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ABSTRACT

Fuel cells are electrochemical devices being developed forriatyaf consumer
applications including homes and vehicles. Before customers wédpathis technology
fuel cells must demonstrate suitable durability and religbine of the most important
parts of a fuel cell stack is the polymer electrolyte memdréPEM). This layer is
responsible for conducting protons from anode to cathode and acting asbargar,

while operating in a harsh electrochemical environment. In ordervielage better and
more durable membranes researchers must understand the linkagerbtine causes of

degradation, such as specific material properties and operational conditions.

One significant mode of degradation of the electrolyte membmanierough chemical
degradation caused by the crossover of reactant gases leadthg formation of
peroxide and ultimately radical species. These radicals aeetabattack vulnerable
groups in the polymer structure of the membrane. The result msbrage thinning,
increased gas crossover, fluoride ion release, and voltage demradadnsiderable
experimental work has been done to understand these mechanisms, altievaghas
been no attempt to model the connection between the causes of degraaatithe
physical effects of degradation on the electrolyte membrane.&onddel can be used as
a valuable tool when evaluating different degradation mechanismsppexggktronger
materials, and enable estimation of the influence of fuebpeltation and system design

on degradation.

This work presents the development and application of a dynamic sechamistic
chemical degradation model for a reinforced membrane in a polgieetrolyte
membrane fuel cell. The model was developed using singletestihg with Gore™
PRIMEA® series 5510 catalyst coated membranes under open circuit volt&y8 (O
conditions. Such conditions are useful for accelerated testing siegeate believed to
enhance chemical degradation in membranes since reactant galsppessures are at

their maximum. It was found that the electrolyte layer cldeethe cathode catalyst



preferentially degraded. Furthermore, cumulative fluoride releasees for the anode
and cathode began to reach plateaus at similar times. Vel®ped model proposes that
as the cathode electrolyte layer is degraded, fluoride relases due to a lack of
reactants since the inert reinforcement layer createsreerbbetween the cathode and
anode electrolyte layers. It is also believed that all ftileonielease originates at the
degradation site at the cathode. By fitting key parameters,utwedé release trends were
simulated. The proposed model links material properties such as tinérame gas
permeability, membrane thickness, and membrane reactivity, as aselbperating
parameters such as hydrogen partial pressure and relative tyuridiuoride release,

thickness change, and crossover.

Further investigation into degradation at OCV operation and diffeedative humidity
conditions showed that initial hydrogen crossover measurementaweia indicator of
degradation rate over long testing times. The proposed serhiamstic model was able
to best model the results when using a second order dependence bydiibgen
crossover term. In all cases there was some discrepancyebetthe model and
experimental data after long times. This was attributed t@niset and contribution of

anode side degradation.

The effect of drawing current on fluoride release was alsosfigated. Experimental
results showed that with increasing current density the fluodbtbase rate decreased.
Using the developed semi-mechanistic model it was proposed thakeasken hydrogen
crossover was primarily responsible for the reduction in chemiggladation of the
membrane. A macro-homogeneous model of the anode catalyst layarsed to show
that a reduction in hydrogen concentration through the catalyst Wdyem a current is

drawn is a possible reason for the reduction in degradation.

Finally the model was applied to three different dynamic drivdesy The model was
able to show that over different drive cycles, the fuel cell @dperience different
degradation rates. Thus the developed model can be used as a potentiabt@ablate

degradation in systems.
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CHAPTER 1: INTRODUCTION

1.1 OVERVIEW AND OBJECTIVES

Understanding fuel cell material durability problems is gmiped as an important
requirement for its greater commercialization. There haentBc been considerable
research in this area covering a wide variety of degradationgvsamd as catalyst layer
degradation, mechanical and chemical degradation of the eleetmolgtnbrane, also
called the electrolyte membrane, and bi-polar plate durability.blifle of the reported
work has focused on experimental studies to provide evidence andsastabthanisms
of degradation. Currently there are only a limited number of mhtlrgaadation models
that have been developed. Degradation models offer researchersehoéllfdevelopers
insight into how material properties and operational conditions affeet lifetime
characteristics of a fuel cell material or system.ylban also help analyse different
possible degradation mechanisms depending on how well they fit expéaindata.
When degradation models are linked to parameters that affectrpanioe, they also
create a powerful tool to design more durable systems and corgaitiains that

minimise degradation.

The overall objective of this work is to present the development gantc semi-
mechanistic chemical degradation model for a reinforced fueklsadtrolyte membrane.

The model links material properties and operating conditions to tkeofamaterial



degradation by simulating degradation indicators such as fluooideralease. Also,
attempts to link the material degradation to performance degradate explored. As

such, this research has three objectives:

1) To establish a mechanism of electrolyte degradation for GORE membranes.
2) To create a model that describes the degradation.

3) To apply the model to dynamic situations.

The proposed model is based on experimental work using acceleratadadieq tests of

fuel cells conducted under different relative humidity conditions and currentidsnsit

1.2 ScopPE

The scope of this work is the examination of chemical degradatidineopolymer
electrolyte membrane (PEM) trademarked as Gore PRIMEA 5518 wéed in single
cells. The effect of relative humidity and current density atploeed at constant
temperature. Temperature effects are not included in this tbikugh some discussion
on the subject will be offered. Furthermore, the contribution of mechategaadation
and degradation of the catalyst layer or other fuel cell mdgesther than the electrolyte
membrane is not specifically addressed in this work.

1.3THESISLAYOUT

The following chapters of this work will be organized in the followinwgy as

summarized below:

Chapter 2:  Background and Preliminary Experimental Work — In this chapter the
relevant background information from the literature necessary to staddrthis study
and its significance will be presented. More importantly, this ehapresents
experimental results performed to gain a fundamental understandimg imiechanism of
chemical degradation. Some of the contents of this chapterpubéfished in 3 journal

papers.



Chapter 3:  Experimental - This chapter will describe the main measurements and
experimental techniques used for the subsequent studies. Furthehathieronill also

describe the different materials used and the different experiments tegbuvsued.

Chapter 4:  Effect of crossover and surface area on OCW- In this chapter,
fundamental measurements that are linked to material propeitidse used to show
how knowledge of these parameters can lead to performance estgsuetess OCV.
Also, by understanding how these parameters change with tienensible voltage

degradation can be estimated.

Chapter 5:  Development of a Chemical Degradation Model This chapter follows

the degradation of a fuel cell membrane under open circuit vaitagditions. Further, a
mechanism is proposed that attempts to explain the observed behginally, a model

of the proposed mechanism is developed and fitted to the experimeatal kigt model

will then be used to explain fluoride release trends in a se@iraf data obtained in an
experiment that had been interrupted several times throughout the experiment.

Chapter 6:  Effect of RH - In this section, the ability of the model to predict
degradation under different relative humidity conditions will be explorThe predictive
limitation of the model in cases of severe degradation vath &k explored. Finally, the
links between key chemical degradation factors and voltage degradéit be explored

to determine if there are potential correlations between the two.

Chapter 7:  Model Parameter Sensitivity- Having developed a model for chemical
degradation in Chapter 3, the sensitivity of the model to differeranpeters will be

examined. Furthermore, key indicators of degradation will be discussed.

Chapter 8:  Current Density Effects - This chapter explores the extension of the
open circuit voltage degradation model presented in Chapters 4 — @utteitice effects
of current flow. Experimental degradation studies at three cudendities will be used

to propose a mechanism to explain the observed fluoride release trends.



Chapter 9:  Degradation potential of different load cycles— Having developed a
closed circuit membrane chemical degradation model, the moddiemilsed to evaluate
the impact of three different drive cycles on chemical duratolitthe membrane. The
load cycles are based on drive cycles used to evaluate vemdl#sesr use shows how a

dynamic model can be used.

Chapter 10: Conclusions and future work — This chapter will review the main
conclusions and identify the contributions to the scientific literadffiered by this work

as well as areas of future study.

Some of the work presented here has been published in various journasaplete

summary of the Author’s publications is available in Appendix A.



CHAPTER 2: BACKGROUND

2.1 FUEL CELL BACKGROUND

A fuel cell is a device, similar to a primary battery, g¥hiuses an electrochemical
reaction to generate electricity. The main components of ecélieare the same as any
electrochemical cell consisting of an anode, cathode and atjgetr Unlike primary
batteries however, fuel cells are given a continuous supply darga@nd therefore can
produce power as long as the reactants are available. For \aghpdieations, theoretical
fuel cell efficiencies are higher than combustion engines becauliel cell is not
restricted to the Carnot cycle and instead directly convertdriteeuseable electricity.
Also, since fuel cells have no moving parts, they are potentially maablesthan typical
internal combustion engines. There are many types of fue| ealth categorized by the
type of fuel used or the composition of the electrolyte. ThisisHecuses on the polymer
electrolyte membrane fuel cell (PEMFC) which takes hydragehoxygen as reactants
and uses a solid polymer as electrolyte. The basic set-upuef edll is shown in Figure
2-1.



%CFQ—(I:F%;ECFZ—CF;;
O—CFyCF—O-CF-CF-50; H

e |

Anode:
H? = ZH*+ 2
/;_',.c-Db
S a5
{c&"q‘;}\%‘n& o d Cathode:
'if’?:};;gb e &5 ZH" % O+ 2 > H,0
-, [ ’f'/
iy, Togga

Figure 2-1: Schematic of a PEM fuel cell [1].

At the anode, hydrogen flows into the system through channels madhioedhe
graphite bipolar plates. Hydrogen is transported from the charthedsigh a porous gas
diffusion layer and a porous catalyst layer to react at platicatalyst sites to produce
hydrogen ions and electrons. The electrons flow through the exteémat and produce
power while the protons are conducted through a solid polymer eleetrdhyis polymer
also serves as a gas barrier so that the reactant spaciest freely combine together.
The most common type of electrolyte used in fuel cell appticatare perfluorosulfonic
acid (PFSA) polymers. There are several different PFSA breames available under
different trade names, the most common one being N&fisapplied by Dupont. The
chemical structure of NafidM is shown in Figure 2-1. The Teflon like backbone of
Nafion™ gives the membrane structural stability while the sulfonid gcoups allow
Nafion™ to act as a proton conductor when hydrated with water. At the catthede,
hydrogen ions, electrons, and oxygen (delivered by a second bipolarqaateine on
the cathode platinum catalyst to form water and heat. The compoaierial formed by
the catalyst and electrolyte layers is typically calledhtalyst coated membrane (CCM).
When gas diffusion layers are included it is called a membriewrade assembly
(MEA).



The performance of a fuel cell is typically evaluated by usingplarization curve as
shown in Figure 2-2. A polarization curve can be broken up into 4 parts each
characterized by a loss from ideal Nernst voltage: a) opeuaitciroltage (OCV), b) an
activation region, c) a linear ohmic loss region, and finally d)assntransfer limited
region. OCV, activation and ohmic regions of the polarization curvebsiltliscussed
with reference to a 0-Dimensional (0-D) fuel cell model to hgitilthe relevant material
properties involved. Concentration polarization (or mass transfeation) is typically a
function of gas diffusion layer properties and is beyond the scopgasoptoject. The
overall fuel cell performance equation is given in Equation (2-1)Hthvrepresents the

cell voltage as the ideal Nernst voltagé)(finus different sources of voltage loss.

Ideal Voltage (1.23V)

Cathode and Anode
Activation Overpotential

/

o —~— Concentration
ol Overpotential
k=)
S I TN
Ohmic
Overpotential

Current Density

Figure 2-2: Regions of a polarization curve. Areas show where different logses
dominant.

VCeII =E - hact - hohmic - hconcentraibn (2-1)



When no current is flowing, cell voltage should approach the ideal equitilpotential
(EY). However, internal currents caused by hydrogen crossoveekegdd to lower the
open circuit potential below the Nernst potential. Activation l@sg X is a measure of
how easily the hydrogen oxidation reaction (HOR) and oxygen reductaction (ORR)
can proceed. Studies have shown that it is the ORR that causesgheoltage loss in a
fuel cell and therefore the HOR contribution to activation overpotemgiaoften

neglected. The activation loss from the ORR is related tiptatsurface areaA;, ),

platinum loading [,), current and exchange current density &s well as the fuel cell

current () using Equation (2-2)[3].

RT i
Ao = In . 2-2
YU naF o 104 Ava )Xo (2-2)

whereT is the absolute temperatufejs the universal gas constamt,is the number of
electrons transferred (in this case &2),is the transfer coefficient (taken to be 0.5), &nd

is Faraday’s constant.

However, as will be discussed, due to the permeability of tloer@lige membrane some
hydrogen is able to permeate, or “cross over”, to the cathode. ®tive eathode, the
hydrogen reacts at the cathode platinum catalyst sites wytheox In effect, the oxygen
undergoes a reduction reaction at the cathode while hydrogendisaukiat the same
electrode and therefore activation losses for the ORR are idddireThe voltage loss
from hydrogen crossover can be estimated by modifying Equgi@h with a crossover

current,i, . The crossover current relates the molar flux of hydrogemeeting through
the electrolyte membrangy,, , to an equivalent current as shown in Equation (2-3). The

flux is a mass transfer phenomenon and is independent of cell plot€éhéamechanism

of hydrogen crossover is covered in section 2.3.1.

Iy, = (Ny,)(2F) (2-3)



Since hydrogen crossover to the cathode incurs activation lossesoBd@a2) becomes
Equation (2-4) [3].

I +i
Fo =L n e
F 10>(LcaAPt,el )’10

(2-4)

When no current is drawn, and thus only the hydrogen crossover causge Vodis, the

above term will be called the hydrogen crossover overpotential and denotgd by

Ohmic losses can also be modeled as a function of current usmt @Gw as shown in
Equation (2-5)[3].

Ay =iR,, (2-5)

R, includes resistive contributions from proton flow through the elecealgt well as

protonic resistances through the catalyst layers. The condudiiythickness of the
electrolyte have a significant effect on this loss. Sincemsdturation of the membrane
also plays a role, electrolyte conductivity is also a functiotewiperature and humidity
as well as polymer structure including the presence, number, aedosiproton-

conducting sulfonic acid sites

The above description of fuel cell performance shows how fuleValéhge is related to a
number of different material parameters. When materials degraa fuel cell, these
characteristics will inevitably change and consequently paldwoiz characteristics will
also change. For instance, loss of electrochemical surfaeeisrtypically seen as a
downward translation of a typical polarization curve while incregsetbn resistance
causes the slope in the linear region to become more negativéngg.rSodeling of fuel
cell performance degradation can be done in this way, it then bscompertant to

understand and be able to predict how fast material properties change with time



Not all losses to fuel cell performance are permanent, aensible. Instead, part of the
voltage degradation over time can be attributed to reversibleddggma and therefore is
recoverable. Reversible degradation occurs often as a reswdnsietnt processes where
the loss in voltage may be reversed by changing the operatiditions (or with the aid
of an ‘in-situ’ recovery procedure) and consequently the cell pedioce may return to
pre-degraded levels. An example of reversible degradation includesretention in the
GDL over time, commonly known as flooding. This process will recietleperformance
over time, although performance may be recovered by removing tessexvater.
Irreversible degradation includes irreversible changes to thecéllematerials such as
membrane thinning or loss of catalytic surface area froninplat migration or carbon
corrosion. The type of mitigation strategy employed to minimatage degradation will
be influenced by the cause and mode of degradation, and whether thdatiegr is
reversible or irreversible. Therefore, it is important to undecsif the observed voltage

decay is due to reversible processes or due to irreversible materiadateyr.

Understanding how material properties influence performance ibgviteads to the
development of better materials. As discussed, membrane thickagsa significant
effect on ohmic losses, thus state of the art membranes haveébemach thinner. In
order to address mechanical stability problems inherent with thinmembranes,
reinforcements have been added to the thin films. Some of these cempesibranes
use a porous polytetrafluoroethylene (PTFE) or an expanded PPREK® layer in the
middle of the electrolyte membrane to provide mechanical str¢égh Gore PRIMEA
5510 reinforced membranes (Figure 2-3) use such reinforcenmamwished between

two PFSA electrolyte layers.

Along with the role of conducting protons, the PEM must also act gasabarrier
between the anode and cathode and provide mechanical strength to thé\a/&ikh, it
is important to employ a material that is durable and religbé&fuel cell. As discussed,
material properties such as the permeability, conductivity, aokintgés all play a role in

its effectiveness. In order to design new materials which clie\ze these goals as well
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as resist degradation it is necessary to understand how theolgtectmembrane
degrades.

=

-
< S
T

Cathode Electrolyte
Cathode Catalyst

ePTFE Reinforcement

Figure 2-3: Gore PRIMEA 5510 reinforced catalyst coated membrane usidgi®R8e
anode and cathode electrolyte layers and an ePTFE reinforcement laigeceattre.

2.2INTRODUCTION TO FUEL CELL DEGRADATION

Fuel cell degradation processes can be categorized accaodicguses, modes, and
effects, as depicted in Figure 2-4 [9Jausesinclude intrinsic material properties,
material defects as well as assembly procedures, operationditions and age, and
maintenance procedures. These factors, once set, effectitetyndee how long a fuel
cell will operate and by what modes the materials will degrade. Fordkepart, the fuel
cell manufacturer or members of the supply chain have some measarrol over the
causes, specifically membrane properties and quality. Manufactaesr select materials
with certain properties, operate the fuel cells under certaiditons, and design special
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maintenance procedures. However, some causes are more random efodetlficult
to control such as the appearance of defects in materials [9]gbt differences in

assembly from fuel cell to fuel cell.
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Figure 2-4: Degradation process schematic for a PEM fuel cell [9].

The modesof degradation for a fuel cell are determined by the caudsese modes can
be broadly categorized as thermal, chemical, or mechanical irenttaugh modes may
also combine several aspects of these categories [9-11]. Thediegory contains the
effectsof degradation. These represent the influence that a ddgradsdt fuel cell
materials has on the final performance of the cell. The teffeay be numerous,
however, the most important ones are those defined by the end-uséry asadety
guidelines. The final effect that degradation has is often usddtermine when fuel cell
failure has occurred as in the case of increased hydrogeroweosand voltage loss
[10,12].

In order to be suitable for commercialization, fuel cells nibgsable to operate for long
periods of time. In the case of fuel cells for automotive apphicst the time is over
5,000 hours [13] while for stationary applications the length of timeddeilover 40,000
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hours [14]. As such, it is impractical and costly to run full lifetitests. For this reason,
fuel cell developers use accelerated durability test protoddisse tests attempt to
increase the severity of the operating condition through the usglotdmperatures, low
relative humidity, and fast cycling. Often, accelerated t@sts attempt to focus on one
particular degradation mode to make it easier to study. Aetete tests are often
categorized by the main operating parameters which impacadign. They typically
focus on promoting degradation by a specific mode (i.e. either theomamical,
mechanical). These categories include reactant contamination [1(6Hefhical), load
cycling [18] [19,20](chemical + mechanical), and freeze/thaw angbéeature cycling
[21-24] (mechanical), hydration cycling [12,25,26] (mechanical), higipezatures [27]
(thermal).

2.3CHEMICAL DEGRADATION OF FUEL CELL ELECTROLYTES

Although the electrolyte membrane in a fuel cell is one of thetnmportant materials
for successful operation, there are many causes and degradaties related to failure
of this layer [10]. One mode considered to be a leading factor forrmpeotbrane life is
chemical degradation. It has been proposed that carboxylic end groupgeleftom the
Nafion™ manufacturing process may be susceptible to attack by Irasiexies

generated during fuel cell reactions [28].

The proposed mechanism is as follows:

Step 1: R-CECOOH + OHe R-CRe + CQ + H,O
Step 2: R-Cp* + OHe R-CFROH R-COF + HF
Step 3: R-COF + 0 R-COOH + HF

The radical species, such as hydroxyl radicals, are thoughtftorbed by the decay of
hydrogen peroxide which is an intermediate of the electrochemicalen reduction
reaction; additionally it has been proposed that hydrogen or oxygen gigmgneo the

anode catalyst layer may react to also produce peroxide sjpE@j28-31]. The result of
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chemical degradation is membrane thinning as the electrslgiensumed, increased gas
crossover, the release of fluoride ions, and ultimately voltageadation. The main
parts of the degradation process can be summarized in three steps which sdliseet
in detail:

1) reactant gas crossover,
2) peroxide and radical generation; and
3) polymer degradation leading to thinning, crossover, fluoride release, and

voltage degradation.

2.3.1 Reactant gas Crossover
As with any polymer membrane, the polymer electrolyte of adeklallows some gas to
permeate across it. Crossover rates of different gases havereasured for Nafidff

membranes [32-34], and can be broadly described by Fick’s law BShawn in

Equation (2-6). R, is the membrane permeability, andp, are the partial pressures of
the gas of interest on either side of the membrawhg,is the flux of the gas species

across the membrane of thickness (

— FM,A(p| - pu)

N
A d

(2-6)

The value ofR}, depends on the type of permeation behaviour. Aatigo diffusion type

behaviour, which is common for solid polymer memmes such as NafioM, the
permeability is related to the permeating gas awlofs such as the molecular size,
solubility, and affinity to the substrate [36].lme case of Nafioff' 117, the permeability
for five different gases was measured by Chiou @madorkers [34] to decrease in the
following order: He, H, O,, Ar, and N. Inspection of Equation (2-6) shows that if a
membrane thins during chemical degradation (assmgmm significant change in the
permeability coefficient) the gas flux through timeembrane (crossover rate) will

increase.
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The selectivity of the membrane to gas A relativeéhiat for gas Ba ,;, can be defined

using Equation (2-7).

— NA
A= (2-7)
B

The H/O, selectivity of Nafioh™ membranes has been reported to range between 2.1
[32,33] and 8.6 [34]. This means that hydrogert ieast twice as permeable as oxygen.
Since the crossover rate is also related to thiaparessure of the gases, the crossover
rate of hydrogen would be at least 10 times highan the crossover rate of oxygen
under fuel cell operation with air

The electrical current being drawn from a cell diss an effect on the crossover rates.
As reactant gas diffuses through the porous catédysr it is consumed. As a result of
this diffusion-reaction process, the concentratioh reactant decreases from the
GDL/catalyst interface to the catalyst/membranerfate. The final concentration of
reactant at the catalyst/membrane interface is rdbge on the rate of reaction. The
higher reaction rates at higher currents reducegt®e concentration at the electrolyte
membrane surface. Since this concentration isthlsariving force for gas permeation,
the rate of crossover is also reduced with increpgiurrent. This effect has been
modeled by two authors [37,38] showing that witlcréased current density the

crossover will decrease.

2.3.2 Peroxide and radical generation

There are few studies in the literature that diyeoteasure peroxide concentration or
peroxide generation within the fuel cell. The prignaeason for this is that peroxide is
particularly difficult to measure because of itghireactivity and low concentrations.
Studies therefore must infer information from setamy measurement when studying
peroxide generation and radical attack. This sectidl review the current literature

concerning in-situ and ex-situ testing.
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Peroxide is thought to form in a fuel cell by salgrossible mechanisms.
1) electrochemically at the anode;
2) direct reaction between hydrogen and oxygen; and
3) electrochemically at the cathode as a by-produth@foxygen reduction reaction
(ORR).

Ex-situ experiments studying the effect of hydroxgdical attack on Nafidff

membranes have been carried out. Ex-situ accetechemical degradation experiments
of fuel cell electrolytes most commonly employ Feri$ reagents. Fenton’s reagents are
made by combining hydrogen peroxide with#'Fions in order to produce radicals as

shown:

Fenton's Reaction: ¥O, + F€*  Fe + OHe + OH

Two main methods have been employed to study thgradation of Nafiof"
membranes by Fenton’s type reaction. The first ogetBxposes the membrane to a
solution of peroxide and metal ions (solution medh@1] [39] [40] [1] while the second
method exchanges the metal ions with the acid siteke polymer before exposure to

peroxide (exchange method) [1] [14,30].

The results of ex-situ studies vary because ofitigie range of experimental conditions
used. Peroxide solution concentrations used ireperiments range from 12% to 30%
and iron concentrations range between 4 and 28Q pprall cases fluoride ions were
measured as a by-product [1,14,30,31,39,40]. Hetlgl. [31] compared degradation
products from samples of Nafibh degraded with a Fenton’s solution containing 46— 1
ppm Fé" and 29% HO, with degradation products from an in-situ experitmésing B°
NMR they found that degradation of the membraneastd chemical compounds that
shared many chemical signals as those releasecelmbranes degraded during fuel cell
testing. Not only did they identify fluoride ions the Fenton’s solution water but also
identified a fluorinated species with similar ctetgistics as the side chains of Nafin

It was suggested that as the fluorinated backbémdafion™ degraded it would release
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the side chain components. Tang and coworkersd®] found that fluoride containing

polymer fragments entered into the degradationtisoiu

In addition to the analysis of chemical productatthre released during degradation,
some authors have also examined the changes fmly@er membrane structure. Inaba
and Kinumoto [14,30] performed work with a Fentoréagent consisting of 30%,6,.
Instead of adding iron and peroxide together ambsing Nafion" to the mixture, they
first exchanged iron and other metallic cations isamples of Nafioff' and then added
peroxide (Exchange method). They also measuredidiei@nd sulphate release with ion
chromatography and estimated that almost 70% oinikial number of C-F bonds were
broken and almost 35% of $yroups had degraded. Furthermore, a small amdunt o
S=0 bonds were identified in the polymer film afte¥gradation using FTIR. On the
other hand, Tang and coworkers [39] found no sicguiit new peaks in the FTIR spectra
of the degraded membranes. Other common measurerasntchanges in membrane
morphology such as those by Wayne [40] and Tang emaorkers [39]. Other
measurements reported in the literature includedaation in relaxation temperatures,

Young’s modulus, and weight [1,30,39].

In the first of three preliminary experimental werlperformed by the author, the
difference between two different ex-situ tests veasmined. Ex-situ degradation of
Nafion™ 112 membranes was studied using a Fenton’s reagint6 ppm F&', as well

as Nafiod in the exchanged Feform, over several days to investigate the chelmica
morphological and mechanical changes in the menebrdine goal was to examine any
differences between the two methods of degradasowell as develop a set of features
for each degradation method which could be compagainst membranes degraded in-
situ. The study found no changes in oxygen-to-fheoatomic ratio and the ion exchange
capacity after degradation by both methods indigatio change in backbone to side

chain ratio of the remaining polymer.

Despite there being no significant chemical diffees between the two degradation

methods, differences in morphology of the degradathples were observed. The
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membranes degraded by the solution method had maleg and tears. Large bubbles
on the surface and cross-sections revealed that dhginated at the centre of the
membrane, splitting it in two as shown in Figuré.2Membranes degraded by the
exchange method did not split into two but insteaels close to the surface appeared
‘foamy’. The thickness of the membranes did notngjeaappreciably in both cases
although upon degradation, the swollen width insegawhile the membrane shrank

slightly in length.

Figure 2-5: Nafioh” 112 degraded by Fenton's testing (solution metfid)

Mechanical and gas barrier properties were alsonaed for the degraded membranes.
In both degradation methods the modulus decreastd exposure time which was

attributed to the reduction in molecular weighttbé polymer chains. This was also
observed in dynamic mechanical results of the g®raodulus. The peak height of the
loss tangent curve in dynamic mechanical experimemas lower with increased

degradation. This may indicate that ionic clusiarthe membrane made up of sulfonic
acid groups, shrank as the polymer was degradesl.trEinsition temperature however
increased with exposure to the Fenton’s reagentiwimiay indicate that the smaller ionic

clusters were also more stable. In general, cuimaldluoride release correlated with
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weight loss of the electrolyte as shown in Figw@ & and b). This work was published

in the Journal of Power Sources [1].
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Figure 2-6 : a) Weight loss and b) cumulative flderrelease trends for an ex-situ
electrolyte membrane degradation study using Féntesting [1].

The advantage of the above ex-situ tests is tladbivs easy comparison of the chemical
stability of the different membrane materials. Hoee a Fenton’s test does not
completely describe the complex environment of al feell and thus has limited

applicability to fuel cell electrolytes degradedsitu. Ex-situ experiments using a system
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that more closely resembles a fuel cell have bessd uo study the production of
peroxide within the fuel cell. One technique thas lheen reported is the use of an anode-
only and a cathode-only fuel cell, as illustratedrFigure 2-7. In such cells, only the
anode or cathode catalyst layer is present. Whelnoggn and air are introduced to the
system, gas crossover occurs. Peroxide generatbe antalyst site then diffuses across

the membrane where it is measured.

(a) (b)

Figure 2-7: Novel ex-situ degradation membranaipeta) Anode only mode, b) cathode
only [41].

Chen and Fuller [42] used this technique to study éffect of changing the partial
pressure of air to influence the crossover of orygéhey found that there was an
increase in peroxide formation with increasing iparpressure. Chen also used a
completely in-situ degradation method to measureoxi@e concentrations. In-situ
accelerated tests are also important when studigggadation. These experiments use a
working fuel cell under specific operating conditsoto promote failure by a certain

degradation mechanism.

Chen and Fuller [42] used a full catalyst-coatednimeane in a fuel cell under open
circuit voltage conditions to promote peroxide gatien. They studied the effect of

20



hydrogen and oxygen partial pressure on the coratert of peroxide found in the
membrane. Peroxide concentration was measured ibklyaisassembling the fuel cell
periodically, removing the catalyst layers, andafiy stabilizing the peroxide within the
membrane in a form that could be detected. Thegddhat both hydrogen and oxygen
partial pressure had an impact on the peroxide erdration though they found that the

oxygen partial pressure effect would plateau atenately high pressures.

In a separate study by Liu and coworkers [43], pe@was measured in-situ by placing
micro electrodes within the electrolyte membranmeations near the anode and cathode
catalyst layer. This work examined the influence mmémbrane thickness on the
concentration of peroxide species. They found #maincrease in membrane thickness
reduced the peroxide concentration. This is predlyrtzecause gas crossover decreases

with increasing thickness.

The production of radical species has also beersuned by Panchenlet al[29] using a
electron paramagnetic resonator and chemical spadiéed during fuel cell operation to
trap and stabilize radical species so that theylmamletected. The study was able to
measure radical species at both the anode andathede. In a separate study, Kardirov
[44] used the same technique and concluded thaincabntaminants played important

roles in the degradation process.

Despite the measurement of peroxide with anode catdode-only cells and in-situ
measurements, there is still some ambiguity akeartain source of peroxide leading to
polymer degradation. It is not clear if anode petexgeneration, cathode peroxide

generation, or both are the source of reactarthivdegradation reactions.

2.3.3 Thinning, crossover, fluoride ion release, andagé degradation

As discussed in the previous section, the in-sieasarement of peroxide concentration
is difficult. The few examples where it has been& showed that peroxide is generated,
but not necessarily where it is generated. It exdfore still a question as to whether

anode or cathode peroxide generation is the prirmanyce of peroxide for membrane
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degradation. An alternative method for examining ik to observe where degradation
takes place in the membrane and measuring varieddlted to the chemical degradation.
The assumption of many of these studies is thalottegion of degradation is likely close

to the point of peroxide generation.

There are four main observations commonly usedéatify chemical degradation of the
electrolyte membrane. First is membrane thinningclwvloccurs as the membrane is
consumed. This has been observed by Healy and kergof31] and others [45,46].
Membrane thinning is an excellent method for ohsgrvdegradation, although this
measure provides little insight into where degriadais occurring since there is no way
to distinguish degradation close to the anode wetise cathode side. Another difficulty
with membrane thinning is that it can only be meeduonce the fuel cell has been

dismantled.

For this reason, a second observation, hydrogessover rates, are also used as a
measure of membrane integrity. Inspection of Fidkis, Equation (2-6), shows that a
decrease in membrane thickness would result innarease in hydrogen crossover.
Unfortunately, mechanical failures in the membravoild also be observed as increased
crossover and therefore there is no guaranteeathatossover increases are related to

thinning.

In a second set of preliminary experimental wotkwas shown that it is possible to

determine when a mechanical integrity failure hasuared and when membrane thinning
is dominant using gas selectivity measurementsa#t proposed by the author that in an
operating fuel cell, gas crossover would be limitgdthe electrolyte membrane and
therefore gas selectivity of the membrane electassEmbly would resemble selectivity
of the membrane. However, with a large integrityufa, the membrane would cease to
be the limiting component and instead the catdfystr or gas diffusion layer would be

the limiting material. Since these materials argops, it was proposed that gas

selectivity would begin to have Knudsen diffusiohacacteristics. With Knudsen

22



diffusion, the rate of diffusion is related to timverse root of the molecular weight and

thus gas selectivity is given by

<

— NA —
aAB—N—— (2-8)
B

E

With the use of selectivity measurements, Equaf@®8), of different gases, it would be
possible to distinguish between membrane thinnnaythe onset of integrity failures in a
membrane electrode assembly. Thinning is considéoedhave no impact on gas
selectivity of the electrolyte membrane while sallowing gas crossover and apparent
permeability to increase. The presence of holes @efécts however will shift the
permeability characteristics from solution diffusibehaviour through the electrolyte to
Knudsen behaviour.

Through the use of gas crossover measurementgeofjfises (b N,, He, Q, Ar) across

a fuel cell membrane electrode assembly subjeaieantopen circuit voltage (OCV)
durability experiment and subsequent calculatioperimeability and selectivity, it was
shown that the onset of a mechanical failure cob&l identified. Overall, with
degradation the apparent permeability of gasesigiirohe MEA increased exponentially.
The results showed that with extended operatio®@¥V gas permeation behaviour
changed from one characterized by solution diffusbehaviour (indicating that the
polymer electrolyte membrane was defect-free aedetbre controlling the permeation
rate) to one that followed Knudsen behaviour (iatligy that defects had formed in the
membrane and the catalyst/gas diffusion layer wasralling permeation rates). Plots of
selectivity versus time, as shown in Figure 2-&vedd that immediately from the start of
the durability experiment the selectivity decreas®ticating that most of the increased
apparent permeability was due to integrity failutbsugh thinning would also be

expected to occur simultaneously.
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Figure 2-8: Gas selectivity as a function of tggtime during an OCV test. The dashed
line represents the theoretical value from Equaiia8) [47].

The change from solution diffusion behaviour to Ksen behaviour i.e. defect-free to
that due to integrity failures, coincided with arcriease in the voltage degradation rate
and a significant drop in performance as shown bhrgzation curve measurements.
Furthermore, the rate of fluoride ion release iasesl after the onset of integrity defects,
which is consistent with observations of increasingssover rates. Examination of the
decatalyzed membrane with scanning electron miomscevealed rips and tears in the
membrane confirming the interpretation based onstlectivity data. This work was

published in the Journal of Power Sources [47].

The third observation is the release of fluoridesiinto the effluent water streams. Due
to the link between reactant gas crossover andadagion as discussed, measurements of
increased gas crossover are generally seen witkases in fluoride release rates as seen

by Inaba and coworkers [30]. The most common metfoodidentifying the side of
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degradation is to observe the fluoride releasesrétem the anode and cathode. An
alternative observation is the measurement of ifigoemission rate (FER). As suggested
by the degradation mechanism, as the PFSA membdageade they will release HF as
a degradation product. In-situ open circuit voltd@€V) experiments [48-51] typically

observe an increase in fluoride emission rate witte. Many papers have related the
side where most of the fluoride is released tosile where degradation is predominant.

However, there is no consensus in the literaturghare the most fluoride comes from.

In a third preliminary study, the effect of curratgnsity and fuel cell material selection
on degradation was examined. Under baseline condit{anode/cathode stoichiometry
of 1.4/3 and anode/cathode RH of 100%/60%) and onky GDL with micro porous
layer (MPL) on the anode the total fluoride releeast® was observed to decrease with
increasing current density. This was attributeditanges in hydrogen crossover at higher
currents. Cathode fluoride release was higher #rante release which is thought to be
due to degradation being close to the cathode ysatahomer interface as well as
convective transport of fluoride ions as shown igufFe 2-9. Changes in water drag
characteristics were responsible for decreasingodat fluoride release and increasing

anode fluoride release with increasing current ifgns

Analysis of the morphology of the membranes reve#iat the MEA with only one MPL
had a thinner membrane than that with MPLs on letebtrodes. The membrane in the
baseline construction showed thinning of approxatya?.8 m and a total cumulative
fluoride release of 10.1mol cm? while the MEA with two MPLs had a 0.8n decrease

in thickness and a fluoride loss of 0.Bnol cni®. Calculations indicated that both
thickness changes would result in a voltage drapwas within experimental variability
as a result of the increased hydrogen crossoves. Was consistent with polarization
curve measurements throughout the cell life. Charigecathode stoichiometry and
relative humidity did not correlate well with flude release measurements. This work

was published in the Journal of Power Sources [46].
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Figure 2-9: The effect of current density on flaerirelease rate [46].

Mittal and coworkers [41,52,53] used anode andacikonly cells to compare fluoride
ion emission rates when hydrogen was a crossoveragad when oxygen was the
crossover gas. They found that FER increased witneasing partial pressure and
decreased with increasing membrane thickness wihiticated that crossover was an

important factor in degradation.

Finally, the fourth observation of OCV experimenss voltage degradation. Unlike
fluoride release rates, voltage degradation isasadirect of a measurement of chemical
degradation because both electrolyte degradatidncatalyst layer degradation, among

other sources, may cause the voltage to drop.

Membrane thinning, gas crossover, fluoride releasd,open circuit voltage degradation
rates are inter-related and constitute a cycleegfadation illustrated iRigure 2-10.Gas

crossover due to the natural permeability of thecteblyte membrane instigates the
degradation process. As the polymeric structuréhefmembrane degrades, it will thin
due to the loss of material and simultaneouslyassdefluoride ions. The membrane

thinning increases hydrogen crossover. The inciehgdrogen crossover will cause the
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deviation of measured OCV and theoretical OCV duehie mixed potential effect
described by Equation (2-4) [3,4,54]. As such, ydrtgen crossover increases through a
membrane the open circuit voltage will become lowearthermore, the increased
hydrogen crossover will cause an increase in tigeadi@ation rate as measured by fluoride

ion release.

Radicals +
Reduced

voltage

Membrane
Degradation

Fluoride
Release

Figure 2-10: Schematic view of the chemical degiiadanode cycle.

2.3.4 Platinum Band Theory

An alternative theory to the mechanism of degradalias recently been presented in the
literature. Some research groups assert that th@uption of peroxide, and the location
of degradation can be linked to the formation gflainum band within the electrolyte

membrane as shown Figure 2-11
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Figure 2-11: Image of the platinum band within éhectrolyte layer of a CCM [55].

Work by Biet al[56] and Ohmaet al[50,57] have observed the platinum band within the
electrolyte membrane. Further, they found thataasing the partial pressure of oxygen
tended to shift the band location closer to thedenwatalyst layer while the opposite was
true when hydrogen partial pressure was increasbkd. shifts in the platinum band
location also corresponded to the side with the tnflo®ride release, though water
balance calculations were not done. When the basdclose to the cathode, cathode side
fluoride release tended to dominate over anodeitiaaelease. However, Endeh al
[58] showed that the degraded portion of an elgdEaross section does not necessarily
correspond to the Pt band location. Using FTIR theynd membrane degradation
products close to the anode catalyst despite thgepce of a platinum band close to the

cathode catalyst layer.

2.4ReviEw OoF FUEL CELL DEGRADATION MODELS

The main focus of this work is the development degradation model which adequately
links the causes of a chemical degradation modadterial changes and consequently
changes in performance. There are many differegtad@tion models available in the
literature which focus on different modes and iu$&ful to review these models in order

to understand their function and utility.
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Generally, fuel cell degradation models can be attarized as being highly detailed

mechanistic models or more simple statistical i@ast In between these two extremes
are semi-mechanistic models. Each type of modeilthasvn strengths and weaknesses
and can find use in different applications.

2.4.1 Mechanistic Models

A number of mechanistic degradation models haven beported in the literature.
However, these are primarily steady state modedstiagrefore do not attempt to predict
how degradation will evolve with time. In generarms, they link the causes of
degradation, such as material properties and ®ielssembly, to degradation modes in
order to show that they are possible. The best plesof these types of models are those

that predict mechanical stresses on the membraneftrel cell compression.

Leeet al. [59], Cleghornet al [25], and Huanget al [26] used a 3-D stress model of a
single cell to determine the location of the gretatresses on the electrolyte membrane
and hence where mechanical degradation may bg li&elccur. These models combined
parameters such as cell assembly variables, nuailmglls, and operational parameters
such as the temperature, with material propertieh @s tensile modulus and Poisson
ratio to predict where membranes would tear. Incalies, the detrimental impact of a
mechanical failure was implied in these modelsaalth no experimental data were
presented to support the claims. Similar modelscathlyst support degradation by
carbon corrosion have also been proposed. The misohaf carbon corrosion purports
that oxygen existing on the anode side during -sarts involved in reactions which
consume the carbon in the cathode catalyst [606&tbon corrosion models in the
literature typically concentrate on a cross-sectiam shown inFigure 2-12 and are

typically steady state.

29



O, +4H" +4e"«<—2H,0

C+2H,0——=CO, +4H" + 4e"
y
separator O, diffusion ‘[
H2 =2H" +2e” O, +4H" +4e"——2H,0

Figure 2-12: Carbon corrosion model domain andgsses [62].

From the point of view of chemical degradation, than mechanistic models that have
been developed are those that attempt to predietenthe platinum band may form in the
membrane [55]. Other than this, no other attemptsddel the effects of the proposed
degradation mechanisms have been presented thumdacompared to experimental
data. A separate model dealing with chemical mensgdegradation has been proposed
by Liu et al [18] who used data such as crossover and susgisae measurements over
the testing time, as the basis for a steady st@idil cell voltage model similar to the
discussed 0-D model above. In this work, matenapprty changes were measured with
time and the effect on voltage was estimated. Nohaeistic model that predicted the

change in material properties as a result of opgrabnditions has been reported.

The strengths of the mechanistic models that haen lpursued are that they allow a
deep understanding of the influence of differenises on the severity of degradation. As
such, they are useful when attempting to compaeerésults of different materials.
However, since these models are typically steadtesthey do not provide dynamic
information such as the effect on performance withegradation exceeds failure limits.
Exception are mechanistic models of carbon monogigisoning [17]. Such questions

are crucial to improved operation of full-scalelsel
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2.4.2 Statistical Relationships

At the other end of the modeling spectrum are nmeo@ehich are better described as
relationships) that examine the effects of causesdegradation from a statistical
standpoint. Though typically used to identify opmrg parameters for optimum
beginning of life performance [63], recent studiem/e examined their effect on the

durability of fuel cells.

Statistical methods are often used to examinedeklsystem reliability. Such published
studies as the work by Feitelbugyal [64] and Astromet al [65] provide information on
the statistical probability of failure of a fuellceystem through failure of the balance of
plant components. Both studies propose statistmabels based on a design of
experiment, that predict the mean time to faillW@ (F).

On a smaller scale, Pierpoint and coworkers [6@&napted to create predictive models
for single cell lifetime. Two methods were usedskEivoltage degradation curves were
fitted to models using regression analysis. Thggassion was to a simple linear fit with
parameters that did not reflect actual materialppriies or chemical processes. The
second method attempted to correlate the initiadritle release to the lifetime of a fuel
cell. In the first case, the effect of differenteogting conditions, such as relative
humidity, on the fitting parameters of the modelsvaudied in order to predict voltage
degradation over all reasonable conditions. Sigilam the second case, the effect of RH
on the initial fluoride release rate was also sddiA similar screening test was proposed
by Fowleret al [2] whereby design of experiment principles cob&lused to determine
how key variables in fuel cell models would changegh time. Variables such as
membrane conductivity and active surface area wa&emined and empirically fit to

data.

The main strengths of the above statistical modedsthat they are easy to derive and
use. The experiments can be organized quickly laadesults are useful when attempting
to understand fuel cell products. Since these nsotyglically need a large number of

cells to ensure statistical significance, theya@ften employed by industrial researchers.
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However, these models have certain weaknessesllagese models typically link fuel

cell performance degradation to operating conditiamithout consideration of the
degradation mechanism that may be involved. As shehusefulness of the models is
limited by the data used to create them, and theyspecific to the cell under a limited
number of operating conditions. Further, when aptigmy to design new materials or
when selecting the best materials, these modeds o&f insight into what is taking place

within the fuel cell.

2.4.3 Semi-mechanistic models

There have been some attempts to describe fuel mamtformance degradation
dynamically by attempting to model mechanistic psses. Jiangt al [67] attempted to
model degradation by an empirical function for intd stack temperature. The
temperature function was then linked to two paramsetthat describe fuel cell
performance, the ionic conductivity of the elegttel membrane and the mass transfer
losses in the gas diffusion layer. They argued taiperature within the cell is a major
factor which determines ionic conductivity (thoughying out of the electrolyte
membrane) as well as mass transfer losses (byotiomgrcondensation in the GDL). As
such, the model was able to connect causes of dkgya, such as current density and
stack temperature, to the observed voltage degoadaver time. This model focused on
reversible performance degradation linked to memdend GDL water content.

Currently there are no models in the literaturdg #teempt to link causes of irreversible
degradation to a chemical degradation mode anbdugttempt to describe the effect on
performance. The strength of such a model is thatould offer insight into how the

material properties and operational regimens imgfecimaterial properties and how that
impacts performance. In this sense, a semi-mediamiwdel would also be useful to
design new materials and develop control stratebigtsprotect the fuel cell. These types
of model can also be used to predict effects ofratégion due to their connection to
material property degradation. As such, these nsocialild also be used by industry for

material selection and the development of moreilddteaeliability models.
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There are currently few models in the literature @m use in industry that adequately
combine mechanisms based on conditions found wehdell use while at the same time
creating output that can be linked to degradatiffacts in a manner useful to the
operator. Such models should use the current kridgel®f mechanisms to create more
widely applicable models. This gap in the curréetature will be addressed by the work

presented here with respect to chemical degradafithre electrolyte membrane.

2.5 SUMMARY

Fuel cell material durability is an important tomt fuel cell research today. There is a
clear link between material properties and fuel pelformance. Consequently, there is
also a link between the mechanism of fuel cell matelegradation, which will change
material properties, and performance degradatidtimbkely, these are linked with the

operating conditions of the cell.

Chemical degradation of the electrolyte membraneams important degradation
mechanism that has been studied. It is currentlig\m that crossover gases react to
form peroxide species which then also continueetact to form hydroxyl or peroxyl
radical species. These radicals then attack vubteigroups on the electrolyte polymeric
structure. The result is that fluoride ions areeaskd and the membrane thins. Further,
degradation causes crossover to increase whichqgtesnmore degradation as well as

degradation in voltage.

Although there is considerable experimental reseanmt chemical degradation of the
electrolyte membrane, currently no degradation rsodee available in the literature that
link causes such as material properties and opegdticonditions to the degradation
mechanism and performance decay in a dynamic maSoeh a model would serve as a

useful tool for fuel cell manufacturers and as mplement to experimental research.

This work proposes the study of one such degradatechanism, chemical degradation

by radical attack, in an effort to model the degtamh processes with a semi-mechanistic
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model. The model presented in this work is newhfteld and can be used as a guide

for future models on other types of materials.
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CHAPTER 3: EXPERIMENTAL

3.1 FUEL CELL MATERIALS AND TESTING APPARATUS

In experiments for this work, single-cell fuel selnade by Hydrogenics Corporation
each, with a geometric active area of 80.F om each electrode, were used. The cells
were assembled using Gore™ PRIMEgeries 5510 catalyst coated membranes (CCM)
and proprietary gas diffusion layers (GDL) with &raporous layers (MPL). An MPL is

a composite of carbon particles and a hydrophoppgngthat is coated on one side of the
conventional gas diffusion media and can be usednenor both of the anode or cathode
electrodes. The electrolyte membranes containedrER&inforcement layers, as shown
in Figure 2-3, which increases mechanical stabittythe membrane. The single-cell
hardware is shown in Figure 3-1. The three porthatop of the fuel cell are the inlets
for the fuel stream (hydrogen), oxidant stream),and water. The design of this
particular fuel cell uses water flowing on the adesof the anode and cathode graphite
plates to control temperature. In the case of thgles cells tested, hot water from an
external water bath was used to heat the cellaBrgulation was used around the cell to
help maintain temperature. All streams flow throygrallel flow channels which run

straight from the inlets to the outlets.

Three sets of single cell equipment were used tatiom for all testing. Once a test was

completed, the cell would be dismantled and thelwiare reused in subsequent tests. The
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only materials that were replaced were the gasigldh layers and the catalyst-coated
membrane. Cells were assembled and disassembletheinlabs at Hydrogenics
Corporation under the supervision of Natasha Belgticknd Rami Abouatallah. Leak
tests described below were performed to estadligtere were any major defects in the
membrane or cell assembly. If leak tests were daitbe cell would be re-assembled,

possibly with new gasket material or plates, uetik tests were passed.

Figure 3-1: Hydrogenics Series 82 single-cell el hardware.

The cells were tested on a Hydrogenics FCATS™ sgation (Figure 3-2) which
controlled temperature, humidity, and gas flowsdtdgen from compressed gas tanks
and house air were used. Mass flow controllers weggl to maintain the inlet gas flow
rates as set by the user. Gas then flowed throwgh humidifiers. The dew point
temperature of the humidifiers was set by the uAsrthe gases exited the humidifiers,
they entered a length of tubing connecting to thed €ell inlet ports. This stainless steel
tubing was heated using heating tape wrapped arthen@xterior of the tube and was
controlled by the test station software. Over targth of tube, the temperature of the gas

stream was raised to achieve a desired relativeditym
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Prior to entering the cell, gas temperature andsune were measured. As discussed, cell
temperature was controlled using an external wad#r. Hot water flowed to an external
pump and then through a filter to eliminate anytipatates in the water, and then to the
cell water inlet port. Large particulates can blegkter channels within the fuel cell and
cause poor temperature distribution. Deionised m@é was used to further eliminate
the possibility of particulates and mineral deposiEor all the experiments in the
following studies, cell temperature was maintaiae®0°C. This required the water bath
temperature to be kept between 92°C and 95°C. [udhé high temperatures,
evaporation from the water bath was inevitableaitfih rubber gaskets were used to seal

the water bath.

Figure 3-2: FCAT fuel cell test station.

When refilling the water bath, it was necessaryuse hot water to minimize cell
temperature excursions. This was especially impomath experiments operating at or
near 100% RH since cell cooling phenomena wouldltres condensation within the

cell.
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There were no internal thermocouples to monitot thperature. Instead the outlet
water temperature was treated as the cell temperafutlet gases from the fuel cell
were allowed to flow into knockout drums. The pwpmf these drums was to capture
effluent water from the fuel cell. This water whaenh analyzed for material degradation
products. During a typical experiment, knockoutrdsuvere emptied daily. Gases exiting
the knockout drums then flowed to the exhaust vamid to the fume hood system.

Finally, a Dynaload loadbox was used to controldbié current.

3.2FUEL CELL COMMISSIONING

Prior to accelerated durability testing, all callsderwent a commissioning procedure
which included initial leak testing and break-intbé cell. Leak testing consisted of three
different tests designed to evaluate three typdailires. First an external leak test was
performed with the cell set-up as illustrated igufe 3-3a. By blocking the cell outlets
and pressurizing the cell to 30 PSIG the integftthe seals between the cell interior and
the surroundings was tested. The second test aheickeere was any leak between the
coolant channels and the internal gas channels.c&éhavas set up as shown in Figure
3-3b. The coolant channels were pressurized toSI& Rnd gas flow out of the anode
and cathode ports is measured. The final leakweast a simple crossover test which
determines if there were any large failures betwidenanode and cathode gas channels
which could allow gas crossover. In this test thk was set up as shown in Figure 3-3c
and the cathode pressurized to 5 PSIG. Crossowerflga was measured out of the
anode. The two sides are were reversed to deteramgecrossover occurred in the

reverse direction.

For the tests in this study, all leak rate measeremishowed no problems. The above
crossover measurements were only considered toug rand not sensitive to very small
flow rates that would be expected from a well sgatembrane with no integrity failures.
Crossover current measurements were a better mdtrodetermining the rate of
hydrogen crossover through the membrane. Measuteofethe crossover current is

described below.

38



Rotammeter

©O 00
N2
® 00
O Open Port
. Closed Port
b) _ c) 5
g £
£ £
£ g
E ['4
N2 N2
L] ——
® OO0 O e O
O Open Port O Open Port
. Closed Port . Closed Port
® 0 O ® 0 O

Figure 3-3: Single cell leak testing set-up. a)déxal leak test, b) coolant leak test, ¢)
crossover leak test.

Fuel cells were operated after break-in for a geob8 - 12 hours. Breaking-in the fuel
cell allowed the fuel cell membrane and catalygetao become fully hydrated and for
all catalyst sites to become activated. During kiea cell voltage was kept at
approximately 0.6 V until performance stabilized.heT anode and cathode
stoichiometries, which is analogous to the amotieixaess gas delivered to the fuel cell,
were maintained at 2.0 and 2.5 (100% and 150% sxcesspectively, and the cell

temperature was maintained at 80°C. The anode ahdde dew points were also 80°C,
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i.e. 100% RH. The inlet pressure was also maiathiat 100 kPag. Once break-in was
completed, initial performance curves, “polarizatiourves” were measured. A full

description of the procedure is available in Apperii

3.3PoLARIZATION CURVES

Polarization curves were obtained at two differeonditions. The first was at a cell
temperature of 80°C, 100 kPag, and anode and catreddtive humidites of 65% and
50%, respectively. This first polarization curveréderred to as the “high pressure high
temperature” or HPHT polarization curve. The secpaldrization curve was obtained at
a cell temperature of 65°C, 20 kPag, and anodecatimbde relative humidity of 65% and
50%, respectively. The second polarization cusveeferred to as the “low pressure low

temperature” or LPLT polarization curve. Procedwesavailable in Appendix B.

3.4 ELECTROCHEMICAL CHARACTERIZATION

Two types of electrochemical tests were employedhis study. The first test was a
cyclic voltammetry test and the second was a ck@ssourrent test. Electrochemical
measurements were performed using an EG&G Princetmplied Research

potentiostat/galvanostat model 273 and Corewarevacé. For both tests, humidified
hydrogen was passed to the anode and humidifiedgeih (or any other inert gas) was

supplied to the cathode.

Cyclic voltammetry measurements allow the electeocically active surface area (EAS)
of the fuel cell cathode catalyst layer to be duteed. In this measurement the voltage
was scanned from 0.1 to 1V and back to 0.1V foess\wcycles with a sweep rate of 20
mVs™. A typical curve has several main features suchhyarogen adsorption and
desorption and platinum oxidation. The area unidertydrogen adsorption portion of the

curve allows calculation of the EAS as shown inuirég3-4 using Equation (3-1).
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Figure 3-4: Typical CV curve for a Hydrogenics sengell. Shaded area is used to
calculate electrochemically active surface areaJEA

Q 105

Prva = 2107Cem *L o, Ay,

(3-1)

where thel_, is the loading of the electrode in question gman®) and Ay, is the

geometric area of the electrode (®MQ is given by the area under the hydrogen

desorption region and has units of CoulomAg,, is in units of Met § e Alternatively

the electrochemically active surface (EAS) area lsangiven in units of A cm'zg,eo

using Equation (3-2).
EAS= APt,eI Lca&o_ : (3'2)

Since the exact catalyst loading and surface aeegraprietary information, EAS values

will be typically given as relative quantities.
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In a crossover current measurement, also known aydaogen pump experiment,
molecular hydrogen which permeates across thedeiélelectrolyte membrane is split
into hydrogen ions and electrons at the anodeshytegen ions then travel back to the
anode electrolyte where they recombine with thetedas back into hydrogen gas. The
measured current from this test is known as thesoner current. Crossover current
measurements were conducted by scanning voltage Oca to 0.6 V with a sweep rate

of 2 mvs'. A typical measurement is shown in Figure 3-5. Thessover current,, , is

related to the actual molar flux of hydrogen pertimgathrough the membraney,, ,

with Faraday’s law, Equation (3-3).
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Figure 3-5 : Typical crossover current measurerfrent a Hydrogenics single cell.
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3.50PEN CIRCUIT VOLTAGE TESTING

The open circuit voltage (OCV) durability test wasnducted at a cell temperature of
90°C, and no backpressure. Knockout drums were wsedhe fuel cell outlets to
condense and collect water during fuel cell operativater samples were collected daily
and were kept in polyethylene bottles prior to gsigl A total of 6 cells were run under
open circuit voltage conditions summarized in Table Pure hydrogen was used on the
anode and air on the cathode. Anode flow rate wastandard litres per minute (SLPM
—0°C, 1 atm) and cathode flow rate was 0.8 SLPM. X @perated at 75% RH was used
as a baseline case for the development of a chedegaadation model and thus will be
termed as “baseline”. Cell 5, operated at 100% R43 whronologically one of the first
cells tested. During the testing of this cell, fide emission was not measured and so
Cell 5 will not be used in discussions regardingfide emission rates. Cell 4 and Cell 6
were two repeat experiments that were performedceSeach experiment could last
between 1 — 2 months, it was not possible to regpléakperiments. Cell 4 was a repeat of
Cell 3 at 75% RH though it was allowed to operatéy aip to 380 h rather than 860
hours. Its purpose was to obtain data on how memebtiaickness changed with time.
Cell 6 was a repeat of Cell 5 which was used tp@ny gather fluoride emission data at
100% RH.

Table 3-1: Relative humidity and cell temperatuoaditions for cells operated at open
circuit voltage (OCV).

Cell Anode/Cathode RH Cell Temperature
(%) (°C)
1 20 90
2 50 90
3 (Baseline) 75 90
4 75 90
5 100 90
6 100 90

The above cells were used to study the effects ldf dR durability and chemical
degradation. The length of durability tests randgexn 500 to 900 hours for each
experiment. The total time for completion of eagperiment including assembly of the

cell ranged from 1 — 2 months.
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One problem with any long-term durability studythe possible influence of intentional
and unintentional cell stoppages for diagnosti¢stépolarization curves), shutdowns,
safety issues, and maintenance. For these reasomsot always possible to run a cell
for 1000 hours without some shutdowns. The effécstmtdowns or other breaks in
testing on voltage and fluoride release data velldiscussed in the following chapters.
Table 3-2 lists the total testing duration of th@owe cells as well as times where

shutdowns or other significant interruption occdrre

Table 3-2: Total testing time and points in testimgurs where shutdowns or other
significant interruption.

Cell Total Testing Time Shutdown/interruption at:
(h) (h)
1 478 None
2 756 136
3 (Baseline) 860 436, 519, 734, 744 and 809

4 360 35, 85 and 126

5 380 100, 200 and 325

6 918 191

Cells were allowed to run as long as possible tume the necessary data. A minimal
number of measurements were taken throughout theriexents to reduce the effects of
stoppages on the degradation data. As such, itneagossible to use any particular
measurement, such as crossover, as a failurei@nite/oltage was not considered as a
failure criteria due to ambiguity as to the caudette actual irreversible voltage

degradation when examining the trends over shorioge of time (which will be

discussed in Chapter 4).

3.6 DURABILITY TESTING AT MULTIPLE CURRENT DENSITIES

An additional 3 cells were run to determine thesetffof current density on the chemical
degradation and voltage degradation rates as shoWable 3-3. These cells were run at
low, medium, and high current densities of 300,,50@d 700 mA cf. Gas flow rates

were kept at 1.2/2 anode/cathode stoichiometrythadtell temperature was maintained
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at 90°C with anode and cathode relative humidityp@¥%. A 50% RH was selected in
order to accelerate the degradation of the cellstevwcollection procedures and analysis
were the same as the OCV experiments and the mm @f each experiment was also
similar. Cell 7 operated for 380 hours without migtion while Cells 7 and 8 ran

without interruption.

Table 3-3: Conditions used to study the effectusfent density on degradation.

Cell Anode/Cathode RH Current Density
(%) (mA cni®)
2 50 0
7 50 300
8 50 500
9 50 700

3.7 FLUORIDE |ON CHROMATOGRAPHY

Fluoride ion analysis was carried out with a Diorie®40 electrochemical detector
working with a Dionex GP40 gradient pump. The miam detectable fluoride ion

concentration was 0.011 ppm.F

All effluent water during a fuel cell test was @ated using knockout drums between the
anode and cathode exits and the test station etxiaaser was collected daily and stored
in PE bottles. Bottles of water were weighed teedaine the amount of water deposited
during a collection period. Effluent water was tharalysed for fluoride ions using ion

chromatography described below. In this way, theride release rates and cumulative
fluoride release from the anode and cathode sidelsl be determined. Sample data and

calculations for cumulative fluoride release arevehin Appendix C.

3.8 SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) analysis wasiezhrout using a LEO SEM with
field emission Gemini Column. The gas diffusiondes/ were first removed from the
membrane electrode assemblies. This was done lmatexly heating, humidifying and
then cooling the MEA until the GDL could be remoesasily. Cross sections were made

by freeze fracture from a strip of sample submerigddjuid nitrogen. Once frozen, the
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sample was broken in half while still submergedossrsections were mounted on the

sides of stainless steel nuts so that the fractsicelwas vertical as shown in Figure 3-6.

33

Figure 3-6: Preparation of upright catalyst coatemmbrane samples for SEM analysis
using stainless steel nuts.

Samples were also sputter-coated with gold to impronductivity. SEM images were
later analyzed with Scion Image Analysis softwace dbtain estimates of layer

thicknesses.

3.9GAs CROSSOVER

Crossover measurement of oxygen and hydrogen weagually measured by
pressurizing the anode side of the fuel cell toSH &f the test gas and measuring the
crossover rate. From this information, an estimaitehe permeability was obtained.
Measurements were conducted at room temperature fulith humidified gases. The

permeabilityk, was determined from the differential presdbpe membrane thickness

a, and the molar flux across the membrae as shown in Equation (3-4) below.

N, =Ry; _ (3-4)
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3.10 WATER BALANCE

Water balance calculations were performed to ifiefftithere was a net flow of water
from one side of the fuel cell to the other. Knoparameters were the hydrogen and air
flow rates on a dry basis as well as the relativenidity. Calculations are shown in

Appendix C.
The rate of water entering can then be compardatidanoles of water exiting though

collection in a knockout drum. It was assumed #wdiaust gas was at 100% RH and

room temperature.
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CHAPTER 4: EFFECT OFCROSSOVER ANDEAS ON OPEN
CIRCUIT VOLTAGE

The goal of this chapter is to present the resafitgoltage degradation plots obtained
from open circuit voltage (OCV) experiments inchglithe identification of reversible
and irreversible voltage degradation. Reversiblgraldation is often a result of transient
processes where the loss in voltage may be revesseldanging the operating conditions
(or with the aid of an ‘in-situ’ recovery procedustile the fuel cell remains in service)
and consequently the cell performance may returpréedegraded levels if allowed to
completely recover. An example of reversible degtiad includes water flooding, which
can reduce cell performance, although performanag be recovered by removing the
excess water (through a temperature change, charft@v rate, or change RH of the

reactant stream) as illustrated in Figure 4-1.

Irreversible degradation includes irreversible demto the fuel cell materials such as
membrane thinning or loss of catalytic surface drem platinum migration or carbon
corrosion. This type of degradation permanentigngjes the performance that could be
achieved from an cell, and will eventually leacttmsidering the cell to have failed when
performance degrades below an acceptable valuee tyjpe of mitigation strategy
employed to minimize voltage degradation will b#uanced by the cause and mode of
degradation, specifically if the degradation isemible or irreversible. Therefore, it is
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important to understanding when observed voltagaylés due to reversible processes
and when it is due to irreversible materials degtiat. The effect of irreversible changes
in materials, as measured by changes in crossouerent (CC) and changes
electrochemically active surface area (EAS), origoerance will be investigated in this
chapter. Another aim is to demonstrate how crogsougent and EAS measurements
can be used in performance models to predict irséivle degradation as measured by the

degradation of the voltage observed at ‘steadg’'stgeration points.
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Figure 4-1: Water flooding as reversible degradatit time T1 flooding begins to block
pores until time T2, where blocked pores cause&aateon in performance. Once a
mitigation strategy adopted, performance can bevered by removing water in T3.

The main results can be summarized as follows:

Voltage degradation is caused by reversible aedeansible voltage losses.
Irreversible losses are related to irreversiblengea in fuel cell materials.
Irreversible voltage loss can be predicted by miagurreversible changes in

crossover (from membrane thinning) and surface. area
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Two cells were tested under OCV conditions - Cedinsl Cell 6. Cell 5 was exposed to
regular interruptions for CC and EAS measuremeritdewCell 6 was operated without
interruptions for comparison. This work has beemlighed in the Journal of Power
Sources [68].

4.1 OPEN CIRCUIT VOLTAGE DEGRADATION EXPERIMENT

Initial OCV degradation experiments involving testiCell 5 continuously at 100% RH
for a total of 380 hours. Cell 6 was also operatetl00% RH for its entire 900 h testing
period. Figure4-2 depicts OCV curves of both cells over the tgsperiod. Though data
was taken every minute, for clarity of presentatitre OCV curves only display data
from every 5 hours. Cell 5 was subjected to mudtipkreaks in OCV operation for
maintenance and scheduled stoppages where palanizaturves and other
electrochemical tests were conducted. Cell 6 wagppstd very infrequently for
diagnostics and maintenance. From Figd42, it can be seen that both OCV durability
experiments produced a similar voltage trend betvieand 380 hours of operation.

1 L) L) L) L) L) L) L)
b aCell5
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Y ¢ Cell 6
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Figure 4-2: Variation of open circuit voltage foelC5 and Cell 6 with time during
durability test.
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At the beginning of testing or after an interruptiosuch as polarization curve
measurement, the open circuit voltage rises tdadively high value. For example, at 0
hours the potential of both cells range betweeBW.&nd 0.97 V which is a typical open
circuit potential for a fuel cell of this configuran. These initial voltages seem stable for
periods on the order of minutes, as shown in Figif varying by less than 2 mV
between 15 and 30 minutes of operation. Howeverstasvn in Figure 4-4, when
examined on larger time scales the voltage deaggsively rapidly until it eventually
approaches a more steady decay trend which maynks hours to establish. The
steady decay was identified with the voltage dedenfCell 6 which was not interrupted
as frequently as Cell 5 and hence is considerdthte a fully stable degradation trend
free of transient effects. The initial decay regwati be termed the transient decay period
while the latter period will be referred to as #teady decay period. This is an important
observation because it demonstrates that error bmyintroduced when voltage
degradation values are reported if they fall inttl@sient period since they will contain a

contribution from reversible and irreversible effec

Figure 4-4 also clearly shows voltage recovery phana caused by three types of
interruptions: polarization curve measurement, memiance, and temperature excursions.
These periods when polarization curves were medsare marked with dotted lines
while interruptions for maintenance can be seenr@ad in the data segment from 0 to
100 h as sharp voltage spikes. Finally, cell temjpee excursions, which are short
periods where cell temperature deviates signiflggndm the setpoint, can be seen in the
data after 100 h as smaller jumps in voltage folldvby a relatively smooth decay as
marked within the ‘square’. In all cases interrap8 resulted in a temporary voltage
recovery which returned to the overall steady detrapd with time. The recovery
phenomenon also raises an important issue of whaheans to report a voltage
degradation rate. Ideally voltage degradation ratesld represent irreversible changes
to fuel cell materials. However, if part of theltage loss is recoverable or transient, then
this specific measurement misses some of its mgarfinom Figuret-2 and Figure 4-4,

it would seem reasonable to estimate an irreversibltage degradation rate from the

steady decay period although some justificatiameisded.
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Figure 4-3: Stability of OCV for Cell 5 on smalirte scales.
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Figure 4-4: OCV durability of Cell 5 over the fir880 hours. Dotted lines represent
times at which polarization curve measurements werade. Interruptions for
maintenance are shown within the circle, and veltagcovery due to temperature
excursions are shown within the box.
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Equation (4-1) suggests that irreversible changebdé membrane, leading to increased
crossover, as well as the catalyst layer, leadmgetduced electrochemically active

surface area (EAS), will result in an irreversiblange in OCV.

| +i
Fag = tin "
F 10><LcaA3t,el ) >qo

(4-1)

During the testing of Cell 5, diagnostic tests suaf crossover current (CC),
electrochemically active surface area (EAS), andrpation curves were carried out at
0, 100, 200, and 360 hours of operation. CC and E&&8Its are given in Table 4-1. Cell
6 was not tested in this way in order to limit tember of .interruptions. The results
show that over time the CC generally increasedclwiig consistent with the literature
[30,47], and this is likely caused by irreversibfaterial degradation processes such as
membrane thinning or pin-hole formation. The EASrdased with operational life,
possibly as a result of irreversible contact lossMeen the electrolyte membrane and the
catalyst layer, carbon corrosion, or from platinomgration as suggested in the literature
[50,55,69]. Some platinum migration was observethsn membranes after degradation
during this study. The effect of the irreversibkcokase in EAS and increase in CC can
be seen in the polarization curves as shown inr€igkt5 which show an overall

downward translation of the curve with testing time

Table 4-1: Crossover currents and electrochemioéhse areas for Cell 5.

Time EAS Normalized to Oh CcC
(h) (mA/cnf)
0 1.00 2.40
100 0.77 2.31
200 0.86 2.58
361 0.23 3.17
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Figure 4-5: ‘High pressure high temperature’ paation curves for Cell 5.

The rate of irreversible degradation was estimasedg different diagnostic tests:
1) HTHP polarization curves,
2) LTLP polarization curves, and
3) through application of Equation (4-1), which dam simplified to Equation

(4-2) to isolate the voltage loss from crossover.

The voltage loss from hydrogen crossover can beefeddusing a Tafel-like expression

as shown in Equation (4-2)[3]

L (4-2)
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Veeioev =E - h, (4-3)

where EAS is the electrochemically active surfasager geometric surface areazFﬁm

cm?ged, i, is the exchange current density per @hplatinum (A cnify) of the ORR

and i is the crossover current considered on a geomatda basis (A c'r’rg,e().

crossover
Equation (4-3) assumes that under conditions whereurrent is drawn, i.e. OCV, the
open circuit cell voltage will be the differencetwween the Nernst potential and the
hydrogen crossover overpotential. Inspection afidgns (4-2) and (4-3) reveals that
an increase in hydrogen crossover or a reducticaciive surface area should result in

higher voltage loss and consequently lower opearuitipotential.

Since the measurement of polarization curves catesaporary voltage recovery and

requires only the short measurement times, it Ieeved that the OCV measurements
obtained for the curves will only be affected ngversible changes in the materials and
be free of reversible effects. The predicted réteottage degradation from CC and EAS

data was estimated by rearrangement of Equati@) {dr two data points at timesdnd

to. Thus the amount of voltage degradati6Bocy, can be calculated from by Equation

(4-4).

DVeeioev = Veenocvy, = Veeocvy = (E -M)e- (B -0)u=hyu- My (4-4)
Substituting Equation (4-2) into Equation (4-4) egv

| i
DVeeiocv :ﬂln N ﬂm - (4-5)
’ F EAS, A, F EAS, A,

Assuming that the exchange current density ren@instant and simplifying:
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_RT 1,0 (EAS,)

DV, = 4-
Cell,OCV F (EAS]_)iHZVtZ ( 6)

The estimated voltage degradation rates from maion curves and from application of
Equation (4-6) are summarized in Table 4-2. Theraye rate of irreversible voltage
degradation calculated from OCV points of the pinkion curves are 0.083 mVtor
the HPHT and 0.141 mVhLPLT polarization curves. The estimated rate oftage
decay from the Equation (4-6) was an average deatayof 0.146 mVH. The estimated
irreversible decay rates are similar and withingaeme order of magnitude. The voltage
degradation rates reported for this study are higfwen those typically reported in the
literature which range from 0.09 to 0.001 mVHor cells degraded by various
mechanisms [2]. Cleghormet al. [45] report a degradation rate between 0.004 a@@60
mVh™ at operational conditions of 800 mAénand a similar type of membrane used in
this study. The data by Padt al.[12] shows a degradation rate of approximatelyL6.0
mVh™ using a similar membrane and test conditions fonthis study (although this
number is low due to recovery phenomena in theepites data).

The reason for the differences in the results abthin this thesis and the values reported
in the literature are likely associated with thenditions used for testing and specific

membrane electrode assemblies used. The conditised in this study represent

accelerated ageing test conditions so a relativiglly rate of degradation is expected, and
was observed. The average decay rate during theystdecay portions of the voltage

degradation curves for Cell 1, estimated by takivgyfinal data points at the end of each
segment, was calculated to be 0.089 mMhhich shows good agreement with the
polarization and modeled data. In comparison, geltdecay rates calculated over the
first 20 hours after a recovery phenomenon, dutiregtransient decay period, can be as
high as 5.8 mV 1,

Table 4-2: Comparison of irreversible degradation rates froolafzation curves,
durability data, and calculations.

Open Circuit Irreversible Voltage Degradation Ra/ h™)
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High Pressure/Temperature Low Pressure/Temperature Proposed oCcv

Polarization Curve Polarization Curve Model Durability
(HPHT) (LPLT) Data
0.083 0.141 0.146 0.089

These results emphasize that the rate of voltagegehduring the transient period, which
is higher than the degradation rate in the steadwpyl period, should not be mistaken for

voltage degradation caused by irreversible chamgti®e materials.

The cell used in this study was able to recovertmbshe voltage loss after drawing
current confirming that the loss was unrelated tdamal degradation. Had the transient
voltage degradation been permanent it would haee kgident in the polarization curves
given the magnitude of the transient voltage |Ia3$® identification of the reversible and
irreversible voltage loss as well as the irreveesNoltage decay rate is illustrated in
Figure 4-6. Though the exact mechanism for revkrsibltage loss was not studied, it is

proposed that it is related to platinum oxidatiomater content in the fuel cell.
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Figure 4-6: Reversible and irreversible degradati®mvell as irreversible degradation
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rate for Cell 5.

4.2 CHAPTER SUMMARY

The above work demonstrates how some of the volkage observed during an open
circuit voltage durability experiment can be coesetl reversible, and some of the loss is
irreversible. This irreversible loss, primarily mdied through changes in polarization
curves, can also be predicted using measurementiegrbdation such as changes in
crossover current and changes in electrochemicailyve surface area. In terms of
degradation modeling then, it is reasonable thatcribéssover and changes in
electrochemical active area could be predictedguaimodel that is linked to degradation
causes such as material properties and operaticmaditions. By doing that the
irreversible performance degradation could alspreelicted. The development of such a
model is the subject of the next chapter.
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CHAPTER 5: INITIAL DEVELOPMENT OF A CHEMICAL
DEGRADATION MODEL

In order to model performance degradation, it isessary to understand the irreversible
changes in the materials. Chemical degradatiomefetectrolyte membrane can lead to
membrane thinning and consequently increased hgdragossover which further leads
to performance degradation. In order to model thiiscess it is necessary to first
understand how the materials change with time aad Imaterial properties and

operational conditions may influence the process.

This chapter presents the result of an open civaliage degradation experiment on Cell
5. This experiment will be used to understand aspet the chemical degradation

mechanism of a fuel cell electrolyte membrane. Timderstanding will then be used as
the basis for a semi-mechanistic degradation mddwd. intent is to create a model that
links material properties and operating condititmghe irreversible degradation of the
membrane. Further, the model will propose how theagerial changes can be used to

estimate changes in performance.
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The key results of this chapter are:
Open circuit voltage testing causes chemical degi@d of the electrolyte
membrane.
The rate of degradation, as measured by fluoride nelease and voltage
degradation, begins rapidly and then slows withetim
Based on SEM and fluoride release data, the elgtd#rdegradation starts on the
cathode sie and then slows when the cathode digetitas been consumed.
A model of the chemical and physical transport psses is proposed and
successfully simulates the experimental data.
The semi-mechanistic model is also able to desdhiloeide release behaviour in
experiments with multiple interruptions in testing.
The results show that such interruption in testegpecially early during testing,
can have a significant effect on cumulative fluerrdlease trends.

The initial OCV test examines a Hydrogenics singgd with a Gore PRIMEA 5510

reinforced catalyst coated membrane. This membrsarenforced which allows the side
of degradation to be identified. The OCV experimesats conducted at 90°C and 75%
anode/cathode relative humidity. The effluent wates collected over the testing time
for fluoride ion measurement. SEM analysis was usedletermine the extent of

degradation on the membrane.

Some of the contents of this chapter have beerptatdor publication in the Journal of
Power Sources and is expected to be published gugt2008 [70].

5.1 EXPERIMENTAL RESULTS

Initial Gore™ Membranes — Terminology and Crossover

The reinforced catalyst coated membrane used sdhidy consists of several layers.
Figure-5-1 is a scanning electron microscope (SiEhWge identifying the 5 main layers

of a Gore™ PRIMEAR series 5510 catalyst-coated membrane (CCM). Thst mo
distinguishing feature of these membranes is thpamoced polytetrafluroethylene
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(ePTFE) reinforcement layer at the centre of thenbrane. The reinforcement layer is a
porous ePTFE membrane and is discussed in thatliter[8]. Since this layer bisects the
electrolyte membrane, the electrolyte closest ¢oathode will be referred to as the anode
electrolyte and the electrolyte closest to the ad¢hwill be referred to as the cathode
electrolyte. Initially, anode and cathode electi®lyayers have similar thicknesses
measuring between 4 — én. The reinforcement layer thickness ranges betvéeen7

m. The total thickness of CCM is approximately 30.

»
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T e
Te . = r

Cathode
éathode Catalyst

Figure-5-1: SEM cross-section of a fresh GoreTMMEBA 5510 reinforced catalyst
coated membrane.

Hydrogen permeation across the CCM was measuredrdssover current (CC) as
described in Chapter 3. Since hydrogen permeahdity function of the hydration and
temperature of the membrane [10,32,71], measurememre taken at the same
conditions of the experiment (in this case 90°C%7BH). A typical crossover current
curve is shown in Figure 5-2, the current stahiliaé 0.143A or 1.8 mA cih Hydrogen
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and oxygen permeability was also measured in arag&p#est using conventional flow
measurements. Those results showed that hydroger2 waimes more permeable than

oxygen which is consistent with literature [32,33].
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Figure 5-2 : Crossover current curve for Cell 51gsa GoreTM CCM at 90°C,75% RH,
and no backpressure using 2 mV/s scan rate.

Diagnostic Tests: Open Circuit Voltage Performance

The variation of the cell open circuit voltage fell 3 with time is shown in Figure 5-3.
The voltage degradation curve displays several aciaristics typical of Gore™
membrane degradation under OCV conditions [12 J6i8$t, there is an initial rapid drop
in voltage followed by stabilization. Interrupticof the testing for polarization curve
measurement causes voltage recovery, as discusaslprevious chapter.
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Figure 5-3: OCV durability data for Cell 3 at 90%%% RH, and no backpressure for
Cell 3.

The cell was operated for the first 460 h withauerruption. From 460 to 860 hours, the
experiment was stopped several times. The inib#age drop during the first 100 hours
is mostly attributed to recoverable processes aerited in the previous chapter. Overall
the voltage dropped from 0.9 V to approximately70M. There was little observed
voltage degradation between 380 h and 460 h. Rufteéveen 460 h and 860 h, despite
the high degree of scatter caused by the more dregstoppages, the voltage was
observed to remain around 0.77 V, also indicativag ho significant voltage degradation
was occuring.

Diagnostic Tests: Fluoride Release

Effluent water was collected from both anode anthade sides of the fuel cell and
fluoride ion concentration was measured using lmomatography. Using measurements
of the total amount of water collected, the cumuatnass of fluoride released as well as
the fluoride release rates could be determinedu(Eigp-4a and b). There are several
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sections of the cumulative fluoride release culkigyre 5-4a) of note. Both anode and
cathode curves begin with a slow rise before irgirgalinearly and finally reaching an

upper limit. This is also reflected in the releasee data (Figure 5-4b) which shows that
fluoride release rates peak at approximately 150rdhoThis is consistent with data
reported by Liu and coworkers [72] using similarr&8 membranes. Finally, cathode
cumulative release was higher than anode cumulegiease. A discussion of uncertainty

in fluoride release results is available in Apperidi

Water balance calculations were conducted to déterrhthere was any net water flow
from the anode to the cathode which could be ire@lin transporting ions across the
membrane. Over the course of the experiment, medstathode and anode effluent
water flow rates ranged between 15-40 mL/h and 9aLEh, respectively. Calculated
rates based on inlet RH and gas flow rate werermégted to be 32.9 mL/h and 12.1
mL/h for the cathode and the anode sides, resggtifhe bulk of the measurements
were similar to the theoretical values (Figure &8(l deviations are attributed to ambient
temperature fluctuations or water balance collecterror and variability. Sample
calculations for theoretical values can be foundppendix C. From this data, there is no
evidence of ‘net water transport’ from the anodeathode indicating that it was not a

factor in fluoride ion transport.
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Figure 5-4: Anode and cathode a) cumulative flunrielease and b) fluoride release rates

during the duration of testing for Cell 3.
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Figure 5-5: Effluent water flow rates. Solid andtdd lines represent theoretical values.

Diagnostic Tests: Crossover Current Measurements

Due to the voltage recovery phenomenon, which acowhen cell operation is
interrupted in these particular cells, crossoverasneements were only done at the
beginning of life (BOL) and after 460 h. Betweeresh times, the crossover current
increased from 1.8 mA cfto 3.5 mA cn¥.

Forensic Tests: Scanning Electron Microscopy Result
Forensic analysis of the CCM, consisting mainh6&M imaging, allowed visualization
of the effects of degradation. These forensic teswill be used to understand the trends

in diagnostic testing results which were descrilpetthe previous section.
Images of cross-sections from nine evenly distadubcations over the membrane area

of the cell were taken. Figure 5-6 shows a typiraks-sectional image of the CCM after
860 hours of operation. A total of 9 evenly disitdd sections of the CCM were
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analyzed. The cathode catalyst layers, anode catialyer, reinforcement layer and the
anode electrolyte layer are clearly visible andlvadsfined. However, the cathode
electrolyte layer shows significant thinning whishconsidered to be a sign of chemical
degradation. Measurements with Scion Image Analysisvare revealed that the anode
electrolyte had an estimated average thickness6ofih and the cathode electrolyte had
an average thickness of <1 um after 860 hours. fdsslt indicates that the cathode
electrolyte degrades much more rapidly and extehsihan the anode electrolyte. It was
also observed that areas where the anode eleetiwdyt thinned appreciably were only in
areas where the cathode electrolyte had degradishsexely. This suggests that the
anode electrolyte degrades only after the cathtetrelyte has degraded significantly

One explanation for the severity of cathode eldégtiecdegradation is that the membrane
is more permeable to hydrogen than oxygen. It shbelnoted that the partial pressure of
hydrogen is higher than oxygen under the experiatecdvnditions. Under the test

conditions, 75% RH and a total pressure of 760 myihkig partial pressure of hydrogen
is 364 mmHg, while the partial pressure of oxygerir at 75% RH and 760 mmHg is

only 77 mmHg. From initial permeability experimenitswas also found that hydrogen

permeability was 2.6 times greater than oxygen pability. As discussed in Chapter 1,

using Fick’s law, the overall crossover rate of togen to the cathode side can be
expected to be 12 times greater than the crossdwetygen to the anode side.

Analysis of the images also revealed platinum dépasthe cathode electrolyte. It is not

yet clear if the platinum deposits were a producthe degradation process or if they
facilitated degradation. Recent work [50,55,57] haggested that the platinum deposits
are responsible for catalyzing the production ofiical species in the membrane.

Furthermore, it was postulated that higher hydrog@ssover causes the platinum band
to appear close to the cathode. This is consistéhtthe observed cathode electrolyte
degradation since the Pt band was only observdteinathode electrolyte.
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Figure 5-6: Typical cross-section of the aged CGM €ell 3 after 860 h, 5000X
magnification. A platinum band can be seen as wijecks within the cathode
electrolyte layer.

5.2 THE DEGRADATION PROCESS

Several observations from the SEM analysis andritleorelease data have not been
adequately explained in the literature to the atgh&nowledge. First, degradation
reflected in membrane thinning has occurred seyenmelthe cathode electrolyte. Second,
fluoride ions are detected in both the anode atldoda effluent water. Although it may
be suggested that separate degradation processescarring on the anode and cathode
sides, a third observation that both fluoride redeaurves begin to plateau at the same
time suggests that all the fluoride is generateal @mmon reaction location. This is also

mirrored in the observation that the OCYV stabiliaét#r a period of degradation.

To rationalize the image analysis and the cumwdaiivoride release data, it is proposed
that degradation, and hence the generation ofifledons, occurs on the cathode side,
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where hydrogen crossing over from the anode prosnibie production of peroxide and
hence OH radicals. It is further proposed thategtddation front” will move through the
cathode electrolyte, slow at the inert reinforcetrager, and then begin degrading the

anode electrolyte layer.

The reinforcement layer itself does not degradedvanthe electrolyte embedded within

the reinforcement will degrade if radicals are atuereach those locations from the
generation point. The fluoride produced on the @ad¢hside may be transported out of the
cell by two paths as depicted in Figure 5-7. Thst fpath (Path 1) considers fluoride

diffusing from the generation point, through théhcale GDL/MPL and to the cathode

channels. The second path (Path 2) requires tleafldbride ions diffuse through the

electrolyte membrane as well as the anode GDL/MPieach the anode channels.

This mechanism is supported by the SEM observatidnish suggests that the cathode
electrolyte degrades before the anode electrolytalso explains why the cumulative

cathode fluoride release is much higher than timeutative anode fluoride release since
there would be less diffusion resistance, becatfigbeoshorter path length, following

Path 1 rather than Path 2.

Finally this mechanism also explains why anode eathode fluoride release curves
plateau at the same time. Since all fluoride imdpgiroduced by a reaction between
radicals and the cathode side electrolyte the iffiegproduction rate would be expected to
slow or stop when the electrolyte has been depldtesl possible that once the cathode
electrolyte is severely degraded anode degradanay become significant as the

degradation front moves. The reason why the cathdelgradation is dominant is

attributed to the higher driving force for hydrogegrmeation over oxygen permeation as

previously discussed.
A final feature of the cumulative fluoride releasgrves is the initial lag time. This is

attributed to the time delay between the productibfiuoride ions within the electrolyte

and movement into the channel caused by the resest diffusion in both paths. The
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path to the anode channel (Path 2) has highertaasis because of the extra layers of
material to diffuse through and hence would havenger lag time. This is consistent

with the cumulative fluoride release observations.

The OCV data can also be similarly interpreted. riOgiecuit voltage has been shown to
be related to hydrogen crossover. As degradatidheoklectrolyte proceeds, it becomes
thinner and allows hydrogen permeation to increasd,the OCV to decrease. Once the
cathode electrolyte has been substantially degratthed degradation slows. Since the
degradation slows, the membrane ceases to thitheorrate of thinning decreases
substantially and crossover rates can be expeotsthbilize. As such, the open circuit

potential will also stabilize.

5.3 FORMULATION OF A SEMI-MECHANISTIC DEGRADATION MODEL

To understand the mechanisms involved in the degiadprocess, a semi-mechanistic
1-dimensional transient model is proposed. Theradv@urpose of this model is to
provide a simple tool to investigate the effectsmi@mbrane permeability and relative
humidity on cathode electrolyte degradation, flderrelease, and open circuit voltage
degradation, as well as identify parameters whielp lexplain the experimental results.
Further uses of this model include incorporatioto ifuel cell system reliability models
since it predicts membrane degradation with timevali as offering a framework to

evaluate other proposed degradation mechanisms.

The model incorporates degradation processes causdtydrogen crossover and the
transport of fluoride ions in an attempt to simel#te experimental data. The system
studied experimentally is highly complex, consigtof many different layers. In order to
simplify the system four main regions will be catesied, as shown in Figure 5-7. The
anode and cathode GDL/MPL/catalyst layers constitito such blocks while the
electrolyte membrane will split into anode and od# blocks. Degradation is
considered to occur at the cathode electrolytdicsitanterface where oxygen transport to
the reaction sites is fast. It is also assumedttiaelectrolyte and ePTFE layers within
the membrane controls permeation of hydrogen froenanode to the cathode. Under
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OCV conditions the reactant pressures are assumbd tiniform from the channels to

the electrolyte membranes.

The main processes modeled here are: a) the peomezt hydrogen to the cathode
catalyst/electrolyte interface; and b) the degradabf the cathode electrolyte. This
degradation process is modeled as a reduction mhrane thickness (reduction of mass)
accompanied by the release of fluoride ions. Anetkctrolyte degradation is not
considered at this time. Fluoride ions are considé¢o diffuse through the various layers
to either the cathode or anode channels (Path 1Patid 2 as indicated in Figure 5-7)
where they are swept away. The impact of increasedsover with time due to the
reduction of thickness and changes in the electrmatally active surface area on open
circuit potential are also modeled.

lonomer Membrane

Anode Anode ePTFECathode Cathode
GDL/MPL/CAT GDL/MPL/CAT
— HOOH
:
° §
Path 2 Path 1
F
|
QoL a A dc ApLc

Figure 5-7: Model domain and processes highlighltmgride ion transport pathways.

Membrane Degradation and Fluoride lon Production
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The rate of hydrogen crossover is determined byptdreneability of the membrane, the
partial pressure difference across the membranetlamdhickness of the electrolyte

membrane layers. The hydrogen fld, can be calculated from Equation (5-1) and is

related to the crossover current measured dunigutisweep voltammetry tests by (5-2).

Dp -
NHz = Pun, d—mHz -1

| Dp,, Dp,, _
, =P, QF) =Py = (5-2)

m m

Once at the reaction site, the hydrogen will regith oxygen to form peroxide species
which will then form radicals. These radicals aresponsible for the chemical
degradation of the electrolyte. Oxygen is presumeede abundant and thus the radical

generation reaction will be controlled by hydrogmrmeation. The rat®&,, at which

radicals are produced is therefore proportionalthe flux of hydrogen permeating
through the membrane and can be described by Bgu&ti3).

Now @ Ny, (5-3)

Once created, OH radicals will degrade the polyelectrolyte membrane producing
fluoride ions as a product. Consumption of the tebéyte therefore depends on the rate
of OH radical production as well as the amount lettolyte available for reaction. In
this case the accessible polymer is the cathod#rele since radicals are short lived
will react near where they are created. The rataiftrolyte consumption will therefore
be related to the rate of radical production and tfaction of remaining cathode

electrolyte, f, , as shown in equation (5-4).

72



- —ta(No, )(f)) (5-4)

Substituting the hydrogen flux and a proportioyatibnstant yields Equation (5-5):

- %zKl(NHZ)(fI) (5-5)

where K is a proportionality constant relating the hydmodleix and electrolyte fraction
to the electrolyte degradation rate. This degradatate determines the rate of fluoride
production as well as the rate of thickness chatligeas been suggested in the literature
that the dependence of degradation on the hydriigemmay be of a higher order [55].
For the purposes of the initial model developmeaedl on the above data set, a first
order relationship has been assumed. This assumptibadequately serve the purpose
of demonstrating how the model was developed andsiés until more data are presented
in later chapters. This model will be referred ® the first-order model. A second
relationship that will be explored is a second ordependence on hydrogen flux, a

second-order model as shown in Equation (5-6).

df
i d—t'=K1(NH2)2(f,) (5-6)
The release of fluoride ions is related to the witelectrolyte degradation through the
polymer chain structure. Equation (5-7) relatesrtte at which fluoride is produced to
the rate of loss of electrolyte by a proportioryatbnstant. Physically this constant is

related to the number of fluorine atoms in the tetdygte chain structure.

dn.. _ K df,

(5-7)

dt 2 dt
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Fluoride lon Transport

Once generated fluoride ions may be transporteéeahannels of the bipolar plates by
Path 1 and Path 2, as previously discussed. Patimdiders fluoride ion diffusion from
the cathode electrolyte/catalyst interface throthghcathode GDL layer and ultimately to
the cathode channels. Path 2 involves diffusionfledride ions from the cathode
electrolyte/catalyst interface, through the eldgteolayer, the electrolyte-filled ePTFE
layer and the anode GDL layer to the anode chanmbks rate at which these processes
occur depends on the concentration gradients idlifferent layers. These gradients are

time-dependent and are modeled according to Fialwsas shown in Equation (5-8).

Dep .0< X< X (5-8)
whereD, = D,,x, <X<X,
DepLi X, < X< X

1C. _p TC..

It boX

At the generation sitep, the flux of fluoride is considered to be balantgdhe flux of
fluoride away from the site by the two transporthga(l and 2) as shown in Equation
(5-9):

NF—|X2 =[NF—]Pathl+[NF—]Path2 (5-9)
Further, the flux of fluoride out of the GDL andarthe channel is described by Equation
(5-10).

dc.. (5-10)

NF— = DGDLF

Finally, the cumulative fluoride release into thethode or anode channels is given by
(5-11).
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Fo= N dt (5-11)

Electrolyte Thickness Change

Degradation of electrolyte material is consider@desult only in a change in thickness,
therefore the percentage loss of thickness wikktpaivalent to the percentage change in
mass from the initial mass as in (5-12). As thekihess changes with time, permeability

can be calculated by Equation (5-2).

0, =a, +acf, (5-12)

For the reinforcement layer, it is only consideeefarrier to gas crossover when filled
with electrolyte. This model considers that radispecies may reach the electrolyte

within half of the reinforcement layer, eventualducing its barrier properties. This half

of the reinforcement layer is includeddf .

Open Circuit Voltage

The measured voltage of an OCV durability experimennfluenced by reversible and
irreversible processes as previously discussedeRiNe processes may be affected by
platinum oxidation or water content of the fuellcehile irreversible processes are
affected by membrane thinning and degradation. @en circuit potential during an

OCV durability test can be written as:

VCeII,OCV =E - hreversible_ hirreversiue (5_13)
The irreversible loss dominated by hydrogen crossoan be described as:
RT i
=i (5-14)
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which was developed in the previous chapter. Furibee the total change in OCV from

initial crossover and EAS conditions can be desctiby:

i° (EAS,)
DVeenocv = RTln - .SZ
: F (EAS ), .

(5-15)

This DV, ocy is due to irreversible losses and does not acclounteversible voltage

losses. Finally, the electrochemically active stefaarea will also decrease as the
electrolyte degrades as reflected by the “Pt b&imdFigure 5-6) causing a loss of surface
platinum. A specific mechanism for this processnmdrbe proposed at this time. The net
effect of a reduction in EAS is an increase indhessover current on an active platinum

surface area basis. As a first approximation tfiecewill be modeled by:

o g
RT, .. (5-16)
DVeenocv :?ln :

H2

where g is a crossover current modifier which accounts tfog degradation of the

catalytic surface area. The above equations waved numerically using the ‘method
of lines’. The Matlab code used can be found ipéix E. Initial concentrations were
zero at all locations. Fluoride concentrationshat&DL/channel boundary were assumed
to be zero. The initial cathode electrolyte fractiof, , was unity. Parameters were
determined by fitting the model to fluoride releatda. Model parameters using a first

order dependence oN,, are given in Table 1. The initial hydrogen pernilégb ky ,

was measured experimentally.
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Table 5-1: Model parameters for first order degtadamodel.

Variable Value Obtained by:
Dp 364.4 mmHg Measured
d, 7.5 x10% cm Constant
& 7.5 x10% cm Constant
P, . 1.9 x 10° A cm cm? mmHg* Measured
K, 1.8 x 10" mor* Fitted

K, 4.0 x 10" mol cm? Fitted
Do, 42x10° cnf st Fitted

D, 7.4 x 10" cnf s* Fitted

R 8.314 J mot K* Constant
T 363.15K Constant
F 96485 C mot Constant
E - Pevercive 0.814V Fitted

g 2.6 Fitted

5.4 MODEL RESULTS

The proposed degradation model was able to addyuddscribe the observed fluoride
release trends shown in comparison to the expetahezsults. The model fit resulted in
a fluoride ion diffusion coefficient of 7.4 x T cn? s* which shows good agreement to
ion diffusion coefficients in Nafioll' 117 which are on the order of 2 x f0as
calculated from Unnikrishnan and coworkers [73].isTprovides evidence that the
modeled parameters are reasonable. The differancgi$fusion resistances in the two
fluoride transport paths resulted in differencesumode and cathode fluoride release lag
times as shown in Figure 5-8. The slight differenitethe experimental and modeled lag
times are caused by some of the model simplifioatidegradation was considered to
primarily occur at the catalyst-electrolyte intexdathough it may actually happen within
the cathode electrolyte layer. As such the resistato ion diffusion was slightly
underestimated for Path 1 in the model, resultimg shorter lag time than experimental
results. The differences in diffusion resistans® affectively captured the differences in
cumulative fluoride levels after long degradatiameds. Due to the increased diffusion
length from the degradation location in the cathetkctrolyte to the anode channels
(Path 2) anode cumulative release was smaller ttarcathode release. Finally, use of
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the cathode electrolyte fraction in the calculationdegradation and fluoride generation

rate was able to model the plateau that the cuialfitioride release curves reach.

It should be noted that the effect of interruptiafi®r 436 hours of operation on fluoride
release behaviour have not been discussed. It isclear from the experimental
cumulative fluoride release data shown below iéiniptions had any significant effect.
Further, since fluoride release rates were low @gghring the first interruptions, it is
possible that they had minimal effect on the ovérahds.
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Figure 5-8: Model and experimental fluoride relesesailts for Cell 3.

The model also explains hydrogen crossover. Figu®eis a plot of the two crossover
current measurements taken during testing and ridigbed crossover curves from the
model. The trend cannot be confirmed due to thellsmaber of experimental points,
however, the crossover results show good agreemigmtthe point after 460 hours of
operation. Note that the number of crossover ctrneeasurements was intentionally

limited in order not to interfere with the OCV dadation behaviour of the cell.
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Figure 5-9: Model and experimental hydrogen crossoasults for Cell 3.

It was shown in Chapter 4 that under open cirooiitditions there are reversible voltage
degradation processes which impact the open civaliage. At the same time voltage

degradation was also shown to be linked to thesomes current as well as the

electrochemically active surface area. This modé&f oonsiders irreversible voltage loss
and attributes this loss to hydrogen crossoverlesslof active surface area. Figure 5-10
shows model results together with open circuitagyt data.

The difference in simulated and actual voltage ketwO and 200 h is attributed to the
reversible voltage loss and is on the same ord#reofeversible losses shown in Chapter
4. This reversible voltage loss is not consideredhe present model. After 200 h the
experimental data reaches a steady degradationvhath is where the modeled voltage

begins to match experimental data, except fornterruption at 460 h.
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Figure 5-10: Experimental and modeled open cinoltiage results.

The above results show that the proposed degradaitbalel is able to explain the various

degradation features seen in the experimental work.

5.5 FLUORIDE RELEASE RESULTS WITH INTERRUPTIONS

A second OCV experiment at 75% relative humidityel{C4) was conducted as a
repetition of the baseline experiment (Cell 3). ikmlthe baseline cell, this experiement
had two main differences. First, the cell was oaperated for 360 and the second
difference was that over the first 436 hours ofrapen, Cell 4 was interrupted at 35, 85,
and 126 hours of operation.

Comparison of Total Cumulative Fluoride Release

Total cumulative fluoride release curves, which bom the contribution from the anode

and cathode sides, are shown in Figure 5-11 fob#seline experiment (Cell 3) and for
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Cell 4. 1t is clear from Figure 5-11 that the flide curves from the two cells do not
match. Cell 3 had a higher total cumulative fluerrélease than Cell 4. Inspection of the
fluoride curve of Cell 4 shows that initial partstbe curve increase in steps followed by
plateaus. Further, it is only after 150 hours oérapion that the fluoride release curve

increases steadily.

Upon closer analysis it was found that the begigroh each plateau coincided with a
break in testing. It is a test station safety measo purge gas lines with nitrogen and to
shut down all heaters when stopping unexpectetiyak hypothesised that with each
stoppage the fluoride concentration profiles witihle membrane and GDL were
disrupted and cleared. Thus each time the cellrestarted there was an initial lag in the

fluoride release as concentration profiles werestblished giving the appearance of a

plateau.
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Figure 5-11: Comparison of total (anode + cath@deulative fluoride release for Cell 3
and Cell 4 (75% RH).
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SEM Analysis

SEM images of the catalyst coated of Cell 4 and Gehre shown in Figure 5-12.
Overall, Cell 4, which operated for 360 hours, sadwignificantly less degradation than
Cell 3 which was operated for over 890 hours. Botages show cathode side thinning.
Furthermore, in Cell 4 there was no anode thinnirigs further reinforces the assertion
that the observed degradation and fluoride iorasseoriginates in the cathode electrolyte

layer. There was also a platinum band visible endhthode electrolyte of Cell 4, similar

to the baseline case.
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Figure 5-12: Comparison of SEM cross-sections of de@graded Gore CCMs from A)
Cell 4 after 360h, 75% RH, and B) Cell 3, Basetin# after 860h, 75% RH.

Application of Semi-mechanistic Model

The semi-mechanistic model developed in the previsaction was applied to the
conditions of Cell 4 in order to examine if cell rging was responsible for the
discrepancy in fluoride release behaviour with C&ll The model formulation and
constants used were unchanged from those presemédusly.
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To simulate stoppages and purging, the model wasdllowed to run until a stoppage
time. At 35, 85, and 126 hours all fluoride concations were reset to O and the
simulation was restarted. Variables such as thaidma of cathode electrolyte remaining
were not reset. Anode and cathode cumulative fligorelease curves and simulation are
shown in Figure 5-13. The results show good agreeméh the general trends of the
experimental data, although the amounts predictethe cathode side are slightly higher
than the experimental data while the model tendsntderestimate the fluoride released

on the anode side.
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Figure 5-13: Cumulative fluoride release resultsrfrCell 4 for the anode and cathode
sides. Solid lines represent simulation with coasation of interruptions.

Total (anode + cathode) cumulative fluoride releageerimental results and simulation
predictions are shown in Figure 5-14. The model alale to effectively match the total

release data with no extra fitting of the paranget@his indicates that the discrepancy
between the fluoride release behaviour of Cell @ @ell 4 is due to the stoppages which
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changed the fluoride release trends. Furthermaseyill be shown in Chapter 7, the
differences in the simulated results and experialatdta can be explained by differences

in the fluoride diffusion coefficients through te&ectrolyte layer.
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Figure 5-14: Total (anode + cathode) cumulativerilde release results for Cell 4. Solid
lines represent model predictions.

The above result also shows that interruptions e a significant effect on overall
cumulative fluoride release curves and therefomailshnot be ignored. Previously, it was
postulated that the effect of interruptions initegtfor the baseline cell is insignificant.
Using the above technique to account for the eftédhterruptions, a new plot of the
modeled and experimental baseline data was prefd&igdre 5-15). The simulation
result shows that with the above fitted parametieesmodel underestimates the fluoride
release after 436 hours though it still capturesgéneral trends. Since the interruptions
occurred late in the testing after fluoride releas® had already reached a peak, the

impact of the interruptions appear to be small.
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Figure 5-15: Baseline data using the proposed matelconsideration of interruptions.

5.6 CHAPTER SUMMARY

In this chapter a Gore™ PRIMEAseries 5510 catalyst coated membrane was degraded
under controlled conditions using an open circoitage durability experiment at 90°C,
75% anode and cathode relative humidity and nogoraskure. The forensic analysis of
the membrane after 860 hours of operation showatl ttie cathode electrolyte had
become severely degraded while the anode elearalgimained largely intact. A

platinum band was also observed within the catledeletrolyte.

Fluoride release results were also consistent feiténsic results. Cathode cumulative
fluoride release was much higher than anode fleorelease. With time, the anode and
cathode cumulative fluoride release began to reaphateau. The open circuit voltage
data was observed to decrease with time. Howewenvith the cumulative fluoride

release results the voltage degradation rate &dged down.
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It is proposed that the majority of the fluoridesagenerated through the degradation of
the cathode electrolyte. It is further proposed thdegradation front starts at the cathode
and moves towards the ePTFE reinforcement layere@re cathode electrolyte has been
consumed, the rate of fluoride generation slowghasdegradation front penetrates into
the inert reinforcement layer. At this point, itpestulated that the cumulative amount of
fluoride released will remain constant until anedkectrolyte begins to degrade. Also, the
rate of increase in hydrogen crossover, which dépem the rate of thickness reduction
of the electrolyte layers, will stabilize. This vwéts in a stabilization of open circuit

potential as seen experimentally for the duratibtme test.

A semi-mechanistic model was proposed. The modewst that the proposed

mechanism can suitably explain the observed trefus.simulation results show that the
differences in anode and cathode cumulative fl@oridlease may be due to the
differences in path lengths, and consequently taasig to diffusion, that fluoride ions

encounter when moving from the generation pointhin cathode to either the anode or
cathode channels. These differences in diffusieo akkplain the lag times seen in the
cumulative fluoride data. Further, the model iseaol fit the voltage results and it shows

good agreement with crossover current data.

On the surface, the data from Cell 4, performed@>8 RH, did not match the baseline
fluoride release data from Cell 3. It was postulatieat cell stoppages early on in the
testing may have retarded the development of theutative fluoride release curves. The
semi-mechanistic model was used to predict theritleorelease behaviour with these
stoppages based on the assumption that stoppingetheould clear out all the fluoride
and therefore fluoride concentration gradients wddve to restore themselves once the
cell is restarted. The model results were able ascchthe fluoride release behaviour of

the repeat cell without any additional fitting bktparameters.
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CHAPTER 6: MODEL VALIDATION AND LIMITATIONS

The focus of this chapter is to apply the semi-raadtic chemical degradation model
developed in the previous chapter to situationditéérent relative humidity in order to
evaluate its predictive capabilities and to proparsg necessary modifications to improve

these capabilities. This chapter will show:

Chemical degradation trends at the OCV follow cowss current trends.
Comparison of first order and second order chendegjradation models show
that a second order dependence on hydrogen fluxdbssribes the data.

Inclusion of interruptions in testing was crucia fitting fluoride release
parameters.

One limitation of the model is that it does notadse degradation of the anode
electrolyte.

Irreversible voltage degradation rates compare wii initial crossover values.

It was not possible to model the voltage trends wie proposed model.

Voltage degradation is likely influenced by othexctbrs beyond chemical

degradation.

The study of the effects of relative humidity oreofical degradation of the electrolyte

and voltage degradation of the cell was carriedusing four different cells. Each cell
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was operated at a different relative humidity sat tfull cumulative fluoride release

curves could be gathered. The four cells are listélchble 6-1 .

Table 6-1: Durability test conditions for Cells 1&hd 6.

Cell Anode/Cathode RH Cell Temperature
% °C
1 20 90
2 50 90
3 (Baseline) 75 90
6 100 90

6.1 INITIAL HYDROGEN CROSSOVER

Inspection of the proposed semi-mechanistic moadeicates that the initial hydrogen
crossover plays an important role in determiningv lgquickly degradation will occur.
When measured at the desired temperature andveelatimidity, the initial crossover
rate essentially summarizes the contribution otkihess, permeability, and pressure
through Fick’s law (Equation (6-1)) and all of whimay be affected by temperature and

relative humidity.

_RuDpy,

N
A d

(6-1)

The influence of relative humidity on crossoverotigh a single CCM was measured
under constant total gas pressure. The resultsyrshio Figure 6-1, show a linear
decrease of crossover with an increase in relatwaidity. An increase in relative
humidity has been shown to increase the permegbiRy, , of GOREM reinforced
membranes in the literature [8]. Under the constaessure conditions used during
testing, an increase in relative humidity will alsiecrease the partial pressure of
hydrogen, and hence reduce the driving force fompation Op, ). Overall, increases
in relative humidity have a greater effect on thiidg force than the permeability and

thus results in a decrease in cross-over current.
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The trend in Figure 6-1, which was obtained frosingle membrane test at different RH,
differs significantly when compared to the crossovesults of the four different
membranes each tested at a single RH. The initiessover performance of the
membranes was measured at the relative humiditwhath each membrane would
ultimately be operated during testing. Cells 1 tiglo 3 and 6 were tested at 20%, 50%,
75%, and 100% RH respectively. The results in T&bk show that overall the cells

operating at lower relative humidity exhibited gher crossover rate, which is consistent
with Figure 6-1.

An exception to this trend is the higher crossaxerent through Cell 6, tested at 100%
RH, of 2.08 mA crif, as compared to Cell 3 which was tested at 75%aRtmeasured
1.98 mAcnY. Compared to the results in Figure 6-1, Cell Bisch more permeable than
a typical membrane at 100% RH. This behaviour tisbated to membrane-membrane
manufacturer variability in permeability and indiesa that such variability is more
influential to initial gas crossover than humiditpnditions alone. Cells 1 — 3 have
consistent hydrogen crossover rates with Figure 6-1
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Figure 6-1: Effect of changing RH on hydrogen cowes current at constant total
pressure.

89



Table 6-2: Crossover rates of Cells 1-3, and Geit tespective test relative humidity.

Cell Anode/Cathode RH Crossover
% mA cm?
1 20 2.40
2 50 2.36
3
(Baseline) £ 1.98
6 100 2.08

6.2 EXAMINATION OF  FLUORIDE RELEASE BEHAVIOUR AND MEMBRANE
DEGRADATION

Total Cumulative Fluoride Release and Microscopglpsis

An important measure of fuel cell degradation is #xtent of fluoride release in the

effluent water. In Chapter 5, the fluoride releagas linked to degradation of the

electrolyte layer. The total (anode + cathode) datiwe fluoride release for the four

membranes used in this study are shown in FiguzeTdie fluoride release curves share

many of the same characteristics as reported prslyio Though not shown, anode

fluoride release was lower than cathode releaseadtidg that cathode side degradation

was predominant in all cells.

Overall, the total cumulative fluoride release skdveome lag time which is attributed to
the time necessary for fluoride ions to be produeghin the fuel cell and then diffuse to

the channels. It was postulated in Chapter 5 thatcumulative release rates begin to
slow when the cathode electrolyte has been contpletesumed, and the degradation

front has moved into the reinforcement layer towalee anode electrolyte layer.
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Figure 6-2: Total (anode + cathode) cumulative rill® release for Cell 1 (20% RH),
Cell 2 (50% RH), Cell 3 (75% RH), and Cell 6 (106%4d).

The total (anode + cathode) cumulative fluorideask effectively represents the amount
the electrolyte membrane has degraded. From Fign#eit can be seen that after long
testing durations the total cumulative fluorideeesde decreases in the following order:
Cell 1(20% RH), Cell 2 (50% RH), Cell 6 (100% RHnd Cell 3 (75% RH). A

discussion of uncertainty in fluoride release rssisl presented in Appendix D.

The relationship between the total cumulative fider release and membrane
morphology can be seen with scanning electron ma@py. The membranes used in this
study contain a reinforcement layer which bisekbtsmhembrane. The electrolyte closest
to the anode catalyst layer is referred to as theda electrolyte, and similarly the
cathode electrolyte refers to the electrolyte dbde the cathode catalyst layer. The
results show that after testing, Cell 3 (75% RHY Isgnificant cathode electrolyte

degradation and minimal anode electrolyte degraddfigure 6-3 b).
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Cell 6 (100% RH) exhibited significant cathode &lelyte degradation and some anode
electrolyte degradation (Figure 6-3 a). Finally,ll€el and 2 (20% and 50% RH
respectively) both showed extensive degradatiothefanode and cathode electrolytes
(Figure 6-3 c and d). Some anode electrolyte catildbe observed in Cell 2, although

no observable cathode or anode electrolyte remame€ell 1.

a) b)

Cathode 2um Cathode
—

Cathode

s 4 £
Cathode N -~ 2um £

Figure 6-3: SEM images of degraded membranes fro@ed 6 (100% RH), b) Cell 3
(75% RH), c) Cell 2 (50% RH), and d) Cell 1 (20% RH

The mechanism of degradation for these membraragsaths proposed in Chapter 5 is
based on the results of the baseline case show@elin3 (75% RH). It is briefly re-

explained here. Hydrogen crossover from the anodiaeé cathode is considered to be
primarily responsible for the observed degradatibns proposed that at the cathode
electrolyte/catalyst layer interface the cross ospecies promotes the production of
hydroxyl radicals. The radicals are then able tnepmte into the electrolyte layer and
cause its degradation thus producing fluoride idms)ce creating a degradation front.
With degradation, the electrolyte layer begins hon tcausing the observed cathode
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electrolyte thinning. It is postulated that becaakéhe inert nature of the reinforcement
and the small amount of electrolyte in the porecsepahe fluoride release rate slows

because of lack of reactants. For example it alstogts in the case of Cell 3.

Degradation of the anode electrolyte will occuthié reaction front penetrates into the
anode layer. It is clear from the SEM images tleg &node electrolyte layer was
significantly degraded in Cells 1 and 2, with sodegradation in Cell 6, and minimally
degraded in Cell 3.

lonomer Membrane

Anode Anode ePTFECathode Cathode
GDL/MPL/CAT GDL/MPL/CAT
H, . o,
— HOOH
: v .
g =
° 5
Path 2 Path 1
F
|~
F //
<+
|
spLa a\a ac spLe
X = 0 Xl X2 X3

Figure 6-4: Degradation schematic.

To explain the trends seen with relative humiditye proposed semi-mechanistic model
developed in Chaper 5 was employed to simulatbé¢haviour observed on experimental
data presented above. All fitting parameters wetd the same as in Chapter 5 and only
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the measured membrane permeability and experimbytiibgen partial pressures were

inputted for each membrane.

The experimental data and simulation results, uiegfirst-order model, are given in
Figure 6-5. The interruptions in testing were cdased in simulations and the fluoride
concentrations were reset at interruptions. Thalteshow that the model consistently
under estimates the experimental data for Cells 4@ 6 (20, 50, and 100% RH
respectively). Simulation and experimental resalts shown in Figure 6-5a,b,and d.
Different data fits were attempted using the fiostier model but none were able to

successfully capture the fluoride release trendslafells.
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Figure 6-5: Total (anode + cathode) cumulativerild® release experimental and model
results using the first order model for a) CelbLCell 2, c) Cell 3, and d) Cell 6. Model
was fit to data from Cell 3 and then applied tol€&|2 and 6 without further fitting. Cell
shutdown phenomena was accounted for in each case.

A second order model where degradation dependseosquare of the hydrogen flux was
also explored. With the exception of changing Equie{5-5) for Equation (5-6) all other
aspects of the model were maintained. As with itisé drder model, the model was fitted
to the baseline data (Cell 3) with considerationtloé effect of interruptions and
stoppages, and then used to simulate the datadetisn1,2, and 6 (20, 50, and 100% RH
respectively) without further modification of thdtihg constants. The new parameters

are given in Table 6-3, onl¥, ,K, , andD, , were changed from the first order model

fit.
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Table 6-3: Model parameters for second order dedgi@d model.

Variable Value Obtained by:
Dp,,, 364.4 mmHg Measured
d, 7.5 x10%* cm Constant
& 7.5 x10%* cm Constant
P, . 1.9 x 10° A cm cm? mmHg* Measured
K, 2.9 x 10° mol? Fitted

K, 4.7 x 10’ mol cm? Fitted
Dao, 42x10° cnf st Fitted

D, 1.2x 10" cnf s* Fitted

R 8.314 J mot K* Constant
T 363.15 K Constant
F 96485 C mot Constant
E - Aorcivie 0.814Vv Fitted

g 2.6 Fitted

The results show good agreement between the sionlasults and experimental data.
After long degradation times (> 300 hours for Aglb00 hours for Cell 2, and 650 hours
for Cell 6) the experimental total cumulative flicer release rises above model
predictions. It is believed that at this time anadectrolyte degradation significantly
contributes to the fluoride release which is notered in the model. This is currently a
limitation of the model. The model is also ablecapture the higher fluoride release of
Cell 6 over Cell 3. This is primarily due to thegher initial hydrogen crossover rate of
Cell 6.
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Figure 6-6: Total (anode + cathode) cumulative rill® release xperimental and mode
results using the second order model for a) Ceb)iCell 2, c) Cell 3, and d) Cell 6.
Model was fit to data from Cell 3 and then appltedCells 1,2 and 6 without further
fitting. Cell shutdown phenomena was accountednf@ach case.
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The above results show that the initial crossowe ris an important factor which
influences degradation at moderate to high relativenidity. The effect of relative
humidity on permeability and hydrogen partial ptgss are important since they
contribute to the overall crossover rate. A higimtial hydrogen crossover accelerates
the degradation cycle of thinning and crossoveultieg in the above results. This is
consistent with a study by Pierpoint and coworkeins correlated initial fluoride release
rate to cell lifetime [66]. Since there is a redaship between the initial crossover rate
and initial fluoride release rate as described hie thodel formulations, the initial
crossover rate should also be a strong indicatalucdbility. This held true for the cells

tested in the above work.

6.3 EXAMINATION OF VOLTAGE DEGRADATION AND CROSSOVERTRENDS

Open Circuit Voltage Measurements

One of the metrics for evaluation of fuel cell dedpmtion is the OCV durability testing,

which measures the rate of voltage changes duhi@gxperiment. The curves obtained
for each of the four membranes are shown in Fidisie The curves show features

consistent with those shown in Chapters 4 and 5.

Initially, voltage values begin above 0.9V and dhpidecrease. This initial transient

period has been shown to be primarily the resultegkrsible voltage losses and to a
smaller extent due to irreversible voltage lossesnpted by the permanent degradation
of the catalyst layer and ionomer. After 150 hoths, voltage degradation rate begins to
stabilize and enters a steady degradation periogdhwtan be considered irreversible
caused by material degradation. The value of thenaprcuit voltage is given by the

Nernst potential minus losses associated with lgehocrossover and the reversible
degradation losses as shown in Equation (6-2).
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Figure 6-7: Open circuit voltage results with tifoe Cell 1 (20% RH), Cell 2 (50% RH),
Cell 3 (75% RH), and Cell 6 (100% RH).

(6-2)

VCeII,OCV =E - hreversible_ hirreversitje

Initially, reversible losses have no effect on tpen circuit voltage and the voltage is
determined only by the Nernst potential and crossetfects. The voltage at this time for
Cells 1 to 4, Table 6-4, shows that the membrapesabing at lower relative humidity
generally have the higher open circuit potentiale@xception is Cell 3, operated at 75%
RH, which had a lower OCV than Cell 6, operatetiGfi% RH.

Table 6-4: OCV at 0 hours for Cells 1-6.

Cell OCV at Oh
\
1 1.018
2 0.98
3(Baseline) 0.930
6 0.968

101



The Nernst potential is influenced by relative hdityi through its effect of lowering the
hydrogen and oxygen partial pressures. An increaselative humidity will result in a

reduction inE,, by reducing reactant partial pressures. The ovenpial associated with

crossover can be described by Equation (6-3) [3].

RT In
h. = In 2 -
X F EASX, (6-3)

The crossover overpotential is related to the amafirhydrogen crossover, which is
influenced by relative humidity and membrane petniigg as previously discussed, and
electrochemically active surface area (EAS). Tdbk details the EAS and the ratio of
crossover current to EAS. The differences in thigal open circuit voltage for Cell 3

and 4 is explained by the lower active surface &oe&ell 3. This results in the higher

than expected crossover overpotential and henoeer voltage than Cell 6.

Table 6-5: EAS and crossover current measurements.

Cell EAS N i1, [EAS
(cmfpt/ cfgeo) (mA cm®)

1 21.3 2.4 0.113

2 23.8 2.36 0.099

3 13.37 1.75 0.134

6 25.2 1.85 0.073

Figure 6-7 also shows that after a short timesagblerated at lower humidity have lower

voltages than those operated at higher relativeiditynThis result was also observed in

other studies with similar membranes [12] and issed by a combination of irreversible

degradation and additional reversible losses. Teady degradation rate that becomes
apparent after 100 hours of degradation can be tesedtimate the rate of irreversible

degradation and thus the magnitude of reversiljeadiation.

It is clear from the OCV curves that the steadyrdéation portions of each curve are not

completely linear. In the case of Cell 3 (75% Rk toltage degradation rate begins to
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decrease after 450 hours. As such, for comparisampoges the average voltage
degradation rate between 200 and 400 hours of datipa was used for comparison, as
shown in Table 6-6. The results show that Cell 34/RH) and Cell 6 (100% RH) had
similar voltage degradation rates which were bothelr than Cell 2 (50% RH) and Cell 1
(20% RH). The latter two cells also had similar rdelgtion rates to each other. Overall

the degradation rate decreased with increasingwelaumidity.

Table 6-6: Voltage degradation rates for Cells a8] 6.

Cell Average Voltage Reversible Voltage
Degradation Rate Loss
vV ht v
1 290 0.198
2 273 0.144
3 (Baseline) 115 0.145
6 108 0.126

The linear extension of the steady degradatiordtterO hours allows the magnitude of
reversible degradation to be estimated. They atediin Table 6-6 for each cell.

Reversible voltage loss makes up most of the Irdti@p in voltage and can be recovered
by drawing current or changing operating conditidfrom Table 6-6 it can be seen that

the reversible voltage loss tends to decreaseingteasing RH.

Although beyond the specific scope of this thesiss speculated that the mechanisms
causing reversible degradation, such as platinuishativn, become more dominant with
decreasing relative humidity and hence are the dami cause for the significantly

different voltage values observed at times less i@ hours.

The proposed second order degradation model wak taseodel voltage degradation.
The model was not able to effectively predict tbéage degradation of Cell 1 (20% RH)
and Cell 2 (50% RH). It is believed that even thHouthemical degradation may
contribute the rate at which that voltage degradg®er factors such as catalyst layer and

carbon support degradation also contribute to geltdegradation. Since these other
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effects are not considered thoroughly in the maitlés, not possible to conclude that the

current model address all aspects of voltage datjoad

The above trends in key voltage data shows thatrtii@l open circuit potential are

linked to the crossover rate and EAS. Also, celth \wigh voltage degradation rates also
exhibit high crossover rates. However, the voltdggradation rate and reversible voltage
loss follows the relative humidity trends more themossover trends. As discussed,
voltage measurements result from a combinationaofofs. In this case, the voltage
degradation rate is not only affected by the ineeen crossover from membrane

thinning, but also potentially from the effectsoatalyst layer degradation.

6.4 CHAPTER SUMMARY

In this chapter the effect of changing reactantrgéive humidity was examined and the
proposed semi-mechanistic model wyas used to exfiiai experimental results. Overall,
fluoride release trends were consistent with messumitial crossover rates. When the
semi-mechanistic degradation model was applied¢ocell in this study, it was found

that the first order dependence on hydrogen flugevestimated fluoride release. A
second order dependence was able to better expkiata. Despite changing the model,
after long degradation times the model still undeneated fluoride release. This was
attributed to anode side degradation which is aptured by the model but clearly took

place as seen in the SEM images.

Although fluoride release could be connected ttiahcrossover and modeled, voltage
degradation behaviour could not. Initial voltageildobe linked to initial crossover, but
irreversible voltage degradation showed a weakpegence. The proposed degradation

model was also not able to capture the voltageadiagion trends of cell 1 and 2.
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CHAPTER 7: MODEL PARAMETER SENSITIVITY

In order to better understand the model capalslifgarameter sensitivity analysis was
performed using the proposed second order semi-anestit model. There are a number
of causes to degradation that constitute the mararpeters of the model. This section
will use simulation results to examine how changithgse parameters will impact
degradation. The results of the parameter sertgitiwill also be compared to
experimental results available in the literaturgaiBination of the model will allow the
main measurable parameters of interest to be fdmhtiThis methodology can be
beneficial in materials selection since it providetool for rapid correlation of fuel cell
parameters with materials properties and degradafidhie focus of the sensitivity

analysis is on two parameters: a) fluoride releaskb) membrane thickness changes.

Key results of this chapter are:
Model sensitivity analysis on material parametasshsas material thickness,
permeability, and reactivity are consistent witlaigable literature.
Model sensitivity analysis on operational parangegerch as temperature, relative
humidity, and hydrogen partial pressure are alssistent with the literature.
Changes in fluoride diffusion coefficients signérdly affect individual fluoride
release rates from the anode and cathode but havenah effect on the total

fluoride release trends.
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The model shows that initial crossover and inifiabride release rate are two

measures which give a good indication of the oVelaiability of the membrane.

7.1 MODEL SENSITIVITY TO MATERIAL PROPERTIES

The variables that will be investigated in the madnsitivity analysis are:
initial membrane thicknessi(),

initial membrane permeabilityk(, ), and

membrane reactivity to peroxidé{ ).

The base case will be the fitted results presemtechapter 3 with parameters changed
by -50%, -20%, 0%, 20%, and 50% from the base vat#es. For the bulk of the

analysis discussed, the fluoride release data matl be separated into the anode and
cathode contributions. Instead, the total (anodeathode) cumulative fluoride release

results will be shown.

The effect of changing the thickness of the elégtttanembrane on the total cumulative
fluoride release is shown in Figure 7-1. The rasshliow that with increasing thickness
the fluoride release behaviour changes. Firstiriial lag time increases with increasing
thickness. Further, degradation rate as seen bsidipe of the cumulative release curves
decreases with increasing thickness. With an irsonga thickness, the hydrogen

crossover rate decreases and hence the rate afddéign decreases.

The resulting thickness of the membrane can beegoloh terms of failure criteria, such
as the time required for a loss of 50% of the ad¢hionomer. The results show a linear
relationship between the initial membrane thickreasd the time to failure (Figure 7-2).

The 50% loss criterion is an arbitrary value userkor demonstration purposes.
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Figure 7-1: Modeled effect of thickness on cumukfiuoride ion release.
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Figure 7-2: Effect of thickness on time to failufémne to failure is defined as the time
when the membrane has lost 50% of the cathode@lget layer.
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Such a dependence of degradation on the thickress®den observed by Lai al [43]
who found the concentration of peroxide within &lfaell membrane to increase with
membrane thickness. As discussed above, this wasuétd to changes in gas crossover
resulting from thickness changes.

The change in permeability is another material priypthat will affect the degradation
rate. There are few available literature data albist effect because the number of
electrolytes studied in the literature is limitedrostly Nafiod" derivatives. Thus, the
membranes that have been studied have similar pdihte to each other. Changes in
permeability have a nonlinear effect on the timdaiture as defined by the time when

50% if the cathode ionomer has been depleted agrsimoFigure 7-3
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Figure 7-3: Effect of permeability on time to faiu Time to failure is defined as the time
when the membrane has lost 50% of the cathodeaalgetlayer

A decrease in permeability from the baseline camadlét by 50% is shown to almost
guadruple the time to failure. On the other hamdiparease in permeability by 50% only

108



decreases the time to failure by 56%.The final netgroperty of interest is the
degradation constant of the membran€ )( This characterizes the reactivity of the
membrane and is therefore related to the natur¢h@fmaterial, the availability of
carboxylic end groups, as well as operational dovh such as temperature which
impact the rate of reaction. The effect of changifighas a similar effect as changing the

permeability, as shown in Figure 7-4.

As expected, the lower the reactivity of the membr¢he longer it will last. From this
result it is clear that one way to improve the @ility of the membrane is to reduce the
reactivity. This has been accomplished in next gdie membranes such as those
described by Curtiret al [28] which use different processing techniques to remove
reactive endgroups from the polymer structure. These stabilizedbraees
showed significantly better resistance to Fenton’s reagentelaasaduring in-situ
durability tests.
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Figure 7-4: Effect ofK, on time to failure. Time to failure is definedtas time when
the membrane has lost 50% of the cathode eleatrtdyer
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7.2MODEL SENSITIVITY TO OPERATIONAL PARAMETERS

The parameters related to operational conditioas\ilere investigated here are:
temperature,
gas partial pressure,
relative humidity, and

current density.

Although the current model being discussed is mwiial and as such the effect of
temperature is not explored, it will be discussethe context of how it would impact the
degradation rate parameter. Relative humidity aal gartial pressure are related in the
model. Relative humidity affects the permeabilifyttoe membrane. An increase in the
water content in the membrane results in increagasl permeation. The effect of

changing the permeability was examined above.

One of the effects of temperature on the degraganodel is the contribution to the
degradation rate. The rate of degradation has beewn to follow an Arrhenius type
relationship with temperature [10]. As such, lowemperatures would reduce e

term and result in longer times before failureshewn in Figure 7-4. Temperature will

also have an effect on other parameters suchfasion coefficients and permeability.

Relative humidity is a second operational paramefemterest. The main effect of
relative humidity is the contribution to water cent within the electrolyte membrane.
This causes the membrane properties to changeifisp¢ the gas permeability. In
general increasing relative humidity increasespdneability. This has been shown for
Nafion'™ membranes [32,33] as well as Gore reinforced mands [8]. The
permeability of membranes used in this study weamrened over a range of relative
humidity values and the experimental permeabiksuits are shown in Figure 7-5.
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Figure 7-5: Effect of RH on hydrogen permeabilityrh crossover current measurements
(90°C).

The range in membrane permeability shows a doulitingermeability from 30% RH to
100% RH. In the model, relative humidity is not keigly included as a variable. Instead,
the permeability of the membrane in question atémred relative humidity is specified.
The effects of permeability on degradation as tedi by the model have been discussed

above and are shown in Figure 7-3.

As with the membrane permeability and thickness,iyddrogen partial pressure controls
the crossover rate across the membrane accordifigh® law. It is hydrogen crossover
that is assumed to be the controlling factor toraeagtion in the model. As such, higher
hydrogen partial pressures will lead to higher ddgtion rates and a lower time to

failure, as shown in Figure 7-6.
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Figure 7-6: Effect of hydrogen partial pressurdiore to failure. Time to failure is
defined as the time when the membrane has lost@Qke cathode electrolyte layer

Literature studies on the effect of hydrogen phprassure on the fluoride release rate or
peroxide concentration show an increase such as/dhle of Mittal et al [53]. Liu et al
[55] found that the variation of the fluoride retearate with changing hydrogen partial

pressure to follow second order behaviour.

The above discussion, with the exception of the brame reactivity constant, revolves
around material properties which are known at theeb of the durability experiments
performed for this work. There are also two otharameters which influence the results
but have not been discussed. Those are the fludiffiesion coefficients through the
membrane and gas diffusion layers. The diffusioeffament of fluoride through the
membrane has been measured in the literature angaces well to the fitted result as
discussed in Chapter 5. The diffusion coefficiembtigh the gas diffusion layer, on the
other hand, has not been measured experimentdatlg. difficulty of measuring the
diffusion through the GDL is that the water contemil easily affect the result.
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Furthermore, it is difficult to measure the watemient, i.e. saturation, of the gas
diffusion layer. These two diffusion coefficienteve no bearing on the degradation
itself. These coefficients influence the cumulatfieride release curves, which is the
way that degradation is monitored over the lifaakll.

Figure 7-7 and Figure 7-8 show the effect of the LG&nd electrolyte diffusion

coefficients. The results show that as the GDLudifin coefficient decreases, the
cathode cumulative fluoride release curves decreie anode curves increase because
the resistance to diffusion by both fluoride retegmths become similar. Essentially,

decreasing the GDL diffusion coefficient pushesftheride release towards the anode.

The decrease in GDL diffusion coefficient increatfes lag time for both cathode and
anode diffusion. Similarly, for a decrease in alagte fluoride diffusion coefficient, the
lag time of the anode diffusion is seen with nongd&in the cathode lag time, as shown
in Figure 7-8. As with the GDL diffusion coefficiena decrease in the electrolyte
diffusion coefficient essentially forces more flid® through the cathode GDL.

40
=D GDL -20% Cathode =D GDL -20% Anode
=D GDL 20% Cathode = ——D GDL 20% Anode
35 F ——D GDL 50% Cathode =D GDL 50% Anode

=D GDL -50% Cathode
—Baseline Cathode

w
o
T

N
(631
T

[N
ol
T

Cumulative fluoride releasedrol cm'z)
| N
o o
L) L)

)

=D GDL -50% Anode
—Baseline Anode

0 100 200 300

400 500 600
Time (h)

113

700 800 900

1000



50
«— 45 p
i=
° 4}
o
£
o 35 F
(%]
®©
()
o 30}
S
s 25 F
2
g 2f
8
g 15 p * D GDL -50%
3 » D GDL -20%
= 10 +« DGDL 20
° » D GDL 50%
et )
5 « Baselint
0 [l [l [l [l [l [l [l [l [l

0 100 200 300 400 500 600 700 800 900 1000
Time (h)
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Based on the simulation results shown in Figur&sand 7-8, it can be concluded that
changes in the diffusion coefficients can affe@ #node and cathode fluoride release
trends. However, when the total (anode + cathddeyifle trends are examined, there is
only a moderate effect as shown in Figure 7-7b. dilg significant deviation from the
baseline curve occurs when there is a 50% deciratbee diffusion coefficient. Slight

changes in the lag time can also be observed.

On the other hand, changes in the electrolyte sldfu coefficient show no effect on the
total fluoride release curves as shown in FiguBb7Overall, both figures show that if an
experimenter is not concerned with the locatiordefiradation, it is adequate to only
collect information on the total cumulative flucgidelease and not consider the effects of
varying diffusion coefficients.

7.3SIGNIFICANT QUANTITIES

From examination of the proposed semi-mechanisbdeh two significant quantities
should be discussed in terms of their importanceut@bility and estimating the time to

failure. These quantities are the initial crossavedt the initial fluoride release rate.

As was shown above, the membrane permeability, doygdr partial pressure, and
thickness all play a significant role in the dutépiof the membrane. Through Fick’s
law, shown in Equation (7-1), these parameters fidren flux of hydrogen crossover

through the electrolyte.

N =p P (7-1)

H, - M .H, d

The measurement of crossover at the experimentadlittons of interest effectively
summarizes the contribution of each of these temushence forms an excellent tool for
determining if a membrane will degrade quickly towdy before starting any testing.
Combination of the above results tells us that lugissover will invariably lead to faster

degradation and failure. This was shown in theltesid Chapter 6.
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One of the limitations of using the crossover altmeredict the degradation and time to
failure is that it does not adequately represeatetifiect of temperature. Temperature will
affect the permeability of the membrane but perhapse importantly will change the

degradation rate constant as well. Thus, to evalaat predict degradation in a series of
experiments over a range of temperatures and athegrial properties it is necessary to

use a combination of crossover and the degradedien

According to the model, the crossover and the digien rate constantly combine to
determine the rate of electrolyte degradation (EHgoa(7-2)). The proportionality

constantK, that describes fluoride release for every fracpercent of electrolyte that is

lost is given in Equation (7-3).

- % = Kl(NHZ)Z(fI ) (7-2)
an.. __y df 7-3
dt "2 dt (79)

Combination of Equations (7-4) — (7-3) gives

dn..

I:X)Hz (7_4)
" (1)

=K,K, PM,HZ T

Equation (7-4) describes the fluoride generatechiwithe electrolyte. Initially, the
cathode electrolyte fraction remaining in the meamlexf, , is unity and Equation (7-4)

then describes the initial amount of fluoride geted.
The initial fluoride generation rate best descrilies trajectory of degradation of the

membrane. It accounts for the effect of changesparational conditions, including

temperature, as well as the material propertiemsedses. In a practical situation the
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generation rate is not known. However, the cloaastogue is the initial fluoride release
rate for a membrane. A recent study by Pierpeirdl [66] correlated the initial fluoride
release rate to fuel cell material durability whawbjected to a variety of accelerated
stress tests. They found a direct relationship eetwthe initial fluoride release rate and
the time to failure for the cell. One drawback sfng the initial fluoride release rate as
an indicator of potential durability is that expeental variability resulting from start-up

transients may influence initial fluoride releassuits.

Although the above two indicators are useful foedicting durability and failure in
membranes, they are only truly useful for statipeziments or comparing different
conditions during similar experiments. They aloaarwt be used to identify how widely
varying conditions, such as those found in differdnive cycles, will influence the
durability of the electrolyte membrane. Only a yutlynamic model would be able to

accomplish this.

7.4 CHAPTER SUMMARY

This chapter examined the effect of the variousamp&ters involved in the proposed
semi-mechanistic degradation model. The effectiftérénces in thickness, permeability,
degradation rate constant, temperature, relativeidity and hydrogen partial pressure
were discussed. Simulations with changes in thesanpeters were consistent with

experimental results in the literature.
The observed model behaviour is reinforced by expetal data found in the literature.

Examination of the model results revealed two gtiastthat can be used as indicators of

potential durability: a) initial crossover and hgtinitial fluoride release rate.
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CHAPTER 8: MODEL EXTENSION TOINCLUDE CURRENT
DENSITY

This chapter expands the development and validaifoa semi-mechanistic chemical
degradation model presented previously to alsadelthe effect of current density. The
formulation of the model in the previous chaptecoiporated the effects of material
properties (permeability, thickness and reactiviy)d operational conditions (relative
humidity and hydrogen partial pressure). Paramegémation was conducted using the
second order dependence on hydrogen flux and dirmsendition open circuit voltage

experiment at 75% relative humidity. Simulation ules showed agreement with the
fluoride release trends observed for membranesadedrat different relative humidity

using an open circuit voltage (OCV) test. In thisgter, it is proposed that the effect of
current on hydrogen concentration at the catalgsti®lyte layer interface can explain

fluoride release trends.

The results of this chapter are summarized asvistio
Cell current density has a significant impact aoflde emission rates.
Increasing current density decreases fluoride seleates.
With increasing current density, hydrogen concdiaina at the catalyst

layer/electrolyte layer interface and its crossov#éirdecrease.
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Modeling work shows that the reduction in hydrogemcentration can explain

the observed degradation trends.

The model as described before is limited in usefsgnbecause it is limited to OCV
degradation. For the model to be useful when etalgianembrane durability in fuel cell
applications, it must include the effects of cutréensity. To this end, a study of voltage
degradation and fluoride release from single agblsrated at various current densities is

presented here. Four cells were studied at theittamsigiven in Table 8-1.

Additionally, a mechanism describing the effect afrrent density on chemical

degradation is also proposed and incorporatedirgonodel.

Table 8-1: Current density and relative humiditpditions for Cell 2, and 7-9.

Cell Anode/Cathode RH Current Density
(%) (mA cm?)
2 50 0
7 50 300
8 50 500
9 50 700

8.1 VOLTAGE PLOTS

Voltage for each cell was monitored over time teldithe results shown in Figure 8-1.
Between 0 and 200 hours, the effects of reversibleage degradation can be seen in
some of the curves, particularly under OCV condgiavhere there is an exponential drop
in voltage over the first 200 hours followed byear decline after 200 hours. OCV
studies on the type of membrane used in this dhaghe shown that this initial large drop
is caused by reversible processes as well as rgible degradation of the electrolyte
layer. Reversible degradation effects are not asnprent in experiments at higher

current densities.
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Figure 8-1: Voltage degradation plots for cellsraped at different current densities (Cell
2 — 0 mA cnf, Cell 7 — 300 mA cf, Cell 8 — 500 mA crf, Cell 9 — 700 mA cr).

The degradation rate for cases where there ardisagt reversible voltage effects was
determined from the response between 200 and 506 lod operation. The results are

presented in Table 8-2.

Table 8-2: Voltage degradation rates at differemtent densities.

Membrane Current Density Voltage Degradation Rate
mV h'
2 0 0.29
7 300 0.15
8 500 0.13
9 700 0.12

The above data shows that under open circuit veltanditions there is a significantly
higher voltage degradation rate than when curgefiowing. Furthermore, under load the
voltage degradation rate is similar for the ranfjeusrent densities studied here. Overall

the degradation rate under load ranged between 1#.1215 mV K while at OCV
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conditions the degradation rate was 0.293 mV Voltage degradation can have many
sources such as catalyst layer degradation. Aahdiliy, when drawing current, increases
in component resistances, such as the resistangeroton conduction or contact
resistances, will contribute to the overall voltaiggradation rate.

8.2 FLUORIDE RELEASE

The total cumulative fluoride released into thdusfiit water from both the cathode and
anode sides was also measured over time (FFig@)e Bhe cumulative release is an
indicator of overall membrane degradation due tenubal degradation. The curve for
Cell 2, shows typical cumulative fluoride releaseh&viour for these membranes

operating under OCV conditions [70].

There are three major parts to cumulative fluorelease curves as discussed previously.
Initially there is some lag attributed to the timecessary to fully develop the fluoride
concentration profile within the electrolyte memimaand the gas diffusion layers. This
is followed by a linear region where degradationhef electrolyte progresses at a steady
rate. Finally, as the electrolyte becomes scardimthe electrolyte membrane, the rate
of fluoride generation decreases causing the cuielfluoride release curves to begin

to plateau.

It is clear from Figure 8-2 that increasing thereunt density decreases fluoride release.
Furthermore, the cumulative release curves at 300, and 700 mA cthare essentially
linear in nature after the initial lag time. To racclearly show the effects of current
density on degradation the cumulative amount odritie released after 500 hours for
each membrane is plotted against current densityigare 8-3. A linear decrease in
degradation with increasing current density is oleste Comparison of fluoride data to
voltage degradation trends showed no trends. Tiosiges further evidence that the

mechanism of voltage degradation is independehydfogen crossover.

122



=/=Cell 2 - OCV

=e—Cell 7 - 300 mA/cm2
=>=Cell 8 - 500 mA/cm2
=0o=Cell 9 - 700 mA/cm2

Total Cumulative Fluoride Releasenfol cri?)
= = N N w w

o (6] o (6] o (6]

L)

al

0 50 100 150 200 250 300 350 400 450 500
Time (h)

Figure 8-2: Total (anode + cathode) cumulativerill® release for cells operated at
different current densities (Cell 2 — 0 mA énCell 7 — 300 mA c, Cell 8 — 500 mA
cm?, Cell 9 — 700 mA cif). Dotted line indicates extrapolated fluoride esie of Cell 8.
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Figure 8-3: Total cumulative fluoride release a Bours of operation for Cells 2,7,8 and
9. Data for Cell 8 was extrapolated from the flderrelease curve.
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8.3 PROPOSEDM ECHANISM AND M ODEL

In Chapters 5 and 6, a semi-mechanistic model wagoged to describe the chemical
degradation of the electrolyte layer. This modgdmsed that hydrogen crossover was a
controlling factor in the degradation of the elette membrane and hence the
production of fluoride. Hydrogen permeation acrtdss membrane was modeled using
Fick’s law and depends on the membrane permealisitywell as the hydrogen driving
force for permeation, hydrogen partial pressureamcentration at the electrolyte/catalyst

layer interface.

Recent modeling work by Seddi,al[38] and Rama [37] showed that increasing current
density has the effect of reducing the hydrogerssooeer across the membrane through
the consumption of hydrogen at the catalyst layer germeation resistance through the
GDL. Both factors contribute to reducing reactammaentration, and hence the driving
force for permeation. It is therefore proposed that reduction in fluoride release with
increasing current density measured experimentalihe experiments are the result of

lower hydrogen driving force for crossover.

To explore this hypothesis, a model of the anodelyst layer will be developed. The
model will be used to calculate the concentratioofile of molecular hydrogen in the
anode catalyst layer. The concentration at thelysatiyer/ionomer interface, which is
the driving force for hydrogen permeation acrossdlectrolyte membrane, will then be
compared to concentrations needed to explain tiperarental results. The model
domain and processes are shown in Figure 8-4. Tdie quantity of interest is the ratio
of concentration at the catalyst/electrolyte irdeef and the feed concentration. The
effects of the GDL are not considered at this stape model will be used to predict the

quantity C,, ,/C,, , which will then be compared to estimated value<qf ,/C,, ,

necessary as inputs to the semi-mechanistic dagvadaodel to fit the experimental
fluoride release data.
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Channel + GDL Catalyst
layer

Figure 8-4: Schematic of the hydrogen concentratiafile in the catalyst layer.

The water content within the pores of the anodalystt layer plays a significant role in

the final value of the rati€, ,/C, ,.With low water content, gases are able to diffuse

through the pores with a relatively high diffusiooefficient. On the other hand, if the
pores of the catalyst layer are flooded with waitefilled with electrolyte, gas must first
dissolve into the medium before diffusing throudje tayer. Both conditions will be

evaluated.

It is further assumed that because the hydrogenfiitum the GDL into the catalyst layer
is much larger than the crossover flux at the eurdensities of interest, the flux at the
catalyst/ionomer interface can be assumed to be wdren solving the transport
equations within catalyst layer. It assumed thaflewing the small amount of crossover
at the catalyst layer/ionomer interface when sgwvihe catalyst layer model will not
dramatically impact the desired output of the saioh, the concentration profile within

the catalyst layer.

For the simple geometry presented in Figure 8-4hbmogeneous reaction-diffusion

phenomena within the catalyst layer can be destiib&-dimension by Equation (8-1).
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dN,, (8-1)
2 4 :0
dx R
The hydrogen flux can be described by Equation)(8-2
dc (8-2)
N, =-D&" —T
H, H, d)<

Further, the reaction term can be related to thérdgen concentration through the
current being drawn and a simplified Butler-Volnexpression as shown in Equation
(8-3).

1/2
i i C - -
R\/:iﬂ :i Hi exp 2_F/7 - exp ih (8 3)
2F dx 2F C,rfz RT RT

Substituting Equation (8-2) and (8-3) into (8-1yag Equation (8-4).

e 4°C (8-4)
D;! d><2HZ - kCy?=0
Where:
) 12 2 5
:l if exp _Fh - exp ih (8'5)
2F C,rfz RT

(8-6)
(8-7)

When a flooded catalyst layer is assumed, the caraten of hydrogen dissolved into
the liquid water is given by Henry’s law, as shawrtEquation (8-8).
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C, =P (8-8)

2
HHZ,W

Hy, . is the Henry's law constant for hydrogen dissolvedvater. The temperature

dependence ofl,, , is given by Equation (8-9) [74].

H,, , = 834" 10° exp(lTl))(1+ 0.000071%) (8-9)
In the above equatiof,, ,, has units of atm cfnmol* and phas units of atm. The
effective diffusion coefficient through the catalyesyer is a modification of the diffusion

coefficient to account for the tortuous path of gwous layer. It is given in Equation
(8-10)

D" =D, e (8-10)
The parameters used to model the behaviour wittectiare given in Table 8-3.

Table 8-3: Parameters for macro-homogeneous mdbde¢ @node catalyst layer.

Parameter Value Reference
ai (Am?) 1x10 [75]

(;{_?2f (mol m'3) 40.88 [75]

F 96485

R 8.314

T (K) 363.15

€ 0.4 [75]

d. (m) 10X10°

sz (mmHg) 496.2

D, (through liquid phase) (frs) 1.6 X10°
D,,, (through gas phase) tra?) 2.0 X10"
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Simulation Results
The proposed second order chemical degradation Imede used to simulate the

experimental dataC,, , /CHZ'0 was estimated at each current density by modifyirey

hydrogen partial pressure in the degradation mdslelphs of the model fits are shown in
Figure 8-5. All parameters are the same as in @hd&ptvith only the hydrogen partial
pressure being modified to fit to experimental datad this partial pressure change is as
a result of the current flow). The ratio of thetdd hydrogen partial pressure with the

hydrogen partial pressure at OCV provides the meirforCszd/CHz,0 .
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Figure 8-5: Experimental and simulated total (anbdathode) cumulative fluoride
release results for Cell 2 (OCV) ,Cell 7 (300 mAnCell 8 (500 mA crif), and Cell 9
(700 mA cn¥). Experimental results are shown as points andlstion results are
shown as solid lines.

At open circuit potentials, there is no reactio ahus C,,_,/C,, , remains constant

throughout the entire catalyst layer at a valud.ofVith increasing current density, the

models results showed a good fit to the experiniefdta by reducingC,, ,/C, , to
60% at 300 mA cif, and to 53% at 500 mA ¢fmand 34% at 700 mA ch These

simulation results are presented in Figure 8-6.
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Figure 8-6 also show<, ,/C, , plotted against current density for the two cases

explored in the above development, a dry catalystrl and a fully flooded catalyst layer.
The simulation results showed that a in a completely catalyst layer the diffusion

coefficients and concentrations are very high imparison to other conditions evaluated,
thus leading to little change in concentrationhait tcatalyst/electrolyte interface. On the
other hand, when assuming a fully flooded catdlygér the simulation results showed
that after small currents the concentration at dteetrolyte/catalyst layer interface is
effectively zero. The results from the semi-mecktmimodel fall between the two

extremes. This can be explained by consideringiaysa layer that is partially flooded,

and therefore the diffusion and concentration ofirbgen in this layer was reduced
compared to the un-flooded example. Using the ffidpded catalyst layer model, the
diffusion coefficient was modified to fit the mod&d the experimental estimates for

Cy,/Ch, o - The fitted diffusion coefficient, 1.9 X10m’s™ was 2 orders of magnitude

higher than the fully flooded case and 2 ordersnafnitude lower than the water free

case.
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Figure 8-6: Comparison of the effect of currentgignon hydrogen concentration for
flooded, non-flooded and fitted cases.
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8.4 CHAPTER SUMMARY

This study has examined the effect of current dermsi the chemical degradation of the
electrolyte membrane of a GORE PRIMEA series 554falgst coated membrane as
measured by fluoride release. Voltage degradatias also measured during the study.
Four fuel cells were constructed and each wasdedta different current density, 0, 300,
500, and 700 mA cih An increase in current density from open circuiitage
conditions was seen to decrease the voltage degmadate by a factor of two, however
there was little difference in voltage degradatrates of each cell studied at different
current densities. Increasing current density desae cumulative fluoride release curves
and fluoride release rates implying that there leas degradation. This was confirmed
with SEM images which agreed with cumulative flderirelease results showing that
higher release corresponded to thinner, more dedradnembranes. Membrane

degradation was predominant on the cathode whicbrisistent for these membranes.

Previous chapters attributed the cathode eleceaggradation to hydrogen crossover. It
is proposed that with increasing current densigydhving force for hydrogen crossover
decreases because hydrogen within the catalyst isy@nsumed by the reaction. This
has the effect of lowering the hydrogen concerdnasit the catalyst/electrolyte interface
where crossover happens. Using a macro-homogemeodsl combined with the semi-
mechanistic degradation model developed in Chafiead 6, the effect of current

density was modeled.
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CHAPTER 9: MODELAPPLICATIONS

Previous chapters have shown the development oferai-mechanistic chemical
degradation model for the electrolyte membrane #@sdvalidation against different

relative humidity conditions and extension to imteuthe effects of current density.

The main results from the following chapter are:
In fuel cell systems for vehicle applications tmecaint of power delivered by the
fuel cell varies with time.
How the fuel cell is used and controlled will impabe power profile and
therefore also degradation.
The proposed chemical degradation model was apfdidite dynamic conditions
of three different drive cycles and was used taligtemembrane thinning over
the drive cycle period.

The load profile will influence the rate of degréda.

9.1LoAD PROFILES

The load profiles for a fuel cell under differentivé cycles were created using a
simulation tool known as PSAT (Powertrain Systenalfsis Toolkit). Using PSAT, a
user may select a type of vehicle and powertrachitacture as well as drive cycle and
the simulator, programmed with Matlab Simulink, ani$ used to determine the amount
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of power needed from engines and batteries in yaees. The toolkit allows a user to
examine and compare many different vehicle arctutes without the need of physically
building the vehicles. For the purposes of thiskytine powertrain system modeled is a
complete fuel cell power train where all electycheeded to power the motor is

delivered from a fuel cell system.

Figure 9-1: PSAT powertrain diagram for a fuel galvertrain where all energy to move
the vehicle comes from a fuel cell stack.

Figure 9-1 shows the main elements included invéttacle simulation. The simulator
models all major aspects of transferring power flaamengine (in this case the fuel cell)
to the vehicle wheels. The user is also able tinded drive cycle so that road grades,

desired vehicle speeds, and driver aggressivea@secconsidered.

Different powertrain architectures and driving atians may also influence degradation.
One reason for hybridizing fuel cells with battserigithin a vehicle is to protect the fuel
cell from sharp spikes in load demand and thereloyease the life of the fuel cell
system. However, there are currently no modelgeadipt the benefit to fuel cell lifetime

and thus no models to aid in the actual designcanttol of such systems.

The model presented in the previous chapters caisdxd to predict the effect of different
drive cycles, and different hybrid strategies oea #xtent of chemical degradation (and
hence thinning) of the electrolyte membrane. A fddigradation model, which falls

outside the scope of this work, would also includieer degradation mechanisms that
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affect catalyst layer durability and mechanical rdélgtion of the fuel cell membrane.
The work presented here will only focus on chemaagradation under different load

profiles for an un-hybridized fuel cell power train

Three load profiles are considered in this appbeabf the semi-mechanistic model.
Each drive cycle presents the power requiremena 400 cell fuel cell (with each cell

having an active area of 400 rwhen subjected to three standard drive cycles:

1) EPA Highway Fuel and Economy Test (HWFET)
2) EPA Urban Dynamometer Driving Schedule (UDDS)
3) Supplemental Federal Test Procedure US06 (US06)

The load profile of each cycle is presented in Feg+2 - Figure 9-4.

The main differences between each of the driveesyale the maximum power achieved
and the individual spikes and troughs which repreperiods of acceleration and braking
in a vehicle. For the purposes of this modelingrefithe fuel cell stack is considered to
operate at 90°C and have inlet gas humidity of 75k current density of the fuel cell

was determined using a polarization curve showfigare 9-5.
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Figure 9-2: HWFET Drive Cycle

The average current density of each of the drivelesywas determined to be the
following:

1) the HWFET cycle operates at an average currenitgieisl77 mA cn?;

2) the UDDS cycle operates at an average currenttyasf®2 mA cn¥; and

3) the US06 cycle operates at an average currenttgerisd89 mA cn.

From the results of Chapter 7, it is reasonablestimate that the drive cycle that will

cause the least chemical degradation is the USO@ dye to its higher average current
density followed by HWFET and the UDDS. The cyalasged in time from 600 seconds
to 1400 seconds.
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Figure 9-3: UDDS Drive Cycle
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Figure 9-4: US06 Drive Cycle
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Figure 9-5: Typical polarization curve and powenslty curve.

9.2MODEL RESULTS

Using the semi-mechanistic chemical degradation efjoithe anticipated degradation
from one cycle of each drive cycle was estimatdtesE results are shown in Figure 9-6
as the percentage of cathode electrolyte remaimnghe membrane. Though each
degradation curve has a downward trend, they tempdateau during periods where high
currents are being drawn and hence decrease thaddgign rate.

Note that degradation in Figure 9-6 is exaggerbtszhuse of the time scale used to plot
these results. The actual degradation is only erotber of 0.1% of the cathode ionomer
thickness. The magnitude of the degradation is &rgeto be small. This is due to the
short cycle time, which is less than one hour Ircases. Nevertheless, the degradation
from each cycle can be estimated. As expected ftnaverage current densities for
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each drive cycle, the UDDS cycle shows the mostrdegradation followed by HWFET
and then USO06.
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Figure 9-6: Simulated degradation of the cathodetedlyte membrane with time from
different drive cycles.

Though on the surface the above results may seaeial,thowever they show how the
proposed degradation model can take a varietymft® including current density, and
output information about degradation under dynapwoaditions. The strength of the
model lies in connecting it with more detailed fustll models that are able to
dynamically predict humidity and pressure condsiotiynamically as well. Further

advances are also possible if the influence of eatpre could also be added.

As discussed in the previous chapters, voltageadiagion, though perhaps influenced by
chemical degradation, is also influenced by otlegrddation mechanisms. As such, to be
able to accurately describe how voltage and poweres will degrade the above model
would necessarily need to be connected to a sevatallyst layer models which describe
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the different degradation mechanisms. One exampla suitable contribution to the
modeling efforts would be inclusion of the catallgster degradation model proposed by

Bi and coworkers [76].
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CHAPTER 10. CONCLUSIONS ANDSUGGESTIONS FOR
FUTUREWORK

10.1 CONCLUSIONS

This work described the development and applicatibm dynamic, semi-mechanistic
chemical degradation model for reinforced fuel @ctrolyte membranes. The model
was based on accelerated durability testing expmarisn conducted with Gore™
PRIMEA® series 5510 reinforced membranes in Hydrogeniase$S&2 single cell
hardware. This work specifically explored chemidagradation issues of the electrolyte

membrane. The main objectives of this work weredfuld:

1) To establish a mechanism of electrolyte degraddtin@®ORE membranes.
2) To create a model that describes the degradation.

3) To apply the model to dynamic situations.

Fuel cell degradation can be described in thretsspeauses, modes, and effects. Causes
include material properties and operational coadithat will influence degradation such
as permeability, temperature, and reactant gasappressure. The degradation mode of
interest in this study was chemical degradatiore iitain mechanism involves crossover
gases reacting to form peroxide which can then mpecmadical species. These radicals
may then attack the polymer structure of the ebdéytir membrane causing membrane
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thinning, which results in increased crossoverwali as fluoride ion release. Finally,
degradation causes performance loss and incregsealgfen crossover until failure.

Preliminary work showed that exposure of NaffbrPFSA ionomer membranes to a
Fenton’s solution that promotes the production adicals will severely change the
morphology and cause significant weight loss asl wasl fluoride release. Further
preliminary work also examined how gas crossovearatteristics change with
degradation. Final preliminary experiments examhihew degradation changed with
operational conditions and materials. This worknidihat degradation, as measured by
fluoride release rate, decreased with increasimgent density. The above works have

been published in the Journal of Power Sources.

Reversible and irreversible voltage degradation

Accelerated testing, in the form of open circuiltage (OCV) durability experiments,
were used to degrade cells by promoting chemiagdadiation. Initial results showed that
voltage decay in OCV experiments was caused byrsible and irreversible sources.
Reversible voltage degradation represents voltagaydthat can be recovered once the
fuel cell is shut-down or restarted while irrevblsidecay is a permanent loss of open
circuit potential. Irreversible loss is generallytriauted to changes in membrane
integrity, such as membrane thinning, and changeshe catalyst layer. Hydrogen
crossover and electrochemically active surface &E#sS) were the main membrane
properties measured. It was shown that irreversibnges in these parameters, caused
by degradation, could describe the irreversiblaagd losses. Irreversible losses in the
continuous open circuit voltage data were also isters with voltage degradation seen
in polarization curves. Since the irreversible parfance losses could be explained by
measuring crossover and EAS over time, a modellwtan link causes such as material
properties and operational condition to crossowner BAS should be able to dynamically
model voltage decay.
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Dynamic semi-mechanistic degradation model

Such a model was developed based on the resudis OICV durability experiment (Cell
3) operated at 75% RH. During degradation of thed é@ll membrane, the cell voltage,
fluoride ion release, and hydrogen crossover weraitored. Further, once testing was
completed, the membrane was examined under a scp®fectron microscope. The
results showed that after degradation for 900 hdhesvoltage degradation rate slowed
as did the rate of fluoride release which was seea plateau on the cumulative fluoride
release curves. Also, there was more fluoride seldeom the cathode than the anode.
Examination of individual cumulative fluoride res=acurves from the anode and the
cathode also revealed that the cumulative relesasehed a maximum at approximately
the same time. SEM analysis showed that the elgtdrtayer close to the cathode was
significantly degraded while the anode electrolggeer was not.

It was proposed that hydrogen crossover from thedanis the primary driver of
degradation under these conditions. Crossover lggaroeacts at the cathode to produce
radical species which are then responsible for atigion at the cathode. It was also
proposed that with time a degradation front wouladventhrough the cathode electrolyte
layer and then slow at the non-reactive reinforagniayer until reaching the anode
electrolyte layer where degradation, in the fornfloéride release, would recommence.
It was further proposed that cathode side degradatias responsible for all the fluoride
released and that once the cathode electrolytecamasumed the fluoride release rate
dropped because there was no longer any reactapartipate in the degradation
reactions that release fluoride ions. This explanatvas consistent with anode and
cathode cumulative fluoride release trends as agISEM observations. Differences in
fluoride release to the anode and the cathode weskained by differences in diffusion
paths whereby anode side fluoride release took@ path from the generation point in
the cathode, through the electrolyte membrane, @ebettrode, and GDL to the anode
channel. Released fluoride simply originated atddhode and then diffused through the
cathode electrode and GDL. Since the diffusion patthe cathode channel offered less
resistance, cathode fluoride release was higherahade release.
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The above reaction and transport processes wereletbdith a semi-mechanistic fuel
cell chemical degradation model. The model inpaotduded hydrogen permeability and
gas partial pressure with the main outputs beimgutative fluoride release. A first order
dependence on the hydrogen flux was assumed foiniiied model. Voltage was also
modeled based on the chemical degradation of #arelyte. The model also predicts
information about electrolyte thickness and crossowith time. The simulations
displayed an adequate fit to the experimental dateher, the model was used to explain
features of a second set of experimental data @3elhich was operated under the same
conditions of the baseline cell but differed inttball operation was interrupted several
times early in testing. Stoppage of the experinganised concentration gradients to be
interrupted within the cell layers and thus theoflde release curves incurred lag times
when starting up again. This had the effect of lomgethe cumulative fluoride release as

compared to the baseline case and could be sirdulatie the model.

Relative humidity and initial crossover effectsdagradation

Further experiments examining the effect of reatnwmidity on degradation were also
performed and compared with results from the chahdegradation model. Cells were
run at 100%, 75%, 50%, and 20% RH in OCV testsl$Gxl3, 2, and 1 respectively). It
was found that initial crossover rates were the pesdictor of the rate of degradation.
The cell running at 100% RH had a slightly higherrpeability compared to the cell at
75% RH and accordingly the cumulative fluoride aske curve was higher in the 100%
RH case than the 75% RH case. Similarly, the eeihing at 20% RH had a higher
crossover rate than the cell at 50% RH, and babetltells had higher crossover than the
75 and 100 %RH cells, and cumulative fluoride re¢etrends followed. The chemical
degradation model was further refined with a secorttr dependence with respect to
hydrogen flux (second order model). After long @etion times the experimental
cumulative fluoride release for the 100%, 50%, &086 RH cases exceeded model
predictions. This discrepancy is thought to be edugy a limitation in the proposed
model whereby only cathode side degradation is lsited. SEM analysis shows that
with time the anode electrolyte will also degradéus the discrepancy in model and

experimental cumulative fluoride release curvesattsbuted to in onset of anode side
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degradation and the resultant fluoride releasee Noat in practical applications a fuel
cell would likely be removed from service priorundergoing anode degradation. It was
also shown that the initial hydrogen crossover edtme was not a good predictor for
overall voltage degradation. This is thought tdbbeause other degradation mechanisms,
independent of chemical degradation of the membmaagbe acting on the catalyst itself

in catalyst layer.

Model sensitivity analysis

The proposed second order chemical degradationporaies many different material
causes to the degradation of the electrolyte memebes measured by fluoride release
and thinning. The considered properties are mastgsurable quantities that influence
degradation. Material properties included in thedel are the initial membrane

thickness @), initial membrane permeabilityk(, ), and the membrane reactivity to

peroxide (K, ). Operational conditions that can be incorporattd the model are gas

partial pressure and relative humidity. The effetttemperature was not considered
although it is believed that temperature would msigmnificantly affect membrane
reactivity. Fluoride diffusion coefficients througihe GDL and electrolyte layers are also
included in the model. Sensitivity analysis to thierent parameters showed that the
model behaved in a manner consistent with repodsdits. The sensitivity analysis also
showed that initial crossover rate and initial fide release rate should be good
indicators of membrane durability.

Effect of current density on degradation

A final significant operational condition is thesetrochemical production of current in
the fuel cell. The chemical degradation model dbedrthus far had been based on and
only been used in situations where no current wasvia from the cell. Studies have
shown that one of the implications of drawing cotres that hydrogen crossover will
decrease since the partial pressure at the cat@yst — electrolyte layer interface
decreases due to reaction-diffusion transport withe catalyst layer. Experimental data
showed that with increasing current density, theride release rates decreased. Using
the proposed fuel cell degradation model the dgviorce of hydrogen at the catalyst
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layer — electrolyte was determined by fitting th&perimental data. A macro-
homogeneous model of the fuel cell catalyst layas then proposed to describe the
behaviour of the hydrogen driving force at the wldgte membrane interface. It was
found that this model depends heavily on the ih&issumptions for the state of the
catalyst layer. The predictions based on fittingoezkmental data were found to lie
between two extremes, a fully flooded catalyst tay@ a completely open catalyst layer.
It is suggested that the anode catalyst layerasetbre only partially flooded and that a
reduction of hydrogen concentration through thalgat layer may explain why chemical
degradation of the electrolyte membrane is redwadd current density. Current density
did not seem to have a significant impact on théage degradation rate except between
OCYV conditions and 300 mA cf

Application to dynamic conditions

In order to demonstrate the dynamic capabilitiegheffluoride release model, which has
been used in situations where operational conditchd not change with time, the model
was applied to a situation where current densitgnged rapidly with time. Three
different drive cycles were examined and the pregasodel was used to estimate the
variation in cathode electrolyte thickness with dirmver the course of the drive cycle.
The model predicted different degradation profftaseach drive cycle. Overall, the drive
cycle with the lowest average current density aher test time had more degradation
than those with higher current densities. The modégf predicts chemical degradation of
the electrolyte membrane and therefore it mustdmmected with other models such as a

catalyst layer degradation model before being usguedict performance.

10.2 CONTRIBUTIONS

There have been many contributions to the liteeatuom this work. The preliminary
work described in Chapter 2 has been publishechi tdifferent articles [1,46,47],
further, the contents of Chapter 4 and 5 have ladgm recently published or accepted for
publication [68,70].
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The main contribution of this work is a semi-medkta chemical degradation model of
the electrolyte membrane which dynamically linkspartant material properties and
operational conditions to meaningful and measurafd¢erial changes and effects such
as membrane thinning, changes in crossover, aratiedly fluoride ion release.

Other contributions of this work to the scientiitommunity are as follows, where this
work:
Revealed the extent of reversible and irreversibleage degradation.
Linked open circuit voltage degradation to cross@rel EAS degradation.
Showed that the cathode side is the principledatgadation in a fuel cell.
Showed the link between initial reactant cross@ref degradation in RH studies.
Showed the potential relationship between curremsiy, hydrogen crossover, and
chemical degradation.
Estimated the chemical degradation of the polynhectelyte under three dynamic
drive cycles, demonstrating the use of materialragfion models in system

reliability models.

10.3 SUGGESTION FOR FUTURE WORK

Research can continue in the future and expantbliogving topics:
Extra repeat experimentation including stoppingesxpents at different times to
establish how the degradation front moves throbhgmtembrane.
Study of anode side degradation and establish mdtedegradation once the
cathode ionomer is consumed. Although continuedatip® of the cell beyond
this point of degradation is not representativ@raictical applications, this study
will aid in understanding overall membrane degriaat
Study partial pressure effects of hydrogen, with tibtal pressure remaining the
same to determine the rate of peroxide generatich®anode or cathode side.
Conduct studies at different temperatures to deterns effect on degradation

and extend model for operations at different terajpees.
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APPENDIX B — TEST STATION PROCEDURES

B 1Commissioning
The goal of commissioning is to break in a new aell ease the cell into drawing
current. This is accomplished at high temperatarespressures but with a low current

draw

Start-up See Test Station Start up

Temperature Settings

F2 — Temperature Setpoints

Temperature settings for the test station will lverg in the following format
Cell.Anode.Cathode. This corresponds to the celperature (F2 — E), the anode dew
point temperature (F2 —A) and the cathode dew gemperature (F2 — C) respectively.
The temperature settings for F2 - B, D, F and Gukhall be set to the cell temperature
settings.

Commissioning temperature settings are 80.80.80.F%- B, D, E, F and G to 80°C and
as the cell temperature rises increases the amsblesthode dew point temperatures (F2
- A and C) to follow. All temperatures should amulset to 80°C

Set water bath to 88°C to maintain cell temperature

Pressure Settings
Raise both the anode and cathode pressures usimggthual control knobs up to 100 kPa
without exceeding a differential pressure of 10 k®differential pressure of 30 kPa will

result in an automatic shutdown)

Current Settings

F1 — A - Current should be ramped up in incremeh&2A to 16.4A (current density =
0.2). though it is in fact more customary to rurtamstant voltage mode at 0.6 volts —
unless currents are over 0.7 Afcat that point.
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Flow Settings
F4 — K,L — SoIcHIOMETRIC RATIOSShould be set to 1.5/2.5 (anode/cathode)
M - Min flow should be set to 0.4 A/dm

Time
Commissioning settings must run for 8 hours, aftenmissioning the fuel cell a

polarization curve will be conducted to test thikssgeerformance.

Logging Interval
F4 — C — lIOoGGINGINTERVAL = 60

B 2Polarization Curves

1. Start up — See Test Station Start up

2. F4 - C - IOGGING INTERVAL=1S

3. F4 — K,L -STOICHIOMETRIC RATIOStO 1.2:2 (anode:cathode)

4. Set temperatures to 80.73.64 (cell.andoe.cath®degchieve these temperatures both
saturators must be set at a temperature 1 degoee #ie desired temperature. F2 -
A-74, B - 80, C — 65, D: G — 80 (move the anode@tbode saturator temperatures
up in increments matching the cell temperature)

5. Set the water bath to 88°C

6. Raise pressures using control knobs to 100 kPad@&aod Cathode) maintaining a
differential of 10 kPa

7. Once temperatures have reached set points you euay taising the current by
increments of 8.2A in preparation of the polarizatcurve.

8. Continue raising current until the voltage becosigghtly unstable (varying by over
5mV in a minute) or cell voltage drops below 0.3Vhis usually corresponds to a
current density of about 1.2

9. Start the timer for 4 minutes

10. At 4 minutes record the cell voltage and continughat setting for 2 more minutes
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11. After the 2 minutes compare your recorded valué wie current cell voltage if the
cell voltage is the same you may reduce the cuaedtrepeat steps 8-10 on the next
step down in current density. If voltage is natd¢ (varying by more then 2mV)
record voltage and continue testing for 1 minuterials until stable. If stability is
not reached in 15 minutes drop current and contivitiepolarization curve

12.The current densities to be tested are 1.4*, 1.2,1.1, 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4,
0.3,0.2,0.1, 0.05, 0.

13.0nce a current density of 0.3 is reached the miw fhust be adjusted to match each
current density so as to maintain the correct ktometric ratios in the cell
(F4 — M - AEM2 ZERO LOAD FLOWO.3, 0.2)

14.Lowering thezERO LOAD FLOW BELOWO.2 is not recommended as the controllers
have difficulty with low flow rates

15. After 8.2A drop to 4.1A and then finally O A to t€8CV (open current voltage).

OCV only needs to be tested for 2 minutes.

16.Repeat these step for temperature settings of @R %d a pressure of 20 kPa

17.0nce these polarization curves are complete twdiaddl polarization curves must
be completed at the previous settings with a hébggen mixture (see Helox
Setup).

*Only test these if the voltage is sufficient. Mgiining too high a current density could burndhbg. If at

high current density a steep decline is observddoe current density immediately.
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B 3Leak Checks

Leak checks are used to determine if there is a hokthe membrane. Holes can be
caused by current burning through the cell, impropempression or even a large
pressure gradient rupturing the membrane. (K.Chan)

1. External Leak Check
1. Shutdown cell
Plug bottom three ports of the cell (anode outgwatit and cathode out)
Hook up top three inlet ports together with a gipbnnection
Attach top of rotameter to open end of triple port

Turn small knob on nitrogen regulator fully operd darge knob fully closed.

o g bk~ w N

Shut off nitrogen line to machine and vent linaeltied to pressure gauge

using the black knobs after the regulator.

7. Attach bottom of rotameter to pressure gage atththaitrogen tank
ensuring both are upright (you may need additipi@hg to help with this)

8. Pressurize cell to 30 psi using the large knobhemitrogen regulator.

9. If rotameter is recording a flow rate drip soapytevaver all connections to
identify leaks

10.0Once all connections are sealed record rotamebee @& External Leak

11.Turn large nitrogen regulator knob fully closed aedt nitrogen line

2. Coolant Leak Checks
1. Disconnect triple port leaving bottom ports of qaligged
2. Plug cathode inlet, attach pressure gauge to wdetrand bottom of
rotameter to anode inlet
3. Pressurize up to 20 psi using the same methodaav® @&mnd record under
Coolant to Anode Leak
Turn large nitrogen regulator knob fully closed
Switch the plug and the rotameter

Pressurize up to 20 psi as above and check fos leak

N o 0 k&

Record value under Coolant to Cathode Leak
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8.

Turn large nitrogen regulator knob fully closed aeat nitrogen line

3. Crossover Leak Checks

Take extra care here as a large pressure graieriurst the cell membrane

1.

N o g s~ w D

Plug cooling water inlet port, connect pressureggao anode and rotameter
to cathode

Pressurize up to 5 psi using the same method ag a@mal check for leaks
Record value as Anode to Cathode Crossover

Turn large nitrogen regulator knob fully closed

Switch pressure gauge and rotameter

Pressurize up to 5 psi and record as Cathode tdé\@oossover

Turn large nitrogen regulator knob fully closed
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APPENDIX C —SAMPLE DATAAND SAMPLE

CALCULATIONS

C 1. Cumulative fluoride release
C 1.1List of terms

Variable Description Units
to.i. start Start time of degradation segmerit “ h

toi. end End time of degradation segmeiit “ h
tusan  Starttime of water collection segmeiit h
ti- end Start time of water collection segmerit “ h
Ce.i) Fluoride ion concentration for water samplédn side §” mg L*
Vii.| Collected water volume for water sampiédn side j” L
Ne..;; Mols offluoride in water samplé™on side j” mol
Ne_ | Estimated mols of fluoride in degradation segméhoh side

J
N Estimated fluoride release rate in segmehot side §” mol h*

Newr- i Cumulative fluoride released from= 0 to the end of watermol, mol cn¥
collection segment” on side §”

M, | Collected water mass for water samplech side §” g
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Calculations for cumulative fluoride release arevah below. Calculations are based on

the following data set:

Segment Start Water Water end  Mass water Fluoride concentration
“i” Time start collected
ts,i - start tW,i— start tW,i— end? ts,i— end m/v,i ,C/ rr\N,i,A CF— i,C /CF iA
1 0 29.5 35.27 124.8/36.9 0.839/0.284
2 35.27 54.18 64.4 355/126 1.51/0.825

Experimental data includes the testing time, watdlection period, mass of water, as
well as the fluoride concentration in the wateorkrthis data the fluoride release rate and

the cumulative release is calculated.

C 1.2 Segment time and water collection time

Due to the capacities of the knockout drums whichected water, it was not always
possible to collect water throughout an entire tisegment. Therefore there can be a
difference between segment times and water callestiimes. A segment will run from
the start time to the end of a water collectioniqeer The start time for subsequent
segments is the end of the water collection peviothe previous segment. In the above
data the first segment runs from 0 to 35.27 haamd, the second segment is from 35.27
to 64.4 hours. The water collection time is theetifor which water was allowed to
collect in the knockout drums before sampling amigwing.

The first segment time is given by

Dts,l = ts,l— end ~ t
Dt,, =3527h- Oh=3527h

s,1- start

The water collection time is
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th,l =t tw,l— start

Dt,, =3527h- 295h=577h

wl-end

C 1.3 Average fluoride release rate

The average fluoride release rate of the cathodgven by first calculating the total
amount of fluoride in the water sample and thenditg by the water collection time. In
this way cathode fluoride release rate for the fiegment is:

C. .. =(0839M9_ 10 1mol_ o qgsmol
- L “1000mg 199
o 1L
V.. =(1248g)— _ = _-01249
wac = 9 g 100@nt
mol

Ne.wic = Ce. 1cViae = (442 10° )(0.1244.) = 551" 10 °mol

L
The average fluoride release rate from the cathodegment one is therefore:

n 108
Ne. o = F-1C _ 551" 10°mol - 955 107m_0|
. Dt 577h h

w,1

C 1.4 Cumulative fluoride release

Calculation of cumulative fluoride release is danethe following way. The main
assumption is that the average rate of fluorideas is constant for a segment time. This
assumption is fully valid in experiments wherewadlter from a segment is collected. In
cases where only part of the effluent water iseméd this assumption becomes invalid
when the water collection time is much smaller thia® segment time. Given the data
below where cathode fluoride release rate for W data points is calculated as shown
above.

163



Segment Cathode release

“i” Rate
Neic
1 9.55E-07
2 2.76E-06

The estimated fluoride released in segment 1 is

Ne_yc =N, cDtg; = 955 10—7mTO|3527h = 337 10°mol

On a per cri basis the above number is divided by the activiase area.

337" 10°mol . .7 mol
=— =421 10
Foic 80.1cnr? cnr?

The cumulative fluoride release, which is calcudater the end of a test segment, for a

measurement segment is found by calculating treifla release for each segment up to

and including the desired segment and then sumthagg values.

For the first segment, the cumulative fluoride aske is simply the fluoride released
during that segment since at t = 0, there is noutative release.

Neyr-1c =™ Melic
1

nCu,F- 1c =0+ 421 10_7:]_',‘.(])2' = 4271 10_7 Lnr:zl

For the second segment:
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nF— i,C
2

nCu,F— ,2,C

mol mol mol
n 0+42110'—+100 10— =142"10°"—
CuF-.2¢ cnt cnt cnt

C 2 Water Balance Calculations
Water balance calculations for a cell with reactisrpresented here. The experimental

data used is from Cell 9 which was operated atri@BQcm?.

C 2.1List of terms

Variable Description Units

Qi Volumetric flow rate of componen}™in stream ” SLPM
Yii Mole fraction of componentg™in stream 1"

n Molar flow rate of streami™ mol miri*
n, Molar flow rate of componen§™in stream 1’ mol min*
RH, Relative humidity of stream™ %

m Mass flow rate of streami™ mol miri*
m, Mass flow rate of componeng™in stream {” mol min*
P, Partial pressure of componeit th stream 1’ mmHg

p'i,(T) Vapour pressure of componeng”“in stream 1 at mmHg

temperature T’
T Temperature of Streani" °C
Py Total pressure of Streant “ mmHg
i Current Density mA cmi?
F Faraday’s Constant C mol*
Ao Fuel Cell Geometric Active Area ém
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Considering the following system :

3) Saturated Hydrogen

|

1) Humadified Hydrogen &) Condensed water
— | > » Anode knockout ———
Fuel Cell
2 Hurmdified Air
e o—— | (Cathode knockout ———»
B Condensed water

|

4) Saturated Air

C 2.2Mass flow of water into the fuel cell
Calculation of the amount of water entering thed fiedl system with humidified anode

and cathode flows is calculated by performing maltdralances on the respective inlet
streams.

Given the following data:

Variable Value
Q.. 0.51 SLPM
Qa2 1.95 SLPM
T, 90°C

T, 90°C

RH, 50%

RH, 50%
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Molar flow rate of hydrogen and air

_ Q,
N = oot
224molL

-1
= 051L mln_l :0.0225m_0|
27 224molL min

-1
e 195L mln_1 _ .0871m_ol
' 224molL min

Mol fraction of water in stream 1 and 2

Pi _ RH pli(T)
P, 100% P

tot,i
Voo =y o= 50% P H,0i (90 C)
HO0L - TH02 10090 76C

Yii =

P 1,0 (90 C) is obtained from Antoine’s equation where:

1668210

Lo "h,0i Q0 C)) =7.96681 —————— =2
1o (P 1.0 90 C)) 90+ 228000

721
P H,0i (90 C) =52585mmHg
Thus,

y -y _ 50% 52585mmH9: 035
H,01 H02 100 760mmHg

Molar flow rate of water into the cell with hydragand air streams

From non-condensable phase @thd Air) and water balances

hor =201 = 035 05pgMOl_ g gyp3M0l
(1' szo,l) (1' 0-35) min min
Mop =02 = _ 035 50871M9 - 0.0a69M
(1' szo,z) (1' 035) min min

Converting molar flow to mass flow gives

m, ., =00123M0!180 60min _, 5,9
= min mol 1h h
m, ., = 004690 189 80Min _ 5 000
o min mol 1h h
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C 2.3Mass flow of water exiting the fuel cell knockout drum with gas streams

The main assumption for water exiting the fuel @gth the gas streams is that the gas
streams are at room temperature (30°C) and thaethgeams are saturated. The latter
assumption is suitable when water collects in theckout drums, which will only

happen at the dew point temperature of the gasrstre

Variable Value
Qst 0.51 SLPM
QAirb4 1.95 SLPM
T, 30°C

T, 30°C

RH, 100%

RH, 100%

The same calculation as for the inlet water flovesaare used. Briefly, mol fraction of
water in stream 3 and 4

P, _ RH pi(T)
P, 100% P

tot,i

Voot =y, = 00 P r0i B0 C)
H,01 H,0,2 10C% 76C

yj,i =

P h,0i (30 C) is obtained from Antoine’s equation where:

. 1750286
Lo ,0i B0 C)) =8.10765> ———  =1.503
glo(p H0 ( )) 30+ 235000

P h0i (30 C) =3183mmHg

100% 31.83mmHg
_ _ =0.042
Yio1 = Yu02 =700 760mmHg
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Yoo __ 0042 1006MOl_ 4 0010MO!

n =—>=—n, ;=

03T Yuos) ° @- 0042 min min
Mo, =02 = 0042 44557m0l_ 4 555gMOl
Q- Yaoo) 7 (10042 min min

mol 18g 60min g

=0.0010 =11=

Mhos min mol 1h h

mol 18g 60min g

=0.0038 =41=

Mhoa min mol 1h h

C 2.4Cathode Water Production from Reaction

Variable Value
i 700 mA cn¥
Aseo 80.1 cnf

The mols of water produced at the cathode throbgltathode reaction:
2H'+% O +26  H,O

Is given by
—i A Ageo
r]H Oo,rxn — I —
= 1000MA 2F
1ic
r]HZO,rxn = 700m_mé A 801sz S 1 c Imol |_|| 2_0 36”(:(8 =10 mh0|
cm® 1000mA 1A 9 6485f 2mole o——
molie

Thus the mass flow is

m, . =10570189 _ ;540
: h mol h

C 2.5Condensed water collection rates
Water condensation rates are determined by the afasater collected in the knockout

drums and were found to be as follows:

169



Variable Value

4.60 g/h

My o5

69.28 g/h

My 06

C 2.6Total Water Balance

Theoretical anode and cathode water collection sate

The theoretical anode and cathode water condengatditection rates is given by the
amount of anode or cathode water introduced intoc#il minus the water exiting in the

gas phase from the knockout drums.

For the anode:

Myo5 =Myo01™ Myogs =1324% . 1.1% =12.14%

For the cathode the water produced during the imaotust be accounted for as follows:

Myoe = Moz Myomn - Myos = 50.63% +18.8% i 4.1% = 6533%

Comparison of the measured anode and cathode oakection rates indicates that some

water back diffusion occurred from the cathodentmdnode.

The overall water balance:
+ 12149 9_ 9
M, o5 +M, o, =1214> + 65332 = 7747
= = h h h
Compared to the measured water collection

469 +69289 = 73889
h h h

Thus the error between the measured and theoretital collection rates is:
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77479 - 73889
Error =100 h h _ 49%
73883

C 3Fuel Cell current density Calculations for Drive Cycle power data
C 3.1List of Terms

Variable Description Units
P-c Fuel cell stack power W
i Current density A cm?
F Faraday’s Constant C mol*
Ney Number of Cells

Geometric Surface area of each cell 2cm
Aﬁyeo
\V/ Voltage \

cell

Given the following data and polarization/powenaur

Variable Description

P 2064W
r]cell 400
Ao 400 cnt
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Current Density (mA cif)

Power data used in the above Figure is as follows:

Current
Density Power
mA cm? W cm?

0 0

25 0.0202
50 0.03895
75 0.057225
100 0.0748
200 0.1424
300 0.2016
500 0.33
600 0.381
700 0.4305

The power from the stack is given by:

I:)FC =n Vcelllcell Ageo

cell

Since the power for one cell is given by
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_P.. _ 2064V

I:)cell = celliceIIAgeo - n_ - W = 516w
cell
thus
Vcellicell = PFC = >16V = 00129ﬂ
Neen Ageo 400:m2 sz

Using the fuel cell power curve the current densiy a given power density can be
linearly interpolated from the data. For the ab@amver density the corresponding

current density would be expected to fall betweem® 25 mA cr.

Thus,

(0.0129- 0.0203)+25=159612

o= 2570
s cn?

N R
i = =2 (P-P)+i,= ———
<k p-PR (P, - . 0.0202- 0
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APPENDIX D —DISCUSSION OFERROR AND REPEATABILITY

D 1 Error in cumulative fluoride release curves
Cumulative fluoride release curves represent tleklizane of the modeling work in this
thesis and as such the error in their measuremast be addressed. There are two main

sources of error; a) Water mass measurement afabbiple concentration.

a) Water measurement uncertainty arises from énsitvity of the scale used. In the

measurements done here scale accuracy was apptekima 0.05g.

b) Uncertainty in fluoride ion concentration mea&suents was evaluated by repeating
measurements on random samples. Results showealvdrage variability was below +/-
3%.

Overall, since water measurements were typicalgamgr than 10g, even at the lowest
relative humidity settings, the measurement unceytas less than 1%, and therefore has
a negligible impact on fluoride release curves. tB@ other hand, the uncertainty in
fluoride concentration is much more significant+A 3% uncertainty translates into a +/-
3% uncertainty in Total cumulative fluoride releasdues. Figure **** shows the results
for Cells 1 — 3 and 6 with this uncertainty shows) earor bars. It is clear that the
differences between each curve is greater thaartbertainty implying that each cell was

different.

174



70
o 0T %
§ o | ## A
B i B
g 40 b i éééééééééiéé %} %] & o
R : é%i@é@
g *eb
g 20} &
E aaf : o Cell 1 - 20% RH
3 i o & A Cell 2 - 50% RH

10 . = o Ce:: 3 - Baseline - 75% RH

| ot . . . . QlCe 6—1?0/0RI .
° 0 100 200 300 400 500 600 700 800 900
Time (h)

Shows the influence of this variability on the cuative fluoride release results from
Cells 1 - 3 and 6.

D 2 Voltage measurements

Voltage measurements shown in this thesis weredjlgi voltage measurements from
every 5 hours. Variability in voltage measurememése estimates by examining voltage
measurements over 5 hour periods. In the worst casasurements during the transient
voltage degradation phase, variability over a 5rhmariod was as low as 1.5 mV. This
guantity is negligible compared to the measuredagels, thus it can be said that
differences in voltage measurements shown in thesis are the results of differences
within the cells and not due to measurement unicgyta

D 3 Comments on Cell — Cell Repeatability of cumulative fluoride releaseucves
Cumulative fluoride release data formed the basithe modeling effort in the work
presented in this thesis. As such, it is necesgatyave confidence in the cumulative
fluoride release curves to have confidence in thedeh The following discussion

examines the cell-cell repeatability of the dataspnted in this thesis. Due to the length
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of time necessary to build and run each cell, alsasidering fuel cell test stand
downtime, it was not possible to perform replicatg@eriments for each fuel cell test

condition.

Even if time and cell materials were available,atireg a true replicate is much more
difficult than it appears. It is not enough to slynpbtain a new membrane and repeat the
cell conditions. Cell to cell variability in cumuiee fluoride release curves, at specific
operational conditions, is impacted by variability material properties such as the
membrane permeability. Since the proposed modeingtis to account for the specific
permeability of each membrane tested, a true r@pliGs one where not only cell

operational conditions are repeated, but wherenmabf@operties are also repeated.

One true replicate cell was done, Cell 4, and ssulised in Chapter 5. This cell had the
same hydrogen permeability as Cell 3, the basalale and was also operated at the
same conditions of 75% RH and 90°C cell temperaturdortunately, an unavoidable
issue with durability testing are cell stoppaged emerruptions. As discussed in Chapter
5, interruptions in testing are suspected of impgcthe cumulative fluoride release
curves resulting in a curve for Cell 4 that did petfectly overlay with the results from
Cell 3. However, simulation results for Cell 3, whapplied to Cell 4 with consideration
of interruptions, showed excellent agreement whth data. This implies that had Cell 4
been able to operate without interruption, thatdaeg would have matched the data from
Cell 3. A second set of cells, Cells 5 and 6, wads® operated at the same conditions.
However, reliable fluoride release curves are mailable for Cell 5 so comments about

replication cannot be made.

Thus, with the exception of Cell 3 and 4, thereemeo other opportunities to reproduce
cumulative fluoride release data. The result i$ thaain confidence in the interpretation
of the data one must rely on trends. The impaanibfal hydrogen crossover and the

effect of current density are two such trends.
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APPENDIX E—-MATLAB CODE

The following Matlab code models the fluoride reledehaviour during an OCV test.

E 1 Main Program

The main program initializes all the necessaryaldé to solve the differential equations
related to fluoride production and release. Theecbdlow represents the final second
order model. Once variables are initialized they passed to a function called ode23s
which solves systems of stiff differential equaton

clc
clear

DeltaCathO = 0.00075; %inital cathode thickness

DeltaAn = 0.00075; %anode thickness

P = 2.06e-8; %permeability

H2P = 100; %hydrogen partial pressure

K1 =2.9e-2; %degradation constant

K2 =4.7e-7,; %fluoride production constant

DGDL = 4.2e-9; %fluoride diffusion constant through the
GDL/MPL/Cat layers

DIONA= 1.2e-10; %fluoride diffusion constant throug h the
electrolyte layer

DelG = 0.0004;

Fo(1,204)=0; %Initialize fluoride concentrations

DelT = 3600; %Time increment

[t,y] = ode23s(@derr3, ...
[0:DelT:3600000],[100,Fo],[],DeltaCath0,DeltaAn,P,H 2P,K1,K2,...
DGDL,DIONA,DelG);

t = t./3600;

%use results to determine fluoride release rates at the GDL/channel

AFlux = y(:,3).*(DGDL/DelG);
CFlux = y(;,204).*(DGDL/DelG);

Melectrolyte = y(:,1); % Percent of cathode electro lyte remaining with
t

%calculation of cumulative release
CumuA(1)=AFlux(1)*DelT;
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CumuC(1)=CFlux(1)*DelT;

for k = 2:1:length(t)
CumuA(k)=CumuA(k-1)+AFlux(k)*DelT;
CumuC(k)=CumuC(k-1)+CFlux(k)*DelT;
end

CumuA = CumuA’;
CumuC = CumucC’;

E 2 Functions
The following function “derr3” calculated the tinderivative of fluoride concentration at
each spatial point. Method of lines is used tosthe differential equations.

function yprime = derr3(t,y,DeltaCath0,DeltaAn,P,H2 P,K1,K2,
DGDL,DIONA,DelG,FRAC);

%y is a vector of sixe 205 with the following compo nents
%y/(1)= fraction of cathode electrolyte remaining
%y(2 - 205)= fluoride concentrations in the MEA

%K1 = Reaction rate constant for electrolyte degrad ation

%K?2 = Conversion of electrolyte to fluoride

%DGDL = Diffusion Coiefficient of Fluoride ions thr ough the GDL
%DIONA = Diffusion coefficient of F- through the an ode electrolyte and

%reinforcement layer
%DelG = Space step size in the GDL
%need to determine the cathode thickness and hydrog en permeation rates

DeltaCath = y(1)*DeltaCath0/100;
DeltaTOT = DeltaCath + DeltaAn;

pFrac = 1,

H2Flux = P*H2P*pFrac/DeltaTOT;
O2Flux = H2P*.21*P/2.6/DeltaTOT;

yprime(1)=-1*abs(K1*H2Flux"2*y(1));

%Fluoride Generation

NF = -1*K2*yprime(1);

%Concentration at platinum band/ generation point

y(103)= (NF + y(102)*DIONA/DeltaTOT + y(104)*DGDL/D elG)/(DIONA/DeltaTOT
+ DGDL/DelG);

178



%Calculate the change in fluoride concentration in
yprime(2) = 0;%Anode GDL/Channel
fori=3:1:101

yprime(i)= DGDL*(y(i-1)-2*y(i)+y(i+1))/(DelG"2)
end

yprime(102)= (1/DeltaTOT)*((DIONA*(y(103)-y(102))/D
(DGDL*(y(102)-y(101))/DelG));

yprime(103) =0;
for j=104:1:204
yprime(j) = DGDL*(y(j-1)-2*y(j)+y(j+1))/(DelG"2

end

yprime(205)=0;%Cathode GDL/Channel

yprime = yprime’;
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