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ABSTRACT 

Although the first fuel cell was invented in 1839 by Sir William Robert Grove, 

practical fuel cells were not developed until the 1960’s as part of the Apollo program. 

Due to the high efficiency and simple energy conversion process, numerous researchers 

have worked continuously to improve the materials and structure for fuel cells over the 

last several decades. The demand for clean and renewable energy has further accelerated 

the research activity tremendously in last a few decades. Now, the commercialization of 

fuel cells is at hand with possible applications including stationary, distributed, portable, 

mobile, and even biological power sources. Alternative fuel cells than the traditional 

stack architectures are required in order to eliminate the volume, constraints and costs 

associated with a traditional stack architecture with an emphasis on portable 

applications.  

This thesis focuses on the development of a ribbon architecture Polymer 

Electrolyte Membrane (PEM) fuel cell. A ribbon type Membrane Electrode Assembly 

(MEA) consists of many single MEAs bonded in a lateral arrangement. The number of 

cells in the ribbon direction determines the cell voltage, so that additional cells can be 

added to achieve the higher output voltages. With this architecture, current travels 

through the ribbon in the ribbon long direction, with current collectors located at each 

end of the ribbon. This architecture eliminates the need for bipolar plates as with a stack 

architecture along with reactant gas follow fields and the heat system required by it.   

Rapid prototyping technique was used to fabricate test stands and the ribbon 

architecture successfully demonstrated appreciable performance. Certain discrepancy 

has been observed between actual and experimental data that comes from the complexity 

of sealing of the test stand.  A manufacturing concept is also proposed for volume 

manufacturing of the ribbon architecture considering commercialization of fuel cells in 

the future. Also different configurations in which the ribbon architecture can be used 

have been proposed.  
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Chapter 1 – Introduction 

 

1.1 Motivation 

Due to their high efficiency and simple energy conversion process, fuel cells are 

proving to be very effective for many portable power applications. The increasing 

functionality and power requirements of portable applications cannot be fulfilled by the 

existing technology such as lithium batteries. Energy sources which have higher 

efficiency and power density are required.  Traditional fuel cell stacks cannot be used 

due to the volume, constraints (such as stack structure, parts associated with a stack, heat 

transfer system etc.) and costs associated with these constraints. Another factor in stack 

fuel cells is the heat management system required. Space is a big constraint in portable 

applications. Although micro fuel cell stacks are being developed, alternative fuel cell 

architecture that eliminate the need for a stack could be very useful for portable power 

applications. This need has led to the research into fuel cells which would have an 

alternative configuration, and the enclosing devices (for gas flow) could be designed 

according to the requirement.  

 

1.2 Overview 

This thesis discusses research on the development and the investigation of ribbon 

fuel cell architectures for portable applications. Among various challenges for successful 

functional demonstration of the system, three main topics are discussed in this work; 

fabrication of a single MEA, testing it against a standard stack architecture, and 

fabrication of different ribbon architectures and their test systems. 

Details on the design criteria, the construction process, and performance issues 

will be presented. Design of fuel cell system requires consideration of numerous 

physical and chemical phenomena, since the electrochemical reaction in fuel cell 

systems involves the transport of various species as well as the dissociation and 

association of them.  
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Cost effective rapid prototyping methods were used for fabrication of test 

systems. The prototypes have been tested for required functionality. Furthermore, the 

validity of the ribbon architecture has been examined experimentally. The discussion on 

consistency as well as discrepancy between the model prediction and experimental 

results will be presented. 

 

1.3    Thesis Outline 

The remainder of this thesis is comprised of six chapters that discuss the 

development of a MEA ribbon architecture:  

Chapter 2 discusses the fundamentals of polymer electrode membrane fuel cells, fuel 

cell design and applications.  

Chapter 3 presents the fabrication and testing of a single membrane electrode 

assembly. 

Chapter 4 discusses the various fuel cell planar architectures and their applications. 

Chapter 5 presents the design, fabrication and testing of ribbon fuel cell 

architectures. 

In Chapter 6, concepts for manufacturing a MEA ribbon architecture as a continuous 

strip are discussed. 

Chapter 7 presents conclusions along with a future research agenda. 
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Chapter 2 – Background on Polymer Electrode 
Membrane Fuel Cells 

 

2.1  Overview 

A fuel cell is an electrochemical energy conversion device which converts the 

chemicals hydrogen and oxygen into water, and in the process it produces electricity. 

The development began with the need for safe electricity production with benign 

byproducts (water) for the Apollo space program. This led to the research of various fuel 

cells which would be cleaner and more efficient alternatives to the combustion of fossil 

fuels.  

Fuel cells can be categorized by the electrolyte material used and ions used for 

proton exchange. Table 2.1 shows the various types of fuel cells, their electrolyte 

material, mobile ions, operating temperature and applications. 

 

Table 2.1: Data for different types of fuel cells [1]. 

Fuel cell type Mobile ion Operating 

temperature 

Applications 

Alkaline (AFC)  −OH  Co20050 −  Used in space vehicles, e.g. Apollo, 

Shuttle. 

Proton exchange 

membrane (PEMFC) 

+H  Co10030 −  Vehicles and mobile applications, 

and for lower power CHP* systems. 

Direct methanol (DMFC) +H  Co9020 −  Suitable for portable electronic 

systems of low power, running for 

long times. 

Phosphoric acid (PAFC) +H  Co220~  Large numbers of 200-kW CHP* 

systems in use. 

Molten carbonate (MCFC) −2

3CO  Co650~  Suitable for medium to large scale 

CHP* systems, up to MW capacity. 

Solid oxide (SOFC) −2O  Co1000500 −  Suitable for all sizes of CHP* 

systems, 2kW to multi-MW. 

*CHP stands for Combined Heat and Power. 
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Polymer Electrolyte Membrane (PEM) fuel cell is suitable for portable power, 

transportation, and small-scale distributed power production due to its low operating 

temperature and high power density. As compared to other FC systems, PEMFC can be 

started and stopped relatively quickly and have a rapid response to varying load. This 

chapter discusses PEMFC’s in general and the associated issued related to them. This 

will help the reader understand the PEMFC materials, their thermodynamics and 

irreversibilities, which will form the basis for development of the MEA ribbon 

architecture.  

 

2.2  Fundamentals of PEM Fuel Cells 

 

2.2.1 Basic Operation 

Figure 2.1 shows a schematic of a PEM fuel cell.  The cell consists of two 

electrodes, a solid polymer electrolyte and catalyst layers between the electrodes, and the 

electrolyte.  The structure of the electrode is porous so that both the electrolyte from one 

side and the gas from the other can penetrate it. The electrode is a good electrical 

conductor and the electrochemical reaction happens where the gas from the pore, 

catalyst in the electrode, and electrolyte meet together. Such a region is called the three 

phase zone and having a large area of this region is very important for creating a high 

efficiency cell.  The solid membrane prevents reactant gas transfer across the cell, and 

only conducts protons and prohibits electron conduction. 

The electrochemical reactions in the fuel cell are determined by the type of the 

fuel cell, fuel, and oxidant. The reaction of hydrogen as fuel and oxygen as oxidant is the 

most common for PEMFC, and will be explained here. At the anode of a fuel cell, the 

hydrogen gas ionizes, releasing electrons and creating +H  ions (or protons). 

 

                                                        −+ +→ eHH 442 2                                           (2.1)   
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Figure 2.1: A simple schematic of hydrogen fuel cell. Fuel and oxidants are provided 
into separate gas chamber, and chemical reaction of these reactants generates electricity 
directly. [2]  

 

This reaction releases energy. At the cathode, oxygen reacts with electrons taken from 

the electrode, and +H  ions from the electrolyte, to form water. 

                                                  OHeHO 22 244 →++ −+                                       (2.2) 

Thus the overall reaction becomes 

                                                      OHOH 222 22 →+                                     (2.3) 

 

2.2.2 Materials 

 

Electrode 

A PEMFC electrode essentially consists of a gas-diffusion layer and a catalyst 

layer (active layer). The gas-diffusion layer is highly porous and hydrophobicized with 

PTFE polymer. The catalyst layer contains the electrocatalyst (usually platinum or 

platinum supported on carbon), Nafion ionomer, and sometimes PTFE. This layer is 

fabricated by mixing the electrocatalyst with the ionomer solution or by impregnation of 

an ionomer solution into a porous catalyst layer. The presence of thin Nafion ionomer 

films that cover the catalyst particles is important for constructing highly reactive gas-

diffusion electrodes. Three-phase contact of the reactant gases, electrolyte (Nafion), and 
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catalyst is required for the electrochemical reaction to take place. Nafion ionomer in the 

catalyst layer also helps to retain moisture and prevent membrane dehydration, 

especially at high current densities. In the case of electrodes with high platinum 

loadings, the Nafion layer will be too thick, which may cause high mass transport 

resistance. The catalyst mixture is formed by mixing platinum and Nafion ionomer. 

Increased platinum loadings will increase the thickness of the catalyst layer therefore 

resulting in the increased thickness of the Nafion layer in the catalyst. Alternatively, in 

electrodes with low platinum loadings, the Nafion ionomer film thickness will be too 

thin and the ionomer quantity will be insufficient to establish a three-phase contact. In 

other words, the optimum Nafion content required for high electrode performance 

depends on the platinum loading. 

The electrode performance improves with an increase in Nafion content up to 

40%, but then slightly decreases with further increase in Nafion content as shown in 

Figure 2.2. This latter behavior may be due to blocking of the catalyst sites, reduced gas 

permeability, and increased mass transport polarization. The poor electrode performance 

at low Nafion content may be the result of the following: (i) higher cell impedance, since 

proton-conducting Nafion ionomer fragments may be discontinuous; (ii) poor contact of 

the electrolyte with the catalyst, i.e. a smaller number of three-phase interfaces and 

hence a lower ESA(Electrode Surface Area)/Pt utilization. The lowest cell impedance 

was observed at 40% wt. Nafion (Figure 2.2), which may be one of the reasons for the 

highest I–V performance observed at this value.   
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Figure 2.2: Current–voltage characteristics of electrodes with 0.25 mg cm−2 of Pt and 
various Nafion contents in catalyst layer, using Nafion 115, at 80°C, 1 atm. [3] 

 

 

Figure 2.3: Current–voltage characteristics of electrodes with 0.5 mg cm−2 of Pt and 
various Nafion contents in catalyst layer, using Nafion 115, at 80°C, 1 atm. [3] 
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Figure 2.4: Current–voltage characteristics of electrodes with 0.1 mg cm−2 of Pt and 
various Nafion contents in catalyst layer, using Nafion 115, at 80°C, 1 atm. [3] 

 

Nafion ionomer in the catalyst layer also helps to retain moisture and prevent 

membrane dehydration, especially at high current densities. Hence, an optimum Nafion 

content in the catalyst layer is necessary for good performance. For electrodes with 

different platinum loadings of 0.5, 0.25 and 0.1 mg/cm2 (shown in Figures 2.1-2.4), the 

best performance is obtained at Nafion loadings of 20, 40 and 50 wt.%, respectively. At 

the optimum Nafion content, the value of the cell impedance is found to be the lowest 

and those for the Electrode Surface Area, the roughness factor and the Pt utilization are 

the highest. 

 

Catalyst 

For a heterogeneous catalyst material, a number of fundamental requirements are 

necessary for good performance. These include high intrinsic activity of sites for the 

reaction and a maximum number of these sites. Other requirements include: 

1. Electrical conductivity 

2. Good interaction with ionomer 

3. Reactant gas access, and 

4. Stability in contact with reactants, products, and electrolytes.  

To ensure that a fuel cell delivers maximum efficiency, both electrode reactions need to 

take place as close to their thermodynamic potentials as possible. Research over several 
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decades has found that platinum and platinum-containing catalysts [4] are the most 

effective catalyst materials, in terms of both activity and stability. Other noble metals 

like Au-Pd [5] have been evaluated and there has been development of methods to 

synthesize non-noble metal catalysts, such as the pyrolysis of iron [6]. Recent efforts 

have been spent learning how to use platinum more effectively [7,8].  In general, to 

achieve the maximum number of active sites of a given active phase, dispersion of that 

phase on an inert support is required. In the case of low-temperature fuel cells, the 

support also needs to fulfill the requirements described above. These requirements are 

generally met by conductive carbon black supports (Figure 2.5), which allow the active 

phase (generally Pt) to be dispersed finely over the support surface. Small platinum 

particles are deposited onto carbon powders (Figure 2.5) so that the platinum is very 

finely divided with a maximal surface area.  

 

 

Figure 2.5: Schematic of Pt/C catalyst structure. [9] 

 

Electrolyte 

Polymer Electrolyte Membranes are used in both PEMFC and Direct Methanol 

Fuel Cells (DMFC). The membrane must: 

• Conduct hydrogen ions (protons) but not electrons as this would in effect "short 

circuit" the fuel cell (thinner is better) 

• Not allow either reactant gas to pass to the other side of the cell (i.e. gas 

crossover) 

• Be resistant to the reducing environment at the anode as well as the harsh 

oxidative environment at the cathode. 

Construction of the electrolyte material is as follows. 

CATALYST LAYER 

GAS DIFFUSION LAYER 

Carbon support 

Catalyst particles 
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• The starting point is a simple man-made polymer, i.e. Polyethylene. 

• The basic polymer is modified by substituting fluorine for the hydrogen. This 

process is called Perfluorination. The ‘mer’ is called tetrafluoroethylene 

• The modified polymer, shown in Figure 2.6, is polytetrafluoroethylene, or PTFE. 

It is also sold as Teflon. 

• The basic PTFE polymer is ‘sulphonated’, i.e. a side chain is added, ending with 

sulphonic acid HSO3.  This material is called Nafion. 

A key property of sulphonic acid is that it is highly hydrophilic – it attracts water. In 

Nafion, this means we are creating hydrophilic regions within a generally hydrophobic 

substance, which is bound to create interesting results. The hydrophilic regions around 

the clusters of sulphonated side chains can lead to the absorption of large quantities of 

water, increasing the dry weight of the material by up to 50%.  Sulfonated poly-

tetraflouroethylene (PTFE), i.e. Nafion, produced by DuPont, is shown in Figure 2.7. 

High ionic conductivity, low electronic conductivity, high stability (water management), 

low fuel crossover, high mechanical strength, and ease of manufacturability are some of 

the key requirements of a PEM. 

 

 

Figure 2.6: Structure of PTFE 
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Figure 2.7: The structure of Nafion. Hydronium ions associated with water molecules 
travel in nano-pores filled with water assisted by sulfon groups on the pore walls [10]. 

 

Flow Field Plates 

To produce useful voltage many cells have to be connected in series. This 

collection of fuel cells in series is known as a “Stack” (Figure 2.8).  The tasks of the 

bipolar plates in the stack are electrical contacting of the fuel cells as well as to supply of 

the gaseous fuels. The two gas supplies must be strictly separated. The current is picked 

up from all over the electrode surface rather than just the edges. Ideally the bipolar plate 

should be as thin as possible, to minimize electrical resistance, and to miminize the stack 

height. However, this makes the channels for the gas flow narrow, which means it is 

more difficult to pump gas around the cell. The gas flow grooves have to be carefully 

machined or formed using a highly automated process. The flow field plates should have 

high corrosion resistance, high chemical compatibility, and high thermal conductivity.   
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Figure 2.8:  (a) Simple edge connection of three cells in series, (b) Schematic of a single 
cell stack showing gas and current flow. [11,12] 

 

Graphite is a common material for the bipolar plates to be made of.  Their main 

disadvantages of this material are that it is difficult to manufacture/machine and has low 

mechanical strength due to costly machining processes and graphite’s inherent 

brittleness. Alternative bipolar plate material options have been explored; for example, 

employing corrosion resistant metals such as stainless steel [13, 14]. Metal plates require 

far less expensive fabrication processes and higher mechanical strength. This provides 

an opportunity for extremely thin flow plates to reduce the volume and weight of the fuel 

cell system. However, a critical issue concerning metal plates is metal oxide formation 

on the surface, which increases the contact resistance between flow plate and electrode 

resulting in fuel cell performance degradation [13, 14]. 

 

2.2.3 Thermodynamics 

The driving force of the electrochemical reaction of the PEMFC shown in 

equation 2.3 is the energy difference associated with the reactants ( 2H  and 2O ) and the 

product ( OH 2 ). This section discusses the detailed thermodynamics. The output of a 

fuel cell is DC electricity, and the ideal output voltage is obtained from the free energy 

from the reaction which is discussed below. 
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The ‘product’ is one mole of OH 2  and the ‘reactants’ are one mole of 2H  and 

half a mole of 2O .  Thus, the Gibbs free energy of formation (not constant) becomes: 

                              )( ff gg =∆ of products - )( fg  of reactants                                  (2.4) 

                                     222 )(
2

1
)()( OgHgOHgg

ffff
−−=∆                                   (2.5) 

The reversible open circuit voltage or EMF for a hydrogen cell is given by equation: 

F

g
E

f

2

∆−
=        (2.6) 

Where; 

E is the open circuit voltage. 

F is the Faraday constant whose value is 96485 Coulombs/mole. 

fg∆  the Gibbs free energy of the reaction. 

If the process is reversible then all the Gibbs free energy is being converted into 

electrical energy. In practice, some is also released as heat.  The maximum efficiency is 

given by the expression:  %100max ×
∆

∆
=

f

f

h

g
η       (2.7) 

fh∆  and fg∆  represent the enthalpy of formation and the Gibbs free energy of the 

reaction, respectively. However, fg∆  changes with temperature and other factors. At 

standard conditions, fh∆  for hydrogen/oxygen reaction is 285.83 kJ/mole, and the fg∆  

is 237.14 kJ/mole, which gives an efficiency of 83%. The output of a fuel cell is DC 

electricity, and the ideal output voltage is obtained from the free energy from the 

reaction. 

 

Efficiency and Fuel Cell Voltage 

PEM fuel cells have a better efficiency than a heat engine due to the nature of 

direct energy conversion. There are certain losses associated with the conversion 

process. The voltage obtained from a 100% efficient FC system will be 1.25 V [1].   
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The actual efficiency (η) of a PEM fuel cell is given by:   

  η = %100
25.1
×

V
fµ                                                (2.8) 

Where: 

µf is fuel utilization (typically 0.95)  

V is the voltage of a single cell. 

Contrary to statements often made by their proponents, fuel cells do not always 

have a higher efficiency limit than heat engines. The efficiency of the heat engine is 

limited by the Carnot cycle (Figure 2.9). Although the graph in Figure 2.9 suggests that 

lower-temperature fuel cells are better, the waste heat from the higher-temperature cells 

is more useful than that from lower temperature cells as it can be used in a combined 

heat and power (CHP) devise, thus increasing the overall efficiency. 

 

Figure 2.9: Maximum 2H  fuel cell efficiency at standard pressure, with reference to 

higher heating value. The Carnot limit is shown for comparison with a 50 C exhaust 
temperature [1]. 

 

The Effect of Pressure and Gas concentration 

We know that the Gibbs free energy changes with temperature. Equally 

important is the change in Gibbs free energy with changes in pressure and gas 
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concentration.  The following section describes the effect of pressure and gas 

concentration on Gibbs free energy. Modified Gibbs free energy change of a reaction:- 

                                                 )
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In the case of a hydrogen fuel cell reaction, equation 2.3 can be rewritten as: 

OHOH 222
2

1
→+    

Substituting these values in equation 2.9 gives: 
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The pressure and concentration of the reactants affects the Gibbs free energy, and thus 

the voltage. This is expressed using the Nernst equation. 
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Where, 

0E  is EMF at standard pressure. 

R is the universal gas constant (8.3143 J/mole/K) 

T is the temperature (K) 

F is Faradays constant (96485 Coulombs/mole) 

ia  is the partial pressure of the species i 

0E  is also a function of temperature as Gibbs energy changes with temperature. 

As the temperature increases, 0E  drops as shown in Figure 2.10. This equation is useful 

in determining the open circuit voltage (OCV) of the fuel cell at operating temperature 

and gas pressure. 
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Figure 2.10: The dependence of ideal fuel cell voltage on temperature. The ideal fuel cell 
voltage decreases with increasing temperature, but usually the opposite is true for the 

actual fuel cell efficiency due to accelerated electrochemical reaction kinetics at higher 
temperatures [15]. 

 

Fuel Cell Irreversibility's – Causes of Voltage Drop. 

The open circuit voltage in a fuel cell is less than it’s the theoretical value. Three 

major over voltages account for the losses. The performance of a typical single cell 

operating at 70°C and at standard pressure is shown in Figure 2.11.  The graph shows the 

region of activation polarization, ohmic polarization and concentration polarization. 

These causes of voltage drop will be discussed in the following section.  
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Figure 2.11: Graph showing the ideal and actual fuel cell voltage/current density curve 
of a typical low temperature air pressure fuel cell. Three major losses accounts for the 

difference between two curves. [15]. 

 

1. Activation Losses  

Activation losses are caused by slowness of reactions taking place on the surface 

of the electrodes. A proportion of the voltage generated is lost in during the chemical 

reaction that transfers the electrons to and from the electrode. If there was only 

activation voltage losses on an electrode the equation for voltage would be: 

                                                           )ln(
oi

i
AEV −=                                               (2.13) 

Where A is constant given by: 

                                                              
F

RT
A

α2
=                                                        (2.14) 

and 

R is the universal gas constant (8.3143 J/mole/K) 

T is the temperature (K) 

F is Faradays constant (96485 Coulombs/mol) 

ni  – Internal and fuel crossover equivalent current density 
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oi – Exchange current density. 

The constant α is called the charge transfer coefficient and is the proportion of the 

electrical energy applied that is harnessed in changing the rate of an electrochemical 

reaction. Its value depends on the reaction involved and the material the electrode is 

made from, but it must be in the range 0 to 1.0. 

Plots of over voltage against log of current density are called “Tafel Plots”. The 

activation over voltage can be reduced by raising the cell temperature. This can be seen 

in the Tafel plots shown in Figure 2.12, where you get different shapes for high and low 

temperature fuel cells.  Other factors for reducing the activation over voltage are to use a 

more effective catalyst, increasing the roughness of the electrodes which increases the 

real surface area thus increasing oi , increasing reactant concentration by using pure 

oxygen in place of air, and by increasing the pressure. 

 

 

Figure 2.12: Tafel plots for slow and fast electrochemical reactions [1]. 

 

2. Fuel Crossover and internal currents  

Fuel crossover and internal current loss is an energy loss resulting from the waste 

of fuel passing through the electrolyte. It can be measured by measuring the 
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consumption of reactant gases at open circuit. For single cells and small stacks, the very 

low gas usage is measured with bubble counting, gas syringes, etc.  The equation for cell 

voltage is given by: 

                                                    )ln(
o

n

i

ii
AEV

+
−=                                                 (2.15) 

 

3. Ohmic / Resistive losses 

This voltage drop is the straight forward resistance to the flow of electrons 

through the material of the electrodes and the various interconnections. It is also the 

resistance to the flow of ions through the electrolyte. This voltage drop is proportional to 

current density.  The equation for voltage drop becomes    

                                                                  V = ir                                                         (2.16) 

Where, 

i = current density 

r = Area specific resistance. 

Ohmic losses can be reduced by using electrodes with the highest possible conductivity, 

good design and use of appropriate materials for the bipolar plates or cell interconnects, 

and making the electrolyte as thin as possible.  

 

4. Mass Transport or concentration loss  

Mass Transport or concentration losses occur when there is failure to transport 

sufficient reactant to the electrode surface, and there is a reduction in concentration. 

These losses result from the change in concentration of the reactants at the surface of the 

electrodes as the fuel is used.  Therefore, the concentration or mass transport losses are 

given by the equation below with B being a constant depending on fuel cell and 

operating state. 

)1ln(
1i

i
BVtrans −−=∆                                           (2.18) 

B for oxygen is 
F

RT

4
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Optimal flow channels and thin electrodes may reduce the concentration overvoltage. 

 

5. Combining the irreversibility's: 

It is useful to combine all the irreversibility’s into one equation. The operating 

voltage of a fuel cell with a current density i including all of the aforementioned 

irreversibilities is given by 

transactohm VVVEV ∆−∆−∆−=                                   (2.19) 

)exp()ln( nim
i

ii
AirEV

o

n +
+

−−=                               (2.20) 

Although correct, this equation is simplified for practical purposes. The crossover 

current ni  is usually very small and has little effect on operating losses of fuel cells at 

working currents. It is also very difficult to measure, which is why it is excluded from 

Equation 2.20.  The mathematical equations described above help in understanding 

various losses which effect the voltage of a fuel cell.  

  

2.3    Fuel Cell Design 

 

2.3.1 Membrane Electrode Assembly (MEA) 

The MEA has a triple phase boundary where the electrolyte, reaction material 

and the electrically connected catalyst particles contact together causing an 

electrochemical reaction [16,17]. The formation of this triple-phase-boundary area 

depends significantly on the fabrication procedure of the MEA apart from important 

parameters such as catalyst and ionomer loading [18,19]. 

 

Catalyst Coated Membrane (CCM) – Gas Diffusion Layer (GDL) Approach 

To make the CCM, a very thin catalyst layer is formed by applying a catalyst ink 

onto a decal, and the formed catalyst layer is then transferred onto a conducting polymer 

electrolyte membrane by hot pressing. The catalyst layer formed in this way is a 

composite consisting of recast Nafion ionomer and the nano-particle precious metal 
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catalyst supported on micro-particle carbon. Figure 2.13 shows a schematic of the decal 

process. 

 

 

Figure 2.13: Schematic of decal process: (A) Clean Teflon decal; (B) apply catalyst ink 
onto decal surface either by hand-painting or blade-coating; (C) dry the catalyst painting; 

(D) hot-press catalyst layer onto Nafion 112 membrane; and (E) peel off decal and 
protonating the MEA by boiling with H2SO4 and deionized water, respectively [20]. 

 

The recast Nafion polymer plays a vital role in determining the performance of a 

PEFC catalyst layer because it serves both as a binder, holding the catalyst/carbon 

clusters together to form a porous layer with structural integrity and robustness, and as a 

proton conductor, allowing proton migration. A CCM-GDL is difficult to scale up for 

mass production as any variation in active area dimensions, membrane dimensions or 

gasket configuration needs a new decal preparation mold. For a CCM, the electrode has 

to be prepared together with the membrane. The whole design/configuration of an MEA 

needs to be known before mass MEA production. There is no flexibility of stocking for 

other design/configuration. MEA gasket area configuration adds to a huge complexity 

for multiple production mold of CCM. 

 

Gas Diffusion Electrode (GDE) Membrane Approach 

In the GDE-Membrane approach (Figure 2.14), the catalyst layer is applied to the 

GDL to make the GDE, and then the GDE is laminated to the membrane in a hot press. 
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This approach is easier than the CCM-GDL approach to scale up for mass production. In 

the conventional GDE-Membrane approach, the GDE can be fabricated in large 

quantities before being cut to size. GDE can be produced and stocked separately from 

the membrane.  This provides an easy production scheduling. This approach also avoids 

installing “fragile membrane” on rolls during electrode construction.  

 

 

Figure 2.14: The schematically detailed MEA preparation procedure of the conventional 
GDE-Membrane Approach. [21] 

 

A comparative investigation [22] has shown that under identical experimental 

conditions and Pt electrolcatalyst loadings, CCM exhibited significantly higher 

electrochemical performance than that prepared with the GDE membrane approach. To 

validate their claim, cyclic voltammetric studies were done which showed that the 

electrochemical surface area of the MEA by the CCM method is significantly higher 

than that prepared by the hot-pressed MEA at the same Pt loading. Further Electro-

chemical impedance spectroscopy results revealed that CCM had a smaller contact 

resistance and charge-transfer resistance as compared with hot-pressed the MEA under 

2H / 2O  and 2H /air. 
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2.3.2 Flow Fields 

Flow plates have finely patterned multiple channels which are in direct contact 

with the GDL to provide reactant gases. The role of the flow plate is slightly different 

between the anode and the cathode side, because water has to be removed on the cathode 

side. Accordingly, different flow patterns may be employed on each side as shown in 

Figure 2.15, and the choice of shape, size, and pattern of flow channel can significantly 

affects the performance of the fuel cell. Usually, most of the flow field design effort 

focuses on the water removal capability on the cathode side. 

 

Figure 2.15: Various flow channel geometry [1] 
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The key factor for flow geometry design is the capability of water removal on the 

cathode side. Poorly designed flow field plates leave certain regions flooded with liquid 

water and reduce the output current of the cell. Material in the region may also degrade 

because cell polarity can be reversed locally [23]. Currently, a wide variety of flow 

patterns are employed by different research groups and developers, and only basic 

patterns will be discussed here (Figure 2.15). In parallel channels, flow evenly enters 

each straight channel and exits through the outlet. A significant advantage of parallel 

channels is low pressure drop between gas inlet and outlet. However, when the width of 

the flow field is relatively large, flow distribution in each channel may not be uniform. 

This causes water build-up in certain channel areas, which leads to current density drop. 

Some fuel cell developers (e.g., IFC, Energy Partners) have employed this channel type 

in their portable fuel cell systems. Serpentine channels are the most common geometry 

found in various fuel cell prototypes. The advantage of this pattern lies in its water 

removal capability. Only one flow path exists in the pattern, and the liquid water is 

forced to exit the channel. However, in large area cells, the pressure drop in the channel 

is relatively large. Several variations of serpentine channels have been investigated, such 

as the parallel-serpentine channel, which is a good combination of serpentine and 

parallel channels and is famously used in Ballard Inc. PEMFC stacks. Grid channels 

have been drawing more attention recently due to the forced convection of gas in the gas 

diffusion layer and long parallel is another variation of the parallel flow channel. 

 

2.4    Evaluation Methods 

Fuel cell evaluation requires the performance characterization of both a system as 

well as its individual components. The system performance is not always affected by the 

performance of the individual components. Therefore, it is important to characterize the 

behavior of individual components while they are integrated into the system under 

realistic operating conditions. In the following section, some of the common 

performance evaluation methods are discussed. 
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2.4.1 Test Setup 

Figure 2.16 represents the setup of a typical fuel cell test station. The fuel cell is 

connected to the gas flow channels and pressure gauges are added at the gas inlets and 

outlets. Electric measurement equipment is attached to the fuel cell through the test 

station for performance evaluation. One or both sides of the gases are humidified 

because the water content of the polymer electrolyte is a critical factor in the 

performance of the fuel cell.  To avoid flooding caused by over humidified gases the 

control of humidity level is important. Temperature control is also an important 

consideration as the polymer conductivity, activity of the catalyst and the vapor 

pressures are temperature sensitive. Apart from water management, heat management is 

also a critical issue for the fuel cell operation. 

 

Figure 2.16: Typical fuel cell test station. Pressure, flow rate and temperature of gases 
are controlled. Gases are usually fully saturated for maximum performance [24]. 

 

2.4.2 Voltage Current Response 

Time-invariant (static) techniques such as current-voltage (IV) measurement are 

used to quantitatively describe the overall performance stack.  This method is used to 

measure the voltage (or current) under different current (or voltage) loading. Using these 

measurements, a typical IV curve, as shown in figure 2.11, can be obtained and the fuel 

cell efficiency can be calculated.  It is difficult to find out concentration and ohmic 
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losses from the IV curve but the activation loss can be found out by fitting the data to the 

Tafel equation. 

 

2.4.3 Electrochemical Impedance Spectroscopy  

In Electrochemical Impedance Spectroscopy (EIS), a sinusoidal perturbation (usually 

voltage) is applied to a system and the amplitude and phase shift of the resulting current 

response are measured.  Measurements can be conducted over a wide range of 

frequencies, resulting in the construction of an impedance spectrum. The main drawback 

of EIS is the difficulty of measuring activation loss directly. One good practical solution 

for this problem is to utilize Tafel fitting for activation loss characterization. EIS is 

capable of measuring ohmic and gas transport losses but the actual values that describe 

the circuit element will change at different current density levels. Thus it is important to 

monitor the system response at different current densities.  

 

2.4.2 Current Interrupt Method 

The current interrupt method is a direct measurement technique to identify the 

major losses in fuel cells. Operating initially at some mid-range current, in steady-state 

under a stoichiometric or better condition, with a forced air supply, and with the test 

station controller in current control model, setting the current level to some very low 

value (e.g., 0.01 A) and measuring the change in voltage as a function of time gives a 

Current Interrupt condition.  The current interrupt test is particularly easy to perform 

with single cells and small fuel cell stacks. With larger cells the switching of the higher 

currents can be problematic. Current interrupt is a powerful method of finding the causes 

of fuel cell irreversibilities, 
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(a) 

 

(b) 

Figure 2.17 Time response of a fuel cell system when the current load is interrupted over 
(a) Large time scales (b) Small time scales [24]. 

 

It can be seen from Figure 2.17(a) that over large time scales (2-10 seconds), 

components with large capacitance such as concentration loss can be identified. In 

Figure 2.17(b), capacitance response from the double layer in the catalyst for short time 

(2-2.2 seconds) scales is observed.  Ohmic and activation loss can be measured from this 

response.  
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2.5 Advantages and Applications of PEM Fuel Cells 

 

The most significant disadvantage of fuel cells at present is cost. However there are 

varied advantages of PEM fuel cells. These include the following: 

 

• Efficiency – Fuel cells are more efficient than combustion engines whether 

piston or turbine based. Smaller systems are as efficient as the large ones. 

• Simplicity – Essentials are simple with few moving parts, this can lead to highly 

reliable and long lasting systems. 

•  Low Emissions – The by-product of the main reaction, with hydrogen as fuel, is 

pure water. That means fuel cells have ‘zero emission’. This is their main 

advantage when used in vehicles, as there is a requirement to reduce vehicle 

emissions, and even eliminate them within cities. At present, emissions of 

2CO are nearly always involved in the production of hydrogen that is needed as 

the fuel. 

•  Silence - Fuel cells are very quiet, even those with extensive extra fuel 

processing equipment. This is very important in both portable power applications 

and for local power generation in combined heat and power schemes. 

• Flexibility with respect to power and capacity achievable with different devices 

for energy conversion and energy storage. 

• Higher energy density per weight for the liquid fuel. 

• Long lifetime and long service life. 

 

2.6 Summary 

This chapter provides sufficient background of the principles of fuel cell 

operation, materials, fuel cell design and evaluation methods to understand development 

and testing of the MEA ribbon architecture. This chapter discusses fabrication and 

testing of a single MEA which was a basis for future research in ribbon architectures. 

Pt/C was decided as a suitable candidate for cathode and Pt-Ru/C for anode [4]. 
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Optimum catalyst loadings [7,8] and Nafion content [3] in the loadings was decided 

based on the literature investigation. Finally, this chapter also gives an insight as to 

MEA manufacturing processes [20,21,22] and the operating conditions required for a 

fuel cell.  
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Chapter 3 – Fabrication & Testing of Single MEA 

 

3.1   Introduction 

 

Before committing time and material to a ribbon-style MEA architecture, a single 

MEA was fabricated in order to understand the process of fabrication, and the behavior 

of the various components of the MEA and the fuel cell stack.  Standard materials were 

chosen and an air-breathing PEMFC Stack was used for the testing of the single MEA. 

This chapter describes the method of fabricating a single MEA using the GDE–

membrane approach, the stack assembly procedure, leak testing, configuring the test 

station, and testing to obtain a polarization curve. 

 
 

3.2   Single Membrane Electrode Assembly Fabrication 

This section describes the various materials used for the MEA. The dimensions, 

treatment of the membrane, catalyst preparation and application and the assembly of the    

MEA have been discussed.  

 

3.2.1 Materials  

 

Polymer Electrolyte Membrane 

A Nafion N-115 untreated membrane with a thickness of 0.050 inches (1.27 mm), 

density of 2.0 g/cm3, and a conductivity of 0.083 S/cm was used for the single MEA. 

The untreated membrane was dry cut according to the dimensions shown in Figure 3.1 

using a steel rule precision die and a hand operated die press, as shown in Figure 3.2.  

After being cut the membrane is treated using the following steps: 

1. Acid washing in ½ molar sulfuric acid solution by boiling it at 80 degree 

centigrade. 
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2. Membrane is then cooled, rinsed and boiled in deionized water bath. The 

deionized water bath is to be heated to 80 degree centigrade and the Nafion 

membrane is to be placed in water bath using tongs for 1 hour until the impurity 

bubbles fade.   

3. The membrane is allowed to cool and step 2 is repeated two more times. 

The 4 holes at the corners of the membrane are made using a punch after the process of 

membrane treatment. The membrane is stored in a ‘ziplock’ polyethylene bag with a few 

drops of deionized water to keep it hydrated and to avoid shrinkage before it is hot 

pressed. 

 

Figure 3.1: Dimensional specifications (inches) of the membrane. 

     

Figure 3.2:  Steel rule die and a hand operated die press used to cut membrane. 
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Gas Diffusion Layer 

A woven E-Tek 1200-W GDL intended for low-temperature PEM fuel cells was 

used. The GDL is carbon based and has a 270 micron thickness and electrical 

conductivity of 680 mΩ*cm. This type of GDL is suitable both for anode and cathode of 

a partially humidified polymer electrolyte membrane fuel cell.  The GDL was square 

with an area of 10 cm².  The GDLs were coated with catalyst solution to form the gas 

diffusion electrodes (GDE).  The catalyst application to the GDL is discussed in the next 

section. The GDLs were cut using a steel rule die and a hand operated die press as 

shown in Figure 3.2. 

 

Catalyst Solution 

The catalyst used on the anode is a 40% Platinum Ruthenium on Vulcan XC-72, 

while that used on the cathode is 50% Platinum Vulcan XC-72. The composition for the 

catalyst solutions is as follows: 

For Anode: 

Catalyst = 10 mg (0.4 mg/cm² x 100/40 x 10) 

Ionomer (Nafion 10%) = 60 mg (0.6 mg/cm² x 100/10 x 10) 

Isopropyl alcohol = 1 ml 

For Cathode:- 

Catalyst = 8 mg (0.4 mg/cm2 x 100/50 x 10) 

Ionomer (Nafion 10%) = 60 mg (0.6 mg/cm² x 100/10 x 10) 

Isopropyl alcohol = 1 ml 

Measurements for the catalyst mixture were made using a precision weight measuring 

machine, shown in figure 3.3, which had a precision of 0.1 mg.  The catalyst mixture 

was mechanically mixed using a magnetic stirrer shown in Figure 3.4; specifically, the 

mixture is placed in a bottle, a metallic ball is placed in the bottle, the bottle is placed on 

top of the stirrer, and allowed to stir for 30 minutes.  Alternatively, an ultrasonic stirrer, 

also shown in Figure 3.4, can be used for the catalyst mixing. The bottle with the catalyst 

mixture is held in a fixture and placed in a bath of distilled water inside the ultrasonic 

stirrer and made to stir for 20 minutes. 
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Figure 3.3: Precision weight measuring machine. [25] 

 

 

    

 

Figure 3.4: Magnetic and Ultrasonic Stirrers. [26, 27] 

 

The catalyst coating is done using a metering rod and a draw down machine, as 

shown Figure 3.3, or by brush painting.  Brush painting was used for the final specimen, 

since the distribution of catalyst is more evenly distributed and controlled. The catalyst 

coating is composed of 15-20 layers of roughly 0.001 gram of catalyst/layer. After 

coating the electrode is dried in an oven at 75 degree Celsius for 30 minutes or at room 

temperature for 24 hours before being measured for loading.  If loading is insufficient, 

the electrode can be recoated as necessary. Also, adjustments to the catalyst mixture 

were made after calculation of waste (Table 3.1) during the coating by adding extra 

material in order to get the correct loading.  Table 3.1 shows the catalyst composition for 

anode and cathode, weight of the GDL, weight of the GDE, and catalyst wastage.  
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Figure 3.5: Draw down machine [28] and a Metering rod (Meyer Rod) [29]  

 

Table 3.1: Electrode catalyst composition. 

Electrode Cathode (Pt/C) Anode (Pt-Ru/C) 

Catalyst Loading (g) 0.0087 0.0115 

Nafion (10%) Loading (g) 0.069 0.0674 

GDL Weight Unloaded (g) 0.1518 0.1539 

GDL Weight Loaded (g) 0.1654 0.1706 

Mass Catalyst + Nafion (g) 0.0136 0.0169 

Waste (%) 12.8 8.4 

 

 

3.2.2   MEA assembly 

A Carver hot press shown in Figure 3.6 was used for the MEA assembly.  The 

following steps were used in assembly of the MEA. 

1. One electrode is placed electrode-side-up on a piece of Kevlar on top of a piece 

of silicone. 

2. The membrane is placed on top of the electrode. 
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3. The second electrode is placed on top of the membrane 

4. A second piece of kevlar is placed on top of the electrode. 

5. A second piece of silicone is placed on top of the Kevlar (both pieces of silicone 

are large enough to seal around the Kevlar). 

6. The assembly is then placed between two sheets of stainless and placed in a cold 

press. 

7. The press compression force is increased to approximately 400 lbs [give SI units] 

for a 10 cm² cell, although the pressure depends on the surface area of the MEA 

and the silicone pads. 

8. The press is heated to ~135°C, held for 5 minutes, and then cooled to less than 

50°C. 

9. The assembly is removed from the press, and then the stainless steel sandwich is 

placed beneath a cooling block (see Figure 3.7) and allowed to cool to room 

temperature. 

 

 

Figure 3.6: Carver hot press with temperature control. 
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Figure 3.7: Heat sink block for cooling of assembly. 

3.3   MEA Testing 

 

3.3.1   Stack components and Assembly 

A standard E-Tek TekStak™ Fuel Cell Kit, shown in figure 3.8, was used for the 

testing of the single MEA. 

 

    

Figure 3.8: PEMEAS fuel cell stack. 



 

 37 

 

Components of the stack are described below. 

1. Two polycarbonate end plates (Figure 3.8) – These are used to hold the stack together 

and have holes though which hydrogen is supplied.  The end plates are CNC 

machined from plate stock. 

2. One graphite cathode/anode endplate (Figure 3.9) – These are the end plates which 

have anode and cathode flow channels machined in, which are identical to the bipolar 

plates. One side is flat and connected to the current collector for conduction of 

current. The plate usually incorporates flow channels for the fluid feeds and may also 

contain conduits for heat transfer. They are CNC machined graphite plates. 

  

Figure 3.9: Graphite cathode and anode endplate [30].  

3. Eight rubber O-rings - An O-ring is a loop of elastomer with a round (o-shaped) cross-

section used as a mechanical seal or gasket. They are designed to be seated in a 

groove and compressed during assembly between two or more parts, creating a seal at 

the interface. Reaction injection molding is used to manufacture O rings. 

4. Two nickel–coated, copper current collector plates (Figure 3.10) – Term used to 

describe the conductive material in a fuel cell that collects electrons (on the anode 

side) or disburses electrons (on the cathode side). The current collector plate is 

machined copper that is nickel-plated for corrosion resistance. 
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Figure 3.10: Nickel-coated, copper current collector [30]. 

 

5. One MEA - In the case of a PEMFC, the MEA is the structure consisting of an 

electrolyte (proton-exchange membrane) with surfaces coated with catalyst / carbon / 

binder layers and sandwiched by two microporous conductive layers (which functions 

as the gas diffusion layers and current collectors). 

    

Figure 3.11: Membrane electrode assembly. 

6. PTFE gaskets, 2 per cell – A gasket is a mechanical seal that fills the space between 

two objects, generally to prevent leakage between the two objects while under 

compression. Gaskets save money by allowing less precise mating surfaces on 

machine parts to be used, because the gasket will fill and seal surface irregularities.  

The gasket used in this case, shown in Figure 3.12, was laser cut from a sheet of 

PTFE.  
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Figure 3.12: PTFE Gasket [30]. 

7.  Eight stainless socket head cap screws – Used to tighten the hex nuts. 

8.  Eight stainless steel hex nuts – Used to hold the stack together. 

9. Sixteen stainless steel washers.  – They are used with the stainless steel hex nuts. A 

washer is a thin plate (typically disk-shaped) with a hole (typically in the middle) that 

is normally used to distribute the load of a threaded fastener.  

 

(a)                                                                (b) 

Figure 3.13 Schematic of stack assembly [31]. 
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Before testing of the MEA, the stack was assembled. While building the stack, 

latex, rubber, cotton gloves or very clean hands are used. Guide dowels are used to 

assemble the stack. Schematics of the stack assembly and the orientation of the various 

components are shown in Figure 3.13.   After assembly of the stack the eight socket head 

cap screws with washers are fastened with hex nuts tightening to 6-7 inch-lbs of torque 

using a torque wrench. The bolts are tightened in a diagonal manner. According to 

conventional theory [32], the preload in a bolt (Fi) of diameter (d) is related to the 

applied tightening torque (T) according to the following relationship: 

i

T
F

Kd
= ,                                                   (3.1) 

 

Where, K is the torque factor.  We will use K = 0.20 for the FC stack’s stainless steel 

bolts and nuts.  The 6-7 in-lb range of torque corresponds to a bolt clamping force range 

of 160-185 lbs.  With eight bolts, the total clamping load on the stack is approximately 

1300-1500 lbs. 

 

3.3.2 Preparing FC Test Station for Operation 

The FC test station shown in Figure 3.15 essentially serves as the balance of 

plant for a prototype fuel cell stack, but it also allows for manual or automated data 

collection while the stack is operated under different process conditions.  The 

preparation of the stack involves the following steps. 

Step 1 – After applying Teflon tape, thread 1/8”NPT×1/4”tube St. elbow fittings 

onto H2 inlet and outlet ports of stack. 

Step 2 – Connect both black wires (sensing and load) to the anode current collector 

plate tab.  Then connect both red wires (sensing and load) to the cathode 

current collector plate tab. 

Step 3 – Connect the stack’s H2 inlet (anode side) to the anode output port from the 

test stand and the Teflon hose to the stack’s H2 outlet. 
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Step 4 – Connect the black anode wires from the stack to the anode sense and load 

jacks (black), and the red cathode wires to the cathode sense and load jacks 

(red) of the test stand. 

Step 5 – Turn on the FC test stand and wait for about one minute for all electronic 

components to perform their diagnostics. 

Step 6 – Turn on the test station PC. 

Step 7 – Make sure the N2 and H2 tank valves are open and that the green (N2) and 

red (H2) flow control valves are also open. 

 

 

Figure 3.15: Fuel cell test station 

 

The fuel cell test program is run from the desktop which will be used to run various tests  

on the stack. The fuel cell stack should be operated at 0.5 – 2.0 psig. Also, H2 needs to be  

purged through the stack for 30 seconds to remove air. Fuel cell station from Fuel Cell 

Technologies was used to test the 10 cm² active-area MEA. Pure 2H was used as an 

anode reactant.  The cathode is an air breather. 
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Figure 3.16: Fuel cell test station system block diagram 

 

Figure 3.16 shows the architecture of the fuel cell test station. This system can be 

divided into three subsystems. 

 

1. Fuel cell test station 

In a fuel cell test station, pressure, flow rate, and temperature of gases are controlled. 

Gases are usually fully saturated for maximum performance. Other components 

include DC electronic load for load sensing, serial converter and a power supply. 

 

2.  PCI and user interface  

This system is connected to the DC electronic load and to the serial converter. This 

system is used for sensing and testing of the fuel cell. Various parameters such as 

flow, temperature, and cell description can be set using this interface, Also the fuel 

cell can be tested at various loads. Labview (Figure 3.17) is used to set the initial 

temperature and flow parameters and to monitor the performance of the fuel cell 
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3. Fuel cell 

The fuel cell is connected to the fuel cell station through load and sense leads. Also 

the gas lines from the test station are connected to the fuel cell via a pressure 

regulator and gas heater for temperature control. 

 

 

Figure 3.17: Labview interface for the fuel cell stack 

 

3.3.3 Open Circuit Voltage  

To make sure that everything is set up correctly, the open-circuit voltage of the 

stack was measured with sufficient H2 supplied (stoichiometric factor > 1.0) and a forced 

air supply through the straight air channels on the cathode side of each MEA.  Ideal 

voltage of a hydrogen fuel cell is given by 

F

g
E

f

2

∆−
=                                                            (3.4) 

 

So that,   VE 14.1
485,962

000,220
=

×
= .   
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The OCV was observed to be 0.861 volts. The OCV of this MEA is comparable to that 

of other MEA’s, 0.9 to 1.1 volts operating at 90 degree Celsius [33] and 0.92 to 0.97 

volts operated at 80 degree Celsius [34].  From equation 2.19 the voltage loss can be 

calculated as:  VEVlosses −=∆  = 0.279 volts. 

As discussed in Chapter 2, this cell behavior is attributable to activation losses 

due to reaction kinetics along with ohmic loss from ionic and electronic resistance in the 

cell and mass concentration losses. Figure 2.11 in chapter 2 depicts the various losses 

which occur during different regions of the curve. 

 

3.3.4 Standard Polarization Curve Test 
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Figure 3.18: Voltage vs. Current density of a single cell  

 

A standard polarization curve test (see Figure 3.18) was performed to determine 

the behavior of the single MEA.  With the test station at constant current mode, the 

current level was increased slowly from 0 to 0.13 amps and voltage recorded every 10 

seconds. A two-way test was done to confirm the behavior of the polarization curve, 

where the starting voltage was 0.85 volts, mid voltage was 0.20 volts, and the final was 

0.85 volts. Typically the voltage at 0.12 Amps/cm² is around 0.62 volts (Figure 3.19) but 
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in the case of figure 3.18 it is 0.23 volts. This drop at higher currents is attributed to the 

cell operating at room temperature and the cathode being an air breather. The MEA in 

comparison was run at 80°C with a 99.99% pure air supply. Insufficient hydration of the 

membrane can cause the voltage to drop at higher currents.  

 

 

Figure 3.19: Effect of anode Pt loading on 50 cm2 single cell voltage, Ecell, for H2 /air 
operation at 80 ◦C and 150 kPa with fully humidified reactants (80 degree C dewpoints) 
at stoichiometric H2/air flows of s = 2.0/2.0 for i ≥ 0.2 A/cm2 (at i < 0.2 A/cm2, H2/air-

flow rates remained constant at 0.2 A/cm2 flows) [34].  

 

It can be concluded from the above tests that using optimum conditions such as 

pure oxygen/air supply and high operating temperatures between 80-90°C will lead to 

high performing MEA’s. The membrane needs to be hydrated at all times after being 

treated to the point when it is tested. Drying of the membrane can cause the voltage to 

drop at higher current densities. The mass transport losses at high current densities can 

be reduced by improved diffusion media and improved electrode structure. The 

fabrication of the single MEA and its testing will form the basis for the ribbon 

architecture.  
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Chapter 4 - PEMFC Planar Architectures 

 

4.1   Introduction 

 

Alternative configurations to a traditional PEMFC architecture have been 

explored by researchers and companies. The Micro hydrogen system [35] by Angstrom 

Power, Inc. (Figure 4.1a) packs a large amount of surface area into a small volume by 

positioning numerous tubular unit fuel cells in a thin layer orthogonal to the planes in 

which the fuel and oxidant flow.  This is accomplished by embedding a microstructure in 

a porous diffusion material so that oxygen can be distributed to one side of the MEA and 

hydrogen to the other. In the microcell unit cell (Figure 4.1b) by Microcell Corporation 

[36], the components for making a single cell (electrocatalyst of cathode and anode, the 

membrane electrolyte, and current collectors) are all extruded as one fiber, ranging in 

size from a few hundred to several thousand microns. The Air breather fuel cell (Figure 

4.1 c) from the Los Alamos National Laboratory relies on diffusion limited oxygen 

access to maintain a positive water balance in the cells. The hydrogen flows out from the 

central manifold while the oxygen diffuses inward from the periphery. The result is a 

system that allows for efficient cooling through conduction, maximized air access, and 

minimized diffusion path lengths for both hydrogen and oxygen [37]. The configuration 

of the stack is based on circular flow-field plates and annular hydrogen feed manifold, 

which are anchored by a single tie-bolt extending through the stack’s central axis.  These 

configurations have some advantages when a thin fuel cell structure is required such as 

for flat panel displays or for personal digital assistants (PDA). The applications and 

advantages are further discussed later in the chapter.  
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(a)   

(b)  

(c)  

Figure 4.1: (a) Micro hydrogen system by Angstrom Power, Inc. [35] (b) Microcell unit 
cell [36] (c) Configuration and components of a unit cell in an air-breather stack [37].  
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4.2 Different Types of Planar Architectures 

 

Another type of PEMFC architecture is planar.  The remainder of this chapter 

discusses the various planar architectures and the research done on them in past years.   

 

4.2.1 Banded Structure 

A banded structure consists of a series of cells consisting of a common 

membrane with anodes lying on one side and the cathodes lying on the other side.  Two 

possible configurations of planar series architecture are shown in Figure 4.2. The upper 

diagram presents the so-called banded membrane in which the cathode in one cell is 

connected to the anode of another cell across the membrane [38]. Such construction may 

result in better volumetric packaging compared to conventional vertical stacks in low-

power applications [38]. However, the most critical disadvantage of the banded 

membrane is that the electrode interconnections must ultimately cross from one side of 

the membrane to the other side. These cross-membrane interconnections can be made at 

the outer perimeter of a cell array by 'edge-tabs', or by routing breaches through the 

central area of the membrane [39]. Interconnection at the perimeter limits design 

flexibility and may require longer conductor length, thereby increasing resistive losses. 

Breach interconnection through the membrane presents an extremely difficult challenge 

with respect to local sealing, and the problem is particularly severe for polymer 

electrolytes that may deform significantly according to humidity level. In the banded 

architecture the fuel will flow on one side and the oxidant on the other side. This can be 

accomplished either by having flow field plates or a single gas chamber for each side.  
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Figure 4.2: Planar series interconnection. In contrast to the banded configuration, the 
flip-flop scheme has single-level interconnects that never cross the membrane plane 

[24]. 

 

The term "plaque" [38] is defined as a flat stackable unit containing multiple 

separated fuel cells in a horizontal plane. The plaque cell uses the concept of three 

banded cells in series. The plaque can then be stacked into multiple layers as necessary 

following the design of a conventional fuel cell stack (Figure 4.3). The plaque 

represented by callout 17 in Figure 4.3 has three fuel cells denoted by 18, 19 and 20, 

which are set in an insulating frame denoted by 21. Each plaque cell has associated 

supply and return fuel and oxidizing ports extending through the insulating frame. The 

plaque 17 includes fuel supply conduits (22, 23 and 24), which supply the fuel in a 

parallel flow to the cells 18, 19 and 20, respectively. The oxidizer is supplied serially, 

through ports 25, cell 18, ports 26, cell 19, ports 27, cell 20, and exiting through ports 

28. These ports connect the cells to the respective fuel and oxidizer supply and return 

manifolds 29, 30, 31 and 32, respectively. Thus, fluidically, the cells are connected in 

parallel for one reactant and in series for the other reactant. Each cell is electrically 

insulated from the next cell in a plaque by the frame except where interconnections are 

used for electrically connecting the cells at the ends of the stack.   
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Figure 4.3: Top view of the cell plaque and a stack style fuel cell by stacking cell 
plaques [38]. 

 

Experiments with modifying Toray Carbon papers in a banded structure have 

been carried out [41]. The electrical conductivity of the carbon paper, which has large 

pores depicted in Figure 4.4 can be achieved by filling a part of the pores with carbon 

black or a mixture of carbon black and PTFE, if hydrophobic properties are preferred.  

As shown in Table 4.1, carbon paper with a thickness of 170 µm and filled with carbon 

black has the lowest cell resistance of 370 mΩ cm².  Gore Carbel (Cloth based GDL) has 

a low cell resistance of 380 mΩ cm². Other experiments [42] show that the area 

resistance by a banded structure is comparable to that of a normal stack. At the same 

time, high voltages based on the number of cells and advantageously flat cell geometry 

is provided.  Carbon fleece a type of carbon cloth is used. The resistance of carbon 

fleece decreases from 2400 mΩ cm² to 600 mΩ cm² after being filled with carbon black 

and impregnated with PTFE emulsion (5 wt. %) 

 

    

Figure 4.4: Toray carbon paper and banded structure membrane [41]. 
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Table 4.1: Shows the Ohmic resistance of the test fuel cell (3.14 cm² active area) with 
sample of different diffusion layers [41]. 

Material Thickness 

(µm) 

Treatment Cell Resistance 

(mΩ cm²) 

Carbon Paper 170 - 470 

Carbon Paper 360 - 880 

Carbon Paper 170 Filled with carbon black 370 

Carbon Paper 170 Filled with carbon black and impregnated 

with PTFE emulsion (5 wt. %) 

530 

Carbon Paper 170 Impregnated with PTFE emulsion (1.25 

wt.%) 

650 

Carbon Fleece 150 - 2400 

Carbon Fleece 150 Filled with carbon black 785 

Carbon Fleece 150 Impregnated with PTFE emulsion (10 wt. %) 650 

Carbon Fleece 150 Filled with carbon black and impregnated 

with PTFE emulsion (5 wt. %) 

600 

Gore Carbel   380 

 

4.2.2 Flip-Flop Structure 

To overcome the challenges associated with the banded membrane, S. Lee et al. 

[43] proposed an interesting planar connection concept called flip-flop configuration. 

This configuration is shown in the lower diagram in Figure 4.2. The most prominent 

feature is the interconnection of electrodes from two different cells on the same side of 

the membrane.  Therefore; in this structure, the gas flow will have alternative channels 

of fuel and oxidant (As shown in Figure 4.5). A significant drawback in this type of 

architecture is the difficulty of manufacturing alternative flow channels and 

incorporating the flow through these channels.  Research [44] has been done using 

microfabrication techniques including deep silicon etching, photomasked electroplating, 

physical vapor deposition, anodic bonding, and spin coating to produce prototype fuel 

cell components for the flip flop structure. 
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Figure 4.5: Interlaced Flow Channels with alternating Fuel/Oxidant Chambers [44]. 

 

4.2.3 Zigzag - Folded Architecture 

A new structure for a Direct Methanol Fuel Cell (DMFC), which is a subset of 

PEMFC, is shown in Figure 4.7. This fuel cell is formed by a membrane, which is made 

up of anode and cathode electrodes on a zigzag-folded sheet, separated by insulation 

film and current collectors [45]. The design consists of a large membrane sheet which 

has sheets of anode and cathode on both sides. Individual anodes, cathodes and 

membranes form a unit cell, which is connected to the adjacent unit. The current 

collectors are placed between a single cell and the sheet is folded. The Insulation film 

having the same area as one cathode is placed over the first cathode and the current 

collectors are folded back over it. By repeating these steps (Figure 4.6) we have an in-

series connection, and no wiring is required.  Figure 4.7 shows the MEA when they are 

folded in a zigzag manner.  A fuel feed of methanol and air is used in between the 

MEAs.  Fuel feed material between anodes is soaked up and fed to the anodes, and air is 

fed to the cathodes through spaces in the insulation film. Therefore, using this 

architecture we get a series of MEAs which deliver high output voltages. The only 

limitation to this design is that it is only applicable to DMFC.   
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Figure 4.6: New DMFC structure formation method [45]. 

 

 

Figure 4.7: Schematic diagram of zigzag-folded type DMFC [45]. 

 

4.2.4 Monopolar fuel cell architecture 

Cisar et al. [46] proposed the monopolar fuel cell, a type of planar architecture in 

which the electrode is fabricated using a GDL with a metal grid as a part of it. Figure 4.8 

shows that the cathode of one cell shares its conductive element with the anode of an 

adjacent cell; the sharing of conductive elements establishing an electrical connection 

between the cell in the array. A face view of the three types of cell frame components 
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are shown in Figure 4.8.  First, there is the dual cell frame 30 which has openings 32, 34 

for exposing two MEAs. The dual cell frames 30 are overlapped (as shown in Figure 

4.8) so that the opening 32 of a first frame 30 coincides with the opening 34 of an 

adjacent frame 30. The two metal frames 30 hold the MEAs firmly around the edge of 

the assembly.  At the end of the series of cells, a terminal cell frame 36 may be used to 

overlap one of the openings 32, 34 and also to provide an electrical contact 37 for 

conducting electricity to and from the stack. The cells 52 (Figure 4.8) have an MEA 

comprised of a central PEM 54, a catalyst coating 56 and gas diffusion layer 58. A gas 

inlet port 68 is provided in the end cap 62 for the introduction of a fuel to the chamber 

64. In operation, each of the individual cells of the fuel cell 50 has a cathode surface 70 

that is exposed to the air as the oxidizing gas.   

 

Figure 4.8: Cross-sectional view of a fuel cell stack comprised of monopolar cells based 
on the use of the bipolar cell frame components [46]. 

 

Figure 4.9: Components for a monopolar cell stack including a terminal cell frame 36, a 
flat bipolar cell frame and a curved cell frame 38 [46]. 
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The potential to increase volumetric power density has led to the research of new 

fuel cell architectures. Example of this progress includes zig-zag folded DMFC 

architecture [45], other efforts include the flip flop and the banded structures [38, 39, 43] 

and the monopolar fuel cell configurations [46].   

 

4.3    Applications  

Due to a substantial increase of wireless data communication and electronic 

circuit design technology the diversity of functions, storage and other features have 

increased thus causing the electricity requirements for these devices to increase. The 

conventional Lithium-ion batteries will not be able to keep pace with the increasing 

power requirement thus making way for high energy power generation systems. A 

possible solution is to use planar PEMFC architectures because they have a flat cell 

geometry, high output voltages, and can be optimized according to smaller cell volumes. 

Portable fuel cells are being designed to operate at low temperature and low pressure and 

should have a simple control. They should have air breathing cathodes and as few 

peripheral devices as possible (fans, pumps, valves etc.). Planar architectures operate 

without peripheral fans for cooling or reactant flow, or the attendant electronics and 

controls, effectively avoiding the need for active humidification, active cooling, or 

cathode air pressurization. These components add to the space requirements of a cell and 

have to be eliminated. Planar architectures can help eliminate these components.    

Applications for the planar fuel cell architectures are mostly in the low power 

range and they can be used to power mobile and portable devices.  High power cells are 

required for portable computers, low power for mobile phones, and micro fuel cells for 

smaller applications such as hand held PCs in sub-watt range. Other advantages of 

planar architectures include eliminating bipolar plates. Bipolar plates add to the cost and 

complexity of the stack. The ribbon architecture developed in Chapter 5 eliminates the 

need for bipolar plates. Due to the high volume potential for mobiles and portable 

devices automated high volume MEA manufacturing will be required to meet these 

demands. Chapter 6 proposes a high volume continuous manufacturing concept for the 
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ribbon architecture. Other significant advantages of the ribbon architecture (planar 

architecture) over the conventional stack architecture have been discussed in section 5.1.   
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Chapter 5 – PEMFC Ribbon Architecture 

 

5.1   Introduction 

The fuel cell ribbon architecture represents a departure from a conventional 

PEMFC stack. Complex flat stack arrangements and numerous parts in a conventional 

stack that are difficult and expensive to fabricate and assemble, and are highly subject to 

catastrophic failure of the entire system if a leak develops. Plates are not needed to 

provide separate flow fields and collect current, because the reactant gas flow for the 

anode and cathode sides will a continually present flow based on a FC design that takes 

advantage of this feature and current is collected at the through the gas diffusion 

electrode (GDE) of each cell. 

The fuel cell ribbon concept is illustrated in Figure 5.1. This approach uses a 

high-conductivity dual (Microporous layer on both sides) GDL (1). One end of the dual 

GDL is made cathode GDE and one end is made anode GDE and an electrically 

conductive gas-tight seal (4) is made between the cathode GDE and the anode GDE. An 

anode GDE (3) and a cathode GDE (2) are bonded along with membranes to their 

respective sides (as shown in Figure 5.1) on the dual GDE thus connecting the cells in 

series.  The number of cells in series will determine the cell voltage. Additional cells can 

be added to achieve the desired voltage. Hence the dimension of the ribbon in the 

longitudinal and lateral direction determines the current. The ribbon can be coiled, 

folded or longitudinally segmented to produce a variety of architectures.  In this 

architecture, current travels through the ribbon in the lateral direction, with current 

collectors at each edge of the ribbon. By eliminating bipolar plates the fuel cell ribbon 

architecture provides a more uniform current distribution over the surface of the 

membrane, thus improving catalyst utilization. 
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Figure 5.1:  Fuel cell ribbon architecture. 

 

A traditional bipolar plate stack architecture, shown in Figure 5.2, consists of 

individual fuel cells which are assembled in a series arrangement. An individual cell 

consists of a polymer exchange membrane with catalyst layers on either side. Reactant 

gases and current are transported by the gas diffusion layers located adjacent to the 

catalyzed membrane. The bipolar plate contains flow channels to distribute the reactant 

gases from the manifolds across the face of the fuel cell.  They also conduct current from 

one cell to another. Gaskets surrounding the GDL prevent leakage of reactants from the 

stack. The current architecture presents many manufacturing challenges at a component 

as well as an assembly level; for example, bipolar plate fabrication, alignment, and 

sealing.   

 

Complex flat stack arrangements consist of numerous parts that are difficult and 

expensive to fabricate and assemble, and are highly subject to catastrophic failure of the 

entire system if a leak develops. Repair is an expensive operation as it involves the 

disassembly and replacement of the defective cell, and the reassembly of the stack. 
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Figure 5.2: A traditional PEMFC stack  

 

In a fuel cell ribbon architecture, bipolar flow field plates are not needed to 

separate flow fields because the anode and cathode flow fields are open to the sealed 

reducing gas chamber and the atmosphere, respectively, and are effectively separated by 

the cells themselves. According to the model predicted by I. Bar-On, R. Kirchain, and R. 

Roth [47] the bipolar plates account for 15% to 29% of total cost of PEMFC 

components. The bipolar plates also occupy a significant portion of the volume of an 

assembled fuel cell unit, increasing the bulk and mass. An improved catalyst utilization 

provided by the more uniform reactant distribution of the fuel cell ribbon architecture 

could possibly reduce the overall cost. In a standard stack architecture, the only a portion 

of the MEA is exposed directly to the reactants in the flow channel. The rest of the MEA 
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surface lies under the shoulders of the bipolar plates. Lower porosity under the shoulders 

of the bipolar plates hinders the diffusion of the gas to the reactant sites.  

Another component or system of conventional fuel cell systems that is no longer 

required is the heat transfer system. The fuel cell system of a ribbon architecture has a 

much larger ratio of exposed area to active area and, therefore, dissipates waste heat 

directly to the surrounding air without the need for a circulating heat transfer fluid, a 

pump to circulate the fluid, or heat exchangers inside the stack to collect the heat and 

outside the stack to dissipate the heat.  

Some of the catastrophic failure modes such as corrosion of the plates leading to 

increased contact resistance, swelling of polymer materials in the active catalyst layer 

leading to change in water removal characteristics and compaction of the gas diffusion 

layer are eliminated in the ribbon architecture. 

 

5.2 Ribbon Architecture Configurations 

Possible MEA ribbon architecture designs using a star or spiral shaped 

configuration are shown in Figure 5.3.  In the Figure 5.3(a), the star shaped 

configuration has ribbon MEAs connected in the shape of a star. The ribbon MEAs will 

be oriented in such a way so that the gas tight interconnects are present at each edge of 

the star. The design has endplates which will provide gas-tight seals at the ends of the 

MEAs, and the entire cell will be enclosed in a cylindrical structure. The hydrogen gas 

passes through the end plate and will exit through the other side. The oxygen gas will be 

passed on the outside boundary of the MEAs within the cylindrical enclosure. A second 

possible configuration, shown in Figure 5.3(b), is called a spiral configuration. The 

MEAs would be curled up like a spiral and can have oxygen and hydrogen gas flow 

through different entry points of the spiral shape. This cell would also require endplates 

similar to the star shape configuration and could also be enclosed in a cylindrical 

structure.  

Both configurations will not have any inactive regions as both anode and cathode 

will come in full contact with their respective gases. With these designs, current can be 

collected using terminal strips at the end of the ribbon as shown in figure 5.3. A vertical 
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orientation of the FC will avoid trapping water and make it simple for removal as it can 

flow down. The end plates of these designs will have specially grooved sections so that 

the MEAs can be held in place.   

 

 

(a) 

 

 

(b) 

Figure 5.3: Possible ribbon architecture stacks using (a) star shape and (b) spiral 
configuration. 
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The following sections investigate the two different types of ribbon architectures, 

their fabrication, testing and comparison of the ribbon architecture to a standard 2-cell 

stack architecture. 

 

5.3 Two-Cell Ribbon Architecture FC without a gas tight 

electrical interconnect. 

 

The first ribbon architecture developed, shown side view in Figure 5.3, uses a LT 

2300-W GDL made by E-Tek, a division of BASF Fuel Cell, with each cell in this 2-cell 

configuration having an active area of 10 cm2 for a total area of 20 cm². The dual GDL 

(20 cm²) is a low temperature ELAT® GDL micro porous layer on thin woven web with 

a thin micro porous layer on both sides. This micro porous layer is required for effective 

catalyst coating on both sides of the GDL. The GDL is coated as a cathode on the right 

upper side and as an anode on the left bottom side. Two separate E-Tek LT 1200-W 

GDL of 10 cm² size were coated with catalyst to make an additional anode and cathode 

for this 2-cell FC. The catalyst coating was done as discussed in section 3.2.1 under 

catalyst solution.  Two untreated Nafion N-115 membranes of the dimensions shown in 

Figure 3.1 were used. They were dry cut and treated according to the procedure 

discussed in Section 3.2.1. Using the orientation shown in Figure 5.4, the ribbon MEA 

was pressed in a thermal press (details discussed in next section). This configuration 

connects the cells in series and the current can be collected by placing current collector 

plates one on the anode side and the other one on the opposite cathode. Since the ribbon 

arrangement has steps, pressing the entire MEA on a flat surface would have damaged it.  

Figure 5.5 shows the frame and autoclave that were used for thermally sealing the dual 

cell. 
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Figure 5.4: Ribbon architecture without a gas-tight electrical interconnect. 

 

Figure 5.5: Frame and autoclave for MEA sealing. 
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5.3.1 MEA Fabrication 

The MEA autoclave in Figure 5.5 consists of two stainless steel end plates, a 

silicone gasket for sealing, and a frame in which the MEA is pressed.  Instead of two flat 

Teflon sheets to bond the MEA, the Teflon sheets of the required dimensions were 

stacked to form the frame in such a way such that: 

a) The MEA is oriented properly in them. 

b) The bonding is proper and strong, since flats sheet will cause an uneven bonding 

strength distribution. 

 

The various steps involved in the MEA assembly are as follows. 

1. One 10-cm2 GDE is placed, anode side up, on the left side of the Teflon frame on 

top of a piece of silicone. 

2. The prepared Nafion N-115 membrane is placed on top of the electrode. 

3. The dual GDE is placed with cathode side facing down towards the 10 cm² 

anode. 

4. The membrane is placed on the anode side of the dual GDL at the right side. 

5. The second electrode is placed, cathode side down and facing the anode of the 

dual GDL on top of the membrane 

6. The second piece of the Teflon frame is placed on top of the electrode. 

7. The second piece of silicone is placed on top of the Teflon frame (the silicone is 

large enough to seal around the Teflon frame). 

8. The assembly is then placed between to sheets of stainless and placed in a cold 

press. 

9. The press is closed to roughly 800 lbs [3.6 kN] (for a 20 cm² cell), although the 

pressure will depend on the surface area of the MEA and the silicone pads. 

10. The press is heated to ~135°C, held for 5 minutes, and then cooled to less than 

50C 

11. The assembly is removed from the press, a heat sink block (Figure 3.7) is placed 

on the stainless sheets, and it is allowed to cool to room temperature. 
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The MEA is stored in a plastic zip lock bag with a few drops of de ionized water to keep 

the membrane hydrated. The Ribbon architecture prototype is shown in figure 5.10 and 

the engineering drawing is shown in Appendix A under Figure A.3 

 

5.3.2 Experimental Set-Up 

In order to test the MEA for open current voltage and create a voltage-current 

(VI) performance curve, a test fixture made out of ABS plastic by fused deposition 

modeling (FDM) using a Stratasys Dimension machine. The anode and cathode side of 

the test fixture were similar except for the water collection grooves in the cathode side. 

Basically, the stand had entry and exit ports for the reactant gases. Figure 5.6 shows the 

various components of the test stand and the engineering drawing for the test stand is 

shown in Figure A.3. Since the text fixture was slightly porous, the inside surfaces had 

to be coated with low-viscocity cyanoacrylate adhesive and allowed to dry to make them 

gas-tight. A laser-cut silicone gasket was used for sealing. The gasket fits in the grooves 

made on the fixture where the 2-cell MEA is clamped. The gas inlet and outlet ports are 

fitted with gas fittings and six nuts and bolts are used for clamping the test cell (fixture, 

MEA, and current collectors) together. Figures 5.6 and 5.7 show the assembled and 

disassembled test cell. The orientation of the MEA in the test cell is such that the anode 

sides of the MEA will receive hydrogen. The current collectors are placed, one on the 

anode side and the other on the adjoining cathode face. 

 



 

 66 

 

Figure 5.5: Rapid prototyped test cell for the ribbon architecture. 

 

 

Figure 5.6: Assembled test cell with current collectors. 
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 Figure 5.7: Disassembled test cell 

 

Effective current collection is a critical for an MEA to function properly. At first, 

a thin copper current sheet was used at the end of the anode and cathode, but current 

collector should come in intimate contact with the GDL, which was not being achieved 

due to distortion of the copper strips. A modification to the test cell was made, as shown 

in Figure 5.8, to improve current collection. Grooves were made in both ends of the test 

cell for the placement of a rigid, nickel-coated, copper current collector. This current 

collector is thicker and does not distort under the clamping loads used. The current 

collector was held in place by the silicone gaskets which go over it. 
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Figure 5.8: Variation of the test cell to accommodate a rigid current collector. 

 

5.3.3 Discussion 

The MEA without the gas tight interconnect was tested using the test station 

shown in Figure 3.15. The preparation of the Fuel Cell test station for operation was the 

same as described in Section 3.1.  The open circuit voltage was measured to be 0.6 volts, 

which was less than half of what was expected. The reason for this low voltage is 

believed to be leakage of hydrogen to the air side through the center of the dual GDL 

which is shown in Figure 5.3. Due to the low voltage of the cell the IV curve was not 

measured.  The leakage phenomenon caused between the two cells led to the 

investigation of possible methods to seal the gap between the two cells.  

 

 

Current Collector  

Gas Outlet  

Gas Inlet  



 

 69 

5.4 Two-Cell Ribbon Architecture FC with a Gas Tight 

Electrical Interconnect. 

 

After testing the previous architecture, it was evident that an interconnect which 

prevents leakage of gas from the hydrogen to the air side and is also electrically 

conductive was needed. There were two options of either bonding an interconnect 

between two cells or converting the gap in the center of the dual GDL into an 

interconnect.  This interconnect is discussed in the following sections. 

 

5.4.1 Dual GDE Preparation 

The 2-cell MEA was prepared in essentially the same manner and using the same 

materials as the previous MEA discussed in Section 5.2. The only difference was that an 

electrically conductive silver epoxy interconnect was coated in between the electrode 

areas in the dual GDE. EPO-TEK® H21D a two component, high glass transition 

temperature (Tg), silver-filled epoxy adhesive was used. This epoxy is designed to be 

used in applications with temperatures as high as 300°C. It has a paste like rheology 

which was applied by hand using a spatula or a toothpick.  It has two components:  

Part A (Silver) – Specific Gravity 2.45 

Part B (Silver) – Specific Gravity 2.14 

 The mix ratio by weight (A:B) is 10:1. 1 gm of part A and 0.1 gm of part B were 

used. The contents of A and B are mixed thoroughly before being applied. The epoxy 

was applied in the center of the dual GDL over an area of 0.5×3.16 cm. The epoxy was 

applied to both sides of the dual GDL and also inserted in the using a toothpick. It has a 

volume resistivity of less than 0.0009 Ohm-cm and a thermal conductivity of 1.0 

W/m⋅K.  

  Figure 5.9 shows the ribbon architecture with the various materials used. The silver 

epoxy was applied manually and allowed to cure for 24 hours before the cathode and 

anode catalysts were coated. The minimum bond line cure schedule is 90 minutes at 80 

degree Celsius, 15 minutes at 120 degree Celsius and 5 minutes at 150 degree Celsius. 
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This MEA was pressed using a carver hot press using the same technique as the previous 

cell. The Ribbon architecture prototype is shown in figure 5.10 and the engineering 

drawing is shown in Appendix A under Figure A.3.  

 

Figure 5.9: Ribbon MEA architecture with interconnect. 

 

Figure 5.10: Ribbon MEA (a) Without gas tight interconnect (b) with interconnect 
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5.4.2 Results and Discussion 

Various tests were performed to characterize the behavior of the 2-cell MEA 

with a gas-tight electrical interconnect.  The tests performed include cell voltage as a 

function of time, open current voltage and voltage density versus current density (VI 

curve).  A Fuel Cell Technologies test stand was used to test the two 10 cm2 active-area 

ribbon MEAs.  Pure 2H was used as an anode reactant and air as the cathode reactant. 

The open circuit cell voltage as a function of time is shown in Figure 5.11. When 

fuel is first purged into the cell the starting voltage at time 0 seconds is 0.8 volts, which 

jumps to 1.86 volts (10 seconds) before stabilizing at 1.431 volts (60 seconds).  The 1.86 

volts of the stack architecture is comparable to the 1.88 volts OCV measured on a 

standard 2 cell stack (discussed later). The fall in voltage from 1.86 to 1.431 is attributed 

to gas leakage due to insertion of the current collecting plates. The condition of 1.86 

volts occurs before the cell starts to leak as there is enough hydrogen and air available to 

reach the highest OCV. After this point the leakage in the cell starts occurring which 

reaches a stable condition at 1.431 volts. Alternative methods for current collection and 

design of the test stand need to be investigated which are completely gas-tight to achieve 

better performance.  
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Figure 5.11: Stack voltage as a function of time. 
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The VI curve for the 2-cell MEA is shown in Figure 5.12. Operating conditions 

were a cell temperature of 25°C, anode humidity temperature of 25°C, and a hydrogen 

flow rate of 304.23 sccm. For a cell of area 20 cm² operating at room temperature the 

required flow rate is achieved at a stoichiometry of 2 at current density of 1 amp/cm².  

The calculations for flow rate and a graph of flow rate vs. current density   are given in 

appendix C. An air supply was used for the cathode side. Typically the volume of air 

required should be 5 times the volume of the required oxygen. The curve is fairly linear 

and the voltage decreases with higher current density levels.  The performance of the IV 

curve for the ribbon architecture is discussed in the next section when it is compared to a 

standard 2-cell stack.   
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Figure 5.11: Stack Potential vs. current density of a ribbon architecture. 

 

5.5 Two-Cell Stack Ribbon Architecture vs. Standard Stack  

A standard E-Tek TekStak™ Fuel Cell Kit two cell stack was used. The stack 

used the same components and was assembled in the same way specified in section 3.3.  

The fuel cell test station from fuel cell technologies was used for testing. The test station 

was prepared for fuel cell testing in a similar way as describe in section 3.3. Operating 

conditions were for the fuel were cell temperature of 25°C, anode humidity temperature 
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of 25°C, and a hydrogen flow rate of 50 sccm.  Humidified 2H  and air was used for 

anode and cathode respectively. The stack was tested for OCV and VI curve. Figure 5.15 

shows a comparison between the VI curve of the standard 2 cell stack vs. a 2 cell ribbon 

architecture.   It can be seen that the starting OCV of the ribbon architecture is 1.431 

volts as compared to that of the two cell stack architecture which has a OCV of 1.88 

volts. The difference in the curves is attributed to the gas leakage in the ribbon 

architecture’s test stand. Due to the gas leakage the IV curve of the fuel cell tends to 

shift down. The difference in OCV between the two architectures is 0.449 volts.  
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Figure 5.15: VI curve of a Standard 2-cell stack vs. the 2-cell ribbon architecture. 

 

The drop in voltage per cell is 0.225 volts in the ribbon architecture as compared 

to the standard stack. To better understand and compare the IV curve of the ribbon 

architecture to the two cell standard stack architecture it was shifted up. Figure 5.16 

shows the new IV curve for the ribbon architecture represented by the dotted lines. It 

also defines the regions of activation loss, resistance loss and gas transport loss for both 

the cells. The activation losses in a ribbon architecture are less than a two cell stack 

architecture. The resistance to the flow of electrons through the electrolyte causes the 
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resistance losses. These losses can be decreased by using a thinner MEA and keeping the 

membrane hydrated at all times. 

At higher current densities there is a higher voltage loss which is attributed to gas 

transport losses. The gas transport losses are higher and start early for the ribbon 

architecture. The slope of this curve is attributed to deficit of oxygen available to the 

cathode side of the ribbon architecture causing the rapid drop in voltage. 

It can be concluded from the above tests that using optimum conditions such as 

pure oxygen/air supply and high operating temperatures between 80-90°C will lead to 

high performance MEA’s. Drying of the membrane can cause the voltage to drop at 

higher current densities.  

 

 

Figure 5.16: VI curve of a Standard 2-cell stack vs. the 2-cell ribbon architecture with a 
shifted curve.  
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5.6 Summary 

 

Two different types of ribbon architectures were fabricated and successfully 

tested. A Testing fixture was fabricated out of ABS by fused deposition modeling 

(FDM) using a Stratasys Dimension machine to test these architectures.  This fixture 

unlike a standard stack had gas chambers for anode and cathode removing the need for 

flow fields.  

The first architecture called the ribbon architecture without the gas tight 

interconnect was further improved when gas leakage was found from the hydrogen side 

to the air side through the Dual GDL. The second architecture called ribbon architecture 

with gas tight interconnect solved the problem of the previous architecture by 

eliminating gas leakage from anode to cathode side. The performance of the second 

architecture was compared to a standard 2 cell stack architecture. The performances of 

both the architectures have been discussed. Factors have been discussed which will 

improve the performance of the ribbon architecture bringing it at par with the stack 

architectures. Various configurations on how the architecture can be used in long ribbons 

for high voltage applications have been discussed.   
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Chapter 6 – Continuous Manufacturing of PEMFC 

Ribbon Architecture 

 

6.1 Introduction 

 

Currently, catalyst coating of GDLs intended for a ribbon architecture MEA is 

manually done by a brush painting technique. The GDLs and membranes are cut from 

stock using a Template (Lab Artisan) in a hand operated die press.  Finally, MEA 

bonding is done using a heating press with controlled temperature and pressure.  If a 

ribbon architecture is destined for production, then better and faster manufacturing 

processes must be developed to product MEAs, preferably in a continuous fashion. 

This chapter discusses the potential for continuous manufacturing of PEM 

MEAs.  The necessary input materials are specified along with a definition of the 

anticipated manufacturing unit operations, work centers, and production equipment. The 

overall material flow plan for the manufacturing system design is presented in the form 

of an assembly chart. Finally, task elements are specified for each unit operation in the 

form of flow process charts. 

 

6.2 Materials 

  Materials to be used in the ribbon architecture MEA included the membrane, 

GDL, and catalyst.  Figure 6.1 represents the various materials which will be used for 

construction of the MEA.  Each one is discussed in more detail below. 

1. Membrane – Untreated Nafion N-115 untreated membrane is used. The 

membrane will be treated and cut to the size required for the MEA.  

2. Gas Diffusion Layer - The dual GDE uses a GDL LT 2300-W which is a low 

temperature ELAT® GDL micro porous layer on thin woven web, with a thin micro 

porous layer on backside.  The micro porous layer allows it to be coated on both 

sides.  
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3. Catalyst – The following catalyst loadings maybe used in making the respective 

Gas Diffusion Layers:  

Anode Catalyst Loading 

Catalyst – HP 40% Platinum Ruthenium on Vulcan XC-72. ( 0.4 mg/cm²) 

Nafion dispersion solution 10%. ( 0.6 mg/cm²) 

Isopropyl Alcohol. (1 ml) 

Cathode Catalyst Loading 

Catalyst – 50% Platinum Vulcan XC-72 . ( 0.4 mg/cm²) 

Nafion dispersion solution 10%. ( 0.6 mg/cm²) 

Isopropyl Alcohol. (1 ml) 

 

 

Figure 6.1: Schematic of a Ribbon PEM fuel cell architecture showing materials used. 

 

6.3 Dual GDE Preparation 

The Dual GDE preparation method involves multiple steps as shown in Figure 

6.2. Catalyst measurement is done using an industrial weight measuring system with an 
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accuracy of 0.01 milligram or 10 micrograms. The catalyst mixture is then stirred using 

a stirring/mixing machine, as shown in Figure 6.3(a).  Coating of the GDL with the 

catalyst, usually many layers, is discussed in more detailed in the following section.  

GDE drying would occur in a horizontal sintering oven (see Figure 6.3(b)). 

 

 

Figure 6.2: GDE Preparation Flowchart. 

 

(a)  (b)  

Figure 6.3: (a) Catalyst Stirring/Mixing machine [48] and (b) Horizontal Sintering oven 
[49]. 

 

For continues and high volume manufacturing, two catalyst coating methods 

have been proposed; namely, roller coating and ultrasonic coating. 

 

6.3.1 Roller Coating 

 

GDL available in sheets or rolls will be coated with catalyst mixture using a 

commercially available Gravure Coating machine. The roll surface of the Gravure 

coating machine is engraved with a pattern or cells which provide a specific coating 
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volume. The coating roll is mounted on bearings and rotates partially submerged in a 

coating pan. Rotation of the roll picks up the coating, which is doctored (pre-metered) by 

a flexible steel blade as the roll rotates toward the contact point with the web.  In this 

particular case, the pressure roll transfers the coating (catalyst mixture) to the substrate 

(GDE). The GDE sheets or roll is then dried using a sintering oven. Figure 6.4 shows a 

schematic of the Gravure coating method and a commercially available machine.  

(a) (b)  

Figure 6.4: Gravure Coating (a) Method [50] and (b) Machine [51]. 

 

If the Gravure Coating method is applied to a ribbon-architecture GDL, one 

concept for a modified roller coating machine with a sintering oven is shown in Figures 

6.5 and 6.6. The GDL roll is mounted on top of the machine. The width of the roll is 

equivalent to the width of two cells plus the width required for the electrically 

conductive epoxy strip.  The GDL roll is transferred at a continuous set speed over the 

anode coating station where one half side of the GDL is coated. The GDL passes 

through the sintering oven where it dries before the opposite half side is coated as 

cathode. This is repeated by a second drying process in another sintering oven. 

Depending on the number of anode and cathode coatings required, which typically range 

from 5-15 times, the stations can be repeated in a serpentine fashion.  Only one coating 

station is shown in Figures 6.5 and 6.6. 

  After the catalyst coating has been applied and dried, a final coating of the epoxy 

strip can be applied. The epoxy coating will require the same coating mechanism, so the 
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machine can be extended beyond the catalyst coatings. The epoxy strip will be coated in 

the center on both sides of the GDL. 

 

 

Figure 6.5: Catalyst coating machine with the GDL roll mounted at the top and various 
stations involved in catalyst coating. 
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Figure 6.6: Side view of the catalyst coating machine showing the various stations and 
the direction of flow of the GDL. 

6.3.2 Ultrasonic Coating 

Ultrasonic coating is an alternative high volume production method. The drops 

produced by ultrasonic atomization have a relatively narrow size distribution. Median 

drop sizes range from 18-68 microns, depending on the operating frequency of the 

specific type of nozzle. As an example, for a nozzle with a median drop size diameter of 

approximately 40 microns, 99.9% of the drops will fall in the 5-200 micron diameter 

range. 

 

Ultrasonic Spray Nozzles  

As their name implies, ultrasonic nozzles employ high frequency sound waves, 

those beyond the range of human hearing. Disc-shaped ceramic piezoelectric transducers 

convert electrical energy into mechanical energy. The transducers receive electrical input 

in the form of a high frequency signal from a power generator and convert that into 

vibratory motion at the same frequency. Two titanium cylinders magnify the motion and 

increase the vibration amplitude at the atomizing surface. 
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Nozzles are configured such that excitation of the piezoelectric crystals creates a 

transverse standing wave along the length of the nozzle. The ultrasonic energy 

originating from the crystals located in the large diameter of the nozzle body undergoes 

a step transition and amplification as the standing wave as it traverses the length of the 

nozzle. 

The nozzle is designed (as shown in Figure 6.7) such that a nodal plane is located 

between the crystals. For ultrasonic energy to be effective for atomization, the atomizing 

surface (nozzle tip) must be located at an anti-node, where the vibration amplitude is 

greatest. To accomplish this, the nozzle's length must be a multiple of a half-wavelength. 

Since wavelength is dependent upon operating frequency, nozzle dimensions are 

governed by frequency. In general, high frequency nozzles are smaller, create smaller 

drops, and consequently have smaller maximum flow capacity than nozzles that operate 

at lower frequencies. 

 

 

Figure 6.7:  Schematic of an ultrasonic nozzle [52] 

 

The various spray patterns that can be achieved using an ultrasonic nozzle are 

shown in Figure 6.8. Depending on the surface area of the GDL to be coated, a nozzle 

spray pattern can be selected.  A peristaltic pump can be used to get low flow rates and 
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also various air shaping devices can be used.  The particles dry during travel so they can 

hit the GDL substrate in dry or near dry conditions. In addition, a thickness uniformity of 

10% across the width is claimed by the manufacturer. 

 

 

Figure 6.8: Different spray patterns of ultrasonic nozzles. [52] 

 

A schematic of simultaneous ultrasonic nozzles used for coating of the catalyst 

on a GDL is shown in Figure 6.9. The coating procedure will be same as the previous 

machine. After anode coating the GDL will pass through a sintering oven for drying and 

then the cathode coating and drying will take place. The procedure can be repeated to 

achieve the number of coats required. The epoxy strip can be applied using a roll coater.  

 

 

Figure 6.9: GDL Coating using simultaneous ultrasonic nozzles [53]. 
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Machine coating of GDE provides an MEA with catalyst uniformity, which is 

crucial for minimized catalyst loadings, reproducibility, flexibility in MEA dimensional 

variation, and low cost. 

 

6.4 Dual GDE and Membrane Handling 

 

The Dual GDE begins as a GDL that is coated as a cathode on the right upper 

side and as a anode on the left bottom side. In between both these electrodes sharing a 

common GDL is an electrically conductive silver epoxy interconnect. The interconnect 

prevents leakage of gas and is also electrically conductive to allow the current to flow 

through.  The Dual GDEs and membranes must be handled in an automated fashion prior 

to bonding them into the ribbon architecture.  The method of handling is discussed 

below. 

The MEA autoclave consists of 2 end plates, a silicone gasket for sealing and a 

frame in which the MEA will be pressed, as shown in Figure 6.10.  The Teflon frame is 

machined in such a way so that 

a) The MEA is oriented properly in them. 

b) The bonding is proper and strong. Flats sheet will cause an uneven bonding 

strength distribution. 

The frames will be placed on the pressing station. After placing/orienting all components 

of MEA, either by hand, hard automation, or a robotic manipulator, the frame will be 

closed and the MEA sealed. Various components of the MEA will arrive on a conveyor 

to the pressing station where they will be oriented automatically before being sealed. 

The description of the orientation of various components of the MEA are provided under 

station description. 
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Figure 6.10: Frame and autoclave for MEA sealing. 

 

6.5 MEA Sealing 

 

The performance of an MEA in a stack is influenced by the process parameters 

used when bonding (sealing) the membrane and GDEs. This bond is achieved by 

pressing the components at a given temperature (T) and pressure (P) for a period of time 

(t) if thermal welding is used. Once the MEA has been placed and oriented in the frame 

it will be pressed. Two possible methods of sealing have been investigated. 

6.5.1 Thermal welding 

Thermal welding involves sealing of the MEA using a press with heated platens 

which can be set to a specific temperature, pressure, and press time.  A typical press time 

is 1-4 minutes. The ribbon MEA frame is inserted in the press within padding (silicone 

sealing) and stainless steel plates. As seen in Figure 6.11, the MEA fixture is clamped at 
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a particular pressure depending on the area of the MEA. The sealing takes place at a 

temperature around 135°C for Nafion.  

 

 

Figure 6.11: Thermal welding of a ribbon architecture MEA.  

 

One of several measures of the quality of the sealing process is the bond strength 

between the membrane and the electrode as determined by a pull test performed by a 

mechanical testing machine, such as that made by Instron. A precision MEA press was 

used to produce MEA weld specimens. Eight test samples containing one inch wide 

strips of membrane material and one inch wide strips of electrode material with an 

overlap distance of one half inch were prepared. The test samples are attached to a metal 

frame with masking tape to hold them in place during the pressing operation. Kapton is 

used as a barrier material above and below the samples to prevent sticking to the press 

tooling.  
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Main effect plot for time vs pressure
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Figure 6.12: Maximum loads for the MEA samples at different pressure and pressing 
time conditions. 
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Figure 6.13: Showing different failure modes of the MEA samples under different 
pressure and pressing time conditions. 
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We can see from figure 6.12 that the maximum load is dependent on the pressure 

and not on time. Both cases of low pressure give high maximum loads averaging at 

about 28N. Whereas both cases of high pressure give low maximum loads averaging at 

about 19N. As shown in figure 6.13 the GDL failure in all samples occurred in both the 

cases of high pressure. Incase of low pressure there was a mix of GDL and shear failure. 

These results were predictable suggesting high pressures should not be used for pressing 

membranes. 

The process of continuous handling and thermal welding to form a continuous 

ribbon strip has been described in section 6.6.2 under station 3. After the MEA is 

oriented in the frame it will be sealed for 60 seconds. The sealed MEA is pulled our the 

robot and the unused anode is oriented such that it can be used in the next MEA thus 

forming the continuous strip architecture.   

 

6.5.2 Ultrasonic Welding 

Ultrasonic welding is another option for sealing ribbon architecture MEAs.  In 

ultrasonic welding, high-frequency ultrasonic acoustic vibrations are locally applied to 

work pieces being held together under pressure to create a solid-state weld. Ultrasonic 

welding equipment consists of a machine press, generator, converter or transducer, 

booster, sonotrode or horn, and component support tooling. A schematic of an ultrasonic 

welding machine is shown in Figure 6.14. The welding horn is the element of the 

welding stack that supplies energy to the component being welded.  The orientation of 

the MEA is the same as used for the thermal press within the MEA frame. 
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Figure 6.14: Ultrasonic Welding of an MEA.   

 

There are both advantages and disadvantages to ultrasonic welding of MEAs.  Some of 

the advantages of ultrasonic bonding are that can reduce the cycle time by 90%, increase 

bond strength by a factor of 2, reduces energy consumption by 90%, and is compatible 

with a broad range of MEA materials (Conversation with Ray Puffer, Research 

Engineering, RPI, April 11, 2007). One potential disadvantage is that the ultrasonic 

vibration may adversely affect the integrity of the catalyst layer.  The process of 

continuous handling and ultrasonic welding to form a continuous ribbon strip has been 

described in section 6.6.2 under station 3 and will follow the same procedure as thermal 

welding. 
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6.6 Ribbon Architecture Production Line 

This section gives a description of the production line, work stations and their 

parameters.  This will help incorporate the production of a ribbon architecture into a 

continuous manufacturing process. To accomplish this, the manufacturing unit 

operations, work centers, and production equipment have been defined. The overall 

material flow plan for the manufacturing system design is presented in the form of a 

floor plan and an assembly chart. Task elements are specified for each unit operation in 

the form of an operation chart. 

 

6.6.1 Overview 

The fuel cell production line would fabricate a three-layer MEA. Nine unit 

processing stations (identified by station numbers 1 through 9) make up the main 

assembly line. Stations followed by “A” represent a repeat station. The line comprises of 

various operations from the cutting of electrodes and membrane to the assembly of the 

ribbon MEA. The inspection station is the final point in the production process. The 

operation process chart, shown in Figure 6.15, presents a slightly more detailed 

understanding of the production process.  The operations and assemblies are listed in the 

sequence of occurrence starting from the cutting of GDEs and membranes and to their sealing. 

The current manufacturing process requires two pieces of hard tooling (associated with a 

press for cutting), hydraulic presses (two), heated or ultrasonic press for MEA sealing, a 

catalyst mixing machine, gravure or ultrasonic coating machine, and a GDE sintering 

oven. 
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Figure 6.15: Operation Process chart for the production line 

 

MEA sealing is a bottleneck operation as it requires the membrane to be placed 

over the lower electrode and then the upper electrode to be placed on it followed by 

another membrane and electrode. One of the main difficulties with this MEA line is that 

it requires a switch of tooling each time a new product with different specifications 

needs to be manufactured.   

Figure 6.16 shows a plant layout and material flow for the MEA manufacturing. A 

rectangular layout is used for the production line, and the main line is fed by 

subassembly or parts lines from both sides. This layout is used when the main assembly 

line is located near the center of an area. It is particularly useful to Membrane Electrode 

Assemblies. 
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Figure 6.16: Floor plan and the material flow of the plant. 

 

6.6.2 Station Descriptions 

 Stations in the production line are described in this section with number 

referencing corresponding to Figure 6.16. 

 

Process #1: This station involves the catalyst and epoxy coating of the dual GDL.   

 

Process #2:  In this process, a forty ton hydraulic press is used to die cut electrodes 

that are coated with catalyst.  It is a manual process staffed by a single operator who 

slides sheets onto the press, orients for cutting and performs the flat die cutting of 

one electrode or an array of multiple electrodes depending on the product mix. The 

input work piece is a standard size sheet of electrodes where approximately 5-10% of 

the material is scrapped and offal is discarded in a recycling drum. 
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The die cut electrodes are then transported to Process #3. Operator tasking 

includes both machine concurrent time (loading sheets onto the press, die cutting, 

etc.) and machine non-concurrent time (material handling of stacked electrodes, 

etc.). Cycle times for this unit process are not currently available. Due to the cost of 

platinum, future objectives include the reduction and recycling of scrap material and 

transition from flat die cutting of sheet material to laser cutting from rolls. 

 

Process #4: This is an automated operation which places the membrane roll on a 

cartridge feed roll. This feeds the membrane material to station #5. 

 

Process #5: Arrays of multiple membranes are flat die cut on a press. 

 

Process #6: In this process the membrane covers are removed using a vacuum drum 

and the membrane is removed using a vacuum chuck on robot. The membrane 

position is sensed using a camera and it is transferred onto the electrode assembly in 

the sealing press. 

 

Process #3: This station consists of a pick and place robot and a machine vision 

system that follows these steps: 

1. This is an automated operation in which the Anode GDE is oriented on the left 

side of the frame with catalyst layer facing up. The first cathode of a ribbon will 

be wasted but after this the ribbon formation is a continuous process. 

2. This is an automated operation which places the membrane on left side of the 

frame on the Anode side of the GDE. 

3. This is an automated operation which places the Dual GDE with cathode facing 

down on left side of frame. 

4. This is an automated operation which places the membrane on right side of the 

frame on the Anode side of the Dual GDE. 

5. This is an automated operation in which the Cathode GDE is oriented on the right 

side of the frame with catalyst layer facing down. 
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Steps 1-5 are repeated to form a continuous ribbon. The anode left after Step 5 is 

oriented again as in Step 1 leading to continuous formation of ribbon. This 

orientation pushes the bonded MEA forward making space for new MEA material in 

the frame.  

 

Process #7: In this process the MEA is heat sealed. The cycle time is approximately 

60 seconds for thermal welding as described under section 6.5.1 and 5 seconds for 

ultrasonic welding. This is a continuous process with new ribbon oriented and sealed 

at this station and older ribbon is pulled out.  

 

Process #8: Manual visual inspection is done at this station where the operator takes 

the MEA from process #7 and places it on a light table and records information on 

membrane thickness. Visual inspection is done to see any irregularities in MEA 

orientation and bond. 

 

Process #9: This process involves the packing of the completed MEA in an 

aluminized, vacuum sealed foil pouch. The desired ribbon is cut, packaged and then 

placed on a conveyor which are transferred to the unload station. 

 

Unload Station:  The final packed MEAs are unloaded at the unload station and sent 

to the storage area. 

 

6.6.3 Work Station Parameters 

Parameter values, including cycle time parameters, scrap and capacity are given 

in Table 6.1 for each station.  Mean time between failure (MTBF) and mean time to 

repair (MTTR) for each station, in addition to labor requirements and capital costs for 

each station are detailed in Table 6.2.  Since actual values are not tabulated, these 

represent estimates [54] of the real parameters.  
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Table 6.1: Station requirements and cycle times [54] 

Process Parameter values 

#2 (electrode cut) 40 ton hydraulic press 

5-10% scrap 

Cycle times: ~ 1 minute/ 4 electrodes 

#4 (place membrane 

roll and feed) 

Cycle time: ~10 seconds 

#5 (membrane cut) Cycle time: ~15 seconds 

#6 (membrane 

cover removal) 

Cycle time: ~30 seconds 

#3 (Dual GDE  and 

membrane 

Placement) 

Cycle time: ~60 seconds 

#7 (seal) Cycle time ~ 5 seconds 

#8 (inspection) 1 operator ~20 seconds 

#9 (packing) 1 operator ~20 seconds 

 

Table 6.2: Operation parameters for each production station [54] 

Station MTTR 

(estimate) 

MTBF 

(estimate) 

Labor requirement Capital cost 

to replicate 

Tool life 

2 

(electrode 

cutting) 

4 hours 2000 hours 1 operator: needs to be 

present whenever 

machine is running 

1 person = 1 electrode/15 

sec. ~1920 day 

$150 

thousand 

$10 thousand 

(tooling) 

20000 hits 

5 (membrane 

cut) 

2 hours 2000 hours None 

(routine maintenance) 

 

$200 

thousand 

$8000 tooling 

20000 

7 

(seal) 

4 hours 200 hours 100T press, machine 

vision, robot system, 

vacuum table 

$500 

thousand 

$15 thousand 

~ infinite 
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Greater source of human 

intervention required ~ 3 

man hours/shift 

(tooling) 

8 

(inspection/ 

placement) 

4 hours 300 hours 1 person (when running 

at capacity or 2 if making 

large MEA) ~1.5 persons 

$300 

thousand 

$20 thousand 

(tooling) 

10000 

cycles 

Mass transport 

system  

(Conveyor) 

2 hours 1000 hours    

 

6.7 Discussion  

 This section discusses the cost model for the production line, the production rate, 

number of workers required and possible jamming stations.   

 

6.7.1 Worker Requirement and Bottleneck stations 

 The production line was focused to have as many automated processes as 

possible and to remove worker presence. Figure 6.14 shows the stations which require a 

worker present. The dual GDE cutting and membrane cutting could be automated. A 

robot with a machine vision system could be used to pick, position and remove the work 

part at the GDE and membrane cutting station. The station where catalyst coating / dual 

GDE preparation, sealing, inspection, packing and load/unload must have a worker 

present.  

 

Manning Level = No. of workers / No. of stations = 7/10 = 0.7. 

 

Possible stations which could jam are: 

a) GDE cutting (station 2). 

b) Membrane cutting (station 5). 

c) Sealing (station 7). 
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Buffer storage is added after these stations so that jamming does not cause blocking or 

starving to occur for the MEA assembly and sealing. 

 

6.7.2 Production Rate 

The production rate was calculated to find the number of ribbon MEAs which 

can be produced in an hours. The production rate which is equivalent to the bottle neck 

station (station 3) comes out to be:  

Rp = 
Wl

s
= 0.016 ribbon MEA/sec or 60 ribbon MEA/hr   

Where: 

Rp = Production rate 

s= number of servers 

Wl = Process time at bottleneck station. 

 

6.7.3 Cost Model 

The end cost of a fuel cell comprises material, production, storage and shipping 

costs. Machine and labor costs contribute to the production costs. This section serves to 

explain the cost model for guiding the design of the facility and development of a cost 

efficient aggregate production plan. The cost of raw materials comes out to be 23.57 

dollars per MEA (Appendix A) Total cost per piece =   45.02 dollars/ribbon MEA 

considering machine and tooling cost has to be recovered in 1 year. Also total price is 

exclusive of factory overheads. (Appendix A). The cost analysis done is based on the 

cost inputs from the internet. High volume material rates will differ.  
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Chapter 7 – Conclusions & Future Work 

 

This research has focused on developing new fuel cell architectures and high 

volume manufacturing processes for them, which will lead to low cost fuel cell ribbons 

that can be fabricated into fuel cell assemblies that are less expensive and more reliable 

than current fuel cell stacks. 

First, single MEA fuel cells were built and tested in order to understand the 

phenomenon of the various processes related to fuel cells, such as catalyst coating, 

welding, testing operations, behavioral characteristics of the MEA and various materials 

with different operating conditions. 

 In conclusion, prototypes for fuel cell ribbon architectures, a system for testing 

and evaluating their performance were fabricated. Observations on different ribbon 

architectures were presented.  The testing fixture was rapid prototyping out of ABS and 

sealed with cyanoacrylate adhesive, and included gas inlet and outlet connections along 

with current collecting and sealing abilities.  After studying the results of the ribbon 

architecture without the interconnect the effects of gas crossover were found out in the 

cell. Which resulted in the development of a cell with a gas tight interconnect capable of 

carrying current through it.  Also the performance improved significantly with improved 

sealing methods of the test stand.  The effects of time on the stack potential and the IV 

curves of the ribbon architecture were recorded.  

 Appreciable performance was measured from the ribbon fuel cell with a gas 

tight current collecting interconnects.  The open current voltage and IV curves are 

comparable to a standard stack with bipolar plates. A OCV of 1.86 volts was achieved 

from a two cell ribbon architecture as compared to 1.88 volts of the two cell stack 

architecture. The performance of the ribbon architecture may surpass that of a standard 

stack once gas leakage and current collecting losses are dealt with.  Suggestions have 

been made to improve the IV curve performance of the ribbon architecture.  

The ribbon architecture improves catalyst utilization as in a standard stack 

architecture the only a portion of the MEA is exposed directly to the reactants is in the 

flow channel. The rest of the MEA surface lies under the shoulders of the bipolar plates. 
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Lower porosity under the shoulders of the bipolar plates hinders the diffusion of the gas 

to the reactant sites. Another advantage observed is heat management as the ribbon 

architecture has a much larger ratio of exposed area to active area and, therefore 

dissipates waste heat directly to the surrounding air. 

Based on the observations presented in this work, we may conclude that the 

adoption of ribbon architecture in fuel cells requires a careful consideration on the 

sealing of the device and an optimal current collecting method. A test stand which 

eliminates leakage completely is required and a design for current collection which can 

be incorporated into the device. Future work can involve testing the performance of 

strips greater than two MEAs. Other sources of interconnects which could be bonded 

between the two MEAs have to be investigated. Firstly this could remove the epoxy 

coating requirement which is time consuming and secondly this interconnect could be 

welded in a heat or ultrasonic press along with the MEAs.  Various ribbon architecture 

configurations have been discussed. Ribbon configuration can be achieved according the 

volume and shape specifications of the cell.  This configuration will eliminate the 

requirement of volume and shape associated with a regular stack and the heat 

management system that goes along with it. 

Methods of high volume continuous manufacturing have been discussed. This 

concept could be a model for future work on the manufacturing concept and price per 

piece for this design.  Some processes which need further investigation are laser cutting 

of gaskets, ultrasonic catalyst coating of the gas diffusion layer and ultra sonic welding 

of the MEAs. Incorporation of these processes would be required for high manufacturing 

and accuracy requirements. Alternatives to epoxy coating need to be investigated such a 

separate gas tight electrical interconnect which can be bonded in between two separate 

cells. This will save time on epoxy coating and drying.  
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APPENDIX A 

 

Technical Drawings 

 

This chapter catalogs the technical drawings of the test stand and the MEA. The 

following are the parts that have been shown: 

 

• Figure A.1 – The Membrane Electrode Assembly. 

• Figure A.2 – The Silicone Gasket 

• Figure A.3 – The Test Stand. 
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Figure A.1: The Membrane Electrode Assembly. 
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Figure A.2: The Silicone Gasket 
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Figure A.3:Engineering drawing for Test Stand. 
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APPENDIX B 

 

Cost Analysis for a 2 cell ribbon architecture of 10 cm² 

 

1. Required membrane size = 25.8 cm 

Available in 356000 cm for 49388.88 $ (ion-power) 

58.38.25*
356000

88.49388
= $/Membrane. 

 

2. Dual GDL = 20 cm  

Available in 900cm for 259 $ 

75.520*
900

259
=  $/GDL 

 

3. Total Catalyst  

Anode 

Catalyst = 10 mg @ (100$/g) = 1$ 

Ionomer 60mg @ (1.54$/g) = 0.088$ 

Isopropyl Alcohol = 1ml @ (473.17 at 2.39$) = 0.0051$ 

 

Cathode 

Catalyst = 8 mg @ (90$/g) = 0.72$ 

Ionomer 60mg @ (1.54$/g) = 0.088$ 

Isopropyl Alcohol = 1ml @ (473.17 at 2.39$) = 0.0051$ 

 

Silver Epoxy = 0.5g for 1.1 $ 

Total catalyst cost = 4.9 $ 

 

Total Material Cost  

Membrane * 2 = 7.16 $ 
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Dual GDL * 2 = 11.5 $ 

Catalyst for dual gdl = 4.91 $ 

Total Cost = 23.57 $  

 

Hours in a year = 1920 

 

Labor cost = Salary
Hours

sWor
*

ker
(Annual) = 38400*

1920

7
 = 140 $. 

 

Machine & Tooling Cost = 39.1147
1920

000,2203
= $ 

 

Total Cost per piece = =+
+

57.23
60

39.1147140
45.02 $/pc 
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APPENDIX C 

Flow rate calculations for anode and cathode. 

Jaskaran Sangra 
11/1/07 RPI  anode cathode   Anode Cathode 

Stoich 2 3.35  Temp ( C) 25 25 

Area (cm^2) 20 20  Hydrated? 0 0 

Mw (g/mol) 2.019 15.9994  Press (atm) 1 1 

N 2 4  

Oxygen 
Coeffiecient for 
Cathode Stream 0.21  

e 
(Coulombs/electron) 1.6022E-19 1.6022E-19     

Na (molecules/mol) 6.0226E+23 6.0226E+23     

Density (kg/m^3) 0.082529288 0.653996576 <- Mw/(RT/P)   

pp H2O 31.65195633 31.65195633 
<- to account for fully hydrated gases (Goff-
Gratch) 

       

Current Density 
(amps/cm^2) 

Hydrogen 
Flow (sccm) 

Oxygen Flow 
(sccm) <-Flow at the cell inlet, not from the tank 

0.1 30.42 121.33     

0.2 60.85 242.66     

0.3 91.27 364.00     

0.4 121.69 485.33     

0.5 152.12 606.66     

0.6 182.54 727.99     

0.7 212.97 849.33     

0.8 243.39 970.66     

0.9 273.81 1091.99     

1 304.24 1213.32     

Set operating temp to room temp if flow is measured before heating   

Current Density 1 1     

Flow Rate 304.2361969 1213.322928     
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Figure C.1: Flow rate vs. Current density of a cell of area 20 cm² operating at 25 degree 
Celsius. 

 

 

 

 

 

 

 

 

 

 

 


