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ABSTRACT 
 
 

Micro-fuel cells are considered as promising electrochemical power sources in portable 

electronic devices. Performance of micro-fuel cells are closely related to many factors, such as 

processes of fabrication, designs of flow fields, and operating conditions. In the present research, 

micro-proton exchange membrane fuel cells (PEMFCs) and micro-direct methanol fuel cells 

(DMFCs) were systematically investigated from the aspects of structure design, bipolar/end 

plates (BPs) fabrication, and fuel cells evaluation.   

In chapter 3, compared with conventional machining and rapid prototyping (RP) 

technology, microelectromechanical system (MEMS) technology was the practicable method to 

fabricate the BPs with channels of a few microns width.   

Experimental and modeling methods were employed to analyze performance of the 

micro-PEMFC in chapter 4. Contact resistance changed significantly the distribution of 

overpotential in the micro-PEMFC and decreased the current output. Small dimensions of the 

micro-channel drastically affected the species transport and resulted in a non-uniform current 

distribution along channel direction at low cell potential (high current).  

In chapters 5, four kinds of flow fields, mixed multichannel serpentine with wide 

channels, single channel serpentine, double channel serpentine, and mixed multichannel 

serpentine with narrow channels, were applied to micro-PEMFCs. Results suggested that the 

micro-PEMFC with good performance should use the flow field with a mixed multichannel 

design and long micro-channels. 
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In chapter 6, the same flow fields were studied in the micro-DMFCs. Concentration and 

flow rates of methanol solution affected performance of micro-DMFCs. A micro-DMFC with the 

long and narrow channels needed to take long time to reach the stable stage when an electric load 

on it was changed.  

In chapter 7, a passive air-breathing micro-DMFC with low loading of catalysts was 

developed. Performance of the passive micro-DMFC became poor with the increase in 

concentration of methanol solution. Power densities of the passive micro-DMFC drastically 

depended on the current scanning rate. 

Finally, cobalt phthalocyanine was introduced to platinum catalyst system to improve and 

optimize the micro-DMFCs. After heat-treatment at 635 oC, CoPc-Pt/C demonstrated good 

electrocatalytic activity for oxygen reduction reaction (ORR) and high methanol tolerance. 

However, CoPc-Pt/C heated at 980 oC showed a good electrocatalytic activity for MOR in 

DMFCs.    
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background and motivation 

Devices for electrochemical energy conversion and storage are under serious 

consideration as new power sources to alternate traditional energy consumption that closely 

relies on the combustion of fossil fuels [1]. Electrochemical capacitors (ECs), batteries, and fuel 

cells (FCs) are three kinds of important electrochemical devices and play different roles in 

electrochemical energy conversion and storage. ECs, devices of electrochemical energy storage, 

store and release energy by electrical double layers (EDLs). FCs, devices of electrochemical 

conversion, directly generate electricity from chemical energy stored in fuels. Batteries are 

considered as devices of electrochemical energy storage as well as electrochemical energy 

conversion. Primary batteries, such as silver-zinc, alkaline, and Leclanché (Zn|ZnCl2-

NH4Cl|MnO2) batteries, are devices of electrochemical energy conversion, but rechargeable 

batteries have both functions of energy storage and conversion by electrochemical redox 

reactions. Different electrochemical mechanisms of ECs, batteries and FCs determine their 

behaviors and applications. Fast transport processes of charges in EDLs make ECs generate high 

current and power. However, due to the capacitance restriction of EDLs for the storage of 

energy, ECs only have small energy density. Therefore, ECs are often used as backup powers or 

auxiliary powers. The processes of power generation in fuel cells and batteries are controlled by 
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mass transport of reactants, and they cannot provide the current as high as ECs. But the chemical 

energy in reactants implies that batteries and fuel cells have higher energy density than ECs. 

Batteries and fuel cells can be used in electric vehicles, portable electronic devices, and 

distributed power generation. Figure 1.1 depicts properties of these electrochemical devices in 

terms of Ragone plot [2]. Sometimes, two or three of these devices are also combined to a 

system of power source to match the requirement of a specific application [3]. 

 

Figure 1.1: Ragone plot for various energy storage and conversion devices. 

In the past decade, the explosive growth of consumer electronic devices such as personal 

digital assistants (PDA), global position systems (GPS), and cell phones have spurred the market 

demand for potable power sources. In 1997, United States consumed about $8 billion primary 
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and secondary batteries, and the batteries demand  in USA was predicted to rapidly grow to $17 

billion in 2012 [4].  

Table 1.1: Summary of energy densities of batteries and fuels (Modified from [11]) 

Technology Energy density 

 (W h l-1) 

Energy density  

(W h kg-1) 

Primary batteries (non-rechargeable) 

Alkaline 330 125 

Zn-air 1050 340 

Li/SOCl2 700 320 

   

Secondary batteries (rechargeable) 

Lead acid 70 35 

Ni-Cd 55 35 

Ni-MH 175 50 

Li-ion 200 120 

Li-polymer 350 200 

   

Fuel Cells (Hydrocarbon fuels) 

Methanol (CH3OH) 4384 5600 

Ethanol (C2H5OH) 5189 6577 

Formic acid (CH2O2) 2100 1721 

Butane (C4H10) 7290 12600 

Iso-octane (C8H18) 8680 12340 
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In all types of batteries, lithium batteries have dominated the portable power markets due 

to their high specific energy and specific power [5-7]. Approximate one billion of lithium battery 

packs were sold for laptop computers and cell phones worldwide in 2006, and the amount rapidly 

increased in the following years [8]. However, with the technology developing, portable 

electronic devices are being integrated more and more functions, and require new power sources 

to support them for a long-term operation. Therefore, portable fuel cells are receiving a great 

deal of attention as promising power sources for portable electronic devices due to their high 

specific energy [9, 10].  

Table 1.1 summarizes the energy densities of several batteries and various fuels used in 

fuel cells. Usually, a portable fuel cell system can provide more than 10 times the energy density 

of a lithium-ion rechargeable battery [12]. Many worldwide companies, such as MTI Micro Fuel 

Cells, Nuvera, NEC, Polyfuel, Ida and Motorola, have developed different portable fuel cells 

with great efforts. However, there are technical issues still to be addressed before the successful 

development of portable fuel cells. Therefore, the Department of Energy (DOE) of US provided 

$41.9 million for 12 companies working on portable fuel cells and large fuel cells in April 2009 

[13]. 

1.2 Fuel cells 

Fuel cells are electrochemical energy conversion devices. They directly and efficiently 

convert chemical energy into direct current (DC) electricity. Fuel and oxidant are continuously 

fed into anode and cathode sides of fuel cells and by electrochemical reactions electric power 

and heat are released. Comparing with the other conventional energy conversion systems, fuel 

cells have many attractive properties. Unlike batteries, fuel cells do not need to take long time for 

recharging. They can provide inexhaustible power for electric devices as long as fuel and oxidant 
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are continuously supplied. Comparing with internal combustion engines, conversion efficiencies 

of fuel cells are not controlled by Carnot cycle and can reach as high as 83% in theory. In 

addition, the operation of hydrogen fuel cells only emits unused air and water that are friendly 

for environment. Fuel cells have simple structure and no moving parts that make fuel cells have 

low maintenance and long life. Due to these benefits, fuel cells will get huge advantage over 

other energy conversion systems in applications of electric devices.  

The history of fuel cells has been described in several books [14-16]. In 1839, Sir 

William Grove demonstrated the fuel cell principle and explained the importance of three-phase 

contact in the electrochemical reactions. Over the next 100 years, fuel cell was only a scientific 

idea for a century until Francis T. Bacon successfully developed a 6kW fuel cell in the late 

1950s. Almost ten years later the practical application of fuel cells to NASA’s Gemini and 

Apollo space capsules surged a wave of technological development for fuel cells. The urge for 

technological development in fuel cells was actively continuing until today. Every year the 

number of patents and publications about fuel cells are increasing drastically, which exhibits a 

continuous interest and involvement of scientists, engineers, manufacturers and governments.  

Fuel cells are usually classified into five types in terms of their electrolytes namely, 

polymer electrolyte membrane fuel cell (PEMFC), alkaline fuel cell (AFC), phosphoric acid fuel 

cell (PAFC), molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC). PEMFC uses 

proton conductive polymer membrane as electrolytes and platinum-based materials as catalysts 

to convert chemical energy to electricity at the temperature range from 20 oC to 80 oC. AFC 

employs KOH as the electrolyte and nickel-based materials as catalysts. AFC can be operated at 

the temperature range from 65-220oC. Phosphoric acid is the electrolyte and platinum is used as 

the electrocatalysts in a PAFC. The operating temperature of PAFC is between 150 and 220oC. 
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MCFC adopts molten alkali carbonates as electrolytes and works at the temperatures ranged 

from 600 to 700oC. No noble electrocatalysts are required in the MCFC. SOFC usually has the 

electrolyte of yttria (Y2O3)-stabilized zirconia (ZrO2) (YSZ) and is operated between 800 and 

1000oC.   

 

Figure 1.2: Applications and main advantages of fuel cells (revised from [17]) 

Fuel cells demonstrate different performances, which can be applied to various systems 

to replace the existing, conventional power suppliers. Figure 1.2 shows the operating conditions, 

performances and applications of fuel cells.  So far fuel cells have been developed and applied to 

many fields including small and portable power suppliers, light and heavy duty vehicles, space 

shuttles, air planes, and stationary power applications. 

1.3 Portable fuel cells and micro-fuel cells 

Based on the applications in portable electronic equipments and devices, portable fuel 

cells may be defined as “small grid-independent power supplier units ranging from a few 

milliwatts to one kilowatt, which serves mainly a purpose of ‘convenience’ rather than being 

primarily a result of environmental or energy-saving considerations” [18]. These portable fuel 

cells can be classified to two main categories: 1) battery substitutes, under 100 Watts and 2) 
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portable power generators, up to 1 kilowatt [14]. As the replacement of batteries, portable fuel 

cells have got serious attention over decades due to significantly higher power densities or large 

energy storage capacities than conventional power sources. 

Micro fuel cells belong to the category of portable fuel cells, but are used in the 

miniaturized electronic devices with low power, such as micro sensors, cell phones, and laptop 

computers. The term of micro fuel cells have not been sharply defined yet. Sometimes they are 

called as small fuel cells or directly portable fuel cells. However, there are some attempts to 

define “micro fuel cell” as a small fuel cell with a less than 1 Watt [9] or 5 Watts [19] of power 

output. As shown in Figure 1.2, PEMFCs and DMFCs are practicable to be miniaturized as 

micro fuel cells operating in the ambient temperature. 

1.4 Fundamental of PEMFC and DMFC 

A typical PEMFC consists of seven components, namely anode bipolar/end plate (BP), 

anode gas diffusion layer (GDL), anode catalyst layer (CL), proton exchange membrane (PEM), 

cathode CL, cathode GDL, and cathode BP as shown in Figure 1.3.  

At the anode side, hydrogen is delivered into the anode flow field. Then hydrogen 

diffuses through the porous structure of anode GDL and arrives at anode CL. In the anode CL, 

hydrogen reaches the surface of platinum supported by activated carbon powder and decomposes 

to protons and electrons by the electrochemical reaction. Electrons flow to external circuit and 

generate electricity. At the cathode, oxygen or air is fed into the cathode flow field. After oxygen 

diffuses through cathode GDL, oxygen molecules react with protons that traverse the PEM, and 

form water in the cathode CL. At the same time, heat is also generated from the electrochemical 

reactions. Electrochemical reactions in anode and cathode sides of PEMFC are given as follows. 

Anode  2H2 → 4H+ + 4e-
       (1.1)  



 

8 
 

Cathode 2O2  + 4H+  +  4e-  → H2O      (1.2) 

Overall 2H2 + O2 → 2H2O       (1.3) 

 

Figure 1.3: Schematic of PEMFC and DMFC 

Strictly speaking, DMFC is a kind of PEMFC because it also uses proton exchange 

membrane as electrolyte. However, for the sake of distinguishing the different fuels in PEMFC, 

people are used to call the PEM fuel cell using methanol as DMFC, and using hydrogen as 

PEMFC. At the cathode side of DMFC, the same electrochemical reaction as PEMFC takes 

place. At the anode side of DMFC, methanol as fuel is fed into the flow field and decomposes to 

carbon dioxide, protons and electrons in anode CL. Electrochemical reactions in DMFC are 

given by: 

Anode  CH3OH + H2O → CO2 + 6H+ +6e-     (1.4) 

Cathode 3/2 O2 + 6H+ +6e- → 3H2O      (1.5) 

Overall CH3OH + 3/2 O2 → CO2 + 2H2O      (1.6)  
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1.4.1 Thermodynamic aspects of fuel cells 

The equilibrium electrical potentials of all electrochemical devices dependent of redox 

reactions can be derived from the thermodynamic point of view. In a PEMFC, the standard 

Gibbs energy of the reaction 1.3 is shown as follows, 

       (1.7) 

In which, 

 2 2        (1.8) 

From the equation 1.7, the equilibrium potential of the PEMFC can be known as 

  

         (1.9) 

where  is the standard electromotive force (EMF) of the cell. 

       (1.10) 

Similarly, the equilibrium potential of DMFC is 

/       (1.11) 

And its standard EMF is 

/
       (1.12) 

By virtue of Table 1.2 of thermodynamic properties of reactants and products in PEMFC 

and DMFC, the standard equilibrium potentials in PEMFC and DMFC at 25 oC can be known as 

1.229  in PEMFC         (1.13) 

1.213  in DMFC        (1.14) 
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Table 1.2 Thermodynamic properties of reactants and products in fuel cells [20] 

Species Enthalpy, H (kJ/mol) Entropy, S (J/mol K) 

Hydrogen (H2) 0 130.66 

Methanol (CH3OH) -239.61 127.18 

Oxygen (O2) 0 205.17 

Carbon Dioxide (CO2) -395.01 214.59 

Water (H2O, liquid) -286.02 69.96 

 

1.4.2 Theoretical efficiency of PEMFC and DMFC 

As mentioned, fuel cells have higher efficiencies than internal combustion engines. In 

theory, the Gibbs energy of reactions can be completely converted into electricity. Therefore, the 

theoretical efficiency of a fuel cell can be expressed as: 

  100%          (1.15) 

In the PEMFC, 

  100% .
.

  100% 83%       (1.16) 

In the DMFC, 

  100% .
.

  100% 97%  

However, it is worth being noticed that the practical efficiencies of PEMFCs and DMFCs 

are lower than the theoretical values due to the fuel crossover losses, activation losses, ohmic 

losses and mass transport losses. Except for the ohmic losses, changes in other losses are 

dependent on the time which expresses the kinetic behavior in the fuel cells.  
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1.4.3 Kinetic aspects of fuel cells 

 

Figure 1.4: A typical polarization curve of a PEMFC 

Figure 1.4 displays a typical polarization curve of a fuel cell. The practical potential of a 

PEMFC deviates from its thermodynamic equilibrium potential due to activation polarization 

losses, Ohmic losses and mass transport losses. The activation polarization originates from the 

sluggish electrode kinetics of electrochemical reactions in the fuel cell. Charge transfer between 

different states (e.g. molecules and ions) causes overpotential in electrochemical reactions. At 

the cathode side of the fuel cell, the oxygen reduction reaction (ORR) results in a negative 

overpotential. At the anode side of the PEMFC or DMFC, the hydrogen oxidation reaction 
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(HOR) or methanol oxidation reaction (MOR) leads to a positive overpotential. Butler-Volmer 

equation describes the behaviors of overpotentials in electrochemical reactions. 

exp        (1.17) 

Here,  is exchange current density and α is charge transfer coefficient. One the cathode side, 

the first term dominates Equation 1.17, and at the anode side, the second term becomes 

predominant. Therefore, Equation 1.17 can be simplified to 

,
  (in cathode)       (1.18) 

,
  (in anode)      (1.19) 

Ohmic loss results from electrons and ions moving in PEMFCs and DMFCs which can be 

described by Ohm’s law. Resistance in PEMFCs and DMFCs consists of three main components. 

The first is electrons passing through the electronic phases including CLs, GDLs and current 

collectors. The second is from the ions motion in the electrolyte. The third is the contact 

resistance coming from the contact interfaces between different parts of fuel cells. The Ohmic 

losses can be expressed as 

           (1.20) 

At high current density, reactants are rapidly consumed in CLs by electrochemical 

reactions. Due to the limitation of mass transport, the concentration gradients of reactants are 

established along the direction from flow fields to CLs and the mass transport losses arise. 

According to Nernst equation, there is 

          (1.21) 
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where CB is the bulk concentration of reactants and Cs is the concentration of reactants on the 

surface of catalysts. Combing the mass transport described by Fick’s law, Equation 1.21 can be 

written as [14] 

         (1.22) 

in which  is the limiting current density. 

Therefore, the equation of a polarization curve for PEMFC or DMFC can be summarized as: 

   

     
, ,

  (1.23) 

In a fuel cell, fuel possibly crosses over proton exchange membrane to cathode side and 

deteriorates the performance of the fuel cell. The current caused by fuel crossover is called 

internal current. In the PEMFC, the effect of crossover is very small and can be neglected. 

However, the crossover of methanol in a DMFC results in a significant drop in potential. Like 

water, methanol can diffuse through the perfluorosulfonic acid (PFSA), for example Nafion® 

membrane. During the operation of a DMFC, the movement of protons from anode to cathode 

drags methanol to pass through the membrane, so-called electro-osmotic drag. Crossed-over 

methanol directly reacts with oxygen but does not produce current which leads to a large cathode 

mixed potential. The cathode mixed potential makes DMFC have a low open-circuit potential 

(OCP), far lower than thermodynamic reversible potential of the DMFC. 

1.5 Technical issues and challenges for micro fuel cells 

As a member of fuel cell family, a micro fuel cell has similar structures and components 

to conventional fuel cells as shown in Figure 1.5. Therefore, the technical issues and challenges 

for micro fuel cells are not only closely related to the art-of-the-state in conventional fuel cells, 

but also are affected by the understanding of scaling technologies. 
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1.5.1 Bipolar/end plates 

In a single fuel cell, bipolar/end plates are the final components on its outside. Flow fields 

are patterned on the bipolar/end plates to deliver reactants to electrodes of the fuel cell. 

Therefore, bipolar/end plates with flow fields have some essential functions which are listed 

below [14]: 

1) Provide structural support for fuel cells. 

2) Support fluid flow fields and deliver reactants to fuel cells. 

3) Collect current from anode and cathode electrodes. 

4) Conduct heat from inside of fuel cells to the cooling cells or environment. 

 

Figure 1.5: Schematic of a micro fuel cell unit (insulator parts are neglected) 
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It is very important to select appropriate materials to fabricate bipolar/end plates. 

Materials must have high electrical and thermal conductivities to conduct electricity and heat 

from the inside of fuel cells. They also have adequate strength to support the structures of fuel 

cells. In addition, they much have a good ability to resist corrosion in the fuel cell environment. 

In general, graphite and stainless steel are good materials for bipolar/end plates in conventional 

fuel cells. However, these materials are not practicable in micro fuel cells due to the limitations 

of miniaturizing fabrication technologies. Fabrication of bipolar/end plate is the first and 

important step in the process to develop micro fuel cells. 

1.5.2 Flow fields 

The main function of flow fields is to uniformly distribute reactants over the entire active 

area and release products from inside of fuel cells. According to different applications and 

structural designs, flow fields have rectangular, circular and irregular shapes. By the 

configuration and different parameters, flow fields drastically affect performance of fuel cells. 

Figure 1.6 shows four typical kinds of flow fields. The design of single-channel serpentine is the 

most common flow field in practicable fuel cells. In conventional fuel cells, only one channel 

existing over the flow field causes a large pressure drop and is  useful to remove liquid water 

from the inside of fuel cells. But the excessive pressure drop generates large parasitic energy 

losses. Therefore, the flow field of multichannel serpentine is developed to improve the pressure 

drop in channels. However, it is possible in the multichannel design that condensed water 

stagnates in one of channels and decreases the active area of fuel cells.  So a new flow field, 

namely multichannel serpentine with mixing, is designed combining the advantages of single 

channel serpentine and multichannel serpentine. The portions of single channels in the design 

provide sufficient velocities for gases to push the condensed water moving along the channels. 
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For the sake of improving the convection of gases, interdigitated flow fields are introduced into 

fuel cells. Gases are forced to move through gas diffusion layer and arrive at the surface of 

catalysts, which is useful to generate a high current. Apart from the configurations of flow fields, 

the dimensions of channels, such as length, width and depth, also affect performance of fuel 

cells. Although the channel with large open area increases the possibility of reactants reaching 

catalyst layer and decreases the contact resistance between current collectors and GDL, it 

decreases the strength of bipolar/end plate and the pressure drop. Thus, the optimization of 

channel dimension is a very important issue [21, 22].  

 

Figure 1.6: Typical flow fields 
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Scaling effects change the behavior of mass transport in micro-channel. The results 

obtained from conventional fuel cells may not be appropriately applicable to micro fuel cells. 

Condensed water easily blocks the channel and enhances the resistance for species transport. On 

the other hand, the liquid water increases path lengths for the reactant gases to reach the catalyst 

site and causes flooding even in micro channels. 

1.5.3 Structural designs 

Small dimensions and new materials application result in new structural designs used in 

micro fuel cells. Like in conventional fuel cells, the planar structures are often used in the micro-

fuel cells. However, the thin films of metals have to be deposited on the polymer or 

semiconductor materials based bipolar/end plates as current collectors. Apart from the planar 

design, catalysts were directly deposited on Flemion® tubes of the polymer electrolyte and got 

the tubular micro fuel cells [23]. Concept of laminate flow was introduced into micro fuel cells 

and obtained new structural design [24]. Nowadays, more and more structures are being 

designed to optimize performance of micro-fuel cells according to different fabrication 

technologies. 

1.5.4 Catalysts 

Catalyst is very important for the electrochemical reactions. Good catalysts will increase 

the reaction rates and decrease overpotential for electrochemical reactions. Development of 

catalysts is crucial to improve the performance of fuel cells, especially for DMFCs. The catalysts 

in DMFCs must have high kinetic properties for electrochemical reactions and good ability to 

resist methanol poisoning.  

Figure 1.7 describes a scheme for the chemisorption, electro-oxidation, and electro-

reduction of simple organic compounds from methane to carbon dioxide on the platinum-based 
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catalysts. It is noticed that many intermediate compounds are produced when methanol is 

reduced to carbon dioxide. These intermediate compounds adsorb on the surface of Pt and render 

it less active for the electrochemical reactions, so-called catalyst poisoning. These intermediate 

compounds can be removed from the surface of Pt by the introduction of other metals. 

Ruthenium, for example, brings an electrosorbed water molecule to react with these intermediate 

compounds electrosorbed on the surface of Pt. The process is suggested in Figure 1.8 [25]. 

 

Figure 1.7: Scheme of electro-oxidation from methane to carbon dioxide  

on the Pt-based catalysts [25]. 

Poisoning is an aging process, and the electrocatalytic activity of Pt is inevitably 

decreased after a long time, even if the introduction of ruthenium improves the ability of Pt to 

resist methanol poisoning. The current research for development of new catalysts focuses on the 
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non-noble metal catalysts and new methods to improve Pt-based catalysts for PEMFCs and 

DMFCs. 

 

Figure 1.8: Suggested process of methanol oxidation [26]. 

1.5.5 Membrane electrode assembly (MEA) 

MEA is the heart of a PEMFC or DMFC. It consists of proton exchange membrane and 

electrodes posted on porous substrates, namely electrode substrate or gas diffusion layer (GDL) 

as shown in Figure 1.3.  
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The membrane exhibits high proton conductivity and is impermeable to reactants. When 

it is humidified well, protons are allowed to pass through it from anode to cathode. The 

membrane commonly used in PEMFC and DMFC is Nafion® perfluorosulfonic acid (PSA) 

polymers. Figure 1.9 displays its chemical structure. The SO3H group at the end of polymer 

chain helps protons move in the membrane. However, the movement of protons does not bring 

only water but also methanol to cathode side from anode side in DMFC, which will poison 

cathodic Pt catalyst. Thus, the new kind of proton exchange membrane is being developed to 

have low methanol crossover and high conductivity.  
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Figure 1.9: Chemical structure of Nafion® 

Electrodes provide places for electrochemical reactions. Two main issues are addressed 

in the research of electrodes. They are: 1) the amount of Pt, and (2) the content of ionomer in 

electrodes. Decrease in the amount of Pt loading reduces the price of fuel cells. The addition of 

ionomer in electrode forms triple-phase boundaries that are the reaction zones. The reaction 
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zones are very important for the electrochemical reactions in PEMFCs and DMFCs. In ORR, for 

example, oxygen is gas phase; protons are in ionic phase (ionomer); and electrons are conducted 

in electronic phase (carbon materials). In addition, the properties of GDL are important for 

performance of fuel cells as well. GDL must be appropriately treated to allow gases and liquid 

water or methanol to easily diffuse in or out spontaneously.  

1.6 Summary 

Experiencing more than 170 years, the development of fuel cells has made huge progress 

including fabrication, design of flow field, improvement of catalyst and treatment of MEA. 

However, fuel cells, especially PEMFCs and DMFCs, still confront many technical challenges. 

Fully developed technology in conventional fuel cells is the precondition to development of 

micro fuel cells. 

Apart from the technical difficulties in conventional fuel cells, scaling effects result in 

unique behavior in micro fuel cells. Miniaturization fabrication, structural design, and species 

transport need to be considered. Development of catalysts for micro fuel cells, especially for 

micro-DMFCs, is also important to increase efficiency of micro-fuel cells. The system 

integration of micro fuel cells is another issue that includes fuel delivery, heat removal, and fuel 

storage.  
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CHAPTER 2 

RESEARCH SCOPES AND OBJECTIVES 

 

2.1 Research scopes 

Every component of the micro-fuel cells plays important role in their performance. This 

research systematically investigated several aspects of micro-fuel cells in design, fabrication, 

evaluation, and optimization. In addition, novel catalysts were developed and characterized to 

optimize performance of micro-DMFCs. Figure 2.1 summarizes the scopes of the project.   

 

Figure 2.1: Summary of the project 
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Bipolar/end plates are the frameworks of fuel cells and determine the dimensions of fuel 

cells. In the project, three kinds of technologies were used to fabricate the BPs for micro-fuel 

cells that are conventional machining (CM), rapid prototyping (RP), and microelectromechanical 

system (MEMS). Chapter 3 describes the fabrication processes using these three technologies, 

and gives a brief comparison of these technologies for micro-fuel cells, which explains that 

MEMS technology is the only practicable method to fabricate the BPs with channels of micron 

width [1]. 

After the part of BP fabrication for micro-fuel cells, the project was divided into two 

parts. The first part included Chapter 4 and Chapter 5 relevant to micro-PEMFCs. 

Experimental and mathematical modeling methods to investigate the behavior of micro-

PEMFCs fabricated by MEMS technology are discussed in Chapter 4 [2]. Results implied that 

micro-fuel cells presented different performance from conventional PEMFC due to small 

dimension and high contact resistance of micro-PEMFC. Contact resistance in the micro-PEMFC 

contributed to 19.4% of the total inner resistance. The contact resistance changed significantly 

the distribution of overpotential in the micro-PEMFC and decreased the current output. Small 

dimensions of the micro-channel drastically affected the species transport and resulted in a non-

uniform current distribution along channel direction at low cell potential (high current). 

Therefore, the designs of new flow field configurations and assembling modes of micro-

PEMFCs are very important in improving the performance of micro-PEMFCs. These designs 

including flow field and assembling mode of micro-PEMFCs should improve species transport 

through micro-channels and decrease the contact resistance between gas diffusion layers (GDLs) 

and current collectors.  



 

27 
 

Chapter 5 [3] investigates performance of micro-PEMFCs with different flow fields. Four 

kinds of flow fields were designed and tested. They were mixed multichannel design with wide 

channels, single-channel serpentine design, double-channel serpentine design, and mixed 

multichannel design with narrow channels. The flow fields and membrane electrolyte assembly 

(MEA) of 2.25 cm2 active area were assembled to µ-PEMFCs. Electrochemical behaviors of 

these micro-PEMFCs were investigated by polarization method at reactants flow rates of 

15 ml min−1, 30 ml min−1 and 50 ml min−1, respectively. This experiment emphasized the effects 

of different topologies of flow fields on performance of micro-PEMFCs. Results demonstrated 

that micro-PEMFCs with different flow fields had similar behavior at reactants flow rates of 

50 ml min−1. However, at reactants flow rates of 15 ml min−1 and 30 ml min−1, performance of 

the micro-PEMFC with long and narrow micro-channels rapidly deteriorated due to the flooding 

in micro-channels. The mixed serpentine design had a good ability to resist the flooding, but it 

displayed a low maximum power density because of its short effective length of micro-channels. 

The results suggested that the micro-PEMFC with a mixed multichannel design flow field and 

long micro-channels yielded the best performance.  

The same designs of flow fields were also applied to the micro-DMFCs in Chapter 6. 

Experiments mainly investigated effects of methanol in different flow fields on performance of 

micro-DMFC. Five concentrations of methanol, 1M, 2M, 3M, 4M and 5M, were delivered to 

micro-DMFCs and their polarization curves were obtained at different scanning rates of 

potential. The maximum power densities of micro-DMFCs with different flow fields lay the 

range from 11 mW cm-2 to 23 mW cm-2 in the study. The micro-DMFC with the flow field of 

double channels serpentine demonstrated the best performance (maximum power density), and 

the micro-DMFC with the flow field of mixed multiple channels presents the worst performance. 
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In general, high flow rate of methanol solution improved the performance of micro-DMFCs. 

However, too high flow rate of methanol solution accelerated the methanol crossover and 

deteriorated the performance, especially in the micro-DMFCs with serpentine flow fields. When 

electric load was changed, the micro-DMFC with single serpentine flow field took a longer time 

to reach stable power output than other micro-DMFCs [4].  

In these micro-fuel cells mentioned above, ancillary devices, such as high pressure 

cylinders, fans and pumps, were used to deliver fuel and oxidant into flow fields.  These devices 

caused a high loss of parasitic energy in the systems of micro-fuel cells. Thus, a passive air-

breathing design with the active area of 4 cm2 was introduced into micro-DMFCs in chapter 7 

[5]. Unlike work in other groups, the low loading of catalyst was used in the passive air-

breathing micro-DMFC. In the DMFC, catalysts loading were 0.5mg/cm2 Pt and 1 mg/cm2 PtRu 

(50:50) on the anode and the cathode, respectively. Results showed that the high concentration of 

methanol solution caused a high methanol crossover, which deteriorated the performance of the 

micro-DMFC. Except for the experimental result at 4M, there was a linear relationship between 

the maximum power densities of the DMFC and concentrations of methanol solution. The 

performance of the micro-DMFC depended on testing conditions. Five current scanning rates 

were adopted, 0.0, 67, 100, 200, and 300 µA s-1. Fast and low current scanning rates resulted in 

the low maximum power density, but the current scanning rate of 100 µA s-1 yields the highest 

maximum power density among all testing conditions. 

Over-crossed methanol results in a large cathode mixed potential and causes a low 

potential in DMFCs. Moreover, methanol will poison anode catalysts and deteriorate 

performance of DMFCs. Thus, in Chapter 8 [6-9], novel catalysts were developed in the research 

in order to (1) improve methanol tolerance of cathodic catalysts for DMFCs and (2) to get a 
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novel anode catalyst for DMFCs to increase its electrocatalytic activity for MOR. After heat-

treatment, the novel catalyst system, CoPc-Pt/C, presented particular behaviors in oxygen 

reduction reaction (ORR) and methanol oxidation reaction (MOR), respectively. CoPc-Pt/C 

pyrolyzed at 635oC demonstrated the best performance as the cathodic catalyst in DMFC due to 

its high electrocatalytic activity for ORR and good ability for methanol tolerance. However, 

CoPc-Pt/C heated at 980 oC showed a good electrocatalytic activity for MOR in DMFCs that is 

almost 2 times the electrocatalytic activity of pure platinum. Development of catalysts is one of 

the important methods to optimize the micro-fuel cells with good performance and long life.  

2.2 Research objectives 

The objectives of this project were to design, manufacture, and evaluate micro-fuel cells, 

which were achieved by combination of numerical simulations and experimental investigations 

on performance of micro-fuel cells. 

(1) Investigate the fabrication methods of micro-fluid flow field based on 

different materials. 

(2) Compare the different topologies of micro-fluid flow-field for performances 

of micro-PEMFCs and micro-DMFCs. 

(3) Discuss the electrochemical testing methods and analyze the effects of 

operation conditions on performances of micro- PEMFCs and micro-DMFCs 

with different flow fields. 

(4) Construct and validate a mathematical model of micro-PEM fuel cells to 

predict the performance of micro-PEMFCs, and instruct the design of flow 

fields for micro-PEM fuel cells.   



 

30 
 

(5) Investigate the behavior of a passive air-breathing micro-DMFC with low 

catalyst loading. 

(6) Develop a novel cathode catalyst with a good methanol tolerance and a novel 

anode catalyst with a high electrocatalytic activity for methanol oxidation 

reaction (MOR). 

  



 

31 
 

References 

[1] Y. Lu, A. Highsmith, R.G. Reddy, “Manufacturing of micro-PEMFCs”, Volume 2: Materials 

Characterization, Computation and Modeling, TMS (The Minerals, Metals & Materials Society) 

(2009) 161-167. 

[2] Y. Lu, R.G. Reddy, “Investigation of micro PEM fuel cell using experimental and modeling 

methods”, Electrochimica Acta, 54 (2009) 3952 – 3959. 

[3] Y. Lu and R.G. Reddy, “Performance of micro-PEMFCs with different flow fields”, Journal 

of Power Sources, 195 (2010) 503-508. 

[4] Y. Lu and R.G. Reddy, “Performance of micro-DMFCs with different flow fields”, Journal of 

Power Sources, submitted. 

[5] Y. Lu, R.G. Reddy, “Development of passive air-breathing DMFC with low catalysts 

loading”, Fuel Cells: Materials, Processing, Manufacturing, Balance of Plant and Systems 

Operation. Materials Science and Technology (MS&T) 2008, Pittsburgh, Pennsylvania. pp 339-

348. 

[6] Y. Lu, R.G. Reddy, “The electrochemical behavior of cobalt phthalocyanine/platinum as 

methanol-resistant oxygen-reduction electrocatalysts for DMFC”, Electrochimica Acta, 52 

(2007) 2562-2569. 

[7] Y. Lu, R.G. Reddy, “Electrocatalytic properties of carbon supported cobalt phthalocyanine-

platinum for methanol electro-oxidation”, International Journal of Hydrogen Energy, 33 (2008) 

3930-3937. 

[8] Y. Lu, R.G. Reddy, “Effects of cobalt phthalocyanine on Pt/C as the cathodic catalyst in 

DMFC”, ECS Transaction, 6 (2008) 105-116. 



 

32 
 

[9] Y. Lu, R.G. Reddy, “Electrochemical behavior of cobalt phthalocyanine/Pt as DMFC Anodic 

Catalyst”, Materials in Clean Power System II. TMS (The Minerals, Metals & Materials Society) 

(2007) 11-18. 



33 

 
 
 
 
 
 

CHAPTER 3 

FABRICATION OF BIPOLAR/END PLATES FOR MICRO-FUEL CELLS 

 

3.1 Introduction 

Bipolar/end plates (BPs) perform a number of functions in the fuel cells as mentioned in 

Chapter 1. These functions need to be facilitated by the topologies and materials [1]. Designs of 

topologies will be discussed in Chapter 4 and Chapter 5. This chapter is focused on the 

fabrication of end plates for micro-fuel cells basing on different materials.  

In the Fabrication process of end plates, the selection of materials for BPs is the first and 

important step. In terms of the functions that BPs perform in fuel cells, the materials for BPs 

should have some properties [2]. The materials have to be strong to support the structure of fuel 

cells, conductive to act as the current collectors, and impermeable to keep reactants flowing in 

the fuel cells. In addition, the materials must have chemical compatibility, resistance to 

corrosion, low cost, and manufacturability. Figure 3.1 [3] demonstrates the detailed information 

of BPs materials for conventional fuel cells.   
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Figure 3.1: Classification of bipolar/end plate materials
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Conventionally, graphite is one of the excellent materials used for PEM fuel cells BPs 

due to their excellent corrosion resistance, good chemical stability, and high electric conductivity 

in the fuel cells environment. However, owing to the brittleness of graphite, a thick graphite plate 

of several millimeters has to be used to fabricate the BPs for fuel cells, which makes a fuel cell 

stack heavy and voluminous. Moreover, the use of graphite in fuel cells suffers a high cost of 

materials and machining, and this leads to substantial effort to develop new materials for BPs 

fabrication [4, 5]. 

The new materials that are being developed for BP fabrication can be put into two 

categories. One is the metal/alloys [6-9]. The flow fields can be easily fabricated on the thin 

metal plates or metal foils by conventional machining technologies such as milling, stamping, 

corrugated rolling, and forging. So far, our group [10-13] have investigated several metal/alloys 

and applied them to the PEM fuel cells. However, these metal/alloys suffer the corrosion in the 

acidic environment of fuel cells. Corrosion of metal/alloys contaminates anode, and even 

degrades performance of membrane in fuel cells. Contamination produced by corrosion of 

metallic BPs migrates to the membrane to degrade the membrane performance, even at a low 

contamination concentration of 5-10 ppm [14]. Therefore, coatings, for example physical vapor 

deposition (PVD), are introduced into the fabrication process of BPs for fuel cells in order to 

improve the resistance of metal/alloys to corrosion [9, 15, 16]. In addition, the use of composite 

plates is another important method in fuel cells [4, 17-19]. Composite bipolar/end plates have 

lower cost, lighter weight and greater ease of manufacture than graphite. There are usually two 

different types of composite plates: metal-based [1] and carbon-based composite plates. 

In conventional fuel cells, the conventional machining technologies were employed to 

fabricate the bipolar/end plates. However, when the fuel cells were miniaturized, new 
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technologies had to be used to fabricate BPs for micro-fuel cells. MEMS technology 

miniaturized drastically the dimensions of channels on BPs for micro-PEM fuel cells [20]. So far 

only three kinds of materials, silicon [21, 22], metals [23, 24] and polymer [25, 26], have been 

used in the micro-fuel cells, however, not all materials matched the requirement of BPs. 

Therefore, the micro-fuel cells had some differences in fabrication processes and structures from 

conventional fuel cells [27-29]. Beside the MEMS technology, other technologies were also used 

to manufacture the BPs in the micro fuel cells based on different materials. It was reported that 

the micro-flow field was fabricated on the carbon paper using the wire electro discharge 

machining (WEDM) technology [30]. The mature printed-circuit board technology (PCB) [31, 

32] was introduced to fabricate the bipolar plates. Qiao, et al. [33] directly deposited catalysts on 

Flemion® tubes of the polymer electrolyte and obtained the micro fuel cells with the tubular 

structure. Choban, et al. [34] discussed a novel concept of the microfluidic fuel cell in which the 

membrane electrolyte was removed and the fuel and oxidant kept the multi-stream laminate flow. 

The electrochemical reaction in the micro fuel cells depended on the exchange of protons 

between fuel and oxidant by diffusion. In order to simplify the fabrication process, Stanley, et al. 

[35] developed a hybrid technique that combined the micro and macro machining technologies to 

create fuel cells in the 1-20cm2 range. 

This chapter describes the fabrication processes of BPs for micro-fuel cells using three 

kinds of technologies including conventional machining technology, rapid prototyping 

technology and MEMS technology. Especially, a detailed procedure for MEMS technology to 

fabricate BPs for micro-fuel cells was investigated, which was also used in the micro-fuel cells 

mentioned in chapter 4, 5 and 6. 
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3.2 Fabrication of BPs for micro-fuel cells in the project 

3.2.1 Conventional machining 

Conventional machining techniques demonstrated an easy process to fabricate the BPs 

for fuel cells. Milling machine grooved the flow field on the pales of stainless steel 316. Figure 

3.2 shows an end plates fabricated by the milling machine. In order to improve the corrosion 

resistance and conductivity of the material, a thin film of gold was deposited on the surface of 

the plate. 

 

Figure 3.2: Conventional machining technique to fabricate BPs for micro-fuel cells 

3.2.2 Rapid prototyping (RP) technology 

Rapid prototyping is a technology that takes a three-dimensional computer model and 

builds a three dimensional part by building layers upon layer of material. It keeps the continuity 

of whole work from the drawing to the model building. Figure 3.3 compares the RP technique 

with the conventional machining [36]. RP technique simplifies the fabrication process, and saves 

on time and cost ranging from 50% up to 90%.  
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Figure 3.3: Comparison of RP and conventional machining [36] 

It is a new method to rapidly design and optimize the micro-fluid flow-field for micro-

fuel cells. Its speed and low cost allow validating new designs of BP for micro-fuel cells easily 

and rapidly. RP technology is a good tool to design and fabricate micro fuel cells. The 

equipment, 3D Systems ThermoJet® Solid Object Printer with the software ACTUA-2100, was 

employed in the project. The material used to fabricate BPs was ThermoJet 88®. Figure 3.4 

displays the BP obtained from RP technology. 
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    (a) 

 

(b) 

 

(c) 

Figure 3.4: RP technology in micro fuel cells. (a) Design of fluid flow-field; (b) the BP with 

channels obtained by RP fabrication; and (c) the deposition of current collectors. 

3.2.3 Micro-fabrication technology 

Double side polished silicon (100) n-type wafers were used as the material of the bipolar 

plates for micro-FCs. These wafers were nominally 400 microns thick. Machining these plates 
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required two photolithography and etching steps. In the first step, the first side of the wafer was 

coated with a 2.4 micron thick layer of Shipley 1818 photoresist, patterned using a Karl Suss 

MA6/BA6 Mask aligner, and then etched in a STS Advanced Silicon Etcher (ASE), a deep 

reactive ion etch tool.  The ASE used the method patented by Robert Bosch GMbH [37, 38]. In 

the process etch and deposition steps alternated in an inductively coupled plasma reactive ion 

etching (ICP-RIE) system. Briefly speaking, the process cycled between passivation steps in 

C4F8 plasma and etch steps in SF6 and O2 plasma to reduce undercut during etch steps.  In this 

first etch, the etch depth was approximately 80 microns. Once the etching was complete, the 

photoresist was stripped from the wafer, and the wafer was cleaned in preparation for the 

lithography and etching sequence. 

Next, the second side of the wafer was coated with a 10 micron thick layer of Shiley 

Megaposit 220-7 photoresist.  The back side alignment capability of the Karl Suss mask aligner 

was used to align the pattern on the second side to existing features on the first side of the wafer.  

Since the second etch would be quite deep, and would produce some holes through the entire 

thickness of the wafer, it was necessary to bond the wafer to a carrier wafer so that the wafer 

chunk in the ASE was protected.  For this bonding, Shipley 1818 photoresist was used as an 

adhesive.  After wafer bonding, the deep was performed in the ASE.  Once the etching was 

complete, the wafer and carrier assembly was soaked in acetone for several hours to release the 

wafer from the carrier and then the wafer was cleaned. In the last step, the metal thin films of 

chromium and gold (20 nm and 0.2 µm) were deposited on the top side of the silicon wafer as the 

current collector using Deton vacuum E-beam evaporator. The process is shown in Figure 3.5.
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Figure 3.5: Flow chart of microfabrication for BPs of micro-fuel cells.
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Figure 3.6 displays the step of lithography for the channel fabrication. Before Shipley 

1818 photoresist was coated on the silicon wafer, the hexamethyldisilazane aminosilane mixture 

(HDAM) was poured on the silicon wafer. And then, the photoresistor 220-7 was spun on the 

silicon wafer. The third step was to expose the silicon wafer under a mask with a flow field 

configuration. The last step was to remove the exposed part in a developer solution. Between 

every two steps (I, II and III), relax, soft bake and hard bake were required.  

 

 

 

 

 

 

Figure 3.6: Flow chart of lithography 

Figure 3.7 depicts the patterns of flow fields obtained at different operating parameters. A 

long exposure time caused the over-reaction of photoresitor, which produced the sawteeth at the 

edge of photoresistor as shown in Figure 3.7(a). In step II, before soft bake, if the relax time was 

short, the bubble in the photoresistor did not come out which can be seen in Figure 3.7(b). Figure 

3.7(c) explains that a long relax time was applied and resulted in an over-reaction. Figure 3.7(d) 

describes that the photoresistor on exposed parts was not removed if the exposure time was short. 

Figures 3.7(e) and 3.7(f) display clear edges and marks on photoresistor film adopting a good 

operating procedure. In the study, the final operating parameters are concluded: I. 1 minute relax 

and 2 minutes soft bake; II. 15 minutes relax and 5 minutes soft bake; III. Exposure procedure: 3 

seconds exposing and 10 seconds waiting for 4 cycles. And then 45 min relax.
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Figure 3.7: Patterns of flow fields. a. Over-exposure; b. Short relax time in II; 

c. Long relax time in III; d. Under exposure; e and f. Good operating parameters.
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In this part, flow fields were designed in AutoCAD®, and patterned on the masks by the 

Photo Sciences Inc. Figure 3.8 shows the sketch and fabrication of BPs using microfabrication 

method. 

 

Figure 3.8: Sketch and fabrication of BPs with micro-channels. 

3.3 Comparison of different techniques 

 Three kinds of techniques were employed to successfully fabricate the BPs for micro-fuel 

cells. However, they displayed different advantages and disadvantages during the fabrication 

process and applications as shown in Table 3.1. 

 As mentioned in section 3.1, many materials can be fabricated by these technologies, 

such as metals, alloys, graphite and polymers. This fabrication process has a low cost of 

materials and machining. However, it is difficult to fabricate micro-channel lower than 500 

microns using conventional technologies. 

 Comparing the conventional technology, RP technology can save a lot of money and time 

on the fabrication as shown in Figure 3.3. RP technique has an ability to fabricate flow fields 

with different complexity in a relatively short period of time. Designs of flow fields in computer 
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can be directly “printed” and a real BPs is obtained in a short time. RP technology can be applied 

onto many materials, such as paper, nylon, wax, resins, metals and ceramics. But it is worth 

being noted that these materials have either low conductivity or poor corrosion resistance in the 

acidic environment of fuel cells. Therefore, metal thin films have to be deposited on the surface 

of the BPs fabricated by RP technology to collect current or resist to corrosion. Like 

conventional technology, it is also difficult for RP technology to get BPs with micron channels 

for micro-fuel cells. 

Table 3.1: Comparison of three technologies for micro-fuel cells fabrication 

 

 MEMS technology can fabricate micro-channels with several microns on the BPs. For the 

cell phones and other portable electronic devices application of micro-fuel cells, MEMS 

Parameter  
Conventional 

Technology  
Rapid Prototyping  MEMS  

Dimension  Large  Medium  Small  

Cost  Cheap  Medium  Expensive  

Speed  Medium  Fast  Long  

Complexity  Medium  Simple  Complicated  

Maturity  Mature  Medium  Immature  

Materials  
Metals, graphite, 

alloys, polymers  

Metals, polymer, 

wax, paper, nylon  

Polymer, metals, 

silicon  

Conductivity  High  Depends on processes Depends on processes 

Corrosion  High  Depends on materials Depends on materials 

Application  Materials selection  Flow field design  System integration  
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technology is one of the most practicable technologies. Materials in MEMS technology, like in 

RP technology, have the same problems, such as low electric conductivity and poor corrosion 

resistance. In this research, the silicon wafer was selected as the substrate to fabricate BPs for 

micro-fuel cells. Wafer is a semiconductor. Thus, the metal thin films were deposited on the top 

of flow field as the current collectors. Among three kinds of technologies in the project, MEMS 

technology is the most complicated and expensive process.    

3.4 Summary 

This chapter discussed three kinds of technologies to fabricate BPs for micro-fuel cells. 

These three technologies include conventional technology, rapid prototyping technology, and 

microelectromechanical system technology. During the fabrication process, these technologies 

demonstrated different advantages and disadvantages. According to the application of micro-fuel 

cells, an appropriate technology can be chosen based on its advantages. 

MEMS is one of the most prevalent and practicable techniques to fabricate micro-fuel 

cells for portable electronic devices. In the project, this technique was chosen and employed to 

fabricate the BPs with different flow fields. Effects of BPs with different flow fields on 

performance of micro-PEM fuel cells and micro-DMFCs will be investigated and discussed in 

chapter 4 and chapter 5.  
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CHAPTER 4 

INVESTIGATION OF MICRO-PEMFC USING EXPERIMENTAL  

AND MODELING METHODS 

 

4.1 Introduction 

The use of portable electronic telecommunication and computing devices has motivated 

the research of power sources with a long-term operation. The micro-fuel cell system, especially 

the micro proton exchange membrane fuel cell (micro-PEMFC), has been developed as a 

promising electrochemical power source in portable and miniature electronic devices. The micro-

PEMFC can replace the lithium battery due to its safety, high efficiency, renewable fuel and 

environmental compatibility. Usually, a micro fuel cell system can provide more than 10 times 

the energy density of a lithium-ion rechargeable battery [1]. 

PEMFC has been improved in the aspects of catalysts, membrane electrolytes, 

electrochemical reaction kinetics, and electrode materials, but there are technical barriers still to 

be overcome before the successful development of PEMFCs, such as reactants transport, current 

distribution, heat management, and water management. As a member of PEMFC, the micro-

PEMFC confronts these challenges as well. 

The presence of microelectromechanical system (MEMS) technology makes it possible to 

manufacture the miniaturized fuel cell systems for application in portable electronic devices [2-

5]. The width of channels on the bipolar plates (BPs) is decreased from the order of millimeter to 
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micron using MEMS technology. Shah, et al. [6] has fabricated micro-channels of 5 µm width 

for micro-PEM fuel cells. The micro-PEMFC demonstrates several particular characters due to 

its small dimension, structure and assembling mode. These factors affect the performance of 

micro-PEMFC that is different from the conventional PEMFCs. Usually, micro-PEMFCs have 

lower maximum power densities than the macro- and meso-PEMFCs [2-7]. Drop in maximum 

power densities may result from the species transport in micro-channels. Cha, et al., [8] have 

studied the scaling behavior of flow patterns that was explained in conjunction with oxygen 

distribution in cathode channels and gas diffusion layer (GDL).  

However, the small dimensions of micro-PEMFCs restrict the use of sensors to monitor 

the distribution of current density, species, and heat in different parts of micro-PEMFCs. Thus, 

modeling plays a significant and important role in analyzing the performance and transport 

phenomena in micro-PEMFCs. Based on the research of gas-diffusion electrodes and Nafion® 

membrane, Springer, et al. [9] and Verbrugge, et al. [10, 11] constructed a one-dimensional 

PEMFC model to discuss the convective transport of water in membrane, restrictions for the cell 

performance, and the mechanism of species transport in different phases. Subsequently, Nguyen, 

et al. [12] and Fuller, et al. [13] improved the models and emphasized the water and heat 

management. Several years later, the one-dimensional models were improved and modified to 

two-dimensional models [14, 15] to study the distribution of species along channels or sections 

of different components in fuel cells. In recent years, three-dimensional [16, 17] and multiphase 

[18-20] models were developed. The multidimensional, multi-component and multiphase models 

reflected complex phenomena in fluid flow, heat transfer, and electrochemical reactions in fuel 

cells. These models have been extensively applied to the design of flow-field [21-23], the 

optimization of operating parameters and conditions [24, 25], and the fundamental study of 
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electrochemical and transport phenomena in fuel cells [26, 27]. Although much modeling work 

has been done for macro- or meso-PEMFC, the modeling of micro-PEMFC with discussion on 

the species, heat, charge transport in micro-channels is limited [4, 8, 28, 29]. 

In general, the modeling work follows a process that is simple to complex. A simple 

model describes only the basic species transport, ionic potential distribution, and electrochemical 

reactions. So far more than half of the existing models have adopted the simple model. Although 

temperature change and the electronic resistance were not considered in these models, the 

simulation data showed good agreement with the experimental results [15, 21-23] and the 

modeling solution was convergent in a relatively short time. The models presented by Meng [30] 

and Zhou [31] demonstrated that the electrical resistance of electronic phases significantly 

changed the distribution of current density in a fuel cell but its effect on power had less than 5% 

change after the electrical resistance of gas diffusion layers (GDL) and catalyst layers (CL) was 

taken into consideration. Under certain conditions, the resistance of GDL cannot be neglected, 

which may determine the design and optimization processes of fuel cells.  

This work combined the experimental and modeling methods to investigate the 

performance of a micro-PEM fuel cell. A silicon-based micro-PEMFC was fabricated using 

MEMS technology. The micro-PEMFC was tested at 50 oC with fully humidified hydrogen and 

air. In order to explain the experimental results, a single phase, multi-dimensional, multi-species 

mathematical model of micro-PEMFC was constructed to study the effects of small dimensions, 

assembling mode, resistance of materials (current collectors, GDLs, and CLs) and thermal factor 

on the performance of the micro-PEMFC.   
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4.2 Experimental 

Fabrication of BPs for micro-fuel cells has been described in the section 3.2.3 of chapter 

3. Two-parallel serpentine channels with a depth of 300 µm were pattern on 400 µm (100) n-type 

double side polished silicon wafers using MEMS technology. The metal thin films of chromium 

and gold (2 nm and 0.2 µm) are deposited on the top sides of the silicon wafers as current 

collectors. The micro-PEMFC end plate with the fabricated micro-channels is shown in Figure 

3.8. 

A micro-PEMFC consists of two bipolar plates and an electrode membrane assembly 

(MEA). The MEA has a sandwich structure that includes Nafion® membrane and two 

electrodes. Nafion® 112 was used in the micro-PEMFC, previously treated by aqueous solution 

of 3% hydrogen peroxide and 1M sulfuric acid. For the sake of lowering the effect of electrodes 

on the performance of micro-PEMFC, a high catalyst loading with optimized Nafion® content 

was used in the micro-PEMFC. Additionally, the alloy of Pt/Ru was used to resist the CO 

poisoning. The anode (ETEK, 5mg cm-2 Pt/Ru 1:1), the cleaned Nafion® 112 membrane, and the 

cathode (ETEK, 5mg cm-2 Pt) were pressed with a pressure of 40 kg cm-2 at 150 oC for 2.5 

minutes to get a sandwiched MEA. 

The micro-PEMFC was tested at 50 oC with 100% humidified gases. A hydrogen flow 

rate of ca. 50 ml min-1 and an air flow rate of ca. 50 ml min-1 were maintained at the anode and 

the cathode, respectively.   

4.3 Mathematical model 

Small dimensions of micro-channels drastically affect the performance of the micro-

PEMFC. Thus, mathematical model is very important to investigate the performance of the 

micro-PEMFC. In this study, the model was constructed from a simple (ideal) consideration of a 
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micro-PEMFC and adding sequentially the resistance of materials, the contact resistance, and the 

thermal factor into the model. In this study, the contributions of material resistance, contact 

resistance, and the thermal factor to the overall performance of micro-PEMFC were investigated. 

The case studies are described in detail in Table 4.1.  

Table 4.1: The description of study cases 

Case No. 'Simple' model Materials resistance Contact resistance Thermal model 

Case 1     

Case 2     

Case 3     

Case 4     

 

4.3.1 Model geometry 

Table 4.2: Geometry parameters for micro-PEMFC model 

Description Value 

Cell Length 12.75 mm 

Gas channel width 375 µm 

Gas channel depth 300 µm 

Channel shoulder width 375 µm 

Current collector thickness 0.2 µm 

GDL thickness 0.254 mm 

Catalyst layer (CL) thickness 0.0287 mm 

Nafion membrane thickness 0.051 mm 
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In the models of conventional PEMFCs, the GDL or BPs usually act as current collectors. 

However, metal films have to be deposited on the silicon wafers as current collectors of micro-

PEMFCs, which results in a unique structure of assembling mode in micro-PEMFCs as shown in 

Figure 4.1. The structure of the micro-PEMFC includes eleven subregions: anode silicon plate, 

anode channel, anode current collector, anode GDL, anode catalyst layer (CL), Nafion® 

membrane, cathode catalyst layer, cathode GDL, cathode current collector, cathode channel, and 

cathode silicon plate. The geometrical parameters are presented and summarized in Figure 4.1 

and Table 4.2.  

 

Figure 4.1: Schematic geometry of the model 

4.3.2 Model assumptions 

The assumptions made in this study are as follows: 

• Steady-state condition. 



 

58 
 

• Gases and mixtures are ideal. 

• Incompressible and laminar flow of gases. 

• Isotropic and homogeneous structures and properties of materials, including silicon 

plates, current collectors, GDL, catalyst layers and membrane. 

• The chromium thin film is neglected in the model. 

• Product of reaction water can be rapidly expelled from the channel by gases with high 

velocity in the micro-channel. Thus, it can be assumed that the presence of liquid water 

does not affect the gas flow, transport, and electrochemical process [15]. 

• The diffusion caused by multi-components is neglected. 

4.3.3 Physical and governing equation 

In this work, a single domain and a set of governing equations were applied to all eleven 

subregions. Figure 4.2 explains the species and charges transport in PEMFC that can be 

expressed by five major governing equations for mass, momentum, species, charge, and thermal 

energy.  

• Mass conservation. 

( u) mSερ∇ ⋅ =          (4.1) 

• Momentum conservation. 

  u( uu) [ u ( u) ]Tp Sρ ε εµ∇ ⋅ = − ∇ + ∇ ⋅ ∇ + ∇ +       (4.2) 

• Species transport equation. 

   ( u )Y D Y Si i i Kερ ρ⎡ ⎤∇ = ∇ ⋅ ∇ +⎣ ⎦          (4.3) 

• Charge conservation. 

Ionic conductor:   0
ion

eff
ion ion Sσ Φ⎡ ⎤∇ ⋅ ∇Φ + =⎣ ⎦           (4.4) 
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Electronic conductor:  0
e

eff
e e Sσ Φ⎡ ⎤∇ ⋅ ∇Φ + =⎣ ⎦           (4.5) 

• Thermal energy conservation. 

  ( ) ( )( )( )u 1p s Ec T T Sρ εκ ε κ∇ ⋅ = ∇ ⋅ + − ∇ +       (4.6) 

 

 

Figure 4.2: Species and charges transport in PEMFC 
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Table 4.3: Physical properties and parameters of materials 

Description Value 

Porosity of GDL at anode/cathode [15] 0.4 

Permeability of GDL at anode/cathode[15] 1.76×10-11 m2

Porosity of CL at anode/cathode[15] 0.112 

Permeability of CL at anode/cathode[15] 1.76×10-11 m2 

Porosity of membrane[15] 0.28 

Permeability of membrane[9] 1.58×10-18 m2 

Hydrogen diffusivity in gas[35] 1.1×10-4 m2 s-1

Oxygen diffusivity in gas[35] 3.2×10-5 m2 s-1 

Water diffusivity in gas[35] 7.35×10-5 m2 s-1 

Hydrogen diffusivity in membrane[35] 2.59×10-10 m2 s-1 

Oxygen diffusivity in membrane[35] 1.22×10-10 m2 s-1 

Fuel in anodic inlet H2/H2O (RH=100%) 

Oxidant in cathodic inlet Air (N2/O2=0.79/0.21, RH=100%) 

GDL electronic conductivity [31] 1250.0 S m-1

GDL thermal conductivity[37] 4 W m-1 K-1

GDL heat capacity[37] 840 J kg-1 K-1

CL conductivity[31] 90.0 S m-1

CL thermal conductivity[37] 0.2 W m-1 K-1

CL heat capacity[37] 770 J kg-1 K-1

Membrane thermal conductivity[37] 0.21 W m-1 K-1

Membrane heat capacity[37] 1100 J kg-1 K-1
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Except for the five major governing equations, modified Butler-Volmer formulas were 

applied to describe the electrochemical reactions taking place in the anode and cathode catalyst 

layers denoted by processes ① and ③ in Figure 4.2. The model also considered the equations 

relevant to describe the properties of species and materials, for example the conductivity of 

Nafion® membrane, diffusivities of oxygen and water, and electro-osmotic drag coefficient of 

water. The detailed description of relevant equations can be found in literature [9-20]. Table 4.3 

lists physical properties and parameters of materials used in the model. 

In catalyst layers, the electrochemical reactions can be expressed by modified Bulter-

Volmer formulation. The transfer currents at anode and cathode can be written as 

   2

2

1/2

0, exp expHref a c
a a a a cref

H

C F Fj a i
C RT RT

α αη η
⎛ ⎞ ⎡ ⎤⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎣ ⎦⎝ ⎠

    (4.7) 

 2

2

0, exp expOref c a
c c c c aref

O

C F Fj a i
C RT RT

α αη η
⎛ ⎞ ⎡ ⎤⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎣ ⎦⎝ ⎠

     (4.8) 

where the overpotential can be defined as, 

Ф Ф          (4.9) 

Here eΦ  and ionΦ are the potentials of the electron conducting materials and the electrolyte, 

respectively. The thermodynamic equilibrium potential is assumed to be zero at anode or anodic 

current collector in four cases. This potential at cathode or cathodic current collector is given by 

(4.10) 

0.0025 0.2329 (V)        (4.10) 

The local current density can be calculated for the mid-section of the membrane. 

mid sec of mem|ionI σ= − ∇Φ          (4.11) 

The ionic conductivity can be obtained from 
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  1 1exp 1268 (0.5139 0.326)
303ion T

σ λ⎡ ⎤⎛ ⎞= − −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
S m-1     (4.12) 

The water content,  λ , represents the number of water molecules per sulfonic acid groups 

present in the polymer that is determined by the activity of water vapor at the electrode/ 

membrane interface.   

 
2 30.043 17.81 39.85 36.0    for 0<a 1

14 1.4( 1)                                for 1 3
a a a

a a
λ

⎧ + − + ≤
= ⎨

+ − ≤ ≤⎩
     (4.13) 

The property of water transport in membrane depends on the water content. The water 

diffusivity in the Nafion® membrane can be expressed in term of water content as follows 

7 0.28 2346/

8 2346/

3.1 10 (e -1)e        for 0< 3
4.17 10 (1+161e )e   Otherwise

T
m
W TD

λ

λ

λ λ
λ

− −

− − −

⎧ × ≤
= ⎨

×⎩
 m2 s-1     (4.14) 

In the membrane the water is dragged to the cathode from the anode along with the 

protons transport, which is so-called electro-osmotic drag as shown by the process ② in Figure 

4.2. The drag coefficient is given by 

2.5
22dn λ

=            (4.15) 

The gas diffusivity of species is affected by the property of different subregions and 

environmental factors. In the GDLs, CLs, and membrane, the movement of gas molecules is 

restricted by the porous dimension. Bruggman equation accounts for this effect of porosity and 

tortuosity on mass transport. In addition, the diffusivity is also affected by environmental 

temperature and pressure.  

1.5eff
i iD Dε=            (4.16) 

3/2

0
0

0
i

T pD D
T p

⎛ ⎞ ⎛ ⎞
= ⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
          (4.17) 
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where 0D  is the species diffusivity at  0 353T K=  and 0 1 p bar= . 

The physical properties and electrochemical parameters that are used in this study are 

described in Table 4.3. 

4.3.4 Boundary conditions and initial values 

In the experiment, the flow of hydrogen and air were controlled at 50 ml min-1 that was 

used as the boundaries of inlets on anode and cathode side. Fuel in anodic inlet was H2 

(RH=100%). Oxidant in cathodic inlet was air (N2/O2=0.79/0.21, RH=100%). The outlet 

boundaries were set as pressure outlets.  

The electronic conductivity of materials was not considered in Case 1. In this case, eΦ , 

was set as zero at the anode and cell potential at the cathode. The charge equation for electronic 

materials was excluded in this case. At all boundaries, the gradient of ionic potential was zero. In 

case 2, 3 and 4,  eΦ  at the anodic current collector was set as zero and as the cell potential at the 

cathodic current collector. For other boundaries, the gradient of ionic and electronic potential 

was zero. Case 4 included the energy equation. The temperatures at all outside walls 

(boundaries) were set at 50oC.  

4.3.5 Solution strategy 

The numerical solution was based on a finite-volume method (FVM) [32]. The equations 

in models were solved using a commercial computational fluid dynamics software FLUENT®. 

The modeling domain was meshed using hexahedron volume elements and map scheme. The 

total number of volume elements considered in the model was 20(X)×45(Y)×100(Z). The 

coupled set of governing equations was solved using the semi-implicit method for pressure-

linked equations (SIMPLE) algorithm for each of the control volume element. The physical 

description of species, electrochemical phenomena, and all source terms were described in the C 
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language and introduced by user defined functions (UDF). When the scaled sum of residuals for 

variables of governing equations in all computational volume elements was less than 10-5, the 

solution was considered to be convergent. 

4.4 Results and discussion 

Table 4.4: Properties of gases flowing through the micro-channels 

 Anode Cathode 

Composite H2, RH=100% N2/O2=0.79/0/21, RH=100% 

Flow rate 50 sccm 50 sccm 

Temperature 50 oC 50 oC 

Reynolds number 2.41 164 

Friction factor 2.39 0.35 

Knudsen number 1.3×10-3 2×10-4 

Mach number 0.022 0.022 

 

Table 4.4 summarizes the properties of gases flowing through the micro-channels. These 

numbers were calculated according to the equations described in the book [33]. The velocities of 

gases in the micro-channels were low and their Mach numbers were 0.022. The flow in the 

micro-channels could be considered as laminar flow in terms of Reynolds numbers. The 

Knudsen numbers in the micro-channels was less than 1.3 ×10-3 which explained the mean free 

paths of molecules were far smaller than the length scale of the micro-channels. Thus, a 

continuum mechanics rather than statistical mechanics formulation of fluid dynamics could be 

used to simulate the micro-channels. 
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Figure 4.3a shows the experimental polarization curve and power density curve of the 

micro-PEMFC as function of current densities operated under the condition described in the 

experimental section. From Figure 4.3a, the maximum power density of the micro-PEMFC was 

132.6 mW cm-2 that was usually smaller than that of macro- or meso-PEMFCs. The low power 

density of the micro-PEMFC might be caused by two reasons: 1) small dimensions of the micro-

channel that affected the transport of species and 2) the assembling mode of the micro-PEMFC 

resulting in a large contact resistance. The polarization curve was differentiated and its slope was 

drawn in Figure 4.3b. Two distinct slope regions were obviously observed that indicated the 

activation polarization losses (I) and ohmic losses (ohmic overpotential, II). However, when the 

cell potential was higher than 0.5V (region III), the micro-PEMFC displayed an increasing 

tendency of resistance, which was caused by the concentration polarization. Moreover, the 

modeling results (Figure 4.9) showed a non-uniform distribution of current along the micro-

channel in the region III, which resulted in the resistance change in the micro-PEMFC. From 

Figure 4.3b, the value of micro-PEMFC resistance was calculated to be 1.05 Ω cm2.  



 

66 
 

0

20

40

60

80

100

120

140

0 50 100 150 200 250 300 350
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 µ-FC potential

P
ot

en
tia

l [
V

]

Current Density [mA cm-2]

Po
w

er
 D

en
si

ty
 [m

W
 c

m
-2
]

(a)

 

 µ-FC power density

 

-0.008

-0.007

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0 50 100 150 200 250 300 350
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 II
III

 µ-FC potential

P
ot

en
tia

l [
V]

Current Density [mA cm-2]

S
lo

pe
 o

f P
ol

ar
iz

at
io

n 
C

ur
ve

Ohmic losses=Slope=1.05 Ω cm2

(b)

I  

 Slope

 

Figure 4.3: Experimental (a) polarization and power density curves, and (b) polarization and 

resistance curves of the micro-PEMFC at 50 oC, RH=100%. 



 

67 
 

0 50 100 150 200 250 300 350 400 450
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Case 4
Case 3

Case 1

P
ot

en
tia

l [
V]

Current density [mA cm-2]

 Experimental
 Case 1
 Case 2
 Case 3
 Case 4

Case 2

 

Figure 4.4: Comparison of computed polarization curves for 4 cases and the experimental results. 

In order to understand effects of different factors on the performance of micro-PEMFC, a 

single phase, multi-component and multi-dimensional model was applied to the micro-PEMFC. 

Figure 4.4 compares the simulated polarization curves of four cases listed in Table 4.1 along 

with the experimental data. When the contact resistance was not considered into the model, the 

simulated polarization curves (in case 1 and case 2) deviate from the experimental data. The 

difference in slopes of the experimental and modeling curves at low potentials can be attributed 

to the contact resistances between current collectors and diffusion layers. A comparison of the 

slopes from these curves yields a contact resistance of 0.200 Ω cm2. The value may be slightly 

different from the real contact resistance due to the non-uniform distribution of the local current 
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density in the fuel cell. In this study, a method based on modeling was employed to estimate the 

contact resistance. In the assembling process of the micro-PEMFC, the large contact resistance 

was produced from the tightening process of the micro-PEMFC that was difficult to control due 

to the fragility of the silicon wafer. The contact resistance had to be taken into consideration in 

this work in order to construct a realistic micro-PEMFC model.  
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Figure 4.5: Estimation of the contact resistance based on the modeling. 
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Table 4.5:The average values of current densities  

and cathodic overpotentials of four cases 

 0.6V 0.4V 

 Current 

(mA cm-2) 

Overpotential 

(V) 

Current 

(mA cm-2) 

Overpotential 

(V) 

Case 1 195.17 0.349 428.14 0.390 

Case 2 191.07 0.348 423.12 0.389 

Case 3 149.45 0.340 333.45 0.374 

Case 4 148.52 0.340 335.81 0.375 

 

The correlation, I σ= ⋅∇Φ , connects electrochemical reaction with the complex species 

transport and properties of materials in the micro-PEMFC. Figure 4.5 shows the current densities 

with different contact resistances from the model. It was assumed that the contact resistances at 

the cathode and the anode are the same. The modeling data could be fitted well by the functions 

of the first order exponential decay as shown in the figure. Compared with the experimental data, 

a contact resistance of 0.102 Ω cm2 at the interface between a current collector and a GDL was 

obtained from Figure 4.5. Hence, it could be concluded that the interfaces at the anode and 

cathode contributed to about 19.4% of the total resistance in the micro-PEMFC, obtained from 

Figure 4.2b. Comparing with the conventional PEMFCs, the micro-PEMFC had a higher contact 

resistance because of the fragile nature of the silicon wafer which made tightening of the micro-

PEMFC difficult, which resulted in a lower maximum power density in the micro-PEMFC than 

in macro- or meso-PEMFCs. Thus, the design and optimization of assembling mode for micro-

PEMFCs is very important to improve the performance of micro-PEMFCs. The micro-PEMFC 



 

70 
 

model was corrected with an estimated total contact resistance of 0.204 Ω cm2. It showed good 

agreements with the experimental results (in case 3 and case 4).  

Table 4.5 summarizes the average values of current density and cathodic overpotential in 

the four cases. The overpotentials were calculated by Equations 4.9 and 4.10.  
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Figure 4.6: The current density profiles in the middle of the membrane. Cell potential = 0.4V and 

Z=9.75 mm. 
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Figure 4.7: The variation of electronic and ionic phase potentials in (a) case 2 and (b) case 3 

through plane direction (Y). Cell potential=0.4V, X=100 µm and Z=9.75mm. 
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Figure 4.6 shows the current density profiles along X-direction of the micro-channels. 

Combining the results from Figure 4.4 and Figure 4.5 and Table 4.5, it could be concluded that 

there was less than 2% change (current density difference at the same potential) between 

polarization curves of case 1 and case 2 which demonstrates that the electronic conductivity of 

materials barely affected the current output in the micro-PEMFC. Similarly, the difference 

between case 3 and case 4 was less than 1%. The thermal effect of electrochemical reactions in 

the micro-PEMFC was very small due to its small volume. When the polarization curve of the 

micro-PEMFC was the only simulated objective, the model could be simplified by not 

considering the materials electronic conductivity and the thermal effect of all components in the 

micro-PEMFC. However, their local distributions of current densities and cathodic overpotential 

were slightly different, especially between the models with and without contact resistance. 

In a PEM fuel cell, hydrogen is consumed in the anodic catalyst layer to produce protons 

and electrons. The electrons pass through the electronic phase (CLs, GDLs and current 

collectors) and an external circuit to the cathode while protons reach the cathodic CL through the 

membrane. In the cathodic CL, oxygen reacts with protons and electrons to produce water. 

During this process power is generated. The overpotentials in anode and cathode are the driving 

force for the two electrochemical reactions controlled by charge transfer between the electronic 

and the electrolyte phases as shown in Equation 4.9. Figure 4.7 presents a typical distribution of 

electronic and ionic phase potentials along Y direction. It is observed that the cathodic 

overpotential was significantly larger than the anodic overpotential. Thus, the overpotential of 

the micro-PEMFC could be expressed only by the cathodic overpotential. Figure 4.7a 

demonstrates the phase potential profile of case 2 considering the conductivities of GDLs and 

CLs. When the contact resistance was added into case 2, the obvious electronic potential change 
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was observed near the interfaces between the current collectors and GDLs as illustrated in Figure 

4.7b. In cathodic side contact resistance increased the electronic potential which decreased the 

overpotential. Furthermore, low overpotential produced low current density in the micro-PEMFC 

as shown in Table 4.5. 

Figure 4.8 exhibits the electronic potential distribution along the section of the micro-

channel. Contact resistance significantly affects the potential distribution. The interfaces between 

GDLs and current collectors resulted in ca. 80 mV drop. Further, the potential drop caused 

ca.100 mA cm-2 difference between case 2 and case 3. Therefore, it is very important to decrease 

the contact resistance between GDLs and current collectors in order to improve the performance 

of the micro-PEMFC. 

Apart from the contact resistance, the small dimension of micro-channel may be another 

reason for lower density in micro-PEMFC than macro- or meso-PEMFC. When the micro-

PEMFC was operated at a low current (cell potential is 0.6 V), the Nafion® membrane near the 

inlet had a low ionic conductivity [35]. The low conductivity caused a low current near the inlet 

as shown in Figure 4.9. When the cell potential was 0.4V, along the flow direction an abrupt 

variation was exhibited in the front part of the micro-channel. According to the electrochemical 

kinetics, the current density depends on the concentration of reactants. In the cathodes of PEM 

fuel cells, the cathodic current density is determined by the concentration of oxygen. 
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Figure 4.8: The potential distribution in the electronic phase of (a) case 2 and (b) case 3. Cell 

potential = 0.4 V and Z=9.75mm. 
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Figure 4.8: The potential distribution in the electronic phase of (a) case 2 and (b) case 3. Cell 

potential = 0.4 V and Z=9.75mm. 
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Figure 4.9: Profiles of current density in cathodic CL of (a) case 2 and (b) case 3 along Z 

direction at cell potentials of 0.4V and 0.6V. X=100 µm, Y=0.74mm. 
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2O4 4c f fI Fv Fk C= =          (4.18) 

Here, fk  is the oxygen reduction reaction rate constant and 
2OC  is the oxygen concentration in 

the catalyst layer.Smaller dimension of a channel results in a larger pressure drop [33, 34] that 

forces oxygen to transfer to the cathodic catalyst layer by convection from the gas channels and 

produces a higher current. Thus, a PEMFC with smaller channels should perform better than a 

PEMFC with larger channels. However, Hsieh and Chu [7] observed different behavior of 

pressure drop in micro-channel which depended on the channel-to-rib width ratio [33, 34]. In this 

study, the micro-dimension in the micro-PEMFC aggravated the decrease of pressure, even the 

pressure in the middle of channel almost equaled to the pressure around the outlets. In the region 

of high pressure drop, the oxygen transfer was controlled by forced convection and diffusion, 

and a high current was produced. When the gradient of pressure approached zero, the oxygen 

transport was controlled only by diffusion which caused a low oxygen concentration in cathodic 

CL and dropped the current output of the micro-PEMFC. The low oxygen concentration 

controlled by diffusion restricted the increment of current density (Equation 4.18) which caused 

the resistance increase of the micro-PEMFC and might show a concentration polarization loss in 

its polarization curve (Figure 4.3b). The micro-size of channels drastically affected the species 

transport and current distribution in the micro-PEMFC, especially operating under a low cell 

potential (high current). Thus, the different flow fields need to be designed in order to obtain the 

optimized performance of micro-PEMFCs [36], such as a uniform distribution of the reactant, a 

uniform distribution of current and a high power density output. It is predicted that the designs of 

criss-cross or multi-channel can provide a more uniform pressure and current distribution for the 

micro-PEMFC than the single serpentine design. At the cell potential of 0.6V, by whichever 

process, forced convection or only diffusion, the oxygen was controlled, its concentration in the 
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catalyst layer was enough for the electrochemical reaction. Hence, there was a uniform current 

density.  

In case 4, the thermal effect was introduced into the model. Figure 4.10 displays the 

temperature profile in the middle of the Nafion® membrane. Unlike macro- or meso PEMFC [38-

40], the temperature difference was small due to the small dimension of the micro-PEMFC that 

provides a small reaction space and a short heat exchange distance with the surrounding. Similar 

experimental results were reported in the literature [7]. Figure 4.11 demonstrates the 

overpotential profiles for cases 3 and 4. The difference caused by the thermal factor in the micro-

PEMFC was only 0.3% which is neglected in most industrial applications.  
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Figure 4.10: The profiles of temperature in the middle membrane of case 4 at cell potentials of 

(a) 0.6 V and (b) 0.4 V 
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Figure 4.11: The overpotential profiles of case 3 and case 4 and the temperature profile in case 4. 

Cell potential =0.4 V. Y= 0.74mm and Z=9.75mm. 

4.5. Summary 

This chapter dealt with experimental and modeling methods to analyze performance of 

the micro-PEMFC. A micro-PEMFC was manufactured using MEMS technology. At 50 oC with 

fully humid hydrogen and air, a maximum power density of 132.6 mW cm-2 was generated. 

Combining the experimental and modeling results showed that the contact resistance caused by 

the assembling mode of the micro-PEMFC contributed to 19.4% of the total inner resistance. 

Modeling results depicted that contact resistance significantly changed the distribution of 

overpotential in the micro-PEMFC and decreased the current output.  Small dimension of the 

micro-channel drastically affected species transport and resulted in a non-uniform current 

distribution along channel direction at low cell potential. Design of new flow field configurations 

and assembling modes of micro-PEMFCs is very important to improve the performance of 
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micro-PEMFCs. The fundamentals of the design are 1) to improve species transport along micro-

channels, and 2) to decrease the contact resistance between GDLs and current collectors.  Unlike 

macro- or meso-PEMFCs, electronic phases and thermal factor did not significantly affect the 

performance of micro-PEMFC. 

Experimental and mathematical modeling studies on the micro-PEM fuel cell indicate 

that material resistance and contact resistance influence the performance of micro-PEMFC. This 

information is extremely useful in developing a realistic micro-PEMFC model. Such a realistic 

model will be a powerful tool to design and optimize the micro-PEMFC. 
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CHAPTER 5 

PERFORMANCES OF MICRO-PEMFCS WITH DIFFERENT FLOW FIELDS 

 

5.1 Introduction 

Although a lot of effort has been put to improve performance of micro-FCs, development 

of micro-FCs still confront many technical challenges, including: (1) structural design, (2) 

fabrication, (3) gas diffusion layer (GDL) and catalyst layer (CL) optimization, (4) catalysts 

development and (5) membrane improvement. 

Performance of a fuel cell depends on all its components. However, Watkins et al. [1] 

reported that the output power density of fuel cell could be increased as much as 50% just by 

appropriate flow fields. These flow fields distribute the reactant gases uniformly over the 

electrode surface to minimize the concentration overpotential [2]. Designing flow fields for fuel 

cells generally includes the geometrical configuration, channel and rib dimensions (depth and 

width) [3-8]. So far many flow fields have been designed and optimized to be successfully 

applied to traditional fuel cells. Nevertheless, they are not appropriately applicable to micro-FCs 

[9, 10]. Cha, et al. [11] attributed the difference between conventional fuel cells and micro-

PEFCs to scaling phenomena in conjunction with the oxygen distribution in the cathode flow 

channels and gas diffusion layer. Hsieh, et al. [10, 12-14] investigated the performance of micro-

proton exchange membrane fuel cells (micro-PEMFCs) with different flow fields. Results 

showed that interdigitated flow field provided the best performance for micro-PEMFCs 
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compared to serpentine, parallel and mesh flow fields. As for the serpentine flow field, the 

channel-to-rib ratio of 1.0 displayed the largest power output. However, considering the ratio of 

power gain to power consumption, the channel-to-rib ratio of 0.67 is a good choice.   

Chapter 4 [15] indicated the particular behaviors of micro-PEMFCs by the experimental 

and modeling methods. Assembling mode and flow field of the micro-PEMFCs drastically affect 

their performance. Based on our previous results, we designed and fabricated four kinds of flow 

fields with different topologies for micro-PEMFCs. After assembled with these flow fields, 

performance of micro-PEMFCs were investigated and evaluated in this chapter. Unlike other 

papers [10, 12-14], this chapter emphasized effects of flow fields on the performance of micro-

FCs based on topologies of flow fields other than the channel-to-rib ratios.  

5.2 Experimental 

5.2.1. Fabrication of flow fields for micro-PEMFCs 

Four kinds of flow fields are designed for the micro-FCs in the Chapter. Design 1 is the 

flow field of mixed multichannel serpentine with wide channels suggested by Cavalca et al. [17].  

It was initially introduced into micro-FCs by Yen et al. [18]. Subsequently, Lu et al. [19] 

investigated its behavior in micro-DMFCs in detail. However, so far this design has not been 

reported to be used in micro-PEMFCs. In the chapter, this design was tested in micro-PEMFCs. 

Design 2 and 3 are conventional single- and double-channel serpentine flow fields, respectively.  

Design 4 is one type of mixed serpentine flow fields with narrow channel. Although design 4 

was successfully developed by our group for conventional PEMFCs [20], it is for the first time 

that design 4 is applied to the micro-FCs. Figure 5.1 and Table 5.1 lists the geometric parameters 

of these four flow fields.  



 

87 
 

 

Design 1 

 

 

 

Design 2  
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Design 3 

 

 

Design 4  

Figure 5.1: Four kinds of flow fields for micro-FCs 
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5.2.2. Assembly of micro-PEMFCs 

Assembly of micro-FCs has been described in Chapter 4 in detail. Briefly speaking, two 

BPs with the same flow field and an electrode membrane assembly (MEA) were assembled to a 

micro-FCs. The sandwich structure of MEA consisted of pre-treated Nafion® membrane and two 

electrodes. The anode (ETEK, 5 mg cm-2 Pt/Ru 1:1), the cleaned Nafion® 112 membrane, and 

the cathode (ETEK, 5 mg cm-2 Pt) were pressed with a pressure of 40 kg cm-2 at 150 °C for 

2.5 min to get a sandwiched MEA. The active areas of all electrodes in the micro-PEMFCs are 

1.5cm×1.5cm.  

5.2.3 Evaluation of micro-PEMFCs 

Micro-PEMFCs are being developed as promising electrochemical power sources to 

replace the lithium batteries in portable electronic devices, such as cell phone, laptop computer, 

and GPS. Generally, theses portable devices are operated at room temperature. Therefore, in this 

study micro-PEMFCs were evaluated at room temperature (20±1 oC) with 100% humidified 

reactant gases. Gas flow meters were used to feed hydrogen and air to micro-PEMFCs. Three 

flow rates of hydrogen/air, 15/15 ml min-1, 30/30 ml min-1, and 50/50 ml min-1, were used to 

investigate performance of micro-PEMFCs. The polarization experiments of the micro-PEMFCs 

were conducted by the AMREL Zero-volt eLoad (ZVL60-10-20L). After stabilizing at a current 

for 2 minutes, the corresponding potential of the micro-PEMFC was recorded. Eventually, the 

polarization curves were obtained from the recorded data.  Figure 5.3 shows the schematic of test 

facility for micro-PEMFCs. 

After feeding the fuel cells with humidified reactant gases (RH=100%) for one hour, 

resistance of micro-PEMFCs was measured by CHI 660A with the AC impedance technology. A 

sinusoidal signal with amplitude of 5mV was applied to the micro-PEMFCs. The frequency of 
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the signal was scanned from 100 kHz to 0.1 Hz. The applied potential is 0.0 V. The real part of 

impedance was recorded as resistance of the micro-PEMFC when its imaginary part was zero. 

 

Figure 5.3: Schematic of test facility for the micro-PEMFC (µ-PEMFC) 

Flooding in micro-PEMFCs was studied using the method of “over-saturated vapor” in 

order to aggravate the process of flooding. The term “over-saturated” means that the relative 

humidity (RH) of gases is greater than 100% when gases just enter the micro-PEMFC. The 

micro-PEMFCs were kept in the atmosphere of 20±1 oC, but the temperature of the humidity 

system was increased to 35 oC.  The current of 400 mA was applied to the micro-PEMFCs, and 

the potential of the micro-PEMFCs was recorded as function of the time. 

5.3 Results and discussion 

Flow fields determine the distributions of reactant gases in micro-PEMFCs, and further 

affect performance of micro-PEMFCs. In the PEM fuel cells, fuel and air arrive at catalyst layers 

through flow fields, and the electricity power is generated. During the process, the cathode sides 
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become a key factor that has impact on performance of PEM fuel cells because of the slow 

kinetics of oxygen reduction reaction (ORR) and the mass transport limitation caused by liquid 

water. In the cathode, the slow kinetics of ORR results in more than 90% of overpotential in the 

micro-PEMFC [15]. Moreover, the ORR and electro-osmotic drag bring liquid water into 

cathode. Liquid water accumulates in the micro-channels and the porous GDLs and CLs, namely 

water flooding. The water flooding hinders oxygen moving in the micro-channels and accessing 

to the active sites, which deteriorates the performance of micro-PEMFCs.  

Table 5.2: Properties of air flowing through micro-PEMFCs 

 Design 1 Design 2 Design 3 Design 4 

Effective Channel Length /mm 38.25 212.25 116.25 22.88 

Hydraulic diameter (DH) /mm 0.43 0.33 0.33 0.43/0.33* 

Reynolds number (Re) 10.65 49.72 24.86 10.65/27.62* 

Knudsen number 1.5×10-4 1.9×10-4 1.9×10-4 1.5×10-4/1.9×10-4*

Friction factor 6.16 1.16 2.32 6.16/2.09* 

Pressure drop /Pa 106 5484 1423 42 

* Ends of channels/middle of channels 

Table 5.2 summarizes the properties of humidified air of 15 ml min-1 flowing through the 

cathodic sides of micro-PEMFCs. These numbers were calculated according to the equations 

described in Barbir’s book [21]. It is worth noticing that the conventional equation to calculate 

the friction factor is applicable to micro-channels in this study [22]. In the table, effective 

channel length was defined as the shortest distance through which the gases passed from an inlet 

to an outlet in a flow field.  
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Figure 5.4 shows a series of cell polarization curves operated at different flow rates of 

reactant gases. The hydrogen flow rates were 15 ml min-1, 30 ml min-1 and 50 ml min-1 

corresponding to stoichiometric numbers of 3, 6 and 10 at the reference current density of 0.3 A 

cm-2. Flow rates of air were the same, but its stoichiometric numbers were 1.27, 2.54 and 4.23, 

respectively. Under the operating conditions, micro-PEMFCs with different flow fields yielded 

power densities ranging from 45 mW cm-2 to 76 mW cm-2.  

A higher flow rate kept a higher concentration of the reactant in the catalyst layer, and 

caused a larger pressure gradient to enhance mass transfer by forced convection. As shown in 

Figure 5.4(a), the polarization curves of design 1 with wide channels display two parts, kinetic 

and ohmic polarization, while the mass transport limitation is not apparently observed. The 

performance of design 1 was improved with the increase of flow rates of gases. When the flow 

rate of air was 15 ml min-1, the maximum power density of micro-PEMFC with design 1 flow 

field was 55.81 mW cm-2. The value increased to 62.38 mW cm-2 when the air flow rate was 50 

ml min-1. The maximum power densities of all micro-PEMFCs with different gases flow rates 

were summarized in Table 5.3.  
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Figure 5.4: Polarization curves of micro-PEMFCs with different flow fields. (a) design 1; (b) 

design 2; (c) design 3; and (d) design 4. 
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Table 5.3: Maximum power densities of micro-PEMFCs  

with different flow fields at different gases flow rates 

 Maximum power density (mW cm-2) 

Flow rate (ml min-1) Design 1 Design 2 Design 3 Design 4 

15 55.81 50.79 75.97 45.26 

30 56.95 63.58 73.44 48.72 

50 62.38 70.55 75.97 57.77 

 

Design 2 and 3 are single- and double-channel serpentine designs, respectively. Their 

long effective channels adversely affected the mass transport which was clearly exhibited in the 

polarization curves of design 2 and design 3. As to design 2, the increase of flow rate drastically 

improved its performance. Especially, its power density increased 25.2% when the reactant gases 

flow rates raised from 15 to 30 ml min-1. However, the change in gases flow rates did not 

significantly influence performance of design 3. The high flow rate only enhanced the power 

density of design 3 at high current densities.  

Adding the number of channel, design 4 reduced the effect of narrow channels on the 

mass transport limitation. The part of concentration polarization became indistinct in the 

polarization curves of design 4 as shown in Figure 5.4(d). However, the flow field of design 4 

has the shortest effective length among all flow fields, which decreases the residence time of 

reactants in the micro-channels. Short residence time restricts the species transport from micro-

channels to catalyst layers. Therefore, the micro-PEMFC with design 4 flow field presented the 

worst performance. At the air flow rate of 15 ml min-1, for example, the maximum power density 



 

97 
 

of micro-PEMFC with design 4 flow field was less than 40.4% of that yielded by micro-PEMFC 

with design 3 flow field. 

The polarization curves of micro-PEMFCs were affected by their resistance as well. 

When micro-PEMFCs were fully humidified, difference in their resistance came from the 

contacting parts of flow fields and electrodes. The contact resistance depended on the assembling 

pressure and contact area. Due to the fragile nature of silicon wafer and thin current collectors, 

micro-PEMFCs in the study had the large resistance to which the contact between current 

collectors and electrodes contributes 20% [15]. The large resistance would change the 

distributions of current and overpotential. Figure 5.5 displays the electrochemical impedance 

spectroscopy (EIS) results for micro-PEMFCs with different flow fields. The resistance of 

micro-PEMFCs ranged from 0.625 to 0.803 ohms. Their resistances are summarized in Figure 

5.6. In order to compare the effect of different flow fields on the mass transport, the polarization 

curves of micro-PEMFCs were corrected by removing ohmic losses. The corrected polarization 

curves were demonstrated in Figure 5.7. 

After removing ohmic resistance, the corrected polarization curves only reflected two 

control processes, namely kinetic and mass transport controls. The kinetic control attributed to 

the properties of MEA, but the mass transport control was determined by flow fields to a large 

extent. As shown in Figure 5.7, different flow fields yield different performances to micro-

PEMFCs. However, difference in performance of micro-PEMFCs gradually decreased with 

increasing gases flow rates.  
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Figure 5.5: Nyquist curves of micro-PEMFCs with different flow fields. (a) design 1; (b) design 

2; (c) design 3; and (d) design 4. 
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Figure 5.6: Resistance of micro-PEMFCs with different flow fields. 
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Figure 5.7: IR-corrected polarization curves of micro-PEMFCs with different flow fields 
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When micro-PEMFCs worked at 150 mA cm-2 and the flow rates of reactant gases were 

15 ml min-1, they generated the power densities covering from 76 to 105 mW cm-2 which caused 

about 38% discrepancy. Difference in power densities was 21% at gases flow rates of 30 ml min-

1, and 13% at gases flow rates of 50 ml min-1. As mentioned above, a high flow rate would 

improve the mass transport in micro channels by forced convection. Forced convection not only 

compelled gases to catalyst layers, but also made gases span the ribs of micro channels and 

dispersed gases in the whole gas diffusion layers (GDL). Dispersion of gases in GDL decreased 

the differences among micro-PEMFCs caused by different flow fields. When the gases flow rates 

were 50 ml min-1, the produced liquid water was readily removed in the micro channels and had 

a weak influence on the mass transport. Figure 5.7(c) indicates that the flow fields with narrower 

micro channels yielded better performance, which was consistent with the results of Cha, et al 

[11, 23]. A narrower channel helped the mass transport by reducing the dead zone and increasing 

gas flow velocity. When gases flow rates decreased, performance of design 2 rapidly 

deteriorated. The probable reason was the flooding blocking the mass transport in micro 

channels. At low current density, micro-PEMFCs only produced a little liquid water that was not 

enough to result in the flooding, so the design 2 appeared to yield the best performance. 

However, with the liquid water accumulating in micro channels, performance of design 2 

became worse. Comparing with other flow fields, design 4 had a shortest effective length of 

micro-channel that only introduced a small pressure gradient in the flow field. Therefore, the 

fluids in design 4 included only a weak convective character in the mass transport which led to 

unfavorable performance. Decrease in gases flow rates gave prominence of mass transport 

limitation to polarization curves of micro-PEMFCs as shown in Figure 5.7(a) and 5.7(b).    
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Figure 5.8:  Change in potential with time at cell currents of 400 mA. 

 The mass transport limitation forced by liquid water is another important issue in micro-

PEMFCs. Although a high gases flow rate will impede flooding from micro channels and 

improve the mass transport, the process adds the parasitic energy for the micro-PEMFC systems. 

A good design of flow field for the micro-PEMFC should avoid the accumulation of liquid water 

in micro channels and takes off the block for mass transport at low gases flow rates. In this study, 

an extreme condition was employed to investigate the flooding in the micro-PEMFCs with 

different flow fields. When the gases humidified at 35 oC (RH=250%) were fed to micro-

PEMFCs with an atmosphere of 20 oC, the over-saturated water would condensate in the micro-

channel of flow fields and degraded the mass transport. Figure 5.8 describes the behavior of 
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flooding in micro-PEMFCs with different flow fields. The flow rates of hydrogen and air were 

15 ml min-1 and the currents of micro-PEMFCs were kept at 400 mA. In order to easily compare 

the flooding in micro-PEMFCs with different flow fields, the relative values of potentials were 

adopted. Assuming that the potential was 100% at the beginning, and the other potentials were 

expressed by percentage relative to the initial potential. The potential of design 2 decreased to 

40% from 100% in 4 minutes. Long channel length with the narrow open area was susceptible to 

flooding. Even though the two-channel serpentine design was used in the micro-PEMFC, the 

time when its potential decreased to 40% from 100% is 7 minutes, only 3 minutes more than that 

in design 2. Short channel length and wide open area improved the flooding of the micro-

PEMFC in design 1. After working more than 25 minutes, its potential was about 64%. The 

potential of design 4, a mixed serpentine design with multi-channel, decreased to 52% at the first 

8 minutes. The decrease in potential implied that liquid water formed and accumulated in 

narrower parts of the flow field. Performance of the micro-PEMFC rapidly deteriorated. 

However, the liquid water was easily released from channels due to short effective channel 

length and multiple channels. It is observed that performance of the micro-PEMFC was 

recovered at the tenth minute. After that time, the potential of the micro-PEMFC kept at 90%, 

and repeated the recovery process at about 20 minutes. As a whole, design 4 appeared to have 

the best ability to resist the flooding.  

5.4 Summary 

Flow fields play a very important role in the performance of micro-PEMFCs. A good 

design of the flow field can not only provide uniform distributions of gases in electrodes to 

improve the performance of micro-PEMFCs but also enhance the ability to recover from some 

adverse conditions, such as the flooding, and unsteady state. This study investigated the 
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performance of micro-PEMFCs with four kinds of flow fields manufactured by MEMS 

technology.  

These four kinds of flow fields have different topologies, channel and rib width, and 

effective channel length. The flow field with narrow and long channel presented a good 

performance at high gases flow rates. High flow rates forced the convective mass transport and 

impeded the flooding in micro channels and porous materials, which improved performance of 

micro-PEMFCs. However, in the micro-PEFC, with the flow rates decreasing, the long and 

narrow channels were susceptible to flooding by the produced liquid water and its performance 

rapidly deteriorated. The mixed serpentine design had a good ability to resist the flooding. But its 

short effective length of channels only led to a small pressure gradient and a small convective 

character in mass transport, which caused a bad performance in its polarization curves. The 

results suggest that the micro-PEMFC with good performance should use the flow field with a 

mixed multichannel design and long micro channels. 
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CHAPTER 6 

EFFECT OF FLOW FIELDS ON THE PERFORMANCE OF MICRO-DMFCS 

 

6.1 Introduction 

Methanol is an attractive fuel apart from hydrogen for room temperature micro fuel cells. 

Methanol has the specific energy of 4384 W h l-1 [1] that is much higher than that of hydrogen. 

Moreover, methanol is relatively inexpensive, easily stored and handled [2].  

Methanol as fuel in fuel cells can be electro-oxidized indirectly and directly. So the kind 

of fuel cells can be put into two categories. One is named as indirect methanol fuel cell 

(IDMFC). The other is called as direct methanol fuel cell (DMFC). In IDMFC, methanol is first 

converted to hydrogen-rich gas by a reformer, and then the hydrogen-rich gas is delivered to a 

fuel cell for the hydrogen electro-oxidation reaction. The reforming process of methanol is 

usually operated at 250 oC to 300 oC, which requires a high energy [3]. In addition, carbon 

monoxide removal from the reforming gas is a complicated process, which adds the size and 

weight of a fuel cell system. DMFCs remove the gas reforming part and decrease the parasitical 

energy requirement for the DMFC systems. 

Although DMFCs have been developed over past decades, many difficulties are still 

being addressed on improving the performance [2]. Methanol oxidation reactions in anode of 

DMFCs produce carbon dioxide and protons. Presence of protons creates an acidic environment 

in the DMFCs, which accelerates the corrosion process of current collectors. In general, DMFCs 
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use Nafion® as electrolyte membrane. Methanol readily transports across the perfluorosulfonic 

acid based Nafion® membrane, namely methanol crossover. Methanol crossover causes many 

adverse effects on the performance of DMFCs [4], including (1) low cell voltage; (2) low 

pressure of oxidant; and (3) a low activity of cathodic electrocatalysts. Therefore, new kinds of 

membrane are being developed for DMFCs [5-8]. Catalyst is another issue in the research of 

DMFCs. Methanol oxidation reaction demonstrates slow kinetics on the surface of current 

anodic catalyst in a DMFC and causes a high overpotential. Furthermore, electro-oxidation 

reaction of over-crossed methanol on cathodic electrode produces many intermediate 

compounds, and consequently poisons the catalyst. In order to improve the performance of 

catalysts in DMFCs, our group has developed novel catalysts for the DMFCs [9-12].   

As a result of electrochemical reactions in a DMFC operated at ambient temperature, a 

large amount of carbon dioxide is generated at the anode side, while liquid water is produced at 

cathode side. Generation of the second phase at anode and cathode hinders the reactants to 

approach to the active surface of catalysts and deteriorates the performance of the DMFC [13]. 

Therefore, flow fields should be elaborately designed for DMFC to improve the species 

transport. Effects of flow fields for oxidant have been extensively investigated in proton 

exchange membrane fuel cells (PEMFCs) [14-17]. Thus the behavior of liquid methanol and 

carbon dioxide affected by anode flow fields is being concerned in DMFCs. Yang and Zhao [18] 

concluded that the DMFCs with single serpentine flow fields demonstrated better performance 

than those with the parallel flow fields. Besides the single serpentine and parallel flow fields, 

Jung, et al.[19], introduced the grid flow fields into DMFCs, and showed performance of 

DMFCs with different flow fields from best to worst as single serpentine flow fields, grid flow 

fields, and parallel flow fields. Using computational simulation, Hyun, et al. [20], investigated 



 

111 
 

four kinds of flow fields in DMFCs, including single serpentine, parallel, parallel serpentine, and 

zigzag flow fields. The DMFC with zigzag flow fields demonstrated the best performance 

followed by single serpentine, parallel serpentine and parallel flow fields. Tüber, et al. [21], 

compared fractal flow fields with single serpentine and parallel flow fields and believed that the 

DMFCs with parallel flow fields yielded the best performance, while fractal flow fields 

decreased the pressure loss, lowered parasitic energy demand, and uniformly distributed 

reactants over the active area. Arisetty, et al. [22], used metal foams with different pore sizes as 

the flow field and gas diffusion layer that made DMFCs exhibit a complex manner.   

In recent years, DMFCs are being miniaturized and widely used as power sources for 

portable electronic devices due to their high specific energy [23-27]. Nevertheless, evaluation of 

flow fields for micro-DMFCs has been rarely carried out. Yen, et al.[28] and Lu, et al.[29],  

systematically investigated the flow field behavior of multichannel serpentine with mixing in 

micro-DMFCs. Wong, et al.[30], compared the single serpentine and parallel flow fields in 

micro-DMFCs and found that DMFCs with single serpentine flow fields have better performance 

than those with parallel flow fields. Moreover, an optimal dimension of a micro-channel in 

micro-DMFC was obtained whose depth was 300 µm and width was 580 µm.  However, it is 

worth noticing that the scaling effect observed in micro-PEMFCs [31] should exist in micro-

DMFCs. Hsieh, et al.[32, 33], studied the behavior of micro-channels that were different from 

those of conventional larger channels at the corresponding Reynolds number. Therefore, the flow 

fields with micro-channels need to be further investigated in the micro-DMFCs. 

Our previous work in Chapter 5 [34] has applied four kinds of flow fields to micro-

PEMFCs. Compared with conventional PEMFCs, these flow fields exhibited unique behavior in 

micro-PEMFCs. In this chapter, these four kinds of flow fields, mixed multichannel serpentine 
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with wide channels (Design 1), single-channel serpentine flow field (Design 2), double-channel 

serpentine flow field (Design 3), and mixed multichannel serpentine with narrow channels 

(Design 4), were used in micro-DMFCs. A high flow rate of oxygen was adopted to eliminate 

effects of cathode sides of micro-DMFCs with different flow fields [34]. Therefore, results in the 

study emphasized the species transport in anode sides of micro-DMFCs with different flow 

fields. In addition, low flow rates of methanol solution were used to decrease the parasitic energy 

for methanol delivery in micro-DMFC systems.  

6.2 Experimental 

6.2.1. Fabrication and assembly of micro-DMFCs 

Fabrication and assembly of micro-FCs has been described in Chapter 5 in detail. Four 

kinds of flow fields as shown in Chapter 5 were fabricated using microelectromechanical system 

(MEMS) technology on silicon wafers. Metal thin films were deposited on the surfaces of silicon 

wafers as current collectors. Then silicon wafers with flow fields were diced to bipolar/end plates 

(BPs). Two BPs with the same flow field and an electrode membrane assembly (MEA) were 

assembled to a micro-FC. The anode (ETEK, 5 mg cm-2 Pt/Ru 1:1), the pre-treated Nafion® 112 

membrane, and the cathode (ETEK, 5 mg cm-2 Pt) were pressed with a pressure of 40 kg cm-2 at 

150 °C for 2.5 min to get a sandwiched MEA. The active areas of all electrodes in the micro-

DMFCs are 1.5cm×1.5cm. The geometric parameters of the anode flow fields in micro-DMFCs 

are summarized in Table 6.1. The Reynolds numbers (Re) were calculated by the Equation 6.1. 

           (6.1) 

in which ρ is the density of methanol solution,  the flow rate of methanol solution, DH hydraulic 

diameter, µ the viscosity of methanol solution, and A the cross-section area of flow channels. 
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Table 6.1: Geometric parameters of anode flow fields in micro-DMFCs 

 Design 1 Design 2 Design 3 Design 4 

Channel width /µm 750 375 375 375 

Rib width /µm 750 375 375 375 

Channel depth /µm 300 300 300 300 

Effective Channel Length /mm 38.25 212.25 116.25 22.88 

Hydraulic diameter (DH) /mm 0.43 0.33 0.33 0.43/0.33* 

Reynolds number (Re)# 0.50 2.28 1.14 4.96/1.27* 

* Ends of channels/middle of channels; # at 1M, 0.05034 ml min-1, and 20 oC. 

6.2.2 Evaluation of micro-DMFCs 

All micro-DMFCs were evaluated at room temperature (20±1 oC). A peristaltic pump 

(Model 3384-Ultra Low Flow, Control Company) was employed to deliver the liquid fuel. Three 

flow rates of methanol solution, 0.05034 ml min-1, 0.11280 ml min-1 and 0.34786 ml min-1, were 

used in the evaluation process of micro-DMFCs. Five concentrations of methanol aqueous 

solution, 1M, 2M, 3M, 4M and 5M, were prepared to test the performance of micro-DMFCs. 

Gas flow meters were used to control the flow rate of oxygen. A constant flow rate of oxygen, 50 

ml min-1, was applied in the experiment. Electrochemical testing and data acquisition were 

conducted by a Potentiostat/Galvanostat Model EG&G 273A instrument (Princeton Applied 

Research) with PowerSUIT® software. The potentiodynamic polarization mode was conducted to 

obtain polarization curve at a scan rate of 5mV s-1. Figure 6.1 displays the schematic of test 

facility for micro-DMFCs. Before every operation, micro-DMFCs were stabilized for half an 

hour in order to stabilize the process of methanol crossover and remove the heat effect caused in 

the previous operation.  
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Figure 6.1: Schematic of test facility for the micro-DMFC (µ-DMFC) 

6.3 Results and discussion 

  Section 5.3.1 demonstrates that flow fields drastically affect performance of micro-

PEMFCs. Likewise, flow fields also affected performance of micro-DMFCs. High flow rate 

forces the oxygen to span the ribs of micro-channels and disperses oxygen in the whole gas 

diffusion layers (GDLs). The high dispersion of oxygen in GDLs decreases the difference caused 

by different flow fields. In order to emphasize the effect of anode flow fields on performance of 

micro-DMFCs, the flow rate of oxygen, 50 ml min-1, was used in the experiment to eliminate 

effects of oxygen and water in the cathode side. The flow rate of oxygen corresponded to the 
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stoichiometry of 24 at a reference current of 250 mA cm-2. The stoichiometry of methanol 

solution can be calculated according to Equation 6.2. 

/ · ·
· ·

          (6.2) 

where C is the molar concentration of methanol,   is the volumetric flow rate of methanol 

solution, i is the reference current density, A is the cell active area, and mw is the molecular 

weight of methanol. 

Table 6.2: Summary of maximum power density in micro-DMFCs at different concentrations of 

methanol solution (mW cm-2) 

 1M 2M 3M 4M 5M 

Design 1 12.30 12.51 13.13 13.91 18.25 

Design 2 12.51 13.96 14.38 14.94 16.76 

Design 3 16.13 18.03 19.50 20.72 22.74 

Design 4 11.06 11.17 11.40 12.34 13.58 
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Figure 6.2: Polarization curves of micro-DMFCs at different concentrations of methanol 

solution. (a) design 1; (b) design 2; (c) design 3; and (d) design 4. 



 

118 
 

0 20 40 60 80 100 120 140
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

2

4

6

8

10

12

14

16

P
ot

en
tia

l [
V

]

Current density [mA cm-2]

 ξ=0.86
 ξ=1.93
 ξ=5.96

(a)

P
ow

er
 d

en
si

ty
 [m

W
 c

m
-2
]

 

0 20 40 60 80 100 120 140
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

2

4

6

8

10

12

14

16

P
ot

en
tia

l [
V

]

Current density [mA cm-2]

 ξ=0.86
 ξ=1.93
 ξ=5.96

(b)

P
ow

er
 d

en
si

ty
 [m

W
 c

m
-2
]

 



 

119 
 

0 20 40 60 80 100 120 140 160
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

2

4

6

8

10

12

14

16

18

20

22

24

Po
te

nt
ia

l [
V]

Current density [mA cm-2]

 ξ=0.86
 ξ=1.93
 ξ=5.96

(c)

P
ow

er
 d

en
si

ty
 [m

W
 c

m
-2
]

 

0 20 40 60 80 100 120 140
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

2

4

6

8

10

12

14

16

18

P
ot

en
tia

l [
V

]

Current density [mA cm-2]

 ξ=0.86
 ξ=1.93
 ξ=5.96

(d)

Po
w

er
 d

en
si

ty
 [m

W
 c

m
-2
]

 

Figure 6.3: Polarization curves of micro-DMFCs at different flow rate of methanol solution. (a) 

design 1; (b) design 2; (c) design 3; and (d) design 4. Methanol solution = 1M. 
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In terms of the equation, the flow rates, 0.05034 ml/min, 0.11280 ml/min and 0.34786 

ml/min in the experiment, of methanol solution with 1 M concentration corresponded to the 

stoichiometry of 0.86, 1.93 and 5.96 at the reference current density of 250 mA/cm2, 

respectively.   

As the bench mark, the micro-DMFC with design 1 flow field exhibited a maximum 

power density of 12.30 mW cm-2 at 20 oC with 1 M of methanol solution, which agreed well with 

the result reported by Lu et al [29]. Figure 6.2 shows the performance of micro-DMFCs with 

four kinds of flow designs at methanol solution concentrations of 1M, 2M, 3M, 4M and 5M. 

Micro-DMFCs with different flow fields yielded power densities ranged from 11 mW cm-2 to 23 

mW cm-2 at these five concentrations of methanol solution. It is observed that higher 

concentration of methanol solution resulted in better performance of micro-DMFCs. In 

particular, the use of 5 M methanol enormously improved the performance of micro-DMFCs 

compared with other concentrations of methanol solution. As for the micro-DMFC with design 1 

flow field, for example, its maximum power density increased 31.2% when the concentration of 

methanol solution was changed from 4M to 5M, however, the increase in power density was 

only 5.9% when methanol concentration increased from 3M to 4M. When the concentration of 

methanol solution was 1M, three stages, kinetic polarization, ohmic polarization and mass 

transport limitation, could be observed on the polarization curves in Figure 6.2. When higher 

concentrations of methanol solution were used in experiments, such as 2M, 3M, 4M and 5M, the 

mass transport limitation disappeared in the polarization curves. At these conditions, the 

concentrations of methanol solution corresponded to the stoichiometric numbers of 1.72, 2.58, 

3.44 and 4.30 at a reference current of 250 mA cm-2, respectively. Table 6.2 summarizes the 

maximum power density of micro-DMFCs with different flow fields at these five concentrations. 
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Figure 6.3 shows the effect of methanol solution flow rates on performance of micro-

DMFCs with four kinds of flow fields. In the experiments, the methanol solution concentration 

of 1M was delivered to these four micro-DMFCs. Three flow rates of methanol solution 

corresponding to stoichiometric numbers of 0.86, 1.93 and 5.96 were applied to micro-DMFCs. 

Table 6.3 and Figure 6.4 summarize the maximum power density of micro-DMFCs with 

different flow fields at different flow rates. For the multichannel serpentine with mixing, design 

1 and design 4, performance of micro-DMFCs became better when the flow rate of methanol 

solution became higher. In the study of design 4, for instance, the maximum power density of the 

micro-DMFC increased 18.2% when the methanol solution rate increased from 0.05034 to 

0.11280 ml min-1. If the rate continued to increase to 0.34786 ml min-1, the maximum power 

density of the micro-DMFC would be 14.90 mWcm-2, greater 14.0% than that at methanol rate of 

0.11280 ml min-1.  However, this tendency was not presented in the single- (design 2) and 

double-channel (design 3) flow fields. In design 2 and design 3, increasing rate of methanol 

solution from 0.05034 to 0.11280 ml min-1, the maximum power densities of the micro-DMFCs 

were enhanced. But the performance of micro-DMFCs with design 2 and design 3 became worse 

when the flow rates of methanol were further increased from 0.11280 to 0.34786 ml min-1. The 

long channels in design 2 and design 3 produced a large pressure drop [34] by which the 

methanol was forced to move to anode catalyst layer, even to cross over membrane. High flow 

rates of methanol solution aggravated the crossover of methanol and degraded performance of 

micro-DMFCs with design 2 and design 3. Therefore, the maximum power density of micro-

DMFCs with design 2 and 3 flow fields decreased 5.3% and 12.8%, respectively, when the 

methanol flow rate became 0.34786 from 0.11280 ml min-1. 
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Table 6.3: Summary of maximum power density in micro-DMFCs at different flow rate 

of methanol solution (1M) (mW cm-2) 

 Design 1 Design 2 Design 3 Design 4 

0.05034 ml min-1 12.30 12.51 16.13 11.06 

0.11280 ml min-1 13.88 14.22 20.37 13.07 

0.34786 ml min-1 14.55 13.46 17.77 14.90 
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Figure 6.4: Maximum power densities of micro-DMFCs at different flow rate of methanol 

solution (1M) 
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Figure 6.5 compares the performance of micro-DMFCs with four kinds of flow fields at 

methanol concentration of 1M and flow rate of 0.05034 ml min-1. Unlike the behavior of flow 

fields in conventional DMFCs [18-21], the micro-DMFC with the flow field of double-channel 

design shows the best performance among four micro-DMFCs with different flow fields, other 

than the single-channel serpentine. If the flow rate is increased to a certain value, the methanol 

solution flow has enough energy to push gas bubble along the micro-channel and there are no 

channel-blocking bubbles, which will produce the best performance for DMFC. Therefore, it was 

reported that the best performance was observed in the micro-DMFCs with single-channel 

serpentine flow fields when the flow rate was 0.8 ml min-1 [30]. However, only low flow rates of 

methanol solution were applied in the study. The bubble formation of carbon dioxide hinders the 

motion of methanol solution with a low flow rate in single serpentine flow fields of micro-

DMFCs and decreases the concentration of methanol solution. Carbon dioxide also blocks the 

methanol to approach to the active site in anode catalyst layer and degrade the performance of 

the micro-DMFC. Although the stagnant bubbles possibly exist in design 3, double-channels 

decrease the motion resistance of methanol solution caused by the gas bubbles, which keeps a 

high concentration of methanol solution on the anode electrode and shows a good performance 

of micro-DMFCs. The micro-DMFC with design 3 generated a maximum power of 16.2 mW 

cm-2. In design 1, 3, and 4, performance of micro-DMFCs depended on the effective length of 

channels. Long channels showed a large pressure drop, which helped movement of fluid to 

catalyst layer and improve the performance of micro-DMFCs.  
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Figure 6.5: Comparison of micro-DMFCs with different flow fields at methanol solution 

concentration of 1 M. 

Figure 6.6 displays the effects of scanning rates on performance of micro-DMFCs. micro-

DMFCs presented very similar behaviors at 10 mV s-1 and 20 mV s-1. However, concentration 

limitation could be observed at the polarization curves of micro-DMFCs at high current densities 

when scanning rate was 5mV s-1, especially in the micro-DMFC with the flow field of design 3. 

Scanning rates determined the testing time on which many kinetic properties depended in micro-

DMFCs, such as electrochemical reactions, methanol crossover, and species diffusion. These 

factors resulted in behavior of micro-DMFCs at different scanning rates. The stable behaviors of 

micro-DMFCs could be obtained at very slow scanning rate which made all kinetic properties be 

in their equilibrium stages. 
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Figure 6.6: Effects of scanning rates on performance of micro-DMFCs. Methanol solution 

concentration =1M, ξ=0.86 
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Figure 6.7: Current response of chronoamperometry test in micro-DMFCs with design 1. Initial 

potential = 0.3 V, final potential = 0.25 V. Methanol solution concentration =1M, ξ=0.86 

This study employed the chronoamperometry technique to evaluate the unsteady state 

behavior of micro-DMFCs with different flow fields. Current response of system from the 

potential jump can reflect how fast the system can reach to a stable stage. Figure 6.7 shows an 

example that depicts the current response. The time when the system reaches a stable stage is 

defined as response time. Short response time means that reactants can be rapidly distributed to 

catalyst layers via a kind of flow field. In other words, the kind of flow field results in the fast 

species transport in the micro-DMFC.  
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Table 6.4: Response time of micro-DMFCs at Methanol solution concentration of 1M and ξ of 

0.86. Initial potential is 0.3 V. 

                        τ (second) 

Potential (V) 

Design 1 Design 2 Design 3 Design 4 

0.35 98.4 212.0 121.2 109.1 

0.25 43.7 110.5 55.7 65.0 

 

Design 1 Design 2 Design 3 Design4
0

20

40

60

80

100

120

140

160

180

200

220

240

R
es

po
ns

e 
tim

e 
τ 

[s
ec

.]

 0.30 V to 0.25 V
 0.30 V to 0.35 V

 

Figure 6.8: Response times of micro-DMFCs drawn from Table 6.4. 

Table 6.4 and Figure 6.8 summarize the response time for micro-DMFCs with different 

flow fields. Compared with other designs, design 2, single-channel serpentine design, had a long 

response time, which caused a slow response for an electric load changing. For example, the 
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response time of the micro-DMFC with the design 2 flow field was 110.5 seconds when the 

potential jumped to 0.25V from 0.30V, however, the values in other micro-DMFCs were about 

55±10 seconds. In addition, as for any of flow field, the response time from a certain potential to 

a low potential value was shorter than that from the certain potential jumping to a high potential 

value. In the micro-DMFC with the design 1 flow field, for instance, the response time was 43.7 

seconds as the potential jump to 0.25v from 0.30V. But, the value for the process of potential 

increasing to 0.35V from 0.30V was 98.4 seconds. Low potential and high current resulted in a 

large concentration gradient from methanol solution bulk to surface of catalyst, which easily 

produced a steady distribution of methanol concentration in a short time. Therefore, the system 

could reach the steady state in a short time when the potential jumped to a low value. 

6.4 Summary 

Flow fields play a very important role in the performance of micro-DMFCs. A good 

design of the flow field can easily facilitate uniform distribution of reactants in electrodes to 

improve the performance of micro-DMFCs. This study investigated the performance of micro-

DMFCs with four kinds of flow fields manufactured by MEMS technology.  

Under the conditions described in this study, micro-DMFC with double-channel 

serpentine (design 3) flow field had the best performance and micro-DMFC with the mixed 

narrow multichannel serpentine (design 4) flow field presented the worst performance among 

micro-DMFCs with four kinds of flow fields. Results showed that higher concentration of 

methanol solution brought better performance for micro-DMFCs. When the concentration of 

methanol solution was 1M, three stages, kinetic polarization, ohmic polarization and mass 

transport limitation, could be observed on the polarization curves. When higher concentrations of 

methanol solution were used in experiments, such as 2M, 3M, 4M and 5M, the mass transport 



 

130 
 

limitation disappeared in the polarization curves. The flow rates of methanol solution also 

affected performance of micro-DMFCs with four kinds of flow fields. For the multichannel 

serpentine with mixing (design 1 and 4), performance of micro-DMFCs became better with the 

flow rate of methanol solution increasing. In the single- (design 2) and double-channel (design 3) 

flow fields, increasing rate of methanol solution from 0.05034 to 0.11280 ml min-1, the 

maximum power densities of the micro-DMFCs were enhanced. However, the performance of 

these two micro-DMFCs became worse when the flow rates of methanol were further increased 

from 0.11280 to 0.34786 ml min-1. The results from chronoamperometry tests indicated that 

single-channel serpentine design caused a slow response for an electric load changing and took a 

long time to uniformly distribute the methanol solution over the entire active area in micro-

DMFCs. Therefore, single-channel serpentine design is not good for the systems of micro-

DMFCs. Other designs presented a similar response time.  

Table 6.5 summarizes the results of micro-PEMFCs and micro-DMFCs with different 

flow fields. Micro-DMFCs have lower open circuit potentials (OCP) than micro-PEMFCs due to 

the mixed potentials caused by the methanol crossover. The OCP of the micro-DMFCs ranged 

from 0.5-0.6 V, and the OCPs of micro-PEMFCs were from 0.95V to 1.0V. The micro-PEMFCs 

yielded maximum power densities ranging from 55 to 76 mW cm-2 that are three or four time of 

those generated by micro-DMFCs. Although micro-PEMFCs demonstrated better performance 

than micro-DMFCs, micro-DMFCs still have their own advantages, such as inexpensive fuel, 

easy fuel storage and operation. Micro-PEMFCs and micro-DMFCs will continue to be 

investigated and developed according to their applications in the future. 
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Table 6.5: Summary of micro-PEMFCs and micro-DMFCs with different flow fields 

 Micro-PEMFCs Micro-DMFCs 

Testing conditions 

20±1 oC 

Flow rates of hydrogen/air: 

15/15, 30/30, and 50/50 ml 

min-1. 

RH=100% 

20±1 oC 

Methanol solution: 1 M, 2 M, 3 

M, 4 M, and 5 M. 

Flow rates of methanol/oxygen: 

0.05034/50, 0.11280/50, and 

0.34786/50 ml min-1. 

Open-circuit 

potential 

0.95-1.00 V 0.5-0.6 V 

Range of Maximum 

power density 

55-76 mW cm-2 11-23 mW cm-2 
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CHAPTER 7 

DEVELOPMENT OF PASSIVE AIR-BREATHING MICRO-DMFC 

 WITH LOW CATALYSTS LOADING 

 

7.1 Introduction 

Compared with hydrogen, liquid methanol fuel has higher specific energy density (17.4 

KJ ml-1) and theoretical efficiency (96.7%). Moreover, DMFC eliminates the on-board hydrogen 

storage problems and the risk of explosion of stored hydrogen [1]. Thus DMFC becomes more 

prospective power source for the application in portable devices than PEMFC. The 

electrochemical reactions in DMFC are shown in Equations 1.4, 1.5 and 1.6. 

So far numerous portable DMFCs, which yield power from several milli-watts to a few 

hundred watts have been designed and developed. Kelley, et al. [2] used microelectromechanical 

systems (MEMS) to design a miniature DMFC with a 0.25 cm2 active area. Yen, et al. [3] and 

Lu, et al. [4] developed the application of MEMS in the micro-DMFC and tested the effects of 

operating conditions on the performance of the micro DMFC. Kim, et al. [5] integrated six 

passive-DMFC units as a stack and applied it to the LCD panel and a toy car. Cha, et al. [6] 

developed a novel design of using a photosensitive polymer (SU8-100) to manufacture the 

micro-channels in micro-DMFCs. Wozniak, et al. [7] reported design and fabrication of a self-

driven DMFC. Qiao, et al. [8] loaded platinum particles onto a tubular polymer electrolyte 

membrane (Flemion®) and integrated a tubular micro-DMFC. Zhang, et al. [9] adopted a 
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piezoelectric valveless micropump to delivery methanol into a miniaturized DMFC and 

measured its performance. 

 

Figure 7.1: A conventional DMFC system  

(Revised from http://www.benwiens.com/energy4.html) 

A conventional DMFC system consists of DMFC unit and ancillary equipments as shown 

in Figure 7.1. Usually these ancillary equipments include pump, blower, and some electric 

components that implement the functions of reactants delivery, water recirculation and power 

output stabilization. However, these ancillary devices cause a high loss of parasitic energy which 

reduces the specific volumetric energy and the efficiency of the DMFCs significantly. Therefore, 
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the passive DMFCs were paid more and more attention [10-13]. Recently, Guo, et al. [14] and 

Faghri, et al. [15] have introduced components of hydrophilic and hydrophobic media into the 

design of micro-DMFC and developed a DMFC system characterized in passive technology for 

methanol delivery, water recirculation, air and thermal management.  

In general, portable DMFCs that uses 2.5-4 mg cm-2 catalyst loading [4, 6, 10-13, 16]. In 

this chapter, a passive air-breathing micro-DMFC with low catalyst loading was developed. The 

micro-DMFC was tested at room temperature and showed a difference in performance from 

other DMFCs with a higher catalyst loading. Performance of the micro-DMFC was investigated 

and the results are discussed in this chapter. 

7.2 Experimental 

The assembled passive air-breathing micro-DMFC prototype is shown in Figure 7.2. It 

consists of five main components, namely a frame, two current collectors, a methanol reservoir 

and a membrane electrode assembly (MEA). The frame and methanol reservoir were made of 

acrylic glass (polymethyl methacrylate, PMMA), fabricated by a milling machine. The window 

sizes on the frame are 20mm (L)×20mm (W). The dimensions of the methanol reservoir were 

20mm (L)×20mm (W)×9mm (D). Liquid methanol was injected into the reservoir by a syringe. 

In the DMFC, pure titanium mesh (Fisher®) was used as the current collector. Between different 

components, the silicon gaskets were adopted to seal the micro-DMFC.  
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Figure 7.2: Sketch and prototype of the passive air-breathing micro-DMFC 

The MEA was purchased from BCS Technologies with an active area of 4.0 cm2. Both 

electrodes used carbon cloth with PTFE wet-proofing treatment as the diffusion and backing 

support layers. The catalyst loading on the anode is 1mg cm-2 PtRu (50:50), and the catalyst 

loading on the cathode is 0.5 mg cm-2 Pt (10%Pt: 90%Vulcan XC-72). Nafion® 112 was 

pretreated by an aqueous solution of 3% hydrogen peroxide and 1M sulfuric acid and used as the 

polymer electrolyte membrane. The electrodes and membrane were hot pressed to form MEA 

unit.  
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 Testing of the DMFC was conducted using a potentionstat Model EG&G 273A 

instrument (Princeton Applied Research) and analyzed with PowerSUITE® software. All the 

experiments of the passive air-breathing DMFC were carried out at 25±1 oC. 

7.3 Results and discussion 

Figure 7.3 demonstrates the results of the DMFC polarization curves at five different 

methanol concentrations, 1M, 2M, 3M, 4M, and 5M. The polarization curves were obtained at a 

low current scanning rate of 67 µA s-1. Passive micro-DMFC yielded power densities ranging 

from 2.3 to 4.6 mW cm-2 at the methanol solution of 1M, 2M, 3M, 4M, and 5M. Maximum 

power values obtained at different concentrations are summarized in Table 7.1 and Figure 7.4. It 

was observed that performance of the DMFC decreased with an increase in methanol 

concentration, which showed a reverse tendency compared with Shimizu and Chan’s results [10, 

13]. The difference can be explained by a lower efficiency of methanol oxidation reaction 

(MOR) at the anode with a low catalyst loading. In the passive micro-DMFC, the higher 

concentration of methanol solution caused higher methanol crossover and led to a poorer 

performance. Except for the experimental result at 4M, there is a linear relationship between the 

maximum power densities of DMFC and concentrations of methanol solution as shown in Figure 

7.4. The linear equation is: 

Pmax = 5.013 -0.545×C        (7.1) 

Here, Pmax is the maximum power density of passive micro-DMFC and C is the concentration 

of methanol solution. The absolute relative coefficient, |r|, of the linear equation is 0.998. 
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Figure 7.3: Effects of methanol concentrations on the performance of the passive DMFC.  

(a) Curves of current and potential; (b) Curves of current and power. 
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Table 7.1 The maximum power of passive micro-DMFC at different methanol concentrations 
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Figure 7.4: Relationship of methanol concentrations and maximum power densities  

of the passive micro-DMFC 

 

Methanol Concentration (M) 1 2 3 4 5 

Max. Power(mW cm-2) 4.53 3.84 3.38 3.48 2.31 

Current*( mA cm-2) 24.475 23.95 23.25 22.475 15.925 

Potential*(Volt) 0.185 0.160 0.145 0.155 0.145 
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In terms of the Nernst equation, the equilibrium potential of MOR is:  

2 2

2 3

2
0

1.5ln
6

H O CO

O CH OH

P PRTE E
F P a

= −        (7.2) 

As mentioned earlier, the open circuit potential (OCP) of the DMFC is 1.21 V if all the 

activities of reactants and products are unity. However, the real OCP (current=0 A) of DMFCs is 

about 0.6V that is less than the thermodynamic equilibrium potential of 1.21 V due to the 

methanol crossover. Combining the effect of methanol crossover, the OCP using 1M methanol 

is:  

2 2

2

2
0 0 1
1 1.5ln

6
H O CO
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O

P PRTE E E
F P

= − −       (7.3) 

Given that the gas pressures are constant at any given methanol concentration, then the 

OCP at other concentrations relative to OCP using 1M methanol is: 
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= + − = −

  (7.4) 

where the subscript n is the concentration of methanol solution and the supscript 'o' is the 

equilibrium state of the reaction. n
xoverE  is the potential drop caused by the methanol crossover 

when the concentration of methanol is n molar. 1n
xoverE →  is the effect of the crossover in n molar 

methanol related to 1 M methanol. Figure 7.5 shows these values. The crossover of 5M methanol 

results in a 120 mV drops relative to 1M methanol solution and hence decreases the performance 

of the passive DMFC. 
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Figure 7.5: The potential drops caused by the methanol crossover. 

(1) Experimental OCP; (2) o
nE ; (3) 1n

xoverE → . 

Figure 7.6 shows the species and charge transport in passive micro-DMFC in which 

process ① stands for the electro-oxidation reaction of methanol, ② is the elero-osmotic process 

to bring water and methanol from anode to cathode, process ③ denotes the electro-reduction 

reaction, and ④ is the reaction of over-crossed methanol and oxygen. Unlike in the active 

DMFCs, there was no convection of methanol in the passive micro-DMFC, and species transport 

was dominated by diffusion. Methanol solution diffuses to anode electrode from fuel reservoir, 

and the electro-oxidation reaction of methanol takes place as Equation 1.4. Methanol may 

crossover from anode to cathode by diffusion and electro-osmotic drag to deteriorate 

performance of micro-DMFC. Methanol diffusion and crossover are functions of time which can 
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be controlled by current scanning rates. Moreover, low catalysts loading caused slow rates of 

electrochemical reactions. Therefore, the performance of passive micro-DMFC with low 

catalysts loading depended on the time factors in the experiments.  

 

Figure 7.6: Species and charges transport in passive micro-DMFC 
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Fast current scanning gave a short time for diffusion, so the passive micro-DMFC 

exhibited a bad performance.  With methanol solution concentration of 1M, for example, the 

maximum power density of the passive micro-DMFC decreased 38.4% when the current 

scanning rate increased to 300 µA s-1 from 100 µA s-1  as shown in Figure 7.7(a). Species 

diffusion also depends on the concentrations of methanol solutions. With methanol concentration 

increasing, the difference in maximum power became small at different scanning rate. Higher 

concentration of methanol solution created a larger gradient of methanol from bulk solution to 

surface of catalysts, which led to a fast diffusion of methanol to electrode. For instance, the 

deference of maximum power densities of the passive micro-DMFC at the current scanning rates 

of 100 µA s-1 and 300 µA s-1 was only 7.7% as shown in Figure 7.7(C). 
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Figure 7.7: Effect of current scanning rates on the performance of the passive DMFC. (a) 1M 

methanol solution; (b) 3M methanol solution; (c) 5M methanol solution. 
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Figure 7.8: The SSM curve in 5M methanol solution of micro-DMFC 

Although slow current scanning gave enough time for the methanol diffusion, the long 

time also make much methanol cross over membrane and reach the cathode. Therefore, too slow 

current scanning rate would demonstrate bad performance of the passive micro-DMFC. In order 

to consider an extreme condition, a steady state testing method (SSM) was introduced in this 

study. In the micro-DMFCs, the carbon cloth and carbon powder with high surface areas were 

used as the diffusion layers and backing supporters for catalysts. When a load was connected to 

the micro-DMFC, the current was generated from the electric double layers (EDL) of the carbon 

materials and the MOR. After charge stored in the EDL was exhausted, the current output of just 

reflected the actual performance produced by MOR in the micro-DMFC. Moreover, the 
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crossover of methanol needs to take time to reach equilibrium. Although other research group 

[10] adopted 30 minutes to stabilize micro-DMFCs before testing, the effects of EDL and 

unsteady methanol crossover were removed only at the beginning of testing. SSM is an efficient 

and precise method to obtain the ‘real’ and ‘stable’ polarization curves, which removed effects of 

EDL and unsteady methanol crossover in the entire testing process. Figure 7.8 shows the 

example of SSM.  In the figure, the potential drastically drops due to the discharge of EDL. After 

200 seconds, the curve reaches a steady state. 
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Figure 7.9: The comparison of polarization curves obtained by SSM, current scanning rates of 

67µA/s and 100 µA/s. 
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Figure 7.10: Relationship of current scanning rates and maximum power densities of the passive 

micro-DMFC. Methanol concentration is 5M. 

Figure 7.9 displays the comparison of polarization curves obtained by SSM, at current 

scanning rates of 67 µA s-1 and 100 µA s-1. In the SSM, the current scanning rate can be 

considered as infinitely small or zero. The maximum power densities of the passive micro-

DMFC were 1.49 mW cm-2, 2.31 mW cm-2 and 3.00 mW cm-2 corresponding to the current 

scanning rates of 0 µA s-1, 67 µA s-1 and 100 µA s-1, respectively. Performance of DMFC 

became poor with the decreased of the current scanning rates, which had a reverse conclusion 

obtained from the current scanning rates of 100µA s-1, 200µA s-1 and 300µA s-1. At low current 
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scanning rates, methanol crossover dominated poor performance of the micro-DMFC. Figure 

7.10 demonstrates the relationship of current scanning rates and maximum power densities of the 

passive micro-DMFC with methanol solution concentration of 5M. 

Air was forced to the cathode by a blower and the corresponding polarization curves are 

shown in Figure 7.11. The forced convection of air did not improve the performance of the 

passive air-breathing DMFC. Under the condition of natural air convection, the maximum power 

density of the passive micro-DMFC obtained was 2.31 mW cm-2. However, the value obtained 

was 1.58 mW cm-2 under the condition of forced air convection. The forced convection 

accelerated vaporization of water and took away heat from the surface of the cathode. Therefore, 

maximum power density reduced using convection method.  
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Figure 7.11: Effect of enforced convection air condition using 5M methanol solution 
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Figure 7.12: The OCP change with time using 2M methanol solution. (a) Air atmosphere; (b) 

Nitrogen atmosphere 
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Kho [17] described the changes in OCV with time on stream in a passive DMFC cells 

and believed that methanol crossover caused the changes. Figure 7.12 shows the phenomenon. 

Moreover, heat was produced by the methanol oxidation reaction in cathode and cell temperature 

increased. 

CH3OH(l) + 1.5O2 (g)= CO2(g) + 2H2O(g)      (1.6) 

725.51 /fH KJ mole∆ = −  

There were two possible reasons to result in the change of OCP. One was heat effect. 

Methanol reacted with the soluble oxygen in methanol solution on the surface of anode catalyst 

and produced heat. Heat led to the increase in temperature and in equilibrium potential of MOR. 

When the soluble oxygen was exhausted in anode, the MOR reaction stopped and temperature 

began to decrease due to heat conduction. Therefore, the OCP presented the increasing tendency 

in the initial stage, and then the drop with time going. The other reason was methanol crossover. 

When the methanol was injected to the methanol reservoir, OCP rose due to increase of methanol 

concentration. With time elapsing, methanol crossed over to cathode and caused a mixed 

potential. The cathode mixed potential resulted in a low OCP for DMFC, far lower than 

thermodynamic reversible potential of MOR. This chapter used two methods to deliver methanol 

to reservoir in order to make clear which reason was correct for the changes in OCP. The first 

method was to use air-saturated methanol solution and refilled the DMFC in an air atmosphere. 

The other was to use nitrogen-saturated methanol solution and refilled the DMFC in a nitrogen 

atmosphere. In these two methods the changes in potential are very similar. In the first case, 

there was a change of 0.15 V in OCP. In the other case, the change of OCP was 0.17 V. If the 

first reason was dominant, the temperature change of 100 K [18] should take place in the DMFC 

to increase the OCP from 0.45 to 0.6 V. The result revealed that the change of OCP after refilling 
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methanol solution was not be caused by the exothermic reaction of MOR. Actually, the soluble 

oxygen resulted in a 20 mV drop, and produced a lower OCP. Therefore, the second reason was 

more reasonable to explain the change in OCP. The mixed potential caused a potential drop of 

0.2V.   

7.4 Summary 

A passive air-breathing micro-DMFC with low catalysts loading was developed and its 

performance was measured at room temperature. Performance of the passive micro-DMFC 

became poor with the increase of methanol concentration from 1M to 5M. The current scanning 

rates affected the testing of polarization curves drastically. The steady state technology 

eliminated the effect of carbon materials’ EDLs and unsteady methanol crossover, and presented 

the ‘real’ and ‘stable’ polarization curves. When the current scanning rates increased from zero 

to 100 µA s-1, the power outputs of the micro-DMFC increased due to the effect of methanol 

crossover. However, further increase in the current scanning rates showed poor performance of 

the micro-DMFC owing to the restriction of methanol diffusion. Enforced air convection caused 

poor performance of the DMFC as the enforced convection accelerated the vaporization of water 

and took away heat from the surface of the cathode.  
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CHAPTER 8 

DEVELOPMENT OF CATALYSTS FOR MICRO-DMFCS 

 

8.1 Introduction 

Development of novel catalyst is a significant aspect in the optimization of micro-

DMFCs. Over the years, micro-direct methanol fuel cell (micro-DMFC) has been considered to 

be a promising electrochemical power source in portable electronic devices due to its high power 

density, easy recharging and environmental compatibility [1-6]. However, some technical 

challenges have to be overcome before the development of DMFC, including: (1) methanol 

crossover; (2) slow chemical kinetics; (3) carbon dioxide production at anode; (4) poisoning of 

the catalysts [7]. In order to improve the performance of micro-DMFCs, a lot of work have been 

done, which can be put into three categories. (a) To design and optimize the bipolar/end plate. 

Our group developed a series of bipolar/end plates to distribute the fuel uniformly over the 

reaction surface and increase the efficiency of fuel cells [7-9]. (b) To develop and improve new 

proton exchange membranes to prevent methanol cross-over. (c) To find new catalyst to improve 

the catalytic activity for methanol oxidization reaction (MOR) and oxygen reduction reaction 

(ORR). These improvements make it possible to commercialize micro-DMFC as power sources 

for portable electronic devices in the near future.  

Electrochemical reactions are the core in DMFC and drastically affect performance of 

DMFC. The objectives of this research are (1) to develop a novel cathode catalyst for micro-
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DMFC to improve its methanol tolerance and (2) to obtain a novel anode catalyst for micro-

DMFC to increase its electrocatalytic activity for MOR.  

Over-crossed methanol directly reacts with oxygen on the cathodic catalysts in DMFC 

and causes a cathode mixed potential, which results in the potential loss of ca. 100 mV and 

means a severe loss of efficiency of a DMFC [12]. Therefore, it is very important to improve the 

methanol tolerance of catalysts. So far the studies of ORR catalysts have been focused on two 

orientations. One is to alloy Pt-based noble metal catalysts by heat-treatment and chemical 

methods. In the process, many transition metals were added to Pt to form binary or ternary 

alloys, which increases the electrocatalytic activity for ORR and chemical stability of Pt-based 

catalysts. Alloying decreases the amount of Pt in catalyst and lowers the price of fuel cells as 

well. The Pt-based catalysts included Pt/Co, Pt/Fe, Pt/Ni, Pt/Cr binary alloys and Pt/Cr/Co 

ternary alloy [10-15]. The other is to develop non-noble metal catalysts [16] for ORR in DMFCs, 

mainly including the chevrel-phase catalyst (e.g. Mo4Ru2Se8) [17] and transition metal 

macrocycle complex catalyst (TMMC). Fischer, et al. [18] suggested that the electrocatalytic 

activity of chevrel-phase catalysts was controlled by the number of electrons per cluster unit 

(NEC), which led to the maximum electrocatalytic activity when NEC (in the valence band) 

approached 24. In 1964, Jasinsky [19] reported TMMC catalyst for the electrochemical reduction 

and started the research of TMMC as ORR electrocatalysts. The precursors for TMMC catalysts 

include metal phthalocyanines (MePc) and porphyrins. The electrocatalytic mechanism of 

TMMC for ORR was suggested as follows [20]: 

Ln-Me(II)Pc +O2 → [Ln-Me(III)Pc-O2
-]      (8.1) 

[Ln-Me(III)Pc-O2
-] + e- → Ln-Me(II)Pc + O2

-     (8.2) 
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where Ln represents the substituents in the phthalocyanine. Oxygen reducing rate is controlled 

by both reactions. The mechanism demonstrated that the electrocatalytic activity of TMMC was 

related to transition metal and ligands on the phthalocyanine. The relation of eletrocatalytic 

activity of metals as follows: Fe2+>Co2+>Mn2+>Ni2+, Cu2+ [21, 22]. The redox potentials of 

reactions vary according to the electron donating or withdrawing character of the ligand’s 

periphery [23, 24]. In general, the electron donating character will hinder, whereas the electron 

withdrawing character will accelerate the ORR. In addition, many researchers reported TMMCs 

exhibited a better electrocatalytic activity for ORR after they were heat-treated in inert gas 

environment at different temperatures to form metal-N4 moiety or its fragments.  [25-27]. 

However, it is worth noting that each catalyst has both advantages and disadvantages. Pt-based 

catalysts are still susceptible to be affected by methanol, especially when the Pt is separated from 

the alloys after the micro-DMFCs run for a long time. Non-noble metals macrocycle catalysts 

have lower electrocatalytic activity for ORR than Pt. Thus, researchers synthesized the new 

compounds of noble metals phthalocyanine as cathode electrocatalysts in the DMFC to improve 

the methanol tolerance of catalysts [28, 29].   

Methanol oxidation reaction (MOR) in DMFCs exhibits sluggish electrochemical kinetics 

than in alkaline fuel cells, which leads to higher overpotential (200~300 mV) and lower 

oxidation current. These challenges stimulated efforts to develop a series of electrocatalysts to 

increase the efficiency of MOR in a DMFC. Although non-noble metal catalysts have been 

investigated and used for MOR [30], platinum and its alloys are the only proven state-of-the-art 

catalysts for use in MOR.  

In the methanol oxidation reaction (MOR), methanol is oxidized to carbon dioxide at the 

anode according to the reaction: + -
3 2 2CH OH+H O CO +6H +6e→ ↑ . The reaction is considered 
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to be a combination of adsorption and electrochemical reaction on the platinum (Pt) catalyst [31, 

32]. During this process, formaldehyde, formic acid and other intermediate organic compounds 

are produced as shown in Figure 1.7 which act as poison to the Pt catalysts. Hence other metals 

were introduced into the Pt catalyst to form binary- or ternary-metal catalysts for MOR that not 

only accelerate the oxidation of these intermediate organic compounds, but also decrease their 

accumulation on Pt as shown in Figure 1.8. These metals include ruthenium [33-35], tin [36, 37], 

cobalt [38] and others [39-41], which allow the adsorption of OH species at much lower 

potentials than pure platinum and modify the adsorptive properties of platinum. The platinum 

catalysts with metal complex [42, 43] were also tested as anodic electrocatalysts, which 

demonstrate a promising electrocatalytic activity. In fact, metal complexes including metal 

porphyrins and phthalocyanine have been studied as electrocatalysts for oxygen reduction 

reaction (ORR) in fuel cells for more than 30 years. However, these complexes have shown 

almost no electrocatalytic activity for MOR.  

In this research, Pt was completely dispersed onto cobalt-Pc(CoPc) supported on carbon 

powder using chemical deposition approach, and heat-treated at different temperature in inert gas 

environment. At high temperature, Co and Pt diffuse through each other, and partially form an 

alloy. Thermogravimetric analysis (TGA), EDAX, powder X-ray diffraction (XRD) 

characterization and X-ray photoelectron spectroscopy (XPS) were conducted to determine the 

structure and oxidation states of catalysts at different temperature. Polarization technique and 

cyclicvoltammetry were used as electrochemical tests to evaluate the ORR and MOR, including 

electrocatalytic activity, reaction mechanism and methanol tolerance. 

8.2 Experimental 

8.2.1 Catalyst preparation 
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Carbon black (Vulcan XC-72, 254 m2 g-1, Cabot Co.) was used as support for all 

catalysts. All the catalysts in the current investigation were prepared by a two-step process. The 

first step is to deposit Pt on the mixture of CoPc and carbon powder. This step involves the 

chemical redox reaction approach described in the literature [11, 44]. Briefly, CoPc, a 

chloroplatinic acid (H2PtCl6·6H2O, Aldrich) solution and Vulcan XC-72 were dispersed in 

distilled water followed by ultrasonic blending for 1h. The solution was reduced by slow 

addition of a 4-fold excess of an aqueous 1M sodium borohydride (NaBH4, Fisher) solution with 

a strong mechanical stirring. The mixture was continuously stirred for 2 hours to ensure 

complete reduction of platinum. The products were washed with deionized water three times to 

remove excessive NaBH4 and impurities. Catalysts were dried at 100oC for 8 hours. The second 

step is heat-treatment. The CoPc-based catalysts were heated for 3 hour in high purity nitrogen 

environment at 300 oC, 635 oC and 980 oC, respectively. The reason for selecting the three 

temperatures will be addressed in the results and discussion section. In order to understand the 

interaction of Co, Pt and macrocycle in CoPc-Pt based catalysts, the Pt-Co/C and Pt/C were also 

investigated in the study for comparison purpose. The Pt-Co/C was obtained according to the 

first step mentioned above, in which CoPc was substituted by CoSO4·7H2O (Aldrich). After 

rinsing with water, the Pt-Co/C was dried at 100oC for 8 hours. Pt/C, a commercial fuel cell 

grade platinum black nanoparticles (10 wt.% Pt/C), was bought from Johnson Matthey 

Company. In all the experiments, chemicals were used directly without further purification.  

8.2.2 Characterization 

The thermal stability and structural change of CoPc were characterized using 

thermogravimetric analysis (TGA, Perkin-Elmer Pyris Diamond) with a temperature increment 

of 10 oC min-1 under 100 mL min-1 high purity nitrogen flow. 
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In order to understand the effects of cobalt phthalocyanine on Pt/C after heat-treated at 

different temperatures, the structural changes of CoPc were investigated by JASCO FT/IR-410. 

In the study, we only choose the peaks between 1800 cm-1 and 400 cm-1 for our analysis.   

 X-ray diffraction (XRD) was performed on a Philips PW3830 X-ray diffractometer using 

Cu Kα radiation with a Ni filter. The current in X-ray tube was 35mA and voltage was 40kV. 

The angular resolution in 2θ-scans was 0.02o for all XRD tests. The degree of alloying (χa) in the 

supported Pt-Co materials was calculated with the expression [11]. 

/          (8.3) 

where  is the experimental lattice parameter, is the lattice parameter assuming that all the 

cobalt is alloyed (ref. ICDD: PDF No. 29-0498), and  is the lattice parameter of platinum (ref. 

ICDD: PDF No. 04-0802). Particle size of Pt was estimated using Pt (220) peak with Scherrer’s 

equation [12, 45]: 

1 ( )

2 max

0.9
cos( )

K CuD α

θ

λ
β θ

=
         

(8.4) 

where D is the mean size of Pt particle, 
1 ( )K Cuα

λ  is the wavelength of X-ray, maxθ  is the maximum 

angle of Pt(220) peak and 2θβ  is the full-width at half-maximum (FWHM) of the peak. 

The elemental composition of all Pt-based catalysts were investigated on Philips XL30 

scanning electron microscope equipped with an EDAX DX41 energy-dispersive spectrometer 

with operating voltage of 20kV. The test data were obtained using “area mode” with 500X 

magnification. The bulk composition of a catalyst was obtained from the average of three 

different testing spots on the specimen.  
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X-ray photoelectron spectroscopy (XPS) data were acquired using a Kratos AXIS 165 

Multitechnique Electron Spectrometer (Manchester, UK). A quantitative analysis of surface 

concentration was performed using the relation:  

x x
x

c c

I SC
I S

=            (8.5) 

where xC , xI or cI  and xS or cS  are the atomic surface concentration ratio, the areas 

under the elemental XPS peak, and the sensitivity factors for the element x or the carbon, 

respectively. 

8.2.3 Electrochemical measurement 

Electrochemical tests were conducted using a potentionstat Model EG&G 273A 

instrument (Princeton Applied Research) and analyzed with PowerSUITE® software. A 

conventional three-compartment electrochemical cell was employed for all electrochemical tests, 

in which a saturated calomel electrode (SCE) was used for the reference electrode and a platinum 

foil was used for the counter electrode. 

Glassy carbon (GC) disk electrode (Bioanalytical Systems, Inc., 3mm diameter) was used 

as a substrate of working electrode. Prior to tests, the electrode was polished with a 0.05 µm 

mirror finish (micron gamma alumina, Buehler LTD.), and then was rinsed with water and dried 

under compressive air flow. Aqueous catalysts suspensions of 10 mg mL-1 were prepared by 

ultrasonically dispersing 10 mg catalysts in a diluted Nafion solution (0.5 wt.%). A 10 µL aliquot 

of suspension was pipetted onto the glassy carbon electrode, yielding a catalyst loading ca. 

0.35mg cm-2 (ca. 35 µg cm-2 Pt). 

The working electrodes were dried naturally in air at room temperature for one hour. 

Cyclic voltammogram and polarization techniques were conducted to investigate the 

performance of catalysts. In order to attenuate the effect of small contamination from the 



 

164 
 

Nafion® solution and impurities and produce a clean and real surface, all experimental data were 

recorded after 10 cycles with potential from -0.2 to 1.2 V with 50 mV s-1. All electrochemical 

tests were carried out at room temperature. 

8.3 Results and Discussion 

8.3.1 Thermal stability and structural analysis 

8.3.1.1 Cobalt-phthalocyanine (CoPc)  

Figure 8.1 shows the structure of CoPc that is an organometallic compound with a planar 

macrocycle. The cobalt ion in the center of the molecule forms Co-N4 structure by two chemical 

bonds and two coordinate linkages with the four nitrogen atoms. IR spectra of CoPc are 

demonstrated in Figure 8.2. Every spectrum is divided into five zones from 1800 cm-1 to 400 cm-

1 [46]. The Zone I includes the C-C (1600 cm-1) and C-N stretching modes from benzene and 

pyrrole dominate. Other peaks come from the effects of cobalt. Zone II is characterized by the C-

H in-plane bending modes (three peaks) and C-N out-of-plane bending mode (1091 cm-1). Zone 

III involves the Me-N vibration. Zone IV is produced by the C-H out-of-plane bending mode 

(730 cm-1) and the vibration of the bonds between the pyrrole rings and the zaz-nitrogens (778 

cm-1). The last part, Zone V, most probably originates from the vibrations in the benzene rings in 

interaction with the pyrrole rings (rings deformation). When CoPc was heated from 50 oC to 

1200 oC in nitrogen environment, three relatively stable stages were observed as shown in Figure 

8.3. XRD patterns of CoPc in the three stages are shown in Figure 8.4. In stage I CoPc has a 

stable molecular structure that is concluded from the IR spectrum when compared to the standard 

CoPc spectrum [47]. In stage II several peaks disappear from its IR spectrum, especially in zone 

IV, 730 cm-1 and 778 cm-1, which indicates that the C-H and the bonds between pyrrole ring and 

the zaz nitrogens break up. About 60 g/mol is lost from a CoPc molecule due to the elimination 
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of hydrogen and zaz nitrogens in this stage. However, the macrocycle structure of cobalt 

phthalocyanine still remains by virtue of bones among benzene rings, pyrrole rings and Co-N. In 

stage III atoms of ca. 400 g/mol is left in the system. Chemical bonds cannot be observed in the 

IR spectrum of the catalyst heat-treated at 980 oC when Co-N4 structure starts to decompose [26]. 

Some peaks at high angles are observed which correspond to the XRD pattern of metallic cobalt. 

The material lying in between any two stable stages may be thought of as a mixture of 

compounds in the two stable stages. Therefore, a point from each stage was selected to study the 

catalytic properties and in the present investigation they are 300 oC, 635 oC and 980 oC, 

respectively. 

 

Figure 8.1: Structure of CoPc 
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Figure 8.2: IR spectra of CoPc pyrolyzed at 300 oC, 635 oC and 980 oC. 
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Figure 8.3: TGA curve of CoPc powder 
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Figure 8.4: XRD patterns for CoPc pyrolyzed at 300 oC, 635 oC and 980 oC. 

8.3.1.2 CoPc-Pt/C catalysts 

Figure 8.5 shows the XRD patterns of CoPc-Pt/C heat-treated at different temperatures. 

With temperature increasing, the crystal structure of CoPc-Pt/C underwent significant changes 

that include the disappearance of CoPc peaks, presence of graphite peaks, and appearance of 

unique peaks of CoPt alloy. 
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Figure 8.5: XRD patterns  of CoPc-Pt/C heat-treated at different temperatures. 

In terms of the analysis in 8.3.1.1, three catalysts were obtained by heat-treatment of 

CoPc-Pt/C at three stable stages. According to the heat treatment temperatures, 300 oC, 635 oC 

and 980 oC, the catalysts were named C300, C635 and C980. Figure 8.6 shows their 

corresponding XRD patterns. The XRD peaks of carbon and phthalocyanine structure were 

observed below 30o (2θ) while the peaks of platinum are located on the high angles. The XRD 

pattern of C300 consists of crystal structures of Pt and CoPc. With the increase in temperature to 

635 oC, the subtle peaks of CoPc disappear in C635. These results correspond to the stage I and 

stage II of CoPc. At 980 oC, metallic cobalt is produced from the decomposition of CoPc. The 

presence of Co helps Pt form PtCo alloy. The lattice parameters of Pt in C980 changed to 0.3712 

nm from 0.3916 nm of C300. The [200] peaks of Pt around 50o in C300 and C635 are separated 
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into two peaks in C980 that correspond to the [110] and [002] peaks of PtCo alloy. This indicates 

that the FCC structure of platinum in C300 and C635 transformed to tetragonal structure of PtCo 

alloy in C980. In order to monitor the change of Co-N4 structure in C300, C635 and C980, the 

N1s XPS was utilized. The decomposition of CoPc causes the occurrence of two peaks. The N1s 

peak at 399.2ev explains that there are still Co-N4 or Co-N fragments left in the C980 as shown 

in Figure 8.7.  
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Figure 8.6: XRD patterns of C300, C635, C980, CoPt/C and Pt/C. * Pt, @ Pc, $ graphite, ^ CoPt 
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Figure 8.7: Overlay of N1s XPS spectra of CoPc-Pt/C after heated at different temperature. 

8.3.2 Physical characterization of catalysts 

EDX was used to determine the bulk composition of catalysts, and XPS for the surface 

composition of catalyst particles. Figure 8.8 shows the XPS result of C300. About 1.3 at.% Cl 

from H2PtCl6 still remained in C300, however at high temperature Cl disappeared in catalysts. 

The degrees of alloying obtained from XRD patterns and the particle sizes calculated using 

equations (8.3) and (8.4) are summarized in Table 8.1.  

The concentration changes in the bulk and the surface of the catalysts are similar over the 

entire range of temperatures studied. In C300 and C635, the atomic ratio of cobalt and nitrogen 

was almost 8, which is in accord with their chemical stoichiometric number in the CoPc 
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(C32H16CoN8) molecule. The nitrogen content decreased when the heat-treatment temperature 

was 980 oC. The ratio of N to Co in bulk composition reduced to 2.7, but was still ca. 8 on the 

surface of catalysts, which implies that there might be Co-N4 or C-N fragments on the surface of 

C980. Although the concentration of Co-N is too low to be observed by IR and XRD, the peak at 

399.2ev in the N1s XPS verifies the existence of Co-N.   
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Figure 8.8: The survey scan of CoPc-Pt/C 300oC. Surface atomic composition: 0.7% Co, 4.3% 

O, 10.0% N, 83.4% C, 1.3% Cl, and 0.3% Pt. 
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Table 8.1: The composition and structural characteristics of Catalysts 

 Bulk Composition (EDS) 

Surface composition 

(XPS) 

Lattice 

Parameter 

Particle 

size 

Degree of 

alloying 

 Wt% At% At% 

nm nm %  Co Pt Co Pt N Co Pt N 

C300 4.48 10.78 1.10 0.80 8.48 0.7 0.3 10 0.3916 6.7 2.82 

C635 3.84 11.84 0.93 0.86 9.32 1.3 0.3 12.7 0.3899 13.4 9.68 

C980 5.00 14.74 1.25 1.11 3.37 0.4 0.2 2.7 0.3712 12.8 85.08 

Pt-Co/C 5.65 11.91 1.41 0.90 0 0.9 0.3 0 0.3856 3.99 7.06 

Pt/C 0 10* 0 - 0 0 1.1 0 0.3919 2.32 ~ 0 

 * The data come from Johnson-Matthey Company. 
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Figure 8.9: Degree of alloying for CoPc-Pt/C pyrolyzed at different temperatures. 
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Figure 8.10: Surface area of CoPc-Pt/C 

The degree of alloying is employed to describe quantitatively the deformation and 

interaction in the lattices of catalysts. In stage I and II, degree of alloying is very low, i.e., 2.82% 

and 9.68%, respectively. However in stage III the degree of alloying is 85.08%, which implies 

that Pt and Co are almost alloyed in the catalyst. High temperatures accelerate diffusion of cobalt 

into platinum, especially the metallic Co, that is obtained from the decomposition of CoPc in 

stage III. In addition, the degree of alloying in Pt-Co/C, obtained from chemical deposition, was 

7.06%. The particle sizes of catalysts obtained from chemical deposition and heat-treatment was 

determined from Scherrer’s equation. The size of particle increased at high heating temperature 
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due to crystal annealing and growth. Figure 8.9 gives the results of alloying degree in the CoPc-

Pt/C catalysts. The degree of alloying increases significantly only when the CoPc decomposes 

completely.   

Changes in surface area of catalyst with increase in temperature are shown in Figure 8.10. 

When the treating temperature was lower than 725 oC, the surface area of catalyst was 80 ± 15 

m2 g-1. At higher temperature, the surface area increased to 160 ± 10 m2 g-1, which was still less 

than the surface area of pure carbon power (XC-72). The tendency of increase in surface area of 

catalysts was consistent with change of alloying degree of catalyst with increase in temperature.     

8.3.3 Behaviors of CoPc-Pt/C as cathode catalysts in DMFCs 

8.3.3.1 Oxygen reduction reaction (ORR) 
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Figure 8.11: Cathodic curves for catalysts in 0.5M H2SO4 saturated oxygen for 30min, recorded 

at 5mV/s. C300,C635, C980, Pt-Co/C and Pt/C. 
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The ORR activities of catalysts were determined by polarization curves in Figure 8.11. 

These tests were conducted in 0.5M H2SO4 aqueous electrolyte solution with oxygen purging for 

30 min. The potential scanning range was from 1.2V to 0.05V with a scan rate of 5 mV s-1.   

Table 8.2 Performance of prepared catalysts as cathodic ORR 

Catalyst Onset potential of the ORR (V) Maximum power density (mW/cm2) 

C300 0.503 0.381 

C635 0.525 0.586 

C980 0.532 0.636 

CoPt/C 0.559 0.676 

Pt/C 0.542 0.617 

 

Table 8.2 summarizes the electrochemical performance of catalysts for ORR. The 

absolute values of ORR were used to evaluate the catalytic activity and maxima of power 

densities in the experiment. According to the maxima of the power densities, the electrocatalytic 

activity in ORR is PtCo/C > Pt/C > C980 > C635 > C300. However, the numerical difference in 

the electrocatalytic activity is small. The capability of these catalysts tolerate methanol in DMFC 

will be discussed in the following paragraph. Performances of PtCo/C and Pt/C can be observed 

from Figure 8.11. PtCo/C and Pt/C displayed very similar polarization curves, which is in 

agreement with that reported by Salgado [10]. Co in Pt-Co/C improved the rate of ORR with 

respect to a pure Pt surface. CoPc-Pt/C had a slightly lower kinetic performance and onset 

potentials on ORR than that of Pt/C. C980 exhibited electrocatalytic activity similar to that of 

Pt/C and Pt-Co/C ca. 0.45V. The degree of alloying in C980 is 85.08%, which led to a high 

composition of CoPt alloy in the catalyst and had a similar behavior as Pt-Co/C.  At low 
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potential, the absolute value of catalytic current for C635 and C980 was higher than that of Pt 

and Pt-Co/C.  
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Figure 8.12: Cathodic curves for catalysts in 0.5 M H2SO4 saturated oxygen for 30 min, recorded 

at 5 mV s-1. CoPc heated at 635 oC, C635 and Pt/C. 

However, the electrocatalytic activity of CoPc-Pt/C can not be thought as the summation 

of activities of Pt and CoPc. Figure 8.12 shows the experimental results. CoPc pyrolyzed at 635 

oC has a far lower electrocatalytic activity than platinum. The activity can be ignored when 

scanning voltage is above -0.2 V. But CoPc-Pt/C heated at 635 oC has a different electrocatalytic 

behavior from platinum. CoPc interacts with platinum and forms a new catalyst system. CoPc 

and platinum in the new catalyst system synergize electrocatalytic activity for ORR. 
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8.3.3.2 Methanol tolerance of cathode catalysts 

The methanol tolerant property of the catalysts was determined in an electrolyte solution 

containing 0.5M H2SO4 and 1M methanol using polarization technique. The potentials were 

scanned from 0V to 0.8V (vs. SCE) with a scan rate of 5mV/s. The polarization plots are shown 

in Figure 8.13. When Co is present in Pt/C (e.g. Pt-Co/C) or the degree of alloying of CoPt is 

large (e.g. C980), the maximum electrocatalytic current of MOR was larger than that of Pt/C. In 

the current investigation, the ratio of maximum current of Co-Pt/C to Pt/C was calculated as ca. 

1.5 that agrees well with the result reported by Zeng [38]. However C300 and C635 were 

significantly inactive for MOR. Based on the cathodic activity of ORR, C635 is a good choice 

for cathodic catalyst in DMFC. Although Co surface concentration in the above sample (635 oC) 

is higher than that of all catalysts, it can not be concluded that high Co concentration resulted in 

higher methanol tolerance of the catalyst because Co concentration in C300 is lower than that of 

Pt-Co/C that had a bad methanol tolerance. Therefore, the macrocyclic structure or its fragments 

may have resulted in a better methanol tolerance of CoPc-based catalysts. At high temperatures 

(i.e. in stage III), the macrocyclic structure and metal-N4 were destroyed. Metal-N4 moiety did 

not only increase the catalytic activity for ORR [25, 26], but also increase the methanol 

tolerance. Moreover, high degree of alloying decreased C980’s ability to tolerate methanol. So 

these two catalysts, C300 and C650, are good choices for long life fuel cell. 
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Figure 8.13: The polarization of catalysts in 0.5 M H2SO4 and 1 M methanol solution, recorded 

at 5 mV s-1. 

8.3.4 Behaviors of CoPc-Pt/C as anode catalysts in DMFCs 

An electrocatalyst with high activity makes MOR have fast kinetics. Hence the 

parameters in the electrochemical kinetics of MOR can describe its electrocatalytic activity. In 

this experiment, the electrochemical properties of electrocatalysts for MOR were determined by 

cyclic voltammogram (CV). These tests were conducted in an electrolyte solution containing 

0.5M H2SO4 and 1M methanol. The potential scans were conducted between -0.2 V and 1.0 V 
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(vs. SCE) with a scan rate of 50mV/s.  The data on current densities of MOR are summarized in 

Table 8.3. 

Table 8.3 The performance of catalysts for MOR 

Catalyst IpI  (A g-1 Pt)
IIpI  (A g-1 Pt) Relative activity (Ref. Pt/C) /

I III p pR I I=

C300 36.53 7.51 29.97% 4.86 

C635 25.77 - 21.15% - 

C980 240.5 140.97 197.34% 1.71 

Pt-Co/C 200.7 194.86 164.68% 1.03 

Pt/C 121.87 145.81 100% 0.84 

 

Figure 8.14 shows typical CV curves of MOR for Pt-based catalysts. Peak I is caused due 

to methanol oxidation, and the reverse peak II is due to the removal of the intermediate 

compounds formed in the forward scan. The onset potential and peak I current density in a CV 

curve are often used to estimate the performance of an electrocatalyst for methanol oxidation 

reaction [48, 49]. Lower onset potential causes smaller overpertential and faster electrochemical 

kinetics. The peak I current density is related to the rate of an electrochemical reaction. A higher 

peak I current density indicates the faster rate. Therefore the catalyst with higher performance 

must have a low onset potential and a high peak I current density. The onset potentials of C300 

and C635 are higher and their relative peak I current densities are 29.97% and 21.15% compared 

to Pt. C300 and C635 have lower activities for methanol electrooxidation reaction. From the 

curves of Pt-Co/C and C980, it is evident that their onset potentials for MOR are almost equal to 

that of Pt (Figure 8.14(B)). The peak I current densities of C980 and CoPt/C are 197.3% and 

164.7% referred to Pt. Pt, C980 and CoPt have high electrocatalytic activities for MOR.   
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Figure 8.14: Cyclic voltammogram of (A) CoPc based catalysts and Pt/C and (B) Pt/C, Pt-Co/C 

and CoPc-Pt/C(980oC) in the electrolyte containing 0.5M H2SO4 and 1M methanol a 50mV/s 

scanning velocity. 
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 Besides high activity, an electrocatalyst for MOR must have high resistance for methanol 

poisoning. The ratio (RI) of the forward peak current density 
IpI  to the reverse

IIpI  describes the 

catalyst tolerance to methanol poisoning [50]. The RI of C980 is 1.71 and is the highest in all 

catalysts except C300. However C300 is not a good MOR catalyst due to its slow kinetics. 

Combining with its activity, C980 has the best electrocatalytic performance for MOR. Its 

oxidation peak current density and RI are 240.5 A g-1 Pt and 1.71, respectively, almost twice as 

that of Pt.   

Figure 8.15 demonstrates the relationship of peak currents and scanning rates. The linear 

relation between maximum currents and square root of scanning rates explains that the diffusion 

of methanol toward the surface of catalyst is rate determined step (rds) in the process of MOR. 
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Figure 8.15: Relationship of maximum currents and scanning rates during forward scanning. 
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8.3.5 The surface state of catalysts 

Figure 8.16 (A) described the behavior of catalysts in 0.5M H2SO4 solution saturated N2 

for 30 min. The CV spectrum of Pt/C showed that hydrogen desorbed in two peaks at -0.145 

(peak I) and -0.068V (peak II) (vs. SCE). The adsorption part of the CV had a peak at -0.177V 

(peak III) and a sideband (peak IV) between -0.12 V and -0.01V, in addition to a peak near -0.25 

V (peak V) associated with H2 evolution. Oxidation of Pt (peak VI) was also observed between 

0.52 V and 0.88V, and its reducing peak was 0.387V (peak VII). The other CV curves of CoPc-

based catalysts did not show these peaks except peak VII and peak V. Peaks I and II disappeared, 

which explained that Pt (110) was modified by the presence of CoPc [51]. In addition, there 

might be another reason that resulted in the disappearance of peak I and II. The high temperature 

heat-treatment resulted in the agglomeration of Pt particles and decreased the featured specific 

area sharply [12]. Figure 8.16(B) shows the CV curve of Pt-Co/C that is free of Pc. Co did not 

modify the surface of Pt, and only decreased slightly the surface concentration of Pt on carbon 

powder which resulted in the decrease in electrochemical surface area of Pt in PtCo/C [10]. The 

potential of peak VII for Pt-Co/C was higher than that of Pt, that agrees well with the previous 

ORR tests. The surface structure of Pt in Pt-Co/C is similar to that in the Pt/C, and the presence 

of Co in Pt-based catalysts did not improve their methanol tolerant properties. Although the N4-

Co and some fragments strongly modified the surface of Pt (Figure 8.16 (A)), they did not 

decrease the electrocatalytic activity of CoPc-Pt/C for electrochemical reactions. 
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Figure 8.16: Cyclic voltammogram of (A) CoPc based catalysts and Pt/C and (B) Pt/C, Pt-Co/C 

and CoPc-Pt/C in 0.5M H2SO4 saturated N2 for 30 min with a 50mV/s scanning velocity. 
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Figure 8.17: The Pt 4f section of the XPS of different catalysts

 

Figure 8.18: The fitting result of Pt 4f section in XPS of C300. Six deconvoluted peaks 

correspond to Pt0, Pt(OH)2, PtO and the fitted curve are shown 
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Figure 8.19: The Co 2p section of the XPS of different catalysts 

To investigate the interaction among Co, Pt and macrocycles, we performed XPS analysis 

and obtained the oxidation states and change in binding energies for different catalysts. Figure 

8.17 gives the Pt 4f binding energies for all the catalysts. Two dash lines, corresponding to the Pt 

4f7/2 and Pt 4f5/2 in C300, are used as reference positions to evaluate the binding energy changes 

of Pt in all catalysts. The binding energies of Pt 4f in CoPc-based catalysts are a constant, which 

is independent of the heat-treatment temperature and higher than that of Pt/C. The effect of Co 

on Pt can be readily obtained from the XPS curve of Co-Pt/C. Co makes Pt 4f move to lower 

energy field. Combining the results of CoPc-Pt/C, we can think there is a strong interaction 

between macrocycles of Pc and Pt, and the chemical environment produced by Pc leads to Pt 4f 

moving to higher energy field. We deconvolute peaks in Pt 4f section of XPS. Refering peaks are 

71.2 eV for elemental Pt, 72.6eV for Pt(OH)2 and 74.1eV for PtO. Presence of PtO2 (at 74.6 eV) 
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is also possible. The results are shown in figure 10. Figure 8.18 is the result of deconvolution of 

CoPc-Pt/C 300 oC. Fitting results are summarized in Table 8.4.  

Table 8.4 Relative amounts of Pt0, Pt(OH)2 and PtO determined 

in fitting the XPS spectra 

Sample Relative amounts (%) 

 Pt0 Pt(OH)2 PtO 

C300 59.7 28.9 11.4 

C635 67.6 19.8 12.6 

C980 62.0 29.8 8.2 

Pt/C 54.8 27.1 18.1 

Co-Pt/C 64.7 21.6 13.7 

 

Similarly, we obtained the Co 2p binding energies in catalysts (Figure 8.19). Co 2p peaks 

featured complicated behavior due to macrocycles after heat-treatment. Macrocycles have 

different structure under different temperature heat-treatment, which results in Co involved in 

different chemical environment and produces the change in XPS spectra. After heat-treatment at 

300 oC, Co interacts with macrocycles with chemical bonds. However, at high heat-treating 

temperatures (635oC and 980oC) these bonds break up and metallic cobalt and cobalt oxide are 

observed in the catalysts. During the heat treatment process, the oxidizing species probably 

belong to the carbon surface. We use values of Co0, CoII and CoIII [48] to fit the peaks and their 

relative amount are shown in Table8.5. 
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Table 8.5 Relative amounts of Co0, CoII and CoIII determined in fitting the XPS spectra 

Sample Relative amounts (%) 

 Co0 CoII CoIII 

C300 - 100 - 

C635 3.7 90.9 5.4 

C980 14.8 73.4 11.8 

Pt-Co/C 26.3 71.3 2.4 

 

Therefore, there are strong interactions among Pt, Co and macrocycles on the surfaces of 

catalysts. Although we knew Co can not help Pt to decrease the sensitivity for methanol, Co 

probably interacts with macrocycles to block the methanol approaching Pt and decreases the 

sensitivity for methanol. Macrocycles structures are the most important factor that increases 

methanol tolerance of Pt. 

8.4 Discussion in mechanism of CoPc-Pt/C as catalyst in DMFC 

8.4.1 Cathode catalyst 

The area of peaks I and II in Figure 8.16 can be used to calculate the electrochemical 

surface areas (ESAs) of platinum from the Pt single crystallite hydrogen adsorption constant 210 

µC/cm2 [12]. In terms of this method, the ESAs of catalysts based on the CoPc-Pt/C were 

obtained as almost zero. However, the catalysts did not lose their activities for ORR. Therefore, a 

mechanism of CoPc-Pt/C in the ORR was suggested in Figure 8.20. CoPc with a macrocycle 

structure was covered on the carbon supported platinum. CoPc is active for oxygen, and inactive 

for methanol and protons. Absorbed oxygen on CoPc was brought to the surface of platinum by 

the rotation of CoPc molecules. But the protons and methanol molecules were blocked and could 

not approach to the surface of platinum. Thus, ESA of CoPc-Pt/C was zero when the hydrogen 
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absorption was used in the calculation. Although the CoPc-Pt/C presented a good activity for 

ORR, the rotation step of CoPc resulted in a slightly sluggish kinetics for ORR which displayed 

a lower onset potential for ORR than Pt in Figure 8.11.  

 

Figure 8.20: Possible mechanism of CoPc-Pt/C in ORR (Black: carbon particles; red: Pt 

particles; Blue: CoPc) 

8.4.2 Anode catalyst 

In C300 and C635, the large size of the macrocyclic structure blocks the approach of 

methanol to the surface of platinum, causing a sluggish kinetics for MOR. When CoPc 

decomposes to metallic cobalt and small fragments of CoN4 or CoN at high temperature, 

methanol easily passes through these fragments and arrives at the surface of platinum. The 

presence of metallic Co in Pt-based catalyst helps in the adsorption of [OH]ad at a lower potential 

thus helping MOR to happen in terms of the bi-functional mechanism of PtRu [34] and PtSn 

[52]. The presence of CoN4 or its fragments may increase the [OH]ad adsorbed by Co due to the 

electron withdrawing character of nitrogen thus resulting in a higher activity of C980 than 

CoPt/C. The decrease in the reverse peak current density might be caused by two reasons. One is 

that the high electroactivity increases the reaction efficiency and decreases the production of 

intermediate compounds. The other is that the CoN4 or its fragments on the surface of C980 
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might disturb the adsorption of intermediate compounds during MOR. The two roles of CoN4 or 

its fragments, accelerating MOR and restraining the adsorption of intermediate compounds, 

result in a high RI ratio.  

Combining the mechanisms of ORR on CoPc [53] and MOR on Pt [31], a mechanism of 

CoPc-Pt/C was suggested as follows. 

X-M(II) + H2O → X-M(I)-O-H + H+       (8.6) 

Pt-COOH + X-M(I)-O-H → CO2 + H2O + Pt +X-M(II)    (8.7) 

8.5 Summary 

It was observed that CoPc-Pt/C had a good electrocatalytic activity when it was heated at 

a high temperature in high purity nitrogen environment. At the same time, the ability of methanol 

tolerance of catalysts was explored. The CoPc-Pt/C after 635oC heat-treatment had the lowest 

methanol oxidizing current and a highest methanol tolerance. All results of this study provided 

consistent evidence that the macrocyclic structure of phthalocyanine is the most important factor 

affecting the behavior of CoPc-Pt/C catalysts, rather than Co in the series of catalysts. However, 

that CoPc-Pt/C has a good electrocatalytic activity for MOR when it was heated to a higher 

temperature in high purity nitrogen environment. CoPc-Pt/C (980oC), C980, has a high oxidation 

current, 240.5 A g-1. Its RI value is 1.71 which is twice that of Pt. The improved performance of 

CoPc-Pt/C (980oC) can be attributed to the presence of metallic cobalt and CoN4 or its fragments 

that modifies the surface of Pt and accelerates the methanol oxidation reaction. It makes the 

catalyst oxidize methanol efficiently and produce less intermediate organic compounds. In 

addition, it decreases the intermediate compounds that are adsorbed on the surface of Pt.  

The increase in methanol tolerance of cathodic catalysts and high oxidation rates in 

micro-DMFC will improve the specific power and the lifetime of DMFC, thus lowering the price 
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of micro-DMFC. Application of micro-DMFCs for portable electronic devices is contingent on 

the long life of the fuel cell. Hence metal-Pc/Pt catalysts will be a good choice for a commercial 

micro-DMFC.  
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CHAPTER 9 

CONCLUSIONS AND FUTURE WORK 

 

9.1 Conclusions 

Micro-PEMFCs and micro-DMFCs were systematically investigated in the project, which 

presented a great deal of information to design, fabricate, assembly, test, and numerically 

simulate the micro-fuel cells. The project mainly included five parts that were flow field 

fabrication, micro-fuel cells integration, performance evaluation, mathematical model, and 

catalysts development.   

At first, three kinds of technologies including conventional machining technology, rapid 

prototyping (RP) technology and MEMS technology were used to fabricate the micro-fuel cells. 

These fabrication technologies presented different advantages and disadvantages based on the 

applied materials, processing cost, finish sizes, etc. Conventional machining has the lowest cost 

to fabricate the bipolar/end plates (BPs). RP can be used to fabricate the BPs with complicated 

flow fields in the shortest time. MEMS can be used to fabricate the BPs with the smallest 

dimension. Especially, MEMS technology was carefully studied and discussed in the process to 

fabricate micro-channel for the micro-fuel cells. MEMS technology is the only practicable 

method to fabricate the BPs with channels of microns width. 

Experimental and modeling methods were employed to analyze performance of the 

micro-PEMFC. In the experimental part, a micro-PEMFC was fabricated using MEMS 
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technology. In the part of numerical simulation, a multi-dimensional, multi-component and 

single phase model of the micro-PEMFC was developed. Combining the experimental and 

modeling results showed that the contact resistance caused by the assembling mode of the micro-

PEMFC contributed to 19.4% of the total inner resistance. Contact resistance significantly 

changed the distribution of overpotential in the micro-PEMFC and decreased the current output.  

Small dimension of the micro-channel drastically affected species transport and resulted in a 

non-uniform current distribution along channel direction at low cell potential. Results suggested 

that design of flow fields for micro-fuel cells should 1) improve species transport along micro-

channels, and 2) decrease the contact resistance between GDLs and current collectors. In the 

micro-PEMFC, electronic phases and thermal factor did not significantly affect its performance. 

In order to acquire more information to design flow fields for micro-fuel cells, four kinds 

of flow fields were designed and tested. These designs included mixed multichannel serpentine 

with wide channels (design 1), single-channel serpentine (design 2), double-channel serpentine 

(design 3), and mixed multichannel serpentine with narrow channels (design 4). These flow 

fields were evaluated in micro-PEMFCs and micro-DMFCs, respectively.  

In micro-PEMFCs, the flow field with narrow and long channel presented a good 

performance at high gases flow rates. High flow rates forced the convective mass transport and 

impeded the flooding in micro channels and porous materials, which improved performance of 

micro-PEMFCs. However, with the flow rates decreasing, the long and narrow channels were 

susceptible to flooding by the produced liquid water and performance of micro-PEMFCs rapidly 

deteriorated. The mixed serpentine design had a good ability to resist the flooding. But its short 

effective length of channels only led to a small pressure gradient and a small convective 

character in mass transport, which caused a bad performance in its polarization curves. The 



 

200 
 

results suggest that the micro-PEMFC with good performance should use the flow field with a 

mixed multichannel design and long micro channels. 

As for micro-DMFCs, the micro-DMFC with double-channel serpentine presented the 

best performance and the micro-DMFC with mixed multi-channel serpentine with narrow 

channels had the worst performance among micro-DMFCs with four kinds of flow fields. Results 

showed that higher concentration of methanol solution brought better performance for micro-

DMFCs. The flow rates of methanol solution affected performance of micro-DMFCs with four 

kinds of flow fields. For the multichannel serpentine with mixing, performance of µ-DMFCs 

became better with the flow rate of methanol solution increasing. In the single- and double-

channel flow fields, increasing rate of methanol solution from 0.05034 to 0.11280 ml min-1, the 

maximum power densities of the micro-DMFCs increased. However, the performance of these 

two micro-DMFCs worsened when the flow rates of methanol were further increased from 

0.11280 to 0.34786 ml min-1. Results in chronoamperometry tests displayed that single-channel 

serpentine design caused a slow response for a system and took a long time to uniformly 

distribute the methanol solution over the entire active area in micro-DMFCs. Therefore, single-

channel serpentine design is not good for the systems of micro-DMFCs. Other designs presented 

a similar response time. When they are applied to the micro-DMFCs, other properties of these 

flow fields need to be carefully considered including the flooding at cathode sides and carbon 

dioxide transport.  

In general, a fuel cell system consists of fuel cell units and ancillary equipments. These 

ancillary equipments cause a high loss of parasitic energy. Therefore, the passive air-breathing 

DMFCs are being paid more and more attention. In the project, a passive air-breathing micro-

DMFC with low loading of catalysts was developed. Results showed that performance of the 
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passive micro-DMFC became poor with the increase in concentration of methanol solution. 

Moreover, the current scanning rate drastically affected the performance testing of the passive 

micro-DMFC. In addition, a steady state testing method was introduced to evaluate performance 

of the passive micro-DMFC, which obtained the ‘real’ and ‘stable’ polarization curves for the 

micro-DMFC. 

Finally, novel catalysts were developed to improve and optimize the micro-fuel cells, 

especially micro-DMFCs. Cobalt phthalocyanine was introduced to platinum catalyst system. 

After heat-treatment, the novel catalyst system, CoPc-Pt/C, presented the good performance in 

oxygen reduction reaction (ORR) and methanol oxidation reaction (MOR), respectively. CoPc-

Pt/C after 635oC heat-treatment demonstrated the good electrocatalytic activity for ORR and 

high methanol tolerance. However, CoPc-Pt/C heated at 980 oC showed a good electrocatalytic 

activity for MOR in DMFCs. Development of catalysts is one of the important methods to 

optimize the micro-fuel cells with good performance and long life.  

9.2 Suggestions and future work 

Experimental results demonstrated that topologies of flow fields drastically affected 

performance of micro-PEMFCs and micro-DMFCs. The present work has evaluated behaviors of 

four kinds of flow fields in micro-PEMFCs and micro-DMFCs and summarized some 

conclusions to design and optimize the micro-fuel cells. However, integration of micro-fuel cells 

in the project showed the large resistance that was possibly caused by (1) resistance of current 

collectors and (2) interface between current collectors and GDLs. The thin metal films of current 

collectors have a high resistance. Fragile nature of the silicon wafer made tightening of the 

micro-fuel cells difficult and led to high contact resistance. Therefore, two issues can be 

addressed in the future work to improve the resistance of micro-fuel cells. Firstly, thicker metal 
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films will be deposited on the surfaces of silicon wafers as current collectors. Secondly, new 

methods will be used to integrate the micro-fuel cells and decrease the contact resistance.   

Experimental results demonstrated severe effect of flooding on performance of micro-

fuel cells. Therefore, a multi-phase mathematical model should be developed to in order to 

describe the flooding phenomenon in micro-fuel cells. As discussed in chapter 4, the 

mathematical model plays a very important role to optimize the micro-fuel cells. Development of 

the multi-phase model will result in a precise simulation on a realistic micro-fuel cell, which 

make us further understand effects of different components on performance of micro-fuel cells. 

Combining the precise model with the experimental results obtained from the project, a method 

based computer modeling will be developed to design and optimize flow fields for the micro-fuel 

cells. Computer modeling design will drastically decrease the design cost and process time for 

the design, fabrication and optimization of micro-fuel cells. 

Catalyst is another important issue in the process to optimize the micro-fuel cells. In the 

project, the catalyst, cobalt phthalocyanine-platinum, was successfully developed for ORR and 

MOR. As mentioned in chapter 7, the properties of metal phthalocyanine are closely related to 

the transition metals and ligands on the phthalocyanine. Therefore, a series of catalysts with 

different transition metals and ligands should be investigated in order to clearly understand the 

properties of MePc-Pt catalysts in ORR and MOR. 

In the present study, the catalyst system of tin phthalocyanine-platinum/carbon is being 

studied. Figure 9.1 showed XRD patterns of the catalyst heat-treated from 200 oC to 1200 oC. A 

commercial fuel cell grade platinum black nanoparticles (10 wt% Pt/C, Johnson Matthey 

Company) is listed in the figure as the reference. 
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Figure 9.1: XRD patterns of SnPc-Pt/C pyrolyzed at different temperatures. 
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Figure 9.2: Composition of Sn and Pt in the catalyst of SnPc-Pt/C.  

Histogram stands for the mole ratio of Sn to Pt.  
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Figure 9.3: Composition of nitrogen in the catalyst of SnPc-Pt/C.  

Histogram stands for the mole ratio of N to Sn.  

Figure 9.2 and 9.3 demonstrated the composition of the catalyst pyrolyzed at different 

temperatures. The composition of Sn, Pt and N presented considerable errors that resulted from 

two aspects. One was the evaporation of tin. The melting point of tin is 232 oC. At high 

temperature, the evaporation of tin led to the inconsistent distribution of tin in catalyst. The other 

was the decomposition of phthalocyanine, which caused the inconsistent distribution of nitrogen 

in catalyst. Much work needs to be done in the investigation of SnPc-Pt/C catalyst that includes 

surface properties, electrochemical behaviors and electrocatalytic mechanism of the catalyst. 
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APPENDIX A 

GEOMETRIC PAPAMETERS CALCULATION 

OF FLOW FIELDS IN MICRO-FUEL CELLS 

 

When fluid is flowing in a channel, its behavior is determined by the channel’s shape, 

dimension, and configuration. Therefore, the geometric parameters of different flow fields were 

summarized and calculated in Chapter 5 and Chapter 6. As mentioned in Chapter 5, the most 

calculation methods were obtained according to the book [1]. The appendix uses double-channel 

serpentine flow field as an example to explain its geometric parameters calculation. 

 

Figure a.1: Configuration of double-channel serpentine flow field 

 Figure a.1 shows the geometry of double-channel serpentine flow field. According to the 

description in Chapter 5, its dimension is: 

Channel width: Wc = 375 µm 

Channel depth: d = 300 µm 
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Rib width: Wr = 375 µm 

Number of channels: Nc = 2 

A.1 Calculation of hydraulic diameter 

Hydraulic diameter is calculated as four times the channel cross-sectional area divided by 

its perimeter. 

           (a.1) 

Here, A is the cross-sectional areal of the channel, and P is the channel’s perimeter. As for a 

rectangular duct in this study, Equation a.1 can be written as: 

           (a.2) 

Substitute values to Equation a.2, the channel’s hydraulic diameter can be obtained. 

 . .
. .

0.33 3.3 10 m   (a.3) 

A.2 Calculation of oxygen velocity at inlet 

In Chapter 4, all parameters of channels are calculated when the flow rate of air is 15 ml 

min-1. The air velocity at inlet can be calculated by 

          (a.4) 

In which  is the air flow rate at inlet of a micro-fuel cell. Therefore, there is 

 /
. .

/
.

1.11 /     (a.5) 

A.3 Calculation of Reynold number 

Reynold number is a dimensionless number that quantifies the ratio between inertial 

forces and viscous forces in a fluid system. Reynold number can be expressed as 

          (a.6) 
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Where µ is the viscosity. At 20oC, the density of air is 1.204 kg/m3 and its viscosity is 1.78×10-5 

kg/m s. 

. . .
.

24.86      (a.7) 

A.4 Calculation of friction factor 

Reynold number calculated in A.3 indicates that air is a laminar flow in the micro-

channel. The product of the friction factor and Reynold number is constant. As for a rectangular 

channel, there is 

55 41.5 .
/

55 41.5 .
. / .

57.73   (a.8) 

. .
.

2.32        (a.9) 

A.5 Calculation of pressure drop through the channel 

The pressure drop through the channel can be approximated obtained by Equation a.10 

for incompressible flow. 

∑         (a.10) 

Here KL is the local resistance whose value is 30f for 90-degree bends. In the case, the number of 

90-degree bends is 16. Substitute all value in Equation a.10, the pressure drop can be obtained 

2 2  

      2.32 .
.

1.204 . 16 30 2.32 1.204 .  

      599 824 1423                                                                                      (a.11) 
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APPENDIX B 

CALCULATIONS OF CRYSTAL PARAMETERS AND ALLOYING DEGREES 

 

XRD analysis in Chapter 8 demonstrated the crystal parameters of electrocatalysts for 

micro-DMFCs. This appendix explains how to get these crystal parameters and alloying degrees 

of catalysts. As mentioned in Chapter 8, the analysis processes are based on the book [1].  

B.1 Analysis of lattice parameter 

Figure b.1 demonstrates the XRD patterns for catalyst C300, C635, and C980. This figure 

is extracted from Figure 8.6. It is worth being noticed that XRD patterns in C300 and C635 are 

dominated by face-centered cubic structure of platinum, while XRD pattern in C980 shows the 

tetragonal structure of CoPt. 

B.1.1 XRD analysis of C300 and C635 with FCC structure 

As for FCC structure, the distance between adjacent planes in the set (hkl) of a FCC 

material can be obtained by 

          (b.1) 

d= interplanar spacing between adjacent plane 

a=lattice parameter for FCC structure 

Combining Equation b.1 with Bragg’s law, there is 

        (b.2)  
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λ is the used X-ray wavelength in the experiment. In Chapter 8, Cu is used as the X-ray source, 

and its Kα1 wavelength is 0.154056 nm. Rearrange Equation b.2, there is 

        (b.3) 

0 20 40 60 80 100

 2θ (Degree)

*

*

C300

 In
te

ns
ity

 (a
.u

.)

*
*

*

**@

*

**
C635 

 

C980  ^
$

^

^^ ^ ^ ^^

 

Figure b.1: XRD patterns of C300, C635, and C980. * Pt, @ Pc, $ graphite, ^ CoPt alloy. 

In a material with FCC structure, the first reflection in the XRD pattern results from the 

plane (111), so 3  is corresponding to the first reflection. Other reflections 

compare with the first reflection, and their Miller indices can be obtained 

          (b.4) 

 According to the above analysis, lattice parameters of C300 and C635 can be obtained 

and summarized in Table b.1 and b.2. 
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Table b.1: Lattice parameter analysis of C300 

C300                                                Cu Kα1                                    λ Kα1=0.154056 nm 

Peak # 2θ (o)  
3 

 hkl a (nm) 

1 39.84 0.116082 2.999994 3 111 0.3916 

2 46.3 0.154559 3.994387 4 200 0.3916 

3 67.7 0.310272 8.018605 8 220 0.3916 

4 81.48 0.425923 11.00746 11 311 0.3916 

5 85.96 0.464774 12.01151 12 222 0.3916 

 

Table b.2: Lattice parameter analysis of C635 

C635                                                Cu Kα1                                    λ Kα1=0.154056 nm 

Peak # 2θ (o) sin θ sin θ
sin θ 3 

h k l  hkl a (nm) 

1 40.02 0.11709 3 3 111 0.3899 

2 46.52 0.155949 3.995627 4 200 0.3899 

3 67.85 0.311484 7.980622 8 220 0.3899 

4 81.78 0.428513 10.97906 11 311 0.3899 

5 86.21 0.46695 11.96388 12 222 0.3899 

 

B.1.2 XRD analysis of C980 with tetragonal structure 

With the temperature increasing in the heat-treatment process, the crystal structure of the 

catalyst changes to tetragonal structure of CoPt from the FCC structure of platinum. The 

interplanar spacing equation for tetragonal structure is 
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        (b.5) 

When 0, a can be obtained 

√           (b.6) 

When 0; c can be calculated from Equation b.5 

          (b.7) 

According to the above analysis, lattice parameters of C980 can be obtained and 

summarized in Table b.3. 

Table b.3: Lattice parameter analysis of C980 

C980                                                Cu Kα1                                    λ Kα1=0.154056 nm 

Peak # 2θ (o) sinθ 2sinθ
λ  

hkl a (nm) c(nm) 

1 41.7 0.355923 4.620691 101   

2 47.77 0.404902 5.256559 110 0.2690  

3 48.71 0.412389 5.353755 002  0.3736 

4 54.31 0.456399 5.925108 111   

5 60.69 0.505206 6.558726 102   

6 70.116 0.574405 7.457098 200 0.2682  

7 71.26 0.582549 7.562816 112   

 

From the column of a(nm), we know that the calculation has a large error. In order to 

decrease the error, an average of parameters will be obtained by algebra. Substitute the value of 

peak 1, 4, 5, and 7 to Equation b.5, we can get 

Peak 1: 21.35       (b.8) 
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Peak 4: 35.11       (b.9) 

Peak 5: 43.02       (b.10) 

Peak 7: 57.20       (b.11) 

Rewrite these equations, and we get 

21.35          (b.12) 

0.5 17.55          (b.13) 

4 43.02          (b.14) 

2 28.60          (b.15) 
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Figure b.2: Linear fitting method to calculate lattice parameter. 
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We can think the set of equations as y=ax+b. Here, y=21.35, 17.55, 43.02, and 28.60, 

respectively, while the corresponding x=1, 0.5, 4, and 2, respectively.   is the slope of the 

equation and  is the intercept. Using linear fitting method, we can obtain  and . 

Figure 6.2 displays =7.258. And then we can get c=0.3712 nm. 

B.2 Calculation of alloying degree 

The degree of alloying (χa) in the supported Pt-Co materials was calculated with the 

expression. 

/          (b.16) 

where  is the experimental lattice parameter, is the lattice parameter assuming that all the 

cobalt is alloyed (ref. ICDD: PDF No. 29-0498), and  is the lattice parameter of platinum (ref. 

ICDD: PDF No. 04-0802).  

The lattice parameter of Pt (ICDD: PDF No. 04-0802), , is 0.3923 nm, and that of CoPt 

(ICDD: PDF No. 29-0498), , is 0.3675. Therefore, the alloying degrees of catalysts can be 

obtained by Equation b.8. The results are summarized in Table b.4. 

Table b.4: Alloying degrees of catalysts 

Sample Lattice parameter Alloying degree (%) 

C300 0.3916 2.822581 

C635 0.3899 9.677419 

C980 0.3712 85.08065 
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