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ABSTRACT 

 
 

PREPARATION AND PERFORMANCE OF MEMBRANE ELECTRODE 
ASSEMBLIES WITH NAFION AND ALTERNATIVE POLYMER 

ELECTROLYTE MEMBRANES  
 
 
 

Şengül, Erce 

M.S., Department of Chemical Engineering 

Supervisor: Prof. Dr. İnci Eroğlu 

Co-Supervisor: Prof. Dr. Nurcan Baç 

 

September 2007, 123 pages 

 
 
Hydrogen and oxygen or air polymer electrolyte membrane fuel cell is one of the 

most promising electrical energy conversion devices for a sustainable future due to 

its high efficiency and zero emission. Membrane electrode assembly (MEA), in 

which electrochemical reactions occur, is stated to be the heart of the fuel cell.   

 

The aim of this study was to develop methods for preparation of MEA with 

alternative polymer electrolyte membranes and compare their performances with the 

conventional Nafion® membrane. The alternative membranes were sulphonated 

polyether-etherketone (SPEEK), composite, blend with sulphonated polyether-

sulphone (SPES), and polybenzimidazole (PBI).  



 v

Several powder type MEA preparation techniques were employed by using Nafion® 

membrane. These were GDL Spraying, Membrane Spraying, and Decal methods. 

GDL Spraying and Decal were determined as the most efficient and proper MEA 

preparation methods. These methods were tried to improve further by changing 

catalyst loading, introducing pore forming agents, and treating membrane and GDL. 

The highest performance, which was 0.53 W/cm2, for Nafion® membrane was 

obtained at 70 0C cell temperature. In comparison, it was about 0.68 W/cm2 for a 

commercial   MEA at the same temperature. MEA prepared with SPEEK membrane 

resulted in lower performance. Moreover, it was found that SPEEK membrane was 

not suitable for high temperature operation. It was stable up to 80 0C under the cell 

operating conditions. However, with the blend of 10 wt% SPES to SPEEK, the 

operating temperature was raised up to 90 0C without any membrane deformation. 

The highest power outputs were 0.29 W/cm2 (at 70 0C) and 0.27 W/cm2 (at 80 0C) 

for SPEEK and SPEEK-PES blend membrane based MEAs. The highest 

temperature, which was 150 0C, was attained with PBI based MEA during fuel cell 

tests. 

 

 

Keywords: Hydrogen energy, fuel cell, membrane electrode assembly, polymer 

electrolyte membrane, alternative membranes, Nafion®, sulphonated polyether-

etherketone, sulphonated polyether-sulphone, polybenzimidazole 
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ÖZ 

 
 

NAFION  VE ALTERNATİF POLİMER ELEKTROLİT ZARLAR 
KULLANILARAK ZAR ELEKTROT YAPISI HAZIRLANMASI VE 

PERFORMANSI 
 

 
 
 

Şengül, Erce 

Y. L., Kimya Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. İnci Eroğlu 

Ortak Tez Yöneticisi: Prof. Dr. Nurcan Baç 

 

Eylül 2007, 123 sayfa 
 

 
Hidrojen ve oksijen veya hava ile çalışan polimer elektrolit yakıt pili, yüksek verimli 

ve atıksız olması nedeniyle, sürdürülebilir bir gelecek için en fazla umut vaat eden 

elektrik üreten cihazlar arasına girmektedir. Elektrokimyasal reaksiyonların 

gerçekleştiği zar elektrot yapısı (ZEY) yakıt hücresinin kalbini teşkil eder.  

 

Bu çalışmanın amacı alternatif polimer elektrolit zarlar kullanılarak ZEY hazırlama 

yöntemlerinin geliştirilmesi ve bunların performansının geleneksel Nafion® zarla 

karşılaştırılmasıdır. Sülfonlanmış polieter-eterketon (SPEEK), kompozit, 

sülfonlanmış polieter-sülfon harmanlanmış ve polibenzimidazol (PBI) alternatif 

zarlardır.  



 vii

Birçok toz tipi ZEY hazırlama teknikleri Nafion® zar kullanılarak denenmiştir. Bu 

teknikler GDT Spreyleme, Zar Spreyleme ve Decal’dir. GDT Spreyleme ve Decal 

yöntemleri en etkili ve uygun yöntemler olarak belirlenmiştir. Bu yöntemler katalizör 

yükünü değiştirerek, gözenek yapıcı maddeler kullanarak ve zarın ve GDT’nın 

işlemden geçirilmesiyle performansın arttırılmasına çalışılmıştır. Nafion® ZEY için 

elde edilen en yüksek akım yoğunluğu 70 0C hücre sıcaklığında, 0.53 W/cm2 ’dir. 

Buna kıyasla, aynı sıcaklıkta ticari ZEY ile elde edilen performans 0.68 W/cm2 ’dir. 

SPEEK zardan hazırlanan ZEYler daha düşük performans vermişlerdir. Bu zarın 80 
0C den yüksek sıcaklıktaki yakıt hücresi çalışma koşulları için uygun olmadığı 

gözlenmiştir.  Ancak, sülfonlanmış polieter-eterketona (SPEEK) ağırlıkça %10 

sülfonlanmış polieter-sülfon (SPES) eklendiği zaman, herhangi bir bozulma 

gözlenmemiş ve yakıt hücresinin çalışma sıcaklığı 90 0C’ye kadar yükseltilebilmiştir. 

SPEEK ve SPEEK-SPES harmanlı zarlarla yapılan ZEYler için elde edilen en 

yüksek akım yoğunlukları sırasıyla 70 0C’de 0.29 W/cm2 ve 80 0C’de 0.27 

W/cm2’dir. Yakıt pili testleri sırasında ulaşılan en yüksek sıcaklık olan 150 0C, PBI 

ZEY ile başarılmıştır.  

 

 

Anahtar Kelimeler: Hidrojen enerjisi, yakıt hücresi, zar elektrot yapısı, polimer 

elektrolit zar, alternatif zarlar, Nafion®, sülfonlanmış polieter-eterketon, sülfonlanmış 

polieter-sülfon, polibenzimidazol  
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CHAPTER 

CHAPTER 1 

INTRODUCTION 

 

For the last two century, the world relies heavily upon fossil fuels, which are coal, 

oil, and natural gas. However, there are mainly three drawbacks with fossil fuels. 

Firstly, they are limited and sooner will be depleted. Secondly, some reserves are 

becoming increasingly concentrated in regions of the world where there is political 

and economic instability. The last drawback is that consumption of fossil fuels 

seriously pollutes the environment and causes global warming, ozone layer 

depletion, climate changes, rising sea levels, and agricultural land damage. In spite of 

the drawbacks associated with the fossil fuels, the ease of storage and transportation 

at a designated location make them very advantageous when compared with other 

renewable energy sources. Due to drawbacks of fossil fuels, researches have been 

concentrated on alternative energy sources. One of the most important and promising 

candidate is hydrogen. Since hydrogen can be stored, transported, and converted 

easily to other energy forms, there has been intense scientific, industrial, and 

governmental interest in the development of hydrogen based energy production 

technology. The specific name of this technology fuel cell, in which hydrogen and 

oxygen or air are reacted and electricity is produced. 

 

A fuel cell is described as an electrochemical energy conversion device. The energy 

of hydrogen is directly converted into electricity by means of the electrochemical 

oxidation and reduction reactions. Although it works like a battery, as long as the 

reactants are supplied the electricity generation is continuous. Low or zero chemical 

pollution (i.e., no emission of NOx, SOx, hydrocarbons, and particulate material), low 

noise, no moving parts, high efficiency (e.g., up to 90 % with heat recovery in 

stationary applications), modularity, high fuel flexibility, and co-generation of heat 
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are the major advantages of fuel cells (Larminie and Dicks, 2000).  In a typical fuel 

cell, fuel is fed continuously to the anode (negative electrode) and an oxidant (often 

oxygen from air) is fed continuously to the cathode (positive electrode). If the fuel is 

hydrogen, it is called hydrogen fuel cell. As hydrogen flows into the fuel cell on the 

anode side, a platinum catalyst facilitates the separation of the hydrogen gas into 

electrons and protons (hydrogen ions). The hydrogen ions pass through the 

membrane (the center of the fuel cell) and, again with the help of a platinum catalyst, 

combine with oxygen and electrons on the cathode side, producing water.  The 

electrons, which cannot pass through the membrane, flow from the anode to the 

cathode through and external circuit containing a motor or other electric load, which 

collects the power generated by the cell (Fuel Cell Handbook, 2004).  

 

Fuel cells operate at higher efficiency than any other conventional heating cycles, 

which are limited by the Carnot’s cycle. The theoretical thermodynamic derivation of 

Carnot Cycle shows that even under ideal conditions, a heat engine cannot convert 

all the heat energy supplied to it into mechanical energy; some of the heat energy is 

rejected. In an internal combustion engine, the engine accepts heat from a source at a 

high temperature, converts part of the energy into mechanical work and rejects the 

remainder to a heat sink at a low temperature. The greater the temperature 

differences between source and sink, the greater the efficiency. Because fuel cells 

convert chemical energy directly to electrical energy, this process does not involve 

conversion of heat to mechanical energy. Therefore, fuel cell efficiencies can exceed 

the Carnot limit even when operating at relatively low temperatures, for example, 

80°C. Energy conversion routines of a fuel cell and heat engine are compared in 

Figure 1.1. In a conventional process the chemical energy of fossil fuels is converted 

to electrical energy after several steps comprising a chemical reactor, mechanical 

engines and electrical generators, each step causes energy losses; thus, a fuel cell can 

directly convert chemical energy in electrical energy, minimizing the losses 

(Ullmann, 2002). 
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Figure 1.1 Comparison between the two conversion routes of fossil fuel into 

electrical energy (Ullmann, 2002) 

 

 

 

The operation of a fuel cell is silent compared to combustion engines owing to the 

lack of moving parts. Delivering high power density makes them unique in 

operation. Low emission levels and low maintenance requirement provides extra 

flexibility that is superior to many of the conventional energy production methods. 

Efficient and clean energy production processes are very interesting and foremost 

importance because of the concern for the environment and earth’s limited resources. 

In addition, due to the modular design and rapid response to load changes, fuel cell 

technology can be used in a wide range of applications, from portable electronics to 

megawatt-scale power plants. Although they offer the highest system efficiency 

compared with all other power-generation technologies and are the key enabling 

technology for a hydrogen economy, research and development is still required to 
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reduce costs, increase reliability, performance, and operational time, and reduce 

performance degradation over time (Hoogers, 2002) 

 

1.1. Main Categories of Fuel Cells 

After over 150 years of research since they were first invented in 1839 by William 

Grove, fuel cells can be divided into five major categories based on the electrolyte 

type they use. These are alkaline fuel cell (AFC), phosporic acid fuel cell (PAFC), 

solid oxide fuel cell (SOFC), molten carbonate fuel cell (MCFC), and proton 

exchange membrane fuel cell or polymer electrolyte membrane fuel cell (PEMFC) 

(Barbir, 2005).  

 

1.1.1. Alkaline Fuel Cell 

Alkaline fuel cells, which were developed by F.T. Bacon in 1930, use alkaline 

potassium hydroxide as the electrolyte and generate power efficiencies up to 70 

percent. They operate at temperatures between 120 0C and 250 0C according to the 

concentration of KOH solution. AFC having concentrated KOH solution operates at 

higher temperature. AFCs were long used by NASA on space missions. It supplied 

the Apollo spacecraft with energy and drinking water. AFC’s excellent performance 

on hydrogen and oxygen compared to other candidate fuel cells due to its active 

oxygen electrode kinetics and its flexibility to use a wide range of electrocatalysts are 

the most important advantages However, the sensitivity of the electrolyte to carbon 

monoxide requires the use of highly pure hydrogen as a fuel. Yet, they were too 

costly for commercial applications and several companies are now examining ways 

to reduce costs and improve operating flexibility (Fuel Cell Handbook, 2004). The 

electrochemical reactions taking place in AFC are given in Equations 1 and 2.  

 

Anode side: H2 + 2OH-  2H2O + 2e-                 (1) 

 

Cathode side: 1/2O2 + 2e- + H2O  2OH-                             (2)  
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1.1.2. Phosphoric Acid Fuel Cell 

Phosphoric acid fuel cells were manufactured in the 1970s in the background of 

energy crisis. It has been used in a wide range of applications in hospitals, nursing 

homes, hotels, Office buildings, schools, utility power plants and airport terminals. 

Phosphoric acid, concentrated to 100 percent, is used as the electrolyte in this fuel 

cell, which typically operates at 150 to 220 °C. The important advantages of PAFCs 

include being less sensitive to carbon monoxide than PEMFCs and AFCs and 

delivering system efficiencies of 37 to 42 percent (based on LHV of natural gas fuel), 

which is higher than most PEMFC systems. However, since the cathode-side oxygen 

reduction is slower than in AFC, it requires the use of a platinum catalyst. In addition 

to this, the highly corrosive nature of phosphoric acid requires the use of expensive 

materials in the stack, especially the graphite separator plates (Fuel Cell Handbook, 

2004). The electrochemical reactions taking place in PAFC are given in Equations 3 

and 4.  

 

Anode side: 2H2  4H + 4e-                             (3) 

 

Cathode side: 4H+ + O2 + 4e-  2H2O                  (4) 

 

1.1.3. Solid Oxide Fuel Cell 

Another highly promising fuel cell type is the solid oxide fuel cell. It is mainly used 

for stationary power plants. A solid oxide system usually uses a hard ceramic 

material instead of a liquid electrolyte. This allows operating temperatures to reach 

1000 0C. Because the electrolyte is solid, the cell can be cast into various shapes, 

such as tubular, planar, or monolithic. Typically, the anode is Co-ZrO or Ni-ZrO 

cermet, and the cathode is Sr-doped LaMnO. Power generating efficiencies can reach 

to 60 % and 85 % with cogeneration and with a cell output of up to 100 kW. 

Operation at high temperature, which increases the reaction kinetics, no corrosion 

problem is the major advantages of SOFC. On the other hand, the high operating 
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temperature places severe constraints on materials selection and results in difficult 

fabrication processes. Corrosion of metal stack components, in some designs the 

interconnections is a challange. Moreover, the auxiliary units such as air and fuel 

pre-heaters and cooling system are complex and not easy to start up (Fuel Cell 

Handbook, 2004). The electrochemical reactions taking place in PAFC are given in 

Equations 5 through 8.  

 

Anode side:  

 

2H2 + 2O2-  2H2O + 4e-                   (5) 

or 

2CO + 2O2-  2CO2 + 4e-                    (6) 

or 

1/2CH4 + 2O2-  1/2CO2 + H2O + 4e-                 (7) 

                  

Cathode side: O2 + 4e-  2O2-                             (8) 

 

1.1.4. Molten Carbonate Fuel Cell 

Another high temperature fuel cell type, molten carbonate fuel cells, uses a liquid 

solution of lithium, sodium and / or potassium carbonates soaked in a matrix for an 

electrolyte. The fuel cell operates at 600 to 700 °C where the alkali carbonates form a 

highly conductive molten salt, with carbonate ions providing ionic conduction. At the 

high operating temperatures in MCFCs, nickel (anode) and nickel oxide (cathode) 

are adequate to promote reaction.  Noble metals are not required for operation, and 

many common hydrocarbon fuels can be reformed internally. The focus of MCFC 

development has been larger stationary and marine applications, where the relatively 

large size and weight of MCFC and slow start-up time are not an issue. The 

relatively high operating temperature of the MCFC brings about advantageous 

operation: no expensive electrocatalysts are needed as the nickel electrodes provide 

sufficient activity, and both CO and certain hydrocarbons are fuels for the MCFC, as 
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they are converted to hydrogen within the stack. Moreover, the high temperature 

waste heat allows the use of a bottoming cycle to further boost the system efficiency 

to the high fifties to low sixties. On the other hand, as in the case of SOFC, high 

temperature promote material problems, affecting mechanical stability and stack life. 

However, the major problem in MCFC is the very corrosive and mobile electrolyte, 

which requires use of nickel and high-grade stainless steel as the cell hardware 

(cheaper than graphite, but more expensive than ferritic steels) (Fuel Cell Handbook, 

2004). The electrochemical reactions taking place in MCFC are given in Equations 9 

through 11.  

 

Anode side:  

 

2H2 + 2CO3
2-  2CO2 + 2H2 + 4e-                             (9) 

or 

2CO + 2CO3
2-  4CO2 + 4e-                  (10)

                

Cathode side: O2 + 2CO2 + 4e-  2CO3
2-               (11)     

 

1.1.5. Polymer Electrolyte Membrane Fuel Cell 

Polymer electrolyte membrane fuel cell uses polymer membranes, which are able to 

conduct protons, as the electrolyte. The electrolyte is sandwiched between two 

electrodes, which contain Pt-based catalyst that help the reduction and oxidation 

reactions to take place. They operate at relatively low temperatures (about 80 0C) due 

to the limitations of the polymer membrane. According to the U.S. Department of 

Energy, they are “the primary candidates for light duty vehicles, for buildings, and 

potentially for much smaller applications such as replacements for rechargeable 

batteries in video cameras (Fuel Cell Handbook, 2004).” PEMFCs mainly include 

hydrogen fuel cells and direct methanol fuel cells (DMFC). In the 1960s, driven by 

the need for every compact unit for producing electricity and water, NASA 

developed PEMFC in their Gemini space program. They were chosen for Apollo 
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program launched in the space shuttles, but were found to be inferior to AFC in 

terms of performance and durability. In the 1980s, PEMFCs attained significant 

progress with the development of new membranes having greater stability and 

performance. When compared with other fuel cell types PEMFCs offer very 

important advantages: The PEMFC has a solid electrolyte, which provides excellent 

resistance to gas crossover. The PEMFC’s low operating temperature allows rapid 

start-up and, with the absence of corrosive cell constituents, the use of the exotic 

materials required in other fuel cell types. In addition, they offer high power densities 

and can vary their output quickly to meet shifts in power demand. On the other hand, 

water management is the key problem of PEMFC. In order to conduct the protons the 

membrane should be kept hydrated during the operation. If required amount of water 

could not be supplied, then performance drops. On the other hand, if excess water is 

present in the cell, it blocks the gas transfer channels, which is often termed as 

“flooding”. Another critical issue is the thermal management. The low and narrow 

operating temperature range makes thermal management difficult, especially at very 

high current densities, and makes it difficult to use the rejected heat for cogeneration 

or in bottoming cycles (Fuel Cell Handbook, 2004). The electrochemical reactions 

taking place in PEMFC are given in Equations 12 and 13.  

 

Anode side: 2H2  4H + 4e-                           (12) 

 

Cathode side: 4H+ + O2 + 4e-  2H2O                (13) 

 

1.1.6. Summary of Fuel Cell Types 

There is no perfect type of fuel cell. The main criteria in categorizing fuel cells are 

the electrolyte type and the electrochemical reactions. Figure 1.2 shows the 

electrolyte type and electrochemical reactions belonging to each type. Other major 

differences are fuel type, catalyst, and prime cell component materials, operating 

temperature, product water and heat management, efficiency, and the possible 

applications. A comparison of main fuel cell types is shown in Table 1.1. 
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Figure 1.2 Electrolyte type and electrochemical reactions belonging to 

different types of fuel cell 
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Table 1.1 Other major differences of fuel cell types 

 PEMFC AFC PAFC MCFC SOFC 

Fuel Type Hydrogen Reformat gas 

Catalyst Platinum Nickel Perovskitesa 
Prime Cell 
Components

Carbon based Graphite 
based

Stainless 
based 

Ceramic 

Operating 
Temperature 

40-80 0C 65-220 0C 205 0C 650 0C 600-1000 0C 

Product Water 
Management 

Evaporative Gaseous 

 
 
 
Product Heat 
Management 

Process 
Gas 
+ 

Liquid 
Cooling 
Medium 
cooling 
medium 

 
 

Process  
Gas 
+ 

Electrolyte 
Circulation 

 

Process Gas 
+ 

Liquid 
Cooling 
Medium 

or 
Steam 

Generation 

 
 

Internal 
Reforming 

+ 
Process 

Gas 

 
 

Internal 
Reforming 

+ 
Process  

Gas 

Efficiencyb (%) 
Electric 35-45 

(60-70) 
40-45 

(60-70) 
35-45 

(60-70) 
50-55 

 
50-70 

System 70-80 - 70-80 70-80 80-90 
Possible 
Applicationsc

1-6 2,4 1-4 1 1 

 

 
a Perovskites are large family of crystalline ceramics that derive their name from a specific mineral 

known as perovskite (CaTiO) due to their crystalline structure 
 
b Efficiencies are based on the lower heating value (LHV) of natural gas. The values given in brackets 

are for hydrogen fuel. System efficiencies refer to combined heat and power generation. 

 
c Possible applications are such as: 1. Stationary base load. 2. Stationary load-following. 3. Standby 

power. 4. Transportation: drive-train. 5. Transportation: auxiliary power unit. 6. Portable power.  
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1.2. Objective of Thesis 

Polymer Electrolyte Membrane Fuel Cells (PEMFC’s) have been regarded as one of 

the most promising alternative energy sources for the future owing to their ability to 

produce very efficient and pollution-free energy. The key element of the PEMFC is 

the MEA in which, all the electrochemical reactions take place. To provide improved 

performance, the catalyst needs to be uniformly distributed over the membrane or gas 

diffusion layer. To reduce the cost of the MEA, platinum content should be 

decreased while maintaining or enhancing MEA performance. Moreover, alternative 

inexpesive membranes that are capable of operating at high temperatures should be 

developed. 

 

PEMFC manufacturing and MEA preparation techniques have been developed by 

previous investigators (Ahmet Özgür Yazaydın, Ayşe Bayrakçeken, and Serdar 

Erkan) in METU Chemical Engineering Department, Fuel Cell Research Center 

(FCRC). However, it was necessary to test and improve the MEA preparation 

techniques since in the previous studies, only GDL Spraying technique was 

employed for the preparation of MEAs. So far, the investigators (Gültekin Akay, 

Hülya Erdener, Ahmet Özgür Yurdakul, and Yılser Devrim) in FCRC have been 

concentrated on the development of alternative membranes to Nafion®. The 

alternative membranes are sulphonated polyether-etherketone (SPEEK), composite, 

blend with sulphonated polyether-sulphone (SPES), and polybenzimidazole (PBI). 

The major aim in developing alternative membranes is increasing the operating 

temperature. As the operating temperature increases, the fuel cell performance 

increases and the catalyst poisoning decreases. Another aim is to produce low-cost 

membranes since the Nafion® membrane is very expensive.   

 

The aim of this study is to develop methods for preparation of MEA with alternative 

polymer electrolyte membranes and compare their performances with the 

conventional Nafion® membrane. The membranes are usually reported as their 

conductivity in S/cm. For example, the conductivity of hydrated Nafion® is around 

0.1 S/cm. However, conductivity itself does not designate the real MEA 
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performance. Because, the experimental conditions in fuel cell are different from 

those in conductivity test system. For instance, a membrane with high conductivity 

may not attain high power outputs during fuel cell test. Therefore, it is essential to 

prepare MEAs by using alternative membranes and test them in fuel cell for their 

future applicability.    
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CHAPTER 2 

POLYMER ELECTROLYTE MEMBRANE FUEL CELL 

 

2.1. Working Principle of Polymer Electrolyte Membrane Fuel Cell 

The polymer electrolyte membrane fuel cell, also known as, “proton exchange 

membrane fuel cell” (SPFC), is considered as the most promising fuel cell type. 

Figure 2.1 illustrates the working principle of PEMFC. As shown in Figure 2.1, when 

hydrogen gas comes to the anode side of the cell, it separates into its protons and 

electrons. The protons are conducted through the membrane, whereas the free 

electrons produced at the anode travel through an external circuit to the cathode. At 

the cathode side, oxygen gas combines with those electrons and protons. The final 

products of such a cell are electric power, water, and heat (Larminie and Dicks, 

2000).  

 

A single cell is generally not enough to produce the required amount of electric 

power. Therefore, single cells are connected in series, which is called as Fuel Cell 

Stack. Since the electrochemical reactions are exothermic, cooling is required in 

order to keep the temperature at desired value. For low-power stacks, cooling can be 

achieved by using air. However, for high-power stacks liquid coolants such as water 

should be used (Barbir, 2005). Another critical issue is the humidification of the cell. 

Most PEMFC use Nafion® as membrane. It is known that membrane should have 

sufficient water content to conduct the protons. However, there must not be so much 

water that the electrodes, which are bonded to the membrane, flood. In order to 

supply required amount of water to the membrane, hydrogen and oxygen (or air) are 

generally saturated before they enter the cell (Larminie and Dicks, 2000). 
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Figure 2.1 Schematic representation of working principle of PEMFC 

(http://biodiesel.environmentalactiongroup.org/cell.jpg) 

  

 

2.2. Main Components of Polymer Electrolyte Membrane Fuel Cell 

The main components of single PEMFC are shown in Figure 2.2. The polymer 

membrane is located in the middle. On both sides of the membrane there is a porous 

electrode, which is composed of active catalyst layer (the side facing the membrane) 

and gas diffusion layer (GDL). The combination of membrane and electrodes is 

termed as membrane-electrode assembly (MEA). The last component of the PEMFC 

is flow field plate or end plates, which enclose the MEA (Barbir, 2005) 

 

2.2.1. Membrane 

A fuel cell membrane must be a good proton conductor. In addition, it must not let 

the passage of reactant gases and electrons. Typical membranes for PEMFC are 

made of perfluorocarbon-sulfonic acid ionomer (PSA), which is essentially a 

copolymer of tetrafluoroethylene (TFE) and various perfluorosulfonate monomers. 

The most well known and established of these is Nafion® (Dupont). Other 
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commercial membranes are Flemion (Asahi Glass), Aciplex (Asahi Chemical), “C” 

membrane (Chlorine Engineers), and Dow membrane (Dow Chemical) (Barbir, 

2005). Figure 2.3 shows the chemical structure of Nafion®. 

 

 

 

Figure 2.2 Main components of PEMFC 

(http://www.rpi.edu/dept/eng/live/igert/images/fuel_cell_mfg.gif) 

 

 

 

 

 

 

 

Figure 2.3 Chemical structure of Nafion® (Larminie and Dicks, 2000) 
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The strong bonds between fluorine and the carbon enhance resistance of Nafion® to 

chemical attack and make it durable. Another significant feature of Nafion® is that it 

is strongly hydrophobic, and so it is used in fuel cell electrodes to drive the product 

water out of the electrode, and thus prevent flooding (Larminie and Dicks, 2000). 

Although it is the most proper PEMFC membrane, it has a very significant drawback. 

The conductivity of Nafion® or PSA type membranes are significantly dependent on 

the presence of water to solvate the protons form sulfonic acid groups. Therefore, the 

operating temperature is limited to below 100 0C (typically between 60-80 0C), at 

atmospheric pressure (Qingfeng et al., 2001). For this reason, efforts are 

concentrated on developing high temperature membranes having at least as high 

conductivity as Nafion®. 

 

Two main mechanisms have been proposed to explain how protons are conducted 

through the membrane. According to first mechanism as the membrane is hydrated, 

the sorbed water molecules are attracted to the hydrophilic sulfonate heads, which 

aggregate into clusters. As more water is sorbed, the clusters grow, and eventually 

short narrow channels form and connect the clusters. This mechanism assumes 

spherical clusters (Figure 2.4), in which protons are transferred by jumping from one 

SO3
- group to another.  

 

The second mechanism assumes that the clusters are not spherical but composed of 

three regions, which are Regions A, B, and C (Figure 2.5). “Region A is the 

fluorocarbon phase, made up of the hydrophobic backbone where it is energetically 

unfavourable for water to be. Region C is comprised of the ionic clusters; it also 

incorporates the sulfonate heads. Region B is an interfacial region between region A 

and C and contains fewer sorbed waters and sulfonate heads that have not been 

incorporated into the clusters” (Fimrite et al., 2002). 
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Figure 2.4 Cluster-network model for Nafion® Membranes (Fimrite et al., 

2002) 

 
 

 
 

Figure 2.5 A) Three region structural model for Nafion® B) Schematic 

representation of microstructure of Nafion® (Fimrite et al., 2002) 
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TMT model is very proper for the modelling of proton conductivity of membrane. It 

is one of the few models used for the prediction of conductivity behaviour of a 

membrane. This model is based on physical rather than purely empirical 

considerations. In order to explain the phenomenon they use  a combination of the 

dusty fluid model (DFM) to model transport in the membrane, percolation theory to 

account for the structural aspects of the membrane, and a finite Brunauer-Emmett-

Teller (BET) model to account for the membranes sorption of solvent from vapour 

(Fimrite et al., 2005) 

 

2.2.2. Electrode 

A fuel cell electrode is essentially the active catalyst layer located between the 

membrane and GDL. The electrochemical reactions take place at the surface of 

catalyst. Since protons travel through the membrane, the catalyst must be in intimate 

contact with the membrane, which is achieved by adding some amount of ionomer to 

the electrode structure. Moreover, the catalyst particles must be electrically 

connected to the substrate to conduct the electrons. Furthermore, since the reactant 

gases travel only through voids, the electrode must be porous to allow the gases to 

travel to the reaction sites (Barbir, 2005). So, a fuel cell electrode can be considered 

as combination of active catalyst layer and porous GDL. Figure 2.6 shows the 

simplified and idealised structure of a PEMFC electrode. 

 

The GDL does not only serve as gas diffusion media, but also it provides mechanical 

support and electrical pathway for electrons and channel product water away from 

the electrode (Fuel Cell Handbook, 2004). The most common catalyst in PEMFC is 

platinum. In the early days of PEMFC, development large amounts of Pt catalyst 

were used (up to 28 mg cm-2) (Barbir, 2005).  In the late of 1990s, the use of Pt 

catalyst was decreased to 0.4 mg cm-2 by means of forming it into very small 

particles on the surface of larger particles of finely divided carbon powders. A 

carbon based powder XC72® (Cabot) is widely used (Larminie and Dicks, 2000). 

The performance of PEMFC is strongly dependent on electrode structures. In order 
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to increase the performance it is necessary to form a good three-phase (electrolyte-

catalyst-fuel gas phase) boundary (Kim et al., 2001).  

 

 

 

 

 

 

 

 

Figure 2.6 Simplified and idealised structure of a PEMFC electrode 

(Larminie and Dicks, 2000) 

 

 

 

2.2.3. End Plate 

Connected against the outer surface of each electrode is a piece of hardware, called a 

plate, which holds all the assembly together. It often serves the dual role of flow field 

and current collector. In a single fuel cell, these two plates are called as “end plate” 

or “flow field plate”. However, in Fuel Cell Stacks the end plates are replaced with 

more sophisticated ones called as "bipolar plate”. The bipolar plates have very 

significant functions: (Barbir, 2005) 

 

• They connect cells electrically in series. 

• They separate the gases in adjacent cells. 

• They provide structural support for the stack. 

• They conduct heat from active cells to the cooling cells or conduits. 

• They typically house the flow field channels. 
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The plates are made of a lightweight, strong, gas-impermeable, electron-conducting 

material. Graphite, metals, and composite plates are commonly used.  

 

With the addition of the end plates, PEMFC is now complete. Only a load-containing 

external circuit, such as an electric motor, is required for electric current to flow, the 

power having been generated by passing hydrogen and oxygen (from air) on either 

side of  PEMFC. 

 

2.3. Thermodynamics and Electrochemistry of Hydrogen Fuel Cells 

A hydrogen fuel cell uses hydrogen as fuel source. Electrical energy is defined as 

product of charge and potential as shown in Equation 14.  

 

                                              (14)

                                   

Total charge transferred in fuel cell reaction per mole of hydrogen consumed is 

expressed as; 

 

elAvg qnNq =                                                        (15) 

 

Introducing a constant, which is known as Faraday,’s constant (F), the electrical 

work becomes; 

 

elAvg qNF =                         (16) 

 

nFEWel =                    (17) 

 

The maximum amount of electrical energy produced in fuel cell is simply the change 

in its Gibb’s free energy. 

 

GWel Δ−=                    (18) 

qEWel =
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Combining Equations 17 and 18, the theoretical potential of fuel cell becomes; 

 

nF
GE Δ−

=                     (19) 

 

For a PEMFC, n is 2. Therefore, theoretical cell potential, also termed as or open 

circuit voltage (OCV), for a PEMFC is simply expresses as; 

F
GE

2
Δ−

=                               (20) 

 

The theoretical cell potential changes with temperature, pressure and concentration 

of reactants. A complete derivation of theoretical cell potential is given by Nernst 

equation; 
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                 (21) 

 

where E0 is the theoretical potential of cell or shortly EMF at standard conditions.  

 

Table 2.1 summarizes maximum EMF, thermodynamic efficiency, and change in 

Gibb’s free energy for hydrogen fuel cell operating at different temperatures. From 

Table 2.1, it is clear that the EMF and efficiency limit are dependent on temperature. 

As temperature increases, EMF and efficiency decrease. 

 

The performance of fuel cell is determined by means of polarization curve (also 

called I-V curve or performance curve), which displays the current densities at 

different cell voltages. A typical polarization curve is shown in Figure 2.7.  
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Table 2.1 ∆G, maximum EMF, and efficiency limit for hydrogen fuel cells operating 
at different temperatures (Larminie and Dicks, 2000) 

Form of 

Water 

Temperature 

(0C) 

-∆G  

(kj/mole) 

Maximum 

EMF (V) 

Efficiency 

Limit (%) 

Liquid 25 237.2 1.23 83 

Liquid 80 228.2 1.18 80 

Gas 100 225.3 1.17 79 

Gas 200 220.4 1.14 77 

Gas 400 210.3 1.09 74 

Gas 600 199.6 1.04 70 

Gas 800 188.6 0.98 66 

Gas 1000 177.4 0.92 62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Typical polarization curve of PEMFC 
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The first thing that can be deduced from Figure 2.7 is that the actual behaviour of 

PEMFC, which is shown by solid lines, is different from the idealised or theoretical 

case, which is shown by dashed lines. This difference is due to some irreversibility, 

also called voltage loses or polarization or overpotential, that occur during the cell 

operation. Main sources of voltages losses are activation losses, fuel crossover and 

internal currents, ohmic losses, and mass transport or concentration losses (Larminie 

and Dicks, 2000). Each of these losses cause decrease in performance and shape the 

actual behaviour of the PEMFC. These losses are explained below; 

 

Activation losses, which is the dominating loss mechanism, is observed at low 

current densities (Region I in Figure 2.7). The main source of activation polarization 

is the low reaction kinetics associated with oxygen reduction reaction (ORR) at 

cathode side. The rate-determining step of the ORR is probably the first electron 

transfer as the oxygen molecule is adsorbed on the platinum catalyst surface 

(Hottinen, 2004). Activation polarization is usually approximated by Tafel’s 

equation, which is expressed as; 

 

( )iBAE log+=                            (22) 

 

where  

 

( )0log3.2 i
F

RTA
α

−=                   (23) 

 

F
RTB
α

3.2=                    (24) 

 

where B and i0 are called as Tafel’s slope and exchange current density, the current 

density at which the overvoltage begins to move from zero, respectively. At any 

given temperature Tafel slope depends only on α, which is called transfer coefficient. 

A more useful form of Tafel’s equation considering only the cathode polarization is 

given in Equation 25. 
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Tafel’s equation is only valid for i > i0. Rising the cell temperature, using more 

effective catalysts, increasing the roughness of electrodes, reactant concentrations 

(e.g. using pure O2 instead of air), and the pressure are the ways of decreasing the 

losses due to activation polarization (Larminie and Dicks, 2000) 

 

Fuel crossover and internal currents are also observed in Region I. These losses are 

because some small amount of hydrogen diffuses from anode to cathode side and/or 

some electrons flow through the membrane. These losses are especially effective at 

low current densities and at low temperature (Barbir, 2005). With the consideration 

of fuel crossover and internal currents, Equation 23 becomes; 
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where iloss is the value of current losses due to internal currents and fuel crossover. 

 

Ohmic losses are the major source of losses in the middle parts of the polarization 

curve (Region II in Figure 2.7). These arise from the electronic and ionic bulk 

resistances of the materials, and electronic contact resistances at the component 

interfaces. The main source of ohmic losses is usually the proton conducting 

membrane, but also the contact resistances can have a significant effect on the cell 

performance. Ohmic losses are simply expressed by Ohm’s law; 

 

iohm iRV =                    (27) 

 

Ohmic losses can be minimized by using electrodes with the highest possible 

conductivity, making the membrane as thin as possible, and constructing the cell 

with good designed bipolar plates or interconnects (Larminie and Dicks, 2000). 
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Mass transport or concentration losses dominate the shape of polarization curve at 

high current densities (Region III in Figure 2.7). This arises from the mass transport 

limitations, i.e. the decrease in the availability of reactant in the electrode. The 

cathode is the main source of mass diffusion overpotential because the diffusion of 

oxygen is significantly slower than the one of hydrogen. However, if hydrogen is 

supplied from some kind of reformer, its effect will also be important. Concentration 

losses can be approximated by Equation 28. 
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Where iL is the limiting current density at which the pressure is considered to fall 

down to zero. 

 

When all the irreversibility is combined, a mathematical expression for the actual 

behaviour of hydrogen fuel cell is obtained; 
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Sometimes it is more useful to approximate the polarization curve linearly. For most 

fuel cells and their practical operating range, a linear approximation is considered a 

very good fit, as shown in Figure 2.8 (Barbir, 2005). 

 

Linear polarization curve has the following form: 

 

kiVVcell −= 0                                                                                                            (30) 

 

Where V0 is the intercept, (actual OCV is always higher) and k is the slope of the 

curve. The value of k is not the actual sum of ohmic resistances but it gives an idea 

about the ohmic losses in the MEA. 
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Figure 2.8 Linearization of a fuel cell polarization curve  

 

The only information that can be obtained from fuel cell is the polarization curve. 

Therefore, Equation 29 and Equation 30 are very important since they help most of 

the physical parameters, to be calculated or at least approximated. 

 

Polarization curve is typically obtained by starting from OCV and then increasing the 

current. The reverse is also possible. However, the two curves obtained by following 

two different directions may not be on top of each other, a situation called hsyteresis. 

This situation is an indication of either flooding or drying in the fuel cell. In general, 

if there is an increase in the performance when moving from low current densities to 

higher ones, this implies cell flooding. Conversely, if the there is a drop in 

performance when moving from low current densities to higher ones, this points out 

cell drying. In the case of cell flooding, it is better to operate the cell at low current 

densities since the water production will decrease. On the other hand, if cell is 

drying, operating the cell at high current densities will be beneficial since more water 

will be produced. 
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2.4. Recent Literature on Polymer Electrolyte Membrane Fuel Cell 

The literature survey is comprised of four main parts. In the first part, general MEA 

preparation techniques are described. In the second part, effect of some parameters 

on the MEA preparation technique is discussed. In the third part, high temperature 

membranes (HTMs) and MEA preparation methods by using HTMs are considered. 

In the last part, effects of operating parameters on the performance of PEMFC are 

mentioned. 

 

2.4.1. General MEA Preparation Techniques 

The membrane electrode assembly (MEA) is the core and most costly component of 

the PEMFC. To provide improved performance, the catalyst needs to be uniformly 

distributed over the membrane or gas diffusion layer. To reduce the cost of the MEA, 

platinum content must be decreased while maintaining or enhancing MEA 

performance. Moreover, continuous and effective processes for fabricating MEAs in 

high volume at relatively short times must be developed (Gulzow et al., 2000). 

 

MEA preparation techniques can be broadly divided into two different categories, 

which are powder type and non-powder type. The powder type involves the process 

of catalyzation on a high surface area of carbon. Essentially two approaches have 

been taken to form membrane electrode assemblies (MEAs) in powder type 

processes. In one method, the electrodes are formed on gas diffusion layers by 

coating electrocatalyst and dispersed particles of PTFE in a suitable liquid medium 

on to the gas diffusion layer, e.g., carbon fibre paper. The carbon fibre paper with 

electrodes attached and a membrane are often assembled into a MEA by pressing 

such that the electrodes are in contact with the membrane (Kim et al., 2004). The 

drawback of this process is that it is difficult to establish desired ionic contact 

between the electrode and the membrane owing to lack of intimate contact. As a 

result, the interfacial resistance may be higher than desired (O’Brien, 2005). In the 

second approach, electrodes are formed onto the surface of membrane. A membrane 

having electrodes so formed is often referred to as a catalyst coated membrane 
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(CCM). Employing CCMs can provide performance over forming electrodes on the 

gas diffusion layer but CCMs are typically more difficult to manufacture. The 

powder type technique is suitable for Pt-C ratios below 40 wt %. However, if this 

limit is exceeded it becomes difficult to control the particle size of catalyst (Kim et 

al., 2004). Therefore, in order to overcome this limitation several non-powder type 

processes were developed. Similar to the powder type processes, these processes 

create the catalyst directly on the surface of GDL or membrane. However, unlike the 

powder type processes, non-powder type processes enable to create more uniform 

catalyst layers with less catalyst loading (Kim et al., 2004). Painting, brushing, 

printing, decaling, and spraying are the examples of powder type process. 

Electrophoretic deposition (EPD), impregnation-reduction method, sputter 

deposition, and evaporative deposition are the examples of non-powder processes 

(Haug et al., 2002).  

 

Song et al. (2001) described GDL spraying in detail. GDLs were prepared in three 

steps; carbon paper first undergoes hydrophobic treatment, then a thin PTFE/carbon 

layer is cast onto the treated surface, and lastly the catalyst layer was cast onto the 

surface of the supporting layer. The catalyst suspension or slurry (also known as 

catalyst ink) was prepared by dissolving 20 wt % Pt/C and 5 wt % Nafion® solution 

in 2-propanol solvent. The electrodes were loaded with 0.4 mgPt/cm2 and heat 

treated at 80 0C for 2 hours. Before the hot-pressing step, Nafion® membrane was 

treated; it was boiled in 3 wt % H2O2 solution for 1 hours. Then, it was rinsed in 

boiling deionised water for 2 hours. In order to remove metallic contaminants on the 

membrane surface and exchange Na+ for H+ in the membrane, it was boiled in 0.5 M 

H2SO4 for 1 h. Finally, it was rinsed again in boiling deionised water for 2 hours. In 

the last step, the pre-treated membrane and catalyst coated GDLs were combined by 

hot pressing at temperature of 1200C and pressure of 70 kgf/cm2 for 90 seconds.  

 

Frey and Linardi (2004) compared two powder type techniques, which are membrane 

spraying and GDL spraying. In each method, firstly, they prepared a mixture of 20 

wt % Pt supported on carbon black, distilled water, and 10 wt % Nafion® solution. 

Then, they applied this ink either on to the surface of treated membrane or on to the 
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GDL by using air spray gun. The single cell tests showed that MEA prepared by 

using GDL spraying method outperforms the MEA prepared by membrane spraying 

method when the Nafion® content in the electrodes is below 35 wt %. 

 

As cited in Kim et al. (2004), Gottesfeld and Wilson (1992) applied decaling process 

for preparation of MEA. In this process, a well-cleaned Teflon blank is coated with 

catalyst ink. Then the catalyst layer on the Teflon blank is transformed to the surface 

of membrane by means of hot pressing the Teflon blanks to each side of the Nafion® 

membrane. In the last step, the Teflon blanks are peeled away from the membrane, 

resulting in the MEA. 

 

Gülzow et al. (2000) tested the MEAs prepared by dry rolling technique in H2/O2 

fuel cell operating at 80 0C, 2 bars for both reactants and 100 % relative humidity 

under various catalyst loading conditions. Accordingly, they stated that high 

performances could be achieved with low catalyst loadings. Typically, they reported 

a value of 800 mA/cm2 for current density at 0.6 V with catalyst loading of 0.07 

mgPt/cm2 for both anode and cathode side. 

 

Ihm et al. (2004) developed a sophisticated screen-printing method, which eliminates 

the conversion of Nafion® membrane into Na+ form, or tetrabutyl ammonium form, 

which is more mechanically strong. The treatment of membrane and preparation of 

catalyst slurry were accomplished by standard procedures. Two methods were 

applied for screen-printing; gasket unified direct screen-printing and without gasket 

unified direct screen-printing. In gasket-unified method, the membrane is fixed 

between two polyester films (PP2910, 3M Inc.) with an open square window at the 

center. Then the catalyst slurry was directly applied to the membrane. In without 

gasket-unified method, polyester films were used just to fix the membrane. In other 

words, there is no square opening at the center of the films. In the last step of both 

methods, electrodes were hot-pressed on to catalyzed side of the membrane with 

standard procedure and final construction of MEA was achieved. This method is very 

beneficial because it eliminates the conversion of membrane into Na+ or tetrabutly 

ammonium form due to swelling problems. Moreover, this method also makes it 
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possible to omit the gasket-loading step into the test cell. The MEAs prepared by this 

method were tested at H2/O2 fuel cell operating at 80 0C, atmospheric pressure, and 

100 % relative humidity. Accordingly, it was found that gasket unified method is 

better than without gasket unified. However, MEAs were prepared by both methods 

and they exhibit improved performance even at low catalyst loadings. Current 

densities of 700 mA/cm2 and 600 mA/cm2 were obtained for the gasket-unified 

method and without gasket unified method, respectively at 0.6 V and 0.075 

mgPt/cm2 loading for both anode and cathode.  

 

Haug et al. (2002) applied sputter deposition technique in order to prepare MEAs for 

H2/Air PEM Fuel cell, which operates at 70 0C and 100 % relative humidity. By 

means of sputter deposition, catalyst ink was applied onto gas diffusion layers, 

membrane, and decals. Before the application of the ink all samples were ac plasma 

cleaned for a period of 5 min at 5 mA and 1.2 kV by means of which residual build-

up in the target was removed and the surface of the substrate was cleaned. The 

sputter deposition process was carried out for 15, 30, 45, and 90 minutes. The 

catalyst-loading rate was determined by using SEM images and it was calculated that 

0.084 mg/cm2 Pt loading was achieved at 15 minutes. Their study revealed that 

sputter-depositing a single layer of Pt on the gas diffusion layer provides better 

performance (0.28 A/cm2 at 0.6 V) than sputtering the Pt directly onto a Nafion® 

membrane (0.065 A/cm2 at 0.6 V). Moreover, it was found that GDLs, which were Pt 

sputter deposited for 30 minutes, showed better performance than the ones, which 

were sputter deposited for 15 minutes. However, further increase of loading time did 

not increase the performance significantly. Same technique was also applied by 

Gruber et al. (2005). They applied sputter deposition technique on tow different gas 

diffusion layers: ETEK and SGL. They reported that even with 0.005 mg/cm2 Pt 

loading 124–132 mW/cm2 power densities can be obtained for the H2/O2 cells. 

 

Kim et al. (2004) used pulse electrodeposition for the fabrication of MEAs. Pt was 

electrodeposited on carbon blank electrode using a Pt plating bath containing 10 g/L 

of H2PtCl6 and 60 g/L of HCl at room temperature. The Pt deposited electrodes were 

heat treated at 300 0C in air to remove the solvent contained in the hydrophilic 
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carbon layer. In the second step, the electrodes were heat treated in H2 at 300 0C for 2 

hours. After the brushing of electrodes with 5 % Nafion® solution, electrodes and 

membrane were combined by hot pressing at 130 0C for 3 minutes at a pressure of 

140 atm. The platinum loading and the performance of the catalyst layer were 

optimized by controlling the pulse deposition parameters such as the peak current 

density, duty cycle and the total charge density. Accordingly, it was reported that 

preparing the electrode using a peak current density of 400 mA/cm2, a duty cycle of 

2.9% and a total charge density of 8 C/cm2 results in a high catalyst performance of 

380 mA/cm2 at 0.8V. Moreover, comparison of Hot-press technique (0.6 V 1.25 

mA/cm2 0.4/0.4 mgPt/cm2 anode/cathode loading) and pulse electrodeposition 

technique showed that the later gives better performance even at lower catalyst 

loadings. 

 

Morikowa et al. (2004) used electrophoretic deposition technique for the fabrication 

of MEAs. The catalyst ink composed of ethanol, carbon powders with Pt catalyst, 

and Nafion® polymer was used in the EPD process to obtain a stable dispersed 

solution. The 20 ml EPD cell was comprised of two compartments, which were filled 

with 0.1 M HClO4 and catalyst suspension. Between the compartments, Nafion® 

membrane was placed. In order to coat one side of the membrane, 1000 V was 

applied to the 8 cm long cell creating an electric field of 125 V/cm. The active area 

of the coating was 1.77 cm2. The other side of the membrane was coated simply 

changing the solutions in the compartments. The whole EPD cell was immersed in 

ice-bath during coating process to keep the temperature in the range of EPD process. 

The comparison of standard hot-press process and EPD process in H2/O2 fuel cell 

operating at 80 0C and 100 % relative humidity showed that EPD process is superior 

to hot-press process. Current density of 200 mA/cm2 was obtained at 0.6 V with 

MEA prepared by EPD process whereas the one prepared by hot-press process gave 

only 80 mA cm2. Catalys loading for both anode and cathode sides was reported to 

be 0.26 mgPt/cm2. 

 

Wan et al. (2006) applied magnetron sputter deposition technique for the fabrication 

of MEAs. The MEAs are fabricated either as single layer or as multiple layers. In 
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order to coat the gas diffusion layers firstly Nafion® carbon ink (NCL) was prepared 

by first mixing an appropriate amount of isopropanol or n-butyl acetate with Vulcan 

XC-72 carbon powders in the 60 ml reactor for 1 hour. Than appropriate amount of 

Nafion® solution was added and the mixture was homogenized by stirring. Both sides 

of the carbon cloth were printed the Nafion® carbon ink using the screen-printing 

method and dried in the oven at 170 °C for 2 hours. Before the deposition, the 

pressure was adjusted to 133.3 mPa with the introduction of Argon gas to the system. 

The argon gas was ionized in the existence of Pt target current and was bombarded to 

the Pt target forming the Pt ionic plasma. This Pt plasma is deposited on the Nafion® 

carbon ink layer to form an active Pt catalyst thin layer. To prepare multiple catalyst 

layers this procedure was repeated several times. The experiments with different 

platinum loadings and number of layers showed that  three layers of Pt sputter-

deposited on the gas diffusion layer provided better performance (324.4 mA/cm2 at 

0.6 V) than sputtering one Pt layer in the same loading (0.10 mgPt/cm2). 

 

Saha et al. (2006) prepared ultra-low pure Pt-based electrodes (0.04–0.12 mgPt/cm2) 

by dual ion-beam assisted deposition (dual IBAD) method on the surface of a non-

catalyzed GDL substrate. At 0.6 V current densities between 1.8-2.0 mA/cm2 were 

observed for 0.04-0.12 mgPt/cm2 catalyst loading. 

 

There are many other methods, which are not mentioned here, for the fabrication of 

MEAs. Each method has some advantages and disadvantages. However, a good 

MEA can simply be described as the one, which can provide effective electrocatalyst 

sites. Benitez et al. (2005) listed the desirable characteristics of effective 

electrocatalyst sites as such: 

 

• The sites are accessible to reactants 

• The sites are electrically connected to the GDL 

• The sites are ironically connected to the fuel cell membrane 

 

 



 33

2.4.2. Factors Affecting the Performance 

Other than MEA preparation technique, some factors affect the stability, durability, 

and performance of MEA. Common factors are Nafion® content of electrodes, 

catalyst type and loading, GDL treatment, and other factors such as membrane 

thickness, post-treatment of MEA, and hot-press temperature, pressure, and time. 

 

2.4.2.1. Effect of Nafion® Loading 

There are many studies about the optimum Nafion® content of the electrodes in the 

literature. The aim in loading the electrodes with an ionomer such as Nafion® is to 

enhance the catalyst utilization. Lee et al. (1998) underlies that only the only catalyst 

in contact with both membrane electrolyte and reaction gas is electrochemically 

active. In order to achieve this three-phase contact, electrodes or GDLs are loaded 

with some amount of Nafion® solution. While increasing the catalyst utilization in 

the electrodes, high amounts of Nafion® cause mass-transport limitations in GDL. As 

mentioned in Antolini et al. (1999), the Nafion® loading (NFP) or content of 

electrodes are determined as the percentage of the Nafion®, and total catalyst weight 

using the following relation: 

 

 

                 (31) 

 

 

Lee et al. (1998) investigated the effect of NFP on the performance of H2/O2 and 

H2/Air PEMFC. Experiments at 70 0C and 2 atm with platinum loading of 0.4 

mg/cm2 showed that optimum NFP is 0.6 mg/cm2 for H2/Air fuel cell and 1.9 

mg/cm2 for H2/O2 fuel cell. They stated that beyond these values, performance loss 

due to mass-transport limitations occur. 
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Antolini et al. (1999) stated that optimum NFP is function of catalyst type and 

loading. They suggested an empirical equation for determination of optimum NFP: 

 

                                                        

                      (32) 

 

where LPt and PPt are the platinum loading and the weight percentage of metal 

supported on carbon Pt/C, respectively. 

 

They stated that for dual layer electrodes, it is necessary to take into account for the 

presence of PTFE in the catalytic layer, and the following relationship is more 

proper: 

 

                                                  (33) 

 

where XPTFE is the Teflon weight fraction in the catalyst layer. 

 

Passalacqua et al. (2001) prepared electrodes with different Nafion® contents in the 

range of 14 to 66 wt%. The single cell measurements, in a 50 cm2 cell in H2/Air 

operation at 70 0C showed that optimum NFP is 33 wt% for electrodes loaded with 

0.1 mgPt/cm2. 

 

Sasikumar et al. (2004) stated that cell impedance, ESA, roughness factor and 

percentage Pt utilization vary with the NFP in the electrode. At the optimum NFP, 

the value of the cell impedance is found to be the lowest and those for the ESA, the 

roughness factor and the Pt utilization are the highest. Rather than suggesting a 

single optimum value NFP, they stated that this value varies with the catalyst 

loading. Their studies revealed that for electrodes with different platinum loadings of 

0.5, 0.25 and 0.1 mg/cm2, optimum NFPs are 20, 40 and 50 wt%, respectively. 

However, they underlined that optimum NFP is also a function of MEA preparation 

technique.  
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Lee et al. (2004) studied different Nafion® impregnation techniques. The Nafion®   

solution was impregnated into the structure of the catalyst layer in two different 

ways: spraying and brushing. The performance tests showed that spraying of Nafion® 

solution is better than brushing. Because In the case of the brushed-electrode, the 

impregnation of Nafion® solution was so irregular and unequal that the ionomer 

could penetrate into the gas diffusion layer, which is a critical barrier for gas 

transport. They suggested an optimum Nafion® solution (not NFP) of 12 mg/cm2. 

 

2.4.2.2. Effect of Catalyst Type and Loading 

Although many different types of catalyst are examined, it has been accepted that 

platinum and platinum-containing catalysts are the most effective catalyst materials, 

in terms of both activity and stability. Recent efforts have been focused on learning 

how to use platinum more effectively and determination of the the optimum value for 

catalyst loading (Hoogers, 2002). In general, to achieve the maximum number of 

active sites of a given active phase, dispersion of that phase on an inert support is 

required. Conductive carbon black supports generally meet these requirements.  

 

Another major problem is developing CO and CO2 tolerant catalysts for fuel cell 

applications. Because, it is desired to operate the fuel cells with reformat gases. The 

catalyst must be capable of operating in the presence of at least 100 ppm CO and 20-

25% CO2
 (Hoogers, 2002).  

 

Ru-based chalcogenides, pyrolyzed Fe and Co macrocycles, and metal carbides all 

show significant oxygen reduction (Hoogers, 2002). In addition, many of these 

catalysts show good selectivity towards oxygen in the presence of methanol, which 

may allow some advantages when they are used as cathode catalysts in DMFCs. 

 

Erkan (2005) investigated the catalytic effect of metalophthalocyanines by preparing 

cathode electrodes with Fe, Co and Ni phthalocyanines. The highest power 0.04 

W/cm2) was obtained at 0.5 V from the MEA having a loading of 0.28 mgCo/cm2 
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prepared by using the CoPc/C catalyst pyrolyzed at 1000 oC. On the other hand, the 

power obtained from the MEA prepared by using platinum was 0.18 W/cm2 at the 

same voltage. The performances of the fuel cells built with phthalocyanine based 

cathodic catalysts are not compatible with the platinum catalysts.  

 

Another factor is the weight percent of platinum in the catalyst (in other words, the 

ratio of Pt and carbon in the catalyst). There is no information about the effect of this 

ratio on the performance. Instead, this ratio is the determining factor for MEA 

fabrication method (Kim et al., 2004) and optimum NFP (Antolini et al., 1999). 

 

One of the most crucial things is catalyst loading. In order to obtain high 

performance, the catalyst layer must be very homogenous. Low catalyst loading 

results in inadequate active sites. On the other hand, high catalyst loading causes 

mass-transport problems. The major factor that determines the optimum catalyst 

loading is the MEA preparation technique. In powder type processes, the catalyst 

loadings are higher whereas in non-powder type processes, it is lower. Catalyst 

loadings of 0.4 mgPt/cm2 for anode side and 0.4-0.6 mgPt/cm2 for cathode side are 

generally accepted as optimum for powder type techniques (Barbir, 2005). 

 

One of the best examples for the relation of optimum catalyst loading and the MEA 

fabrication method is presented in the study of Benitez et al. (2005). In their study, 

catalytic ink was dispersed onto a carbon cloth support by means of three different 

methods, impregnation, spray and electrospray, to achieve a Pt loading of 0.5 

mg/cm2. Electrospray technique consists on applying a voltage (3300–4000 V) 

between a capillary tube, in which the ink is forced to flow, and the carbon cloth 

substrate. MEAs obtained by means of the electrospray technique exhibited three 

times higher power density than those prepared by the impregnation method ones 

and eight times higher than MEAs made with electrodes prepared by the spray 

technique with the same amount of platinum loadings. Moreover, the power density 

obtained was twice better than a commercial E-TEK. 
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Gasteiger et al. (2004) investigated the effect of catalyst loading for H2/Air and 

Reformat/Air PEMFCs. The MEAs were fabricated by transferring the catalyst ink 

via a decal method onto either extruded Nafion® 112 (50 micron thickness, 1100EW; 

DuPont) or a ca. 25 micron low-EW membrane (ca. 900 EW) followed by hot-press 

at 1500 kPa absolute. The ratio of ionomer to carbon was kept at 0.8/1 (weight ratio) 

in the electrodes of all prepared catalyst coated membranes (CCMs) using ionomers 

identical to the ones used in the membrane. It was found that 0.4 mgPt/cm2 anode 

side catalyst loading for membrane electrode assemblies (MEAs) operating on pure 

H2 can be reduced to 0.05 mgPt/cm2 without any significant voltage losses. On the 

other hand, cathode side catalyst loading can be optimized at 0.2 mg/cm2 with 

voltage losses of 10–20mV. However, when reformat air operation is considered, it 

was reported that PtRu anode loadings can be reduced to 0.20 mgPtRu/cm2 for 

reformat containing 100 ppm CO with a 2% air-bleed. It was shown that further 

reduction of catalyst loading decreased the performance significantly. 

 

2.4.2.3. Treatment of Gas Diffusion Layer 

The gas diffusion electrode is a porous, electron conductive layer that is disposed 

between a catalyst layer and the bipolar separator plates (current collectors). The 

porous nature of the material comprising the electrode ensures effective diffusion of 

each reactant gas to the catalyst on the membrane electrode assembly. In addition, 

the porous nature of the material also assists in water management during operation 

of the fuel cell. Too little water causes a high internal resistance due to low 

humidification of the polymeric membrane while too much water causes flooding of 

the fuel cell by the water (Fan, 2003). 

 

In order to make the GDLs more resistant against water, they are loaded with PTFE. 

Giorgi et al. (1998) investigated the effect of PTFE content on the low-Pt loaded 

(0.11 mg/cm2) electrodes. It was found that at high current density (diffusion layer 

control), because of total porosity increase, the mass transport rate, as well as the 

performance, increases by decreasing PTFE loading. At low current density 
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(catalytic layer control), because of macro porosity change, the performance goes 

through a minimum, at about 20 wt% PTFE. The authors concluded that best 

performances were achieved at the lowest PTFE loading, but it is not possible to 

reduce the PTFE content to zero to avoid the electrode flooding for lack of 

hydrophobicity. Moreover, it was stated that a minimum quantity of PTFE in the 

diffusion layer was necessary to bond together the carbon particle. 

 

Kong et al. (2002) investigated the effect of pore size distribution on the 

performance of PEMFCs. They changed the morphology of electrodes by heat 

treatment and applying pore former (Li2CO3). The electrodes were prepared in three-

stage process. First carbon cloth is coated with carbon, Li2CO3, and PTFE in order to 

produce hydrophobic diffusion layer. In the second stage, heat treatment and pore 

forming stage, gas diffusion layer was treated with H2SO4 and then sintered in air at 

350 0C. In the last stage, catalyst layer was coated on the gas diffusion layer. The 

studies on the pore size distribution showed that microspores and macrospores of 

diffusion layer were greatly changed after pore forming and heat treatment step. On 

the other hand, mezophores were not affected. The performance tests carried out in 

H2/O2 cell showed that pore forming was only beneficial at high current density 

ranges where water are produced in great amount. However, the tests on H2/Air cell 

showed that pore forming greatly enhanced the performance over the enitre current 

range. Authors suggested that there is an optimum amount of macropore volume for 

performance enhancement. The authors concluded that the pore-size distribution in 

GDL is more important than its total porosity for effective management of water and 

gas transport. 

 

Yoon et al. (2003) fabricated three kinds of catalytic layers to investigate the effect 

of pore structure of catalyst layer on the performance of PEMFC. The first ones were 

fabricated by changing droplet size from fine to coarse mode during the spraying of 

electrocatalyst slurry onto the teflonized carbon cloth, used as a gas diffusion media 

backing. All the modes gave approximately same result in the current range of 0-900 

mA/cm2. However, at high current densities, coarse droplets showed better result, 

which was an unexpected result. Because In general, finer droplet size makes higher 



 39

portion of grain boundary area and secondary pores between the grains, thereby 

enhancing the gas transport through the catalytic layer. It was seen that when 

thermoplastic agent TBAOH was added the performance was increased due to the 

increased structural stability of the catalytic layer. However, when pore forming 

agent ethylene glycol was added no further increase in the performance was 

observed. The possible reason for this may be the fact that pure O2 was fed to cell. 

 

Lee et al. (2004) investigated various GDL fabrication methods.  They suggested that 

spraying and screen-printing methods are good for the construction of gas diffusion 

layers since they provide good distribution of macro and micropores.  

 

In order to improve the PEMFC performance, it is necessary to minimize all 

transport resistances and enhance the catalyst utilization in the electrodes. One 

method to do this is to add pore-forming agents to the structure of the electrodes.  

 

Song et al. (2005) used ammonium bi-carbonate as pore former in the structure of 

catalyst layer. The platinum black, Nafion® solution, and appropriate amount of 

pore-former were mixed. They used Ionomem/UConn membrane instead of Nafion® 

membrane. Their study showed that 20 wt% of ammonium bicarbonate in the 

platinum black is optimum. A 19% cell voltage increase over a cathode was observed 

when the pore former was used. They also investigated the harmful effect of 

ammonium to the electrodes. They reported that ammonium bicarbonate completely 

decomposes to ammonia, water and carbon dioxide above 59 0C. Ammonia present 

as an impurity in oxidant streams was reported to react with the electrolyte to form 

ammonium ions leading to a lower oxygen reduction rate at the cathode side. In a 

similar study carried out by Halseid et al. (2006), the effect of ammonia on PEMFC 

was tested by adding 10 ppm NH3 to the hydrogen feed to PEMFCs based on 

Gore™PRIMEA® membrane electrode assemblies (MEAs). A significant loss in 

performance was observed. The poisoning process was slow taking 24 hours or more 

to reach a steady state. In some cases, no steady state performance was reached 

during the experiment. The performance loss was reversible in most cases, but only 
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after operation on neat hydrogen for several days. Additions of 1 ppm NH3 for 1 

week also resulted in significant performance loss. 

 

Zhao et al. (2006) investigated the effect of pore-former substances on the 

performance of PEMFCs. Three pore-former substances, ammonium bicarbonate, 

ammonium oxalate, and ammonium sulfate, were used in order to increase the 

porosity of the MEA. The MEAs were prepared by standard hot-press process and 

the pore-formers were introduced the MEA during catalyst ink preparation step. It 

was found that addition of ammonium bicarbonate is an effective way to improve the 

performance of MEAs, reducing the cost of PEMFC. With the addition of 

ammonium bicarbonate in the ratio of 1:2 Pt: NH4HCO3 the catalyst loading can be 

decreased from 0.4 to 0.2 mgPt/cm2. 

 

Gamburzev et al. (2002) stated that for H2/Air Fuel cells addition of pore-formers to 

the structure of cathode-side gas diffusion layer greatly enhanced the performance. It 

was reported that 33 wt% pore former gave the best result for cathode side. 

 

In order to overcome water management problems, some additives are added to the 

structure of electrodes. In an experimental study made by Jung et al. (2006), 

hydrophilic SiO2 particles are added to the catalyst layer of MEA to improve wet 

ability and performance at low-humidity conditions. With 40 wt.% addition of SiO2 

to the anode catalyst layer, the current density at 0.6V and 0% relative humidity of 

the anode is 93% of that at 100% relative humidity. By comparison, the performance 

of a cell using a MEA with no added SiO2 is only 85% of that at 0% relative 

humidity. It was concluded that increased wet ability of the anode catalyst layer 

caused by SiO2 addition renders it easy to absorb water from back diffusion. 

 

2.4.2.4. Effect of Other Factors 

Membrane thickness is one of the important factors affecting the performance. 

Theoretically, too thin membranes can decrease the ohmic resistances significantly. 
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However, they will not have enough mechanical stability. On the other hand, too 

thick membranes cause very high ohmic resistance, which is not acceptable (Barbir, 

2005).  

 

Gamburzev et al. (2002) studied four Nafion® membranes having different thickness 

and equivalent weight (EW). The experimental results showed that for membranes of 

the same EW, MEAs with thinner membranes show better performance, and at the 

same thickness MEA with low EW membranes also have better performance. The 

best performance was obtained with the thickest, but low EW, membrane, Nafion® 

1035. Therefore, it was concluded that EW of membrane, i.e. the concentration of 

charge carriers, is the predominant factor determining MEA performance when other 

parameters remain constant. 

 

Bayrakçeken (2004) investigated the effects of hot pressing pressure.  Commercial 

OMG C-10 three layered MEAs were hot pressed to GDLs at different pressures and 

tested in 5-cm2 fuel cell.  At the highest pressure (750 psig), current density of 600 

mA/cm2 at 0.6 V was recorded. When the MEA was not hot-pressed to GDLs but 

inserted the cell prior to the performance test, current density of 1075 mA/cm2 was 

obtained at the same voltage. It was indicated that performance decreases with 

increasing pressure. Therefore, it is better not to hot pres the MEA to GDLs for three 

layered MEAs. It was believed that hot pressing alters the porous structure of GDLs. 

There is no specific study about the effects of pressing time and temperature. 

However, in most experiments, for Nafion® membranes, the press temperature and 

time are reported between 130-135 0C and 3-5 minutes, respectively.  

 

In most MEA preparation experiments, pre-treatment of membrane with H2O2 and 

H2SO4 is done. However, in recent publications, post-treatment of MEA with H2SO4 

(for Nafion®, SPES, and SPEEK based MEA) and H3PO4 (for PBI based MEA) has 

been pronounced. There is no research about the effects of this post-treatment. 

However, it is believed that post-treatment recovers the surface properties of the 

membrane, which is slightly altered during hot pressing. 
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2.5. Alternative Polymer Electrolyte Membranes 

The appropriate membrane types for PEMFCs can be broadly divided into six main 

categories: i) per-fluorinated polymer membranes, ii) per-fluorinated ionomer 

composite membranes, iii) partially per-fluorinated ionomer membranes, iv) partially 

per-fluorinated ionomer composite membranes, v) non-per-fluorinated ionomer 

membranes, and  vi) Non-perfluorinated composite membranes. The most commonly 

used membranes for low temperature fuel cell applications are per-fluorinated 

sulphonic acid membranes (PFSAs). Among these most known and commercial ones 

are Nafion® (DuPonT), Flemion® (Asahi Glass Corporation),Aciplex® (Asahi 

Chemicals), and Dow® (Savadogo, 2004). 

 

The most important aim for developing new membranes is to increase to operating 

temperature of the cell above 140 0C, after which anode catalyst poisoning by CO 

becomes less important and the kinetics of fuel oxidation is enhanced. Therefore, the 

efficiency increases (Lobato et al., 2006). Providing better heat integration with the 

reforming system, eliminating the need for external humidification, and decreasing 

the pressure loss in fuel cell stack are other benefits of high temperature operation 

(Korsgaard et al., 2006). 

 

Among the different membrane types other than per-fluorinated polymer membranes,  

non-perfluorinated composite membranes takes special attention due to their high 

thermal resistance (more than 300 0C), good hydrolytic and/or chemical resistance, 

and stability under steam O2 and steam H2 atmospheres up to 200 0C. Most known 

types are listed below: (Savadogo, 2004) 

 

Most known types are listed below:  

• “Liquid crystal aromatic polyesters 

• Polybenzimidazoles (PBI) 

• Polymides (PI) 

• Polyetherimides (PEI) 

• Polyphenylene sulphides (PPS) 
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• Polysulphones (PSU) 

• Polyethersulphones (PES) 

• Polyetherketones (PEK) 

• Polyether-etherketones (PEEK) 

• polyphenyquinoxalines (PPQ)” 

 

Currently PBI, PEEK, and PES are the most investigated membranes in the literature.  

 

2.5.1. Polyether-etherketone Based MEAs 

In order to increase the proton conductivity, Polyether-etherketone (PEEK) 

membrane is sulfonated and therefore it is generally referred as sulfonated polyether-

etherketone (SPEEK). The chemical structures of PEEK and SPEEK are shown in 

Figures 2.9 and 2.10, respectively. 

 

The conductivity of SPEEK depends on the degree of sulfonaton (DS). Huang et al. 

(2001) stated that high sulfonation degrees increase the conductivity while 

decreasing the mechanical strength, which cause the membrane to swell at high 

temperature and humidity. Therefore, the most critical thing is to optimize the DS. 

One way to increase the mechanical properties of SPEEK membrane is to prepare 

composite membranes, e.g. Nafion®-SPEEK composite membrane (Hoogers, 2002). 

 

Xing et al. (2005) prepared SPEEK-PTFE composite membrane by solving SPEEK 

in N-methyl-pyrolidone (NMP) and pouring the solution onto the well-cleaned PTFE 

films. The solvent NMP was evaporated after several heating steps. MEAs were 

fabricated by using hot pressing catalyst loaded electrodes with the membrane at 140 
0C and 2 MPa for 1-2 minutes. The catalyst loading of 0.4 mgPt/cm2 was reported for 

both anode and cathode. The performance tests in H2/O2 cell showed that SPEEK 

membrane gave better performance than SPEEK-PTFE composite membrane. A 

current density of 800 mA/cm2 was reported at 0.6 V 80 0C for SPEEK membrane. 
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Figure 2.9 General structure of Polyether-etherketone (PEEK) (Savadogo, 

2004) 

 

 

 

 

 

 

 

Figure 2.10 Sulphonated polyether-etherketone (SPEEK) with 0.6 sulphonic 

groups per repeating unit (Jörüssen et al., 2002) 

 

 

2.5.2. Polyether-sulphone Based MEAs 

Like PEEK, polyether-sulphone (PES) membrane is sulfonated in order to increase 

its proton conductivity. The chemical structure of sulphonated polyether-sulphone 

SPES membrane with DS of 60 is given in Figure 2.11. Kim et al. (2006) prepared 

SPES based MEAs. To fabricate the MEAs, the catalyst ink was prepared by mixing 

40 wt% Pt/Vulcan XC 72 (E-Tek Inc.) with isopropyl alcohol and 5 wt% Nafion® 

(EW1100) solution. The ink was sonicated for 1 hour and sprayed on an electrolyte 

membrane having thickness of 30µm. Finally, the catalyst-coated membrane was 

dried at 60 0C for 5 hours. The active electrode area for a single cell test was 25 cm2 

with platinum loading of 0.2 and 0.4 mg/cm2 for anode and cathode, respectively. 

The single cell test was carried out at 70 0C with H2/Air feeds (65–70% relative 
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humidity) under ambient pressure. Accordingly, a current density of 730 mA/cm2 

was reported at 0.6 V.  

 

 

 

 

Figure 2.11 Chemical structure of polyether-sulphone 60 membrane (Kim et 

al., 2006) 

 

 

2.5.3. Polybenzimidazole Based MEAs 

Polybenzimidazole (PBI) is a very interesting membrane because of the fact that it 

can operate up to temperatures of 200 0C. PBI membranes are generally used in 

PEMFC. However, they are used in DMFCs as composite with Nafion® membrane 

(Seland et al., 2006). General chemical structure of polybenzimidazole and that of 

polybenzimidazole celazole are given in Figure 2.12 and Figure 2.13, respectively. 

As cited in Korsgaard et al. (2006), the use of PBI for fuel cell applications was first 

published by Wainright et al. (1995). One of the most important advantages of PBI is 

considered its water drag coefficient is being almost zero. This means that practically 

no water molecules are transported with the protons. However, as shown by Jensen et 

al., (2005), the water content still affects the conductivity and that a certain amount 

of water is desired in the membrane. Nevertheless, this is easily maintained by means 

of back-diffusion of water produced at the cathode as result of the overall process in 

the fuel cell. As a result, PBI based fuel cells can run on dry gasses. 
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Figure 2.12 General structure of polybenzimidazole (Oingfeng et al., 2001) 

 

 

 
 

 

 

 

 

Figure 2.13 Structure of polybenzimidazole celazole (Oingfeng et al., 2001) 

 

 

 

Ma et al., (2004) reported that when operated under anhydrous conditions, PBI 

proton conductivity decreases above 130–140 0C due to the formation of 

pyrophosphoric acid, according to the following reaction: 

 

2H3PO4  H4P2O7 + H2O                                            (34) 

 

Qinqfeng et al. (2001) prepared PBI based MEAs to investigate the effect of 

temperature on the performance. After the electrodes are coated with standard 
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catalyst ink, they were loaded with PBI solution and doped with phosphoric acid. In 

the last step, membrane and electrodes were combined via hot pressing at 150 0C for 

10 minutes. The single cell tests showed that in the range of 55-190 0C cell 

temperature, as temperature increases so do the performance. Current density of 600 

mA/cm2 was reported at 0.6 V and 190 0C cell temperature.  

 

Kim et al. (2004) investigated the effect of binder type on the performance of 

PEMFC. They prepared PBI based MEAs by using Nafion® and PBI binders. The 

fuel cell tests under no humidification conditions showed that PBI binder was better 

than Nafion® binder. It was reported that this was an expected result because Nafion® 

does not have high proton conductivity at high temperature under low humidity 

conditions. 

 

Seland et al. (2006) tried to optimize the structures of electrodes by varying the 

platinum content in the Pt/C catalyst, catalyst loading, and the loading of the PBI 

electrolyte dispersed in the catalyst layer. PBI based MEAs were prepared in the 

same way with Nafion®  based MEAs except that PBI solution dissolved in DMAC 

was used instead of Nafion® solution. At the end of the single cell experiments, the 

best performance was obtained using a catalyst of 50% Pt/C and a relative high PBI 

loading in the catalyst layer on both anode (0.4 mg/cm2 Pt, 0.36 mg/cm2 PBI) and 

cathode (0.6 mg/cm2 Pt, 0.6 mg/cm2 PBI). 

 

Korsgaard et al. (2006) investigated the effect of CO and CO2 on the performance of 

PBI based MEA. MEAs were fabricated by using commercial electrodes and tested 

by varying CO content in the anode gas from 0 to 5%, with CO2 contents ranging 

from 25 to 20% at temperatures ranging from 160 to 200 0C. Accordingly, they 

reported that it is possible to operate the fuel cell from 160 0C with a CO content of 

up to 2%. 
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2.6. Effects of Operating Parameters on the Performance of PEMFC 

Typical operating parameters for a PEMFC are temperature, pressure, reactants 

humidity and mass flow rate. Theoretically, performance increases with increasing 

temperature, pressure, and reactants humidity and mass flow rate (Barbir, 2005). 

However, each of these parameters has an optimum or limiting value. Moreover, 

there is no standard testing procedure currently. Therefore, the operating parameters 

and sequence depend on the researchers. The significance of operating parameters 

has been understood in the last few years. Experiments with different operating 

parameters and various combinations of these parameters have been carried out 

(Wang et al., 2003). 

 

Amirinejad et al. (2006) investigated the effects of operating parameters on the 

performance of PEMFC. They focused on cell temperature, humidification level, and 

operating pressure. The polarization curves they obtained revealed that most 

important factors affecting the performance are: i) the mass transport limitation 

including the transport of reactant and oxidant gases to active sites of catalyst layer, 

ii) the transport of the proton from the anode side to the cathode side through the 

membrane, iii) the transport of produced water from the cathode side to the anode 

side by back diffusion mechanism. Based on the performance curves, it was reported 

that the optimum conditions are operation at higher pressure and elevated 

temperature with the humidified reactant gases. Moreover, it was found that the 

effect of pressurized cathode side on the performance is better than that of anode 

side. They reported that temperature of 80 0C, pressure of 3 atm, and relative 

humidity of %100 for both anode and cathode side gives the highest performance. In 

a similar study made Wang et al. (2003), the same results were obtained. Moreover, 

they observed that anode humidification is more important than cathode 

humidification especially at low current densities where the water generation is low. 

Coppo et al. (2006) investigated the effect of operating temperature on the 

performance of fuel cell and tried to explain the results with the improved liquid 

water transport model they developed. As expected, it was found both analytically 

and experimentally that operating at high temperatures results in better performance. 
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The advantage of operating at higher temperatures was explained as temperature 

increased reference exchange current density, charge transfer coefficient, oxygen 

diffusivity both in the GDL pores and in the ion-conducting polymer, and liquid 

water diffusion coefficient increased which affected performance positively. 

 

When it is not possible to control the reactants humidity exactly, the humidity is 

adjusted by changing the temperature of anode and cathode side humidifiers and gas 

transfer lines. Passos and Ticianelli (2002) tried to optimize the performance in such 

a system. They reported that membrane resistance increased when the cell was 

operated at temperatures equal or higher than those of gas humidifiers were operated. 

Moreover, they underlined that this effect is more critical for thicker membranes. 

From this observation, it is clearly understood that in order to satisfy high relative 

humidity conditions, the temperature of humidifiers should be kept higher than that 

of the cell. 

 

It was reported that higher flow rates of oxygen (or air) increases the performance 

significantly due to two main reasons: “i) higher flow rates helps remove the product 

water from the cell, ii) higher flow rates keep oxygen concentration high” (Barbir, 

2005). 

 

For SPEEK and SPES membranes, humidity is also an important parameter. 

However, for it was reported that PBI membrane could operate under non-humidified 

conditions. Kongstein et al. (2007) reported that, in general, OCV of PBI-based cell 

was around 0.9 V. The observed low OCV was explained by slow kinetic for the 

oxygen reduction and cross over of the reactants. The performance of the fuel cells 

was found to increase with increasing temperature; this was explained by faster 

reaction kinetic and higher membrane conductivity. A typical power output was 0.3–

0.4 W/cm2 at 0.6V and 175 0C. 

 

 



 50

 

CHAPTER 3 

EXPERIMENTAL 

 

3.1. Materials and Equipment 

Materials involved in experiments were either for preparation of membrane electrode 

assembly or treatment purposes. Materials involved in the MEA preparation were 

membrane, GDL, and catalyst. Nafion® 112 and Nafion® solution were purchased 

from Ion Power Inc, whereas SPEEK, PES, and PBI membranes were all home 

made. Four types of carbon paper GDLs, which were GDL 30, 31, 34, 35 BC, were 

purchased from Sigracet® and carbon cloth GDLs were obtained from EAE. The 

catalyst was 20 wt % Pt on Vulcan XC-72 from E-TEK. For treatment purposes 

sulphuric acid, hydrogen per oxide, distilled water, and pore forming agents 

(ammonium bicarbonate, ammonium carbonate, ammonium oxalate, and ammonium 

sulfate) were used. Sulphuric acid and hydrogen per oxide were purchased from 

Merck. Pore forming agents were obtained from Chemistry, Chemical Engineering, 

and Metallurgy Departments of METU. Gases used were nitrogen (99.999% pure) 

from HABAŞ (Turkey), hydrogen and oxygen (99.9999% pure) from BOS (Turkey). 

 

For the preparation of MEAs, air spray gun, air compressor, hot-press equipment, 

oven, air heating gun, and home made heating-vacuum table (designed and fabricated 

by Serdar Erkan) were used. The performance tests were carried out with the 

PEMFC test station built at METU Fuel Cell Research Center. A 5-cm2 commercial 

single cell (Electrochem FC05-01SP-REF) was used in PEMFC tests. Detailed 

description of the test station is presented in the next sections.  
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3.2. Nafion® Based Membrane Electrode Assembly Preparation 

Three powder type techniques were applied for the fabrication of MEAs. These were 

GDL Spraying, Membrane Spraying, and Decal Methods. There were mainly four 

steps for the fabrication of MEA. Figure 3.1 shows these steps schematically. The 

solid lines represent the required steps and the dashed lines represent the optional 

steps.  The common points in each method were catalyst ink preparation, membrane 

pre-treatment, post-treatment of prepared MEA. Each of these steps was explained 

separately. 

 

 

 

 

 

Figure 3.1 General MEA preparation steps 

 

3.2.1. Common Points in Membrane Electrode Assembly Preparation Methods 

Many different catalyst ink compositions can be found in the literature. The basic 

idea is to prepare catalyst slurry, which can be sprayed easily. More wet catalyst 

slurry is favoured for GDL Spraying and Decal methods whereas less wet one is 

favoured for Membrane Spraying Method in order to prevent membrane swelling. 

The substances involved in the catalyst ink was 20 wt % Pt-C catalyst, 5 wt % 

Nafion® solution, distilled water, and 2-propanol as suggested by Passalacqua et al. 

(2001). In addition to these substances, pore forming agents were added to the 

catalyst ink for GDL Spraying method. The ratio of pore forming agent to the 
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catalyst was obtained from Zhao et al. (2006). Table 3.1 shows the catalyst ink 

composition for each method based on 1 gr 20 wt % Pt-C catalyst. 

 
 
Table 3.1 Catalyst ink compositions for different methods based on 0.1 gr catalyst 

Substances GDL Spraying Decal Membrane Spraying 

Nafion®  Solution 0.86 gr 

Distilled Water 6 ml 4 ml 

2-Propanol 12 ml 8 ml 

Pore Former 0.2 – 2 gr - - 

 

 

 

In order to clean and increase the proton conductivity of the membrane it is 

conditioned. The conditioning was done as described by Qi and Kaufman (2002). 

Firstly, the membrane was boiled in 3 wt% H2O2 solution. Then it is boiled in 

distilled water. The third step was boiling in 0.5 M H2SO4 solution. Then it was 

boiled in distilled water again. Prior to the last step, it was washed with distilled 

water several times in order to ensure that there was no H2SO4. The last step was 

drying. All the boiling steps took about 1 hour and were carried out at 80 0C. A 

different conditioning procedure was applied for the membrane, which would be 

coated by Membrane Spraying method. After treating the membrane with H2O2 

solution, it was converted to Na+ form by boiling in 1% NaOH solution at 80 0C for 1 

hour. After the completion of MEA preparation, it was again converted to H+ form 

by boiling in 0.5 M H2SO4 solution at 80 0C for 1 hour. The two treatment steps are 

shown in Figure 3.2. After the preparation of MEA, the last step was post-treatment. 

Post-treatment of MEA was carried out by treating it with 5 M H2SO4 solution and 

distilled water. Each step was carried out at 80 0C for 1 hour. There are two benefits 

of this: i) recovering the surface properties of the membrane, ii) checking the 

interaction between the catalyst layer and membrane or GDL. If the MEA retains its 

shape during this treatment step, it is considered as good MEA. 
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Figure 3.2 Membrane treatment paths 

 

3.2.2. Gas Diffusion Layer Spraying Method 

Gas Diffusion Layer Spraying method is simply a MEA preparation technique in 

which catalyst layers on the surface of GDLs are formed. The anode and cathode side 

GDLs were fixed on a paper frame. In order to vaporize 2-propanol and water in the 

catalyst layer, an air-heating gun blowing air at 150 0C was located 45 cm above the 

paper frame. The catalyst ink was sprayed until the desired catalyst loading was 

achieved. The catalyst loading was controlled by just weighting the GDLs at 

different times. After the GDLs were loaded with catalyst, they were kept in oven at 

80 0C for 1 hour in order to completely remove the liquid components of catalyst ink 

(when pore forming agent was added, the GDLs were heat treated at 100 0C in 

vacuum oven for 2 hours in order to decompose the pore forming agent). Then it was 

weighted again. To complete the MEA, the GDLs were hot pressed to the membrane 

at 130 0C and 250 psig for 3 minutes. The last step was post-treatment of MEA, 

which was described above. At the end of the fabrication process, a five-layered 

MEA was formed. 

Membrane Treatment (Path 1) 
 3wt % H202 solution at 80°C for 1 

hr. Distilled water at 80°C for 1 hr.  

 05.M H2SO4 solution at 80°C for 1 

hr. 

 Distilled water at 80°C for 1 hr. 

 Drying 

 

 

Optional for all fabrication techniques 

Membrane Treatment (Path 2) 
 3wt % H202 solution at 80°C for 1 hr. 

 Convert membrane to Na+ form by 

boiling in 1wt % NaOH solution for 1 hr. 

At this step fabricate the MEA 

 Convert membrane to H+ form by boiling 

in 0.5 M H2SO4 solution at 80°C for 1 hr. 

 Distilled water at 80°C for 1 hr. 

 Drying 

Optional for Membrane Spraying technique 
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3.2.3. Membrane Spraying Method 

In Membrane Spraying method, catalyst layer was formed on the membrane. Prior to 

spraying process, membrane was dried at 50 0C for 10 minutes and weighted. Then it 

was fixed on a heating vacuum table in order to prevent from swelling. The 

temperature of the vacuum heating table was set to 50 0C. The catalyst ink was 

sprayed on to the membrane. Then the membrane was dried at 50 0C for 10 minutes 

and weighted again. This cycle was repeated until the desired catalyst loading was 

attained. Like the GDL Spraying method, the last steps were combination of 

membrane and GDLs via hot pressing and post-treatment of the prepared MEA. 

However, some of the MEAs were not combined with the GDLs via hot pressing. 

This type of MEA is called a three-layered MEA.  

 

3.2.4. Decal Method 

Decal method involves catalyzation on a well-cleaned Teflon blanks and then 

transfer of the catalyst layer to the membrane. Therefore, it can be considered as 

combination of GDL Spraying and Membrane Spraying methods. Two Teflon 

blanks, one for anode and one for cathode sides, were cleaned with distilled water 

and 2-propanol. Then they were fixed on a paper frame. In order to vaporize 2-

propanol and water in the catalyst layer, an air-heating gun blowing air at 150 0C was 

located 45 cm above the paper frame. The Teflon blanks were coated with catalyst by 

air spray gun and weighted several times. When the desired catalyst loading was 

achieved, Teflon blanks were dried at 80 0C for 1 hour. In order to transfer the 

catalyst layer to the membrane, catalyst coated Teflon blanks were placed to both 

sides of the membrane and hot pressed at 130 0C and 500 psig for 3 minutes. To 

complete the MEA preparation, Teflon blanks were separated from the membrane 

carefully and the three-layered MEA was treated.  

 

Summary of each of these methods and photos of MEAs prepared by these methods 

are shown in Figure 3.3. 
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Figure 3.3 Summaries of MEA Preparation Methods 
 
 
  
  

  

 

MEA Post-treatment 

Catalyst Ink Preparation 

Membrane Treatment 

MEA Fabrication 

GDL Spraying 
- Fix the GDLs on paper 
frame 
- Place GDL with paper 
frame under air healing gun 
- Apply catalyst ink with 
sprayer 
- Weight until the desired 
loading is achieved 
- Dry at T=80°C for 1 hour 
- Weight again 
- Hot-press to membrane at 
T=130°C P=250 psig 

Membrane Spraying
- Dry membrane at T=130°C 
for 10 min. and weight 
- Fix the membrane on 
heating-vacuum table 
- Apply catalyst ink with 
sprayer 
- Dry membrane at T=130°C 
for 10 min. and weight until 
the desired loading is 
achieved 
- Hot-press to membrane at 
T=130°C P=250 psig 
(Optional) 

Decal 
- Prepare Teflon blanks 
- Clean by washing with 2- 
propanol and distilled water and 
weight 
- Place Teflon blanks with paper 
frame under air heating gun 
- Apply catalyst ink with 
sprayer  
- Dry membrane at T=130°C for 1 
hr. and weight again 
- Hot-press to membrane at 
T=130°C P=500 psig 
- Hot-press to membrane at 
T=130°C P=250 psig (Optional) 
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3.3. Membrane Electrode Assembly Preparation Preparation Methods with 

Alternative Membranes 

After the determination of the proper membrane electrode assembly preparation 

method and parameters by using Nafion® membrane, this technique was applied for 

the preparation of membrane electrode assemblies with alternative membranes. 

 

3.3.1. Sulphonated Polyether-etherketone and Sulphonated Polyether-sulphone 

Based Membrane Electrode Assembly Preparation 

The techniques used in the preparation of sulphonated polyether-etherketone, 

sulphonated polether-sulphone, composite, and blend membranes are described in 

Erdener (2007) and Şengül et al. (2007) in detail. 

 

PEEK polymer was obtained as pellets (Polyoxy-1,4-pheneyleneoxy-1,4-

pheneyelene carbonyl-1,4-phenylene, Aldrich, Mw= 20,800). The pellets were 

ground to reduce the dissolution time of the polymer in the sulphonating agent and 

prevent heterogeneous polymer sulphonation. The ground polymers were dried at 

100 °C in vacuum oven overnight prior to post-sulphonation. 95-98 wt% H2SO4 

(Merck) was used as the sulphonating agent since it is known not to cause polymer 

degradation or cross-linking. In the post-sulphonation reaction, 20g polymer was 

dissolved in 400mL H2SO4 to give a dark, viscous solution and the reaction 

temperature was kept constant at 50 °C during the desired reaction time (Chang et 

al., 2003). Reaction was stopped by pouring the polymer solution in excess ice-cold 

water and white polymer strings were obtained. The decanted polymer strings were 

washed with deionized water until a pH around 6 was obtained. Then the 

sulphonated polymer was dried in vacuum oven at 80 °C for 12 hours followed by 

drying at 120 °C for another 12 hour. PES polymer cannot be easily sulphonated as 

PEEK in H2SO4. Therefore, chlorosulfonic acid (CSA) was used in the sulfonation 

reaction. The polymer was first dissolved in H2SO4 (usually 1/10 w/v) then a 
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predetermined amount of CSA was added dropwise into the solution. Reactions were 

carried out at 5 °C or room temperature if the room temperature was below 20 °C. At 

the end of the predetermined reaction time, solution was poured into cold ice water 

and the precipitate was filtered and washed until excess acid is removed and dried at 

90 °C. In order to prepare membranes, the polymer was dissolved in n-n, dimethyl-

Acetamide (DMAc, Merck) and stirred overnight with magnetic stirrer. In some 

cases, zeolite H+ beta was added to the solution at proper loadings. The solution was 

mixed under ultrasonic mixing overnight and then drop-casted onto petri dishes. The 

casted membranes were dried in vacuum oven at 60 °C to 120 °C for 24 hours. 

 

Membrane electrode assemblies were prepared from the casted membranes, which 

resulted in good proton conductivities during electrochemical impedance 

spectroscopy analyses. GDL Spraying technique was applied for the preparation of 

MEAs. In the first step, catalyst ink, which is comprised of 20 wt % Pt on Vulcan 

XC-72 catalyst (E-Tek), 5 wt % Nafion® solution (Ion Power Inc) or original 10 wt% 

SPEEK solution, distilled water, and 2-propanol, were prepared and mixed via 

ultrasonic for 2 hours. For 1 gr of Pt-C catalyst, 0.86 gr Nafion®  solution or 0.43 gr 

SPEEK solution, 6 ml distilled water, and 12 ml 2-propanol, were used. In order to 

clean and increase the proton conductivity of the membranes, they were conditioned 

by boiling in 0.5 M H2SO4 solution and distilled water at 80 0C. In order to coat the 

GDLs with catalyst layer, the anode and cathode side GDLs were fixed on a paper 

frame. An air-heating gun blowing air at 150 0C was located 45 cm above the paper 

frame for the vaporization of 2-propanol and water in the catalyst layer. The catalyst 

ink was sprayed until the desired catalyst loading (0.4 mgPt/cm2 for both anode and 

cathode sides) was achieved. The catalyst loading was controlled by just weighting 

the GDLs at different times. After the GDLs were loaded with catalyst, they were 

kept in oven at 80 0C for 1 hour for the complete removal of the liquid components 

of catalyst ink. Then they were weighted again. To complete the MEA, the GDLs 

were hot pressed to the membrane at 130 0C (150 0C if 10 wt% original polymer 

solution was used) and 250 psig for 3 minutes. 
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3.3.2. Polybenzimidazole Based Membrane Electrode Assembly Preparation 

The techniques used in the preparation of polybenzimidazole membranes are 

described in Yurdakul (2007) in detail. 

 

The PBI polymer was synthesized by the PPA solution polymerization method. The 

monomers were DAB.4HCl.2H2O and IPA, and the condensing agent and solvent 

for the polymerization reaction was 115% PPA. After the polymer was synthesized, 

membranes were prepared by a solution casting method. As solvent, DMAc/LiCl 

system was used. 5 wt% of polymer powder was added to the solution, and mixed in 

an ultrasonic bath at 70 °C. To prevent the polymer from aggregating, the solution 

was constantly stirred. The polymer was totally dissolved in DMAc with 2 hrs of 

stirring, so it was not required to filter the solution. Different portions of the prepared 

polymer solution according to the desired membrane thicknesses (i.e.30 μm) were 

cast onto glass plates. Next, the plates were put into a ventilated oven and the solvent 

was evaporated slowly at 80°C in 15 hrs. After that, the glass plates were immersed 

into distilled water and waited for a couple of minutes. At this step, the polymer film 

took up water and swelled out of the plate. The films obtained were immersed into 

boiling distilled water and kept for 5 hrs to remove LiCl. Thereafter, the membranes 

were taken out of the water, put into an oven and kept at 190 °C for 3 hrs to remove 

the solvent traces from the membranes. Finally, their dimensions were measured and 

they were stored in a dry medium for further use.  

 

Before the membrane electrode assembly preparation step, PBI membrane was doped 

with phosphoric acid. Details can be found in Yurdakul (2007). Several MEA 

preparation methods were performed with PBI membrane. These methods are 

explained below: 

 

Method 1 

20 wt% Pt/C catalyst, 5 wt% PBI solution in DMAC, 5 ml distiled water, and 10 ml 

2-propanol were mixed to form catalyst ink. It was observed that when PBI solution 

was mixed with either water or alcohol, it precipitated. 
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Method 2 

20 wt% Pt/C and 5 wt% Nafion® solution were mixed and sprayed to GDL. The 

platin and Nafion® loadings were 1 mg/cm2 and 1.5 mg/cm2; respectively. After 

dried, the electrodes were loaded with 2 mg/cm2 phosphoric acid. Then they were hot 

pressed to the membrane at 250 psig and 150 0C for 3 min. However, electrodes did 

not bind to membrane. 

 

Method 3 

Same procedure in Method 2 was applied. However, the hot press time was 5 and 10 

min. In both cases, the electrodes did not bind to membrane. 

 

Method 5 

20 wt% Pt/C and 5 wt% Nafion® solution were mixed and sprayed to GDL. The 

platin and Nafion® loadings were 1 mg/cm2 and 1 mg/cm2; respectively. After dried, 

the electrodes were brushed with 5 wt% PBI solution in DMAC. The PBI loading 

was approximately 0.5 mg/cm2. Finally, the electrodes were loaded with 2 mg/cm2 

phosphoric acid. Then they were hot pressed to the membrane at 250 psig and 150 0C 

for 10 min. Electrodes sticked to the surface of the membrane, but not very strongly. 

 

Method 6 

20 wt% Pt/C and 5 wt% Nafion® solution were mixed and sprayed to Teflon blanks. 

The platin and Nafion® loadings were 1 mg/cm2 and 1.5 mg/cm2; respectively. 

Teflon blanks were hot pressed to the membrane at 250 psig and 150 0C for 10 min. 

However, catalyst layer could not be transferred to the membrane. 

 

Method 7 

Commercial E-TEK electrodes, made of carbon cloth and loaded with 1 mgPt/cm2 20 

wt% Pt/C, were hot pressed to the membrane at 250 psig and 150 0C for 10 min. 

Electrodes sticked to the surface of the membrane strongly. 
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3.4. Performance Measurements 

3.4.1. Polymer Electrolyte Membrane Fuel Cell Test Station 

Performances of fabricated MEAs were measured via the PEMFC test station built at 

METU Fuel Cell Technology Laboratory. A schematic representation and a photo of 

the test station are given in Figures 3.4 and 3.5, respectively. Main elements of the 

test station are gas cylinders, mass flow controllers, cathode and anode side 

humidifiers, temperature controllers, electronic load, and the computer, which has a 

special data logging software. 

 

 

 

Figure 3.4 Schematic representation of PEMFC test station (Erkan, 2005) 
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Figure 3.5 Photo of PEMFC test station 

 

 

 

The test station can operate with pure hydrogen or mixture of hydrogen, carbon 

monoxide, and carbon dioxide on the anode side and pure oxygen or air on the 

cathode side. Therefore, it is equipped with four mass flow controllers (Aalborg 

GFG171). However, throughout the experiments only pure streams of hydrogen and 

oxygen gases were used. The piping from gas cylinders to fuel cell was made of 

6mm OD stainless steel. Bubble type humidifiers, made of stainless steel, were used 

in order to supply reactant gases to the fuel cell in the desired humidity level. Each 

humidifier were equipped with 200 W resistant heaters and thermally insulated. The 

temperature of the humidifiers was controlled by a PID temperature controller 

(GEMO DT442) and K-type thermocouple individually. In order to prevent the 

condensation of water in the humidified gases, the gas transfer lines between the 

humidifiers and the test fuel cell were surrounded with electrical-resistive-heaters. 

So, the temperature of the heated gas transfer lines was kept at a set temperature by 

on/off type temperature controllers (Erkan, 2005). 
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A single cell PEMFC (Electrochem FC05-01SP-REF) having 5 cm2 active area was 

used in the experiments. The photo of the test PEMFC is shown in Figure 3.6. The 

test cell was surrounded with heating bands to raise the temperature to the desired 

value. In order to see the gas flow, the exhausts of the anode and cathode were 

purged by means of passing from the gas bubblers. Before the improvements in the 

test station, the external load had been applied by means of an 11-ohm manual type 

rheostat and the current-voltage of the cell had been measured by a multimeter 

(Erkan, 2005). However, with the improvements in the test station, the load to the 

cell was applied via an electronic load, which can be controlled either manually or 

from the computer. The current and voltage of the cell were monitored and logged 

throughout the operation of the cell by the software of electronic load. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.6 Photo of test PEMFC  
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3.4.2. Membrane Electrode Assembly Test Procedure 

The fabricated MEA was placed to the test cell and the bolts were tightened at a 

torque of 15-20 lb-in for each bolt. The cell temperature was adjusted and the 

temperatures of the humidifiers and gas transfer lines were set 10 0C above the cell 

temperature. Before passing the reactant gases, the anode side was purged with 

nitrogen in order to ensure that no oxygen was present in the anode side or there was 

no leak in the cell. After the cell passed the required level of safety and set 

temperatures were achieved, hydrogen and oxygen are supplied to the cell at a rate of 

0.1 slpm. The cell was operated at 0.5 V until it came to steady state, which took 

about 5-6 hours. However, in case of membrane drying or flooding conditions, the 

voltage was adjusted. That is, if drying occurred, the voltage was decreased to 

produce more water. On the other hand, if there was flooding, the reverse measure 

was taken. After steady state was achieved, starting from the OCV value, the current-

voltage data was logged by changing the load. The screen shot of data logging 

software (FCPower v. 2.1.102® Fideris) is shown in Figure 3.7. 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 3.7 Screen shot of data logging software 
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3.5. Scope of the Experiments 

Nafion® 112-based MEAs were prepared by using three powder-type methods. These 

methods were tried to improve by testing different MEA preparation parameters such 

as GDL type, GDL heat treatment, pore-forming agent, catalyst loading, membrane 

pre-treatment, and MEA-post treatment. Properties of different GDL types, pore-

forming agents, and Nafion® membrane used in the experiments are given in Table 

B.1, Table B.2, and Table B.3, respectively. Test conditions for Nafion® based 

MEAs are given in Table 3.4. Test conditions for SPEEK and SPES based MEAs are 

given in Table 3.5. PBI based MEAs were tested at 80, 100, 125, and 150 0C cell 

temperatures. However, no performance data could be obtained other than OCV 

values. 
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T.C. MEA  

P.M.  

Tcell 

(0C) 

A/C Thum  

(0C) 

A/C Tgasline  

(0C) 

A/C C.L.  

(mgPt/cm2) 

Membrane  

pre-treatment 

MEA  

post-treatment

GDL  

type 

1 T.P. 60 60/60 65/65 0.4/0.4a yes no SGL 3 1 BC 

2 T.P. 70 70/70 75/75 0.4/0.4a yes no SGL 3 0 BC 

3 GDL.S. 60 70/70 70/70 0.4/0.4 T.P. no SGL 3 1 BC 

4 M.S. 60 70/70 70/70 0.4/0.4 T.P. no SGL 3 1 BC 

5 GDL.S. T.P. Tcell+5 Tcell+10 0.4/0.4 no no SGL 3 1 BC 

6 M.S. T.P. Tcell+5 Tcell+10 0.4/0.4 no no SGL 3 1 BC 

7 Decal 60 60/60 65/65 0.35/0.45 no no SGL 3 1 BC 

Table 3.4 Test conditions of performed experiments with Nafion® based MEAs 
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      T.C.: test condition, P.M.: preparation method, T.P.: tested parameter, GDL.S.: GDL spraying, M.S.: membrane spraying, A/C: anode/cathode,  

      C.L.: catalyst loading 

         a 0.35/0.45 for Decal method, b Unknown for commercial MEA (OMG C-10),  c 0.2/0.2 and SGL 3 1 BC for Membrane Spraying method 

 

 

 

T.C. MEA  

P.M.  

Tcell 

(0C) 

A/C Thum  

(0C) 

A/C Tgasline  

(0C) 

A/C C.L.  

(mgPt/cm2) 

Membrane  

pre-treatment 

MEA  

post-treatment

GDL  

type 

8 GDL.S. 70 80/80 80/80 T.P. no no SGL 3 1 BC 

9 GDL.S. 70 80/80 80/80 T.P. no no SGL 3 0 BC 

10 M.S. 70 80/80 80/80 T.P. no no SGL 3 1 BC 

11 GDL.S. 70 80/80 80/80 0.4/0.4 no no T.P. 

12 GDL.S. 70 80/80 80/80 0.4/0.4 no no SGL 3 0 BC 

13 GDL.S. 70 80/80 80/80 T.P. no T.P. SGL 3 0 BC 

14 T.P. 70 80/80 80/80 0.4/0.4b,c nob yesb SGL 3 0 BCc 

Table 3.4 Continued… 
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          T.C.: test condition, T.P.: tested parameter, N.A.: not available, A/C: anode/cathode, D.S.: degree of sulphonation 

               (*) SPEEK based MEAs were prepared with GDL.S method. A/C catalyst loading and GDL type were 0.4 mg Pt/cm2 and SGL 30 BC, respectively

T.C. Tcell 

(0C) 

A/C Thum 

(0C) 

A/C Tgasline 

(0C) 

Membrane 

pre-treatment 

D.S. Catalyst ink 

 solution 

SPES 

addition 

Zeolite  

addition 

1 T.P. Tcell+10 Tcell+10 no N.A 5 wt% Nafion® no no 

2 T.P. Tcell+10 Tcell+10 no N.A 5 wt% Nafion® 10 wt% SPES no 

3 70 80/80 80/80 T.P. N.A 5 wt% Nafion® no no 

4 70 80/80 80/80 yes T.P. 5 wt% Nafion® no zeolite 1 beta 

5 70 80/80 80/80 no N.A T.P. no no 

Table 3.5 Test conditions of performed experiments with SPEEK based MEAs (*) 

67 

 



 68

 

CHAPTER 4 

RESULTS AND DISCUSSION 

 

The results are comprised of polarization curves and power outputs of the prepared 

MEAs and parameters involved in the linear approximation of polarization curve. 

Results for MEAs prepared with Nafion® 112 membrane and alternative membranes 

(SPEEK, PES, and PBI) were presented separately. 

 

 

4.1. Performances of MEAs Prepared with Nafion® Membrane 

In order to obtain the best polarization curve several powder type processes were 

investigated for the fabrication of MEAs. Moreover, different catalyst loadings, gas 

diffusion layers, pore-forming agents, membrane and GDL treatment processes were 

tested in order to improve the MEA preparation method. Furthermore, the MEAs 

were tested at different cell, humidifier, and gas transfer line temperatures. During 

the tests, all the parameters such as spraying pressure, distance, direction, and 

heating gun temperature were tried to keep constant. However, since this was not an 

automated or computer controlled process, one cannot say that they were exactly 

same for all experiments. Below, discussion of each parameter and/or operating 

condition along with the performance curves is given.  

 

4.1.1. Effect of MEA Preparation Method on the Performance 

Three different methods, which are GDL Spraying, Membrane Spraying, and Decal, 

were used for the fabrication of MEAs. The polarization curves and power outputs of 
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MEAs are shown in Figure 4.1. All the parameters except the fabrication method 

were tried to keep constant. However, due to the nature of Decal method, catalyst 

loading for anode and cathode side was slightly different that those of other methods.  

 

 

 

Figure 4.1 Comparison of performance of the MEAs prepared by GDL 

Spraying, Membrane Spraying, and Decal methods (Table 3.4, Test 

Condition 1) 

 
 

 

As shown in Figure 4.1, the best performance and highest power outputs are obtained 

with the MEAs prepared by Decal method. MEAs prepared by Membrane Spraying 

method resulted in the lowest performance and power output. 

 

The parameters obtained by the linearization of the polarization curves are shown in 

Table 4.1. It should not be confused that the slope (resistance of MEA) is not the 

actual sum of ohmic resistances, but is an approximation. 
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Table 4.1 Parameters of the linearized polarization curves of MEAs prepared by 
different methods (Table 3.4, Test Condition 1) 

MEA Preparation 

Method 

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

Decal 73.0  42.0  0.992 

GDL Spraying 67.0  54.0  0.997 

Membrane Spraying 70.0  94.0  0.999 

 

 

 

In order to validate the results, MEAs prepared with another type of GDL were tested 

at operating of 70 0C. The polarization curves and power outputs of MEAs are shown 

in Figure 4.2. The parameters obtained by the linearization of the polarization curves 

are shown in Table 4.2. 

 

When Figure 4.1, Figure 4.2, Table 4.1, and Table 4.2 are considered, it is seen that 

best performances were obtained with the MEAs prepared by Decal and GDL 

Spraying methods. As expected, the MEA prepared with Decal method has the least 

resistance and the MEA prepared with Membrane Spraying method has the highest 

one. This shows that calculated parameters are in good agreement with the 

experimental results. In the literature, it is stated that decal and membrane spraying 

methods are better than GDL spraying method due to increased contact between 

membrane and catalyst layer. However, in our experiments, MEAs prepared with 

GDL Spraying technique resulted in higher performance than the ones prepared with 

Membrane Spraying technique. The possible explanation for this is the fact that the 

membranes were deformed during spraying process on heated vacuum table due to 

high vacuum. Moreover, Frey and Linardi (2004) indicated that GDL Spraying was 

superior to Membrane Spraying for the Nafion® contents (NFP) below 50 wt% in 

catalyst ink. The Nafion® content in our experiments were 30 wt%. Therefore, 

obtaining better results with GDL spraying method is not surprising. However, when 

a comparison between GDL Spraying and Decal techniques is made, it is clearly seen 
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that the power outputs are almost same. It is believed that an enhanced interaction 

between the catalytic layer and electrolyte is the reason for this high performance. 

 

 

 

Figure 4.2 Comparison of performance of the MEAs prepared by GDL 

Spraying, Membrane Spraying, and Decal methods (Table 3.4, Test 

Condition 2) 

 

 

Table 4.2 Parameters of the linearized polarization curves of MEAs prepared by 
different methods (Table 3.4, Test Condition 2) 

MEA Preparation 

Method 

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

Decal 79.0  27.0  0.999 

GDL Spraying 78.0  29.0  0.998 

Membrane Spraying 78.0  42.0  0.997 
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Aside from giving good performance, GDL Spraying technique is more 

advantageous than Membrane Spraying and Decal techniques. The problems in 

Membrane Spraying technique was deformation of membrane during spraying and 

catalyst loading. When the Nafion® membrane was wetted and dried, its surface was 

deformed. Moreover, since we could not measure the exact weight of membrane due 

to its high affinity to absorb water vapour, adjusting catalyst loading was also 

troublesome. The main problem in Decal technique is that the catalyst surface on the 

Teflon decal could not be transferred entirely to the membrane. Therefore, catalyst 

could not be loaded accurately. However, in GDL Spraying technique, neither the 

deformation of membrane nor a trouble in catalyst loading was experienced. 

 

4.1.2. Effect of Membrane Treatment on the Performance 

As mentioned in Chapter II, The Nafion® membrane is generally treated with 

hydrogen peroxide (H2O2) and sulphuric acid (H2SO4) in order to clean and increase 

its proton conductivity prior to MEA fabrication process. The effect of membrane 

pre-treatment on the performance was examined. In order to increase the reliability 

of the results, MEAs were prepared with two different methods: GDL and Membrane 

Spraying. The polarization curves and power ouputs of MEAs prepared by GDL 

Spraying method are shown in Figure 4.3. The polarization curves and power ouputs 

of MEAs obtained by Membrane Spraying method are shown in Figure 4.4. 

Moreover, in order to understand the effect of membrane treatment with H2O2 on the 

performance, H2O2 – H2SO4 treated membrane and only H2SO4 treated membrane 

are compared. Comparison of polarization curves and power outputs are shown in 

Figure 4.5. 
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Figure 4.3 Effect of membrane treatment on the performance of MEAs 

(Table 3.4, Test Condition 3)  

 

 

Figure 4.4 Effect of membrane treatment on the performance of MEAs 

(Table 3.4, Test Condition 4) 
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When Figure 4.3 and Figure 4.4 are considered, it is seen that the performances and 

power outputs of MEAs prepared by using untreated membrane is higher. At first, it 

was thought that the only possible explanation is that although treatment makes the 

membrane cleaner and increases its proton conductivity, it deteriorates the membrane 

surface, disturbing its smooth surface. However, when Figure 4.5 is taken into 

consideration it is seen that H2O2 treatment is the actual cause of decrease in the 

performance. 

 

 

 

Figure 4.5 Polarization curves of MEAs prepared wit H2O2 - H2SO4 

membrane and only H2SO4 treated membrane (Table 3.4, Test Condition 3) 

 

 

It is known that the formation of H2O2 during the PEMFC operation causes 

performance loss. General Electric proposed the following reactions for the 

formation of H2O2 (LaConti et al., 2003):   
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(1) H2 → 2H* (via Pt catalyst) 

(2) H*+O2 (diffused through PEM to anode) → HO2
*  

(3) HO2
* + H* → H2O2 (can diffuse into polymer electrolyte membrane, especially at 

points where degradation has already begun) 

(4) H2O2 +M2+ → M3
+ + *OH + OH− 

(5) *OH + H2O2 → H2O + HO2
* (hydrogen peroxide radical attacks PEM) 

 

Now there are two possible explanations for the decrease in the performance: i) 

during the treatment step hydrogen peroxide radicals were formed and attacked to the 

membrane or ii) some of the H2O2, which remained on the membrane, were 

converted to radicals during the PEMFC operation. In both cases, the peroxide 

radicals formed in the MEA are the cause of membrane degradation.  

 

 

 
Table 4.3 Parameters of the linearized polarization curves of MEAs prepared with 
treated and untreated membranes 

Membrane  

Treatment 

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

GDL Spraying  

Treated 69.0  59.0  0.977 

Untreated 77.0  46.0  0.991 

Membrane Spraying 

Treated 70.0  94.0  0.999 

Untreated 82.0  94.0  0.999 

GDL Spraying 

H2O2 – H2SO4 treated 69.0  59.0  0.982 

H2SO4 treated 88.0  48.0  0.994 

 



 76

The parameters for the MEAs prepared with treated, untreated, and only H2SO4 

treated membranes by using different MEA preparation methods obtained by the 

linearization of the polarization curves are shown in Table 4.3. As shown in Table 

4.3, ohmic resistances are smaller for the MEAs prepared with untreated or only 

H2SO4 treated membranes. This is an expected result since the proton conductivity of 

treated membrane is lower than that of untreated one, which causes additional 

resistance to the conduction of electrons. Therefore, theoretical calculations are in 

good agreement with the experimental results, especially for the MEAs prepared by 

GDL Spraying method.  

 

4.1.3. Effect of Operating Temperature on the Performance 

There are mainly three different temperatures to be set for the single cell test: cell 

temperature, humidifier temperature, and gas transfer line temperature. It was 

observed that higher performances were obtained when the temperatures of 

humidifier and gas transfer lines were kept equal or slightly higher than that of the 

cell temperature. It is believed that under these conditions 100 % relative humidity is 

obtained for both anode and cathode sides. In order to observe the effect of and 

determine the most proper  cell operating temperature, MEAs prepared by GDL and 

Membrane Spraying methods were tested at 60, 70, and 80 0C. Polarization curves 

and power outputs are shown in Figure 4.6 and Figure 4.7, respectively. During the 

experiments, it was observed that further increase in the cell operating temperature 

resulted in significant performance loss. When Figure 4.6 and Figure 4.7 are 

considered, it is seen that best performances and power outputs were obtained at cell 

temperature of 70 0C. However, it is known that reaction rate should increase with 

increasing temperature. Therefore, better performances should be observed at 80 0C. 

However, for both methods the lowest performances were obtained at 80 0C. This is 

believed to be due to the fact that the stability of polymeric membrane decreases at 

high temperatures. Moreover, water management problems occur at high 

temperatures. In other words, at high temperatures membrane dries more quickly 

than it is wetted by reactant gases and by the water produced at the cathode side. 
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Figure 4.6 Effect of operating temperature on the performance of MEAs 

(Table 3.4, Test Condition 5) 

 
 

 

Figure 4.7 Effect of operating temperature on the performance of MEAs 

(Table 3.4, Test Condition 6) 
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Parameters for MEAs, prepared by GDL Spraying and Membrane Spraying methods, 

at different operating temperatures are shown in Table 4.4. 

 

 

Table 4.4 Parameters of the linearized polarization curves of MEAs at different 
operating temperatures 

Temperature 

(0C) 

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

GDL Spraying  

60 77.0  44.0  0.986 

70 78.0  43.0  0.995 

80 75.0  44.0  0.997 

Membrane Spraying 

60 80.0  89.0  0.996 

70 84.0  88.0  0.999 

80 80.0  97.0  0.977 

 

 

 

As shown in Table 4.4, at low temperatures (T<70 0C) calculated resistances are 

almost same. However, it increases with increasing temperature at high temperature 

region (T>70 0C). This is an expected result since at high temperatures the polymeric 

membrane is not very stable, as a result it starts to loose its capability of conducting 

protons. 

 

4.1.4. Effect of Hot Pressing on the Performance 

For GDL Spraying technique, it is essential that the membrane and catalyst coated 

GDLs be combined by hot pressing. However, for Decal and Membrane Spraying 

methods, there is choice of inserting GDLs to the cell without hot pressing. The 

polarization curves and power outputs with and without hot pressed MEAs are 
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shown in Figure 4.8. When Figure 4.8 is investigated, it is seen that performance and 

power output increase if the catalyst-coated membrane is not hot pressed to the 

GDLs. The possible explanation for this may be the fact that, during the hot pressing 

step, the porous structure, which enables the distribution of reactants on to the 

catalyst layer of GDL is damaged due to the applied pressure. 

 

 

 

Figure 4.8 Effect of hot pressing on the performance of MEAs (Table 3.4, 

Test Condition 7) 

 

 

 

The experimental study on the effect of hot pressing, made by Bayrakçeken (2004) 

revealed similar results. As hot pressing pressure is increased, performance loss 

increased. Parameters obtained via the linearization of polarization curves of MEAs, 

which were prepared with and without hot pressing, are shown in Table 4.5. 
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Table 4.5 Parameters of the linearized polarization curves of MEAs prepared with 
and without hot pressing 

Hot pressed 

 

Intercept 

(V0) 

Resistance  

(mΩ.cm2) 

R2 

Yes 68.0  65.0  1.000 

No 73.0  42.0  0.995 

 

 

As shown in Table 4.5, theoretical values support the experimental results. The MEA 

prepared without hot pressing has lower resistance, which proves that porous 

structure of GDL was altered during hot pressing. 

 

4.1.5. Effect of Catalyst Loading on the Performance 

GDL and Membrane Spraying methods were used to understand the influence of 

different anode and cathode side catalyst loadings on the performance. In addition, 

the effect of only anode side catalyst loading was examined. Polarization curves and 

power outputs are shown in Figure 4.9 through Figure 4.11. It is known that 

performance is more dependent on cathode side catalyst loading since the cathode 

side reaction is slower. It was shown that the anode and cathode side catalyst 

loadings can be reduced to 0.05 and 0.2 mg Pt/cm2, respectively without significant 

power loss with better MEA fabrication techniques such as sputter deposition 

(Gasteiger et al., 2004). From Figure 4.9, it is evident that as the catalyst loading is 

decreased below 0.4 mgPt/cm2, the performance decreased. From Figure 4.10, it is 

understood that anode side catalyst loading could only be reduced to 0.3 mgPt/cm2 

without significant performance loss. Moreover, increasing catalyst loading more 

than 0.4 mgPt/cm2 for anode and cathode side did not improve the performance 

further. On the contrary, some performance loss was observed, which is believed to 

be due to increased thickness of the active layer.As shown in Figure 4.10, the highest 

performance (0.47 W/cm2 at 0.48 V) was obtained at 0.35-0.4 mgPt/cm2 anode and 

cathode catalyst loadings. 
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Figure 4.9 Effect of different anode and cathode side catalyst loadings on the 

performance of MEAs (Table 3.4, Test Condition 8) 

 
 

 

 Figure 4.10 Effect of anode side catalyst loading on the performance of 

MEAs (Table 3.4, Test Condition 9) 
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When the catalyst loading for Membrane Spraying technique is considered (Figure 

4.11), it is seen that the highest performance (0.41 W/cm2 at 0.45 V) was obtained at 

0.2 mgPt/cm2 anode and cathode catalyst loadings. Therefore, it can be stated that 

optimum catalyst loading is strongly dependent on the MEA preparation technique. 

 

 

 

 

Figure 4.11 Effect of different anode and cathode side catalyst loadings on 

the performance of MEAs (Table 3.4, Test Condition 10) 

 

 

 

The parameters obtained by the linearization of the polarization curves are shown in 

Table 4.6. Theoretically, if there is no kinetic limitation or this limamtion is same for 

all the MEAs, resistance of MEAs should increase with increasing catalyst loading 

owing to increase in the thickness of catalyst layer (refer to resistances in the first 

three rows of Test Condition 9 and in the first two rows of Test Condition 10 shown 

in Table 4.6). However, as shown in Table 4.6, this is not the actual case for the 
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MEAs having very different catalyst loading. Therefore, it is understood that as 

catalyst loading is decreased, kinetic limitations become important. 

 

 

Table 4.6 Parameters of the linearized polarization curves of MEAs having different 
anode and cathode side catalyst loadings 

A-C catalyst loading 

(mgPt/cm2) 

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

(Test Condition 8)  

0.4-0.6 77.0  41.0  0.997 

0.4-0.4 77.0  43.0  0.996 

0.35-0.4 82.0  75.0  1.000 

0.3-0.3 79.0  66.0  0.997 

0.2-0.4 74.0  81.0  0.999 

0.2-0.2 80.0  8.1  0.968 

(Test Condition 9) 

2.0-2.0 80.0  36.0  0.999 

0.4-0.4 79.0  32.0  0.999 

0.35-0.4 79.0  31.0  0.999 

0.3-0.4 78.0  36.0  0.999 

0.25-0.6 80.0  59.0  0.998 

(Test Condition 10) 

0.4-0.4 80.0  97.0  0.999 

0.2-0.2 78.0  44.0  0.997 

0.1-0.1 80.0  3.1  0.999 
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4.1.6. Effect of GDL Type on the Performance 

Several carbon paper GDLs (SGL Carbon) and carbon cloth GDL were compared to 

determine their effects on the performance. Performance curves obtained with 

different GDLs and the parameters obtained by the linearization of the polarization 

curves are shown in Figure 4.12 and Table 4.7, respectively. 

 

 

 

 

Figure 4.12 Effect of GDL type on the performance of MEAs (Table 3.4, 

Test Condition 11) 

 

 

 

It is clear that best performances were obtained with SGL 30, 34, and 35 BC type 

GDL. Therefore, it can be said that the macroporous and microporous structures of 

these GDLs are more proper for PEMFCs.  
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Table 4.7 Parameters of the linearized polarization curves of MEAs prepared with 
different type of GDLs (Table 3.4, Test Condition 11) 

GDL type 

 

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

SGL 3 0 BC 79.0  32.0  0.999 

SGL 3 1 BC 78.0  46.0  0.992 

SGL 3 4 BC 80.0  38.0  0.993 

SGL 3 5 BC 81.0  40.0  0.992 

Carbon cloth 79.0  46.0  0.993 

 

 

 

When SGL 30, 34, and 35 BC type GDLs are compared, it is clearly seen that SGL 

30 BC is superior to others at low and middle current density ranges. Current density 

and power density of 600 mA/cm2 and 0.36 W/cm2 were recorded at 0.6 V. In order 

to understand the reason for this, it is beneficial to explore Table 3.2. When all the 

GDL properties are examined, it is seen that the most determining factor is the 

thickness of GDL. Especially, at low and middle current density ranges the MEA 

resistance, which strongly depends on the membrane and entire MEA thickness, is 

the main source of performance loss. Therefore, since the thinner GDL is SGL 30 

BC, it is not surprising to get the highest performance. The dependence of MEA 

performance on GDL thickness is also supported by linearization of polarization 

curves. A shown in Table 4.6, SGL 30 BC has the lowest resistance. On the other 

hand, when entire current density range is considered it is seen that the highest power 

output (0.44 W/cm2) was achieved by the MEA prepared with SGL 34 BC type 

GDL.  

 

4.1.7. Effect of Pore Forming Agent on the Performance 

In order to increase the catalyst utilization and the number of sites for the diffusion of 

reactant gases, GDLs were tried to make more porous via the addition of pore 
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forming agents. Figure 4.13 shows the comparison of different pore forming agents 

in terms of their effect to the performance. It is seen that best performances were 

obtained with ammonium carbonate and ammonium bicarbonate.  However, when 

the pore-forming agent added GDL and standard GDL is compared, it is seen that 

pore-former significantly reduces the performance. The parameters obtained by the 

linearization of the polarization curves are shown in Table 4.9. 

 

 

 
 

Figure 4.13 Comparison of performances of MEAs prepared with different 

pore forming agents (Table 3.4, Test Condition 12) 

 

 

 

After the determination of the most suitable candidate in terms of performance, 

MEAs were prepared with different ratios of pore forming agent and Pt-C catalyst. 

Performance curves are shown in Figure 4.14. The parameters obtained by the 

linearization of the polarization curves are shown in Table 4.9. 



 87

Table 4.8 Parameters of the linearized polarization curves of MEAs prepared with 
different pore forming agents (Table 3.4, Test Condition 12) 

Pore forming  

agent  

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

A.Oxalate 78.0  71.0  0.993 

A.Sulfate 78.0  57.0  0.998 

A.Carbonate 80.0  55.0  0.991 

A.Bicarbonate 81.0  45.0  0.992 

Without pore former 81.0  39.0  0.994 

 

 

 

 

Figure 4.14 Effect of different ratios of ammonium bicarbonate and Pt-C 

catalyst on the performance of MEAs (Table 3.4, Test Condition 12) 
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Table 4.9 Parameters of the linearized polarization curves of MEAs prepared 
different PF/Pt-C ratios (Table 3.4, Test Condition 12) 

PF/Pt-C weight  

ratio 

Intercept 

(V0) 

Resistance  

(mΩ.cm2) 

R2 

0.2/1 77.0  53.0  0.998 

0.5/1 77.0  45.0  0.992 

1/1 74.0  03.1  0.993 

2/1 68.0  43.1  1.000 

Without pore former 82.0  39.0  0.994 

 

 

As shown in Figure 4.14, changing the pore-former/Pt-C catalyst ratio did not 

increase the performance. Conversely, at all different ratios, the performance stayed 

below the untreated GDL. There are three possible explanations for this:  

 

i) Pore forming agents did not decompose entirely during heat treatment process and 

therefore blocked the fields for gas transfer. As shown in Table 4.8 and Table 4.9, 

MEAs prepared with pore forming agents have very high resistances. This support 

the claim that pore forming agents did not decompose, which increased the thickness 

of MEA. 

 

ii) It was observed that addition of pore forming agents led to catalyst agglomeration 

during catalyst ink preparation. This might result in very heterogeneous catalyst 

dispersion on the surface of GDL.  

 

iii) Some amount of pore forming agents decomposed during fuel cell test and 

released ammonia gas to the medium, which poisoned the cell. It is stated that even a 

1 ppm NH3 can significantly affect the performance (Halseid et al., 2006). When we 

investigate the structures of pore forming agents we see that they all decompose to 

CO2 and NH3. So if this decomposition occurs during the performance test, NH3 is 

released, decreasing the performance. 



 89

4.1.8. Effect of GDL Heat Treatment on the Performance 

After the fabrication of MEAs, they were generally dried at 80 0C in order to remove 

the liquid components of catalyst completely. In a different heat treatment method, 

GDLs were heated to 300 0C at which partial Nafion® pyrolyzation occurred. The 

benefit of this technique is that pyrolyzed Nafion® in the catalytic layer loosed its 

sulfonic acid groups, and acts as hydrophobic materials in the electrode as PTFE 

does in the PTFE-bonded electrode. Therefore, the Nafion®-pyrolyzed electrode not 

only guarantees ionic and electronic contacts, but also provides the passage of gases 

and avoids flooding, improving the utilization of Pt and the performance of the 

electrode (Zhang et al., 2004). The resulting performance curves and the parameters 

obtained by the linearization of the polarization curves are shown in Figure 4.15 and 

Table 4.10, respectively.  

 

 

 

 

Figure 4.15 Comparison of performances of standard heat treated GDL and 

pyrolyzed GDL (Table 3.4, Test Condition 12) 
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Table 4.10 Parameters of the linearized polarization curves of MEAs prepared by 
different GDL heat treatment methods (Table 3.4, Test Condition 12) 

Temperature 

(0C) 

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

80 (standard) 80.0  34.0  0.997 

300 (pyrolyzed) 86.0  61.1  0.999 

 

 

 

It is clear that MEA prepared with standard GDL exhibited higher performance than 

the one prepared by Nafion®-pyrolyzed GDL. The only explanation for this is that 

significant amount of Nafion®-pyrolyzed, which resulted intermination of ionic 

contact between the catalyst layer and the membrane. Therefore, the importance of 

Nafion® in the catalyst layer was shown implicitly.  

 

4.1.9. Effect of MEA Post Treatment on the Performance 

Similar to membrane pre-treatment MEAs were post-treated after they were 

prepared. Comparison of performance curves and the parameters obtained by the 

linearization of the polarization curves of untreated MEA and post-treated MEA are 

shown in Figure 4.16 and Table 4.11, respectively.  

 

The target in MEA post-treatment was to recover the surface properties of 

membrane, which were thought to alter during hot pressing. However, as shown in 

Figure 4.16, post-treatment of MEA resulted in very small increase in the 

performance (more data points of post-treated MEA is only due to the sensivity of 

electronic load). Therefore, it can be said that surface properties of MEA does not 

change significantly during hot pressing. 
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 Figure 4.16 Comparison of performances of pre-treated MEA and 

untreated MEA (Table 3.4, Test Condition 13) 

 
 
 
 
 
 
Table 4.11 Parameters of the linearized polarization curves of MEAs prepared by 
different GDL heat treatment methods (Table 3.4, Test Condition 13) 

Post  

treatment 

Intercept 

(V0) 

Resistance  

(Ω.cm2) 

R2 

Treated 80.0  34.0  0.997 

Untreated 86.0  61.1  0.999 
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4.1.10. Comparison of Best Performances of Hand-made and Commercial 

MEAs 

The best performances of hand-made MEAs prepared with different methods and 

performance of commercial three-layered MEA (OMG C-10) were compared. 

Polarization curves and power outputs are shown in Figure 4.17. 

 

 

 

Figure 4.17 Comparison of the best performances of hand-made and 

commercial MEAs (Table 3.4, Test Condition 14) 

 

 

 

As shown in Figure 4.17, the performances of MEAs prepared with GDL Spraying 

and Decal methods are close to that of commercial MEA. However, especially at 

high current densities, the gap between the performances is significant. This gap 
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might have been arised from the fact that different GDL type, other than SGL 

Carbon, was employed in the commercial MEA. Because the main source of 

performance losses at high current densities is the structure or properties of GDL, in 

other words, its resistance to flooding conditions. 

 

As shown in Figure 4.17, the power output of commercial MEA (~0.7 W/cm2) is 

higher from those of hand-made ones. The highest power outputs obtained for the 

hand-made MEAs prepared by Decal, GDL Spraying, and Membrane Spraying 

methods are ~0.53, ~0.53, and ~0.4 W/cm2, respectively. All the MEAs gave the 

highest power output between 0.4 and 0.5 V. Moreover, it should be noted that the 

highest power output for the MEA prepared by Membrane Spraying method is not 

exact due to missing data. Comparison of calculated parameters for commercial and 

hand-made MEAs and efficiency values based on higher heating value of hydrogen 

at the highest power output are shown in Table 4.12. 

 

 
Table 4.12 Comparison of parameters of the linearized polarization curves of 
commercial and hand-made MEAs (Table 3.4, Test Condition 14) 

 

MEA Preparation 

Method 

Theoretical 

OCV 

(V0) 

Theoretical 

resistance 

(mΩ.cm2) 

 

R2 

 

%Efficiency 

η 

Commercial MEA 83.0  26.0  0.997 26.9 

Decal 76.0  27.0  0.999 29.0 

GDL Spraying 79.0  29.0  0.998 26.3 

Membrane Spraying 78.0  42.0  0.997 30.3 

 

 

As shown in Table 4.12, the experimental results are consistent with theoretical ones. 

The most important point is that at the ohmic region, the resistances of hand-made 

MEAs prepared with GDL Spraying and Decal methods are very close to that of 

commercial MEA. This is very promising. 
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4.2. Performances of MEAs Prepared with Alternative Membranes 

4.2.1. Sulphonated Polyether-etherketone and Sulphonated Polyether-sulphone 

Based MEAs  

MEAs prepared by using SPEEK membrane were tested at different cell of operating 

temperatures, which is shown in Figure 4.18. As it can be seen, the highest 

performance was obtained at 70 0C. 

 

 

 

Figure 4.18 Effect of operating temperature on the performance of SPEEK based 

MEAs (Table 3.5, Test Condition 1) 

 
 
 

It was noticed that all the SPEEK based MEAs punctured at temperature of 90 0C. 

However, with the addition 10 wt% SPES the operating temperature of the SPEEK 
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membrane increased to 90 0C without membrane puncture. Therefore, it can be said 

that the thermal stability of the membranes could be improved by blending with 

SPES polymer. The highest performance was obtained at 80 0C for SPEEK-SPES 

blend membranes. Performance curves of SPEEK-PES composite membrane are 

shown in Figure 4.19.  

 

 

 

Figure 4.19 Effect of operating temperature on the performance of SPEEK-

SPES based MEAs (Table 3.5, Test Condition 2) 

 

 

Similar to the Nafion® based MEAs; effect of membrane treatment was also 

examined. Since the proton transfer mechanism of both SPEEK and SPES 

membranes depend on the acidic character of the membranes, the acid treatment 

influences the membrane performance. The performance curves are shown in Figures 

4.20. The acid treated membrane showed almost threefold higher power density 

compared to the untreated membrane. Therefore, unlike the Nafion® membrane, 



 96

membrane treatment is very essential for SPEEK membranes. This was not 

surprising since SPEEK membrane is obtained via the sulfonation process of PEEK. 

Therefore, it is required to re-sulfonate the membrane in order keep its proton 

conductivity at sufficient level.  

 

 

 

Figure 4.20 Effect of membrane treatment on the performance of SPEEK 

based MEAs (Table 3.5, Test Condition 3) 

 
 

 

In order to understand how degree of sulfonation (D.S.) affects the performance, 

MEAs were prepared and tested with two membranes having different D.S., which is 

shown in Figure 4.21. It was seen that as D.S. was higher, so was its performance. 

This was an expected result since the proton transfer facilitates more easily with 

increased sulfonic acid group contents. Finally, Nafion® solution and original 

SPEEK solution were compared, which is shown in Figure 4.22. It is apparent that 

the use of Nafion® solution in catalyst ink resulted in higher performance. 
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Figure 4.21 Effect of D.S. on the performance of SPEEK based MEAs 

(Table 3.5, Test Condition 4) 

 
 

Figure 4.22 Comparison of Nafion® solution and SPEEK Solution for 

SPEEK based MEAs (Table 3.5, Test Condition 5) 
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4.2.2. Polybenzimidazole Based MEAs  

As mentioned in Section 3.3.2, many different MEA preparation methods were 

employed for the fabrication of PBI based MEAs. It was foun that PBI based MEAs 

must be prepared from carbon cloth. Because catalyst-coated carbon cloth electrodes 

binded to the PBI membrane more strongly than the catalyst-coated carbon paper 

electrodes did.  

 

In the single cell experiments, very high temperatures up to 150 0C was attained with 

PBI based MEAs. Moreover, high OCV values were observed at each temperature. 

The values are shown in Table 4.13.  

 
 
 
Table 4.13 OCV values for PBI based MEAs obtained at different cell operating 
temperatures. 

Temperature (0C) 80 100 125 150 

OCV (V) 1.01 0.92 0.88 0.83 

 
 
 
 
Although high temperatures were attained and OCV values were observed, no 

performance data could be obtained. At each voltage other than OCV, the power 

output was zero. This shows that the protons did not flow through the PBI 

membrane. As mentioned earlier, PBI must be doped with phosphoric acid in order 

to conduct protons. During the doping process, some of the acid bind to the 

functional groups of the PBI membrane and some of them remain on the surface. The 

possible explanation not to obtain any power might be this: During the doping 

process very little acid binded to the fubctional, groups of the PBI membrane and 

most of them remained on the surface. Therefore, the acid remaining on the surface 

was lost during MEA preparation step; most probably during the membrane-cleaning 

step with distilled water. 
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4.3. Comparison of Hand-made MEAs in Terms of Membrane Conductivity and 

Single Cell Performance  

The conductivities of Nafion®, SPEEK, and SPEEK-SPES blend membranes are 

shown in Figure 4.23. The proton conductivity of the membranes was measured by 

AC Electrochemical Impedance (EIS) technique over a frequency range of 1-300 

kHz with an oscillating voltage using GAMRY PCL40 Potentiostat system. All 

measurements were performed in longitudinal direction; under vapor atmosphere at 

100% relative humidity, either with two probes or four probes EIS as a function of 

temperature. Other details can be found in Erdener (2007) and Şengül et al. (2007) 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.23 Proton conductivites of Nafion®, SPEEK, and SPEEK-SPES 

blend membranes (Erdener, 2007) 
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Figure 4.24 Comparison of performances of Nafion®, SPEEk, and SPEEK-

SPES based MEAs at 70 0C cell temperature  

 

 

 

As it can be seen from Figure 4.23, the conductivity of plain SPEEK membrane 

(~0.085 S/cm) is close to that of Nafion® 112 (~0.095 S/cm) membrane. However, as 

shown in Figure 4.24, performance of Nafion® based MEA is higher than those of 

SPEEK and SPEEK-SPES blend based MEAs. This shows that proton conductivity 

itself does not designate the MEA performance. Because, the conditions during 

conductivity measurments and single cell test are different from each other. 

Moreover, additional resistances such as contanct resistance between the membrane 

and the GDLs occur during MEA fabrication. Since SPEEK and SPEEK-SPES based 

MEAs did not attain higher performance than Nafion® based MEA and they did not 

work at high temperatures, they are not very suitable alternative to Nafion® 

membrane. 
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When the conductivity of Nafion® 112 membrane and PBI membrane (Figure 4.25) 

are compared, it is seen that at 150 0C, the conductivity of PBI membrane (~ 0.12 

S/cm) is higher.  

 
 
 

 

Figure 4.25 Proton conductivites of acid doped PBI membranes (Yurdakul, 

2007) 

 
 

 

Although PBI membrane was stable at high temperatures, no performance data could 

be obtained. This is believed to arise from the fact that PBI membrane easily loses its 

acid, which facilitates the proton transfer. At this point one may say that it is 

contradict since PBI has a very high conductivity. Nevertheless, as described in 

Erdener (2007), the conductivity measurments are usually carried out at the surface 

of the membrane. Therefore, it is not surprising that PBI had high proton 

conductivity since it was immersed in phosphoric acid solution prior to conductivity 

measurement.  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 
 

The aim of this study was to fabricate membrane electrode assemblies with 

alternative membranes, which are sulphonated polyether-etherketone, sulphonated 

polyether-sulphone, and polybenzimidazole, and compare their performances with 

the conventional Nafion® membrane. In the first part of the study, the MEA 

preparation techniques were tested and improved. Therefore, several powder type 

MEA preparation techniques were employed by using Nafion® membrane. These 

were GDL Spraying, Membrane Spraying, and Decal methods. After the 

determination of the most efficient methods, which were GDL Spraying and Decal 

methods, these methods were tried to improve. The improvement studies involved 

some important parameters such as membrane pre-treatment, MEA post-treatment, 

different anode and cathode side catalyst loadings, different types of GDLs, and pore 

forming agents.  

 

In the literature, it is stated that performance of a MEA strongly depends on 

preparation technique. While powder type techniques are easier, less time 

consuming, and more common, non-powder type techniques result in more uniform 

catalyst layer and higher utilization of catalyst, hence more power output at the same 

voltage. Among the powder type techniques, the most promising ones are Membrane 

Spraying and Decal methods. However, in this study it was found that the MEAs 

prepared with GDL Spraying and Decal methods resulted in almost the same 

performance. Moreover, the least effective one is the Membrane Spraying technique. 

However, it is believed that the lower performance of the MEAs prepared with 

Membrane Spraying technique was due to the heated vacuum table on which the 
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membrane is coated with the catalyst. Because, the holes on the heated vacuum table 

caused deformation of the membrane during the catalyst coating process and non-

uniform catalyst layer was formed on the surface of the membrane. Therefore, it is 

recommended to construct a more effective vacuum heated table to increase the 

performance.   

 

Another important point that is widely highlighted in the literature is that MEA 

performance is strongly influenced by the preparation parameters such as Nafion® 

loading, hot-pressing conditions. Optimum NFP for Nafion® binder is between 30 

and 40 wt%. For three layered MEAs, it is preferable not to hot pres the MEA to 

GDLs, which is believed to alter the porous structure of GDLs. In this study, it was 

found that Nafion® loading strongly affected the performance. When there was no 

Nafion® in the catalyst ink, the performance was decreased very much. As mentioned 

in the literature, it was found that when the membrane was not hot pressed to GDLs 

in Membrane Spraying and Decal methods, the performance increased. 

 

There is no study about the effect of membrane pre-treatment and MEA post-

treatment on the performance. Nafion® membrane is usually treated with hydrogen 

peroxide and sulphiric acid. However, in this study it was found that treatment of 

membrane with hydrogen peroxide was very detrimental to the membrane. 

Moreover, the membranes treated with hydrogen peroxide exhibited very low 

performance when compared with untreated or only sulphiric acid treated 

membranes. Therefore, it is highly recommended not to treat the membranes with 

hydrogen peroxide prior to MEA fabrication. On the other hand, it was found that 

MEA post-treatment was not very significant. 

 

There are many studies about the optimum anode and catalyst side catalyst loadings. 

However, the optimum values are only given for powder type and non-powder type 

techniques. For example, the optimum values are 0.4 mgPt/cm2 and 0.1 mgPt/cm2 for 

powder type and non-powder type techniques, respectively. However, in this study, it 

was found that the optimum amounts also differed according to MEA fabrication 

method in powder type techniques. For example, the highest performance was 
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observed at 0.4 mgPt/cm2 for GDL Spraying technique, whereas it was observed at 

0.2 mgPt/cm2 for Membrane Spraying technique. Althuogh, this was not an 

optimization study, it showed that optimum catalyst loadings were strongly 

dependent on MEA preparation technique.  

 

There are some studies about the effect of GDL type on the performance. Some of 

them suggest the use of carbon cloth GDL whereas some of them suggest the use of 

carbon paper. In this study, it was found that carbon paper GDL was superior to 

carbon cloth one. Moreover, the experiments performed with four different types of 

carbon paper GDL showed that the thinner the GDL the higher the performance. 

 

In the literature, it was stated that treatment of GDL with pore forming agents results 

in increased performance for H2/Air PEMFCs, but its effect on H2/O2 PEMFCs is not 

significant. In this study, four different types of pore forming agents were tried. 

However, neither of them could increase the performance. On the other hand, all 

pore forming agents led to decrease in the performance. 

 

There is no standardized PEMFC testing procedure. However, the studies in the 

literature favour operating at temperatures between 70-80 0C, high pressure (limited 

at 3 atm due to mechanical properties of electrolyte) with complete saturation of 

reactant gases. In this work, the highest performance for Nafion® based MEAs was 

obtained at 70 0C cell temperature with complete saturation of reactant gases. 

However, at higher temperatures the performance started to decrease, which was 

believed to arise from incomplete saturation of reactant gases. Since there was no 

backpressure controller, the tests were performed at atmospheric pressure. Therefore, 

it is highly recommended to construct a more effective humidification system and 

install backpressure controllers to the PEMFC test station. 

 

It was found that the MEAs prepared in PEMFC laboratory are promising since their 

performances were close to that of commercial OMG C-10 MEA. For example, at 70 
0C cell temperature, the highest performances for Nafion® based MEA and 

commercial OMG C-10 MEA were 0.53 W/cm2 and 0.68 W/cm2, respectively. 
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However, the performance of hand made MEAs can further be improved by using 

non-powder type techniques especially sputter deposition technique. Because, it is 

stated that sputter deposition technique leads to more uniform catalyst layer, which 

increases the performance. Therefore, it is recommended to focus on the non-powder 

type techniques in the future studies.  

 

In the MEA preparation experiments and performance tests, all the parameters such 

as spraying pressure, distance, direction, and heating gun temperature were tried to 

keep constant. However, since this was not an automated or computer controlled 

process, one cannot say that they were exactly same for all experiments. Therefore, it 

is recommended to employ highly automated MEA preparation techniques such as 

computer controlled sprayers or coaters.  

 

In the second part of the study, MEAs were preapered with alternative membranes, 

which were SPEEK, SPEEK-SPES blend, and PBI. It is known that in order to 

eliminate the poising effect of carbonmonoxide and increase the reaction kinetics, 

high temperature is required. Although Nafion® is the most preferred and ideal 

electrolyte, its low operating temperature is still a drawback. Moreover, the 

production cost of Nafion® is very high. Therefore, efforts are concentrated on 

alternative membranes or composite membranes, which are able to operate at higher 

temperatures.  

 

Although many alternative membrane electrode assemblies were developed, none of 

them could deliver the power output obtained with Nafion® membrane at the same 

temperature or even at higher temperature. The highest power outputs were 0.29 

W/cm2 (at 70 0C) and 0.27 W/cm2 (at 80 0C) for SPEEK and SPEEK-PES blend 

membranes, respectively. On the other hand it was 0.53 W/cm2 for the MEA 

prepared with Nafion® membrane. Moreover, it was observed that SPEEK 

membranes are not suitable for high temperature operation. However, the addition of 

SPES to SPEEK resulted in an increase in the operating temperature. Therefore, it is 

recommended to focus on blend membranes rather than pure SPEEK membrane. It 

was observed that PBI membrane is very stable at high temperatures. However, 
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MEA preparation with PBI membrane is more complex. After several experiments, it 

was found that PBI based MEAs should be prepared from carbon cloth GDLs. 

Because, carbon cloth GDLs binded more strictly to the surface of PBI membrane 

than carbon paper GDLs did. It was found that the most critical point was the acid 

doping stage in PBI based MEAs. In this study, no performance data could be 

obtained with PBI based MEAs. This is believed to arise from the ineffective acid 

doping. Therefore, it is highly recommended to find effective methods for acid 

doping of PBI membranes. Moreover, more studies should be made with PBI 

membranes since they are capable of working at very high temperatures.  

 

To summarize, increasing catalyst utilization, decreasing catalyst loading, improving 

the components of PEMFC, developing more efficient and less time consuming 

MEA preparation method(s), producing high temperature membranes, and 

standardization of PEMFC testing procedure is still a challenge and more effort 

should be made. 
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APPENDICES 

A. Sample Calculations 

APPENDIX A  

SAMPLE CALCULATIONS 

 

A.1. Sample Calculation for Catalyst Ink Composition 

 

The catalyst ink composition was based on desired amount of catalyst loading. This 

sample calculation is made by considering 0.4 mgPt/cm2 catalyst loading for both 

anode and cathode sides. In order to find the platinum loading for one electrode 

(EPL), desired platinum loading and electrode surface area (ESA) are taken into 

consideration. 

 

ESAEPL ×= 4.0  

 

Surface area of one electrode is 5 cm2. So, EPL is calculated as 

 

mgPtcmcmmgPtEPL 25.4.0 22 =×= −  

 

As stated in Experimental part, the catalyst includes 20 wt% of Pt. Therefore, 

electrode catalyst loading (ECL) can be calculated as 

 

5×= EPLECL  

 

CmgPt
mgPt

CmgPtmgPtECL −=
−

×= 10
20

1002  
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This is the value for one electrode. For two electrodes, it becomes: 
 
 

CmgPtCmgPtECL CA −=−×=+ 20102  
 

There are many catalyst losses during spraying process. The catalyst loss was 

approximately 4 times of catalyst use. Therefore total catalyst use (TCU) becomes: 

 

CmgPtCmgPtTCU −=×−= 100520  

 
Knowing the TCU and setting the desired NFP, Nafion® loading can be calculated 

from the equation for NFP. 

 

   

 
 

 
 
 

 
 
 

 
 
Setting NFP value of 30% and considering 100 mg TCU, Nafion® amount becomes: 

 

 
 
 

 
 
Since the Nafion® amount in the Nafion® solution is 5Wt, total use of Nafion® 

solution is 

 
 
 
 
 

 
Amounts of other catalyst ink components are shown in Table 3.1. 

100×
+

=
TCUmgNafion

mgNafionNFP

mgCmgPtmgNafion 8.42
3.01

1003.0
=

−
−×

=

NFP
TCUNFPmgNafion

−
×

=
1

mg
mgNafion

lmgNafionsomgNafionlmgNafionso 860
20

1008.42 =×=
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A.2. Sample Calculation for PEMFC Power 

 
Knowing the voltage and current, current density, power density, and power of 

PEMFC can be calculated. Table A.1 shows the sample experimental data obtained 

during the test of prepared MEA. 

 

Table A.1 Sample experimental data for tested MEA 

Voltage (V) 

Current 

(A) 

Current Density 

(mA/cm2) 

Power Density 

(W/cm2) 

Power 

(W) 

0.97 0.000 0 0.0000 0.000 

0.89 0.020 4 0.0036 0.018 

0.79 0.330 66 0.0521 0.261 

0.69 1.340 268 0.1849 0.925 

0.65 2.100 420 0.2730 1.365 

0.60 3.040 608 0.3648 1.824 

0.50 4.770 954 0.4770 2.385 

0.41 6.138 1228 0.5033 2.517 

0.29 7.810 1562 0.4530 2.265 

0.12 9.000 1800 0.2160 1.080 

 

 

ESA
ACurrentcmmAsityCurrentDen 1000)()/( 2 ×

=−  

 

ESA
VVoltageACurrentcmWtyPowerDensi )()()/( 2 ×

=−  

 
)()()( VVoltageACurrentWtyPowerDensi ×=  

 

WPowerMax 517.2. =  
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A.3. Linear Approximation of the Polarization Curve 

In order to linearize the polarization curve, the first step was selection of I-V points 

that form a line. Therefore, especially, the points in the middle region of the 

polarization curve were selected, as shown in Figure A.1. 

 

 

Figure A.1 Proper points that can be used for the linear approximation of the 

polarization curve 

 

In the second step, a sophisticated plotting program, SigmaPlot v.9, was used for 

fitting of the points to the desired linear equation, which is shown below: 

 

kiVVcell −= 0  
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The screenshot showing the ouput of the program is shown in Figure A.2. 
 
 
 

 
 

Figure A.2 Screenshot of SigmaPlot program for fitting of the points in to 

linear equation 
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B. Properties of Materials Used in Experiments 

APPENDIX B  

PROPERTIES OF MATERIALS USED IN EXPERIMENTS 

Properties of tested GDLs, pore forming agents, and Nafion® 112 membrane are 

shown in Table B.1, Table B.2, and table B.3, respectively. 

 

Table B.1 Properties of tested GDLs 

GDL Type 30 BC 31 BC 34 BC 35 BC Carbon 

Cloth 
Thickness  

(μm) 

310 330 315 325 350 

Areal  Weight 

(g/m2) 

> 1.0 trans 

> 4.0 long 

> 1.0 

trans 

- - - 

Bending 

Stiffness 

2.0 2.5 0.70 1.5 - 

Air 

Permeability 

11.0 11.0 < 14 < 15 - 

 

Table B.2 Properties of tested pore forming agents 

Pore Forming 

Agent 

Chemical 

Formula 

Temperature of 

Pyrolysis (0C) 

Solubility (g) in 100 

g water at 20 0C 

Ammonium carbonate (NH4)2CO3 58 32 

Ammonium 

bicarbonate 

NH4HCO3 36 25.3 

Ammonium sulfate (NH4)2SO4 70 5.1 

Ammonium oxalate (NH4)2C2O4 280 76 
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Table B.3 Properties of Nafion® 112 membrane 

Property Typical Value Test Method 

Thickness (microns)1 51 - 

Basis Weight (g/m2)2 100 - 

Tensile Modulus (MPa) 

50% RH, 23 °C 249 ASTM D 882 

water soaked, 23 °C 114 ASTM D 882 

water soaked, 100 °C 64 ASTM D 882 

Specific Gravity 1.98 - 

Conductivity3 0.083 - 

Acid Capacity4 0.89 - 

Water Content, %water 5 ASTM D 570 

Water Uptake, %water 38 ASTM D 570 

Thickness Change, 100% increase 

from 50% RH, 23 °C to water 

soaked, 23 °C 

10 ASTM D 756 

from 50% RH, 23 °C to water 

soaked, 100 °C 

14 ASTM D 756 

 

Source: www.hstrading.co.kr/products/data/ion-1.pdf 

 
1 Measurements taken with membrane conditioned to 23 °C, 50% relative humidity (RH). 

 
2 Where specified, MD - machine direction, TD - transverse direction. Conditioning state of 

membrane given. Measurements taken at 23 °C, 50% RH. 

 
3 Conductivity measurement as described by Zawodzinski, et.al, J. Phys. Chem., 95 (15), 6040 (1991). 

Membrane conditioned in 100 °C water for 1 hour. Measurement cell submersed in 25 °C D.I. water 

during experiment. Membrane impedance (real) taken at zero imaginary impedance. 

 
4 A base titration procedure measures the equivalents of sulfonic acid in the polymer, and uses the 

measurement to calculate the acid capacity or equivalent weight of the membrane. 
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C. Performance Curves of Commercial OMG MEA 

APPENDIX C  

PERFORMANCE CURVES OF COMMERCIAL OMG MEA 

 

 

Figure C.1 Performance curve of OMG CCM H 211 MEA at 70 0C 
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Figure C.2 Performance curve of OMG CCM H 211 MEA at 50 0C 

 


