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Abstract 

ABSTRACT 

 

A fuel cell is an energy device that converts chemical energy to electrical 

energy. Low temperature fuel cells, namely the hydrogen fuel cell and the direct 

methanol fuel cell are preferred amongst other fuel cell types for stationary and 

vehicular applications, due to their small size and their low operating temperature.  

The direct methanol fuel cell (DMFC) has several advantages over the 

hydrogen fuel cell including ease of transport and storage since methanol is a liquid. 

Since methanol is used directly in the cell there is no need for a reforming process, 

which results in a less complicated system. However, direct methanol fuel cells are in 

their infancy and many problems need to be overcome before reaching 

commercialization.  

The direct methanol fuel cell has several disadvantages, namely, the sluggish 

methanol oxidation reaction, the high cost of state-of-the-art proton exchange 

membranes (e.g. Nafion® membrane a trade mark of DuPont), the high methanol 

permeability from anode to cathode (known as methanol crossover) and the 

dependence of the conductivity on membrane water content, which limits their use to 

temperatures below the boiling point of water - typically at 80°C - while the need is to 

work at high temperatures (120°C-150°C) to avoid CO absorption on the catalyst 

surface.   

Attempts to overcome the disadvantages of the state-of-the-art membrane were 

made in this study, including the development of novel proton exchange membranes 
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and also the modification of existing state-of-the-art membranes (e.g. Nafion® 

membranes).   

Flexible inorganic materials purchased from Creavis Technology and 

Innovation under the trade name CREAFILTER® were used as a matrix for composite 

membranes. CREAFILTER®s matrices were impregnated with proton conductive 

materials, namely, zirconium bis (monohydrogen phosphate) mono-hydrate, 

Zr(HPO4)2.H2O (denoted as ZrP) and Nafion® solution. 

Four types of CREAFILTER® were investigated: Z100G, Z240G, S450P and 

Z450P. It was found that these matrices are chemically and thermally stable, and 

furthermore, mechanically stable down to 30 µm thickness.   

  CREAFILTER® impregnated with ZrP shows good characteristics for DMFC 

applications including high conductivity, reduced methanol permeability and high 

water content.  

The selectivity factor (β) which is the ratio between conductivity and methanol 

permeability, was adopted as a way of comparing membranes with a standard 

membrane (Nafion® 117 in this case). 

The composite inorganic CREAFILTER® Z240G impregnated with ZrP shows 

a selectivity factor (β) of 4.9 which is higher than that of Nafion® 117 (β = 4.5). 

CREAFILTER® Z240G/ZrP composite membrane will perform better than Nafion® 

117 in the direct methanol fuel cell mode. Inorganic CREAFILTER® matrices Z100G 

and S450P impregnated with ZrP show similar selectivity factors to Nafion® 117, 

showing the potential of these membranes for application in fuel cells. 
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The inorganic CREAFILTER® matrices were also impregnated with Nafion® 

solution. These composite membranes show high conductivity (∼10-2 S/cm) and low 

methanol permeability. Furthermore, this type of composite has an advantage over 

similar composite membranes (e.g. Gore Select® a trade mark from Gore and 

Associates) due to its higher water content since CREAFILTER®s are fabricated from 

metal oxides (SiO2, ZrO2 and Al2O3) which are well known for their high water 

content.  

Recast Nafion® is brittle, cracks easily and is soluble in solvents. A recast film 

annealed at high temperatures (around 160°C) produced a mechanically stable film. 

Recast Nafion® / inorganic fillers were prepared and investigated. The inorganic fillers 

used were ZrO2 and two different ZrP: firstly ZrP powder prepared by phosphorization 

of ZrO2 powder, and secondly by using the ion exchange capacity of Nafion®, where 

H+ ions are exchanged with Zr+4 by soaking Nafion® membrane in ZrOCl2 solution. 

ZrP was precipitated in situ by soaking the membrane in H3PO4. Introducing inorganic 

fillers in recast Nafion® enhanced the desired characteristics, namely, increased 

mechanical stability, reduced methanol permeability and increased water content. 

The CREAFILTER® matrix impregnated with ZrP was improved further by 

coating the composite membrane with Nafion® film. The Nafion® coating serves as a 

barrier to ZrP leaching and also to methanol permeability. Furthermore, the Nafion® 

coating will play an important role in membrane electrode assembly fabrication. 

CREAFILTER®s impregnated with Nafion® were prepared with high 

conductivity and reduced methanol permeability. On the other hand, ZrP was found to 
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be the best inorganic additive to proton conductive polymers, since ZrP it is itself a 

proton conductor and has a high water content. A composite membrane was 

successfully prepared by impregnating CREAFILTER® with Nafion® solution, 

followed by the introduction of ZrP via an ion exchange of H+ in the Nafion® with 

Zr+4, followed by precipitation of ZrP. 

Preliminary results in a single fuel cells show the potential of the prepared 

membrane for direct methanol fuel cell application. However, an appropriate 

membrane electrode assembly fabrication protocol needs to be developed.  
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CHAPTER 1 

INTRODUCTION 

1.1 FUEL CELLS 

Fuel cells are the new energy devices for stationary and vehicular applications. 

A fuel cell is an electrochemical system which converts chemical energy to electrical 

energy. Low temperature fuel cells, namely hydrogen fuel cells (referred to as H2-

PEMFC: proton exchange membrane fuel cell) and methanol fuel cells (referred to as 

DMFC: direct methanol fuel cell), are preferred to other fuel cell types, due to their 

small size and low operating temperature, typically below 200°C.  

The hydrogen fuel cell is well developed. However, hydrogen storage and 

transportation are strong impediments to commercialization. Hydrogen can be 

produced by reforming any hydrocarbon (e.g. gasoline, methanol, ethanol), but formed 

CO will absorb on the catalyst surface, thereby reducing the efficiency of the cell. 

Fuel cells which use methanol directly have several advantages. Methanol is a 

liquid, and therefore easy to store and transport. Furthermore, there is no need for 

reforming, thus complicating the system less. However, DMFCs have several 

disadvantages to overcome before reaching commercialization. The sluggish methanol 

oxidation reaction needs to be improved, mainly by introducing a promoter (e.g. Ru or 

Mo)-to-platinum catalyst. Methanol permeability through the membrane, known as 

methanol crossover, needs to be reduced by developing a new type of proton 

conductor membrane or by modifying state-of-the-art membranes. Methanol oxidation 
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at high temperature, typically around 130-150°C, shows no formation of intermediate 

components (e.g. CO); thus a membrane that can retain the conductivity at high 

temperature needs to be developed. Methanol needs to flow to the membrane/catalyst 

interface, and CO2, a product of methanol oxidation, needs to flow counter-currently 

to methanol. For a better efficiency a two-phase flow needs to be avoided and thus an 

appropriate flow channel and gas diffusion layer needs to be optimized.   

 

1.2 PROTON CONDUCTOR MEMBRANES 

The proton conductor membranes are the heart of the fuel cell; they are the key 

components that achieve high performance. The state-of-the-art proton conductor 

membranes are the perfluorinated polymeric type, e.g. the Nafion® series from DuPont 

and the Flemion® series from Asahi Glass Co. These types of membranes have several 

advantages, namely: 

• High mechanical strength; 

• High chemical stability; and 

• High conductivity up to 80°C. 

However, perfluorinated membranes have several disadvantages in direct methanol 

fuel cell applications, including: 

• High cost, due to the complicated manufacturing process; 

• Low conductivity above 100°C, since the proton conductivity depends on 

        water; and 
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• High methanol permeability (including Nafion® 117 (175 µm thick)), the 

thicker the membrane used in the fuel cell. 

 

1.3 OBJECTIVES 

The objective of this thesis is to develop a proton conductive membrane, which 

can overcome at least one of the disadvantages of state-of-the-art membranes, namely: 

• Low cost membranes and easy manufacturing process; 

• Low methanol permeability; 

• High conductivity at high temperature (above 100°C), by developing a proton 

      conductive membrane where the conductivity does not depend on water or by 

      modifying the existing state-of-the-art membranes; and 

• Enhancing methanol oxidation by increasing the fuel cell working  

      temperature up to 130-150°C.   

 

1.4 REALIZING OBJECTIVES 

Two directions are followed to satisfy the objectives of this thesis 

• Development of a new type of proton conductor membrane 

• Modification of the state-of-the-art membrane to reach the desired 

characteristics 
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1.4.1 A New Type of Proton Conductor Membrane 

The development of new membranes includes the use of a non-conductive 

matrix as support, and an impregnation technique with a proton conductive material 

which was adopted in membrane preparation. 

The matrix chosen in this study is an inorganic flexible ceramic with high 

chemical and thermal stability, reduced thickness (30-200 µm) and high mechanical 

stability. Furthermore, the inorganic matrix metal oxide content (ZrO2, SiO2 and 

Al2O3) are well known for their high water content.  

Two proton conductor materials were chosen for the impregnation technique, 

namely, zirconium phosphate (an inorganic proton conductor) and a polymeric proton 

conductor (Nafion® solution). Since zirconium phosphate is well known as a surface 

conductor, a high surface area (small particle size) material needs to be developed. 

Recast Nafion® is brittle, easily cracks and is soluble in solvents. An appropriate 

method to recast Nafion®, with characteristics similar to the received polymer, needs 

to be found. 

 

1.4.2 Modification of the State-of-the-art Membranes 

The polymeric state-of-the-art proton conductive membranes can be modified 

to achieve the desired characteristics. The modification method adopted in this study, 

is to develop an organic / inorganic composite membrane. The organic proton 

conductor chosen is Nafion®. As inorganic materials zirconium oxide and zirconium 
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phosphate were chosen. The composite membranes prepared were investigated mainly 

for their water content and methanol permeability.  

 

1.5 THESIS SCOPE 

  The thesis is structured as follows: Chapter 2 summarizes the literature review. 

Chapter 3 deals with the methods used in the measurement, namely, conductivity 

measurement, methanol permeability (Diffusion Cell) and single cell testing. 

Membrane preparations and characterizations are reported in Chapter 4. Chapter 5 

reports on the optimization of DMFC parameters in a single cell and using a standard 

membrane (e.g. Nafion® 117). The cell performances with the newly developed 

membranes are summarized in Chapter 6. In Chapter 7, the overall conclusions are 

discussed.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

2.1.1 Background 

The criteria that are going to influence the evolution of the world energy system 

in the present century are complex. The most important new factor is the need to preserve 

the environment, both locally and globally, through the use of new technologies and 

sustainable use of existing resources.  

The Kyoto protocol, which put a limit on greenhouse gas emissions (mainly CO2) 

from the industrialized countries, is a turning point in the global energy chain. On the 

other hand, the 2005 fuel specifications to control automotive exhaust gas emission 

obligate fuel producers to look for different ways of making clean fuel. Automakers are 

also obligated to look for alternative technology to internal combustion engines. The 

interest in studies on energy sources alternative to fossil fuels is linked both to the 

reduction of their availability and the increasing environmental impact caused by their 

use [1]. In the energy field, an important cause of pollutant emissions is linked to ground 

transportation. In the last 40 years, some economic, social and cultural changes have 

encouraged a wide proliferation of vehicles. For example, in Europe, private cars have 

increased from 232 to 435 per 1000 inhabitants in the period 1971-1995 [2]. 

Fuel cells are alternative power sources that can meet global emission regulations, 

and clean production. Although fuel cells have been used since the 1960’s for aerospace 

and military applications, cost was a strong impediment to terrestrial applications.  
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Five major types of fuel cells are available and are defined by their electrolyte. 

These include alkaline (AFC), phosphoric acid (PAFC), molten carbonate (MCFC), solid 

oxide (SOFC) and proton exchange membrane fuel cells (PEMFC). Table 2.1 

summarizes some characteristics of these fuel cells. Proton exchange membrane fuel cells 

are the most attractive candidate for alternative automotive and stationary power sources 

due to their smaller size and much lower operating temperature compared to other fuel 

cell systems. 

In this dissertation, we only consider low temperature fuel cells namely the H2-

proton exchange membrane fuel cell (H2-PEMFC) and the direct methanol fuel cell 

(DMFC), with emphasis on DMFC. 

 
Table 2.1: Fuel cells systems [3, 4] 
 
 
Type     Electrolyte Charge carrier in     Temperature  Likely applications 
       the electrolyte            (°C) 
 
Alkaline fuel    aqueous KOH             OH-                <100         Transportation, Space, Military  
cells (AFC)             solution             Energy storage systems                                          
                 
Proton exchange    proton exchange            H+              60-120        Transportation, Space, Military 
membrane fuel     membrane            Energy storage systems 
cells (PEMFC)       
  
Phosphoric acid     concentrated              H+               160-220             Combined heat and power for  
fuel cells     phosphoric acid           decentralised stationary power 
(PAFC)                systems  
 
Molten carbonate    mixture of             CO3 

2-           600-650        Combined heat and power for  
fuel cells    molten             decentralised stationary power 
(MCFC)     carbonates            systems and for transportation 
      (Li2CO3/K2CO3)           (trains, boats)  
 
Solid oxide    ceramic solid              O2 -           800-1000           Combined heat and power for  
fuel cells      ZrO2(Y2O3)            decentralised stationary power 
(SOFC)               systems and for transportation 
                             (trains, boats)                                                          
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2.1.2 Low Temperature Fuel Cells 

 A fuel cell is an electrochemical system which converts chemical energy to 

electrical energy. A fuel cell differs from a battery in that fuels are continuously 

supplied and the products are continuously removed. There are two distinct fuels for 

low temperature fuel cells: hydrogen as used in a H2-PEMFC, and methanol as used in 

a DMFC. These fuel cells consist of six major parts: end plates, current collectors, 

flow channel blocks, gaskets, gas diffusion layers, and a membrane electrode 

assembly (MEA). Figure 2.1 shows the components of a low temperature fuel cell. 

The fuel cell principle enables a separation between power and energy. The maximum 

power required determines the size of the fuel cell; the energy required determines the 

amount of fuel to be carried. The specific power (W kg-1) of the H2-PEMFC is roughly 

twice that of the DMFC [5]. Because no mobile electrolyte is employed, corrosion 

problems in low temperature fuel cells are reduced and cell construction is simplified 

with few moving parts [6]. Also, fuel cells operate very quietly, therefore, reducing 

noise pollution [4]  

 Since the proton exchange membrane used for the electrolyte is a solid phase, 

it does not penetrate deeply into the electrode as does a liquid one; therefore the 

reaction area is limited to the contact surface between the electrode and membrane [7]. 

The advantage of using solid electrolyte is that no electrolyte leakage will occur [8-9]. 

 To meet the requirements of practical application a large number of single cells 

are assembled together to form a stack. The performance of a stack is different from 
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that of a single cell. The stack has a much higher operating voltage, a greater power 

and better fuel-energy efficiency [10]. 

 

2.1.2.1 Principle of the H2-PEMFC 

 H2-proton exchange membrane fuel cells have existed since the 1960’s; in fact 

they were used in the Gemini aerospace program of the National Aeronautics and 

Space Administration (NASA) of the United States. The MEA for H2-PEMFCs 

consists of five components namely: a porous backing layer, an anode catalyst layer, a 

proton exchange membrane, a cathode catalyst layer, and a porous backing layer. 

Hydrogen is oxidized at the anode. The proton formed migrates through the membrane 

while the electrons flow through the external circuit. In the cathode reaction water is 

formed from oxygen, protons and electrons. Figure 2.2 shows the principle of the H2-

PEMFC. 

 The two half reactions for the H2-PEMFC are as follows: 
 

           Oxidation half reaction: Anode     2 H2                               4H+ + 4e-            
 
           Reduction half reaction: cathode   O2 + 4H+ + 4e-              2 H2O   
 
           Cell reaction       2 H2 + O2                       2 H2O  

 
 
 
2.1.2.2 Principle of the DMFC 

 DMFC technology is relatively new compared to the H2-PEMFC. However, 

the direct oxidation of methanol in a DMFC has been investigated over many years 

and some prototypes were built in the 1960’s and early 1970’s by the Shell Research 
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Center in England [11, 12] and by Hitachi Research Laboratories in Japan [13, 14]. 

These studies were abandoned in the mid-1980’s due to the low performance (25 mW 

cm-2 at best) resulting from the use of a liquid acid electrolyte [11,15,16]. An alkaline 

electrolyte was also used, but evolved CO2 caused carbonation of the electrolyte 

resulting in decreased efficiency by reducing the electrolyte conductivity and de-

polarizing the cathode [17,18]. 

 Currently all the research in DMFCs focuses on using solid proton exchange 

membranes as electrolyte, largely due to its proliferation in H2-PEMFCs.  

 The structure of the DMFC is similar to the H2-PEMFC. At the anode 

methanol is directly oxidized to carbon dioxide, and the reaction at the cathode is 

similar to the H2-PEMFC. Figure 2.3 shows the structure of a DMFC.   

  
The two main half reactions for the DMFC can be summarized as follows: 

 
 
              Oxidation half reaction: Anode     CH3OH  +  H2O                CO2 + 6H+ + 6e-            
 
               Reduction half reaction: cathode   3/2 O2 + 6H+ +  6e-             3 H2O   
 
                Cell reaction            CH3OH  +  3/2 O2               CO2 + 2 H2O
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Figure 2.1: Low temperature fuel cell components [19]. 
 
 
 
 

  
Figure 2.2: Principal of H2-PEMFC.            Figure 2.3: Principal of DMFC. 
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2.1.3 Advantages and Disadvantages of H2-PEMFCs 

 H2-PEMFCs have attracted the most attention due to their high electrochemical 

reactivity [20-23] and very low noble catalyst loading since the development of a 

method at Los Alamos National Laboratory (LANL) to reduce the platinum loading to 

ca. 0.1 mg/cm2 [24-27] compared to 35 mg/cm2 and 4 mg/cm2 used respectively in the 

Gemini program and at General Electric in the 1970s [28-29]. The efficiency 

achievable is higher than in power plants and internal combustion engines [30] and 

there is practically zero pollution. However, the H2-PEMFC has several disadvantages 

including hydrogen storage and transportation and the public acceptance of hydrogen 

as fuel. It is well known that hydrogen and air mixtures are explosive (e.g. the 

Challenger disaster). Hydrogen safety measures are still one of the major implications 

when it comes to the commercialization of H2-PEMFCs. Adequate water content of 

the membranes is essential to maintain the conductivity of the polymeric proton 

exchange membrane [31-35]. During fuel cell operation, water molecules migrate 

through the membrane under electro-osmotic drag, fluid convection, and molecular 

diffusion, making it difficult to retain a high water content within the membrane. 

Generally, humidification is applied to the inlets of the anode and/or cathode in order 

to supply water to the membrane. However, excessive amounts of liquid water could 

impede mass transport within the electrode structure [33]. A thinner membrane is 

preferred in H2-PEMFCs because it can provide an improvement in water management 

due to the enhanced back-diffusion of production water from the cathode to the anode 

side [36]. The oxygen reduction reaction (ORR) is very slow compared to the 
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hydrogen reaction; typically hydrogen electro-oxidation on Pt is shown by an 

exchange current density of 10-3 A cm-2 Pt at ambient temperature. This is some 107 to 

109 times more facile than the oxygen reduction at the cathode [37]. Thus, oxygen 

reduction is a rate limiting factor in H2-PEMFCs [38,39]. 

 

2.1.4 Advantages and Disadvantages of DMFCs 

 The thermodynamic reversible potential for a DMFC is 1.21V at 25°C [40]. 

This value is comparable to that for a H2-PEMFC, which is 1.23V [41-44]. In practice, 

a DMFC has a much lower open circuit voltage (OCV) [42] and electrochemical 

losses at both electrodes lead to a significant reduction in overall performance from 

the theoretical thermodynamic maximum [45].   

 Since methanol is used directly at the anode, and as a consequence, a DMFC 

requires less auxiliary equipment and is therefore a more simplified system compared 

to a H2-PEMFC. Methanol is a liquid made from natural gas or renewable biomass 

sources, which is relatively cheap. Methanol is also easy to store, transport, and 

distribute, where advantage can be taken of the existing gasoline infrastructure. The 

anodic reaction is exothermic for both the H2-PEMFC and the DMFC; heat 

management is a problem in H2-PEMFC stacks. In contrast, aqueous methanol acts as 

a coolant in DMFCs [46-49]. 

 However, as the DMFC is still in its infancy, many problems need to be 

overcome to reach the commercialization stage. This includes the very sluggish 

methanol oxidation reaction, methanol crossover through the polymeric proton 
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exchange membrane, CO2 evolvement at the anode [43,45,50,51], and cathode 

flooding [19, 52-54].   

 The methanol crossover through the polymer electrolyte leads to a mixed 

potential at the cathode, which results from the ORR and the methanol oxidation 

occurring simultaneously. This effect causes a negative potential shift at the cathode 

and a significant decrease of performance in the DMFC. Methanol crossover also 

causes fuel loses; it had been found that over 40% of methanol can be wasted in a 

DMFC across Nafion® membranes [55]. 

 In a DMFC, cathode flooding, which typically occurs unless high cathode 

stoichiometries are used, can determine to a great extent overall cell performance [19, 

52-54]. Water management in the DMFC is especially critical because anode water 

activity is near unity due to contact with liquid methanol solution [56]. Thus, unlike a 

H2-PEMFC, no back-diffusive flux of water from cathode to anode will occur, and as 

a result, vapourization into dry cathode flow is the only pathway for removal of excess 

cathode-side water accumulation from electro-osmotic drag, ORR, and diffusion [56].  

 
 
2.1.5 Hydrogen versus Methanol as a Fuel  

 There are many production processes possible for hydrogen. The current main 

industrial processes include Steam Methane Reforming (SMR) of natural gas, coal 

gasification and water electrolysis. These processes are well known and understood.  

 A major issue in the advancement of the H2-PEMFC is that of hydrogen 

storage. Hydrogen storage can occur in one of the following forms: pressurized gas, 
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cryogenic liquid, in absorbed form as metal hydrides, in absorbed form in carbon 

nanotubes, and as chemical storage in the form of a liquid fuel.  

 Hydrogen compressed into a steel or reinforced plastic composite gas cylinder 

[57], can be achieved, but with considerable resultant size and weight penalty. Liquid 

hydrogen can be obtained by cooling hydrogen gas down to -253°C. The storage 

facility for liquid hydrogen must be very well insulated. Liquid hydrogen storage is an 

energy intensive process due to the high amount of energy needed to convert hydrogen 

to a liquid. Thus, liquid hydrogen is an inefficient choice [3]. It takes up to two hours 

to refuel tanks of three buses [58]. Hydrogen storage can also be in carbon nanotubes 

[59-63] and metal hydrides [57, 64-66]. A metal alloy exposed to hydrogen can form a 

metal hydride depending on the type of alloy. The release of hydrogen usually 

involves the heating up of the metal hydride [3]. There have been a number of 

companies that have offered commercial hydride storage containers for many years, 

e.g. Ergenics Inc., Hydrogen Components, Inc., Gesellschaft fur Electrometallurgie, 

Japan Metals and Chemicals, Texaco Ovonic Hydrogen Systems L.L.C., HERA 

Hydrogen Storage Systems, etc. Chemical storage in liquid fuel form has the 

advantage of being able to utilize an already available infrastructure for fuel 

distribution to end-users [67]. On the other hand, an on-board fuel processor is 

necessary to convert liquid fuel to hydrogen [68]. A comparison of the specific energy 

densities of selected fuels and batteries is presented in Table 2.2. 
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Table 2.2: Specific gravimetric and volumetric energy densities of selected fuels and  

                 comparison with batteries [69] 

  
kW/kg  kWh/l 

 
Diesel fuel      10.0  8.3 
Gasoline      10.2  7.0 
Ethanol       6.9  5.8 
Methanol       5.0  4.2 
Liquid H2       5.0  1.8 
Compressed natural gas (CNG) (300 bar)   3.0  1.8 
Pressurized hydrogen (300 bar)    1.1  0.4 
Ti-Fe-hydride        0.4  1.2   
Na/S batteries       0.12  0.13 
Pb/PbO batteries      0.025  0.070 
 
  

 Methanol is produced from steam reformed natural gas and carbon dioxide 

using copper-based catalyst, and also from renewable biomass sources. Methanol is a 

leading candidate to provide the hydrogen necessary to power a fuel cell, especially in 

vehicular applications [68]. Methanol is currently used as a feed stock for a variety of 

widely used organic chemicals, including formaldehyde, acetic acid, chloromethane, 

and methyl tert-butyl ether (MTBE).  

 Since 1965, methanol has been used in the United States as a fuel in certain 

vehicles (e.g. racing cars), either as pure methanol (M100) or as a gasoline-methanol 

mixture which consists of 15% gasoline and 85% methanol (M85). Nearly 15,000 

methanol vehicles have been operating for nearly a decade now in California, New 

York and elsewhere in the United States. These methanol vehicles are supported by a 

fueling infrastructure of 100 methanol fueling stations in California alone and many 

more across the United States. A recent study by EA Engineering, Science, and 
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Technology, Inc., shows that the capital cost of increasing the throughput of an 

existing gasoline station by adding a methanol storage and methanol compatible 

piping and dispenser was about US$ 62,400 [70]. Table 2.3 outlines a number of 

important properties of hydrogen, methanol and petrol relevant to the assessment of 

safety in case of an accident [71]. 

 

Table 2.3: Physical properties of hydrogen, methanol and petrol relevant to accident 

                  safety [71] 

                  Hydrogen        Methanol          Petrol 
 
Molecular weight              2.016             32.04               107 
Liquid density (gml-1)                       71 (LH2)             791 

      0.0013 (GH2) 
Vapour density relative to air (=1)       14 × lighter        1.1 × heavier    2-5 × heavier 
Volatility (RVP-psi)                 4.6 – 5.3 9 - 15 
Boiling point (K)              20.27  338 
Minimum ignition energy (mJ)            0.14  0.02  0.024 
Diffusion coefficient (cm2 s-1)            0.61  0.0042  0.05 
Flammability limits (vol.%)             4 – 75  6 – 36.5 1 – 7.6 
Explosive limits (vol.%)            18.3 – 59.0 6 – 36  1.1 – 3.3 
Fraction of heat in radiative form           17 – 25   17  30 – 42 
Flame temperature in air (K)            2318    2470 
 
 

  2.1.6 Other Fuel for Low Temperature Fuel Cells 

 The question of whether customers will be fuelling their vehicles directly with 

hydrogen or via the hydrogen-rich carrier (e.g. methanol, ethanol, gasoline, diesel, 

etc.) still seems to be unanswered. This is a very important issue not just from a 

refueling infrastructure perspective but also from the public perception and from the 

gearing up of production, and developing guidelines for dealing with safety issues that 

will need to put in place for the new fuel [71]. 
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 In principle, any type of liquid fuel may be employed as a hydrogen source, 

e.g. gasoline, diesel, methanol, ethanol, etc. Hydrogen is produced on-board by a 

reforming process. 

 It was shown in Section 2.1.5 that methanol is a desired fuel to produce 

hydrogen on-board. Methanol can be reformed to hydrogen by different processes 

including steam reforming [72-79,], partial oxidation [80-82] and autothermal 

reforming [83-86]. 

 Steam reforming of methanol occurs by two different pathways [76-77]. The 

first one involves the decomposition of methanol into CO and H2 through the 

following reaction: 

                               CH3OH                     CO + 2H2 

followed by a water gas shift reaction: 

                               CO + H2O                   CO2 + H2       

 The second mechanism for methanol steam reforming consists of the reaction 

of water and methanol to CO2 and hydrogen: 

         CH3OH  + H2O              CO2 + 3H2 

which can be followed by a reverse shift reaction to establish the thermodynamic 

equilibrium: 

        CO2 + H2                        CO + H2O 

 Methanol steam reforming is endothermic and therefore requires that external 

heat, typically 300°C, is supplied. Steam reforming of methanol is usually catalyzed 

over Cu/ZnO type catalyst and can be performed in fixed-bed reactors [78]. 
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 Methanol powered cars would consume less energy than diesel or gasoline 

powered cars. Furthermore, the overall emissions from the system are 90% less than 

from conventional vehicles [87].  

 Among other candidate liquid fuels, ethanol is a particular case, since it can be 

easily produced in great quantity by the fermentation of sugar-containing raw 

materials. In addition, in some countries (e.g. Brazil) ethanol is already distributed in 

gas stations for use in conventional cars with internal combustion engines.  

 Hydrogen is produced from ethanol in a process unit consisting of either a 

steam reformer (SR) or a partial oxidation (POX) reactor in series with a water-gas 

shift (WGS) reactor and a reactor for selective oxidation (SOX) of CO. Product gas 

from the reformer or the POX reactor, which operates at an exit temperature higher 

than 677°C, contains a mixture of H2, CO, CO2, CH4 and H2O. After cooling, this 

stream enters the WGS reactor, where a large fraction of CO reacts with H2O towards 

CO2 and H2 at a temperature of 200°C. The product gas of the WGS reactor contains 

0.1-1.5% of residual CO and enters the SOX reactor, where CO is totally oxidized - 

with the addition of a small amount of air - to CO2 with residual CO being less than 10 

ppm. The CO free, hydrogen rich stream is then fed to the H2-PEMFC [88].  

 Hydrogen can also be obtained from diesel fuel by a reforming process with an 

efficient overall cell design. A diesel fuel infrastructure is already in place; therefore 

the associated start-up cost of fueling with diesel would be significantly less than for 

methanol-fueled systems. Diesel also has a much higher potential energy density than 
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methanol. However, diesel fuel reforming is more complicated and requires much 

higher temperatures [89]. 

 The tailpipe emission of hydrogen-fuelled fuel cell vehicles, in terms of the 

normally monitored pollutants, is zero, since the cell produces only water and heat. 

However, when a reformate hydrogen is used, the reforming process produces some 

pollutants; therefore, the principle of zero pollution is compromised.   

 Direct fuel utilization will be of interest. Besides methanol, other alcohols, 

particularly those coming from biomass resources, are being considered as alternative 

fuels. Ethanol as an attractive fuel for electrical vehicles was investigated in direct- 

ethanol fuel cells [15,90-92]. However, multimetallic catalysts are necessary to 

orientate the oxidation reaction selectively in the direction of complete combustion to 

carbon dioxide [15]. The reaction mechanisms of anodic oxidation of ethanol are more 

difficult to elucidate than methanol oxidation, since the number of electrons 

exchanged greatly increases (12 electrons per ethanol molecule versus 6 electrons for 

methanol), thus many adsorbed intermediates and products are involved [15]. 

However, a direct ethanol fuel cell was investigated by Aricò et al. [93] using a high 

temperature membrane (Nafion®/Silica), and also by Wang et al. [94] using a 

phosphoric acid doped polybenzimidazol (PBI) membrane.  

 Other fuels that were investigated for direct fuel cells included ethylene glycol 

[95-97], glycerol [98], propanol [15,94,99-103], propane [104-105], trimethoxy 

methane, [106], and dimethyl ether (DME) [107]. 
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2.2 PROTON CONDUCTOR MEMBRANES  

Proton exchange membranes or proton conductor membranes are the most 

important component of low temperature fuel cells. Since the development of a solid 

polymer electrolyte, all the researchs on fuel cells focus on the use of these types of 

electrolyte. 

2.2.1 First Proton Conductor Membranes 

The first proton conductor ionomer membranes based on hydrocarbon 

polymers have been developed by General Electric; phenol-formaldhyde sulfonic acid 

was developed in 1935 by Adams and Holmes [108,109] followed by the development 

of the polystyrene sulfonic acid membrane by D’Alelio [110-112]. 

Polystyrene sulfonic acid membrane, cross-linked with divinyl-benzene, found 

application between 1962 and 1964 - in fact they were used for the Gemini Fuel Cell 

Programme. These membranes represented considerable progress as compared to 

phenol-formaldhyde sulfonic acid, both in efficiency and lifetime. Power densities of 

approximately 50 mW/cm2 versus a few mW/cm2 were obtained. Long-term stability 

at 50-60° C could be obtained for several thousands of hours versus a lifetime of only 

about 100 hours for phenol-formaldhyde sulfonic acid. However, the stability rapidly 

decreased above 70°C [113].  

It was found that these membranes show insufficient chemical stability, 

especially since tertiary C-H bonds and benzilic bonds are easily attacked by oxygen, 

forming hydroperoxide radicals [114]. 
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The development of perfluorinated membranes by DuPont in the 1960’s has 

played a vital role in electrochemical system applications (chlor/alkali electrolysis, 

fuel cells, etc.). The perfluorinated membranes are particularly suitable for fuel cells.  

 

2.2.2 Perfluorinated Membranes 

The first commercially available perfluorinated membrane material from 

DuPont was Nafion® 120 (1200 equivalent weight (EW), 250 µm thick) followed by 

Nafion® 117 (1100 EW, 175 µm thick). These high equivalent weight materials were 

found to have limited use in fuel cells. In 1988, The Dow Chemical Company 

developed their own perfluorinated polymer membrane with low equivalent weight, 

typically in the range of 800-850. Nafion® of DuPont and Dow® membranes have 

identical backbones and are structurally and morphologically similar, but the side 

chain is shorter in the Dow polymer.  

Since the success of Dow Chemical, where it was found that the Dow® 

membrane performed better than the DuPont membrane in H2/O2 fuel cells, DuPont 

has been active in further developing their membranes with respect to durability and 

continuous improvement. They increased power densities by further decreasing the 

equivalent weight from 1100 to 1000 EW and membrane thickness from 175 to 25 

µm. Table 2.4 shows the latest DuPont membranes with some characteristics. Nafion® 

117 is the preferred membrane for DMFCs.    

In the 1990’s, Aciplex® perfluorinated ion exchange membranes were 

introduced by the Asahi Chemical Industry, and the Flemion® series were introduced 
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by Asahi Glass Co. [115]. In general these membranes are in the category of long 

chain perfluorinated membranes, like Nafion®. Some characteristics of these 

perfluorinated membranes are summarized in Table 2.4.  

Table 2.4: Perfluorinated membranes 

Membrane   Thickness (µm)  Equivalent Weight 

Nafion® series (DuPont) 
Nafion® 117    175    1100 
Nafion® 115    125    1100 
Nafion® 112    50    1100 
Nafion® 111    25    1100 
Nafion® 1135    87    1100 
Nafion® 1035    87    960 
Nafion® 105    125    960 
 
Dow Chemicals Co. 
Dow® XUS 13204.10   127    800_850 
 
Flemion® series (Asahi Glass Co.) 
Flemion® R    50    900 
Flemion® S    80    900 
Flemion® T    120    900 
 
Aciplex® series (Asahi Chemicals Industry) 
Aciplex® 1004    100    1000 
 

 

Nafion® membranes are chemically synthesized in four steps according to the 

DuPont de Nemours process [116]: 1) The reaction of tetrafluoroethylene with SO3 to 

form the sulfone cycle; 2) The condensation of these products with sodium carbonate 

followed by co-polymerization with tetrafluoroethylene to form an insoluble resin; 3) 

The hydrolysis of this resin to form a perfluorosulfonic polymer and 4) The chemical 

exchange of the counter ion Na+ with the proton in an appropriate electrolyte.  
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The Dow® membrane is prepared by the co-polymerisation of 

tetrafluoroethylene with vinylether monomer. The polymer can be described as having 

a Teflon-like backbone structure with a side chain attached via an ether group. This 

side chain is characterized by a terminal sulfonate functional group [117]. 

 

2.2.2.1 Nafion® Structure 

The perfluorinated sulfonic acid membrane consists of a hydrophobic 

polytetrafluoroethylene (PTFE or Teflon) backbone which terminates with a 

hydrophilic polar headgroup SO3H [118,119]. Since Nafion® is similar in structure to 

PTFE, it has excellent mechanical strength, water insoluble, and chemical and thermal 

stability. 

 

                                    Nafion® chemical structure 

The emerging structure in the hydrated state possesses hydrophilic ionic 

clusters which contain the solvated SO3
--heads, water, and counter-ions 

(predominantly H+). These cluster regions are connected by short and narrow 

channels. The water-containing cluster network is “embedded” in the surrounding, 

sponge-like medium of the hydrophobic PTFE-backbones [120-122]. The exact 

structure of Nafion® is not known but there have been several models proposed to 

describe the way in which ionic groups aggregate within the Nafion® membrane 
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[120,122-126]. Yeager and Steck [124] describe Nafion® as consisting of three 

regions: a fluorocarbon region, an interfacial zone and an ionic cluster region. The 

fluorocarbon region consists of the fluorocarbon backbone and is quite hydrophobic. 

The ionic cluster region consists of clusters of pendant sulfonate groups. This region is 

quite hydrophilic - most absorbed water and counter-ions exist in this region. The 

interfacial zone contains the pendant side chain material and sulfonate groups that are 

not clustered. Hence, only part of the absorbed water and counter-ions exist in this 

region. 

 

2.2.2.2 Proton Conductivity Mechanisms 

Proton transfer phenomena follow two principle mechanisms, namely the 

vehicle mechanism [127] and the Grotthuss mechanism [128]. In the vehicle 

mechanism, the proton diffuses through the medium together with a “vehicle”, for 

example, with H2O as H3O+. The counter-diffusion of unprotonated vehicles (H2O) 

allows the net transport of protons. The observed conductivity, therefore, is directly 

dependant on the rate of vehicle diffusion. In the Grotthuss mechanism, the vehicles 

show pronounced local dynamics but reside on their sites. The protons are transferred 

from one vehicle to the other by hydrogen bonds (proton hopping). Simultaneous 

reorganization of the proton environment, consisting of reorientation of individual 

species or an even more extended ensemble, then leads to the formation of an 

uninterrupted path for proton migration. These two principle mechanisms essentially 

reflect the difference in nature of the hydrogen bonds formed between the protonated 
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species and their environment. In media which supports strong hydrogen bonding, the 

Grotthuss mechanism is preferred; the vehicle mechanism is characteristic of species 

with weaker bonding. Consequently, Grotthuss-type mechanisms are progressively 

dominated by vehicle-type mechanisms with increasing temperature.  

Due to its importance in several electrochemical processes (e.g. chlor/alkali 

electrolysis, fuel cells, etc.), the Nafion® conductivity mechanism was studied 

extensively [120,122,129,130]. Kreuer [129] described the proton conductivity of 

Nafion® as follows: “in the presence of water only the hydrophilic part of the micro- 

structure is hydrated. The water of hydration then acts as a plasticizer mobilizing the 

polymer backbone which leads to a further phase separation. Eventually, a stationary 

micro-structure is formed which absorbs and desorbs water almost reversibly at 

moderate temperatures. The hydrated hydrophilic domains provide the very high 

proton conductivity. The latter depends very much on the presence of water”.  It is 

well known that dry Nafion® is a poor proton conductor, but the proton conductivity 

increases sharply with water content [31-34]. 

 

2.2.2.3 Proton Conductivity Measurements  

Accurate measurements of the specific conductivity of proton exchange 

membranes pose a significant experimental challenge. Many groups have studied the 

conductivity of Nafion® membranes, predominantly using ac impedance spectroscopy 

[31,33-35,115,131-143] although dc techniques have also been adopted [133,144-

147].  Kolde et al. [133] used both techniques in one technical paper. A few groups 
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have looked at the performance of the membrane in situ in the PEMFC using ac 

impedance [139] and a current pulse technique [148]. A variety of environments have 

been employed including 1M H2SO4 [115,133,144,145,147], water [33,34,131-134], 

water vapour [31,33,34,131,132,135-137,149,150], and humidified gases [139,148] at 

temperatures from 20 to 95°C.  The impact of such a wide range of factors on the 

conductivity of the Nafion® membranes has resulted in a wide range of proton 

conductivities being published. Some of the reported Nafion®117 proton 

conductivities are summarized in Table 2.5. The technique and the environment in 

which the conductivity was measured are also reported.   

 

Table 2.5: Reported Nafion® 117 proton conductivities 

Membrane       Conductivity Technique  Electrolyte  Temperature      Ref.  
 Thickness             (S/cm)                             (°C) 
     (µm) 
 
      231      0.088              dc current pulse              immersed in 1M H2SO4         20         144,145 
      231      0.231              dc current pulse              immersed in 1M H2SO4        80        144,145 
      175      0.100              ac impedance                  immersed in water                30            33,34 
      175      0.190              ac impedance                  immersed in water                90            33,34 
      175      0.060              ac impedance                  water vapour @ 100%RH    30            33,34 
      200      0.066              dc method          immersed in 2M HCl            25               146 
      200                     0.140              “Kelvin” four-                immersed in 1M H2SO4            25               133 
                                                        point probe 
      200      0.100              ac impedance                 immersed in water                 25               133 
      175      0.090              ac impedance                 immersed in water                 20               134 
      210      0.140              ac impedance                 water vapour @ 100%RH     65               135 
      175      0.076              ac impedance                 immersed in 1M H2SO4        25               115 
      200      0.068              ac impedance                 water vapour @ 100%RH     30                31 
      200      0.078              ac impedance                 water vapour @ 100%RH     20              136 
      175      0.050              ac impedance                 water vapour @ 100%RH     20              137 
      170      0.080              ac impedance                 immersed in water             20              138 
      203      0.105              current-pulse                  in situ, humidified gases        60             148 
      175      0.070              ac impedance                 water vapour @ 100%RH      25             149 
            0.052              ac impedance                 water vapour @ 100%RH      20             150 
      210      0.087              ac impedance                 water vapour @ 100%RH      25             151 
      210      0.074              ac impedance                 water vapour @ 100%RH      80             151 
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2.2.2.4 Disadvantages of Perfluorinated Membranes 

The perfluorinated membranes, including Nafion®, Dow® membrane, Aciplex® 

and Flemion® are expensive, because of the complication and the longevity of the 

manufacturing process [117], which includes strongly toxic and environment-

unfriendly intermediates [114] and also fluorine chemistry [150]. The high methanol 

permeability in these membranes from anode to cathode - known as methanol 

crossover - which affects severely the DMFC performance is another disadvantage of 

this category of proton conductor membranes. Since the very high proton conductivity 

of perfluorinated membranes relies on the presence of liquid water, the maximum 

operation temperature in fuel cells is approximately given by the boiling point of water 

(100°C at P = 105 Pa), while it is desired to work at 150°C. 

 

2.2.2.5 Modified Nafion® Membranes 

Since Nafion® has several disadvantages, e.g. the high methanol crossover and 

working at a temperature of less than 100°C, attempts to overcome these problems 

have been made. One approach is to introduce a palladium film to reduce the 

crossover or by creating a barrier by plasma polymerization. 

a) Palladium film 

This approach was suggested first by Pu et al. [152] where they used a 

palladium foil 25 µm thick sandwiched between two Nafion® 115 sheets. They proved 

that with this approach methanol crossover can be reduced, but the cell performance 

will be lower due to the increase in membrane thickness. Choi et al. [153] used the 
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same approach by sputtering metallic palladium on the surface of Nafion® 117. The 

palladium film was found to be 20 nm thick. Methanol permeability was reduced from 

2.392 × 10-6 cm2/s in unmodified Nafion® 117 to 1.7 × 10-6 cm2/s in Pd-sputtered 

membrane. Ma et al. [154] used the same approach as Pu et al., but using palladium 

alloy (Pd-Ag film of 1 µm thickness). The membrane fabricated was of the form of 

Nafion® 117/{Pt/Pd-Ag/Pt/ Nafion® (recast)}, and in contrast to Pu et al. they used 

recast Nafion® film (4-5 µm thick) instead of Nafion® polymer on one side of the 

membrane. Unfortunately, no methanol permeability was reported. 

b) Plasma polymerization 

 Thin plasma polymerized barrier films can be deposited on Nafion® 117 

membrane. A plasma polymer layer with a thickness of approximately 0.27 µm on 

Nafion® 117 reduces the permeability to methanol by a factor of approximately 20 

[155,156]. Hobson et al. [157] reported on the modification of Nafion® 117 by low 

dose electron beam (EB) exposure. The membrane obtained reduced methanol 

crossover to about 7% of that of Nafion® 117 and DMFC performance improved by up 

to 51%. Choi et al. [153] also reported on plasma etching on Nafion® 117, where the 

methanol crossover was reduced to 2.106 × 10-6 cm2/s. Finsterwalder and Hambitzer 

[36] achieved the plasma deposition of a ca. 300 nm thin layer of a polymer onto 

Nafion®. Methanol crossover was suppressed without reducing dramatically the 

conductivity. Modification of Nafion® membranes by plasma polymerization was also 

reported by Zeng et al. [158]. 
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c) Phosphoric acid doped Nafion® 

 Savinell and co-workers [159-163] investigated the possibility of 

equilibrating Nafion® membranes with phosphoric acid. They showed that at elevated 

temperatures reasonably high conductivity (>0.05 S/cm) can be obtained with 

Nafion®/H3PO4 membranes. The phosphoric acid acts as a Bronsted base, ionizing the 

strong sulfonic acid groups and solvating the proton in the same manner as water. 

However, due to the low vapour pressure of phosphoric acid, ionization and solvation 

are not lost at temperatures above 100°C. Incorporating phosphoric acid within 

Nafion® is not equivalent to the use of phosphoric acid in an inert matrix [159]. The 

disadvantage of these membranes is that H3PO4 or its dissociation products are 

strongly absorbed on Pt-based catalyst [159]. 

d) Micro-reinforced  Nafion® composite membranes 

Since the development of Nafion® solution [164,165], attempts to recast 

Nafion® from the polymer solution were made. Recast Nafion® at low temperature is 

brittle, easily cracked, and soluble in organic solvents, and especially water [165-167]. 

In order to improve the properties of the casting film, either high-boiling solvent is 

added into the Nafion® solution [165,166] or the recast film is annealed at high 

temperature in air or under vacuum [167]. 

A composite membrane has many advantages: reduced cost of the membrane, 

since it uses less polymer, reduced methanol crossover by suppressing the swelling, 

and the availability of thin membranes with high mechanical strength. 
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Nafion® composite membranes were studied in the literature, mainly by 

impregnating a non-woven polytetrafluoroethylene (PTFE) matrix with Nafion® 

ionomer [168-171]. Martin and co-workers [168-170] investigated the transport 

properties of the composite membranes, while Verbrugge et al. [171] investigated the 

transport characteristics of the composite membrane. In 1995, as a consequence, W.L. 

Gore and Associates made the first commercial composite membrane under the trade 

name Gore Select®, with reduced thickness down to 5 µm, leading to a proton 

conductivity which is a factor of 10 higher than the proton conductivity of Nafion® 

[133,172]. The Gore Select® membranes have a translucent appearance with no visible 

evidence of any micro-reinforcement [117]. The success of Gore Select® membranes 

led to a series of investigations [135,173-177]. All these composite membranes used 

PTFE as matrix. In contrast, Haufe and Stimming [177] used a glass fiber fleece from 

Hollingsworth & Voss Co. Ltd. Also a PTFE-fibrils reinforced Flemion® series was 

developed by Asahi Glass Company Ltd. by dispersing PTFE-fibrils (<1 µm in 

diameter) in ion-exchange membranes [178].  

 

Others modifications to Nafion® were made. Tricoli [179] exchanged H+ in 

Nafion® 117 membranes with Cs+ to several degrees of doping. He found that 

methanol permeability at room temperature in Nafion® membranes can be drastically 

reduced by appropriate doping with cesium ions. Methanol permeability was reduced 

by over one order of magnitude, while the doped membranes retained good proton 

conductivity. Watanabe and co-workers [180] developed a new approach for self-
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humidification of the membrane. This approach includes the dispersion of Pt particles 

(1-2 nm in diameter) in Nafion® 112 or a recast Nafion®. H2 and O2 crossover were 

recombined on Pt particles inside the membrane to form water. The advantages of this 

type of membrane are: the self humidification and also the suppression of crossover of 

reactant gases.  

 

2.2.3 Partially Fluorinated Ionomer Membranes 

2.2.3.1 Sulfonated Copolymer based on the α,β,β-trifluorostyrene Monomer  

The Canadian Ballard company developed proton conductor membranes based 

on trifluorostyrene monomer, under the trade name BAM1G and BAM2G (Ballard 

Advanced Materials first and second generation, respectively). The longevity of these 

polymers was limited to approximately 500 hours under practical fuel cell operating 

conditions [117]. Based on the above work, Ballard developed third generation 

membranes under the trade name BAM3G [119,181-183]. The BAM3G membranes 

consist of sulfonated copolymers incorporating α,β,β-trifluorostyrene and a series of 

substituted α,β,β-trifluorostyrene co-monomers. These membranes have an equivalent 

weight ranging between 375 and 920. The water content of the sulfonated BAM3G is 

much higher than that of Nafion® and Dow membranes. BAM3G membranes 

demonstrated a lifetime approaching 15,000 hours when tested in a Ballard MK5 

single cell and also exhibited performances superior to Nafion® and Dow® membranes 

in a H2/O2 fuel cell. Disadvantages of these membranes include the complicated 
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production process for the monomer α,β,β-trifluorostyrene [184] and the difficult 

sulfonation procedure [114,183]. 

 

2.2.3.2 Grafted Ionomer Membranes 

Partially fluorinated membranes can be obtained by using a simultaneous and 

pre-radiation grafting of monomers onto a base polymer film, and subsequent 

sulfonation of the grafted component [113,150,185-194]. These membranes were 

prepared by pre-irradiation of fluoropolymer films, such as poly(tetrafluoroethylene-

co-hexafluoropropylene (FEP) or poly(ethylene-alt-tetrafluoroethylene) (ETFE), using 

an electron beam or gamma irradiation source. The pre-irradiated films were grafted 

by exposing them to solutions of styrene and other radically polymerizable monomers. 

The grafted films are sulfonated using chlorosulfonic acid. The grafting mixture was 

crosslinked with divinylbenzene (DVB) and tri-allyl cyamirate (TAC) [189,195,196] 

or poly(vinylidene fluoride) [197]. A disadvantage of membranes using styrene and 

divinylbenzene monomers is that their oxidation stability is limited, due to the tertiary 

C-H bonds which are sensitive to O2 and hydrogen peroxide attack [114]. 

 

2.2.4 Non-Perfluorinated Membranes 

2.2.4.1 Polybenzimidazole (PBI) 

PBI is synthesized from aromatic bis-o-diamines and dicarboxylates (acids, 

esters, amides), either in the molten state or in solution [198]. PBI is relatively low 

cost and is a commercially available polymer known to have excellent oxidation and 
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thermal stability. The commercially available polybenzimidazol is poly-[2,2`-(m-

phenylene)-5,5`-bibenzimidazole], which is synthesized from diphenyl-iso-phthalate 

and tetra-aminobiphenyl. 

Hoel and Grunwald [199] reported on proton conductivity values of PBI in the 

range of 2 × 10-4 – 8 × 10-4 S/cm at relative humidities (RH) between 0 and 100%. 

Other authors observed proton conductivity some two to three orders of magnitude 

lower [200-202].  

PBI is a suitable basic polymer which can readily be complexed with strong 

acids [104,198,200,201,203-209]. The immersion of PBI film in aqueous phosphoric 

acid leads to an increase in both its conductivity and thermal stability [201]. 

Savinell and co-workers [203] prepared PBI/H3PO4 via two different routes: a) 

directly casting a film of PBI from a solution containing phosphoric acid; b) 

preparation by immersion of a preformed PBI membrane in 11M phosphoric acid for 

several days [203,206]. The typical thickness for different films was 75 µm. The 

conductivity depends on the quantity of phosphoric acid in the membrane. 

Conductivity in the range 5 ×10-3 to 2 × 10-2 S/cm at 130°C and 5 × 10-2 S/cm at 

190°C have been reported [204]. The conductivity for type “a” membranes is higher 

than those of type “b” membranes. At a temperature above 150°C, the conductivity of 

type “a” membranes is similar to that of Nafion® at 80 °C and 100% RH.   

It was shown that the methanol crossover through doped PBI type “a” 

membrane, was at least ten times less than that observed with Nafion®. The 

disadvantage of these membranes is that the H3PO4 molecules can diffuse out of the 
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membrane towards basic polymer sites because they are in excess. PBI/H3PO4 

membranes are suitable for direct methanol fuel cell application at a temperature 

>100°C. However, they can only be used with a feed of vapourized methanol, because 

when a liquid contacts the membrane, the phosphoric acid leaches out of the 

membrane and the proton conductivity drops considerably [114].  

 

2.2.4.2 Sulfonated Polyimide Membranes 

The sulfonated polyimide (SPI) membranes were obtained by casting on a 

glass plate the polymer solution and evaporating the solvent [210-219]. The polymer 

solution synthesis was achieved in different ways: The first way was based on the 

phthalimide-five member imide (4,4’-diamino-biphenyl 2,2’ disulfonic acid (BDSA), 

4,4’ oxy-diphthalic dianhydride (ODPA) and 4,4’–oxydianiline (ODA)) at 200°C. The 

second way was based on the naphthalimide-six member imide ring (BDSA, 1,4, 5,8-

naphthalene tetracarboxylic dianhydride (NTDA) and ODA) at 160°C [210-212]. The 

third way was based on the 3,3`,4,4`-benzophenone-tetracarboxylic dianhydride 

(BTDA), BDSA and ODA [112]. The fourth way was based on BDSA/NTDA/mAPI 

(bis-[3-(Aminophenoxy)-4-phenyl]isopropylidene) [217]. The water content of 

membranes at 25°C for the phthalic and naphthalenic sulfonated polyimide 

membranes is 26% and 30%, respectively. The water content obtained for Nafion® 

membranes under the same conditions was 20% [210,212]. It was also claimed that the 

sulfonated polyimide membranes were 3 times less permeable to hydrogen gas than 

Nafion® membranes. The lifetime measurements were performed on a 175 µm 
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phthalic polyimide and a 70 µm naphthalenic sulfonated polyimide film at 60°C, 3 bar 

pressure for H2 and O2 and under a constant current density. It was found that the 

membrane based on the phthalic structure broke after 70 hours whereas the membrane 

based on the naphthalic polyimide was stable over 3000 hours [212]. The proton 

conductivity of SPI was found to be half of Nafion® 117, typically 4.1 × 10-2 S/cm, 

and methanol permeability was found to be 7.34 × 10-8 compared to 2.38 × 10-6 cm2/s 

for Nafion® 117 [214].  

 

2.2.4.3 Phosphazene-based Cation-Exchange Membranes 

It was shown that polyphosphazene-based cation-exchange membranes have a 

low methanol permeability, low water swelling ratios, satisfactory mechanical 

properties, and a conductivity comparable to that of Nafion® 117 [220-226]. 

Polyphosphazene-based membranes have been fabricated from poly[bis(3-

methylphenoxy)phosphazene] by first sulfonating the base polymer with SO3 and then 

solution-casting a thin film [220,222,226]. Polymer crosslinking was carried out by 

dissolving benzophenone photoinitiator in the membrane casting solution and then 

exposing the resulting films after solvent evaporation to UV light [221]. The 

conductivity of the polyphosphazene membranes were either similar to or lower than 

that of Nafion® 117 membranes [221,226]. However, methanol permeability of a 

sulfonated membrane was about 8 times lower than that of the Nafion® 117 membrane 

[226]. Sulfonated/crosslinked polyphosphazene films showed no signs of mechanical 

failure (softening) up to 173°C and a pressure of 800 kPa [221]. 
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2.2.4.4 Sulfonated Poly(arylethersulfone) Membranes  

Polysulfone (PSU) is a low cost, commercially available polymer (e.g. PSU 

Udel™ from Amoco) which has very good chemical stability. The synthesis and 

characterization of sulfonated polysulfone (S-PSU) has been achieved by Johnson et 

al. [227] and Nolte et al. [228]. It was found that membranes cast from S-PSU 

(Udel™ P-1700) solutions were completely water soluble [228] and become very 

brittle when drying out which can happen in the fuel cell application under intermittent 

conditions [229].  

There are two new but different procedures for the sulfonation of polysulfone. 

In one procedure, the sodium-sulfonated group was introduced in the base polysulfone 

via the metalation-sulfination-oxidation process [230,231]. In the other procedure, 

trimethylsilyl chlorosulfonate was used as the sulfonating agent [232]. 

Lufrano et al. [233,234] prepared S-PSU via trimethylsilyl chlorosulfonate 

with different degrees of sulfonation. Different membranes with sulfonation degree 

from 23% to 53% [233] on the one hand and 49%, 61% and 77% [234] on the other 

hand were prepared. With a 61% sulfonation degree a proton conductivity for S-PSU 

of 2.7 × 10-2 S/cm at 25°C was reported [234]. This conductivity was 3.5 times lower 

than Nafion® 117, but was compensated by the lower thickness, 90 µm vs. 210 µm for 

Nafion® 117. The cell performance obtained by Lufrano et al. [234] was almost the 

same for S-PSU and Nafion® in a H2/O2 fuel cell. This is higher than that reported 

previously by Kerres et al. [231] and Baradie et al. [232]. Kim et al. [235] prepared 

sulfonated poly(arylether sulfone) membranes. 
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Promising alternatives suggested by Kerres and co-workers, include composite 

membranes made from blends of acidic and basic polymers [229,236-240] or modified 

PSU via the metalation-sulfochlorination and the metalation-amination routes [241] or 

crosslinked S-PSU [242-244]. These alternatives are made by blending acidic 

polymers such as S-PSU with basic polymers such as poly(4-vinylpyridine) (P4VP), 

polybenzimidazole (PBI) or a basically substituted polysulfone. Crosslinked S-PSU 

blend membranes have been produced via a new crosslinking process. The blends 

have been obtained by mixing PSU Udel™ Na-sulfonate and PSU Udel™ Li-sulfinate 

in N-methyl pyrrolidone. The membranes have been crosslinked by S-alkylation of 

PSU sulfinate groups with di-halogenoalkanes. These membranes show very good 

performance in H2/O2 fuel cells and DMFCs [114,238-239]. These membranes also 

show a markedly reduced methanol permeability [114,237,245].  

 

2.2.4.5 Sulfonated Poly(aryletherketone) Membranes 

The poly(arylether ketones) are a class of non-fluorinated polymers consisting 

of sequences of ether and carbonyl linkages between phenyl rings, that can either 

“ether-rich” like PEEK and PEEKK, or “ketone-rich” like PEK and PEKEKK. The 

most common material is polyetheretherketone (PEEK) which is commercially 

available under the name Victrex™ PEEK from ICI Advanced Materials. A number of 

groups are developing proton conducting polymer materials based on this 

classification of materials including ICI Victrex, Fuma-Tech and 

Axiva/Aventis/Hoechst. 
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Sulfonated-PEEK (S-PEEK) membranes were prepared as proton conductors 

in PEMFCs by Schneller et al. [246]. Sulfonation of polyetherketones can be carried 

out directly in concentrated sulfonic acid or oleum - the extent of sulfonation being 

controlled by the reaction time and temperature [247-250]. Direct sulfonation of 

PEEK can give materials with a wide range of equivalent weights to form S-PEEK. 

However, the complete sulfonation of the polymer results in a fully water-soluble 

product. A sulfonation level of around 60% was found to be a good compromise 

between the conductivity and mechanical properties of membranes. The backbone of 

S-PEEK is less hydrophobic than the backbone of Nafion®, and the sulfonic acid 

functional group is less acidic [251]. 

Various studies have been made on the conductivity of S-PEEK [129,251,252-

258]. The conductivity increases as a function of the degree of sulfonation, the 

ambient relative humidity, temperature and thermal history. The conductivity of these 

materials was found to be high at room temperature [259]. In S-PEEK with 65% sites 

sulfonated, the conductivity was higher than that of Nafion® 117 measured under the 

same conditions - the conductivity reaching 4 × 10-2 S/cm at 100°C and 100% RH 

[253]. S-PEEK membranes exhibit at 160°C and 75% RH, sufficiently high values of 

protonic conductivity - typically 5 × 10-2 – 6 × 10-2 S/cm - for possible applications in 

low temperature fuel cells [255]. The dependence of the conductivity on RH is more 

marked for S-PEEK than for Nafion® under the same conditions [256]. 

Sulfonated polyaryls have been demonstrated to suffer from hydroxyl radical 

initiated degradation [260]. In contrast, S-PEEK was found to be durable under fuel 
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cell conditions over several thousand hours by Kreuer [251]. The brittleness of S-

PEEK makes their handling difficult and may lead to mechanical membrane failure 

during operation. These types of membranes become very brittle when drying out.  

S-PEEK can also be chemically cross-linked to reduce membrane swelling and 

increase its mechanical strength. Materials prepared by cross-linking are comparable 

to commercial Nafion® in terms of their mechanical strength and proton conductivity 

[261]. Kerres and co-workers prepared novel acid-base polymer blend membranes 

composed of S-PEEK as the acidic compound, and of P4VP or PBI as the basic 

compounds [229,240]. 

 

2.2.5 Organic / Inorganic Composite Membranes 

The organic / inorganic composite proton conductors are developed to 

overcome the disadvantages of the actual state-of-the-art membranes which require 

increasing the operating temperature above 100°C and /or reducing methanol 

permeability (methanol crossover). 

The method of inclusion of inorganic particles involves a bulk powder 

dispersed in a polymer solution, leading specifically to particles of highly dispersed 

inorganic proton conductors of particle size in the sub-micronic range. These methods 

make use of mild chemistry techniques, including intercalation/exfoliation, sol-gel 

chemistry, and ion-exchange [198,262]. Such approaches generally avoid any 

sedimentation of the inorganic component, enhance the intimacy of contact between 

the inorganic and organic components at the molecular level which assures the 
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greatest possible interface and, at such small particle sizes, the mechanical properties 

can be improved when compared to those of a polymer-only membrane [198]. In 

addition, as in many proton conductors with conductivity suitable for electrochemical 

applications, the proton transfer process takes place on the surface of the particles; an 

increase in surface area (small particle size) will increase the conductivity [198].  

 

2.2.5.1 Nafion®/ Inorganic Composite Membranes 

One of the main drawbacks of DMFCs is the slow methanol oxidation kinetics. 

An increase in the operating temperature of the DMFC from 90 to about 150°C is 

highly desirable. Also operation at high temperature will enhance CO toleration when 

a reformate hydrogen is used in a H2-PEMFC. One approach to achieve water 

retention at high temperature is to fabricate a composite membrane constituted of 

Nafion® and inorganic materials. Silica as an additive to Nafion® was widely studied 

[93,151,263-271]. Both recast Nafion® [264,266-269] and Nafion® polymer 

[151,267,270] are used in the fabrication of the composite membrane. Silica can be 

added to Nafion® in two ways; the first using silicon dioxide particles (e.g. Aerosil 

A380 from Degussa) [93,264,266,268,269], the other is to introduce silica oxide 

incorporated via an in situ sol-gel reaction with tetraethoxysilane (TEOS) 

[151,267,270-273].  

Staiti et al. [274] prepared recast Nafion®-silica composite membranes doped 

with phosphotungstic (PWA) and silicotungstic (SiWA) acids for application in 

DMFCs at high temperature (145°C). The PWA-based membrane showed better 
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electrochemical characteristics at high current densities with respect to both SiWA-

modified membrane and recast Nafion®-silica membrane. A similar membrane was 

prepared by Shao et al. [275] and Aricò et al. [276,277]. 

Zirconium bis(monohydrogen phosphate) mono-hydrate, α-Zr(HPO4)2.H2O 

(denoted as ZrP) can be added to Nafion® to increase the working temperature [278-

281]. Yang et al. [279-281] introduced ZrP into Nafion® through ion exchange of Zr4+ 

followed by precipitation of ZrP by treatment with phosphoric acid as described by 

Grot and Rajendran [278]. 

Dimitrova et al. [269] prepared a recast Nafion®-based composite membrane 

containing molybdophosphoric acid. This composite membrane exhibits significantly 

higher conductivity in comparison to Nafion® 117 and pure recast Nafion®. An 

enhancement in the conductivity by a factor 3 at 90°C was observed. 

Tazi and Savadogo [282,283] fabricated Nafion® membranes containing SiWA 

and thiophene. They reported an increase of up to 60% in water uptake and a 

considerable improvement in the fuel cell current density, when compared to the plain 

Nafion® membrane. Apichatachutapan et al. [284] prepared Nafion®/(zirconium 

oxide) hybrid membranes via in situ sol-gel techniques. 

Nafion® has been impregnated with poly(1-methylpyrrole) by in situ 

polymerization by Jia et al. [285]. It was found that the ionic resistance increased 

dramatically with high loading, which, methanol permeability can be reduced up to 

90%. The high resistance prevents the use of this membrane in fuel cells. However, at 
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lower poly(1-methylpyrrole) loading, a decrease in methanol permeability by as much 

as 50% can be realized without significant increase in ionic resistance [285]. 

 

2.2.5.2 Polymers / Inorganic Composite Membranes 

Since the very high proton conductivity of hydrated polymers relies on the 

presence of liquid water, the maximum operating temperature is approximately given 

by the boiling point of water. It has been shown that substitution of water by 

heterocyclic compounds such as imidazole, pyrazole, or benzimidazole, leads to 

proton conductivities which are comparable to the conductivities of hydrated polymers 

between 150 and 250°C [251,286,287]. 

Dispersion of submicronic particles of phosphatoantimonic acid fillers in a 

solution of S-PSU gives a viscous suspension allowing the material to be shaped in 

thin films. Conductivity values close to those of the Nafion®117 have been determined 

under the same experimental conditions. Furthermore, the inorganic filler improves 

both mechanical strength and the gas permeability of the filled membrane when 

compared to an unfilled PSU membrane [232,288]. 

Organic/inorganic composite membranes based on sulfonated polyetherketone 

(S-PEK) and S-PEEK for application in DMFCs were synthesized by Nunes and co-

workers [289-291]. The inorganic fillers were introduced via in situ generation of 

SiO2, TiO2 or ZrO2. The modification with ZrO2 led to a 60-fold reduction of the 

methanol flux. However, a 13-fold reduction of conductivity was also observed [289]. 

A good balance of high conductivity, and low water and methanol permeability was 
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obtained with a mixture of ZrO2 and zirconium phosphate (ZrP) [289], since ZrP 

includes phosphate particles which are able to contribute to proton conduction in the 

membrane. ZrP was prepared using procedures analogous to that described by 

Belyakov and Linkov [292]. Ponce et al. [290] developed a composite membrane by 

using S-PEK as an organic polymer matrix and different heteropolyacids with an 

inorganic network of ZrO2 or RSiO3/2. The inorganic oxide network had the function 

of decreasing the methanol and water permeability across the membrane, as well as 

decreasing the bleeding out of the heteropolyacid. Different heteropolyacids were 

investigated, including commercial tungstophosphoric acid (TPA) and 

molybdophosphoric acid (MoPA), and two heteropolyacids synthesized in the 

laboratory. The highest conductivity values - typically 86-110 mS/cm were found for 

the hybrid membranes with S-PEK and ZrO2-TPA. 

Zaidi et al. [254] prepared a series of composite membranes using S-PEEK as 

polymer matrix and TPA, with the sodium salt of TPA and MoPA as inorganic fillers. 

The conductivity of the composite membranes exceeded 10-2 S/cm at room 

temperature and reached values of about 10-1 S/cm above 100°C [254]. Jones and 

Rozière [198] prepared a composite membrane by using S-PEEK as polymer matrix 

and incorporating metal (IV) phosphates (zirconium phosphate (ZrP) or tin phosphate 

(SnP)) as the inorganic fillers. The conductivity of S-PEEK membranes incorporating 

ZrP particles is higher than either that of the polymer-only membrane recorded under 

the same conditions, or that of bulk ZrP [262]. When the membrane S-PEEK/ZrP was 

tested in a H2/O2 fuel cell, improvement in performance was observed as the 
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temperature was increased from 85 to 100°C. Alberti et al. [255] suggested the 

fabrication of organic/inorganic composite membranes based on S-PEEK as polymer 

matrix and zirconium sulfophenyl phosphonates, since acceptable electrical 

conductivity is obtained with the latter [293]. 

Staiti et al. [294,295] prepared a composite membrane based on PWA 

absorbed on silica (SiO2) as inorganic materials and PBI as binding polymer. The SiO2 

has the double function of entrapping the heteropolyacid preventing its dissolution in 

water and retaining water, thus improving the proton conduction. The composite 

membrane prepared with 50 wt.% of inorganic material was mechanically stable and 

gave a proton conductivity of 1.2 × 10-3 S/cm at 160°C and 100% RH. 

Park and Nagai [296] prepared composite membranes constituted of 3-

glycidoxypropyltrimethoxysilane (GPTS), SiWA and ZrP. The polymer matrix 

obtained through hydrolysis and the condensation reaction of GPTS showed apparent 

proton conduction at high relative humidity with conductivity ranging from 1.0 × 10-7 

to 3.6 × 10-6 S/cm. By addition of SiWA, the conductivity increased up to 1.9 × 10-2 

S/cm. By incorporating ZrP into the GPTS-SiWA polymer matrix, the composite 

membrane showed increased conductivity at temperatures around 80°C, indicating 

weak dependence on humidity by molecular water in ZrP.  

Honma et al. [297-299] investigated organic/inorganic hybrid polymer 

membranes of SiO2/ polymer (polyethylene oxides (PEO); polypropylene oxide 

(PPO); and polytetramethylene oxide (PTMO)). These membranes have been 

synthesized through sol-gel processes in flexible, ductile free-standing thin form. 
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However, the process is very complex and the composites showed low chemical 

stability [296].  

 

2.2.5.3 Organic / Inorganic Hybrid Polymers  

Another class of proton conductor membranes are organic-inorganic protonic 

polymers such as “ormolyte-organically modified silane electrolyte” [300,301] or 

“ORMOCER” [302,303]. Poinsignon and co-workers [300,301] developed an organic 

-inorganic proton conductor using grafted arylsulfonic anions, for example, 

poly(benzylsulfonic acid siloxane), in contrast to Popall and co-workers [302,303] 

who used grafted alkylsulfonic anions. 

These proton conductors are produced by a sol-gel process, and can be cross-

linked via hydrosilylation [301] or via UV-initiated and/or thermal polymerization 

[302].  In these materials the conductivity results from the mobility of the acidic 

proton solvated by water molecules, which shows an ionic conductivity of 10-2 S/cm at 

ambient temperature [301,303]. Further development of this type of material was 

carried out with methacryl and epoxy alkoxysilanes [304], which lately were replaced 

by styrene derivative functionalized alkoxysilanes [305] to improve the 

electrochemical stability of the materials for applications in DMFCs. 

 

2.2.6 Other Polymeric Proton Conductor Membranes 

The styrene/ethylene-butadiene/styrene triblock copolymer is a commercially 

available product, such as Kraton® G1650, containing a saturated carbon block. This 
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membrane has been developed by the DAIS Company in the USA [306-308]. A 

sulfonation level of 60% was found to provide a good balance of electrical and 

mechanical properties. It was also found that the conductivities at sulfonation levels 

above 50 mole% of styrene units, exceed that of Nafion® under similar measurement 

conditions. The predicted lifetimes of DAIS-membrane-based fuel cells were 2,500 

hours at 60°C and 4,000 hours at room temperature.  

Carretta et al. [309] have partially sulfonated a commercial non-crosslinked 

poly(styrene) to various extents. They found a proton conductivity of 5 × 10-2 S/cm at 

room temperature at sulfonate concentrations of 20 mol%, which is very close to the 

conductivity of Nafion®. This membrane exhibits a conductivity to permeability ratio 

about 70% higher than Nafion®, which makes it very attractive for DMFC 

applications. 

Yamaguchi et al. [310] developed a membrane consisting of a poly (vinyl-

sulfonic acid/acrylic acid) crosslinked gel in a porous PTFE substrate. This had high 

proton conductivity with reduced membrane methanol permeability, and was 

thermally stable to 130°C.  

Another class of proton conductor membranes are the so-called “hydrogels”, 

which showed high conductivity at ambient and sub-ambient temperatures. Such 

proton conductive polymer blends with for example, poly(vinylalcohol)/H3PO4 have 

conductivities exceeding 10-3 S/cm at ambient temperature [311], similarly 

poly(ethylenoxide)/poly(methylmethacrylate)/H3PO4 [312] and poly(acrylamide)/ 

poly(ethylenoxide)/ H3PO4 blends [313]. It has been shown that the conductivity of 
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such membranes can be increased by at least one order of magnitude after 

humidification with moist gases, but they exhibit poor mechanical and chemical 

stability after humidification [117]. Their suitability for fuel cell application is 

questionable due to the presence of easily oxidizable tertiary C-H bonds in the 

polymers forming the hydrogels [114]. 

 

2.2.7 Inorganic Proton Conductor Membranes 

Very few inorganic materials which have high proton conductivity in the 

temperature range 25-200°C have been adopted as membranes for fuel cells. Alberti 

and Casciola [314] summarized them as shown in Table 2.6.  

 
Table 2.6: Inorganic proton conductors in the temperature range 25-200°C 
 
Proton conductor   Conductivity (S/cm)   T°C     %RH         Ref. 
 
α−Zr(HPO4)2 . nH2O   1 × 10-4      25   315 
α−Zr(HPO4)2 . H2O   1.5 × 10-4      100        97  316 
γ- Zr(PO4)(H2PO4).2H2O  3 × 10-4      25   317 
γ- Zr(PO4)(H2PO4).2H2O  3 × 10-4     100        95  318 
α−Zr sulfophenylphosphonate  1.6 × 10-2      25   319 
α−Zr sulfophenylphosphonate  1 × 10-2      100        60  320 
α−Zr sulfophenylphosphonate  1 × 10-5      180        0  320 
γ−Zr sulfophenylphosphonate  1 × 10-2       25   293 
γ−Zr sulfophenylphosphonate  5 × 10-2       100        95  293 
γ−Zr sulfophenylphosphonate  1.3 × 10-2       150        80  321 
SiO2 . 0.33 α−ZrP   3 × 10-3       100        97       316 
H4SiW12O40. 28H20   2 × 10-2      25       322,323 
H3PW12O40. 29H20   8 × 10-2        25       322,323 
CsHSO4    5 × 10-3        142              324 
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The proton conductivity of a tin mordenite/SnO2 composite has been found to 

be around 1 x 10-3 S/cm at 25°C, which increases to 6 x 10-2 S/cm at 120°C and 100% 

RH [325]. The introduction of highly hydrated aluminium ions, such as 

[Al13O4(OH)24(H2O)12]7+, into the interlayer space of tin hydrogenophosphates shows 

a conductivity of  10-2 S/cm at 80°C and 100% RH [326]. 

The most promising inorganic proton conductors, heteropolyacids and layered 

acidic phosphates and phosphonates, are difficult to utilize in fuel cells. 

Heteropolyacids were found to dissolve in product water in H2-PEMFCs and in 

aqueous methanol.  Furthermore, there are few alternatives to the sintered and 

compacted ceramic concept of making inorganic membranes. The most important 

alternative is the formation of composite membranes by the introduction of the 

inorganic electrolyte in an organic polymer matrix - the latter acting as a binder.   

In spite of the difficulties of fabricating an inorganic proton conductor 

membrane for fuel cell applications, a few attempts have been made. Poltarzewski et 

al. [327] synthesized a composite membrane with zeolites (Zeolon 100H) dispersed in 

PTFE suspension. After drying the mixture (Zeolon 100H, PTFE suspension, water 

and iso-propanol), the conductivity of the composite membrane was found to vary 

with zeolite content. Conductivities of 10-2 S/cm and 4 x 10-4 S/cm were reported with 

90 wt.% and 40 wt.% zeolite content, respectively. The cell performance with 

methanol and oxygen at 70°C and using 90 wt.% zeolite composite membrane was 

very low - reaching a maximum of 4 mW/cm2. Kenjo and Ogawa [328] and 

Cappadonia et al. [329] prepared a membrane based on ammonium polyphosphate. 
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Conductivities of 5 x 10-3 S/cm [328] and 0.1 S/cm [329] at 300°C were reported. But 

no fuel cell performance with this type of membrane was reported. Boysen et al. [330] 

prepared a composite membrane constituted of CsHSO4 as proton conductor and 

PVDF as a binder. The conductivity of the composite membrane exhibits a sharp 

increase with temperature at 140°C. The OCV (open circuit voltage) was high, 

typically around 0.97 V. However, due to the thickness of the membrane used (1 mm), 

attempts to draw current leads to a sharp drop in voltage. 

The most studied inorganic proton conductor membrane for fuel cell 

applications, is ZrP due to its greater ability to withstand fuel cell oxidizing 

conditions, and its ability to retain water at high temperature. Furthermore, ZrP is not 

soluble in water. 

The original pioneering effort on the use of ZrP as cation exchange material 

was performed by Kraus [331,332], Amphlett et al. [333-335], Larsen and Vissers 

[336] and was extensively study by Clearfield [337-343] and Alberti [344-346].  

Alberti [347] described a glass fibre membrane impregnated with ZrP, but the 

conductivity and the temperature stability of the membranes were not sufficient for 

fuel cell application. Hamlen [348] and Dravnieks and Bregman [349-351] were the 

first to employ ZrP membranes in hydrogen-oxygen fuel cells. The performances were 

marginal and the membrane weak, and it was done at ambient temperature. Hamlen 

and Szymalak [352] have used a specially prepared ZrP-PTFE matrix and applied in a 

hydrogen fuel cell over the range 125-175°C. Berger and Strier [353] prepared a 

membrane consisting of ZrP and the zeolite material “Zeolon H”, and obtained stable 
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fuel cell performance over the temperature range 25-151°C. Abe et al. [354] prepared 

ZrP gel-glasses using sol-gel processing techniques, which gave room temperature 

conductivities of approximately 10-2 S/cm. They claim that these materials are stable 

and can be used in H2/O2 fuel cells, but unfortunately, no results on fuel cell 

performance were reported. Park et al. [355] prepared a highly conductive ZrP / PTFE 

composite membrane by using partially polymerized PTFE particles as a fixing 

matrix, and commercially available ZrP powder from Daiichi Kigenso Kaguku Kogyo 

Co. as a proton conductor. Proton conductivity above 10-3 S/cm was reported with ZrP 

particles sizes of 0.5 -1 µm and 5-15 µm for α-ZrP and γ-ZrP, respectively. Tamura et 

al. [356] prepared a composite membrane for DMFC constituted of ZrP and 5P2O5-

95SiO2 glass. The conductivity of this composite membrane was about 10-3 _ 10-4 S/cm 

at 100°C. No fuel cell performance was reported. 

α-ZrP can be prepared by two methods giving rise to either a crystalline [357] 

or amorphous form [337]. The α-ZrP used as fuel cell electrolyte was of the 

amorphous-type prepared with excess H3PO4. Hamlen and Szymalak [352] showed 

that most of the conductivity of these electrolytes was caused by excess acid. 

Clearfield and Stynes [337] report loss of phosphate from amorphous α-ZrP in contrast 

to crystalline α-ZrP by prolonged washing with water. Ahrland et al. [358] 

investigated the hydrolysis of ZrP gels in detail and found no loss of phosphate at pHs 

below 7-8. They also found that H3PO4 which adheres to the surface of the crystallites 

can only be removed by very extensive washing. 
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The crystal structure of ZrP was determined by Clearfield and coworkers 

[339,340,342]. The structure is formed by zirconium phosphate layers with adjacent 

layers forming cavities in which the water molecules are located. Each layer consists 

of Zr+4 ions arranged pseudo-hexagonally in a plane which is lined on each side by 

sheets constructed of HPO4
-2 tetrahedra. The three oxygens at the basis of each 

tetrahedron are bound to three Zr+4 ions, whereas the fourth carrying an acidic proton 

is directed towards a neighbouring layer. Thus each zirconium ion is surrounded by a 

slightly distorted octahedron of phosphate oxygen atoms belonging to six different 

HPO4
2- tetrahedrals. The water molecule is held in the cavity by three intralayer H-

bonds involving two phosphate acidic protons and one water proton. The other 

hydrogen atom of the water molecule forms no hydrogen bond. There are no interlayer 

H-bonds and the layers are held together by van der Waals forces only. Figure 2.4 

shows the structure of α-ZrP. 

Alberti and co-workers [346] found that the mobility of surface ions in α-ZrP 

is 104 times higher than those of interlayer ions, and that the low activation energy 

(11-13 kJ/mol) for ionic conduction was due to the transport of surface ions. 

Therefore, the surface ions of layer-structured α-ZrP compound significantly 

contributes to the total conduction. Krogh Andersen et al. [359] found that the 

conductivity of α-ZrP decreases with increasing particle size, whereas the activation 

energy is independent of the particle size, showing α-ZrP to be a surface conductor. 
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Figure 2.4: α-zirconium phosphate structure (denoted α-ZrP) [355]. 

 

2.3 DMFC COMPONENTS 

 The MEA is the heart of the DMFC. As discussed in Section 2.1.2, the MEA is 

constituted of: anode backing layer, anode catalytic layer, proton exchange membrane, 

cathode catalytic layer and cathode backing layer. 

 

2.3.1 Anode Catalyst - Methanol Oxidation 

Methanol oxidation has been extensively studied for the last 3 decades. Very 

few electrode materials are capable of methanol oxidation - only platinum and 

platinum-based catalysts have been found to display the necessary reactivity and 

stability in the acidic environment of the DMFC, and almost all mechanistic studies 

have concentrated on these materials [49,360]. 

Methanol oxidation and its mechanisms on different catalyst systems under 

well-characterized conditions have been reviewed [16,41,49,360-373]. Methanol 
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oxidation can be summarized in terms of two basic functionalities: (a) Electrosorption 

of methanol onto the substrate and (b) Addition of oxygen to adsorbed carbon-

containing intermediates to generate CO2 [360]. 

Morphology appears to play a major role in the electroactivity of platinum 

[374], with roughened platinum showing much higher activity [375]. Methanol 

adsorption is inhibited in general by the adsorption of anions: chloride ions strongly 

inhibit methanol oxidation at platinum, while bromide and iodide ions entirely arrest 

the process [376]. Adsorbed phosphate also inhibits the rate of methanol oxidation 

[377]. 

The influence of particle size on methanol oxidation has been investigated by 

numerous authors [378-386]. However, there is considerable controversy over whether 

there exists a “size effect” in methanol oxidation. Some authors have observed a 

decrease in activity with decreasing particle size for particles with diameter less than 5 

nm [378-385]. Earlier data from Shell suggested that there was a pronounced size 

effect, with an optimal Pt cluster diameter of ca. 3 nm [381,382] and the Oxford group 

suggested an optimal diameter of ca. 2 nm [383-385]. However, Watanabe et al. [386] 

do not find any evidence for size effects, even for particles as small as 1.4 nm. The 

methods of electrocatalyst preparation and their subsequent treatment in reducing 

atmospheres differ considerably in the various studies relating to the particle size 

effect [387,388]. 

It was first shown by Electrochemically Modulated Infrared Reflectance 

Spectroscopy (EMIRS) that the main poisoning species formed during the 
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chemisorption and oxidation of methanol on a platinum electrode is CO, either linearly 

bonded or bridge bonded to the surface [389]. The coverage by linearly bonded CO 

can reach 90% on a pure platinum electrode, so that most of the active sites are 

blocked [15]. Such results were widely confirmed [96,361,390-399]. 

Platinum itself, though widely studied as an electrocatalyst for methanol 

oxidation, is not sufficiently active, and there has been an intensive search for other 

active materials - in particular, materials that might be able to combine with platinum 

as promoter by facilitating the oxidation of the chemisorbed CO [360]. 

Pt promotion can be obtained by using surface ad-atoms deposited on the 

platinum surface, such as Au [400], Sn [401-405], Ru [405-407], Pb [405,408] and Bi 

[403,405,409]. Also Pt promotion can be effected by alloying platinum with different 

metals, where the second metal forms a surface oxide in the potential range for 

methanol oxidation [360,410]. Such alloys are Pt-Sn [401,405,411-413], Pt-Os and  

Pt-Ir [414], Pt-Pd [415] and Pt-Ru [402,412,414,416-427]. WO3 as a promoter for Pt 

was also investigated [428-436]. Electrodeposited Mo on Pt has also been reported 

[437-438]. The combination of Pt with a base-metal oxide as promoter (e.g. Nb, Zr 

and Ta) has been reported by Hamnett et al. [428].  

The methanol electro-oxidation activity of the Pt-Ru was found to be the 

highest of the binary Pt-based alloys [46,49,439-442]. Studies on Pt-Ru suggested that 

the reaction occurs by the dissociative adsorption of methanol on platinum sites to 

form a strongly adsorbed intermediate, CO. In parallel at higher levels of polarization, 

water adsorbs and dissociates on Ru sites to provide a hydroxylic species that 
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subsequently oxidizes the CO. The dissociation of water on Ru occurs at lower 

potentials than on Pt, resulting in the enhanced activity for Pt-Ru over pure Pt [443-

446]. 

Given the effectiveness of binary alloy formation, particularly with Pt-Ru, 

attention has turned to ternary alloys. The Pt-Ru-Sn system was explored [447,448], 

but it was found that alloying Pt-Ru with tin tends to expel the Ru, leading to no 

advantage [447]. Other ternary systems reported were Pt-Ru-Os [449-451], Pt-Ru-W 

[452,453]. Quaternary systems were also explored, including Pt-Ru-Os-Ir [450], Pt-

Ru-Mo-W [454] and Pt-Ru-Sn-W [455-457]. 

Various chemical routes are available for the synthesis of Pt-Ru catalyst. A 

common method is the reduction of metal chloride salts, but this preparation technique 

leads to significant amounts of chloride poisoning. The widely used chemical 

preparation technique is based on the oxidation and subsequent reduction of metal 

sulphite salts, which can be prepared from chloride metal salts [414,458]. Recently, 

the Bönnemann method was used to synthesize colloidal precursors for carbon 

supported and unsupported Pt-Ru catalysts by the Bönnemann group [459-463] and 

subsequently by other groups [453,464]. Furthermore, metal-oxide modified Pt-Ru 

catalyst was recently prepared [465]. A new method was also proposed by Dickinson 

et al. [466], where the catalyst is produced from carbonyl metal complexes by 

deposition of the precursors on carbon in high boiling-point solvent.  

 

 

 56



Chapter 2                                                                                              Literature Review 

2.3.2 Cathode Catalyst – Oxygen Reduction 

The ORR occurs as the cathodic process in numerous energy conversion 

processes, including low temperature fuel cells. Therefore, the ORR has been studied 

in detail [467-489]. Pt is the best known electrocatalyst for oxygen reduction and is 

widely used for electrochemical energy conversion [490]. 

It is considered that the Damjanovic mechanism is the most realistic for the 

ORR on platinum. The mechanism considers that the main reaction is the direct 

reduction of O2 to H2O - the rate determining step being O2 protonation which takes 

place on bare platinum atoms. The secondary reaction is a parallel reduction to H2O 

with an intermediate species: H2O2 in acidic media [491-495].  

A particle size effect on ORR kinetics has been demonstrated [496-499]. The 

high activity was found to be associated with a catalyst size between 3-4 nm [379]. 

In the H2-PEMFC, ORR is much slower than hydrogen oxidation (see Section 

2.1.3). In the DMFC, though, the anode reaction (methanol oxidation) is even slower. 

The cathodic oxygen reaction cannot be assumed to be a rate determining step under 

most operating conditions [500].    

 

2.3.3 Backing Layers 

The backing layer, usually carbon cloth or carbon paper, is the layer which 

sandwiches the MEA. Little attention was devoted to these types of materials in the 

1990`s [27,478,501,502]. However, some interest has emerged recently [503-510]. Up 

to now, finding the optimal backing layer is still a matter of trial and error. An ill-
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chosen backing layer can easily render the most advanced flow field designs and 

electrocatalytic layers virtually ineffective. The requirements of an ideal backing layer 

are several, including the following:  

i) good reactant diffusion properties in both thickness and  across the surface 

to distribute the reactants evenly onto the electrode surface; 

ii) water permeable to a certain degree to assist in water management by 

allowing passage of water into or out of the electrode without flooding; 

iii) low contact and bulk resistance to conduct electrons between the electrode 

and the flow plate; and 

iv) physical durability and chemical stability. 

 

In the open literature, the backing layers used differ according to different 

authors. Table 2.7 summarizes these backing layers with some characteristics. In 

general, E-TEK carbon cloth is considered a standard backing layer for low 

temperature fuel cells. However, it was found that single sided ELAT performed better 

than the standard ELAT (carbon black microporous coatings on both sides of the web) 

in H2-PEMFCs [502]. On the other hand, Wilson et al. [27] found that E-TEK carbon 

cloth performed better than Kureha carbon paper, due to the cathode flooding in the 

latter in H2-PEMFCs. By structuring carbon paper electrodes, similar cell performance 

to carbon cloth can be achieved [511-518]. Furthermore, Gamburzev and Appleby 

[508] achieved better H2-PEMFC performance with carbon paper than carbon cloth. 
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In DMFCs, CO2 is a reaction product that should be removed from the 

electrode structure and cell as efficiently as possible to maintain effective reaction 

[43,45,50,519-522]. The anode of a DMFC is a complex porous electrode system due 

to the three dimensional structure of the electrocatalyst region, the porous diffusion 

layer and the generation of carbon dioxide gas [520].  

 

Table 2.7: Backing layers for low temperature fuel cells 
 
 
Backing Layer   Company     Type     Thickness (mm)    Porosity (%) 
 
Type "A"     E-TEK  Cloth  0.36       85 
Standard ELAT    E-TEK  Cloth 
TGP H 120     Toray  Paper  0.36       77 
TGP H 090     Toray  Paper  0.26 
E-715      Kureha  Paper         0.3 - 0.35       90 
PWB-3     Stakepole  Cloth 
SIGRACET     SGL Carbon  Paper          0.28 - 0.42 
CARBEL     Gore & Associates   

 

 

In the most common DMFC operation mode, the anode is fed with liquid 

water-methanol mixture, which has a fairly low capacity for dissolved CO2. Therefore, 

CO2 is evolved as a gas in the cell [50,519,522,523]. The CO2 and aqueous methanol 

solution move counter-currently in the catalyst layer, in the gas diffusion layer and in 

the porous backing layer. Using high liquid methanol inlet flow rates and high 

pressures are effective in removing CO2 bubbles [50,522]. 

Ideally, the gas and liquid flows should be insolated such that discrete paths for 

gas flow and for liquid flow exist, rather than a two-phase flow with gas bubbles 
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moving against a liquid flow. To avoid the two-phase flow a hydrophobic carbon 

surface is required, thereby creating regions for free gas movements [43,45,50]. PTFE 

can be added to the carbon backing layer or gas diffusion layer. Scott et al. [43] found 

that the best cell performance (efficient CO2 removal) was achieved with a PTFE 

content between 13 to 20 % in the backing layer. 

 

2.3.4 Electrodes for Low Temperature Fuel Cells 

Since DMFCs use H2-PEMFC MEA fabrication technology, the electrode 

structures are discussed for both of them. 

The electrodes are a complex structure and the fabrication techniques are 

mainly undisclosed. It has been shown that altering the composition of the electrodes 

can lead to substantial improvements in the performance of the cell 

[40,47,511,515,524-526]. For example, Hogarth et al. [47] prepared three types of 

electrodes for DMFCs. The three layer electrodes were prepared from the same 

catalyst, with the same Pt loading. The catalyst layer was constituted of the catalyst, 

water, iso-propanol, PTFE and Nafion® solution. Only by structuring the electrode, 

was the peak power density increased from 8 mW/cm2 for the first electrode to 53 

mW/cm2 for the second electrode and to 79 mW/cm2 for the third electrode.  

The performance of the electrodes depend upon many parameters 

i) Type of support (carbon paper or carbon cloth) and its characteristics 

(porosity and thickness); 

 60



Chapter 2                                                                                              Literature Review 

ii) Type of catalyst (Pt only, Pt with other metals), Pt amount, Pt particle size, 

type of carbon support; 

iii) PTFE amount; 

iv) Nafion® amount; 

v) Thermal treatment; 

vi) Thickness of diffusion and catalyst layer; and 

vii) Fabrication process. 

Most of the structural requirements of the electrode for its efficient operation 

are mutually self-exclusive and hence the optimization of electrode fabrication 

parameters is a difficult task [527]. On the other hand, it is also difficult to evaluate 

the influence of one parameter separately with other properties being constant 

[528,529]. For example, a change in the ionomer content affects reactant permeability, 

catalyst activity, and ionic resistance simultaneously. 

The first descriptions of low catalyst loading carbon supported gas diffusion 

electrodes for H2-PEMFCs were made in the late 1980s, where it involved a ten fold 

diminution of the catalyst loading from 4 mg/cm2 to 0.4 mg/cm2 by impregnating the 

standard gas diffusion electrodes for a phosphoric acid fuel cell with solubilized 

Nafion® ionomer [24,530-533]. Nevertheless, this impregnation technique results in a 

catalyst utilization of only about 10 to 20% [27]. These electrodes are also prone to 

delaminate from the membrane, especially when the cells are shut down and then 

turned on again. 
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Further improvements were made by Gottesfeld and coworkers [25,27,534] 

who prepared the catalyst layer by mixing the solubilized ionomer with Pt/C catalyst. 

The catalyst layer is applied to the membrane, rather than to the backing layer. This 

electrode preparation produced a very thin film catalyst layer, typically less than       

10 µm.   

To bind the thin-film structure together, special treatments of the recast films 

are necessary during fabrication. Initially, the durability of the recast composite film 

was improved by heat treating the catalyst layer [534]. Later, higher ionic 

conductivities and a moderate degree of robustness were achieved with an electrode 

fabrication process based on a high temperature casting technique that utilizes the 

ionomer in the Na+ form [25]. Further improvements were by using a thermoplastic 

form of the ionomer in the TBA+ (tetrabutylammonium) form [27].  

Further advances in the attainment of high power densities have been made 

with a better localization of platinum near the front of the surface. The electrodes have 

been fabricated with a higher percentage of Pt on carbon and by sputter-deposition of 

a thin film of platinum (0.05 mg) on the front surface corresponding to a thickness of 

50 nm and maintaining the final Pt content at 0.4 mg/cm2 [474,535,536]. 

There are two distinguishable electrode structures: a dual electrode and a three 

layer electrode. The dual layer consists of a backing layer and a catalyst layer, while 

the three layer electrode consists of a backing layer, a gas diffusion layer and a 

catalyst layer. The gas diffusion layer is fabricated from a mixture of carbon black and 

PTFE suspension, called carbon ink, which is spread onto the backing layer. Zhang et 
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al. [537] developed a gas diffusion layer which is fabricated only by spreading a layer 

of ionomer solution onto the backing layer. In the absence of this diffusion layer, the 

catalyst ink absorbs into the macroporous backing layer, where it is not effective for 

catalytic reactions in the fuel cell [511,512]. The three layer electrodes were 

investigated mainly when a carbon paper was used as a backing layer [48,511-

518,538-540]. 

The fabrication of both diffusion and catalyst layers can be carried out by 

different techniques such as screen-printing, rolling, brushing, filtering and spraying. 

The incorporation of PTFE into the diffusion layer or catalyst layer serves two 

functions: binding the high surface area carbon particles into a cohesive layer, and 

imparting some hydrophobic character to the layer; thus allowing reactants transport to 

and from the catalyst layer. 

Paganin et al. [525] investigated the performance of H2-PEMFCs with varying 

PTFE content in the gas diffusion layer, where it was found that the PTFE content has 

a small effect on cell performance. The best performance was found with 15 wt.% 

PTFE content. However, the thickness of the diffusion layer was found to play an 

important role. 

Nordlund et al. [51] applied PTFE in the thin film catalyst layer developed at 

Los Alamos National Laboratory [27]. It was found that PTFE did not improve DMFC 

performance and the best performance was found without the addition of PTFE. 

However, adding PTFE may make the morphology more favorable for CO2 to evolve 

as a gas by creating the necessary pores. These results are in agreement with the 
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finding of Passalacqua et al. [512], where it was demonstrated that eliminating PTFE 

in the catalyst layer for H2-PEMFCs, increases the free sites for proton access and 

available catalyst sites for the electrochemical reaction. However, this is in 

contradiction to the finding of Wei et al. [541], where, using the same electrode 

structure and thin film technique [25], they found that adding PTFE to the catalyst 

layer influences the DMFC performance, with the best results being achieved with 20 

wt.% PTFE content. 

 

2.3.4.1 Ink Composition 

In a low temperature fuel cell, the electrode incorporates the catalyst powder, a 

proton transporting polymer and an electronically conductive additive [16]. In the 

electrode a three-phase zone is needed, where the electrode must have an electron 

conductive path, a proton conductive path and some porosity for reactants to freely 

move to and from the catalyst sites. Before electrode fabrication, the components of 

the electrode are mixed together to form an ink. Not much information has been 

reported about the preparation of the catalytic inks, and the composition varies with 

authors. The inks in general are constituted of the catalyst powder (supported or 

unsupported), proton conductive polymer, mainly Nafion® solution and a solvent. The 

state of the ink depends on the type of solvent. Uchida et al. [8] classified the inks in 

three categories: i) solution, ii) colloid, and iii) precipitation, depending on the 

dielectric constant (ε) of the organic solvent. A solution can be formed with a solvent 
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with ε > 10; for a solvent with ε between 3 to 10, a colloidal solution can be formed; 

and in solvents with ε < 3, a precipitate occurred [8].  

In the solution method, it is considered possible for an ionomer to block the 

conduction of electrons as a result of covering the surface of carbon by ionomers 

thereby decreasing platinum utilization when electron insulating ionomers cover the 

surface of carbon excessively [7]. In the colloidal method, ionomer colloids adsorb the 

catalyst powders and the size of the agglomerates of catalyst powder increases. Then 

the porosity of the electrode will increase and, accordingly, the mass transfer 

resistance will be diminished. The continuous network of ionomers throughout the 

catalytic layer will be also increased, which will improve proton movement from the 

electrode to the membrane [7,8]. 

In the open literature, three types of organic solvent are used: glycerol (ε = 

42.50) [27,512,513,516,517,543-545], iso-propanol (ε = 18.30) [51,511,518,525, 

541,546-548], and butyl acetate (ε = 5.01) [7,8,456,457,542,549]. Glycerol and iso-

propanol formed a solution, while butyl acetate formed a colloid. Glycerol can 

improve the paintability of the ink [543]. However, due to the high boiling point 

(290°C), molecules of glycerol can remain in the pores even after MEA heat treatment 

[550,551]. Glycerol can also react with Nafion® in sulfuric acid. The esters formed are 

hardly soluble in water [551]. Iso-propanol is widely adopted as solvent. However, 

according to Uchida et al. [8] butyl acetate performs better than iso-propanol due to its 

capability to distribute the ionomer over the whole catalyst layer with high density, 

thus increasing the continuity of the ionomer network for proton conductivity.  
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At the DLR (German Aerospace Center), a new technique for electrode 

preparation was developed that completely avoids the use of solvents [552,553]. The 

fundamental idea of this technique is to spray a dry mixture of electrode materials 

either on the membrane or on the backing layer. An electrode with a thickness 

between 5 and 50 µm can be reproducibly produced [552]. At Johnson Matthey, the 

electrode is fabricated from an aqueous Nafion® solution [554,555]. The aqueous 

Nafion® solution was used to reduce the possibility of reaction between the Pt-based 

electrocatalyst and organic solvents in the original Nafion® solution [554].   

 

2.3.4.2 Nafion® Content in the Electrodes 

The loading of the polymer electrolyte and its distribution in the catalyst layer 

play an important role in determining the electrochemical activity. In fact, optimizing 

these parameters results in not only a high catalyst utilization due to a large active area 

in the electrode (extended reaction zone), but also easier migration of protons through 

the electrolyte retained in the pores of the catalyst layer [8,456,556-558]. 

The ionic conductivity of the catalyst layer can be measured directly [559] and 

indirectly [560]. Boyer et al. [560] demonstrated that the specific protonic 

conductivity of a catalyst layer prepared with recast Nafion® is proportional to the 

volume fraction of Nafion® in the catalyst layer. 

Nafion® content in the electrodes and its effect on catalyst utilization were 

studied [513,528,529,558,561-569]. Poltarzewski et al. [561] studied the influence of 

Nafion® loading in dual electrode systems. The catalyst layer was impregnated with 
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Nafion® solution by floating the electrode on a 5 wt.% Nafion® solution. They found, 

at low Nafion® loading, that the polymeric electrolyte uniformly fills the micro and 

macropores of the electrode structure and increases its ionic conductivity. Further 

addition of the polymer results in the formation of a film on the external surface of the 

electrode. This film causes an additional resistance in the active layer [529,561,562]. It 

was suggested that the cast film must have a higher conductivity than the bulk 

polymer since it is much thinner [133]. But for recast Nafion® film at low temperature, 

the conductivity is much lower as was demonstrated by Siroma et al. [563-565]. The 

conductivity of the cast film (70 nm) and Nafion® 117 were found to be respectively 

0.06 S/cm and 0.21 S/cm at 80°C, when measured under the same conditions. 

Furthermore, when the Nafion® loading is too low, the connection of the ionic 

pathway is insufficient, and the effective interface is limited to just near the membrane 

electrolyte. When the optimal amount is exceeded, it inhibits reactant access [564]. 

Figure 2.5 shows the structure of the electrode with different Nafion® content. 

A very thin recast film was investigated using Scanning Electron Microscopy 

(SEM) analysis where it was found that Nafion® micelles tend to agglomerate to form 

an inverted micellar structure and different shapes as well as significant voids inside 

agglomerates [566]. Dynamic Light Scattering measurements were made in order to 

determine the average dimension of Nafion® micelles in a water-alcohol solution. It 

was observed that the average size of the Nafion® micelles strongly depended on the 

degree of dilution of the solution. An average size of 200 nm was determined for a 

solution (1:1 Nafion® 5 wt.%-water) [566]. 
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Figure 2.5: Schematic representation of the influence of Nafion® loading in the 

Layer Membrane
Catalyst Layer 

Diffusion 

A ) 

B ) 

C ) 

                   catalyst layer [528]. A) low Nafion® content, B) optimal Nafion® content, 

                   C) too much Nafion® content. 

 

Transmission Electron Microscopy (TEM) analysis of the catalyst layer (Pt-Ru 

on carbon, Nafion® solution in water and low alcohols) showed that the size of 

Nafion® micelles was about 200 nm, and that the pores formed by carbon 

agglomerates are not accessible to the big Nafion® micelles. Nafion® particle 

agglomeration in the catalyst layer is quite less significant than observed in the recast 
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ionomer. The absence of a significant interconnected network of Nafion® particles 

inside the catalyst layer, in contrast to recast ionomer film, suggests that some 

limitation for ionic transport could occur in composite electrodes [566]. The absence 

of a continuous network of Nafion® particles inside the catalyst layer seems to be 

related to the preparation procedure and the use of water as dispersing agent. The high 

dielectric constant of water appears to limit the formation of the inverted micelle 

structure [8,566]. 

Gottesfeld and coworkers [558] studied the influence of Nafion® content in the 

catalyst layer using two unsupported Pt-Ru catalysts, RV3030 and HiSPEC 6000 

supplied by E-TEK and Johnson Matthey, respectively. Their half cell and DMFC 

results with E-TEK RV3030 were unexpected, where the current increased with 

decreasing amount of Nafion® in the catalyst layer. The best performances were found 

to be with no addition of Nafion® solution. Johnson Matthey catalyst followed the 

normal known trend, i.e. increasing the Nafion® content increased the cell 

performance. X-Ray Diffraction (XRD) analysis suggested that E-TEK RV3030 

contains some form of ruthenium oxide (RuOx) [558]. The amount of RuOx could be 

sufficient to provide protonic conductivity. It was found by Rolison et al. [570,571] 

that hydrous RuOx can have a proton conductivity of 10-3 to 10-2 S/cm, depending of 

the hydration level. However, Aricò et al. [566] studied the structure of 40% Pt-20% 

Ru supported on Vulcan XC-72 from E-TEK, and they found no evidence of the 

presence of RuOx.    
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2.3.4.3 Pore Forming Additives 

Recently, a new approach was adopted to increase the porosity of the active 

layer by introducing a pore forming additive. Optimal amounts of pore forming 

additives increase the volume porosity of the active layer. The increased volume 

porosity resulted in a significant reduction in the mass transport resistance in the active 

layer, and therefore an improvement in electrode performance [508,572].  

Gamburzev et al. [508,572] used unspecified pore forming material, while 

Fischer et al. [544] used Li2CO3, ammonium carbonate and ammonium oxalate 

((NH4)2C2O4). Wei et al. [541] introduced (NH4)2C2O4 as pore forming additive in a 

thin film catalyst layer. Passalacqua et al. [550] used ammonium carbonate as pore 

former. The addition of pore forming additives in all the experiments showed 

satisfactory results due to the decrease in mass transport limitation into the electrodes 

[541].  

 

2.4 METHANOL CROSSOVER IN FUEL CELL MEMBRANES 
 

Methanol crossover is a critical factor in a DMFC. Perfluorosulfonic acid 

membranes have high methanol diffusivity [573,574]. It has been found that over 40% 

of the methanol can be wasted across perfluorosulfonic acid membranes, and also a 

mixed potential occurs at the cathode (see Section 2.1.4). It was also found that 

methanol crossover is controlled by cell temperature; a higher temperature increases 

methanol crossover [55,574-576]. 
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Methanol crossover has been studied from its influence on the performance of 

the fuel cell [152,577-581]. Methanol crossover has been widely studied by 

monitoring the CO2 at the cathode exhaust outlet using a CO2 sensor [30,157,582-

587], gas chromatography [580,588-590], and Multipurpose Electrochemical Mass 

Spectroscopy (MPEMS) [591,592]. Measurement by precipitation as BaCO3 has also 

been reported [586,593]. This method is based on the assumption that methanol 

permeating through the membrane is completely oxidized to CO2, which is unlikely. It 

was found that the products of methanol oxidation included formaldehyde, formic 

acid, methylformate, carbon monoxide and carbon dioxide [588,592,594,595]. Fan et 

al. [594,595] used in situ Fourier Transform Infrared-Diffuse Reflection Spectroscopy 

(FTIR-DRS) on an operating DMFC at room temperature. While, Lin et al. [372] used 

FTIR online in a DMFC operated at 150°C and 185°C, where it was found that 

complete oxidation of methanol to CO2 was achieved.   

Nevertheless, these methods require lengthy and careful calibration of both the 

exhaust flow rate and CO2 sensor. Furthermore, it was found that at high cell current 

density the CO2 generated from the anode may permeate through the membrane to 

reach the cell cathode, contributing to an overestimation of the methanol crossover 

rate using CO2 sensors [586,596]. Thus, the measurement of methanol crossover by 

monitoring CO2 at the cathode exhaust is likely to be inaccurate. 

Ren et al. [596,597] developed a method to measure methanol crossover rate 

under cell operating conditions at open circuit. The set-up used a voltametric method 

and accounting for electro-osmotic drag effects. In the voltametric method, the anode 
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and cathode were reversed when compared to a DMFC as shown in Figure 2.6. 

Methanol solution was fed to the anode electrode as in a DMFC. Methanol then 

permeated through the anode backing layer, anode catalyst layer and the proton 

exchange membrane to reach the cathode side. The cathode side differs from a DMFC 

in that an inert atmosphere is used, such as well-humidified nitrogen or pure water. 

The reaction occurring at the anode was proton reduction to form hydrogen gas and 

the reaction occurring at the cathode is the oxidation of methanol that crosses through 

the membrane. When the applied voltage is high enough to quickly oxidize the entire 

methanol diffusing to the cathode side, a limiting current is achieved. This limiting 

current represents approximately the rate of methanol crossover at open circuit. This 

method was adopted by different researchers [194,598,599]. 

The methods mentioned above depend on a working fuel cell, which is a 

difficult task for a newly developed membrane, especially in the case of MEA 

fabrication. For a fast screening of newly developed membranes, alternative methods 

to measure methanol crossover without a fuel cell is needed. Three types of 

experiment were used in the open literature, namely pervaporation, pressure change in 

the two compartment arrangement, and the diaphragm diffusion cell. In the 

pervaporation arrangement, a membrane is clamped between two compartments. 

Methanol solution is pumped through one compartment while the other one is purged 

with a continuous flow of an inert gas, such as nitrogen [155,156,268,269], a vacuum 

[289,290] or water [36]. Methanol concentration is measured at the permeate by 

means of gas chromatography [155,156,268,269,289,290] or Differential Electroche- 
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mical Mass Spectroscopy (DEMS) [36,600]. Savinell and co-workers [159,601] used 

the two compartment arrangement, but instead of measuring methanol concentration, 

the pressure in the small compartment was monitored.    

 

CH3OH + H2O

CH3OH N2, H2O 

CO2 + 6H+ + 6e- 

6H+ + 6e- 

3H2 

 

Figure 2.6: Voltametric method to measure methanol crossover. 

 

In the diaphragm diffusion cell, a two compartment arrangement was utilized 

for a methanol permeability test. One compartment was filled with an aqueous 

solution of methanol while the other compartment was filled with pure deionized 

water. The membrane was clamped between the two compartments, and the two 

compartments were kept under stirring conditions during the experiment. A methanol 
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flux is established across the membrane owing to the concentration gradient between 

the two compartments. The flux of methanol across the membrane was constant, and 

its concentration in the receiving compartment was measured several times during the 

experiment.  

Methanol permeability is calculated from the slope of the straight line of the 

curve of methanol concentration in the receiving compartment vs time [602,603]. 

Appendix A shows the derivation of the methanol permeability equation. The 

diaphragm diffusion cell was widely adopted to measure methanol permeability in 

newly developed membranes [153,157,175,179, 226, 270, 309,604-609]. 
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CHAPTER 3 

CHEMICALS, INSTRUMENTS AND METHODS 

 

3.1 CHEMICALS 

Chemicals used in this study are summarized in Table 3.1 with suppliers names 

and some specifications. 

 
Table 3.1: Chemicals  
 
Chemicals   Supplier   Specifications 
 
ZrO2 powder   Degussa 
ZrO2 Sol                         Alfa Aesar   20% in H2O, colloidal   
                                                                                                dispersion, 0.005-0.01  
                                                                                                micro particle in liquid 
Zirconium oxychloride Shangai Reagent  
(ZrOCl2)   Company, China 
Dimethyl sulfoxide  Aldrich   99.6%   
(DMSO) 
Dimethylacetamide  Aldrich   99% 
(DMAc) 
N-methylpyrolidone   Aldrich   99% 
(NMP) 
Butyl Acetate (BAc)  Alfa Aesar   99% 
20%Pt - 10%Ru on  Alfa Aesar; Johnson   Pt 19.20 wt.%, Ru  
Carbon black   Matthey   10.30 wt., 2.1 nm size 
30%Pt - 15%Ru on   Alfa Aesar; Johnson  Pt 29.1 wt.%, Ru 
Carbon black   Matthey   14.84 wt., 2.3 nm size  
40%Pt on Carbon  Alfa Aesar; Johnson  Pt 38.530 wt.%, 
black    Matthey   3.8 nm size 
Nafion® solution  Ion Power   5 wt.%, 1100 EW 
Nafion®  solution  Aldrich   5 wt.% in a mixture of  

lower aliphatic alcohols 
and water 

Iso-propanol (IPA)  Sigma- Aldrich  99.5% 
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3.2 INSTRUMENTS 

3.2.1 X-Ray Diffraction (XRD) Analysis   

XRD measurements are carried out with D8 Advance, Bruker AXS equipment using 

CuKα source.  

 
 
Instrument  D8 Advanced 
X-Ray Detector Copper source 
Detector  Scintillation 
Slits   Divergence V20 
Antiscattering  V20 
Generator  V20  40 kV 
Generator current 40 mA 
 
 
Table 3.2: XRD operating parameters 
 
XRD operating parameters 
 
Range (2θ)     5-70 
Step size     0.02 
Scan speed     7s/step 
Scan type     Locked couple 
Scan time     7 hours 
Scan mode     Continuous 
Synchronous rotation    On 
 
 
 

3.2.2 Fourier Transform Infrared  (FTIR) Analysis  

FTIR spectra were obtained with a Perkin-Elmer Paragon 1000 FTIR 

instrument over the range of 4000-400 cm-1 and a resolution of 4 cm-1. For the powder 

analysis, appropriate mixtures of the samples and KBr were used. The IR spectra of 

the membranes were obtained on 100 µm thick films.  
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3.2.3 Membrane Morphology Analysis by Scanning Electron Microscopy (SEM) 

The matrix surface and the surface and cross-section of the composite 

membranes morphology were investigated by means of SEM. SEM images were 

obtained on a Hitachi x650. The cross-sections of the composite membrane were 

obtained by breaking the membrane into small pieces under liquid nitrogen.  

 
Hitachi    x650 
Accelerating voltage  25kV 
Aperture   0.4 mm 
Tilt angle   0° 
Resolution   6 nm 
Working distance  15 mm 
 
 
3.2.4 Transmission Electron Microscopy (TEM) Analysis 

Powders and membranes cross section were observed by TEM in a Leo 912 

electron microscope. The powders were suspended in methanol in an ultrasonic bath, 

followed by dropping some suspension onto a copper grid. For membrane sectioning, 

a Reichert Ultracut S (Leica) ultramicrotome was used. The sample was embedded in 

resin. Then, a cross section was cut off using the ultramicrotome with a glass knife 

fitted with a water boat. After sectioning, the copper grids were dipped in the boat to 

capture the samples.     

 

3.2.5 Brunauer-Emmett-Teller (BET) Analysis 

The surface area of the samples was determined by the BET technique using a 

Micromeritics Accelerated SA and Porisimetry (ASAP) 2010 system. 
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3.2.6 Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry 

          (DSC) 

TGA and DSC data were obtained with model STA (Simultaneous Thermal 

Analyzer) 1500 (supplied by Rheometric Scientific Ltd, UK), over nitrogen and at a 

heating rate of 10°C/min.   

 

3.3 METHODS 

3.3.1 Conductivity Measurement 

3.3.1.1 Definitions 

The membrane resistance (R) is defined as the potential drop ( φ∆ ) over a 

membrane at given current (I). 

I
R φ∆
=  [Ω] 

The area resistance is defined as: 

MA RAR =  [Ω cm2] 

where AM is the membrane area 

If different membrane materials shall be compared with one another the 

specific resistance RM independent of membrane thickness has to be used: 

l
RR A

M =   [Ω cm] 

alternatively, the specific conductivity (σ) of a membrane is employed: 

MAM A
l

RR
l

R
×===

11σ   [S/cm] 
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3.3.1.2 Membrane Resistance Measurements 

The membrane resistance can be measured with several techniques. The most 

popular methods used to measure proton conductivity in membranes are: direct current 

[133,144-147] and ac impedance spectroscopy [31,33-35,115,131-143]. In this 

dissertation, ac impedance spectroscopy technique was adopted. 

 

Principle of Impedance Spectroscopy 

The impedance (Z), which is the complex of the ac resistance, is determined as 

a function of the frequency (f). The impedance is defined in analogy to Ohm`s law: 

)(
)()(

tI
tUtZ =  

Where the voltage U (t) is:  

)2sin()( 0 ftUtU π=  

and the current I (t) is:  

)2sin()( 0 ϕπ += ftItI  

U0 and I0 are the amplitudes of the oscillations U(t) and I(t). 

ϕ  is the phase angle of the current response shifted with respect to a voltage signal. 

An impedance spectrum can be displayed as a Cole-Cole plot or Bode plot. In 

the Cole-Cole plot, the real impedance  " Z  is plotted as a function of the imaginary 

impedance   'Z as shown in Figure 3.1.  In the Bode plot the absolute value of the 

impedance   Z  and the absolute phase angle   ϕ  are plotted versus the frequency f as 

shown in Figure 3.2. 
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Figure 3.1: Cole-Cole plots of ZrP composite membrane (Z” is the real resistance and  

         Z’ is the imaginary resistance). 

 

          

 

  
             Figure 3.2: Bode plot of ZrP composite membrane.  
 

 

The conductivity measurement cell is depicted in Figure 3.3. The cell consists 

of an upper and a lower chamber, each of them containing a gold plated cupper 

electrode (0.28 cm2 surface area). Good centering is important for the homogeneity of 

the electrical field. The electrodes serve as a working and reference electrode. 
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Upper 
Chamber 

Water out 

Water in 

Gold plated
Cupper 

Gold plated
Cupper 

Lower 
Chamber 

              Figure 3.3: Conductivity measurement cell [610]. 

 

Impedance measurements were conducted using an Autolab 

potentiostat/galvanostat PGSTAT30 (Eco Chemie, the Netherlands) in combination 

with the computer controlled frequency response analyzer over the frequency ranges 

0.1 Hz to 100 kHz. For measurement, the membrane was placed between two Nafion® 

117 membranes. After measurement of the three-membrane stack, the ohmic 

resistance of the two Nafion® membranes was measured via the same way, and the 

resistance of the membrane was finally calculated by subtraction of the ohmic 

resistance value of the three-membrane stack. Before impedance measurements the 

membranes were soaked in water at least for 2 hours.  
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3.3.2 Water Uptake of Membranes 

Samples of the membranes were weighed (W1) after drying in a vacuum oven 

at 100°C for 8 hours. Next, the samples were weighed (W2) after immersion in 

deionized water for three days at room temperature. Water uptake (∆W) was calculated 

with the following equation: 

100(wt.%) 
1

12 ×
−

=∆
W

WWW  

3.3.3 Methanol Permeability Measurement 

Diffusion cell was adopted to measure methanol permeability in membranes. 

This method was chosen based on the literature review for methanol crossover 

measurement (see Section 2.4). The diffusion cell is the most suitable method to 

measure methanol permeability in newly developed membranes. The method used 

however, does not provide an accurate measure of permeability, but it is the only 

means of comparison of new membranes to a standard membrane (which is Nafion® 

117 for DMFC application). 

A two-compartment glass cell was utilized to investigate the methanol 

permeability of the membrane as depicted in Figure 3.4. One compartment (A) was 

filled with an aqueous solution of 1M methanol, the second compartment (B) was 

filled with pure water. The membrane was clamped between the two compartments. A 

methanol flux was established across the membrane owing to the concentration 

gradient between the two compartments. Samples of solution were withdrawn from 

the receiving compartment (B) by means of a microsyringe (1µl) and analyzed by a 

gas chromatograph (HP 5890 Series II) fitted with a flame ionization detector (FID) 
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and Porapak Q column. The concentration in the receiving compartment was 

measured several times during an experiment, and methanol permeability was 

calculated from the slope of the straight line [603]. The following equation was used 

to calculate methanol permeability (P) [226, 603]: 

AB

ABB

CC
CC

At
lVDHP

,1,1

,1
0
,1ln
−

−
==   [equation 3.1] 

where D is the diffusion coefficient, H the partition coefficient, C0
1,B is the methanol 

concentration in the receiving compartment at the beginning of the experiment (t = 0), 

C1,B is the methanol concentration at a given time (t = texp), C1,A is the methanol 

concentration in the aqueous methanol compartment (A) which is constant (1M), A 

and l are the exposed area and membrane thickness respectively, and Vsample is the 

volume of the receiving compartment (B). 
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3.3.4 DMFC Test Rig 

The test rig is constituted of a methanol reservoir (1 liter) connected to the 

Methanol Test Kit (MTK) purchased from Lynntech. The MTK is equipped with a 

heater to heat methanol to the desired temperature, typically 80°C. The temperature is 

controlled by a temperature probe at the entrance of the reservoir. The reservoir is also 

fitted with a level control connected to the MTK. Figure 3.5 shows the Methanol Test 

Kit (MTK). The connections between the MTK and the methanol reservoir are made 

of PTFE.  

The single fuel cell is constituted of endplates and an MEA. The endplates 

used are also purchased from Lynntech, with an area of 5 cm2 (Figure 3.6). The flow 

fields for the reactants were of serpentine configuration with three serpentines 

connected in parallel. The endplates are also fitted with holes to accommodate a 

heating cartridge and a thermocouple for the temperature controller. The cell 

temperature is also controlled by the MTK.  

Methanol is fed to the anode from the reservoir by means of peristaltic pump 

(HPLC pump, Millipore Waters, Model 510). The connection between the methanol 

reservoir and the cell are also made of PTFE and a heating tape was used to keep the 

temperature of methanol similar to the cell temperature. A circulating mode was 

adopted, where the unreacted solution was fed back to the reservoir. 
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Figure 3.5: Lynntech Methanol Test Kit. Figure 3.6: Lynntech endplates. 

The cathode is fed with air or oxygen from a gas cylinder. The flow rate of the 

gas is controlled by a mass flow controller for accurate flow rate delivery - a flow rate 

between 500 ml/min to 5 l/min can be chosen. The cylinder is connected to the MTK, 

and to the cathode cell, as shown in Figure 3.7. A back pressure can be applied, if 

desired, by fitting a needle valve at the cell cathode exhaust. Air or oxygen is supplied 

to the cell without prior humidification and heating. PTFE connections are also used 

between the gas cylinder and the cell.    

The gold coated endplates are also used as current collectors. The anode and 

cathode sides are fitted with connections to a potentiostat/galvanostat Auto Lab (Echo 

Chemi, The Netherlands). The polarization curve - which is the current as a function 

of voltage - can be obtained by applying a voltage and recording the current or vice-

versa. In this study a voltage was applied and the produced current is recorded. The 

Autolab allows one to measure the current as function of time. 
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CHAPTER 4 

MEMBRANE PREPARATION AND CHARACTERIZATION  

  

4.1. INTRODUCTION  

The proton conductive membranes are the key components of the DMFC. The 

actual state-of-the-art membranes (e.g. Nafion®) have several disadvantages including: 

• High cost, because of the complexity and duration of the manufacturing 

process [117] which includes strongly toxic and environment-unfriendly 

intermediates [114]; 

• High methanol permeability in these membranes from anode to cathode - 

known as methanol crossover - which severely affects DMFC performance; 

• Working temperature at around 80°C, since the conductivity depends on water. 

High temperatures (around 150°C) are desirable to avoid CO absorption on the 

catalyst surface. 

 

The aim of this study is to develop a proton conductive membrane, which can 

at least overcome one of the disadvantages listed above. Different approaches were 

undertaken to develop proton conductive membranes. ZrP can be mixed with a non- 

conductive polymer as a binder, but with this type of composite membrane, the 

inorganic proton conductive material must form at least 60% of the composite, 

otherwise the mechanical stability of the membrane is questionable. The approach 
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followed in this study is to use a highly mechanical stable inorganic material as a 

matrix, followed by impregnation with a proton conductive material. The inorganic 

material support chosen is CREAFILTER® and the proton conductive materials are 

ZrP and Nafion® ionomer. Organic / inorganic composite membranes are also new 

types of proton conductive materials. The organic material provides the necessary 

conductivity, while the inorganic material enhances the characteristics of the 

membrane, namely mechanical stability, reduced methanol permeability and provides 

high water content above the boiling point of water (100°C). The inorganic materials 

usually added in the literature, are metal oxide (e.g. SiO2 and ZrO2) and ZrP. ZrP is 

the inorganic material of choice to be added to organic proton conductors, since it is 

also a proton conductor. In this study Nafion® was chosen as the organic proton 

conductor material while ZrO2 and ZrP were chosen as the inorganic materials. 

 

4.2 INORGANIC MATRIX DESCRIPTION AND STABILITY TESTS 

4.2.1 Matrix Descriptions 

The matrices used were a non-conducting glass support or polymer coated with 

ceramic developed by Creavis Technology and Innovation, Germany, under the trade 

name CREAFILTER®  [611, 612]. CREAFILTER® combines the advantages of both 

polymeric and ceramic membranes. They are flexible and have good chemical and 

thermal stability [611]. Four types of CREAFILTER® were tested as matrix for 

composite membrane preparation, namely Z100G, Z240G, S450P and Z450P. The 

characteristics of the matrix are summarized in Table 4.1. Two of the 
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CREAFILTER®s used glass supports (Z100G, Z240G), while the other two used 

polymer supports (S450P, Z450P). The pore size varied according to the type and size 

of the ceramic coating - from 100 nm for Z100G to 450 nm for Z450P; also the 

thickness of the matrix varied from 30 µm for S450P to 200 µm for Z450P. The 

thickness of the composite proton conductive membranes is an important factor for 

high conductivity, since the conductivity is inversely proportional to the thickness.  

 

Table 4.1: Inorganic CREAFILTER® matrix characteristics 

 
CREAFILTER®    Composition     Thickness    Pore size    Methanol permeability 
         (µm)            (nm)                    (cm2/s) 
 
Z100G         ZrO2 and Al2O3         100              100        9 × 10-7 
Z240G         ZrO2 and Al2O3            90              240      11 × 10-7 
S450P          SiO2 and Al2O3            30    450      21 × 10-7 
Z450P         ZrO2 and Al2O3              200              450      18 × 10-7 
 

 

Table 4.1 shows some characteristics of the inorganic CREAFILTER® matrix, 

including the type of ceramic used to coat the support. Metal oxides are used as 

ceramic coatings - a mixture of ZrO2 and Al2O3 are used for the Z type, whereas SiO2 

and Al2O3 are used for S type.    

 

Figure 4.1 shows the structure of CREAFILTER® Z240G, which is constituted 

of ceramic (ZrO2 and Al2O3) and glass fiber support. Figure 4.1 (A) shows the surface 

while (B) shows a cross-section.   
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  (A)      (B) 

 
5 µm

Figure 4.1: SEM micrograph of the surface (A) and cross-section (B) of  

                    CREAFILTER® Z240G. 

 

 

  (A)      (B) 

 
5 µm

Figure 4.2: SEM micrograph of the surface of (A) CREAFILTER® S450P and  

                    (B) CREAFILTER® Z450P. 
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 The SEM micrographs of the surface of CREAFILTER® (Figure 4.1 (A), 

Figure 4.2 (A) and Figure 4.2 (B)) revealed the presence of two different sized 

inorganic materials on the surface of the support. Figure 4.1 (B) shows the glass fiber 

support used to prepare Z type CREAFILTER®, and Figure 4.2 (A) shows the polymer 

used as a support for CREAFILTER® S450P. According to Creavis Technology and 

Innovation (the supplier), the polymer used in S450P is polyethylene tetraphthalate 

(PET).   
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Figure 4.3 shows the X-ray diffraction pattern of CREAFILTER® Z100G and 

Z240G, while Figure 4.4 shows the X-ray diffraction pattern of S450P. The X-ray 

diffraction patterns of Z100G and Z240G are the same since they are using the same 

materials (see Table 4.1). The X-ray analyses were done on CREAFILTER® for 

comparison studies, when the composite membranes will be prepared.  

            Figure 4.3: XRD analysis of bare CREAFILTER® Z240G (a) and bare  

                               CREAFILTER® Z100G (b). 
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                        Figure 4.4: XRD analysis of bare CREAFILTER® S450P. 
 

 

4.2.2 Matrix Stability Test 

The stability of the matrix materials was tested by soaking them in different 

solvents over three months at room temperature. The stability tests were performed 

with H2SO4, H3PO4, methanol and organic solvents such as DMSO (Sigma-Aldrich), 

DMAc (Aldrich) and NMP (Aldrich).  

 

Table 4.2 shows the changes that occur on CREAFILTER® during soaking in 

different solvents. It can be clearly seen that CREAFILTER®s are chemically stable in 

organic solvents. However, CREAFILTER® Z450P dissolved in concentrated H2SO4 

and H3PO4, and cracks with neat NMP, DMSO and DMAc, but is stable with 
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methanol. CREAFILTER® Z100G, Z240G and S450P are suitable for matrix use for 

proton conductive materials (e.g. ZrP).   

 

Table 4.2: Inorganic CREAFILTER® matrix stability test 
 
  v.%  Z100G  Z240G  S450P  Z450P 
   

10%  None  None  None  None 
H2SO4  50%  None  None  None  Yellow color 
  100%  None  None  Crack  Dissolved 
 

10%  None  None  None  None 
H3PO4  50%  None  None  None  Dissolved 
  100%  None  None  None  Dissolved 
 

10%  None  None  None  None 
Methanol 50%  None  None  None  None 
  100%  None  None  None  None 
 

10%  None  None  None  None 
NMP  50%  None  None  None  None 
  100%  None  None  None  Crack 
 

10%  None  None  None  None 
DMSO  50%  None  None  None  None 
  100%  None  None  None  Crack 
 

10%  None  None  None  None 
DMAc  50%  None  None  None  None 
  100%  None  None  None  Crack 
 
 

4.2.3 Methanol Permeability in Bare CREAFILTER®s 

A diffusion cell was used to measure methanol permeability as discussed in 

Section 3.3.3. Methanol permeability in bare CREAFILTER®s is reported in Figure 4.5 

and Figure 4.6. 
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Figure 4.5 shows the measured methanol concentration in the receiving 

compartment (B) as function of the exposed time in different inorganic 

CREAFILTER® matrixes namely Z100G, Z240G, Z450P and Nafion® 117.  Nafion® 

117 was studied as a reference, since it is the membrane of choice for DMFC. 
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Figure 4.5: Methanol concentration in the receiving compartment (B) as 

                    function of the exposed time in bare CREAFILTER® Z100G, Z240G, 

                    Z450P and Nafion® 117. 

 

As can be seen from Figure 4.5, methanol permeability in CREAFILTER®s is 

higher than in Nafion® 117, and can be attributed to particular diffusion phenomenon: 

in Nafion® polymer, by diffusion and solubility in the polymer, and in CREAFILTER® 

solely by molecular sieve action. Methanol permeability in CREAFILTER® is 
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expected to increase with the increase in pore size or a decrease in thickness. In 

comparison, the methanol permeability in Z450P is the least of all CREAFILTER®s 

since it is the thicker one - 200 µm compared to 90 µm and 100 µm for Z240G and 

Z100G, respectively. The pore size effect is more obvious for Z100G and Z240G, 

where they have nearly the same thickness, but a large difference in pore size - 240 nm 

for Z240G versus 100 nm for Z100G - thus the permeability in Z100G is less than 

Z240G. Figure 4.6 shows methanol permeability in CREAFILTER®Z240G and 

S450P. For S450P the thickness effect is dominant - 30 µm versus 90 µm for Z240G. 

The calculated methanol permeability coefficient (P) for CREAFILTER®s and 

Nafion® 117 are reported in Table 4.1. Equation 3.1 was used for the calculation, and 

the detailed calculations appear in Appendix A.  

 Figure 4.6: Methanol concentration in the receiving compartment (B) as function of 

                   the exposed time in bare CREAFILTER® S450P, Z240G and Nafion® 117. 
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4.3 INORGANIC CREAFILTER® MATRIX IMPREGNATED WITH  

      ZIRCONIUM PHOSPHATE 

4.3.1 Introduction 

ZrP was chosen as a proton conductor. It is well known that ZrP has high water 

content above 100°C. It is also well known that ZrP is a surface conductor with a 

conductivity varying from 10-5 to 10-2 S/cm, depending on the state of the produced 

material. To obtain highly conductive materials, ZrP must be produced with the 

highest possible amorphous content, or reduced particle size (high surface area). The 

problem found with ZrP membrane in previous attempts in the literature, is to make a 

mechanically stable membrane. In this study a novel approach was followed: the use 

of an impregnation technique as described by Belyakov and Linkov [292].  

 

4.3.2 Membrane Preparation 

CREAFILTER® was impregnated with ZrP in two steps following the 

Belyakov and Linkov method [292]. For the first step the CREAFILTER® was soaked 

in ZrO2 sol (laboratory made or commercial ZrO2 sol). ZrO2 powder (supply from 

Degussa) was also used - a suspension of ZrO2 in acetic acid was prepared to facilitate 

the first impregnation step. Then the membrane was dried at 80°C in an air oven. The 

second step - referred to as phosphorization - is where the membrane was soaked in 

concentrated H3PO4 at 80°C to form ZrP in situ. To reach the desired characteristics 

(conductivity and methanol permeability) the two step impregnation process was 

repeated several times (in this case typically 5 times). 
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Laboratory made ZrO2 sol was prepared as follows: 1M recrystallized 

ZrOCl2.9H2O (Shanghai Reagent Company, China) was prepared and heated in a 

beaker under vigorous stirring. 25% NH4OH was added drop by drop to the ZrOCl2 

solution, to the stage where crystals begin to form. The solution was vigorously stirred 

for few minutes to redissolve the crystals. At the end a clear sol was obtained. The sol 

obtained was cooled down to room temperature prior use. Commercial ZrO2 sol was 

purchased from Alfa Aesar (20% ZrO2 in aqueous solution) with particle sizes in the 

range 5 nm to 0.01 µm.  

 

4.3.3 ZrO2 Sources Characterization  

Different types of zirconium oxide (ZrO2) starting materials were investigated, 

with attempts to establish the optimal ZrO2 to be used in composite membrane 

preparation, and the most suitable for the impregnation of the inorganic 

CREAFILTER® matrix. Three sources of ZrO2 were used in the 1st step in membrane 

preparation, namely, ZrO2 powder (Degussa), laboratory made ZrO2 sol and 

commercial ZrO2 sol (Alfa Aesar), and are referred to hereafter as ZrO2-D, ZrO2-L 

and ZrO2-C, respectively.   

Figure 4.7 shows the structure of ZrO2 from the three sources used in this 

study. ZrO2-D has a non-uniform rough surface morphology, while ZrO2-L and ZrO2-

C form well defined crystals with ZrO2-C forming sharp crystals. 
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                  (A)          (B)           (C) 
 
 
 
 
 
 
 
 
 
 5 µm 5 µm

 
   Figure 4.7: SEM micrographs of the three different ZrO2 sources: (A) ZrO2-D,  

                       (B) ZrO2-L and (C) ZrO2-C. 

 
 

Figure 4.8 and Figure 4.9 show TEM micrographs of ZrO2-D as received and 

ZrO2-D suspension in acetic acid, respectively. Particle sizes of the range 12 to 14 nm 

were observed for ZrO2-D, while the micrograph of ZrO2-D suspension in acetic acid 

does not show significant agglomeration. 

50nm50nm

 
                             Figure 4.8: TEM micrograph of ZrO2-D as received. 
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25 nm 

 
 
 
 
 
 
 
 
 
 
 
 
       
                  

    Figure 4.9: TEM micrograph of ZrO2-D suspension in acetic acid. 
 
 

                        

Figure 4.10 shows the TEM micrograph of ZrO2-L. An average particle size of 

14 nm was observed, showing the nanostructure of ZrO2. 

 

 
                           Figure 4.10: TEM micrograph of ZrO2-L. 
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Figure 4.11 and Figure 4.12 show the X-ray diffraction analysis of ZrO2-D and 

ZrO2-L, respectively. The X-ray diffraction analysis of ZrO2-D (Fig. 4.11) revealed 

the presence of both monoclinic and tetragonal structures. The Bragg angles (2θ) of 

the monoclinic structure appears at 24.4°, 28.2°, 31.5°, 34.5° and 62.3°, whereas the 

angles for the tetragonal structure are 30.2°, 50.2°, 50.7°, 59.3° and 60.2° [613]. X-ray 

diffraction analysis of ZrO2-L (Fig. 4.12) is completely different - an orthorhombic 

structure was found. Bragg angles (2θ) of the orthorhombic structure appear at 32.6°, 

54° and 58.5° [614]. Furthermore, the X-ray analysis of ZrO2-L revealed the presence 

of unknown peaks at 2θ = 22.9°, 40.4° and 47°. These are due to the impurities in the 

ZrOCl2 starting material used in the preparation of ZrO2-L. 

 

                                      Figure 4.11: XRD analysis of ZrO2-D. 
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                                    Figure 4.12: XRD analysis of ZrO2-L. 
 
 

The particle size was calculated from the X-ray diffraction analysis of ZrO2-D 

by using the Scherrer formula: 

θ
β

λ cos9.0
=D  

where: D is the particle size, λ is the wave length of the X-ray (λCuKα = 1.5418 Å), β is 

the width of the most intense peak, θ is the intersection with the x axis. 

The calculated particle size was found to be 10 nm. This is in agreement with 

the TEM analysis, where particle sizes of 12 to 14 nm were found.   

 

The BET surface areas for the different ZrO2 sources are summarized in Table 

4.3. ZrO2-D shows the higher surface area compared to ZrO2-L and ZrO2-C. ZrO2-D 

also has a surface area double that reported by Bedilo and Klabunde [615], where a 

value of 565 m2/g was found. Since ZrP is a surface conductor and ZrO2-D has the 
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highest surface area, it can be expected that ZrP prepared from ZrO2-D will produce 

the highest conductivity.  

 
Table 4.3: BET surface area for ZrO2 sources 
 
ZrO2 sources   Single point surface area  BET surface area 
           (m2/g)    (m2/g) 
 
ZrO2-L              0.5       0.6 
ZrO2-C             5.1       5.4 
ZrO2-D          > 1000    >1000 
ZrO2 (ref. 615)            542       565 
ZrO2-D suspension in            64.1       66 
acetic acid 
 
 

Figure 4.13 reports the results of the pore size distribution as a function of pore 

area for ZrO2-D, ZrO2-D suspension in acetic acid, and ZrP prepared from ZrO2-D. 

From Figure 4.13, it can be seen that ZrO2-D has a high surface area with a small pore 

diameter and showed the presence of a peak at ∼50 Å. This peak disappeared when 

dispersed in acetic acid. After treatment of ZrO2-D with phosphoric acid a high 

intensity peak beyond 100 Å was observed - this peak being due to the presence of 

ZrP.   

The pore size distribution as a function of pore area for ZrO2-L, ZrO2-L 

suspension in acetic acid, and ZrP prepared from ZrO2-L are shown in Figure 4.14. 

ZrO2-L has a low surface area with high pore diameter. The peak at ∼50 Å as showed 

earlier was also observed here. In contrast to ZrO2-D, the intensity of the peak 

increased when dispersed in acetic acid. ZrP prepared from ZrO2-L did not show 

significant peaks. 
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                           Figure 4.13: Pore size distribution of ZrO2-D. 

 

  
                       Figure 4.14: Pore size distribution of ZrO2-L. 

 
 

Figure 4.15 shows the Thermogravimetric analysis of ZrO2-D and ZrO2-L. At 

temperatures under 200°C, ZrO2-L has a higher water retention than ZrO2-D. This was 

expected from the high surface area of ZrO2-D. 

 103



Chapter 4                                                    Membrane Preparation and Characterization 

0

20

40

60

80

100

0 100 200 300 400 500 600 700

Temperature (°C)

W
ei

gh
t l

os
s (

%
)

 

ZrO2-L 

ZrO2-D 

 
                    Figure 4.15: TGA analysis of ZrO2-D and ZrO2-L. 
 
 
4.3.4 Zirconium Phosphate Powder Characterization 

ZrP powders were prepared from different ZrO2 sources (see Section 4.3.3). 

The powders were prepared by mixing ZrO2 and phosphoric acid. For conductivity 

measurement, a pellet of ZrP was prepared by adding Teflon® (PTFE) fine powder 

(DuPont product and purchased from Spurlock Specialty Tools) to the prepared ZrP. 

Teflon® was added to the ZrP to act as a binder. The conductivity was measured using 

the cell in Figure 3.3 and using ac impedance spectroscopy as described in section 

3.3.1.2. The conductivity results are summarized in Table 4.4.  

The measured conductivities of the ZrP powders were not expected, since 

ZrO2-D was found to be the most appropriate for high conductivity. The conductivity 

results show that ZrP prepared from ZrO2-L is the most conductive (10-2 S/cm), while 

ZrP prepared from ZrO2-D and ZrO2-C has a conductivity of the order of 10-3 S/cm.  

 104



Chapter 4                                                    Membrane Preparation and Characterization 

The conductivity of 10-3 S/cm was the highest found in the literature for 

amorphous ZrP prepared from zirconium nitrate [345,346]. The type of PTFE added to 

the powder will influence the conductivity, since ZrO2 powder will behave differently 

(as can be seen below) and the interaction between the polymer and the powder also 

will differ. PTFE is a hydrophobic polymer, while ZrP is highly hydrophilic. This 

mixed hydrophobic-hydrophilic character will produce materials with different water 

content, and thus different conductivities.  

 
Table 4.4: Conductivities of ZrP powders 
 
Zirconium phosphate types       Conductivity (S/cm) 
 
ZrP-D (made from ZrO2-D)      3.8 × 10-3 
ZrP-L (made from ZrO2-L)      1.0 × 10-2 
ZrP-C (made from ZrO2-C)      9.6 × 10-3 
 
 

It would appear from Table 4.4 that ZrP prepared from ZrO2-L is the highly 

moisturized one, while ZrP prepared from ZrO2-D is not sufficiently moisturized, 

thereby exhibiting the lowest conductivity. According to previous research on 

composite proton conductive membranes (polymer and zirconium phosphate) [262], 

the conductivity of ZrP powder will not reflect the conductivity of the composite 

membrane. In general, the conductivity between the conductivity of the polymer and 

the conductivity of ZrP powder was reported as being dependent on the interaction 

between the polymer and ZrP powder. It was found that the smaller the size of the ZrP 

particles the better the interaction is between the polymer and the powder, leading to 

higher conductivity. Furthermore, in this study, the preparation procedure for ZrP 

 105



Chapter 4                                                    Membrane Preparation and Characterization 

powder and the preparation of the composite membrane are different. The 

conductivities of the powder will not reflect the conductivities of the composite 

membranes, as will be seen in the next Section (Section 3.3.5). 

Figure 4.16 and Figure 4.17 show TEM micrographs of ZrP prepared from 

ZrO2-D and ZrO2-L, respectively. The particle sizes revealed by TEM analysis are in 

the range 30 to 40 nm. 

Figure 4.18 shows SEM micrographs of different ZrO2 and ZrP prepared from 

respective ZrO2 sources. As can be seen, the morphology of the ZrO2 and 

phosphorized ZrO2 (ZrP) are different, and furthermore, the separate ZrP morphology 

are different. The morphology of sample A.2 is dense with a homogeneous 

distribution of ZrP particles and crack free. The morphology of sample B.2 is 

amorphous with uniformly dispersed ZrP, but with some cracks. Sample C.2 is the 

most different, where a crystalline structure can be seen with sharp edges. From 

micrographs A.2, B.2 and C.2, it can be concluded that membranes impregnated with 

ZrP prepared from ZrO2-D and ZrO2-L will be much better than membranes prepared 

from ZrO2-C, especially with respect to conductivity (size effects).  

The presence of cracks in the structure of ZrP cannot indicate if this is in favor 

of the membrane or not. A crack free membrane will produce a less methanol 

permeable membrane, while a membrane with cracks will provide the membrane with 

a higher moisturizing effect, and thus a higher conductivity. Furthermore, since an 

impregnation technique is used, sample A.2 and B.2 will be the ideal materials to fill 

the pores of the CREAFILTER® matrix.  
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     Figure 4.16: TEM micrograph of ZrP prepared from ZrO2-D. 
 

            
            
                    Figure 4.17: TEM micrograph of ZrP prepared from ZrO2-L. 
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(A.1)                                                                          (A.2)    
 
                   

ZrP 

5 µm

ZrO2 

 
 
 
 
 
 
 
 
 
 
 
(B.1)                                                                           (B.2)        

5 µm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
(C.1)                                                                          (C.2)        
 
 
 
 
 
 
 
 

 
Figure 4.18: SEM micrographs of ZrO2 and ZrP: (A.1) ZrO2-D, (A.2) ZrP 
                      prepared from  ZrO2-D, (B.1) ZrO2-L, (B.2) ZrP prepared from 
                      ZrO2-L, (C.1) ZrO2-C, (C.2) ZrP prepared from ZrO2-C. 
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Figure 4.19 shows the X-ray diffraction pattern of ZrP powder prepared from 

ZrO2-D. The four distinguishing peaks of ZrP can be clearly seen at Bragg angles (2θ) 

11.7°, 20°, 25° and 34.1° [339].   
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Figure 4.19: XRD analysis of ZrP powder prepared from ZrO2-D. 

 
 

 

Figure 4.20 shows the FTIR of ZrP powder prepared from ZrO2-D. According 

to Colomban and Novak [616] and Horsley et al. [617], the FTIR spectra of ZrP 

exhibited weak bands at 3550 and 3120 cm-1 representing OH stretching vibrations of 

water and a second weak band at 1670 cm-1 representing water. The bands at 1250 and 

1000 cm-1 were assigned to phosphate groups. 
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Figure 4.20: FTIR analysis of ZrP powder prepared from ZrO2-D. 

 

 

Figure 4.21 shows the TGA analysis of ZrP powder prepared from ZrO2-D and 

ZrO2-L. It can be seen that ZrP prepared from ZrO2-D has higher water content than 

ZrP prepared from ZrO2-L. Thus, this supports the high conductivity found in ZrP 

from ZrO2-D composite membranes. Figure 4.21 also shows that ZrP prepared in this 

study is different to the crystalline ZrP prepared by the refluxing method. TGA of 

crystalline ZrP shows a sharp weight loss at 100°C and another one at around 440°C. 

Between 100-440°C only a small amount of water is released [618]. 
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 Figure 4.21: TGA analysis of ZrP powder prepared from ZrO2-D and ZrO2-L. 

 

 

Figure 4.22 shows the DSC analysis of ZrP powder prepared from ZrO2-D and 

ZrO2-L. Both results show two endothermic peaks. The first endothermic peak at 

50°C, is related to the absorbed water. The second endothermic peak is at 160°C and 

200°C for ZrP obtained from ZrO2-D and ZrO2-L, respectively. 

 
 

 111



Chapter 4                                                    Membrane Preparation and Characterization 

 
Temperature (°C) 

ZrP prepared 
from ZrO2-D 

ZrP prepared 
from ZrO2-L 

 
Figure 4.22: DSC analysis of ZrP powder prepared from ZrO2-D and ZrO2-L. 

 
 
4.3.5 Composite Membrane Characterization 

CREAFILTER®s are impregnated with ZrP as described in Section 4.3.2. 

Since CREAFILTER® Z450P is not stable in concentrated H3PO4, a concentration of 

1M was used to prepare the composite membrane. 

Figure 4.23 shows the ZrP uptake in Z240G with the number of impregnations. 

As can be seen, ZrP uptake increases with each of the five impregnations. This 

increase in uptake would increase the conductivity of the composite membrane. The 

weight increase (%) was calculated from the dried bare CREAFILTER® and the 

weight of the dried CREAFILTER® after each impregnation using the following 

formula:   Weight increase (%) 100
1

12 ×
−

M
MM

=  

where: M2 is the final weight (g); M1 is the initial weight (g) 
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                          Figure 4.23: ZrP uptake in CREAFILTER® Z240G. 
 

Figure 4.24 shows how the conductivity changes with the number of 

impregnations in CREAFILTER® Z240G. The conductivity increases as the number of 

impregnations increases, as was expected - from 3.89 × 10-3 S/cm for the first 

impregnation to 3.02 × 10-2 S/cm for the fifth impregnation.   
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              Figure 4.24: Conductivity as function of the number of impregnations in  

                                    CREAFILTER® Z240G. 
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Figure 4.25 shows the X-ray diffraction pattern of CREAFILTER® Z240G 

impregnated with ZrP, from which can be clearly seen that both the peaks of the bare 

CREAFILTER® and the peaks of ZrP are present in the composite membrane. 
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                           Figure 4.25: XRD analysis of CREAFILTER® Z240G / ZrP. 

 

 

Table 4.5 summarizes the characteristics of CREAFILTER®s impregnated 

with ZrP prepared from ZrO2-D. ZrP prepared from ZrO2-D was chosen, since the 

conductivity of the composite membranes prepared with ZrP from ZrO2-L and ZrO2-C 

was very low compared to ZrO2-D as was expected from the size effect and since ZrP 

is a surface conductor. The maximum conductivities obtained were 10-3 S/cm and 10-4 

S/cm for ZrP prepared from ZrO2-L and ZrO2-C, respectively. 
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Table 4.5: Composite CREAFILTER® / ZrP membranes specifications 
 
Membranes      Thickness dry     Conductivity (σ)   Methanol permeability (P)     Selectivity factor 
        (µm)                       (S/cm)       (cm2/s)             (β = log (σ/P)) 
 
Z100G          120          6 × 10-3        7 × 10-7                                              3.9 
Z240G          120          3 × 10-2           3.5 × 10-7   4.9 
S450P          50          4 × 10-2           17 × 10-7        3.4 
Z450P          220          3 × 10-3           17 × 10-7           3.3 
Nafion® 117         175          5 × 10-2             14 × 10-7        4.5 
 
 

 

From Table 4.5 it can be seen that after the fifth impregnation, Z240G and 

S450P reach a conductivity similar to that of Nafion® (∼10-2 S/cm) measured under the 

same conditions. For comparison with the measured value, the conductivity of 

Nafion® 117 reported in the literature and measured under similar conditions is equal 

to 8 × 10-2 S/cm [138].  The conductivity of CREAFILTER® Z100G is very low 

compared to CREAFILTER® Z240G. This can be explained from the high loading of 

ZrP in Z240G compared to Z100G (see Figure 4.26 (C) and Figure 4.27 (C)). Since 

Z450P is not stable with concentrated H3PO4, a concentration of 1M was used to 

prepare the composite membrane. The conductivity found after the fifth impregnation 

was around 3 × 10-3 S/cm. Thus, this composite membrane is not suited for fuel cell 

application.  

 

Figure 4.26 shows CREAFILTER® Z100G impregnated with ZrP prepared 

from ZrO2-D. Figure 4.26 (A) impregnated once, (B) impregnated three times and (C) 

impregnated five times. The results show that after only one impregnation, the 

membrane fibers are not fully covered by ZrP particles. Subsequent impregnation led 
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to the fibers being fully enveloped by ZrP particles after typically five impregnations. 

However, the structure is not very uniform.  

Figure 4.27 shows CREAFILTER® Z240G impregnated with ZrP prepared 

from ZrO2-D. Figure 4.27 (A) impregnated once, (B) impregnated three times and (C) 

impregnated five times. The results show that ZrP uptake is much higher than in 

CREAFILTER® Z100G. Increasing the number of impregnations led to an increase in 

ZrP loading.  After the fifth impregnation (Figure 4.27 (C)), the fibers are covered 

with ZrP particles, leading to a uniform distribution of ZrP particles between the fibers 

and also the coverage of the fibers. This uniformity and high loading is expected to 

lead to an increase in its conductivity.  

Figure 4.28 shows CREAFILTER® Z450P impregnated with ZrP prepared 

from ZrO2-D. Figure 4.28 (A) impregnated once, (B) impregnated three times and (C) 

impregnated five times. Since the structure of CREAFILTER® Z450P is different to 

the previous ones, the ZrP produced after the fifth impregnation is of a crystalline 

structure. 

Figure 4.29, Figure 4.30 and Figure 4.31 show CREAFILTER® Z100G, Z240G 

and Z450P impregnated with ZrP prepared from ZrO2-L, respectively. Figure (A) 

shows the first impregnation, (B) the third impregnation and (C) the fifth 

impregnation. The same trend is observed for the impregnation of CREAFILTER®s as 

before, where ZrP loading increases with the number of impregnations. However, ZrP 

produced by impregnating CREAFILTER®s from ZrO2-L is different to ZrP produced 

in Figures 4.26, 4.27 and 4.28.  
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  (A)       (B)            (C) 
 
Figure 4.26: SEM micrographs of CREAFILTER® Z100G/ ZrP prepared from ZrO2-D:  
                      (A) first impregnation, (B) third impregnation and (C) fifth impregnation. 
 
 
 
 
 
 
 
 
 
 
 
  (A)       (B)            (C) 
 
Figure 4.27: SEM micrographs of CREAFILTER® Z240G/ ZrP prepared from ZrO2-D:  
                      (A) first impregnation, (B) third impregnation and (C) fifth impregnation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  (A)       (B)            (C) 
 
Figure 4.28: SEM micrographs of CREAFILTER® Z450P/ ZrP prepared from ZrO2-D:  
                      (A) first impregnation, (B) third impregnation and (C) fifth impregnation. 
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  (A)       (B)            (C) 
 
Figure 4.29: SEM micrographs of CREAFILTER® Z100G/ ZrP prepared from ZrO2-L:  
                      (A) first impregnation, (B) third impregnation and (C) fifth impregnation. 
 
 
 
 
 
 
 
 
 
 
 
  (A)          (B)              (C) 
 
Figure 4.30: SEM micrographs of CREAFILTER® Z240G/ ZrP prepared from ZrO2-L:  
                      (A) first impregnation, (B) third impregnation and (C) fifth impregnation. 
 
 
 
 
 
 
 
 
 
   

(A)          (B)                (C) 
 
Figure 4.31: SEM micrographs of CREAFILTER® Z450P/ ZrP prepared from ZrO2-L:  
                      (A) first impregnation, (B) third impregnation and (C) fifth impregnation. 
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Figure 4.32 shows the measured methanol concentration in the receiving 

compartment (B) as a function of the exposed time in different inorganic 

CREAFILTER® matrixes, namely Z100G, Z240G, Z450P impregnated with ZrP and 

Nafion® 117.  Nafion® 117 was studied as a reference, since it is the membrane of 

choice for DMFCs. 
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     Figure 4.32: Concentration of methanol in compartment B as a function of time:  

                          composite Z450P/ZrP (  ); Nafion® 117 (  ); composite Z100G/ZrP (  )   

                          and composite Z240G/ZrP (  ). 

 

The calculated methanol permeability coefficient (P) for CREAFILTER®s 

impregnated with ZrP and Nafion® 117 are reported in Table 4.5. Equation 3.1 was 

used for the calculation, and the detailed calculations appear in Appendix A.  The 

methanol permeability coefficient (P) for Nafion® 117 was found to be 14 × 10-7 

cm2/s, which is in agreement with the value reported in the literature [179,604]. 

 119



Chapter 4                                                    Membrane Preparation and Characterization 

 It can be seen that the composite membrane had a lower methanol 

permeability than Nafion® 117 - being reduced from 9 × 10-7 to 7 × 10-7 cm2/s for 

Z100G and from 11 × 10-7 to 3.5 × 10-7 for Z240G. Further impregnation with ZrP 

decreases methanol permeability by approximately 4 times for Z240G. 

CREAFILTER® Z450P and S450P impregnated with ZrP had higher methanol 

permeability than Nafion® 117. This is due to the high pore sizes of these 

CREAFILTER®s - typically 450 nm. Thus these composite membranes are not fully 

covered with ZrP.  

 
 

Figure 4.33 shows TGA analyses for CREAFILTER® Z450P and S450P 

impregnated with ZrP obtained from ZrO2-D and compared to Nafion® 117. Both 

composite membranes have higher water content than Nafion® 117, since they are 

constituted of metal oxide (Table 4.1). SiO2 and ZrO2 are widely used as additives for 

Nafion® to increase water content at high temperature. Figure 4.33 also shows that 

S450P has higher water content than Z450P, since this is directly related to the type of 

metal oxide on CREAFILTER®. S450P is constituted of SiO2 and Al2O3, while Z450P 

is constituted of ZrO2 and Al2O3. The water content of the metal oxide differs with the 

type of metal used - SiO2 has the highest water content, followed by ZrO2 and there- 

after Al2O3 [277]. This trend is also observed in CREAFILTER® membranes 

impregnated with ZrP.      
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Figure 4.33: TGA analysis of Nafion® 117 (       ), composite CREAFILTER® 

Z450P / ZrP (       ) and composite CREAFILTER® S450P / ZrP (       ). 

 

 

4.3.6 Discussion and Conclusions 

The principle of using a flexible ceramic CREAFILTER® matrix impregnated 

with ZrP was proved to be a successful approach to prepare a novel proton conductor 

membrane. CREAFILTER® provides the mechanical strength to the composite 

membrane. Furthermore, CREAFILTER® provides high water content, since it is 

prepared from metal oxides. Repeating the impregnation process proved to be 

necessary to reach the desired characteristics, namely, the proton conductivity and 

methanol permeability. Increasing the number of impregnations increased the loading, 

thus increasing the conductivity, and at the same time, an increasing ZrP loading 

covered the pores of the inorganic CREAFILTER® matrix, thereby decreasing 

methanol permeability. After the fifth impregnation with ZrP, CREAFILTER® Z240G 
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and S450P reach conductivities similar to that of Nafion® 117, measured under the 

same conditions. 

Methanol permeability was reduced in composite membranes by further 

impregnation with ZrP from 9 × 10-7 cm2/s and 11 × 10-7 cm2/s to 7 × 10-7 cm2/s and 

3.5 × 10-7 cm2/s for Z100G and Z240G, respectively. These results represent a 

methanol reduction of 2 and 4 times for Z100G and Z240G, respectively.   

The selectivity factor (β), which is the ratio between the conductivity (σ) and 

permeability (P), was used to compare the prepared composite membranes with 

Nafion® 117 (Table 4.5). CREAFILTER® Z240G impregnated with ZrP has a 

selectivity factor higher that that of Nafion® 117 - 4.9 compared to 4.5. Therefore, 

CREAFILTER® Z240G impregnated with ZrP has the potential to perform similarly to 

Nafion® 117. The selectivity factor for Z100G and S450P were found to be very close 

to that of Nafion® 117, showing the potential of these composite membranes for 

DMFCs. However, CREAFILTER® Z450P impregnated with ZrP has the lowest 

selectivity factor (β), and is therefore, not suited for fuel cell application.  

Furthermore, the composite inorganic CREAFILTER® matrix impregnated 

with ZrP shows higher water content than Nafion® 117, thus these types of composite 

can be used at high temperature without moisturizing. 

During methanol permeability measurement, it was observed that there is some 

bleeding of ZrP from the membrane. However, this leaching can be avoided by further 

coating the composite membrane with a polymer or palladium film. The coating 
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process can be done by soaking the composite membrane in a proton conductive 

polymer (e.g. Nafion® solution or S-PEEK), as will be seen in Section 4.8.  

 

4.4 INORGANIC CREAFILTER® MATRIX IMPREGNATED WITH NAFION® 

        SOLUTION 

4.4.1 Introduction 

Nafion® solution, in general, is added to the electrodes in fuel cells to extend 

the three-phase zone. Nafion® solution acts as a binder for the catalyst but also 

provides the necessary proton conductivity. As was discussed in Section 2.2.2.5, 

several researchers investigated the possibility of using PTFE impregnated with 

Nafion® solution as proton conductor membranes. The conductivity found for this type 

of composite is similar and, in some cases (e.g. Gore Select® membranes), is much 

higher than Nafion® polymer conductivity. In all previous research, the developed 

composite membranes are tested for use in a H2/O2 fuel cell. Furthermore, these 

membranes are developed for use at temperatures around 80°C. In this study, attempts 

to develop a composite membrane constituted of inorganic CREAFILTER® matrix 

impregnated with Nafion® solution were developed for DMFC application.   

 

4.4.2 Membrane Preparation   

Nafion® in ethanol solution was prepared according to the Moore and Martin 

method [165]. The original solvents of the commercial 5 wt.% Nafion® solution (EW 

1100, Ion Power) were evaporated at 80°C in an air oven. After the Nafion® ionomer 

was obtained, it was dissolved in neat ethanol to obtain an 18% Nafion® in ethanol 
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solution. The CREAFILTER® matrices were soaked in ethanol for 30 minutes and 

dried at 50-60°C for 30 minutes. The matrices were soaked in Nafion®/ethanol 

solution for 1 hour and dried in an air oven for 1hour at 50-60°C. The soaking 

procedure was repeated at least 5 times [135].  Finally, the composite membranes were 

dried at 60°C for 24 hours and annealed at high temperature (typically 160°C) for 30 

minutes. 

The composite membranes and Nafion® 117 were treated with the standard 

procedure, viz boiling the membranes in 3 vol.% H2O2 for 1 hour, washing in boiling 

water (Modulab Water System, 18 MΩ/cm), followed by soaking the membranes in 

1M H2SO4 for 1 hour, and washing several times with boiling water.  

 

4.4.3 Recast Nafion® Characterization 

 Since the principle of preparing this type of composite is similar to making 

recast Nafion®, some of its characteristics were investigated, namely, its structure and 

solubility. The recast Nafion® was prepared with a similar procedure to making the 

composite membrane. Nafion® solution in ethanol (18%) was stirred in an ultrasonic 

water bath for 30 minutes. When the solution is poured into a glass Petri dish, the 

amount of Nafion® solution will determine the thickness of the recast Nafion® 

membrane. The Petri dish with Nafion® solution was dried for 24 hours at 60°C, 

followed by a treatment at 160°C for 30 minutes - the last step being necessary to 

increase the crystallinity of the film and thus increase its mechanical stability. The 

film is pulled off from the Petri dish by adding a small amount of water.    
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 Figure 4.34 shows the X-ray diffraction pattern of Nafion® 117 and recast 

Nafion®. The pattern displays a broad diffraction feature at 2θ = 12-22°, which can be 

deconvoluted into two peaks - one assigned to the amorphous form (2θ = 16°) and the 

other to the crystalline form (2θ = 17.5°) [126,166]. The others peaks present with 

recast Nafion® are due to the impurities in the sample, since no further treatment was 

done after recasting. The standard method to treat Nafion® includes hydrogen peroxide 

to remove organic impurities and sulfuric acid to remove inorganic impurities, and 

also to complete Nafion® protonation. The treated recast Nafion® with the standard 

method has the same peaks as Nafion® 117.  In general, the structure of Nafion® 117 

and recast Nafion® are the same. However, the crystallinity of the recast Nafion® is 

higher in this case. The crystallinity depends largely on the thermal treatment.   

 

(a) 

(b) 

                  Figure 4.34: XRD analysis of (a) Nafion® 117 and (b) recast Nafion®. 
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Recast Nafion® at low temperature is brittle, easily cracked, and soluble in 

organic solvents, and especially water [165-167]. The solubility of the recast Nafion® 

was assessed by the Moore and Martin method [166]. The composite membrane was 

soaked in a 50:50 ethanol-water solution, and agitated in an ultrasonic bath for 1 hour. 

The ethanol-water solution was then filtered through a filter paper, and evaporated to 

dryness. The solid residue was weighed. The percentage of Nafion® that had dissolved 

was calculated by the following formula: 

 

 100
filmrecast  of wt.

residue of wt.  soluble ×=%  

 

According to Gebel et al. [167] a mechanically stable Nafion® film can be 

obtained if the recast film is processed at temperatures typically around 200°C. 

Different temperatures were used to thermally treat the recast Nafion® film, and the 

solubility studies were performed on these films. Figure 4.35 represents the results. 

Increasing casting temperature will decrease the film solubility. It is well known that 

high temperatures increase the crystallinity of Nafion® film, thereby increasing its 

mechanical stability.  The film treated at 120°C has a solubility of around 4%, which 

value is very low, but the recast film was partially disintegrating during the solubility 

test- the other films disintegrated completely below 120°C. Only the film treated at 

160°C, which has a solubility of 2.3%, did not disintegrate and was mechanically 

stable. Thus, 160°C was chosen as the temperature for preparing the composite 

membranes.  
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                                   Figure 4.35: Recast Nafion® solubility. 
 
 
 
 
4.4.4 Composite CREAFILTER® Matrix Impregnated with Nafion® Solution 

         Membrane Characterization 

Figure 4.36 shows CREAFILTER® Z100G impregnated with Nafion® solution. 

As can be seen, the surface is coated with Nafion®, but very little Nafion® is present in 

the pores. Figure 4.37 shows a cross-section of CREAFILTER® Z240G impregnated 

with Nafion® solution, where the pores are filled with Nafion®. The SEM images 

support the high conductivity of CREAFILTER® Z240G impregnated with Nafion® 

solution. The Nafion® uptake in Z240G is much higher than in Z100G - this will 

influence the conductivity as will be seen below. Figure 4.38 shows CREAFILTER® 

S450P impregnated with Nafion® solution, where the surface is completely covered 

with Nafion®.  
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          Figure 4.36: SEM micrograph of a cross-section of CREAFILTER® Z100G  

                                impregnated with Nafion®  solution. 

 

        Figure 4.37: SEM micrograph of a cross-section of CREAFILTER® Z240G  

                              impregnated with Nafion®  solution. 
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           Figure 4.38: SEM micrograph of the surface of CREAFILTER® S450P 

                                 impregnated with Nafion®  solution. 

              

Figure 4.39 shows the measured methanol concentration in the receiving 

compartment (B) as a function of the exposed time in different composite membranes.  
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Figure 4.39: Concentration of methanol in compartment B as a function of time:  

Nafion® 117 (  ), composite Z100G/Nafion® (  ), and composite Z240G/ Nafion® (  ). 
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Methanol permeability is reported in Table 4.6. It can be seen from Figure 4.39 

and Table 4.6 that the composite membranes had a lower methanol permeability than 

Nafion® 117 - being reduced from 9 × 10-7 to 6 × 10-7 cm2/s for Z100G and from 11 × 

10-7 to 5.5 × 10-7 cm2/s for Z240G. As the bare CREAFILTER® Z100G and Z240G 

have lower methanol permeability than Nafion® 117, further impregnation with 

Nafion® solution decreases methanol permeability to approximately 2.5 and 3 times, 

respectively. 

Table 4.6 summarizes the characteristics of the composite membranes. 

Membrane conductivity was calculated from the measured resistance as described in 

Section 3.3.1  and using the following formula:  

A
l

R
×=

1σ  

 
where σ  is the conductivity, l and A (0.28 cm2) are the membrane thickness and the 

electrode area, respectively. 

 

Table 4.6: Composite CREAFILTER® / Nafion® membranes specifications 
 
 
Membranes  Thickness wet  Nafion® uptake  Water uptake  Conductivity   Methanol permeability 
  (µm)  (%)  (%)          (S/cm)     (cm2/s) 
 
Z100G  130  61  17          8 × 10-3 6 × 10-7 

Z240G  120  70  18          2.5 × 10-2 5.5 × 10-7 
S450P  60  87  21          4.5 × 10-2                    13 × 10-7 
Nafion® 117 210  100  16          5 × 10-2           14 × 10-7
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Table 4.6 shows conductivities obtained for CREAFILTER® impregnated with 

Nafion®. After the fifth impregnation Z240G and S450P reach a conductivity similar 

to that of Nafion® (∼10-2 S/cm) measured under the same conditions. The conductivity 

of Nafion® 117 reported in the literature under similar conditions is equal to 8 × 10-2 

S/cm [138]. Z240G and S450P have a Nafion® uptake of 70% and 87%, respectively. 

Nafion® uptake was calculated from the weight of the bare CREAFILTER® and the 

weight after impregnation (dry state). However, Z100G has a lower conductivity than 

Z240G. The structure of these two materials is the same, and nearly the same 

thickness - 100 µm and 90 µm for bare Z100G and Z240G, respectively, but Nafion® 

uptake in Z240 is higher than Z100G. According to Aricò et al. [566], Nafion® 

micelles have a size of approximately 200 nm, which is slightly smaller than the pore 

size of Z240G and much bigger than the pores of Z100G - thus, the pores of Z100G 

are not completely filled with Nafion®. S450P has a pore size of 450 nm, leading to a 

Nafion® uptake of 87%. Furthermore, the composite membrane was very thin 

compared to Nafion® 117 with a thickness of 50 µm, and as a consequence, the highest 

conductivity was obtained.     

 

Figure 4.40 shows the thermogravimetric analysis of CREAFILTER®s 

impregnated with Nafion® and Nafion® 117. CREAFILTER®s have much higher water 

content than Nafion® 117, since they are constituted of metal oxide (Table 4.1). SiO2 

and ZrO2 are widely used as additives for Nafion® to increase the water content at high 

temperature. Figure 4.40 also shows that S450P has higher water content than Z100G 
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which is directly related to the type of metal oxide on CREAFILTER®. S450P is 

constituted of SiO2 and Al2O3, while Z100G is constituted of ZrO2 and Al2O3. The 

water content of the metal oxide depends on the type of metal used - SiO2 has the 

highest water content, followed by ZrO2 and thereafter Al2O3 [277]. This trend is also 

observed in CREAFILTER® membranes.      
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Figure 4.40: TGA analysis of Nafion® 117 (       ), composite Z100G/ Nafion® (       )  

                     and composite S450P/ Nafion® (       ). 

 

 
4.4.5 Discussion and Conclusions 

The inorganic CREAFILTER® matrix was found to be a suitable support for 

Nafion® solution to form a composite proton conductor membrane. The solvent plays a 

role in Nafion® micelle formation - in this study Nafion® ionomer dissolved in ethanol 

(18%) was used. Nafion® film in the composite membrane is not soluble, since the 

composite membrane was annealed at high temperature, typically 160°C. The 
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composite membrane formed shows the potential to be an alternative to Nafion® 

polymer. The prepared membranes exhibit similar conductivity to Nafion® 117, 

measured under the same conditions. Conductivities of 2.5 × 10-2, 4.5 × 10-2 and 5 × 

10-2 S/cm were found for Z240G, S450P and Nafion® 117, respectively. Furthermore, 

methanol permeability was found to be lower in composite membranes - reduction by 

a factor of approximately 3 was found for composite CREAFILTER® Z240G. The 

selectivity factor (β), which is the ratio between the conductivity (σ) and permeability 

(P), is adopted to compare the composite membranes and Nafion® 117. Selectivity 

values of 4.1, 4.6, 4.5 and 4.5 were found for Z100G, Z240G, S450P and Nafion® 117, 

respectively. It can be concluded that these composite membranes have the potential to 

be an alternative to Nafion®. The composite membranes exhibit several advantages 

over Nafion®, including cost reduction - since less polymer is used, especially if a 

cheaper matrix (e.g. PTFE) is used, and easy manufacture. Furthermore, 

CREAFILTER® provides high water content, since they are manufactured from metal 

oxide. According to the literature [263,264,266-268,277,598], these types of 

composites can work at temperatures above 100°C.    

 

4.5 RECAST NAFION® / ZrO2 POWDER COMPOSITE MEMBRANES 

4.5.1 Introduction 

Section 2.2.2 shows that Nafion® is not suitable for high temperature fuel cells. 

Furthermore, Nafion® has high methanol crossover which degrades the performance of 

the DMFC. The addition of metal oxide to Nafion® can enhance its characteristics, 

 133



Chapter 4                                                    Membrane Preparation and Characterization 

namely, mechanical stability, methanol permeability and water content at high 

temperature (Section 2.2.5). Recast Nafion® / ZrO2 composite membrane was 

investigated.   

 

4.5.2 Membrane Preparation 

Nafion® solution (5 wt.%, 1100 EW, purchased from Ion Power) and IPA 

(Sigma Aldrich) were mixed in an ultrasonic bath for 5 minutes, with a  volume ratio 

of 1:2 (Nafion® solution to IPA). 

Appropriate amounts of ZrO2 (Degussa) was added to the mixture. ZrO2 to 

Nafion® dry weight ratios from 5% to 30% were prepared in this study. The mixture 

was then mixed ultrasonically for 20 minutes.  

The mixture was recast in a glass Petri dish - the amount of solution will 

determine the thickness of recast Nafion®. The Petri dish was dried at 80°C for 24 

hours in an air oven, followed by 160°C for 30 minutes in the same oven. The recast 

Nafion® was pulled off from the Petri dish by adding a small amount of water. 

The recast Nafion® / ZrO2 composite membrane was treated according to the 

standard procedure by boiling in 3 vol.% hydrogen peroxide (H2O2) for 1 hour to 

remove the organic impurities, followed by washing with boiling deionised water for 

30 minutes. The composite membrane was then boiled in 1M H2SO4 for 1 hour to 

remove the inorganic impurities and also to complete the protonation, then washed 

with water for 30 minutes. Washing with water was repeated several times to remove 

any traces of acidity. Finally the membrane was kept in water prior to measurements. 
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4.5.3 Membrane Characterization 
 
 Figure 4.41 shows cross-sectional micrographs of recast Nafion® and recast 

Nafion® with different amounts of ZrO2, namely 5%, 10% and 30%. The bare recast 

Nafion® without any additive shows a homogeneous defect-free structure and looks 

like Nafion® 117 polymer (Figure 4.54). The recast Nafion® and recast Nafion® with 

ZrO2 are flexible and mechanically stable. Recast Nafion® is transparent while the 

recast Nafion® / ZrO2 is white. The whiteness increased with ZrO2 loading. Recast 

Nafion® / ZrO2 became more rigid as ZrO2 loading increases.  In all the samples, ZrO2 

is relatively homogeneously distributed throughout recast Nafion®. In contrast recast 

Nafion® / ZrO2 with high loading (30%) shows the presence of ZrO2 on the surface 

and accumulates inside the membrane as confirmed by SEM cross-section. According 

to Nunes et al. [289] this phenomenon is undesired in proton conductive membranes, 

as the conductivity of the composite membrane will decrease dramatically.   

Figure 4.42 and Figure 4.43 show the TEM cross-sections of recast Nafion® / 

ZrO2 (5%) and bare recast Nafion®, respectively. In Figure 4.42, it can be seen that 

ZrO2 is homogeneously distributed throughout the polymer. The sizes of ZrO2 

particles in the polymer are around 14 nm, which indicates that there is good 

compatibility between the polymer and the inorganic ZrO2 fillers. It can also be seen 

that there is no significant agglomeration of ZrO2, since the size of ZrO2 powder was 

found to be around 14 nm (Figure 4.8). The shapes of the ZrO2 particles are 

approximately spherical, and are similar in shape to the ZrO2 powder only. 
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Bare recast Nafion® 
 
 
 

 
Recast Nafion® / ZrO2 (5%) 

 
Recast Nafion® / ZrO2 (10%) 

 
Recast Nafion® / ZrO2 (30%) 

 

Figure 4.41: SEM micrographs of cross-sections of recast Nafion® / ZrO2 

                      composite membranes.  
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                  Figure 4.42: TEM micrograph cross-section of recast Nafion® / ZrO2 (5%). 
 
 

                     

Figure 4.43 shows the TEM micrograph of a cross-section of bare recast Nafion®. 

Only darker and lighter regions can be seen, with no presence of inorganic materials. 

                   Figure 4.43: TEM micrograph of cross-section of bare recast Nafion®. 
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Figure 4.44 shows the X-ray diffraction pattern of recast Nafion® / ZrO2 

(12%). The analysis of the peaks shows reflections that are attributed to Nafion® (2θ at 

12-20° and 40°) and several others that are attributed to the presence of ZrO2. The 

peaks of ZrO2 in the composite membrane are slightly shifted to the right compared to 

the peaks of ZrO2 powder (Figure 4.11).   
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                  Figure 4.44: XRD analysis of recast Nafion® / ZrO2 (12%). 

 

Figure 4.45 shows the measured methanol concentration in the receiving 

compartment (B) as a function of time for bare recast Nafion®, recast Nafion® / ZrO2 

(5%) and recast Nafion® / ZrO2 (30%). The bare recast Nafion® has the higher 

methanol permeability than the recast Nafion® filled with ZrO2. Increasing the number 

of ZrO2 particles in the polymer decreases the methanol permeability, as expected. The 

calculated methanol permeability (P) was found to be 21.5 × 10-7, 18.8 × 10-7 and 9.4 

× 10-7 cm2/s for recast Nafion®, recast Nafion® / ZrO2 (5%) and recast Nafion® / ZrO2 

(30%), respectively.  
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Figure 4.45: Concentration of methanol in compartment B as a function of time:   

            (    ) bare recast Nafion® (100µm), (   ) recast Nafion® / ZrO2 (5%) (100µm), 

            (   ) recast Nafion® / ZrO2 (30%) (100µm) and (   ) Nafion® 117 (210µm). 

 
 
 
 

Figure 4.46 shows the TGA analysis of Nafion® 117, bare recast Nafion®, 

recast Nafion® / ZrO2 (8%) and recast Nafion® / ZrO2 (12%). Nafion® 117 and bare 

recast Nafion® both evaporate completely at a temperature around 550°C, which is in 

agreement with the temperature reported in the literature. Tiwari et al. [619] found a 

temperature around 550°C for Nafion® 117, which is similar to the finding of Samms 

et al. [620] where a value of 600°C was found. Increasing the loading of ZrO2 

increased the water content of the composite membrane, as was expected. 
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Figure 4.46: Thermogravimetric analysis (TGA) of (           ) bare recast Nafion®, 
                      (           ) Nafion® 117, (          ) recast Nafion® / ZrO2 (8%)  
                      and (          ) recast Nafion® / ZrO2 (12%). 
 
 

The water uptake was assessed by the method described in Section 3.3.2. As 

was expected, the water uptake of the composite membrane increases with the increase 

of ZrO2 loading.   
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  Figure 4.47: Water uptake in Nafion® 117, recast Nafion® and recast Nafion® /ZrO2. 
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4.5.4 Discussion and Conclusions 
 
  An appropriate method to recast Nafion® was developed, where the annealing 

treatment at 160°C is needed to produce Nafion® film with the same characteristics as 

the received polymer (Nafion® 117).  The recast Nafion® is transparent and has the 

same homogeneity as the received polymer (Nafion® 117). Adding ZrO2 to Nafion® 

also produces a mechanically stable film. The colour of the recast Nafion® with ZrO2 

additive is white. No leaching of ZrO2 from the film was observed. The nanometric 

ZrO2 shows a homogeneous distribution throughout the composite membrane - 

however, increasing ZrO2 loading leads to an accumulation of the particles. 

Furthermore, high loading of ZrO2 resulted in the presence of particles at the surface, 

which is undesirable. It was proven in the literature that incorporating metal oxide in a 

proton conductive polymer can allow allow these types of composite to operate at 

temperatures above 100°C [263,264,266-268,277,598].  

Furthermore, incorporating Nafion® with ZrO2 reduces methanol permeability. 

Increasing ZrO2 loading, leads to a further methanol permeability reduction. However, 

increasing ZrO2 loading decreases the conductivity; on the other hand, increasing the 

ZrO2 loading increases the water content. A balance between conductivity, methanol 

permeability and water content needs to be taken into consideration when preparing 

this type of composite. A value of 3 wt.% of metal oxide was used in the literature as 

an optimal value to keep a high conductivity above 100°C. Methanol permeability in 

the composite membrane is lower than the bare recast Nafion®.   
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4.6 RECAST NAFION®  / ZrP POWDER COMPOSITE MEMBRANES 

4.6.1 Introduction 

 Inorganic materials can be added to proton conductive polymers to enhance 

their properties. The mechanical properties of the composite are controlled by the 

amount of inorganic component and the degree of dispersion in the polymer. The 

dispersion and the particle size of the inorganic components are interdependent. Sub-

micron particle sizes are preferred.  

The inorganic material of choice is ZrP, since it has high water content above 

100°C. Furthermore, the conductivity will not be decreased as metal oxide would 

cause, since ZrP itself is a proton conductor. In this study, nanometric sized ZrP was 

added to recast Nafion®, and the characteristics of the composite membrane were 

investigated.     

 

4.6.2 Membrane Preparation 

ZrP was prepared by mixing ZrO2 (Degussa) and H3PO4 and then dried at 

60°C for 24 hours in an air oven. 

Nafion® solution (5 wt.%, 1100 EW, purchased from Ion Power) was mixed 

with IPA in an ultrasonic bath for 5 minutes. IPA was added to the Nafion® solution in 

the ratio 2:1. 

Appropriate amounts of ZrP were added to the solution and mixed 

ultrasonically for 20 minutes.  
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The mixture was poured into a glass Petri dish - the amount determining the 

thickness of the recast Nafion®- dried at 80°C for 24 hours and then at 160°C for 30 

minutes in an air oven. The recast Nafion® was pulled off from the Petri dish by 

adding a small amount of water. 

The recast Nafion® / ZrP composite membrane was treated with the standard 

procedure by boiling in 3 vol.% hydrogen peroxide (H2O2) for 1 hour to remove the 

organic impurities, followed by washing with water for 30 minutes. The composite 

membrane was then boiled in 1M H2SO4 for 1 hour to remove the inorganic impurities 

and also to complete the protonation, then washed with water for 30 minutes. Washing 

with water was repeated several times to remove traces of acidity. Finally, the 

membrane was kept in water prior to measurements. 

 
 
4.6.3 Membrane Characterization 

 Figure 4.48 shows SEM micrographs of a cross-section of the composite 

membrane. It can be seen that ZrP is homogeneously distributed throughout the 

polymer. The recast Nafion® without additives shows a homogeneous structure with 

no defects. The structure of recast Nafion® looks the same as the ‘as received’ polymer 

(Nafion® 117), as can be seen in Figure 4.54.   
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Bare recast Nafion® 

 
Recast Nafion® / ZrP (2.6%) 

 
 
 

 
Recast Nafion® / ZrP (6.4%) 

 
Recast Nafion® / ZrP (16%) 

 
 

Figure 4.48: SEM micrographs of cross-sections of recast Nafion® / ZrP  

                      composite membranes.  
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Figure 4.49 shows a TEM micrograph of recast Nafion® / ZrP.  A particle size 

analysis shows that the sizes are in the range of 25-40 nm, with the presence of others 

at 12-14 nm. The latter are probably due to the unreacted ZrO2. The TEM micrographs 

revealed a good distribution of the inorganic materials, but less homogeneous than 

observed for recast Nafion® / ZrO2 (Figure 4.42). 

                          
 
 
                   Figure 4.49: TEM of a cross-section of recast Nafion® / ZrP. 
 
 

Figure 4.50 shows the X-ray diffraction pattern of recast Nafion® / ZrP. The 

analysis of the peaks of the composite membrane shows reflections that are attributed 

to Nafion® (2θ at 12-20°), which is overlapped by a ZrP peak at 2θ=11.7°, and others 

that are attributed to the presence of ZrP (2θ = 20°, 25° and 34.1°).  
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                            Figure 4.50: XRD of recast Nafion® / ZrP. 
 
 

 

Figure 4.51 shows the measured methanol concentration in the receiving 

compartment (B) as a function of time for bare recast Nafion®, recast Nafion® / ZrP 

(6.4%) and recast Nafion® / ZrP (16%) with Nafion® 117 as reference. Recast Nafion® 

/ ZrP (6.4%) has a higher methanol permeability (at 44 × 10-7 cm2/s) than the bare 

recast Nafion®. Increasing the ZrP particle content in the polymer, decreases the 

methanol permeability, to a value of 17.5 × 10-7 cm2/s for recast Nafion® / ZrP (16%). 

The higher methanol permeability in recast Nafion® / ZrP (6.4%) compared to recast 

Nafion® / ZrO2 (5%) is due to the difference in particle sizes - ZrP particles are bigger 

than ZrO2 particles, as was found by TEM analysis. 
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         Figure 4.51: Concentration of methanol in compartment B as a function of time:   

                   (  ) bare recast Nafion® (100µm), (  ) recast Nafion® / ZrP (6.4%) (100µm), 

                   (  ) recast Nafion® / ZrP (16%) (100µm), and (  ) Nafion® 117 (210µm). 

 
 

Methanol permeability in recast Nafion® is higher compared to the as received 

polymer (Nafion® 117). This is expected, since methanol permeability is inversely 

proportional to the membrane thickness – the thicknes of Nafion® 117 is 210 µm, 

while the thickness of the recast Nafion® is around 100 µm.   

 

Figure 4.52 shows TGA analysis of bare recast Nafion®, recast Nafion® / ZrP 

(2.6%), recast Nafion® / ZrP (6.4%) and recast Nafion® / ZrP (16%). As can be seen, 

an increasing ZrP loading leads to a higher water content, as expected. 
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Figure 4.52: TGA analysis of: (           ) bare recast Nafion®, (           ) recast Nafion®  /  

                      ZrP powder (2.6%), (          ) recast Nafion®  / ZrP powder (6.4%) 

                      and (          ) recast Nafion®  / ZrP powder (16%). 

 
The water uptake was assessed by the method described in Section 3.3.2. The 

results are reported in Figure 4.53. 
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Figure 4.53: Water uptake in Nafion® 117, recast Nafion® and recast Nafion® /ZrP. 
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The water uptake of the recast Nafion® is higher than the as received Nafion® 

117. Similar results were reported by Dimitrova et al. [268,269]. However, the water 

uptake in recast Nafion® / ZrP is still low compared to recast Nafion®, due to the size 

of the prepared ZrP.  

 

4.6.4 Discussion and Conclusions 
 

Recast Nafion® incorporated with ZrP composite membrane was prepared, 

where the ZrP particles are homogeneously distributed throughout the polymer. 

Furthermore, no leaching of ZrP was observed. Incorporating ZrP in Nafion® has 

several advantages: ZrP increases the mechanical stability of recast Nafion®, and 

increasing the ZrP loading increases in the water content, thereby, allowing the 

composite membrane to work at high temperatures. It was reported by Bonnet et al. 

[262] that the conductivity of the composite membranes (polymer / ZrP) exceeded that 

of the polymer only, and increased with the amount of ZrP. The composite Nafion® / 

ZrP is different to the composite Nafion® / ZrO2 in two ways: firstly, methanol 

permeability in recast Nafion® / ZrP (6.4%) was higher than the recast Nafion® / ZrO2 

(5%). These results show the importance of small sizes in composite organic / 

inorganic membranes, where ZrO2 particles were found to be smaller than ZrP 

particles, and secondly the conductivity increases with ZrP loading, whereas the 

conductivity decreases with ZrO2 loading. Therefore, it can be expected that ZrP has 

more advantages than metal oxide for composite Nafion® / inorganic composite 

membranes for DMFC applications.  
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4.7 NAFION® 117 / ZrP (VIA ION EXCHANGE OF Zr+4) COMPOSITE  

      MEMBRANES 

4.7.1 Introduction 

ZrP was found to be the best inorganic additive to proton conductor polymers. 

It was largely used by researchers to enhance the properties of the membranes. In 

Section 4.6, Nafion® / ZrP powder composite membranes were investigated. This 

section deals with the same approach of incorporating ZrP in recast Nafion® polymer, 

but the ZrP prepared in this section is different to Section 4.6 in that an ion exchange 

of Zr+4 was used in membrane preparation. These membranes were first reported by 

Tiwari et al. [619] and followed by Grot and Rajendran [278] and Princeton 

University did several investigations [279-281]. In this section, composite Nafion® 

117 impregnated with ZrP via ion exchange of Zr+4, was prepared and investigated.  

 

4.7.2 Membrane Preparation 

Nafion® 117 was treated with the standard procedure prior to impregnation. 

This included the immersion of Nafion® 117 in boiling 3 vol.% hydrogen peroxide 

(H2O2) for 1 hour to remove the organic impurities, followed by washing with water 

for 30 minutes. The membrane was then boiled in 1M H2SO4 for 1 hour to remove the 

inorganic impurities and also to complete the protonation, then washed with water for 

30 minutes. Washing with water was repeated several times to remove traces of 

acidity. 
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Nafion® 117 was subject to swelling by treatment in a 1:1 volume mixture of 

methanol and water at 80°C. Methanol was the solvent of choice, since maximum 

swelling of Nafion could be achieved [118]. ZrP was introduced by placing the 

swollen membrane in 1M ZrOCl2 for several hours at 80°C to introduce the zirconium 

into the membrane. This allowed the exchange of H+ ions with Zr+4 ions. The 

membranes were then rinsed in cold water to remove excess solution and placed in 1M 

H3PO4 overnight at 80°C. The treatment with H3PO4 caused the precipitation of ZrP in 

situ in the nanopores of the Nafion® 117 membrane. The formation of ZrP was 

indicated when the film turned white. The amount of ZrP incorporated in the Nafion® 

was further increased by repeating the impregnation procedure. The membrane was 

then repeatedly rinsed in water to remove excess acid, and finally kept in water prior 

to characterization. 

 

4.7.3 Membrane Characterization 

Figure 4.54 shows SEM micrographs of cross-sections of bare Nafion® 117, 

Nafion® 117 / ZrP via Zr+4 (9%), Nafion® 117 / ZrP via Zr+4 (14%)  and Nafion® 117 / 

ZrP via Zr+4 (24%). Nafion® 117 shows a homogeneous structure, which is similar to 

bare recast Nafion® (see Figures 4.41 and 4.48). It can be seen that ZrP particles are 

homogeneously distributed throughout the Nafion® polymer.     
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Bare Nafion® 117 

 
Nafion® 117 / ZrP via Zr+4 (9%) 

 
 
 

 
 

Nafion® 117 / ZrP via Zr+4 (14%) 
 

Nafion® 117 / ZrP via Zr+4 (24%) 
 
 
           Figure 4.54: SEM micrographs of cross-sections of Nafion® 117 / ZrP via ion  

                                 exchange of Zr+4 composite membranes.  
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Figure 4.55 shows a TEM micrograph of a cross-section of Nafion® 117 / ZrP 

via ion exchange of Zr+4. Homogeneously distributed ZrP throughout the polymer can 

be clearly seen.  The particle sizes calculated are around 11 nm. This is in agreement 

with the value reported by Princeton University [280,281], where a value of 11 nm 

was reported. This value was calculated from the XRD analysis. Figure 4.55 also 

shows that the shape of the inorganic particles is of rectangular form, whereas ZrP 

prepared previously was of the spherical form (see Figures 4.16, 4.17 and 4.49). It can 

be concluded that there is a difference between the two, and this can be attributed to 

the procedure used in the preparations.    

 

                     
              
 
             Figure 4.55: TEM of cross-section of Nafion® 117 / ZrP via ion exchange  

                                   of Zr+4 (24%). 
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Figure 4.56 shows the X-ray diffraction pattern of Nafion® 117/ ZrP via ion 

exchange of Zr+4 (24%). The analysis of the peaks shows reflections that are attributed 

to Nafion® (2θ at 12-20°) and others that are attributed to the presence of ZrP (2θ = 

20°, 25° and 34.1°).  
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             Figure 4.56: XRD analysis of Nafion® 117 / ZrP via Zr+4 (24%). 
 
  

Figure 4.57 shows a FTIR scan of Nafion® film. The bands at 982, 1057 and 

1148 cm-1 are assigned to _COC_, _SO3H_ and _CF2
_ groups, respectively [619]. The 

other peaks at 1636 and 3476 cm-1 are assigned to water. 

Figure 4.58 shows an FTIR scan of Nafion® film / ZrP via ion exchange of Zr+4 

(24%). A new peak appears at 1411 cm-1- apparently due to the presence of ZrP while  

The peak at around 1000 cm-1 for ZrP is overlapped with the peak of Nafion®. The 

peak assigned to _SO3H_ at 1057 cm-1 has disappeared. This can be explained by the 

type of process used to form ZrP - i.e. where an ion exchange of Zr+4 with H+ is used. 
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                                   Figure 4.57: FTIR scan of bare Nafion® film.       
 
                       
 
 

 
             Figure 4.58: FTIR scan of Nafion® film / ZrP via ion exchange of Zr+4 (24%). 
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Figure 4.59 shows the measured methanol concentration in the receiving 

compartment (B) as a function of time in Nafion® 117 and Nafion® 117 / ZrP via ion 

exchange of Zr+4 after the third impregnation (24%). Incorporating ZrP into Nafion® 

polymer, reduced the methanol permeability, leading to another advantage.  
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           Figure 4.59: Methanol concentration in the receiving compartment (B) as a 

                                 function of time in (    ) bare Nafion® 117 and (   ) Nafion® 117/ 

                                 ZrP via ion exchange of Zr+4 (24%). 

 

 
 

Figure 4.60 shows the TGA analysis of bare Nafion® 117, Nafion® 117 / ZrP 

via Zr+4 (9%), Nafion® 117 / ZrP via Zr+4 (14%) and Nafion® 117 / ZrP via Zr+4 (24%). 

As can be seen, increasing the loading of ZrP increased the water content of the 

composite membrane, as expected. 
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Figure 4.60: TGA of (          ) bare Nafion® 117, (          ) Nafion® 117/ ZrP via Zr+4 

                                (9%), (          ) Nafion® 117/ ZrP via Zr+4 (14%) and (          ) Nafion®  

                                 117/ ZrP via Zr+4 (24%). 

 
 

The water uptake was assessed by the method described in Section 3.3.2. As 

was expected, the water uptake of the composite membrane increases with the increase 

of ZrP loading.   
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Figure 4.61: Water uptake in recast Nafion®, Nafion® 117 and Nafion® 117 / ZrP. 
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4.7.4 Discussion and Conclusions 

 Nafion® modification can be done by incorporating ZrP via an ion exchange 

process (H+ for Zr+4). The presence of ZrP can be identified by the change of Nafion® 

colour from transparent to white. Increasing the loading of ZrP, by repeating the 

impregnation process, leads to an increase in whiteness of the film. ZrP was found to 

be homogeneously distributed throughout the composite membrane with particle size 

of 11 nm, which is slightly larger than the pore size in Nafion® under complete 

hydration [280,281]. Furthermore, it was found that the shapes of ZrP particles 

prepared by the ion exchange process are of rectangular form. These differ from the 

ZrP powder prepared in Section 4.6, where spherical shapes were observed. 

Incorporating ZrP in Nafion®, via the ion exchange of Zr+4, leads to the reduction of 

methanol permeability. According to the literature [279-281] incorporating ZrP via the 

ion exchange procedure will allow these composite membranes to work at high 

temperature.  

 

4.8 COMPOSITE INORGANIC CREAFILTER® MATRIX / ZrP / NAFION®  

      SOLUTION MEMBRANES 

4.8.1 Composite Inorganic CREAFILTER® Matrix / ZrP / Nafion® Solution 

          Membranes 

Composite membranes were prepared by impregnating inorganic 

CREAFILTER® matrix with ZrP, as discussed in Section 4.3.2. It was found that these 

types of membranes have characteristics similar to that of Nafion®.  Selectivity factors 
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(β) of 4.9 and 4.5 were found for CREAFILTER® Z240G / ZrP and Nafion® 117, 

respectively. However, some ZrP leaching out of the membrane was observed. To 

avoid leaching, the membrane was coated with a film of Nafion® by soaking the 

prepared composite membrane CREAFILTER® Z240G / ZrP in a solution of 18% 

Nafion® in ethanol for 4 hours at room temperature. Then the composite membrane 

was dried at 80°C for 24 hours. Nafion® film was formed in the pores and on the 

surface of the composite membrane. 

To avoid the drying of ZrP, the composite membrane was not heated to 160°C, 

as with the previous membrane prepared in Section 4.4.2, and also no further 

treatment (as per the standard method to treat Nafion®) was performed. The prepared 

membrane was kept in water prior to characterization. 

 

Figure 4.62 shows the measured methanol concentration in the receiving 

compartment (B) as a function of the exposed time in Nafion® 117, CREAFILTER® 

Z240G / ZrP and CREAFILTER® Z240G / ZrP / coated with Nafion® film. It can be 

seen that the Nafion® coating decreased further the methanol permeability from 3.5 × 

10-7 to 3 × 10-7 cm2/s. 
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         Figure 4.62: Concentration of methanol in compartment B as a function of time:  

                               Nafion® 117 (    ), composite Z240G/ZrP (   ) and composite   

                               Z240G/ZrP / Nafion® solution (    ). 

 

 

 

The composite membrane prepared shows reduction in methanol permeability. 

However, a reduction in the conductivity by up to half was also observed. The 

selectivity factor (β) for different membranes is presented in Table 4.7. The selectivity 

factor for CREAFILTER® Z240G / ZrP (β = 4.9) is higher than that for Nafion® 117 

(β = 4.5). Further coating of the composite membrane with Nafion® film, reduced β to 

4.7, due to the decrease in conductivity. However, β is still higher than that for 

Nafion® 117. 
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Coating the composite membrane leads to no advantages vis a vis the 

selectivity factor. However, the Nafion® film will act as a barrier for ZrP leaching. 

Furthermore, the Nafion® film on the surface will play an important role in MEA 

preparation, where a good contact between the membrane and the electrode is needed.  

 
Table 4.7: Composite CREAFILTER® Z240G / ZrP / Nafion® membrane   
                  specifications 
 
Membranes     Thickness dry     Conductivity (σ)    Methanol permeability (P)     Selectivity factor 
       (µm)                   (S/cm)   (cm2/s)              (β = log (σ/P)) 
 
Z240G/ZrP         120      3 × 10-2     3.5 × 10-7   4.9 
Z240G/ZrP/ Nafion®   123      1.5 × 10-3    3 × 10-7                  4.7 
Nafion® 117         175      5 × 10-2       14 × 10-7        4.5 
 
 
 
4.8.2 Composite Inorganic CREAFILTER® Matrix / Nafion® solution /  ZrP  

          Membranes 

 Composite inorganic CREAFILTER® matrix  / Nafion® solution was prepared 

as in Section 4.4.2. Selectivity factors (β) of 4.6 and 4.5 were found for 

CREAFILTER® Z240G / Nafion® and Nafion® 117, respectively. The prepared 

membranes show similar characteristics to Nafion® 117. On the other hand, it was 

found that ZrP can be incorporated in Nafion® via an ion exchange process (H+ for 

Zr+4), as was discussed in Section 4.7. Furthermore, it was found that ZrP is the best 

inorganic additive to polymeric proton conductors. In this section, an attempt will be 

made to make a composite membrane by combining the preparation procedures of 

Sections 4.4 and 4.7. The composite CREAFILTER® Z240G / Nafion® was prepared 

as in Section 4.4.2. The dried composite membrane was swelled in a 1:1 by volume, 
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methanol/water solution at 80°C. ZrP was introduced by placing the swollen 

composite membrane in 1M ZrOCl2 for several hours at 80°C to introduce zirconium 

into the membrane. This allowed exchange of H+ ions with Zr+4 ions.  The membranes 

were then rinsed in cold deionized water to remove excess solution and finally placed 

in 1M H3PO4 overnight at 80°C. The treatment with H3PO4 allowed the precipitation 

of ZrP in situ. Since the preparation of the composite membrane (CREAFILTER® 

Z240G / Nafion®) is similar to recast Nafion®, and the previous experiment (Section 

4.7) was performed with Nafion® 117, recast Nafion® impregnated with ZrP via ion 

exchange of Zr+4, was investigated. Recast Nafion® was therefore prepared as per 

Section 4.5.2 followed by the procedure described in Section 4.7. 
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 Figure 4.63 shows the X-ray diffraction pattern of recast Nafion® film 

impregnated with ZrP via ion exchange of Zr+4. 

              Figure 4.63: X-ray diffraction pattern of recast Nafion® impregnated with  

                                   ZrP via ion exchange of Zr+4. 
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The analysis of the peaks of the composite membrane shows reflections that 

are attributed to Nafion® (2θ at 12-20°) and others that are attributed to the presence of 

ZrP (2θ = 20.6°, 25.7° and 34.2°), which are similar to the X-ray diffraction pattern of 

the ‘as received’ Nafion® 117 / ZrP via Zr+4  (see Figure 4.56). 

Note that the XRD pattern of recast Nafion® after treatment with the standard 

procedure is similar to that of Nafion® 117. 

Figure 4.64 shows the X-ray diffraction pattern of CREAFILTER® Z240G / 

Nafion® , followed by impregnation with ZrP via Zr+4. 
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Figure 4.64: X-ray diffraction pattern of recast CREAFILTER® Z240G / Nafion® / 

                      ZrP via ion exchange of Zr+4. 

 
 
 

Figure 4.64 revealed the presence of the peaks of the bare CREAFILTER® 

Z240G (Figure 4.3) and the peaks of Nafion® (2θ at 12-20°) and others that are 
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attributed to the presence of ZrP (2θ = 20.3°, 25.5° and 34.6°). Figure 4.64 shows the 

success of the membrane preparation protocol. These types of membranes have 

several advantages over the ‘as received’ polymer (e.g. Nafion® 117) and similar 

composite membranes (e.g. Gore Select® membrane), where PTFE support is used. 

These advantages include: low cost, ease of manufacture and according to the 

literature can operate at high temperature due to the presence of ZrP.   
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CHAPTER 5 

DMFC PARAMETER OPTIMIZATION 

 

5.1 INTRODUCTION 

A fuel cell is constituted of five components: anode backing layer, anode 

catalyst layer, proton exchange membrane, cathode catalyst layer and cathode backing 

layer. The heart of the fuel cell is the MEA. In this Chapter, the backing and catalyst 

layers and the influence of operating conditions on cell performance (temperature, 

pressure, gas flow rate, etc.) are investigated. Nafion® 117 was used as the proton 

conductive membrane. The objective of this section is to find out the optimal 

conditions for DMFC operation, rather than looking for a high performance cell.  

 

5.2 INK COMPOSITION 

An ink was prepared to make the catalyst layer as follows: 0.21 g of the 

catalyst was wetted with water under magnetic stirring, followed by the addition of 

0.67 g of Nafion® solution (5 wt.%, 1100 EW, Aldrich) drop by drop. Finally the 

solvents were added. The ink was stirred for 24 hours. Then the ink was sprayed onto 

the backing layer (carbon cloth or carbon paper) to the desired catalyst loading using 

an air brush. The solvents investigated in this study are IPA and BAc, and referred to 

hereafter as the solution and colloidal methods, respectively. 20%Pt-10%Ru on 

Carbon (Alfa Aesar) was used as the anode catalyst, whereas 40% Pt on carbon (Alfa 
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Aesar) was used for the cathode. The sprayed backing layer was kept at room 

temperature for 24 hours, and then dried at 110°C for 1 hour prior to MEA 

preparation. 

The MEA was prepared by the hot pressing procedure as follows: Nafion® 

solution (5 wt.%, 1100 EW, Aldrich) was brushed on one side of the electrode, dried 

for 10 minutes at room temperature and 1 hour at 80°C in an air oven. The electrodes 

(backing layer and the catalyst layer) were placed on both sides of a treated Nafion® 

117 membrane, then the MEA was sandwiched between non-stick Teflon® and placed 

on a hot press for 2 min at 130°C and 100 bar. 

 

Figure 5.1 shows the influence of Nafion® content on methanol oxidation. 

Different Nafion® percentages (dry weight) were used in the ink preparation from 7% 

to 40%. The prepared ink was spread on a glassy carbon electrode and dried before 

use. The catalytic activity (methanol oxidation) was evaluated with cyclic 

voltammetry (CV) using a conventional three-electrode system - a Pt basket as counter 

electrode and a saturated calomel electrode (SCE) as reference electrode. The prepared 

electrodes were dipped in 1M H2SO4 / 1M methanol and scanned in the region of 0-

1.5 V at a rate of 20 mV s-1.  

 

Figure 5.1 shows that the optimal Nafion® content in the ink is around 14% 

(dry weight), corresponding to a ratio of 3:1 (Nafion® to catalyst). 
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Figure 5.1: Cyclic voltammograms of methanol oxidation for catalytic inks 

                    with different Nafion® content: (           ) 7%, (          )14%,  

                    (            ) 25% and (           ) 40%.  

 

Figure 5.2 shows the influence of Nafion® content on cell performance. As can 

be seen a 3:1 catalyst to Nafion® ratio represents the optimal concentration, which is 

roughly 14%. The presence of Nafion® in the catalyst layer enhanced the conductivity, 

thus extending the three-phase zone (i.e. increasing catalyst utilization). Furthermore, 

it was suggested by Chu et al. [567] that Nafion® content in the catalyst site affects the 

kinetics of methanol electro-oxidation by providing the protonic sites, which could 

promote CO oxidation. Figure 5.2 was obtained by using carbon cloth E-TEK type 

“A” with 20 % PTFE content, a methanol flow rate 1 ml/min, an air flow rate 1 l/min, 

a catalyst loading of 2 mg/cm2 for both anode and cathode, a cell temperature 80°C, 

and atmospheric pressure for anode and cathode. 
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        Figure 5.2: Cell performance with different Nafion® content in the catalyst layer,   

                            using E-TEK carbon cloth type “A” and the solution method. 

 
When BAc was used as a solvent, the ink was thick and an ultrasonic bath was 

used instead of magnetic stirring. The ink formed was spread on the backing layer by 

using a Pasteur pipette. Figure 5.3 shows cell performance with different solvents, 

namely IPA and BAc. The solution method using IPA as the solvent produced the 

higher performance to the colloidal method using BAc. In the colloidal method the ink 

formed was thick, and the catalyst layer with this type of ink is thicker than the 

catalyst layer produced with IPA with similar catalyst loading. Therefore, the mass 

transfer resistance of methanol is increased in the catalyst layer, thus decreasing cell 

performance. Figure 5.3 was obtained by using carbon cloth E-TEK type “A” with 20 

% PTFE content, a methanol flow rate 1 ml/min, an air flow rate 1 l/min, a catalyst 

loading of 2 mg/cm2 for both anode and cathode, a cell temperature 80°C, and 

atmospheric pressure for anode and cathode. 
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        Figure 5.3: I-V curve at 80°C for different solvents: (    ) iso-propanol (solution  

                            method) and (   ) butyl acetate (colloidal).  

 
 

5.3 BACKING LAYERS 

Different backing layers were investigated for the DMFC mode. All of them 

are commercially available materials, including E-TEK carbon cloth type “A”, Toray 

TGP H 120 carbon paper, Electrochem carbon paper and Lydall GDL (gas diffusion 

layer). The structures of these backing layers are shown in Figure 5.4, where the 

differences in the surface morphology are readily apparent. The cloth weaves of E-

TEK produces a series of relatively large openings, approximately 50 to 100 µm in 

size. Carbon paper (Toray TGP H 120 and Electrochem) have a structure with a pore 

size between 20-50 µm, but a large portion of blocked passages. Lydall GDL (Lyflex 

C494) has very little opening area with most of the surface consisting of blocked 

passages.   

 169



Chapter 5                                                                        DMFC Parameter Optimization 

 
ETEK, type “A”, 20 %PTFE 

 
Lydall Lyflex C494 GDL, 10%PTFE 
 
 

 
Toray TGP H 120, 20% PTFE 

 
Electrochem. Carbon paper, 35% PTFE 
 

 

                             Figure 5.4: Surface morphology of different backing layers. 
 
 

The PTFE mat area has small openings compared to the bare Toray paper, as can be 

seen in Figure 5.5. The open channels presumably act as liquid flow channels, while the 

PTFE mat acts predominantly as gas flow channels. Increasing the PTFE content, reduces 

the number of open channels, which negatively influences liquid flow.  
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Toray carbon paper (TGP H 120), 0% PTFE 

 
Toray carbon paper (TGP H 120), 20% PTFE 

 
Toray carbon paper (TGP H 120), 60% PTFE 

              Figure 5.5: Influence of PTFE content on Toray paper (TGP H 120) backing  

                                  layers structures.  
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Figure 5.6 shows cell performance at 80°C with Toray paper TGP H 120, with 

different PTFE content. As can be seen, the optimal PTFE content is around 20%, 

where liquid and gas (CO2) flow are in separated channels. With a bare TGP H 120 

paper (0% PTFE) there are no channels for CO2 evolution, whereas with high PTFE 

loading (60%), the liquid channels are blocked. Furthermore, at high PTFE loading 

there is conductivity loss within the electrode, therefore, the cell performance is 

affected by significant electrical losses.  
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Figure 5.6: Influence of PTFE content on cell performance, Toray paper TGP H 120 

                   with different loading (   ) 0%, (   ) 20% and (   ) 60% PTFE content.  

  

Figure 5.7 shows cell performance with two backing layers, namely E-TEK 

carbon cloth type “A”, 20% PTFE and Toray TGP H 120, 20% PTFE. The cell 

performances with carbon cloth are much better than with carbon paper, which is 

attributed to the nature of the backing layers. In the visualization studies [45], it was 

found that in the case of carbon paper, large CO2 slugs (groups of bubbles) are formed 
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with a size of 0.8-1.8 mm, and these bubbles tend to attach themselves to the surface 

of the paper. The CO2 bubbles formed remain attached at the point of generation and 

accumulate. After a few minutes these bubbles completely block the channels which 

leads to a deterioration of cell performance. In contrast, in the case of carbon cloth, the 

CO2 bubbles are relatively small (0.6-0.8 mm) and which have a tendency to coalesce 

and form bubble swarms. Since the carbon cloth has lower friction characteristics, 

bubbles tend to attach to the flow channels. This feature of carbon cloth is beneficial, 

since the surface is relatively clear and free from bubbles, thus a superior performance 

can be obtained due to the enhanced gas management in the cell.    

This experiment shows that carbon cloth is the most suitable backing layer for 

DMFC application. Furthermore, the results obtained with carbon paper show that this 

material is not suited for DMFC under the conditions used in this study, where a dual 

electrode was prepared (backing layer and a catalyst layer).                             
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Figure 5.7: Cell performance using two different backing layers, (   ) E-TEK carbon 

cloth type “A”, 20% PTFE and (   ) Toray carbon paper TGP H 120, 20% PTFE.  
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5.4 INFLUENCE OF OPERATING PARAMETERS ON CELL  

      PERFORMANCE 

The operating parameters, namely, cell temperature, cathode pressure, air flow 

rate, etc. affect cell performance. In this section, experiments were conducted in an 

attempt to find the optimal conditions for DMFC operation and the influence of each 

one on cell performance.  

Since a temperature of 130°C was used in MEA preparation, which is the glass 

transition temperature of Nafion®, where it will lose water, thereby significantly 

reducing conductivity, the MEA must be conditioned to restore the water in Nafion®, 

prior to evaluating cell performance. The conditioning of the MEA was investigated 

by circulating methanol in the anode side at 80°C at open circuit potential for several 

days. Figure 5.8 shows cell performance after the second and third days. As can be 

seen three days are necessary to restore water (fully hydrated) to the membrane. After 

three days, the cell performances were constant. The experiment in Figure 5.8 was 

conducted with E-TEK type “A” carbon cloth, 20 % PTFE as a backing layer, a 1 

ml/min methanol flow rate, a 1 l/min air cathode flow rate, cell temperature 80°C and 

with anode and cathode at atmospheric pressure. This moisturizing procedure is time 

consuming, but it is necessary to generate optimal performance. Another way to 

moisturize the MEA, is to heat the MEA in water for 30 min at 80°C before 

connection in the cell. Figure 5.9 shows the results between the two methods.  
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 Figure 5.8: DMFC polarization curve: influence of moisturizing on cell performance. 

 

 

As can be seen from Figure 5.9, the MEA moisturized at 80°C before 

connection to the cell gave better results than moisturizing in the cell for 8 hours. 

However, heating the MEA in water, is not a good way of moisturizing, since Nafion® 

polymer (Nafion® 117) when soaked in water will bend. This deformation of the 

polymer is not predicted, and will delaminate the electrodes from the membrane, 

which leads to a decrease in cell efficiency. This method can be used efficiently if an 

appropriate holder is used during moisturizing. Figure 5.9 was obtained with similar 

operating conditions to those in Figure 5.8.      
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Figure 5.9: Polarization curve of a DMFC with different moisturizing methods:  

(   ) moisturizing by heating the MEA at 80°C, (   ) moisturizing in the cell at 80°C.  

 

Figure 5.10 shows the effect of catalyst loading on cell performance. While 

Figures 5.11 and 5.12 are SEM micrographs of the anode electrode with different 

catalyst loading. 
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Figure 5.10: Effect of anode catalyst loading on cell performance at 80°C. 
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             Figure 5.11: SEM micrograph of anode electrode, 1 mg/cm2 catalyst loading. 
 

 
          Figure 5.12:  SEM micrograph of anode electrode, 2.3 mg/cm2 catalyst loading. 
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Figure 5.10 was obtained by using 20% Pt-10% Ru supported on carbon 

(HiSPEC 5000) purchased from Alfa Aesar for the anode electrode, while the cathode 

was prepared using 40% Pt supported on carbon (HiSPEC 4000) purchased from Alfa 

Aesar with a catalyst loading of 2 mg/cm2. The cell operating conditions were as 

above. From figure 5.10 it can be seen clearly that increasing the catalyst loading will 

increase cell performance. After reaching an optimum, cell performance will start to 

decrease, due to the increase in electrode resistance. The optimal catalyst loading 

found with HiSPEC 5000 is around 2 mg/cm2.   

Figure 5.11 and 5.12 show clearly the influence of catalyst loading on cell 

performance. Increasing the catalyst loading will increase the thickness of the 

electrode. Therefore, the cell performance will suffer from mass transport limitations. 

With a thick electrode, methanol cannot enter the entire electrode structure, whereas 

CO2 cannot escape from the electrode.   

 

The influence of temperature on cell performance was investigated. The results 

obtained are reported in Figure 5.13. Increasing the temperature from 40°C to 80°C 

leads to a significant increase in cell performance. This is due to two reasons: firstly, 

an increasing temperature will increase membrane conductivity, thus reducing ohmic 

losses, and secondly enhance methanol oxidation. The best performances were 

obtained with a temperature of 80°C. This temperature is optimal for Nafion® 117. 

However, at 90°C, the cell performance starts to deteriorate, due to membrane 

dehydration, where the membrane starts to lose water, thereby increasing resistance, 
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which leads to cell performance decreases. Figure 5.13 was obtained by using E-TEK 

carbon cloth and BAc as ink solvent. The methanol flow rate was 1 ml/min, air flow 

rate 1 l/min, catalyst loading 2 mg/cm2 and atmospheric pressure for both anode and 

cathode.  

 

Figure 5.14 was obtained using Toray paper TGP H 120 with 20% PTFE 

content and the ink was prepared with IPA. The same trend as Figure 5.13 was 

observed - for temperatures above 80°C, the membrane was subject to dehydration, 

which decreased cell performance.  
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        Figure 5.13: Influence of temperature on cell performance, E-TEK carbon cloth  

                              (20% PTFE) and colloidal method. 
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           Figure 5.14: Influence of temperature on cell performance, Toray carbon paper  

                                 (TGP H 120) with 20% PTFE and solution method. 

 

The influence of cathode air flow rate was investigated with a cell constituted 

of E-TEK carbon cloth type “A” with 20% PTFE, IPA as the ink solvent, and the 

following cell operating parameters: methanol flow rate 1 ml/min, cell temperature 

80°C, catalyst loading around 2 mg/cm2 for anode and cathode, and atmospheric 

pressure for the anode and cathode. The results obtained are reported in Figure 5.15. 

Increasing the cathode air flow rate from 0.5 l/min to 1 l/min, increased the cell 

performance significantly. This increase in cell performance can be attributed to the 

better methanol and water removal at the cathode side. Above 1 l/min cathode air flow 

rate, the cell performance starts to decrease. This can be explained by the MEA 

dehydration.      
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Figure 5.15: DMFC cell performance with different air cathode flow rates,  

                     E-TEK carbon cloth type “A”, 20% PTFE and using iso-propanol 

                     as the ink solvent. 

 

 

Figure 5.16 shows the influence of cathode pressure on cell performance. As 

can be seen, increasing the cathode pressure increased cell performance. Usually high 

performance cells are obtained with a cathode pressure of 2 bar. Increasing cathode 

cell pressure will increase the cell performance as was demonstrated by Ren et al. 

[621] where an air pressure of 3 bar and an oxygen pressure of 5 bar were used. Figure 

5.16 was obtained using a cell constituted of Toray TGP H 120 paper with 20% PTFE, 

IPA as the ink solvent, and the following cell operating parameters: methanol flow 

rate 1 ml/min, cell temperature 80°C, catalyst loading around 2 mg/cm2 for anode and 

cathode, and atmospheric pressure for the anode and cathode was changed using a 

needle valve at the exhaust..  
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       Figure 5.16: Influence of air cathode pressure on cell performance at 80°C, Toray 

                            TGP H 120 paper with 20% PTFE, (   ) 1 bar, (   ) 2 bar.  

 

Figure 5.17 shows cell performance with air and oxygen. The cell operating 

parameters were as follows: E-TEK carbon cloth type “A” with 20% PTFE, IPA as the 

ink solvent, a methanol flow rate 1 ml/min, cathode gas flow rate 1 l/min, cell 

temperature 80°C, catalyst loading around 2 mg/cm2 for anode and cathode, and 

atmospheric pressure for the anode and cathode. 

 

As can be seen, using oxygen is an attractive way to maximize the power 

output due to the minimizing of ORR losses. Furthermore, the mass transfer resistance 

at the cathode is increased when using air, due to the presence of a blanket of nitrogen. 

However, from an operational point of view, using neat oxygen is not practical and air 

fed cathodes is the most realistic option for terrestrial applications.   
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                Figure 5.17: DMFC performance using air and oxygen at the cathode. 

 
 
5.5 DISCUSSION AND CONCLUSIONS  

Nafion® provides the necessary conductivity to the electrodes, thus enhancing 

catalyst utilization by extending the three-phase zone. However, too much Nafion® 

will decrease the electrode performance. A 14 wt.% Nafion® content in the electrode, 

which corresponds to a ratio of 3:1 (catalyst to Nafion®) was found to be optimal. 

In electrode fabrication an ink was prepared. The state of the ink depends on 

the type of solvent used. IPA (ε = 18.30) forms a solution, while BAc (ε = 5.01) forms 

colloids. Cell performance was found to be better with solution ink than with colloidal 

ink, due to the high electrode resistance.  

From the commercially available backing layers tested in this study, E-TEK 

type “A” was found to be the most suited for DMFC application. The CO2 bubbles 

tend to attach to the Toray TGP H 120 carbon paper, forming slugs of bubbles which 
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block the electrode. Electrochem and Lydall Lyflex were the least suited for DMFC 

application due to the high PTFE loading and the high friction in the former and 

cathode flooding in the latter. 

To avoid a two-phase flow, CO2 bubbles moving counter-currently to liquid 

methanol, PTFE needs to be added to the electrode. A concentration of 20% was 

found to be optimal to create discrete paths for CO2 to move out from the electrode. 

In MEA preparation the membrane is subject to drying. Therefore, prior to cell 

testing, water must be restored to the membrane. Circulating water through the anode 

cell for three days was found to be the most adequate way to restore water, thus high 

performance can be achieved. Increasing the temperature up to 80°C, enhanced cell 

performance due to the increased membrane conductivity and methanol oxidation. 

However, above 80°C cell performance starts to deteriorate due to membrane 

dehydration. 

Increasing the cathode pressure enhanced cell performance. However, from a 

DMFC application point of view, high pressure is not a realistic option. Pure oxygen 

at the cathode produces better results than air, but for DMFC commercialization, air at 

the cathode is the most desirable. 

The optimal operating conditions were found to be: 1 ml/min methanol flow 

rate, 1 l/min cathode flow rate and it is preferable to preheat the methanol before 

entering the cell.    
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CHAPTER 6 

DEVELOPED MEMBRANE PERFORMANCE  

6.1 INTRODUCTION 

The MEA is the heart of the DMFC. Therefore, the challenge facing the 

development of a new proton conductor membrane is to find the optimal conditions to 

make a good MEA. In general, MEAs are made by the hot pressing procedure using a 

catalyst layer spread onto a backing layer. This Section discuss the newly developed 

membranes that were tested in DMFC mode and their performances evaluated. 

 

6.2. MEA FABRICATION  

 The MEA fabrication protocol is similar to the procedure reported in Section 

6.1. A catalytic ink was prepared according to Section 5.2. Thus, 0.21 g of the catalyst 

was wetted with water. 0.67 g of 5 wt.% Nafion® solution (Aldrich) was added to the 

catalyst drop by drop under stirring. IAP was added to the ink and kept under stirring 

for 24 hours. The ink was then sprayed with an air brush onto E-TEK type “A” carbon 

cloth (20% PTFE). The electrode was dried at room temperature for 24 hours, then at 

110°C for 1 hour. Prior to MEA fabrication the electrodes were coated with a film of 

Nafion® solution. The MEA was prepared with the hot pressing procedure, where a 

temperature of 130°C was used for 2 minutes. For Nafion® 117 a pressure of 100 bar 

was used whereas for CREAFILTER®s membranes a pressure of 50 bar was used. 

Figures 6.1 and 6.2 show SEM cross-sections of MEAs. 
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            Figure 6.1: SEM cross-section of an MEA with Nafion® 117 as the membrane. 

             

    Figure 6.2: SEM cross-section of MEA with Z240G/ZrP/Nafion® as the membrane. 
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The MEAs reported in Figure 6.1 and 6.2 were obtained as described above 

with a catalyst loading of 2 mg/cm2 for both anode and cathode. For anode catalyst (at 

the bottom of the micrograph) a 20% Pt – 10% Ru supported on carbon (HiSPEC 

5000, Alfa Aesar) was used, whereas for cathode catalyst (at the top of the 

micrograph) a 40% Pt supported on carbon (HiSPEC 4000, Alfa Aesar) was used. The 

MEA cross-section was cut under liquid nitrogen and the micrographs were taken with 

a Leo instrument. 

 From Figure 6.1, it can be clearly seen that there is a good contact between the 

Nafion® membrane and the electrode, thus small electrical loss was obtained in the 

fuel cell test. In contrast, Figure 6.2 shows clearly there is the delamination of the 

electrode, especially the anode. It can be concluded that the performance of the MEA 

with CREAFILTER® Z240G impregnated with ZrP and followed by Nafion® film 

coating will be less than that of Nafion® 117 membrane. To increase the performance 

of the newly developed membrane an appropriate MEA fabrication procedure needs to 

be developed.    

 

6.3 SINGLE CELL PERFORMANCE 

Prior to single cell testing, the CREAFILTER® Z240G impregnated with ZrP 

and followed with Nafion® film coating was tested in a Nafion® stack, similar to the 

procedure used in conductivity measurement to avoid the electrode contact problems. 

For that, three Nafion® stack were first tested in a fuel cell. After that the middle 

Nafion® polymer was replaced with CREAFILTER® Z240G/ZrP/ Nafion® membrane. 
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This procedure was adopted in order to eliminate the delamination problem, since only 

Nafion® membranes are in contact with the electrodes. The results obtained are 

summarized in Table 6.1. 

 

Table 6.1: DMFC performance in 5 cm2 three layers stake 

 

Voltage Middle Membrane    Cell Current  

At 0 V  Nafion® 117     400 mV 

At 0 V  CREAFILTER® Z240G/ZrP/ Nafion® 320 mV 

 

 

 Table 6.1 shows the potential of CREAFILTER® Z240G/ZrP/ Nafion® for 

DMFC applications. However, an appropriate MEA fabrication procedure needs to be 

developed. It can also be seen that the contact between the membrane and the 

electrode play an important role to enable high currents to be drawn from the cell. 

 Figure 6.3 show cell performances with Nafion® 117 and CREAFILTER® 

Z240G/ZrP/ Nafion®. The cell performances were obtained with identical MEA, the 

only difference being the pressure used in MEA fabrication, where 100 bar was used 

with Nafion® 117, whereas a 50 bar was used with CREAFILTER® Z240G/ZrP/ 

Nafion®. The results show that the composite membrane can achieve high 

performance.   
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Figure 6.3: DMFC performance of CREAFILTER® Z240G impregnated with ZrP 

                   (   ) and Nafion® 117 (   ).  

 

Figure 6.4 show cell performance results with Nafion® 117 and 

CREAFILTER® S450P impregnated with Nafion® solution. Here also, the prepared 

composite membrane shows a good potential for DMFC application. 
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Figure 6.4: DMFC performance of CREAFILTER® S450P impregnated with Nafion® 

                    solution (    ) and Nafion® 117  (    ).  
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6.4 DISCUSSION AND CONCLUSIONS 

 CREAFILTER®s were found to be good potential membranes to replace 

Nafion®. The selectivity factor was found to be very close to that of Nafion® 117. 

However, as with all newly developed membranes, an appropriate method to prepare 

the MEA needs to be developed. In this Section, preliminary attempts to draw current 

from the prepared membrane were studied by using Nafion® technology to prepare the 

MEAs. Relatively good performance was obtained. In CREAFILTER® composite 

membrane delamination was observed, thus much efficiency was lost due to the bad 

contact between the membrane and the electrodes. 
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CHAPTER 7 

OVERALL CONCLUSION AND RECOMMENDATIONS 

FOR FUTURE WORK 

 

7.1 OVERALL CONCLUSION 

Flexible inorganic ceramics were used as a matrix for proton conductor 

materials. The inorganic matrixes used were development materials from Creavis 

Technology and Innovation under the trade name CREAFILTER®. These materials 

show good chemical and thermal stability. Furthermore, these materials are fabricated 

from metal oxides (e.g. ZrO2, SiO2 and Al2O3), which have high water content.  

Two novel composite proton conductor membranes were prepared by using an 

impregnation technique. These include the impregnation of CREAFILTER® with 

zirconium phosphate and Nafion® solution. 

Different ZrO2 sources were investigated to find out the optimal source for 

zirconium phosphate preparation and the most compatible with the inorganic matrix. 

ZrO2 powder purchased from Degussa was found to be the ideal starting material to 

prepare zirconium phosphate, since it has a high surface area and high water content. 

CREAFILTER® impregnated with zirconium phosphate shows a selectivity 

factor better than or similar to Nafion® 117. The selectivity factor, which is the ratio of 

the proton conductivity (σ) and methanol permeability (P), was adopted as a way of 
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membrane characterization. Nafion® 117 was studied as a reference, since it is the 

membrane of choice for DMFC applications. 

Selectivity factors (β) of 4.9 and 4.5 were found for CREAFILTER® 

Z240G/zirconium phosphate and Nafion® 117, respectively. These results show the 

potential of these composite membranes to replace Nafion® 117. 

CREAFILTER® impregnated with Nafion® solution also shows good 

characteristics - where selectivity factors of 4.6 and 4.5 were found for 

CREAFILTER® Z240G/ Nafion® solution and CREAFILTER® S450P/ Nafion® 

solution , respectively.   

The impregnation technique was found to be useful to reduce methanol 

permeability in both composite CREAFILTER® impregnated with zirconium 

phosphate and CREAFILTER® impregnated with Nafion® solution. Methanol 

permeability was found to be 3.5 × 10-7 cm2/s in CREAFILTER® Z240G impregnated 

with zirconium phosphate and a value of 5.5 × 10-7 cm2/s was obtained with 

CREAFILTER® Z240G impregnated with Nafion® solution, whereas, a value of 14 × 

10-7 cm2/s was found for Nafion® 117. 

It was found that the solvent has an important influence on the characteristics 

of recast Nafion®. Furthermore, the thermal treatment at high temperature, typically 

around 160°C, proved to be necessary to produce a mechanically stable film. Thus, the 

thermal treatment at 160°C was used in composite membrane preparation 

(CREAFILTER® impregnated with Nafion® solution).  
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The water content was found to be higher in CREAFILTER® S type than Z 

type. This is due to the type of metal oxide used in the CREAFILTER® fabrication. S 

type is constituted of SiO2 and Al2O3, whereas Z type is constituted of ZrO2 and 

Al2O3. SiO2 has higher water content than ZrO2, followed by Al2O3. Furthermore, it 

was found that CREAFILTER® impregnated with zirconium phosphate has a higher 

water content than the same CREAFILTER® type impregnated with Nafion®  solution. 

CREAFILTER® impregnated with zirconium phosphate was further coated 

with Nafion® film. The coating serves as a barrier to zirconium phosphate to avoid 

leaching and also as a barrier to methanol. A reduced methanol permeability was 

found, where a value of 3 × 10-7 cm2/s was obtained with CREAFILTER® Z240G. 

Furthermore, the Nafion® coating will play an important role as a binder in MEA 

fabrication. 

 

Recast Nafion® incorporated with ZrO2 composite membranes was prepared 

with different loadings. It was found that incorporating ZrO2 in the film reduced 

methanol permeability and increased water content. Increasing the loading, decreases 

methanol permeability and increases the water content. On the other hand, the 

conductivity decreases with increasing loading. Small amounts of ZrO2, typically less 

than 5%, are needed to optimize methanol permeability and conductivity. 

 

Recast Nafion® with zirconium phosphate powder as an additive, was also 

prepared. The addition of zirconium phosphate to recast Nafion® enhanced the 
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characteristics of the film, by reducing methanol permeability and increasing water 

content. Zirconium phosphate has an advantage over ZrO2 in that the conductivity 

increases with increasing loading, since zirconium phosphate is itself a proton 

conductor. However, it was found that recast Nafion® incorporated with zirconium 

phosphate (6.4%) has higher methanol permeability than recast Nafion® incorporated 

with ZrO2 (5%). This is due to particle size effects, where ZrO2 particles were found to 

be in the range of 12-14 nm, while zirconium phosphate particles were found to be in 

the range of 30-40 nm. The results show the importance of the small size in dispersing 

an inorganic material in a polymer.  

 

Nafion® 117 incorporated with zirconium phosphate via an ion exchange of 

Zr+4 was also prepared. The presence of zirconium phosphate was confirmed by the 

change in the film colour from transparent to white, and also by XRD and FTIR 

analysis. The size of the zirconium phosphate particles produced by the ion exchange 

method is around 11 nm, and the shape is rectangular as revealed by TEM analysis, in 

contrast to zirconium phosphate powder particles, where spherical shapes were 

observed.  

 

In all the composite Nafion® / inorganic membranes, the inorganic materials 

are homogeneously distributed throughout the polymer, and this is due to the 

nanometric size of the inorganic materials used in this study. Furthermore, no leaching 
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of the inorganic additives from the polymer was observed, showing the good 

compatibility between the polymer (Nafion®) and the inorganic materials. 

CREAFILTER®s impregnated with Nafion® were prepared with high 

conductivity and reduced methanol permeability. On the other hand, zirconium 

phosphate was found to be the best inorganic additive to proton conductive polymers, 

since zirconium phosphate it is itself a proton conductor and has a high water content. 

A composite membrane was successfully prepared by impregnating CREAFILTER® 

with Nafion® solution, followed by the introduction of zirconium phosphate via an ion 

exchange of H+ in the Nafion® with Zr+4, followed by precipitation of zirconium 

phosphate. This type of composite membrane has higher water content over similar 

commercially available membranes (e.g. Gore Select® from Gore and Associates). 

 

DMFC operating parameters were investigated in a 5 cm2 single cell and using 

Nafion® 117 as proton conductor membrane. The following are the findings: 

A catalytic ink was prepared by mixing the catalyst, Nafion® solution, water 

and a solvent. The state of the ink depends of the type of solvent. IPA forms a solution 

whereas BAc forms a colloidal paste. The cell performance with IPA was found to be 

higher than BAc. This is due to the increased mass transfer resistance in the catalyst 

layer. 

Adding Nafion® to the catalyst layer can play to some extend an important role 

in catalyst utilization by extending the three-phase zone. A 14 wt.% Nafion® content 

was found to be optimal.  
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E-TEK type “A” carbon cloth was found to be the best backing layer for 

DMFC. Carbon paper is not a suitable backing layer for methanol fuel cell, since CO2 

bubbles, a byproduct of methanol oxidation, tend to attach to the surface of the paper, 

whereas CO2 bubbles do not attach themselves to carbon cloth. 

Adding PTFE to the backing layer, enhanced CO2 removal from the catalyst 

layer and backing layer. 20 wt.% PTFE content was found to be an optimal loading. 

With no PTFE, CO2 is moving counter-currently against liquid methanol (two-phase 

flow) and with high PTFE loading, the liquid methanol does not penetrate deeply in 

the backing layer to reach the catalyst layer, thus decreasing cell performance.  

Moisturizing the membrane was found to be necessary to restore water. The 

best way for moisturizing is by circulating water through the cell anode for 48 hours at 

80°C. 

Increasing the cathode pressure enhanced cell performance. On the other hand, 

using oxygen at the cathode produces better results than using air. For DMFC 

applications, air is favored than oxygen.  

Preliminary results with CREAFILTER®s membranes show the potential of 

these membranes to perform similarly as Nafion® in DMFC mode. However, it was 

found that the MEAs prepared in this study are not yet optimize where the 

delamination problem occur with a bad contact between the membrane and the 

electrode. 
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7.2 RECOMMENDATIONS FOR FUTURE WORK 

The prepared membranes show good characteristics. However, long term 

stability tests need to be performed. 

The mechanical properties of the CREAFILTER® composite membranes need 

to be investigated including tensile strengths and shrinkage. 

In this study, the proton conductivity and methanol permeability were 

measured at room temperature. For advanced membrane characterization, the 

conductivity as a function of temperature and relative humidity needs to be measured. 

The cell used does not allow measurement of conductivity at high temperatures where 

the membrane will be exposed to dehydration. Therefore, an appropriate cell needs to 

be designed. Furthermore, methanol vapor permeability needs to be investigated.  

Nafion® coating on CREAFILTER® impregnated with zirconium phosphate 

was found to be an adequate way to avoid zirconium phosphate leaching. The coating 

was done by soaking the membrane in Nafion® solution. An appropriate method to 

achieve high conductivity and low methanol permeability need to be developed. 

To achieve high performance with the prepared membranes, a good MEA 

preparation procedure needs to be developed. A good contact between the membrane 

and the electrodes can be obtained in two ways: firstly, by optimizing the backing 

layers and secondly by coating the catalyst layer directly onto the membrane instead of 

the backing layer 
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The inorganic additives used in this study proved to enhance the characteristics 

of Nafion®. Similarly, these inorganic materials can be added to other polymeric 

proton conductor (e.g. S-PEEK or S-PSU).  

H2-PEMFC is outside the scope of this study. However, the prepared 

membranes can be tested in a hydrogen fuel cell. Prior to cell testing, gas permeability 

needs to be investigated since hydrogen fuel cells require a gas tight membrane. 
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APPENDIX A 

METHANOL PERMEABILITY 
 

Introduction 

The diffusion cell was adopted in this study to measure methanol permeability 

in membranes. Section 3.3.3 discussed the principle of the method and the 

measurements. This Section reports on the derivation of methanol permeability 

equation (equation 3.1) and the detailed calculation for methanol permeability in 

different membranes. 

 
 
Derivation of Methanol Permeability Equation 
 
The flux across the membrane at any instant is given by equation (A.1): 
 

[ AB CC
l

DHJ ,1,1 −





= ]  (A.1) 

 
J the flux [cm3 . cm-2. s-1] 
D diffusion coefficient [ m2 / s ] 
H repartition coefficient  
l effective thickness of the membrane [ m ] 
C1,B concentration of methanol in compartment B [ mol / l ] at any time , t 
C1,A concentration of methanol in compartment A [ mol / l ] at any time , t 
 
 
The mass balance in compartment B can be written as: 
 

AJ
dt

dC
V B

B =,1   (A.2) 

 
A membrane area available for diffusion [ m2 ] 
VB volume of compartment B [ m3 ] 
VA volume of compartment A [ m3 ] 
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J
V
A

dt
dC

B

B =,1    (A.3) 

 
Replacing J in equation (A.3):  
 
 

[ ]AB
B

B CC
l

DH
V
A

dt
dC

,1,1
,1 −=  (A.4) 

 
Rearranging equation (A.3) as: 
 

 dt
l

DH
V
A

CC
dC

BAB

B =
− ,1,1

,1  (A.5) 

 
The differential equation is subject to the initial condition: 

t = 0    
 

0
,1

0
,1,1.1 ABAB CCCC −=−

 
0
,1 BC   initial concentration in compartment B [ mol / l ] 
0
,1 AC  initial concentration in compartment A [ mol / l ] 

 
The integration of equation (A.5) with this condition gives: 
 

[ ] [ ] t
l

DH
V
ACCCC
B

ABAB =−−− ,1,1
0
,1

0
,1 lnln   (A.6) 

 

t
l

DH
V
A

CC
CC

BAB

AB =
−

−

,1,1

0
,1

0
,1ln     (A.7) 

 

AB

ABB

CC
CC

At
lVDH

,1,1

0
,1

0
,1ln
−

−
=     (A.8) 

 
methanol concentration changes in compartment A are negligible, thus: 
 

AA CC ,1
0
,1 ≈   
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AB

ABB

CC
CC

At
lVDH

,1,1

,1
0
,1ln
−

−
=     (A.9) 

 
 
The product DH is equal to methanol permeability (P). Therefore, equation (A.9) was 
used to calculate methanol permeability in membranes.  
 
The following are the results: 
 
 
 

 

Table A.1: Calculated methanol permeability in bare CREAFILTER®s and  

                   Nafion® 117 

 

Membrane l A VB texp  C1,B C1,A P 
  (cm) (cm2) (cm3) (s) (M) (M) (M) (cm2/s) 
  1.0 × 10-2 12.13 365 6660 0 20.1 × 10-3 1 9.14 × 10-7   

Z100G 1.0 × 10-2 12.13 365 9600 0 28.7 × 10-3 1 9.09 × 10-7 9 × 10-7 
  1.0 × 10-2 12.13 365 13320 0 39.7 × 10-3 1 9.13 × 10-7   
  0.9 × 10-2 12.13 365 2400 0 9.7 × 10-3 1 10.96 × 10-7   

Z240G 0.9 × 10-2 12.13 365 3000 0 12.6 × 10-3 1 11.41 × 10-7 11 × 10-7 
  0.9 × 10-2 12.13 365 4800 0 19.3 × 10-3 1 10.96 × 10-7   
  0.3 × 10-2 12.13 365 6300 0 128 × 10-3 1 19.56 × 10-7   

S450P 0.3 × 10-2 12.13 365 8100 0 172.9 × 10-3 1 21.09 × 10-7 21 × 10-7 
  0.3 × 10-2 12.13 365 9900 0 210.9 × 10-3 1 21.5 × 10-7   
  2.0 × 10-2 12.13 365 7440 0 22.0 × 10-3 1 17.94 × 10-7   

Z450P 2.0 × 10-2 12.13 365 9600 0 28.0 × 10-3 1 17.74 × 10-7 18 × 10-7 
  2.0 × 10-2 12.13 365 14400 0 42.0 × 10-3 1 17.87 × 10-7   
  2.1 × 10-2 12.13 365 8100 0 18.0 × 10-3 1 14.12 × 10-7   
Nafion® 117 2.1 × 10-2 12.13 365 9900 0 22.0 × 10-3 1 14.15 × 10-7 14 × 10-7 

  2.1 × 10-2 12.13 365 10800 0 24.0 × 10-3 1 14.17 × 10-7   

 
0
,1 BC
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Table A.2: Calculated methanol permeability in CREAFILTER®s impregnated with 

                   zirconium phosphate 

 

Membrane l A VB texp 
0
,1 BC  C1,B C1,A P 

  (cm) (cm2) (cm3) (s) (M) (M) (M) (cm2/s) 
  1.2 × 10-2 12.13 365 5700 0 11.5 × 10-3 1 7.3 × 10-7   

Z100G/ZrP 1.2 × 10-2 12.13 365 6540 0 13 × 10-3 1 7.2 × 10-7 7 × 10-7 
  1.2 × 10-2 12.13 365 7440 0 14 × 10-3 1 6.8 × 10-7   
  1.2 × 10-2 12.13 365 5700 0 5.3 × 10-3 1 3.4 × 10-7   

Z240G/ZrP 1.2 × 10-2 12.13 365 9000 0 9.3 × 10-3 1 3.7 × 10-7 3.5 × 10-7 
  1.2 × 10-2 12.13 365 14400 0 13.2 × 10-3 1 3.3 × 10-7   
  2.2 × 10-2 12.13 365 9660 0 24.7 × 10-3 1 17.1 × 10-7   

Z450P/ZrP 2.2 × 10-2 12.13 365 10740 0 27.2 × 10-3 1 16.9 × 10-7 17 × 10-7 
  2.2 × 10-2 12.13 365 11160 0 27.8 × 10-3 1 16.7 × 10-7   

 
 

 

 

 

Table A.3: Calculated methanol permeability in CREAFILTER®s impregnated with 

                   Nafion® solution 

 

Membrane l A VB texp 
0
,1 BC  C1,B C1,A P 

  (cm) (cm2) (cm3) (s) (M) (M) (M) (cm2/s) 
  1.3 × 10-2 12.13 365 11880 0 19.6 × 10-3 1 6 × 10-7   
Z100G/ Nafion® 1.3 × 10-2 12.13 365 12720 0 21.1 × 10-3 1 6 × 10-7 6 × 10-7 
  1.3 × 10-2 12.13 365 13680 0 23.2 × 10-3 1 6.1 × 10-7   
  1.2 × 10-2 12.13 365 7200 0 9.6 × 10-3 1 5.2 × 10-7   
Z240G/ Nafion® 1.2 × 10-2 12.13 365 7800 0 11.6 × 10-3 1 5.8 × 10-7 5.5 × 10-7 
  1.2 × 10-2 12.13 365 12600 0 18.1 × 10-3 1 5.6 × 10-7   
  0.6 × 10-2 12.13 365 4500 0 33.4 × 10-3 1 13.5 × 10-7   
Z450P/ Nafion® 0.6 × 10-2 12.13 365 11460 0 77.8 × 10-3 1 12.7 × 10-7 13 × 10-7 
  0.6 × 10-2 12.13 365 13800 0 91.8 × 10-3 1 12.5 × 10-7   
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Table A.4: Calculated methanol permeability in bare recast Nafion® (RN), recast  

                   Nafion® /ZrO2 and recast Nafion® / ZrP powders 

                    

 

Membrane l A VB texp 
0
,1 BC  C1,B C1,A P 

  (cm) (cm2) (cm3) (s) (M) (M) (M) (cm2/s) 
  1.0 × 10-2 12.13 365 3600 0 25 × 10-3 1 21 × 10-7   

RN 1.0 × 10-2 12.13 365 4800 0 35 × 10-3 1 22 × 10-7 21.5 × 10-7 
  1.0 × 10-2 12.13 365 10320 0 73.2 × 10-3 1 22 × 10-7   
  1.0 × 10-2 12.13 365 4500 0 28 × 10-3 1 18.9 × 10-7   

RN/ZrO2 1.0 × 10-2 12.13 365 6600 0 41 × 10-3 1 19 × 10-7 18.8 × 10-7 
(5%) 1.0 × 10-2 12.13 365 7800 0 47 × 10-3 1 18.5 × 10-7   

  1.1 × 10-2 12.13 365 3780 0 11.9 × 10-3 1 9.5 × 10-7   
RN/ZrO2 1.1 × 10-2 12.13 365 7800 0 24 × 10-3 1 9.3 × 10-7 9.4 × 10-7 

(30%) 1.1 × 10-2 12.13 365 9600 0 30 × 10-3 1 9.5 × 10-7   
  1.0 × 10-2 12.13 365 14400 0 185.6 × 10-3 1 42 × 10-7   

RN/ZrP 1.0 × 10-2 12.13 365 19680 0 256.3 × 10-3 1 45 × 10-7 44 × 10-7 
(6.4%) 1.0 × 10-2 12.13 365 22620 0 295.4 × 10-3 1 46 × 10-7   

  1.1 × 10-2 12.13 365 3900 0 22 × 10-3 1 17.1 × 10-7   
RN/ZrP 1.1 × 10-2 12.13 365 5100 0 30 × 10-3 1 17.9 × 10-7 17.5 × 10-7 
(16%) 1.1 × 10-2 12.13 365 6600 0 38 × 10-3 1 17.6 × 10-7   
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