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ABSTRACT 

 

The depletion of the world’s fossil fuels has forced an emphasis on green, 

alternative energy sources.  One solution is through the use of fuel cells, which generate 

electricity and heat through a chemical reaction converting hydrogen and oxygen into 

water.  Affordable, high volume production of the operational component of a fuel cell, 

membrane electrode assembly (MEA) is a limiting factor preventing adoption of fuel 

cell technologies.  Manufacturing energy and cycle times are inhibiting a fuel cell 

solution to green energy.  This research is focused on reducing the manufacturing inputs 

required to bond the components of a standard 5-layer MEA for low temperature 

Polymer Exchange Membrane Fuel Cell (PEMFC) through the use of ultrasonic welding 

while maintaining performance characteristics.   

Ultrasonic welding converts electrical energy into heat through high frequency 

mechanical oscillations, and in combination with pressure, bonds MEA materials.  Cycle 

times can be reduced by over an order of magnitude, including a similar reduction in 

energy consumption, by localized heating generated from friction between components.  

Previous research has shown ultrasonics is a viable alternative to traditional thermal 

pressing of MEAs for high temperature PEMFC applications with phosphoric-acid PBI 

membranes.  This research investigates ultrasonic MEA bonding and performance 

characterization for low temperature Nafion fuel cells. 

Fuel cell material effects and interaction with ultrasonics were studied initially.  

Electrode architecture is an important factor affecting performance.  The ultrasonic 

bonding process was optimized, along with thermal pressing, using commercially 

available gas diffusion electrode.  Analysis of Variance estimated no main effects of 

energy flux or bonding pressure for the ultrasonic process.  While not statistically 

significant, an interaction effect between the two factors may be non-negligible.  

Temperature was estimated to be a main effect of the thermal pressing process while 

pressure and the interaction were not.  Performance characteristics between ultrasonic 

and thermally bonded MEAs were compared using custom made electrodes.  Catalyst 

loading and membrane preconditioning are controlled through the design of experiments.  



 

 xi

Loss contributions were contrasted between the two bonding methods facilitated by the 

use of diagnostic techniques including impedance spectroscopy and cyclic voltammetry. 

The resulting conclusion is that ultrasonics is an effective alternative method for 

MEA bonding.  The advantages of ultrasonic bonding include order-of-magnitude 

reductions in both cycle time and manufacturing energy compared to conventional 

thermal pressing while maintaining performance metrics.  The marginal costs of MEA 

production are reduced by using the alternative process.  Efficient, localized heating 

from ultrasonics results in cycle time and bonding energy reductions of 93% and 98% 

respectively, making fuel cell technologies a more affordable solution to current global 

energy demands.   



1 

 

1. Introduction, Background, and Prior Work 

1.1 Introduction 

The depletion of the world’s fossil fuels has forced an emphasis by mankind on 

green, alternative energy sources.  One part of the solution to our growing energy 

problem is the use of fuel cells, which generate electricity and heat through a chemical 

reaction that converts hydrogen and oxygen gas into water.  Fuel cell applications can be 

broken intro three main market segments; portable, stationary, and transportation power 

systems.  Portable fuel cell systems provide energy where there is no access to an 

electrical grid.  Stationary systems, often run for combined heat and power, provide 

primary or backup electrical power.  Significant resources have been invested in research 

and development applications for transportation fuel cell systems, mainly fuel cell 

vehicles, to ease dependence on fossil fuels.  

Low-temperature Proton Exchange Membrane (PEM) fuel cells currently 

dominate the fuel cell market (Fuel Cell Today, 2011).  Hence, there is significant 

interest in this growing industry to continually improve PEM cell performance, 

reliability, and robustness and also to reduce manufacturing costs.  Improvements have 

been and will be made to materials, membrane electrode assembly and stack 

architecture, catalysts, bipolar plate designs, and production processes to reach these 

technical goals. 

Affordable, high volume production of the operational component of a fuel cell, 

a membrane electrode assembly (MEA), is a limiting factor preventing adoption of fuel 

cell technologies.  Manufacturing energy and cycle times are inhibiting a fuel cell 

solution to green energy.  This research is focused on reducing manufacturing energy 

and time required to laminate the components of a low temperature Polymer Exchange 

Membrane Fuel Cell (PEMFC) through the use of ultrasonic welding while maintaining 

performance characteristics.  Current MEA bonding is completed using a large, 

expensive thermal press with bonding cycle times on the order of minutes.  Ultrasonic 

welding converts electrical energy into heat through high frequency mechanical 

oscillations, in combination with pressure, to laminate MEA components (gas diffusion 

layer, catalyst layer, membrane, catalyst layer, gas diffusion layer) into a unitized 
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assembly.  Cycle times can be reduced by over an order of magnitude, including a 

similar reduction in energy consumption, by localized heating generated from friction 

between components.  Performance from ultrasonic bonding is comparable to 

traditionally pressed thermal MEAs.    

 

1.2 Background 

This research focuses on low temperature Proton Exchange Membrane (PEM) fuel 

cells, which use a Nafion® ionomer membrane made by DuPont™ (DuPont, 2009).  

Fuel cell kinetics and materials will be discussed in this chapter with ultrasonics being 

introduced.  Details about ultrasonic components and procedures will be discussed in 

later chapters. 

1.2.1 Fuel Cell History and PEM Fuel Cells 

The principal of fuel cells was first discovered by German chemist Christian 

Friedrich Schönbein in 1839 which was soon demonstrated by William Grove later that 

year (Wand, 2006).  Grove hypothesized that because running an electric current through 

water, split the molecules into hydrogen and oxygen through a process known as 

electrolysis, the reverse would also be true.  Grove’s first fuel cell operated with sulfuric 

acid (Grove, 1842), similarly to a modern phosphoric acid fuel cell, and was invented 

more than a century before the first commercial application for fuel cells was found 

(Wand, 2006). 

As fuel cell research continued through the 1950s and 1960s, various forms of 

fuel cells were developed including phosphoric acid and sulfonated polystyrene 

membranes used as the electrolyte.  The United States space program was influential in 

accelerating fuel cell R&D in the 1960s with the use of fuel cells on the Gemini and 

Apollo space missions (PEM Fuel Cells, 2004).  Nafion ionomer soon replaced the 

sulfonated polystyrene membranes due to superior performance and durability after its 

discovery by DuPont in the late 1960s.  Even today, the majority of PEM MEAs are 

manufactured using Nafion.  
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 Fuel cells produce electricity through the oxidation of hydrogen to produce water 

and heat.  This reaction is actually comprised of two half reactions which occur at the 

three-phase interface of catalyst, reactant gas, and electrolyte.  The two half and overall 

fuel cell reaction can be seen as follows; 

 

�� → 2�� +  2�	 (Anode) 




�
�� +  2�� +  2�	 → 2��� (Cathode) 

�� +



�
�� → ��� (Overall reaction) 

 

The anode reaction oxidizes hydrogen atoms into protons (positively charged 

hydrogen ions) and electrons.  Protons are able to pass through the membrane to the 

cathode electrode where the second half-reaction takes place.  Protons are reduced at the 

cathode and in combination with oxygen molecules combine to form water.  Because 

electrons are not able to pass through the membrane and build up as charge on anode 

side, they flow to the cathode through an external circuit as electrical current to provide 

useful work to the cathode.  Figure 1.1 depicts the overall fuel cell reaction occurring in 

the MEA.  The maximum voltage potential across the MEA, governed by Gibb’s free 

energy, is theoretically 1.229 volts. 
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Figure 1.1: Proton Exchange Membrane fuel cell reaction (ODEC, 2007) 

 

 The MEA is where the electrical power is generated in a fuel cell.  Each MEA is 

comprised of an anode electrode bonded to one side of an electrolyte membrane and a 

cathode electrode bonded to the other side.  Hydrogen fuel is supplied to the anode 

through bipolar plates, which are formed into or machined out of an electrically 

conductive sheet or plate material, and are designed to equally distribute the gas across 

the face of the anode.  Similarly, pure oxygen or air is provided to the cathode electrode 

to complete the reaction.  Each electrode is usually referred to as a Gas Diffusion 

Electrode (GDE) and contains a Gas Diffusion Layer (GDL), Microporous Layer (MPL), 

and a catalyst layer.  In practical fuel cells, many MEAs are stacked in series to achieve 

the desired power output.  The area of an MEA limits the achievable current and the 

number of MEAs in series sum to the total voltage potential. 

1.2.2 MEA Materials 

Membrane Electrode Assemblies are manufactured by laminating a standard 5-

layer material architecture, depicted in Figure 1.2.  One GDE is bonded to either side of 
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a polymer electrolyte membrane (PEM).  Details of each layer are discussed in this 

section. 

 

 

Figure 1.2: Schematic of standard 5-layer MEA architecture (Beck, Walczyk, Hoffman, & Buelte, 
2012) 

 

 Gas diffusion layers provide a means of distributing the reactant gasses 

uniformly across the entire active surface area.  Typically the structure is porous carbon 

paper or cloth to reduce pressure drop and diffusion resistance while maintaining high 

electrical conductivity.  Reactant gas is distributed to the GDL from formed or machined 

channels in a flow plate, as previously mentioned.  A microporous layer deposited on 

one surface of a GDL creates a smooth transition from large diameter pores to smaller 

ones and a flatter overall surface, resulting in more uniform distribution to the catalyst 

layer.  A GDL and MPL layer may be treated to become hydrophobic, which improves 

water management within the fuel cell. 

 Catalyst layer can either be deposited on the GDL, making a GDE, or directly 

onto the membrane forming a catalyst-coated membrane (CCM).  Platinum is one of the 

most commonly used catalysts that increases the rate of reactions on both electrodes.  

Current catalyst loadings for electrodes today range approximately 0.4-0.8 mg Pt/cm2.  

Anode catalyst loadings can be significantly reduced because of the fast kinetics of 

hydrogen oxidation reaction.  Further cost reduction is achieved by utilizing small 

platinum particles, approximately 1-5 nm in diameter (He, Desai, Brown, & Bollepalli, 

2005), to increase surface area-to-volume ratio.  In Pt/C catalysts, platinum particles are 

anchored to a carbon black support at high energy sites. 
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 Several methods have been developed for deposition of a catalyst layer on either 

the porous gas diffusion media or the membrane.  Non-contact application methods 

include spraying (direct and ultrasonic), sputtering, and electrodeposition.  Contact 

coating methods such as painting, bar coating, decaling, screen-printing, and Gravure 

rolling are also commonly used to produce GDEs or CCM (Barbir, 2005).  Ink recipes 

are mixed as two phase solutions containing: platinum-on-carbon catalyst; Nafion solids 

to increase bonding to the membrane; and isopropyl alcohol and deionized water as both 

solvents and diluent to achieve the required viscosity for application.   

 The purpose of the PEM is to conduct protons (hydrogen ions) but insulate 

electrons.  Conducting electrons would effectively “short circuit” the fuel cell by not 

forcing the flow of electrons through an external circuit.  Secondly, the membrane 

prevents ‘gas crossover,’ which is reactant gas passing from the anode to cathode or 

vice-versa.  The most common membrane used in low temperature PEM fuel cells is 

Nafion, an ionomer containing a perfluorinated Teflon structure.  Ion transport in Nafion 

relies on water humidification of the membrane, which limits the maximum operating 

temperature to less than 100 °C.  

1.2.3 Introduction to Ultrasonic Bonding 

Ultrasonic bonding, an alternative to thermally bonding PEM MEAs, converts 

electrical energy into heat through high frequency mechanical oscillations.  They impose 

compressive oscillations (perpendicular to the welding plane) on the materials being 

welded and have an amplitude on the order of 10 µm (0.0004”).  Compressive 

oscillations are typically used to weld polymeric materials together.  Ultrasonic systems 

operate at a fixed frequency; commonly 15, 20, 30, and 40 kHz welders are available to 

accommodate a variety of applications (2000X Series Welders, 2012).  Heat is generated 

locally at the interface of components due to friction caused by the mechanical motion 

imparted by the welder.  Pressure is applied by the work pieces being assembled under a 

load, and the components are joined together securely at the weld location. 

Electrical energy is converted into a mechanical motion by a stack of piezoelectric 

elements found in the converter/transducer of an ultrasonic welder.  The vibrational 

amplitude can either be amplified or attenuated through the use of a booster and by 



controlling the voltage 

designed for the application, transfers th

either fixed to resting on a

the ultrasonic system is labeled in

operation will be discussed in Chap

 

Figure 1.3: Schematic of ultrasonic welder

 

Ultrasonic welding is commonly used in the plastic

quick method for joining polymers

States Patent awarded for 

Ultrasonics in 1960 (Jones, 1960)

materials ranging from semicrystalline plastics to metals, it became a popular joining 

process within the manufacturing industry.

The benefits of ultrasonic welding including reduced part count (no fastener

as bolts), reduced cycle time (faster drying time compared to conventional adhesives o
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 applied to the converter.  An ultrasonic horn, specifically 

designed for the application, transfers the mechanical energy to the workpiece that is 

either fixed to resting on a stationary base, or anvil, of the system.  Ea

the ultrasonic system is labeled in Figure 1.3, and a more detailed description of 

operation will be discussed in Chapter 2. 

Schematic of ultrasonic welder and workpiece (Beck, Walczyk, Hoffman, & Buelte, 
2012) 

Ultrasonic welding is commonly used in the plastics industry as an effective and 

quick method for joining polymers, especially dissimilar materials.  

States Patent awarded for a metal ultrasonic welding machine went t

(Jones, 1960).  As the process developed for many classes of 

materials ranging from semicrystalline plastics to metals, it became a popular joining 

process within the manufacturing industry. 

The benefits of ultrasonic welding including reduced part count (no fastener

as bolts), reduced cycle time (faster drying time compared to conventional adhesives o

 

.  An ultrasonic horn, specifically 

e mechanical energy to the workpiece that is 

se, or anvil, of the system.  Each component of 

, and a more detailed description of 

 

(Beck, Walczyk, Hoffman, & Buelte, 

industry as an effective and 

.  The first United 

metal ultrasonic welding machine went to Sonobound 

.  As the process developed for many classes of 

materials ranging from semicrystalline plastics to metals, it became a popular joining 

The benefits of ultrasonic welding including reduced part count (no fasteners such 

as bolts), reduced cycle time (faster drying time compared to conventional adhesives or 
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solvents), and being simple to automate.  Clean and precise welded joints requiring little 

or no secondary processing are possible when custom tooling is used.  Minimal thermal 

impact on the neighboring material enables many materials to be welded together 

efficiently and with little effect to the base material. 

It should be noted that ultrasonic bonding of membrane electrode assembly 

components is not an open-source manufacturing technology.  The process was 

developed at RPI in collaboration with industry partners and is U.S. and international 

patent pending (Snelson, Puffer, Pyzza, Walczyk, & and Krishnan, 2011).  The 

technology is licensed to BASF Fuel Cell, Somerset, NJ. 

There has been significant prior work related to ultrasonic bonding of high-

temperature PEM MEAs, particularly those made with PBI-based membranes (Celtec-

P1000 MEA), that has demonstrated order-of-magnitude reductions in process cycle 

time and energy consumption with no decrease in cell performance (Snelson T. , 2011) 

(Krishnan, Snelson, Puffer, & Walczyk, 2010) (Share, Krishnan, Walczyk, Lesperence, 

& Puffer, 2010) (Snelson, Pyzza, Krishnan, Walczyk, & Puffer, 2010).  To date, 

however, no one has yet investigated whether ultrasonics can be applied to bonding of 

low-temperature PEM MEAs. 

 

1.3 Hypothesis and Research Motivation 

1.3.1 Hypothesis 

The hypothesis investigated in this thesis is that ‘ultrasonic bonding of low 

temperature MEA materials can decrease production cycle time and required 

manufacturing energy input without sacrificing performance.’  Significant improvements 

to important manufacturing metrics will make ultrasonics a viable and preferable 

alternative to traditional thermal pressing.  Advantages realized from ultrasonic bonding 

PBI/phosphoric acid MEAs can be translated to low temperature, Nafion MEA 

materials.  Performance of ultrasonically bonded MEAs will be comparable to those 

thermally pressed. 



 

 9

1.3.2 Research Goals 

Motivation for this research is to make fuel cell technologies an affordable and 

practical solution to energy demands through the means of improving MEA production 

utilizing ultrasonic bonding.  Investigating the performance characteristics of 

ultrasonically bonded MEAs will help explain the engineering physics of the bonding 

process.  All electrodes used in this research have been designed for thermal pressing, 

since this is the current industry standard.  Knowledge of the ultrasonic bonding process 

will lead to intelligently designed fuel cell materials specifically optimized for ultrasonic 

bonding, which may yield greater performance or further reduced bonding energy and 

cycle times.  

 The thesis is arranged as follows.  Chapter 2 covers the hardware and procedures 

relevant to fuel cell bonding and performance characterization.  Chapter 3 discusses and 

demonstrates preliminary success of ultrasonic bonding for low temperature PEM 

MEAs.  Important manufacturing parameters such as materials and bonding levels are 

detailed.  Chapter 4 compares the performance characteristics and losses between MEAs 

bonded ultrasonically and thermally.  Relevant performance and manufacturing 

considerations are discussed.  Ultrasonics and thermal bonding process are quantitatively 

contrasted in Chapter 5, with relevance to high volume fuel cell production.  Chapter 6 

concludes the thesis and presents a plan of future work for the advancement of 

ultrasonics and Nafion PEM fuel cells. 
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2.  Materials, Hardware, and Experimental Methodology1 

This chapter discusses the ultrasonic and thermal bonding equipment and 

components used for experimentation in detail.  Fuel cell hardware is shown, including 

the test stations.  Also, procedures and methods relevant to both manufacturing 

techniques as well as performance characterization are described. 

2.1 Materials and Geometry 

2.1.1 Electrodes 

Electrodes used in this study were either purchased commercially or custom 

made in-house.  Anode and cathode electrodes in each MEA were identical, including 

catalyst loading.  Each electrode consists of carbon paper, hydrophobic gas diffusion 

layer, a microporous layer, and finally the catalyst layer.  The catalyst layer includes 

platinum-on-carbon catalyst and Nafion solution to enhance bonding to the membrane 

and increase electrochemical surface area. 

 Commercial electrodes used for this research were Fuel Cell Earth electrode 

model EP4019, which are a 40% Pt on carbon paper electrode with a reported loading of 

0.5 mg Pt/cm2 (Fuel Cell Earth).  Ink content is 30% Nafion by weight and includes 

Teflon.  The catalyst layer is deposited onto the GDL through a roller application 

according to the company.  The GDL is treated with Teflon to increase hydrophobicity 

and improve water management during fuel cell operation.  Fuel Cell Earth electrodes 

were purchased as 19 x 19 cm sheets and cut to desired size.  Average thickness is 

approximately 300 µm.   

 Custom GDEs used in this research were made by spray coating electrodes onto 

commercially available GDL.  The GDLs were Sigracet SGL-25-BC, which has a 

hydrophobic microporous layer (Sigracet, 2007).  The electrodes were spray coated on 

the microporous layer side of the GDL using a two-fluid, air-atomization, direct spray 

system (FCS200 Stainless Steel Spray Head from PVA, Cohoes, NY) which was 

incorporated into an electrode coating test bed designed by Hoffman, seen in Figure 2.1 

                                                 

Portions of this chapter previously appeared as: Beck, J., Walczyk, D., Hoffman, C., & Buelte, S. (2012). 
Ultrasonic Bonding of Membrane Electrode Assemblies for Low Temperature Proton Exchange 
Membrane Fuel Cells. Journal of Fuel Cell Science and Technology, 9, 051005. 
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(Hoffman & Walczyk, 2011).  The catalyst ink preparation, identical to that used by 

Hoffman (Hoffman & Walczyk, 2011), was comprised of 20% platinum on Vulcan XC-

72 Carbon, Nafion solution, isopropanol, and deionized water. The ratio of Nafion 

ionomer to carbon is 0.8:1 by weight. Multiple coats of this mixture were sprayed in thin 

layers and allowed to dry at room temperature until the desired platinum loadings were 

achieved.  Final thickness of the electrodes varied depending of the number of catalyst 

layers deposited. 

 

 

Figure 2.1: Electrode coating test bed (Hoffman & Walczyk, 2011) 

2.1.2 Nafion 

DuPont Nafion N115 (DuPont, 2009), used as the electrolyte membrane in low 

temperature fuel cells, is a sulfonated tetrafluoroethylene based fluoropolymer-

copolymer discovered by DuPont in the 1960s (Church, 2006).  It is excellent for fuel 

cell applications due to its high proton conductivity and stable structure.  Nafion can 

either be extruded or cast into films of different thicknesses depending on application.  
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The structure and properties of the material begin to degrade at approximately 190 °C, 

limiting bonding temperatures to below that.  Fuel cells operating with Nafion 

membranes are considered low temperature because they operate below 100 °C as the 

membrane begins to dehydrate around 80 °C decreasing proton conductivity.  Higher 

operating temperatures are desirable for greater efficiencies and better carbon monoxide 

tolerance of the catalyst. 

Studies in the literature (Barrio, Paddondo, Mijangos, & Lombrana, 2009) & 

(Gavach, Pamboutzoglou, Nedyalkov, & Pourcelly, 1989) show that pre-conditioning 

Nafion membranes improves ionic conductivity and performance.  MEAs are typically 

thermal pressed in a hermitically sealed environment ensuring membrane hydration by 

preventing boil off.  Conditioning membrane requires significant resources, including 

time, also making the material more difficult to handle.  MEAs are made with both 

conditioned and dry, unconditioned membranes in this research.  Nafion is very sensitive 

to relative humidity with dimensions changing up to 15% when fully hydrated (DuPont, 

2009). 

Oversized membrane serves as the subgasket and transport material for MEAs.  

GDEs are centered and bonded to either side of the larger membrane.  The extra material 

around the edges allows the user to handle, transport, and align the MEA correctly in the 

fuel cell.  The oversized membrane also serves as a sealing surface for gaskets when 

built into a single test cell or part of a stack.  An MEA fabricated on oversized Nafion 

membrane with alignment features is pictured in Figure 2.2. 
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Figure 2.2: 10cm2 Membrane Electrode Assembly 

2.1.2.1 Nafion Conditioning Process 

Unconditioned Nafion in roll form was cut by hand to desired geometry using a 

scalpel and a template.  Conditioning of cut membranes involved washing them in 

various boiling liquids to remove impurities and hydrate the Nafion in a four step 

process: 

1. 3% hydrogen peroxide solution for 60 minutes to oxidize organic impurities 

formed during the casting process and then allowed to cool to room temperature 

2.  distilled water for 30 minutes and again allowed to cool. 

3.  0.5M sulfuric acid for 60 minutes to increase the degree of protonation. 

4. distilled water again for 60 minutes to remove any excess acid and allowed to cool 

before being rinsed with fresh distilled water. 

In each case, the membranes are gently stirred repeatedly with a glass stirring rod to 

prevent them from curling out of the solution.   

Upon completion of the four step process, conditioned membranes are kept 100% 

hydrated by submerging them in distilled water in a large Pyrex dish.  Dry, 

unconditioned membranes are stored in a sealable bag immediately after cutting from the 
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roll to prevent changes in relative humidity.  Measured thicknesses of the dry and fully 

hydrated, conditioned N115 membranes were 130 and 150 µm, respectively. 

2.1.3 MEA Geometry 

Nafion was cut by hand to 5.08 x 7.62 cm size using a scalpel and a template from 

an unconditioned roll of material.  A portion of the MEAs tested during this research 

were conditioned in a process to hydrate and clean the membranes.  Swelling of the 

Nafion membrane was observed during conditioning due to increased hydration. 

MEA geometry is shown in Figure 2.3 including the registration holes used for 

alignment during cell build.  All dimensions are initial thickness of materials prior to 

bonding; membrane thickness is of un-hydrated N115. 

 

 

Figure 2.3: Dimension [cm] of low temperature MEA (Beck, Walczyk, Hoffman, & Buelte, 2012) 
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2.2 Ultrasonic Bonding 

An ultrasonic bonding system generally includes a power supply, the ultrasonic 

stack consisting of a converter, booster, horn, and finally the anvil.  The modified 

Branson 2000X Ultrasonic Bonding system used for this research is shown in Figure 2.4. 

 

 

Figure 2.4: Ultrasonic welding system used in research (Beck, Walczyk, Hoffman, & Buelte, 2012) 

 

 A standard Branson ultrasonic welder actuates the stack downward to the 

workpiece fixed on the anvil to apply pressure.  The original system could apply a 

maximum load of 2300 Newtons (520 lbs).  Load capacity of the system was increased 
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for previous work (Snelson T. , 2011) regarding ultrasonic bonding of PBI/phosphoric 

acid MEAs to achieve higher bonding pressures. 

 The upgraded ultrasonic stack was fixed to the frame to allow the system to 

operate with increased mechanical load.  As seen in the system base of Figure 2.4, a 100 

mm bore pneumatic cylinder was mounted below the stack which increased the load 

capacity to 5500 Newtons (1200 lbs).  The anvil remains fixed to the lower platen which 

is bolted to the pneumatic cylinder.  Bonding pressure is applied by raising the anvil 

(and work piece), into the face of the horn.  Load is controlled by adjusting the system 

pressure in the pneumatic cylinder with resolution of approximately 54 N (12.2 lbf) 

corresponding to a pressure of 54 kPa (7.9 psi) for 10 cm2 MEA. 

2.2.1 Ultrasonic Stack 

The ultrasonic stack, pictured in Figure 2.5, contains three components in series: 

converter, booster, and horn.  The stack is mounted into the welding system frame by 

resting the booster ring on small washers with clamps supporting the upward vertical 

load forces. 

 Each component of the stack is tuned to one operating frequency; typically 15, 

20, 30, or 40 kHz for industrial applications.  Interchanging parts of different frequencies 

is not recommended due to a loss of efficiency and increased mechanical stresses.  The 

length of each component is precisely machined to an integer multiple of one-half the 

operating frequency wavelength for maximum amplitude of vibration. 
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Figure 2.5: Ultrasonic stack including converter, booster, and horn 

2.2.1.1 Converter 

Electrical energy is converted to mechanical energy within the converter, Figure 

2.6, also referred to as a transducer in the literature.  An electrical cord connects the 

power supply to the top of the converter.  The active elements which convert the form of 

energy are piezoelectric crystals made of lead zirconate titanate (PZT).  Each PZT 

device is a disk having a center through-hole.   

  

 

Converter 

Booster 

Horn 
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Figure 2.6: Ultrasonic converter (transducer) 

 

Piezoelectric materials accumulate an electrical charge in response to an applied 

mechanical stress.  The opposite response holds true as well, and is the foundation for 

ultrasonic welding.  When a voltage is applied in one direction through the PZT disk, it 

gets slightly thicker.  When the direction of voltage is reversed, the disks get slightly 

thinner.  The amplitude of this mechanical expansion is on the order-of-magnitude of 10 

microns, and is dependent on the electrical frequency and applied voltage. 

 Stacking piezoelectric disks with electrodes between the faces and clamping 

them to a mass of metal by a central bolt passing through the holes in the disks allows 

for highly efficient conversion from electrical to mechanical energy.  The converter is 

securely fastened to the booster by a set screw mounted on the top of the booster. 

 

2.2.1.2 Booster 

Amplitude of vibration is modified by the booster, seen in Figure 2.7, which is 

mounted between the converter and horn.  The converter amplitude can either be 
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amplified or attenuated depending on welding application.  Welding strength and quality 

can be improved through the use of the correct booster.  Optimum ultrasonic power can 

be applied to the work piece as a function of force, frequency, and amplitude.  Increasing 

power is applied with use of larger boosters as takes more energy to move the same mass 

a greater distance during the same time period. 

 

 

Figure 2.7: Ultrasonic booster with 1:1.5 gain ratio 

 

 The ratio of output amplitude (to the horn) to input amplitude (from the 

converter) is known as the booster “gain.”  At the center of the booster, there is a ring, 

which acts as one of the support points for mounting the stack.  Booster gain is 

calculated from the ratio of mass above to below the center, or nodal point.  Boosters 

may increase amplitude, decrease amplitude, or simply act as a coupling bar and provide 

no change in output amplitude. 
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2.2.1.3 Horn 

Mechanical energy is applied to the workpiece through contact with the 

ultrasonic horn.  Horns may be machined into a variety of geometries, depending on the 

profile of the weld.  Each horn is tuned to a specific operating frequency, typically 

measuring one-half the wavelength for maximum amplitude and efficiency.  Ultrasonic 

horns are designed for uniform vibrational amplitude across the face to provide optimum 

welds.  The vertical slits machined in the horn used in this research, Figure 2.8, are to 

increase acoustic properties and provide better uniform amplitude at the surface.  This 

horn was designed for greater than 95% amplitude uniformity across the face (J. Keltos, 

personal communication, September 21, 2012).   

 

 

Figure 2.8: 20 kHz Ultrasonic horn 

 Horns may be machined out of an aluminum or titanium alloy depending on 

application.  Protective surface coatings are available for increased lifetime in certain 

work environments.  Generally, horns are made from Titanium 7-4 due to its excellent 
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acoustical properties.  However, Titanium 6-4 is required for horns larger than 

approximately 7.5 inches due to material stock limitations. 

 Size and shape of ultrasonic horns are limited by the operating frequency.  Horns 

need to be machined to a height of one-half the wavelength; therefore by choosing a 

lower frequency system, larger horn dimensions can be achieved.  Finite element 

analysis by horn manufacturers helps optimize design and predict horn manufacturing 

feasibility. 

2.2.2 Anvil 

The anvil is the non-vibrating, stationary base to an ultrasonic welding system.  

A smooth, rectangular anvil is shown in Figure 2.9, which provides a surface for the 

workpiece to be welded.  Various patterns or features can be machined into the anvil 

allowing for control of the weld profile if required. 

 

 

Figure 2.9: Anvil to ultrasonic system 
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2.2.3 Power Supply and Controller 

The ultrasonic bonding controller is able to operate on various welding control 

modes based on energy, time, or displacement.  The amount of energy applied is a 

function of time, pressure, amplitude, and frequency.  All MEAs were bonded using the 

controlled energy mode, where the power module, shown in Figure 2.10, supplies a 

prescribed amount of energy to the ultrasonic stack.   

 

 

Figure 2.10: Ultrasonic power supply 

 

It should be noted that only a percentage of the energy applied to the ultrasonic 

equipment is transferred to the MEA components during bonding (Snelson T. , 2011).  

Some energy is lost in vibrating the system (internal damping) as well as to heating of 

the tooling.  Not all of the electrical input energy is converted into bonding the materials 

due to small losses throughout the system. 
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2.2.4 Ultrasonic Bonding Procedure 

The anvil used in manufacturing MEAs was 7.6 cm square, and the welding 

surface was ground flat and parallel.  The 20 kHz ultrasonic horn, manufactured by 

Branson, measured 12.7 cm square, had a knurled surface, and attached to the transducer 

using a 1.5X booster.  The ±10 µm vibrational amplitude from the converter was 

increased to ±15 µm using this booster.  The fine, female knurl on the horn face had a 

spacing of about 0.5 millimeter and groove depth of approximately 0.25 millimeters.   

MEA components are assembled carefully by hand to ensure alignment.  An 

electrode is placed catalyst side up on a large piece of Kapton.  Immediately prior to 

sealing, the membrane is removed from the distilled water bath and any excess water on 

the surface is removed using a paper towel.  This accommodates for the potential change 

in membrane dimensions.  The membrane is placed on top of the first electrode and the 

second electrode is placed on top of the membrane with the catalyzed side of the GDEs 

in contact with the membrane.  The electrodes are aligned with each other and centered 

on the Nafion.  A second piece of Kapton is placed over the assembly and gently pressed 

down to prevent the MEA components from shifting.  The Kapton allows the user to 

easily transport and place the MEA on the anvil for ultrasonic sealing.  A diagram of the 

assembled MEA components is shown in Figure 2.11. 
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Figure 2.11: Schematic of the MEA prior to ultrasonic bonding (Beck, Walczyk, Hoffman, & Buelte, 
2012) 

 

Once an MEA is centered on the anvil, the load is applied by raising the anvil to 

the face of the horn.  Figure 2.11 shows MEA components in the ultrasonic setup prior 

to the ultrasonic bonding process.  The ultrasonic welding continues until the prescribed 

energy level has been attained.   

Following ultrasonic bonding, the anvil is lowered and the MEA is carefully 

removed from the Kapton sheets.  MEAs are stored in sealable polyethylene bags until 

they are tested.  Ultrasonically bonded MEAs with hydrated membranes are stored with 

distilled water inside the bag to prevent membrane dehydration and distortion.  A lack of 

hydration during storage causes the MEA to curl and deform thereby inhibiting testing.  

MEAs made with dry membrane are stored without additional hydration. 

 

2.3 Thermal Pressing 

2.3.1 Thermal Press Hardware 

A 40-ton hot press, custom built by Progressive Machine and Design (Victor, 

NY) for MEA pressing, was used to thermally bond MEAs and can be seen in Figure 
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2.12.  The upper and lower platens are ground flat and can be independently temperature 

controlled during the sealing process.  The load capacity is measured with an in-line load 

cell and controlled using servo valves for the hydraulic ram and a PID loop for pressure 

control. 

 

 

Figure 2.12: 40-ton hot pressed used to bond MEAs (Beck, Walczyk, Hoffman, & Buelte, 2012) 

 

The thermal press was used to control the temperature and pressure during the 

thermal bonding of MEAs.  The platen temperature was allowed to reach steady state 

before bonding.  All MEAs used for this research were thermally pressed with a 80 

Shore A durometer rubber compliance layer (3.2 mm thick urethane) placed on top of 

the lower platen with a thin Kapton layer in between to prevent sticking.   The 

compliance layer was allowed to heat up to temperature with the press prior to MEA 

bonding. 
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2.3.2 Thermal Pressing Procedure 

The MEA components are placed centered on the lower platen and the pressing 

cycle is started as soon as possible, typically within 2-3 seconds, as shown in Figure 

2.13. Minimizing the time the MEA sits on the heated tooling prior to pressing reduces 

moisture boil off and prevents misalignment from membrane distortion due to non-

uniform membrane relative humidity.   

 

 

Figure 2.13: Schematic of MEA in thermal press prior to thermal bonding (Beck, Walczyk, 
Hoffman, & Buelte, 2012) 

 

Press operation for sealing an MEA involves the upper platen rapidly descending 

to a few millimeters above the surface of the MEA then creeping downward until the 

desired load is reached and held for the prescribed hold time.   After the press holds at 

pressure for the set time (120 seconds), it will slowly creep back up to slightly above the 

MEA and then rapidly move the tooling to home position.  At this point, the MEA is 

quickly removed from the lower platen and allowed to cool to room temperature on a 

tabletop.  Cooling required approximately one minute due to the small thermal inertia of 

the MEA.  The thermally bonded MEA was removed by peeling off the Kapton and 

placing it in a polyethylene bag prior to testing. 
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2.4 Fuel Cell Hardware 

2.4.1 Cell Hardware 

All MEAs were tested in the same single cell hardware shown in Figure 2.14.  

Hardware consisted of two stainless steel end plates with integrated heaters, gold plated 

current collectors, and anode and cathode flow field plates.  A single channel serpentine 

geometry was machined in the gas flow field plates.  O-rings are used where necessary 

to prevent gas leakage in the cell. 

 

 

Figure 2.14: Fuel cell hardware (Beck, Walczyk, Hoffman, & Buelte, 2012) 

 The single channel serpentine flow field is shown close up in Figure 2.15.  The 

reactant gas enters the geometry through a port in the upper left and flows through the 

serpentine pattern which covers the entire active area of the MEA.  The cross section of 

the flow channel is 1.42 mm by 1.14 mm in depth.  The land areas between the channels 

measure 0.63 mm and 0.84 mm wide for the upwards and downwards extending lands 

respectively.   
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Figure 2.15: Single channel serpentine flow field 

 

The fuel cell interfaces with the test stand load bank through low-gauge copper 

wires.  For a more accurate reading, remote voltage sensing is used.  Measuring the 

voltage on the same lines as the current draw would result in inaccurate cell voltages 

from non-trivial ohmic losses associated with the current. 

 Swagelock quick-connects on both anode and cathode end blocks allowed for 

easy hook up to reactant gas lines.  Cartridge heaters in both end plates provided heat to 

maintain cell at operating temperature.  A thermocouple probe is inserted into the center 

of the cathode end plate to monitor temperature.  

2.4.1.1 Cell Build Procedure 

Registration features are punched using a custom-made jig with precision pins 

shown in Figure 2.16.  A shallow pocket is milled into the base to receive the 10 cm2 

active area MEA and ensure alignment.  The MEA is clamped flat with the acrylic cover 

and two holes are punched in the oversized Nafion using precision pins. 
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Figure 2.16: Custom jig for punching MEA registration holes 

 

After alignment holes are punched, individual MEAs are clamped into the cell 

hardware, with Perfluoroalkoxy (PFA) gaskets are used to control MEA compression 

within the cell hardware to approximately 20%.  Gasket thickness is based on ������ =

�����	 ����������∗�. 

!
, where TMEA is the MEA thickness and Tmembrane is the membrane 

thickness.  Additional cell compression during cell build provides better electrical 

contact between components and helps create a good membrane-electrode interface.  

Gaskets provide additional cell compression as well as form a seal to prevent gas 

leakage. 

Eight bolts clamp the cell hardware together which pass through the cathode end 

block and thread into the anode end block.  Bolts are tightened in a star pattern with an 

adjustable torque wrench to approximately 4.5 N-m (40 in-lbf).  This corresponds to a 
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total clamping force from all eight bolts of approximately 28.5 kN (6400 lbf).  This 

torque was shown to create a solid sealing interface between gaskets and the MEA. 

 

2.4.2 Fuel Cell Test Station 

MEA performance was tested using a Fuel Cell Technologies test stand seen in 

Figure 2.17.  The test stand is equipped with an AMREL load bank, model PLA800-60-

300, capable of drawing up to 300A.  Hydrogen or nitrogen gas can be supplied to the 

anode side, and oxygen, air, or nitrogen can be supplied to the cathode side of the cell.  

The test station incorporated humidification for the anode and cathode reactant gasses, 

and heated gas supply tubes prevented condensation between the humidifier and the cell. 

Mass flow controllers independently control the gas flow on both the anode and cathode.  

The test stand also includes a temperature controller with heaters to control the operating 

temperature of the cell. 
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Figure 2.17: Fuel cell test station with cell running 

 

A LabVIEW program interface controls the fuel cell testing automatically while 

collecting various performance and diagnostic information.  Along with H2/O2 and 

H2/Air polarization curves the testing also includes impedance scans at different current 

densities on both pure oxygen and air cathode supply gas, cyclic voltammetry to 

compare active catalyst surface area, and flow sensitivity on both anode and cathode.  

Differences in performance between manufacturing methods and membrane conditions 

were examined, as well as their interactions with electrode catalyst loading. 

2.5 Performance Characterization Methods 

Characterizing fuel cell performance is important to understand the impact that the 

bonding process has on the MEA.  Standard performance tests were completed on test 

stands located in the lab.  Various diagnostic methods were utilized to quantify 

performance and decompose the contributions of different losses. 
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2.5.1 V-I Performance Curves 

V-I (polarization or pol curves) curves were conducted on each MEA to quantify 

performance and compare performance influences from different manufacturing 

parameters.  The current on the cathode was controlled and the voltage response was 

measured.  Total current was normalized by active area to Amps/cm2 to facilitate direct 

performance comparisons with MEAs created by industry and other research groups.  

Voltage was plotted against current density to create a simple performance 

characterization metric, commonly known as a polarization curve, thereby allowing 

evaluation between MEAs. 

A standard polarization curve, shown in Figure 2.18, is made up of three regions 

representing different parts of the curve.  Each region is dominated by a different source 

of losses; activation losses, ohmic resistance losses, and mass transport losses.  The total 

loss is defined as the difference between the theoretical reversible standard potential, 

approximately 1.229 volts, and the actual voltage of the fuel cell.  The sum of all the 

individual loss contributions equals the total overpotential. 
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Figure 2.18: Theoretical polarization curve of PEM fuel cell (Ramini, Kunz, & Fenton, 2004) 

 

MEA performance was tested on both H2/Air and H2/O2 to gather more 

information, specifically on the influence of oxygen concentration.  Current density was 

varied between 0.0 and 0.1 using 0.02 A/cm2 steps to study the activation region.  

Current densities up to 1.0 A/cm2 were achieved using 0.1 A/cm2 steps.   

 

2.5.1.1 Testing Protocol 

Cell operating temperature during testing was 65 °C with both the anode and 

cathode humidifiers being maintained at 61 °C.  This equates to approximately 83% 

relative humidity of the reactant gas.  Gas flow rate was kept at a constant 2.0 

stoichiometric ratio during the polarization curves for both the anode and cathode.  A 

fixed stoichiometric ratio was selected that was common in the literature (Gasteiger, 

Panels, & Yan, Dependence of PEM Fuel Cell Performance on Catalyst Loading, 2004) 
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(Lee, Ho, Van Zee, & Murthy, 1999) for fuel cell testing of non-flow related effects.  All 

MEAs were tested at atmospheric pressure, i.e. no back pressure.   

Fuel cell testing began by allowing the cell and test stand components to heat to 

operating temperature.  Each MEA was then conditioned for 90 minutes at 0.6 A/cm2 

with pure oxygen on the cathode.  Brief oxidation and reduction steps attempted to 

normalize the catalyst state on the electrodes for all MEAs.  An impedance scan is then 

run followed by the oxygen polarization curve.  Upon completion of the oxygen curve, 

the cathode reactant gas is switched to air and a similar air performance polarization 

curve is run.  Three impedance scans are run on air at 0.6, 0.2, and 0.03 A/cm2 current 

densities.  Cathode and anode flow sensitivity is tested at various stoichiometric ratios.  

The cathode gas is switched back to oxygen and the final three impedance scans at the 

same current densities are completed.  Finally the cell is purged with nitrogen for sixty 

minutes.   The cathode flow rate is then reduced to 0 sccm and cyclic voltammetry scans 

are completed.  Table 2.1 details the standard low temperature testing protocol used 

throughout this research.  The testing protocol is based on Department of Energy 

recommendations for testing low temperature PEM fuel cells and adapted to the 

capabilities of the test stands and equipment available for this research.  

 

Table 2.1: Low temperature MEA testing protocol 
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Warm up 

W1 0.01 100% 
200 

sccm 61 101 100% 0% 
200 

sccm 61 101 65 30 
Break in 
B1 0.6 100% 2.0 61 101 100% 0% 2.0 61 101 65 90 

Oxidation 

X1 0.01 100% 
200 

sccm 61 101 100% 0% 
200 

sccm 61 101 65 2 
Reduction 
R1 0.8 100% 200 

sccm 
61 101 0% 100% 200 

sccm 
61 101 65 2 

Diagnostics 1 
D1 0.6 100% 2.0 61 101 100% 0% 2.0 61 101 65 1 
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Polarization curve (O2 curve from P1 to P27, Air curve from P28 to P54) 
P1 0.6 100% 2.0 61 101 100% 0% 2.0 61 101 65 10 
P2 0.7 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P3 0.8 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P4 0.9 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P5 1.0 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P6 0.9 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P7 0.8 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P8 0.7 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P9 0.6 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P10 0.5 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P11 0.4 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P12 0.3 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P13 0.2 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P14 0.1 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P15 0.08 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P16 0.06 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P17 0.04 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P18 0.02 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P19 0.04 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P20 0.06 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P21 0.08 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P22 0.1 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P23 0.2 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P24 0.3 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P25 0.4 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P26 0.5 100% 2.0 61 101 100% 0% 2.0 61 101 65 2 
P27 0.6 100% 2.0 61 101 100% 0% 2.0 61 101 65 10 
P28 0.6 100% 2.0 61 101 21% 79% 2.0 61 101 65 10 
P29 0.7 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P30 0.8 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P31 0.9 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P32 1.0 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P33 0.9 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P34 0.8 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P35 0.7 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P36 0.6 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P37 0.5 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P38 0.4 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P39 0.3 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P40 0.2 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P41 0.1 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P42 0.08 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P43 0.06 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P44 0.04 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P45 0.02 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P46 0.04 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P47 0.06 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P48 0.08 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P49 0.1 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P50 0.2 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P51 0.3 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P52 0.4 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P53 0.5 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
P54 0.6 100% 2.0 61 101 21% 79% 2.0 61 101 65 10 
Diagnostics 2 
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D2 0.6 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
D3 0.2 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
D4 0.03 100% 2.0 61 101 21% 79% 2.0 61 101 65 2 
D5 0.6 100% 2.0 61 101 21% 79% 1.8 61 101 65 5 
D6 0.6 100% 2.0 61 101 21% 79% 2.0 61 101 65 5 
D7 0.6 100% 2.0 61 101 21% 79% 2.5 61 101 65 5 
D8 0.6 100% 2.0 61 101 21% 79% 3.0 61 101 65 5 
D9 0.6 100% 2.0 61 101 21% 79% 4.0 61 101 65 5 

D10 0.6 100% 2.0 61 101 21% 79% 5.0 61 101 65 5 
D11 0.6 100% 5.0 61 101 21% 79% 2.0 61 101 65 5 

D12 0.0 100% 
100 

sccm 61 101 0% 100% 
400 

sccm 61 101 65 60 

D13 0.0 100% 
100 

sccm 61 101 0% 100% 0 sccm 61 101 65 8 
Test complete - Shut down 

 

2.5.2 Impedance Spectroscopy 

Impedance spectroscopy data was collected to facilitate the separation of losses 

in the fuel cells.  The data was collected using a Princeton Applied Research model 2273 

potentiostat.  An 80 mA RMS current perturbation was applied over a range of 

frequencies from 10 kHz to 50 mHz with the cell running at various operating current 

densities.  Impedance scans were run on both oxygen and air at 0.6, 0.2, and 0.03 A/cm2 

to separate and quantify the different sources of performance losses.   Membrane 

resistances are determined from the high frequency real impedance intercept of the 

Nyquist plot, Figure 2.19.  



 

 37

 

Figure 2.19: Nyquist plot from impedance spectroscopy used to determine membrane impedance 

2.5.3 Cyclic Voltammetry 

Cyclic voltammetry allowed for a quantitative comparison of active platinum 

catalyst area between MEA bonding processes.  Electrochemical surface area (ECSA) 

was measured by the integration of the area under the hydrogen oxidation peak measured 

by the CV scan.  Three scans from 50 to 500 mV at a scan rate of 40 mV/second were 

conducted using the cathode electrode as the working electrode.  The same Princeton 

Applied Research potentiostat was used to provide the potential and measure response. 

Background subtraction was completed by adding a linear fit to the data between 

400-475 mV.  Peak analysis was completed by integrating the area under the hydrogen 

absorption peak and above the fit-line.  This value represented the total charge held by 

the MEA and is proportional to real active catalyst area in the MEA.  It was shown that 

the CV results were not sensitive to minor changes in background subtraction method. 

2.5.4 Flow Sensitivity 

Flow sensitivity analysis varied the flow rate of the reactant gasses independently 

to test performance dependence on concentration and to screen for gas flow or 
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distribution impedance.  A cathode stoichiometric ratio (henceforth referred to as 

‘stoich’) sensitivity test was done in which the cathode stoich was set to 1.8, 2.0. 2.5, 

3.0, 4.0, and 5.0 and the cell voltages recorded.  During the cathode stoich sensitivity test 

the anode stoich and current density were held constant at 2.0 and 0.6 A/cm2, 

respectively.  A higher current density was selected to exaggerate any flow sensitivity 

effects.  Finally, the cathode stoich was set back to 2.0 and the anode stoich was 

increased to 5.0 to test anode flow rate sensitivity.  All flow sensitivity was completed 

with air on the cathode to show cell performance dependence on reactant gas 

concentration. 

 

2.6 Summary 

Fuel cell materials, hardware, and experimental methodology were described in 

chapter two.  Components of membrane electrode assemblies and their functions were 

detailed along with the ultrasonic and thermal procedures used to bond the materials 

together into the final MEA.  Material preparation remained constant regardless of the 

bonding process.  The ultrasonic system was shown and each component of the system 

was detailed with respect to operation.  Test stand capabilities and fuel cell testing 

protocol gave insight to the method of performance characterization used to compare 

MEAs.  Diagnostic techniques used concurrently with polarization curves in this 

research were introduced and the procedures described.  
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3. Material Effects on Ultrasonic Performance and Optimization of 
Ultrasonic and Thermal Bonding2 

To test the effect of electrode loading and architecture on the performance of the 

thermal and ultrasonic bonding processes, MEAs were pressed with three different 

electrodes; commercially available Fuel Cell Earth (FCE) electrode and two custom 

sprayed GDEs.  The custom GDEs are referred to as RPI Low and RPI High and have 

catalyst loadings of 0.16 and 0.33 mg Pt/cm2 respectively.  GDE details and the custom 

spray process were discussed previously in section 2.1.1. 

The ultrasonic bonding parameters used were 8.0 Joules/mm2 energy flux (i.e. 

8000 J energy ÷ 1000 mm2 active area) and 4.4 N/mm2 bonding pressure.  Energy flux in 

J/mm2 is defined as the total energy the power supply provides to the ultrasonic stack 

divided by the active area of the MEA.  Sealing pressure (N/mm2 or MPa) is the total 

force applied by the ultrasonic welding system divided by the active area.   

MEAs were thermally bonded using an 80 durometer (Shore A) urethane layer to 

provide compliance at 150 °C and 2.0 N/mm2 bonding pressure for 120 seconds.  All 

membranes were conditioned Nafion 115.  Performance was measured using 

polarization curves run with H2/O2 at 2.0 stoichiometric ratios.  

3.1 Effect of Electrode Architecture on Performance 

Figure 3.1 and Figure 3.2 show performance of the three ultrasonically bonded 

and three thermally bonded MEAs, respectively.  Both custom sprayed electrodes with 

lower catalyst loading outperformed the commercial GDE in the ultrasonically 

manufactured MEAs.  The RPI Low electrode performance was 69 and 114 mV higher 

at 0.6 and 0.8 A/cm2, respectively, as compared to the FCE.  Similarly, the RPI High 

electrode performance was 142 and 217 mV higher at 0.6 and 0.8 A/cm2, respectively, as 

compared to FCE. 

                                                 

Portions of this chapter previously appeared as: Beck, J., Walczyk, D., Hoffman, C., & Buelte, S. (2012). 
Ultrasonic Bonding of Membrane Electrode Assemblies for Low Temperature Proton Exchange 
Membrane Fuel Cells. Journal of Fuel Cell Science and Technology, 9, 051005. 
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Figure 3.1: Effect of electrode architecture and loading on ultrasonically bonded MEA performance 
(Beck, Walczyk, Hoffman, & Buelte, 2012) 

 

The custom GDEs (RPI High and Low) with lower catalyst loading outperformed 

the commercial electrodes (FCE) in ultrasonically bonded MEAs.  As expected, the 

higher loaded RPI electrode had better performance than the lower loaded RPI electrode 

due to the increased number of reaction sites. If the same performance can be achieved 

using GDE with a lower catalyst loading, significant material cost savings can be 

realized.  Catalyst is the leading cost driver in a fuel cell stack, comprising nearly 30% 

of the manufacturing process cost (The Benchmarking and Best Practices Centers of 

Excellence, 2012). 

The effect of electrode type on performance for ultrasonically bonded MEAs 

suggests that electrode architecture is important for ultrasonic bonding of low 

temperature MEAs.  The vibrations from the ultrasonic process may affect certain GDLs 

differently than others.  For example, fracturing fibers in the GDL during ultrasonic 

bonding decreases electrode conductivity or closing pores in the microporous layer, 

thereby increasing gas diffusion resistance and the cell performance would suffer.  
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Optimizing the catalyst ink composition for ultrasonic bonding may improve the bond 

between the electrode and the Nafion membrane.  Current commercial GDEs have been 

optimized through extensive research and development efforts for thermal pressing of 

MEAs. 

 

 

Figure 3.2: Effect of electrode architecture and loading on thermally bonded MEA performance 
(Beck, Walczyk, Hoffman, & Buelte, 2012) 

 

 Thermally pressed MEAs with the various electrodes exhibited the same relative 

performance trends as the ultrasonically bonded versions, but variance between the three 

MEA performances is much smaller (Figure 3.2).  At 0.8 A/cm2, the difference between 

the RPI High and the FCE is about 50 mV, while the difference is over 200 mV for the 

same ultrasonically bonded MEAs.  Presumably, resulting MEA performance using the 

ultrasonically bonding process is more sensitive to electrode architecture than standard 

thermal bonding.  

 Performance in the activation region for both manufacturing processes is very 

similar across both sets of MEAs.  Ultrasonically bonded MEAs in this study had larger 
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ohmic region losses indicating an increased cell resistance.  The ultrasonically bonded 

MEAs exhibited an approximate 25 mΩ increase in 1000 Hz impedance at room 

temperature compared to the thermally bonded MEAs. 

3.2 Effect of Membrane Condition on Performance 

As previously mentioned, the fuel cell industry typically uses low-temperature 

membrane as supplied by the manufacturer for MEA production, while many researchers 

condition/hydrate the membrane beforehand to improve performance but at the expense 

of ease of manufacturing.  To investigate the effect of membrane conditioning, MEAs 

were thermally and ultrasonically bonded with RPI Low, RPI High, and FCE electrodes 

using the Nafion 115 membrane in both conditions, as described in section 2.1.2.1.  

Thermal press process parameters were fixed at 150 °C, 2.0 N/mm2, 120 seconds 

hold time, and 80 Shore A durometer rubber compliance layer.  Ultrasonic MEAs were 

bonded with energy flux of 8.0 J/mm2 and sealing pressure of 4.4 N/mm2.   Performance 

data was collected from polarization curves with cells running H2/O2 with 2.0 

stoichiometric ratios and 1 atm gas pressure.  All testing results are from short term 

testing only, i.e. approximately six hours per test which includes a 90 minute burn-in 

step. 

Performance voltage data at 0.4, 0.6, and 0.8 A/cm2 current densities for the 

different electrode types and bonding processes is shown in Table 3.1.  Cond. represents 

MEAs that were bonded with conditioned membranes and Dry refers to unconditioned 

membranes. 

Performance for ultrasonically bonded MEAs improved to varying degrees when 

using unconditioned membrane with all electrodes.  The most dramatic improvements 

were with FCE and RPI Low electrodes, and only slight improvement is observed with 

RPI High electrode.  This improvement is likely due to the improved bonding between 

electrodes and the dry membrane.  Some percentage of the ultrasonic energy goes into 

heating the water in the hydrated, conditioned membrane, so less energy is then available 

to bond the MEA components together, thereby resulting in a poor electrochemical 

interface. 
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Table 3.1: Performance results for membrane conditioning testing at three current densities over 
both thermal and ultrasonic MEA bonding (Beck, Walczyk, Hoffman, & Buelte, 2012) 

Manufacturing Process 
& Parameters 

Voltages 

0.4 A/cm2 0.6 A/cm2 0.8 A/cm2 

R
P

I L
ow

 [0
.1

6]
 

Cond. Ultrasonic 0.615 0.512 0.398 

Dry Ultrasonic 0.646 0.564 0.474 

Cond. Thermal 0.666 0.598 0.530 

Dry Thermal 0.661 0.593 0.522 

R
P

I H
ig

h 
[0

.3
3]

 

Cond. Ultrasonic 0.663 0.584 0.501 

Dry Ultrasonic 0.672 0.595 0.512 

Cond. Thermal 0.686 0.623 0.562 

Dry Thermal 0.679 0.610 0.539 

F
C

E
 [0

.5
] 

Cond. Ultrasonic 0.581 0.443 0.284 

Dry Ultrasonic 0.659 0.581 0.494 

Cond. Thermal 0.661 0.588 0.511 

Dry Thermal 0.663 0.592 0.517 

  

 As compared to conditioned membranes, there was a slight decrease in 

performance when dry, unconditioned membranes were used in thermally pressed MEAs 

for both RPI High and RPI Low membranes.  Conditioning membranes improves the 

membrane ionic conductivity by ensuring greater protonation and increased water 

content.  Hence, one would expect improvements in MEA performance using 

conditioned membranes.  However, MEAs with conditioned membranes are usually hot 

pressed in hermetically sealed bags to prevent dehydration, and the overall pressing 

operation is usually much longer than the 120 seconds used here.  The extra step of 

hermetically sealing the MEA and longer cycle time are not conducive to a high volume 

production process, which likely explains why industry chooses to use dry membrane 

instead.  With the absorbed water in the conditioned membrane able to easily boil off in 

the open hot pressing shown in Figure 2.13, it is no surprise that both dry and 

conditioned membranes in thermally pressed MEAs have similar performance. 

 The commercial electrode showed improved performance under both ultrasonic 

and thermally pressed conditions using unconditioned membrane.  Thermally pressed 
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MEAs had very small differences between the membrane conditions, less than 10 mV at 

all current densities.  Ultrasonics and commercial electrode showed the greatest 

improvement with the dry membrane of 78, 139, and 210 mV at 0.4, 0.6. and 0.8 A/cm2, 

respectively. 

3.3 Ultrasonic Bonding Optimization 

Energy flux and sealing pressure, two important manufacturing variables in the 

ultrasonic bonding process, were optimized through a design of experiments (DOE).  A 

full factorial, completely randomized experiment with two replicates was conducted to 

estimate the effects of each manufacturing parameter on MEA performance.  FCE 

electrodes and conditioned Nafion membranes were used for this study. 

3.3.1 Design of Experiments 

A pre-screening experiment was conducted prior to the optimization study to 

determine the levels of the manufacturing factors.  The final experiment tested 

(3×2)×2replicates=12 MEAs made with energy flux levels of 3.0, 6.0, and 9.0 J/mm2, 

and sealing pressure levels of 3.0 and 4.5 N/mm2.  Electrodes for each MEA were cut 

from a larger sheet and given a unique identification number.  Two electrodes were then 

paired randomly for pressing into a single MEA, each electrode pair was randomly 

assigned to a combination of manufacturing factors and levels, and finally MEAs were 

manufactured and tested in random order.  This testing approach minimizes the effect on 

the response variable by any nuisance variables 

 Main and interaction effects were estimated using Analysis of Variance 

(ANOVA) on performance of the MEA at three different current densities.  The voltages 

for each data point were averaged from the H2/O2 polarization curves at each specified 

current density.  Three separate ANOVAs tested for main effects.  
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3.3.2 Fuel Cell Performance Data 

Ultrasonic MEA performance data used for main effect estimation is shown in 

Table 3.2.  Performance data from three different current densities (0.4, 0.6, and 0.8 

A/cm2) is compiled from H2/O2 polarization curves. 

 

Table 3.2: Ultrasonic performance data with H2/O2 (Beck, Walczyk, Hoffman, & Buelte, 2012) 

Energy 
Flux 

(J/mm2) 
Pressure 
(N/mm2) 

Voltage 
@ 0.4 
A/cm2 

Voltage 
@ 0.6 
A/cm2 

Voltage 
@ 0.8 
A/cm2 

9 3.0 0.644 0.553 0.439 
3 4.5 0.621 0.506 0.344 
9 3.0 0.632 0.522 0.382 
9 4.5 0.588 0.437 0.231 
6 4.5 0.627 0.503 0.343 
6 4.5 0.597 0.422 0.144 
6 3.0 0.614 0.457 0.248 
3 4.5 0.624 0.482 0.246 
3 3.0 0.578 0.345 0.027 
9 4.5 0.542 0.329 0.079 
3 3.0 0.628 0.511 0.344 
6 3.0 0.635 0.517 0.357 

 

Each cell could only be successfully tested with pure oxygen supplied to the 

cathode.  Testing often had to be shortened due to poor performance when switching to 

air on the cathode.  Therefore, no H2/Air performance is included in this data set.   

Figure 3.3 contains two visual representations of the data.  The box plot on the 

left shows the voltage of the tested MEAs with respect to the energy level used to seal 

them.  The lowest energy level of 3000 joules had the best median performance of about 

0.495 volts.  The two higher levels had very similar medians at 0.480 volts.  The 9000 

joule energy level (9.0 J/mm2 energy flux) had the largest spread of the data, including 

the largest inter-quartile range.  The maximum, or best performing MEA, was also found 

in that sub-population. 
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Figure 3.3: Exploratory data analysis of ultrasonic optimization 

 
Voltage with respect to pressure is plotted in the second box plot.  The lower 

sealing pressure had a clear higher median at 0.51 versus 0.46 volts for the 4.5 N/mm^2 

sub-population.  One outlier exists in the lower pressure group at 0.35 volts. 

The interaction plot, Figure 3.4 suggests a significant interaction effect between 

energy and pressure.   
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Figure 3.4: Interaction plot of Energy and Pressure 

 

Voltage is the response variable plotted against energy level with pressure as the 

trace lines.  The low pressure level increases performance as the energy level used to 

seal the MEA is increased.  Performance of the high level pressure MEAs decreases as 

the bonding energy is increased.  The slopes of the lines are non-parallel and intersect 

indicating a possible significant interaction effect between the two factors. 

 

3.3.3 Analysis of Variance 

The two-way (energy flux * sealing pressure) ANOVA results of MEA 

performance at 0.4 A/cm2 including p-values for each factor is shown in Table 3.3. A 

two-way ANOVA suggests no main effects at a 95% confidence level (i.e. p>0.05) for 
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energy flux and sealing pressure, and no interaction effect between them.  The p-values 

from the analysis are above the 95% confidence level probability, where the null 

hypothesis would be rejected in favor of the alternate hypothesis stating that the variance 

in performance can be explained by variation in the tested factor.  While the interaction 

effect between energy flux and pressure is the most significant in this data set, it is not 

statistically significant enough to explain the variance in the response variable.  One-way 

ANOVAs on the factors individually did not yield any different main effect estimates. 

 

Table 3.3: Two-way ANOVA table for ultrasonic optimization at 0.4 A/cm2 (Beck, Walczyk, 
Hoffman, & Buelte, 2012)  

Analysis of Variance Table 

 

Response: O2_V4 

                Df    Sum Sq    Mean Sq F value  Pr(>F)   

Energy           2 0.0005832 0.00029158  0.5727 0.59209   

Pressure         1 0.0014520 0.00145200  2.8517 0.14224   

Energy:Pressure  2 0.0044135 0.00220675  4.3340 0.06844 . 

Residuals        6 0.0030550 0.00050917        

 

The two-way (energy flux * sealing pressure) ANOVA output for MEA 

performance at 0.6 A/cm2 including p-values for each factor is shown in Table 3.4. A 

two-way ANOVA of voltages at 0.6 A/cm2 estimates that performance voltage was not 

statistically significant across the three energy flux levels.  Variation in sealing pressure 

did not explain the variation in the voltage, and no interaction effect existed.  P-values 

from one-way ANOVAs are all greater than 0.05. 

 

Table 3.4: Two-way ANOVA table for ultrasonic optimization at 0.6 A/cm2 (Beck, Walczyk, 
Hoffman, & Buelte, 2012) 

Analysis of Variance Table 

 

Response: O2_V6 

                Df    Sum Sq   Mean Sq F value Pr(>F) 

Energy           2 0.0005332 0.0002666  0.0628 0.9397 

Pressure         1 0.0042563 0.0042563  1.0031 0.3552 

Energy:Pressure  2 0.0245702 0.0122851  2.8953 0.1318 

Residuals        6 0.0254590 0.0042432   
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The two-way (energy flux * sealing pressure) ANOVA output for MEA 

performance at 0.8 A/cm2 including p-values for each factor is shown in Table 3.5.  A 

two-way ANOVA suggests no main effect of energy or pressure and no interaction 

effect.  The variation in the performance data at 0.8 A/cm2 cannot be explained by the 

variation in either of the manufacturing factors. 

 

Table 3.5: Two-way ANOVA table for ultrasonic optimization at 0.8 A/cm2 (Beck, Walczyk, 
Hoffman, & Buelte, 2012) 

Analysis of Variance Table 

 

Response: O2_V8 

                Df   Sum Sq  Mean Sq F value Pr(>F) 

Energy           2 0.003965 0.001983  0.1266 0.8834 

Pressure         1 0.014008 0.014008  0.8945 0.3808 

Energy:Pressure  2 0.066743 0.033372  2.1309 0.1999 

Residuals        6 0.093964 0.015661    

    

No main effects of energy flux or sealing pressure are estimated from the 

ultrasonic optimization study.  This suggests that the ultrasonic bonding process is 

robust, since MEA performance variation is not statistically significant as the 

manufacturing process parameters are varied.   

The best MEA performance observed in this DOE occurred with ultrasonic 

manufacturing energy flux of 9.0 J/mm2 and a sealing pressure of 3.0 N/mm2. 

 

3.4 Thermal Bonding Optimization 

3.4.1 Design of Experiments 

The objective of the thermal bonding optimization study was to optimize sealing 

temperature and pressure.  Pressing hold time was held constant in this study, because 

Liang et al. (Liang, Zhao, Xu, & Xu, 2007) concludes that as long as the MEA is pressed 

long enough to not delaminate, pressing time has little or no effect on performance.  

Therefore, sealing temperature and pressure were the only factors in the optimization.  
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Temperature is recorded in °C and sealing pressure in the press is measured in N/mm2.  

Similar to the previous ultrasonic bonding optimization study, all MEAs consisted of 

FCE electrodes and conditioned Nafion membranes. 

The DOE used in this case was a randomized complete block design involving 

three levels for two factors.  MEAs were pressed with 2, 4, and 8 N/mm2 sealing 

pressures and 130, 150, and 170°C sealing temperatures.  Pressing time was held 

constant at 120 seconds, and an 80 durometer Shore A compliance layer was used.  The 

previously described procedure to randomize selection and assignment of the electrodes 

and testing of the MEAs was applied.  Due to the limited size of the electrode sheets, the 

experiment had to be divided into two blocks of electrode material.  Two sheets of GDE 

were required to supply enough electrodes for all MEAs.  One replicate of each 

combination of manufacturing parameters was tested in each block which resulted in two 

replicates total.  Multiple GDE material sheets used are a nuisance factor and the 

blocking allows for more precise conclusions by removing the variation in performance 

by the blocked factor from the error term in the ANOVA.   

Similar to the ultrasonic optimization, main and interaction effects were 

estimated using ANOVA on performance of the MEA at three different current densities.  

Performance data was parsed out from H2/O2 and H2/Air polarization curves. One-way 

and two-way ANOVAs tested for main effects.   

3.4.2 Fuel Cell Performance Data 

Table 3.6 shows performance data used in thermal ANOVA.  Similarly to the 

ultrasonic study, voltages at specific operating current densities were used as the data 

set.  Performance data for both H2/O2 and H2/Air was successfully collected and studied. 
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Table 3.6: Performance data of thermally pressed MEAs for optimization study (Beck, Walczyk, 
Hoffman, & Buelte, 2012) 

Pressure 
(N/mm2) 

Temperature 
(°C) 

Electrode 

Voltage 
@ 0.4 
A/cm2, 

O2 

Voltage 
@ 0.6 
A/cm2, 

O2 

Voltage 
@ 0.8 
A/cm2, 

O2 

Voltage 
@ 0.4 
A/cm2, 

Air 

Voltage 
@ 0.6 
A/cm2, 

Air 

Voltage 
@ 0.8 
A/cm2, 

Air 
2 130 A 0.647 0.560 0.455 0.575 0.426 0.000 

2 130 B 0.653 0.568 0.473 0.581 0.431 0.081 

2 150 A 0.663 0.588 0.509 0.595 0.463 0.157 

2 150 B 0.671 0.600 0.524 0.597 0.477 0.227 

2 170 A 0.687 0.629 0.571 0.611 0.520 0.368 

2 170 B 0.682 0.624 0.565 0.611 0.510 0.297 

4 130 A 0.651 0.567 0.467 0.576 0.417 0.000 

4 130 B 0.638 0.525 0.382 0.580 0.373 0.000 

4 150 A 0.671 0.601 0.526 0.596 0.476 0.253 

4 150 B 0.678 0.612 0.543 0.608 0.440 0.000 

4 170 A 0.685 0.624 0.564 0.607 0.476 0.153 

4 170 B 0.685 0.625 0.568 0.607 0.493 0.241 

8 130 A 0.631 0.546 0.440 0.562 0.418 0.095 

8 130 B 0.636 0.543 0.433 0.000 0.000 0.000 

8 150 A 0.663 0.590 0.51 0.589 0.454 0.255 

8 150 B 0.670 0.590 0.503 0.600 0.401 0.000 

8 170 A 0.677 0.606 0.530 0.596 0.479 0.242 

8 170 B 0.640 0.546 0.442 0.551 0.425 0.164 

 

The thermal optimization data in two box-and-whisker plots is shown in Figure 

3.5.  The plot of the left represents the performance at 0.6 A/cm2 on H2/O2 with respect 

to bonding temperature.  Performance data is grouped by bonding pressure in the second 

plot, to the right. 
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Figure 3.5: Exploratory data analysis of thermal optimization 

 

As bonding temperature is increased with thermally pressed MEAs, performance 

increases as well.  The highest median voltage was at 170 °C while the lowest voltage 

was recorded at the 130 °C level.  There is one outlier at 0.54 volts in the population that 

was manufactured at the highest temperature level.  There is very little overlap of the 

IQRs between the three temperatures.  It is interesting to note that overall the thermally 

pressed MEA performance have less variation than the ultrasonically pressed group 

(Figure 3.3) as seen by the smaller range of the response variable voltage. 

The second box plot of Figure 3.5 shows the voltage at the three different sealing 

pressure levels.  A sealing pressure level of 4.0 N/mm2 had the highest median voltage; 

however it also had the largest range from maximum to minimum within each sub-
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population of MEAs.  The lowest pressure level had the maximum voltage of the 

population and the second highest median value. 

 

Figure 3.6: Interaction plot of Temperature and Pressure 

 

The lines on the interaction plot in Figure 3.6 of pressure and temperature are 

generally the same slope.  The medium pressure level intersects the lowest pressure 

level, however overall they are close to parallel.  The highest pressure level line begins 

with the same positive slope as the other two levels until temperature level of 150 °C and 

then the performance decreases while the performance of the other two pressure levels 

continue to increase.  The outlier in the 170 °C population was pressed at 8 N/mm2 and 

may have influenced the plot.  No significant conclusions can be made from this 

interaction plot. 
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3.4.3 Analysis of Variance 

 The two-way (temperature * sealing pressure) ANOVA for H2/O2 MEA 

performance at 0.4 A/cm2, shown in Table 3.7, reveals that MEA performance was 

significantly different across the pressing temperature conditions (P<0.01) resulting in a 

main effect of temperature, while also suggesting no sealing pressure main effect.  No 

interaction effect between pressure and temperature is suggested.  Note that the blocked 

electrode factor had no statistically significant effect on the performance.  One-way 

ANOVA estimates temperature to be a main effect (P<0.001), while bonding pressure 

has no effect on the performance. 

 

Table 3.7: Two-way ANOVA table for thermal optimization at 0.4 A/cm2 and O2 on the cathode 
(Beck, Walczyk, Hoffman, & Buelte, 2012) 

Analysis of Variance Table 

 

Response: O2_V4 

                     Df    Sum Sq    Mean Sq F value   Pr(>F)    

Temperature           2 0.0037333 0.00186667 17.2418 0.001257 ** 

Pressure              2 0.0008723 0.00043617  4.0287 0.061610 .  

Electrode             1 0.0000269 0.00002689  0.2484 0.631640    

Temperature:Pressure  4 0.0004093 0.00010233  0.9452 0.485617    

Residuals             8 0.0008661 0.00010826   

   

The two-way (temperature * sealing pressure) analysis of variance table of H2/O2 

MEA performance at 0.6 A/cm2, shown in Table 3.8, suggests that the variance in 

performance can be explained by the variation in temperature during the manufacturing 

process (P<0.01).  Pressure is estimated to not be a main effect as well as no interaction 

effect.  The main effect conclusions do not change when completing a one-way ANOVA 

on temperature and pressure individually. 
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Table 3.8: Two-way ANOVA table for thermal optimization at 0.6 A/cm2 and O2 on the cathode 
(Beck, Walczyk, Hoffman, & Buelte, 2012) 

Analysis of Variance Table 

 

Response: O2_V6 

                     Df    Sum Sq   Mean Sq F value  Pr(>F)    

Temperature           2 0.0110188 0.0055094 17.4486 0.00121 ** 

Pressure              2 0.0022121 0.0011061  3.5029 0.08078 .  

Electrode             1 0.0003380 0.0003380  1.0705 0.33110    

Temperature:Pressure  4 0.0018262 0.0004566  1.4459 0.30393    

Residuals             8 0.0025260 0.0003157     

 

Similar to the lower current densities, the two-way (temperature * sealing 

pressure) analysis of variance table of H2/O2 MEA performance at 0.8 A/cm2, shown in 

Table 3.9, estimates temperature to be a main effect (P<0.01), no main effect of sealing 

pressure (P>0.05), and no interaction effect (P>0.05).  One-way ANOVA revealed 

performance is significantly different across the three pressing temperatures (P<0.001).  

Pressure is not a main effect when tested in a one-way ANOVA. 

 

Table 3.9: Two-way ANOVA table for thermal optimization at 0.8 A/cm2 and O2 on the cathode 
(Beck, Walczyk, Hoffman, & Buelte, 2012) 

Analysis of Variance Table 

 

Response: O2_V8 

                     Df   Sum Sq   Mean Sq F value    Pr(>F)     

Temperature           2 0.032219 0.0161097 18.6641 0.0009703 *** 

Pressure              2 0.005344 0.0026721  3.0957 0.1009831     

Electrode             1 0.001073 0.0010734  1.2436 0.2971566     

Temperature:Pressure  4 0.005854 0.0014634  1.6954 0.2432425     

Residuals             8 0.006905 0.0008631        

 

Thermal pressing parameters of 170 °C and 2.0 N/mm2 during the standard 120 

second cycle time produced the highest performance in MEA polarization curves, and 

performance improved with increasing pressing temperature.  Higher manufacturing 

temperatures resulted in slightly thinner final MEAs with increased bonding between the 

electrodes and membrane.  Better contact between the components reduces the cell 

resistance thereby improving the MEA performance.   These results are similar to Zhang 
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(Zhang, Yin, Wang, Lai, & Cai, 2006), that is, MEAs pressed at a higher temperature 

improve performance. 

 

3.5 Summary of Material Effects on Ultrasonic and Thermal Bonding  

Ultrasonics has been shown to be a viable manufacturing process to bond 

components into low temperature PEM MEAs with significant energy and time savings 

over thermal pressing.  Neither energy level nor sealing pressure, the two main process 

parameters identified, nor their interaction had a statistically significant effect on MEA 

performance suggesting that the process is robust.  While not statistically significant 

from Analysis of Variance, an interaction effect between energy and pressure may play 

an important role during ultrasonic bonding.  Some degree of interaction between the 

two parameters can be seen in the interaction plot of Figure 3.4.  

Electrode architecture and composition play an important role in the performance 

of ultrasonically bonded MEAs, since significant performance differences were observed 

over a small variety of electrodes.  Variation within MEA sub-populations was observed 

to be much larger for ultrasonic MEAs than thermally bonded ones. 

With regards to thermal bonding, which involves orders-of-magnitude higher 

cycle time and energy usage, temperature is estimated to be a statistically significant 

effect whereas sealing pressure is not.  Higher sealing temperatures resulted in thinner 

MEAs which also exhibited better performance. 
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4. Comparison of Performance Losses between Ultrasonic and 
Thermal Pressing 

The objective of this chapter is to identify and quantify differences in 

performance losses between ultrasonically and thermally bonded PEM fuel cell MEAs 

through an experimental study.  Current commercially available PEM GDEs are 

optimized for thermal bonding; thus, analysis of performance differences between MEAs 

bonded with these two methods may help in redesign of individual components, 

specifically the electrode, for ultrasonic bonding. 

A randomized, full factorial experiment was designed and conducted to examine 

the performance of three factors; bonding method, membrane preconditioning, and 

electrode catalyst loading.  MEAs with 10 cm2 active area were bonded using 

preconditioned or dry Nafion 115 and custom made electrodes with catalyst loadings of 

0.16 or 0.33 mg Pt/cm2.  MEAs were bonded either ultrasonically or thermally using 

previously optimized bonding parameters.   

It should be noted that main and interaction effects of the tested factors were not 

estimated through ANOVA because these factors are typically set in a manufacturing 

environment and not available for continuous control.  The impact on performance 

losses compared between ultrasonic and thermal bonding is the focus of this chapter and 

design of experiments was used to control other factors and minimize error. 

 

4.1 Design of Experiments 

A three-factor, two-level, randomized, full factorial experiment was designed and 

completed for this study.  The factors were manufacturing process (ultrasonic and 

thermal), membrane condition (conditioned and dry), and electrode catalyst loading 

(high and low).  Ultrasonic and thermal MEAs were bonded at their respective optimized 

conditions determined by the author and discussed in Chapter 3: 

• Ultrasonic bonding – 9000 J of applied energy (9.0 J/mm2 energy flux for 10 

cm2 area) and a sealing pressure of 3.0 MPa.  Approximately 8 second bonding 

time. 
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• Thermal pressing – 170 °C platen temperatures, 2.0 MPa pressing pressure, 120 

second press time, and a compliance layer (details previously mentioned). 

Two replicates of each MEA were run to estimate variance and provide more accurate 

performance results.  Randomization of electrode selection, assignment to manufacturing 

treatment, and testing order attempted to minimize any effects from nuisance variables.  

Two High- or Low-loaded electrodes were selected and paired at random.  Each 

electrode pair was then randomly assigned to a combination of manufacturing factors 

and levels.  Finally, the MEAs were assigned a randomized manufacturing and testing 

order. 

4.2 Performance Results 

Performance differences are quantified and discussed for MEAs made using 

different manufacturing, material, and test conditions including ultrasonically versus 

thermally bonded, conditioned versus dry membrane, high- versus low-loaded 

electrodes, and O2 versus air supplied on the cathode side.  Table 4.1 shows 

performance data for all MEAs tested in this study, and all comparisons discussed in 

Sections 4.2.1-4.2.3 are in reference to this data.  Table 4.1 compares the average high 

frequency impedance measured for different aggregations of MEAs. 
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Table 4.1: Performance results for all tested MEAs (n/a = not recorded) 

MEA Manufacturing Parameters 
(Bonding Process, GDE Catalyst 
Loading, Membrane Hydration 

Condition) 

Voltage (V) at various current densities between 0.2 and 1.0 A/cm2 and for 
different cathode reactant gasses (O2, Air) 

0.2, 
O2 

0.4, 
O2 

0.6, 
O2 

0.8, 
O2 

1.0, 
O2 

0.2, 
Air 

0.4, 
Air 

0.6, 
Air 

0.8, 
Air 

Ultrasonic Low Conditioned 0.748 0.685 0.627 0.573 0.519 0.683 0.586 0.465 n/a 

Ultrasonic Low Conditioned 0.741 0.675 0.613 0.555 0.495 0.704 0.612 0.439 0.242 

Thermal Low Conditioned 0.741 0.675 0.614 0.558 0.506 0.679 0.593 0.506 n/a 

Thermal Low Conditioned 0.730 0.670 0.612 0.562 0.512 0.665 0.599 0.510 0.413 
Average voltage difference between 

ultrasonically and thermally bonded MEAs 
with low catalyst loading and conditioned 

membrane 

0.009 0.007 0.007 0.004 -0.002 0.022 0.003 -0.056 -0.171 

Ultrasonic Low Dry 0.736 0.661 0.588 0.512 0.436 0.673 0.555 0.396 n/a 

Ultrasonic Low Dry 0.728 0.655 0.582 0.507 0.428 0.684 0.575 0.397 0.087 

Thermal Low Dry 0.725 0.646 0.569 0.496 0.422 0.668 0.557 0.444 n/a 

Thermal Low Dry 0.708 0.637 0.563 0.491 0.413 0.656 0.559 0.444 0.313 
Average voltage difference between 

ultrasonically and thermally bonded MEAs 
with low catalyst loading and dry membrane 

0.016 0.017 0.019 0.016 0.015 0.017 0.007 -0.048 -0.226 

Ultrasonic High Conditioned 0.758 0.695 0.637 0.585 0.533 0.703 0.601 0.471 n/a 

Ultrasonic High Conditioned 0.751 0.689 0.627 0.569 0.509 0.722 0.615 0.449 0.168 

Thermal High Conditioned 0.745 0.679 0.617 0.561 0.504 0.703 0.607 0.507 0.401 

Thermal High Conditioned 0.760 0.690 0.632 0.578 0.523 0.700 0.610 0.518 n/a 
Average voltage difference between 

ultrasonically and thermally bonded MEAs 
with high catalyst loading and conditioned 

membrane 

0.002 0.007 0.007 0.007 0.007 0.011 -0.001 -0.053 -0.233 

Ultrasonic High Dry 0.755 0.684 0.617 0.551 0.483 0.699 0.594 0.461 n/a 

Ultrasonic High Dry 0.746 0.681 0.615 0.552 0.487 0.596 0.542 0.403 0.126 

Thermal High Dry 0.750 0.677 0.600 0.529 0.458 0.702 0.598 0.497 n/a 

Thermal High Dry 0.716 0.646 0.575 0.504 0.429 0.637 0.571 0.460 0.340 
Average voltage difference between 

ultrasonically and thermally bonded MEAs 
with high catalyst loading and dry 

membrane 

0.018 0.021 0.029 0.035 0.042 -0.022 -0.017 -0.047 -0.214 

 

Table 4.2: Average membrane impedance measured by high frequency impedance intercept 

MEA Group mΩ 
Ultrasonically bonded 14.4 

Thermally bonded 15.7 

Conditioned membrane 13.4 
Dry membrane 16.5 

Low catalyst loading 15.2 
High catalyst loading 15.0 
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4.2.1 Ultrasonically versus Thermally Bonded 

Using the optimal material/process conditions previously described, 

ultrasonically bonded MEAs performed comparably to those that were thermally pressed 

(see Figure 4.1).  Ultrasonic MEAs slightly outperformed thermal ones, on average, at 

all current densities running H2/O2 reactant gasses.  Membrane impedance for ultrasonic 

MEAs was about 8% lower than thermal ones.  When H2/Air gasses were used, 

performance for ultrasonic MEAs was comparable to thermal MEAs at low current 

densities but diminished quicker at higher current densities. 

 

Figure 4.1: MEA polarization curves for optimized ultrasonic and thermal MEAs using conditioned 

membrane, high-loaded electrodes (0.36 mg Pt/cm2), 2.0/2.0 stoich, and atmospheric pressure 

 

For low catalyst loading, conditioned membrane, and H2/O2 reactant gasses, 

ultrasonically bonded MEAs performed slightly better, 5 mV better on average, than 

those that were thermally bonded.  The nominal performance was better at lower current 

densities.  Thermally bonded MEAs performed much better at high current densities for 

H2/air (e.g., 56 mV at 0.6 A/cm2).  If dry membrane is used instead, the performance 

with H2/O2 is better (17 mV on average) across all current densities. Similarly with the 

conditioned membrane, the ultrasonically bonded MEA performance is better at low 

current densities on H2/air, but quickly trails off below thermally bonded at current 
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densities above approximately 0.5 A/cm2.  Such performances losses present at high 

current densities with air but not oxygen suggests compromised oxygen diffusion 

capability caused by ultrasonics process (Note: 3.0 MPa sealing pressure for ultrasonics 

vs. 2.0 MPa for thermal pressing). 

For high catalyst loading, conditioned membrane, and H2/O2 reactant gasses, 

ultrasonically bonded show slightly better performance (6 mV on average) than 

thermally bonded MEAs.  These performance differences are nearly identical to MEAs 

with low catalyst loading.  Similarly, performance of ultrasonically bonded MEAs on 

H2/air is nominally better at low current densities, but quickly degrades below thermally 

bonded above 0.5 A/cm2 (53 and 233 mV less at 0.6 and 0.8 A/cm2, respectively).   

Figure 4.1 shows the polarization curves for ultrasonically and thermally bonded MEAs 

manufactured with high catalyst loaded electrodes and conditioned membrane, which 

resulted in the best performing cells overall. 

The greatest performance improvement of ultrasonically bonded over thermal 

bonded MEAs (29 mV on average) was seen on high catalyst loaded electrodes bonded 

to dry, unconditioned membrane and tested with H2/O2.  Thermally bonded MEAs 

outperformed the ultrasonically bonded ones at all tested current densities for H2/air.  

For example, the difference at 0.8 A/cm2 was 214 mV. 

4.2.2 Conditioned versus Dry Membrane 

MEAs made from conditioned membrane outperformed MEAs made with 

unconditioned Nafion as expected.  The conditioning process increases the proton 

conductivity through the membrane (Barrio, Paddondo, Mijangos, & Lombrana, 2009) 

(Gavach, Pamboutzoglou, Nedyalkov, & Pourcelly, 1989), although at the expense of 

manufacturing cycle time.  The conditioning process decreased the average membrane 

resistance by nearly 20% as measured using the high frequency intercept on the Nyquist 

plot from impedance spectroscopy data.  Decreased membrane resistance, observed in 

both thermally and ultrasonically bonded MEAs, reduces the ohmic losses and improves 

performance.  For ultrasonic MEAs made with the higher catalyst loaded electrode, 

membrane conditioning improved voltage output by 4 and 36 mV at 0.2 and 1.0 A/cm2 

current densities, respectively, during H2/O2 testing.  The same current densities for 
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thermally pressed MEAs resulted in conditioned membrane having better performance 

of 20 and 70 mV. 

 The performance improvement associated with membrane conditioning grew as 

current density increased for operation with both O2 and air.  The improvement was 

nearly identical for both H2/O2 and H2/air polarization curves.  Conditioned membranes 

had a larger effect on performance for the lower catalyst loaded MEAs; for example, the 

voltage increase going from dry to conditioned membrane was 35 mV compared to 16 

mV (current density of 0.6 A/cm2) for low and high catalyst loaded MEAs, respectively, 

using ultrasonic bonding. 

4.2.3 High versus Low Catalyst Loaded Electrodes 

As expected, MEAs with higher catalyst loading performed better than lower 

loaded ones for all test conditions and both conditioned and unconditioned MEAs.  

Specifically, when the platinum catalyst loading was increased from 0.16 to 0.33 mg 

Pt/cm2, the performance improvement was 26 mV for MEAS fabricated with 

unconditioned membrane and 12 mV for MEAs fabricated with conditioned membrane 

when operated at a 0.6 A/cm2 current density.  MEAs with high catalyst loaded 

electrodes ultrasonically bonded to conditioned membranes showed a consistent 12 mV 

increase over the low catalyst loaded electrodes at all current densities on oxygen and 

air.  Voltage increases were calculated using Table 4.1 by taking the difference between 

two sets of MEAs at one specific operating point or averaged across all current densities.  

The voltage improvement going from low to high catalyst loading for ultrasonically 

bonded MEAs with dry membrane increased linearly from 19 to 53 mV as the operating 

current density increased from 0.2 to 1.0 A/cm2.   

 A similar dependence of cell voltage on catalyst loading was observed for 

thermally pressed MEAs.  Performance was an average of 11 mV better with 

conditioned membrane.  However, the nominal performance enhancement decreased as 

the current density increased.  Unconditioned membrane MEAs performed 21 mV better 

with the higher catalyst loading.  The greatest nominal improvements from the higher 

catalyst loading were seen on MEAs bonded with unconditioned membrane for both 

thermal and ultrasonic manufacturing processes. 
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 Across all manufacturing parameters, doubling the catalyst loading in the 

electrode resulted in a 20 mV performance increase at 0.6 A/cm2 on both air and oxygen.  

This voltage improvement corresponds to 3.1% and 4.5% increase for oxygen and air, 

respectively.  From a manufacturing and business perspective, doubling the platinum 

catalyst loading in the electrodes increases material costs significantly, but this may not 

be justifiable for the nominal performance improvement observed.  Catalyst is the 

leading cost driver in a fuel cell stack, comprising nearly 30% of the manufacturing 

process cost (The Benchmarking and Best Practices Centers of Excellence, 2012). 

4.3 Characterizing Performance Losses 

Ultrasonically bonded MEAs typically performed better than thermally pressed 

MEAs running on H2/O2 and at low current densities running on H2/Air but performance 

quickly degraded at higher current densities.  The drop in cell voltage as current density 

increases observed for ultrasonically bonded cells suggests the presence of transport 

losses, possibly due to crushing of the GDL from the higher clamping pressure used 

during bonding and ultrasonic vibrations.  Various diagnostic techniques were used to 

decompose and compare performance losses.   

To illustrate the process of separating ohmic losses from the total cell impedance, 

a sample Nyquist plot of the impedance data, conducted at 0.6 A/cm2 current density on 

an ultrasonically bonded MEA with high electrode catalyst loading and conditioned 

membrane, is shown in Figure 4.2.  The real, high frequency intercept in this case was 

12.6 mΩ, as indicated in the figure. 
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Figure 4.2: Impedance scan data at 0.6 A/cm2 for an ultrasonically bonded MEA with high 
electrode loading and conditioned membrane 

 

Performance data was IR corrected by adding the product of membrane 

impedance and total current to the measured voltage.  This technique essentially removes 

all ohmic losses of the MEA so that other performance loss contributions can to be 

studied more precisely.  The IR corrected plot of cell voltage as a function of log(current 

density) shown in Figure 4.3 suggests transport losses at higher current densities for both 

the oxygen and air curves.  If no such concentration losses are present, the exponential 

dependence of cell voltage on log(current density) results in a linear plot of V versus log 

I (Williams, Kunt, & Fenton, 2005).  A Tafel plot of H2/O2 voltage is more linear than 

the H2/Air voltage due to the higher, uniform concentration of reactant gas on the 

cathode, seen in Figure 4.3.  The low current density region of the oxygen plot exhibits a 

Tafel slope approximately 75 mV/decade.  A slight decrease in the performance is seen 

beginning at about 0.7 A/cm2.   
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Figure 4.3: IR corrected plot showing performance losses at high current densities of an 
ultrasonically bonded MEA consisting of conditioned membrane and high catalyst-loaded electrode 

tested with 2.0/2.0 stoich at 1 atm pressure 

 

Performance trends in the IR corrected data are similar to those observed with 

original data (i.e. non-IR corrected).  Ultrasonically bonded MEAs performed 

comparably to thermally bonded ones for all current densities using oxygen and for low 

current densities using air, whereas thermal pressed MEAs exhibited better performance 

at the higher currents using air.  Averaged IR corrected performance data is presented in 

Table 4.3.  As the current is increased, the IR corrected voltage difference between 

conditioned and dry membrane MEAs also increases.  
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Table 4.3: IR corrected performance for all MEAs 

 
Voltage (V) at various current densities between 0.2 and 1.0 A/cm2 and for different 

cathode reactant gasses (O2, Air) 
MEA Manufacturing Parameters 
(Bonding Process, GDE Catalyst 
Loading, Membrane Hydration 

Condition) 
0.2, 
O2 

0.4, 
O2 

0.6, 
O2 

0.8, 
O2 

1.0, 
O2 

0.2, 
Air 

0.4, 
Air 

0.6, 
Air 

0.8, 
Air 

Ultrasonic Low Conditioned 0.769 0.732 0.699 0.669 0.639 0.722 0.650 0.535 0.285 

Ultrasonic Low Dry 0.763 0.719 0.677 0.633 0.585 0.713 0.626 0.491 0.197 

Ultrasonic High Conditioned 0.781 0.742 0.708 0.679 0.649 0.736 0.658 0.540 0.272 

Ultrasonic High Dry 0.778 0.739 0.705 0.671 0.635 0.678 0.634 0.532 0.238 

Thermal Low Conditioned 0.760 0.724 0.693 0.668 0.641 0.699 0.650 0.588 0.519 

Thermal Low Dry 0.750 0.708 0.670 0.632 0.587 0.689 0.626 0.549 0.443 

Thermal High Conditioned 0.776 0.738 0.707 0.680 0.652 0.724 0.670 0.595 0.512 

Thermal High Dry 0.766 0.727 0.690 0.653 0.611 0.715 0.653 0.581 0.474 

 

IR correction resulted in a performance difference between ultrasonically and 

thermally bonded MEAs of ±5 mV from 0.2 to 1.0 A/cm2 for highly loaded, conditioned 

MEAs.  In other words, the slight performance improvement (~7 mV) of ultrasonically 

bonded MEAs over thermally bonded ones observed in polarization curves was removed 

after IR correction.  Equal performance after removing ohmic losses suggests that the 

better performance is a result of higher membrane conductivity from the ultrasonic 

bonding cycle.  Cathode performance is independent of the bonding process, showing 

equal performance on pure oxygen across the full range of current densities.   

 Comparing oxygen gain between the two manufacturing processes provides 

insight into the oxygen diffusion losses occurring in the cathode GDE, (see (Gamburzev 

& Appleby, 2002) for oxygen gain example).  Oxygen gain is calculated by taking the 

difference of IR corrected cell voltages at a current density of 0.6 A/cm2 between pure 

oxygen and air supplied to the cathode side.  A larger oxygen gain value represents 

reduced oxygen diffusion to the reaction sites, which negatively affects performance.  

Ultrasonically bonded MEAs exhibited a larger oxygen gain compared to thermally 

pressed ones, specifically 0.161 V versus 0.111 V.  One possible explanation for the 

increased value is that the ultrasonic vibrations and higher clamping pressure during 

processing have a more detrimental effect on GDL structure.  Diffusion resistance will 

increase if pores are crushed or blocked in the electrode during the MEA manufacturing 
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process.  This may be the reason why ultrasonic MEAs have similar performance to 

thermally pressed ones at low current densities on air but very poor performance on air 

at high current densities.  As diffusion resistance increases, the concentration difference 

across the gas diffusion media is greater, approaching a level where the reaction cannot 

be sustained at high current densities.   There is no difference in the oxygen gain noticed 

between conditioned and unconditioned membranes. 

 Ultrasonically bonded MEAs had, on average, 8% lower membrane impedance 

compared to thermally pressed MEAs, as shown in  

Table 4.2, presumably because the membrane is thinner and membrane impedance is a 

function of the membrane thickness.  If the actual membrane final thickness is thinner, 

which could be measured using Scanning Electron Microscopy, the proton resistance 

decreases, which results in improved performance. 

There was a significant and consistent difference in the final MEA thickness 

between the two manufacturing processes.  The incoming materials for both bonding 

processes were identical, that is, from the same lots; however, the MEA final thickness 

compressed approximately 30% from traditional thermal pressing while the compression 

was over 40% from ultrasonic bonding.  Final ultrasonically bonded MEA thicknesses 

ranged from 434-480 µm with an average value of 460 µm.  Thermal pressing resulted in 

a 536-616 µm range of MEA final thickness and an average value of 575 µm. 

It has not been determined yet if the thinner ultrasonically bonded MEA is a 

result of more membrane being forced into the electrodes or if the individual 

components are compressed further or in a different manner than by thermal pressing.  

The thinner final MEA may be due to the GDL crushing during the ultrasonic bonding 

process.  Breaking fibers and/or destroying the gas diffusion media through a reduction 

in permeability and/or hydrophobicity in the GDE would certainly lower the MEA 

performance, specifically on high current densities with low reactant gas concentration 

(i.e. cathode side supplied with air). 

Ultrasonic and thermal CVs for ultrasonically and thermally bonded MEAs with 

conditioned membrane and highly loaded electrodes are compared in Figure 4.4.  

Hydrogen oxidation peak analysis is shown on the ultrasonic MEA CV (black data 

points) with the thermal MEA CV data (grey) overlaid on the same plot.  The shaded 
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region represents the area under the hydrogen oxidation peak (charge) for the ultrasonic 

MEA, which is used in ECSA calculation and analysis.  Similar area measurements were 

performed for the thermal MEA CV data also.  Slightly greater ECSA is seen for 

thermally pressed, which was consistent for all MEAs manufactured and tested 

throughout the study.  Descriptions of various CV response peaks are described in the 

literature (Kocha, Vielstich, Lamm, & Gasteiger, 2003).  No evidence of additional or 

unexplained peaks can be found in the CV results presented in this work.  A conversion 

factor of 210 µC/cm2, commonly found throughout the literature, was used to determine 

the real catalyst surface area from the area under the hydrogen absorption peak 

(Gasteiger, Kocha, Sompalli, & Wagner, 2005).  
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Figure 4.4: CV scan of ultrasonically bonded MEA (black) with thermal MEA data (grey) overlaid 

 

Doubling the platinum loading in the catalyst layer increased the ECSA by 65%, 

not the 100% that would be expected, and MEA performance by approximately 20 mV.  

The former observation suggests that a portion of the platinum catalyst area is covered 

by additional deposited layers of the catalyst ink rendering platinum sites inaccessible 

for the reduction reaction.  The latter observation (20 mV improvement) is in reasonable 

agreement with the theoretical voltage increase calculated by the Butler-Volmer 

equation, that is, 14.8 mV using a catalyst area ratio of 1.65.  The catalyst area ratio was 

calculated by taking the ratio of real active area between the high and low loaded 

electrodes as measured by cyclic voltammetry.  A Tafel slope of 68 mV/decade was 
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assumed for the calculation, which is the average value measured experimentally for 

ultrasonically bonded MEAs.  The calculation is shown starting with the Butler-Volmer 

equation and through manipulation and substitution, the voltage difference is dependent 

on the ratio of real catalyst area, A (cm2): 

" = "#�
$%&
'(

) 

"# = *+,-. 

ΔV = η
 −  η� =
RT

βnF
ln

��1.65A�nFCK�

�AnFCK�
 

∆@ =
AB

C+,
ln�1.65� 

∆@ = 68
E@

F�GHF�
∗ ln�1.65� ∗

1

2.303
= 14.8 E@ 

 

Where i is electrode current density (Amps/cm2), i0 is exchange current density (A/cm2), 

β is charge transfer coefficient (dimensionless), n is number of electrons involved in 

reaction, F is Faraday constant (C/mol), R is universal gas constant (J/(mol*K)), T is 

absolute temperature (K), η is activation overpotential (V), C is reactant gas 

concentration (mol/cm3), K is rate velocity (cm/s), and 2.303 is the conversion constant 

from base(e) to base(10) in which the Tafel slope was measured.  

The exchange current density formula is substituted into the Butler-Volmer 

equation which describes the electrochemical kinetic relationship between electrical 

current and electrode potential.  Solving for the change in voltage requires taking the 

difference between the overpotentials of the two systems.  Rearranging the equation and 

pulling out common terms yields the theoretical voltage increase is related to the natural 

log of catalyst area ratios.  Finally, the calculation needs to be converted to base(10) 

logarithmic scale because that was the scale in which the tafel slope was measured. 

Current densities were evaluated at a constant voltage to compare activation 

losses between MEAs.  Performance voltages for H2/O2 testing conditions were IR 

corrected to remove any ohmic and concentration losses present.  Concentration losses 

are removed because the cathode is provided pure oxygen.  A constant voltage of 800 

mV was selected to measure the current density, because the current can be accurately 

measured at that point, yet is still low enough where mass transport losses are not 
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significant.  IR corrected data from 0.0 to 0.2 A/cm2 was plotted on a log scale and fit 

with a logarithmic best-fit line.  The line equation is set equal to 800 mV, and the current 

density was solved for.  The value is referred to as the catalytic current (CC) for the 

purposes of quantifying differences in catalyst layer activity.  An example calculation for 

an ultrasonic MEA with high electrode loading and conditioned membrane is shown.  

 

Best fit equation: @LMNO =  −0.032 ln�-PQQ�+N R�+O"NS� +  0.7307 

0.800 =  −0.032 ln�--� +  0.7307 

Catalytic Current (CC) = 0.115 A 

 

 Across all ultrasonically bonded MEAs, the average current density at 800 mV 

was 0.094 A/cm2.  This was significantly higher than the 0.069 A/cm2 average for all 

thermally pressed MEAs suggesting that ultrasonic bonding results in reduced activation 

losses.  MEAs made with conditioned membranes had 30% higher current densities than 

their dry membrane counterparts at the same voltage.  Increased catalyst loading resulted 

in reduced activation losses as well; 30% and 50% reduction for ultrasonic and thermal 

MEAs, respectively.  Overall, ultrasonic bonding, membrane conditioning, and high 

electrode catalyst loading all resulted in reduced activation losses, but this is inconsistent 

with the ECSA data collected by cyclic voltammetry.  Table 4.4 lists the average 

catalytic current at 800 mV and ECSA for comparison purposes. 

 

Table 4.4: Catalytic current and ECSA comparison 

MEA Manufacturing Parameters 
(Bonding Process, Catalyst Loading, 

Membrane Hydration Condition)  

Catalytic 
Current  (A/cm2) 

@ 800mV 

Hydrogen 
peak charge 

(µC) 
ECSA 
(cm2) 

Ultrasonic Low Conditioned 0.085 350124 1667 

Ultrasonic Low Dry 0.073 350346 1668 

Ultrasonic High Conditioned 0.121 563251 2682 

Ultrasonic High Dry 0.098 573345 2730 

Thermal Low Conditioned 0.051 362080 1724 

Thermal Low Dry 0.038 364297 1735 

Thermal High Conditioned 0.110 605755 2885 

Thermal High Dry 0.076 582759 2775 
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As shown in Table 4.4, ultrasonically bonded MEAs measured 7.0% lower 

ECSA compared to thermally pressed MEAs with high loaded electrodes and 

conditioned membrane.  MEAs bonded ultrasonically using dry membranes and high 

electrode loading had 2.0% less ECSA than similar thermally bonded MEAs.  While 

thermally pressed MEAs resulted in greater ECSA across all manufacturing conditions, 

including low electrode loading/conditioned membrane (0.6%) and low electrode 

loading/dry membrane (3.8%), it is inconsistent with the polarization curve performance.  

Catalytic current of ultrasonic MEAs was greater than that of the thermally pressed 

MEAs for each combination of electrode loading and membrane condition, yet the 

measured ECSA was less.  Improved performance across all current densities with H2/O2 

and low current densities on H2/Air was seen from ultrasonic MEAs while CV analysis 

revealed more catalyst area on thermally pressed MEAs.  It is expected that MEAs with 

higher real catalyst area perform better, all other factors being equal. 

 One possible explanation of the inconsistency, which requires more future work, 

would be the result of a difference in O2 concentration at the interface between 

ultrasonic and thermally bonded MEAs.  ECSA measures two-phase active sites 

(ionomer and catalyst) where catalytic current is a measurement dependent on the three-

phase interface (ionomer, catalyst, and oxygen).  The lowest measured catalytic currents 

are from thermally pressed and unconditioned MEAs.  Potentially the high temperature 

thermal pressing and lack of hermetic seal during bonding causes excessive membrane 

drying and damage reducing the O2 solubility in the Nafion.  This effect would cause 

significant reduction in thermal catalytic activity, as measured, while having no effect on 

ECSA.  Little correlation was found between cell open circuit voltage and catalytic 

current, suggesting that electrical shorts are not the cause the inverse relationship 

between ECSA and catalyst activity.  

The diffusion of oxygen to the reaction sites on the cathode is one type of 

transport loss.  Detecting high diffusion resistance on the cathode can be studied by 

varying the oxygen concentration through control of the air flow rate and measuring 

performance sensitivity.  Running cells with pure oxygen on the cathode provides a 

concentration of 100%, while using air provides an average concentration of less than 

21%, depending on the stoich.  The decrease in reactant gas concentration likely 
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contributes to the poor performance seen on ultrasonically bonded MEAs with air and at 

high current densities.  

Ultrasonically bonded MEAs were more sensitive to changes in the 

stoichiometric ratio (stoich) of the reactant gas supplied to the cathode than thermally 

pressed ones.  Table 4.5 shows the effect on performance in volts, which will be referred 

to as flow sensitivity, of varying the cathode stoich ratio from 2.0 to 5.0 on air.  

Ultrasonically bonded MEAs were three times more sensitive to changes in flow rate on 

the cathode than similar thermally bonded ones.  The results from flow sensitivity 

analysis help validate the hypothesis that increased diffusion resistance and mass 

transport losses are a result of ultrasonic bonding.  Greater air flow rates result in higher 

average concentration of the reactant gas seen by the cathode.  This allows for better 

diffusion to the reaction sites, required to maintain the reaction.  The ultrasonic bonding 

process likely increases the diffusion resistance by altering the gas diffusion structure.  

Higher electrode loading also exhibited a greater sensitivity to concentration effect, as 

well as unconditioned membrane. 
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Table 4.5: Cathode air flow sensitivity effect between 5.0 and 2.0 stoich ratios 

MEA Manufacturing Parameters 
(Bonding Process, Catalyst Loading, 

Membrane Hydration Condition) 

Flow 
Sensitivity 

(Volts) 
Ultrasonic Low Conditioned 0.069 

Ultrasonic Low Dry 0.078 

Ultrasonic High Conditioned 0.086 

Ultrasonic High Dry 0.116 

Thermal Low Conditioned 0.016 

Thermal Low Dry 0.030 

Thermal High Conditioned 0.023 

Thermal High Dry 0.029 

 

4.4 Performance Losses Summary 

Ultrasonic bonding was shown to produce MEAs with comparable performance 

to those made using traditional thermal bonding.  Ultrasonic MEAs outperformed 

thermally bonded MEAs at all current densities when fuel cells were tested using H2/O2 

gasses.  Ultrasonic performance was comparable to thermal bonding at low current 

densities (less than approximately 0.4 A/cm2) on H2/Air.  At higher current densities on 

air, ultrasonic MEAs suffered increased losses and thermally bonded MEAs performed 

better in this operating region.  Similar performance trends existed across all 

combinations of electrode loadings and membrane conditions.  Such performance losses 

present at high current densities with air but not oxygen suggests increase mass transport 

losses caused by the ultrasonics process. 

 While not favorable from a manufacturing or fuel cell cost standpoint, membrane 

conditioning and increased catalyst loading increased performance for both ultrasonic 

and thermal MEAs.  The pre-conditioning process resulted in 20% decrease in 

membrane impedance compared to MEAs made using dry, unconditioned Nafion.  

Doubling the catalyst loading from 0.16 to 0.33 mg Pt/cm2 resulted in a performance 

improvement of approximately 20 mV for both ultrasonic and thermal MEAs at 0.6 

A/cm2, with an increase in electrochemical surface area of 65%. 

 Diagnostic techniques including impedance spectroscopy, cyclic voltammetry, 

catalytic current, and flow sensitivity were used to determine loss contributions from 

each bonding process.  Significant diffusion losses are seen on a Tafel plot of the IR-
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corrected ultrasonic data.  This corresponds with the performance of ultrasonically 

bonded MEAs suffering at high current densities on H2/Air.  Ultrasonic MEAs measured 

a larger oxygen gain, or the difference in performance between oxygen and air provided 

to the cathode.  Performance sensitivity to cathode stoichiometry was significantly 

increased on ultrasonically bonded MEAs.  This evidence suggests a change in the gas 

diffusion media structure which increases reactant gas diffusion from the higher bonding 

pressure and/or mechanical vibrations from the ultrasonic process.  While cyclic 

voltammetry indicated slightly greater ECSA of thermally pressed MEAs (<7%), 

performance metrics of ultrasonic MEAs at low current densities were superior, which 

requires additional future work to determine the cause.  Ultrasonics can be used to create 

an effective bond between GDEs and Nafion membrane with comparable performance to 

traditional thermal pressing. 
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5. Comparison of Ultrasonic and Thermal Bonding Processes 

Significant reduction in manufacturing output metrics of cycle time and bonding 

energy can be realized with the use of ultrasonics compared to thermal pressing of 

MEAs.  Considerably lower cycle times than current thermal press times must be 

attained to achieve the goals for high volume PEM fuel cell production and 

implementation into transportation markets.  Reduction of required MEA bonding 

energy will lower manufacturing costs of fuel cells making them more economically 

feasible for energy and heating solutions.  

 The ultrasonic bonding system used in this research is a modified, off-the-shelf 

2000X series Branson Ultrasonic Welder.  This entire system, including power 

supply/controller, welder, and tooling, fits easily on a desktop and costs approximately 

$60,000.  A precise, computer-controlled thermal press, such as the one used to 

thermally bond the MEAs of this research, has a considerable footprint.  Significant lab 

space is required for the press itself, as well as auxiliary equipment; electrical cabinet, 

hydraulic pumps, user interface, etc.  The press used in this research cost $120,000 with 

the additional cost of custom tooling bringing the total to approximately $170,000.  

While the press used for this research was over-specified (i.e. load required for MEA 

bonding is only a fraction of the total rated load), the footprint and size of frame could 

be reduced if designed specifically for a dedicated MEA size but the cost would be at 

best comparable to an ultrasonic system due to the cost of tooling, auxiliary equipment, 

and controllers. 

While a manual, heated, bench top press can be used for thermal bonding of 

MEAs, reliability and control of bonding parameters as well as scaling become an issue.  

The focus of this thesis is about manufacturing improvements to Membrane Electrode 

Assemblies, and therefore a handheld press is not adequate for automation or high 

volume production of fuel cell components.   

 Benefits of ultrasonic bonding extend far past the initial investment of the 

equipment.  Capital equipment, a fixed cost, is amortized over thousands (potentially 

millions) of MEAs produced.  The decreased cycle time for ultrasonic bonding allows 

the initial fixed costs of the system to be amortized over a greater number of MEAs in 

the same time period compared to thermal bonding, adding a smaller cost to the final 
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product.  The real savings of ultrasonics over thermal pressing are realized in marginal 

costs.  Marginal costs, or incremental costs, are the costs associated with producing one 

additional MEA.  Energy and time related costs are significantly less when utilizing 

ultrasonic technology.   

 

5.1 Cycle Time 

Thermal press cycle time was held at a constant value across all MEA bonding.  

Liang et al report that press time has little to no effect on fuel cell performance provided 

that the MEA is pressed long enough to prevent de-lamination (Liang, Zhao, Xu, & Xu, 

2007).  A wide range of suggested pressing times is presented in the literature ranging 

from one minute with Nafion 117 (Tang, Wang, Jiang, & Pan, 2007) to five minutes 

with Nafion 112 (Gamburzev & Appleby, 2002).  Two minutes (120 sec) was selected as 

the pressing time for this research as it is within the literature suggested parameters for 

Nafion 115 (Liang, Zhao, Xu, & Xu, 2007) (Therdthianwong, Manomayidthikarn, & 

Therdthianwong, 2006).  However, no attempt was made at optimizing the thermal 

pressing cycle time even further, since it was considered outside the scope of this thesis. 

 Cycle times for ultrasonic bonding were recorded by the system power 

supply/controller.  Actual bonding times varied slightly between cycles; typically 

ranging from 7.5 to 9 seconds at optimized bonding conditions.  Ultrasonic power is a 

function of frequency, vibrational amplitude, and mechanical load.  Increasing any of the 

three parameters will increase the power, therefore decreasing the bonding cycle time for 

a prescribed amount of ultrasonic energy.  A standard cycle time required for ultrasonic 

bonding of a 10 cm2 low temperature MEA is approximately 8 seconds. 

 Ultrasonic bonding reduced cycle time by over 93%, i.e. (120-8)/120, compared 

to the traditional thermal press bond time.  Increased throughput on MEA manufacturing 

can be achieved with shorter cycle times.  Labor costs could also be decreased as less 

time is required to make the same number of MEAs. 
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5.2 MEA Manufacturing Energy Input 

Power consumption data was collected during MEA manufacturing on the 40-ton 

thermal press, made by PMD.  Current and voltage measurements were taken upstream 

of the system encapsulating all the energy required to run the all thermal press 

components.  Data recorded during press warm up, “stand-by” state, pressing cycles, and 

cool down helped decompose the total energy consumption into the different 

contributions.  Current and voltage measurements on the ultrasonic system were made 

on the power cord plugged into the wall power terminal.   

Flex-Core current transformers, model CTI-150, measured the current load.  

Current and voltage measurements were sent to a WattsOn universal power transducer 

which was used in conjunction with Elkor WattsOn Console Software v5.2 to calculate 

power. 

Ultrasonic and thermal MEAs were bonded at optimized bonding conditions 

described in Chapter 3.  All MEAs had 10 cm2 active areas and were made by laminating 

GDEs to either side of conditioned Nafion 115. 

5.2.1 Thermal Pressing 

Four MEAs were thermally pressed and the power data is shown in Table 5.1.  

Real power is the electrical power that does actual work on the load.  The current 

associated with reactive power is imaginary as it does zero work on the load; it heats the 

wires and is wasted energy.  Thermal pressing real power [kW] varied slightly from 

cycle to cycle while the reactive power [kvar] remained very constant.  Apparent power 

[kVA] is calculated as the square root of the sum of squares of real and reactive power.  

Table 5.1: Average thermal pressing cycle power consumption 

 
 

Real Power 
[kW] 

Reactive 
Power [kvar] 

Apparent 
Power [kVA] 

Cycle 1 5.40 6.36 8.35 

Cycle 2 5.43 6.36 8.41 

Cycle 3 5.30 6.36 8.31 

Cycle 4 5.48 6.36 8.42 

AVERAGE 5.40 6.36 8.37 
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Table 5.2 describes the contributions from various systems of the thermal press 

to the total power consumption.  Average power during a pressing cycle and in between 

pressing cycles (stand-by) is 5.40 and 5.34 kW respectively.  The average heater 

contribution (standby – cool down) is 0.47 kW.  The total heating power (heat up – cool 

down) is calculated to be 1.38 kW. 

 

Table 5.2: Thermal press energy consumption by components 

Press 
cycle 

Stand-
by 

Cool 
down Heat Up 

Average heater 
press cycle 

Total heater 
contribution 

Pressing 
hydraulics 

Real Power 
[kW] 5.40 5.34 4.93 6.32 0.41 1.38 0.06 
Reactive  
[kW] 6.36 6.35 6.36 6.20 -0.01 -0.16 0.01 
Apparent  
[kW] 8.37 8.33 8.05 8.89 0.28 0.84 0.04 

        Press cycle Pressing actual MEA 

Stand-by In between press cycles. Press steady state @ 170C. (Heaters cycling, pumps on) 

Cool down Allowing the press to cool (Heaters off, all hydraulics on) 

Heat up Press heating to set temp (heaters should be on 100%) 

 

Continuous real power consumption is plotted in Figure 5.1 with respect to time.  

The four pressing cycles are highlighted within the data.  The additional hydraulic 

system power needed during the pressing cycle is minimal, only 0.06 kW (in cycle – 

stand-by).  This small difference also includes the thermal energy required to heat the 

MEA components. 
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Figure 5.1: Real power consumption during thermal press operation 

 

The average pressing cycle on the thermal press requires 5.40 kW during 

operation.  Integrating the power with respect to time (120 second bonding cycle) yields 

an energy consumption of 648,000 J (0.18 kWh) needed for the pressing of one MEA. 

5.2.2 Ultrasonic Welding 

Three low temperature, 10 cm2 MEAs were ultrasonically pressed at various 

energy levels to measure required power and calculate power supply efficiency.  Table 

5.3 summarizes the ultrasonic power data.  Avg Real Power is the averaged measured 

power the ultrasonic system drew from the wall.  Time, Peak Power, and Actual Energy 

are values provided by the ultrasonic power supply post bonding process.  Total Energy 

is the welding time multiplied by the Avg Real Power.  PS Energy refers to the energy 

that is consumed by the power supply; it is calculated by the Total Energy minus the 

Actual Energy sent to the ultrasonic stack.  Output Efficiency is Actual Energy divided 

by Total Energy.  Ultrasonic bonding Time and Actual Energy were recorded from the 

Branson power supply controller.   
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Table 5.3: Ultrasonic power supply wall-to-stack efficiency 

Set Energy 
[J] 

Average Real 
Power  (kW) 

Time 
(sec) 

Peak 
Power 

Actual 
Energy [J] 

Total 
Energy [J] 

PS Energy 
[J] 

Output 
Efficiency 

9000 1.395 7.71 37.2% 9002 10,755 1,753 83.7% 

6000 1.500 4.83 35.4% 6001 7,245 1,244 82.8% 

3000 1.455 2.46 35.2% 3002 3,579 577 83.9% 

 

The ultrasonic power supply output efficiency is very constant between trials at 

approximately 83%.  Operators can predict the required total energy consumption by 

dividing the set bonding energy level by this efficiency value. 

Actual measured data during an ultrasonic bonding cycle is shown in Figure 5.2.  

Power consumption is constant at 0.06 kW before and after the bonding cycle 

(approximately 1:40) when the power supply is in stand-by.  During a bonding cycle, the 

power increases to 1.4 kW. 

 

 

Figure 5.2: Ultrasonic bonding stand-by and bonding cycle power measurements 

 

Total reactive power during ultrasonic system operation was constant at -0.24 

kvar.  Total apparent power was measured to be 0.3 and approximately 2.6 kVA during 

stand-by and bonding cycles respectively.  
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5.3 Bonding Process Comparison 

Ultrasonic bonding of low temperature PEM MEAs requires just 1.66% of the 

energy and 6.67% of the cycle time compared to the traditional thermal pressing process, 

Table 5.4 

Table 5.4: Energy and time reduction between ultrasonic and thermal bonding 

  Energy [J] (kWh)  Time [sec] 
Ultrasonic 10,755 (0.0030) ~ 8 
Thermal 648,000 (0.1800) 120 
Manufacturing Factor 
Reduction 98.3% 93.3% 

 

The total energy consumption of a thermal pressing operation is increased even 

farther when the energy required to initially heat the thermal press to temperature and 

the stand-by power consumed between cycles are considered.  Ultrasonic bonding 

applies the prescribed energy amount when the bonding cycle is initiated, at 

approximately 83% wall-to-ultrasonic-stack efficiency.  

The ultrasonic power supply consumes only 0.06 kW in stand-by between 

bonding cycles.  In contrast, stand-by operation for the thermal press requires 5.34 kW to 

power the heaters and hydraulic system. 

Energy used for ultrasonic bonding is the energy that is sent from the power 

supply to the ultrasonic stack plus the energy consumed by the power supply itself.  

Ultrasonic bonding with an energy level sent to the stack of 9000 J at a sealing pressure 

of 3.0 N/mm2 on a 10cm2 MEA results in an average bonding time of approximately 8 

seconds.  A Branson 2000xft power supply rated to 4kW is used for the ultrasonic 

bonding process. 
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6. Conclusions and Future Work 

6.1 Ultrasonic Bonding of MEAs for Low Temperature PEMFC 

It is obvious through the research presented, that ultrasonics is an effective process 

to bond low temperature MEA materials into functional MEAs which can be built into 

standard fuel cell stacks.  Membrane electrode assemblies have been manufactured 

ultrasonically and thermally using commercial and custom electrodes, along with Nafion 

membranes.  Each MEA has been successfully tested and characterized through 

polarization curves and a variety of diagnostic techniques.  A range of manufacturing 

factors have been studied including; bonding process, electrode architecture, electrode 

catalyst loading, and membrane pre-conditioning.  Cycle time reduction and energy 

savings between ultrasonic and thermal bonding were quantified. 

 Electrode architecture is an important factor for the ultrasonic bonding of MEAs.  

Significant performance differences were measured between custom made GDEs and 

commercially available GDEs.  Lower catalyst loaded, custom made GDEs 

outperformed commercial GDEs in ultrasonically bonded MEAs.  The variance in 

performance between the three GDEs (RPI Low, RPI High, and Fuel Cell Earth) was 

smaller with thermally bonded MEAs, suggesting that ultrasonics has a greater impact 

on the gas diffusion structure than thermal pressing. 

 Analysis of Variance on performance data collected from a designed experiment 

led to the optimization of both ultrasonic and thermal bonding processes, including 

estimation of main effects for each process.  Neither energy flux (J/mm2) or bonding 

pressure, the two key ultrasonic process parameters identified, are estimated to be main 

effects.  This performance insensitivity to the two main process parameters suggests that 

ultrasonic bonding is a robust process, which is preferable in a real manufacturing 

environment.  While not statistically significant at the 95% confidence level, an 

interaction effect between energy and pressure likely plays an important role in 

explaining the performance of ultrasonic MEAs.  In thermal bonding optimization, 

temperature is estimated to be a main effect.  The variance in performance can be 

explained by the variation in bonding temperature.  No main effect of sealing pressure or 

an interaction effect between the two is estimated by ANOVA. 
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 Ultrasonically bonded MEAs performed comparably to MEAs made by the 

traditional method of thermal pressing.  At all tested current densities on H2/O2, 

ultrasonic MEAs outperformed their thermally bonded complement.  For low current 

densities on H2/Air (less than approximately 0.4 A/cm2), ultrasonic MEAs performed 

better than thermal MEAs.  At higher current densities on air, ultrasonic MEAs incurred 

higher mass transport losses and performed significantly worse than thermally bonded 

MEAs.  Such losses present at high current densities with low reactant gas concentration 

(air) on the cathode suggest increased transport losses from ultrasonic bonding, perhaps 

due to the higher pressing pressures required (3.0 vs. 2.0 MPa).  Electrode architecture 

needs to be optimized for ultrasonic welding, which it currently is not, to eliminate the 

differences in performance for air at high current densities. 

 Fuel cell performance can be improved by pre-conditioning Nafion membrane 

and/or increasing the electrode catalyst loading.  Membrane preconditioning reduced 

membrane impedance by 20%, thereby reducing ohmic losses in a polarization curve.  

Doubling the electrode catalyst loading from 0.16 to 0.33 mg Pt/cm2 resulted in an 

approximate 20 mV performance improvement seen on both bonding processes.  The 

higher catalyst loaded MEAs measured 65% greater electrochemical surface area; less 

than the expected 100% for doubling of catalyst loading.  This experimentally measured 

voltage improvement is in reasonable agreement with the theoretical value of 14.8 mV 

as calculated by the Butler-Volmer for a real catalyst area ratio of 1.65.  However, 

performance improvement from the higher catalyst loading and membrane 

preconditioning may not be justified economically and/or from a manufacturing 

perspective. 

 Various diagnostic techniques including impedance spectroscopy, cyclic 

voltammetry, catalytic current, and flow sensitivity confirmed increased transport losses 

in ultrasonic MEAs.  Significant oxygen diffusion losses are present on a Tafel plot of 

the IR-corrected ultrasonic performance data.  Ultrasonic MEAs measured a larger 

oxygen gain, or the difference in performance between oxygen and air provided to the 

cathode, than thermally bonded ones.  Performance sensitivity, difference in voltage 

between 5.0 and 2.0 cathode stoichiometric values with air, was three times greater for 

ultrasonic MEAs.  This evidence supports a permanent impact on the gas diffusion 
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structure which increases gas diffusion properties.  Performance characteristics in the 

activation region of ultrasonically bonded MEAs were superior, yet cyclic voltammetry 

indicated slightly greater ECSA for thermally pressed MEAs.  The insight provided by 

diagnostic testing, i.e. that ultrasonic bonding adversely affects MEA performance for 

air at high current densities, once again suggests that electrode architecture needs to be 

optimized for ultrasonic bonding. 

In conclusion, ultrasonics can be used as an alternative bonding process to thermal 

pressing to produce comparably performing MEAs.  The advantages of ultrasonic 

bonding, over traditional thermal pressing, are order-of-magnitude reductions in cycle 

time and manufacturing energy.  The marginal costs of MEA production are reduced by 

using the alternative process.  Efficient, localized heating from ultrasonics results in 

cycle time and bonding energy reductions of 93% and 98% respectively.  Ultrasonics 

also require less initial capital expenditures, occupy a smaller lab footprint, and off the 

shelf systems can be purchased and modified rather than designing a custom thermal 

press.  As previously mentioned, the reduced performance of ultrasonically bonded 

MEAs compared to thermally bonded complements at low reactant gas concentrations 

on the cathode and high current densities suggests the need for electrode architectures 

that are optimized for ultrasonics.  This will be addressed in more detail in the next 

section. 

 

6.2 Future Work 

This preliminary research involving ultrasonics with low temperature Nafion 

MEAs yielded many paths for future work.  Process scalability needs to be proven 

before ultrasonics can be implemented in full scale production.  Hand assembly for 

thermally pressed MEAs is currently practiced at sizes over 600 cm2, which have present 

market applications.  Larger horns can be manufactured, therefore larger active areas are 

possible, by switching to lower frequency ultrasonic systems, such as 15 kHz. 

 Current MEA materials have been optimized specifically for thermal bonding; 

the traditional, less aggressive, method of laminating MEA components.  Through 

material characterization testing, a database of various GDLs can be catalogued with 
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material properties.  Properties include permeability, spring constant, flexural modulus 

of elasticity, and initial thickness.  Simulated ultrasonic and thermal processes can be 

applied to samples, which would then be characterized again, to quantify how each 

manufacturing process affects performance properties of GDLs. 

 Determining the effect of ultrasonics on MEA materials can lead to intelligent 

design and/or selection of materials for specific manufacturing techniques.  Given a set 

of design or manufacturing constraints, one would be able to appropriately select 

materials which will be sufficient.  The reverse statement may also be applicable as well.  

Knowing the interaction of ultrasonic and material properties, ultrasonic bonding 

parameters can be estimated that will result in effective bonding and minimal impact on 

performance.  Gas diffusion media structures can be specifically designed for the use 

with ultrasonics.  Theoretically, an optimized GDL will have damping properties which 

couple well with the ultrasonic frequency and prevent internal damage to the diffusion 

structure.   

 Similar to the interaction between ultrasonics and the MEA materials, future 

work includes bonding characterization from the ultrasonic process.  Researching the 

bonding mechanisms of electrode to Nafion will lead to specialized catalyst inks for 

ultrasonic bonding specific GDEs.  The bonding process needs further investigation to 

determine if/how it differentiates from a thermal press bond.  GDEs could then be 

further optimized for ultrasonic bonding by tailoring the catalyst layer to improve 

bonding and electrochemical surface area. 

 The objective of all future work is to progress ultrasonic bonding of fuel cells 

closer to an industry reality.  Material properties and interaction with ultrasonics will 

help improve design and selection of MEA components.  Ultrasonic bonding of fuel 

cells has shown significant time and energy savings in the fuel cell industry with the 

intent of implementation.  All knowledge gained from the proposed future work will 

help make fuel cells a more practical solution to current global energy demands. 



 

 87

7. References 

2000X Series Welders. (2012). Retrieved August 2, 2012, from 

http://www.emersonindustrial.com/en-US/branson/Products/plastic-joining/ultrasonic-

plastic-welders/2000x-series/2000x-series-welders/Pages/default.aspx 

 

Barbir, F. (2005). PEM Fuel Cells; Theory and Practice. Boston, MA: Elsevier 

Academic Press. 

 

Barrio, A., Paddondo, J., Mijangos, F., & Lombrana, J. I. (2009). Influence of Proton 

Exchange Membrane Preconditioning Methods on the PEM Fuel Cell Performance. 

Journal of New Materials for Electrochemical Systems, 12, 87-91. 

 

Beck, J., Walczyk, D., Hoffman, C., & Buelte, S. (2012). Ultrasonic Bonding of 

Membrane Electrode Assemblies for Low Temperature Proton Exchange Membrane 

Fuel Cells. Journal of Fuel Cell Science and Technology, 9, 051005. 

 

Celtec-P1000 MEA. (n.d.). Retrieved August 2, 2012, from BASF Fuel Cell: 

http://www.fuel-

cell.basf.com/ca/internet/Fuel_Cell/en_GB/content/Microsite/Fuel_Cell/Products/Celtec-

P_1000 

 

Church, S. (2006, January 6). Del. Firm Installs Fuel Cell. The News Journal, p. B7. 

 

DuPont. (2009). DuPont Nafion PFSA Membranes. Retrieved August 2, 2012, from 

http://www2.dupont.com/FuelCells/en_US/assets/downloads/dfc101.pdf 

 

Fuel Cell Earth. (n.d.). EC4019 Electrode EC4019. Retrieved June 26, 2012, from 

https://fuelcellearth.com/product/109-ec4019-electrode 

 

Fuel Cell Today. (2011). The Industry Review 2011. Retrieved August 2, 2012, from 

http://www.fuelcelltoday.com/analysis/industry-review/2011/the-industry-review-2011 



 

 88

 

Gamburzev, S., & Appleby, A. (2002). Recent Progress in Performance Improvement of 

the Proton Exchange Membrane Fuel Cell (PEMFC). Journal of Power Sources, 107, 5-

12. 

 

Gasteiger, H., Kocha, S., Sompalli, B., & Wagner, F. (2005). Activity Benchmarks and 

Requirements for Pt, Pt-Alloy, and non-Pt Oxygen Reduction Catalysts for PEMFCs. 

Applied Catalysis B: Environmental, 56, 9-35. 

 

Gasteiger, H., Panels, J., & Yan, S. (2004). Dependence of PEM Fuel Cell Performance 

on Catalyst Loading. Journal of Power Sources, 127, 162-171. 

 

Gavach, C., Pamboutzoglou, G., Nedyalkov, M., & Pourcelly, G. (1989). AC Impedance 

Investigation of the Kinetics of Ion Transport In Nafion Perfluorosulfonic Membranes. 

Journal of Membrane Sciences, 45, 37-53. 

 

Grove, W. R. (1842). On a Gaseous Voltaic Battery. Philosophical Magazine and 

Journal of Science, 21, 417-420. 

 

He, C., Desai, S., Brown, D., & Bollepalli, S. (2005). PEM Fuel Cell Catalysts: Cost, 

Performance, and Durability. The Electrochemical Society Interface, 14, 41-44. 

 

Hoffman, C., & Walczyk, D. (2011). Direct Spraying of Catalyst Inks for PEMFC 

Electrode Manufacturing. Proceedings of the ASME 2011 Ningth International Fuel Cell 

Science, Energy and Technology Conference Fuel Cell 2011. Washington D.C. 

 

Jones, J. B. (1960). U.S. Patent No. 2,803,735. Washington, DC: U.S. Patent and 

Trademark Office. 

 



 

 89

Kocha, S., Vielstich, W., Lamm, A., & Gasteiger, H. (2003). Handbook of Fuel Cells - 

Fundamentals, Technology and Applications (Vol. 3). New York, NY: John Wiley & 

Sons Ltd. 

 

Krishnan, L., Snelson, T., Puffer, R., & Walczyk, D. (2010). Durability Studies of PBI-

Based Membrane Electrode Assemblies for High Temperature PEMFCs. Paper 

presented at 6th IEEE Conference on Automation Science and Engineering (CASE), 

Toronto, Canada. 

 

Lee, W., Ho, C., Van Zee, J., & Murthy, M. (1999). The Effects of Compression and 

Gas Diffusion Layers on the Performance of a PEM Fuel Cell. Journal of Power 

Sources, 84, 45-51. 

 

Liang, Z. X., Zhao, T., Xu, C., & Xu, J. (2007). Microscopic Characterizations of 

Membrane Electrode Assemblies Prepared Under Different Hot-Pressing Conditions. 

Journal of Electrochimica Acta, 53, 894-902. 

 

ODEC. (2007). Retrieved June 19, 2012, from 

http://www.odec.ca/projects/2007/truo7j2/fuelcell.htm 

 

PEM Fuel Cells. (2004). Retrieved June 19, 2012, from Smithsonian Institute: 

http://americanhistory.si.edu/fuelcells/pem/pemmain.htm 

 

Ramini, V., Kunz, H., & Fenton, J. (2004). The Polymer Electrolyte Fuel Cell. The 

Electrochemical Society Interface. 

 

Share, D., Krishnan, L., Walczyk, D., Lesperence, D., & Puffer, R. (2010). Thermal 

Sealing of Membrane Electrode Assemblies for High-Temperature PEM Fuel Cells. 

Paper presented at ASME International Fuel Cell Science, Engineering & Technology 

Conference, Brooklyn, NY. 

 



 

 90

Sigracet. (2007). Retrieved June 26, 2012, from 

http://www.servovision.com/fuel_cell_components/gdl_24_25.pdf 

 

Snelson, T. (2011). Ultrasonic Sealing of PEM Fuel Cell Membrane Electrode 

Assemblies. (Doctoral dissertation). Retrieved from ProQuest Dissertations and Thesis. 

(AAT  3476264) 

 

Snelson, T., Puffer, R., Pyzza, J., Walczyk, D., & and Krishnan, L. (2011).  “Method for 

the production of an electrochemical cell,” U.S. and International Patents Pending, 

(Licensed to BASF Fuel Cell, Somerset, NJ). 

 

Snelson, T., Pyzza, J., Krishnan, L., Walczyk, D., & Puffer, R. (2010). Ultrasonic 

Sealing of Membrane Electrode Assemblies for High-Temperature PEM Fuel Cells. 

Paper presented at ASME International Fuel Cell Science, Engineering & Technology 

Conference, Brooklyn, NY. 

 

Tang, H., Wang, S., Jiang, S., & Pan, M. (2007). A Comparative Study of CCM and 

Hot-Pressed MEAs for PEM Fuel Cells. Journal of Power Sources, 170, 140-144. 

 

The Benchmarking and Best Practices Centers of Excellence. (2012). Manufacturing 

Fuel Cell Manhattan Project. Retrieved June 20, 2012, from 

http://www.dodb2pcoe.org/pdf/MFCMP_Report.pdf 

 

Therdthianwong, A., Manomayidthikarn, P., & Therdthianwong, S. (2006). Investigation 

of Membrane Electrode Assembly Hot-Pressing Parameters for Proton Exchange 

Membrane Fuel Cell. Journal of Energy, 32 (12), 2401-2411. 

 

Wand, G. (2006). Fuel Cells History, Part 1. Retrieved June 19, 2012, from 

http://www.ogbiwapaliwowe.info/Fuel_Cell_History_1.pdf 

 



 

 91

Williams, M., Kunt, H., & Fenton, J. (2005). Analysis of Polarization Curves to Evaluate 

Polarization Sources in Hydrogen/Air PEM Fuel Cells. Journal of the Electrochemical 

Society, 152, A635-A644. 

 

Zhang, J., Yin, G., Wang, Z., Lai, Q., & Cai, K. (2006). Effects of Hot Pressing 

Conditions on the Performance of MEAs for DMFCs. Journal of Power Sources, 165, 

73-81. 

 

 



 

 92

8. Appendix 

Appendix A: R Code for statistical analysis of thermal and ultrasonic optimization 
study 
Thermal Optimization 
 
MEAs=read.csv("N400s_Thermal_CSV.csv", header=T) 
MEAs$Temperature=as.factor(MEAs$Temperature) 
MEAs$Pressure=as.factor(MEAs$Pressure) 
 
par(mfrow=c(1,2)) 
boxplot(O2_V6~Temperature,data=MEAs,xlab="Temperature [C]",ylab="Volts @ 0.6 
A/cm^2") 
boxplot(O2_V6~Pressure,data=MEAs,xlab="Pressure [N/mm^2]",ylab="Volts @ 0.6 
A/cm^2") 
par(mfrow=c(1,1)) 
interaction.plot(MEAs$Temperature,MEAs$Pressure,MEAs$O2_V6,xlab="Temperatur
e [C]",ylab="Volts @ 0.6 A/cm^2",trace.label="Pressure [N/mm^2]") 
 
model1=lm(O2_V6~Temperature*Pressure+Electrode,data=MEAs) 
anova(model1) 
summary(model1) 
 
par(mfrow=c(1,2)) 
qqnorm(residuals(model1)) 
plot(fitted(model1),residuals(model1),main="Residuals vs Fitted",xlab="Fitted values to 
Model",ylab="Residuals") 
par(mfrow=c(1,1)) 
 
Ultrasonic Optimization 
 
MEAs=read.csv("N400s_Ultrasonic_CSV.csv", header=T) 
MEAs$Energy=as.factor(MEAs$Energy) 
MEAs$Pressure=as.factor(MEAs$Pressure) 
 
par(mfrow=c(1,2)) 
boxplot(O2_V6~Energy,data=MEAs,xlab="Energy [J]",ylab="Volts @ 0.6 A/cm^2") 
boxplot(O2_V6~Pressure,data=MEAs,xlab="Pressure [N/mm^2]",ylab="Volts @ 0.6 
A/cm^2") 
par(mfrow=c(1,1)) 
interaction.plot(MEAs$Energy,MEAs$Pressure,MEAs$O2_V6,xlab="Energy 
[J]",ylab="Volts @ 0.6 A/cm^2",trace.label="Pressure [N/mm^2]") 
 
model1=lm(O2_V6~Energy*Pressure,data=MEAs) 
anova(model1) 
summary(model1) 
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par(mfrow=c(1,2)) 
qqnorm(residuals(model1)) 
plot(fitted(model1),residuals(model1),main="Residuals vs Fitted",xlab="Fitted values to 
Model",ylab="Residuals") 
 
Comparison between processes 
 
MEAs=read.csv("compare_process.csv", header=T) 
 
plot(O2_V6~Process,data=MEAs,type="p",ylab="Voltage at 0.6 
A/cm^2",xlab="Manufacturing Process") 
attach(MEAs) 
US=O2_V6[Process=="Ultrasonic"] 
TH=O2_V6[Process=="Thermal"] 
detach(MEAs) 
t.test(US,TH,paired=FALSE,conf.level=0.95) 

 


