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NOTATION 
Variable Description 

ΔGº Gibbs free energy (standard) 

ΔHº enthalpy (standard) 

Vº0 Standard thermodynamic potential 

Vºmax Standard maximum potential 

ρPt Platinum Density 

ρRu Ruthenium Density 

dM,A Anode catalyst metal crystalline diameter 

dM,C Cathode catalyst metal crystalline diameter 

ϕI available metal surface involved in electrocatalysis in contact with ionomer 

i*A,0,ref exchange current density, anode, reference 

i*C,0,ref exchange current density, cathode, reference 

cme,ref concentration of methanol, reference (Standard) 

Cw concentration of water diluted methanol solutions 

Tref temperature, reference 

pO2,0,ref partial pressure of oxygen, reference 

α·A transfer coefficient, cathode 

ν·Ae- electron stoichiometric number, anode 

α·C transfer coefficient, anode 

ν·Ce- electron stoichiometric number, cathode 

νAe- stoichiometric coefficient of electrons in MOR 

νA,Me stoichiometric coefficient of methanol in MOR 

EA,φ0 effective activation energy for MOR 

EC,φ0 effective activation energy for ORR 

KMe equilibrium constant 

LD anode gas diffusion layer thickness 

LB Nafion® 117 membrane thickness 

LE cathode gas diffusion layer thickness 

εE void fraction of gas diffusion layer, cathode (porosity) 



7 
 

εD void fraction of gas diffusion layer, anode (porosity) 

κO2 partition coefficient of oxygen 

κMe,D partition coefficient of methanol through ADL 

κMe,B partition coefficient of methanol through CDL 

ξ electro-osmotic drag coefficient of water 

Eμ activation energy for water viscosity 

λ water molecules per sulfonic group in Nafion® 

δ ratio of mutual to matrix diffusion coefficients 

qw volume fraction of water formation at cathode 

DMe,W diffusion of methanol in water 

De
Me,D diffusion of methanol in anode GDL 

DO2,W diffusion of oxygen in water 

DO2,E diffusion of oxygen 

pw water vapor pressure in cathode 

RI MEA interfacial resistance 

F Faraday's constant   

R gas constant   

µ Viscosity of Water   

V Cell Voltage   

Vo DMFC Cell Potential theoretical   

ηA overpotential, anode   

ηB Ohmic overpotential   

ηC overpotential, cathode   

ηI Interfacial resistance   

xMe,b mole fraction of methanol in PEM   

κW,B partition coefficient of methanol through CDL   

iA,0 exchange current density, anode   

iA,L limiting exchange current density, anode   

iC,0 exchange current density, cathode   

iC,L limiting exchange current density, cathode   

iX,O2 crossover current density, oxygen   
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iX,Me crossover current density, methanol   

iX,Me,L limiting crossover current density   

γMA electrocatalyst roughness, anode   

γMC electrocatalyst roughness, cathode   

ρM,A Pt-Ru Alloy density   

k*Me,D rate constant for reaction   

CO2,0,ref concentration of oxygen, reference   

CMe,0 initial concentration of methanol   

CO2,0 concentration in CCL under equilib   

CMe,b concentration of methanol in PEM   

CW,b concentration of water in PEM   

CO2,b concentration of oxygen in PEM   

mM,A catalyst leading   

mM,C catalyst leading   

ωRu mass fraction of RU   

θCOS adsorbed carbon monoxide sites   

θCOS,ref adsorbed carbon monoxide sites, reference   

CMe,A(a) Concentration Profile   

De
O2,E diffusion of oxygen in cathode   

De
Me,B diffusion of methanol in PEM   

De
O2,B diffusion of oxygen in PEM   

Pe
Me,D Effective Methanol Permeance   

Pe
O2,E Effective Oxygen Permeance   

PO2,B Oxygen permeance   

εB void fraction of gas diffusion layer, anode (porosity)   

Ka dissociation equilibrium constant for acid sites   

εBo percolation threshold   

σB effective PEM conductivity   
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ABSTRACT 
In this project the performance of multiple variations of a Passive Direct Methanol Fuel Cell 
(PDMFC) were tested. The experiments ranged from using different Membrane Electrode Arrays 
(MEAs), to changing the material or shape of the current collectors. In addition to hardware 
variations, the main focus of this paper is experimenting with MeOH gel as a fuel as compared to 
a liquid methanol feed. The results show promise for the methanol gel. A mathematical model 
designed to theoretically reproduce the performance of a methanol fuel cell was adapted for the 
passive DMFC. There were many tests conducted on the cell both before and after the finalized 
stack design was completed. These tests were conducted to determine the best performance 
based on the configuration of the available hardware for the fuel cell stack. The parts changed on 
the cell ranged from the current collectors, to removing the GDLs, changing the fuel type and 
arrangement, and types of screws used. 
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CHAPTER 1: EXECUTIVE SUMMARY 
Fuel cells have been researched for some time now, which is leading to better development and 

higher efficiency. In order to increase efficiency for some small scale applications, it is necessary 

to remove any devices that require energy that aid the cell, such as fans and pumps for the fuel. 

This research is concerned with the development of Passive Direct Methanol Fuel Cells 

(PDMFC).  

PDMFCs work independently from ancillary devices; this is why they are called passive. These 

fuel cells are usually comprised of a chamber where the fuel is placed and is allowed to freely 

flow by diffusion towards the MEAs. The MEAs vary in position and direction by stack, so the 

components of a fuel cell that can vary and be experimented on are many. The size and shape of 

the stack is probably the most important factor in its efficiency and portability. Depending on 

what type of fuel the cell uses (Liquid or Gel); the orientation of the cell could also have an 

effect on the performance. 

Chapter 2 gives an in-depth background on the history of fuel cells, as well as today’s 

applications. The design of the fuel cell is discussed in more detail in Chapter 3. Some of the 

parts that are more interchangeable on the cell include the MEAs, the current collectors and other 

small pieces of hardware. The focus of this project was to optimize the current collectors by 

testing various materials and channel geometry. 

There are several issues when experimenting with the PDMFC; including hardware problems. 

These can come from leakage as well as short circuiting of screws and poor insulation in wires. 

These happen while manufacturing, fabricating and assembling the cell.  
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Another problem with a MeOH gel PDMFC was found to be diffusion limitation of methanol 

and how it diffused towards MEAs based on their position.  The current stack that was used in 

the experiment uses 2 rows of MEAs, six lining the top of the fuel cell and 6 lining the bottom of 

the fuel cell. Although the methanol molecular weight is similar to that of air, it tended to diffuse 

in an upward direction. This caused the MEAs place on the upper row to be favored, leading to 

faster degradation, and the bottom to become fuel starved. 

Another problem that will be discussed in the detailed background is methanol cross-over that 

occurs at the MEA. This is when unreacted methanol diffuses through the MEA causing it to 

increase the over potential of the oxygen reduction reaction (ORR) at the cathode as well as limit 

the oxygen diffusion from the outside of the cell.  

There are many advantages to methanol fuel cells. One of these is that fuel cells are not limited 

by the dynamic efficiency of a Carnot Cycle like other internal combustion engines. Most 

importantly, methanol is an inexpensive, readily available liquid fuel, unlike hydrogen. Another 

advantage is the lack of moving parts in PDMFCs. This leads to higher efficiency, long lifetimes 

and high durability as well as being silent when in use. Unlike other forms of energy storage, the 

fuel cell will keep producing energy as long as it is fed fuel. However, the cost of fuel cells is an 

issue because of the use of precious metal catalysts and the Nafion® membrane. 

Direct methanol fuel cells provide a great option for future use in a world where sustainability is 

much needed. The long lasting nature of DMFC provides great promise towards the idea long 

lasting energy systems that will replace batteries. The leading research in DMFC is to provide 

long lasting power to applications of portable needs. Passive DMFCs could be used to power cell 

phones and laptops as well as any other portable micro power system. [1]   
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CHAPTER 2: BACKGROUND 
As the demand for energy increases in the world, many are seeking alternative sources of energy. 

Although the demand for energy is not the only reason for seeking new sources, there is also a 

growing concern for the well-being of the globe. It is believed that current major sources of 

energy, like coal, are the leading causes of pollution. The latest research in this topic is in using 

sources of energy with less contribution to pollution and higher energy efficiency.  

Research is now looking towards other options such as renewable energy, or energy comes from 

natural, renewable resources such as sunlight, wind, rain, tides, and geothermal heat. Between 

the years 2004 and 2009, worldwide renewable energy capacity grew at rates of 10–60 percent 

annually for many technologies.[2] This has led to a growing need for knowledge of these 

energies and how to improve them.  For wind power and many other renewable technologies, 

growth accelerated in 2009 relative to the previous four years. [2] 

There are also many countries experimenting with biofuels. These were used in early days of 

vehicle history, however they were overrun by petroleum and gas, obtained simply by companies 

drilling a hole in the ground and extracting fuel that was cheap. [2] 

However, in recent years other alternative energy generation technologies have been explored, 

such as the fuel cell.  A fuel cell is a device that converts the chemical energy from a fuel into 

electricity through a chemical reaction involving oxygen or another oxidizing agent. The most 

common type of fuel for such a fuel cell is hydrogen; however, natural gases and methanol are 

also utilized in some fuel cells. 

Hydrogen is agreed as the most useful fuel because it results in high power and only water is 

produced in operating the fuel cell. Hydrogen is very difficult to store, as well as difficult and 

costly to compress. Hydrogen also has lower energy content than natural gas when pressurized in 
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tanks. At present time, there is no way of making cheap hydrogen. Recently, energy has 

demanded an equal or larger amount of another form of energy to produce it. Currently, 

hydrogen is mostly made from natural gas. However, this process is only 65% efficient when 

storage losses are considered, which results in a loss in efficiency compared to directly using the 

natural gas. [3]  

The Direct Methanol Fuel Cell (DMFC) uses a fuel which, compared to hydrogen, is easier to 

handle and to distribute. It is also allows a fairly simple system design compared to those 

utilizing liquid fuels to produce hydrogen by steam reforming or partial oxidation. The hydrogen 

produced is used to feed a standard polymer electrolyte membrane fuel cell (PEMFC). [4] The 

DMFC relies upon the oxidation of methanol on a catalyst layer to form carbon dioxide and, 

protons and electrons. Water is consumed at the anode and produced at the cathode. Protons are 

transported across the proton exchange membrane, usually made of Nafion, to the cathode where 

they react with oxygen to produce water. Electrons are transported through an external circuit 

from anode to cathode, providing power to connected devices. [3] 

Fuel cells are in the fifth significant cycle of attempts to turn them into commercial reality [4]. In 

the past the attempts often failed to the point where few companies continued development. The 

major reasons for this occurring are the high cost of production and the small power output of 

fuel cells. 

Fuel cells are still a few years away from commercialization on a large scale. It is very difficult 

to tell which fuel and which technology will be predominant in the future. There are some 

problems to be solved, yet in all these types of fuel cells. If those can be solved then, those will 

become the predominant fuel cells in the future. 
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2.1 Types of Fuel Cells 
There are many different kinds of fuel cells; they are usually classified by the kind of electrolyte 

used. The electrolyte determines the kind of chemical reaction, the kind of catalyst, temperature 

range, and fuel required amongst other factors. Based on the characteristics and efficiency, it is 

determined for which application the fuel cell is going to be used. Fuel cells are currently under 

development, each type with its own advantages and limitations. The following are different 

kinds of fuel cells.  

2.1.1 Polymer Electrolyte Membrane (PEM) Fuel Cells 
Also called proton exchange membrane fuel cells, PEMFCs have the advantages that they can 

deliver high density power, can be very small and work on lower amounts of fuel. PEMFCs use a 

solid polymer as an electrolyte and porous carbon electrodes containing a platinum catalyst. 

They require only hydrogen, oxygen from the air, and water to operate. 

PEM fuel cells operate at relatively low temperatures, from room temperature to 80C. The 

advantages of starting up at low temperatures are that the cell needs less time to start up, and that 

the cell can operate with less wear to the components around it. However, it is important to note 

that the PEM must contain a catalyst composed of platinum, which adds cost to the production of 

this cell. Just like the direct methanol fuel cell, the PEM fuel cell suffers from the same problem 

with the CO bonding to the platinum catalyst. To counteract this, the same second catalyst is 

used, ruthenium. 
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PEM fuel cells are used primarily for transportation applications and some stationary 

applications. Due to their fast startup time, low sensitivity to orientation, and favorable power-to-

weight ratio, PEM fuel cells are particularly suitable for use in passenger vehicles, such as cars 

and buses. [5]  

 

2.1.2 Alkaline Fuel Cells 
Alkaline fuel cells (AFC) were some of the first fuels cell ever commercially developed. They 

were first widely used on spacecraft missions in space. These fuel cells use a solution of 

potassium hydroxide in water as the electrolyte and can use a variety of non-precious metals as a 

catalyst at the anode and cathode. They operate at temperatures between 100°C and 250°C. 

However, newer AFC designs operate at lower temperatures of roughly 23°C to 70°C. AFCs' 

high performance is due to the rate at which chemical reactions take place in the cell. 

The downside for this type of fuel cell is how easily it can be poisoned by CO2. The smallest 

amount of carbon dioxide can make the cell’s efficiency suffer by reacting with this alkaline 

Figure 1: Proton Exchange Membrane Schematic [5] 
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electrolyte. Due to this, the fuel needed for this cell, oxygen and hydrogen, need to be purified. 

The purification process is very costly and adds rapidly to the cost of production of hydrogen. [5] 

2.1.1.1 NAFION® as the Proton Exchange Membrane (PEM) 

The PEM used during this process was Nafion® 117.  As the industry standard for PEMs this 

material is an ion conductor made and developed by DuPont. The structure is shown by Figure 2. 

Nafion® is one of the best chemicals to use for this purpose because it has a perflourinated 

backbone that gives it a significant increase in strength and hydrophobicity. One of the reasons 

Nafion® is a great ionomer is because of the tetrafluoroethylene backbone that allows the 

addition of perfluorovinyl ether groups terminated with sulfonate groups onto it. 

The sulfonic acid group is an exceptional ion-conducting moiety because its conjugate base is 

highly resonance stabilized. If R–SO3H loses a proton, H+, the negative charge is distributed 

over three oxygen atoms providing high stability.  

 

Figure 2: Nafion Chemical Formula 

Since sulfonic acid sites in Nafion® are highly acidic they contribute hydrophilicity to an 

otherwise hydrophobic organic macromolecule.  Thus, they promote the formation of ion clusters 

in Nafion®. When the cell takes in enough water, the ion clusters will start to expand allowing 

them to take over. These clusters expand to a point that ionic channels start to form in the 
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Nafion®. This however, is a downside for a DMFC because it leads to higher methanol 

crossover. 

There is a limit as to how much Nafion® one can use while making an MEA. This is due to the 

fact that if too much Nafion® is used the mechanical strength of the polymer would be 

jeopardized. A highly hydrophilic membrane can be overly sensitive to water. There is also a 

downside to using too much water when activating the membrane. Because the Nafion® ion 

clusters expand with water, the more large scale repetition of experiments will lead to 

deterioration of the Nafion®. It will also cause cracks in the catalyst layer as well as tears in the 

membrane, which would lead to the cell being useless.  

2.1.3 Phosphoric Acid Fuel Cells 
The phosphoric acid fuel cell was one of the first fuel cells to be used commercially and it is in 

the more advance stages of development. Phosphoric acid fuel cells use liquid phosphoric acid as 

an electrolyte, which is contained in a Teflon bonded silicon carbide matrix. This kind of fuel 

cell also uses porous carbon electrodes as well as platinum as a catalyst, and operates at a 

temperature of around 170C. 

Phosphoric acid fuel cells are very tolerant when it comes to impurities in hydrogen.  Unlike 

direct methanol fuel cells, phosphoric acid cells do not get poisoned by carbon monoxide in the 

platinum catalyst of the anode side. Because of this, efficiency of the cell does not decrease due 

to poisoning, and the cell runs at 85% overall efficiency. This cell generates both heat and 

electricity.  When generating electricity alone, though, they are only 40% efficient. 

One of the few downsides of phosphoric acid fuel cells is the weight and volume they need to 

operate; the size to output ratio is relatively high. Because of this, fuel cells are typically large 
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and heavy. In addition, the cell requires a platinum catalyst like other cells, and raises the prices 

of the cell significantly. [5] 

2.1.4 Molten Carbonate Fuel Cells 
Molten carbonate fuel cells have developed to a stage where applications are feasible. These fuel 

cells run at very high temperatures, they use an electrolyte composed of a molten carbonate salt 

mixture suspended in a porous, chemically inert, ceramic lithium aluminum oxide matrix. Due to 

the extremely high temperatures the cell runs at, about 650°C, non-precious metals can be used 

as a catalyst instead of the platinum that is used in direct methanol fuel cells, and so the cost is 

lower. 

There is a gain in efficiency over the lower temperature fuel cells. Molten carbonate cells when 

using a turbine are 65% efficient, which is better than the 40% efficiency of the phosphoric acid 

fuel cell plants. The efficiency of the molten carbonate fuel cells increases further when the heat 

is captured from the cell, making the efficiency 85 percent. 

One of the major advantages to molten carbonate fuel cells is, unlike other fuel cells, these fuel 

cells do not require a hydrogen feed. This is because the cell runs at such high temperatures that 

the cell converts the primary fuel into hydrogen within the cell. This also greatly reduces the cost 

of the cell. 

Molten carbonate fuel cells are not prone to carbon monoxide or carbon dioxide poisoning.  They 

can even use carbon oxides as fuel, making them more attractive for fueling with gases made 

from coal. Assuming they can be made resistant to impurities such as sulfur and particulates that 

result from converting coal into hydrogen.  It is possible that molten carbonate fuel cells can be 

used to convert coal to hydrogen and be able to run the cell simultaneously. [5] 
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2.1.5 Regenerative Fuel Cells 
Regenerative fuel cells produce electricity from hydrogen and oxygen and generate heat and 

water as byproducts, just like other fuel cells. However, regenerative fuel cell systems can also 

use electricity from solar power or some other source to decompose water into oxygen and 

hydrogen fuel, a process called "electrolysis." This is a comparatively young fuel cell technology 

being developed by NASA and others. [5] 

2.2 Direct Methanol Fuel Cells (DMFC) 

2.2.1 Conventional Direct Methanol Fuel Cells 
A direct methanol fuel cell (DMFC) is composed of a multiple layer configuration where there is 

an anode bipolar plate, a cathode bipolar plate, a membrane electrode assembly consisting of an 

anode and cathode gas diffusion layer (GDL), an anode and a cathode layer, and a proton 

exchange membrane (PEM). This assembly can be seen in Figure 3. The bipolar plates also serve 

as current collectors. The purpose of the GDLs having pores is to allow the flow of oxygen in 

and carbon dioxide out and water [6]. The size and shapes of the perforations and pores are 

important to the performance of the methanol fuel cell.  
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Figure 3: Direct Methanol Fuel Cell Schematic [8] 

The main difference between passive and regular methanol fuel cells is that in a passive system 

there are no extra pumps or fans to promote fuel flow. This requires less energy and cost to run a 

passive fuel cell. However, the performance is lower due to transportation limitations. 

The next component of the methanol fuel cell is a gas diffusion layer, or GDL. This layer is 

composed of carbon paper or carbon cloth that is conductive and distributes the anode and 

cathode fuels and products.  This allows the flow in the fuel cells as well as transports the 

electrons to the plates. Another characteristic of the GDL is that it helps with is the heat 

generated by the fuel cell. There are several ways to improve the performance of the cell by 

treating the GDL.  For example, it can be wet-proofed with polytetraflouroethylene or by using a 

hydrophilic anode backing layer. 

The catalyst used in the MEA to promote the half-cells reactions is usually made of platinum and 

ruthenium alloy at the anode and platinum at the cathode [3]. There is a certain amount of 

improvement that can come from adding more catalyst; however this reaches a maximum where 
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performance begins to level off. Adding more catalyst would also greatly increase the cost of the 

cell. 

Two of the biggest issues with the direct methanol fuel cell are that a pure platinum catalyst at 

the anode side cannot sufficiently activate the methanol or the water, and it also cannot remove 

CO from poisoning the cell. For the anode reaction seen in Table 1, a bi-functional catalyst 

composed of platinum and ruthenium is needed because each performs a different function. As 

the methanol begins to activate by coming in contact with the platinum, it reduces to carbon 

monoxide, protons and electrons.  

Table 1: Methanol Fuel Cell Electrode Reaction 

 
Equation 

Anode  
Methanol Oxidation reaction (MOR) 

Cathode  
Oxygen Reduction Reaction (ORR) 

Overall 
Reaction  

Redox reaction 

 

The carbon monoxide created by the anode reaction is a major cause of problems since it 

strongly binds to the catalyst reducing the effectiveness of the fuel cell. This is where the 

ruthenium acts to decompose water into hydroxide, another proton and another electron. The 

hydroxide created can then react with the carbon monoxide that is bonding to the catalyst 
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surface; this would lead to the production of carbon dioxide, along with another proton and 

electron. [9] 

This leads to the anode half reaction to generate a total of six protons and six electrons per 

molecule of methanol (Table 1). This is in contrast to the two protons and electrons that are 

produced in a PEMFC. It is noted that the electrons travel through an external circuit, which 

creates power from the cell. However, the protons created in the half cell reaction travel through 

the Nafion® membrane via diffusion. [3] 

At the cathode, an oxygen reduction reaction takes place between permeated protons and 

electrons that have gone through the outer loop and returned to the cathode. By combining the 

first two reactions for the anode and cathode, the reactions provide the overall methanol reaction 

that occurs in the methanol fuel cell, as seen in Table 1. However, methanol also crosses over 

through the anode across the membrane to the cathode, and undergoes MOR at the cathode as 

well. This attributes to fuel and efficiency loss.  

2.2.2 Passive Direct Methanol Fuel Cells (PDMFC) 
Direct methanol fuel cells, like other fuel cells, require heat exchangers, pumps and fans to 

promote better efficiency and to keep the cell running. If these were to be eliminated, it would 

reduce the cost of the cell as well as the size, making it suitable for small scale portable 

applications. The additional equipment greatly reduces the power density of the fuel cell, since 

they require power to run on as well.  If these were removed, this would increase the power 

density that the fuel cell outputs. This is the rationale for PDMFC; they do not use other 

equipment and are thus “passive”.  

PDMFC works with the methanol gel being inserted in the anode chamber of the cell. After this, 

the ambient diffusion allows the methanol to reach the anode without any use of fans or heat 
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exchangers. On the other side, oxygen diffuses into the cathode naturally. However, passive 

transports by diffusion rather than by concentration or flow increase. This transport increases 

resistance and reduces performance. 

The design and fabrication of air breathing, pump less direct methanol fuel cells for portable 

applications was developed more in detail by Shimizu et al. [1]. A small PDMFC was developed, 

and its performance was evaluated at 36 cm2. This cell took oxygen from the surrounding and 

had methanol stored in a built-in reservoir. The cell ran efficiently with liquid methanol 

concentrations of .5 to 4 M. it reported a current density of 11 mW/cm2 and reached current 

densities as high as 36 mA/cm2. 

The simple set up that PDMFCs require makes them suitable for small scale application such as 

cellphones, PDAs or camping equipment. However, because PDMFCs do not use any ancillary 

equipment, their performance is reduced when compared to regular DMFC. The drop in 

performance from a DMFC to a PDMFC is 45 mW/cm2 to 13 mW/cm2; this is a 70% drop in 

performance. [10] 

PDMFC are also more easily poisoned by carbon monoxide due to the lack of flow at the 

membrane, reducing the efficiency to about 30%. [5] Further, the diffusion of methanol towards 

the anode requires a much higher concentration of methanol. However, having a passive fuel cell 

also allows for the water that is created at the cathode not to be removed by the air flow from the 

ambient. Rather, this water produced diffuses across the membrane and is used in the MOR. 

The consequences of methanol cross over in PDMFC was explored by Beck Kyun Kho et al.[6] 

They showed that the methanol crossing over from the anode to the cathode was due to a 

concentration gradient, and this lead to a decrease in open current voltage. Since methanol 



25 
 

crossover rate is dependent on the methanol concentration in the reservoir, it is expected that 

OCV will vary with methanol concentration. 

Throughout experimentation with suppression of the methanol crossover, Woo-Jae Kim et al was 

able to minimize the methanol crossover. [11] This was done by soaking the MeOH fuel in 

hydrogels rather than using a liquid feed of methanol. It was observed in the experiment that 

when using hydrogels instead of liquid, the power density increase from 16 to 22 mW/cm2. 

Hydrogels suppressed the excess fuel supply from the fuel reservoir to the anode electrode even 

at high fuel concentrations by reducing the fuel diffusion rate, so that the unconverted MeOH, 

which crosses over to the cathode electrode, is minimized. 

Another issue with the cell is the direction of the cell. The best flow for methanol gel is to have 

the vessel for the fuel below the MEA allowing the flow of fuel in an upward direction towards 

the membrane. Guo and Fagri [12] have developed a fuel cell that operates at 1 W and is 

direction independent. This PDMFC used four cells and used a total active area of 36 cm2. This 

design was composed of neat methanol flowing from a separate compartment that would 

dissolve in water supplied by the membrane in the anode chamber. This particular PDMFC has 

many features that improve functionality such as a micro methanol flow controller that shuts off 

methanol supply, a stable vapor fuel supply that is heated, a water management system and air 

filtering via additional GDLs. 

In the same topic of porous plates, Mohammad Ali et al. [13] performed a study on the efficiency 

operation at high methanol concentrations using porous plates. However, in the experiment a 

layer was added of CO2 to increase distance between the current collector and the GDL. The 

highest power density that this experiment observed was 24 mW/cm2 at room temperature, using 

a 2 M solution of methanol. Once the porous plate was added, 16 M methanol solution had to be 
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used to achieve the same power density. The results from this experiment show that adding a 

layer of CO2 increases transport resistance. 

Other research done for the PDMFC includes a study done by R. Chen and T.S. Zhao, describes 

the porous current collectors for passive direct methanol fuel cells. In this study, current 

collectors made from porous metal foam were investigated experimentally. The polarization 

curves in the experiments showed a much higher and much more stable performance, than the 

cell did with conventional perforated plate current collectors. [14]  

2.2.3 Objectives 
The advancements in technology will allow for fuel cells to be used in a more wide range of 

uses. The objective is to maximize output from the fuel cell stack while at the same time 

reducing cost. There is also the idea of reducing the size of the fuel cell stack to allow for other, 

more portable uses, such as cell phones and laptops.  
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CHAPTER 3: STACK DESIGN AND EXPERIMENTAL 

3.1 Stack Design and Construction 
A direct methanol fuel cell has many key requirements in order to function properly under 

passive conditions. Since there is no active components to increase mass transfer to the MEAs, 

construction of a stack must be carefully done in order to maximize performance. A main 

consideration for a passive direct methanol fuel cell is that the fuel chamber must be sealed 

airtight from the surroundings. This is to prevent methanol fuel, either liquid or vapor, from 

escaping and either reacting on the cathode or leaking out of the fuel cell. This is both a waste of 

fuel and is considered a safety hazard when using highly concentrated methanol solutions. 

Another reason for having the cell airtight is to prevent oxygen from entering the anode chamber, 

due to the oxygen concentration difference of the outside and the inside of the fuel container. 

When the oxygen enters the cell, it can react on the anode and cause over potential, lowering the 

overall cell voltage. [15] 

A single cell setup was constructed from polycarbonate material to simulate the performance of a 

stack on a smaller scale. This allowed many experiments to be run much more easily than on the 

stack itself. Figure 4 and Figure 5 show the single cell setup, as well as its components. The 

polycarbonate base is hollow, allowing a small amount of either methanol gel or concentrated 

solution to be put into the cell. The polycarbonate is screwed on to form a complete seal. On the 

electrode side of the base, a layer of silicon gasket is placed between the anode current collector 

and the top of the cell. This helps to form a complete seal, preventing leakage. A small amount 

of vacuum grease is placed between the base plate and cell as well as the silicon layer and the 

cell. This prevents slippage and maintains perfect sealing. 
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The next layer is a piece of foam gasket that goes directly on the MEA, with a cutout fit for the 

active area. This layer prevents any leaks across the non-active area on the Nafion® membrane. 

A carbon cloth gas diffusion layer (GDL) cut to the size of the active area, 5cm², is placed on the 

anode side of the MEA. This helps to diffuse the methanol on the platinum catalyst more evenly. 

Many different materials can be considered as the gas diffusion layer. Carbon cloth helps to both 

even out the diffusion, maximizing surface area contact, while limiting mass transfer resistance. 

Catalyst layers can be put on the GDL to improve redox reaction rate, but this increases overall 

cost. Two commercial sources for the MEAs purchased are IRD (www.ird.dk) and Fuel Cell 

Store (FCS) (www.fuelcellstore.com/). The catalyst loading for the MEAs was kept consistent 

between companies, to keep results similar. Table 2 shows the properties for the MEAs. As can 

be noted, the 5 layer DMFC MEAs do contain GDLs already hot pressed onto the assembly, 

however further tests were run with extra GDLs to assess effectiveness. 

Table 2: MEA Properties 

Property Value 

Catalyst Loading 4mg/cm2 

Catalyst Type Pt/Ru Anode, Pt Cathode  

Active Area Size 5cm2 

Nafion® Thickness 117 

Layers 5 Layer DMFC MEA, 2GDL, 2Catalayst, 1 Nafion 
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Figure 4: Single Cell Schematic Exploded, 5cm2 Active Area 

 

Figure 5: Single Cell Schematic Compacted, 5cm2 Active Area 

Cathode Current Collector 

Foam Gaskets 

Anode Current Collector 

Fuel Chamber 

Fuel Chamber Cap 

Membrane Electrode 

Assembly 
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The prototype fuel cell that was available for testing, named Prototype 5, was constructed by a 

former graduate student, Neal Rosenthal [16]. It is a passive direct methanol fuel cell designed to 

run off of concentrated methanol solution or gel fuel from a Sterno® (MSDS in Appendix 3) fuel 

can, or similar. One example is shown below in Figure 6 as the Power Heat Brand. 

 

Figure 6: Methanol Chafing Fuel, Power Heat Brand, Similar to Sterno 

It contains 12 individual cells with an active area of 5 cm2, wired in series. It was constructed 

from a polycarbonate base that is airtight, watertight and non-conductive. The circular fuel 

chamber was designed so that an entire open can of chafing gel could be placed in the bottom, 

allowing the fuel to diffuse to the cells passively. The electrode assembly is exactly that of the 

single cell, with the layers of gaskets and GDL being the same materials and thickness. The stack 

has a polycarbonate lid with an O-ring that also forms an airtight seal. 

While using metal screws could give stronger hold, the metal screws conduct electricity, which 

can short circuit the cells. This is why the IsoPlast screws were chosen over both nylon and 

stainless steel. IsoPlast is polyurethane composite that is stronger than nylon, but doesn’t conduct 

electricity. These IsoPlast screws were obtained through SmallParts.com. Nylon screws were 

tested, but the torque required to compress the assembly proved to be too much for the weak 
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nylon. Stainless steel screws with an insulated wrapping were also tested, but completely 

insulating the stainless screws proved to be difficult and time consuming. The stainless steel 

screws also began to strip the softer polycarbonate base, weakening the screw even more than 

before. Ceramic screws were looked at as an alternative, but proved to be far too expensive for 

the project. A compromise between torque, conductivity, and cost must be made, so the IsoPlast 

Material was made. Figure 7 shows a cutaway view of the stack, while Figure 8 shows the 

complete stack. 

 

Figure 7: Cutaway Stack View, 5cm2 Active Area, 12 Cells in Series 
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Figure 8: Complete Stack View, 5cm2 Active Area, 12 Cells in Series 

3.1.1 Current Collector Optimization 
The current collectors on the single cell were experimentally tested in various configurations. 

The main goal of the experiments was to determine the ideal collector arrangement by comparing 

the different collectors and the amount of space open for diffusion. The tests on a single cell 

were run using 5g of methanol gel, in passive conditions (ambient temperatures and atmospheric 

pressure). The standard current collector arrangement was a perforated, solid stainless steel plate 

1mm thick, which are also outfitted on the 12-cell stack. During our tests this was used as the 

control, to allow it to be possible to see the relative performance from the current setup. All of 
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the current collectors had a 5cm2 active area. The tests were all run with Nafion®-117 MEAs 

from IRD fuel cell store. They had catalyst loading of 4 mg/cm2 Pt/Ru on the anode and 

4mg/cm2 Pt on the cathode. The data was collected experimentally using the FuelCell program, 

conducting a voltage sweep every 5 minutes, from 0V to the open current voltage in increments 

of .05V.  Pictures of the different current collectors are as follows: 

 

  

 

 

  

 

 

 

  

[Control]: Solid Stainless Steel, 25 

holes, 34% open space) 

Solid Stainless Steel, (5 channels, 

69% open space) 

Solid Stainless, 34% open space Porous Stainless Steel, No open area 

MottCorp: .078” thick, Media Grade 
40, 316LSS 

Figure 10: Channeled Current Collector Figure 9: Perforated Current Collector 

Figure 11: Wire Mesh Current Collector Figure 12: Porous Current Collector 
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3.2 Experimental Setup 

3.2.1 Testing Methodologies: 
The fuel cell lab setup is optimized to collect data from the passive setup using the FuelCell 7 

computer program. The computer program has an automatic load box controller that will monitor 

voltage power and current connected to the positive and negative leads. (This is shown in Figure 

13)  

 

 

Figure 13: FuelCell Load Box and Display for Test Station 

The FuelCell program allows different programs to be preloaded into the setup that are 

completely customizable and stackable. This allows programs to be run in a sequential order as 

determined by the user. The program queue used by our experiments consisted of multiple tests 

to perform a range of data collection quickly and easily, as well as to guarantee consistent 

conditions in the stack. Figure 14 shows the program layout, as well as the test queue. 
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Figure 14: FuelCell7 Program Queue for Typical Experimental Run on Stack Layout 

3.2.1.1 OCV Test 

The first program was a test to hold the voltage at open circuit voltage (OCV) conditions for a set 

amount of time, about an hour to ensure steady state is met, taking points at a predetermined 

interval. The input for the program is shown in Figure 15.  
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Figure 15: Input Used to Run OCV Tests on Fuel Cell 

 

3.2.1.2 Voltage Scan Test 

The second program in the queue is a voltage scan test that starts the voltage at zero and adjusts 

it by a set amount, usually (+.5V for the stack, or .05V for the single cell) until the unit has 

reached OCV. The time interval between these points is 5 minutes, to ensure steady state at each 

condition has been reached. The input for the voltage scan for a stack test is shown by Figure 16. 
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Figure 16: Input Used to Run Voltage Scan Tests on Fuel Cell 

3.2.1.3 Long Term Performance Test 

Another test that was used for long term performance and judging cell performance over time 

was an OCV test set for 24 hours. Shown in Figure 17, this allows stability over a long period of 

time to be analyzed. Running the tests in this order allows the OCV, polarity plots and stability 

to be determined in one run. This is imperative in collecting consistent data.  
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Figure 17: Input Used to Run Long Term Performance Tests on Fuel Cell 

With these data collection methodologies, many different tests were able to be run. Experiments 

were conducted by adjusting one variable and keeping all other parameters constant. By using 

the single cell unit, it was possible to run small scale tests that were easier to setup that would be 

eventually translated to the larger stack. This, however, was only accurate for concentrated liquid 

methanol solutions. The diffusion rate of using the gel had too much variation from the single 

cell to the stack, as discussed above.  

To test the performance of gel fuel, a control must be set.  The determined control stack setup 

was the twelve cell stack as described above, with the perforated current collectors on the anode 

and cathode sides.  
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Once the stack design was finalized, long term tests with the 12-cell stack were run with 

ancillary devices, such as fans, lamps, and radios to judge fuel usage and performance stability 

over a long period of time. This was to estimate actual PDMFC application potential.  

3.2.2 Single Cell Tests 

3.2.2.1 EXPERIMENT 1: Different Methanol Concentrations 

To understand the basic functionality of a fuel cell, the single cell setup was experimented on. 

The small scale of the single cell, along with the ease of building, allowed multiple tests to be 

run fairly quickly. Since the performance of a single cell is much lower than that of a stack, these 

experiments were conducted only to compare experimental cell builds and fuel concentrations.  

 

Using a liquid solution of methanol ranging from 1M to 4M, experiments were run to compare 

how varying concentration would affect the performance of the cell. From Guo [12], it is 

assumed that by increasing the concentration the performance would increase as well. This was 

expected to be shown in the tests ran as stated. Guo [12] recommends using a range of 1-5M 

solutions of methanol, because for any higher concentrations, the performance will become 

hindered due to increased crossover from the higher concentration. The control current collector 

arrangement was used on the single cell when the tests were conducted.  

 

Table 3: Experiment 1, Different Methanol Concentrations 

Fuel Type: Concentrated Methanol 1M-4M 

Current Collectors: Perforated Cathode, Perforated Anode 

Testing Purpose: To Compare Concentration versus Performance 
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3.2.2.2 EXPERIMENT 2: Different Current Collectors  

Another variation that was tested on the single cell was the construction of the current collectors 

using different materials. Since the current collectors essentially control the diffusion rate in a 

passive DMFC along with the GDL, the media from which they are made can affect performance 

greatly. The different materials that were tested were solid stainless steel and porous stainless 

steel. The solid stainless steel was cut into different patterns as described above to control 

diffusion of methanol and oxygen through it. The porous stainless was not cut because of the 

porous properties it inherently has.  

Table 4: Experiment 2, Different Current Collectors 

Fuel Type: Methanol Gel 

Current Collectors: Varying 

Testing Purpose: To Determine Optimized Current Collector Design 

 

3.2.2.3 EXPERIMENT 3: Varying Temperature Tests 

The varying temperature test consisted of setting up the single cell with varying temperatures. To 

do this a heating lamp was used to change the temperature of the cell. The temperature of the 

heating lamp could not be changed. It would heat at a certain set temperature and depending on 

the distance the temperature would change and remain constant for the duration of the test.  

Thus, the lamp would be set closer to the cell for higher temperatures, and the test that were run 

were at 30 C and 50 C. These tests were run with the purpose of determining the effect of 

temperature using the methanol gel, as well as if the performance of the fuel cell would improve 

at higher or lower temperatures. 
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Table 5: Experiment 3, Varying Temperature 

Fuel Type: Methanol gel 

Current Collectors: Perforated Cathode, Perforated Anode 

Testing Purpose: To compare the performance at different temperatures. 

3.2.3 12-Cell Stack Tests 

3.2.3.1 EXPERIMENT 4: Control Stack (default) 

After experiments with the single cell tests were conducted, the results and conclusions were 

then translated onto the fuel cell stack design and performance. By using the stack, a better 

representation to the actual performance of a practical passive DMFC can be observed. To easily 

analyze and compare the effects of any changes in the stack design and operation, a control unit 

was set up before any tests were run. The control unit was designed and constructed by 

Rosenthal [16]. The stack described consists of twelve cells wired in series, using the control 

(perforated) current collector arrangement.  

 

Table 6: Experiment 4, Control Stack 

Fuel Type: Methanol Gel 

Current Collectors: Perforated Cathode, Perforated Anode 

Testing Purpose: To establish a control data set 

 

3.2.3.2 EXPERIMENT 5: Initial Condition Study and Steady State 

In order to better understand the various transport processes that occur within a passive fuel cell, 

an initial conditions experiment was run to determine voltage based on time immediately 

following fuel injection. The voltage trends described in Rosenthal’s thesis [16] explain the time 

dependent diffusion of the fuel reaching the MEA, the saturation time, and steady state 
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equilibrium point. By analyzing diffusion rates in relation to the time of fuel injection, the 

diffusion rates can be better optimized based on stack design, fuel amount, fuel concentration, 

and current collector materials. One of the downsides to having a passive fuel cell is that in order 

for the cell to reach steady state maximum OCV, a considerable amount of time must pass for the 

fuel to fully saturate the stack via diffusion. An in depth look at these trends is observed in the 

first hour after fuel being loaded into the cell. The control current collector arrangement was 

used. 

Table 7: Experiment 5, Initial Condition Study 

Fuel Type: Methanol Gel 

Current Collectors: Perforated Cathode, Perforated Anode 

Testing Purpose: To analyze cell “warm up time” 

 

3.2.3.3 EXPERIMENT 6: Gas Diffusion Layer Removal 

To be able to understand the performance of the cell and how the MEA was set up, tests were run 

on the cell by removing the gas diffusion layers. These tests were set up by first removing the 

gas diffusion layers from both the cathode and the anode. After this test, the same fuel and setup 

were used with the difference of using a GDL only on the anode side, followed by using a GDL 

on both sides. This test would help in understanding how using different materials for current 

collectors can impact differences in mass transfer and diffusion, leading to changes needed to be 

made to the MEA. 

 

Table 8: Experiment 6, Gas Diffusion Layer Removal 

Fuel Type: Methanol Gel 

Current Collectors: Porous Cathode, Perforated Anode 
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Testing Purpose: To Compare Concentration versus Performance 

 

3.2.3.4 EXPERIMENT 7: Individual MEA Performance 

In order to ensure the stack is functioning properly, an easily observable method of judging the 

individual performance of each MEA in the stack was conducted. This was carried out by using a 

voltmeter to measure the potential across the individual bipolar plates. By taking these 

measurements, the quality of the individual MEAs can be determined. This allows any repairs or 

replacements to be easily determined without individually running each MEA on the single cell 

setup. This also allows the entire voltage drop across the stack to be determined by comparing 

added individual voltages to the actual read voltage from the leads. Having this trouble shooting 

method can also help to judge performance based on location in the fuel cell stack, which can 

vary due to diffusion path lengths of the fuel.  

During the progress of this project, a few different types of MEA were tested to see which one 

gave the best performance. MEAs were ordered from both IRD and Fuel Cell Store. During the 

course of experimentation, tests were run to compare the performance of the two companies. 

This was done to give future groups a recommendation for purchases. In Figure 18, it is shown 

how each MEA was assembled.  
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Table 9: Experiment 7, Individual MEA Performance 

Fuel Type: Methanol Gel 

Current Collectors: Control (Perforated Perforated) 

Testing Purpose: To compare MEA performance on an individual scale 

 

3.2.3.5 EXPERIMENT 8: Using Porous Plate on Cathode with Perforated Plates  

When using the porous stainless steel as a current collector, the lack of rigidity of the material 

tends to cause additional internal resistance due to the resulting compression forces on the MEA 

not being even or strong. This is important when constructing the assembly to ensure even 

pressure on the entire MEA and provide a strong seal. Using the porous current collectors, this 

becomes difficult to do without additional reinforcement. A perforated solid stainless steel piece, 

thus, was placed on top of the porous current collector to add rigidity and structure. This also 

allowed the screws to be tighter and the porous bipolar plate to be compressed evenly. The tests 

were then run to determine any difference the reinforcement made. 

Figure 18: Membrane Electrode Assembly Schematic 
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Table 10: Experiment 8, Porous Plate Cathode with Perforated Plate 

Fuel Type: Methanol Gel 

Current Collectors: Porous Cathode, Perforated Anode 

Testing Purpose: To test the importance of MEA rigidity 

3.2.4 Miscellaneous Tests 

3.2.4.1 EXPERIMENT 9: Mass Transfer / Diffusion test 

The methanol gel that was used in most of these tests has different transport properties than the 

concentrated solutions that are traditionally used. Because of this, the diffusion properties must 

be experimentally found. This is important because to understand relative performance and these 

transport values are needed for the theoretical model. By calculating the diffusion rate of gel for 

a controlled surface area, it can also be scaled up to allow for estimation on the minimum surface 

area of gel to achieve a required current load. The experimental diffusion rate is also necessary to 

do mass transfer calculations, such as the flux, mass transfer coefficient of the gel, and the 

diffusion time. The diffusion experiment was conducted by placing 25g of methanol gel into a 

50mL beaker. The mass of the beaker was tarred off and the mass of the gel was measured every 

5 minutes for an hour. The difference in gel over the amount of time was assumed to be the 

diffusion rate of the methanol from the gel medium. 

 

3.2.4.2 EXPERIMENT 10: Active Fan Test 

A test was conducted using a fan powered by the fuel cell stack as an indicator or practical utility 

and also to attempt to monitor the effects of increasing oxygen flow to the cathode sides of the 

MEA. The fan was wired into the load box in parallel, but no current was being applied by the 

load box. The system was allowed to reach OCV conditions before the fan’s duty was switched 

on. The fan had two different settings, a high and a low setting. Both were tried, and then the 
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high setting was left to run for a continuous amount of time to judge how long the amount of fuel 

would last. 30g of methanol gel was used as the control fuel amount. Figure 19 shows the setup 

as it is reaching OCV conditions.  

 

Figure 19: Fan Powered by the Fuel Cell Stack as an Ancillary Utility 

3.2.5 Membrane Activation  
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3.2.5.1 Initial MEA Activation 

MEAs must be activated to promote enough hydration to optimize performance. It is necessary 

to activate the anode catalyst because of the slow reaction kinetics of the methanol oxidation 

reaction at the anode. The activation of the MEA consisted of a pulse treatment over several 

hours. At first a steady feed of oxygen at 70 mL/min was put in the cathode and a 1 mL/min of .5 

Molar methanol solutions was put in the anode. Every 30 min the voltage was pulsed by .05 volts 

ranging from the open current voltage (OCV) of the MEA at the time, usually around .75 V, to 

1.5 V. Once this procedure was complete, the set up would run for another 4 hours without any 

changes in the voltage or feed. It is important to note that the cell and the methanol feed were 

both heated to 60 ͦC. 

3.2.5.2 Full Stack Activation 

Whole stack activation is also possible in the case that time is short, or activating large quantities 

of MEAs at one time is not a feasible procedure. To activate a whole stack of cells at once, a 

50mL beaker of pure methanol was placed in the stack and left to diffuse for an extended period 

of time, generally about five days. The Fuel Cell program was also set to limit the max voltage 

on the cell to 2.5V. This was done by adjusting the current load to maintain constant voltage. By 

pulling a current, this makes sure that the cells were constantly under a load. The pure methanol 

vapors allowed a stronger, more long lasting fuel source than the gel, ensuring top performance 

for the activation period. This methodology can also be used to reactivate cells that haven’t been 

run in a period of time. This is to rehydrate the cells, and to allow for proton conduction. 

 

3.2.6 Troubleshooting 
When testing the fuel cell stack, problems occasionally arose that limited performance of the fuel 

cell. Because passive fuel cells operate simply based on existing conditions, have no active 
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controllers and have no fuel regulators, troubleshooting and detection of problems becomes a 

much different issue than with active fuel cells. The main considerations when building the stack 

and putting it together is to prevent leakage of oxygen as well as methanol crossover as much as 

possible. One way that methanol can crossover and cause cathode overpotential is to leak out of 

the cell and react on the cathode side of the MEA. Ways of sealing the cell and preventing 

leakage of oxygen or methanol are by using the vacuum grease on the silicon, which provides an 

airtight and watertight seal, using gasket foam in between the MEA and the current collector to 

prevent leakage through the Nafion®, and using solid stainless current collectors, especially on 

the anode side, to prevent diffusion through the edges.  

Another cause of poor performance could be high resistance in the individual cells. Since the fuel 

cell stack contains cells connected in series, all of the parts must be functioning well for 

maximum performance. Some of the causes of electrical resistance are in the individual MEA 

units, due to conductivity between the current collectors over the Nafion® membrane. The 

resistance can be caused by the layers of the MEA not being screwed together tight enough. The 

tighter the unit can be fastened, the lower the interfacial resistance in the cell, which will increase 

performance proportionally.  

Another factor of electrical resistance in the cell is the use of alligator clips for dynamic 

connections to the fuel cell. Since connections from the fuel cell to the test station need to be 

removable, alligator clips are used. They allow for easy connections, but create resistance at the 

point of interface. Figure 20 shows how the electrical conductivity is focused on the teeth of the 

clip. Alternate connection methods could decrease electrical resistance throughout the stack. 

Since soldering the fuel cell directly to the test station is not possible, the alligator clips were the 

best use of the present materials. 
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Figure 20: Understanding Alligator Clip Resistance 
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CHAPTER 4: MODELING AND THEORY 
4.1 Background 
In the absence of proper fuel cell testing equipment, alternatives to investigating the performance 

of a fuel cell operating at specified conditions are available using mathematical models. These 

models use implicit equations, predetermined parameters, and input conditions to predict the 

OCV, voltage at specified current, i.e. polarization and power output. Since it is a quick, but 

relatively accurate method of calculating performance, initiative and effort can be saved by 

combining experiments with the theoretical modeling. Using the mathematical model for DMFC 

by combining as described by Rosenthal et al [10], an adaptation for passive DMFC could be 

developed. The work done by Rosenthal is for a DMFC operating with active fuel transports. By 

adjusting the mass transfer sections, as well as fuel concentrations the proposed model is applied 

to PDMFC, as discussed below. 

4.2 Modeling: 
4.2.1 Overall Equations 
The mathematical model takes into consideration key functions of the transport parameters and 

thermodynamic behavior of a direct methanol fuel cell assembly, as well as the kinetics of the 

methanol oxidation and oxygen reduction reactions. The overall equation, Equation 1, being used 

to describe the cell voltage is a summary of all the key overpotentials being subtracted by the 

thermodynamic potential.  

 (1) 

As tabulated in the parameter list, V is the voltage; V0 is the thermodynamically calculated max 

voltage, while ηA ηB ηC and ηI are the overpotentials calculated in the Anode, PEM, Cathode, and 

Interface, respectively. The interfacial resistance has been assumed to be zero, and as such is not 

included in the model, although for PDMFC this may not be true dependent on fabrication and 

torque. It is included to show its relative importance to the overall performance. The 

thermodynamic maximum voltage is given as Equation 2: 
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The overpotentials are derived by Rosenthal et al [10] below, and are summarized. Equation 3 is 

the overpotential at the anode, and Equation 4 is the overpotential at the cathode. They are 

dependent on certain limiting current densities, as well as the crossover current densities The 

anode overpotential is affected by both methanol and oxygen crossover. The cathode polarization 

is simplified under the assumption that the effect of oxygen crossover is negligible. These are 

further described below. 













































++













+−

+
= ••

−

ixi
iiii

iii
F

RT
b

B

B
L,X,

LA,LA,X,

A,X,-

AA
A ξ

κ
κ

να
η ,Me

W,

Me,
Me

O

0O1

e,

311
)(1

)(
2
1sinh

2

2
 (3) 

                                           
)(1

)(
2
1sinh                                       

Me

0Me1

e, 




















+−
+

= ••
− LC,X,

C,X,-

CC
C iii

iii
F

RT
να

η

 

(4) 

                                                                                                                                     iL

B

B
B 








=

σ
η

 

(5) 

                                                                                                                                           iRiI =η
 

(6) 

4.2.2 Catalyst Loadings: 
To begin the modeling, an in depth look at the catalyst loading is necessary. Since the catalyst on 

the anode contains a mixture of both Platinum and Ruthenium, the density is given from the 

mass fraction of Ruthenium, ωRu, and the densities for both metals, Equation 7. The values are 

given by the parameter table. 
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 )1( RuRuPtRu, ρωρωρ +−=AM  (7) 

 

The electrocatalyst surface roughness is estimated from Equation 8, which describes the amount 

of catalyst surface area on either side of the MEA catalysts.  
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m
ρ

ϕγ 6
=  (8) 

Since carbon monoxide is formed at the catalyst sites, knowing the roughness allows the 

calculation for CO suffocation, θCOS, which is the fraction of catalyst sites covered in CO. This is 

shown in Equation 9.
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The adsorption equilibrium constant for CO on Platinum is given by Equation 10.
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4.2.3 Transport Parameters 
To better understand the concentration profile of methanol and oxygen at various locations 

throughout the cell, the transport parameters were derived from basic definitions. Some of the 

diffusion coefficient equations are listed below. The diffusivity of methanol in water is described 

as Equation 11, which is a major consideration for the interactions of the cell.  
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The equation for the effective diffusion coefficient of oxygen in the cathode GDL is shown by 

Equation 12. Since oxygen has low solubility properties in water, it is mainly considered in the 

gas phase.  

 (12) 

 

Similarly to the oxygen diffusion in the cathode GDL, the diffusion coefficient for methanol in 

the anode GDL is given in Equation 13. The main difference, however, is the bubbles of CO2 

produced are taken into consideration, as shown by 𝑞𝐶𝑂2 , which is the volume fraction of 

bubbles, and the liquid gas partition coefficient, 𝜅𝑀𝑒𝐶𝑂2. 

 (13) 

 

Since there is not much available information on how this varies as the current and temperature 

are varied, a simplified fitted equation is used in this model. This allows a more convenient 

calculation to be done, without complex equations. 

 (14) 

 

The diffusion coefficient of methanol in the PEM can be calculated from Equation 15. 

 (15) 
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The main difference between a passive and an active fuel as far as the model is concerned is the 

transport rate at which the fuel in the anode chamber reaches the anode. Since the active fuel cell 

has pumps to continuously move the methanol solution to the anode, one can expect the mass 

transfer for the active cell to be much higher. Both estimations for the mass transfer coefficient 

are given below, in Equations 16 and 17, for the active and passive cells, respectively. Di is the 

diffusion medium and d is the diffusion length from the fuel to the active area of the MEA.  

 (16) 

)/(696.2 dDk ii =  (17) 

 

Equation 17 provides and estimation for the mass transfer coefficient for the vapor feed at passive 

conditions.  

 

 

4.2.4 Resistance Associated with the PEM 
Since the overall resistance over the PEM is proportional to its thickness and conductivity, 

equations are provided to help calculate them. The overall simplified equation for the 

conductivity is given by Equation 18.  

 (18) 
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Equation 19 and 20 are the degree of acid dissociation sites and acid dissociation equilibrium 

constant, respectively.  

 (19) 

 
(20) 

4.2.5 Characteristic Current Densities 
To calculate the overpotentials, an expression of the crossover current with respect to actual 

current measured and temperature is required. To accurately calculate electrode overpotentials 

and the crossover currents, the exchange current, as shown with a subscript 0, and the limiting 

current, subscript L, are taken into consideration. The crossover current of methanol is given by 

Equation 24. It is related to the limiting current density, which is the largest possible crossover 

current density (at OCV). This is shown by Equation 23. The GDL limiting equations for 

cathode and anode are given by Equation 21 and 22, respectively. Equation 25 goes on to further 

describe the crossover current of oxygen similarly. Equation 26 and 27 provide the exchange 

current density of the cathode and anode, respectively. 

 (21) 

 
(22) 

 
(23) 
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(24) 

 
(25) 

 
(26) 

 
(27) 

 

4.2.6 Final Polarization Equations 
As provided by Rosenthal et al [10], the final model equations are as follows. The OCV 

equation, Equation 28, assumes a current of 0 and is derived from the overall voltage equation. 

The basic voltage equation from Equation 1, expanded by the addition of Equation 2, 3, 4, 5 and 

6 results in the final polarization model, Equation 29. This allows the voltage versus current 

density to be calculated for the DMFC at various parameters. Once the voltage has been 

calculated, a simple multiplication by the current density provides the relation to the power, as 

shown by Equation 30. This is useful also for verifying the performance of the DMFC. From 

these two equations and experimental data for conventional active DMFCs given by Chiu et al 

[17] plots were made to prove the accuracy of the model by Rosenthal et al [10]. 
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(28) 

 

(29) 

 

(30) 
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CHAPTER 5: RESULTS AND DISCUSSION 

5.1 Single Cell Tests 

5.1.1 EXPERIMENT 1: Liquid Methanol Solution Tests 
The methanol solution tests with varying concentration were run on a single cell to determine the 

best operating concentration of the cell. It is seen by Figure 21 that the cell operated better as the 

molarity of the methanol solution increased. It was apparent that the more fuel there was, the 

better the cell would operate. 

However, there is a point where too much methanol did saturate the cell and methanol crossover 

started to affect performance in the single cell. From the results it was concluded that the 

performance of the 3M was better at higher current densities. Accordingly, the OCV at lower 

concentrations was higher. Thus, results are consistent with those in active DMFC. 

 

Figure 21: Liquid MeOH Solution with Diff. Concentrations (Single Cell PDMFC, IRD MEA) 
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5.1.2 EXPERIMENT 2: Current Collector Optimization 

5.1.2.1 Cathode Current Collector Testing: 

Keeping the perforated control collector on the anode side, the cathode collector was varied 

between the four different units. The performance is shown in Figure 22.  

 

Figure 22: Effects of Cathode C.C. on Performance (Single Cell PDMFC, MeOH Gel) 
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collector, with the perforated current collectors on the anode inside. The power density was 
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Keeping the perforated control collector on the cathode side, the anode collector was varied the 

same way as the previous tests. The performance plots are shown in Figure 23. 

 

Figure 23: Effects of Anode C.C. on Performance (Single Cell PDMFC. MeOH Gel) 

Keeping the cathode current collector constant and varying the anode, performance curves were 

compared. The channeled and perforated collectors had the highest OCV. Further, on the anode 

the channeled collector gave better performance than on the cathode. In fact, the channeled 

collector gave the highest power density output, peaking around 2.75mW at 12.5mA/cm2, but 

this was at lower current densities. At higher current densities, however, the porous collector was 

able to outperform it, peaking around 2.55mW at 17.5mA/cm2. This could be due to the amount 

of crossover occurring with different current collectors. Since the channeled collector allows the 

fuel easier access to the anode catalyst due to more open area, it also allows more methanol 

crossover to occur relative in lower performance at high concentrations. The porous collector 

slows crossover more so than the channeled, but it also slows fuel from reaching the active area 

0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

Vo
lta

ge
, V

 

Po
w

er
 D

en
si

ty
, m

W
/c

m
2  

Current Density, mA/cm2 

Solid Stainless Mesh Perforated Solid Stainless

Porous Stainless Chanelled Solid Stainless



61 
 

which limits the overall performance. Further, use of a porous current collector as an anode 

allows diffusion of O2 from ambience into the anode chamber through its edges. 

5.1.2.3 Conclusions and Recommendations for Current Collectors: 

After testing various configurations, the results shows that having a porous stainless steel current 

collector on both bipolar locations will give the best overall performance. Although the porous 

cathode and channeled anode individually gave a higher overall power curve, the porous-porous 

combination was able to give much higher current densities. As such, both results are shown 

together for comparison in Figure 24, which provides the performance of the control design 

versus the optimized current collector design being proposed. It is evident that the control has a 

higher OCV, but it drops below the performance of the optimized cell at higher current densities. 

The two layouts give similar performance up until 5mA/cm2, but for current densities higher than 

that, the optimized layout of porous anode and porous cathode exceeds the both the performance 

of the control as well as the porous anode and channeled cathode plate combination. These 

conclusions are for the single cell, however, and results described from the stack will show that 

this “optimized” layout is not the best for larger scale. When these results were scaled to the 

stack, lower performance was obtained. This is discussed in the Final Stack Tests section later in 

the chapter. 

Since porous stainless steel is more expensive than the solid stainless steel, it can be considered 

to not be worth the cost for a small increase in performance. The material itself is also not as 

rigid and can be brittle if not handled properly. These porous plates are prone to bending and 

warping. This does not provide even pressure on the MEA, which increases internal cell contact 

resistance. The porous stainless material can give better performance if handled correctly, but if 

proper care is not taken, the performance drops significantly. Due to this, solid stainless plates 

were used on the stack. 
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Figure 24: Optimized Current Collector Layout Results (Single Cell, IRD MEA, MeOH Gel) 
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Figure 25: Temperature Test Results (Single Cell, IRD MEA, MeOH Gel) 
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Figure 26: Control Stack (Per, Per with GDL on both sides, MeOH Gel) 
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Something to note from the graph below is how every time the test was run, the cell reached 

OCV slower. It is safe to say that the continuous use of the cell affects performance. Tests run 

after a previous test had finished had higher OCV and maximum power under a load. It is 

believed that this happened because the MEAs deactivate with time when it is not being used. 

 

Figure 27: Initial Fuel Injection Results (Stack Setup, 25g MeOH Gel) 
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Figure 28: Gas Diffusion Layer Presence Results (Stack Layout, MeOH Gel Fuel) 
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colored green and IRD MEAs are colored red. In regards to location of the cell, “t” is the top, 

and “b” is bottom. The numbers 1-6 denote which side of the hexagonal stack they are located. 

 

Figure 29: Individual MEA Performance by Manufacturer (Stack Layout, MeOH Gel Fuel) 
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Figure 30: Individual Cell Performance by Stack Location (Stack Layout, MeOH Gel Fuel) 

Table 11: Individual Cell OCV Summary 

Cell Location OCV (V) Manufacturer 
1t 0.132 FCS 
1b 0.212 FCS 
2t 0.294 FCS 
2b 0.147 FCS 
3t 0.187 FCS 
3b 0.324 IRD 
4t 0.349 IRD 
4b 0.348 IRD 
5t 0.358 IRD 
5b 0.37 IRD 
6t 0.325 IRD 
6b 0.314 IRD 
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steel plate had a tendency to warp due to low rigidity. Once the warping was thus reduced, the 

performance of the overall cell increased. Figure 31 is a plot that compares a non-reinforced cell, 

the control stack and the reinforced cell. Both tests were run with MeOH gel. Clearly, the 

reinforcement provided a significant improvement in the performance. 

 

Figure 31: Reinforcement Techniques on Current Collectors (Stack Layout, MeOH Gel Fuel) 
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current collectors perform once warping is not an issue. It is important to note that the wiring of 

the cathode was still attached to the porous current collector as opposed to wiring the cathode to 

the reinforcement perforated current collector. 

5.3 Final Stack Tests 
Based on the results of the above described tests run, it is evident that the optimized design of the 

fuel cell stack with the materials available is a stack with no GDL on the cathode side and a 

porous stainless steel current collector with perforated stainless steel reinforcement. The 

reinforced stack also had a perforated anode current collector with a GDL. It is believed that this 

gives better performance because the open area on the anode side allows more methanol fuel to 

access the active catalyst on the MEA, increasing fuel transport. The porous current collector, 

while allowing oxygen to still be able to access the catalyst layer, slows overall mass transfer in 

and out of the cell, humidifying the membrane. The reason for not having both porous stainless 

steel current collectors for the cathode and anode is due to the fact that leakage of oxygen from 

the atmosphere into the fuel chamber due to diffusion through the edge of the porous membrane 

can occur. This limits performance due to oxygen reacting on the anode side of the MEA, 

consuming methanol while polarizing the anode. The stack was wired in series and MeOH gel 

was used as a fuel.  

 

5.3.1 Activation Test and OCV 
To test the optimized stack for final results, it was necessary to prepare it by activating the MEAs 

with pure liquid methanol in a beaker for five days. The experimental procedure followed the 

one described in section 3.2.5.2, full stack activation. Once this procedure was complete, tests 

could proceed as normal with the finalized stack for the project. The collected data from this 
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experiment are shown in Figure 32. The results observed with the final stack show improvement 

from the control experiments, as expected, despite time elapsed and subsequent deactivation. 

One of the aspects of the cell stack was to check how it would keep a steady voltage for an 

extended period of time. Thus, the first test was run with a constant voltage for five days. 

Figure 32 shows how steady the voltage of the stack was, holding at 2.5V. When this test was 

concluded, an OCV test was conducted immediately after without exchanging fuels. This 

provided an OCV of 4.8 V, as shown in Figure 33, which was maintained for 1 hour. The time 

units are relative from Figure 32 to Figure 33. 

 

Figure 32: 5 Day Activation Test (Optimized Current Collector Stack Layout, Neat MeOH Fuel) 
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Figure 33: Open Circuit Voltage (Optimized Current Collector Stack Layout, Neat MeOH Fuel) 
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maybe because this work optimized the use of the cell stack when using MeOH gel. Figure 34 
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only reaches a maximum power output of 8 mW/cm2.  

0

1

2

3

4

5

6

431500 432000 432500 433000 433500 434000 434500 435000 435500 436000

Vo
lta

ge
 (V

) 

Time (s) 

Open Circuit Voltage, neat MeOH 



73 
 

  

Figure 34: Gel Tests vs. Neat Methanol Tests (Optimized Stack Layout) 

Even though the voltage of both tests starts out at the same OCV, the decrease in performance 

based on fuel was due to the different diffusion rates. 

Once the stack was thus activated, different tests were conducted immediately after. These tests 
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conducted with a random placement of MeOH gel. The next test was conducted using the same 
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the container that it was placed in, therefore giving it a flat surface area. 
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Figure 35: Flat Placed vs. Randomly Placed Gel (Optimized Stack Layout, 30g MeOH Gel Fuel) 
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cm. The reason a wick was used was because the saturated wick released the methanol vapor into 

the chamber better than just letting methanol liquid sit in a beaker. 

 

Figure 36: Neat Methanol with Adjustable Wick 

The results of this experiment, shown in Figure 37, show that the wick length affects 

performance positively. The longer the wick that was placed outside the beaker, the better the 

cell would perform. The reason for this was the wick provided surface area for the methanol to 

vaporize better. Therefore, the more surface area that the wick provided, the more neat methanol 

would diffuse into the anode container of the fuel cell stack. Further, the performance with the 

wick was equivalent to the performance with the methanol gel. 
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Figure 37: Wick Length Comparison (Optimized Stack Layout, Neat MeOH Fuel) 
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size D batteries, at 1.5V each for a total of 3.0V. This proves that the stack can provide enough 

power to run the fan. 

 

Figure 38: Active vs. Passive (Optimized Stack Layout, 25g MeOH Gel Fuel) 

5.4 Miscellaneous Tests 

5.4.1 Mass Transfer Calculation 
Since the performance appears to be limited by methanol diffusion, experiments and calculations 

were performed on the mass transfer of vapor form of the methanol liquid or gel to determine the 

minimum surface area of fuel needed to generate the required current. Using experimentally 

obtained values for methanol diffusion, an estimated mass transfer rate was determined. A table 

of experimentally determined values is shown in Table 12, detailing all variables used in the 

calculations. 
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Variables    

MW (MeOH) Mw 32.04 g/mol 

R constant R 8.314 
𝑚³𝑃𝑎
𝑚𝑜𝑙𝐾 

Temperature T 298 K 

Time t 65 min 

    3900 s 

Vapor Pressure Pure PºMeOH, p 138.3 mmHg 

    18435 Pa 

Vapor Pressure, Gel PºMeOH,g 97.68 mmHG 

    13020 Pa 

Area A,ref 12.6 cm2 

50 mL beaker (ref)   0.001257 m2 

Total Mass Difference Δm 2.1 g 

Cell Area A, cell 5 cm2 

# cells n 12 cells 

Current Efficiency ε 50%   

Max Current i 0.3 Amps 

Faraday's F 96487 Coulombs 

 

Taken over the course of 65 minutes, the change in the mass of methanol gel in a 50mL beaker 

was measured in a hood at room temperature. This was to give the average mass transfer rate, ṁ, 

in grams/second, of the gel at standard conditions. Using the molecular weight of methanol, a 

transfer rate, ṅ, in mol/second was estimated.  

                                                       𝛥𝑚
Δ𝑡

=  ṁ                                                                                        (1)  

                                                       ṁ
𝑀𝑤

=  ṅ                                                                                        (2) 
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Once a molar transfer rate was established, the effective mass transfer coefficient for the 

methanol gel could be determined from the vapor pressure, the area of the beaker and the transfer 

rate, using the following equation: 

                                            𝐾,𝑔 = � ṅ
𝐴,𝑟𝑒𝑓

� ∗ ( 𝑅∗𝑇
𝑃º𝑀𝑒𝑂𝐻,𝑔

)                                                                      (3) 

The mass transfer coefficient is independent of area of diffusion, so by using it, the area of 

diffusion can be scaled in relation to a desired methanol mass transfer rate. In order to determine 

how much methanol vapor from the gel is needed, the current desired and the electrochemical 

aspects of the reaction must be taken into consideration. Using the following equation, the 

necessary mass transfer rate of methanol is described. 

                                                                 ṅ, 𝑟𝑒𝑞 = 𝑛∗𝐴,𝑐𝑒𝑙𝑙∗𝑖
6∗𝐹∗𝜀

                                                               (4) 

Once the required mass transfer rate has been calculated, the mass transfer coefficient calculated 

above can be used to give the required area for desired transfer rate. 

                                                     𝐴, 𝑟𝑒𝑞 = �ṅ,𝑟𝑒𝑞
𝐾,𝑔

� ∗ 𝑅∗𝑇
( 𝑃º𝑀𝑒𝑂𝐻,𝑔)

                                                         (5) 

This value for area required ensures that when the fuel is loaded into the stack, the correct 

amount to react fully will be available, and that no fuel starvation in the cells will occur. Fuel 

starvation can severely degrade the cells, causing the MEAs to perform poorly over time. 

Preventing this will ensure proper performance of the cell stack for a longer period of time. A 

table of a summary of results is shown in Table 13. Repeating the calculations using the values 

for the pure methanol similarly provided an estimation of surface area of methanol liquid 

required.  
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Table 13: Mass Transfer Calculation Summary 

Calculation Summary 

   Mass Transfer rate ṁ,ref 0.0005 g/s 

Molar Transfer rate ṅ,ref 1.68E-05 mol/s 

mol/s needed for charge: ṅ,req 6.22E-05 mol/s 

Flux N 0.1158 g/m2s 

Mass Transfer Coefficient (pure) K,p 0.0018 m/s 

Mass Transfer Coefficient (gel) K,g 0.0025 m/s 

Surface Area Needed A,req 0.0046 m2 

Gel Fuel   46.5 cm2 

 

The experimentally calculated mass transfer coefficient as described by the model is found using 

the depth of the liquid in the beaker. The depth of the liquid in the beaker was measured to be 5 

cm. The experimental value of the coefficient was found by first using Equation 11, from the 

model, to find Dmew.
  















 −−×= −

313
11460,20exp101.2 5

,Me TR
D W  (11) 

 

Once this value was found, the coefficient was calculated using 5 cm as d in Equation 17.  

)/(696.2 , dDk WMei =                                                              (17) 

The experimental value of the coefficient was found to be .0018 m/s, whereas the calculated 

value from the model for the same coefficient is .001 m/s. The results show from the model and 

the experimental are close, however the model is for 1.0M concentrated solution, while the 
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experiment was run using neat methanol. This explains the small discrepancies between the two 

coefficients, but further proves that the model can be a reliable estimation for certain parameters. 

5.5 Modeling Results 
Once the DMFC model was run through Mathematica, as dictated by the Appendix 2 Input files 

and the model as designed by Rosenthal [36], the smooth lines were calculated and graphed. The 

model was then compared against experimental data collected by Chu [18] with similar operating 

conditions. The plots below are of voltage against current density in Figure 39, power against 

current density in Figure 40, and the methanol crossover current density, ixMe, against current 

density in Figure 41.  

Figure 39, voltage against current density, is the first graph of the polarization plots. As shown 

by the experimental points plotted against the smooth model curves, the model designed by 

Rosenthal [10] is accurate in calculating the overall observed voltage at certain current densities 

applied. The concentration was set at 1.0M, and the temperature of the experiment was varied 

from 303K to 333K in steps of 5K, starting at the bottom curve. These results are expected 

because the increased temperature allows for increased reaction kinetics. This caused the 

diffusion of methanol to be increased through the cell, as well as making the MOR/ORR more 

rapid.  
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Figure 39: Polarization Plot, 1.0 Molar Solution, variable T. [36] 

Figure 40, power density against current density, is the second graph of a combined polarization 

plot. The same experimental data from Chiu et al [18] was plotted with the proposed model. The 

concentration was similarly held 1.0M, with the temperature steps being the same as in Figure 

39. The trends of these results are expected to be similar to voltage versus current density, 

because of the definition of power density; P=iV.  
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Figure 40: Power Curve, 1.0M, variable T [36] 

Figure 41 compares the crossover current density of methanol as compared to the actual 

measured current density applied. The concentration was set at 1.0M, while the temperature was 

varied from 303K to 333K, in steps of 10K. These results are expected because as the 

temperature increases, the rate of methanol crossover also increases. As the methanol crosses 

over the Nafion® membrane, the crossover reactions of methanol at the cathode create 

overpotentials. The crossover amount can be controlled by membrane thickness, or operating 

temperatures and feed concentration. 
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Figure 41: Methanol Crossover Current Density versus Current Density, 1.0M, variable T [36] 

Due to the accuracy of the plotted experimental points and the smooth lines of the predicted 

model, it can be assumed that the model is a reasonable representation of the DMFC 
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303K, similar to the active modeling, Figures 42 and 43 are the results of the model predictions. 

As expected, increasing the mass transfer coefficient of the methanol to the MEA proportionally 

increases the performance. This is one of the main limiting factors in PDMFC performance, as 

there are no active transport utilities, so mass transfer is highly limited by ambient conditions and 

concentration differences. As more methanol is able to reach the MEA, the voltage increases in 

relation to the current density being applied. 

 

 

Figure 42: Mass Transfer Coefficient Variable in PDMFC Polarization (303K, 1.0M) 
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Figure 43: Mass Transfer Coefficient Variable in PDMFC Power Graph (303K, 1.0M) 
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Figure 44: MeOH Bulk Concentration in PDMFC Model Polarization (303K, MT Coef: 1.0x10-4) 
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Figure 45:MeOH Bulk Concentration in PDMFC Model Power Graph (303K, MT Coef: 1.0x10-4) 
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CHAPTER 6: CONCLUSIONS 

6.1 Final Remarks 
There were many tests conducted on the cell both before and after the finalized stack design was 

completed. These tests were conducted to determine the best performance based on the 

configuration of the available hardware for the fuel cell stack. The parts changed on the cell 

ranged from the current collectors, to removing the GDLs, changing the fuel type and 

arrangement, and types of screws used. 

The first tests run were to compare different current collectors to determine which served best 

with the type of fuel used; in this case the fuel was MeOH gel. The test results showed that the 

best type of current collectors, with the materials and resources available, were the porous 

stainless steel current collectors for the cathode. The best available anode current collector was a 

perforated stainless steel current collector, since the porous stainless steel current collector on the 

anode allowed diffusion of oxygen from the ambient into the anode chamber. 

The next problem that was explored in the stack was the leakage out of and into the anode 

chamber. While using porous current collectors as the cathode, the leakage in the cell increased. 

The reason for the leakage increasing was the way tightening the screws would warp the current 

collector. This problem reduced the performance of the cell; therefore, the solution of adding 

reinforcement to the cathode was explored. The same current collectors that were being used as 

the anode were suitable to be added as reinforcement. Once the cathodes were reinforced with 

the perforated current collectors, the overall performance of the cell improved. 

Next tests were conducted to determine if having a GDL on the MEAs would make a difference 

in performance or not. The tests were conducted with no GDLs, GDLs on both sides of the 

MEA, and then the GDLs were left on either the anode or the cathode to test for a difference. 
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The test results showed that the best performance, while using MeOH gel, was having a GDL on 

the anode side but no GDL on the cathode side. 

The cell stack design that was finalized in the project was optimized to be used with methanol 

gel. Changes would have to be made if the cell was to be run with neat methanol or other types 

of fuel. These changes would have mostly involved changing the MEA layers by adding a GDL 

on the cathode side or removing the GDL on the anode side, as well as picking the current 

collectors that best is suited for the fuel being used. 

The final cell stack design in this project was a 12 MEA stack connected in series, with a 

perforated anode current collector, a GDL on the anode side, no GDL on the cathode side, a 

porous steel cathode current collector with a perforated current collector used as reinforcement. 

This arrangement provided the best results for the methanol gel. The advantages of using MeOH 

gel are that it is very portable as compared to liquids or gases, and is readily available, as well 

that it provides good diffusion making it easier for the cell to operate. 

While using results from experiments to describe the performance of the PDFMC, the model was 

used to evaluate theoretical values for how the PDMFC should be performing. The results 

obtained from the cell experimentation and those obtained from the model are close as expected. 

However, while the model described and applied in the project approximates results for PDMFC 

performance well, there are aspects that can be improved. One of these aspects would be to better 

understand the behavior of how methanol behaves as the current and temperature are varied. This 

model was also adjusted to be used with PDMFC, instead of DMFC that used an active set up. 

The main difference between the two models is the mass transfer.  

The model also only predicted performance for a single cell PDFMC. For future work it should 

be considered to have the model describe accurately the performance of a multiple cell set up. 
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When calculating limiting current density, it is important to consider internal resistance of the 

cell, such as that caused by Nafion® thickness, weak connection points, etc. This was shown by 

Chiu et al [36].  One last thing to consider was the thickness of the GDL. The final stack set up 

used in this project had no GDLs in place, however for future modeling it would be highly 

recommended to take into consideration the thickness of the GDL as well, or the lack thereof.  

In the future, this model can be refined to produce more accurate results. This model will be able 

to describe the performance of a PDMFC set up, as well as take the place of one when there is a 

lack of equipment to test on.  

6.2 Recommendations 
For future work with this cell stack, it would be interesting to do more experiments with different 

current collectors and different GDLs of different hydrophobicity. Exploring different 

conductive materials that provide good diffusion, as well as being more cost efficient would be 

useful. At the same time finding new screws for the stack will be very beneficial to the 

construction of the cell. New screws of a non-conduction material would provide better sealing 

of the cell without the chance of short circuiting the cell. 

Another aspect to continue investigation is to find different MEAs that could be more effective 

for a PDMFC. It would be useful to determine if better performance could be obtained by using a 

membrane other than Nafion® 117. In addition to testing new MEAs, it would be useful to 

determine the need for a GDL and look more into an explanation for this. 

Towards the end of this project, other stack designs were designed as discussed below. Future 

work could also include getting these stacks manufactured and conducting experiments on them. 

When doing this, it is suggested to use the finalized stack set up of the current collectors and 

MEAs discussed above to compare positioning of cells when using MeOH gel. 
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6.3 Alternate Stack Design 
The stack that was used in this project was an initial design that was optimized to run with 

MeOH gel. This, however, left the opportunity to design new stack configurations that would 

take more advantage of the diffusion properties of MeOH gel. With the current stack design, the 

MEAs were placed on the side vertically in relation to the fuel. Because of location of the rows 

of cells on the top and one on the bottom, the fuel was delivered in an uneven manner; the top 

row generally receiving more methanol vapor. The stack was also not optimized for portability 

and was prone to leakage. 

The stacks proposed are designed with the flaws of the current cell stack in mind. The spaces 

where the MEAs are placed are thought to take advantage of the delivery of the MeOH gel. With 

the stack having a top and a bottom open to MEAs, that stack would have no directional 

preference and could be used for more portable purposes. There are also other advantages to the 

proposed stacks, including the design of a possible cartridge that would be filled with MeOH gel. 

This would make this design very useful for applications as well as very easy to operate. The 

first proposed stack (Figure 46 and Figure 47) utilizes (6) 50cm² active area MEAs, while the 

second one (Figure 48 and Figure 49) utilizes (8) 25cm² MEAs 

These proposed designs are shaped like a notebook to be more portable. The flat design would 

use MeOH gel with a larger surface area. This stack could be used to charge laptop computers, 

tablets, or other portable electronic devices. A stack is also designed to be used in a competition 

style remote control car for the American Institute of Chemical Engineers. The design easily 

adapts to that needed to be mounted to the vehicle and be used in a long term experiment.  

The variation in the cell size and number allows the voltage and current capabilities to be varied. 

To increase the overall voltage of a stack, the number of MEAs is increased regardless of size. 
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Increasing the active area also increases the possible current from the individual cells. This is 

why most calculations and results are displayed in terms of unit area, to allow for sizing up and 

comparison between cells of similar material and make, but different active areas. 

 

Figure 46: 50cm2 Active Area Stack Exploded 

 

Figure 47: 50cm2 Active Area Stack 
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Figure 48: 25cm2 Stack Exploded 

 

Figure 49: 25cm2 Stack 
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