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Abstract

Compressive stress applied to the electrode area of a Proton Exchange Membrane
(PEM) fuel cell is known to significantly affect power output. In practice, electrode stress
arises during operation due to the clamping force that is necessary for sealing the cell. In
traditional fuel cell designs, the sealing requirement and the clamping stress are
inherently coupled and it is difficult to experimentally determine the magnitude of stress
experienced by the electrodes. Investigations of the stress-performance relationship in the
literature have not addressed this inherent coupling and it is uncertain whether prior stress
measurement techniques are accurate.

In order to address the limitations of a traditional fuel cell design in applying and
measuring electrode stress, a new test setup was designed by the author in which
electrode stress and sealing requirements are decoupled and applied stress is constrained
to the electrode area only. This test setup allows for accurate description of the stress-
dependent cell performance as a function of different operating and engineering
parameters. Data collected using this test setup can be used to optimize PEM fuel cell
performance through consideration of the inherent coupling between parameters and their
effect on power output.

Performance data as a function of applied stress were obtained using the new
setup for a range of cell temperatures and inlet gas pressures. In general, the peak power
density was found to increase rapidly at low applied stress (below 1.6 MPa) and to level
off near 4.0 MPa. Changing the cell backpressure from 0 psi to 10 psi and then 20 psi
improved the power density at high stress but did not help performance below 1.6 MPa.
Cell operation at 45°C yielded a power density that was 28% higher than at 230 C, but a
further increase to 650C caused cell performance to decline at all values of applied stress.
Overall, increasing the applied stress from 0.8 MPa to 4.4 MPa resulted in an increase in
the cell power density by a factor of 2-3 for all operating conditions.and had a greater
effect on cell performance than did changing the backpressure or cell temperature.

Thesis Supervisor: Yang Shao-Horn
Title: Associate Professor of Mechanical Engineering
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1.0 Introduction

1.1 The Energy Challenge: The Fuel Cell in Historical Context

The search for alternative, more environmentally-friendly sources of energy will be one

of the most daunting projects of the twenty-first century. It will also be a defining

moment in the history of technology. As the link between human lifestyle choices and

global warming becomes ever clearer, we begin to see that an effective end to the global

climate crisis requires a solution that is not only swift but that also can be implemented

on a large scale in an economically viable way. Moreover, the solution will be multi-

faceted and must address the needs and desires of many different cultures and lifestyles.

In this light, technological and consumer-based solutions to the energy challenge are

desirable because they empower individuals to make a positive impact on the planet

through personal choice.

A promising energy technology that has received widespread attention to date is

the fuel cell, an electrochemical system that converts chemical potential energy to useful

electrical work. The first fuel cell was built in 1843 by Welsh scientist Sir William

Robert Grove [1], but the technology did not undergo significant development until the

1950s, when General Electric launched the nation's first fuel cell research program. The

fuel cell gained considerable attention for its use as a power system aboard the spacecraft

used during Project Gemini, NASA's human space flight program in 1965-1966 [2]. In

the subsequent decades, fuel cells have been explored for a variety of applications

including stationary power generation systems, consumer electronics, and, perhaps most

popularly, as an alternative to the traditional Internal Combustion Engine (ICE) in

automobiles.

A fuel cell can take many different forms that are distinguished by, among other

factors, the operating temperature of the cell, the materials used and the types of fuel and

oxidant consumed for power generation. One type in particular, the Proton Exchange

Membrane' (PEM) fuel cell, has received a large fraction of the research and commercial

' In the literature, PEM is alternatively defined as Polymer Electrolyte Membrane.



attention to date. PEM fuel cells are typically used for intermediate-scale power

generation on the order of 1-10 W for consumer electronics and 100s of kW for

transportation [3]. The operating temperature, typically 800 C, is low in comparison with

other fuel cells2 which significantly simplifies the system and broadens its range of

applications. PEM fuel cells utilize hydrogen gas as the fuel and pure oxygen or air as the

oxidant.

PEM fuel cells prove advantageous over traditional fossil-fueled power

generation for a number of reasons that are inherent to the way energy is converted in the

cell. Firstly, the chemical reaction to produce electrical power from hydrogen and oxygen

gas is direct (no combustion is required) and theoretically has no environmentally

harmful byproducts (the only byproduct is liquid water). Secondly, the energy

conversion process can be more efficient than for an ICE, with fuel cell theoretical

efficiencies upwards of 80%. Fuel cell units are modular and can be assembled into

stacks of many sizes in order to meet a variety of power needs. Finally, fuel cells have no

moving parts and this enhances their durability and minimizes the amount of maintenance

required [3].

A good testament to the perceived promise of the PEM fuel cell is the announced

implementation of fuel cells (both as stand-alone systems, and in fuel cell-battery hybrid

form) in next-generation automobiles from some of the world's top auto makers [4].

Some of the better-known fuel cell cars that are currently under development include the

Honda FCX, the GM HydroGen3 and Equinox, and the Ford Focus FCV. Although these

vehicles are quite expensive to manufacture and run, test fleets have been released in

selected major cities in the United States and a number of auto makers, including Honda

and BMW, have announced plans to release their first publicly available fuel cell vehicles

within the next couple of years. Honda has also developed a home refueling unit that

reforms natural gas on-site to generate hydrogen. The application of fuel cells as

alternative power systems for transportation extends beyond automobiles; recently,

Boeing's Phantom Works division successfully tested its first hydrogen fuel cell plane

[5].

2 Solid Oxide Fuel Cells, for instance, operate in the range of 500-1000 'C [3].



A common and valid criticism of the PEM fuel cell in its current implementation

is that it does not yield a closed-cycle, entirely "green" power conversion process. This is

because of the requirement for pure hydrogen gas, which is typically supplied

commercially from reformed fossil fuels. This aspect of fuel cells has caused quite a stir,

both in academia and in the media, and there is much debate about whether the so-called

"Hydrogen Economy" that will support fuel cells could ever come to fruition in an

economically viable way [6, 7]. However, if we are to imagine for a moment that this

upstream hydrogen-supply problem can be solved - and there are many scientists who

argue that it can [8, 9] - then the benefit of the fuel cell becomes clear and the motivation

behind its development becomes even stronger.

1.2 Fuel Cells: State of the Art

In order to appreciate the fuel cell's capability for power generation, we compare its

performance to that of batteries which serve as a convenient technological benchmark.

Fuel cells are similar to batteries in that both are electrochemical systems that convert

chemical bond enthalpy into useful electrical work via separate anode and cathode

reactions. While a battery's power capability varies with the state of charge, the fuel cell

is capable of sustaining performance, at least in the short term, as long as fuel and oxidant

are supplied. Since a fuel cell is an open system rather than a closed system like the

battery, fuel cell systems often require additional components to set and maintain

desirable operating conditions such as cell temperature, gas flow rate and relative

humidity of inlet gases.

The PEM fuel cell has an energy density that is comparable to that of an ICE, and

up to an order of magnitude higher than traditional battery technologies (Figure 1). This

can be interpreted to mean that for a given power requirement, the effective lifetime per

kilogram of a fuel cell is longer than that for a battery. This fact motivates the use of fuel

cells for long-term power needs for which battery lifetime is insufficient. However, even

the best-performing PEM fuel cells have a power density per kilogram that is lower than

that of most batteries and ICEs, meaning that the size and weight requirement of a fuel

cell that is needed to achieve a certain power output is higher than that of competing



technologies. This requirement has proven to be one of the main challenges to large-scale

implementation of fuel cells in automobiles.

I

104

2

10,

PEAK s
POWER,

W/kg
2

Iv"

5-

2. ~
2-

in

ced Flywheels

Methanol
Flywheels W fi:

Lithium Ion

Pb-Aci

N
H? Fuel Cell

5 10 2 5 102 2 5 103 2 3
SPECIFIC ENERGY, Wh/kg

Figure 1. Ragone plot of energy and power density comparisons between different energy conversion
and storage technologies.

1.3 Challenges for Large-Scale Implementation

Although PEM fuel cells hold promise as power supply alternatives, a number of factors
challenge their large-scale implementation at the consumer level. Firstly, the historically
high cost of fuel cells has been prohibitive. This cost is largely attributed to the use of
platinum as a catalyst, as well as the current lack of efficient large-scale manufacturing
processes for making fuel cell components [10]. Much work has been done to reduce the
amount of platinum that is needed in a fuel cell; today, a platinum loading of 0.2 mg
Pt/cm2 is typical, whereas platinum loading was once as high as 28 mg Pt/cm 2 [3] in early
systems. As a result, the fuel cell cost has dropped significantly; Ballard Power Systems,
a leading fuel cell manufacturer, achieved a cost of $73/kW in 2005 for a predicted



volume production of 500,000 fuel cell stack units per year [9]. The Department of

Energy has set fuel cell cost targets at achieving $45/kW by 2010 and $30/kW by 2015

[11] and this is thought to be an upper ceiling that much be broken in order for fuel cells

to be economically viable on a large scale.

Secondly, fuel cells are subjected to a wide range of operating conditions

throughout their functional lifetime, and these varying conditions can cause cyclic

mechanical stresses and, ultimately, degradation of fuel cell performance. In addition to

mechanical degradation, the fuel cell catalyst experiences a 'poisoning' effect over time

which effectively reduces the surface area that is available for chemical reactions. These

factors limit the operational lifetime of the cell to about 2000 hours on average today

[12]; in order to be a competitive technology, targets have set the necessary operational

lifetime at 5000 hours or higher for transportation applications [13].

The maximum voltage of a single PEM fuel cell is thermodynamically limited to

roughly 1.2 V (the origin of this voltage is discussed further in section 2.1.3). This

voltage is far from sufficient for large power requirements, such as in an automobile.

Therefore, to accommodate practical voltage and power needs, fuel cells are typically

stacked in series. These stacks can be quite large and it can be challenging to integrate

them into current vehicles. Additionally, as discussed earlier, many fuel cell systems

require complex control and supply systems such as external pumps, inlet gas

humidifiers, mass flow controllers, and backpressure regulators, among other

components. This only adds to the size and weight of a fuel cell system and makes it ever

more challenging to develop efficient fuel cells for commercial use. In the long term,

success of this technology will depend on the resolution of this significant engineering

challenge.



2.0 Background

2.1 Fuel Cell Operating Principles

2.1.1 PEM Fuel Cell Components

As in all electrochemical cells, a fuel cell has as its most basic components a set of

electrodes and electrolyte by means of which the electrochemical reactions occur. The

Proton Exchange Membrane fuel cell is so-called because it uses a thin, proton-

conducting polymer membrane as the electrolyte. This material - typically Nafion, which

is manufactured by DuPont - is unique for its ability to selectively conduct protons while

blocking the flow of electrons. The significance of this becomes clear when the basic fuel

cell chemical reactions are examined in Section 2.1.2. In practice, one of the most

commonly used membranes is the Nafion No. 117 [14] which is 183 microns in

thickness.

The electrodes in a PEM fuel cell take the form of distributed catalyst particles

(most commonly platinum) that are supported on a porous carbon paper or carbon cloth.

Together, the platinum and carbon support are referred to as the Gas Diffusion Electrode

(GDE) or Gas Diffusion Layer (GDL). An inherent and necessary property of these

GDEs is their porosity, which enables the reactant gases to penetrate the electrode

structure and access the catalyst. This three-dimensional structure (Figure 2) thereby

effectively increases the electrode surface area. Other functions of the GDE include

helping with water management and conducting ions into or away from the triple phase

boundary of gas, electrolyte and catalyst once ions are formed [15]. In a typical system,

the in-plane dimension of the GDE can vary from 5 cm 2 to 50 cm 2 or larger.



Figure 2. The porous structure of the gas diffusion electrode (GDE) on the micro-scale allows
hydrogen and oxygen to access the electrode catalyst sites [16].

The GDEs are hot-pressed onto either side of the Nafion membrane to create a

Membrane Electrode Assembly, or MEA (Figure 3). The MEA is the basic functional

unit of the fuel cell and can be purchased commercially or manufactured in-house.

During fuel cell operation, the MEA is constrained between two stiff outer plates that

hold the cell together and provide mechanical stability and protection, among other

functions.

Figure 3. Membrane Electrode Assembly (MEA) for a PEM fuel cell [17]. The electrolyte is a thin
translucent polymer and the electrodes/gas diffusion backings appear in black.

In order to draw current from the cell, it is necessary that the reaction sites in the

GDEs be in contact with an electrically conductive medium, typically referred to as a

current collector. For good cell performance, current collectors must have low electrical

resistance and good thermal conductivity in order to facilitate heat management in the



fuel cell. To meet these needs, current collectors are often made from graphite, although
more recent investigations have explored the use of metal current collectors [18, 19] as a
cheaper and simpler alternative. The current collectors are often mechanically integrated
into the outer plate structure.

Inlet gases are distributed over the electrode areas by a flow path that is machined
into the surface of the current collector. The flow path consists of a channel or series of
channels which serve to constrain the gases to the electrode area and often takes the form

of a simple serpentine flow path, as shown in Figure 4. The portion of the current
collector that lies between the flow channels and contacts the electrode is referred to as
the rib, and the design of a good fuel cell requires careful optimization of the flow
channel and rib surface area ratio. In addition to gas distribution, the flow field plays an
important function in helping to remove the product water from the cell.

Figure 4. Graphite current collector with machined serpentine flow field in a traditional PEM fuel
cell setup.

It is essential that the fuel cell reactant gases are constrained to the fuel cell

electrode area and are prevented from escaping into the environment where they could

pose a safety hazard. In addition to being unsafe, the fuel cell will not perform well

without a good seal. To address this, gaskets are inserted into the fuel cell during



assembly. When the outer plates are bolted together, the gaskets are compressed and an

adequate seal is achieved.

Figure 5 shows a fully-assembled single cell that is ready for use. As has been

mentioned, fully operational fuel cell system may require additional components beyond

the unit fuel cell, such as mass flow controllers to regulate the inlet gases, a humidifying

system for the inlet gases, pumps, temperature control (both heating and cooling), a

backpressure regulation system, and a controller and data acquisition system. Fuel cells

that are integrated into larger power generation systems may also require Balance of

Plant components such as heat exchangers or additional pumps.

Figure 5. Fully assembled PEM fuel cell.

2.1.2 PEM Fuel Cell Chemical Reactions

In a PEM fuel cell, hydrogen gas is supplied to the anode side and oxygen gas or air is

supplied to the cathode side. Chemical energy is converted to electrical work via two half

cell reactions that together form a redox pair. On the anode side, hydrogen is oxidized

into protons and electrons by



H2 -> 2H + + 2e-. (1)

The protons are conducted directly through the membrane; the electrons, which are
barred from flowing through the membrane, flow through an external load where they
perform useful electrical work. The protons and electrons then recombine and reduce
oxygen on the cathode side to form water, by the reaction

1
2H + 2e- +- 2 - - H20 .

2

The overall fuel cell reaction is thus

1
H2 + ± 0 2 

- 4 H 202 (3)

with water as the only byproduct. A summary of the cell reactions is depicted in Figure 6.

Electri Circuit

an 00

U
I

Anode Cathode

Prton Exchange Membrane

Figure 6. Summary of cell reactions in a PEM fuel cell. At the anode, hydrogen is oxidized into
protons, which travel through the membrane, and electrons, which are forced around an external
circuit. At the cathode, oxygen, protons and electrons combine to produce water [20].



2.1.3 Open Circuit Voltage (OCV)

Each half-cell reaction occurs at a unique electrode potential that depends on the

chemical species involved as well as the conditions at the electrode. The standard

electrode potential co for a variety of half-cell reactions at standard conditions 3 is easily

obtained from a reference table [21]. For a PEM fuel cell, the standard reduction half-cell

potentials are

Eoanode =0 H =OV

Eocathode = E002 = 1.229V

The net reversible cell voltage is then

0 cel = -Eanode + Ecathode = OV + 1.229V = 1.229V (4)

at standard conditions. For a PEM fuel cell operating at non-standard conditions, the

reversible cell voltage is given by

EceUl = E ceu - RT ln products (5)
zF Iavi reactants

where T is the temperature, R is the universal gas constant, )i is the stoichiometric

coefficient associated with each species in (3), aproducts is the activity of the product

species, areactants is the activity of the reactant species, z is the number of electrons

involved in the cell reaction (here, z = 2) and F is the Faraday constant. The activity for

an idea gas, ai, is given by ai = p- where p, is the partial pressure of the gas and Po is

atmospheric pressure. The partial pressure can further written as pi = xiP where x, is the

molar concentration of species i and Pi is the gas pressure. Substitution of this form into

(5) yields the cell potential dependency on inlet gas pressure:

3 Standard conditions refers to 25 'C and 1 atm.



0 RT ln , products

cel; = Eocell n R (6)zF 0 p reactants

For a PEM fuel cell with a net reaction according to (3), (6) becomes

2F
SXH2PH PO P 2

(5) is known as the Nernst equation and is one of the most important tools in

electrochemistry for understanding the thermodynamics of a cell. This voltage is

predicted solely by the thermodynamics of the electrode reactions and does not account

for any losses in the cell that result from current generation. Therefore, this voltage is

only achieved practically when no current it being drawn in the cell (hence the name

"Open Circuit Voltage"). To describe the complete voltage-current behavior of a fuel

cell, we must consider other mechanisms that affect how quickly and effectively the

chemical reactions proceed as well as how chemical species are transported in the cell.

The OCV of a cell can also be calculated directly from knowledge of the Gibbs

Free Energy change, AGro, between the reactant species and product species in (3) by

EO =AG (8)
zF

AGro is given by

AGr0 = Ev,p )- E(V,p,J0) (9)



where g is the chemical potential associated with each product or reactant in (3). The

chemical potentials are known quantities and are easily obtained from a thermodynamic

reference table [22]. The Gibbs Free Energy change is related to the change in enthalpy,

AHro, and the change in entropy, ASro between the reactant and product state by

AGr, = AHr, - TASr. (10)

Combining (8) with (10) and taking the derivative with respect to temperature yields

de °  ASr(

dT zF

Typically, AHr, and ASr, are both negative for the reaction (3), and therefore the

reversible potential e' tends to decrease with increasing cell temperature by (11). The

implications of this for cell performance will be discussed in greater detail in following

sections.

2.1.4 Typical Voltage-Current (V-I) Curve

Figure 7 depicts a typical voltage-current (V-I) curve for a PEM fuel cell. As expected,

the voltage at zero current is close to the OCV predicted by the thermodynamics. Ideally,

a fuel cell would maintain this reversible potential regardless of how much current is

drawn from the cell. In reality, however, there are certain losses, referred to as

overpotentials, associated with the electrode reactions that cause the cell voltage to

decrease with increasing current. The overpotential qr is attributed mainly to three

sources: activation losses, act; ohmic resistance, IQ; and mass transport limitations It.

The different overpotential components dominate the cell performance in specific regions

of the V-I curve as shown in Figure 8.
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Activation Losses

Fuel cell performance in the high-voltage, low-current regime, as depicted in Figure 8, is

dominated by activation (kinetic) losses. These losses occur because a certain amount of

chemical energy is required to "activate" or overcome sluggish electrode kinetics and

generate current. This activation energy comes directly from the chemical potential

energy stored in the fuel and decreases the net energy available for electrical work. This

process manifests experimentally as a decrease in voltage with increasing current

generation at voltages close to OCV, and in certain cells can be quite significant over the

entire voltage range.

Ohmic Losses

The electrical resistance of the cell typically has a significant effect on the shape of the

V-I curve, particularly in the mid-voltage operating range. This net resistance is attributed

to a number of different sources, including the bulk resistance of the current collector

materials and membrane, interfacial contact resistance (ICR) between different layers of

the cell, and resistance of the electrical leads.

Mass Transport Losses

The water that is produced as a byproduct of the cell cathode reaction must be removed

quickly to avoid flooding the cell. If too much water remains in the cathode side, it can

block the GDE pores and restrict the ability of oxygen to access the catalyst sites. At low

current (low water generation rate), this is typically not difficult to achieve. However, as

the current generation increases it is challenging to remove water faster than it is being

produced. As a result, cell voltage often drops off rapidly at high current densities.

2.1.5 Power

The tradeoff between voltage and current in a PEM fuel cell leads to the typical power-

current curve depicted in Figure 7. The peak power of a PEM fuel cell occurs in the high-

current, low-voltage regime and typically falls in the range of 0.5-1 W/cm2 . In order to

supply a high voltage and power density on the order of what is required for



transportation, the fuel cells must be stacked in series. The number of cells required for

these applications is high and the resulting fuel cell stacks can be quite large and heavy. It

is no easy task to design an efficient fuel cell stack, and the academic attention paid to

increasing fuel cell power density is so high largely for this reason.

2.1.6 Fuel Cell Design: Parameters that Affect Power Output

The independent parameters that affect the fuel cell performance can be broken up into

two genres: engineering parameters and operating parameters. The former refer to the

material and dimensional design decisions that an engineer makes when designing a fuel

cell system. The latter describe the parameters that are fixed at the time of fuel cell

operation, such as cell temperature or fuel flow rate. It is important to consider both sets

of parameters when optimizing fuel cell performance, and furthermore, to consider how

the two sets of parameters can influence one another in the fuel cell operational

environment.

A summary of the important engineering and operating parameters for a PEM fuel

cell is presented in Table 1. The first column lists performance metrics which directly

affect the power output of the cell, as described in the previous section. The ohmic

resistance is attributed to several sources, including the bulk electrical resistance of the

current collectors, the protonic resistance of the membrane, and the interfacial resistance

between conducting layers. It is noted that many engineering and operating parameters

appear multiple times in the table, and that changing one parameter can have a significant

and unexpected effect on all aspects of the fuel cell performance. This inherent coupling

between parameters is a significant challenge for the fuel cell design engineer and will be

discussed further in following sections.



Performance Engineering parameter Operating

metric Parameters

Current collector material Cell temp.

Current collector thickness
Bulk electrical

resistance Electrical leads (type, length)

Ohmic resistance Interfacial Contact Current collector material Clamping stress

Resistance Current collector surface contact area

Membrane material Cell temp.

Protonic resistance Membrane thickness Humidity temp.

Clamping stress

Flow-field channel dimensions Cell temp.

Mass (width and length) Humidity temp.

transport/water Backpressure

management H2/0 2 stoichiometry

Clamping stress

Table 1. Engineering and operating parameters of PEM fuel cells that affect performance.

2.1.7 Expected Results of Variations in Selected Operating Parameters

Cell Temperature

By considering Equation 11, it is clear that the reversible cell voltage decreases with an

increase in operating temperature since ASr is negative for the net PEM fuel cell reaction.

However, operating at higher temperatures can lower the kinetic losses that occur at the

electrodes during current generation. Additionally, the protonic conductivity of Nafion is

enhanced at higher operating conditions [23, 24], leading to a reduction in net cell ohmic

losses. In general, then, it is expected that cell performance will improve as the operating

temperature increases.

Relative Humidity of Inlet Gases

The humidification of inlet gases can play a major role in affecting the fuel cell

performance. Normally, humidification is achieved by flowing the gases through heated

water bottles, where they absorb moisture until saturation is reached in the gas phase. The



cell temperature may or may not be the same as the bottle temperature; if the cell

temperature is higher, the gas temperature increases while in the cell and the relative

humidity of the gas decreases. If instead the cell temperature is lower, then water will

condense out of the gas as it flows through the cell.

Inlet gases that are humidified at less than 100% relative humidity with respect to

the cell temperature create a drying environment for a fully hydrated cell membrane [25].

Since hydration is essential for good proton conductivity, gases that are too dry will cause

the ohmic resistance of the cell to increase over time as drying occurs. If the gases carry

too much moisture, however, the liquid condensation can cause flooding, and mass

transport limitations at high current densities will worsen. The effect of cell drying is less

severe at lower cell temperatures; however, for cells operating above 60C, the high

temperature exacerbates the water loss from the membrane. To avoid extreme drying of

the cell, gases should always be humidified in this higher temperature range [3].

Cell Backpressure

Pressurization of the inlet gases improves fuel cell performance by increasing the

coverage of reactant at the electrode catalyst sites [3]. Higher coverage decreases the

activation overvoltage, particularly at the cathode side where activation losses are more

severe than for the anode. The result of higher operating pressure is typically a constant

net increase in voltage as a function of current density. Additionally, higher inlet gas

pressure increases the OCV by (7), which further enhances the cell performance.

2.2 PEM Fuel Cell Compression

It is well known that fuel cell performance varies dramatically based on the magnitude of

force used to clamp together the outer plates of the fuel cell assembly [31, 34-38]. In a

typical fuel cell setup, this clamping force is varied by increasing or decreasing the torque

on the bolts that connect the outer plates. At low clamping magnitudes, an increase in the

clamping force improves the fuel cell power density as the inner components of the cell

are brought into better electrical contact and the Interfacial Contact Resistance (ICR)

between material layers decreases. As clamping force increases, however, the amount of



improvement in performance that is possible levels off. This is generally attributed to the

fact that GDE porosity decreases with high clamping force which harms mass transport

and water removal capability [26]. Therefore, there exists a clamping force beyond which

there is little improvement or even a decrease in cell performance. Overall, the force-

dependent performance of a fuel cell reflects the tradeoff between the two competing

effects of improved ICR and worsened mass transport. It is useful to quantify how the

fuel cell performance changes with clamping force and to identify why these changes

occur so that fuel cell design and performance may be optimized.

2.2.1 Investigations in the Literature

Quite a few research groups have studied the effect of mechanical compression on PEM

fuel cell performance. Techniques have spanned from analytical to experimental and have

focused on the effect of compression on individual components as well as the entire fuel

cell system.

Effect of Compression on Interfacial Contact Resistance

A good physical description of the significance of contact resistance is given by Mishra et

al. [27] in which the contact resistance between current collector and gas diffusion layer

is explored. The authors attribute contact resistance to surface roughness (Figure 9) on

the molecular scale of two contacting materials. Surface roughness prevents the two

materials from fully contacting (Figure 10) and causes a voltage drop across the contact

interface. As clamping pressure is increased, the roughness features on the surfaces of the

two materials are deformed so as to increase the overall surface area that is in good

electrical contact. Consequently, the resistance to current flow between the two surfaces

decreases.
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Figure 9. Imaging of surface roughness of a gas diffusion layer in a PEM fuel cell [27].
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Figure 10. Surface roughness limits the surface area contact between two materials and contributes

to the contact resistance across the interface [27].



Since the surface morphology is material-dependent, the contact resistance

depends on the material properties of the two contacting layers. Wang et al. [28]

measured the effect of compression on the magnitude of ICR for stainless steel grades

316L, 317L, 904L, and 349 TM . ICR is shown to decrease exponentially with increasing

compression for all grades with the largest reductions occurring between 0 and 50 N/cm2

(Figure 11). 316L is shown to have the largest overall ICR, and 3 4 9TM the smallest,

regardless of compression magnitude. The inset plot shows the relationship between

chromium content of the steel grade and contact resistance at 140 N/cm 2. These data

demonstrate that ICR is dependent upon both the material composition and the physical

environment, i.e. the contact pressure at the interface with surrounding materials. Other

investigations have been performed [19] which confirm this relationship and which

quantify the ICR-force relationship for other materials besides steels.
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Figure 11. Comparison of force-dependent contact resistance for stainless steel grades 316L, 317L,
904L and 349TM

. Contact resistance decreases exponentially with increasing compaction force and is
consistently highest for 316L [28].

In addition to the current collector material, ICR has been shown to be sensitive

both to GDL type used and the physical morphology of the flow field in contact with the

GDL [29]. Zhou et al. tested how ICR varies with rib spacing (the distance between flow

channels) for different GDLs and for different clamping pressures. The results are shown

i



in Figure 12 and demonstrate the dependence of ICR on features of the current
collector/flow distributor design.
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Figure 12. Dependence of contact resistance on flow-field rib width for different GDL types (a) and
compaction force magnitudes (b) [29].

Effect of Compression on Gas Diffusion Layer Structure and Water Management

Capability

A number of works have examined the effect of compression on GDL properties and

performance [30-33]. Ihonen et al. [32] tested the effect of clamping pressure on porosity,

in-plane and through-plane permeability, and thermal impedance of the GDL, among

other parameters, for a variety of commercially-available GDLs (both carbon cloth and

carbon paper). The general finding was that the sensitivity of a GDL to changes in

clamping pressures depends on the type of GDL used, with the carbon cloths showing a

significantly more drastic reduction in permeability than the carbon papers at higher

clamping pressure.

Zhou et al. [29] studied the decrease in porosity as a result of compression for two

different GDLs as a function of current collector rib width. A linear decrease in porosity

was observed in all cases. Somewhat counter-intuitively, the wider the rib width, the

smaller the porosity decrease over a fixed range of clamping pressures.

Bazylak et al. [30] illuminated an interesting feature that could help GDLs

maintain good performance even at high stress and low porosity. In this paper, the

authors used Scanning Electron Microscopy (SEM) to image the GDL at the micro-scale
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in order to visualize the effect of compression. The GDLs used in this study were coated

with PTFE in order to make the GDL more hydrophobic and thereby enhance the

capability for water removal. Figure 13 illustrates the pristine, uncompressed sample and

Figure 14 shows the change in fiber structure as a result of various compression

magnitudes held for five minutes. The changes observed in the SEM images are

attributed to cracking and peeling of the PTFE layer which harms the hydrophobicity of

the GDL, creating localized preferential pathways for water transport in the high-

compression areas.

Figure 13. PTFE-coated GDL in pristine form prior to compression [30].

Figure 14. PTFE-coated GDL after being compressed for 5 minutes at (a) 0.18 MPa, (b) 0.36 MPa, (c)
0.68 MPa, and (d) 1.37 MPa. Mechanical degradation of the GDL structure is observed for all cases,
particularly for (c) and (d) [30].



A good summary of the relationship of ICR and porosity with applied stress is

shown in Figure 15. It is emphasized that while ICR decreases exponentially with

increasing stress, porosity decreases linearly over this same range. It is expected that this

will lead to some interesting large-scale behavior that will reflect the relative rates of

drop-off of these two competing parameters.
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Figure 15. Relative changes in interfacial resistance and porosity as a function of clamping force for
two different GDLs. The interfacial resistance decreases exponentially with force whereas the
porosity drops off linearly over the same force range [29].

Numerical and Experimental Characterization of PEM Fuel Cell Compression

In contrast to examining the effect of compression on isolated components of a fuel cell,

many research groups have studied the aggregated effects of compression by examining

changes in the fuel cell power output [31, 34-38]. A summary of findings is presented in

Table 2. In general, it is difficult to compare results between papers since each

investigation used different fuel cell components, particularly different GDLs, and

performed tests at different operating conditions. Therefore, the data in Table 2 should be

interpreted cautiously and used only to develop a general sense for how performance

changes with applied stress.
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Stress
Analytical or Control Pressure at peak

Reference Range
Experimental? Parameter power

Explored

% compression of
31 experimental 15-50% unknown4

GDL

0.58-2.43 1.62 MPa for
34 analytical clamping stress

MPa simulated GDL

1.6 MPa for
bolt torque TM100, 125, TORAY TM carbon

(pressure film used
36 experimental 150 in- paper; 9.3 MPa for

to correlate with
lb/bolt ELAT@ carbon

stress)
cloth

bolt torque
2 MPa for

(pressure film used
37 experimental 0-5MPa TORAY TM carbon

to correlate with
paper

stress)

clamping pressure 1-2 MPa for carbon
37 experimental 0.2-2 MPa

(method uncertain) cloth

Table 2. Summary of stress-performance findings in the literature.

2.2.2 Limitations of Previous Approaches

To date, almost all of the experimental techniques that have been used to quantify the

compression - performance relationship have varied clamping force by moving the outer

plates closer together or increasing the bolt torque. This is problematic for three reasons.

Firstly, since the gasket material and GDLs have different mechanical properties,

it is unclear how the applied stress is distributed over the interior of the system. A stiffer

material will absorb more of the applied stress than a less stiff material for a given

4 The compression at peak performance is roughly 15% for both carbon cloth and paper, and for various
flow rates. Note that in most cases 15% was the minimum compression that was possible given the sealing
requirements.



displacement. Therefore, unless special techniques are taken to examine the internal

pressure distribution (discussed below), there is no direct correlation between the applied

stress and the actual stress seen by the GDL.

Secondly, in a typical fuel cell setup the outer plates must be held together with a

minimum clamping pressure in order to achieve an adequate seal. This requirement limits

the range of applied stress that can be explored experimentally. Since the contact

resistance has been shown to change most dramatically at low magnitudes of clamping

pressure, an experimental setup that cannot explore these low-stress regions may ignore

some of the most interesting and useful features of electrode compression.

Finally, it is more useful from a design perspective to have a "universal"

parameter (stress) to predict optimum performance since it can be applied to any fuel cell

by considering the unique features of the system. In contrast, a system-specific parameter

such as percent compression of the GDL is wholly unique to the system, and the

information cannot be generalized for other setups.

The use of pressure-sensing films to correlate the internal pressure distribution

with bolt torque is a step in the right direction towards a more comprehensive stress-

performance model, but there are inherent limitations in the nature of these films that

create a lack of confidence in their accuracy. Commercially-available pressure sensing

films record only the maximum pressure that is applied over an arbitrary time range, and

cannot provide information about how the stress might vary dynamically. To develop a

correlation between the pressure and bolt torque, the pressure film is inserted into the fuel

cell in typically dry conditions (prior to cell operation). The pressure that is measured

reflects only the distribution at this particular instance in time. However, once a fuel cell

begins running, the membrane hydration can vary dramatically on a time scale of many

hours. Since the membrane is constrained between two stiff plates, the stress in the

membrane will change during this time. Therefore, the stress state that was measured in

the dry condition does not adequately capture the internal stress during hydrated

operation of the cell.

In summary, in the experimental setups described here there is inherent coupling

between force application/measurement and the need to seal the fuel cell. In order to fully

examine the effect of compression on fuel cell performance, and to increase confidence in



the accuracy of the data, it is necessary to decouple these effects. It is also desirable to

identify an alternative means of measuring the internal stress more accurately, and in real

time, so that any changes in the fuel cell state are accounted for automatically in the stress

measurement.

2.2.3 Questions to Answer about Fuel Cell Compression

As was mentioned earlier, what matters most at the end of the day - the fuel cell power

output - is affected by a complex web of engineering and operating parameters whose

relationship is not easy to determine. Historically, investigations have examined some of

these relationships ex-situ as though they were independently meaningful, for instance,

by studying the effect of the clamping pressure on the contact resistance. However, this

approach does not capture what is really happening in the fuel cell during operation when

system parameters are more strongly coupled. The relationship between clamping

pressure and contact resistance is not meaningful, then, unless it is examined at different

operating conditions, and unless we consider its relative effect on the fuel cell power

output.

There are a number of questions relating to fuel cell performance and design

optimization which are as yet unanswered by the work in the literature:

* Which parameters (ICR, GDL porosity) dominate the fuel cell performance in a

given stress range?

* What are the most significant design parameters that should be considered in fuel

cell design, and does their importance vary depending on the stress range?

* Which component materials and morphologies lead to the highest power output

for a given set of operating conditions and applied stress?

* Conversely, for a given system (with given materials and dimensions), what

operating conditions should be selected to maximize performance, and how do the

optimal conditions vary with applied stress?

* Is there an overall optimal stress range for all PEM fuel cells?



How can this information, once acquired, be used to improve the fuel cell design

process?

Historically, the fuel cell design process has been driven by much trial and error. As

we look towards a future that is powered by alternative energy systems such as fuel cells,

it is desirable to develop a more systematic approach to fuel cell design that can identify

a priori the key considerations that a design engineer faces. Doing so requires a thorough

understanding of the many factors that affect fuel cell performance and how they affect

each other. Only with this complete understanding is an engineer fully free to maximize

performance while meeting the constraints of the particular system at hand.



3.0 Design and Manufacture of a Decoupled Test Setup

for Studying the Stress-Performance Relationship

in PEM Fuel Cells

The main thrust of this experimental work has been the design and manufacture of a fuel

cell test setup that is capable of accurately measuring the effect of electrode compression

on the fuel cell power output. It is believed that other experimental works that explore

this relationship may not adequately decouple important system parameters, such as force

distribution and sealing, and that this raises questions about the reliability of the data. The

reason that this decoupling is not achieved is due to inherent design limitations of the test

setups that were used. In order to improve confidence in the experimental data, a new

setup was created by the author which specifically addresses the coupling concerns

mentioned previously. Furthermore, this test setup enables a new type of fuel cell

characterization in which an important operating parameter - mechanical stress - that has

often been disregarded can be used to develop a more comprehensive fuel cell

performance model.

3.1 Design Requirements for a Decoupled System

The limitations of previous attempts to study fuel cell compression, as outlined in Section

2.2.2, point clearly to a set of key features that an improved setup should have. These key

features are defined here as functional requirements of the system and directly drove the

design process. These functional requirements are:

* Applied stress must be constrained to the electrode area only. When force is

varied over the active area, no additional force should be applied to the seal or

surrounding membrane material.

* It must be possible to vary compressive force during testing without

disassembling the setup.



* There should be no limitations on the range of compressive forces that can be

explored experimentally.

* The sealing capability and quality must be independent of applied force.

* The compression parameter must be directly measurable and should be expressed

as a "universal" term that can be interpreted usefully for any fuel cell system,

rather than a system-specific measurement like percent compression. An ideal

measurement parameter is compressive stress.

3.2 Presentation of Design

The author's experimental setup is presented in Figure 16. The design consists of two

main parts: the fuel cell functional unit (shown in purple/silver) and the outer case that is

used to constrain the fuel cell and apply force. The uniqueness of the design is perhaps

better understood after comparison with a traditional fuel cell test setup in which the

clamping stress is not constrained to the electrode area.

Figure 16. Improved compression-test design.



In a traditional fuel cell design (Figure 17), the MEA is clamped between two

stiff, identical outer plates which distribute the fuel and oxidant to the electrodes and

draw current from the cell. Current is generated in the electrode area of the MEA and

flows through the outer plate to the electrical leads, where it is directed through an

external load. In order to ensure that no gas escapes from the cell, a planar gasket (shown

in blue) is placed between each side of the MEA and the respective outer plate. When the

outer plates are bolted together tightly to form a seal, compressive stress is distributed

over both the electrode area and the gasket material. However, only the electrode stress

affects the electrochemical performance of the cell. Since a certain minimum

compression force is required to seal the cell, the performance of the cell is directly

coupled with the sealing requirement. To complicate matters further, the compressive

stress is not necessarily uniformly distributed over the gasket and electrode, making it

very difficult to accurately determine the electrode stress during cell operation.

I compression force

outer plate and
current collector

membrane -

- electrical lead

- gasket
- electrode / GDL

-# electrical lead

Figure 17. In a traditional fuel cell design, the compressive force that is necessary for sealing the cell

is distributed over both the gasket and the electrode area; however, only the electrode stress affects

the electrochemical performance of the cell.

The author's design addresses the limitations of traditional fuel cell designs by

separating the functionality of sealing and gas distribution/current collection into two

components that can move relative to one another during cell operation (Figure 18).

Current collection is accomplished by a cylindrical component with a rectangular base,

referred to as the Adjustable Current Collector, or ACC, as shown in Figure 19. The ACC

plays the role of a traditional outer plate by distributing the reactant gas to the electrode

via a serpentine flow field (Figure 19b) and by drawing current from the electrode.
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Figure 18. In the new setup, the sealing and current collection functions are decoupled. The
Adjustable Current Collector (ACC) contacts the electrode and is free to translate vertically. The top
plate only contacts the gasket; the stress that is applied to the electrode (shown in purple) is therefore
completely decoupled from the stress required to seal the cell (shown in red). An o-ring located
between the ACC and top plate provides a seal that is independent of ACC position.

A top plate fits around the ACC and is bolted to the bottom plate, which has the same

form as in the traditional setup. The top plate has a cut-out feature that accepts the shape

of the ACC and allows it to translate freely in the vertical direction. The sole function of

this outer plate is to compress the two planar gaskets located on either side of the MEA.

Figure 20 depicts a schematic of the flow paths of hydrogen and oxygen in the new setup.

Force is applied to the electrodes by compressing a spring that rests atop the

ACC. The spring is compressed by a leadscrew (Figure 21) which is in turn supported by

the outer case in which the fuel cell rests during operation. By measuring the deflection

of the spring, the compressive force applied to the electrode area can be directly

measured for any position of the leadscrew. The surface area of the bottom face of the

ACC that is in contact with the top electrode is known and was chosen by the author prior

to manufacturing, and therefore calculation of electrode stress is straightforward once the

compressive force is measured.



serpentine flow field

Figure 19. (a) The Adjustable Current Collector (ACC) performs the functions of gas distribution to

the electrodes, current collection, and transmission of an externally-applied force to the electrode

area inside the fuel cell. On the bottom face (b), the serpentine flow field directs the flow of hydrogen

or oxygen over the electrode.

A key feature of this experimental setup is that the stress applied to the electrode

area is completely decoupled from the stress required to seal the cell. Indeed, it is even

possible to apply no stress to the electrode area while the cell is fully assembled and

operational by moving the ACC vertically upwards so that it no longer contacts the

electrode. Whereas a traditional design requires that a minimum stress be applied to the

electrodes in order to seal the cell, the author's setup allows a full range of forces to be

explored starting from 0 MPa. Figure 22 shows some photographs of the completed test

setup.

- MEA
--- 0 out

Figure 20. Internal flow paths for hydrogen and oxygen; gas separation is maintained by the

presence of the polymer membrane (yellow) and gaskets (blue).

O, in



Figure 21. By turning the leadscrew that is supported by the outer frame, the spring displacement is
controlled and compressive force is applied to the ACC. The applied force is transmitted as
compressive stress to the electrode area directly below the ACC.

Figure 22. Pictures of the completed test setup: (a) The fuel cell supported in the outer case and
under compressive load; (b) the functional fuel cell unit assembly; and (c) fuel cell disassembled to
show the bottom plate (front) and the ACC/top plate assembly (back).
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3.3 Unique Features of the Test Setup

Examining a few key features of the improved test setup will help elucidate its

functionality as well as highlight some new experimental methods which are now

possible.

Sealing

Sealing between the perimeters of the two outer plates is accomplished in an analogous

fashion to sealing in traditional fuel cell setups. However, the introduction of an

additional part which must interface with the top plate and move relative to it (the ACC)

has also introduced a new sealing requirement. This need was met by using an o-ring that

is inserted between the top plate and the ACC, and which remains stationary in a groove

that is machined into the top plate (Figure 18). The o-ring is compressed radially as the

ACC is inserted into the top plate during cell assembly, and since the seal is radial, the

quality of the seal is constant and independent of the vertical position of the ACC with

respect to the rest of the cell. A further advantage is that the static friction between o-ring

and ACC is straightforward to measure, and results in a constant additional force that acts

against the spring to decrease the actual applied force by a fixed and predictable amount.

Real-time Measurement Capability

Fuel cell performance can be sensitive to the conditioning history, meaning that the

power production at any instant is dependent upon the history of hydration, water

production and removal in the cell. Disassembling and reassembling the cell between

tests can disrupt the equilibrium state of the fuel cell and introduce undesirable variables

into the experiment. In order to detect performance changes due to compression only, it is

necessary that the force be varied without disassembling the cell and that it be measured

in real time. The author's setup allows force to be swept through a wide range and for the

force application mechanism to be changed if desired, all without disassembling the

functional unit of the fuel cell.



Modularity of Design

The ACC was designed to perform as a modular component that can be easily

interchanged with other ACCs having different material and morphological properties.

For instance, to study how different values of Interfacial Contact Resistance affect peak

power and optimal applied stress, an ACC with the same flow field dimensions but made

of a different material can be manufactured. Alternatively, one could study the effect of

changing the flow field dimensions while keeping the current collector material the same.

The test setup allows a researcher to systematically explore the effect of changing only

one engineering parameter and directly observing if and how the peak power and optimal

stress vary. The ability to obtain this type of information is very useful and allows an

engineer to optimize the fuel cell performance when faced with particular design

constraints.

Tuning of Measurement Sensitivity

Since the spring deflection is measured visually, the sensitivity of the force measurement

is determined by the stiffness and length of the spring. For instance, for a very stiff

spring, a small deflection can yield a large AF, whereas for a spring with low stiffness, a

larger deflection can be applied for the same AF. However, the measurement limitation is

the same for both cases and is determined simply by how accurately the human eye can

detect changes in deflection. Therefore, the spring with lower stiffness will allow more

fine gradations of force to be explored, while the stiffer spring is optimal for making

large step changes in the applied force.

Range of Stress That Can Be Explored

A specific objective of this design was to decouple the force application from the need

for sealing. Since sealing is achieved radially through an o-ring, the seal quality is

unaffected by vertical translation of the ACC and is truly independent of the ACC

position. Therefore, unlike in other setups, it is possible to draw current from the fuel cell

at essentially 0 MPa of applied force - when the ACC is just barely in contact with the

GDE. It is also possible to achieve OCV even when the ACC is not in contact with the

GDE since the planar seal successfully constrains the inlet gas to the electrode area only.



The only upper limitation to the magnitude of compression force that is possible is the

physical limit that the MEA can withstand before destruction occurs.

Versatility

Since the compressive force is actuated externally, any variety of force actuators could in

theory be used. So far, simple compression springs have been used because they offer

certain important advantages: they are inexpensive and readily available commercially.

Furthermore, springs are available in a wide range of stiffness for a given general size.

This means that, with relative ease, springs can be switched out at a moment's notice in

order to explore a wider range of stress. Additionally, the sensitivity of the force

measurement can be fine-tuned by using springs with different stiffness-to-length ratios,

as discussed above. If greater data accuracy were desired, an electronically controlled

force actuator could be easily integrated into the system with very few changes to the

setup, and with virtually no changes to the functional components of the fuel cell.

In previous investigations in the literature, pressure sensing films were used to

correlate the outer plate bolt torque with the internal stress. As discussed earlier, these

correlations were made when the fuel cell was in the dry, non-operational state and it is

possible that the actual internal stress in the hydrated, operational state is much higher. In

the manner in which they are presented in the literature, previous test setups are unable to

account for a varying stress state inside the fuel cell.

In contrast, in the present setup, the spring deflection at any instant in time during

fuel cell operation both applies and indicates the compressive stress acting on the

electrode area. Since the force can be varied in real time, the opposite also holds true: the

force can be detected in real time. Therefore, any changes in the internal stress state are

observable and the applied force at any time reflects the true internal state of the fuel cell.

3.4 Selection of Material and Morphological Parameters

Material Selection

A fuel cell environment is known to be corrosive under certain operating conditions,

particularly when large amounts of water are produced and remain in the cell [39].



Therefore, it is important that the materials directly in contact with the reactant gases and

electrodes (i.e., the outer plates and current collectors) exhibit sufficient corrosion

resistance. This is part of the reason why graphite is typically used as a current collector

material in PEM fuel cells. Various works [18, 19] have examined the susceptibility of

various metals to corrosion in a fuel cell environment. The findings show that, compared

with other metals like aluminum, stainless steels and some coated metals provide

satisfactory corrosion resistance in the long term and could be viable alternatives to

graphite.

Since graphite is quite brittle, and therefore difficult to machine, stainless steel

grade 316 was used for both the ACC and outer (bottom) plate. 316 is known to be one of

the most corrosion-resistant grades of stainless steel and performs well over many

hundreds of hours of testing. Additionally, stainless steel is relatively inexpensive and

easy to obtain commercially. The choice of current collector material has a large effect on

the fuel cell performance and determines both the interfacial and bulk resistances of the

system, as well as heat management capability.

Electrode (Active Area) Size

An active area of 5 cm 2 was selected for new setup. Generally, when designing a fuel cell

for commercial use, the active area will be 25 cm 2 or 50 cm 2 since the total power of the

cell scales roughly with the size of the electrodes. In this study, the objective is not to

design a cell that produces as much power as possible, but rather to design a test setup

that can help elucidate the effect of changes of both engineering and operating

parameters on fuel cell performance. An active area of 5 cm2 is sufficient for this purpose

and also conserves the amount of material needed for the design. However, if it were ever

desirable to do so, this design could easily be scaled up to accommodate a larger active

area in order to explore how performance scales with size.

Flow Field Dimensions

Various works in the literature [26, 40] have shown that the dimensions of the flow field,

particularly the ratio of flow channel width to rib spacing, can have a significant impact

of the fuel cell performance. The design of a flow field reflects key tradeoffs between



how much fuel or oxidant can access the cell, how much pressure is lost as the gases flow

from inlet to outlet over the electrode, and how much surface area is in contact with the

electrode in order to conduct current away from the cell. The ideal ratio of flow channel

to rib spacing will depend somewhat on the material and operating parameters.

Since the fuel cell test setup was machined by the author, certain constraints were

faced when designing the serpentine flow field. For instance, stainless steel is quite

difficult to machine since it work hardens, and therefore, given the dimensions of the

bottom face of the ACC, it was not possible to machine a flow field having less than 50%

flow channel surface width. Therefore, the author designed a flow field that has 50% flow

channel and 50% rib contact area. The percentage of rib contact area in the author's setup

is large compared to that of a conventional serpentine flow field which is typically closer

to 75%. This difference could create higher ohmic losses in the author's setup and may

also affect the pressure of oxygen and hydrogen along the flow channel. The implications

of high ohmic loss will be discussed in following sections.



4.0 Experimental Approach

4.1 Selection of Operating Parameters

The objective of this work was to characterize how the fuel cell performance changes as a

function of applied stress for a variety of operating conditions. Specifically, it was

desirable to see if increasing the applied stress helps or harms the fuel cell performance

and to identify the "best" operating stress range for given conditions. This study

examined the effect on fuel cell performance of varying the following operating

conditions:

* Electrode stress

* Cell temperature

* Cell backpressure

The anticipated effects of varying these operating parameters was discussed in Section

2.1.7.

4.2 Cell conditioning

In order to ensure full hydration of the membrane and stable cell operation during data

collection, a standard conditioning procedure was implemented for all tests:

* The cell was fully assembled and electrode stress was set to a pre-determined

fixed value.

* A lifetime test was performed in which the cell voltage was held constant at

0.3 V and the current density was recorded as a function of time in response to

a step change in operating conditions. An exponential rise in the current

density with time was consistently observed, and the current density showed a



leveling-off after 1-2 hours that indicated an approach to steady-state

behavior.

Once steady-state behavior was observed, the lifetime test was stopped and

voltage-current (V-I) tests were run. The cell was cycled from 0.95V to 0.1V

repeatedly until the current density at a given voltage (typically 0.3 V) did not

change by more than 10 mA/cm2 between tests. After this point, the cell was

considered to have reached steady-state for the particular value of applied

stress.

4.3 V-I Curves

The process outlined in 4.2 was repeated for many different force values ranging from 0.8

MPa to 4.4 MPa. Each time the applied force was changed, lifetime and break-in tests

were run to monitor the cell's performance and to determine when the cell had reached

steady state prior to data collection.

For most tests, force was swept from high to low values (4.4 MPa to 0.8 MPa) for

two reasons. Firstly, since compression generally enhances the cell current generation,

the membrane became hydrated much more quickly at higher force and the time for the

cell to reach an equilibrium state was greatly diminished. Secondly, since it is possible

that high forces cause damage to the MEA, sweeping from high to low force would cause

this damage to be during conditioning and would affect the performance roughly equally

at all lower force values. This scenario was deemed preferable over possibly doing

damage only at the high end of the force range (such as when sweeping from low to high

force), which could prevent useful comparison of the V-I curves at the different force

values. For operation at higher cell temperature, however, the effect of mass transport

was so severe at high force that the GDL quickly flooded and stayed that way, preventing

useful data from being collected at lower force. Therefore, for the highest temperature

only (65 0 C), force was swept from low to high to avoid critical, irreversible flooding.



4.4 Electrochemical Impedance Spectroscopy (EIS)

4.4.1 Overview: Information Gained from EIS

Electrochemical Impedance Spectroscopy, or EIS, is an experimental tool that is used to

probe the electrochemical mechanisms that affect fuel cell performance and that occur on

different time scales. In EIS, a small AC current or voltage perturbation of the form

V(t) = Av sin(ax) or I(t) = A, sin(Ox) is input into fuel cell and the resulting current or

voltage response, respectively, is measured. Since the input signal is oscillatory, the

response signal takes a different magnitude than the input as well as a phase shift cp and

will therefore have both real and imaginary components. By exciting the system at a

range of different frequencies, certain mechanisms can be "selected" when the input is on

the scale of the relevant characteristic frequency of the mechanism. For instance,

electrode kinetics, which occur with relatively high frequency [41], are excited when the

input frequency is high; in contrast, mass transport effects, which occur on a longer time

scale than that of the electrode kinetics, are best detected when the input frequency is

low.

4.4.2 EIS for a PEM Fuel Cell

A number of works [41-44] have studied the AC impedance response for a PEM fuel cell

and have identified key features that appear consistently in almost all fuel cells. A

summary of these features appears in Figure 23. In a model proposed by O'Hayre et al.

[41], information about the fuel cell system may be interpreted from AC impedance data

in the following manner:

High-frequency intercept. The intersection of the AC response curve with

the real axis at high frequency gives the total ohmic resistance, RQ, of the

experimental setup. Ohmic losses include bulk resistance in the current

collectors, interfacial resistances and the protonic resistance in the

membrane.



* Size of high-frequency semi-circle. The size of the higher-frequency semi-

circle is indicative of the kinetic (also known as Faradaic) losses at the

anode. The diameter of this semi-circle is identified in Figure 23 as anodic

Faradaic resistance, Rf,A-

* Size of lower-frequency semi-circle. The size of the lower-frequency semi-

circle reveals the magnitude of kinetic losses at the cathode. Since cathode

losses make up the bulk of the total activation overpotential in a PEM fuel

cell, in AC impedance the cathode features tend to dominate and even

dwarf the anode features. In fact, sometimes the cathodic losses are so

dominant that the two semi-circles combine and only one large semi-circle

is observed.

* 450branch at high frequency. A 450 branch where the AC curve first leaves

the real axis at high frequency is indicative of insufficient membrane

hydration and insufficient protonic conductivity.

* Presence of low-frequency "tail." After the conclusion of the second

semi-circle at low frequency, the curve will sometimes branch off to

infinity, resulting in a "tail"-like feature. This feature is attributed to poor

mass transport caused by insufficient water removal from the cell or by

low porosity in the GDE. In general, this feature is only observed in

systems with severe mass transport limitations such as air cathodes, and is

less frequently seen with cells that use oxygen as the oxidant.

The shape of the AC impedance response depends upon the DC bias voltage

around which the perturbed input signal oscillates. Figure 24 illustrates the effect of

performing AC impedance at different points along the V-I curve. At high voltage close

to OCV, the activation overvoltage is small and the kinetic losses are large. Therefore,
the kinetic features (semi-circular features) in the AC impedance plot should dominate

the behavior at all frequencies (Figure 24a). At an intermediate voltage of 0.6 V, the

driving force for electrode kinetics is higher due to a larger overpotential and mass

transport effects have not yet started to dominate. Therefore, the size of the semi-circle

decreases while the overall shape of the curve stays the same (Figure 24b). At low



voltages (Figure 24c) where mass transport is limited, the low-frequency "tail" becomes

apparent. The overall size of the semi-circular region is smaller yet due to even higher

driving overpotential for the electrode kinetics. Note that the high-frequency intercept at

Rn is fixed regardless of the DC bias, as one should expect since it is not a dynamic

process and is independent of excitation frequency.

Figure 23. Typical electrochemical impedance response for a PEM fuel cell. At high frequency, the
real-axis intercept represents the total ohmic resistance of the cell. The sizes of the semi-circles scale
with anode and cathode kinetic losses and the low-frequency tail indicates mass transport limitations
[41].

Although the O'Hayre et al. model predicts a shrinking semi-circle with

decreasing DC bias, Springer et al. [42] found that in cells with significant mass transport

losses, the semi-circle will instead grow with decreasing voltage. Since these trends are

conflicting, neither of these two models should be applied blindly when interpreting EIS

data for a PEM fuel cell. Instead, it is necessary in practice to correlate EIS data with

other data, such as DC current-voltage information, in order to determine whether mass

transport effects do appear to be significant or not.
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Figure 24. The shape of the impedance-response curve depends on the operating cell voltage
(overpotential). (a) At high voltage (low overpotential), the response is dominated by sluggish kinetics
as evidenced by the relatively large diameter of the semi-circle. (b) At intermediate voltage and
overpotential, the reaction kinetics are improved and the semi-circle is smaller. (c) At low voltage
(high overpotential), the electrode kinetics are still faster and a low-frequency "tail" feature indicates
mass transport limitations [41].

4.4.3 Use of EIS in this Study

Electrochemical impedance was used in this study to help verify the changes in

performance due to compression that were observed using the author's setup, and as an

alternative and complementary tool for better understanding the cell processes that were

affected by applied force. For a given force, AC impedance was performed at three DC

cell voltages (0.8V, 0.4V and OV) which were selected due to the expected predominance

of different loss mechanisms (activation, ohmic and mass transport losses, respectively)

in each regime. Two representative force values, "low" (1.6 MPa) and "high" (4.0 MPa),

were explored for each operating condition. The AC response for the author's setup was

interpreted by comparison with Springer's experimental results and with the model for a

PEM fuel cell presented in [41].



4.5 Testing for MEA Degradation

Any test in which an MEA is exposed to cyclical thermal, hydro- or mechanical loading,

such as the experimental work performed here, could potentially lead to long-term

degradation and instability of the MEA. Two major concerns are irreversible damage to

the porous GDE structure and creation and growth of pin-holes in the membrane that

could lead to fuel mixing across the membrane. It is necessary to ensure that significant

degradation in the MEA does not occur during testing so that the stress-performance data

can be interpreted accurately and meaningfully.

In order to ensure that degradation did not occur, a degradation check was

performed every three test sessions in which the performance was compared to a pre-

established baseline performance of the same pristine MEA when it was first used in the

fuel cell. The degradation test consisted of a lifetime start-up test, where the MEA was

held at 1.6 MPa and 0.3 V until a stable current density was reached; several V-I tests at

the same compression; and repetition of the prior two steps for a higher force value of 4.0

MPa. If, at the end of the degradation check, it was determined that significant,

irreversible damage had occurred, the MEA was rejected and a fresh one was used

thereafter.

4.6 Error Analysis

The most significant source of uncertainty is due to the fact that spring displacement is

read by eye. The accuracy of this form of measurement was judged to be within 0.5 mm;

since the spring constant was large (148.6 kN/m)5 , the resulting uncertainty in the applied

stress is 0.2 MPa at all stress magnitudes. At compression below 1.6 MPa the percent

uncertainty is on the order of 20-25%, however, at larger magnitudes of stress, the

percent uncertainty is significantly lower, around 5-10%. To account for the uncertainty,

stress was applied in increments of 0.8 MPa so that the uncertainty ranges around each

data point did not overlap.

5 The spring stiffness was measured using an Instron and it is assumed that any inaccuracy in stiffness
measurement is negligible.



5.0 Experimental Results and Discussion
5.1 Effect of Applied Stress on PEM Fuel Cell Performance

A representative set of V-I curves for a range of applied stress values is shown in Figure

25 for a cell operating at room temperature. At low stress magnitudes (less than 2.4

MPa), increasing the electrode stress had a significant effect on the maximum current

density, with the largest gain occurring between 0.8 and 1.6 MPa. However, at larger

stress magnitudes, the gains from increasing the applied stress were much less significant,

and indeed the performance was virtually identical at both 4.0 and 4.4 MPa.

The V-I curves overlap at voltages above 0.85V, where activation losses tend to

dominate cell performance, and then start to deviate once significant current is drawn

from the cell at around 0.8 V. The absence of any clear mass-transport features (indicated

by a steep drop-off in voltage at high current density, as in Figure 7) suggests that the cell

performance was governed by ohmic losses at voltages lower than 0.8 V. The slope of the

V-I curves becomes less negative with increasing stress, indicating that the ohmic losses

in the cell are significantly reduced with compression.

The cell power density was obtained by multiplying voltage and current at each

data point given in Figure 25. The resulting P-I curves are shown in Figure 26a for the

same range of applied stresses. As with the V-I curves, increasing the applied stress had

the biggest impact on performance at lower stress magnitudes, and there was little or no

additional gain when stress was increased beyond roughly 4.0 MPa.

A plot of peak power density vs. applied stress (Figure 26b) was created by

finding the maximum of each curve in Figure 26a. The peak power density increased

monotonically with applied stress, with the largest gains at low stress magnitude (0.8 -

2.4 MPa). As stress increased to 4.4 MPa, the gains in peak performance leveled off and

the peak power density approached a constant value of 210 mW/cm2. This is contrary to

some of the results in the literature which show an increase, peak, and then decline in the

power density as a function of stress (Table 2). Additionally, the peak power density

reported in the literature tends to occur in the range of 1-2 MPa, which is significantly

less than the range of stress explored in this work. This discrepancy may arise from
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Figure 25. V-I curves as a function of applied stress for a cell operating at room temperature (230 C)
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inaccurate measurement of applied stress in other experimental setups; it may be that the

stresses were actually much higher than believed, and that this led to early degradation of

performance. Although it was not explored in this work, it is likely that if stress were

increased much beyond 4.4 MPa, ultimately performance would start to decline due to

mechanical degradation of the MEA.

For a fuel cell operating at room temperature and with the inlet gases at

atmospheric pressure (no backpressure), Figure 26b suggests that cell performance is

optimized at 4.0-4.4 MPa. However, this plot does not take into account the potentially

harmful long-term effects of operating at high electrode compression. It is possible that

an electrode stress of 4.4 MPa could harm the long-term stability of the cell by hastening

the process of mechanical degradation that is already one of the biggest challenges to fuel

cell commercial success. A fuel cell design engineer, then, could use Figure 26b, along

with careful consideration of how stress affects cell lifetime, to determine an ideal stress

that balances these tradeoffs and best suits the particular needs at hand.

In addition to the peak power, a second parameter of interest is the voltage at

which peak performance occurred as a function of applied stress. Figure 27 depicts

power-voltage (P-V) curves for the same range of stresses already presented. From this

figure, it is clear that for the given operating conditions, the peak power occurred in the

range 0.3-0.5V for all stress values. At 0.8 MPa, the power-voltage curve is much flatter

at peak performance compared to the curves at 4.0 and 4.4 MPa, suggesting that

performance at higher stress is more sensitive to selection of operating voltage than at

lower stress.

The performance that is obtainable from this fuel cell setup at room temperature

and at low compression is comparable to other values reported in the literature [45, 46] in

which typical values of maximum current density for low-temperature operation fall

between 0.6-0.8 A/cm2 . At applied stress above 2.4 MPa, the peak current densities

achieved with this test setup are competitive with other recent developments in the

literature for low-temperature operation of PEM fuel cells. This fact suggests that the

high stress ranges explored in this work may be beyond the range of typical clamping

stresses used in traditional fuel cell setups.
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operating at room
75 cc/min cathode.

5.2 Effect of Backpressure on Stress-Performance Relationship

The data analysis described above was repeated for several different cell

conditions in order to study how the stress-performance relationship depends on

operating parameters. Sets of V-I curves as a function of stress were obtained for inlet

gases pressures of 0, 10 or 20 psi, with all other operating parameters unchanged. A

comparison of the V-I curves obtained at different backpressures for 1.6 MPa applied

stress is depicted in Figure 28a, and the corresponding P-I curve appears in Figure 28b

(for the full set of V-I curves, please refer to Appendix A).

At 1.6 MPa applied stress, increasing the backpressure from 0 psi to 10 psi or 20

psi improved the performance at low current density, where activation losses dominate

the cell performance. This behavior is expected (see Section 2.1.7) since higher gas

l~p
v



pressure improves the hydrogen and oxygen coverage at the catalyst sites and helps

facilitate the reaction kinetics. At high current density, however, increasing the

backpressure had a detrimental effect on the cell performance, with the worst

performance occurring at 10 psi. The shapes of the curves at high current density suggest

that mass transport limitations were significant at higher pressures. Figure 28b shows that

despite the apparent mass transport limitations, operating at 20 psi gave the overall best

performance in terms of peak power density. However, at high current densities, the data

suggest that it is preferable to operate without any backpressure. Interestingly, the

intermediate 10 psi backpressure yields the worse performance at high current density.

When electrode stress was increased from 1.6 MPa to 4.0 MPa, the current

density increased roughly proportionally for all values of backpressure (Figure 29a).

However, the performance at 10 psi also improved with respect to the other two values of

backpressure, making it the best, rather than the worst, operating condition at 4.0 MPa.

Figure 29b shows that while the crossing-over of the 0 psi and the 20 psi curves still

happens at intermediate current density, the performance at 10 psi has improved for all

current densities.
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Figure 28. Effect of backpressure on (a) voltage-current and (b) the power-current curves at 1.6 MPa
for a cell operating at room temperature (23 0C). Flow rates: 90 cc/min anode, 75 cc/min cathode.
100% relative humidity of inlet gases.
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A plot of peak power density vs. stress for the three values of backpressure is
shown in Figure 30. From this figure it is clear that there is no advantage to pressurizing
the inlet gases at low applied stress, but that at higher compression, either 10 psi or 20 psi
are desirable depending on the stress magnitude. It is possible that below 1 MPa, the
contact resistance is so high that it is not possible to take advantage of any improvements
in reaction kinetics that occur due to pressurization of inlet gases. On the other hand, at
higher stress the ohmic resistance is minimized so that performance is limited by kinetics
and mass transport. The trade-off between 10 psi and 20 psi for optimal performance at
high electrode stresses could reflect the chain-reaction that often occurs when fuel cell
kinetics are enhanced: more current and therefore more water are generated and
performance is initially improved, however, if the cell cannot remove this water quickly
enough, the overall performance will degrade as a result of electrode flooding.

It is clear that at all stresses above 1.0 MPa, performance is maximized by
pressurizing the inlet gases. Why then shouldn't all fuel cell systems operate at as high a
pressure as possible, in order to take advantage of this fact? The answer is that the gains
obtained by increasing backpressure may be entirely offset by the power required to
pressurize the gases in the first place. Indeed, the maximum possible increase in power
density achieved by increasing backpressure was 11% at 4.2 MPa, and depending on the
system size and scale, this may not be enough to justify the need for more complicated,
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Figure 29. Effect of backpressure on (a) voltage-current and (b) the power-current curves at 4.0 MPa
for a cell operating at room temperature (23°C). Flow rates: 90 cc/min anode, 75 cc/min cathode.
100% relative humidity of inlet gases.

1.0-

0.8-

0.6

>o 0.4

0.2,

0.0 -- --



expensive and power-demanding pressurization equipment. A fuel cell design engineer

could use the stress-performance data presented here to weigh the costs and benefits of
pressurization at different values of electrode stress in order to choose the best operating
conditions for the cell.
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Figure 30. Effect of backpressure on the peak power density as a function of applied electrode stress.

Voltage at Which Peak Power Occurred

The power density as a function of voltage is plotted in Figure 31 for three values of
applied stress at 10 psi. The absolute peak performance occurred at 0.4 V regardless of
the applied stress, however, it is evident that electrode stress affected the overall shape of
the P-I curves. Again, the curve at 0.8 MPa is much flatter at peak power density than the
curve at 2.4 MPa, which is in turn flatter than at 4.0 MPa. In other words, at low stress
magnitudes, there is little change in overall power density for a range of 0.35-0.45 V,
whereas performance decreases more significantly over this same range for higher stress
magnitudes. At high stress, then, it is more important to precisely select the desirable
operating voltage in order to maximize performance.



backpressure: 10 psi

i .-- "1- -UI..

0.2 0.4 0.6

voltage [V]

. 0.8 MPa
•-2.4 MPa

- 4.0 MPa

240-

220

200 -

180 -

160

140-

120 -

100 -

80 -

60 -

40 -

20 -

0-

0.8 1.0

Figure 31. Power density as a function of voltage and applied stress for a cell operating at room
temperature (230C) and 10 psi gas backpressure. Flow rates: 90 cc/min anode, 75 cc/min cathode.
100% relative humidity of inlet gases.

5.3 Effect of Temperature on Stress-Performance Relationship

The relationship between operating temperature and cell performance is shown in Figure

32. Considering that the decline in cell voltage at low current densities corresponds to

kinetic losses at the electrodes, it is clear that increasing the cell temperature from 23'C

to 45'C improved the electrode kinetics and the overall cell performance at low current.

At high current density, the slope of the 23°C V-I curve approaches a steeper (more

negative) value than the slope of the 45°C curve. Since applied stress, and therefore

contact resistance were held constant for this set of tests, and since it is unlikely that the

bulk resistance of the current collectors changed significantly in this temperature range,

the less steep slope may indicate that the ionic conductivity of the Nafion increased

between 23oC and 45oC. As shown in Figure 32b, the peak power density at a constant

applied stress of 1.6 MPa increased from 117 mW/cm 2 to 167 mW/cm 2 as temperature

increased, resulting in a net performance gain of 43%.
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Figure 32. Effect of cell temperature on (a) voltage-current and (b) the power-current curves at 1.6

MPa applied stress for a cell operating at 0 psi backpressure. Flow rates: 90 cc/min anode, 75 cc/min

cathode. 100% relative humidity of inlet gases.

When the applied stress was increased to 4.0 MPa, the current densities at both

temperatures improved by 25-40% compared to room temperature performance, as

shown in Figure 33a. As in the previous case, increasing the cell temperature caused both

the kinetic and ohmic losses to decrease, and the peak power density increased from 166

W/cm 2 to 213 W/cm2, a net gain of 28% (Figure 33b). The percentage increase in power

density due to increasing the cell temperature at constant stress was higher at 1.6 MPa

than at 4.0 MPa, however, the absolute peak power density was on average 35% higher at

45'C than for room temperature operation.

A summary of the stress-performance relationship for different cell temperatures

appears in Figure 34. The shape of these curves suggests that as a rule of thumb,

performance can be improved at either temperature by increasing the applied stress,

although the improvements in performance that are possible may be limited at stress

higher than 4.0 MPa. It is expected that a cell temperature higher than 45°C should yield

even better performance than what was shown here, since the kinetics would continue to

improve with increasing temperature. However, an attempt to demonstrate this

relationship experimentally yielded unexpected results; for further information and

discussion, please refer to Appendix B.
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Voltage at Which Peak Power Occurred

For the range of cell temperatures explored in this work, the peak cell performance

occurred between 0.35-0.4 V (Figure 35), similar to what was observed previously for

different inlet gas pressures. As before, the shape of the P-V curve changed significantly

and a function of applied stress, with a flatter curve at 0.8 MPa and a much steeper curve

occurring at 4.0 MPa. Since this behavior was observed for a variety of different

operating conditions, it is likely that the changes in shape of the P-I curves truly result

from changes in applied stress rather than the operating conditions chosen for the

particular test.
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Figure 34. Effect of cell temperature on the peak power density as a function of applied electrode
stress.

5.4 Ohmic Resistance as a Function of Stress

To get a sense for how the cell resistance changes as a function of applied stress, the

slope of each V-I curve was measured by fitting a best-fit line to the linear regime. It

should be noted that this is only an approximation since what appears to be a linear,

"ohmic" relationship may actually conceal combined effects of activation and mass

transport losses. Still, for a cell operating at low temperature, it can be assumed that the

mass transport losses are small and that the performance is mostly dominated by ohmic

losses at mid-to-low voltages.
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This analysis was performed for each of the V-I curves pertaining to the stress-
backpressure data set. The result is shown in Figure 36. At 0.8 MPa, there is large
variance among the calculated resistances. As stress increased, the resistance decreased
exponentially and approached the same value of about 0.15 Q for all backpressures. This
performance agrees well with data presented in the literature on the contact resistance as
a function of applied stress (Section 2.2.1) and confirms the hypothesis that changes in
contact resistance dominate the resistance behavior at low applied stress.

5.5 Performance Optimization

The data presented in Sections 5.1-5.3 were used to generate 3D plots that describe how
peak performance changes as a function of both applied stress and either backpressure
(Figure 37) or temperature (Figure 38). These plots are very instructive for fuel cell
design and optimization because they capture the inherent coupling between independent
parameters and clearly demonstrate which parameters most significantly affect
performance. For instance, it is clear from Figure 37 and Figure 38 that compressive

240



stress affects the power density more significantly than either cell temperature or

backpressure for the variable ranges explored here, and that for a given stress, the power

density is more dependent on changes in temperature than on changes in backpressure.

These surfaces can help identify unexpected wells or peaks in the power density surface

that result from parameter coupling and which may not be predictable by more traditional

studies of individual fuel cell component behaviors.
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Figure 36. Cell ohmic resistance as a function of applied stress for a cell operating at room
temperature (230C) and different inlet gas backpressures. The ohmic resistance was obtained by
fitting a line to the linear region of each V-I corresponding curve of the form shown in Figure 25.

While 3D plots are visually helpful for communicating the relationship between

two independent parameters, this concept can be extend to multiple dimensions. By

combining performance data for n independent parameters, an n+1-dimensional surface

can be constructed. By numerically "walking" along this surface, ideal combinations of

independent parameters could be identified. A fuel cell design engineer could then use

this "library" of ideal parameter sets to design an optimally-performing cell that best

meets a particular set of design constraints.
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5.6 Use of EIS to Support Findings

In order to support the above findings, and to provide another perspective on how applied

stress affects performance, electrochemical impedance was performed for the cell
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operating at 650C and atmospheric pressure. Figure 39 depicts a typical impedance

response obtained from the author's fuel cell setup under the given conditions and at 1.6

MPa applied stress.

The impedance response at 1.6 MPa appears as a single large semi-circle,

suggesting that the cathode kinetic losses are much more significant in this cell than the

anode kinetic losses. At low frequency, the "tail" feature that typically indicates mass

transport resistance is absent; however, it is cautioned that due to very high noise

sensitivity of the measurement equipment at low frequency, the data in the low-frequency

regime may not reveal what is truly happening in the cell. At low voltage offset (high cell

voltage), it is likely that mass transport is not an issue, and should therefore not feature in

the AC impedance response anyway.

0.25 0.50 0.75 1.00 1.25

Figure 39. Impedance response for a cell operating at 65°C and 0 psi backpressure under 1.6 MPa
applied electrode stress. The high-frequency real-axis intercept (at small Z') corresponds to the cell
ohmic resistance, and the size of the semi-circle reflects the extent of kinetic losses at the electrodes.

The high-frequency intercept indicates that the total cell ohmic resistance was 0.3

K. This is roughly 80% larger than the value of 0.17 2 measured in Section 5.4 for 1.6

MPa applied stress at room temperature and no backpressure. It is expected that

increasing the cell operating temperature should improve the conductivity of Nafion and

that the ohmic resistance measured with EIS should therefore be lower, not higher. A

possible explanation for the higher ohmic resistance is that the EIS technique requires a

different set of electrical leads to be connected to the cell, and this particular set of leads



was not necessarily optimized to reduce ohmic resistance like the leads that were used

during all other cell testing. This increase in total ohmic resistance may therefore reflect

differences in hardware rather than a change in chemical or mechanical properties of the

MEA with temperature.

It may also be that the procedure outlined in Section 5.4 of fitting a slope to the

linear region of the V-I curves might not accurately capture the true ohmic resistance, and

perhaps the assumption of pure ohmic behavior in the mid-voltage regime is not valid.

Still, the technique provides a rough estimate of how ohmic resistance changes with

stress and is useful for starting to think about the various component resistances that

contribute to the measured lumped resistance.

Figure 40 shows the effect of increasing the applied stress from 1.6 to 4.0 MPa at

DC offset (overpotential) of 0.8 V (roughly 0.4 V cell voltage). As expected, the high-

frequency intercept shifted to the left, indicating that the ohmic resistance decreased from

0.3 V to 0.25 V as a result of compression. Interestingly, the size of the semi-circle

appeared to shrink with increasing stress, suggesting that the faradaic resistance due to

kinetic limitations was reduced at higher compression. Although it is uncertain why the

kinetics should be affected by mechanical compression, one possible explanation is that

compression of the gas diffusion layer to high stress values brings the distributed catalyst

particles into better electrical contact with the current collector. This model might help

account for why peak performance reached a plateau, rather than declined, at very high

stress - enhanced kinetics might help mitigate the effect of decreasing porosity and push

the "degradation regime" to a higher stress range.

The effect of changing the cell voltage at a fixed applied stress of 1.6 MPa is

shown in Figure 41. All three curves agree at high frequency and show the same high-

frequency intercept, confirming that, as expected, the cell ohmic resistance did not

change as a function of operating voltage. As the DC voltage offset decreased (cell

voltage increased), the semi-circle grew in size. This agrees well with the AC impedance

model of O'Hayre et al. [41]; at higher cell voltages, the driving force for cell kinetics

(overpotential) is lower and the reaction kinetics at the electrodes are slower, resulting in

a higher faradaic resistance as evidenced by a larger semi-circle diameter.
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Figure 40. Effect of increasing applied electrode stress from 1.6 MPa to 4.0 MPa for a cell operating
at 65°C and no backpressure. The ohmic resistance (high-frequency intercept) decreases from 0.3012
to 0.25 fi and the semi-circle diameter decreases.

A similar trend was observed as a function of operating voltage for an applied

stress of 4.0 MPa, as shown in Figure 42, although the high-frequency intercept of all

three curves shifted to the left by 0.05 V. As before, the semi-circle diameter decreased

significantly from 1.6 to 4.0 MPa for all operating voltages. This again supports the idea

that compression positively influences the electrode kinetics, a possibility which has not

received much attention in the literature to date and which suggests a possible direction

of future research.
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Figure 41. Effect of changing the cell voltage (overpotential) on the impedance response at 1.6 MPa.
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6.0 Summary
This work presents the design and implementation of a novel test setup for

studying the effect of electrode area compression on PEM fuel cell performance. While it

is well accepted that applied stress is an important parameter for fuel cell design and

optimization, a clear and accurate method of quantifying the stress-performance

relationship has yet to emerge in the literature. The test setup presented here takes a

unique approach to studying electrode compression that effectively decouples contact

stress from sealing requirements and allows the applied electrode stress to be directly and

accurately measured.

In general, the peak power density increased monotonically with applied stress for

all operating conditions, with the largest gains at low stress magnitude (0.8 - 2.4 MPa).

As stress increased beyond 4.0 MPa, the peak power density leveled off and there was no

advantage in increasing applied stress further. This behavior at high stress is contrary to

some of the results in the literature which show a peak in power density occurring at

roughly 1-2 MPa and suggests that MEAs may be able to tolerate higher stresses than

previously thought. Although it was not explored in this work, it is likely that there exists

a stress magnitude larger than 4.4 MPa beyond which the power density would start to

decline as a result of mechanical degradation. Overall, the power density increased by a

factor of 2-3 over the range 0.8 to 4.0 MPa for all test conditions.

The effect of changing the operating conditions on fuel cell performance was

explored at electrode stresses ranging from 0.8 MPa to 4.4 MPa for three different

backpressures (0 psi, 10 psi and 20 psi) and three cell operating temperatures (23°C,

450C and 65 0C). At 0.8 MPa, increasing the backpressure from 0 psi to 20 psi caused the

peak power density to decline monotonically, however, at 4.0 MPa, 10 psi gave optimal

performance, followed by 20 psi. Increasing the cell temperature from 23 0C to 450C

caused peak power to increase by roughly 50 mW/cm2 for all magnitudes of stress.

Nominally, the results suggest that it is always better to operate at higher stress, higher

temperature and, for the most part, at higher backpressure; however, significant

performance tradeoffs associated with operating in these "extreme" regimes were

identified and discussed.



At low stress magnitudes, the shape of the power-voltage (P-V) curve was flat

near peak power; however, as applied stress increased, the shape of the curves became

increasingly sharper for all operating conditions. This suggests that selection of operating

voltage is less critical at lower stress, since power can be optimized for a wider range of

voltages. However, selection of operating voltage is much more critical at high stress

since performance declines more steeply around the peak.

The author's test setup enables a new method for optimizing fuel cell performance

that identifies which parameters can yield the greatest improvements in power. For

example, at 2.4 MPa, it is more useful to increase the cell temperature from 23'C to 450C

(for a gain in power density of 52%) rather than increase the backpressure to 20 psi (a

gain in power density of only 7%). Additionally, for the range of stress explored here, it

is much more effective to increase the electrode stress than to change either of the other

two operating conditions.

Two methods for measuring the ohmic resistance of the cell were discussed. The

first, which involves fitting a slope to the V-I curves, is useful for visualizing how

resistance changes with compression and agrees well with the general form of contact

resistance data presented in the literature. Electrochemical impedance spectroscopy was

used to measure both ohmic resistance and the activation losses at the electrodes as a

function of applied stress.

Overall, this test setup allows for electrode stress to be rigorously considered as

an important parameter that affects the fuel cell performance. Once the performance as a

function of stress and other operating conditions is fully quantified and understood, this

knowledge can be used to drive next-generation fuel cell designs with improved power

capabilities.



7.0 Future Work and Impact
So far, the effect of changing two operating parameters (inlet gas pressure and cell

temperature) on the stress-performance relationship has been explored for one particular

cell configuration. In the immediate future, this work could be expanded to include the

effect of changing additional operating parameters such as inlet gas relative humidity, gas

flow stoichiometry, and gas flow rates. Following the procedure outlined in this paper,

this data could be combined to paint a more complete picture of fuel cell performance

that would consider the coupled effect of electrode stress and other operating parameters

for perhaps the first time.

In addition to studying the effect of operating conditions on fuel cell performance,

future work will address how the stress-performance relationship depends on the

engineering parameters used to design and construct the cell. As a simple first step, a

variety of different membrane and GDE combinations could replace the current MEA

that was used for all the studies presented in this paper. Additionally, a variety of new

Adjustable Current Collectors (ACC) could be manufactured from various different

materials, including graphite and nickel alloys, and having different flow field

geometries. The use of various ACCs could help illuminate the dependence of the stress-

performance relationship on material property and current collector morphology, and

may help indicate optimal designs for a given applied stress. Since the ACC is a modular

component of the fuel cell test setup, it is straightforward to replace the current stainless

steel ACC with newly manufactured alternatives.

It would be useful in future research to use this test setup to gain a better

understanding of the resistance contributions in the cell. For instance, electrochemical

impedance data obtained using this test setup could be combined with targeted studies of

membrane conductivity and interfacial resistance as a function of applied stress in order

to quantify how each component resistance contributes to the bulk resistance as a

function of stress. Knowledge obtained from this experiment could identify the

significant ohmic loss contributions in the cell as a function of stress and help suggest

methods for reducing this loss.



Improvement of the Current Setup

The current setup has been successful as a proof-of-concept for accurately

applying and measuring decoupled compressive stress to the electrode area of a PEM fuel

cell. However, the setup could be improved in a number of ways that will improve data

collection and interpretation. For instance, the current method of force actuation (using a

compression spring) is limited in both accuracy and precision. While this has sufficed for

the current study, an improved design would feature an electronic force actuator that

would help remove some of the measurement uncertainty. Additionally, the o-ring

interface between ACC and the top outer plate could be revisited in order to further

reduce the friction and improve the measurement accuracy of the applied stress.

Development of a Stress Sensing Device

The state of stress in the membrane during operation is interesting to fuel cell

researchers and designers because it can affect the long-term mechanical and chemical

stability of the cell. However, to date it has been difficult to accurately measure the stress

state in-situ. Rather than using the ACC to apply stress to the electrode and membrane,

the concept of this translational, decoupled component could be extended to a precision

device in which the membrane stress is measured for different operating conditions. This

would allow researchers to accurately monitor the evolution of stress in the membrane

while circumventing traditional sealing concerns, which have complicated in-situ stress

measurements in the past.

Commercial Applications

The test apparatus presented in this work could be attractive to fuel cell

companies that desire a more quantitative, accurate way of anticipating the effect of

clamping pressure on their product's performance. Clamping force is widely regarded in

industry as being significant but the approach to measuring and optimizing it has so far

required a great deal of trial-and-error. The test apparatus would provide fuel cell

developers with a tool that indicates which parameters should receive the most attention

for maximizing power output, helping to reduce the amount of costly and time-

consuming testing that is required for product development.



Companies that specialize in the manufacture of fuel cell components could use

this apparatus to drive the design of components that have properties tailored to be

optimal at a given stress. For instance, gas-diffusion media could be developed that have

higher stiffness at optimal stress so that the performance degradation due to decreasing

porosity can be averted or shifted beyond the operating stress range. Additionally, new

fuel cell systems could be designed in order to target and reduce the large contact

resistance between materials at low applied stress by mechanically integrating

components such as the current collector and electrode structure.

Finally, the concept of decoupled electrode stress application could be

implemented as a next-generation fuel cell design in which varying amounts of force are

applied depending on the operating conditions. This could be accomplished using an

electronic force actuator integrated with an optimal control system that would constantly

monitor fuel cell performance and optimize it in-situ. Rather than operate under constant,

pre-determined operating conditions, the control system could instead vary parameters

during operation to address any unforeseen changes in performances that often arise

during fuel cell testing. This concept of a dynamic-force fuel cell is novel and deviates

from traditional designs in which the fuel cell, and its stress state, is fixed prior to

operation.
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Appendix A: Additional Stress-Performance Data

V-I and P-I curves as a function of stress are presented here for different sets of operating

conditions:

Backpressure Effect

* Cell temperature: 230C; Backpressure: 10 psi; Flow rates: 90 cc/min anode,

70 cc/min cathode; Relative humidity: 100%
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* Cell temperature: 23oC; Backpressure: 20 psi; Flow rates: 90 cc/min anode,

70 cc/min cathode; Relative humidity: 100%

backpressure: 20 psi
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Temperature Effect

* Cell temperature: 23oC; Backpressure: 0 psi; Flow rates: 90 cc/min anode,
70 cc/min cathode; Relative humidity: 100%
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Cell temperature: 450C; Backpressure: 0 psi; Flow rates: 90 cc/min anode,

70 cc/min cathode; Relative humidity: 100%
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Appendix B: Effect of Cell Operation at 650 C

According to the discussion in Section 2.1.7, increasing the cell operating temperature

should improve the electrode kinetics and therefore the performance at all current

densities. However, the cell performance at 65°C was intermediate between 23°C and

45°C. A comparison of V-I and P-I curves at the three temperatures and 1.6 MPa are

shown in Figure 43a and Figure 43b, respectively. The corresponding stress-power

curves as a function of temperature, as well as the 3-D surface plot of power density, are

shown in Figure 44 and Figure 45, respectively.
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Figure 43. Effect of cell temperature on (a) V-I and (b) P-I curves at 1.6 MPa applied stress.
Increasing from 23 0C to 450C improves the performance, however, further increasing the
temperature to 650C causes a decline in performance. The large activation losses for the 650C curve
suggest that water may have collected in the cell and blocked the catalyst sites, effectively decreasing
the catalyst surface area.

The voltage drop-off due to kinetic limitations at low current densities is much

more severe at 650 C than for the other two operating conditions. The reason for this is

unclear, since increased temperature usually helps the kinetics. One possibility is that

during cell conditioning at 650 C, the cell became flooded and remained that way

throughout all the tests at that condition. Water that is trapped in the electrode can

prevent oxygen and hydrogen from accessing the catalyst sites; the result is an effective

reduction in catalyst surface area, which has a drastic effect on the cell kinetics. It is
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interesting that at high current densities, the slope of the 650C curve appears to equal that

of the 450C curve, which suggests that the ohmic resistance is the same in both cases.

It is possible that the inability to manage water well at higher cell temperatures is

inherent to the particular fuel cell design used in this work, and that the expected

monotonic increase in cell performance with temperature would be observed if the cell

were redesigned to reduce flooding near the catalyst layer. If this limitation were

successfully removed, a number of interesting temperature-dependent features of fuel cell

performance could be studied. For instance, in all of the results presented in this paper,

the peak power consistently occurred at 0.4 V, regardless of the applied stress. The

optimal cell voltage is determined by the shape of the V-I curve at high current density

and is affected by both ohmic losses and mass transport limitations. An improved cell

with large current generation would be more susceptible to mass transport losses at high

temperature and in the vicinity of 0.4 V than the current setup. The result could be a rapid

drop-off in the power density at low current, and a shift of the peak power to a higher cell

voltage. In this hypothetical case, since applied stress could also significantly affect the

water management capabilities of the cell, the voltage at which peak power occurs could

vary significantly depending on the operating conditions.
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