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CHAPTER1 INTRODUCTION

1.1 Overview of Polymer Electrolyte Membrane (PEM) Fuel cell

Fuel cells coverts energy stored in chemicals to electricity directly via electrochemical
oxidation of fuel at anode and reduction of oxidant at cathode. Fuel cells can potentially
reduce our dependence on fossil fuels and be used in various applications from portable
power, to transport and stationary power systems[1]. Unlike batteries that need replacement
or recharge after discharge, fuel cells continuously generate electricity as long as the reactants
are being replenished. In addition, the advantages of fuel cell include high energy efficiency,
scalability, low pollution, and quiet operation [2]. Among various fuel cell types, such as
Alkaline Fuel Cell(AFC), Phosphoric Acid Fuel Cell(PAFC), Molten Carbonate Fuel
Cell(MCFC), and Solid Oxide Fuel Cell(SOFC), Proton Exchange Membrane (PEM) fuel
cells have been receiving the most attention for automotive and small stationary applications
because of its comparatively high power density, low operation temperature(80 ~ 120°C), fast
start-up capability, among others [3].

For the PEM fuel cell, gaseous hydrogen is used as a fuel and oxygen in the ambient
is utilized as an oxidant. A schematic of a typical PEM fuel cell is shown in Figure 1-1[4].
The PEM fuel cell has several components such as a solid phase electrolyte, that is, an

ionomer membrane, electrode catalyst layers (CL) at anode and cathode, gas diffusion layers



(GDL), and bipolar plates (BP). The fuel, hydrogen, is supplied into a flow field in the

bipolar plate at the anode side, diffuses through the gas porous medium, and is consumed by

electrochemical oxidation reaction at the anode catalyst layer, being dissociated into proton

and electron. The gas diffusion layer, generally made out of carbon-fiber based materials

such as non-woven papers and woven cloths, serves as a support for the polymer electrolyte

membrane, a diffusion pathway of the gas reactant, and an electric conductor for electrons[5].

The catalyst in PEMFC typically uses platinum group metal/alloy nanoparticles supported on

a high-surface-area carbon black[6]. The ionomer membrane conducts protons produced by

anode reaction of hydrogen oxidation and serves as an electron insulator and gas separator

between anode and cathode as well. Besides, the membrane can absorb the water due to a

hydrophilic side chain so that swell or shrink in volume according to the water content in the

membrane, which indicates the number of water molecules adsorbed by each sulfonic acid

group. At the cathode side, the oxidant, oxygen in air, is fed into the cathode flow field,

moves through the cathode diffusion medium, and is reduced at the cathode catalyst layer

reacting with protons transferred through the ionomer membrane and electrons through the

external circuit from the anode to form water.



Anode Reaction (Hydrogen Oxidation Reaction (HOR)):

2H, > 4H" + 4¢’ (1.1)
Cathode Reaction (Oxygen Reduction Reaction (ORR)):

0, +4e +4H" > 2H,0 (1.2)
Overall Reaction:

H, + 1/2 0, > H,0 (1.3)

Cathode catalyst
4H* + de + O, 2 2H,0

H, 2> 2H* + 2e-
Anode catalyst

Figure 1-1 Schematic of the typical PEM fuel cell



Fuel cell performance is generally characterized by a polarization curve, which is a
plot of cell voltage with respect to a current density as shown in Figure 1-2. The theoretical

open circuit voltage (OCV) of the PEM fuel cell is around 1.23V at a standard condition (1

atm, 25°C, hydrogen and oxygen fuel cell). However, due to an inevitable mixed potential

of Pt/PtO at cathode and hydrogen gas crossover[7], the open circuit voltage between 0.9 ~

1.0V is typically observed in a real fuel cell experiments.
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Figure 1-2  Polarization curve of the PEM fuel cell

As the current is drawn from the fuel cell, the cell voltage drops gradually from the

OCV due to various losses including anode and cathode kinetic loss (sluggish oxygen

reduction[8, 9]); Ohmic resistance loss by proton and electron transfer, and finally mass



transport loss which increase dramatically at high current density [10].

1.2 Purpose of Study

To date, considerable efforts have been made to develop and commercialize the
highly efficient PEM fuel cell system for many applications. However, technical challenges
still remain for reliability and durability of fuel cell components[11]. Particularly, fuel cells
for automotive applications are likely to operate under various load conditions such as
frequent starts and stops, acceleration, deceleration, and constant power modes and are
expected to withstand variations in environmental conditions, specifically such as
temperature, humidity, and contaminants. They must be also durable enough to power the
system over the course of 5000hr without any significant performance loss[12, 13]. With

current state-of-the-art technologies, PEM durability still falls short of meeting the targets.
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Figure 1-3  Performance drop of a PEM fuel cell after OCV condition

The performance degradation of fuel cells is a combined effect of degradations in
each fuel cell components; bipolar plate, ionomer membrane, catalyst, gas diffusion layer, etc.
Borup et al.[14] and Frisk et al.[15] found that operating temperature increased the loss of
GDL hydrophobicity and degraded GDLs in 15wt% hydrogen peroxide(H,O,) at 82°C
exhibited a weight loss and caused an increase of contact angle with time by oxidation of the
carbon, which can induce water flooding. Metallic materials such as metal bipolar plates and
end plates for a fuel cell stack assembly corrode under a warm (65~90°C), acidic (pH 2~3)
and humid environment in a fuel cell. Metal cations, such as Fe**, Ni**, and Cr3+, released
during the corrosion process can degrade the membrane and metal oxides formed on the

corroded surfaces increases electrical contact resistance, leading to reduce fuel cell



performance[16-20]. Also, the catalyst materials are subject to conditions that promote
oxidation, namely, high potential and the presence of gas phase oxygen and surface oxidation
of platinum has been reported to decrease the electrocatalytic activity for oxygen reduction|[6,
21-24]. The kinetics of the Pt oxidation at the electrode is also affected by relative humidity
(RH) [25] and cycling parameters such as time periods and lower voltage level in the

potential cycling test[24, 25].

Platinum oxidation
Pt+H,0 > Pt-OH+H +¢ (1.4)

Pt-OH > Pt-O+H' +¢ (1.5)

Darling et al. [26] and Yasuda et al.[27] investigated platinum dissolution and
movement from the catalyst layer to the membrane after potential cycling. This process
induces a loss in the catalytic activity, reducing the performance of the fuel cell.

Among the degradation effects from all the components of fuel cells, one of the
important factors determining the PEM fuel cells’ life time is the membrane degradation and
failure[1, 11, 28, 29]. The membrane degradation is commonly classified into mechanical and

chemical degradation. The mechanical degradation manifests as a gradual reduction of



mechanical strength and toughness of the membrane or MEA. It can result in catastrophic

membrane failure in the forms of perforations, cracks, tears or pinholes. Membrane

mechanical degradation may originate from congenital membrane defects or defects formed

by inappropriate membrane electrolyte assembly (MEA) fabrication processes, and most

likely defects formed by localized chemical decomposition of the membrane. These defects

grow due to cyclic stresses and strains in the membrane under the variations in temperature

and humidity (hygro-thermal cycle) in the constrained fuel cell environment during the

operation [1, 3, 11]. The membrane in the constrained fuel cell is likely to experience in-

plane tension and compression resulting from membrane shrinkage and swelling under low

and high RH condition. It is believed that the reduction of mechanical strength and

toughness of the PEM in the fuel cell stack is one of the major causes of sudden catastrophic

stack failures[3]. A formation of local pinholes and perforations in the membrane can result

in reactant gases’ crossover causing local hot spot via direct exothermic combustion of the

hydrogen and oxygen on the catalyst layer[30, 31]. On the other hand, chemical

degradation of the membrane is believed to result from an attack to polymer chain by a highly

reactive free radicals (*OH, *OOH) generated via electrochemical or chemical reaction of

crossover H, and O,[32]. These radical attacks induce a polymer backbone and side chain

scission and unzipping until a entire polymer chain is disappeared [33, 34]. In the past decade,



a significant amount of work have been carried out to identify the degradation mechanisms of
the fuel cell membranes and MEAs, however, the mechanisms are still far from clear and
controversies remain in the literature[29]. The lack of effective mitigation methods is
largely due to the currently very limited understanding of the underlying mechanisms for
degradations of fuel cell membranes.

It is the objective of this research to further understand the fundamental membrane
degradation mechanisms by mechanical and chemical factors, such as hydroxyl/hydroperoxyl
radicals attack and mechanical stress due to cyclic hydrations. The fundamental scientific
understanding of the above will likely leads to new mitigation methods against premature

membrane failure.

1.3 Literature Review
1.3.1 Polymer Electrolyte Membrane (PEM)

The most commercially available membranes used in PEM fuel cells are the
perfluorosulfonic acid (PFSA) polymer membranes, e.g., Nafion®, developed and
manufactured by DuPont™. The PFSA membrane selectively conducts protons. This is
enabled by a sulfonic acid group (SOs;H) (hydrophilic) attached to the tetrafluoroethylene
(TFE) backbone via a short side chain, as shown in Figure 1-4.

Microstructures and properties of ionomer membrane have been studied extensively



using Small Angle X-Ray Scattering (SAXS) and/or Small Angle Neutron Scattering (SANS)

for structural changes by swelling[35, 36] and identifying the structural model of ionic

domains characterized by core-shell model [37], two phase model[38], spherical ionic cluster

[39, 40], rod-like network model[41, 42], elongated polymeric aggregates in bundles[43], and

recently cylindrical micelle structure[44] (Figure 1-5). However, due to the extremely

complex morphology of PFSA ionomer and limited microscopic characterization methods,

the reported microstructure models of PFSA membranes remain ambiguous and controversial.

What is widely agreed is the presence of three phase nature i.e., hydrophilic cluster,

amorphous and semicrystalline perfluorocarbon phase, interdispersed at nanoscale. Also,

there have been no fundamental first-principle based model for PFSA membrane that has

predicted considerably new phenomena or caused significant property enhancements in a

substantial way[45].

The proton conductivity of PFSA membranes is highly dependent on their water

content and the orientation of ionic domains[46]. The membrane in water saturated state

shows the highest proton conductivity[47]. At the same time, the water saturated membrane

also swells in volume significantly as can be seen in Figure 1-6[42]; swelling can modify the

micro structure of ionic clusters; spherical or cylindrical water pools are formed with the

ionic groups at the polymer water interface, and the volume of clusters and diameter

10



increases as the water content increases. Besides conducting protons, the membrane also
separates the anode (hydrogen) atmosphere from the cathode (air) atmosphere.
In following sections, the mechanical and chemical degradation mechanisms reported

in the literatures will be reviewed.

-[-(CFz-CFz-)n-(CFz-clsF)-]-x
O-(-CF ;- OF-0-),,-CF-CF, - SOH
CF,

Figure 1-4 Average chemical structure of Nafion® of 1,100 equivalent weight (EW)

H,0 channel Crystallite

Figure 1-5 Parallel water channel (inverted micelle cylinder) model of Nafion®

(Adapted with permission from ref [44])
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Figure 1-6  Schematic representation of the structural evolution depending on the water

content(Adapted with permission from ref [42])

1.3.2 Polymer Electrolyte Membrane degradation
1.3.2.1 Mechanical degradation

Mechanical degradation generally implies microscopic and macroscopic effects
induced under the influence of mechanical forces[48]. The durability of membranes is
ultimately limited by the physical breaching of the membrane in the form of pinholes or
cracks, which results in rapid reactant cross-over and subsequent cell/stack failure[29, 30, 49].
During the membrane degradation process, the thinning, weight loss, fluoride emission, and
crazing formation have been observed. Huang et al.[49] reported that significant reduction
of membrane electrode assembly (MEA) ductility can be seen as drastically reduced strain-to-
failure of the RH-cycled MEAs and postmortem analysis revealed the formation and growth
of mechanical defects such as cracks and crazing in the membranes and MEAs as shown in

Figure 1-7.
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Figure 1-7  Stress-strain curves of MEA after 50 cycles from 80 to 120% RH

(Adapted with permission from ref [49])

The author [50] recently studied mechanical properties of recast reinforced composite
membranes with ePTFE (Tetratex®) and observed that the mechanical strength and
toughness of the membrane reduced significantly after an OCV hold testing for 100hr. SEM
analysis also confirmed that localized cracks form inside the membranes. Tang et al.[51]
conducted cyclic stress test on membrane and found that the significant dimensional change
of the membrane was observed and the microstructure breakdown appeared on the
membrane surface when the cyclic stress was over 3.0MPa. This result indicates that the
PEM can be fractured under much lower stress than ultimate strength when it is subjected to

the condition of fatigue. The author also reported that the stress induced by temperature

13



variations is much smaller than the stress under RH cycling tests. However, they concluded

that the membrane degradation was accelerated significantly when the cyclic operations of

temperature and humidity are applied to membranes simultaneously.

It is reported [31] that the repeated shrinking and swelling of a membrane accelerates

gas crossover, generating local hot spots via exothermic reactions of the hydrogen and

oxygen on Pt catalyst and in turn, pinholes. Inaba et al.[52] also revealed that the gas

crossover rate increased with temperature and humidity. This results is assumed to be related

with the dependence of the free volume and cluster size distribution on the water content and

temperature, supported by the positron annihilation spectroscopy(PAS) data [53, 54].

Sethuraman et al.[55] also reported that oxygen permeability across the membrane decreased

by 50% when RH was decreased from fully saturated to 25%.

The mechanical behavior of ionomer membranes is strongly dependent on the

membrane water content and temperature. Up to a certain temperature, chain mobility and

morphological relaxation of intermolecular chain is expected to increase with temperature,

which can be explained by reptational dynamics[56]. At low temperature, the water acts as

plasticizer softening the membrane and reducing load carrying capability[57]. However, at

elevated temperature, surprisingly, the opposite trend is observed: that is, the more water the

membrane absorbs, the stronger the membrane become [58, 59]. This abnormal behavior is

14



not yet clearly understood.

1.3.2.2 Chemical degradation

Chemical degradation refers to the chemical decomposition of the PFSA membrane.
It is commonly believed that PFSA membrane is attacked by highly reactive oxygen radicals
(*OH, *OOH) generated by an electrochemical or chemical reaction of hydrogen and oxygen
at a platinum catalyst [32, 60-62]. The radicals are highly reactive due to their unpaired
electrons and react with weak polymer endgroups in the membrane; an open shell is a valence
shell which is not completely filled with electrons. Pozio et al.[63] postulated that the free
radical attack of the perfluorinated molecular chains from weak bonds is a degradation
mechanism and the radicals are derived from H;0,, which can form from a two-clectron
oxygen reduction at cathode[4, 64] as can be seen in equation (1.6) and from oxygen
molecules permeated through the membrane from the cathode to anode[4] in equation (1.7) to
(1.9). The hydrogen peroxide was clearly observed within a PEM fuel cell membrane when

H, and air are present as gas inputs by an in situ experimental technique[60].

0, +2H +2¢ > H,0,, E’=0.695V vs SHE (1.6)
H, + Pt > Pt-H (at anode) (1.7)
Pt-H + O, (diffused through PEM to anode) - *OOH (1.8)

15



«O0H + Pt-H > H,0, (1.9)

This H>O, can diffuse into the membrane and chemically breaks down into hydroxyl

radicals assisted by metal ions present in the membrane[63-65]. In situ radical formation

has been detected at cathode side of the polymer membrane by the electron spin resonance

(ESR) techniques[66].
H,0, + M** > M*" + «OH + OH™ (1.10)
«OH + H,0, = *O0H + H,0 (1.11)

The decomposition mechanism of the membrane by radical attacks to the polymer

weak end group such as —CF,COOH is introduced by Curtin et al. [28] The reaction

mechanism is shown below. Note that -COOH is regenerated in reaction (1.14). Therefore,

once decomposition process begins at one end group, a whole chain unit can be decomposed

to HF, CO,, and low-molecular weight species by the radical depolymerization reactions (so

called “unzipping mechanism”)[4]. It has been reported that the formation of H,O,, SO, SO,

H,S0O,, and H,SO; were detected by direct gas mass spectroscopy of the cathode outlet

gas[67]. Others suggested that sulfonic acid groups may be the key to the radical attack

16



mechanism and membrane degrading species can be directly formed by molecular H, and O,

on the surface of Pt catalyst subject to the surface properties of Pt catalyst [68].

Rf-CF,COOH + *OH — Rf-CF* + CO, +H,0 (1.12)
Rf-CF, + *OH — Rf-CF,0H — Rf-COF + HF (1.13)
Rf-COF + H,0 — Rf-COOH + HF (1.14)

However, Cipollini[34] insisted that this reaction sequence mush be modified in a

way that the attack of the membrane will occur through the peroxyle radical, rather than by

the hydroxyl radical since the relative rate constants for hydroxyl radical generation is so

slow as to be negligible.

Fe'? + H,0, > Fe™ + OH- + -OH k=76 L mole” s (1.15)
H,0, -2-:0H k=1.2x10" L mole” s (1.16)
‘OH + H,0, > -O0H + H,0 k=8.5x10"" L mole™ s (1.17)

A few reports have suggested that, even without susceptible end groups, under H,

environment, the polymer backbone of the PFSA membrane may preferentially reacts as

following [69, 70]:

17



_CF,-CF»- + 2H, - -CH,-CH»- + 4HF (1.18)

As it has been recognized that the formation and reactivity of free radical species are a
major culprit of degradation of PEMs used in fuel cells, Fenton’s test, using H,O, solution
containing a trace amount of Fe*", has become a popular ex situ test for membrane durability
[71-73] screening. The hydroxyl and hydroperoxyl radicals are generated from well-known
Fenton reaction; hydrogen peroxide is catalyzed by a trace amount of ferrous iron. The
membrane immersed in the solution can be degraded by radicals generated in the Fenton’s
reaction. However, due to a intrinsic drawback of the Fenton’s test: the difficulty in
evaluating its accelerating factor and lack of mechanical effects[34], even though the test
seems to be a good accelerated test for judging chemical degradation of ionomer membrane,

but the test results is not necessarily correlated with the durability of membrane in fuel cell

operation.
H,0, + Fe**— HO+ + OH + Fe'** (1.19)
Fe*' + HO» — Fe** + OH™ (1.20)
H,0, + HO* — HO,* + H,0 (1.21)
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Fe*" + HO,» — Fe** + HO, (1.22)
Fe*' + HO»» — Fe*" + H' + 0O, (1.23)

Fe*' + H,0, — Fe*' + H + HO»» (1.24)

1.3.2.3 Accelerated degradation of membrane in fuel cells

PFSA membrane is believed to degrade via two main pathways: “main chain scission”
and “unzipping”, as illustrated in Figure 1-8. The chain scission refers to a chemical reaction
resulting in homolytic cleavage of the backbone or main chain of the macromolecule; it
generates two chain radicals which can lead to a reduction in molecular weight, i.e. a
diminution of chain length. On the other hand, the degradation by unzipping mechanism
starts from the chain ends, resulting in successive release of the monomeric units and this
process resembles the reverse of the propagation step in chain polymerization[74]. The
chemical decomposition of the membrane frequently result in a weakened membrane that
fails under mechanical stresses induced by RH variation in a mechanically constrained fuel
cell environment [29, 49, 51, 68, 75, 76]. Preliminary evidence has shown the mechanical
stress can accelerate the chemical decomposition rate of the PFSA membrane[49].
Degradation of PEM fuel cells manifests itself as a gradual irreversible performance decay
followed by a catastrophic failure, typically due to excess gas cross over. An OCV

durability test at relatively high temperature (e.g. 90°C) and low RH (~30%) have been used

19



by many research groups as an accelerated degradation test [33, 50, 55, 75, 77-79]. During
the OCV test, the cell voltage is held at the open circuit without an electrical load for
extended periods of time. Membrane degrades severely under this condition. This is
believed to be the results of high gas cross over rate due to high partial pressure of the
reactant gasses [79] and high temperature and low RH condition [32]. Fluoride ion emission
(FER), weight loss, membrane thinning, Pt band formation, micro crack, crazing formation,
etc. are typically observed after OCV test after several tens of hours. SEM images of MEA
before and after the OCV test is shown in Figure 1-9 and micro cracks and membrane

thinning can be clearly observed.

Scission of Main Chain Unzipping Reactions at
Unstable End Groups
—-
O
CE) Unstable End
Groups
ey L) TORCOOHL 1D crco0
. h
o 00 =0 HO
EKJ c}, + OH
o || T e T onom
c*: & & EL — _COF ™™ ~COOH
HF HF
ﬂ ©:CO0H
: Unzippi
Scission Continues —> contimes

Figure 1-8 Chain scission and unzipping mechanism

(Reproduced by permission of the Journal of Electrochemical Society [77])
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Recently, a vapor phase hydrogen peroxide exposure test has been developed to
understand membrane degradation mechanism as a new eX Situ accelerated test method and
the test results indicated that not only unzipping of chain molecules, but also chain scission
takes place in the vapor phase peroxide test and degradation become more aggressive than
that in the liquid phase Fenton’s test [77, 78, 80].

Based on evidences in the literatures, membrane failure is believed to be the
consequences of the combined chemical and mechanical effects acting together. Reactant gas
crossover, hydrogen peroxide formation and movement, cyclic stresses and strains,
recrystallized Pt particles, and transition metal ion contaminants are believed to be major

factors contributing to the decomposition of polymer electrolyte membranes.

Figure 1-9 Cross-section SEM of MEA with N-112 membrane before (left) and after (right)

100 hours of OCV test
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Besides, there are considerable experimental evidences indicating that chain

scission reactions are occurring in fuel cell tests conducted under high temperature OCV

testing. While chemical degradation of prefluorinated membranes has been investigated and

reported extensively in literature [33, 78, 80-93], there has been little work on investigation

of the interaction between the chemical and mechanical degradation. In next chapter, author

will introduce new hypothesis and experimental and numerical approach for further

understanding fuel cell membrane degradation mechanisms.
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CHAPTER 2 EXPERIMENTAL AND NUMERICAL METHODS FOR
MEA DEGRADATION STUDY

2.1 Motivation

The fundamental idea of this research is based on an experimental observation on the

mechanical properties of the degraded membrane. Strain-to-failure obtained by uniaxial

stress-strain test is an indicator of membrane ductility. It was experimentally observed by

Zhao et al. [72] that the homogeneously degraded membrane by liquid phase Fenton’s test

(chemical degradation) does not necessarily result in the loss of membrane ductility even

though the membrane lost 31% of fluoride and this is a completely different behavior with

that of chemically degraded membranes in a fuel cell environment and that of mechanically

degraded membranes by the RH cycling test as shown in Figure 2-1. Given these contrasting

experiment results, the author believed that the membrane mechanical weakening is likely a

result of localized and inhomogeneous membrane degradation. This motivates the author to

seek experimental proof and underlying causes of localized degradation mechanisms.
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Figure 2-1 Stress-Strain Behavior of (a) NRE-212 membrane samples before and after
Fenton degradation test [72] (b) NRE-111 membrane electrolyte assembly before and after

RH cycling and OCV test [49]

2.2 Methodologies

The lack of understanding of fundamental membrane degradation mechanisms can be
attributed to a number of scientific barriers. At a microscopic scale, the direct observation of
defect formation and growth has not been achieved due to the lack of line of sights and the
lack of effective non-destructive evaluation methods. Therefore, experimental and numerical
techniques needs to be developed to validate the mechanism. This section will concentrate
on introducing new ex Situ experimental techniques and numerical modeling for ionomer

membrane and fuel cells.
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2.2.1 Introduction

Performance degradation mechanisms of PEM fuel cells have been discussed by

many researchers. One of them is related to local hydrogen starvation, which may be

present during start-stop. Before the startup of the fuel cell, air can be present on both the

anode and cathode due to leakage from outside air and /or crossover through the membrane.

Reiser et al.[94] conducted a numerical modeling to simulate the hydrogen starvation

condition and reported that the electrolyte potential drops from 0 to -0.59V (vs. RHE) when

the anode is partially exposed to hydrogen and partially exposed to oxygen during the start-up

of the fuel cell, thereby leading to a high cathode interfacial potential; it is called “reverse-

current” mechanism. This high cathode potential accelerates carbon corrosion, Pt oxidation

and dissolution in catalysts and redistribution in membranes (Pt band) and eventually,

decreases performance due to a loss of electrochemical area (ECA)[26, 95, 96]. Pt particles

were experimentally detected by transmission electron microscope (TEM) [97]. The loss of

ECA can be explained by the several mechanisms and one of them is a phenomenon known

as Ostwald ripening[23]; small Pt particles dissolve in the ionomer phase in the catalyst

layer and redeposit on the surface of large particles, causing particle growth, On the other

hand, the dissolved Pt ions may migrate into the ionomer phase and subsequently precipitate

in the membrane via reduction of Pt ions by the crossover hydrogen from the anode side (Pt

band formation), decreasing membrane stability and conductivity[93, 97].
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Carbon corrosion:

C+2H,0 > CO, +4H" +4e  E°=0.207 vs RHE
Platinum dissolution:

Pt > Pt*" +2¢

Platinum oxide film formation:

Pt +H,0 = PtO +2H" + 2¢

Chemical dissolution of platinum oxide:

PtO + 2H" = Pt** + H,0

2.1)

(2.2)

(2.3)

(2.4)

Performance degradation of fuel cells can be observed due to local fuel starvation[98]

and local membrane degradation has been observed due to cathode catalyst overlap[99].

During a normal operation of fuel cells, if the fuel supply to the anode is interrupted, the

circumstance can damage the membrane and catalysts by increase of cathode electric

potential, thereby increasing the kinetics of the carbon corrosion, Pt oxidation and dissolution

as explained above. Besides that, the cathode overlap can result in the local cathode potential

in the region between the anode and the cathode edges to rise to the open-circuit potential due

to the drop of the electrolyte potential as can be seen in Figure 2-2, where corrosion of the
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carbon components occur as well. Therefore, it can be noticed that uncontrolled overlap of

anode and cathode electrodes in PEMFC membrane electrode assemblies (MEAs) may lead

to the development of OCV conditions at locations where the cathode electrode

unintentionally overlaps the anode electrode by a distance on the order of several membrane

thicknesses.

The above experimental observation also suggests that the dissolved Pt particles can

play an important role in the performance degradation. Another evidence for the membrane

degradation that Pt particles are involved in were investigated recently; that is, hydrogen

peroxide (H,O,) formation at the Pt band in membranes, which is already known as the

degradation specie of membranes[75, 100]. The author indicated that the location of the Pt

band in membranes are correlated with the amount of the FER from both electrodes and

consequently, the decomposition of an MEA during OCV hold test is enhanced by the Pt

band formation in membranes; mainly determined by the gas compositions at both electrodes

and gas permeability of the membranes, and the accelerated hydrogen peroxide formation

rate at the Pt band due to a lower oxygen reduction rate(ORR) activity and higher 2-electron

reaction rate at the band.
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Figure 2-2 Membrane electric potential drops due to the cathode overlap

(Numerical simulation)

2.2.2 Fuel cell test with bilayer membrane

Once the catalyst is coated onto both sides of membranes to form a MEA or Catalyst
Coated Membrane (CCM), surface analysis of the membrane become almost impossible;
removing the catalyst layer without leaving any damages on the membrane is very difficult.
As such, in order to characterize the degraded membranes, a bilayer membrane method is
proposed for the membrane degradation study. Similar idea was already introduced in the
literature for identifying the mechanisms of the membrane degradation[62, 68], but in this
research, the configuration of bilayer membranes are somewhat different.

In Figure 2-3, two one-side coated MEAs or CCMs are fabricated by spraying a

catalyst ink onto only one side of the ionomer membrane, and two membranes is then hot-
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pressed to bond each other, realizing a single MEA. After fuel cell test, two one-side coated
MEAs can be separated. The backside of the CCM provides access to Raman or IR
spectroscopy. Also, the technique allows one to differentiate in chemical and mechanical

properties of the membrane near the cathode and the anode side.

Mem 1 Mem 2

'

b

Catalyst

Figure 2-3 Proposed configuration of the bilayer membrane

2.2.3 Gas phase Fenton’s test

It has been reported that the degradation of many polymers and rubber materials was
accelerated by mechanical force, and mechanically induced homolytic cleavage of the
backbone bonds was the initiator leading to the formation of two free chain radicals as the

primary degradation step of polymers: these radicals may recombine or react with oxygen
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from air or attack other polymer molecules. [101-103] It is, therefore, hypothesized that the

C-C bond in the TFE backbone or other chemical bonds in a fuel cell membrane may be

ruptured by mechanical stress due to the mechanically constrained environment and chain

radicals react with oxygen and/or impurities from the gas channel or highly reactive oxygen

radicals produced by the mechanism explained previously, or attack other polymer chains.

Recently, different groups have reported results from an ex situ vapor phase hydrogen

peroxide test[77, 78, 80] and found that gas phase hydrogen peroxide is very aggressive

toward perfluorosulfonated(PFSA) membrane, causes chain scissions in the backbone and in

the side chain[104]. In the test setup, an iron-impregnated membrane is exposed to the

gaseous hydrogen peroxide to simulate the PEM fuel cell environment instead of the liquid in

the typical Fenton’s test; in a fuel cell, vapor phase hydrogen peroxide is expected be present.

The hydrogen peroxide gas is supplied by the inert carrier gas, nitrogen in this setup and

replenished to the chamber containing the membrane; the hydrogen peroxide gas reacts with

the iron doped in the membrane to form the reactive oxygen radicals and generates reaction

products such as HF. These decomposed products are collected in KOH solution for further

analyses.

In order to verify the hypothesis of the stress induced chemical reaction, this test setup

is modified so that the mechanical stress can be applied while the chemical reaction is
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proceeding as shown in Figure 2-4. The stress is applied to the membrane by hanging a

dead weight.

FeZ* impregnated membrane

N>

—
50 mL/min I_

f |

W
solution |

Figure 2-4 H,0, gas cell for the ex situ accelerated degradation test of PFSA membrane

with and without applied mechanical stress

With this setup, the membrane is subjected to a controlled mechanical loading and
chemical degradation at the same time and the results can be compared with those at the
different stress level. FER will be monitored during the test. After test, the weight loss will

be measured and the sample will be analyzed using Raman and FTIR spectroscopy.

2.2.4 Development of constitutive model of ionomer membranes

The stress prediction of the ionomer membrane in various conditions in fuel cells is

the key to understand the proposed mechanisms (section 2.2.3) of the membrane degradation.
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Polymers are distinguished uniquely from other structural materials such as metals and
ceramics, because of their macromolecular nature characterized by the covalent bonding and
long chain structure [105]. The physical properties of polymeric systems are strongly affected
by chain microstructure, i.e., isomerism, which is the organization of atoms along the chain
as well as the chemical identity of monomer units [106]. Another important feature
controlling the properties of polymeric materials is polymer architecture; types of polymer
architectures include linear, ring, star-branched, H-branched, comb, ladder, dendrimer, or
randomly branched as sketched in Figure 2-5.

Figure 2-5 Examples of polymer architecture: (a) linear; (b) ring; (c) star; (d) H;

(e) comby; (f) ladder; (g) dendrimer; (h) randomly branched[106].

The Nafion® membrane is a copolymer containing at least two monomers, i.e., a TFE

back bone and perfluoro(4-methyl-3, 6-dioxa-7-octene-1-sulfonyl fluoride)[28]. A large
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amount of polymer research work continues to be directed towards the study of molecular

mechanisms governing their structure-property relationships. Among them, the stress-strain

response of polymers has been recognized for a long time as one of the most informative

properties [107]. Figure 2-6 shows the typical stress-strain curve for a NRE 212 membrane.

Macroscopic nature of the mechanical behavior for the Nafion® membrane under the tensile

stress before the rupture is characterized by an elastic response (Hook’s law), followed by the

strain hardening in the plastic deformation range after the yield point. These elastic and

plastic deformation for the membrane is also time-dependent, i.e., viscoelastic and

viscoplastic. The experimental data presented in the Solasi’s work [3] clearly demonstrated

the complicated non-linear time, hydration level, and temperature dependent behavior of the

ionomer membrane.
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Figure 2-6 Tensile stress-strain curve of NRE 212 at room temperature with 10inch/min

strain rate

It is assumed that when an external load is applied to a polymer, the molecular bonds
experience stress, and in order to relieve themselves as much as possible, the chain segments
undergo internal rearrangements[107]; the way the polymer reacts to the external stress is
dependent on the magnitude and rate of the applied stress, chain morphology, environmental
factors such as humidity and temperature, etc. In literatures, it is believed that the Nafion®
membrane consists of at least two phases[44]; an amorphous and crystalline phase, and the
crystallinity for 1,100 EW membrane is in a range between 5 and 20%[108]. Therefore, it is
expected that each component contributes to the deformation resistance differently.

Early attempt to interpret this macroscopic behavior and establish a relevant

continuum model based on the understanding of microstructure of polymers was achieved by
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Haward et al.[109]; the polymer’s mechanical response can be described by two parallel
processes acting together, one of which is the initial non-linear elastic up to yield point,
governed by the secondary and intermolecular interactions, combined with the entanglement
network response in parallel from interactions of the primary intramolecular and physical
crosslink which give rise to an entropic contribution at large strains. As a continuous attempt
for describing the mechanical behavior of polymers, specifically, ionomer membrane, the
author propose a continuum model based on the Bergstrom and Boyce’s model[110]

introduced at 1998.

2.2.5 Multiphysics modeling of PEM Fuel cell Incorporating structural
mechanics

Fundamental understanding of polymer electrolyte membrane fuel cell (PEMFC)
material degradation and performance variation under various operating conditions requires
numerical models that accurately describe coupled electrochemical, charge, mass, and heat
transport, as well the structural response (deformation) of fuel cells. An integrated model
representing the fluid, thermal, electrochemical and structural response was attempted in this
work based on a finite element modeling technique that provides a unified method for

analyzing these coupled phenomena.
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The objective of the modeling work is to investigate the cell compression effect on

fuel cell performance as well as the structural deformation and stress distribution.

Mechanical deformation of fuel cell components, particularly the GDL, can impede gas and

liquid transport due to the change of porosity and permeability via volumetric shrinkage.

This, in turn, could lead to an increased mass transport loss in fuel cell performance. In

addition, inhomogeneous pressure distribution on the lands and channels in the bipolar plates

induces local current maximum at land area rather than the channel due to contact resistance

at low current density, but the local current maximum can be shifted to the channel area if the

overall load is increased because of an increase in the mass transport resistance [111]. It is

attempted to develop a fuel cell model that captures the impact to cell performance due to the

altered contact pressure distribution, the changed material properties as a result of cell

compression. However, due to the difficulties of implementing a structural mechanics model

in a commercial computational fluid dynamics (CFD) software which have been commonly

used by fuel cell modelers, a little fuel cell modeling work has been reported to help

understand and account for the cell compression effects. Hottinen et al.[112] considered

inhomogeneous compression of GDL by utilizing experimentally evaluated parameters as

functions of GDL thickness and they obtained a curve-fitted equation for porosity,

permeability, and GDL in- and through-plane conductivities depending on amount of
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compression. Su et al. [113] measured the permeability and porosity of the compressed and

uncompressed GDL, and the measured data were averaged to obtain a mean average porosity

and permeability value for computer simulation. In their modeling, constant values of

porosity and permeability for compressed and uncompressed GDL were used, which is not

the real case. Zhou et al.[114] developed a structural model to acquire the deformed

geometry and material properties of GDLs and membrane in ABAQUS, and this information

was implemented in a fuel cell model using COMSOL software.

In this research, we report a new scheme to build a multiphysics fuel cell model

coupled with structural mechanics using COMSOL multiphysics software. COMSOL

provides a deformed mesh computed from the structural mechanics that allows us to solve all

the physics related to fuel cell operation in the deformed configuration. The gas transport,

electrochemical reaction, charge conservation, etc. are solved in the deformed configuration,

and the structural mechanics equations are solved in the reference configuration. To capture

the effect of cell compression, the structure model was first solved to obtain an approximate

geometry for the deformed configuration; then, the transport phenomena, electrochemical

reactions, and charge conservation are solved in the deformed mesh induced by cell

compression; finally the structural model is solved again to capture the stress/strain state in

the PEM. This solution procedure was iterated until a converged solution is obtained.
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CHAPTER3 LOCALIZED MEMBRANE DEGRADATION

3.1 Introduction

Polymer electrolyte membrane (PEM) fuel cells are clean and efficient energy

conversion devices, which can be used for powering future hydrogen fueled vehicles,

residences, and portable electronics, among many other applications. However, cost and

durability[11] are the two critical barriers for the commercialization of PEM fuel cells. The

performance degradation behavior and failure mechanisms for PEM fuel cells are strongly

dependent on the specific applications/usage profile of the PEM fuel cell systems[1]. For

example, fuel cells for automotive applications are expected to experience frequent variations

of power output, which results in the frequent change of temperature and membrane

hydration levels inside the PEM fuel cell stack. Automotive fuel cells will also experience

changes in environmental conditions, such as ambient temperature and air contaminants, etc.

To be commercially viable, they must be durable enough to power the vehicle over a course

of 5000 hrs without significant performance loss or catastrophic failure[12, 13]. With the

current state-of-the-art technologies, PEM fuel cells still fall short of meeting the durability

targets for automotive applications.

The performance degradation of PEM fuel cells is a combined effect of degradations

in major fuel cell components: gas diffusion layer (GDL)[14] , bipolar plates (BP)[17], and
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catalyst laery (CL)[24, 25], and ionomer membranes. As a primary reliant component, the

ionomer membrane electrolyte in the membrane electrode assembly undergoes a mechanical

weakening process, which is not detectable with current in situ monitoring techniques.

However, it can result in catastrophic membrane failure in the forms of perforations, cracks,

tears or pinholes. The mechanical weakening process can potentially determine the lifetime

of PEM fuel cells[1, 11, 28, 29, 50]. The membrane degradation is commonly classified

into mechanical and chemical degradation. Mechanical degradation refers to the gradual

reduction of mechanical strength and toughness. Chemical degradation refers to the chemical

decomposition of the membrane, as evidenced in fluoride emission. RH cycling is usually

considered as a pure mechanical degradation process. It can induce defects formation and

growth due to cyclic stresses and strains in the membrane under the variations in temperature

and humidity (hygro-thermal cycle) in the constrained fuel cell environment during the

operation[1, 3, 11]. Chemical degradation of the membrane is believed to result from an

attack to polymer chain by highly reactive free radicals (*OH, *OOH) generated via

electrochemical or chemical reaction of crossover H, and O, [32] in the membrane and at

electrodes[34, 115]. A recent publication by Madden et al[116] discussed the location of

the membrane degradation, as well as the severity; it suggests a membrane degradation

mechanisms based on direct radical generation on the Pt particles (dissolved from the
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electrode and precipitated inside the membrane) from crossover hydrogen and oxygen.

These radicals subsequently attacks the polymer by inducing the scission of polymer

backbone and side chain, and the unzipping of the long-chain polymer[33, 34].

The mechanical and chemical degradation can be intertwined. A most striking effect

of chemical degradation is the mechanical weakening of the membrane electrode

assembly[49] and mechanical stress can potentially accelerate the rate of chemical

decomposition reactions[117]. The authors believe that it may be conceptually advantageous

to simply consider membrane degradation as a single process that have mechanical and

chemical driving forces, and mechanical and chemical effects of consequences. Recently, the

authors found evidence of membrane chemical degradation accelerated by mechanical stress

with a gas phase Fenton’s test[118]. This result leads the authors to believe that chemical

degradation of fuel cell membranes can be related to the mechanical stress distribution, which

are affected by hydration/dehydration, temperature variation, mechanical constraints, defects,

etc.

It is the objective of this study to further understand the fundamental membrane

degradation phenomena using a bi-layer membrane configuration. One of the difficulties in

analyzing the membrane in fuel cells is that once the catalyst layer is coated onto both sides

of membranes to form a MEA or Catalyst Coated Membrane (CCM), surface analysis of the
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membrane becomes almost impossible; removing the catalyst layer without damaging the
membrane is very difficult. As such, in order to characterize the degraded membranes, a bi-
layer membrane method is proposed. More importantly, the bi-layer membrane allows us to
see whether the mechanical strength/toughness loss is occurring uniformly across the
thickness, or is only occurring locally in certain location of the membrane after fuel cell
degradation tests. An accelerated fuel cell degradation testing was conducted under the
OCYV condition at 30% RH. After the OCV test, the bi-layer membrane can be separated into
an anode-side and a cathode-side membrane for further analyses. The characterization
methods include fluoride emission (FE), hydrogen crossover (Cross-over), and cyclic
voltammetry (CV) measurement, uniaxial mechanical testing, FTIR spectroscopy, and SEM

and EDS.

3.2 Experimental

Bi-layer membrane and CCM preparation— the use of bi-layer or multi-layer
membrane has been reported in the literature for identifying the mechanisms of the
membrane degradation. In this work, the configuration and fabrication of the bi-layer
membrane are different from that of the earlier work[62, 68]. Catalyst inks were prepared by
mixing a carbon-supported catalyst (TKK, TECI10EASOE, 47%wt Pt) with 5% Nafion

solution (1100EW, Ion power, Inc), DI water, and methanol. The inks were stirred in
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homogenizer for 3 hours and sprayed onto one side of a perfluorosulfonic acid (PFSA)
membrane (NRE-211 from DuPont) using an semi-automatic spraying system built in house.
Two one-side coated membranes thus prepared were stacked back-to-back and hot-pressed
together for 30 minutes to realize one piece of bi-layer MEA as shown in Figure 3-1. The
active area of the MEA was about 25 cm”. The Pt loading as determined by weighting
membrane before and after spraying is about 0.5 mgPt/cm® for the cathode and the anode
catalyst layer. After our accelerated fuel cell degradation tests with the specified durations
of tests, the two one-side coated membranes in the bi-layer MEA can be separated fairly
easily and this procedure does not induce any damage on the samples. The backside of the

MEA provides access to IR spectroscopy analysis.

Mem 1 Mem 2 Anode
i ¢ side
/ FTIR
Raman
\Cathode SEM
side Mechanical test
Etc.

bt

Catalyst

Figure 3-1 Schematic of the bi-layer membrane electrode assembly
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OCV Hold Testing — The bi-layer MEAs were tested in a fuel cell test hardware
(from Fuel Cell technologies, Inc.) with 25 cm” active area, single serpentine flow channels
in a cross flow arrangement. To assemble the test cell, carbon paper based gas diffusion
media (10 BB from SGL Carbon Group) and PTFE gaskets were used; the pinch of the cell
assembly was set at 0.125 mm (5 mils) per side. Two OCV hold tests were performed.
For both tests, the inlet gas humidity was set at 30% RH, the gas flow rate was set at 0.2
SLPM (dry base) without back pressure, the cell temperature was set at 80°C, and the cell
was hold at OCV. In one test, H, and air were used for the anode and cathode gas feed,
respectively; the test was run for 50 hrs. The duration of the test was selected so that the
two layers in the bi-layer MEA can still separated after the test. It was found that longer
OCV test (e.g. 100 hrs) under this condition would result in severely degraded MEA, which
cannot be separated into two layers. In the other test, 4% H, (balance nitrogen) and 100%
O, were used for the anode and cathode side, respectively; and the test was run for 117 hrs.
The duration of the OCV test with dilute hydrogen was longer than 50hrs because the
membrane degradation in this test condition was not nearly as severe as that in the Hy/air
OCV test, the two-layer MEA can still be separated and analyzed after 117 hrs of test. The
purpose of using different gas composition in the OCV hold test is to induce the platinum

band formation at different locations in the membrane; it is expected that the platinum band
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will form close to the cathode electrode in case of H, / air test, and close to the anode catalyst
in the case of dilute hydrogen and pure oxygen test[27, 75]. Before the OCV hold test, the
cell was wet up at 80 °C and 100% RH under H,/ N, for three hours, then conditioned at 80
°C and 100% RH under H, / air with a load of 0.55V for three hours. Cell diagnostic tests
were performed after the break-in procedure; these include cell polarization curve, hydrogen
cross-over rate, and cyclic voltammetry (CV). Both cross-over and CV tests were
conducted at 25 °C and 100% RH. A scan rate of 30 or 40mV/s from 0 to 0.8V was used for
CV test and a scan rate of 2mV/s was used for the hydrogen cross-over test.
Electrochemical area (ECA) was calculated using the specific capacity of 210 uC/c:m2 for the
hydrogen under-potential adsorption-desorption on the platinum surface. The ECA values
reported in this paper is the average of the hydrogen adsorption and desorption areas. Water
was condensed and collected from the anode-side and the cathode-side exhaust gas steams.
The fluoride ion concentration in the water was measured by a fluoride ion selective electrode
(ISE). After the OCV hold test, the cell diagnostic tests were performed again.

Uniaxial Mechanical Testing — After the OCV hold, mechanical tests were
conducted to measure the residual mechanical strength and toughness of the membrane.
The bi-layer membrane was carefully delaminated into two one-side coated membranes,

namely the anode-side and the cathode-side membrane. The membrane was cut into the
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multiple test strips approximately 4~6mm wide and about 60mm long. The test strips still
contain the catalyst layer on one side. Then, each strip was mounted on and tested with an
in-house built mechanical testing system consisting of two clamp-type sample grips, a linear
actuator, a load cell, data acquisition instrument, etc. The uniaxial stress-strain curve for
each strip was obtained at 254 mm/min pulling rate at ambient conditions. The stress was
calculated based on a cross-section area calculated from the measured width of the strip and
the nominal thickness of the membrane. For comparison purpose, the stress-strain curves of
the one-side coated membrane in as-fabricated condition (control sample) and the bare
membrane (without catalyst layer) were also obtained.

FTIR spectroscopy — For the FTIR measurement, the membrane sample was
converted to the potassium salt form via the procedure as explained in the literature [80] to
measure the C=0 peak. The FTIR spectra were obtained for the bare side (without catalyst)
of the MEA samples using an FTIR spectrometer (HORIBA, LabRam-IR) with an Attenuated
Total Reflectance (ATR) contact probe. The FTIR spectra were collected as the average of
32 scans with a resolution of 4 cm™ in a range from 600 to 4000 cm™ in absorption mode.

SEM & EDS — Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS) were used to characterize the microstructural and compositional change

of MEA before and after the accelerated degradation testing. The MEAs were cut and

45



potted in epoxy, ground with abrasive papers, and finally wet polished using diamond
suspension. The polished and dried samples were sputter-coated with Au-Pd coating. The
SEM image was taken on a Hitachi S3500N scanning electron microscope using a back-
scattered electron detector. A Thermo Scientific Noran system 7 with a SiLi EDS detector
was used to characterize Pt distribution across MEAs with an accelerating voltage of 25 KeV.
EDS scan was carried out on small rectangular region with an area about 38.5 (+ 1.48) pm”.
For each rectangular area analyzed, the percentage of Pt atoms with respect to the total
number of Pt and Au atoms was obtained. Five rectangular areas across the electrolyte
sample were examined and the atomic percentage of Pt for each area was plotted versus the

distance between the geometric center of the rectangle to the electrode/electrolyte interface.

3.3 Results and discussions

H,/ Air fuel cell
The OCV decay profile is shown in Figure 3-2 and pre- and post-performance
diagnostic data are tabulated in Table 3-1. The fluoride content was measured in the anode
side and the cathode side effluent water collected periodically during the OCV hold test. It
i1s found that the cathode side exhaust water contains more fluoride than the anode side,
which is consistent with trend observed in similar tests[119]. The hydrogen cross-over rate

increased by a small amount (<1 mA/cm?) after the OCV testing, the observed OCV decay
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can not be solely attributed to the slight increase of the hydrogen crossover. The
polarization curves and cell ohmic resistance before and after the OCV hold test are plotted in
Figure 3-3. The cell resistance of the fuel cell after the OCV hold test appeared to be
comparable with that before the test and therefore, the performance decay would result
mainly from a combination of an increase of electrode proton resistance, and oxygen kinetic
and mass transport loss due to the electrode morphology changes and/or adsorption of

membrane degradation species[120].
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Figure 3-2 Open circuit voltage decay during the 50hr OCV test with H, and air as reactants.
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Table 3-1 Performance diagnostic data of the bi-layer membrane fuel cell before and after the

H,/Air 50hr OCV hold test

Fluoride loss ECA changes
(pmol/cm?) Cross-over rate before / after after OCV
Sample 2
OCV test (mA/cm”) test
Anode Cathode )
(m” Pt/ g Pt)
Bi-layer
memb 19.45 30.95 0.6 (£0.014) / 0.67(x0.036) 4% decreased
rane
1.0 0.40
1 —eo—|R free (Before) | |
0.9 g, —m—IR free (After) [40.35
0.8 T R Ti T e Y -
0.?_- IH.\."'.-.-....'- 0.30 NE
— ] a, {025 G
% 0.6 ) "ua | =
O 05- {020 &
[10] ] S
S 04- ] i
g ] = HFR(Before) |p 15 L
03] A HFR (After) ||
1 4 0.10
02+ S Y
0.1 1 0.05
0.0 — - —— 0.00
10 100 1000
Current Density(mA/ch)
Figure 3-3 Semi-log plot of IR-free cell voltage before and after the S50hr OCV test
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The life time of an MEA is frequently limited by the mechanical breaches, such as
pinholes or cracks, which result in rapid reactant cross-over and subsequent cell/stack
failure[29, 30, 49]. The material weakening and formation of mechanical defects can be
revealed by a stress-strain testing. Figure 3-4 shows the stress strain behavior of the anode-
and the cathode-side of the bi-layer membrane and the behavior of the control samples are

superimposed in each graph.
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Cathode side membrane
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Figure 3-4 The stress-strain curves (a) for the anode and (b) cathode side of the bi-layer

membrane at room temperature after OCV test with H, / Air

The apparent increase of the yield strength of CCM control samples compared to that
of the NRE-211 control membrane is due to the fact that catalyst electrode thickness are not
factored into the nominal cross-section area of the sample. The strain-to-breaks for control
samples were reproducible to 3% for the N211 samples and 6% for the CCM control samples.
The strain-to-break for the CCM control is comparable to that of the NRE-211 control sample,

indicating that the catalyst layer bonded to the membrane does not introduce mechanical
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defects to the assembly. The typical stress-strain behavior in Figure 3-4 can be qualitatively

described by the initial Hookean elasticity until the stress developed becomes sufficiently

large to produce a plastic deformation at the imposed rate and as the elongation proceeds, the

stress increases with strain referring to the strain hardening, eventually leading to its final

rupture; it is generally believed that the rupture of the polymer is induced by a defect

formation and accumulation such as microcracks and crazing[121, 122]. As can be noticed

easily, it is observed that the mechanical strength and toughness of both the anode-side and

the cathode-side membrane were reduced from the initial values. The modulus of toughness,

an indicator of the mechanical toughness of the membrane, can be calculated by the area

under the stress-strain curve and represents energy per unit volume needed to rupture the

material. When comparing the anode-side and the cathode-side membrane, the cathode-side

membrane lost more mechanical toughness than the anode-side membrane. Also, the

behavior at the cathode side membrane exhibited the similar behavior with the degraded

single MEA [50]. These results suggest that the membrane degradation is not uniform

through the thickness direction, and the membrane close to the cathode side is degraded more

than the membrane close to the anode side. This observation is consistent with other

experimental evidences in literatures[34, 75, 100]. The platinum band formation is close to

the cathodes under H, / Air OCV test condition. Based on the theory of direct radical
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formation on Pt, it is expected that the formation of the radicals at the cathode side membrane

is accelerated by the platinum particles. This results in the more severe decay of the

mechanical toughness for the cathode-side membrane.

Each one-side coated membrane was examined under the FTIR before the ion-

exchanging, it was confirmed that the spectrum from the two CCM of the anode- and the

cathode-side are identical with that of the control sample. This suggests that the interface of

the bi-layer CCM does not show any differences in chemical composition compared to the

control sample and it is difficult to study membrane degradation under the FTIR without ion-

exchanging. The FTIR spectra of the samples after ion-exchanging are shown in Figure 5.

The results indicate that the concentration of the carboxylic end group increased in the

degraded membrane, which can be identified by the C=0 peak at 1690 cm-1 for both anode-

side and cathode-side of membranes; however it is not observed in the control sample. The

band at 1630 cm-1 is assigned to the HOH fundamental bending mode [123-125]. Note that

the intensity of C=0 peak in the cathode-side membrane is only slightly higher than that in

the anode-side membrane, even though the cathode-side membrane exhibited more severe

degradation than the anode-side membrane. Some of the degradation species might have

been washed out by effluent water and disappeared. Also the penetration depth of the ATR

probe is not deep enough to reveal the overall state of degradation; the typical penetration
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depth of the ATR ranged from 0.1 ~ 2um. So the FTIR results do not reveal the concentration

of C=0 peak within the bulk of the 25 pm thick membrane.
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Figure 3-5 C=0 peak (1690 cm™) in FTIR spectra of the bi-layer membranes after the 50hr

OCV test

FE and mechanical test results reveal that the cathode-side membrane has degraded
more than the anode-side membrane under 50hr OCYV test in the Hy/air OCV hold test. The

SEM images for that membrane were shown in Figure 6(a~c) for comparison. Based on the
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images, a 10 ~ 20% reduction of thickness was found for both the cathode-side and anode-

side membrane in Figure 6(a~b).

WD 9. 6mm, 25 V )] 100um

25,01V, x300  100um
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(©)

Figure 3-6 SEM images of (a) anode side membrane, (b) cathode side membrane after S50hr

OCV test, and (c) both side of membrane after 100hr OCV test

In a preliminary test to verify the application of the bi-layer configuration, the bi-layer

cell was tested under OCV hold for 100hr. After this test, the bi-layer membrane showed

severe degradation and can not be separated into two integral pieces. The SEM image of

this MEA (with bi-layer membrane still bonded together) after the OCV test is shown in

Figure 3-6(c). A long crack and some micro-cracks were observed close to the cathode side

electrode. The SEM sample preparation includes mounting the MEA sample in the holder,
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polishing, and storing in the vacuum before running the SEM and it is, therefore, believed

that the macro and micro-crack in the cathode side membrane in Figure 3-6(c) was likely

caused by a tensile stress inside the membrane due to the drying out of the membrane in the

storing phase. It is also indicative of degraded membrane, because crack was not observed in

the other SEM samples being processed by the same procedure. Based on the SEM images,

without noticeable membrane thinning, the brittle behavior of the degraded membrane in the

uniaxial tensile test is likely caused by defect formation due to the localized membrane

degradation.

Last but not least, the atomic ratio of Pt and Au distributions across the anode and

cathode membrane were collected by SEM-EDS in Figure 3-7 and the results showed clearly

the peak location of Pt atomic ratio close to the cathode electrode. The Pt peak was not

observed in the anode side membrane considering the relatively large standard error of the

EDS technique. This means that the Pt elemental concentration is too low to be quantified by

EDS measurement. The Pt atomic ratio in electrodes is 87 £ 0.55% with respect to Au and

the standard error for Pt ratio in the cathode membrane is within + 2.16. This

inhomogeneous distribution of Pt particles in the membrane is believed to be a contributor to

the localization of membrane degradation confirmed by FE, and mechanical testing results.
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Figure 3-7 (a) The areas (rectangles) analyzed in the cathode-side membrane ; (b) Pt atomic
distribution measured from the SEM-EDS in the cathode-side membrane and (c) the anode-

side membrane after 50hr OCV test with H, / Air

4% H, (Balance Nitrogen) / 100% O, cell

The membrane degradation under the OCV condition of H, and air fuel cell is found

to be more severe in the cathode-side membrane rather than the anode-side membrane. In

order to further investigate the platinum band effect on membrane degradation, an experiment

is designed to induce the formation of platinum band in anode-side membrane. Experimental

results from several groups have proven that the concentration or partial pressure of hydrogen
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