the micro-porous gas diffusion layer, at 90 °C, and then the electrodes were held at a 

temperature of 100 °C for 2 hours. To calculate the Pt loading, the carbon paper was weighed 

before and after spray. 10 μl 2 M PA acid was added to the surface of the electrodes by 
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means of a micropipette and electrodes were kept in an oven, at 80 °C, for 1 hour to dry the 

water residue. 

4.2.3 Membrane electrode assemblies (MEA) 

Membrane electrode assemblies (MEA) were made by pressing the anode and cathode onto 

the membranes at 0.1 ton/cm
2
 pressure for 5 minutes.  The electrochemical reaction took 

place at the three phase boundary by the ionomer, solid and void phases. The catalyst was 

covered in a thin layer of electrolyte ionomer, which balances the proton mobility and oxygen 

solubility through the layer. For the PBI membrane, the PTFE was used to hold the 

phosphoric acid and to enhance porosity. 

 

 

Figure 4-3 The three phase boundary for porous catalyst layer 
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4.2.4 Fuel Cell Performance Test 

 

The MEA was set in contact with high-density graphite blocks impregnated with phenolic 

resin, and the active electrode area covered the parallel gas flow channels area (1 cm
2
). 

Electric cartridge heaters were mounted at the rear of the graphite blocks to maintain the 

desired temperature which was monitored by thermocouples and controlled by a temperature 

controller. Gold-plated steel bolts were screwed into the blocks to allow electrical contact. H2 

and O2/air were fed to the cell at flow rates of 0.2 and 0.5 dl/min respectively. The whole fuel 

cell test rig was shown in Figure 4-4. 

 

Figure 4-4 Fuel cell test system 

 

4.2.5 Mechanical Strength 

The strength of a material is an ability to withstand an applied stress without failure. The 

intensity of the internal forces is called stress, while deformation of the material is called 

strain. The stresses acting on the material cause deformation of the material. The applied 

stress may be tensile, compressive, or shear. Tensile stress is the stress state caused by an 

applied load that tends to elongate the material in the axis of the applied load, so the 

mechanical strength of membranes is showed as tensile strength.  

http://en.wikipedia.org/wiki/Tensile_strength
http://en.wikipedia.org/wiki/Compressive_strength
http://en.wikipedia.org/wiki/Shear_strength
http://en.wikipedia.org/wiki/Tensile_stress
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Most materials under a small stress showed elasticity which a material could return to its 

previous shape after stress is released, and this reversible deformation was called elastic 

deformation. The initial portion of the stress-strain curve is linear. The maximum point of this 

linear slope is called the yield point and indicates the onset of plastic deformation. The 

corresponding stress and elongation are called yield strength and elongation at yield. At 

higher stress, the deformation cannot be covered after the stress removed, and it is called 

plastic deformation. Further elongation leads to an abrupt increase in stress and the ultimate 

rupture of the material. The stress at break point of the material is ultimate strength. The 

stress-strain behaviour of a polymeric material depends on various parameters such as 

molecular characteristics, microstructure, strain-rate and temperature. 

             

Figure 4-5, the tensile test with the dog-bone sample.         

The membrane was cut into a dog-bone shape before testing the mechanical strength. The 

tensile strength of the membranes was measured using a vertical filament stretching 

instrument. The forces were added through clipping a part of the sample, and go towards the 

opposite way with the constant speed. Finally, the force was recorded when the sample 

broken as the figure 4-5 shown. The tensile stress is the force per unit area acting on a plane 

http://en.wikipedia.org/wiki/Elasticity_(physics)
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transverse to the applied load, and it is a fundamental measure of the internal forces within 

the material. Measurements were performed with a constant separating speed of 10 mm min
-1

 

in unhumidified air. Maximum Tensile stress is expressed by equation (4.1) 

  
 

 
 

(4.1) 

Where F is the force at point of membrane broken, A is the cross-section area, the width is 

20mm, and thickness is 50 um.  

 

For the acid doping membrane, due to the plasticizing effect of PA, the mechanical properties 

of PA doped membrane was strongly correlated to the PA doping level of the membrane. At 

PA doping levels below 2, the strong ionic interactions present had been shown to increase 

the cohesion in the membrane, resulting in increased modulus and toughness. When excess 

acid (PA doping level is higher than 2) was present in the membrane, the mechanical strength 

was dramatically reduced [1]. Cross-linking and added enforcement of membrane materials 

were two promising approaches to allow for high PA doping levels and thus higher proton 

conductivity without sacrificing mechanical strength [1]. 

 

4.2.6 Scanning Electron Microscope (SEM) and Energy dispersive X-ray spectroscopy 

(EDX) 

The Scanning Electron Microscope (SEM) is capable of producing high-resolution images 

which have a characteristic three-dimensional appearance of a sample surface. JSM-5300LV 

(Japan) Scanning Electron Microscope was used when a morphological investigation was 

required for the project. In SEM, electrons are thermionically emitted from a tungsten or 

lanthanum hexaboride (LaB6) cathode and are accelerated towards an anode; alternatively, 

electrons can be emitted via field emission (FE). The electron beam, which has an energy 

ranging from a few hundred eV to 100 keV, passes through pairs of scanning coils in the 

objective lens. When the primary electron beam interacts with the sample, the electrons lose 

energy by repeated scattering and absorption within the interaction volume, which depends 

on the beam accelerating voltage the atomic number of the specimen and the specimen's 

density, extending from less than 100 nm to around 5 µm into the surface [12, 13]. 

http://en.wikipedia.org/wiki/Thermionically
http://en.wikipedia.org/wiki/Tungsten
http://en.wikipedia.org/wiki/Lanthanum_hexaboride
http://en.wikipedia.org/wiki/Cathode
http://en.wikipedia.org/wiki/Anode
http://en.wikipedia.org/wiki/Field_emission
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Electronvolt
http://en.wikipedia.org/wiki/Objective_lens
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Figure 4-6, Geometry of SEM [14] 

 

Energy dispersive X-ray spectroscopy (EDX) analysis system is used for elemental analysis 

of samples. EDX relies on interactions between incident charged particles such as electrons 

and the sample. In principle, a high energy incident beam will knock out an electron in an 

inner shell of atoms in the sample, creating an electron hole where the electron was. Then an 

electron from an outer, higher-energy shell will fill that hole and release the energy 

differences between these two shells in the form of an X-ray. Since the energy differences 

between electron shells are closely related to the atomic structure, the emitting X-ray shall be 

a characteristic of an atom, which allows the elemental composition of the specimen to be 

measured. The systems provide limited detection of elements below C in the periodic table. 

The detection limit is around 0.1% depending on the element [12, 13]. 
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4.2.7 X-ray diffraction (XRD) 

XRD is a method to determine the atomic and molecular structure of a crystal. When an X-

ray beam hits an atom, the electrons around the atom start to oscillate with the same 

frequency as the incoming beam. In almost all directions interference is destructive, but the 

atoms in a crystal are arranged in a regular pattern, leading to a constructive interference in 

some directions. Hence, a diffracted beam may be described as a beam composed of a large 

number of scattered rays mutually reinforcing one another. The number and positions (2θ) of 

the reflections depend on the cell parameters, crystal class, lattice type and wavelength used 

to collect the data [15, 16].  

 

Crystals are solid substances in which the atoms, molecules or ions are arranged in an orderly 

repeating pattern extending in all three spatial dimensions. X-ray scattering techniques reveal 

information about the crystallographic structure, chemical composition, and physical 

properties of materials and thin films. The basis of these techniques is through observing the 

scattered intensity of an x-ray beam hitting a sample as a function of incident and scattered 

angle, polarization, and wavelength [15, 16]. A simple and straightforward way to describe 

crystal diffraction is Bragg’s Law: 

 

Figure 4-7, Illustration of Bragg’s law 

 

It treats one layer of atoms (A and B) in crystal as a plane and the smallest unit to diffract 

incident light. If the emergent light 1” and 2” are in phase, the equation is: 

http://en.wikipedia.org/wiki/Crystal
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(4.2) 

Where d is the distance between adjacent atom planes, θ is the incident angle and   is the 

wavelength of the light, n is normal kept equal to 1. 

 

The distance between adjacent atomic planes d can be obtained from Bragg’s Law and can be 

used to calculate the unit cell parameters of a crystal. For a three dimensional unit cell, three 

indices are shown as  ,  , and  , the Miller indices are usually written ( ,  ,  ), d-spacing for 

any set of planes are shown in Table 4.1, which depends on crystal system [15] 

 

Table 4-1, Expressions for d spacing in the different crystal systems [15] 

Crystal system Expression for d 

Cubic  

  
 

        

  
 

Tetragonal  

  
 

     

  
 

  

  
 

Orthorhomic  

  
 

  

  
 

  

  
 

  

  
 

Hexagonal  

  
 

 

 
 
        

  
  

  

  
 

Monoclinic  

  
 

 

     
 
  

  
 

       

  
 

  

  
 

       

  
  

 

Useful information that X-ray powder diffraction can also give the particle size by utilising 

Scherrer equation: 

 

  
    

   
    

     
 

(4.3) 

Where   is the crystallite size; λ is the X-ray wavelength (0.1540598 nm),   is the Bragg 

angle (half the measures diffraction angle),    and    are the width in radians of diffraction 

peaks of the sample and the standard at half height. The standard peak width is obtained from 

a highly crystalline sample [15, 16].    
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The crystal structures of different powders were analysed by X-ray diffraction (XRD, 

PANalytical X’Pert Pro Diffractometer), with scan range of 5–70° over 2 hours. A Stoe 

STADI/P powder diffractometer was used in transmission mode. Incident radiation was 

generated using a CuKα1 source (  = 1.540598 Å) with curved Germanium as a 

monochromator. 

 

 

4.2.8 Fourier Transform Infrared (FTIR) 

Fourier transform spectroscopy is a measurement technique using time-domain 

measurements of the electromagnetic radiation or other type of radiation. Infrared 

Spectroscopy is the absorption measurement of the IR electromagnetic waves within different 

frequencies. Electromagnetic waves used in infrared spectroscopy have frequencies ranging 

from 1.9×10
13

 to 1.2×10
14

 Hz, corresponding to photon energies ranging from 0.078 to 0.5 

eV from the Plank relation (Bohr equation 4.4) [17, 18]. 

                              

 (4.4) 

Where   is the Planck constant (                    ) and   is the frequency 

 

Another important property of a light wave is its wavenumber (W). The wavenumber 

measures the number of cycles a wave undergoes per unit length [17]. For an example, a 

spectrum of a peak at 3000 cm
−1

, it means the sample absorbed infrared light that underwent 

3000 cycles per unit length [17, 18]. 

Absorbance measures the amount of light absorbed by a sample, and the absorbance spectrum 

of a sample is calculated from the equation 4.5 [17, 18]: 

              

(4.5) 

Where A is absorbance,     is the intensity in the background spectrum, and I is the intensity 

in the sample spectrum. Transmittance (%T), which measures the percentage of light 

transmitted by a sample, can also be plotted in units. 

             

          

(4.6) 

http://en.wikipedia.org/wiki/Electromagnetic_radiation
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For a typical IR spectrum, samples are exposed to a beam of infrared light and transmitted 

light is collected which reveals the absorption of the samples. From their characteristic 

absorption frequencies, different functional groups can be quickly identified.  

 

The vibrations of two covalently bonded atoms could be simplified and treated as a harmonic 

oscillator with 2 masses (atoms) linked by a spring (Figure 4-8). 

 

 
 

Figure 4-8: a harmonic oscillator with two masses 

 

 

In this simple model, Hooke’s Law could be used to approximate and understand stretching 

frequencies (equation 4.7) [17, 18]. 

 

   
 

  
 

 

 
 

(4.7) 

Where   is the vibration frequency, k is the force constant for the bond, μ is the reduced mass 

of A-B systems (equation 4.8): 

  
    

     
 

 

(4.8) 

Where    and    are mass of A and B atoms. 

 

In a Fourier transform infrared instrument, the complex curve, which can translate into the 

infrared spectrum, is an interferogram, or the sum of the constructive and destructive 

interferences. An interferogram is generated from the unique optics of an FT-IR instrument. 

In FTIR, the most important components are a moveable mirror, which is responsible for the 

quality of the interferogram, and a beam splitter, which splits the IR beam 50/50 to the fixed 

and moveable mirrors and then recombines the beams after being reflected at each mirror. 
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4.2.9 Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) is a physical phenomenon in which magnetic nuclei in a 

magnetic field absorb and re-emit electromagnetic radiation. This energy is at a specific 

resonance frequency which depends on the strength of the magnetic field and the magnetic 

properties of the isotope of the atoms. The most commonly studied nuclei are 
1
H and 

13
C. 

 

Atomic nucleus involved in NMR possess a quantized property is called nuclear spin ( ) 

which has values of 1, 1/2, 1, 3/2, etc. the value of nuclei spin depends on the mass number 

and the atomic number of the nuclei. When    , (
12

C, 
16

O, 
32

S, etc.), they have no spin 

angular momentum and thus no magnetic moment. The nuclear magnetic moment   is given 

as 4.9 [19]: 

    
 

  
 

(4.9) 

Where    is the Planck’s constant and   is a constant for each particular nucleus. 

 

The angular momentum of a spinning nucleus is a function of its spin quantum number 

which can have either integer or half-integer values. When a nucleus placed in a uniform 

magnetic field, magnetic field intensity is   , a nucleus of spin   only has      possible 

orientations, which could be characterized by a set of magnetic quantum numbers  . The 

energy of spin is shown in equation 4.10 [19]. 

      
  

  
 

(4.10) 

For an example of 
1
H nucleus,      , and       , so the energy of spin could be    

    , the difference of two energy is [19] 

            

(4.11) 

Where    is the frequency of electromagnetic radiation of 
1
H.  

When the frequency of magnetic field     , the nuclear magnetic resonance is happed.  

 

In this project, 
1
H NMR (400 MHz) was performed with DMSO-d6 as the solvent and 

tetramethylsilane (TMS) as the internal reference.  

http://en.wikipedia.org/wiki/Physical_phenomenon
http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Resonance
http://en.wikipedia.org/wiki/Isotope
http://en.wikipedia.org/wiki/Hydrogen-1
http://en.wikipedia.org/wiki/Carbon-13
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Chapter 5: Caesium and Ionic Liquid Substituted 

Heteropolyacid/PBI Composite Membrane 

 

5.1 Introduction  

 

In this chapter, four caesium salts heteropolyacid, (CsXH3-XPMo12O40 (CsPOMo), CsXH3-

XPW12O40 (CsPOW), CsXH4-XSiMo12O40 (CsSiOMo), CsXH4-XSiW12O40 (CsSiOW)), and ionic 

liquid heteropolyacid to form composite membranes with PBI, were synthesised. Their 

conductivity and fuel cell performance with phosphoric loading were investigated. 

 

In water, all protons of heteropolyacids were dissociated. Heteropolyacids were stronger than 

typical inorganic acids, including H2SO4, HBr, HCl, HNO3, and HClO4. These differences 

could be attributed to larger heteropoly anions than the inorganic acids, leading to a lower 

strength of bonding between the proton and heteropoly anions [1-10].  

 

Heteropolyacid has a low surface area (5 m
2
 g

-1
)

 
and is highly soluble in water [5]. Therefore, 

substitution of protons by alkaline cations produced interesting effects on the surface area and 

made them insoluble in water. Salts with large monovalent ions, such as Cs
+
, resulted in 

unique changes in the surface area and hence in the amount of acidic site on the surface and a 

maximum for CsxH3-xPW12O40 compounds with x = 2.5. Cs2.5H0.5PW12O40 showed 

significantly higher activities than H3PW12O40 [5]. The CsxH3-xPW12O40 compounds were 

synthesised by a titration method [11]. During this process, Cs3 crystallites were initially 

formed followed by the adsorption of H3PW12O40 on the surface of Cs3 [5].  

 

The surface area of Cs-Heteropolyacid increased when the Cs content x from 2 to 3 and 

decreased when 0 < x <2, and a maximum number of acidic sites on the surface (surface 

acidity) showed at x = 2.5[12]. The ionic liquid (1-Butyl-3-methylimidazolium chloride) was 

also synthesised with phosphomolybdic acid to form BmIm-heteropolyacid salts and 

compared to Cs-heteropolyacid. 

 

Recently, the Cs2.5H0.5PMo12O40 (CsPOM) /PBI membrane was used in a PEMFC. The 

CsPOM/PBI membrane gave a much higher conductivity (even up to 0.25 S/cm) than the 

pristine PBI membrane. For the fuel cell with CsPOM/PBI, gave a peak power density was 
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0.7 W cm
-2,

 and the OCV was around 0.95V [14]. By comparing CsXH3-XPMo12O40 

(CsPOMo), CsXH3-XPW12O40 (CsPOW), CsXH4-XSiMo12O40 (CsSiOMo) and CsXH4-

XSiW12O40 (CsSiOW)), CsHPA/PBI composite membranes gave the best conductivity and 

superior performance. The P form of the CsHPA provided higher conductivity, as composite 

membranes, than those of the CsHPA with Si atom, although the mechanical strength was 

inferior [11]. 

 

5. 2 Results and discussion  

 

5.2.1 Pristine PBI membrane as a benchmark and acid loading to membrane 

 

The water evaporated from the PBI membrane when it was over 100 °C, so acid needed to be 

combined with the membrane that provided the conductivity. As mentioned in the 

introduction of Chapter 1, phosphoric acid was the best acid to use amongst the acids. The 

PBI membrane was immersed in a certain amount of phosphoric acid for a few days. The 

conductivity increased with an increase in of PA loading, but the mechanical strength 

decreased.  

The PA loading (doping level (DL)) was calculated from the membrane weight gain before 

and after doping: 

   
                            

              
 
        
     

 

(5.1) 

Where m is the weight of the membrane, and M is the molecular weight. 

 

The DL was affected by the following factors: 

a) DL was a function of the concentration of acid shown in Figure 5-1 [15]. During the low 

concentration range, the DL increased rapidly with the acid concentration. In the range of 2-

10 M concentration, the increase of DL was only slight [15, 16]. 
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Figure 5-1 Acid doping level of PBI membrane in different phosphoric acid concentration at 

room temperature for about 50 hours [15] 

 

b) Doping temperature: increasing the temperature would enhance acid diffusion in the 

polymer film. Elevating the temperature from 20 °C to 60 °C (11M acid concentration) 

increased the DL from 4.5 to 6.8 [17]. 

 

c) Time: the DL increased dramatically in the first few days (1-3 days), and kept a flat step 

for the following days (4-7 days), so this time the DL achieved a peak value indicating good 

conductivity. However, after the peak value was reached, the DL of the membrane decreased 

with extended loading time, because the molecular chain of PBI would swell and destroy by 

phosphoric acid, so the PBI hard to hold the acid in the structure after a long time dipping in 

the PA. [15]. 

 

d) The thicker the polymer film the larger equilibrium acid uptake, however, such 

equilibrium might take longer to achieve.  

 

Due to the PBI structure, one PBI unit corresponded to around 2 molecules phosphoric acid 

called ‘bonded acid’, and excess acid is named ‘free acid’ (Figure 4-2) [15]. Based on Li et 
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al.’s paper [15], the medium molecular weight PBI membrane (IV 0.6-0.9 dl/g), the optimum 

doping level was around 5 for balance of the conductivity and mechanical properties. Figure 

4-3 showed the PBI membrane before and after doping with phosphoric acid (11M). 

 

Figure 5-2 Doping level of the bonded and free phosphoric acid in PBI as a function of acid 

concentration [15] 
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5. 2.2 SEM 

 

 
 

Figure 5-3 SEM images of CsPOMo, CsPOW, CsSiOMo, and CsSiOW 

 

 

Fig. 5-3 showed SEM images of the four CsHPA powder particles. It could be seen that the 

morphology of the four powders was approximately spherical and they were formed micro 

size particles which are clusters of even smaller particles around 200-250 nm. The CsPOW 

and CsPOMo powders were smaller than the CsHPA powder with Si atoms. The smaller 

particles would provide more active surface area and potentially loading more acid that 

should be of benefit to the properties of the composite membranes. Clusters were formed in 

some cases with sizes between 300 and 500 nm. 
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Figure 5-4 SEM images of membrane cross-sections (a) PBI/H3PO4 (b) 30 wt% CsPOW/PBI, 

(c) 30 wt% CsSiOMo/PBI (d) 30 wt% CsSiOMo/PBI/ H3PO4   

  

Fig. 5-4 showed SEM images of the cross-section of the membranes. The powders, shown in 

the image of the CsPOM/PBI and CsSiOMo/PBI composite membranes, were inter-

connected in the composite membranes and dispersed homogeneously through the cross 

section of the membrane. Therefore, the conduction paths were established through the PBI 

matrix over the whole membrane and these conduction paths provide a possible interpretation 

for the high conductivity of the composite membrane, as will be discussed later.  
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5.2.3 FT-IR 

 

All the infrared spectra of CsPOW powders (Fig. 4-5) showed four typical peaks in the 700–

1200 cm
-1

 region. The characteristic vibration bands of P=O (1065cm
−1

), Mo=O (960cm
−1

), 

Mo–Ob–Mo (870cm
−1

), Mo–Oc–Mo (770cm
−1

) of CsPOMo were apparent and peak vibration 

bands of CsPOW shifted to a higher wave number with P=O (1080cm
−1

), W=O (980cm
−1

), 

W-O-W (885 cm
-1

 and 770 cm
-1

) [13].  

 

From the IR spectra of bare CsSiOMo and CsSiOW, it could be observed the peaks 

characteristic at 960 cm-1 for CsSiOMo and at 980 cm-1 for CsSiOW which indicate the 

vibrations of Si=O bonds. Compared to the peak bands of caesium salt of phosphor 

Heteropolyacid, Mo=O (900 cm
-1

), W=O (920 cm
-1

), in the caesium salt of silicon 

heteropolyacid were moved to the left. The spectrum of the PBI membrane indicated the N-H 

stretch near 3350cm
−1

 and the hydrogen-bonded N-H stretch at 3145cm
−1

, and the 

benzimidazole characteristic absorption peaks were detected at 1608, 1560, 1442 and 800 cm

−1 [13]. The peaks of P=O and W=O were showed in CsPOW/PBI membrane, indicating the 

CsPOW powder was successful mixed with the PBI membrane.  
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Figure 5-5 Infrared spectra of a) CsHPA powders b) PBI and CsHPA/PBI composite 

membranes. The peaks for the powders of CsSiOMo, and CsPOW are also shown in the PBI 

composite. 
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5.2.4 XRD  

 

XRD patterns of four caesium salts of heteropolyacid powders were shown in Fig. 5-6. All 

samples gave XRD patterns identical to the crystalline structure. All peaks of powders existed 

at a similar position, indicating the same crystalline structure, and the most intense peaks 

were at around 26°. The XRD data indicates that the CsHPA powders formed cubic 

crystalline structures with. The CsSiOW as an example, the main peaks were fit to the 

Cesium silicon tungsten oxide hydrate comparison in JCPDS database. Also some small 

peaks may come from the structure of cesium tungsten oxide.  

 

The size of the crystalline particles (Table 5-1) was calculated from the Scherrer equation:  

  
  

   
    

     
 

(4.1) 

Where K is the shape factor normally as 0.9, λ is the x-ray wavelength, typically 0.15406 nm, 

β is the line broadening at half the maximum intensity in radians, and   is the Bragg angle.  

 

The CsPOW particle size was the smallest of all CsHPAs. The sizes of caesium salts of 

heteropolyacid powders with phosphor (11-18 nm) were smaller than those with silicon (70-

136 nm), which was smaller than the size of observations particles from the SEM images. 

The crystal particles may be agglomerate to form the cluster that showed a larger size in SEM 

images than the results from Scherrer equation. 

 

Table 5-1 Particles size of four caesium powders 

 2  °    
    

    /nm Average size / nm 

CsPOW 18.35 0.65 12.68 

11.33  26.07 0.74 11.22 

 30.16 0.83 10.1 

CsPOMo 18.42 0.4 21.48 18.73 

http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Radian
http://en.wikipedia.org/wiki/Bragg_diffraction
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 26.16 0.46 18.61 

 30.29 0.53 16.1 

CsSiOW 18.49 0.16 103.91 

136.09  26.25 0.15 151.48 

 30.40 0.15 152.87 

CsSiOMo 18.49 0.17 83.46 

71.07  26.25 0.18 72.1 

 30.39 0.2 57.64 
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Figure 5-6 XRD patterns of Caesium salts of heteropolyacid powders 
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Figure 5-7 XRD patterns of PBI membrane, CsPOW powder, and CsPOW/PBI membrane 

 

The X-ray diffraction pattern of the PBI membrane (Fig. 5-7) showed a broad peak at 2 =24°, 

associated with the convolution of an amorphous region and a crystalline region. The main 

sharp peaks of CsPOW fit to the reference of Caesium phosphorous tungsten oxide hydrate 

founded in Crystallographic Open Database. The peaks of CsPOW/PBI composite 

membranes were positioned almost at the same angle as that of the CsPOW, illustrating that 

the PBI did not affect the structure of the CsHPA after mixing [4].  
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5.2.5 Conductivity  
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Figure 5-8 Conductivities of PBI, 30 wt% CsPOMo/PBI and 30 wt% BmIm/PBI composite 

membranes, doped with 10 mol/L H3PO4 with a doping level of 6 under anhydrous conditions 

BmIm
+
 was larger than Cs

+
, so the strength of bonding between the proton and heteropoly 

anions should be lower, which implied that the dissociation constants should be higher. 

Furthermore, greater degrees of delocalisation of the charge of the anion would lower the 

effective negative charge on its individual basic proton accepting centres, and thus weaken 

the attraction of the proton to the anion [21]. Therefore, the BmImPOMo was expected to 

provide a higher conductivity than the CsPOMo. However, as shown in Fig. 5-8, the 

BmImPOMo/PBI composite had lower conductivity even than the pristine PBI which implies 

that the BmImPOMo blocked the proton transition. This might be attributed to the Keggin 

structure not being formed due to the fact that the size of the BmIm was too large or the 

different ratio of the BmIm as required for the structure. Otherwise, it also may be attributed 

to block H3PO4 transport inner membrane by the large BmIm ion covering the H3PO4 cluster.  
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Figure 5-9 Conductivities of PBI, 30 wt% (CsPOMo:BmIm= 1:3, 1:1, and 3:1)/PBI 

composite membrane doped with 10 mol/L H3PO4 with doping level of 6 under anhydrous 

conditions 

 

As shown in Fig. 5-9, when the Cs:BmIm approached 1:1, the composite membrane showed 

similar conductivity with the pristine PBI under the same condition. The conductivity 

increased by increasing the substitute of caesium in the composite membrane. These results 

were provided by Fig. 5-8 as well, indicating that the BmIm reduced conductivity in the PBI 

membrane. So, Caesium was optimised as the salt substitute of Heteropolyacid. 
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Figure 5-10 Conductivity of CsPOMo powder under anhydrous and humidity conditions  

 

When lower than 190°C, the CsPOMo powder did not show conductivity under anhydrous 

and humidity conditions and it began to provide conduction from around 200°C. The 

humidity was provided by Nitrogen gas with a speed of 150 ml min
-1

 going through the water 

tank at 90 °C, and the tube was 90 °C as well. The conductivity increased with the 

temperature increasing as shown in Fig 4-10. This conductivity might be caused by the H2O
 

being
 
released from the CsHPA with a superprotonic phase formation as the similar 

conduction mechanism of CsH2PO4 under high temperature. When the humidity was added, 

the conductivity increased more than 2 times than that in the anhydrous conditions, so the 

water benefited the conductivity of the CsPOMo powder because it provided more H2O for a 

protonic phase formation. However, the pure CsHPA powder did not provide prospected 

conductivity as expected. 
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Figure 5-11 Conductivities of different ratio Cs-heteropolyacid in PBI membrane doped with 

H3PO4 with a doping level of 4.5 under anhydrous conditions 
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As shown in Fig. 5-11, the CsHPA/PBI composite showed a higher conductivity than the 

pristine PBI indicating the positive affection for conductivity of the CsHPA  

 

Fig. 5-11 showed that the conductivity of Cs-heteropolyacid/PBI composite membranes 

increased with the ratio of the CsHPA rising from 10 wt% to 30 wt%. However, 50 wt% 

CsPOW or CsPOMo reduced the conductivity of the composite membrane compared to 30 

wt% one. When, the CsHPA ratio was less than 30 wt%, CsHPAs HPAs act towardreact with 

the water of hydration, which was generally loosely bound in the structure for high proton 

conductivity, but when it reached 50 wt%, the CsHPA powder might block the conduct path 

of PBI through H3PO4.  

 

Table 5-2 Conductivities of CsHPA /PBI composite membranes loaded with H3PO4. Acid 

amounts of 4.5 RPU under anhydrous condition at 150 °C. The conductivity of the PBI 

membranes is 0.047 S cm
-1 

under the same conditions. 

 

 

% of CsHPA CsPOW 

(S cm
-1

) 

CsPOMo 

(S cm
-1

) 

CsSiOW 

(S cm
-1

) 

CsSiMo 

(S cm
-1

) 

10% 0.066 

 

0.06 

 

0.049 

 

0.048 

 

20% 0.081 

 

0.08 

 

0.054 

 

0.05 

 

30% 0.1 

 

0.12 

 

0.057 

 

0.051 

 

 

Table 5-2 showed the effect of the CsHPA content on the conductivities of the composite 

membranes. A greater content of CsHPA powders in the composite membrane improved the 

conductivity of the membrane. The conductivity of composite membranes was greater than 

that of the PBI membrane (0.047 S cm
-1

) at the same conditions. This improvement of proton 

conductivity is caused by more conducting paths built by the CsPHA in the whole composite 

membrane according to the percolation theory. The protons not only transferred through the 

hydrogen bond, but also the CsHPA particles path from one side to the other. When the 

percentage of CsHPA powders is higher than the percolation threshold, the conductivity 
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improved sharply. Meanwhile, there were more proton defects provided by CsHPA in PA 

leading to higher proton conductivity.  

 

For 30% CsSiOW or CsSiOMo/PBI membranes, the conductivities were around 0.055 S cm
-1

 

and for 30% CsPOW and CsPOMo/PBI membranes they were around 0.1 S cm
-1

. The 

relatively high conductivities of CsHPA/PBI/H3PO4 composite membrane indicated that they 

were promising materials for intermediate temperature PPMFC applications. All membranes 

showed a similar variation in conductivity with the temperature as shown in Fig. 5-12, 

although conductivities were higher with a greater CsHPA content.  

 

 

Figure 5-12 Conductivities of 30 wt. % CsHPA /PBI composite membrane doped with H3PO4 

with a doping level of 4.5 under anhydrous conditions 

 

Fig. 5-12 showed the conductivity data of the CsHPA/PBI membranes loaded with 

phosphoric acid (11 M) to achieve a doping level of 4.5 under anhydrous conditions. It was 

seen that the CsHPA based membranes had greater conductivity than the pristine PBI 

membrane. The conductivity of the PBI membrane was 0.047 S cm
-1

 at 150 °C under the 
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same conditions. This behaviour could be attributed to a combination of the good 

conductivities of the CsHPA powder in the PBI matrix. Overall the CsHPA powder improved 

the conductivity of PBI composite membranes.  

The conductivities of CsPOW and CsPOMo were higher than those of CsSiOW and 

CsSiOMo, which could be attributed to the finer size and better acid uptake of phosphoric 

acid. This result was also in agreement with reported enthalpy of adsorption of ammonia 

(∆H
 
ads) calorimetry indicating that all Cs exchanging silicotungstates were weaker acids than 

their H3PW12O40 counterparts. [19]. The conductivities decreased when the temperature 

exceeded 150 °C, because phosphoric acid could lose water through a condensation reaction 

to form pyrophosphate, above 140°C, which had lower conductivity [20]. The conductivities 

of CsSiOW and CsSiOMo were similar, and the highest conductivities, around 0.12 S cm
-1

, 

were achieved with CsPOMo.  

The higher conductivity of the Cs phosphotungstic acid based materials compared with the 

Cs silicotungstic acid materials agrees with the relative behaviour of these acids when formed 

as composites with PBI and loaded with phosphoric acid [7, 19]. For example the 30% acid 

solid containing membranes, with a phosphoric acid loading of 4.4 PRU, had conductivities 

of 0.033 and 0.029 S cm
-1

 at 140 
o 
C and 5% RH, for P and Si based materials respectively. In 

this work the conductivities of the solid acid/PBI composite membrane loaded with 

phosphoric acid were lower than that achieved with the PBI loaded with phosphoric acid 

without inorganic acid. The conductivity of this composite membrane depended critically on 

the water content or RH. At low humidity (1 %) the conductivities were less than 0.03 S cm
-1

 

for both Si and P based composite materials, significantly less than the conductivities of the 

Cs salt counterparts in this work. As yet the reason for the difference in conductivities of the 

P and Si based solid acid materials when formed as composites with PBI (acid loaded) was 

not known and was the subject of ongoing study, although particle size was one factor.  
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5. 2.6 Tensile test  

 

Table 5-3, Mechanical strength of 30 wt% CsHPA acid/PBI membrane  

 PBI CsPOMo /PBI CsPOW /PBI CsSiOMo /PBI CsSiOW /PBI 

Maximum 

strength 

(MPa) 

60 42 36.1 43.9 50.9 

 

 

The mechanical strength of membranes without acid was measured at 42% relative humidity 

(RH) and room temperature (Table 5-3). All four composite membranes showed good 

mechanical strength although the mechanical strength of CsHPA/PBI composite membrane 

was weaker than that of the pristine PBI membrane and decreased with increased powder 

content (data not shown). This reduction in mechanical strength was indicative of the absence 

of physicochemical interaction between Cs-HPA and the PBI matrix [21].  The mechanical 

strengths of CsPOW and CsPOMo membranes were lower than those of CsSiOW and 

CsSiOMo. This indicated that the Si atom provided better mechanical properties although 

inferior conductivity than those of the P based salts.  
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5.2.7 Fuel cell test 
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Figure 5-13a Polarisation and power density curves of a PEMFC operated at 150 °C with 

H2/O2 atmospheric pressure 
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Figure 5-13b Polarisation and power density curves of a PEMFC operated at 150 °C with 

H2/Air atmospheric pressure 

 

Fig.5-13 Comparison of CsHPA/PBI/H3PO4 composite membranes and PBI/H3PO4, in fuel 

cell performance Pt loading: cathode 0.7mg cm
−2

; anode 0.7mg cm
−2

; anhydrous condition, 

H3PO4 loading level: 4.5, gas rate: anode: 40 dm
3
 min

-1
; cathode: 70 dm

3
 min

-1
. 

 

The polarisation and power density curves of the H2/O2 and H2/air fuel cells obtained at 

150 °C under anhydrous conditions for PBI and CsHPA/PBI membranes were shown in Fig. 

8. The open circuit voltages (OCV) of all membranes were more than 0.95V, which indicates 

that the membranes have low gas permeability. If the gases go through the membrane directly, 

the hydrogen and oxygen reaction would happen on the one electrode, thus there is an electric 

cycle formed in the electrode rather than the whole fuel cell system leading to the OCV 

reduction. All the fuel cells exhibited significant activation polarisation, with overpotential of 

some 0.25 V at 0.1 A cm
-2

. The performances of the cells with the CsHPA/PBI composite 

membranes were significantly better than that with the PBI membrane. Current densities of 

CsHPA/PBI at 0.4 V with oxygen were over 1 A cm
-2

 at 150 °C. The CsPOW and CsPOMo 
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membranes gave better fuel cell performance than those of the CsHPA with Si atom. The 

peak power densities of PBI, CsPOW/PBI, CsPOMo/PBI, CsSiOW/PBI, and CsSiOMo/PBI 

were 0.43, 0.59, 0.63, 0.51, and 0.48 Wcm
-2

, respectively. The result of CsPOMo/PBI was 

similar with the literature review which gave peak power densities of 700 mW cm
-2

 [13]. The 

good performances were mainly attributed to the superior proton conductivity of the former 

and also the strong acid and water retention properties of the composite membrane.  

 

With atmospheric air, the OCVs of membrane were more than 0.95 V. The peak power 

density with the PBI membrane was 0.334 W cm
-2

 and cell voltages produced with the 

CsHPA composite membranes were greater than those with the PBI membrane at high-

current densities. The CsPOMo gave a peak power density of 0.45 W cm
-2

. CsHPA/PBI 

composite membranes achieved 1.6 A cm
-2

 under air conditions at 150 °C. The CsHPA/PBI 

composite membranes were thus suitable for use with H2/Air. 

 

The internal resistance, as estimated from the voltage drop in the intermediate voltage range, 

gave a cell conductivity of around 0.03 S cm
-1

 for the CsSiOMo membrane fuel cell. This 

conductivity was approximately half that of the membrane itself and indicates significant 

voltage loss in the electrode layers (and other cell components). Furthermore, as Fig. 8 shows, 

from current densities 0 to 0.1 Acm
-2

 there
 
was an approximate 250 mV voltage loss, 

indicating that the catalyst compositions in the MEA were not “optimal” for the fuel cell.  
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a) 

 

b) 

Figure 5-14 (a) IR corrected polarisation curves of PBI and CsHPA-PBI membrane; (b) 

Tafel plots obtained from polarisation curves (I is current density).  
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To investigate the kinetics performance of the electrodes in the fuel cell, the voltage losses 

associated with the membrane resistances and the contact resistances between the electrolyte 

and the electrodes were removed from the fuel cell polarization curve to provide called as IR 

correction. The Tafel slopes were calculated to indicate electrochemical kinetics behavior.  

Figure 5-14 showed IR corrected polarisation curves of the fuel cells operated with H2/O2 at 

150 °C. IR correction was based on the combined resistance of membrane and electrode, 

measured from the slope of the cell voltage vs. current density at a high current density region 

(0.5–1.0 A cm
−2

).  

 

In this region the voltage loss associated with electrode polarisation was small compared to that 

of the internal resistance. From the plot of the IR corrected voltage vs. log (current density I), 

the slope (Tafel type) of the line of PBI and CsHPA were around 100 mv per decade, The value 

was close to the literature reported values (100 mV dec
−1

) on ORR electrodes for phosphoric 

acid loaded PBI fuel cells [22].  

 

 

Figure 5-15 The PBI membrane polarisation curves of different cathode electrode layers at 

150 °C 
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Overall, although the CsHPA/PBI composites were potential membranes for polymer 

phosphoric acid electrolyte membrane fuel cells, more studies were required to optimise the 

electrode catalyst layer composition and to establish suitable MEA preparation. As the best 

conductivity power among these four CsHPAs, the CsPOMo was added into the catalyst 

solution at different ratios to investigate the electrode catalyst layer composition. The anode 

electrode had 0.2 mg cm
-2 

Pt and 30 wt % PTFE. The membrane electrolyte was PBI with 4.5 

PRU of PA. The Pt/C loading in the cathode was 0.6 mg cm
-2

 and the PTFE content was 20 

wt % of Pt/C used, and CsPOMo was at the ratio of PTFE 1:3, 1:1, and 3:1, respectively. As 

shown in Figure 4-15, when the CsPOMo was added to the catalyst solution, the polarisation 

curve reduced and the lower voltage was shown at the same current density. There should be 

two opposite inflections of the CsPOMo powder to be used in the catalyst. One was to build 

the proton conducting path which benefited to the conductivity, and the other one was to 

block the gas to reach to the catalyst. When less CsPOMo powder added, the performance 

reduced which can be attributed to the CsPOMo powder blocked gas access to the catalyst 

surface. However with the CsPOMo content increasing to a value 3 times than that of the 

PTFE, a good proton transfer property of the CsPOMo powder started to exhibit due to the 

conduction path built.  

 

5.3 Conclusions 

 

Inorganic-organic composite electrolytes, made from CsHPA and PBI were prepared for use 

in phosphoric-acid polymer membrane fuel cells (PPMFC). The composite membranes, 

loaded with H3PO4 had higher conductivities than that of the phosphoric acid loaded PBI 

membrane. In fuel cell tests the CsHPA/PBI composite membranes gave superior 

performance to that of a PBI membrane. The P form of the CsHPA provided higher 

conductivity, as composite membranes, than those of CsHPA with Si atom, although the 

mechanical strength was inferior. The CsHPA showed better conductivity than BmImHPA, 

indicating that Cs was better as a salt substitute with Heteropolyacid. The data indicated that 

the PBI composites with CsHPA loaded with phosphoric acid could be potential membranes 

for intermediate PEMFC because of their high conductivity and fuel cell performance of > 

0.6 W cm
-2 

with atmospheric pressure oxygen. 
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Chapter 6: Graphite Oxide/Polymer Composite Membrane 

 

Graphite oxide (GO) and functionalised GO were considered as good fillers to improve the 

conductivity of the membranes. GO and FGO were prepared and characterised in this chapter. 

They were combined with polymer matrix as composite membranes at a temperature ranging 

from room temperature to 200°C at a low PA doping level. The conductivity and 

performance of the composite membranes were studied to investigate the inflection of the GO 

and FGO to the membrane in the PEMFC.  

 

6.1 Introduction 

    

Graphite oxide (GO) consists of carbon, oxygen and hydrogen in variable ratios, which is 

exfoliated into individual graphite oxide nanoplatelets in water because of the hydrophilic 

oxygen groups attached to the graphite sheets [1]. Graphite oxide (GO) not only has most of 

the properties of graphite, but also has improved characteristics, such as better dispersion 

capability because of the increased number of O and N atoms. GO typically preserves the 

layer structure of the parent graphite, but the layers are buckled and the interlayer spacing is 

much larger than that of graphite [2-4]. GO is an insulator but controlled oxidation provides 

tunability of the electronic and mechanical properties, and the proton conductivity of a 

composite membrane is attributed to the hydrogen bonds in GO. The presence of different 

acidic functional groups like carboxylic acid, and epoxy oxygen, makes graphite oxide sheets 

strongly hydrophilic, which could provide more facile hopping of protons and hold more 

water [3-8]. 
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Figure 6-1 Schematic of Graphite Oxide (GO) structure  

 

The typical model structure widely accepted for GO is shown in Fig. 6-1. Expandable 

graphites which are oxidised by sulphuric acid and potassium permanganate easily 

incorporate functional groups into its galleries, including carbonyl (=CO), hydroxyl (-OH), 

carboxyl (-COOH), phenol groups attached to both sides, and oxygen epoxide groups 

(bridging oxygen atoms) [2-4]. GO films are typically insulating, exhibiting sheet resistance 

(Rs) values of about 1012 V sq
-1

 or higher, because of the absence of percolating pathways 

among sp
2
 carbon clusters in GO which allow classical carrier transport [1]. However, GO 

when added to water, hydrolyzes to form thin platelets, which are negatively charged. The H
+
 

ions will be released from the carboxyl groups on the sheets of GO when humidified, and 

these groups make it suitable for various applications when improved conductivity is needed 

[1-3].  
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6.2 GO/PEO composite membrane 

 

Graphite oxide (GO) was considered attractive for many applications owing to its unique 

thermal and mechanical properties. It was already reported that in combination with PFSA, 

the unique structure and high surface area of the GO could provide more proton transport 

channels and hold more water, which could be beneficial for the improvement of proton 

conductivity and the mechanical properties of the membranes. However, PFSA is costly, so 

graphite oxide had been investigated as inorganic fillers in a Poly-ethylene oxide composite 

membrane used for low temperature fuel cells. 

 

6.2.1 Results and Discussion 

 

The photo of the prepared PEO/GO membrane was shown in Fig. 6-2 (a). The pristine PEO 

membrane is transparent, but after mixed with GO, it changed to a yellow colour membrane 

as shown in Fig 6-2 (a). Poly (ethylene oxide) (PEO) was a widely used hydrophilic polymer 

with high tensile strength and flexibility. It also exhibited ion-transport behaviour when ionic 

salts were dissolved in it [9]. SEM images showed that the membrane was condensed 

composite materials without defects, such as air bubbles or pores (Figure 5-2 (b) and (c)). 

Such prepared membrane was around 80 µm in thickness and the GO in the PEO polymer 

matrix was the source of H
+
 ions imparting ion conductivity.  

 

 

GO/PEO                                                         PEO 
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Figure 6-2 (a) the illustration of the PEO/GO and PEO membrane, SEM morphology of the 

PEO/GO membrane with 0.5 wt% GO (b) the surface (c) and cross-section 

  

The membrane was tested by XRD. The GO layers in the PEO matrix and the data were 

shown in fig. 6-3. According to the reference standard graphite pattern from JCPDS data (ref. 

00-041-1487), the peak indexed (002) at 26.38º, (100) at 42.2º, and (101) at 44.4º signify the 

crystalline structure of graphite showed in fig. 6-3. The graphite has a hexagonal structure, so 

the layer distance (d) could also be calculated from the equation of  

 

   
 

 
 
        

  
  

  

  , for the sharpest peak (002),                     . The 

distinguishable (002) peak of graphite at 26.38º has an interplanar distance, d(002), of 3.38  . 
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This implies that graphite is a highly oriented carbon material. Meanwhile, the XRD pattern 

of GO shows an intense and sharp peak centered at 11.28° which corresponds to an 

interplanar distance of 7.83  . The increase of interplanar distance of the GO is due to the 

existence of oxygen functional groups.  The GO is synthesized by chemical oxidation 

method, so it involves a number of chemical processes such as oxidation of carbon atoms at 

the periphery of the graphite matrix to form oxygen-containing groups including hydroxyl, 

carbonyl, or epoxy groups. So the acid-oxidized graphite shows a variable interplanar 

distance which depends on the synthesis method, air moisture, and other factors. 
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Figure 6-3, the explanation spectra of Graphite, Graphite Oxide, PEO, and PEO/GO 

membrane  

 

Through comparing the XRD spectra of the PEO membrane and the PEO/GO membrane 

which were prepared under the same conditions, the reflection peak near 2θ = 19.75º 

contributed to the PEO matrix itself. The peak of PEO did not shift after mixing with GO, but 

a sharp peak appeared at 2θ = 4.5º, this peak is caused by the GO. According to the Bragg’s 

law:   
  

     
 when the   shifted to the small value, the distance between the GO layer was 

expanded. The distance of the layer changed from 7.83   to the 16.9   indicated that the PEO 

molecules intercalated into the layers of the GO that the layer of GO was expanded. Also, this 

intercalation indicated that these two materials could mix during the membrane preparation 

process and they were highly compatible. 

 

 

FTIR studies were undertaken to confirm the functional groups in the PEO/GO membrane 

and the results were shown in Figure 6-4. The FTIR spectrum of GO in fig. 6-4 showed CH3
-
 

(2926 cm
−1

) and CH2
-
 (2851). The C=O stretching vibrations in the carboxyl group as C=O is 

also visible around 1720 cm
−1

. Oxygen functionalities in graphite oxide at 3300 cm
-1

 (O-H 

stretching vibrations), and evidence of the epoxide group can be seen at about 1032 cm
−1

, 
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representing C-O stretching vibrations, while no significant peak was found in graphite 

(Figure 6-4). Comparing the FTIR of PEO and GO/PEO, the peaks are in the similar position, 

because the indentify peaks such as C=O and C-O are both existed in PEO and GO. 

However, after mixing of GO and PEO, the PEO should insert into the GO layer that leading 

the layer distance increased which was evidenced in Fig 6-3. These confirmed that graphite 

powder was oxidised successfully. The FTIR spectrum of the PEO/GO membrane included 

all the GO vibrations which indicated the presence of proton releasing groups in the 

membrane. These results depicted OH and other functionalities, such as COOH groups, in the 

resultant PEO/GO membrane. 

 

Figure 6-4 FTIR spectrum of Graphite (a), Graphite Oxide (b) and PEO/GO membrane (c) 

 

The conductivity of the PEO/GO composite membrane increased from 0.086 S cm
-1

 to 0.134 

S cm
-1

 from 25 ºC to 60 ºC, at a relative humidity of 100% as shown in Figure 5-5.  The ionic 

conductivity continued to increase at temperatures above 60 ºC, but the membrane became 

soft during the test, which is a limitation of the PEO polymer. Therefore, the optimum 

operating temperature would be around 60 ºC with the current membrane for applications in a 

PEMFC. A higher temperature resulted in higher conductivity and reduced membrane tensile 
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strength and mechanical property because of the low glass transition temperature of the PEO. 

The pristine PEO membrane did not show ionic conductivity under the same conditions. So 

the conductivity of the GO/PEO composite membrane comes from GO that provided the 

ionic conduction path which was dependent on the H
+
 released from the COOH, OH groups 

and which helped the absorption and retention of more water. These results indicated that GO 

and temperature played an important role in conductivity.  

 

 

Figure 6-5 Conductivity of the PEO/GO membrane at a relative humidity of 100% from 25 

ºC to 60 ºC 

 

Furthermore, the DC electrical resistance of this PEO/GO membrane was greater than 20 MΩ 

at a room temperature 100% RH. The high resistance (low conductivity) also supported the 

formation of GO which had a reported electrical conductivity lower than 1×10
−9

 S cm
-1

 (10
7
 

fold lower when compared to graphite [1, 4].  

 

The polarisation and power density data obtained at different operating temperatures of 

GO/PEO membranes were shown in Figure 6-6. The open circuit potentials (OCV) for the 

fuel cell were relatively high, around 950 mV, at temperatures of 16 ºC and 30 ºC. The peak 

power densities were only 15 mW cm
-2

 and 20 mW cm
-2

 at 16 °C and 30 °C, respectively. 
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When the operation temperature was increased to 60 ºC with RH 100%, the power density 

increased to 53 mWcm
-2

 (Fig.5, c), nearly 2.5 times than that achieved at 30 ºC which  

contributed to the higher temperature increasing the conductivity of the membrane. However, 

the OCV fell significantly to 760 mV from 950 mV, which was indicative of greater gas 

crossover, presumably associated with the softening of the membrane. Without optimizing the 

composition of catalyst layers, these power density results were attributed to high 

catalyst/membrane interfacial resistance. However, such performance still confirmed the 

feasibility of applying the PEO/GO composite membranes in fuel cells.   

Figure 6-6 Polarisation and power density curves of the PEO/GO membrane in the fuel cell 

test. The Pt loading was 0.7 mg cm
-2

 and H2 and O2 was used in the test without back 

pressure at 16 °C, 30°C, and 60°C. 
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6.2.2. Conclusions 

 

PEO and GO were both hydrophilic and are highly compatible to form ionic conducting 

composite membranes for fuel cell applications. Proton exchange membranes could be 

prepared without polymer modifications. The key to this membrane’s ion conductivity was 

the proton released from the COOH groups on the GO sheets in the PEO polymer matrix. 

Humidity was necessary for ionic transport in the membrane as water absorbed into the 

polymer acts as the medium for releasing protons. Ionic conductivity was also dependent on 

the temperature, which when increased may improve the release of protons from the COOH 

groups. However the higher temperatures, above 60 ºC, caused deterioration in the 

membrane’s mechanical property. The PEO/GO composite membrane had a proton 

conductivity of 0.09 S cm
-1

 at 60 
o 
C, and gave a power density of 53

 
mW cm

-2
 in hydrogen 

PEMFC.  

 

6.3 GO/PBI and functionalised GO/PBI composite membranes 

 

The sulphonic acid moieties formed hydrophilic domains with a size of around 40    when in 

contact with water. The attempt to improve water retention ability of sulfonic acid groups 

would improve the conductivity. Recently, adding sulphonic acid groups to the GO composite 

as electrolyte has attracted attention. Kannan et al. reported the sulfonic acid-functionalised 

MWCNTs with Nafion
®
 to enhance the performance of PEMFC [6], the GO and functional 

GO were evidenced to improve the conductivity and retain water. Also, in comparison to the 

carbon nanotube, GO was much cheaper and easier to get. So GO and functional GO were 

considered as candidates to be used in polymer membranes in order to improvr conductivity 

and fuel cell performance. Ionic liquids (ILs) had good solubility in water and solvent and 

introduce a surface charge, so GO modification with ILs should create more stability and 

good dispersion in various matrices. Also Ionic liquid provided more proton transfer channels 

which would be beneficial to conductivity. The functional GO sheets were functionalised 

with 1-(3-aminopropyl) - 3-methylimidazolium bromide (IL-NH2) combination with PBI 

membranes. 
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6.3.1. Results and discussion  

 

                    

GO/PBI/PA                                                        SGO/PBI/PA 

Figure 6-7 SEM images of GO/PBI/PA and SGO/PBI/PA 

 

SEM observation was carried out after the membrane cast. Figure 6-7 shows SEM images of 

the cross-section of the GO/PBI and SGO/PBI composite membranes. The sheets in the 

membranes were dispersed through the cross section of the membrane. The GO, SGO and 

sheets should remain exfoliated in the polymer matrix and were tightly held in the PBI matrix 

according to the strong interfacial interactions. Therefore, the conduction paths were 

established through the PBI matrix over the whole membrane and these conduction paths 

provided a possible interpretation for the high conductivity of the composite membrane. 

Additionally, the membrane with SGO exhibited a more uniform morphology than the one 

with GO. 
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a) 

 

b) 

Figure 6-8 (a) Infrared spectra of Graphite, GO, SGO, and ILGO (b) Infrared spectra of PBI 

and GO/PBI 
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FTIR studies confirmed the successful oxidation of graphite to graphite oxide, as shown in 

Figure 6-8. The FTIR spectrum of GO and SGO in Figure 6-8 (a) showed the presence of 

different types of oxygen functionalities in graphite oxide at 3300 cm
-1

 (O-H stretching 

vibrations), at 1720 cm
-1

 (stretching vibrations from C=O), the two peaks at 2854 cm
-1

 and 

2922 cm
-1

 correspond to symmetric Vs (CH2) and asymmetric Vas(CH2) while no significant 

peak was found in graphite (Figure 6-8). These resulted depict OH and other functionalities, 

such as COOH groups, in the resultant GO, which also confirmed the successful oxidation of 

graphite. Broadening occurred in -SO3- symmetric stretching vibrations bands at 1040 cm
-1

 

and asymmetric stretching of -SO3- groups at 1174 cm
-1

 shown in SGO [7, 12]. 

 

The characteristic band of the carboxylic group in ILGO appeared at 1725 cm
-1

 (C=O 

stretching), the C-O vibrations of epoxy groups in GO appeared at 1153 cm
-1

, and the CH3(N) 

stretching, CH2(N) stretching, and ring in-plane asymmetric stretching arising from the 

imidazolium ring at 1571 cm
-1

 and 1348 cm
-1

, which confirmed the successful attachment of 

amine-terminated IL-NH2 to GO nanosheets [12]. It indicated that IL was successfully 

grafted onto the GO. 

 

As shown in fig 6-8 (b), comparing the PBI and GO/PBI composite, the stretching vibrations 

of C=O at 1720, C-O at 1077, CH3- at 2921 and CH2- at 2851 was appeared that 

corresponding to the GO structure, indicating the GO was mixed with PBI membrane to form 

the composite material.  
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Figure 6-9 Conductivities of composite membranes loaded with H3PO4 PRU of 1.9 under 

anhydrous conditions 

 

Figure 6-9 showed the conductivity data of the PBI, GO/PBI, and SGO/PBI membranes 

loaded with phosphoric acid (2 mol dm
-3

) to achieve a PRU of 1.9 under anhydrous 

conditions. The conductivity of the PBI membrane was 0.023 S cm
-1

 at 175 °C. The amount 

of “bonded acid” corresponded to two molecules of PA per repeat unit of PBI with two 

nitrogen sites for hydrogen bonding in a PBI monomer unit [13]. So the PA in membranes 

was mainly bonded acid that should remain inside the membranes and should not be easily 

removed during fuel cell operation.  

 

The GO based membrane had greater conductivities than the pristine PBI membrane, and 

SGO gave even higher conductivities. For example, at 175°C, conductivity of PBI, GO/PBI, 

and SGO/PBI was 0.023 S cm
-1

, 0.027 S cm
-1

, and 0.052 S cm
-1

 as shown in Table 5-1. The 

improvement could be attributed to the combinations of the highly conductive GO and SGO 

in the PBI matrix. The conductivity of all membranes increased with temperature up to values 

of around 150 
o
C. Overall the GO and SGO sheets improved the conductivity of PBI 
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composite membranes, with the latter giving values above 0.05 S cm
-1

. The observed 

enhancement in conductivity could be explained by the increased SO3H
-
 group content of the 

membrane due to the addition of SGO, which could possibly increase the number of channels 

available for proton transport by interconnecting some of the hydrophilic domains [6]. The 

GO and SGO enhanced the conductivities of the PBI with bonded acid which indicated that 

they were suitable candidates for fuel cells.    

 

Figure 6-10 Arrhenius plots of PBI, 2 wt. % GO/PBI and 2 wt. % SGO/PBI composite 

membrane loaded with H3PO4 with acid loading of 1.9 PRU under anhydrous conditions 

For a hopping-like conduction mechanism, the conductivity follows the Arrhenius law [13]:  

        
   

  
  

 

 
    

   

  
  

(6.1) 

Where σ0 and A are pre-exponential factors and Ea is the activation energy. The Arrhenius 

plots for acid loaded PBI and its composite membranes are illustrated in Figure 6-10. 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0376738803004216#FIG10
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Table 6-1 Activation energy and conductivity of the membrane at 175 °C 

Membrane sample Conductivity (S cm
-1

) Ea (kJ mol
−1

) 

PBI/PA 

GO/PBI/PA 

SGO/PBI/PA 

0.023 

0.027 

0.052 

16.1 

11.4 

9.3 

 

Figure 6-10 showed the Arrhenius plots of the conductivity of the membranes, Ion transport 

activation energies (Ea) of membranes obtained by the Arrhenius equation are presented in 

Table 6-1. The Arrhenius behavior indicated the charge carriers are decoupled from the 

segmental movement of polymer chains [13, 14]. The activation energy is the barrier of the 

membrane that the proton conducting [13, 14]. The activation energy of the PBI/PA 

membrane was 16.1 kJ mol
-1

, which was higher than that of GO and SGO loaded membranes. 

The lower activation energy requirement of the composite membrane indicated the proton 

conducting was easier to start, therefore the conductivity of composite membranes are higher 

than that of PBI membrane which was confirmed by  the conductivity results.  

Figure 6-11 Conductivities of PBI and ILGO/PBI composite membranes loaded with similar 

PRU of 1.9 and 3.6 under anhydrous conditions 
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ILGO also showed a better conduction behaviour when it was added into the PBI membrane. 

The higher doping level of H3PO4 provided higher conductivity. The ILGO/PBI of 2 PRU 

showed a similar conductivity performance with the PBI membrane of PRU 3.6. The GO or 

functional GO as a filler used in the polymer matrix was an ideal way to reduce the doping 

level of the membrane. The ionic liquid group could form the bond with H2PO4
-
 which 

provides some defects for the proton transfer, so it is benefit to the proton conductivity that 

the ILGO/PBI shows better conductivity than pristine PBI. However, the proton conductivity 

of ILGO/PBI is less than the GO/PBI. This might come from the H
+
 in GO, which can form 

hydrogen bonding with PA, be hindered by the large IL clusters. This is the main method for 

proton transport, so the proton conductivity was reduced. Otherwise, the GO was partly 

reduced to graphite which is not electric isolation when synthesized with IL. Therefore a 

short cut may form in the membrane that decreased the proton conductivity. 
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(a) 
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 (b) 

Figure 6-12 Polarisation and power density curves of a fuel cell operated at 175 °C with (a) 

H2/O2 atmospheric pressure and (b) H2/Air atmospheric pressure. Pt loading: cathode 0.9 mg 

cm
−2

; anode 0.5 mg cm
−2

; anhydrous condition, H3PO4 PRU: 1.9, membrane thickness=70 

μm  

 

Fuel cell performance tests were carried out with H2/O2 and H2/Air atmospheric pressure. The 

polarisation and power density curves of the H2/O2 and H2/air fuel cells obtained at 175 °C 

under anhydrous conditions for PBI, GO/PBI and SGO/PBI membranes were shown in Fig. 

6-12 The PBI based fuel cells exhibited significant activation polarisation, with overpotential 

of some 0.25 V at 0.1 A cm
-2

, and the GO/PBI and SGO/PBI based fuel cells exhibited 

similar overpotentials of around 0.2 V at 0.1 A cm
-2

. The performance of the cells with the 

GO/PBI and SGO/PBI composite membranes was significantly better than that with the PBI 

membrane. The peak power densities of PBI, GO/PBI, and SGO/PBI with oxygen were 0.22, 

0.38 and 0.6 W cm
-2

, respectively. The better performance was mainly attributed to the 

superior proton conductivity of the latter and also the strong acid and water retention 

properties of the composite membrane at low acid loading. Hydrogen bonds in GO which 

form acidic functional groups like carboxylic acid, and epoxy oxygen, could provide more 

facile hopping of protons to enhance the conductivity, and SO3H
-
 group in SGO also benefit 
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the conductivity.  

 

With atmospheric air, the OCVs of the membrane were above 0.9 V. The peak power density 

with the PBI membrane of 0.144 W cm
-2

 was much lower than obtained with higher PA acid 

loading (11 M) PBI membrane (0.34 W cm
-2

) tested in the previous work [15]. The cell 

voltages produced with the GO/PBI composite membranes were greater than those with the 

PBI membrane at high-current densities. The SGO/PBI gave a peak power density of 0.43 W 

cm
-2

. However, the GO/PBI and SGO/PBI with low PA loading levels gave a good 

performance which was even higher than that of greater (11.0 M) PA loaded PBI membrane, 

and indicated that the GO/PBI and SGO/PBI composite membranes were suitable for use 

with H2/Air fuel cells. 

 

The results also confirmed that the Ohmic resistances of GO/PBI and SGO/PBI were less 

than that of the pristine PBI membrane. The voltage loss of the SGO/PBI membrane based 

fuel cell was 0.22 V from 0.6 to 1.6 A cm
-2

. This was equivalent to a conductivity of 0.031 S 

cm
-1

, which was in reasonable agreement with that of the membrane itself. In the case of the 

PBI membrane the voltage loss in the Ohmic region gave a conductivity of some 0.013 S cm
-

1
, in reasonable agreement with the measured membrane conductivity which was shown in 

Figure 6-9. 

 



Chapter 6: Graphite oxide/polymer composite membrane 

 

Page | 140  
 

Figure 6-13 Polarisation and power density curves of a fuel cell operated at 175 °C with (a) 

H2/O2 atmospheric pressure. Pt loading: cathode 0.9 mg cm
−2

; anode 0.5 mg cm
−2

; anhydrous 

conditions, H3PO4 PRU: 1.9 and 3.5.  

 

The fuel cell performance of ILGO/PBI composite membranes at different doping levels were 

both better than that with the PBI membrane. The membrane of higher doping level gave the 

better performance indicating that the H3PO4 was the main role for the conductivity. The 

better performance was mainly attributed to the superior proton conductivity of the ILGO and 

also the strong acid and water retention properties of the composite membrane. However, the 

performance of ILGO/PBI was worse than that of GO/PBI at low acid doping. This might be 

attributed to hydrogen bonds in GO which form acidic functional groups and could provide 

more facile hopping of protons to enhance the conductivity rather than ILGO. The H
+
 could 

release from carboxyl group in GO, so the GO could be both acceptor and donor for the 

proton, and the aminoproyl-methylimidazolium bonded with H2PO4
- 

formed
 
a large group 

may cover the surface of GO which hinder the hydrogen bonding formation between 

carboxyl group and PA. This is one of the possible reasons that the ILGO/PBI had a lower 

conductivity than GO/PBI under the same condition. The other reason may be the GO partly 
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reduced to graphite which is electronic conductivity when synthesized with IL, and this ILGO 

had both proton and electron conductivity which had opposite affection for fuel cell 

performance.  
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Fig. 6-14 Voltage response of a 12 h fuel cell life test under a constant voltage of -500 mV vs 

OCV at150 ◦C with H2/O2 conditions  

 

In order to initially assess the stability of the fuel cell, the durability of the resultant 

membrane was measured with Chronoamperometry for 12 h at 150 °C with H2/O2 at 

atmospheric conditions. Data presented in Fig. 6-14 showed that the performance of the fuel 

cell with the GO/PBI/H3PO4 composite membrane was stable in the tested range up to 12 

hours. This result indicated that the GO was stable in fuel cell work conditions and the 

membrane was potentially stable during high temperature PEMFC applications although the 

long-term stability of the composite membrane still needed to be further investigated. 

 

Overall, the new GO/PBI related composite membrane was a promising material for the 

PEMFC. There were some aspects which need further study to improve fuel cell performance. 

For example, from current densities 0 to 0.1 A cm
-2

, there
 
was an approximate 250 mV 
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voltage loss, indicating that the catalyst compositions in the MEA were not “optimal” for the 

fuel cell.  

 

6.3.2 Conclusions  

Inorganic-organic composite electrolytes, made from GO or SGO in PBI had been prepared 

for use in the PEMFC. The composite membranes, loaded with a low content of H3PO4 had 

higher conductivities than that of the phosphoric acid loaded PBI membrane. The GO/PBI, 

SGO/PBI, and ILGO/PBI composite membranes had proton conductivities of 0.027 S cm
-1

, 

0.052 S cm
-1

, 0.025 S cm
-1 

at 175 ºC, respectively. In fuel cell tests the GO/PBI and SGO/PBI 

composite membranes gave a superior performance to that of a PBI/PA membrane with high 

loadings of PA. The peak power densities of GO/PBI, SGO/PBI were 380 mW cm
-2

, 600 mW 

cm
-2

 and 320 mW cm
-2 

under H2/O2 conditions. The data indicated that the PBI composites 

with SGO, loaded with phosphoric acid may be potential membranes for high temperature 

PEMFC because of their high conductivity and fuel cell performance. 
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Chapter 7: Functionalised PBI 

 

7.1. Introduction 

The PBI membrane was considered as a potential material for the PEMFC membrane. 

Furthermore, some functionalised groups such as -SO3, -CH3, and -CH2-SiC (CH3)3 [1] were 

combined with PBI to improve conductivity, water retention and the mechanical strength of 

PBI. 

 

In the present work, Quaternary Polybenzimidazole (QPBI) was synthesised that described in 

Chapter 3. The primary chemical structure and properties of the products were discussed in 

this chapter. Proton conductivity of H3PO4 loaded QPBI were studied. 

 

7.2 Results and discussion  

The NMR spectrum of synthesised QPBI dissolved in a solution of DMSo-d6 was shown in 

Fig. 6-1. In the spectrum, the characteristics of PBI backbone were found. The peaks in the 

4.05-4.25 ppm were assigned to the quaternary group and the peak of 3.26 was assigned to 

the CH2-CH2N group [1- 3]. The peak assignments were consistent with the chemical 

structure of the quaternary group. The two peaks in the range of 1-1.1 ppm and 3.4-3.5 ppm 

were assigned to the N-CH2-CH3 structure, which were caused from some side reactions such 

as extra Chloro-N, N-dimethylethylamine hydrochlorid reacting with iodomethane. 
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Figure 7-1 
1
H NMR spectra of QPBI 

Figure 7-2 FT-IR spectra of QPBI 
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Fig. 7-2 showed the FT-IR spectra of the synthesised QPBI. The broad absorption band in the 

3500–3000 cm
−1

 range was assigned to the N–H stretching of the imidazole rings and the 

pendant amino groups [3]. The shoulder peak at 1617 cm
−1

 and the strong absorption band at 

1465 cm
−1

 were assigned to the C=N stretching and the in-plane deformation of the imidazole 

rings. The peaks of 2925 and 2854 cm
-1

 were attributed to HCH2- and NCH2CH2- stretching 

which indicated that the synthesised QPBI is not fully quaternary. The small peaks at 1174 

cm
-1

 and 1286 cm
-1

 were attributed to the quaternary ammonium group stretching vibration in 

QPBI [2, 3]. 

 

 

                                           a) 

b) 
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c) 

Figure 7-3 EDX analysis for QPBI; before (a) and after (b) H3PO4 treatment 

The SEM images (Fig. 7- 3a) of the membrane cross-section reveal a dense and non-porous 

structure after PA loading. As a fuel cell membrane, non-porous is a basic factor. Otherwise, 

the big crossover which is caused by H2 gas directly going through the porous in the 

membrane will reduce the open circle voltage and further decrease the fuel cell performance. 

In Fig. 7-3b the EDX analysis of QPBI showed C, Cl, and I elements at 0.25, 2.6, and 4.9 

keV, respectively, which were contributed by QPBI and the ammonium group. The Al and Si 

element peaks were contributed by the sample holder. Fig. 6c showed the data for QPBI after 

loading with PA for 7days. The Cl
-
 and I

- 
element peaks were missing and the significant P 

element peak at 2.0 keV suggested a complete substitution of Cl
-
 and I

- 
to H2PO4

-
. So, after 

PA loading there was no contribution to conductivity from HCl or HI acid. The conductivity 

followed the PA transport mechanism.  
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Figure 7-4 Variation in H3PO4 doping level of PBI and QPBI membranes in different H3PO4 

concentrations at room temperature after 7 days 

Fig. 7-4 showed the effect of PA concentration on the loading of acid in the PBI and QPBI 

membranes after 7 days of treatment. At the same phosphoric acid concentrations, QPBI had 

a higher acid loading than the pristine PBI. The higher PA loading in the QPBI compared to 

that for PBI achieved in low PA concentration was an attractive feature for membrane 

production. This higher PA loading was caused from the quaternary group enhancing the 

absorption capability of acid, because the quaternary group could form ionic bonds with PA 

rather than hydrogen bonds. So QPBI could reduce the acid loading amount and free acid 

content that would benefit the mechanical strength. The higher acid absorption capability 

from quaternary groups took more acid at the same acid concentration. This was also in 

agreement with experimental results. Also the volumetric swelling of QPBI at 85% H3PO4 

was lower than for PBI as shown in Table 6-1. This less-compact packing of QPBI was 

caused by the higher acid loading, because there was already open space inside QPBI for 

adopting the acid. 
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Table 7-1 Volume swelling and mechanical strength of PBI and QPBI membrane  

 PBI QPBI 

Volume Swelling (%) 90 40 

Maximum 

load (MPa) 
60 46 

 

The mechanical strength of membranes without acid was measured at 42% relative humidity 

(RH) and room temperature (Table 1). The result of the tensile strength of PBI agreed with 

the literature (67.5 MPa) [4, 5]. The mechanical strength of QPBI membrane was weaker 

than that of the pristine PBI membrane. This reduction in mechanical strength was indicative 

of the dimethylethylene group introduced into PBI that changed the atomic packing in the 

macromolecular chain of QPBI.  

 

Figure 7-5 Conductivities of PBI and QPBI membrane loaded with H3PO4 . PRU of 3.6 and 

3.5 respectively under anhydrous conditions 
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Fig. 7-5 showed the conductivity data of the PBI and QPBI membranes loaded with 

phosphoric acid to achieve a PRU of 3.5 under anhydrous conditions. After loading with the 

concentration of phosphoric acid (2.0 M H3PO4), the QPBI membrane showed a higher PA 

loading of 3.5. This was attributed to the ammonium group grafting onto the PBI chain which 

could form more hydrogen bonds. In comparison, the PBI was treated with a higher 

concentration of phosphoric acid to achieve a similar PA loading (3.6).    

The QPBI membrane provided higher conductivity than that of PBI at the same doping level. 

For example, at 180°C, conductivity of PBI and QPBI were 0.026 S cm
-1

, 0.051 S cm
-1

. The 

improvement could be attributed to the fact that the ammonium group in quaternary PBI had 

stronger strength bonds to transfer the proton and higher acid absorption and retention 

capability which benefited proton transport. The ammonium group could also increase the 

number of channels available for proton transport by interconnecting some of the hydrophilic 

domains [6]. The QPBI exhibited enhanced conductivity compared to PBI with bonded acid 

which indicated that it was a suitable candidate for fuel cells.  This indicated that PBI 

provided better mechanical properties although inferior conductivity than QPBI. A balance 

between conductivity and mechanical strength was required for a promising membrane in 

fuel cell applications. 

 

Figure 7-6 Polarisation and power density curves of a fuel cell operated at 175 °C with H2/O2 

at pressure. Pt Loading is 0.5 mg cm
-2

 both anode and cathode 
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Figure 7-7 Polarisation and power density curves of a fuel cell operated at 175 °C with  

H2/Air atmospheric pressure. Pt Loading is 0.5 mg cm
-2

 both anode and cathode 

 

Fuel cell performance tests were carried out with H2/O2 and H2/Air at atmospheric pressure. 

The polarisation and power density curves of the H2/O2 and H2/air fuel cells obtained at 

175 °C under anhydrous conditions for PBI and QPBI membranes are shown in Fig. 7-6. The 

open circuit voltages (OCV) of all membranes were 0.95 V, which indicates that the 

membranes had low gas permeability [7].. The performance of the cells with the QPBI 

membranes was significantly better than that with the PBI membrane. The peak power 

densities of PBI and QPBI with oxygen were 0.265 and 0.44 W cm
-2

, respectively. However, 

the PBI with high PA loading (11M PA) showed better performance than that with low PA 

loading [8-9] indicating that PA loading was a main factor in fuel cell performance. At the 

same output voltage of 0.5V, the current densities of the QPBI membrane was over 0.6 A cm
-

2
 higher than 0.4 A cm

-2
 of PBI membrane at 175 °C. The better performance was mainly 

attributed to the superior proton conductivity of the QPBI which comes from the quaternary 

ammonium group and also the ammonium group has strong acid and water retention 

properties at low acid loading.  

 



Chapter 7 Functionalized PBI 

 

Page | 153  
 

As expected, using air instead of O2 would significantly reduce the performance as shown in 

Fig. 6-7. The OCVs of the membrane were around 0.9 V. The peak power density with the 

PBI membrane (0.151 W cm
-2

) was lower than that obtained with the QPBI membrane (0.24 

W cm
-2

) with a similar PA loading. The cell voltages produced with the QPBI membranes 

were greater than those with the PBI membrane at high-current densities.  

 

The internal resistance, as estimated from the voltage drop in the intermediate voltage range, 

gave a cell conductivity of around 0. 0158 S cm
−1

 of QPBI. This conductivity was much less 

than that of the membrane itself and indicated significant voltage loss in the electrode layers. 

As few mobile PA was present in the membrane due to the low PA loading used, the 

electrode layer would have a relatively low ionic conductivity and thus catalyst utilisation in 

the electrode reactions would be relatively low.  
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Figure 7-8 (a) IR corrected polarisation curves of PBI and QPBI membrane; (b) Tafel 

plots obtained from polarisation curves (I is current density)  

Fig, 7-8 showed IR corrected polarisation curves of the fuel cells operated with H2/O2 at 175 

°C. The voltage loss associated with electrode polarisation was small compared to that of the 

internal resistance in this region. The Tafel slope of PBI and QPBI were approximate 112 mV 

and 108 per decade, respectively. The value was close to the literature reported values (100 mV 

dec
−1

) on ORR electrodes for phosphoric acid loaded PBI fuel cells [10].  

 

7.3 Conclusion 

A functionalised PBI with a quaternary ammonium group was successfully prepared and 

characterised for use in a high temperature PEMFC.  The QPBI membranes, treated with the 

same content of H3PO4 had higher doping levels. The ionic conductivity of the QPBI 

membrane was 0.051 S cm
−1

 at 150 °C which was two times that of the pristine loaded PBI 

(0.026 S cm
−1

) with the same PA doping level. In fuel cell tests, power densities of 440 mW 

cm
−2

 and 240 mW cm
−2

 were achieved at 175 °C using oxygen and air, respectively. The data 

indicated that the quaternary ammonium group benefited from the conductivity of PBI and 

the QPBI membrane could be considered as a candidate membrane for high temperature 

PEMFC.  
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Chapter 8:  Poly (tetrafluoroethylene) Support Composite 

Membranes 

This chapter described research into a CsXH3-XPMo12O40 (CsPOMo)/ quaternary 

diazabicyclo-octane polysulfone with Poly-tetrafluoroethylene (QDPSU/PTFE) composite 

membrane with a low phosphoric acid loading.  The membrane was characterised in terms of 

structure, proton conductivity and mechanical strength. Also, dimethylhexadecylamine 

partially quaternised poly (vinyl benzyl chloride) (qPVBzCl-) was synthesised as the 

substrate for the phosphoric acid loaded PTFE composite polymer membrane. 

The composite membrane was synthesised and prepared as described in Chapter 4.   

8. 1 Introduction 

The premier works were based on PBI membranes, and quaternised polymers were also 

considered as a potential candidate membrane for intermediate temperature PEMFC. Poly 

(R1R2R3)
 N+

/H3PO4 [1] and quaternary diazabicyclo-octane polysulfone/ H3PO4 [2] gave 

acceptable conductivity and performance for intermediate temperature fuel cells as discussed 

in Chapter 2. Although a number of novel quaterinised materials have been developed, a 

number of challenges into the exploration of membranes with high fuel cell performance and 

mechanical strength still remained.  

Good mechanical strength was an important property for membranes, as it benefited the 

working period in the fuel cells. However, quaternary ammonium (QA) groups in modified 

polymer materials significantly affected the resultant polymer physicochemical properties. 

This was due to reasons such as polymer chain rearrangements and crystal structure changes 

[2-7]. Therefore, besides ion conductivity, the stability and tensile strength are main factors in 

considering quaternised polymers as electrolyte membranes in PEMFCs. 

Polytetrafluoroethylene (PTFE) was a material that could increase the mechanical strength of 

the membrane.  

 

 



Chapter 8 Poly (tetrafluoroethylene) support composite membranes 

 

Page | 157  

 

8.2 Caesium Salt of Heteropolyacids/Quaternary diazabicyclo-octane Polysulfone/PTFE 

composite membranes 

8.2.1 Results and Discussion 

Fig. 8-1 showed an SEM image of the cross-section of the CsPOMo/PSU/PTFE/H3PO4 

membrane. The dense structure of the composite membrane indicated that the pores of the 

PTFE membrane were filled with the CsPOMo and QDPSU. The distributions of caesium, 

phosphorous and molybdenum elements in the membrane were analysed using EDX and 

were shown in Fig. 8-2. Distribution of the CsPOMo and QDPSU was evidenced by the Cs, 

sulphur and fluorine elements. Phosphorous represented the H3PO4 loading in the membrane. 

As shown in Fig. 8-2, a homogenous structure of the composite membrane and a good 

dispersion were obtained.  

 

  

a)                                                                         b) 

Figure 8-1 SEM of a)  CsPOMo/QDPSU/PTFE/H3PO4 composite membrane and b) PTFE 
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a) 

 

b)                                                                        c) 

 

d)                                                                         e) 

Figure 8-2 EDX analysis of CsPOMo/QDPSU/PTFE/H3PO4 composite membrane a) Cs, b) S, 

c) F, d) P, e) Mo  
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Fig. 8-3 showed the infrared spectra of CsPOMo-PSU-PTFE-H3PO4. The characteristic 

vibration bands of P=O (1065 cm
-1

) in CsPOMo were apparent [9]. The small peaks at 

2924 cm
−1

, 1620 cm
−1

 and the sharp peak at 1490 cm
−1

 were attributed to quaternary 

ammonium group stretching vibration [2]. For the PA/QDPSU membrane, a significant 

vibration peak was found at 960 cm
−1

 and was attributed by the P=O vibration. The data 

suggested the successful preparation of CsPOMo-PSU-PTFE-H3PO4 membranes. 

Figure 8-3 Infrared spectra of CsPOMo/PSU/PTFE/H3PO4 composite membrane 

Fig. 8-4 showed conductivity data of the CsHPA/PSU/PTFE membrane loaded with 

phosphoric acid  (PRU 1.8)  at a  relative humidity < 1%. In comparison to the PBI 

membrane with the same PA loading, the composite membrane had much higher conductivity. 

The conductivity of the composite membrane varied from 0.035 to 0.04 S cm
-1  

in the 

temperature range of 105 to 150
 o 

C. The highest conductivity of the PBI membrane was only 

0.023 at 180 
o 
C. The CsPOMo enhanced the conductivity of the membrane which might be 

due to the combination of the CsPOMo powder and the PSU/PTFE [9]. The combination of 

the hydrophobic PTFE substrate and hydrophilic (QDPSU) structure could improve water 

retention inside the membrane which could benefit conductivity [4].  The conductivities 

decreased when the temperature exceeded 150°C, which was caused by degradation of the 

http://www.sciencedirect.com/science/article/pii/S0360319911007695#fig3
http://www.sciencedirect.com/science/article/pii/S0360319911007695#bib14
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QDPSU. This indicated that the quaternary group was not stable in QDPSU over 150 °. 

However, it might be considered possible for this membrane to be used at 150 °C. 

Figure 8-4 Conductivities of CsPOMo/PSU/PTFE composite membrane and PBI membrane 

loaded with H3PO4 (PRU 1.8) under relative humidity <1%
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Figure 8-5 Polarisation and power density curves of a fuel cell operated at 150 °C with (a) 

H2/O2 and (b) H2/air atmospheric pressure. Pt loading: cathode 0.4 mg cm
−2

; anode 0.2 mg 

cm
−2

; no gas humidity, H3PO4 PRU: 1.8, membrane thickness 28 μm. Gas rate: anode: 40 

dm
3
 min

-1
; cathode: 70 dm

3
 min

-1
. 
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Figure 8-6 Polarisation curves of CsPOMo/QDPSU/PTFE and PBI fuel cell operated at 

150 °C with H2/O2, at atmospheric pressure, humidity <1%. 

The polarisation and power density curves of the H2/O2 fuel cell obtained at 150 °C at low 

humidity (< 1%) with the CsPOMo/PSU/PTFE membrane were shown in Fig. 7-5. Total Pt 

catalyst loading was relatively low at 0.6 mg cm
-2

.
 
The cell open circuit voltage was 0.85 V, 

which indicates that the relatively thin membrane (28 μm) was partially gas permeable.  This 

probably resulted in some gas crossover and thus electrode polarisation was caused by mixed 

potentials at the electrodes. However, the thin membrane provided reasonably good 

conductivity. A peak power density of 240 mW cm
-2

 was achieved with oxygen. This peak 

power was only slightly better than that with a low acid loading PBI membrane (220 mW cm
-

2
, doping level 1.9) used in previous work as shown in Fig. 7-6 [6]. The performance 

achieved by the composite membrane could be attributed to its greater proton conductivity 

and superior water retention properties on the membrane surface at low acid loading [4, 8]. 

The fuel cell with hydrogen and CO2 free air gave a peak power density of 140 mW cm
-2

 

which was lower than that with oxygen, as would be expected from the lower partial pressure 

of oxygen with the former.   
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(a)

 (b) 

Figure 8-7 a) IR corrected polarisation curves of CsPOMo/PSU/PTFE b) Tafel plots 

obtained from polarisation curves in b). I is the current density. 
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The internal resistance, as estimated from the voltage drop in the intermediate voltage 

range, gave a cell conductivity of around 0.006 S cm
-1

. This conductivity was much 

lower than that of the membrane itself and indicated significant voltage loss in the 

electrode layers (and other cell components). Furthermore, as Fig. 7-6 shows, there
 
was 

an approximate 200 mV voltage loss from current densities of 0 to 0.1 A cm
-2

. 

 

IR correction based on the combined resistance of the membrane and electrode, was 

measured at the high current density region (0.4- 0.8 A cm
-2

) with H2/O2 at 150 °C shown in 

Fig. 8-7. Compared to that of the internal resistance, the voltage loss associated with 

electrode polarisation was small in this region. From the plot of the IR corrected voltage vs 

log (current density I), the slope (Tafel type) of the line was approximately 98 mV per decade. 

The value was close to the literature reported values (100 mV dec
-1

) on ORR electrodes for 

phosphoric acid loaded PBI fuel cells [9].  

 

8.2.2 Conclusions 

A thin CsPOMo/PTFE/QDPSU composite membrane was prepared and characterised for use 

in a high temperature PEMFC. The ionic conductivity of the composite membrane, loaded 

with a low content of H3PO4, was 0.04 S cm
-1

 at 150 
o
C. In fuel cell tests, power densities of 

240 mW cm
-2

 and 140 mW cm
-2

 were achieved using oxygen and air, respectively. The data 

indicated that the CsPOMo/PTFE/QDPSU composite could be considered as a candidate 

membrane for high temperature PEMFC because of its acceptable conductivity and fuel cell 

performance with a low PA acid loading. 
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8.3 Dimethylhexadecylamine quaternized poly (vinyl benzyl chloride)/PTFE composite 

membrane 

8.3.1 Results and discussion  

 

Fig. 8-8 showed the thermogravimetric analysis (TGA) results of the H3PO4 doped 

PTFE/qPVBzCl
-
 composite membrane. From the curve there were mainly three steps for the 

weight loss: the first step, between the temperatures of 30°C to 100 °C, was the dehydration 

process of the composite membrane. The weight loss in this step was 10% which was mainly 

due to the free absorbed water in the membrane. The second step, with temperatures ranging 

from 250°C to 450 °C, was the degradation of the ionomer and PTFE. The third step, with 

temperatures of 550°C to 600 °C, was the carbonisation process. The composite membrane 

was stable in the intermediate temperature from 100°C to 200 °C, which was in a suitable 

fuel cell operation range. 

 

 

Figure 8-8 TGA analysis of the H3PO4 doped PTFE/qPVBz/Cl- composite membrane 
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Figure 7-9 showed the tensile test results for the PTFE porous thin film, H3PO4 loaded 

PTFE/qPVBzCl
-
 composite membrane (PTFE/qPVBzCl

-
) and H3PO4 loaded qPVBzCl

-
 

membranes. The H3PO4 loaded qPVBzCl
-
 membrane tensile strength was 9.55 MPa and 

Young’s modulus was 0.1GPa. For the H3PO4 loaded PTFE/qPVBzCl
-
 membrane, the tensile 

stress was 56.23 MPa, and Young’s Modulus was 0.25GPa.  The fractured elongation was 

23%. The PTFE, tensile strength was 51.20 MPa and Young’s modulus was 0.131GPa. The 

H3PO4 loaded PTFE/qPVBzCl- composite membrane had a better tensile strength than the 

PTFE thin film, which was a result of the contribution of the filled polymer qPVBzCl
-
.  The 

membrane tensile strength was improved after the application of the PTFE thin film.  

 

 

Figure 8-9 Stress-strain curves of the PTFE porous membrane, H3PO4 doped PTFE/qPVBzCl
-
 

composite membrane and H3PO4 loaded qPVB/Cl
-
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Figure 8-10 Proton conductivity-temperature relationship for the H3PO4 loaded 

PTFE/qPVBzCl
-
 membrane 

 

Fig. 8-10 showed the conductivity data of the H3PO4 loaded PTFE/qPVBzCl
-
 membrane 

loaded with phosphoric acid (11 M) to achieve a PA loading of 5 at a relative humidity <1%. 

The conductivity of the membrane increased with increased temperature indicating good 

stability at intermediate temperatures. The peak conductivity was 0.1 S cm
-1

 at 180 °C. The 

combination of hydrophobic (PTFE substrate) and hydrophilic (qPVBzCl
-
) structure would 

improve water retention inside the membrane which benefited conductivity [1, 2]. 
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Figure 8-11 Polarisation curves of H3PO4 loaded PTFE/qPVBzCl- membrane. H2/O2 was 

used without back pressure; Pt/C (0.5 mg cm
-2

) 

 

The polarisation and power density curves of the H2/O2 obtained at 120 °C, 150 °C and 175 

°C under low humidity conditions (<1%) for H3PO4 loaded PTFE/qPVBzCl
-
 membranes 

were shown in Fig.7.11. The fuel cell performance improved with the increasing temperature 

which was in agreement with the conductivity results. When the operating temperature 

increased from 120 °C to 175 °C, the OCV increased from 0.71 V to 0.85 V [3, 5, 7, and 13].  

At 0.6 V, the fuel cell gave a 200 mA cm
-2

 current density and a 120 mA cm
-2

 power density 

at 175 °C. This voltage was a suitable value for fuel cell applications. 

  

 

 



Chapter 8 Poly (tetrafluoroethylene) support composite membranes 

 

Page | 169  

 

 

Figure 8-12 IR corrected V-I polarisation curves (A) and Tafel slopes (B) for different 

operation temperatures 

 

Fig. 8-12 showed the Tafel plot of the IR corrected V-I curves. These results showed that the 

voltage loss was 72 mV, 60mV and 54mV per decade for temperature at 125 °C, 150 °C and 

175 °C respectively. These values were less than the literature’s reported values for the 

phosphoric acid loaded PBI fuel cells [4, 12]. The internal resistance, as estimated from the 

voltage drop in the intermediate voltage range, gave a cell conductivity of 0.018 S cm
-1

 at 175 

°C. This conductivity was much less than that of the membrane itself and indicated 

significant voltage loss in the electrode layers and other cell components.  

 

8.3.2 Conclusions 

 

N, N-Dimethylhexadecylamine partially quaternised poly (vinyl benzyl chloride) (qPVBzCl
-
) 

was synthesised as the substrate for the phosphoric acid doping membrane through porous 

polytetrafluoroethylene (PTFE) thin film. qPVBzCl
-
 was successfully filled into the 

interconnected pores of the PTFE film to prepare the solid PTFE/qPVBzCl
-
 membranes. The 
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weight of the qPVB/Cl
-
 ionomer in the PTFE/qPVBzCl

-
 was 71% of the overall membrane 

weight. It could achieve phosphoric acid doping level 4.67 to 5.12. The H3PO4 loaded 

PTFE/qPVBzCl
-
 composite membrane tensile strength was greatly improved after the 

applications of the PTFE thin film and the membrane was stable in the intermediate fuel cell 

operation temperature from 100°C to 200 °C with peak conductivity of 0.1 Scm
-1

 at 180 °C. 

A peak power density of 360 mW cm
-2

 and limited current of 1.2 A cm
-2

 was achieved at 175 

°C.  
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Chapter 9: Conclusion and Perspectives 

9.1 Conclusions 

Proton exchange membrane fuel cells (PEMFC) are currently based on high cost materials 

such as Nafion
®
 membrane at low temperature. The high cost and challenges associated with 

low temperature operation conditions hinder the commercialization of fuel cells for future 

hydrogen economy. New materials for membrane and higher temperature (over 100°C) fuel 

cells offer advantages for operation.  

Phosphoric loaded PBI offered proton conductivity operating in a range from 100-200 °C, 

using inorganic filler, and were considered a good option with polymer matrix to form a 

composite membrane for increasing conductivity.  Heteropolyacid was a good conductor and 

can be transferred into relevant salts or introduced into other organic/inorganic systems for 

the development of novel proton conductors.  The Cs-Heteropolyacid salt showed good 

conduction. The higher content of CsHPA in polymer provided the higher conductivity at a 

range of 10%-30%. The peak fuel cell power densities based on membranes of PBI, 

CsPOW/PBI, CsPOMo/PBI, CsSiOW/PBI, and CsSiOMo/PBI with a doping level of 6 were 

0.43, 0.59, 0.63, 0.51, and 0.48 Wcm
-2

 with atmospheric pressure oxygen, respectively. 

Under the same content (30%) in polymer, the CsPOMo showed the highest conductivity and 

fuel cell performance and CsSiOW provided the highest tensile strength. The CsHPA 

provided better conductivity than BmImHPA, indicating that Cs was better as a salt substitute 

with Heteropolyacid.  

 

The GO/PBI, SGO/PBI, and ILGO/PBI composite membranes for a doping level of 1.9 

H3PO4 PRU had proton conductivities of 0.027 S cm
-1

, 0.052 S cm
-1

, 0.025 S cm
-1

 at 175 ºC, 

respectively. The peak power densities of GO/PBI, SGO/PBI were 380 mW cm
-2

, 600 mW 

cm
-2

 and 320 mW cm
-2

 under H2/O2 conditions. The GO and FGO added into PBI was a good 

way to improve the conductivity and reduce the PA loading.  The caesium substitutes, 

heteropolyacid salt and graphite oxide, were good candidates using as inorganic filler in the 

PBI membrane for operation in a range of 100-200 °C. 

A functionalised polymer (quaternary PBI) was effectively used to increase the conductivity 

and fuel cell performance. The quaternary ammonium PBI was used due to its higher acid 

absorption ability and water retention which benefits proton transport, and also the quaternary 
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group had a stronger bonding strength with PAThe. QPBI had a higher PA loading than PBI 

loading when treated with the same concentration of  2.0 M PA. The QPBI membrane 

showed 0.051 S cm
−1

 at 150 °C with PRU of 3.5. In fuel cell tests, power densities of 440 

mW cm
−2

 and 240 mW cm
−2

 were achieved at H2/O2 and H2/O2, respectively. Modified PBI 

with a functional group was another choice to improve conductivity of PBI, and the 

functional group may also work in other polymers such as PSU. 

CsPOMo-PTFE-QDPSU and N, N-Dimethylhexadecylamine partially quaternized poly 

(vinyl benzyl chloride) (qPVBzCl
-
)/PTFE composite membranes were prepared and 

characterised for use at a high temperature PEMFC. CsPOMo-PTFE-QDPSU (PRU 1.8) 

showed conductivity of 0.04 S cm
-1

 at 150 °C and power densities of 140 mW cm
-2

 at H2/air 

at 175 °C. PTFE/qPVBzCl
-
/H3PO4 of 5 PRU composite membranes had a peak power density 

of 360 mW cm
-2

 at 175 °C. The PTFE provided the better mechanical strength, so the 

combination of the PTFE support frame with polymer or inorganic materials which had good 

conductivity but low mechanical strength is an ideal method to fit the commercial fuel cell. 

These studies provided a new approach for the phosphoric acid doping membrane 

development. 

 

9.2 Future research recommendations 

 Recommendations on future work are addressed below: 

1. Novel solid proton conductors such as Zr(HPO4)2 and CsHPO4 as fillers combined 

with PBI to form composite membranes to reduce the requirements of free acid and 

moisture and to enhance the conductivity of PBI.  

2. Stability and degradation studies of fuel cells based on acid loaded PBI over a longer 

times (over 1000 hours) operation test.  

3. The properties including conductivity, mechanical strength, and gas permeability of 

PBI may also be improved by functionalised PBI structure, such as sulfonation, cross-

linking and adding side chains and functional groups. 

4.  The electrode optimising based PBI system as well as including choosing the 

ionomer type and ratio. The novel preparation method such as catalyst coating on 

membrane method for MEA is also worth studying. 
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5. Novel polymers membrane materials for intermediate temperature PEM fuel cell. The 

polymer could be sulfonation polymer, quaternary polymer or polymer could form the 

hydrogen bond with phosphoric acid such as Polybenzoxazine [1], Polyphosphazene 

[2]. This synthesised polymer couild also be combined with inorganic fillers to further 

improve the properties. 

6. Develop membranes which can operate above temperatures of 200 °C. There would 

be no PA in this system due to the dehydration of PA at over 200 °C, such as 

CsHPO4/GO and ionic liquid loaded PBI. More investigations are required to better 

understand the mechanism of ionic conduction in such materials to find optimising 

materials.  

7. In order to minimise the resistance between electrodes and membranes, a catalyst ink 

with certain ionomer loading should be optimised. It is worth paying attention to the 

various conductivity ionomers (such as functionalised graphite oxide and ILHPA) and 

the amount of ionomers.  
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