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Abstract

Long-term durability of a Polymer Electrolyte Membrane Fuel Cell (PEMFC) is the main
bottleneck to a wide-scale of commercialization for the power sources of various devices. Over
the last several decades focused researches have been conducted to investigate its mechanism
but still isolated facts and mechanisms have been found. In this thesis, in-situ electrochemical
measurements and scanning electron microscope (SEM) which belongs to ex-situ measurement
were conducted to investigate the systematic analysis for degradation mechanisms of PEMFC
under three modes of Accelerated Stress Test (AST) methods. The objectives of the thesis are
to determine the causes of degradations and mechanisms by identifying microstructural
changes in the PEMFC especially in MEA. To achieve the goals, we made the MEA and
prepare other components of PEMFC to setup the PEMFC single cell system. Three different
modes of AST were applied to study degradation behaviors in fast time. Polarization curve,
high frequency resistance (HFR) and cyclic voltammetry (CV) were conducted to estimate the
changes of performance of cell which indicates the whole reaction rate of single cell, the
contacts between the components of MEA and electrochemical surface area (ECSA) which

indicates the active Pt surface area. Activation overvoltage and the Tafel slope take a role to



identify degradation mechanism related to characteristics of Pt. Limiting current density and
contribution of mass transport overvoltage feeding low concentration reactants show the direct
trends of mass transport of reactants. Our results indicate that the collapse of carbon support
and the subsequent local environment which surrounds carbon support is the major factors
controlling the long-term durability of a PEMFC at AST on carbon support materials. Contact
loss of ionomer with support and catalyst degradation simultaneously occur at AST on catalyst
materials. With relatively high temperature and low relative humidity (RH) conditions, pinhole

formations may be the reason of membrane/ionomer degradation.

Keywords: AST, Limiting current density, Degradation, Durability, PEMFC
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Chapter 1
Introduction

1.1 Introduction of PEM fuel cells

The rapid growth of human population and desire for using high quality of modern technology
have ever increased fossil-fuel based energy consumption inducing significant depletion of

natural resources and environmental degradation.®.

A Polymer Electrolyte Membrane Fuel Cell (PEMFC) has been considered as an alternative
device harvesting renewable energies? since it does not produce any environmental pollutants
such as nitrogen oxide (NOX), sulfur oxide (SOx), carbon dioxide (CO3), and so on. In addition,
it is much more efficient® in generation of electricity than conventional internal combustion

engines.

APEMFC mainly composed of six components: membrane, catalyst layer (CL), gas diffusion
layer (GDL), bipolar plate, current collecting plate and end plate as shown at Fig. 1.1. The
working principle of the PEMFC is that the fuels Hz and Oz gases are fed to anode and cathode,
respectively to produce electricity by electrochemically forming water as described at eq. (1),

(2)and (3) %

Anode (hydrogen oxidation reaction, HOR): H, »>2H" + 2e~ (1)
Cathode (oxygen reduction reaction, ORR): %02 +2H"+2¢" > H,0 2
Overall reaction: H, +%OZ —>H,0 (E°=1.23V vs. SHE) (3)



where, E° isthermodynamic equilibrium potential in aqueous solution at 25C, 1 atm. These

reactions occur at membrane electrode assembly (MEA) consisting of membrane, two
electrodes and Gas Diffusion Layer (GDL). The GDL is an electronic conductor permitting
diffusion of fuel gases into the interfaces of the catalyst and the membrane and transporting
liquid water to the gas flow channels. At the surface of anode catalyst layer, gas phase H2
molecules are electrochemically oxidized into proton (H") and electrons. While electrons travel
through the external electric circuit protons diffuse into cathode electrode through the
membrane. Protons drag one or several water molecules (an electro-osmotic drag®) when they
diffuse through the membrane (Nafion®). At the cathode, oxygen gas reduces into O% (Oxygen
Reduction Reaction, ORR) by electrocatalysts and then, reacts with the protons transported
through the membrane to form water. Thus, O* ,H* and electrons meet at a triple phase

boundary (TPB) as shown at Fig.1.

The main issues for the commercialization of PEMFCs are three part: Low catalytic activity
toward ORR, High material cost and weak durability. The durability is still far off DOE targets
(by 2020, improve durability to 5,000 hours, which is equivalent to 150,000 miles of driving
but recent reports show that the lifetime of PEMFC vehicles is 1700h and 2000h®° and lifetime
of a fuel cell is assessed by the number of hours until 10% power is lost)!®!!. Generally
speaking, securing the long-term stability is an essential for the power sources of electric
vehicles and residential areas. As such to understand fundamental degradation mechanisms is

of importance to design the high functional PEMFC devices.

There are several factors which causes complex degradation mixed with each other, and
especially for automobile use, dynamic driving conditions of automobile makes it easier to

degrade than stationary PEMFC facilities.



Until now degradation of components of PEMFC have been investigated but papers dealing
with analysis of microstructures of PEMFC are relatively little, and even disagreements for the
cause or mechanisms of PEMFC have been found. Moreover, systematic quantification and

analysis of causes for PEMFC degradation are very few.

Accelerated stress test (AST) methods!?'® are widely used to study such degradation
behaviors in reasonably fast time scale. Borup et al. propose five different parameters in
accelerated stress tests (ASTs)!*: temperature of cell, relative humidity 3) operating voltage, 4)
open circuit voltage (OCV) and 5) cycling (relative humidity, temperature, voltage, freeze/thaw,
or start/stop) parameters. And these several parameters possibly makes the similar situations of

degradations of PEMFC which powers automobiles.

In this thesis, AST methods were performed to investigate detailed mechanisms and causes
of PEMFC durability degradation with varying conditions of : 1) 65C, RH 100 %, 1.4 V
voltage hold, 2) 80°C, RH 100 %, voltage cycling (0.6 - 1.0 V) and 3) 90°C, RH 10 %, and

OCV hold. And also we use systematic approaches for elucidate the mechanisms and the cause

of degradations of PEMFC.
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Figure 1.1 Schematic diagram of a PEM fuel cell configuration, showing components and
operating mechanism.

Figure 1.2 Simplified and idealized structure of a PEM fuel cell electrode®®.




1.2 Objective of thesis

Various in-situ electrochemical experiments and SEM which belongs to ex-situ experiment
for single cell (1.5cm?) were used to investigate causes of degradation and estimate changes

of components of PEMFC in this thesis.

(1) Several in-situ electrochemical measurements and ex-situ method, SEM, was
conducted: from the measurements of limiting current density® which is determined by
supply of proton, oxygen and electrons (usually there are no transport limitations of
electrons except short circuit) and overpotentials were evaluated to understand

mechanisms of the degradation of PEMFC.

(2) Agglomerate CCL model 1618 was utilized to explain our experimental results, which
decouple only the contribution of CCL from the total degradations. Limiting current

density was measured to characterize the CCL structures over the PEMFC operation.

(3) Based on our study it is proposed how to enhance the durability of a PEMFC system.



Chapter 2
Experimental
2.1 Preparation of MEA & components

Catalyst ink for both sides of the electrodes was prepared by mixing Pt/C powder (3g, 40 wt %
with Nafion 212 solution (28.5g, 5 wt % Nafion 212, Dupont) and solvent (with platinum
loading 0.31, 0.27 mgev/cm?). magnetic stirrer used to well disperse catalyst ink. It was coated

with following procedures: a roll-to-roll process is used by applying the doctor blade method

and then the electrocatalysts which become catalyst layers are hot pressed at 140°C on Nafion

212 by the decal method.

The membrane electrode assembly (MEA) of an active area 1.5 cm? was assembled with
sealing gasket, gas diffusion layers (GDL, 10 BC), graphite bipolar plates with a serpentine gas

channel, gold-coated current collecting plates and end plates.

2.2 Electrochemical measurements

All electrochemical measurements were carried out in a single cell at temperature 65 °C with

fully humidified (RH 100 %) gas conditions. The cell performance was evaluated using a fuel
cell automated test system (FCATS) G20 (Green-Light innovation, Vancouver, Canada). All
electrochemical measurements were conducted using Bio-logic HCP — 803 with their built-in
programmed electrochemical techniques. We put 2 Ipm at the anode and 3 Ipm at the cathode,

and the anode feeding H2/N: ratio and cathode feeding O2/N: ratio were adjusted during the



measurements of polarization curve, high frequency resistance (HFR), and Tafel slope.
Polarization technique was applied to measure fuel cell performance under fully humidified
reactants. Potentiostatic measurements from 0.8 V to 0.3 V with 0.05 V declination in case of
Hz/air each sides, and these of from 0.8 V to 0.2 V with 0.05 V declination in case of Hz 3, 4,

5%/air and H2/O2 2, 4, 6% were conducted under 2, 3 Ipm at anode and cathode. HFR was

measured within each steps of polarization measurements using the EIS potentiostat in the
frequency range of 100 ~ 1 kHz with 12 points/decade. Tafel slope was performed to measure
the activation overpotentials with condition of 1 mV/s scan rate. The cyclic voltammetry (CV),
linear sweep voltammetry (LSV) were conducted with 2 nlpm of H2/N2. The CVs were
measured for investigating the electrochemical active surface area (ECSA) of the cathode
catalyst layer (CCL) with a scan rate of 100 mV/s and potential from 0.01 Vto 1.2 V (vs. SHE),
and both sides of 2 Ipm. The ECSA of Pt in the CCL was determined from an H-desorption
charge with an assumption of 210 uC/cmp,.? for Pt surface area. LSV technique was
conducted to measure the hydrogen crossover rate (in mA/cm?) with voltage ranges from 0.2

V t0 0.6 V while supplying 2 Ipm of Hz2/No.

2.3 Accelerated stress test

Three modes of accelerated stress tests (ASTs) were conducted in this thesis. Carbon support

degradation was performed by holding potential for 15 h at 1.4 V in condition of cell

temperature 65 °C, fully humidified RH with 2 Ipm of Hz/N2. (called as support AST) Within

each 5 hour, the electrochemical measurements and AST were sequentially conducted starting

with the initial electrochemical measurements. Catalyst degradation was performed by using



linear sweep in voltage from 0.6 V to 1.0 V with 100 mV/s in condition of cell temperature 80
°C, fully humidified RH with 2 lpm of H2/N2,*® and 60,000 cycles of degradation of the
degradation were applied (called as catalyst AST). At every single set of 20,000 cycles

(consists of three sets) electrochemical measurements were conducted at 65 C, fully humidified

condition to identify any change in the cell performances. Membrane/ionomer degradation was
performed by holding OCV for 60 h at 90 °C, RH 10 % at both electrode (DP - 39.2 °C) with
Hz/air 2, 3 Ipm (called as membrane/ionomer AST). Within every 20 h, electrochemical

measurements were performed. Figure 2.1 represents overall scheme of the experimental

procedures.

The initial
Electrochemical measurements

Cyclic voltammetry
\L 0.01 — 1.2 V potential sweep with H,/N,
ISt AST l
l/ Hydrogen permeation
1%t 0.2 V- 0.6V Linear sweep voltammetry with H,/N,
Electrochemical measurements l
‘l’ Polarization curve + HFR
2 :‘E"ST 0.3 V—-0.8 V (including OCV measure) with H,/air
. |
] 2 Polarization curve + HFR
Electrochemical measurements 0.2V - 0.8 V (including OCV measure)
l with H,/O, (2,4,6%) and H, (3,4,5%)/air
314 AST l
y Taftel slope
_ 3 Potential sweep (1 mV/s scan rate)
Electrochemical measurements with H,/O, (2,4,6%) and H, (3,4,5%)/air
Experimental procedure Electrochemical measurements

Figure 2.1 flow chart of experimental procedure and Electrochemical measurements.



2.4 Structural characterization of MEA by SEM

Characteristics of MEA were measured by ex-situ post-mortem measurements. Cross-section
observations of the MEAs, which were prepared by freezing the sample in liquid nitrogen and
fracturing it, were analyzed with a scanning electron microscope (SEM)?°2%. The results
provided information of the thicknesses of cross-sections of MEAs of the initial state as well

as that of fully degraded state by the AST methods.



Chapter 3
Results and discussion
3.1 Microstructural changes of MEA under AST on catalyst materials

Catalyst AST is the process which mainly cause catalyst degradation with voltage sweep from

0.6 Vto 1.0 V for scan rate of 100 mV/s and cell temperature 80 C. Reduction of CCL thickness

and loss of ECSA caused by Pt catalyst degradation have been reported while catalyst
degradation proceed??. Even though carbon corrosion occurs at 0.207 V (vs. SHE)? kinetics of
corrosion is slow enough under 1.0 V224 that we can possibly think the catalyst degradation

as a main factor.

Polarization curves and HFRs were shown in figure 3.1. Among low hydrogen and oxygen
cases, Hz 4%/air and H2/O2 4% were selected as representatives. HFRs were almost same as
the AST proceed, and it means that no significant contact loss between carbon supports. We
also expect no changes of connectivity and characteristics of ionomer in CCL through which
proton transport. Limiting current density losses ranged over 0 - 17% in all reactant cases,
which were relatively small compared with that of AST on support degradation, and

performance losses were shown.

ECSA derived from CV technique was decreased 76% after 60000 cycles AST while
performance and Limiting current densities almost remained at Hz (3, 4, 5 %)/air. We measured
CV, Tafel slope, activation overvoltage, contribution of mass transport overvoltage and limiting
current density analysis under catalyst AST to identify whether catalyst degradation only affect
to losses of Pt catalyst surface area or changes of activity of Pt catalyst. Tafel slopes show

almost no change at all conditions with AST time in figure 3.2. This means that catalyst itself

10



and local environments which surround catalyst have no changes. Figure 3.3 shows that
experimental increment of overvoltage values are 25-31 mV which is relatively smaller than
theoretical value while theoretical increment of activation overvoltages are about 60 mV when
Pt ECSA decreases 76% from the initial. It means that loss of Pt surface area is not the main
reason of catalyst degradation. Pt catalyst corrosion rate under the AST on the catalyst
degradation is different from each facets, and there are references that high catalytic activity
facets remain more than others which have low activities?>?. This reports support our
experiment by compensating the differences between experimental and theoretical increment

of overvoltage.

Catalyst corrosion progress known as: after Pt oxidation occurs, Pt catalyst dissolved as Pt ion
(mostly Pt?*). Hydrogen permeation current was about 11 mA/cm?, which makes hydrogen
possibly transport through membrane to cathode. Permeated hydrogen gas is expected to
precipitate Pt ions into Pt agglomerates, and significant amount of precipitated Pt is expected
to be found in the membrane and ionomer in CCL under the condition of high hydrogen
permeation current and loss of Pt ECSA!2. These Pt precipitations in the membrane and
ionomer in CCL may affect to proton conductivity of MEA. but in our experiments limiting
current density almost remained at Hz (3, 4, 5 %)/air, and it means that precipitated Pt does not

affect characteristics of proton conductivity.

11
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(b) Polarization curves at Hz 4%/air
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Figure 3.1 The polarization curves and HFRs of Ha/air, H> 4%/air and H2/O2 4% are
indicated in (a), (b) and (c) respectively against current density. Each symbols in the
figures represent polarization curve with each 20000 cycles of AST for condition of An 2
Ipm/Ca 3 Ipm, cell temperature of 65°C and RH 100%. Polarization curves in (a), (b) and
(c) decrease with AST time while HFR values remain almost constant.
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(a) Tafel slope against catalyst AST time at Hz/air and Hz (3, 4, 5 %)/air
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(b) Tafel slope against catalyst AST time at Hz/air and H2/O2 (2, 4, 6 %)
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Figure 3.2 Tafel slopes against catalyst AST plotted with reactatants of (a) Hz/air and Hy
(3, 4, 5%0)/air and (b) Hz/air and H./O: (2, 4, 6%).
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Figure 3.3 Activation overvoltage against ECSA under catalyst AST. Activation
overvoltage of Ha/air, Hz (3, 4, 5%)/air and H2/Oz (2, 4, 6%) are indicated in (a), (b) and
(c) respectively against ECSA. Each symbols in the figures represent activation
overvoltage with each reactant concentration for condition of An 2 Ipm/Ca 3 Ipm, cell
temperature of 65°C and RH 100%.
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Figure 3.4 Contribution of Diffusion Overvoltages as a function of the current density
with each symbols represents respectively states between 20000 cycles of catalyst AST
process at (a) Hz/air, (b) H2 4%/air and (c) H2/O2 4% feed conditions of An 2 Ipm/Ca 3

Ipm, cell temperature of 65°C and RH 100%.

To summarize results of our experimental data, even though Pt ECSA decreased ratio of higher

activity Pt catalyst facets increased so performance loss was not big. Corrosion of Pt has almost

no effects on the characteristics of proton conductivity of membrane and ionomer in CCL. Also

connectivity between carbon support was almost no damaged. Following figure 3.5 shows the

15



systematic analysis on the identifying cause of degradation under catalyst AST.

IV poloarization curve, HFR and CV

l | v

No Limiting current density No siginificant changes on HFR ‘ ECSA decreased 76% ‘
changes occur at low at (H,/air, H,(3, 4, 5%)/air and
hydrogen concentration feed H,/0,(2, 4, 6%) )

v Loss of ECSA
high hydrogen permeation Causes of catalyst
current density does not affect degaradation
characteristics of proton transport Catalytic activity

is changed

To identify main causes of
degradation Tafel slope and
overvoltage measured

! ! |

v Tafel slope has not been Loss of ECSA is High activity facets would be
Proton transport remained changed: No changes on not main cause remained more compared with
constant and carbon local environments which the initial under the degradation
support contacts are not surrounds Pt catalyst
affected

Figure 3.5 Systematic analysis scheme of degradation under AST on catalyst materials.

3.2 Microstructural changes of MEA under AST on support materials

Support AST is the process which mainly cause support materials degradations with high
voltage hold at 1.4 V2?7, In the process, CCL thickness was reduced implying there is a loss
of carbon support materials. Then, the HFR may increase due to raised contact resistance
between carbon support and the catalyst layers. Then, the HFR may increase due to increase of
contact resistance of carbon support?’. To accurately identifying whether support degradation

causes loss of catalyst layer thickness and contact loss or affects state of ionomer and activity
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of catalyst, electrochemical measurements were conducted.

Polarization curves and HFRs were shown in figure 3.6 to investigate the changes of unit
cell performance, limiting current density and contacts of components of cell. Limiting current
density losses ranged over 25 - 50% in all feeding cases. ECSA derived from CV measurement
indicates 72 % decreased. Increase of HFR indicates the contacts of carbon support and
membrane/ionomer individually and also the contacts between carbon support and

membrane/ionomer.

To find other effects of degradation except loss of carbon supports, Tafel slope and activation
overvoltages versus ECSA were analyzed to investigate catalytic effect on the degradation of
PEMFC. Tafel slope was plotted by iR-corrected voltage against logarithm of current density
of cell from which hydrogen permeation current density subtracted. Figure 3.7 shows that Tafel
slopes were increased about 50 mV/decade, 30 mV/decade and 70 mV/decade at Hz/air, Hz (3,
4,5 %)/air and H2/O2 (2, 4, 6 %) respectively with AST time. These indicate that Pt catalyst
and its local environment which surround Pt catalyst were significantly changed. Tafel slope
depends on (1) Pt catalyst crystal facet, (2) oxidation state of Pt surface and (3) characteristics
of electrolyte which surround Pt particle. Ratio of crystal facets of Pt affects the Tafel slope?®
but it is not sufficient to explain® the significant changes in Tafel slopes from 110 mV/decade
to 180 mV/decade at H2/O2 4%. Figure 3.8 shows that the activation overvoltage increased
about 60 — 70 mV, which is similar to theoretical prediction'? of 65 mV when Pt catalyst surface
decreased by 72%. This shows that contribution of oxide formation on overvoltage is not
significant by describing cause of increase of activation overvoltage as catalyst loss. Local
environment surrounding Pt catalyst seems to be the main cause of increase of Tafel slope

according to changes of Tafel slope and activation overvoltages after degradation.
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Figure 3.6 The polarization curves and HFR of Hx/air, H 4%/air and H2/O2 4% against
current density were indicated in (a), (b) and (c) respectively under support AST. Each
lines in the figures represents polarization curve with each 5 h of AST for condition of
An 2 Ipm/Ca 3 Ipm, cell temperature of 65 C and RH 100 %.
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(a) Tafel slope against support AST time at Hz/air and Hz (3, 4, 5 %)/air
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(b) Tafel slope against support AST time at Hz/air and H2/O2 (2, 4, 6 %)
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Figure 3.7 Tafel slope against support AST plotted with reactants of (a) Ho/air and Hz 3,
4, 5%l/air and (b) Ho/air and H./O- 2, 4, 6%.
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Figure 3.8 Activation overvoltages of Hy/air, Hz (3, 4, 5%0)/air and H2/O; (2, 4, 6%) were
indicated in (a), (b) and (c) respectively against ECSA under support AST. Each symbols
in the figures represent activation overvoltage with each reactant concentration for
condition of An 2 Ipm/Ca 3 Ipm, cell temperature of 65C and RH 100%.

Significant increase of contribution of mass transport overvoltage in figure 3.9 with above
polarization curves indicate mass transport resistance increased at all feed conditions. With
reduction of thickness of catalyst layer which acts as decrease of mass transport and the loss of
catalyst increase the distance through ionomer and subsequent increase of contacts of ionomer.
we could expect increase of contacts of ionomer and subsequent decrease of contribution of

mass transport but limiting current density which shows state that kinetics of supply of reactant
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Contribution of

Contribution of

dominate whole reaction kinetics were decreased. It means that contacts of ionomer will not be

increased at least, which means that ionomer in CCL is also degraded. And mass transport

resistance of oxygen may be increased because the loss of catalyst cause increase of distances

that oxygen transport to Pt catalyst.
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Figure 3.9 Contribution of mass transport overvoltages as a function of the current
density with each symbols represent respectively states between 5 hour of support AST
process at (a) Ho/air, (b) H2 4%/air and (c) H2/O2 4% conditions of An 2 Ipm/Ca 3 Ipm,

cell temperature of 65°C and RH 100%.

To summarize results of experimental data, with carbon support loss after degradation oxygen
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transport distance to the catalyst in CCL significantly increased. Contacts of carbon support
and membrane/ionomer in CCL individually decreased. And local environment which
surrounds carbon support changed. Following figure 3.10 shows the systematic analysis on the

identifying cause of degradation under support AST.

IV poloarization curv, HFR and CV

! ' I

HFR increase Limiting current density decrease 25- 50 % ‘ ECSA decreases 72% ‘
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It is revealed that oxide

Figure 3.10 Systematic analysis scheme of degradation under AST on support materials.

3.3 Microstructural changes of MEA under AST on membrane/ionomer materials
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Membrane/ionomer AST known as the process which mainly causes membrane/ionomer
degradation was conducted with conditions of OCV hold (each set of 20 hours consists of three
sets), cell temperature 90C and RH 10%. Membrane/ionomer degradation is not the
successive progress but catastrophic progress®®-2, This process usually accompanies cutting
off of the chains of components of membrane/ionomer chemically and then formation of
pinholes physically occur. And according to formation of pinholes in the membrane/ionomer

in CCL hydrogen permeation current increased rapidly.

Polarization curve, HFR and CV were measured at Hz/air, Hz (3, 4, 5 %)/air and H2/Oz2 (2, 4,

6 %) under the membrane/ionomer AST, and analysis of that are:

(1) HFR remained almost constant and indicates that almost no changes of contacts between

carbon support and ionomer were exist.

(2) Losses of limiting current density in figure 3.11 were 8~18%, which were relatively small

changes compared to carbon support AST.

(3) Pt ECSAs were reduced about 16% (after fully degraded, we cannot define the ECSA
because of too much inclined CV shape). In addition, after 60 hours hydrogen permeation
current also increased significantly about ten times. Increment of activation overvoltages in
figure 3.12 were about 10 mV at Hz/air, Hz (3, 4, 5 %)/air and H2/O2 (2, 4, 6 %). Almost no
changes on Tafel slope also coincident with increment of activation overvoltage that Pt catalyst

and local environment which surrounds the Pt catalyst may have not been changed.

Considering reduction of membrane and CCL thickness, it is expected that the distance which

proton transport through catalyst layer is decreased and then it may cause limiting current
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density increases but opposite experimental result may indicates that membrane and ionomer
in CCL structure collapsed. Contribution of mass transport overvoltages at Hz 4%/air in figure
3.13 most increased within other cases. This result also sustain morphological collapse of
membrane/ionomer as SEM analysis of reduction of thickness indicated. But rather
contribution of mass transport overvoltages at Hz/air and H2/O2 4% were almost same as the
initial and it means that oxygen mass transport were not affected by degradation.

We concluded that membrane/ionomer degradation causes the morphological collapse of
membrane/ionomer and subsequent loss of proton transport occurs. Following figure 3.14
shows the systematic analysis on the identifying cause of degradation under

membrane/ionomer AST.
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Figure 3.11 The polarization curve and HFR of H/air, Hz 4%/air and Hz/O. 4% were
indicated in (a), (b) and (c) respectively against current density under membrane/ionomer
AST. Each lines in the figures represented polarization curve with each AST set of 20
hours for condition of An 2 Ipm/Ca 3 Ipm, cell temperature of 65C and RH 100%.
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Figure 3.12 Activation overvoltages of Ho/air, Hz 4%/air and H2/O2 4% are indicated in
(@), (b) and (c) respectively against ECSA under membrane/ionomer AST. Each pointsin
the figures represent activation overvoltages with each cases for conditions of An 2
Ipm/Ca 3 Ipm, cell temperature of 65C and RH 100%.
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Figure 3.13 Contribution of diffusion overvoltages as a function of the current density
with each lines represents respectively states between 20h membrane/ionomer AST
process at (a) He/air, (b) Hz2 4%l/air and (c) H2/O2 4% conditions of An 2 Ipm/Ca 3 Ipm,
cell temperature of 65C and RH 100%.
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Figure 3.14 Systematic analysis scheme of degradation under AST on membrane/ionomer

materials.

3.4 Integrated discussions

hitherto, we conducted various experiments to investigate the cause of degradation according

to microstructural changes in MEAs and systematic analysis are done. Following figure 3.15

(@) — (d) shows cross-sectional thickness of MEAs by SEM images. From above in the figures

cathode, membrane and anode are aligned. The mean thickness of the cathode and membrane
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was calculated for each MEA from several individual micrographs. As shown at (a) - (c), there

is no changes at membrane. But figure 3.15 (d) indicate serious thickness changes (about 8um

loss). The mean thickness of fresh cathode was estimated 9.82 + 0.28um, and that of after
Support, Catalyst and membrane/ionomer degradation 4.92 + 0.44um, 7.12 + 0.68um and
8.06 + 1.33um, respectively. Obviously changes of cathode indicates that AST process causes
carbon support in CCLs corroded. Support AST has most significant changes at CCL thickness
as providing the reduction of limiting current density. And membrane/ionomer AST has
serious changes of membrane compared to other AST process. (support and catalyst AST does

not affect membrane thickness).

The following table 4.1 show ECSA changes as AST time and it indicates that support and
catalyst ECSA decrease decrease as AST time goes on but membrane/ionomer AST was
significantly not affected by ECSA until 40 hours of AST and changes significantly as above

result mentioned that membrane thickness reduced seriously.
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NEWREC 15.0kV 5.8mm x1.00k SE{U}

Figure 3.15 cross-sectional SEM images: (a) the initial cross-section of MEA; (b) cross —
section of MEA after 15 hours AST on support materials with 1.4 V voltage hold; (c)
cross-section of MEA after 60000 cycles AST on catalyst materials with voltage sweep
from 0.6 V to 1.0 V; (d) cross-section of MEA after 60 hours AST on membrane/ionomer
AST on membrane/ionomer materials with OCV hold.

ECSA Catalyst Support Membrane/ionomer
AST Number ECSA ECSA ECSA
0 24.3 22.4 22.99
1 10.04 9.81 24,14
2 10.34 6.99 19.39
3 5.88 6.44 _

Table 4.1 Changes of ECSA with AST time

Following figure 3.16 show the normalized limiting current density and the changes of limiting
current density directly show the changes of resistance of mass transport of reactants. As
mentioned above, proton mass transport was not changed under the catalyst AST and oxygen

mass transport was not changed as other AST procedure under the membrane/ionomer AST.
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(@) Normalized limiting current density under catalyst AST
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Figure 3.16 normalized limiting current against (a) each 20000 cycles of catalyst AST,
(b) each 5 hours of support AST and (c) each 20 hours of membrane/ionomer AST.
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Finally, as limiting current density indicates the mass transport, slope of current/gas

concentration also shows the trends of mass transport of reactants.

Figure 3.17, slope of graph represents the likeness of mass transport which is proportional of
inverse of mass transport resistance. At low concentration of hydrogen and oxygen conditions,
all slope of limiting current/gas concentration decreased with AST time except the low oxygen
concentration condition. And it means that mass transport resistance increased. Intercept of
limiting current/gas concentration decreases as AST time and it indicates that CCL does not

show homogeneous degradation rate.
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Figure 3. 17 Normalized limiting current/gas concentration against AST number. Slope
of limiting current/gas concentration at low (a) H. concentration, (c) Oz concentration
and intercept of limiting current/gas concentration at low (b) Hz concentration, (d) O2
concentration have been shown. Black lines show the cases of support AST, red lines
show the cases of catalyst and blue lines show the cases of membrane at all figures in
each lines.
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Chapter 4

Conclusions

This thesis estimates mechanisms and causes of degradation of PEMFC especially in MEA.
The PEMFC consists Pt/C electrodes and single 1.5 ¢cm? active area. ASTs have been
conducted to apply specific real degradation situation in reasonably fast time. With AST time
goes on, microstructures of MEA had been conducted by various in-situ electrochemical
measurements and SEM which belongs to ex-situ measurement. Using these methods with
Hz/air, H2 (3, 4, 5%)/air and H2/O2 (2, 4, 6%) reactants, we could provide explanation of
microstructures of CCL under three modes of AST because with low concentrated reactants,

mass transport effects were extremely expressed.

We observe that catalyst AST cause Pt catalyst degraded significantly (about 75%) but higher
catalytic activity of Pt facets remained more so performance loss had not been serious. Pt
catalyst loss causes oxygen to lengthen the distance which it have to transported through
catalyst layer and polarization curve at H2/Oz2 (2, 4, 6%) indicates oxygen transport resistance
increased. Support AST cause most significant impact on deterioration of single cell
performance and collapsing structures of CCL by affecting both carbon support and ionomer.
Fully degraded support AST cause limiting current density drops from 1780 mA/cm? to 860
mA/cm? which is about 52% losses from initial state at Hz/air and most significant reduction
of CCL thickness among three modes of AST. Briefly carbon support occurs at high voltage
conditions and subsequent ionomer contacts loss and catalyst loss occurs. Oxygen transport
distance increased according to Pt catalyst degradation and proton transport also hindered
because of ionomer contacts loss. Membrane/ionomer AST shows morphological changes of

microstructures of CCL, which is pinhole formation because OCV deterioration and extremely

34



increased hydrogen permeation current evidently indicate pinhole formation of cell in CCL.
And SEM analysis indicate that loss of membrane thickness which was caused by OCV
conditions. With increased contribution of mass transport overvoltages at low hydrogen
concentration condition which is differ from the analysis that reduction of membrane thickness
cause limiting current density of low hydrogen concentration increased and this means that
collapse of membrane occurs. Moreover, rapidly increased hydrogen permeation current which

may supports the idea of pinhole formation.
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